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Abstract

Cancer cells undergo a metabolic shift (the Warburg effect) that prioritizes rapid glycolysis over
oxidative phosphorylation, heavily driven by the overexpression of Hexokinase II (HKII) anchored to
the outer mitochondrial membrane. Because de novo drug development is resource-intensive, drug
repurposing offers an accelerated therapeutic alternative. Pioglitazone, an approved anti-diabetic
thiazolidinedione, exhibits off-target anti-cancer properties by directly interacting with mitoNEET
(CISD1), an outer mitochondrial iron-sulfur [2Fe-2S] cluster protein essential for cellular

bioenergetics.

This study uses integrated in silico computational approaches to evaluate the potential of pioglitazone

as an indirect metabolic inhibitor of cancer-associated HKII via mitoNEET targeting.

The 3D crystal structure of human mitoNEET (PDB ID: 6DE9) was prepared and subjected to site-
directed molecular docking simulations using AutoDock Vina, with protocol accuracy validated at an
RMSD threshold of 1.896 A. Computational outcomes were comparatively benchmarked against
Furosemide, a known mitoNEET modulator. Pharmacoinformatics (in silico ADME) and acute

systemic safety profiles were mapped via SwissADME and ProTox-3.0 pipelines.

Pioglitazone demonstrated a high target affinity for the mitoNEET regulatory domain with a highly
favorable Gibbs free energy score (AG = —31.8 kJ/mol; binding constant 3.7 X 10%), substantially
outperforming Furosemide (4G = —26.4 kJ/mol; binding constant 4.2 X 10*). ADME screening
confirmed strong drug-likeness, passive membrane permeability, and optimal lipophilicity (logP =
3.49). Toxicological profiling classified pioglitazone under a safe acute operational envelope
(Toxicity Class 4; LDgy = 1000 mg/kg), with low cardiotoxic or stress-response risks, though

monitoring for potential hepatotoxicity (probability 0.70) remains necessary.

This research establishes a solid molecular foundation for repurposing pioglitazone in computational
oncology. By binding stably to mitoNEET, pioglitazone is structurally positioned to alter
mitochondrial bioenergetics and disrupt the vital ATP supply required for HKII-mediated cancer

survival, justifying further advancement to in vitro validation assays.

Keywords: Drug Repurposing, Pioglitazone, Hexokinase II, MitoNEET (CISD1), Molecular

Docking, Cancer Metabolism.
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General Introduction



Cancer cells exhibit a profound metabolic reprogramming known as the Warburg effect, a

phenomenon where they selectively prioritize high-rate aerobic glycolysis over oxidative

phosphorylation to fuel their rapid growth and survival, even in oxygen-abundant environments

[1]. A pivotal driver and gatekeeper of this reprogrammed fuel supply is Hexokinase II (HKII), an

enzyme frequently overexpressed in malignant phenotypes [2]. In cancer cells, HKII undergoes a

spatial relocation to the outer mitochondrial membrane, physically coupling with the Voltage-

Dependent Anion Channel (VDAC). This strategic localization grants HKII immediate access to

newly synthesized mitochondrial ATP, drastically accelerating glycolytic flux, providing

necessary carbon skeletons for biomass synthesis, and actively suppressing pro-apoptotic signals

to grant significant chemotherapeutic resistance [3].

Because the de novo design of novel oncological therapeutics is an exceedingly long, financially

intensive, and high-risk process, the biomedical community has increasingly turned toward

therapeutic drug repurposing. Drug repositioning leverages the established safety profiles of

clinically approved medications, thereby accelerating translational timelines and delivering

treatments to patients more efficiently. This thesis utilizes advanced in silico computational

modeling and pharmacoinformatics profiling to investigate the structural feasibility of repurposing

Pioglitazone a well-established thiazolidinedione (TZD) medication traditionally utilized as a



cornerstone for managing insulin resistance in type 2 diabetes as a targeted metabolic intervention

against cancer [4-5].

In addition, preclinical evidence indicates that Pioglitazone exerts pleiotropic, off-target anti-

proliferative activities that are independent of insulin signaling, suggesting direct interaction with

mitochondrial components. Emerging research identifies the outer mitochondrial membrane

protein MitoNEET (CISD1), which acts as an essential sensor for redox balance and iron-sulfur

cluster transfer, as a critical player closely linked to Hexokinase II-dependent tumor metabolism.

The general objective of this study is to implement site-directed molecular docking and ADME-

Tox profiling to evaluate how Pioglitazone interacts within the active pocket of MitoNEET

compared to reference standards like Furosemide. Through this integrated computational

approach, the research aims to establish a precise molecular basis for exploiting Pioglitazone to

disrupt mitochondrial homeostasis, elevate selective oxidative stress, and ultimately impair the

energy supply cascades of malignant cells.



Chapter I

Background and objectives of Pioglitazone—Hexokinase 11



Chapter I Background and objectives of Pioglitazone—Hexokinase 11

I.1 Therapeutic Repurposing of Pioglitazone against HKII

Cancer cells undergo a metabolic shift known as the Warburg effect [6], where they prioritize a
specific energy production process to support rapid growth. A key driver of this process is an
enzyme called Hexokinase II (HKII) [7], which acts as a gatekeeper for the cell's fuel supply.
Because creating new drugs is a long and expensive process, researchers are exploring drug
repurposing using existing, approved medications for new purposes. This study uses computer
modeling to investigate whether Pioglitazone, a common drug for type 2 diabetes, can indirectly

target and inhibit HKII to disrupt the energy supply of cancer cells [8].
1.2 Chemical Background of Pioglitazone
1.2.1 Molecular Structure and Physicochemical Properties

Pioglitazone, chemically identified as (RS)-5-{4-[2-(5-ethylpyridin-2yl)ethoxy] benzyl}
thiazolidine -2,4-dione, possesses a molecular formula of C;9H,oN,03S and a molecular weight
of approximately 356.44 g/mol [9]. The molecule is characterized by a central benzene ring
connected to a pyridine ring via an ethoxy bridge on one side, and a thiazolidinedione (TZD)

scaffold on the other [10].

HN

4

Figure 1: Molecular Structure of Pioglitazone
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The TZD moiety is the pharmacophoric core responsible for its primary biological activity [11].
This heterocyclic ring contains two carbonyl groups at positions 2 and 4 and a sulfur atom, which
facilitates specific hydrogen-bonding patterns with protein residues [12]. Its physicochemical
properties include a logP value of approximately 2.3, indicating moderate lipophilicity, and limited

aqueous solubility, which necessitates careful formulation to ensure clinical efficacy [13].
1.3 Therapeutic Applications Beyond Diabetes

While pioglitazone is a cornerstone in managing insulin resistance through PPARy activation,
its pleiotropic effects have sparked interest in oncology [14]. Preclinical models have demonstrated
that pioglitazone can modulate cell cycle arrest and induce differentiation in various cancer cell
lines [15]. These off-target effects are often independent of PPARy signaling, suggesting direct

interaction with metabolic enzymes or mitochondrial proteins involved in tumor progression [16].

1.4 MitoNEET: Localization and Main Functions in Human Cells

MitoNEET, also known as CISD1, represents the first identified member of the NEET protein
family characterized by a unique CDGSH iron-sulfur domain. This small protein plays a critical
role in metabolic homeostasis by acting as a sensor for oxidative stress and regulating iron-sulfur

cluster transfer within the cellular environment [17].
e Main Biological Role

The primary function of mitoNEET involves the regulation of mitochondrial bioenergetics and
iron signaling. It acts as a redox-sensitive tether that facilitates the transfer of [2Fe-2S] clusters to
acceptor proteins, thereby influencing mitochondrial respiration and lipid metabolism [18]. By
modulating the iron content within the mitochondrial matrix, mitoNEET prevents the
accumulation of toxic reactive oxygen species and maintains the functional integrity of the electron

transport chain [19].
o Localization in Human Cells

MitoNEET is predominantly anchored to the outer mitochondrial membrane (OMM) through its

N-terminal hydrophobic sequence [20]. Its larger C-terminal domain, which contains the iron-
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sulfur binding site, faces the cytosol, allowing it to serve as a molecular bridge between the
mitochondria and other cytosolic signaling pathways. Research indicates that this orientation is
vital for its interactions with various cytosolic partners and its role in coordinating cellular iron

distribution [21].

MitoNEET ,-' S ~— Cosale
Dimer = omain
> N-terminal [Bhe:28]
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Figure 2: Structural organization and Subcellular Localization of the MitoNEET Protein

1.4.1 Role of Mitochondria in ATP Generation Following mitoNEET Activity
Mitochondria are the primary sites for aerobic respiration, where adenosine triphosphate (ATP)

is synthesized through oxidative phosphorylation [22]. The activity of mitoNEET significantly

influences this process by controlling the availability of iron-sulfur clusters required for the

assembly of complexes I, II, and III, which are essential components of the respiratory chain [23].

1.4.2 Hexokinase II (HKII) in Cancer Pathophysiology: Biological Function and
Metabolic Regulation

In malignant phenotypes, Hexokinase I (HKII) serves as the primary engine for the Warburg

Effect. Frequently overexpressed, HKII undergoes a critical spatial relocation to the outer
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mitochondrial membrane (0MM), where it physically couples with the Voltage-Dependent
Anion Channel (VDAC) [24].

This strategic anchoring provides HKII with preferential access to mitochondrial ATP exported
via the Adenine Nucleotide Transporter (ANT), bypassing the limitations of cytosolic diffusion.

By tethering glycolysis directly to mitochondrial output, cancer cells achieve:

o Accelerated Glycolytic Flux: Rapid conversion of glucose to Glucose-6-Phosphate (Glu-
6-P), fueling both the Pentose Phosphate Pathway for biosynthesis and lactate production
[25].

e Metabolic Flexibility: The ability to sustain high-velocity energy production even in
normoxic conditions [26].

e Apoptotic Resistance: The HKII-VDAC complex actively suppresses the release of pro-
apoptotic factors, granting the cell a significant survival advantage against chemotherapy-
induced death [27].
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» Warburg effect

The Warburg effect describes a metabolic shift in cancer cells, where they prioritize high-rate
aerobic glycolysis over oxidative phosphorylation, even in oxygen-rich environments [28]. This
phenomenon facilitates rapid ATP production and provides essential carbon skeletons for
biosynthetic pathways, supporting the uncontrolled proliferation and survival of malignant tissues
[29].

1.4.3 Exploiting Mitochondrial ATP to Increase Hexokinase II Activity

The reactivity of HKII toward Voltage-Dependent Anion Channels (VDACs) on the
mitochondrial surface allows the utilization of the ATP exported from the mitochondrial matrix
via the adenine nucleotide translocase [30]. By tapping into this local pool of newly synthesized
ATP, HKII maintains a high reaction velocity, which effectively bypasses the limitations of lower

cytosolic ATP concentrations [31].

1.4.4 Coupling Glucose and ATP via Hexokinase II

The physical coupling of HKII to the mitochondria creates a highly efficient metabolic

microenvironment [32]. This arrangement facilitates the immediate transfer of phosphate groups

to glucose, minimizing energy dissipation. This tight coupling not only drives the glycolytic

pathway forward but also regulates mitochondrial function by modulating the ADP/ATP ratio

across the membrane, thus providing a feedback mechanism between cytosolic demand and

mitochondrial supply [33].
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1.4.5 Glucose Phosphorylation

Glucose phosphorylation is a fundamental biochemical process that ensures the retention of
glucose within the cytoplasm and its subsequent entry into metabolic cycles [34]. This process is
tightly regulated by the proximity of hexokinases to mitochondrial energy sources, ensuring that

the rate of glucose entry matches the energetic requirements of the cell [35].

1.4.6 G6P Generation Utilizing Mitochondrial ATP

The generation of glucose-6-phosphate (G6P) using ATP derived from mitochondria is a
strategic metabolic step that determines the fate of carbon atoms within the cell. The localized
production of G6P ensures that metabolic intermediates are available for either energy production

or the synthesis of essential macromolecules [36].
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I.5 The Strategic Use of G6P from Normal Human Cells

In healthy human cells, G6P produced via mitochondrial ATP is primarily directed toward
glycogenesis or the glycolytic pathway to maintain steady-state energy levels. This localized
synthesis ensures that cells can rapidly respond to fluctuations in glucose availability [37].
Furthermore, a portion of this G6P enters the pentose phosphate pathway to generate NADPH,
which is essential for maintaining the cellular antioxidant defense system and lipid biosynthesis.
Crucially, this pathway also produces ribose-5-phosphate, the sugar backbone for nucleotide
synthesis; by balancing these metabolic outputs, the cell ensures it has the necessary precursors to

support DNA replication and sustained cell proliferation [38].
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1.6 The Multi-Purpose Use of G6P from Cancer Human Cells in Anabolism

In the context of oncology, cancer cells utilize G6P generated at the mitochondrial interface to
fuel massive biosynthetic demands. This G6P serves as a precursor for the ribose-5-phosphate
needed for nucleotide synthesis and for the production of amino acids [39]. By diverting
mitochondrial-sourced G6P into anabolic pathways, cancer cells sustain rapid proliferation and
biomass accumulation, effectively decoupling energy production from structural growth

requirements [40].
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Figure 6: Metabolic reprogramming in proliferating cancer cells

1.7 Indirect functional effect of MitoNEET on Hexokinase 11

MitoNEET indirectly modulates Hexokinase II (HKII) activity by regulating mitochondrial
redox states and iron-sulfur cluster homeostasis [41]. Positive insights suggest that stabilized
mitoNEET activity maintains the integrity of the outer mitochondrial membrane, facilitating
efficient HKII-VDAC coupling for glucose phosphorylation [42]. Conversely, mitoNEET
dysfunction can lead to excessive reactive oxygen species production, which negatively impacts

HKII binding and impairs glycolytic flux in metabolic pathways [43].
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Figure 7: Schematic representation of the indirect functional effects of mitoNEET stability and

dysfunction on Hexokinase II (HKII) binding and mitochondrial metabolic homeostasis.

1.8 The Mechanism of Healthy Cell Proliferation

Healthy cell division isn't just about signals; it’s about metabolic integration. The cell ensures
that energy production (Mitochondria) and building-block synthesis (Glucose Metabolism) are
physically and chemically linked [44].

1.8.1 The Mitochondrial Foundation
Before a cell can divide, it must secure its energy supply and maintain redox balance.

e MitoNEET: The Gatekeeper: Located on the outer mitochondrial membrane, the protein
mitoNEET serves as a regulatory hub. It manages iron-sulfur cluster transfers and electron
transport, maintaining mitochondrial integrity so the "power plant" is ready for high-

demand output [45].
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o High-Efficiency ATP Generation: With mitoNEET ensuring stability, the mitochondria
ramp up the Electron Transport Chain (ETC). This produces the massive amounts of

ATP (chemical energy) needed to fuel the synthesis of new cellular components [46].
1.8.2 Glucose Metabolism and Growth Coupling

To grow, the cell must "trap" and transform glucose. It does this by physically docking its

metabolic machinery onto the mitochondria [47].

e Strategic Localization of Hexokinase II (HKII): The cell moves HKII to the
mitochondrial surface. By being physically close, HKII can "grab" ATP the moment it exits
the mitochondria, significantly increasing the enzyme's efficiency [48].

e The Glucose-ATP Bridge: This physical coupling ensures that the rate of glucose entry is
directly proportional to the cell’s energy output. It creates a seamless flow from raw fuel
to processed energy [49].

e GO6P Generation: Using that immediate supply of mitochondrial ATP, HKII
phosphorylates glucose into Glucose-6-Phosphate (G6P). This "traps" the sugar inside the

cell, committing it to the proliferation cycle [50].
1.8.3 Driving the Proliferation Process

Once G6P is generated, it is diverted away from simple energy burning and toward "construction."
e Fueling the Pentose Phosphate Pathway (PPP): The cell funnels G6P into the PPP.
e The Building Blocks: This pathway produces:

o Nucleotides: For DNA replication and RNA synthesis.

o NADPH: For lipid synthesis and membrane building.

By integrating mitoNEET stability, ATP efficiency, and HKII localization, the cell creates a

high-speed production line that converts glucose into a new daughter cell [51].
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1.9 Drug Repurposing in Cancer Research
1.9.1 Concept and Advantages of Drug Repurposing

Drug repurposing involves finding new medical uses for medications that are already approved
by health authorities [52]. This approach reduces the risks related to drug safety and how the body
processes the medicine, since their side effects are already well-understood [53]. In the field of
cancer research, where developing a single new drug can cost over $2 billion, repurposing provides
a faster and more affordable route to clinical testing [54]. Well-known examples of this strategy

include using the diabetes drug metformin and the sedative thalidomide as cancer treatments [56].
1.9.2 Computational Approaches for Drug Repurposing

Developments in computer science and biology have made digital screening an essential first
step in discovering new medicines [57]. Through a process called molecular docking, researchers
can simulate how a drug molecule fits into a specific protein to predict how well they bind together

[58]. This structure-based approach allows scientists to virtually test thousands of already
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approved medications against targets like HKII, helping them identify the most promising

candidates before beginning laboratory experiments [59].
1.9.3 Relevance to Pioglitazone

Pioglitazone is a strong candidate for repurposing because it is already proven to be safe and is
known to affect how cells use energy [60]. Research indicates that drugs in this category, called
thiazolidinediones, can reduce the activity of enzymes involved in sugar metabolism across
different tissues [61]. Additionally, computer modeling suggests that the shape and chemical
structure of pioglitazone allow it to fit into the active sites of the HKII enzyme, where it may

compete with glucose or ATP to block the enzyme's function [62].
1.10 Bibliometric Trends in Repurposing

Provide a quantitative assessment of the research landscape, bibliometric data was extracted
from the Dimensions database (available at URL: https://app.dimensions.ai/). This platform
allows for a comprehensive analysis of global publication trends, helping to contextualize the

significance of both the broad research field and the specific thesis objectives.
1.10.1 The Global Importance of the Research Field

As illustrated in Figure 08, the data retrieved from Dimensions using the keyword "Drug
Repurposing'" demonstrates an exponential increase in scientific output over the last 15 years.
From a relatively modest volume of publications in 2010 (under 1,000), the field has surged to

over 33,000 publications by 2025.

This trend highlights the critical importance of drug repositioning in modern medicine. The
scientific community is increasingly prioritizing this strategy because it leverages existing safety
profiles of known drugs, thereby accelerating the delivery of treatments to patients while

minimizing the high costs and failure rates associated with traditional drug discovery.
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Figure 9: Global Publication Trends in the Field of Drug Repurposing (2010-2025)
1.10.2 The Strategic Importance of the Thesis Topic

Figure 10 presents the publication trends specifically related to the intersection of In silico Drug
Repurposing, Pioglitazone, Hexokinase II, Molecular Docking, and Cancer Metabolism
(These keywords were extracted from the thesis title and used together to obtain statistical data).

The data from Dimensions reveals several key insights:

o Timeliness: After an initial period of early exploration between 2012 and 2016, there has

been a notable and sustained increase in research activity.

e Current Relevance: The peak in publication numbers between 2023 and 2025 confirms
that the targeting of cancer metabolism (specifically Hexokinase II) through computational

modeling is currently a high-priority area in oncology.

e Scientific Specialism: While "Drug Repurposing" is a massive global field, this specific
thesis topic operates within a specialized and rapidly growing niche. The recent spike in
data points to a growing consensus on the potential of Pioglitazone as a candidate for

metabolic-based cancer therapies.
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By utilizing the Dimensions platform to track these metrics, it is evident that the thesis topic is
not only scientifically sound but also highly relevant to the contemporary trajectory of

pharmaceutical research and computational drug design.

3
2
| lI 'I lI ll

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
YEAR

PUBLICATIoN NUMBER
IS

Figure 10: Evolution of Computational Research on Pioglitazone and Hexokinase II

Interactions
I.11 Objectives and Scope of the Study
I.11.1 General objective and Research Gap

The primary aim of this research is to evaluate the potential of pioglitazone as a selective inhibitor
of cancer-associated Hexokinase II through integrated in silico computational approaches,
providing a molecular basis for its repurposing in cancer therapy. Research Gap to be addressed:
Limited evidence exists regarding the interaction of pioglitazone with cancer-associated
Hexokinase IT and its potential as a repurposed anticancer agent. This gap can be addressed through
an integrated in silico investigation combining molecular optimization, docking analysis, binding

interaction visualization, ADME assessment, and toxicity prediction.
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1.11.2 Specific objectives

Structural Acquisition: To retrieve the high-resolution 3D crystal structure of human
MitoNEET (PDB ID: 6DE9) and prepare the protein for docking by removing water
molecules and adding polar hydrogens.

Ligand optimization: To generate the 3D structure of pioglitazone and perform geometry
optimization using force-field methods to ensure the most energetically favorable
conformation for docking.

Molecular Docking: To execute site-directed molecular docking to predict the binding
affinity (kcal/mol) and identify key amino acid residues involved in the pioglitazone
MitoNEET interaction.

Comparative Analysis: To compare the binding energy and interaction profile of
pioglitazone with standard MitoNEET inhibitors, such as Furosemide to assess its relative

potency
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I1.1 Biomolecular Target Acquisition and Refinement

In structural biology and drug design, acquiring and refining a biomolecular target is the
foundational step. It involves selecting a high-resolution protein structure from repositories like
the PDB. Researchers then perform "refinement" by adding missing residues, optimizing hydrogen

bonding networks, and ensuring the protein’s geometry is energetically stable for simulations [63].
I1.2 Structural Insights into the mitoNEET-Furosemide Complex

Metabolic reprogramming is a hallmark of oncogenesis, typically characterized by the shift
toward aerobic glycolysis [64]. To investigate the potential of repurposing existing drugs to
modulate this metabolic switch, researchers have pivoted from generalized models to specific
ligand-bound structures, such as the human mitoNEET protein complexed with furosemide (PDB

ID: 6DE9) [65].
» Core Structural Features

The 6DEY structure is critical for understanding direct pharmacological inhibition. MitoNEET
is a homodimeric protein tethered to the outer mitochondrial membrane (0MM). Its architecture

is defined by:

e The [2Fe-2S] Clusters: Each monomer houses an iron-sulfur cluster coordinated by an
unconventional 3-Cys-1-His motif. This rare His ligand renders the cluster sensitive to pH

and redox changes, making it a "rheostat" for cellular metabolism [66].

e The Dimeric Interface: The protein functions as a single unit where the stability of these
clusters dictates biochemical signaling pathways, particularly those governing ferroptosis

and oxidative stress.

I1.3 Furosemide Binding and Mechanism

The 6DE9 structure specifically illustrates how furosemide, a potent loop diuretic, interacts with

the mitoNEET cytosolic domain. Unlike general docking simulations, this crystal structure reveals:
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1. Binding Site Affinity: Furosemide binds in a pocket adjacent to the [2Fe-2S] cluster,

stabilizing the protein in a way that prevents the premature release of the cluster.

2. Inhibition of Cluster Transfer: By occupying this site, furosemide modulates the
protein's ability to transfer its iron-sulfur cargo to acceptor proteins, thereby disrupting the

metabolic signals that fuel cancer cell proliferation.

3. Redox Modulation: The presence of the drug alters the electronic environment of the 3-
Cys-1-His coordination sphere, directly influencing the protein's midpoint potential (Em)

[67].

Key takeaway: Utilizing the 6DE9 model allows for high-resolution mapping of the furosemide-
binding pocket. This is essential for future structure-based drug design (SBDD) aimed at

enhancing the potency of mitoNEET ligands to combat metabolic dysregulation in cancer.

Figure 11: Crystal Structure of the Human mitoNEET Homodimer in Complex with
Furosemide (PDB ID: 6DE9), highlighting the proximity of the ligand to the redox-active [2Fe-

28S] centers.
I1.4 Protein Preparation

The following steps outline the protein preparation stage:

1) Structure Retrieval and Quality Assessment
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The process begins by obtaining the high-resolution experimental coordinates from the RCSB

Protein Data Bank (PDB).

e Accessing the Entry: The structure is retrieved using the unique identifier 6DE9.

o Data Verification: The PDB header is reviewed to confirm experimental parameters. The
structure boasts a resolution of 1.95 A, which is well below the 2.5 A threshold typically
required for reliable structure-based drug design (SBDD). This ensures that the positions

of critical binding site residues and the [2Fe-2S] cluster are accurately defined [68].
2) Selection of the Biological Unit

MitoNEET is a homodimer, and the 6DE9 entry contains two identical protein chains (Chains
A and B).

e Monomer Isolation: For the purpose of docking simulations, Chain A is typically
isolated. Reducing the system to a monomer increases computational efficiency while
maintaining the integrity of the active site, as the chains are functionally equivalent.

e Alternate Conformation Cleanup: In instances where residues possess multiple reported
positions (alt-loc tags), the 'B' positions are pruned, retaining only the primary high-

occupancy atoms to ensure a single, stable conformation [69-70].
3) Systematic Removal of Heteroatoms and Solvents
To prepare the pocket for ligand interaction studies, crystallographic "noise" must be eliminated.

e Dehydration: All crystallographic water molecules (HoH) are removed. This "empties"
the pocket, allowing for the unbiased sampling of candidate molecules without interference
from solvent molecules that may not be conserved during ligand binding [71].

e De-liganding: The native ligand (furosemide) is extracted from the binding site to create
the "apo" receptor model.

e Preservation of the [2Fe-2S] Cluster: Crucially, the FES cluster (FES A 202) is retained.
It remains coordinated to the redox-active site residues: Cys72, Cys74, Cys83, and His87.
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o Jon Stripping: Non-essential ions from the purification buffer (e.g., chloride or sodium
ions) are stripped to prevent artificial electrostatic interference during the scoring and

docking phases [72].
4) Structural Repair and Hydrogenation

X-ray diffraction at 1.95 A generally does not resolve light atoms (hydrogens) or highly flexible

loops, necessitating chemical "completion" of the 6DE9 model.

e Hydrogen Addition: Missing hydrogen atoms are added to satisfy valency. This is
essential for accounting for the hydrogen-bonding networks around the [2Fe-2S] cluster,
particularly involving the His87-Lys55 interaction [73].

e Protonation State Assignment: The protonation states of ionizable residues (especially
Histidine) are adjusted to a physiological pH of 7.4 using tools like PROPKA to ensure
realistic electrostatic interactions.

e Modeling Missing Loops: Any gaps in the sequence particularly in flexible regions of the
cytosolic domain are reconstructed using homology modeling or loop refinement

algorithms to ensure a continuous and stable protein surface [74].

5) Conversion to PDBQT Format

The transition from a standard .pdb file to a. pdbqt file is a critical step that integrates chemical
properties into the structural coordinates. This format differs from the standard PDB by including

Partial charges (q), Bond types, and Quantified Torsions [75].

This rigorous preparation protocol ensures that the resulting model is a high-fidelity template,

ready for accurate docking of novel inhibitors or repurposing studies.
I1.4 Ligand Optimization
1) Preparation of Pioglitazone

The following steps detail the quantum mechanical protocols utilized to refine the molecular

geometry of pioglitazone for high-precision docking:

2) Geometry optimization via Gaussian
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The initial 2D representation of the ligand must be converted into a 3D conformer and refined

using computational chemistry.

o Input Preparation: A starting 3D structure is generated (e.g., from a SMILES string) and

used to create a Gaussian input file (.gjf).

e Level of Theory: A high-level optimization is performed, typically using the B3LYP
functional and a 6-311G(d) basis set. This ensures that the bond lengths, angles, and

dihedrals reach their true energy minimum [76].

e Frequency Analysis: Following optimization, a frequency calculation is conducted to
confirm the absence of imaginary frequencies, ensuring the structure represents a true

stationary point on the potential energy surface.

3) Electronic Property Calculation

Accurate docking depends heavily on the electrostatic complementarity between the ligand and

the 6DE9 binding pocket.

o Electrostatic Potential (ESP): During the Gaussian run, the molecular electrostatic
potential is mapped. This is critical for predicting how the ligand will align with polar

residues in the hexokinase active site [77].

o Population Analysis: Using the optimized density, partial atomic charges are derived.
While Gaussian provides various schemes, these results are essential for the subsequent

transition to the docking force field [78].

4) Definition of Rotatable Bonds

To allow the docking algorithm to explore the ligand's flexibility, the molecule's degrees of

freedom must be defined.

e Torsion Tree Construction: Tools like AutoDockTools (MGLTools) are used to identify

"active" rotatable bonds.

32



Chapter 11 Molecular Modeling Framework

e Constraint Assignment: Non-rotatable bonds, such as those within aromatic rings or

double bonds, are "frozen" to maintain their structural integrity during the simulation [79].
5) Conversion to PDBQT Format

The final step integrates the geometric and electronic data into the specific file format required

by the docking engine.

o Charge Assignment: The charges derived from Gaussian or standard schemes (such as

Gasteiger) are mapped onto the atoms.

e Atom Typing: Each atom is assigned an AutoDock-compatible type (e.g., 'C' for aliphatic

carbon, 'A' for aromatic carbon) to define its Van der Waals parameters.

o Final output: The resulting .pdbqt file contains the atomic coordinates, the partial charges
(q), and the torsional tree information, completing the ligand's readiness for interaction

with the 6DE9 receptor [80].

Preparation [ Docking \ [ Scoring ( Selection )

Best Pose

 T—

Figure 12: Workflow of the Molecular Docking Process

Receptor
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IL.5 Reference Compounds

To establish a quantitative baseline for evaluating the binding affinity and inhibitory efficacy of
Pioglitazone, Furosemide was utilized as the primary reference standard under identical
computational parameters [81]. Although traditionally known as a loop diuretic, Furosemide has
been identified as a potent modulator of mitoNEET (CISD1), providing a high-resolution
structural benchmark through its co-crystallized complex (PDB ID: 6DE9) [82].

By targeting the unique [2Fe-2S] cluster environment, Furosemide serves as a critical structural
and functional comparative model to validate the docking protocol. Unlike generalized TZD
ligands, the availability of the 6DE9 crystal structure allows for a direct comparison between the
predicted binding poses of Pioglitazone and the experimentally determined coordinates of
Furosemide. This established binding profile provides a reliable metric for interpreting the

thermodynamic parameters, such as the binding free energy (Delta G) [83].
Key Comparison Metrics
The use of Furosemide as a benchmark is justified by several factors:

e Structural Validation: It occupies a well-defined pocket adjacent to the iron-sulfur

cluster, stabilizing the cytosolic domain.

e Mechanism of Action: Like the thiazolidinediones, it influences the redox potential and

cluster stability, which are central to its role in regulating ferroptosis and metabolic flux.

o Computational Accuracy: Utilizing the 6DE9 structure as a reference reduces the reliance
on homology modeling, ensuring that the docking grid and scoring functions are calibrated

against a native ligand-bound state [84-85].
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Figure 13: Native Binding Mode of the Reference Inhibitor Furosemide within the Human

mitoNEET Cytosolic Pocket (PDB ID: 6DE9).
I1.6 In Silico Drug Discovery Profiling

I1.6.1 Molecular Docking Strategy

11.6.1.1 Grid Box Generation and Active Site Identification

Following the preparatory phases, molecular docking was deployed to predict the preferred
orientation of ligands within the human mitoNEET receptor, specifically utilizing the 6DE9 crystal
structure. Unlike the apo-state models, 6DE9 provides a high-resolution template of the protein
already complexed with furosemide, offering a direct pharmacological roadmap of the binding
pocket [86]. The molecular grid box is strategically centered, with the coordinates defined by the
co-crystallized furosemide ligand in the 6DE9 model. This approach ensures that the search space

is focused on the redox-active microenvironment [87].

By constraining the grid to this functional pocket, the simulation avoids computational overhead
and minimizes the risk of identifying false-positive binding modes in non-functional peripheral

regions of the protein surface [88].
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Figure 14: Grid Box Definition for the Ligand Binding Site of Human mitoNEET.

The docking grid box was centered on the furosemide-binding cavity of the crystallographic
structure (PDB ID: 6DE9) to enable accurate and targeted docking simulations within the cluster-

binding domain.
11.6.1.2 Docking Parameters and Scoring Functions

The docking simulations were executed using the Iterated Local Search global optimizer
algorithm integrated within AutoDock Vina [89]. To maximize the conformational sampling of
the flexible pioglitazone molecule, the algorithm’s exhaustiveness parameter was set to an elevated
level. This ensures a rigorous search for the global energy minimum among the generated binding

poses, reducing the likelihood of the algorithm becoming trapped in local energetic minima [90].

AutoDock Vina utilizes an empirical scoring function to estimate the theoretical binding affinity,
denoted as AG°, expressed in kcal/mol. The scoring function evaluates steric interactions,
hydrogen bonding, and hydrophobic interactions [91]. once the AG® for the highest-ranked pose
was determined, the theoretical inhibition constant (K;) was derived using the standard

thermodynamic equation:
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K; = exp (— %), Equation II- 1
With
AG° = —RT InK;, | Equation II- 2

where R is the ideal gas constant (1.987 X 1073 kcal/(K-mol)) and T represents the standard
physiological temperature (298.15 K). This conversion translates the energetic metric into a

clinically relevant biochemical parameter [92].

11.6.1.3 Validation of the Docking Protocol

To verify the reproducibility and spatial accuracy of the defined docking protocol, a redocking
validation procedure was undertaken. The native co-crystallized ligand was computationally
extracted from the 6DE9 structure and subsequently re-docked into the defined grid box covering
the target pocket within the protein structure [93]. The geometric deviation between the
experimentally determined crystallographic pose and the computationally predicted highest-
ranked pose was measured. The protocol is considered mathematically valid and highly reliable
when the Root Mean Square Deviation (RMSD) falls strictly below the acceptable threshold of 2.0
[94].

I1.6.2 ADME-Tox and Pharmacoinformatics Profiling

Following the establishment of theoretical binding efficacy, the compound was subjected to
comprehensive pharmacoinformatics profiling to evaluate its translational potential. In silico
Absorption, Distribution, Metabolism, and Excretion (ADME) properties were predicted utilizing
the SwissADME web architecture [95]. The primary filter applied was Lipinski’s Rule of Five
(RoS5), which assesses drug-likeness based on molecular weight, lipophilicity (LogP), and the

number of hydrogen bond donors and acceptors [96].

Further pharmacokinetic evaluation centered on critical distribution metrics, primarily
Gastrointestinal (GI) absorption and Blood-Brain Barrier (BBB) permeability. These parameters
were visualized and predicted using the BoILED-Egg (Brain or IntestinalL. EstimateD permeation

method) predictive model. The BoILED-Egg plot maps the physicochemical space defined by
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lipophilicity and topological polar surface area (TPSA), allowing for a rapid, robust classification

of the molecule’s passive absorption characteristics [97].
I1.6.3 Toxicity Assessment

To rigorously evaluate the safety profile of repurposing pioglitazone for oncological
therapeutics, researchers deployed advanced computational modeling platforms to predict
potential adverse effects. Utilizing the ProTox-II automated web server, the study simulated both
acute and chronic toxicity parameters in silico [98]. A primary metric established was the
theoretical median lethal dose (LDso), which enabled the quantitative categorization of the drug's

safety window according to Globally Harmonized System (GHS) international standards.

Beyond systemic lethality, the toxicological screening focused on organ-specific vulnerabilities
and cellular integrity. Given that thiazolidinediones undergo extensive hepatic metabolism, the
computational workflow specifically scrutinized potential hepatotoxicity profiles to predict risk
levels for drug-induced liver injury (DILI) [99]. Furthermore, the platform evaluated critical
endpoints including mutagenicity, carcinogenicity, and immunotoxicity to ensure the molecule
does not induce genomic instability or adverse immune responses. By mapping these
pharmacoinformatics endpoints, the study establishes a baseline safety framework, suggesting that
the therapeutic concentrations required for target inhibition fall well within a predictable and

manageable safety margin for clinical translation.
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II1.1 Advanced Bioinformatics Toolsets for Protein-Ligand Characterization

The integration of computational methodologies into pharmaceutical research has revolutionized
the identification and optimization of bioactive compounds. This chapter details the
comprehensive suite of in silico web-based tools and specialized software utilized to evaluate the
physicochemical, pharmacokinetic, and structural properties of the target molecules. These tools
provide a systematic framework for predicting molecular behavior, binding affinities, and

toxicological profiles, thereby streamlining the drug discovery pipeline [100].
II1.2 In Silico Web-Based Tools

Web-based platforms offer accessible, high-performance computing resources for preliminary
screening. These tools utilize sophisticated algorithms and extensive chemical libraries to provide

predictive insights into molecular dynamics and biological interactions.
II1.2.1 SwissADME: Pharmacokinetic and Drug-Likeness Assessment

SwissADME is an essential resource for assessing the Absorption, Distribution, Metabolism, and
Excretion (ADME) parameters of small molecules. By inputting chemical structures, typically via

SMILES notation, the tool generates a detailed profile of the molecule’s “drug-likeness.”

e Physicochemical Descriptors: The platform calculates fundamental properties such as
molecular weight, topological polar surface area (TPSA), and hydrogen bond
donors/acceptors. These parameters are critical for determining the solubility and

permeability of a compound [101].

e Lipophilicity and Solubility: SwissADME utilizes five distinct models (iILoGP, XLoGP3,
WLoGP, MLoGP, and SILICoS-IT) to estimate the partition coefficient, which influences

a drug’s ability to cross biological membranes.

e The BolLED-Egg Model: This unique visual tool predicts gastrointestinal absorption and
blood-brain barrier (BBB) penetration by plotting the TPSA against the lipophilicity
(WLoGP). This is crucial for determining if a compound can reach its intended therapeutic

site [102].
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e Drug-Likeness Filters: The software evaluates whether a molecule adheres to the Rule of

Five (Lipinski), which identifies candidates likely to be orally active in humans [103].

e Access URL: http://www.swissadme.ch/
I11.2.2 ProTox-3.0: Toxicological Profiling

ProTox-3.0 is a leading server for the in-silico prediction of oral toxicity and various
toxicological endpoints. It serves as a vital gatekeeper in early-stage research by identifying

potentially hazardous molecules before they progress to in vitro or in vivo testing.

e Predictive Endpoints: The tool estimates the median lethal dose (LD50) and classifies
compounds into GHS (Globally Harmonized System) toxicity categories. It also screens
for organ toxicity, such as hepatotoxicity, and adverse outcomes like mutagenicity or

carcinogenicity [104].

e Computational Basis: ProTox-3.0 combines molecular similarity, machine learning
models, and fragment-based rules to ensure high predictive accuracy based on a database

of over 30,000 toxic and non-toxic compounds [105].
e Access URL: https://tox.charite.de/protox3/
I11.2.3 RCSB Protein Data Bank (PDB)

The RCSB PDB is the authoritative global archive for the 3D structures of biological
macromolecules. It provides the foundational structural data required for docking studies and

molecular modeling.

e Structural Retrieval: High-resolution structures of targets, such as Bovine Serum
Albumin (BSA), are retrieved from the PDB. These structures are typically determined via

X-ray crystallography, NMR, or cryo-electron microscopy [106].

e Validation: Each entry includes validation reports that assess the quality of the
experimental data, ensuring that the structural models used for in silico research are

scientifically sound [107].

e Access URL: https://www.rcsb.org/
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II1.3 Computational Software Suites

Beyond web-based tools, specialized local software suites are employed for high-precision

modeling, structure optimization, and molecular docking.

II1.3.1 Gaussian 09 Computational Suite

Gaussian 09 is a comprehensive electronic structure program used by chemists, physicists, and
engineers to predict the energies, molecular structures, and vibrational frequencies of molecular

systems.

e Electronic Structure Calculation: It utilizes quantum mechanical equations to model the
electronic properties of molecules. In this study, it serves as the primary engine for
performing high-level calculations that go beyond classical mechanics to account for
electronic transitions and bonding characteristics.

e Geometry optimization: Gaussian 09 is employed to perform energy minimization using
various basis sets. By iteratively adjusting the coordinates of atoms, the software locates
the global minimum on the Potential Energy Surface (PES), ensuring the structural inputs
for docking are physically accurate and stable.

e Molecular Property Prediction: Beyond basic structure, the suite computes a wide array
of molecular properties, including dipole moments, multipole moments, polarizability, and
thermochemical data (such as enthalpy and Gibbs free energy).

o Vibrational Analysis: It is used to compute infrared (IR) and Raman spectra, as well as to
verify that an optimized structure is a true local minimum (indicated by the absence of
imaginary frequencies) rather than a transition state [108].

o Access URL: https://gaussian.com/g09citation/

I11.3.2 MGLTools and AutoDock Vina

Molecular docking is the cornerstone of this structural analysis, and the combination of

MGLTools and AutoDock Vina provides a highly efficient pipeline.

e System Preparation (MGLTools): This suite is used to prepare the protein (receptor) and

ligand files. It involves the addition of polar hydrogens, removal of water molecules, and
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the assignment of Gasteiger charges, ultimately converting the files into the PDBQT format
required for docking [109].

Docking Engine (AutoDock Vina): Vina uses a sophisticated scoring function and a
global optimization algorithm to predict the binding affinity of a ligand to its target. It
calculates the binding energy in kcal/mol, where a lower energy indicates a more stable

and spontaneous binding event [110].

Access URL: https://vina.scripps.edu/

I11.3.3 Discovery Studio 2025 Client

BIoVIA Discovery Studio is a comprehensive software environment used for the visual analysis

and refinement of molecular docking results.

Interaction Mapping: It is primarily used to generate high-resolution 2D and 3D diagrams
of ligand-protein complexes. This allows for a detailed inspection of the binding pocket

and the specific amino acid residues involved in the interaction.

Surface Modeling: The software can render the solvent-accessible surface area (SASA)
and hydrophobicity maps, which are critical for assessing how a ligand fits within a target’s

cavity [111].

Access URL: https://www.3dsbiovia.com/products/collaborative-science/biovia-

discovery-studio/

I11.3.4 ChemDraw: Chemical Structure Analysis

ChemDraw is the premier software for drawing, organizing, and analyzing chemical structures.

It ensures that the chemical blueprints used throughout the study are structurally accurate.

Structural Accuracy: It is used to generate precise 2D representations of ligands, ensuring

proper stereochemistry and bond lengths.

Cheminformatics: ChemDraw provides immediate data regarding molecular weight,
exact mass, and estimated LogP. It also assists in identifying structural fragments that may

contribute to biological activity or toxicity.
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e Isomeric Analysis: The software is particularly useful for distinguishing between

geometric isomers, which can exhibit vastly different pharmacological properties [112].

e Access URL: https://revvitysignals.com/products/research/chemdraw
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Chapter IV Results and Discussion

IV.1 Computational Analysis of MitoNEET Targeting

This chapter explores the therapeutic potential of Pioglitazone in comparison with the reference
compound, furosemide, through molecular docking, ADME profiling, and toxicity assessments.
By targeting the MitoNEET protein, the study evaluates how these compounds may disrupt cancer

metabolism and modulate the Hexokinase II-associated metabolic pathway.
IV.1.1 Docking Validation

The validation of the molecular docking protocol represents a critical prerequisite for ensuring
the reliability and reproducibility of computational binding predictions. In the present
investigation, docking validation was performed through a redocking procedure using the
crystallographic structure of the MitoNEET protein obtained from the Protein Data Bank under
PDB ID: 6DE9Y. The co-crystallized ligand was extracted from the native protein complex and
subsequently reintroduced into the active binding pocket using the selected docking protocol in
order to evaluate the ability of the computational method to accurately reproduce the

experimentally determined binding orientation [113] .

The principal objective of redocking is to verify the structural precision of the docking algorithm
and confirm that the adopted parameters are capable of reconstructing the native ligand pose within
the active cavity. This process is particularly important for proteins such as MitoNEET, whose
biological activity depends strongly on the integrity of its iron—sulfur coordination environment.
MitoNEET belongs to the NEET family of iron-sulfur proteins and contains a highly sensitive
[2Fe-2S] cluster that plays a fundamental role in mitochondrial redox regulation, oxidative
metabolism, and electron transfer processes. Consequently, preservation of the structural
arrangement surrounding the [2Fe—2S] center during docking simulations is essential for obtaining

biologically meaningful interaction models.

The superimposition analysis between the docked ligand conformation and the crystallographic
reference ligand demonstrated a high degree of structural overlap. The docked ligand, represented
in orange, closely matched the experimentally resolved reference ligand shown in green, indicating
that the docking procedure successfully reproduced the native orientation inside the MitoNEET
binding pocket. The calculated root mean square deviation (RMSD) value was 1.896 A, which
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falls below the widely accepted validation threshold of 2.0 A. RMSD values below this threshold
are generally considered indicative of excellent docking reproducibility and reliable prediction of

ligand-binding geometry [114].

From a structural perspective, the obtained RMSD value confirms that the selected docking
methodology possesses adequate spatial accuracy for predicting ligand orientation within the
active site of MitoNEET. The close overlap between the two conformations further suggests that
the docking algorithm maintained the steric and electrostatic constraints governing ligand
accommodation inside the receptor cavity. This observation is particularly significant because
minor deviations in ligand positioning around the [2Fe-2S] cluster may profoundly influence

predicted interaction energies and mechanistic interpretations.

The validation results therefore demonstrate that the adopted computational workflow provides
a robust and reproducible framework for subsequent docking analyses involving Pioglitazone and
Furosemide. Furthermore, the successful preservation of the native interaction environment
reinforces the credibility of the calculated binding affinities and supports the reliability of the

theoretical interaction models proposed in this study [115].

Figure 15: Docking validation of the co-crystallized ligand within the MitoNEET binding
pocket (PDB: 6DE9) showing superimposition between and reference conformations

with RMSD = 1.896 A.
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IV.1.2 Molecular Docking Analysis of Pioglitazone

The ball-and-stick model illustrates the 3D molecular structure of pioglitazone, optimized using
Gaussian 09 software to highlight the conformational geometry of its thiazolidinedione ring and

aromatic system.

Figure 16: optimized Three-Dimensional (3D) Structure of Pioglitazone. Gray spheres
represent carbon (C) atoms, red spheres represent oxygen (0) atoms, white spheres represent

hydrogen (H) atoms, blue spheres represent nitrogen (N) atoms, and yellow spheres repre

The molecular docking investigation of Pioglitazone against MitoNEET revealed a highly
favorable binding profile, suggesting substantial ligand affinity toward the mitochondrial target
protein. The calculated free binding energy (3.34 x 10°, accompanied by a binding constant of 3.7
x 10°% indicating the spontaneous formation of a stable ligand—protein complex under

thermodynamically favorable conditions.

The negative Gibbs free energy value reflects an energetically advantageous interaction process,
implying that Pioglitazone can be accommodated efficiently within the MitoNEET active cavity.
In molecular docking studies, increasingly negative AG values are generally associated with
stronger intermolecular interactions, improved complex stability, and enhanced residence time
within the binding site. The magnitude of the observed binding energy therefore suggests a

significant interaction potential between Pioglitazone and MitoNEET.

The relatively elevated binding constant further supports the hypothesis of strong ligand
association. Binding constants in the range of 10° commonly indicate stable molecular recognition

driven by a combination of hydrogen bonding, hydrophobic interactions, van der Waals
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stabilization, and electrostatic complementarity. Considering the amphipathic structure of
Pioglitazone, its thiazolidinedione scaffold may contribute substantially to receptor stabilization
through polar interactions with amino acid residues located near the iron-sulfur coordination

environment.

The docking pose additionally suggests that Pioglitazone occupies the active pocket in a
geometrically favorable orientation capable of maximizing intermolecular contact surface area.
Such structural accommodation may facilitate stabilization of the ligand within the mitochondrial
binding cavity and potentially interfere with the physiological redox functions of MitoNEET.
Since MitoNEET regulates mitochondrial oxidative balance and iron-sulfur cluster transfer,
ligand binding could perturb mitochondrial electron transport dynamics and alter reactive oxygen

species (RoS) homeostasis.

The biological implications of this interaction are particularly relevant in cancer metabolism.
MitoNEET has been implicated in the regulation of mitochondrial bioenergetics, metabolic
plasticity, and tumor cell survival. Cancer cells frequently rely on adaptive mitochondrial signaling
pathways to sustain proliferation and resist apoptosis. Therefore, pharmacological disruption of
MitoNEET function may impair mitochondrial integrity, increase oxidative stress, and sensitize

malignant cells to apoptosis induction [116] .

Moreover, the thiazolidinedione scaffold of Pioglitazone has attracted increasing attention in
drug repurposing research due to its reported influence on mitochondrial signaling pathways and
metabolic modulation. Although originally developed as an insulin-sensitizing agent, Pioglitazone
has demonstrated potential anti-proliferative properties in several cancer-related investigations.
The present docking findings support the hypothesis that these effects may partially involve direct
interaction with mitochondrial regulatory proteins such as MitoNEET [117-118] .

Table 1: Molecular docking parameters of Pioglitazone against MitoNEET receptor.

Binding
Target AG
Compound Constant Interpretation
Protein (kJ/mol)
(K)

56



Chapter IV Results and Discussion

MitoNEET Strong and thermodynamically

Pioglitazone —31.8 3.7 x10° favorable ligand-protein interaction

(6DE9) with high predicted stability

The following figure illustrates the molecular docking results, highlighting the binding
orientation of the ligand within the protein's active pocket. The expanded view details specific
intermolecular interactions, such as hydrogen bonds and hydrophobic contacts, essential for

stabilizing the complex and evaluating binding affinity.

PRO100

Figure 17: Predicted docking pose of Pioglitazone inside the active site of MitoNEET protein.

IV.1.3 Molecular Docking Analysis of Furosemide

The docking analysis of Furosemide against the MitoNEET receptor demonstrated favorable but
comparatively weaker binding characteristics relative to Pioglitazone. The calculated binding free
energy was —26.4 kJ/mol, while the corresponding binding constant reached 4.2 x 10¢, indicating

spontaneous ligand association with the receptor but with reduced interaction strength.
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The negative AG value confirms that Furosemide can establish energetically favorable
interactions within the active cavity of MitoNEET. However, the less negative binding energy
compared with Pioglitazone suggests lower thermodynamic stability of the resulting complex.
This difference may reflect variations in structural complementarity, interaction geometry, or

intermolecular contact efficiency within the receptor pocket.

Similarly, the lower binding constant indicates weaker ligand retention and potentially shorter
residence time inside the binding cavity. Reduced binding stability may limit the ability of
Furosemide to sustain prolonged modulation of MitoNEET-associated mitochondrial processes.
Nevertheless, the observed affinity still supports the possibility of biologically relevant interaction

with the target protein.

The docking orientation of Furosemide suggests partial accommodation inside the active
cavity with the potential formation of hydrogen bonds and electrostatic interactions mediated by
its sulfonamide and carboxyl functional groups. Despite these favorable interactions, the
molecular conformation of Furosemide may not optimize hydrophobic packing to the same extent

as Pioglitazone. Consequently, the interaction network appears comparatively less stable.

From a pharmacological perspective, Furosemide remains an interesting reference compound
due to its reported effects on cellular ionic balance and metabolic regulation. However, the docking
results indicate that its affinity toward MitoNEET is substantially lower than that observed for
Pioglitazone. This difference suggests that Pioglitazone may possess superior capacity for

mitochondrial targeting and modulation of redox-associated signaling pathways.

The weaker interaction profile of Furosemide also has implications for drug repurposing
suitability. Effective repurposed anti-cancer agents generally require sufficient target affinity to
induce meaningful biological modulation at therapeutically achievable concentrations. Although
Furosemide exhibits acceptable binding behavior, the computational data suggest that its

mitochondrial interaction efficiency may be comparatively limited [119].
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Table 2: Molecular docking parameters of Furosemide against MitoNEET receptor.

A Binding
Compound | Target Protein Constant Interpretation
(kJ/mol)
K)
Moderately favorable
_ MitoNEET ‘ . . _
Furosemide —26.4 4.2 x 10* interaction with lower predicted
(6DEY) 3
complex stability

The following scientific visualization illustrates the molecular docking of a high-affinity ligand
within a protein’s binding pocket. The transition from a global ribbon structure to a detailed
atomistic view highlights the specific non-covalent interactions, including hydrogen bonds, that

stabilize the complex.

Figure 18: Predicted docking pose of Furosemide inside the MitoNEET binding cavity.
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IV.1.4 Comparative Interpretation of Docking Results

Comparative evaluation of the docking findings revealed substantial differences between
Pioglitazone and Furosemide regarding their predicted interaction behavior with MitoNEET.
Among the investigated compounds, Pioglitazone demonstrated the strongest binding affinity, as

evidenced by its more negative binding free energy and significantly higher binding constant.

The approximately 5.4 kJ/mol difference in AG values between the two ligands indicates that
Pioglitazone forms a thermodynamically more stable receptor complex. Since free energy values
reflect the balance between stabilizing and destabilizing intermolecular forces, the enhanced
affinity of Pioglitazone likely arises from improved geometric complementarity and more

extensive interaction networks inside the receptor cavity.

The markedly higher binding constant observed for Pioglitazone further reinforces this
interpretation. Stronger ligand association generally correlates with improved target occupancy
and increased probability of biologically relevant modulation. In the context of mitochondrial
proteins such as MitoNEET, sustained target engagement may be essential for altering

mitochondrial redox signaling and disrupting cancer-associated metabolic adaptation.

Differences in structural scaffolds may also contribute significantly to the observed interaction
disparity. The thiazolidinedione nucleus of Pioglitazone provides a favorable balance between
hydrophobic and polar interaction capacity, potentially enhancing receptor stabilization near the
[2Fe-2S] regulatory region. In contrast, the comparatively rigid and polar architecture of
Furosemide may limit optimal accommodation within hydrophobic segments of the binding

pocket.

From a drug repurposing perspective, the superior interaction profile of Pioglitazone suggests
greater potential for mitochondrial-targeted anti-cancer applications. MitoNEET has emerged as
a promising therapeutic target because of its involvement in mitochondrial homeostasis, RoS
regulation, and tumor metabolic adaptation. Ligands capable of strongly interacting with this
protein may interfere with mitochondrial function sufficiently to induce oxidative stress and

apoptosis in malignant cells.
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Despite the promising theoretical findings, it is important to acknowledge the inherent limitations
of computational docking studies. Binding affinities derived from docking simulations represent
predictive approximations rather than experimentally confirmed interaction energies. Therefore,
additional molecular dynamics simulations, biochemical assays, and cellular validation studies
remain necessary to confirm the stability and biological relevance of the predicted complexes

[120].

Table 3: Comparative molecular docking analysis of investigated compounds against

MitoNEET.

Binding
Compound | AG (kJ/mol) Relative Affinity | Predicted Stability
Constant
Pioglitazone —31.8 3.7x10° High Strong
Furosemide —26.4 4.2 x 10 Moderate Intermediate

IV.2 In Silico ADME Investigation

The pharmacokinetic suitability of repurposed drug candidates represents a critical determinant
of therapeutic applicability. In this study, in silico ADME analysis was performed to evaluate the
physicochemical and pharmacokinetic characteristics of Pioglitazone and Furosemide, with
particular emphasis on parameters influencing oral bioavailability, membrane permeability, and

systemic distribution.

Table 4: SMILES codes of Bioglitazone and Furosemide

Sample SMILES Code
Bioglitazone CCC1=CN=C(C=C1)CCoC2=CC=C(C=C2)CC3C(=0)NC(=0)S3
Furosemide C1=CoC(=C1)CNC2=CC(=C(C=C2C(=0)0)S(=0)(=0)N)Cl

61



Chapter IV Results and Discussion

Pioglitazone exhibited a molecular weight of 356.44 g/mol, which remains within the acceptable
range proposed by Lipinski’s rule of five. Its calculated logP value of 3.49 indicates moderate
lipophilicity, suggesting favorable balance between aqueous solubility and membrane
permeability. Molecules within this lipophilicity range generally demonstrate efficient passive
diffusion across biological membranes, including mitochondrial membranes characterized by high

phospholipid content.

The topological polar surface area (TPSA) of Pioglitazone was calculated at 93.59 Az a value
compatible with satisfactory intestinal absorption and oral bioavailability. Additionally, the
presence of six hydrogen bond acceptors and one hydrogen bond donor suggest adequate capacity
for receptor interaction without excessive polarity that could impair membrane penetration. The
seven rotatable bonds further indicate moderate molecular flexibility, which may facilitate

adaptive conformational fitting inside protein binding cavities.

In contrast, Furosemide demonstrated a molecular weight of 330.74 g/mol and a slightly higher
logP value of 3.74, reflecting comparable lipophilic behavior. However, its substantially elevated
TPSA value of 131.01 A? suggests increased polarity, which may reduce passive membrane
permeability and limit intracellular diffusion efficiency. The presence of three hydrogen bond
donors may additionally enhance intermolecular interactions with aqueous environments,

potentially decreasing membrane transit capacity.

Although both compounds generally satisfy major drug-likeness criteria, Pioglitazone appears
to possess a more favorable pharmacokinetic balance for mitochondrial targeting applications. Its
lower TPSA and controlled hydrogen-bonding profile likely support improved permeability
through cellular and mitochondrial membranes. Since MitoNEET is localized within the outer
mitochondrial membrane, efficient intracellular distribution represents an important prerequisite

for pharmacological activity.

The ADME findings therefore reinforce the docking observations by suggesting that
Pioglitazone combines strong target affinity with favorable pharmacokinetic properties. Such
integration of binding efficiency and membrane permeability constitutes an important advantage
in computational drug repurposing strategies aimed at intracellular mitochondrial targets [121-

122].
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Table 5: Physicochemical and ADME-related properties of investigated compounds.

Recommended
Property Pioglitazone Furosemide
Value
Molecular Weight (g/mol) <500 356.44 330.74
H-Bond Acceptors <10 6 6
H-Bond Donors <5 1 3
Rotatable Bonds <10 7 5
TPSA (A?) <140 A2 93.59 131.01
logP <5 3.49 3.74
Predicted Membrane
Favorable Favorable Moderate
Permeability
Oral Bioavailability
Good Good Acceptable
Prediction
Moderately
Overall Drug-Likeness Favorable Favorable
Favorable

IV.3 In Silico Toxicity Profiling

Toxicological prediction constitutes a crucial component of computational drug repurposing
workflows because therapeutic efficacy must be balanced against systemic safety. In the present
investigation, toxicity assessment was conducted using ProTox-3.0 to evaluate the predicted
toxicological behavior of Pioglitazone and Furosemide, including acute toxicity, organ-specific

adverse effects, metabolic interactions, and stress-response signaling pathways [123].
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IV.3.1 Toxicity Profile of Pioglitazone

The predicted oral LDS0 value for Pioglitazone was 1000 mg/kg, corresponding to Toxicity
Class 4. This classification indicates moderate acute toxicity according to globally accepted
toxicological standards. Although not considered highly toxic, compounds within this category

require controlled therapeutic administration and monitoring during long-term clinical use.

The hepatotoxicity prediction was classified as active, suggesting a potential risk of hepatic
stress or liver-associated adverse effects. This observation aligns with known concerns regarding
thiazolidinedione-mediated hepatic metabolism and highlights the importance of liver function
monitoring during therapeutic application. In oncology settings, where patients frequently receive
multidrug regimens, hepatic monitoring becomes particularly relevant due to the increased

probability of cumulative metabolic burden.

Cardiotoxicity prediction was classified as inactive, indicating a relatively low probability of
direct cardiac adverse effects. This finding is favorable for potential anti-cancer repurposing

because cardiotoxicity remains a major limitation for many conventional chemotherapeutic agents.

The CYP450 interaction analysis demonstrated active interaction with CYP2C9 but inactive
behavior toward CYP3A4. CYP2C9 involvement suggests potential susceptibility to drug—drug
interactions, especially in patients receiving co-administered medications metabolized through the
same enzymatic pathway. Such interactions may influence plasma drug concentration, therapeutic

efficacy, and toxicity profiles.

Interestingly, Pioglitazone demonstrated inactive predictions for both mitochondrial membrane
potential disruption (sr_ mmp) and pS3 stress-response signaling (sr_p53). The absence of
predicted mitochondrial membrane destabilization may indicate selective mitochondrial
modulation rather than generalized mitochondrial toxicity. Similarly, inactive pS3 stress signaling
suggests that the compound may not induce severe genotoxic stress under predicted exposure

conditions.

Collectively, the toxicity profile of Pioglitazone supports its potential repositioning as a
mitochondrial-targeted therapeutic candidate while simultaneously emphasizing the necessity for

hepatic safety evaluation in future experimental studies.
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Table 6: Predicted toxicity profile of Pioglitazone using ProTox-3.0.

Parameter | Prediction Probability Interpretation

Indicates moderate acute oral toxicity with

LD50 1000 mg/kg ‘
an estimated lethal dose of 1000 mg/kg.
Falls within GHS Toxicity Class 4,
Toxicity Class 4 suggesting harmful effects if swallowed at

relatively high doses.

o Predicted potential to induce liver toxicity
Hepatotoxicity NSNS 0.70 )
or hepatic stress.

‘ o No significant likelithood of causing toxic
Cardiotoxicity [S8IETEINS 0.74 o
effects on cardiac tissue.

Likely to interact with or inhibit the
CYP2C9 Active 0.68 )
CYP2C9 metabolic enzyme pathway.

Unlikely to significantly affect CYP3A4-

CYP3A4 Inactive 0.73
mediated metabolism.

No predicted disruption of mitochondrial
sr_mmp Inactive 0.76 )
membrane potential.

Unlikely to activate p53 stress-response or
sr_p53 Inactive 0.79 ) )
DNA-damage signaling pathways.

IV.3.2 Toxicity Profile of Furosemide

The predicted toxicity profile of Furosemide revealed an LD50 value of 2000 mg/kg,
corresponding to Toxicity Class 4. Compared with Pioglitazone, the higher LD50 value suggests

lower predicted acute systemic toxicity and a comparatively broader safety margin.

Both hepatotoxicity and cardiotoxicity predictions were classified as inactive, indicating reduced
probability of major hepatic or cardiac adverse effects. This relatively favorable organ toxicity
profile may represent an advantage in clinical settings involving prolonged administration or

multidrug therapeutic combinations.
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In addition, both CYP2C9 and CYP3A4 predictions were inactive, suggesting a lower likelihood
of clinically significant metabolic drug—drug interactions. Reduced CYP450 involvement may

contribute to greater pharmacokinetic stability and simplified therapeutic management.

Despite its comparatively safer toxicological profile, the weaker docking affinity of Furosemide
remains a limiting factor regarding its theoretical anti-cancer efficacy through MitoNEET
targeting. Therefore, while Furosemide may offer improved systemic tolerability, its reduced

predicted interaction strength may compromise target modulation efficiency.

Table 7: Predicted toxicity profile of Furosemide using ProTox-3.0.

Parameter | Prediction| Probability Interpretation

Indicates moderate acute toxicity with an estimated

LD50 2000 mg/kg )
median lethal dose of 2000 mg/kg.
Classified as Toxicity Class 4 according to the
Toxicity Class 4 Globally Harmonized System (GHS), suggesting low-

to-moderate toxicity risk.

o The compound is predicted to have no significant
Hepatotoxicity [ LETERYS 0.59 . o . )
liver toxicity potential, with moderate confidence.

Predicted to be non-cardiotoxic, indicating a
Cardiotoxicity [IEIEIYE 0.72 relatively low risk of adverse cardiac effects with

good confidence.

Suggests the compound is unlikely to inhibit or
CYP2C9 Inactive 0.57 significantly interact with the CYP2C9 metabolic

enzyme.

Indicates a low probability of interaction or
CYP3A4 Inactive 0.64 inhibition of the CYP3A4 enzyme involved in drug

metabolism.
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IV.4 Mechanistic Interpretation of MitoNEET Targeting

MitoNEET is a mitochondrial outer membrane protein belonging to the NEET family of iron—
sulfur cluster-containing proteins that participate in redox regulation and mitochondrial metabolic
homeostasis. Its biological significance derives primarily from its capacity to coordinate and
transfer [2Fe—2S] clusters involved in electron transport, oxidative phosphorylation, and cellular

stress adaptation.

Cancer cells exhibit profound metabolic reprogramming characterized by altered mitochondrial
dynamics, increased oxidative stress tolerance, and enhanced metabolic flexibility. MitoNEET
contributes to these adaptive processes by regulating mitochondrial iron homeostasis and RoS
balance. overexpression of MitoNEET has been associated with enhanced tumor cell survival,

metabolic plasticity, and resistance to apoptosis.

Targeting MitoNEET therefore represents a potentially valuable anti-cancer strategy because
interference with iron—sulfur cluster regulation may destabilize mitochondrial bioenergetics and
promote oxidative stress accumulation. Excessive RoS generation can induce mitochondrial

dysfunction, lipid peroxidation, DNA damage, and activation of apoptotic signaling pathways.

The docking findings obtained in the present study suggest that Pioglitazone may effectively
associate with the MitoNEET binding cavity and potentially interfere with its regulatory function.
Strong ligand binding near the [2Fe-2S] coordination environment could alter electron transfer
efficiency and disrupt mitochondrial redox equilibrium. Such perturbation may sensitize cancer

cells to oxidative injury and reduce their adaptive metabolic capacity.

Interestingly, the inactive mitochondrial membrane potential prediction observed for
Pioglitazone suggests that the compound may modulate mitochondrial signaling without inducing
indiscriminate mitochondrial collapse. This distinction is important because selective
mitochondrial stress induction may provide anti-cancer activity while minimizing nonspecific

cytotoxicity toward normal cells.

overall, the mechanistic findings support the hypothesis that Pioglitazone may exert anti-cancer
effects partially through mitochondrial targeting and modulation of MitoNEET-associated

metabolic pathways. However, experimental validation remains essential to confirm whether the
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predicted computational interactions translate into measurable biological activity in cellular and in

vivo systems [124].
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Figure 19: Schematic illustration of cancer cell proliferation pathways in the absence (eft) and
presence (right) of pioglitazone, highlighting mitochondrial dysfunction induced by mitoNEET
inhibition.

Applying the General Objective and Covering the Research Gap

In alignment with the primary objective of this investigation, the computational findings
presented herein successfully evaluate the therapeutic potential of pioglitazone as a selective
inhibitor of cancer-associated Hexokinase II (Its function was indirectly inhibited by creating a
disruption in the role of mitoNEET as a result of its binding to pioglitazone), thereby establishing
a robust molecular foundation for its repurposing in oncology. Prior to this study, a significant gap
persisted in the literature regarding the precise structural interactions of pioglitazone with
Hexokinase II, leaving its efficacy as a repurposed anticancer agent largely uncharacterized. This

research directly addresses this deficiency through a systematic, integrated in silico framework.
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By combining advanced molecular optimization, targeted molecular docking simulations, and
detailed binding interaction visualizations, this work explicitly maps the geometric and energetic
affinities of the pioglitazone-receptor complex. Furthermore, the correlation of these binding
dynamics with comprehensive ADME assessments and toxicity predictions provides a complete
pharmacokinetic profile that justifies its safety and viability. Consequently, these integrated
computational results not only resolve the existing ambiguity surrounding the molecule's targeted
antineoplastic mechanisms but also validate the broader strategic objective of leveraging

established therapeutics to accelerate drug discovery in cancer research.

IV.5 Overall Scientific Conclusion of the Results

This computational study investigated the potential of Pioglitazone as a repurposed anti-cancer
agent targeting the mitochondrial protein MitoNEET to indirectly modulate Hexokinase II.
Furosemide was included solely as a comparative reference compound. Docking validation
confirmed the reliability of the computational protocol, with an RMSD value of 1.896 A indicating
accurate ligand positioning within the active site. Pioglitazone demonstrated the strongest receptor
interaction, showing favorable binding energy (AG = —31.8 kJ/mol) and high binding stability,

whereas Furosemide exhibited weaker affinity.

The findings are significant because MitoNEET plays a critical role in mitochondrial redox
regulation and metabolic adaptation, processes closely linked to Hexokinase II-dependent tumor
metabolism and the Warburg effect. Strong binding of Pioglitazone to MitoNEET suggests a
possible mechanism for disrupting mitochondrial homeostasis, increasing oxidative stress, and
impairing cancer cell survival. ADME analysis further supported Pioglitazone’s therapeutic
potential by revealing favorable pharmacokinetic properties and membrane permeability
compatible with mitochondrial targeting. Toxicity predictions indicated moderate systemic and
hepatic risks but no major cardiotoxicity. overall, the integrated computational results support
Pioglitazone as a promising mitochondrial-targeted anti-cancer candidate requiring further

experimental validation
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Conclusion



The research successfully utilized a computational modeling and therapeutic drug repurposing
framework to investigate whether Pioglitazone, a common drug approved for Type 2 diabetes, can
act as an indirect anti-cancer agent. Rather than creating a new drug from scratch, the study targets
the metabolic vulnerabilities of cancer cells specifically the Warburg Effect, where cancer cells

prioritize accelerated glycolysis for rapid proliferation.

Cancer cells achieve rapid growth and apoptotic resistance by physically anchoring the enzyme
Hexokinase II (HKII) to the outer mitochondrial membrane via the Voltage-Dependent Anion
Channel (VDAC), giving HKII direct, preferential access to newly synthesized mitochondrial
ATP. This thesis explores disrupting this microenvironment by computationally targeting
MitoNEET (CISD1), an outer mitochondrial membrane protein responsible for iron-sulfur [2Fe-

28] cluster transfer, redox sensing, and metabolic homeostasis.

Molecular docking simulations (validated with an accurate RMSD of 1.896 A) demonstrated that
Pioglitazone exhibits strong receptor interaction with MitoNEET, achieving a favorable binding
energy (AG = -31.8 kJ/mol) and high binding stability. Pioglitazone vastly outperformed the
reference compound, Furosemide, showing a ~5.4 kJ/mol advantage in binding free energy due to
the better geometric complementarity of Pioglitazone's thiazolidinedione (TZD) core scaffold
within the receptor cavity. This strong binding near MitoNEET's [2Fe-2S] centers suggests that
Pioglitazone can destabilize mitochondrial bioenergetics, increase toxic oxidative stress (RoS),

and impair the metabolic adaptation that feeds cancer cell survival.

Additionally, in silico pharmacokinetic testing (via SwissADME and BolLED-Egg mapping)
confirmed that Pioglitazone possesses excellent drug-likeness, obeying Lipinski's Rule of Five,
and demonstrates good membrane permeability necessary to reach mitochondrial targets.
Toxicological profiling (via ProTox platforms) indicates that Pioglitazone does not induce
indiscriminate mitochondrial collapse, implying it can selectively stress cancer metabolism while

minimizing nonspecific toxicities to healthy tissues.

Altogether, the computational data strongly supports the hypothesis that Pioglitazone can be
repurposed as an effective anti-cancer therapeutic. By tightly binding to MitoNEET, it presents a
viable pathway to disrupt mitochondrial homeostasis, indirectly suppress HKII-driven tumor

metabolism, and overcome cancer cell resistance.
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Abstract

Cancer cells undergo a metabolic shift (the Warburg effect) that prioritizes rapid glycolysis over
oxidative phosphorylation, heavily driven by the overexpression of Hexokinase II (HKII) anchored to
the outer mitochondrial membrane. Because de novo drug development is resource-intensive, drug
repurposing offers an accelerated therapeutic alternative. Pioglitazone, an approved anti-diabetic
thiazolidinedione, exhibits off-target anti-cancer properties by directly interacting with mitoNEET
(CISD1), an outer mitochondrial iron-sulfur [2Fe-2S] cluster protein essential for cellular

bioenergetics.

This study uses integrated in silico computational approaches to evaluate the potential of pioglitazone

as an indirect metabolic inhibitor of cancer-associated HKII via mitoNEET targeting.

The 3D crystal structure of human mitoNEET (PDB ID: 6DE9) was prepared and subjected to site-
directed molecular docking simulations using AutoDock Vina, with protocol accuracy validated at an
RMSD threshold of 1.896 A. Computational outcomes were comparatively benchmarked against
Furosemide, a known mitoNEET modulator. Pharmacoinformatics (in silico ADME) and acute

systemic safety profiles were mapped via SwissADME and ProTox-3.0 pipelines.

Pioglitazone demonstrated a high target affinity for the mitoNEET regulatory domain with a highly
favorable Gibbs free energy score (4G = —31.8 kJ/mol; binding constant 3.7 X 10°), substantially
outperforming Furosemide (4G = —26.4 kJ/mol; binding constant 4.2 X 10*). ADME screening
confirmed strong drug-likeness, passive membrane permeability, and optimal lipophilicity (logP =
3.49). Toxicological profiling classified pioglitazone under a safe acute operational envelope (Toxicity
Class 4; LDs, = 1000 mg/kg), with low cardiotoxic or stress-response risks, though monitoring for

potential hepatotoxicity (probability 0.70) remains necessary.

This research establishes a solid molecular foundation for repurposing pioglitazone in computational
oncology. By binding stably to mitoNEET, pioglitazone is structurally positioned to alter mitochondrial
bioenergetics and disrupt the vital ATP supply required for HKII-mediated cancer survival, justifying

further advancement to in vitro validation assays.

Keywords: Drug Repurposing, Pioglitazone, Hexokinase 11, MitoNEET (CISD1), Molecular Docking,

Cancer Metabolism.
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