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Fingolimod (FTY720) was the first sphingosine-1-phosphate (S1P) receptor modulator approved by the US Food and Drug Administration
for the treatment of multiple sclerosis. The active form, FTY720 (S)-P, acts as a potent agonist of the S1P receptor, leading to its
downregulation on the cell surface, reduced activity, and termination of sphingosine-dependent intracellular signalling. Elevated
hepatic enzyme levels, clinically significant liver injury, and acute liver failure have been observed in patients treated with FTY720 (S)-P,
which requires additional monitoring. This is the first study to investigate the mechanisms underlying the hepatotoxicity of FTY720
(S)-P and represents an important contribution to elucidating its toxicity mechanisms in the human hepatocellular carcinoma cell
line HepG2. Following a 72-h exposure, standard methods were used to evaluate specific targets, including cytotoxic effect potentials,
mitochondrial parameters, and changes of the antioxidant enzyme levels. FTY720 (S)-P exposure resulted in time- and dose-dependent
decreases in cell viability, mitochondrial membrane potential, and ATP levels, as well as the induction of oxidative stress. The complex
toxic profile observed for FTY720 (S)-P is hypothesized to originate from its interaction with sirtuin proteins, particularly SIRT3 and
SIRTS. It was also complemented with molecular docking simulations to assess the compound’s targeting potential by analysing
its interaction profile and binding pose within the active sites of both proteins. The results supported the proposed hypothesis,
demonstrating an optimal fitting profile and favourable interaction behaviour within the binding pockets of the SIRT3 and SIRT5

enzymes.
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Introduction

Multiple sclerosis (MS) is the leading cause of non-traumatic
neurological dysfunction among young adults. Effective manage-
ment of MS necessitates comprehensive strategy to control acute
episodes, manage progressive deterioration, and alleviate trou-
blesome or incapacitating symptoms. Significant advancements
in the treatment of MS have improved the long-term outlook
for many patients. Higher-efficacy drugs requiring less frequent
administration have emerged as the preferred options due to
better tolerability and adherence.

Interferons, glatiramer acetate, teriflunomide, sphingosine-
1-phosphate (SIP) receptor modulators, fumarates, cladribine,
and three varieties of monoclonal antibodies are among the
pharmaceuticals. ! Relapsing-remitting MS is the most commonly
encountered form of MS. The condition is characterised by
episodes of inflammation that target both the myelin and nerve
fibres of the central nervous system. The episodes result in small
areas of damage that cause the symptoms associated with MS.?

Fingolimod (FTY720) is a small molecule that is lipid-soluble
and derived from a metabolite of the Isaria sinclairii fungus. It is
structurally similar to the naturally occurring sphingosine and it
works in a unique way by triggering a natural control pathway
that prevents the movement of lymphocytes and causes them to
be redistributed in a specific manner. Like sphingosine, FTY720 is
converted into its active form, FTY720 phosphate (FTY720 (S)-P),

through phosphorylation by the liver enzyme sphingosine kinase
2 (SphK2). This active metabolite is structurally similar to SIP and
acts as a SIP receptor modulator, then binds to four subtypes of
S1P receptor: S1P1, S1P3, S1P4, and S1P5. It acts as a functional
agonist, initially activating lymphocyte S1P1 through high-affinity
receptor binding and subsequently inducing S1P1 downregula-
tion. As a result, lymphocytes become unable to receive the
S1P signal that is required to leave the lymph nodes and enter
inflamed tissue.>* This reduces the infiltration of auto aggressive
lymphocytes into the central nervous system and demonstrates
immunosuppressive activity.®->® Thus, the mechanism of action
of FTY720 relies on reducing the number of circulating lympho-
cytes, which prevents them from entering the central nervous sys-
tem, and thereby preventing inflammation and damage.? In late
2010, FDA approved FTY720 as the first oral disease-modifying
drug for the treatment of relapsing-remitting MS.”-8

FTY720 has been shown to reduce the relapse rate and delay
disability progression in patients with relapsing-remitting MS,
compared to placebo or other disease-modifying drugs. A ran-
domized, double-blind, placebo-controlled trial was conducted
to evaluate the efficacy and safety of FTY720 in patients with
relapsing-remitting MS. The study demonstrated that FTY720
notably decreased the annualized relapse rate and lowered the
risk of disability progression compared to placebo. The drug also
reduced the number of gadolinium-enhancing lesions in the brain
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and spinal cord.” A meta-analysis was undertaken to assess the
effectiveness and safety of FTY720 in individuals diagnosed with
relapsing-remitting MS. The study showed no significant differ-
ence in the occurrence of side effects between the group that
received FTY720 and the group that received either a placebo
or other disease-modifying therapies. However, it was found that
the group that received FTY720 had a significantly lower rate of
relapses per year.*

FTY720 also has some neuroprotective effects that may slow
down the brain atrophy and cognitive decline in MS. FTY720’s
potent efficacy, oral administration route, and generally excel-
lent safety and tolerability profiles make it a novel treatment
option for patients and clinicians. Nonetheless, numerous adverse
effects have already been recognized, and the cumulative expe-
rience with its use is limited compared to that of other agents.
Its novel and complex mechanism of action makes predicting
adverse effects difficult.’* Some of the common adverse events
associated with FTY720 are headache, fatigue, diarrhea, back
pain, and elevated liver enzymes. FTY720 can also cause serious
complications such as bradycardia, infections, macular edema.*?
An increase in liver enzymes has been observed in patients with
MS who have been treated with FTY720. There have also been
reports of acute liver failure that required liver transplantation,
as well as clinically significant liver injury.’® Due to the frequency
of enzyme elevations observed during treatment and subsequent
reports of liver injury, the FDA recommends that liver tests to
be performed before starting treatment with FTY720. The tests
should be repeated at 1, 3, 6, 9, and 12 mo, and thereafter on a
routine basis until at least 2 mo after treatment cessation.**

This study aims to elucidate the underlying mechanism
responsible for the toxicity profile of the drug FTY720, particularly
the significant liver injury observed in patients receiving this
agent. To achieve this objective, various parameters will be
assessed, including cytotoxicity against a representative hepatic
cell line, mitochondrial health status, ATP levels, and oxidative
stress in response to drug exposure. Furthermore, to advance
beyond these in vitro tests, the integration of experimental
data obtained here with molecular docking simulations will be
employed to establish a hypothesis aimed at precisely identifying
the key enzymes responsible for this toxic profile. This advanced
computational approach will pave the way for researchers to
uncover the mechanism underlying FTY720’s toxic action.

Material and methods
Cell culture and treatment conditions

Human liver cancer HepG2 cell line was obtained from American
Type Culture Collection (ATCC-HB8065, USA). The cells were cul-
tured in Roswell Park Memorial Institute (RPMI) with fetal bovine
serum (FBS, heat inactivated, 10%) and antibiotic (100 U/mL peni-
cillin and 100 ug/mL streptomycin, 1%) with 37 °C and 5% CO,
conditions.

FTY720 (S)-P was purchased from Cayman Chemical Company
(USA) and dissolved in dimethyl sulfoxide (DMSO). HepG2 cells
were exposed to FTY720 (S)-P at the range of 0.625-10 uM con-
centrations for 72 h. Negative control group was indicated as the
cells that were exposed to %1 DMSO for all of the assays.

Evaluation of cytotoxicity

The cytotoxic potential of FTY720 (S)-P on HepG2 cells was evalu-
ated by MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay,'® lactate dehydrogenase (LDH) activity assay'®
and neutral red uptake (NRU) assay!” The cells were exposed

to FTY720 (S)-P at the dose range 0.3125-10 uM during 24 h,
48 h and 72 h for the MTT assay and continued with 72 h for
all the other cytotoxicity assays. The HepG2 cells were seeded
in a 96 well plate at 104/well seeding density and incubated for
24 h. After exposures for all of the assays, the optical densities
were measured at 590 nm for MTT assay, 490 nm for LDH assay
and 570 nm for NRU assay by microplate reader (Biotek, Epoch,
Vermont, USA). Cell viability was expressed as a percentage
relative to the control group.

MTT assay

MTT assay is based on the conversion of yellow colour dye salt
to purple formazan crystals in viable cells via the activity of
mitochondrial succinate dehydrogenase enzyme. The cytotoxicity
was evaluated according to this colour change. MTT dye was
added to 20 uL/well to the FTY720 (S)-P exposed cells at different
concentrations. After 3 h, DMSO was added to dissolve formazan
crystals and absorbance was subsequently measured.

LDH assay

LDH activity, was measured using a commercial assay kit (Roche,
Germany) following the manufacturer’s protocol. LDH is a cytoso-
lic enzyme normally in healthy cells. However, when cytotoxi-
city occurs, the membrane of the cell becomes damaged, and
LDH enzyme releases into the culture media. A linked enzymatic
process, in which released LDH enzyme forms pyruvate from
lactate via NAD+ reduction to NADH, can be used to measure the
amount of extracellular LDH present in the media. A tetrazolium
salt (INT) is then reduced by diaphorase using NADH to a red
formazan product that has a wavelength of 490 nm. The amount
of LDH released into the medium, a sign of cytotoxicity, is closely
correlated with the degree of formazan formation.

NRU assay

Through non-ionic passive diffusion, neutral red, a weak cationic
dye, builds up in lysosomes and forms electrostatic hydrophobic
interactions with the phosphate and/or anionic groups of the
lysosomal matrix. By allowing neutral red dye to enter cells,
lysosomal integrity serves as a gauge of cell viability in the NRU
experiment. The absorbance of the solubilized dye was measured
after extracting the dye from the viable cells using an acidified
ethanol solution.

Evaluation of mitochondrial damage

The mitochondrial parameters were evaluated by measuring
intracellular ATP levels and mitochondrial membrane potential
(MMP). The cells were exposed to FTY720 (S)-P at the dose range
0.625-10 uM during 72 h for the assays. The HepG2 cells were
seeded in a 24 well plate at 5 x 10%/well seeding density for the
ATP assay; 25 cm? flasks at 2,5 x 10° seeding density for the MMP
assay and incubated for 24 h.

ATP content determination

The intracellular ATP levels were quantified using a commercially
available Luminescent ATP Detection Assay Kit (Abcam, UK), fol-
lowing the manufacturer’s protocol. Luminescence was measured
using a microplate reader (BioTek Synergy H1, Epoch, Germany),
and the ATP concentration was determined based on a standard
curve. The protein concentration was assessed using a Pierce
BCA protein assay kit (Thermo Scientific, United States). The ATP
concentration was normalized to the protein content, and the
results were expressed relative to the control group.



Determination of MMP

The MMP was evaluated using the JC-1 fluorescent dye (Invit-
rogen, USA). JC-1 is a cationic dye that accumulates in healthy
mitochondria, forming red fluorescent aggregates. However, when
MMP is lost, JC-1 can’t accumulate as aggregates, becomes in a
monomeric form and shows green fluorescence.'® Fluorescence
intensity was measured with flow cytometer (ACEA NovoCyte)
in FL-1 (FITC) and FL-2 (PE) channels. The results were analysed
using Novoexpress software (ACEA, CA, USA).

Determination of oxidative stress

The oxidative stress parameters were evaluated by cellular ROS
generation and mitochondrial superoxide (mtSOD) production.
The cells were seeded in a 6 well plate at 2,5x10°/well seeding
density for the assays. Also, the antioxidant response of HepG2
cells after FTY720-P exposure was evaluated by measuring total
SOD (t-SOD) enzyme activity, catalase (CAT) enzyme activity, and
glutathione (GSH) levels. The cells were seeded in a 25 cm? flasks
at 1x10° seeding density for all the assays and incubated for 24 h.

ROS production level

Intracellular ROS production was measured using the 2/,7’-
dichlorodihydrofluorescein-diacetate (H,DCF-DA) fluorescent
dye following 72 h exposure to FTY720 (S)-P. After H,DCF-DA
penetrates the cell membrane, cellular esterase deacetylate
H,DCF-DA to produce the non-fluorescent molecule H,DCEF. This
molecule is then oxidized to produce the green fluorescent DCF
by intracellular ROS in the medium. The fluorescence intensity is
related to diffusing fluorescence and increased ROS levels.'® Flow
cytometric analysis was carried out with ACEA flow cytometer in
FITC channel (excitation at 488 nm; emission at 530 nm). Data
were analysed using Novoexpress software, and the results were
expressed as the percentage of median fluorescence intensity.
This was calculated by dividing the median fluorescence intensity
(MFI) of the treated samples by the MFI of the control and
multiplying by 100.

Determination of mitochondrial superoxide

Mitochondrial superoxide (mtSOD) production was assessed
using the MitoSox Red fluorescent dye (Invitrogen, Massachusetts,
USA), following the manufacturer’s protocol. The cells were
exposed to H, O, (500 uM) for 30 min as a positive control. Fluores-
cence intensity was measured using ACEA flow cytometer. The
experimental data were analysed using Novoexpress software.
Results were expressed as a percentage of MFI, calculated by
dividing the MFI of the treated samples by the MFI of the control
and multiplying by 100. MFI levels of the treatment groups were
normalized to the control group.

Determination of T-SOD activity

Total SOD (t-SOD) enzyme activity was determined using a
commercially available Total Superoxide Dismutase (T-SOD)
Activity Assay Kit (WST-1 Method) (Elabscience, USA) following
the manufacturer’'s protocol. The absorbance was measured
at 450 nm using a microplate reader (Biotek, Epoch, Vermont,
USA). Result was expressed as U/mg protein. The protein content
was measured with the Pierce BCA protein assay kit (Thermo
Scientific, USA).

Determination of CAT activity

Catalase (CAT) enzyme activity was determined using a com-
mercially available Catalase (CAT) Activity Assay Kit (Elabscience,
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USA) following the manufacturer’s protocol. The catalytic decom-
position of hydrogen peroxide (H,O,) by CAT can be expedi-
tiously inhibited by ammonium molybdate. The remaining H,0,
undergoes a reaction with ammonium molybdate resulting in
the formation of a yellow-coloured complex. The absorbance was
measured at 405 nm using a microplate reader (Biotek, Epoch,
Vermont, USA) and the results were expressed as U/mg protein.
The protein content was measured with the Pierce BCA protein
assay kit (ThermoFisher Scientific, USA).

Determination of GSH levels

Glutathione (GSH) levels were determined using the method
described by Beutler et al., (1963)?° which is based on the reaction
of 5,5-dithiobis-2-nitrobenzoic acid (DTNB) with free sulfhydryl
groups, producing a yellow-coloured 2-nitro-5-mercaptobenzoic
acid compound. The absorbance was measured at 412 nm
using a microplate reader (BioTek Synergy H1). The protein
concentrations were determined using the BCA Protein Assay
kit (ThermoFisher Scientific, USA), and results were reported as
ng/mg of protein.

Molecular docking study

Molecular docking studies are valuable computational tools
designed to investigate interaction profiles, predict fitting poses,
and visualize the physical forces established between a receptor
and its docked ligands. These interactions are quantified by a
docking score, where more negative values indicate stronger
binding and a more compatible ligand-protein complex. Addi-
tionally, molecular docking can effectively guide researchers
before proceeding to in vitro experimental stages, particularly in
studies aiming to elucidate unclear or complex drug mechanisms
of action. Herein, as the hepatotoxic profile of FTY720 (S)-P
is hypothesized to primarily result from its interaction with
sirtuins (SIRTSs), particularly SIRT3 and SIRTS, a molecular docking
study was conducted to evaluate the validity and precision of
this hypothesis. The study comprised three main stages: ligand
modelling and preparation, protein selection and preparation,
and receptor grid generation.

In the first stage, the employed ligands were modelled using the
Maestro Graphical User Interface, part of the Schrodinger Suite
(version 14.2). Ligand preparation followed, generating all possible
ionization states at a physiological pH of 7.0 £ 2.0 and identifying
relevant conformations. To ensure suitability for docking, the
ligands were then energy-minimized using the OPLS2005 force
field. 2%

To initiate the protein preparation process, the crude crys-
tallographic structures of the target enzymes, SIRT3 and
SIRTS, were retrieved from the Protein Data Bank (https://
www.rcsb.org/). The human SIRT3 structure (PDB ID: 4JSR)
with a resolution of 1.70 A, complexed with the ELT inhibitor,
was selected to represent the SIRT3 protein. Similarly, the
human crystal structure (PDB ID: 5XHS), resolved at 2.19 A
and complexed with a fluorogenic small-molecule substrate
(SuBKA), was utilized for SIRTS. Subsequently, the retrieved
protein structures were prepared to be reliable for molec-
ular docking studies using the Schrodinger Maestro Protein
Preparation Wizard.”®> This stage involved several refinement
steps, including adding hydrogen atoms, rebuilding missing side
chains, deleting water molecules within 3 A of heteroatoms,
assigning bond orders and charge states to the protein’s
functional groups, and finalizing the process by optimizing and
minimizing the protein crystal structure using the OPLS_2005
force field.


https://www.rcsb.org/
https://www.rcsb.org/
https://www.rcsb.org/
https://www.rcsb.org/
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Fig 1. Effects of cytotoxicity observed with FTY720 (S)-P exposure on
HepG2 cells after 24-48 and 72 h treatment. The cells were treated with
0.3125-10 uM concentrations.

Afterward, to enhance the precision of the docking study by
directing the docked substrates to the correct binding site, a
receptor grid was generated with dimensions of 10 A x 10 A x 10 A,
based on the native ligands of the subject proteins.

Upon completing the aforementioned three main steps, the
molecular docking simulation was performed using the Extra
Precision (XP) Glide docking mode integrated into the Schrédinger-
Maestro software (version 14.2), employing the default param-
eters.?* The docking pose for each ligand-protein complex was
visualized using the Maestro Schrodinger interface. Additionally,
a thorough analysis of the interaction profile for each complex
was conducted using the Protein-Ligand Interaction Profiler (PLIP)
server.”®

Statistical analysis

All results were normalized to the control group. Statistical anal-
ysis was conducted using Graphpad Prism 9 (GraphPad Software
Inc, CA, USA). Differences were assessed with one-way ANOVA
followed by the post-hoc Tukey test. Results are presented as
mean + standard deviation (SD). *P < 0.05, **P < 0.01 were consid-
ered statistically significant.

Results

Cytotoxicity

The mortality rate observed at the highest exposure (10 uM) was
36.74% +3.50% for 72 h exposure. Comparison of different expo-
sure times (24-72 h) revealed that the dose-dependent increase in
cell death also escalated with longer exposure periods. However,
despite long-term exposure, higher concentrations could not be
used to fully characterize the cytotoxicity profile of FTY720 (S)-
P or determine the half-maximal inhibitory concentration (ICso)
value, as the experimental conditions did not allow this. The
linear dose-response relationship and cytotoxicity profile were
most evident following 72 h of FTY720 (S)-P treatment in the
HepG2 cell line (Fig. 1). Then, the cytotoxic potential of FTY720
(S)-P was compared with three cytotoxicity assays, MTT, LDH, and
NRU (Fig. 2).

The cytotoxic potential of FTY720 (S)-P on the HepG2 cell line
was evaluated using three cytotoxicity assays: MTT, LDH, and
NRU. The MTT assay demonstrated a significant >20% reduction
in HepG2 cell viability after 72 h of 5 and 10 uM FTY720 (S)-P treat-
ment. The LDH assay showed that 10 uM exposure reduced cell
viability to 95.48%, and this decrease was statistically significant
compared to the control (P> 0.05). The NRU assay revealed a cell
death rate of 35.03% +7.3% at the 10 uM concentration.

Mitochondrial damage

Intracellular ATP levels exhibited a dose-dependent decrease,
with a statistically significant (*P <0.05) 56.89 £2.93% reduction
observed at the highest concentration compared to the control,
almost reduced the level of H,O, (Fig. 3).

The changes in the MMP of HepG2 cells were examined follow-
ing exposure to FTY720 (S)-P. At lower doses, a significant decline
was observed compared to the control (16.60 and 25.48% for 0.625
and 1.25 uM, respectively; P < 0.001). At higher doses, the change
was less pronounced, with a statistically significant alteration
observed only at the 10 uM concentration (P <0.01) (Fig. 4).

Oxidative stress

The FTY720 (S)-P-induced oxidative damage was evaluated by
assessing cellular ROS and mt-ROS levels. Cellular ROS levels
showed a statistically significant 1.75-fold increase (P < 0.01) com-
pared to the control, but only at the 1.25 M concentration. In
contrast, mt-ROS levels exhibited a dose-independent pattern,
with a 0.7-fold decrease (P <0.01) at the 1.25 uM concentration
relative to the control (Fig. 5).

The changes in the antioxidant defence system observed with
FTY720 (S)-P exposure were evaluated through the levels of CAT,
t-SOD, and GSH. The CAT enzyme level showed an increase at the
0.625 and 5 uM exposure concentrations with a 4.5-fold rise at the
lowest exposure concentration, compared to the control (P < 0.01).
However, GSH levels exhibited a significant 1.25-fold decrease at
the highest concentration of 10 uM. On the other hand, in t-
SOD levels, first there was a significant decrease in 2.5 uM but
in 5 uM exposure concentration, there was a significant increase
compared to the control (P <0.05) (Fig. Fig. 6).

Molecular docking study

Chemoinformatic tools, such as molecular docking simulations,
are considered trustworthy for assessing ligands affinities and
visualizing their binding poses and interaction profiles within
the target protein’s binding site. The tools, validated through
extensive research and practical application, have proven their
value in drug discovery and development, as well as in elucidating
the mechanisms of action of drugs and their associated side
effects. Herein, the investigation into the underlying causes of
the hepatotoxic side effects associated with FTY720 (S)-P iden-
tified several contributing factors, including mitochondrial dam-
age, reduced ATP levels, and increased oxidative stress. Based on
molecular docking studies, the primary mechanism behind these
toxic effects is hypothesized to be the inhibition of two critical
enzymes, SIRT3 and SIRTS.

Initially, the reliability of the retrieved X-ray crystallographic
proteins (PDB ID: 4JSR for SIRT3 and PDB ID: 5XHS for SIRTS),
the software employed, and the docking protocol was assessed
through a superposition check. This evaluation involved super-
posing the native ligand of each X-ray crystallographic protein
over its respective docked conformation, followed by calculat-
ing the root mean square deviation (RMSD) value. An optimal
RMSD value is considered to be below 2 A, indicating a reliable
docking protocol. As demonstrated in Fig. 7, superimposing the
crystal conformations of ETL and SuBKA substrates, which serve
as native ligands for SIRT3 and SIRTS, respectively, onto their
respective docked conformations resulted in RMSD values of 0.426
and 1.220 A. These values highlight the reliability and accuracy of
the retrieved crystallographic proteins, the software used, and the
docking protocol.
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Fig 2. Effects of FTY720-S(P) (0.3125-10 uM) on cell viability by A) MTT, B) LDH and C) NRU assays in HepG2 cells after 72 h treatments. The cells were
treated with 0.3125-10 uM concentrations. Data are expressed as mean + SD, *P < 0.05 and **P < 0.01 versus the control group.
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Fig 3. Changes in the ATP content observed with FTY720 (S)-P exposure
on HepG2 cells after 72 h treatment. The cells were treated with
0.625-10 uM concentrations. Data are expressed as mean + SD, *P < 0.05
versus the control group.

Interrogating the docked complex of FTY720 (S)-P within the
binding sites of both SIRT3 and SIRTS reveals the formation
of optimal binding profiles, characterized by significant interac-
tions and well-aligned poses, as depicted in Fig. 8 and Table 1.
These findings suggest that FTY720 (S)-P acts as a potent ligand
for both targets. Specifically, in the SIRT3 complex, the phos-
phate group of FTY720 (S)-P establishes two hydrogen bonds
with the ALA146 and THR320 residues. Additionally, it forms
two salt-bridge hydrogen bonds with fully ionized surrounding
amino acids, ARG158 and ASP156, which play a crucial role in
enhancing the ligand’s affinity for the target binding site. This
robust interaction profile is further reinforced by the hydrophobic
interactions facilitated by the lipophilic nature of the phenyl-
aliphatic chain moiety, engaging with the surrounding residues
PHE180, HIS248, PHE294, and LEU298. For the SIRTS complex, the
docking of FTY720 (S)-P reveals the formation of three significant
hydrogen bonds with ARG71, VAL221, and TYR102. The posi-
tively charged ARG105 residue establishes both salt bridges and
water-mediated interactions with FTY720 (S)-P. Additionally, the
interaction analysis highlights hydrophobic interactions involving

lipophilic residues such as VAL221, PHE223, LEU227, and LEU232.
These exceptional interaction profiles are reflected in the highly
favourable docking scores of —7.07 and —7.64 kcal/mol for the
SIRT3 and SIRTS complexes, respectively.

Discussion

The aim of our study was to examine the toxic effects of FTY720
(S)-P, the phosphorylated active form of FTY720, using the HepG2
cell line. On a cellular scale, toxic effects can eventually result in
organ-specific injury, including liver damage and hepatotoxicity.
Elevated liver enzymes, acute liver failure that requires liver
transplantation, and clinically significant liver injury are main
indicators of hepatotoxicity?®?’ Therefore, the HepG2 human
hepatocellular cell line was deemed suitable for investigating the
adverse effects of FTY720 (S)-P in this study.

Since the toxicity mechanisms caused by FTY720 (S)-P, partic-
ularly in the liver where FTY720 is phosphorylated, have not been
sufficiently investigated and there is a lack of studies on this topic
in the literature, the planned study will focus on mitochondria
and oxidative stress aiming to clarify the underlying mechanisms
of FTY720 (S)-P-induced hepatotoxicity.

The liver is well-known as the primary organ affected by tox-
icity since it plays such a crucial role in the metabolism and
detoxification of xenobiotic, both pharmaceutical and non- phar-
maceutical.”® Mitochondrial dysfunction, loss of mitochondrial
membrane potential, reduction in ATP generation, release of ROS,
and DNA damage are all examples of mitochondrial damage that
contribute to liver injury.??

Based on the findings of our current study, FTY720 (S)-P does
not show significant cytotoxicity in the HepG2 cell line. Unlike
FTY720 (S)-P, non-phosphorylated form of FTY720 exerts cytotox-
icity in several cancer cell lines, HepG2 (ICso: 13 uM), Huh-7 (ICsg:
12 uM) and Hep3B (ICso: 14 M) with varying pS3 status, as well
as one non-tumorigenic immortalized liver cell line MIHA (ICso:
60 uM). The reported antitumor activity of FTY720 is attributed
to ROS production, Akt activation, and subsequent caspase-3-
dependent apoptotic effects.®:3%-! Hagihara et al. (2013)? showed
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Table 1. The Interaction profiles and docking scores of FTY720 (S)-P within the binding pocket of the SIRT3 (PDB ID: 4JSR) and SIRTS

(PDB ID: 5XHS) proteins.

Target Hydrogen bonds Salt bridges Water bridges Hydrophobic Docking Score
(kcal/mol)

SIRT3 ALA146, THR320 ARG158, ASP156 PHE180, HIS248, -7.17

(4JSR) PHE294, LEU298

SIRTS ARG71, VAL221, ARG105 ARG105 VAL221, PHE223, —7.75

(5XHS) TYR102 LEU227, LEU232

that FTY720, but not FTY720 (S)-P, induced cytotoxicity in fis-
sion yeast (Schizosaccharomyces pombe). Studies provided evidence
that FTY720 (S)-P does not exhibit any notable cytotoxic effects.
In parallel with the current literature, we found that in our
study, FTY720 (S)-P exposure led to dose- and time-dependent
decreases in cell viability, with the highest exposure concentration
(10 uM) resulting in a cell death rate of <36.74%. The finding
further supports the notion that the cytotoxic impact of FTY720
involves mechanisms that are independent of phosphorylation
and S1P signalling. Additionally, accumulating evidence demon-
strates that the FTY720-induced cytotoxicity in various cancer
cells is dependent on the production of ROS#

When the potential cytotoxicity of FTY720 (S)-P was compared
across three different assays, a statistically significant reduction

was observed at the highest concentration consistently across all
tests. According to the LDH assay, which indicates cell membrane
damage and cell death, exposure to <10 uM FTY720 (S)-P resulted
in cell death rates close to the control. The NRU assay, a marker
of lysosomal damage, revealed a dose-dependent potential for
FTY720 (S)-P to induce lysosomal injury. Additionally, the MTT
assay, which evaluates mitochondrial damage and cell prolif-
eration, showed a significant decrease in cell viability at high
concentrations compared to the control. In this context, the effect
of FTY720 (S)-P on the viability of HepG2 cells can be ranked as
LDH < NRU < MTT.

Zhang et al. (2010)** demonstrated that FTY720 exhibited
strong, dose- and time-dependent cytotoxic effects in human
ovarian cancer cells, including those resistant to the commonly
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Fig 7. Superposition of the native ligand in its crystallized conformation
with its respective docked conformation for SIRT3 (PDB ID: 4JSR) and
SIRTS (PDB ID: 5XHS) enzymes, showing RMSD values of 0.426 A and
1.22 A, respectively.

prescribed chemotherapeutic agent cisplatin. The researchers
emphasized that FTY720-induced autophagy may play a pro-
tective role against its own cytotoxic effects, and that targeting
autophagy could enhance the anticancer potential of FTY720,
suggesting this data could be evaluated for further development
of FTY720 as a treatment for ovarian cancer. Ahmed et al. (2015)*
evaluated the effects of combined FTY720 and the multi-kinase
inhibitor sorafenib on hepatocellular cell lines Huh7 and HepG2.
They reported that the decrease in cell viability observed with
increasing doses of sorafenib was enhanced by the synergistic
effect of FTY720. The researchers underscored that hepatocellular
cells are sensitive to the cytotoxic effects of FTY720, and that
the impact of the sorafenib and FTY720 combination therapy
warrants further investigation.

According to Hagihara et al. (2014),%> FTY720 was identified as
a ROS-inducing compound that stimulates the Spc1/Styl MAPK
signalling pathway in fission yeast (Schizosaccharomyces pombe).

The researchers demonstrated that the accumulation of ROS
following FTY720 treatment, due to impaired Styl MAPK function,
led to the suppression of antioxidant enzymes like catalase and
glutathione gene expression. However, FTY720 (S)-P was reported
to not induce cytotoxicity. Other studies have shown that FTY720
(S)-P does not exhibit significant cytotoxic effects, further con-
firming that the cytotoxic activity of FTY720 involves mechanisms
independent of phosphorylation and S1P signalling ®

Despite its low cytotoxicity, ATP levels were observed to be
downregulated starting at 1.25 uM. ATP depletion could indicate
cellular stress. Since oxidative phosphorylation in the mitochon-
dria is responsible for ATP synthesis, assessing ROS levels might
help explain the reduction in ATP levels seen after FTY720 (S)-
P treatment. Optimal levels of ROS play a crucial role in cellu-
lar processes and signalling pathways that promote cell viabil-
ity. However, an excessive accumulation of ROS can induce cell
death by several mechanisms, including as apoptosis, necrosis
and autophagy.*®

Hepatocytes have high energy demands. Hepatocyte dys-
functions are exacerbated by damage to the ATP-generating
mitochondria. Necrosis rather than apoptosis results from
ATP depletion throughout the cell, which is prevented by the
opening of holes in the mitochondrial inner membrane via
permeability transition.?”*’ In our study, the intracellular ATP
levels in HepG2 cells exhibited a dose-dependent decrease upon
exposure to FTY720 (S)-P with a 48.74% reduction observed at
the highest concentration (10 uM). Consistent with this finding,
the mitochondrial membrane potential levels in HepG2 cells
displayed a concentration-independent decrease with FTY720
(S)-P treatment. While lower concentrations (0.625 and 1.25 uM)
led to a significant reduction in MMP levels (16.60 and 25.48%,
respectively; P <0.001), higher doses showed a less pronounced
decrease, with the change not reaching statistical significance.
However, the alteration observed at the highest concentration
(10 uM) was statistically significant (32.26% decrease, P < 0.01).
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One of the key mechanisms of drug-induced liver injury is
assumed to be mitochondrial dysfunction.*” Our study found
that FTY720 (S)-P induced oxidative damage at both the cellular
and mitochondrial levels. The oxidative potential of FTY720 (S)-
P exposure was evaluated through changes in cellular ROS and
mt-ROS levels, as well as the antioxidant defence system. Cellular
ROS levels showed a significant increase (1.75-fold; P <0.01) only
at the 1.25 uM concentration, while mt-ROS levels exhibited
concentration-independent variations, with a significant decrease
(0.7-fold; P < 0.001) observed only at 1.25 M. Similarly, GSH levels
decreased significantly (P<0.05) only at the highest exposure
concentration. CAT enzyme levels increased significantly (4.5-
fold; P <0.01) at the lowest exposure concentration of 0.625 uM,
whereas T-SOD levels showed a significant decline (P <0.05)
across a wide range of concentrations (1,25-5 uM).

Gil et al. (2020)°® carried out a study to investigate the molec-
ular mechanisms underlying the protective effects of FTY720 (S)-
P against VitK3-induced oxidative damage. The study examined
enzymes related to O, —e metabolism and found an increase
in mitochondrial SOD activity (%77,3) in VitK3-treated neurons
compared to controls, which was not compensated by changes
in CAT or GPX activities, suggesting that VitK3-triggered oxidative
stress may be mitochondrial in nature. It was emphasized that
one of the inducers of SOD expression, a mitochondrial enzyme
that promotes H,0, formation, is the increase in O, —e. Addi-
tionally, the study reported that the decrease in SOD activity in
the presence of FTY720 (S)-P compared to control indicates the
protective effect of FTY720 (S)-P on mitochondrial functions.

A study by Martin-Montafiez et al. (2019)*° examined the
antioxidant characteristics of FTY720 (S)-P in a model of
VitK3-induced mitochondrial oxidative injury, utilizing the
SN4741 dopaminergic cell line derived from the mouse substantia
nigra. The results showed that VitK3 incubation led to an increase

in cellular mt-ROS levels compared to control, but this effect
was reversed in the presence of FTY720 (S)-P. The same study
found that the dramatic decrease in MMP observed in the
control was largely restored in the presence of FTY720 (S)-P. The
researchers suggested that the decrease in total thiols in the
presence of FTY720 (S)-P could lead to the dysfunction of GST,
GPX4, and/or other key enzymes involved in the detoxification of
ROS-induced products, which may result in cell death involving
apoptosis, ferroptosis, and necrosis, as observed in certain
neurodegenerative diseases such as MS.

Molecular docking simulation is a cornerstone of chemin-
formatics studies, playing a pivotal role in accelerating drug
discovery and development processes. This powerful computa-
tional technique is employed to evaluate the activity of chemical
agents against their target proteins by analysing their interaction
profiles and binding geometry within the protein’s active site.
Furthermore, molecular docking is instrumental in elucidating
the mechanisms of action of drugs, providing insights into their
side effects. By facilitating targeted drug research, this approach
helps streamline the drug development process, saving both time
and resources while contributing to enhanced drug safety and
efficacy®® Herein, the hepatotoxicity and overall toxic profile
observed for FTY720 (S)-P have been experimentally attributed to
mitochondrial dysfunction, diminished ATP production, increased
oxidative stress, and its dose- and time-dependent cytotoxicity.
Based on molecular docking analyses and literature evidence, this
toxic profile appears to originate primarily from the inhibition of
sirtuin enzymes (SIRTs), specifically SIRT3 and SIRT5.4%+4?

These enzymes are critical in regulating protein activity, serv-
ing as key post-translational modulators through nicotinamide
adenine dinucleotide (NAD+)-dependent lysine residue deacety-
lation mechanisms in response to various stressors and nutrient
fluctuations.** Consequently, dysregulation of SIRTs is implicated



in metabolic disorders and aging-related diseases.** SIRTs also
serve as fundamental mediators in cellular stress responses
through various mechanisms, including the regulation of energy
metabolism proteins, support of mitochondrial functionality,
and deacetylation of antioxidant enzymes.* In particular, SIRT3
functions as a direct activator of various proteins within the
mitochondrial network, leveraging its capacity to regulate stress
responses, lipid metabolism, oxidative phosphorylation, and the
tricarboxylic acid (TCA) cycle*®* Conversely, the presence of
TYR102 and ARG105 residues within the binding site of SIRTS,
instead of GLY202 and LYS205 in the SIRT3 protein, plays a pivotal
role in modulating the mitochondrial urea cycle. This is attributed
to the exceptional ability of these critical residues to facilitate
the desuccinylation or demalonylation of SIRTS’s substrates.*®:+°
Moreover, mitochondrial metabolism is proposed to be influenced
by additional SIRT5-associated mechanisms, particularly through
the succinylation of both succinate dehydrogenase and the
pyruvate dehydrogenase complex.>°

The hypothesis that the hepatotoxic profile of FTY720 (S)-P is
linked to the targeting of SIRT enzymes is strongly supported by
the critical roles these enzymes play in maintaining mitochon-
drial health and their close association with the normal state
of hepatic cells, as previously mentioned. This theory is further
reinforced by the high abundance of SIRT proteins in hepatic
cells, highlighting the strong correlation between SIRT inhibition,
mitochondrial dysfunction, and liver injury®!>? as summarized in
Scheme 1.

The analysis of the binding mode of FTY720 (S)-P within the
binding pockets of both SIRT3 and SIRTS proteins provides strong
support for the proposed hypothesis. The results reveal significant
docking scores around —7 kcal/mol, indicative of robust physical
interactions with surrounding residues and an optimal fit within
the binding sites, as illustrated in Fig. 8. Furthermore, the bind-
ing profiles of FTY720 (S)-P closely resemble those observed for
previously identified potent SIRT3 and SIRTS5 inhibitors, such as
fusaric acid and SuBKA, which exhibit SIRT inhibition potency in
the nanomolar range. The findings further substantiate the role of
FTY720 (S)-P as an effective ligand targeting SIRT3 and SIRT5.>3~°¢

These findings may be valuable for further experimental eval-
uation of the drug’s potential effects on the SIRT family, as well
as its role in drug-induced mitochondrial toxicity. Additionally,
investigating liver mitochondria following FTY720 (S)-P treatment
in vivo could provide a promising approach for understanding its
mechanisms of action and toxicity. Despite the well-documented
physiological and therapeutic effects of this compound, the com-
plex mechanism of action of FTY720 (S)-P remains elusive. While
FTY720 has immunosuppressive effects and is used to treat mul-
tiple myeloma, the disease still poses significant management
challenges, highlighting the urgent need for more effective ther-
apeutic protocols. Therefore, in addition to assessing the safety
of current agents like FTY720, there is a clear necessity for the
development of new drug molecules. Studies exploring this topic
are expected to provide valuable contributions to researchers and
the literature.

Conclusion

In conclusion, this study provides valuable insights into the hep-
atotoxic mechanisms of FTY720 (S)-P, the active metabolite of
FTY720. The drug exhibited dose- and time-dependent effects on
cell viability, ATP levels, mitochondrial membrane potential, and
oxidative stress, highlighting the multifaceted nature of its toxic-
ity. By combining in vitro experimental findings with molecular
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docking simulations, the study identifies the potential interac-
tion of FTY720 (S)-P with sirtuin proteins, particularly SIRT3 and
SIRTS, as a critical factor contributing to its complex toxic profile,
especially the pronounced hepatotoxicity. These results mark a
significant advancement in understanding the molecular basis
of FTY720 (S)-P-induced liver damage and establish a foundation
for future research to devise strategies aimed at minimizing its
adverse effects while maintaining its therapeutic efficacy.
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