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Amphotericin B is a broad-spectrum antifungal agent widely used for the prevention
of severe and invasive fungal infections. Despite incredible antifungal activity, its scientific use
is severely limited by extremely negative results, mainly nephrotoxicity Previous studies have
proven that amphotericin B-precipitated toxicity is related to oxidative stress, inflammatory
response, apoptosis, renal cell injury but toxicity-related genes and there interaction networks
as well as molecular pathways in the pathogenesis involved in amphotericin B toxicity are
incompletely understood.The aim of this study is to select toxicity-related genes associated
with amphotericin B and monitor their molecular interactions and biological pathways using
integrated bioinformatics procedures involving protein-protein interaction (PPI)network
analysis and pathway enrichment evaluation .Bioinformatics analysis identified several toxicity-
related genes thought to be involved in amphotericin B-induced cell injury. The PPI network
assessment detected essential hub genes, including HOMOX 1, IL1B, TP53, CASP3, Clu, and
NFKB1, which showed a high interaction area in the tested enrichment analysis. Those genes
are involved in inflammatory response pathways, oxidative stress pathways, apoptosis, and
signaling, with a strong association with inflammatory and apoptotic mechanisms that damage
renal cells. This incorporated toxicogenomic and network pharmacology looks at important
toxicity-related genes and molecular pathways in the pathogenesis involved in amphotericin
B toxicity. The effects provide new insights into the molecular mechanisms underlying
amphotericin B nephrotoxicity and may help to identify potential biomarkers and therapeutic
targets to reduce drug-induced kidney injury.
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Nephrotoxicity; Pathway Enrichment Analysis; Toxicogenomics.

Amphotericin B (AmB) is a polyene

macrolide antifungal antibiotic with very potent
broad-spectrum activity against systemic mycoses
like candidiasis, aspergillosis, cryptococcosis,
yeasts, molds, and some protozoa, including
Leishmania species. It is produced naturally by
the soil actinomycete Streptomyces nodosus,

originally isolated from the Orinoco River region
of Venezuela. Due to its unparalleled efficacy
against invasive fungal infections, AmB has been
included in the World Health Organization (WHO)
Model List of Essential Medicines and has been the
cornerstone therapy for life-threatening systemic
mycoses for more than five decades. ! However,
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despite widespread clinical use, significant
resistance to AmB remains relatively uncommon
compared to other antifungal classes. Nevertheless,
due to systemic toxicity, its use is generally
reserved for severe, invasive, or life-threatening
infections.?

Amphotericin B is a 38-membered
macrocyclic lactone (C4 H7,NO,7) with
amphoteric and amphipathic properties. The
structure of amphotericin is shown in Figure 1.
Its amphoteric nature arises from the presence of
an amino group in the mycosamine moiety and a
carboxyl group in the macrolide ring. Structurally,
AmB consists of a hydrophobic polyene (heptane)
chain with conjugated double bonds and a
hydrophilic polyhydroxylated region containing
several hydroxyl groups. This spatial organization
produces molecules composed of hydrophobic
and hydrophilic domains that facilitate selective
interactions with membrane sterols.’

AmB appears as a yellow-orange
powder with a strong tendency to aggregate. It is
insoluble in water at neutral pH yet more soluble
in incredibly acidic and alkaline conditions. The
solubility is increased through combination with
sodium deoxycholate or solubilization in organic
solvents such as dimethyl sulfoxide (DMSO)
and dimethylformamide (DMF). Its poor water
solubility and aggregation behavior severely affect
its pharmacokinetics, biodistribution, and toxicity
profile .2

AmB exerts broad-spectrum antifungal
activity through selective binding to ergosterol in
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the fungal cell membrane, disrupting membrane
integrity and inducing cell death.* However, its
interaction with cholesterol in mammalian cells,
particularly in renal tubular epithelium, leads to
nephrotoxicity manifesting as reduced glomerular
filtration rate, electrolyte disturbances, and tubular
damage 3¢

Both monomeric and aggregated forms of
AmB can bind ergosterol; however, pore formation
is primarily associated with aggregated species that
interact with sterol-rich membranes. Importantly,
toxicity to mammalian cells is linked to interactions
with cholesterol-containing membranes. Therefore,
formulations that promote controlled release of
monomeric AmB improve the therapeutic index
by reducing nonspecific membrane disruption .3

The first clinically available formulation,
amphotericin B deoxycholate (D-AmB), was
introduced in the 1950s and approved in 1958.
Although it exhibits concentration-dependent
antifungal activity with prolonged antifungal
effects, its clinical use is limited and is dose-related,
such as nephrotoxicity. Long-term use, particularly
at high cumulative doses, is highly linked with
decline in renal function. Furthermore, hepatic
metabolic pathways could influence systemic
exposure. In the 1990s, lipid-based formulations
were introduced to enhance tolerability by lowering
free AmB levels; these have reduced renal toxicity
substantially in comparison with conventional
deoxycholate preparations .’

Although amphotericin B has a potent
antifungal activity, its use in clinical practice is

Fig. 1. Structure of Amphotericin B
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limited due to the known nephrotoxicity of the drug.
This side effect is complex and intimately related
to the interaction of the drug with cholesterol-
enriched membranes in renal tubular epithelial
cells .* Membrane damage allows for increased
permeability, tubular injury, and activation
of reactive oxygen species and inflammatory
cascades. Furthermore, AmB causes constriction
of afferent arterioles, leading to a decrease in renal
blood flow and the glomerular filtration rate. Also,
electrolyte imbalances are common consequences
of tubular dysfunction, especially hypomagnesemia
and hypokalemia disturbances.
Pharmacogenomics Considerations in
Amphotericin B Therapy

Interindividual variation in the therapeutic
response and toxicity of AmB is reported to be
an important issue in antifungal therapy. Genetic
polymorphisms in renal transporters, metabolic
enzymes, and inflammatory mediators play a
large role in the pharmacokinetics and toxic
dynamics of AmB which in turn causes different
levels of nephrotoxicity and systemic side effects
.2 Table 1 provides some genetic influences on
AmB pharmacokinetics and toxicity that could be
eliminated by switching to oral nano formulation.

Kidney processing in the case of AmB,
which is affected by polymorphisms, is known
to be very much a player of genetic variation in
organic anion transporters, particularly in OAT1
(SLC22A6) and OAT3 (SLC22A8) which are
present in the proximal tubular cells and play a role
in drug absorption. The variants that upregulate the
transporters’ function may in turn cause increased
renal accumulation of AmB which in turn is
presented in the form of tubular injury, decreased
glomerular filtration rate, and electrolyte issues .'°
Also, it is noted that the loss-of-function variants
do in fact reduce the uptake of the drug but at the
same time may also reduce the antifungal effect
and cause a change in drug clearance ."

Polymorphisms of multidrug resistance
associated proteins that include MRP2 (ABCC2)
and MRP4 (ABCC4) change the renal efflux of
AmB which in turn changes local drug levels in
the tubular epithelium. In patients who have MRP
variants that present with reduced flow, there is
greater intracellular accumulation of AmB and
an increased risk of nephrotoxicity .*'? Beyond
what the transporters do, genes which play a
role in oxidative stress and inflammation, play
a role in determining which patients’ kidneys

Table 1. Pharmacogenomic Influences on Amphotericin B Pharmacokinetics
and Toxicity and Mitigation by Oral Nano formulations

Genetic Factor Effect on [V AmB Mitigation by Oral Nano
PK/Toxicity formulation

OAT1/OAT3 Increased renal tubular Reduced renal exposure

polymorphisms!® accumulation via lymphatic transport

MRP2/MRP4 Altered efflux, higher Controlled release reduces

variants'? tubular levels peak toxicity

NADPH oxidase Increased oxidative Lower plasma peaks reduce

gene variants'
TNF-4a polymorphisms'+!®

ABCBI (P-gp)
variants®
IL-6 and IL-14 variants®

CYP3A4/CYP3AS
polymorphisms?’

SLC22A2 (OCT2)
variants?
GPX1/GPX3
polymorphisms®

stress

Heightened
inflammatory response
Reduced renal efflux,
higher tubular retention
Enhanced pro-inflammatory
cytokine response
Altered metabolism,
possible accumulation
or rapid clearance
Altered renal uptake,
increased nephrotoxicity
Impaired antioxidant
defense in kidneys

ROS-mediated injury

Reduced systemic exposure

and inflammatory triggers

Oral nano formulations bypass

renal exposure via lymphatic route
Reduced systemic exposure

mitigates inflammatory nephrotoxicity
Oral lipid nano formulations reduce
hepatic metabolism impact

Lymphatic transport reduces
renal tubular exposure
Controlled absorption reduces
ROS-induced renal injury
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will be injured by AmB. Also, in the NADPH
oxidase gene there is increased production of ROS
during AmB exposure, this in turn heightens the
oxidative stress’ related tubular damage. " Also
there are genetic variations in pro-inflammatory
cytokine genes especially TNF-4 that play arole in
regulating inflammatory processes that increase the
systemic and renal toxicity .'*'* As a result, these
pharmacogenomics elements play a role in which
patients that will experience severe nephrotoxicity
at standard IV doses, while some do fine with the
treatment .'¢

Oral lipid based nanoforms of AmBs is
promising in reducing these nephrotoxicity issues
Encapsulation of AmB in lipid nanoparticles
promotes lymphatic absorption, thereby avoiding
renal first-pass exposure and reducing reliance
on transporter-mediated systemic distribution .'7
This contributes to reduced peak renal levels and
also a diminished effect of high-risk transporter
genotypes .'* Also, these formulations’ controlled
release features maintain plasma drug levels for
longer times without hitting toxic Cmax which
in turn reduces ROS -mediated damage and
inflammation, which by large are made worse by
higher system concentrations .'"*2

By changing the profile and kinetics of
AmB oral lipid nano formulations, which in turn
reduces the clinical impact of genetic variation,
association of NRF2, SOD2 and GPXI1 gene
polymorphisms with markers of oxidative stress
in patients with high risk polymorphisms in
OAT, MRP, NADPH oxidase, or TNF-a these
formulations present a promising alternative that
affects the prognosis of nephrotoxicity following
oral exposure as compared to that of traditional
IV therapy .*! Also it is promising to combining
pharmacogenomics profiling with lipid -based oral
formulations as this may provide a greater degree
of personalization in antifungal therapy and at the
same time reduce nephrotoxicity and systemic side
effects, especially to those patients with genetic
markers associated with higher drug -induced
nephrotoxicity.*

Amphotericin B-induced nephrotoxicity
is one of the most common devastating drug
reactions encountered during treatment and can
lead to acute kidney injury, electrolyte imbalance,
and renal dysfunction. Previous studies reported
that approximately 30-80% of patients receiving
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amphotericin B had a routine remedy with varying
degrees of kidney damage .°

Several molecular mobile mechanisms
were involved in the induced amphotericin B
toxicity. Oxidative stress is considered one of
the fundamental contributors to kidney injury, as
amphotericin B promotes excessive formation of
reactive oxygen species (ROS), leading to lipid
peroxidation and mitochondrial dysfunction. In
addition, the drug in renal tubular membranes can
lead to septal membrane damage. also play an
important role in toxicity development through
activation of experimental inflammatory cytokines
and signaling pathways, including tumor necrosis
factor alpha (TNF-o) and nuclear factor kappa
B (NF-xB). Amphotericin B is associated with
apoptosis and programmed cell death mediated
by caspase activation, mitochondrial damage, and
DNA damage, ultimately contributing to renal
tubular injury and nephrotoxicity ."

Recent advances in toxicogenomics,
systems biology, and community pharmacology
have enabled researchers to investigate drug
toxicity mechanisms at molecular genomic
levels. Bioinformatics approaches, including gene
interaction analysis, protein—protein interaction
(PPI) community building, pathway identification,
and action strategies, facilitate this exploration
of complex biological interactions and provide
insights into the molecular mechanisms underlying
adverse drug responses .*

Among those enumeration strategies,
PPI community assessment using Cytoscape has
been widely implemented to be aware of hub
genes and functional modules involved in disease
development and drug toxicity. In addition,
pathway enrichment analyzes the use of enrichment
schemes, including KEGG and Gene Ontology
(GO). It can explore the enormous biological
processes and signaling pathways associated with
toxin-related genes .**

Therefore, this approach aimed to
sense the toxicity-related genes associated with
amphotericin B and explore their molecular
interactions and the biological pathways of PPI
network enrichment and analysis through embedded
bioinformatics analysis. This helped in identifying
underlying amphotericin B toxicity mechanisms
in an attempt to fully understand a therapeutic
target to reduce nephrotoxic consequences.
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The aim of this study is to evaluate Pathway
Enrichment and Protein—Protein interaction (PPI)
Community Analysis, the evaluation includes
the bioinformatics technique used in this study
to identify toxicity-related genes associated with
amphotericin B and the songs of their molecular
interactions. Especially Those genes which are
highly correlated with inflammatory and apoptotic
mechanisms that damage renal cells. They are
related to signaling, oxidative stress pathways,
apoptosis, and inflammatory response pathways.
Investigation of important toxicity-related genes
and molecular pathways within the pathogenesis
of amphotericin B toxicity overlooks the toxic
genomics and network pharmacology involved.
In addition to providing a glimmering perspective
on the molecular strategies behind amphotericin
B Nephrotoxicity Through Toxicity-Associated
Gene Identification, PPI Network Construction,
and Pathway Enrichment Analysis, the results may
also aid in the discovery of potential biomarkers
and therapeutic targets to reduce drug-precipitated
kidney injury.

MATERIALS AND METHODS

Mining Amphotericin B—Associated Renal
Toxicity Proteins

Toxicity-related genes associated with
amphotericin B were collected from publicly
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available databases, including gene maps, Database
and through an extensive review of published
studies reporting biomarkers and molecular
mediators of amphotericin B nephrotoxicity. The
identified genes were imported into the STRING
database, forming protein—protein interaction
communities. The interaction was determined
and then visualized and analyzed by the use of
Cytoscape. Hub genes were identified using the
CytoHubba plugin, Functional annotation and
pathway enrichment evaluation were performed
using KEGG pathway databases.

A literature-driven bioinformatics strategy
was applied to identify proteins implicated in
amphotericin B—induced nephrotoxicity. Renal
toxicity—associated proteins were collected
through an extensive review of published studies
reporting biomarkers and molecular mediators of
amphotericin B nephrotoxicity, including reports
on novel nephrotoxicity biomarkers and drug-
induced renal damage. Proteins were selected
to represent key biological processes known to
contribute to amphotericin B—associated kidney
injury.

Several keyword combinations were used
throughout the database search to detect genes
upregulated to amphotericin B toxicity, including
“amphotericin B toxicity,” “amphotericin B
nephrotoxicity”, “drug kidney injury”, “oxidative
stress”, and “kidney toxicity.” transcripts and

Table 2. Literature-curated renal toxicity—associated proteins were used for bioinformatics analysis, categorized
according to biological processes

Biological Process Genes

Relevance

Tubular injury®

FABP1, CST3, ALB, TFF3
Oxidative stress®

Apoptosis®!

Inflammation?? TNEF, IL6, IL1B, NFKB1

Renal ion transport®
SLC9A3, CALB
Miscellaneous/ RPA1

stress response

HAVCR1 (KIM-1), LCN2 (NGAL),
SPP1 (Osteopontin), CLU, B2M,
SOD2, CAT, GPX1, HMOX1

CASP3, CASPY, BAX, BCL2, TP53

ATP1A1, KCNJ1, SLCI2A1,

Biomarkers reflecting proximal and
distal tubular damage and dysfunction

Proteins involved in reactive oxygen
species (ROS) generation and
antioxidant defense

Key regulators of intrinsic and extrinsic
apoptotic pathways leading to
tubular cell death

Pro-inflammatory cytokines and
transcription factors associated

with renal inflammatory injury
Proteins involved in electrolyte
handling and tubular ion transport
Proteins associated with cellular
stress and renal injury signaling
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transcriptome analyses were performed and
removed to generate the final list of candidate
toxin-associated genes.

Table 2 provides major curated protein
sets including biomarkers of tubular injury,
oxidative stress, apoptosis, inflammation, renal ion
transport, and miscellaneous renal stress responses.
These proteins collectively represent clinically and
mechanistically relevant nephrotoxicity-associated
biomarkers and serve as the input dataset for
subsequent bioinformatics analyses.

These identified candidate genes were
determined mainly on the basis of reported
involvement in inflammatory responses, oxidative
stress, apoptosis, and renal injury pathways
associated with amphotericin B toxicity. These
genes have been considered for further community
and pathway analysis.

Amphotericin B-induced nephrotoxicity
is mediated through complex and interconnected

AL-SUHAIMAT et al., Biomed. & Pharmacol. J, Vol. 19(3), 2443-2458 (2026)

molecular mechanisms of tubule loss, oxidative
stress, apoptosis, inflammation, and disruption
of renal ion transport. A systems pharmacology
approach is used to systematically monitor this
library, including hepatic biopsy, experimental and
clinical toxicity data, to identify key nephrotoxicity-
associated proteins, investigate their interactions,
and determine the enriched biological pathways
underlying amphotericin B renal injury.

Conventional integrated workflow mixed
literature-primarily based biomarker curation,
protein-protein interaction (PPI) community
construction, hub protein prioritization, and
beneficial enrichment assessment. This workflow
was consistent with established network biology
methods and designed to support mechanistic
translational research of net toxicity.

In this perspective, we investigated the
molecular mechanisms underlying nephrotoxicity
through the integration of protein—protein

&

&
STRING PPI Network Analysis

Functional Enrichment Analysis
Canillh <%>
&

Biomarker Prioritization

S,

Renal Injury Targets

Fig. 2. Integrated structural pharmacology workflow
for investigation of amphotericin B— trigger nephrotoxicity



AL-SUHAIMAT et al., Biomed. & Pharmacol. J, Vol. 19(3), 2443-2458 (2026)

interaction networks, comprehensive enrichment
analysis, and hub protein identification to provide
a complete assessment of applicable organic
pathways. Statistical prioritization using p values
and false discovery rates (FDR) was modified to
be used to rank proteins and pathways according
to the possibility that their association with
nephrotoxicity reflects true relevance as opposed
to chance hazard. Specifically, p-values estimate
the likelihood that the assumed effect occurred by
chance, with reduction values indicating stronger
evidence of involvement, while FDR corrects for
more than one comparison, presenting an estimate
of the proportion of false positives in large findings.
For example, an FDR of 0.01 means that 1% of
the detected proteins may be false positives. In
this case, pathway protein enrichment refers to
proteins that appear extra regularly or show a
strong association with a particular biological
system, indicating potential practical locations
that provide mechanistic insights. Together, those
analyses provide an interdependent framework
linking molecular interactions with translational
relevance in nephrotoxicity. Data visualization
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was modified to incorporate the use of Tableau
Public (model 2025.2), along with class frequency
estimation and gene-level visualization through
a defined heatmap and bubble plot providing a
clear graphical representation of the findings.
Figure 2 incorporates integrative work flow for
amphotericin b nephrotoxicity including literature-
based complete biomarker curation, STRING-
primarily based PPI community construction,
Cytoscape visualization, and hub identification,
followed by targeted enrichment and pathway
prioritization.
Protein-protein Interaction Network Formation
And Hub Protein Identification
Statistical and Bioinformatics Analysis and
method for functional enrichment analysis for
PPI network

Modified protein-protein interaction
analysis Used STRING (Model 12) to assemble a
high-confidence PPI network from a set of curated
nephrotoxicity-associated proteins Analyses were
modified to moderate the use of Homo sapiens as
areference database, interaction threshold effects,
and experimental effects experiments. A confidence

Fig. 3. String interaction of renal toxicity related genes
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level threshold of 0.7 was implemented, and no
additional interaction factors were involved in
preserving biological specificity and reducing
community noise, interaction-confidence scores are
used to assess the reliability of protein associations.
Proteins with higher network connectivity
were considered as candidate hub proteins and
finally ranked for additional analysis. Figure 3
demonstrates some interactions of renal toxicity
-related genes.

The STRING interaction network is then
downloaded and imported into Cytoscape for
advanced community visualization, clustering, and
topology assessment. Within Cytoscape, node-level
assessment was performed to sense hub proteins,
those defined as high-level nodes with primary
roles in network connectivity and nephrotoxicity-
related signaling, the top 15 hub proteins having
the main molecular amphipathic properties of
amphotericin B analyzed and visualized.

Functional enrichment evaluation of
nephrotoxicity-related PPI network was performed
using STRING to gain awareness of particularly
overrepresented KEGG pathways, Reactome
pathways, Gene Ontology (GO) organic strategies.
The enrichment results were downloaded as an
aggregated Excel file and ranked according to false
discovery rate (FDR) values.

To facilitate biological interpretation and
prioritization of pathways, enriched pathways
received priority estimates based on FDR phases.
Pathways with FDR <0.001 as most large (priority
level 4), with FDR between 0.001 and 0.01 as
moderately significant (priority level 3), pathways
with FDR ranging from 0.01 to 0.05 as less
significant (priority level 2), and pathways with
FDR larger than 0.05 as not significant (priority
score 1, optional).

No external validation of the STRING/PPI
findings is performed in this paper, Bioinformatics
analysis was performed exploratory in silico study
of nephrotoxicity-related gene networks, and the
identified hub proteins and enriched pathways are
interpreted in the context of previously established
biological evidence and the clinical findings of the
observations
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RESULTS

Cytoscape Hub Protein Analysis and Network
Interpretation

To select key molecular drivers of
amphotericin B-induced nephrotoxicity, the
STRING-derived protein-protein interaction
(PPI) set was imported into Cytoscape for
topological assessment, Node was calculated to
quantify the wide range of pathways associated
with interactions. Degree centrality reflects the
relative importance of a node within the network,
where proteins with favorable directionality
are considered hub proteins due to their central
regulatory role in community connectivity and
biological signaling.

Based on the targeting scores, the ranking
of'the top 15 target proteins was evidenced in Table
3. Albumin (ALB) emerged as the very best -ranked
target protein (degree = 20), showing massive
association with other nephrotoxicity-related
proteins and kidney filtration. CASP3 (diploma
score = 18) ranked 2nd, highlighting apoptosis
as the predominant mechanism in amphotericin
B-deposited tubular cell loss.

Several inflammatory mediators, including
IL6, IL1B, TNF, and NFKBI1, exhibited excessive
diploma sorting (14-17), indicating strong network

Table 3. The top 15 hub proteins recognized by
the PPI community, ranked corresponding to
degree of targeting

Rank Name Score
1 ALB 20
2 CASP3 18
3 IL6 17
3 IL1B 17
3 CLU 17
3 TNF 17
7 B2M 16
7 BCL2 16
9 LCN2 15
9 HAVCRI1 15
9 SPP1 15
9 TP53 15
13 NFKBI 14
13 CST3 14
13 HMOX1 14
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interactions between inflammatory signaling and
renal injury pathways. These proteins form a tightly
coupled inflammatory module that contributes to
damaging cytokine reactions.

Proteins associated with tubular loss and
stress response, along with CLU, B2M, LCN2,
HAVCRI, and SPPI, are also identified as key
nodes, supporting their established roles as clinical
biomarkers of kidney injury. Their high exposure
suggests a close interaction with apoptotic and
inflammatory pathways during amphotericin B
exposure.

The apoptosis-regulatory proteins
BCL2 and TP53 confirmed important network
hubs, as well as strengthened the involvement
of programmed cell survival loss mechanisms
in amphotericin B-associated nephrotoxicity.
Furthermore, the oxidative stress-associated
protein HMOX1 linked the dangerous downstream
imbalance with initial reactive oxygen species
(ROS) signals leads to organ dysfunction.

Overall, cytoscape-based hub analysis
revealed a relatively interconnected nephrotoxicity
network governed through proteins involved in
apoptosis, infection, oxidative stress, and tubular
injury, these hub proteins represent key molecular
nodes underlying amphotericin B renal toxicity.
Therefore, several functional enrichment analyses
and translational interpretations have been
prioritized.
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The PPI network revealed tight interactions
between proteins related to apoptosis, inflammatory
signaling, and oxidative stress and emerged as
key hub nodes for several proteins that exhibited
extensive mechanistic interaction between these
pathways, such as HOMOX 1, IL1B, TP53, CLU,
CASP3, ALB, which revealed their translation
in renal toxicity. The network interactions are
presented in Figure 4.

Functional enrichment analysis identified
several widely overrepresented pathways
implicated in amphotericin B nephrotoxicity. Due
to the large diversity of enriched terms, the few best

—\\ N/ NW\\% 7,

Fig. 4. The protein-protein interaction network of
amphotericin B-related nephrotoxicity proteins
generated the use of STRING and visualized in

Cytoscape. Hub proteins are highlighted entirely on
the basis of degree targeting red one is most degree

targeting
Other Cat
|
Null -. 9
B Apoptosis
. Inflammaticn
Renal transport W
W Other
% Tubular injury *® | Ovidative stress
v Renal transport
Apoptosis o [ Tubular injury
Oridative stress E=l
Inflammation ]

0 10 0 30 40 50 40 0 50 50 100 10 20 130 WO 150 WO WO B WO 300 HO B0 20 M40 20
Count of Sheet!

Fig. 5. The category frequency analysis
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Table 4. Functional enrichment evaluation of the nephrotoxicity-related PPI community, including enriched
KEGG, reactome, and GO pathways related genes, FDR values, and prioritizations (Excel master enrichment

table)
Modules Matching proteins in False Priority/
your network (labels) discovery Score
GENE rate
Inflammation,Apoptosis,Apoptosis, NFKB1,TP53,BAX, 8.95E-10 4
Apoptosis,Apoptosis,Apoptosis, CASP3,CASP9,BCL2,
Inflammation,Inflammation, 1IL6,TNF,B2M
Tubular injury
Inflammation,Inflammation, NFKBI1,IL1B,TP53, 1.29E-09 4
Apoptosis,Apoptosis, BAX,CASP3,CASP9,
Apoptosis,Apoptosis, BCL2,IL6
Apoptosis,Inflammation
Inflammation,Inflammation, NFKBI1,IL1B,TP53, 1.29E-09 4
Apoptosis,Apoptosis,Apoptosis, BAX,CASP3,CASP9,
Apoptosis,Inflammation, 1IL6,TNF,B2M
Inflammation, Tubular injury
Inflammation,Apoptosis, NFKB1,TP53,BAX, 2.45E-09 4
Apoptosis,Apoptosis,Apoptosis, CASP3,CASP9,
Apoptosis,Inflammation, BCL2,IL6,TNF
Inflammation
Inflammation,Inflammation, NFKBI1,IL1B,BAX, 2.73E-09 4
Apoptosis,Apoptosis,Apoptosis, CASP3,CASP9,
Apoptosis,Inflammation, BCL2,IL6,TNF
Inflammation
Inflammation,Inflammation, NFKBI1,IL1B,BAX, 2.92E-09 4
Apoptosis,Apoptosis,Apoptosis, CASP3,BCL2,IL6,
Inflammation,Inflammation TNF
Inflammation,Inflammation, NFKBI1,IL1B,CASP3, 7.16E-09 4
Apoptosis,Apoptosis, CASP9,IL6,TNF
Inflammation,Inflammation
Oxidative stress ,Inflammation, HMOX1,NFKB1,CAT, 1.19E-08 4
Oxidative stress ,Inflammation, IL1B,TP53,BAX,FABPI,
Apoptosis,Apoptosis, Tubular injury, ALB,CASP3,CLU,BCL2,
Tubular injury ,Apoptosis, IL6,TNF,SOD2
Tubular injury ,Apoptosis,
Inflammation,Inflammation,
Oxidative stress
Oxidative stress ,Apoptosis, HMOX1,TP53,BAX, 1.19E-08 4
Apoptosis,Apoptosis, Tubular injury, CASP3,CLU,CASP9,
Apoptosis,Apoptosis,Inflammation, BCL2,TNF,SOD2
Oxidative stress
Inflammation,Inflammation, NFKBI1,IL1B,TP53, 1.23E-08 4
Apoptosis,Apoptosis,Apoptosis, BAX,CASP3,CASP9,
Apoptosis,Apoptosis,Inflammation, BCL2,IL6,TNF,B2M
Inflammation, Tubular injury
Inflammation,Apoptosis,Apoptosis, NFKB1,TP53,BAX, 1.55E-08 4

Apoptosis,Apoptosis,Apoptosis,
Inflammation

CASP3,CASP9,BCL2,
TNF
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ranks of false discovery rate (FDR) and biological
relevance are presented in the main text (Table 4).

The complete enrichment dataset, with
corresponding FDR values and priority rankings for
all KEGG, Reactome, and Gene Ontology terms,
is provided in Supplementary Table S1.

To fine-tune the interpretability of this
large dataset, enrichment effects were visualized
using Tableau Public (model 2025.2), which
allowed quantitative contrast of biological
processes, pathway dominance, and gene-class
relationships.

As depicted within the category of
frequency analysis, Figure 5. Inflammatory and
oxidative stress-related pathways formed the
most significantly enriched terms, followed by
oxidative stress and apoptosis. This distribution
strongly supports the valuable role of inflammatory
signaling and redox imbalance in amphotericin
B-induced kidney injury. Tubular loss and renal
vessel pathways, although low in absolute
incidence, represent distinct and specific clinically
relevant mechanisms associated with the outcome
of nephrotoxicity.

Table 5, gene-level visualization showed
that specific proteins contribute disproportionately
to enrichment signals within each class. The

Table 5. The Gene-level visualization with grade of
each specific protein

Category Gene Grade
Null CALBI1 9
Apoptosis BAX 35
Apoptosis BCL2 8
Apoptosis CASP3 18
Apoptosis TP53 90
Inflammation IL1B 104
Inflammation IL6 7
Inflammation NFKB1 120
Inflammation TNF 24
Oxidative stress CAT 29
Oxidative stress HMOX1 194
Renal transport ATP1A1 2
Renal transport KCNJ1 3
Renal transport SLC9A3 11
Tubular injury ALB 5
Tubular injury CLU 6
Tubular injury CST3 4
Tubular injury FABP1 1
Tubular injury SPP1 1
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inflammatory responce is mainly suppressed
by means of NFKBI, IL1B, IL6, and TNF,
highlighting the activation of NF-éB-established
cytokine signaling as the dominant mechanism.
Oxidative stress increase was highly induced
through HMOX1, which was found to count the
highest grade in all categories, underscoring its
role as a sensitive oxidative stress biomarker in
renal toxicity. Apoptotic signaling was specifically
associated with TP53, BAX, and CASP3, indicating
mitochondria-mediated tubular cell death. Tubular
injury signals were associated with ALB, CLU,
CST3, FABPI1, and SPP1, which are well-
established scientific biomarkers of proximal
tubular injury.

Importantly, related renal ion transport
enrichment is driven through ATP1A1, KCNJI,
and SLC9A3, as seen in the hierarchical heatmap
Figure 6 and bubble plot Figure 7 in each. These
transporters are involved in sodium and potassium
handling inside renal tubular epithelial cells. Their
enrichment provides a mechanistic reason for
amphotericin B-related electrolyte dysfunction,
especially hypokalemia, which is a trademark
therapy deleterious effects of amphotericin B
Therapy Disruption of Na + / K + -ATPase
(ATP1A1) function and potassium channel activity
(KCNIJ1) that leads to elevated distal potassium
electrolyte loss, aligning findings in clinical
observations with bioinformatics findings.

Integrated bubble visualization (Figure
7) additionally confirmed that genes with very
good enrichment scores additionally exhibit
strong category specificity, which strengthened
the biological relevance of pathway abnormalities.
Larger node sizes corresponding to HMOX1,
NFKBI, IL13B, TP53 strongly related features
of nephrotoxicity and prioritization as dominant
nephrotoxicity mediators.

Overall, Tableau-based visualization of
the entire enrichment dataset enabled reduction of
complexity from biologically interpretable large
Excel-based output; this enrichment revealed
a coordinated mechanism of amphotericin B
nephrotoxicity associated with inflammatory
amplification, oxidative stress-induced injury,
apoptosis-driven tubular cell loss, and disruption
of renal ion transport. This multi-pathway
convergence provides strong mechanistic validation
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Fig. 7. The Integrated bubble visualization with genes enrichment scores

for linking molecular bioinformatics findings
to specific clinical characteristics of creatinine
elevations and electrolyte imbalances, thereby
causing nephrotoxicity. Translational relevance is
strengthened

DISCUSSION

Functional Enrichment and Pathway Preference
Analysis

Enriched pathways were particularly
consistent with established mechanisms of

amphotericin B-induced nephrotoxicity, including
apoptosis-mediated loss of tubular cell survival,
oxidative stress-driven kidney injury, TNF-based
inflammatory signaling, and disruption of renal
ion shipping pathways. Ion channel dysregulation
provides a mechanistic cause of amphotericin
B-associated electrolyte imbalance, especially
hypokalemia.

The current network-primarily based
assessment aids multifactorial mechanisms
of amphotericin B nephrotoxicity focused on
inflammatory signaling, oxidative stress, apoptosis,
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and tubular dysfunction This explanation rests
with broader cause of community pharmacology,
designed to capture interactions in the marketplace
for incompetent 35NFKB1, IL1B, IL6, TNF,
TP53, BAX, CASP3, HMOXI1 is consistent with
previous experimental scientific literature showing
that amphotericin B nephrotoxicity causes direct
tubular injury, inflammatory cytokine activation,
with an oxidative injury.*

The preponderance of inflammatory
and oxidative stress states in enrichment effects
is biologically plausible because amphotericin
B toxicity is repeatedly associated with seasonal
inflammatory cytokines and redox damage within
the kidney regularly converging on CASP3, TNF,
and other stress-related inflammatory metabolites
disease protein, The current findings of that trial
are similarly consistent with published network
research in which inflammatory, apoptotic, and
vascular pressure modules grow to be dominant
mechanistic clusters, although such convergence
should be interpreted as speculation as opposed to
definitive concrete evidence . 7

One of the main problems is that the
network outputs depend on the adequacy and
curation of the database, and incompleteness or
preprocessing can propagate noise in target lists,
PPI flows, and enrichment sentences.?* More
broadly, database-centric pipelines can skew
larger upstream annotations due to the fact that
predictions from one helper often recur in others,
creating seemingly solid but undoubtedly circular
results Not because they are biologically essential,
but because they are often unexamined, embedded
and heavily studied through database.*’

The clinical significance of the study lies
in linking molecular exercise amphotericin B to
known spatial patterns of kidney injury. In clinical
populations, nephrotoxicity is still not uncommon
with all conventional and liposomal amphotericin
B, although lipid formulations are consistently
safer, the current enrichment of inflammatory,
oxidative, apoptotic, and vessel-related pathways
thus translationally it’s of a good value because it
maps onto recognizable nephrotoxicity associated
outcomes.*!

Similar literature additionally suggests
why the threat to stratification issues. Overdose,
old age, pre-existing renal hypertension, and
concomitant nephrotoxic vendors including
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carbapenems, vancomycin, colistin, cyclosporine,
immunosuppressants, or ACE inhibitors / ARB
promotion increase the likelihood of AKI are
present in all amphotericin B therapy. *>*#* In that
regard, modern observations are clinically useful as
mechanistic frameworks for establishing candidate
biomarkers and pathways for future validation, but
do not yet establish themselves as individually
diagnostic or therapy.*

One of the main strength is the integration of
PPI topology with energy enrichment visualization,
which reduces complex molecular entities to
interpretable inflammatory, oxidative, apoptotic,
and vessel-related modules.* *additional strength
of clinically interests are linking significant adverse
effects with the underlying molecular categories
with a recently specific concomitant injuries and
imbalances. * The primary barrier of this analysis
include reliance on curated databases, spurious
high-quality hub selections, omission of spatial
time and membrane biophysical context, and lack
of direct experimental validation or functional
translation. #3537

The study provides consistent structure-
degree estimates for amphotericin B nephrotoxicity
while ultimately demonstrating that hub genes and
enriched pathways are starting factors for validating
preferentially indicated causal mediators. The
findings are most valuable when interpreted
with membrane biophysics, method results, and
patient-grade risk facts that together describe
the actual clinical expression of amphotericin B
nephrotoxicity.

CONCLUSION

This system’s pharmacological assessment
included literature-driven bioinformatics, STRING-
primarily based protein-protein interaction
modeling, cytoscape network topology, and
targeted enrichment prioritization to elucidate the
molecular basis of amphotericin B nephrotoxicity.
The constructed PPI network revealed highly
interconnected links between inflammatory
signaling, oxidative stress, apoptosis, tube loss, and
renal ion distribution, reflecting the multifactorial
nature of amphotericin B nephrotoxicity.
Topological assessment in Cytoscape identified a
subset of highly expressed hub proteins that have
significant positions within the nephrotoxicity
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community, including ALB, CASP3, IL6, IL1B,
TNF, CLU, BAX, TP53, NFKB1, HMOXI1,
LCN2, and HAVCRI. These proteins collectively
bridge inflammatory amplification, oxidative stress
response, programmed cell death, and tubular
epithelial loss. Functional enrichment analysis
additionally confirmed that pathways related to
TNF/NF-€B signaling, oxidative stress response,
apoptosis, and renal ion transport regulation were
notably overrepresented, confirming their strong
contribution to nephrotoxicity based on a mock
set of discoveries as a priority. Specifically, renal
ion transport pathway enrichment on ATP1A1,
KCNI1, and SLC9A3 provides a mechanistic cause
for amphotericin B-related electrolyte dysfunction,
especially hypokalemia, while linking molecular
network outcomes to clinically detected detrimental
pathway outcomes. Visualization of results using
Tableau Public allowed the consolidation of large-
scale pathway data into an interpretable pattern that
reinforced the predominance of the inflammatory
and oxidative stress pathways while highlighting
the specificity of transport dysfunction and
tubular injury. Overall, this integrated structural
pharmacology framework correctly identified
key molecular drivers and pathways underlying
amphotericin B-induced nephrotoxicity. Prioritize
hub proteins for experimental validation and
translational biomarker improvement, thereby
supporting prediction and mitigation of renal
toxicity in future therapeutic strategies.
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