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IN SILICO STUDY OF THE ANTI-INFLAMMATORY
PROPERTIES OF PFOA, PFOS, KCIO,, AND AICI,

In this study, we used a machine learning-based toxicity prediction tool to assess
the potential toxic effects of military and civil chemical pollutants (perfluoroocta-
noic acid, perfluorooctane sulfonic acid, AlCls, and KC10O4). Additionally, molecular
docking and molecular dynamic simulations were employed to explore the interac-
tion of perfluorooctanoic acid and perfluorooctane sulfonic acid with key protein tar-
gets. The results indicate that these ligands exhibit high binding affinities for human
serum albumin, monoamine oxidase A and COX-1, suggesting potential impacts on
protein function.

Keywords: inflammation, molecular docking analysis, molecular dynamic, alumi-
nium chloride, potassium perchlorate, perfluorooctanoic acid, perfluorooctane
sulfonic acid, binding.

Military operations cause extensive environmental damage. This includes indus-
trial and chemical contamination, wildfires ignited by shelling, pollution and waste
from military vehicles, toxic substances from weapons and missiles, emissions from
the displacement of people, nuclear hazards and destruction of water resources [14].
War-induced environmental destruction is likely to lead to higher rates of illness
and death among civilians [12]. Chemical pollution poses the most significant envi-
ronmental threat in this situation [18]. Detonation of rockets and artillery results in
the emission of a complex mixture of chemical compounds. These include carbon
oxides, water vapor, nitrogen oxides, formaldehyde, hydrogen cyanide, and a variety
of toxic organic substances. Additionally, heavy metals such as lead, arsenic, and
mercury are released into the environment. Aluminum, while a versatile and widely
used metal, can become a pollutant in the context of war. Its presence as a pollutant
in war-torn environments arises from several factors, including its use in military
equipment, weaponry, and infrastructure. Aluminum (AI**) has a strong tendency to
bind with and cross-link proteins. Unlike other common metals like iron, manganese,
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and zinc, aluminum is not known to have any physiological role in the human body.
Besides causing oxidative stress and attaching to negatively charged membrane
structures in neurons, aluminum can also alter calcium signaling pathways in the
hippocampus, which are essential for neuronal plasticity and, consequently, mem-
ory. [21, 13, 16]. Perchlorate is another chemical compound commonly employed
in military ordnance and equipment, which poses a significant environmental and
health concern. Its presence has been detected in various environmental matrices,
including drinking water, air, soil, and even human breast milk. Human exposure to
perchlorate primarily occurs in regions affected by armed conflict and areas adjacent
to military training facilities [24, 8]. These pollutants are subsequently dispersed into
soil, air, and water

Furthermore, munitions may contain per- and polyfluoroalkyl substances (PFAS),
which are characterized by their exceptional environmental persistence [17]. PFAS
constitute a group of synthetic chemicals renowned for their oil-, water-, and heat-re-
sistant properties. These compounds, commonly used in producing a range of con-
sumer and industrial products, including non-stick cookware, food packaging, fire-
fighting foams, and munitions, have become ubiquitous environmental contaminants
due to their persistent nature [4]. Humans are primarily exposed to these contami-
nants through inhalation of contaminated air and dust, as well as ingestion. Such ex-
posure has been associated with endocrine disruption, compromised immune func-
tion, and an increased risk of developing certain cancers [27, 17, 5]. Among the most
prominent PFAS are perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic
acid (PFOA), which exhibit exceptional stability and resistance to degradation [20].
Bioaccumulation of PFAS in critical organs, such as the blood and liver, can induce
adverse health effects even after cessation of exposure, underscoring the long-term
implications of these persistent contaminants [1, 15]. Human serum albumin (HSA)
is the main protein responsible for transporting substances in the blood and has been
found to interact with PFAS at multiple binding sites. Consequently, it plays a sig-
nificant role in the distribution and accumulation of PFAS in the body [9]. From the
literature it is also known that PFAS activate nuclear receptor protein, specifically
Peroxisome Proliferator-Activated Receptor alpha (PPARa) and Peroxisome Prolif-
erator-Activated receptor gamma (PPARY) [7].

HAS and PPAR-gamma have important roles in the inflammation process, either
directly or indirectly. PPAR-gamma has strong anti-inflammatory effects and human
serum albumin can modulate inflammatory responses, although its role is more indi-
rect. These proteins are potential therapeutic targets for controlling inflammation in
various diseases [9, 7]. The aim of this study is to investigate the potential toxicity
of perfluorooctanoic acid, perfluorooctane sulfonic acid, AlCls, and KClOs using in
silico approaches.
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Materials and methods

Toxicity calculation for aluminium chloride, potassium perchlorate, perfluo-
rooctanoic acid and perfluoro-octanesulfonic acid was performed with virtual lab
ProTox 3.0 based on machine learning algorithms [2].

Molecular docking was provided using AutoDock Vina 1.2.5. (http://vina.
scripps.edu), Schrodinger Maestro —2023-2 Glide (trial license). The molecular
docking process was performed utilizing crystal structure of human serum albumin
(7Z57), crystal structures of the ligand binding domain of human PPAR-gamma
(2F4B), Human Monoamine Oxidase A in complex with Clorgyline (2BXR), Human
COX-1 Crystal Structure (6Y3C) from the database of biological macromolecules
PDB (http://www.rcsb.org/). During the research, perfluorooctanoic acid and per-
fluorooctane sulfonic acid were docked. The binding site was automatically identi-
fied based on the position of the reference ligand.

AutoDockVina-1.2.5. The structures of the ligands (perfluorooctanoic acid and
perfluorooctane sulfonic acid and reference ligands) were provided in *.pdb format
and optimized by the internal energy value in the Avogadro program (v 1.2.0) and
the Merck molecular force field - algorithm (MMFF94), protonation at a physiolog-
ical pH value of 7.4. Protein structures were optimized using AutoDock tools 1.5.7.
For protein optimization polar hydrogens, Kollman charges were added and pdbqt
format structure was obtained. The area of docking process was determined using
grid box. We determined the strong binding affinity by the most negative Autodock
Vina score [21].

Schrodinger Maestro Glide. The structures of the ligands (perfluorooctanoic acid
and perfluorooctane sulfonic acid and reference ligands) were optimized using Lig-
Prep, OPLS2005 force field algorithm, the pH range for the generation of tautomers
and protonated states was 7,4. The protein was modelled using the Protein Prepa-
ration of Schrodinger Suite; to prepare the protein structure, hydrogen atoms were
added and hydrogen bonds were optimized, pH 7.4. The following formula was used
to rank the ligands based on their G-scores: G-score = (0.05*vdW) + (0.15*Coul) +
Lipo + Hbond + Metal + Rewards + RotB + Site (1); where vdW is the van der Waals
energy, Coul represents the Coulomb energy, the term Lipo explains the lipophilicity
Rewards describes the favorable hydrophobic interactions, Hbond is an indicator
that reflects the hydrogen bond, Metal provides information about metal binding,
RotB informs about the negative effect related to the freezing of spin bonds, and
Site determines the polar interactions in the active site. The binding free energies
(MM-GBSA) of the complexes were determined using the Prime module within the
Schrodinger suite. The binding energy is determined using the formula: AG _bind =
E _complex(minimized) - E_ligand(minimized) - E_receptor(minimized) [28, 29].

Visualization of docking results was performed using Schrédinger Maestro, Dis-
coveryStudio2021 (BIOVIA, Dassault Systémes. Discovery Study), PyMOL (The
PyMOL Molecular Graphics System, Version 3.0 Schrodinger, LLC).
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Molecular dynamic simulation was performed for complex (perfluorooctanoic
acid-human serum albumin, AICI, - human serum albumin) using software PlayMol-
ecule. Ligands were prepared with GAFF2 force field and the parametrization func-
tion. We used ProteinPrepare tools for protein preparation [26] and SystemBuilder
for building system for simulation (pH=7,4, forcefield Amber) [6, 26]. SimpleRun
was used for the production molecular dynamic run, with a run time of 6 ns, globular
simulation type [26].

Results and Discussion

We estimated the toxicity of a number of compounds that may have a military
origin, using machine learning algorithm lab ProTox 3.0. ProTox 3.0 is particularly
useful for predicting the toxicity of newly synthesized or experimentally unstud-
ied compounds but can also be applied to already known chemicals to confirm or
refine existing data. While these compounds may be part of the database on which
the training algorithms were based, the new versions of ProTox 3.0 use improved
machine learning models and more complete and updated datasets, potentially
allowing for the consideration of new aspects of toxicity that may have been missed
in previous studies [2]. Also, we provided docking analysis of perfluorooctanoic
acid and perfluorooctane sulfonic acid, determining docking scores, free binding
energy and mechanisms of binding. For a broader understanding of the stability of
the complexes (human serum albumin with perfluorooctanoic acid and human serum
albumin with AICL,), molecular modeling was carried out. All studied ligands in our
research were presented in table 1.

Table 1
Structures of the studied compounds
Perfluorooctanoic acid (PFOA) Perfluorooctane sulfonic acid (PFOS)

Aluminum chloride Potassium perchlorate
Cl Cl 0 B
SAT W\ _0 +
| o7 K
c 07Ny
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Based on in silico toxicity study all studied substances (KCIO,, AICIL,, PFOA,
PFOS) may have the potential to cross the blood-brain barrier (Table 2). According to
the prediction results, potassium perchlorate and aluminium chloride have influence
on estrogenic receptors and have activity on transthyretin (TTR). Gorgogietas and
colleagues indicate that aluminum salts cause a significant rise in estrogen receptor
protein levels, potentially through alterations in estrogen receptor gene expression or
the stability of the estrogen receptor protein. The authors assume that this effect could
have impact on breast physiology by influencing estrogen receptor-mediated gene
expression, either directly or indirectly, through interactions with estrogen receptor
DNA binding [10]. Also, potassium perchlorate is primarily known for its role in
disrupting thyroid function by inhibiting iodide uptake, which can lead to thyroid hor-
mone imbalances [30]. The direct influence of KCIO, on estrogenic receptors is less
documented. The search results in scientific literature do not provide any information
about the activity of potassium perchlorate or aluminum chloride on transthyretin
(TTR). Furthermore, based on the results of ProTox 3.0 KCIO, can have impact on
pregnane X receptor (PXR). PXR is a nuclear receptor recognized as a key regulator
of xenobiotics. It plays a crucial role in the regulation of the expression of genes re-
sponsible for drug-metabolizing enzymes and drug transporters, playing a vital role
in detoxifying and removing xenobiotics and endotoxins from the body [23]. But
there is no evidence in the scientific literature that KC1O4 has this influence. AICls
exceeds the threshold for cardiotoxicity and ecotoxicity. AICL is predicted to be ac-
tive in CYP2C9 inhibition according to ProTox 3.0, which means that the compound
is likely to inhibit the enzyme cytochrome P450 2C9 (CYP2C9). It may cause adverse
interactions with drugs that are processed by this enzyme, affecting their efficacy and
safety. PFOA reaches levels associated with nephrotoxicity, carcinogenicity, and Tu-
mor Supressor p53. PFOS acid surpasses the threshold for respiratory toxicity.

ProTox 3.0 predictions indicate that PFOA and PFOS may have higher toxicolog-
ical risks, particularly related to carcinogenicity, nephrotoxicity, and potential endo-
crine disruption. In November 2023, the International Agency for Research on Can-
cer (IARC) designated PFOA as a “carcinogen to humans” (Group 1) and PFOS as
“possibly carcinogenic to humans” (Group 2B) [30]. Ducolomb and his colleagues
have shown that PFOS and PFOA act on steroidogenic ovarian cells, acting as endo-
crine disruptors, which could influence the functions dependent on sexual steroids
[3]. KC1O4 and AICI, also demonstrate significant potential for toxicity through mul-
tiple pathways, with KClO4 potentially posing risks to the endocrine systems, and
AICI, demonstrating cardiotoxicity. In the scientific literature, there is evidence that
potassium perchlorate induces the development of dystrophic processes in the bone
tissue of the jaws of rats with hypothyroidism. KCIO4 blocks the absorption of io-
dine by the thyroid gland and the synthesis of iodinase, which confirms the results of
prediction [30]. AICI, is recognized for its propensity to accumulate in several body
tissues, including the liver, pancreas, kidneys, brain, and heart. It has been linked to
liver damage, kidney toxicity, nervous system impairment, and heart toxicity [11].
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Table 2
Prediction toxicity of potassium perchlorate, aluminum chloride,
PFOA and PFOS
KClO, AICl, PFOA PFOS
Target Probability/ Probability/ Probability/ Probability/
Prediction Prediction Prediction Prediction
1 2 3 4 5

Hepatotoxicity 0.98/In 0.94/In 0.81/In 0.89/In
Neurotoxicity 0.91/In 0.68/In 0.88/In 0.94/In
Nephrotoxicity 0.62/In 0.70/In 0.51/Ac 0.52/In
Respiratory toxicity 0.61/In 0.67/In 0.59/In 0.54/Ac
Cardiotoxicity 0.97/In 0.55/Ac 0.89/In 0.88/In
Carcinogenicity 0.80/In 0.55/In 0.63/Ac 0.68/In
Immunotoxicity 0.99/In 0.99/In 0.99/In 0.99/In
Mutagenicity 0.75/In 0.84/In 0.92/In 0.64/In
Cytotoxicity 0.73/In 0.68/In 0.68/In 0.75/In
BBB-barrier 0.91/Ac 0.99/Ac 0.97/Ac 0.91/Ac
Ecotoxicity 0.52/In 0.68/Ac 0.85/In 0.61/In
Clinical toxicity 0.85/In 0.83/In 0.79/In 0.76/In
Nutritional toxicity 0.62/In 0.74/In 0.92/In 0.86/In
AhR 1/In 0.99/In 1/In 1/In

AR 1/In 1/In 1/In 1/In

AR-LBD 0.99/In 0.99/In 1/In 1/In

Aromatase 0.99/In 0.99/In 1/In 0.99/In
ER 1/Ac 0.99/In 1/In 0.99/In
ER-LBD 0.98/In 0.96/In 1/In 0.98/In
PPAR-Gamma 0.99/In 1/In 1/In 1/In

nrf2/ARE 1/In 0.90/In 1/In 0.96/In
HSE 1/In 0.90/In 1/In 0.96/In
MMP 0.99/In 0.93/In 1/In 0.93/In
Tumor Supressor p53 0.98/In 0.89/In 0.77/Ac 0.97/In
ATADS 0.99/In 0.99/In 1/In 1/In

THRa 0.85/In 0.94/In 0.90/In 0.90/In
THRp 0.81/In 0.93/In 0.78/In 0.78/In
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Table 2
1 2 3 4 5
TTR 0.58/Ac 0.56/Ac 0.97/In 0.97/In
RYR 0.97/In 0.95/In 0.98/In 0.98/In
GABAR 0.71/In 0.71/In 0.96/In 0.96/In
NMDAR 0.90/In 0.93/In 0.92/In 0.92/In
AMPAR 0.99/In 0.99/In 0.97/In 0.97/In
KAR 1/In 1/In 0.99/In 0.99/In
AChE 0.58/In 0.64/In 0.81/In 0.89/In
CAR 0.99/In 1/In 0.98/In 0.98/In
PXR 0.59/Ac 0.55/In 0.92/In 0.92/In
NADHOX 0.69/In 0.75/In 0.97/In 0.97/In
VGSC 0.8/In 0.75/In 0.95/In 0.95/In
NIS 0.94/In 0.94/In 0.98/In 0.98/In
CYP1A2 0.92/In 0.87/In 0.9/In 0.93/In
CYP2C19 0.88/In 0.84/In 0.86/In 0.89/In
CYP2C9 0.54/In 0.59/Ac 0.55/In 0.60/In
CYP2D6 0.88/In 0.79/In 0.87/In 0.87/In
CYP3A4 0.98/In 0.98/In 0.99/In 0.99/In
CYP2E1 0.96/In 0.92/In 0.99/In 0.90/In

Notes: In-inactive, Ac-active, Aryl hydrocarbon Receptor (AhR), Androgen Receptor (AR), Androgen
Receptor Ligand Binding Domain (AR-LBD), Estrogen Receptor Alpha (ER), Estrogen Receptor
Ligand Binding Domain (ER-LBD), Peroxisome Proliferator Activated Receptor Gamma (PPAR-
Gamma), Nuclear factor (erythroid-derived 2)-like 2/antioxidant responsive element (nrf2/ARE), Heat
shock factor response element (HSE), Mitochondrial Membrane Potential (MMP), Phosphoprotein
(Tumor Supressor) p53, ATPase family AAA domain-containing protein 5 (ATADS), Thyroid
hormone receptor alpha (THRa), Thyroid hormone receptor beta (THRf), Transtyretrin (TTR),
Ryanodine receptor (RYR), GABA receptor (GABAR), Glutamate N-methyl-D-aspartate receptor
(NMDAR), alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor (AMPAR), Kainate
receptor (KAR), Achetylcholinesterase (AChE), Constitutive androstane receptor (CAR), Pregnane X
receptor (PXR), NADH-quinone oxidoreductase (NADHOX), Voltage gated sodium channel (VGSC),
Na-+/I- symporter (NIS)

ProTox 3.0 has predicted that PFOA and PFOS could have pharmacophore fit to
Amine Oxidase A (MAO-A) 42.24%, 33.43%, and 38.99%, 50.55% to Prostaglandin
G/H Synthase 1 (PGHS-1), respectively. Docking of PFOA and PFOS with MAO-A
and PGHS-1 might be considered reasonable if the predicted pharmacophore fits
suggest potential binding interactions. ProTox 3.0 predictions, although showing
low prediction percentages, still indicated potential pharmacophore matches, which
provides grounds for molecular docking (Table 3).
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Table 3
Possible toxicity targets
Toxicity Target PFOA PFOS
Amine Oxidase A 42.24% 33.43%
Prostaglandin G/H Synthase 1 38.99% 50.55%

We performed docking of PFOA and PFOS with human serum albumin (7257),
PPAR-gamma (2F4B), monoamine oxidase A (2BXR) and COX-1 (6Y3C) (Table 4).
According to AutoDock Vina and MMGBSA binding free energy calculations, the
investigated ligands exhibit a strong binding affinity for human serum albumin, -9.2
kJ/mol for PFOA and -8.9 kJ/mol for PFOS (AutoDock Vina). We obtained moder-
ate binding affinity results for the studied PFAS with PPARY, particularly from the
analyses conducted using Schrodinger Maestro. The MM-GBSA binding energy for
2F4B with PFOA was —10.2 kJ/mol, while for 2F4B with PFOS, it was -4.8 kJ/
mol. Scientific literature suggests that PFAS activate nuclear PPARy [7], leading us
to hypothesize that PPARy undergoes conformational changes in vivo that enhance
binding, which may not be accurately reflected in static crystal structures. On the
other hand, ligands have moderate affinity of interaction with monoamine oxidase A.
PFOS has docking score with MAO-A AutoDock Vina -9.5 kJ/mol and MMGBSA
value -25.4 kJ/mol. PFOS also demonstrates reliable free binding energy of interac-
tion with human COX-1 (-26,1 kJ/mol).

Table 4
Docking scores and free binding energy of PFAS
with human serum albumin and PPAR-gamma
Protein Docking score PFOA PFOS Reference ligand

77257 AutoDock Vina 9.2 -8.9 -8.6
Maestro Schrodinger -6.2 -7.3 -7.3
MMGBSA -22.3 -27.9 -24.7
2F4B AutoDock Vina -7.4 -1.7 -10.6
Maestro Schrodinger -53 -4.5 9.4
MMGBSA -10.2 -4.8 -41.1
2BXR AutoDock Vina -8.9 -9.5 -6.3
Maestro Schrodinger -5.8 -6.1 2.7
MMGBSA -5.9 -25.4 -1.9
6Y3C AutoDock Vina -7.7 -7.0 -4.9
Maestro Schrodinger -5.5 5.2 -6.3
MMGBSA -21.2 -26.1 -5.9

Notes: 7z57 -Crystal structure of Human Serum Albumin in complex with surfactant GenX
(2,3,3,3-tetrafluoro-2-(heptafluoropropoxy) propanoate);

2f4b - Crystal structure of the ligand binding domain of human PPAR-gamma in complex with an
agonist;

2bxr - Human Monoamine Oxidase A in complex with Clorgy line, Crystal Form A;

6y3c - Human COX-1 Crystal Structure.
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This interaction may influence the enzyme’s function, potentially leading to tox-
icological or inflammation effects. Although there is no mention in the scientific
literature of the effects of PFAS on MAO-A and human COX-1.

The investigated PFAS create the hydrogen bonds with SER 342, ARG 410 and
TYR 411 of the HSA. PFOS creates hydrogen interaction by the sulfonic acid func-
tional group and PFOA by the carboxyl group (Fig.1).
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Interaction site of
PFOA and PFOS

Bromide ion

Legend for Schrodinger Maestro Glide results (a, c):

3 Charged (negative) ~ Polar -~ Distance —® Pi-cation
Charged (positive) & Unspecified residue - H-bond — Salt bridge
. Glycine ~ Water —+ Halogen bond Solvent exposure
©  Hydrophobic Hydration site — Metal coordination
) Metal X, Hydration site (displacedp— Pi-Pi stacking

Legend for AutoDock Vina results (b, d):

Interactions

|:| wvan der Waals

- Conventional Hydrogen Bond - Salt bridge
|:| Carbon Hydrogen Bond |:| Alkyl

- Halogen (Fluorine) D Pi-Alkyl

Fig. 1 a) Visualized position of PFOS in the specific binding sites of human serum albumin
(Schrédinger Maestro Glide); b) Visualized position of PFOS in the specific binding sites
of human serum albumin (AutoDock Vina), c)Visualized position of PFOA in the specific binding
sites of human serum albumin (Schrédinger Maestro Glide), d) Visualized position of PFOA
in the specific binding sites of human serum albumin (AutoDock Vina); e)Whole structure
of complex human serum albumin with PFOA and PFOS;

Based on the molecular docking results ARG 348 and ARG 485 participated in salt
bridges interactions with the studied ligands. Septlveda and colleagues observed that
ligands with strong binding affinity to human serum albumin (HSA) predominantly
form hydrogen bonds and salt bridges with the Arg485 and Arg348 residues [9].

Guo and colleagues reported in their studies that PFOA forms hydrogen bonds
with the Ser289, His449, and Tyr473 residues of PPARy [19]. The predicted results

76



ISSN 2077-1746. Bicuuk OHY. bionoris. 2024. T. 29, Bur. 2(55)

of our research indicated that PFOA creates a hydrogen bond with ARG 288 and
PFOS with TYR 327. In our case Ser289, His449 form polar contacts with ligands.
We performed molecular docking of the studied ligands at the clorgyline-binding
site of monoamine oxidase A, to analyze their interactions. PFOS creates a hydrogen
bond interaction with ALA 68 and arginine TYR 69 of the binding site of monoam-
ine oxidase A. Given that amine oxidase A regulates amines such as dopamine, ser-
otonin, and norepinephrine, the possibility of PFOA and PFOS interacting suggests
that they may affect neurotransmitter levels, potentially leading to mood-related or
neurological problems.

Both PFOA and PFOS form of the hydrogen bonds interaction with glutamate 524
and arginine 120 of the cyclooxygenase 1 (COX -1). Interaction with COX-1 raises
concerns about potential effects on inflammation, gastric health, and blood clotting.
PFOS, with a higher probability of interaction with COX-1, may pose a slightly
higher risk for these pathways than PFOA. Based on the positive molecular docking
results of PFOA with HSA, we performed molecular dynamics (MD) simulations of
these complexes to further explore the mechanisms of interaction. We also provided
MD simulation of the HSA with AICI, to modulate presence of cations Al** (fig. 2, 3).

The difference between the RMSD (root mean square deviation) values at 6 ns
and 3 ns for the protein without a ligand is 1.733. It shows a significant increase
in RMSD over time. This suggests that the protein structure undergoes substantial
conformational changes when unbound, indicating flexibility or instability in the
absence of a ligand. The protein with the PFOA ligand has a smaller RMSD range
(0.973), indicating that PFOA binding helps stabilize the protein structure to some
extent. The overall RMSD values are also lower compared to the unbound protein,
suggesting that PFOA may confer some structural stability. The protein with AICls
shows moderate structural changes over time with an RMSD range of 1.047. The
initial RMSD at 3 ns is slightly higher than for PFOA, which might suggest a more
flexible starting structure with this ligand. However, its overall stability appears
similar to PFOA, although it does not stabilize the protein as effectively as PFOA.
The complex HAS with AICI, shows the highest RMSD fluctuations, reaching peaks
close to or above 2.5 A, indicating that it undergoes larger structural deviations.

If PFOA binds tightly to HAS, it could compete with the molecules for binding
sites on HSA, potentially displacing essential substances or reducing the transport
efficiency of these molecules. It could lead to accumulation of PFOA in the
bloodstream, since it may bind strongly and remain bound to albumin over time.
HSA plays a crucial role in maintaining colloid osmotic pressure (oncotic pressure)
in the blood, which helps to retain fluid within blood vessels. If PFOA binding alters
the structure or functional sites of HSA, it could impact HSA’s ability to maintain
this pressure.

The RMSF (Root Mean Square Fluctuation) analysis was performed to assess
the movement of residues following ligand binding (Fig.3). AICls often causes the
highest fluctuation across several residues (51-101 and 501-551), indicating that

77



ISSN 2077-1746. Bicuux OHY. Bionoris. 2024. T. 29, Bum. 2(55)

Table 5
Visualization of the location of PFOA and PFOS in the specific binding site
of the studied targets Maestro Schrodinger Suite

Protein PFOA PFOS
2F4B
2BXR
0Y3C
3 Charged (negative) Polar === Distance —=e Pi-cation
Charged (positive) & Unspecified residue —» H-bond — Salt bridge
Glycine Water —* Halogen bond Solvent exposure
Hydrophobic Hydration site — Metal coordination
) Metal X, Hydration site (displacedp—* Pi-Pi stacking

Notes: 2F4B - Crystal structure of the ligand binding domain of human PPAR-gamma in complex
with an agonist; 2BXR - Human Monoamine Oxidase A in complex with Clorgy line, Crystal Form
A; 6Y3C - Human COX-1 Crystal Structure
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Fig. 2 RMSD values of HSA without and in complex with ligands

AICIL presence increases the flexibility of certain parts of the protein more than PFOA
or the unbound state. PFOA tends to show the lowest RMSF across most residues,

indicating that it stabilizes the protein more, potentially reducing the flexibility in
these regions.
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Fig.3 RMSF values of human serum albumin without and in complex with ligands
Conclusion

Based on the prediction toxicity machine learning based virtual lab ProTox 3.0 all
compounds (KCIO,, AICl,, PFOA, PFOS) demonstrate significant potential for tox-
icity through multiple pathways, such as carcinogenicity, nephrotoxicity for PFOA,
respiratory toxicity for PFOS, cardiotoxicity for AICI, and estrogenic receptor alpha
toxicity for KCIO,. According to ProTox 3.0 PFOA and PFOS can create interaction
with Prostaglandin G/H Synthase 1 and Amine Oxidase A.

79



ISSN 2077-1746. Bicuux OHY. Bionoris. 2024. T. 29, Bum. 2(55)

HSA showed the best docking score and binding free energy among the target
proteins when docked with PFOA and PFOS. Binding of PFOA to human serum
albumin, leading to its stabilization, could disrupt many of the essential functions
that HSA performs in the blood. This binding could contribute to bioaccumulation,
interfere with normal transport processes, impact drug efficacy, and potentially lead
to chronic health issues by continuously exposing the body to PFAS toxicity. The
persistence of PFOA-bound HSA in circulation thus represents a pathway for pro-
longed exposure and associated health risks.

The molecular docking results indicate that PFOS has moderate binding affinities
with Monoamine Oxidase A and COX-1. These results are theoretical predictions
and require further experimental studies.

These findings contribute valuable insights into the toxicity profiles and biologi-
cal interactions of these pollutants, providing a foundation for further toxicological
studies.

The research paper was received on November 7, 2024
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IN SILICO JOCJLKEHHSA ITPOTU3AITAJIBHUX
BJIACTUBOCTEM PFOA, PFOS, KCIO, TA AICI,

Pesrome

Beryn. BiiicbkoBi il 3aBIarOTh BEIHMKOI HIKOAM HABKOJIMIIHBOMY CEPCIOBHIILY.
HaiiGinpiy ekonoriuHy 3arpo3y B Ll CHTyallil CTaHOBUTH XiMi4HE 3a0pyAHEHHs
(OKCHIM BYTIICILIO, OKCH/IH a30TY, (bopManbL[erm, LiaHiJ| BOJIHIO, KaJIiI0 IIepXJIopar,
AJIIOMIHIN Ta PI3HOMaHITHI TOKCUYHI OpraHiyHi peuoBuHu). KpiM Toro, oenpumacu
MOXYTb MICTUTH Tiep- Ta nouipropankiabhi peuoBunu (PFAS), siki xapakrepusy-
I0ThCsI BUHSITKOBOIO €KOJIOTiYHOM0 criiikicTio. Cepen HaiiBinomimux PFAS e nepd-
TOPOKTAHCYJIL(OHOBA KHCJIOTA (PFOS) i nep(bTopOKTaHOBa kuciora (PFOA), sxi
BUSIBIISIIOTH BUHSITKOBY CTaOUIBHICTB 1 CTIHKICTD 110 L[erpaz[aun Ha namry nymky wi
XIMIYHi CTIOIYKH € BUCOKO TOKCHYHHUMHU Ta MOXYTh IT1/ICUITIOBATH 3allajibHi IPOIech
B Oprasi3mi.

MeTa: 10CiPKEHHS TOTEHLIHHOT TOKCHYHOCTI ep(YTOPOKTaHOBOI KMCIOTH, epd-
TopokTanoBoi cyinbpoxucioru, AlCl i KCIO, 3a jonomororo niaxonis in silico.
Metonu. Po3paxyHOK TOKCHYHOCTI XJIOPHLY aJIFOMIHIIO, IEPXJIOpATy Kauito, mepd-
TOPOKTAHOBOT KUCJIOTH Ta NEePPTOPOKTAHCYIHL(POKUCIOTH MPOBOAMIN 32 JIOTOMO-
roro BipTyaibHOI 1aboparopii ProTox 3.0 Ha OCHOBI aJrOPUTMIB MAIIUHHOIO Ha-
BuaHHs. MoseKyJsipHU JTOKIHT OyB 3a0e3neueHuid 3a pornomororo AutoDock Vina
1.2.5. (http://vina.scripps.edu), Schrodinger Maestro—2023-2 Glide (mpo0GHa JitieH-
3ist). [Iporenypy MOJIEKYJISIPHOTO JOKIHTY TIPOBOIMIINA 3 BUKOPUCTAHHSIM KPUCTAIIY-
HOI CTPYKTYpH CHPOBATKOBOTO aJIbOyMiHy JitoauHu (7Z57), KpUCTaTiYHUX CTPYKTYD
nirana3s’s3ytouoro qomeny PPAR-ramma monunau (2F4B), MmoHoamiHOKcHzaszu A
JIIOMUHE B Komiuiekel 3 kioprimiHom (2BXR), HOI mromuuu -1 Crystal Structure
(6Y3C) 3 6a3u nanux Oionoriyanx mMakpomouiekys PDB (http://www.rcsb.org/). ITin
4ac JOCIIPKEHb ITPOBOAMIN JIOKIHT Mep(TOPOKTAHOBOI KHCIOTH Ta NeppTOpOKTa-
HOBOI Cynb(OKUCIOTH. MOJIEKYISIPHO-IUHAMIYHE MOICIIOBAHHS OYJI0 BHKOHAHO
Ut KOMIUIEKCY (mep(TOPOKTaHOBa KHCIOTA — CHPOBATKOBHU abOyMIiH JIFOMUHH,
AICI, — cupopatkoBuil anbOyMiH JIIOJMHHM) 32 OHOMOIOK IIPOIPaMHOro0 3abesie-
yenns PlayMolecule.

Pe3yabraTtu. Ha ocHoBi BipryanbHOi s1aboparopii ProTox 3.0, 3acHoBaHoi Ha Ma-
IIMHHOMY HaBYaHHI NPOTrHO3yBaHHs ToKcHuHOCTI, yci cnonyku (KCIO,, AICL,
nep(bTopOKTaHOBa KHCJIOTAa, nep(bTopOKTaHOBa CyJTB(bOHOBa KHCJIOTA) JZ[CMOHCpr-
I0Th 3HAYHI MOTEHIIaJ M TOKCUYHOCTI, TaKl SIK KaHI[ePOT'€HHICTh, HE(PPOTOKCHUHICTD
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JUIs IepTOPOKTAHOBOI KUCJIOTH, PECIipaTopHa TOKCHYHICTD U1l HEpPTOPOKTAHO-
BOi CyNb()OKHCIIOTH, KapaioToKkcHuHicTh st AlCL, i anb(a-TOKCHIHICT €CTPOTeH-
Horo pernenrropa it KCIO » Binmosimao 1o ProTox 3.0 mepdTopokTaHOBa KHCIIOTA
Ta ep(HTOPOKTAHCYIb()OHOBA KHUCIOTa MOXKYTh B3a€MOJIISTH 3 mipoctarmanaud G/H
cuHTa3010 | Ta amiHOkcHma3or A. JIFOACHKHI CHpPOBAaTKOBUI adpOyMiH ITOKa3aB
HalKpamuii IMOKa3HUK JOKIHTY Ta BUIBHY €HEprilo 3B’sI3yBaHHS Cepell IJIbOBUX
OUTKIB TIpH JOKyBaHHI 3 MEp(TOPOKTAHOBOIO KHCIOTOK Ta MEP(HTOPOKTAHOBOIO
Cynb(OKNCIIOTOI0. Pe3yabTaTi MOJICKYISIPHOTO JIOKIHTY JEeMOHCTPYIOTb, IO HIepd-
TOPOKTAHCYIIE()OHOBA KHCIIOTa Ma€ IIOMIpHY a(iHHICTE 3B’ sI3yBaHHS 3 MOHOAMIHOK-
cunazoro A Tta L{OI'-1. Ii pe3yasTaté € TCOPETHIHUMH TPOrHO3aMH 1 TOTpeOyIoTh
MOAAJIBIINX EKCTIEPUMEHTAIBHUX J0CIIKEHb.

BucnoBku. JlocmiKeHHS TOKCHYHOCTI 3a JOMOMOTOIO BipTyalbHOI J1aboparopil
ProTox 3.0 Ta MOJIEKYJISIPHOTO TOKIHTY BHSBHJIO 3HAYHHI TOKCUKOJIIOTIYHHAN TIOTCH-
mian gocnimkysanux cronyk (KClOs4, AlCls, nepdropokranoBoi kucioru, nepd-
TOPOKTaHOBOI Cynb(pOHOBOI KucHoTH). 3B’s13yBaHH PFOA 3 cHpoBaTkoBHM aiib-
OyMIHOM JIFOIFHY, IO TPU3BOIUTH 10 HOTro cTadimi3alii, MoXxe MOPYIIUTH OaraTo
ocHOBHUX (yHKIIH, ki HSA Bukonye B kpoBi. Lle 3B’s13yBaHHS MOXe cripusiTH 6i0-
AKYMYIISIII], TIepEeIIKoKaTH HOPMAJIbHUM TPAHCIIOPTHUM IpoLiecaM, BIIMBATH Ha
e(heKTUBHICTB JIiKiB i HOTCHIIHHO MPU3BOAUTHU IO XPOHIYHUX MPOOIIEM 31 30POB’ M
Yyepe3 MOCTIHHUN BIUIMB Ha opraHi3m TokcuaHocTi PFAS. Takum unHOM, CTIHKICTB
HSA, nos’szanoro 3 PFOA, y mmpkysnsnii, Moke OyTH HUIIXOM Ul TPHBAJIOTO
BIUIMBY Ta ITOB’SI3aHMX 13 UM PU3HKIB JUIS 310pOB’SI.

KoarodoBi cioBa: 3ananeHHs, aHalli3 MOJEKYISIPHOTO JJOKIHTY, MOJIEKYJIIpHA JHHA-
Mika, IepTOPOKTAaHOBA KUCIIOTA, TEPPTOPOKTAH CYIb(HOKHUCIOTA, 3B’ A3yBaHHS.

S. I. Bendas', B. M. Galkin?, N. A. Kyrylenko'

Odesa I. I. Mechnikov National University,

'Department of Physiology, Human Health and Safety and Natural Science
Education
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IN SILICO STUDY OF THE ANTI-INFLAMMATORY
PROPERTIES OF PFOA, PFOS, KCIO,, AND AICI,

Summary

Introduction. Military operations cause great damage to the environment. The
great-est environmental threat in this situation is chemical pollution (carbon
oxides, nitro-gen oxides, formaldehyde, hydrogen cyanide, potassium perchlorate,
aluminum and various toxic organic substances). In addition, ammunition may
contain per- and polyfluoroalkyl substances (PFAS), which are characterized by
exceptional envi-ronmental stability. Among the most famous PFAS are
perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), which
exhibit exceptional stability and resistance to degradation. In our opinion, these
chemical compounds are highly toxic and can enhance inflammatory processes in
the body.

Aim. to study the potential toxicity of perfluorooctanoic acid, perfluorooctane sul-
fonic acid, AICls and KCIO, using in silico approaches.
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Methods. The toxicity of aluminum chloride, potassium perchlorate, perfluorooc-
tanoic acid, and perfluorooctane sulfonic acid was calculated using the ProTox 3.0
virtual laboratory based on machine learning algorithms. Molecular docking was
performed using AutoDock Vina 1.2.5. (http://vina.scripps.edu), Schrodinger Maes-
tro—2023-2 Glide (trial license). The molecular docking procedure was performed
using the crystal structure of human serum albumin (7Z57), crystal structures of the
ligand-binding domain of human PPAR-gamma (2F4B), human monoamine oxidase
A in complex with clorgyline (2BXR), human COX-1 Crystal Structure (6Y3C)
from the PDB database of biological macromolecules (http://www.rcsb.org/). Dur-
ing the studies, docking of perfluorooctanoic acid and perfluorooctane sulfonic acid
was performed. Molecular dynamics simulations were performed for the complex
(perfluorooctanoic acid — human serum albumin, AICI; — human serum albumin)
using the PlayMolecule software.

Results. Based on the ProTox 3.0 virtual laboratory based on machine learning for
toxicity prediction, all compounds (KCIO,, AICL,, perfluorooctanoic acid, perfluo-
rooctanoic sulfonic acid) show significant toxicity potential through several path-
ways such as carcinogenicity, nephrotoxicity for perfluorooctanoic acid, respiratory
toxicity for perfluorooctanoic sulfonic acid, cardiotoxicity for AICI, and estrogen
receptor alpha toxicity for KCIO,. According to ProTox 3.0, perfluorooctanoic acid
and perfluorooctanoic sulfonic acid can interact with prostaglandin G/H synthase
1 and amine oxidase A. Human serum albumin showed the best docking score and
binding free energy among the target proteins when docked with perfluorooctano-
ic acid and perfluorooctanoic sulfonic acid. The molecular docking results indicate
that PFOS has moderate binding affinities with Monoamine Oxidase A and COX-1.
These results are theoretical predictions and require further experimental studies.
Conclusions. Toxicity studies using the ProTox 3.0 virtual laboratory and molec-
ular docking revealed significant toxicological potential of the compounds tested
(KCIOs, AICIs, perfluorooctanoic acid, perfluorooctanoic acid). Binding of PFOA
to human serum albumin, resulting in its stabilization, may disrupt many of the es-
sential functions that HSA performs in the blood. This binding may promote bioac-
cumulation, interfere with normal transport processes, affect drug efficacy, and po-
tentially lead to chronic health problems due to ongoing exposure to PFAS toxicity.
Thus, the persistence of PFOA-bound HSA in the circulation may be a pathway for
long-term exposure and associated health risks.

Keywords: inflammation, molecular docking analysis, molecular dynamics, per-
fluorooctanoic acid, perfluorooctane sulfonic acid, binding.
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