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Abstract

The present study utilized a drug repurposing approach to identify potential GPVI receptor antagonists among FDA-approved
drugs. Computational and molecular dynamics simulations revealed that adapalene and ranolazine exhibit strong binding
affinities to GPVI receptors and stabilize GPVI proteins, respectively. Both compounds inhibited collagen-induced platelet
aggregation, evidenced by the suppression of Syk tyrosine kinase expression, a marker of platelet activation, via GPVI stimu-
lation, as confirmed through flow cytometry analysis. Further analysis using circular dichroism and Raman spectroscopy
indicated that collagen exposure induced conformational changes in the a-helical domains of platelets, which were stabilized
upon treatment with adapalene and ranolazine. Moreover, thrombotic events can lead to cerebral cell death due to hypoxia,
which may be mitigated by neuroprotective compounds. Adapalene and ranolazine were assessed for their neuroprotective
capabilities. The results showed that these compounds exhibited neuroprotective effects in SHSYS5Y neuroblastoma cells
subjected to oxygen—glucose deprivation/reperfusion (OGD/R) injury, reducing HIF-1a expression, ROS production, lipid
peroxidation, and caspase-3 levels, while also improving mitochondrial membrane potential and glutathione levels. Acridine
orange and propidium iodide staining studies further confirmed a decrease in apoptosis. In the FeCl;-induced carotid artery
thrombosis model, ranolazine effectively inhibited platelet aggregation by modulating GPVI receptor activity, reducing
intracellular calcium levels, and enhancing cAMP signaling. It also suppressed critical platelet activation mediators, includ-
ing COX-1, TXB,, and PGE,, thereby mitigating thrombus formation. Collectively, these results suggest that adapalene and
ranolazine may serve as multimodal therapeutic agents with the potential to treat both thrombotic and neurological diseases.
Future studies focusing on the adapalene and ranolazine molecular mechanisms, bleeding risk, dose titration, and long-term
safety while managing thrombotic disorders have to be investigated.
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Introduction

Thrombotic disorders account for a considerable number of
deaths globally and contribute to increasing rates of mor-
bidity (Asada et al. 2018). Thrombosis is a process of the
formation of clots, which constitute a set of conditions char-
acterized by the development of thrombi within the vascu-
lature, which can result in significant and sometimes life-
threatening conditions. Further, various long-term health
conditions such as diabetes, specific autoimmune and auto-
inflammatory disorders, and several types of cancer are also
linked to a heightened likelihood of developing thrombotic
disorders (Duffett 2022; Pastori et al. 2023; Vaidya et al.
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2021). Moreover, thrombotic events also contribute to the
development of cerebrovascular diseases, which account for
approximately 33% of mortality in developed nations world-
wide (Benjamin et al. 2018).

To mitigate and manage thrombotic disorders, strate-
gies that target the suppression of platelet activation and
their aggregation are of fundamental importance. Several
antiplatelet drugs have been approved for the treatment of
platelet-related thrombotic diseases. Indeed, these therapies
have undesirable side effects such as hemorrhage (including
gastrointestinal and cerebral bleeding), low white blood cell
count, headache, skin inflammation, and high blood pressure
(Taylor et al. 2014). Moreover, the recombinant tissue plas-
minogen activator (rtPA) is the only effective thrombolytic
agent with a limited therapeutic window after stroke onset
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and is also contraindicated in hemorrhagic strokes, which
emphasizes the direct need for novel, potential, and safe anti-
platelet agents (Chapman et al. 2014; Shibata et al. 2022).
Therefore, exploring platelet receptors that inhibit the ini-
tial cascade of platelet activation, platelet aggregation, and
thrombus formation could provide better therapeutic inter-
ventions for thrombotic illnesses such as cerebral stroke.

Glycoprotein VI (GPVI), present on platelets, plays a
vital role in platelet aggregation. Collagen interacts with
and stimulates GPVI, activating Src-family kinases, which
then activate the immunoreceptor tyrosine-based activation
motif (ITAM) (Makhoul et al. 2019a). This recruits spleen
tyrosine kinase (Syk), which activates phospholipase Cy2,
leading to increased inositol trisphosphate (InsP3) and cal-
cium levels, which eventually release platelet activation
mediators, leading to platelet activation and aggregation
(Makhoul et al. 2019a). Therefore, altering the interaction
between collagen and GPVI receptors may present a possible
strategy for decreasing platelet aggregation and preventing
thrombus formation.

A recent analysis of GPVI-Fc fusion proteins and human-
ized murine GPVI scFvs highlighted the potential of GPVI
as a therapeutic target (Taylor et al. 2014). GPVI-Fc fusion
proteins demonstrate the suppressed collagen reactions
without adverse effects in animal studies, and individuals
deficient in GPVI do not exhibit a significant predisposition
to excessive bleeding (Al-Tamimi et al. 2012; Beck et al.
2023; Vismara 2021). These findings support the rationale
of targeting the collagen—GPVI interaction as a means to
inhibit thrombus formation without substantially increasing
the risk of hemorrhage. Moreover, several candidate drugs
are currently undergoing clinical trials in phases I and II
(Revacept-fusion protein and ACT017-antibody), but thus
far, no GPVI receptor small molecule antagonist has been
approved for commercial use (Jourdi et al. 2021). Moreover,
people experiencing a severe acute ischemic stroke involv-
ing large blood vessels have substantial neuronal degenera-
tion and neurological decline (Saver 2006; Shen et al. 2023;
Huang et al. 2023). Therefore, agents that not only inhibit
platelet aggregation but also inhibit cellular apoptosis con-
tribute significantly to the management of cerebral stroke
(Yeung and Holinstat 2012; Gresele and Momi 2022b).

In addition, recent findings suggest that Losartan, an
angiotensinogen II receptor antagonist, has been reported
to suppress collagen-induced platelet aggregation and block
the clustering of the glycoprotein VI receptor, without affect-
ing the binding of collagen (Onselaer et al. 2020). Hence,
compounds that specifically target GPVI could have signifi-
cant therapeutic benefits in combating thrombotic events.
Drug repurposing encompasses the identification of innova-
tive therapeutic applications for existing drugs, potentially
reducing the time, cost, and risk of traditional drug develop-
ment (Roy et al. 2021). In recent times, drug repurposing has
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gained significant attention in drug discovery, particularly in
the prevention and treatment of thrombotic diseases (Yeung
and Holinstat 2012; Gresele and Momi 2022a). Hence, given
the importance of the need for novel, safe, and efficacious
treatment requirements for combating thrombotic diseases.

Adapalene, an FDA-approved topical retinoid, modulates
cell turnover and reduces inflammation, which helps prevent
the formation of acne lesions (Rusu et al. 2020). On the
other hand, ranolazine, which is primarily approved for the
treatment of chronic angina, works by improving blood flow
and inhibiting late sodium currents, thereby reducing the
oxygen demand of the heart muscle (Aldakkak et al. 2013).
In the present study, we have performed the drug repurpos-
ing approach and identified adapalene and ranolazine as the
most potent GPVI inhibitors to combat thrombotic diseases
through four main objectives. First, computational methods,
including in silico screening followed by molecular docking
and dynamics simulations, were used to screen ligands for
GPVI affinity. Second, the antiplatelet activity of selected
ligands was assessed in vitro, examining Syk tyrosine kinase
levels and blood clotting times, alongside protein-ligand
interaction stability via spectroscopic techniques. Third, the
neuroprotective effects of compounds against oxygen—glu-
cose deprivation/reperfusion injury in neuroblastoma cells
were evaluated by assessing cell viability, mitochondrial
function, oxidative stress, and apoptosis. Fourth, an in vivo
ferric chloride-induced carotid artery thrombosis model was
utilized to analyze ranolazine’s effects on platelet-ligand
interactions, GPVI levels, calcium signaling, aggregation,
and oxidative stress markers.

Materials and methods
Reagents and chemicals

Adapalene (ADA) (TCI, CAS no: 106685-40-9), ranola-
zine (RAN) (Sigma Aldrich, CAS no: 95635-55-5), clopi-
dogrel (CLOP) (Dr. Reddy’s, India), fibrinogen (Himedia),
tirofiban (TIR) (TCI chemicals), losartan (Karnataka anti-
biotics and pharmaceutical 1td., India), dabigatran etexilate
(Disto Pharma, India), adenosine diphosphate (ADP) (CAS
no: 16178-48-6, Sigma Aldrich, USA), thrombin (CAS no:
9002044, Sigma Aldrich, USA), collagen (Sigma Aldrich,
CAS no: 9007-34-5), SH-SYS5Y cell line (NCCS, Pune),
Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12),
DMEM (glucose-free), fetal bovine serum, HBSS, and
0.25% Trypsin—-EDTA (Gibco), MTT (TCI chemicals),
dimethyl sulfoxide (DMSOQO) (TCI chemicals), dichloro-
dihydrofluorescein diacetate (DCFHDA, Sigma, CAS
no: 4091990), HIF-1a (KBH0422 Krishgen Biosystems,
India), sGPVI (BHE15208612, biohippo), cyclic adenosine
monophosphate (K11-0299, KinesisDx), thromboxane B,
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(501,020, Cayman Chemical), cyclooxygenase 1 (K11-
0909, KinesisDx), prostaglandin E, (KLR0504, Krishgen
Biosystems), Syk polyclonal antibody (BS-0685R, Thermo
Fisher Scientific), caspase-3 (KBH4804, Krishgen Biosys-
tems), and MitoRed (sc-301164, Chem Cruz) were procured.
The Amplex Red kit (A22188) was purchased from Thermo
Fisher for the estimation of H,O,. All supplementary rea-
gents and chemical compounds utilized in this study were
procured from local vendors.

Animals

Male Wistar rats (250-300 g) were procured from the central
animal facility at the Institute of Medical Sciences (IMS),
Banaras Hindu University (BHU), Varanasi-221005, India.
The rats were kept in standard laboratory settings with
unrestricted accessibility to water and food, and a regular
light—dark schedule. Prior to commencing the study, per-
mission was granted from the Institutional Animal Eth-
ics Committee (IAEC Approval number—IIT (BHU)/
IAEC/2023/027). A 2-week adaptation time was given to
all test animals before the experiments commenced. All
experimental protocols were conducted according to the
CCSEA guidelines, India and regulations specified in the
National Institutes of Health Guide for Laboratory Animal
Care and Use.

Experimental design

The current study included four experimental objectives.
The first set of objective is focused on computational stud-
ies to screen and identify the affinity of ligands for GPVI
receptors. This involved in-depth molecular modeling and
simulation to predict the interactions between ligands and
receptors using molecular docking and molecular dynam-
ics simulation studies. The second objective was to assess
the antiplatelet activity of the screened ligands in terms of
in vitro platelet aggregation activity and to estimate the level
of Syk tyrosine kinase, a marker for GPVI receptor activa-
tion, via flow cytometry. Further, in vitro blood clotting time
was estimated to assess the safety profile and anticoagulant
efficacy of the screened compounds. This objective also
involves the assessment of the stability of protein—ligand
interactions through circular dichroism and Raman spectros-
copy techniques. For the third objective, the neuroprotec-
tive effects of the selected compounds were screened against
oxygen—glucose deprivation/reperfusion (OGD/R) injury in
neuroblastoma SHSYSY cell lines. This involved a compre-
hensive set of assays such as the MTT assay, mitochondrial
membrane potential (MMP), hypoxia-inducible factor-1a
(HIF-1a), reactive oxygen species (ROS), malondialdehyde
(MDA), glutathione (GSH), acridine orange and propidium
iodide staining, and caspase-3 level measurements. The

fourth objective included an in vivo ferric chloride-induced
carotid artery thrombosis model to estimate platelet—ligand
binding interaction using isothermal titration calorimetry,
platelet GPVI levels, platelet calcium levels using flow
cytometry, biomarkers of platelet aggregation, and plate-
let oxidative stress. In this objective, only ranolazine was
selected, as adapalene demonstrated very low bioavailabil-
ity following oral administration (Piskin and Uzunali 2007;
Aura et al. 2020). Therefore, this involved randomly selected
male Wistar rats (200-250 g), allocated to the respec-
tive groups: group 1: Sham control, group 2: FeCl; only,
group 3: FeCl;+RAN 15 mg/kg, group 4: FeCl; + RAN
30 mg/kg, group 5: FeCl; 4+ RAN 60 mg/kg, and group 6:
FeCl; +CLOP 40 mg/kg or FeCl;+ Losartan 25 mg/kg. The
doses of ranolazine (Williams et al. 2014), clopidogrel (Paul
et al. 2023), and losartan (Murad et al. 2012) were deter-
mined based on prior research findings. The experimental
design of the FeCl;-induced thrombosis model was adapted
from prior established methodologies (Ramakrishna et al.
2022a).

In silico computational study
Molecular modeling or virtual screening

A combined approach using virtual screening was utilized to
identify potential candidates from a group of FDA-approved
drugs. This method employs both molecular docking and
Prime/MM-GBSA modeling techniques (Genheden and
Ryde 2015). The DrugBank provided a total of 2369 FDA-
approved drugs for this study. Initially, the existing librar-
ies were evaluated via the high-throughput computational
screening mode of Glide. Those molecules that demon-
strated excellent performance (with a docking score of <-7)
were subsequently filtered through the standard precision
docking mode. The hit molecules with potential (score <-8)
from the SP docking data were subsequently further ana-
lyzed via the extraprecision docking mode. Results of XP
docking were subsequently screened using an XP GScore
equal to or less than -9 (Arora et al. 2019). Molecules with
an XP G score below -9.0 from the docking procedure
were further analyzed through Prime/MM-GBSA calcula-
tions. Molecules with a binding free energy (B.E.) of less
than -9.0 kcal/mol were subsequently advanced to the next
screening step. The subsequent filtration involved conduct-
ing molecular dynamics simulations to evaluate the stability
and structural robustness of the docked molecular assem-
blies (Kumar et al. 2022; Zhou et al. 2020).

Molecular docking method The molecular docking analy-
ses of the compounds were conducted using the “Glide”
module of the Schrodinger Maestro 2018.1 platform. The
protein X-ray crystal structure of glycoprotein VI (pdb:
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2GI7) underwent preprocessing, correction, and refinement
via the “Protein preparation wizard” module of the Schro-
dinger software. A grid (10x10x10 A%) was generated
around the active site of the protein and further validated by
re-docking the bound ligand into the generated grid, using
the grid generation wizard. The binding groove of GPVI
was found to be formed by a variety of essential amino
acids (AA) residues, including Lys41, Ser43, Serd4, Gln48,
GIn50, Leu53, Phe54, Pro56, Lys59, Arg60, Ser61, Leu62,
Arg66, Tyr66, Val34, Leu3, Trp76, Arg38, and Glu40, pre-
sent within the collagen-binding domain of GPVI receptor
(Horii et al. 2006; Feitsma et al. 2022). The ligands were
prepared using the “Ligprep” module, and the “Glide XP”
module of Schrodinger was employed to perform the dock-
ing studies. The compound losartan was utilized as a refer-
ence standard in the study because of its known inhibition of
the GPVI receptor protein (Onselaer et al. 2020). The bind-
ing interactions of the ligands within the active sites of the
protein were examined utilizing the Schrodinger Maestro
2018.1 (Singh et al. 2022).

Molecular dynamics (MD) Following the molecular dock-
ing process, the docked complexes of ligands with GPVI
were subjected to MD simulations via the Desmond mod-
ule of the Schrodinger Maestro 2018.1. Initially, a tool was
utilized to construct a simulation system based on a TI3P
model. The docked complex was enclosed within a cubic
box, and an algorithm for simulated annealing with 5000
iterations and a convergence limit of 1.0 kcal/mol/A was
then implemented to lower the energy of the system. The
production run consisted of simulating over 100 ns (ns), and
the resulting trajectories were examined via a protocol for
simulating interactions (Saraf et al. 2022).

In vitro platelet study

Platelet-rich plasma (PRP) isolation The blood samples
were obtained from rats using the retro-orbital plexus tech-
nique, which underwent centrifugation at 1000 rpm and
37 °C for 10 min to isolate the platelet-rich plasma (PRP).
Platelet-poor plasma (PPP) was obtained at 3000 rpm at 37
°C for 10 min from the remaining blood after extracting the
PRP. The platelets were subsequently separated from the
PRP at 350 g for 10 min, and the platelet concentration was
then normalized to 4 x 10% cells/ml using Tyrode’s solution
(Ramakrishna et al. 2022a).

Platelet aggregation method The in vitro antiplatelet activ-
ity of the test compounds, in combination with losartan,
clopidogrel, and dabigatran, was evaluated via a 96-well
plate aggregometry method (Cheng et al. 2020). Initially,
PRP (200 pl) was incubated with varying doses of adapalene,
ranolazine (5, 10, and 20 pM), losartan (10 pM), clopidogrel
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(30 pM) (Wu et al. 2020b), and dabigatran (10 pM) in differ-
ent sets of experiments. The absorbance of the 96-well plate
at 570 nm was quantified via the SpectraMax M35 micro-
plate reader. Further, platelet-aggregating agonists, either
collagen (5 pg/ml), ADP (10 pM), or thrombin (0.05 U/ml)
were introduced to induce platelet aggregation at 37 °C for
5 min. Absorbance measurements were obtained at 570 nm
via a microplate spectrophotometer (SpectraMax M5, USA)
(Ramakrishna et al. 2022a). The ICs, of adapalene and
ranolazine against collagen, ADP, and thrombin-mediated
platelet aggregation were assessed via nonlinear regression
analysis with GraphPad Prism 8. The optical density of the
PPP was utilized as a blank, from which the percentage of
platelet aggregation was subsequently derived as

Plateletaggregationrate% = PRP(beforestimulationabs)
— PRP(afterstimulationabs) X 100
+ PRP(beforestimulationabs) — PPPabs

Fibrinogen-induced platelet aggregation method The anti-
platelet activity of tirofiban in comparison to adapalene and
ranolazine was assessed via a 96-well plate aggregometry
technique (Cheng et al. 2020). The objective of this study
was to compare the screened compounds with marketed
tirofiban for the rapid inhibitory effect on platelet aggre-
gation over an equivalent time period, independent of
the mechanism of action. The PRP (200 pl) was initially
exposed to varying concentrations of tirofiban (5, 10, and
20 pM). The absorbance taken at a wavelength of 570 nm
was quantified via a multiwell plate reader (SpectraMax
MS5, USA). Subsequently, a platelet-aggregating agonist,
fibrinogen (0.2 mg/ml), was introduced to induce platelet
aggregation at 37 °C for 5 min, with a few modifications
(Zimran and Elstein 2003; Ciborowski and Tomasiak 2009).

Flow cytometric assessment of the platelet Syk tyrosine
kinase The platelets were isolated and processed via a
methodology previously outlined in the literature with cer-
tain modifications (Ramakrishna et al. 2022a; Harper et al.
2013). The platelets were exposed to various concentra-
tions of adapalene, ranolazine, losartan, and clopidogrel for
a period of 10 min at 37 °C before being stimulated with
5 pg/ml collagen for a period of 20 min. Upon activation and
permeabilization, the platelets were exposed to a phospho-
Syk polyclonal primary antibody (1:50) for 20 min at ambi-
ent temperature. The samples were then exposed to FITC-
labeled secondary antibody for a duration of 1 h at ambient
temperature. Later, the cells were stabilized with a 2% PFA
solution. After fixation, permeabilization, and labeling with
antibodies, the platelets were analyzed within 2 h via a flow
cytometer (CytoFLEX, Beckman, USA), and the acquired
data were subjected to analysis utilizing the FlowJo soft-



3 Biotech (2025) 15:357

Page50f30 357

ware (V10) (Feldman et al. 2008) (Li et al. 2020; Jiang et al.
2015; Kundalevich et al. 2024).

Estimation of the stability of platelet-ligand interactions
via circular dichroism (CD) and Raman spectroscopy The
conformational alterations in platelets exposed to collagen
(5 pg/ml) and the screened compounds (20 pM), as well as
the stability of platelet-ligand binding interaction, were fur-
ther verified via CD (CD Polarimeter J-1500, JASCO, Japan)
and Raman spectroscopy (WITec alpha300, Germany) tech-
niques, which aligned with a previously reported method
with some modifications (Tripathi et al. 2023). Spectro-
scopic measurements were used to analyze the integrity of
the protein’s secondary structure, including alpha-helices,
beta-sheets, and random coils, utilizing the BESTSEL web
tool and Origin software (v6.0) (Marchelak et al. 2023; Tri-
pathi et al. 2023; Kharazian et al. 2018; Kundalevich et al.
2024).

In vitro clotting assay PRP was obtained as previously
described (Ramakrishna et al. 2022a) and incubated with
test compounds at 37 °C for 1 min. Clot formation was
induced by adding 0.25 M CaCl,, and the time to visible
clot formation was estimated. Control experiments used a
saline (0.9% NaCl) solution (Liu et al. 2015).

In vitro cell line study

The oxygen-glucose deprivation/reoxygenation (OGD/R)
model To study cerebral ischemic injury in SHSYSY
neuroblastoma cell lines, an oxygen—glucose deprivation/
reoxygenation (OGD/R) model was utilized (Alluri et al.
2015; Juntunen et al. 2020). Cells were cultured at 37 °C
in DMEM/F12 supplemented with 10% fetal bovine serum,
penicillin (50 U/ml), streptomycin (100 pg/ml), and 10 pM
retinoic acid. Cultures were maintained in a humidified
incubator with 5% CO2 and 95% air mixture. The cells were
subsequently subjected to varying concentrations of ada-
palene and ranolazine (5 uM, 10 uM, and 20 uM) for 12 h
before the induction of OGD/R (Lin et al. 2021). The cells
were subsequently grown in a glucose-free medium with-
out fetal bovine serum under oxygen and glucose-deficient
(OGD) conditions for 4 h, as previously described (Zhang
et al. 2019). Subsequently, cells were transferred to a nor-
moxic setting and provided with a normal culture medium
for reoxygenation. Control samples were incubated in high-
glucose DMEM/F12 for 24 h (Lin et al. 2021; Zhang et al.
2019).

Assay for cell viability and neurotoxicity Cell viability
was assessed using the MTT assay, which relies on reduc-
ing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide. Cells, seeded at 5.0 x 10° cells/well, were incu-

bated overnight before exposure to varying compound
concentrations following an OGD/R treatment (test com-
pounds dissolved in DMSO were added to culture media
at concentrations not exceeding 1%, ensuring no adverse
effects on cell viability). After a 4-h incubation with MTT
solution at 37 °C, absorbance was measured at 550 nm
using a microplate spectrophotometer (Lin et al. 2021;
Tripathi et al. 2023).

Mitochondrial membrane potential (MMP) assay MMP
changes were assessed using MitoTracker Red staining
(Kashyap et al. 2023). Following exposure to the test
compounds and OGD/R, the cells were incubated with
MitoTracker Red in basal DMEM for 40 min at 37 °C,
washed with phosphate-buffered saline (PBS), and then
imaged using a ZEISS Cell Discoverer 7 (Carl Zeiss, Ger-
many) microscope at 10X magnification (Rele et al. 2024).

Quantification of HIF-1a in SHSY5Y cells A quantitative
sandwich ELISA immunoassay kit (Krishgen Biosystems)
was used. Lysates from SHSYS5Y cells in all the experi-
mental groups after exposure to test compounds and
OGD/R were prepared, and the level of HIF-1a was quan-
tified at 400 nm via a microtiter plate spectrophotometer
(SpectraMax M5, USA) (Song et al. 2018; Tambuwala
et al. 2019; Gervin et al. 2020).

Quantification of ROS, MDA, and GSH content in SHSY5Y
cells After drug and OGD/R treatment, cells were washed,
incubated with 10 pM DCF-DA in the dark for 30 min,
and measured using a fluorescence microplate reader at
490/520 nm (Tripathi et al. 2023; Lin et al. 2021). The
lipid peroxidation end product, malondialdehyde, in neu-
roblastoma SHSY5Y cells was quantified (UGUZ et al.
2015). Further, glutathione levels in SHSYSY cells were
measured by spectrophotometry at 412 nm (UGUZ et al.
2015; Naziroglu et al. 2019).

Acridine orange (AO) and propidium iodide (PI) staining
in SHSY5Y cells After the cells had been subjected to the
test compounds and OGD/R, the cells underwent incuba-
tion with 10 pg/ml AO/PI for 5 min in the dark at a tem-
perature of 37 °C. The cells were subsequently examined
under a ZEISS Cell Discoverer 7 (Carl Zeiss, Germany)
microscope at 10X magnification (Yu et al. 2018; Amar
et al. 2023).

Estimation of Caspase-3 level in SHSY5Y cells Follow-
ing exposure to the test compounds and OGD/R, the cell
supernatants were processed based on the manufacturer’s
protocol, and absorbance was measured at 450 nm using a
microtiter plate spectrophotometer (SpectraMax M5, USA)
(Tudor et al. 2021).
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In vivo FeCl;-induced carotid artery thrombosis model

For this in vivo model, only ranolazine was chosen, as ada-
palene exhibits poor bioavailability following oral adminis-
tration (Piskin and Uzunali 2007; Aura et al. 2020). RAN
and CLOP were dissolved in 0.5% DMSO and orally admin-
istered for 1 week. Following the final dose, the rats were
anesthetized with thiopentone sodium (40 mg/kg) after a
30-min interval. The right common carotid artery was care-
fully isolated, and a presoaked Whatman filter paper contain-
ing ferric chloride was applied to the CCA for 5 min. The fil-
ter paper was then removed, and the CCA was washed with
normal saline to mitigate the potential effects of FeCl; on
the surrounding tissues (Ramakrishna et al. 2022a). Further-
more, the study quantified platelet-ligand interaction using
ITC, platelet soluble GPVI, cyclic adenosine monophos-
phate, and plasma levels of TXB,, COX-1, and PGE, using
ELISA techniques. In addition, platelet reactive oxygen spe-
cies, hydrogen peroxide, and NOX-1 levels were measured
according to established methodologies (Ramakrishna et al.
2022a).

Isothermal titration calorimetry (ITC) Platelets were isolated
and processed according to a previously reported methodol-
ogy (Ramakrishna et al. 2022a). A calorimetric analysis was
performed with a few modifications to quantify the binding
affinity between ranolazine and activated as well as resting
or non-activated platelet samples. This experiment utilized
a MicroCal PEAQ-ITC (Malvern panalytical) maintained at
a temperature of 25 °C. Titration analyses were conducted
by sequentially injecting 2 pl aliquots (except the first injec-
tion had 0.4 pl) of a 20 uM ranolazine solution into a sample
cell containing 270 pl activated platelets [5 pg/ml collagen
for 5 min (Ramakrishna et al. 2022a)], with rapid mixing
at 750 rpm; the procedure involved 19 injections at 150 s
intervals until near-saturation was attained. The calorimet-
ric binding constant Ky, for each injection was determined
after accounting for the heat released upon dilution of the
platelets, which was measured and calculated using Micro-
Cal PEAQ-ITC Control software (Assumpgao et al. 2010;
Zimran and Elstein 2003).

Quantification of platelet soluble GPVI receptor lev-
els Plasma samples were obtained from various experimen-
tal groups, and the levels of soluble GPVI were quantified
through an ELISA Kit in accordance with the manufactur-
er’s protocol.

Quantification of intracellular calcium levels in platelets
using flow cytometry The washed platelets were treated
with the fluorescent dye Fura-2AM (5 pM). The labeled
platelets were maintained at room temperature for 30 min in
the dark. Thereafter, intracellular calcium mobilization was

ielue cllal ayao .
csm ity ooy £) Springer

observed for 2 min by flow cytometer (CytoFLEX, Beck-
man, USA) following incubation with the ranolazine (5, 10,
and 20 pM) and subsequent exposure to collagen (5 pg/ml)
(Gillespie et al. 2018; Makhoul et al. 2019b).

Measurement of biomarkers of platelet aggregation Plasma
concentrations of COX-1, thromboxane B,, prostaglan-
din E,, and platelet cyclic adenosine monophosphate were
quantified utilizing ELISA kits in accordance with the man-
ufacturer’s specified procedures.

Measurement of platelets’ oxidative stress Platelet ROS
concentrations were quantified via the fluorescent probe
dichlorodihydrofluorescein diacetate. Platelets were treated
with DCFHDA (10 pM) in the dark for 30 min at 37 °C,
and absorbance was estimated at 485/520 nm. In addition,
platelet hydrogen peroxide levels were assessed employing
an Amplex Red assay kit (Liu et al. 2019). The NOX-1 con-
centration was also determined using an ELISA kit (Krish-
gen Biosystems).

Statistical analysis

Statistical analysis was performed using GraphPad Prism8.
Data are presented as mean =+ standard deviation. One-way
ANOVA followed by Tukey’s test was used for comparisons
and post hoc analysis, respectively. ICs, values for adapalene
and ranolazine against collagen were determined by non-
linear regression analysis. Significance was determined at
p<0.05.

Results
In silico computational study
In silico virtual screening

The crystal structure of GPVI was utilized for molecular
docking with Glide in XP mode. The virtual screening of
all 2369 FDA-approved drugs was conducted via a vali-
dated grid. Molecules with XP GScore values <-9.0 kcal/
mol were identified to ensure diversity for the subsequent
screening stage. The binding free energies of the pro-
tein—ligand docked complexes were subsequently estimated
via the Prime MM-GBSA approach, enabling rapid ranking
of a large set of ligands and generating more reliable results
while eliminating false positives. After the high-throughput
virtual screening mode of Glide was used, 1162 compounds
were filtered out from a total of 2369 compounds obtained
from FDA-approved drugs (Drug Bank). Further filtering in
standard precision docking mode resulted in the identifica-
tion of 221 ligands, and subsequent extraprecision docking
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mode narrowed the selection to 82 compounds. Among
these, 82 compounds were predicted to exhibit binding
free energies below -9.0 kcal/mol. A further evaluation was
subsequently conducted on the remaining 82 compounds
via the MM-GBSA methodology to estimate the binding
free energy. The threshold criterion for the binding free
energy (dG) was fixed at -90 kcal/mol (Zhou et al. 2020).
Ultimately, four ligands with dG values lower than this
threshold were successfully identified after comprehensive
analysis [Fig. 1]. Further, the objective of the research was to
determine the structural stability, perform a comprehensive
evaluation of the interactions of GPVI with four specific
molecules, and calculate the average binding free energy via
MD simulations across a trajectory snapshot. Four potential
compounds, namely adapalene, ranolazine, azilsartan, and
lapatinib, which are complexed with GPVI, were chosen for
examination via MD simulations.

Molecular docking study
In this study, we repurposed the aforementioned four

drugs as GPVI modulators with the help of docking stud-
ies. The docking scores were as follows: adapalene scored

-10.15 kcal/mol, ranolazine scored -9.68 kcal/mol, azilsartan
scored -9.43 kcal/mol, lapatinib scored -9.01 kcal/mol, and
losartan scored -7.45 kcal/mol when docked with GPVI. The
docking score reflects the binding energy, where lower val-
ues indicate a stronger affinity of the drug for the receptor.
Figure 2 depicts the interaction of ligands with the recep-
tor, whereas Table 1 displays both the binding free energy
and the amino acid residues that interact with the receptor
active site and are essential for interaction and receptor acti-
vation. Our findings indicate that compared with losartan,
adapalene, ranolazine, azilsartan, and lapatinib are more
likely to interact with the collagen-binding domain of the
glycoprotein VI receptor.

Molecular dynamics simulation

MD simulations of adapalene on GPVI indicated the stabil-
ity of the docked pose of the adapalene—GPVI complex. The
100-ns simulation revealed that adapalene interacted with
the key amino acid residues within the GPVI active binding
groove. The protein-ligand RMSD value of the simulated
trajectory reached a maximum of 2.9 A. The RMSD (root
mean square deviation) value of the simulated trajectory

Fig. 1 Docking-based virtual
screening workflow
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Fig.2 Computed structural analysis and binding characteristics (visualization accomplished with Schrodinger Maestro 2018.1 (column I) and
UCSF Chimera (column II)) of adapalene (A), ranolazine (B), azilsartan (C), lapatinib (D), and losartan (E) with the GPVI receptor

Piedase cllodlayan
KACST a.0141lg oglel)

@ Springer



3 Biotech (2025) 15:357

Page90f30 357

Table 1 Computational docking

Interacting amino acids

. S.no Compound B.E
res.ults of adapa%el.le, ranolazine, (kcal/mol)
azilsartan, lapatinib, and
losartan with the GPVI receptor 1 Adapalene ~10.15

2 Ranolazine —-9.68
3 Azilsartan —-943
4 Lapatinib -9.01
5 Losartan —17.45

Lys41, Ser43, Ser44, Gln48, Leu53, Phe54, Pro56, Lys59, Ser61,
Leu62, Tyr66

Lys41, Serd3, Serd4, Leu53, Arg60, Ser61, Leu62, Tyr66, Glu40
Lys41, Serd3, Serd4, Gln48, Leu53, Ser61, Leu62, Tyr66, Glu40
Lys41, Serd3, Serd4, Gln48, Arg60, Ser61, Leu62, Tyr66, Glu40
Lys41, Ser44, GIn48, Leu53, Phe54, Pro56, Lys59, Leu62, Glu40

was within the acceptable range of 1-3 A. The adapalene
displayed prominent interactions with the amino acid resi-
dues Lys41, which is primarily involved in collagen binding
(Taylor et al. 2014). Adapalene has also shown hydrophobic
interactions with the key residues of the binding groove, e.g.,
Leu53, Pro56, and Leu62. In addition, other key amino acid
residues, GIn50 and Ser61, showed polar interaction with
adapalene. In addition, the interactions observed in the dock-
ing study persisted throughout the simulation run [Fig. 3].
Furthermore, MD simulations for ranolazine were also
executed for a duration of 100 ns to establish the stabil-
ity of the GPVI-ranolazine complex. The protein-ligand
RMSD value of the simulated trajectory reached a

maximum of 3.0 A, which was within the acceptable range
of 1-3 A. The results showed that ranolazine significantly
interacted with the key AA residues of the GPVI active
binding groove. Ranolazine interacted with the essential
amino acid residue Lys41, resulting in charged interactions
and Pi—cation interactions. Ranolazine also showed strong
hydrophobic interactions with residues Leu53, Phe54,
Pro56, and Tyr66, which are responsible for the overall
stability of the GPVI-ranolazine complex. In addition,
other key amino acid residues, GIn48 and Ser44, showed
polar interaction with ranolazine. Ranolazine and GPVI
residues were stable throughout the 100-ns simulation run
[Fig. 4].
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Fig.4 MD simulation of the ranolazine-GPVI docked complex: A RMSD graph of ranolazine during the 100 ns run; B RMSF plot of protein; C
2D depiction of interaction with AA residues in the active site; D histogram showing protein interaction with ligand

In vitro platelet study

Adapalene and ranolazine inhibited the in vitro platelet
aggregation

Figure 5A and 5B displays the half-maximal inhibitory
concentrations (ICs,) of adapalene and ranolazine in rela-
tion to platelet aggregation, whereas Fig. 5C illustrates
their inhibitory effects on in vitro platelet aggregation.
One-way ANOVA analysis depicted significant variations
among the groups: collagen [F (7, 40)=129.3; P <0.0001],
ADP [F (7, 40)=8.017; P<0.0001], and thrombin [F (7,
40)=99.38; P <0.0001]. The ICs, values for adapalene
and ranolazine were determined as 11.51+2.5 pM, [CI
(95%)=12.003] and 15.47 +£3.7 uM, [CI (95%) =16.115]
against collagen-mediated platelet aggregation, respec-
tively. Post hoc tests revealed that treatment with ada-
palene or ranolazine results in a concentration-dependent
decrease in the percentage of collagen-induced platelet
aggregation. It is important to note that no significant
differences were observed among the adapalene 20 pM,
ranolazine 20 pM, and Losartan 10 pM treated groups.
In the case of ADP and thrombin-induced platelet aggre-
gation, no significant differences were observed among
the ADP/Thrombin, adapalene, and ranolazine-treated

isdaue ¢llod ay .
:‘A}—CESJTJ;;.&UIQ (oalal @ Springer

groups [Fig. 5D, 5E]. These findings indicate that both
drugs exert antiplatelet activities through inhibiting the
collagen-induced platelet aggregation, but not through the
inhibition of ADP and thrombin-dependent mechanisms.

Adapalene and ranolazine demonstrated superior
and rapid inhibition of in vitro platelet aggregation
compared to the marketed compound tirofiban

A one-way ANOVA analysis demonstrated significant var-
iations in platelet aggregation across the different groups:
[F (8, 45)=86.15; P <0.0001]. During the identical incu-
bation period, it was noted that adapalene 20 pM and
ranolazine 20 pM led to a decrease in collagen-induced
platelet aggregation by approximately 14.83% and 17.4%,
respectively. Conversely, tirofiban 20 pM demonstrated
inhibition of platelet aggregation up to around 27.58%
when incubated with fibrinogen for the same duration.
In addition, the 20 pM tirofiban treatment group demon-
strated a statistically significant variation in comparison
to the 20 pM adapalene and 20 pM ranolazine treatment
groups [Fig. 5F]. The findings demonstrate that adapalene
and ranolazine exhibit a more rapid inhibitory effect on
platelet aggregation compared to tirofiban.
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Fig.5 A, B IC5, of adapalene and ranolazine against collagen-
induced platelet aggregation. C Adapalene and ranolazine ame-
liorated the collagen-induced platelet aggregation. D Adapalene
and ranolazine showed no effect on ADP-induced platelet aggre-
gation. E Adapalene and ranolazine showed no effect on thrombin-
induced platelet aggregation. *p<0.05 compared to collagen/ADP/
Thrombin, ®p<0.05 compared to collagen/ADP/Thrombin+5 pM
ADA, ‘p<0.05 compared to collagen/ADP/Thrombin+10 pM
ADA, 9p<0.05 compared to collagen/ADP/Thrombin+20 uM
ADA, °p<0.05 compared to collagen/ADP/Thrombin+5 pM RAN,
p<0.05 compared to collagen/ADP/Thrombin+ 10 pM RAN, and
£p<0.05 compared to collagen/ADP/Thrombin+20 pM RAN in
their respective groups. All values are represented in the form of

Adapalene and ranolazine mitigated Syk tyrosine kinase
level

The one-way ANOVA demonstrated statistically significant
differences among groups [F (7, 16)=74.17; p<0.0001].
Subsequent analysis revealed that treatment with adapalene
and ranolazine led to a substantial reduction in Syk protein
expression compared to the collagen-treated group [Fig. 6].
No substantial differences were observed between ADA
20 pM, RAN 20 pM, and Losartan 10 pM, respectively.
Following collagen induction, Syk phosphorylation levels
increased by 17 +0.61%. However, in comparison to the
treatment groups, those treated with adapalene and ranola-
zine demonstrated a dose-dependent decrease in Syk tyros-
ine kinase level, particularly at 20 pM (3.68 +0.59% and
4.1+1.2%), respectively. Treatment with 30 pM clopidogrel
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mean+SD (n=6). (One-way ANOVA followed by Tukey’s multi-
ple comparison post hoc test). F Comparative activity of adapalene,
ranolazine, and tirofiban (temporal study) on platelet aggregation.
3 <0.05 compared to collagen+5 pM ADA, °p<0.05 compared
to collagen+5 pM RAN, ‘p<0.05 compared to fibrinogen+5 pM
Tirofiban, 9p<0.05 compared to collagen+10 pM ADA, °p<0.05
compared to collagen+ 10 pM RAN, p<0.05 compared to fibrino-
gen+ 10 pM tirofiban, #p <0.05 compared to collagen+20 pM ADA,
and "p<0.05 compared to collagen+20 uM RAN in their respective
groups. All values are represented in the form of mean+SD (n=6).
(One-way ANOVA followed by Tukey’s multiple comparison post
hoc test)

exhibited a statistically non-significant difference in com-
parison to the collagen-treated group.

Estimation of platelet-ligand interaction stability

Spectroscopic data were acquired from 3 sets of experi-
ments: untreated platelets, platelets activated solely by col-
lagen, and platelets that were first exposed to adapalene and
ranolazine and then to collagen.

The circular dichroism (CD) spectrum of activated
platelets treated with test compounds displayed an a-helix
band, together with two negative bands around 209 nm and
222 nm. The content was found to be 28.52 +0.13%. How-
ever, when the platelets were treated solely with collagen,
this percentage decreased to 4.63 +0.17%, suggesting that
the conformation and structures of the platelets had been
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Fig.6 Adapalene and ranolazine treatment reduces SYK tyros-
ine kinase phosphorylation. A. Collagen, B. collagen+ADAS pM,
C. collagen+ADA10 pM, D. collagen+ADA20 pM, E. colla-
gen+RANS5 pM, F. collagen+RANI10 pM, G. collagen+RAN20
pM, H. collagen+losartanl0 pM, and I collagen+CLOP30
pM. *p<0.05 compared to collagen, °p<0.05 compared to colla-
gen+5 pM ADA, ‘p<0.05 compared to collagen+ 10 pM ADA,
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4p<0.05 compared to collagen+20 uM ADA, °p <0.05 compared to
collagen+5 pM RAN, p <0.05 compared to collagen+ 10 pM RAN,
£ <0.05 compared to collagen+20 pM RAN, and "p<0.05 com-
pared to collagen+ 10 pM Losartan in their respective groups. All
values are represented in the form of mean+SD (n=3). (One-way
ANOVA followed by Tukey’s multiple comparison post hoc test)
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altered [Fig. 7A]. Raman spectroscopic analysis depicted a
shift in the amide I band within the a-helix region of plate-
lets treated solely with collagen. In addition, spectroscopic
analysis also revealed that the ligands or test compounds
interacted with the carbonyl (C=0) groups of the protein
subunits, as evidenced by a shift in the position of the amide
I peak compared to the spectra of activated platelets. The
findings revealed that platelets remained stable following
treatment with the two test compounds. Furthermore, Raman
spectra for the selected compounds were computed using
the Gaussian software program across the wavenumber
range of 0 to 4000 cm™'. Following this, a linear scaling
procedure was applied to the wavenumber data within the
fingerprint region of 600-2000 cm™'. The obtained spectra
were analyzed through a review of relevant scientific lit-
erature (Zyubin et al. 2020). The majority of the reported
frequencies were derived from experimental observations.
The 1001 cm™! vibration is associated with the experimental
band of the aromatic ring in phenylalanine. Examination of
the 800-950 cm™' region revealed various spectral differ-
ences among the groups under investigation. They gener-
ally describe the vibrational characteristics of the aromatic
groups present in the amino acids tyrosine and phenyla-
lanine when exposed to selected compounds. The region
from 941 to 955 cm™! exhibited vibrational modes of the car-
bon—carbon backbone, while the 1154 cm™! peak indicated
carbon—carbon bond stretching, and the 1450 cm™! peak
demonstrated bending of the methylene (CH,) groups. The
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observed changes in spectral intensity and frequency shifts
during therapy are correlated with the theoretically calcu-
lated vibrational modes. Spectroscopic analysis revealed
that shifts at 1339 cm™! and 814 cm™! were associated with
aromatic compounds. The 1666 cm™! band was found to be
proximal to the experimentally observed Amide I band. In
addition, the 1621 cm™! band characterized hydrogen bond-
ing in the complex and may serve as potential biomarkers
for therapeutic response. Consequently, we observed that
ligands binding to the collagen-binding sites stabilized the
platelets before they underwent denaturation via collagen,
as indicated by the spectral data [Fig. 7B]. This study was
supported by our findings from molecular dynamics (MD)
simulations and in vitro experiments, which demonstrated
that the test compounds stably interacted with the collagen-
binding site of platelets and inhibited their activation and
aggregation processes.

Adapalene and ranolazine prolong the in vitro blood
clotting

In order to examine the test compounds anticoagulant
activity, the in vitro clotting time was examined. One-way
analysis of variance depicted that significant variations
were observed between the groups: [F (7, 24)=64.31;
P <0.0001]. Post hoc assessment indicated that exposure to
adapalene and ranolazine results in a concentration-depend-
ent increase in clotting time, indicating the anticoagulant

— Platelet

— Platelet +Collagen

— Platelet +Collagen+ADA
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Fig. 7 Adapalene and ranolazine showed structural stabilization of platelets by inhibiting platelet aggregation. A CD and B Raman spectra of the
resting platelets and platelets in the presence and absence of collagen, adapalene (20 pM), and ranolazine (20 pM)
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activity of the compounds. Moreover, the administration
of adapalene at a concentration of 20 pM, and ranolazine
20 pM, showed a significant difference with clopidogrel
30 pM [Fig. 8A]. The results suggest that the test com-
pounds may have a protective effect by not excessively pro-
longing clotting time, indicating an absence of substantial
procoagulant activity. Furthermore, after 2 h of clot forma-
tion, it has been observed that low-dose treated clots are
dense and firm, whereas clots treated with a high dose of test
compounds appear to be less compact and lighter [Fig. 8B].
Hence, the screened compounds were shown to have anti-
coagulant effects, suggesting that both compounds can also
be used as antithrombotic agents.

Cell line study
Neurotoxicity assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) colorimetric method was employed to exam-
ine the neurotoxic nature of both compounds. Exposure of
cells to varying concentrations of adapalene and ranolazine
did not show a significant effect [one-way ANOVA tests
were conducted, with F (6, 21)=21.95; p <0.0001, Fig. 9A,
F (6, 21)=15.82; p<0.0001, Fig. 9B] on the viability of
SHSYSY cells in comparison to the control group upto
40 pM. Therefore, for further studies, concentrations of
both test compounds used in the pharmacological study were
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Fig.8 A Adapalene and ranolazine prolonged the clotting time.
2p<0.05 compared to control, °p<0.05 compared to 0.25 M
CaCl,+5 pM ADA, “p<0.05 compared to 0.25 M CaCl,+ 10 pM
ADA, p<0.05 compared to 0.25 M CaCl,+20 pM ADA, °p<0.05
compared to 0.25 M CaCl,+5 pM RAN, p<0.05 compared to
0.25 M CaCl,+10 pM RAN, and #p<0.05 compared to 0.25 M
CaCl,+20 pM RAN in their respective groups. All values are repre-
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adjusted to 5, 10, and 20 uM as these compound doses are
safer for further studies.

Adapalene and ranolazine suppressed OGD/R-induced
cellular toxicity in MTT assay

We explored the potential neuroprotective properties of
adapalene and ranolazine in a model of OGD/R-induced
ischemic cell death utilizing SHSYSY cells. As a point of
comparison, clopidogrel (a widely recognized medication
for cerebral ischemia) was employed as a standard refer-
ence due to its use in managing ischemic stroke during both
the acute phase for aspirin-hypersensitive patients and in
the context of long-term secondary prevention measures
(Kamarova et al. 2022). One-way ANOVA analysis has
shown significant variations in cell viability among the
groups [F (8, 27)=82.89; P <0.0001] [Fig. 9C]. We have
observed a significant decrease in SHSYS5Y cell viability
after OGD/R induction. However, pretreatment with ada-
palene and ranolazine effectively increased the cell viabil-
ity in a concentration-dependent manner. Following OGD/R
exposure, cell viability decreased by 78.52 +10.47% com-
pared to the control group, which had 100% cell viability.
Nevertheless, treatment with adapalene and ranolazine at a
maximum concentration of 20 pM after exposure to OGD/R
proved more effective, significantly enhancing cell viabil-
ity to 87.43 +£8.26% and 86.73 +7.13%, respectively, when
compared to the control group. In addition, clopidogrel
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sented in the form of mean+SD (n=4). (One-way ANOVA followed
by Tukey’s multiple comparison post hoc test). B Adapalene and
ranolazine alleviated the formation of dense clots after 2 h. [A. con-
trol, B. 0.25 M CaCl,+ADA 5 uM, C. 0.25 M CaCl,+ ADA 10 pM,
D. 0.25 M CaCl,+ ADA 20 puM, E. 0.25 M CaCl,+RAN 5 puM, F.
0.25 M CaCl, +RAN 10 uM, G. 0.25 M CaCl,+RAN 20 pM, and H.
0.25 M CaCl,+CLOP 30 uM]
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Fig.9 Study on the neuroprotective effects of the selected com-
pounds on the SHSYSY cell line. A, B Cell viability of adapalene
and ranolazine on SH-SY5Y cells. C Adapalene and ranolazine
enhance cell viability in SHSYSY Cells subjected to OGD/R.
2p<0.05 compared to control, ®p<0.05 compared to OGD/R,
°p<0.05 compared to OGD/R+5 pM ADA, %p<0.05 compared to

restored cellular viability to approximately 72.22 +2.18%
as compared to the control group. These findings indicate
that both compounds exhibited significant neuroprotection
against OGD/R injury.

Adapalene and ranolazine attenuated OGD/R-induced
disruption of mitochondrial membrane potential (Aym)

We have further evaluated the mitochondrial membrane
potential (MMP) using the MitoRed dye in SHSYSY cells.

OGD/R + 10 pM ADA, °p <0.05 compared to OGD/R +20 pM ADA,
fp<0.05 compared to OGD/R+5 uM RAN, 2p<0.05 compared to
OGD/R+ 10 pM RAN, and.'p <0.05 compared to OGD/R +20 uM
RAN in their respective groups. All values are represented in the
form of mean+SD (n=4). (One-way ANOVA followed by Tukey’s
multiple comparison post hoc test)

One-way ANOVA analysis has shown significant varia-
tions among the groups: [F (8, 18)=149.8; P <0.0001].
Our results indicate that OGD/R leads to a substantial
decline in MMP, with the magnitude of this reduction
dependent on the dosage or concentration. In contrast,
20 uM (adapalene and ranolazine) exhibit statistically sig-
nificant differences with the clopidogrel 30 pM in the post
hoc analysis [Fig. 10]. These findings suggest that both
drugs exhibited significant cell viability due to preserving
MMP after OGD/R injury.
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«Fig. 10 Adapalene and ranolazine elevated the MMP of the cells
tracked using MitoRed in SHSYSY cells subjected to OGD/R. A con-
trol, B OGD/R, C OGD/R+ADA 5 uM, D OGD/R +ADA 10 pM,
E OGD/R + ADA 20 pM, F OGD/R+RAN 5 uM, G OGD/R +RAN
10 pM, H OGD/R+RAN 20 pM, and I OGD/R+CLOP 30 pM.
3 <0.05 compared to control, °p<0.05 compared to OGD/R,
°p<0.05 compared to OGD/R+5 pM ADA, % <0.05 compared to
OGD/R + 10 pM ADA, °p <0.05 compared to OGD/R +20 uM ADA,
p<0.05 compared to OGD/R+5 pM RAN, £p<0.05 compared to
OGD/R + 10 pM RAN, and."p<0.05 compared to OGD/R+20 pM
RAN in their respective groups. All values are represented in the
form of mean+SD (n=3). (One-way ANOVA followed by Tukey’s
multiple comparison post hoc test)

Adapalene and ranolazine alleviated HIF-1a expression

The one-way ANOVA analyses indicated significant dif-
ferences among the groups [F (8, 36) =387.5; p<0.0001]
[Fig. 11A]. There was a significant increase in HIF-1a« levels
among the OGD/R group in comparison to the control group.
Further, the administration of varying concentrations of ada-
palene and ranolazine (5§ pM, 10 pM, and 20 uM) shows a
decrease in HIF-1a levels in a concentration-dependent man-
ner, with 20 pM showing greater effectiveness against the
OGD/R model. These findings indicate that both compounds
reduced the HIF-1a levels, thereby enhancing cell viability.

Adapalene and ranolazine mitigated ROS, MDA,
and restored GSH levels

One-way ANOVA analysis showed a significant variation
among the groups: ROS [F (8, 27)=144.6; p<0.0001]
[Fig. 11B], MDA [F (8, 36)=119.8; p<0.0001] [Fig. 11C],
and GSH [F (8, 36)=135.0; p<0.0001] [Fig. 11D]. OGD/R
exposure raised ROS levels by 78.55 +6.73% compared to
the control group. Conversely, the adapalene and ranola-
zine treatment group exhibited a dose-dependent scaveng-
ing of ROS and MDA levels in comparison to the OGD/R
group, with 20 pM showing greater efficacy against OGD/R-
mediated ischemic cell death. However, the OGD/R group
showed notably decreased GSH levels in SHSYSY cells,
while the treatment groups significantly boosted these levels.
These results suggested that the increase in cell viability
could be due to its antioxidant effects.

Adapalene and ranolazine protects against 0GD/
R-mediated apoptosis in SHSY5Y cells

The one-way ANOVA analysis for AO/PI dual staining dem-
onstrated a statistically significant variation in the mean out-
comes across the experimental groups [F (8, 18)=416.2;
p <0.0001]. Exposure to OGD/R elevated apoptosis levels
by 77.33 +3.05% compared to the control group. In contrast,
groups subjected to adapalene and ranolazine exhibited a
concentration-dependent reduction in apoptosis relative to

the OGD/R group, with the 20 pM concentration demon-
strating the most efficacious. Specifically, adapalene 20 pM
and ranolazine 20 uM showed significant differences with
the clopidogrel 30 pM-treated group [Fig. 12]. These find-
ings suggest that the mitigation of apoptosis by the selected
compounds could be the reason for increased cell viability.

Adapalene and ranolazine alleviated caspase-3 level

The one-way ANOVA analyses indicated significant dif-
ferences among the groups [F (8, 36) =273.8; p<0.0001]
[Fig. 13]. The OGD/R group displayed a statistically sig-
nificant increase in caspase-3 levels when contrasted with
the control group. In addition, the administration of ada-
palene and ranolazine at varying concentrations induced a
concentration-dependent decrease in caspase-3 expression,
with the 20 pM concentration exhibiting maximal efficacy
in the OGD/R model. These observations suggest that the
enhanced cell viability may be a consequence of apoptosis
reduction mediated by the tested compounds.

In vivo platelet study using FeCl;-induced carotid
artery thrombosis model

Ranolazine showed binding affinity with collagen-activated
platelets

Isothermal titration calorimetry was employed to perform
two experimental studies that validated the binding inter-
action between ranolazine and the platelets, which was
manifested through collagen-induced activation. In the
initial experimental set, resting or non-activated plate-
lets were introduced into the sample cell and exposed to
10 pl of ranolazine using a Hamilton syringe. In the sec-
ond set of experiments, platelets were first pre-incubated
with collagen for 5 min, and then this solution was trans-
ferred into the sample cell and subsequently treated with
10 pl ranolazine. The isotherm of ranolazine revealed an
exothermic interaction with the collagen-activated platelets,
exhibiting a binding constant Ky, (1.52 +52.3)10° M~!. The
calorimetric analysis demonstrated that collagen-activated
platelets showed significant binding to ranolazine, whereas
non-activated platelets showed negligible binding to the
compound [Fig. 14]. This finding indicated that ranolazine
interacts with the GPVI receptors on platelets induced by
collagen. This observation was further confirmed through
additional pharmacological assays discussed in the subse-
quent sections.

Ranolazine attenuated the platelet soluble GPVI level

The post hoc analysis demonstrated that the FeCl;-treated
group exhibited statistically significant elevations in the
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Fig.11 A Adapalene and ranolazine mitigated the HIF-la level
in SHSYSY cells subjected to OGD/R (n=5), B Adapalene and
ranolazine attenuate the ROS level in SHSYS5Y cells exposed to
OGD/R (n=4), C Adapalene and ranolazine attenuate the MDA
level in SHSYSY cells exposed to OGD/R (n=5) and D adapalene
and ranolazine elevated the GSH level in SHSYSY cells subjected
to OGD/R (n=5). p<0.05 compared to control, °p<0.05 com-

GPVI protein expression compared to the sham-operated
rats. Post hoc analysis demonstrated significant variations
across the evaluated groups: [F (5, 18)=63.66; P <0.0001].
Treatment with the 60 mg/kg dose of ranolazine showed a
markedly threefold greater decrease in GPVI protein expres-
sion compared to the lower 15 mg/kg dose. Losartan was
utilized as the standard reference drug, as it is documented to
be a GPVI inhibitor (Onselaer et al. 2020). The results of the
study did not reveal any statistically significant differences
between the FeCls-exposed groups treated with 15 mg/kg
ranolazine and 25 mg/kg losartan [Fig. 15].
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pared to OGD/R, “p<0.05 compared to OGD/R+5 pM ADA,
4p<0.05 compared to OGD/R + 10 pM ADA, °p<0.05 compared to
OGD/R +20 pM ADA, p<0.05 compared to OGD/R +5 pM RAN,
&p <0.05 compared to OGD/R + 10 uM RAN, and "p <0.05 compared
to OGD/R+20 pM RAN in their respective groups. All values are
represented in the form of mean+SD. (One-way ANOVA followed
by Tukey’s multiple comparison post hoc test)

Ranolazine attenuates the increased platelet calcium
concentrations

The one-way ANOVA demonstrated statistically significant
variations across the examined groups: [F (5, 18) =604.0;
P <0.0001]. The post hoc study demonstrated that collagen
treatment significantly increased calcium levels. Collagen
treatment increased calcium concentration to 61.1 +2.46%,
while ranolazine 20 pM decreased levels to 13.62 +0.86%.
The 20 pM ranolazine showed a threefold greater reduction
in calcium concentration than 5 pM ranolazine [Fig. 16].
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Ranolazine improved platelet cAMP and suppressed
plasma COX-1, TXB,, and PGE, levels

The one-way ANOVA test identified statistically signifi-
cant variances across the groups for the following meas-
ures: cAMP [F (5, 24)=131.1; P<0.0001], COX-1 [F
(5, 24)=98.15; P<0.0001], TXB, [F (5, 24)=94.26;
P <0.0001], and PGE, [F (5, 24)=95.59; P <0.0001].
The FeCl; group showed lower cAMP and higher COX-1,
TXB,, and PGE, levels compared to sham-operated con-
trols. Ranolazine treatment in FeCl, rats increased cAMP
and reduced COX-1, TXB,, and PGE, levels compared to
untreated FeCl; rats. However, the 15 mg/kg ranolazine
group did not differ significantly in cAMP, COX-1, TXB,,
and PGE, levels from the CLOP-treated FeCl; group
[Table 2].

Ranolazine mitigated platelet oxidative stress

The one-way ANOVA indicated significant variations
between the experimental groups: ROS [F (5, 24)=126.2;
P <0.0001] [Fig. 17A], H,0, [F (5, 24)=345.0, P<0.0001]
[Fig. 17B], and NOX-1 [F (5, 24)=101.4: P <0.0001]
[Fig. 17C]. FeCl;-treated rats exhibited significantly higher
platelet ROS, H,0,, and NOX-1 levels compared to sham
animals. Ranolazine administration in FeCl,-treated rats
attenuated the ROS, H,0,, and NOX-1 levels dose-depend-
ently. The 15 mg/kg administration of ranolazine did not
demonstrate a significant difference in the levels of plate-
let ROS, H,0,, and NOX-1 when compared to the CLOP-
treated FeCl; group.

Discussion and conclusion

The present study identified adapalene and ranolazine as
novel antagonists of the platelet GPVI receptor through a
drug repurposing strategy. Extensive in silico and in vitro
evaluations confirmed that these repurposed drugs can effec-
tively inhibit platelet aggregation. Moreover, adapalene and
ranolazine exhibited neuroprotective effects in an OGD/R
cell line model. Subsequent in vivo investigations with
ranolazine demonstrated its capacity to influence plate-
let-ligand interactions, GPVI expression, and calcium levels,
alongside biomarkers associated with platelet aggregation
and oxidative stress. These results indicate that adapalene
and ranolazine possess multifaceted therapeutic capabilities
for managing thrombotic and neurological complications,
particularly cerebral ischemia.

Initial high-throughput screening pinpointed four com-
pounds: adapalene, ranolazine, azilsartan, and lapatinib,
demonstrating superior GPVI binding affinity compared
to losartan. Molecular dynamics simulations revealed that

adapalene and ranolazine formed strong bonds with and sta-
bilized the GPVI receptor, whereas azilsartan and lapatinib
exhibited minimal binding affinities (Supplementary fig-
ures S1 and S2). Further, in vitro platelet analysis identified
that adapalene and ranolazine effectively inhibited collagen-
induced platelet aggregation in a concentration-dependent
manner. To confirm the specificity of these antiplatelet
actions targeting GPVI, we also assessed the inhibition of
platelet aggregation induced by ADP and thrombin. The
absence of antiplatelet effects in these latter assays suggests
that the selected drugs do not mediate antiplatelet effects
through the PAR and P2Y12 receptors, thus indicating
that both adapalene and ranolazine exert their antiplatelet
effects by inhibiting collagen-mediated platelet aggrega-
tion. In addition, flow cytometry was employed to analyze
phospho-Syk tyrosine kinase, a recognized marker for GPVI
receptor activation following collagen stimulation (Perrella
et al. 2022). Our findings demonstrated that treatment with
adapalene and ranolazine resulted in a significant reduction
in Syk protein expression compared to the collagen group.
In alignment with these outcomes, our in vitro studies con-
firmed that the evaluated compounds diminished collagen-
induced platelet aggregation, primarily through the GPVI
receptor by impeding Syk phosphorylation. Therefore, we
conclude that adapalene and ranolazine effectively inhibit
collagen/GPVI-mediated platelet aggregation, positioning
them as potential candidates for repurposing as potent GPVI
receptor antagonists in the management of thrombotic events
(Fig. 18).

Further, in a comparative analysis, adapalene and ranola-
zine were evaluated against the commercially available
drug tirofiban, a known inhibitor of the platelet glycopro-
tein receptor GPIIb-IIla (Yang et al. 2019), to assess their
efficacy in rapidly inhibiting the platelet aggregation pro-
cess within a specified period. Our findings demonstrated
that both compounds inhibited collagen-mediated platelet
activation and aggregation approximately twice as rapidly
as the GPIIb-IIIa inhibitor in terms of both platelet activa-
tion and aggregation. This suggests that the test compounds
demonstrated a rapid inhibitory effect on platelet activation,
outperforming the standard compound tirofiban.

Based on the above findings, circular dichroism and
Raman spectroscopy were employed to validate compu-
tational and experimental findings regarding structural
changes in platelets upon incubation with collagen and test
compounds. These techniques assessed alterations in platelet
structure, particularly the alpha-helical content of proteins
like integrin allbP3, which is vital for activation and aggre-
gation (Paul et al. 1999; Yin et al. 2006; Ma et al. 2007).
Circular dichroism spectra revealed a significant decrease
in alpha-helix content (from 28.52+0.13% t0 4.63 +0.17%)
when platelets were treated with collagen alone compared
to those treated with test compounds, indicating altered
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«Fig. 12 Adapalene and ranolazine mitigated apoptosis in the
OGD/R-mediated cell death using AO/PI. A control, B OGD/R, C
OGD/R+ADA 5 pM, D OGD/R+ADA 10 puM, E OGD/R + ADA
20 pM, F OGD/R+RAN 5 pM, G OGD/R+RAN 10 pM, H
OGD/R +RAN 20 pM, and I OGD/R + CLOP 30 pM. *p<0.05 com-
pared to control, °p<0.05 compared to OGD/R, °p<0.05 compared
to OGD/R+5 pM ADA, % <0.05 compared to OGD/R+10 pM
ADA, °p<0.05 compared to OGD/R+20 pM ADA, p<0.05
compared to OGD/R+5 pM RAN, #®p<0.05 compared to
OGD/R + 10 pM RAN, and."p<0.05 compared to OGD/R+20 pM
RAN in their respective groups. All values are represented in the
form of mean+SD (n=3). (One-way ANOVA followed by Tukey’s
multiple comparison post hoc test)

conformation. Raman analysis further supported this by
showing a shift in the amide I band within the alpha-helix
region in collagen-treated platelets. The test compounds
were observed to stabilize platelet structure, suggesting
they inhibit platelet activation and aggregation by interact-
ing with collagen-binding sites.

Patients on antiplatelet therapy often suffer from bleed-
ing-related adverse effects due to platelet aggregation inhibi-
tion (Swan et al. 2020). Our investigation into the test com-
pounds revealed a bleeding risk profile within acceptable
limits and superior clotting times compared to clopidogrel,
indicating minimal bleeding concerns. Nevertheless, further
in vivo studies are necessary to validate potential bleeding-
related adverse effects.

After computational and in vitro analyses, we further
evaluated the antiplatelet and antithrombotic effects of
ranolazine in a rat model of FeCls-induced carotid artery
thrombosis. Initially isothermal titration calorimetry (ITC)
experiments assessed the binding affinity of ranolazine to
both activated (collagen-stimulated) and resting platelets.
Ranolazine demonstrated significant binding affinity for
activated platelets, but not for resting platelets, suggest-
ing a specific interaction with collagen-activated platelets
and a subsequent inhibition of platelet aggregation. Platelet
adhesion to collagen in damaged endothelium occurs via
GPVlI receptors, initiating platelet aggregation and thrombus
formation (Onselaer et al. 2020). Therefore, we quantified
GPVI protein expression, a direct marker of platelet activa-
tion and aggregation (Pennings et al. 2023). FeCls treatment
led to increased GPVI protein levels in rats, and ranolazine
administration attenuated this elevation in a dose-dependent
manner, suggesting that ranolazine functions as an antiplate-
let agent by selectively binding to collagen-activated plate-
lets and modulating GPVI expression.

The interaction between collagen and the GPVI receptor
on platelets triggers a sustained increase in intracellular cal-
cium (Fernandez et al. 2024), initiating a cascade of signal-
ing events that culminate in platelet activation (Tomaiuolo
et al. 2017). Consequently, mitigating these calcium levels
during platelet activation and aggregation could poten-
tially reduce thrombotic events. Given that ranolazine has

been observed to lessen intracellular calcium accumulation
in ventricular myocardial cells (Rayner-Hartley and Sed-
lak 2016), our findings suggest it also effectively reduces
increased intracellular calcium levels in platelets activated
by collagen. This suggests ranolazine’s potent capacity to
decrease calcium concentrations, potentially offering signifi-
cant benefits in managing platelet aggregation and thrombo-
sis associated with ischemic stroke.

Further, activation of GPVI and elevated intracellular
calcium in platelets trigger thromboxane (Greer 1987) and
prostaglandin E, production via cyclooxygenase 1, leading
to platelet activation, aggregation (MacIntyre and Gordon
1975; Sakata et al. 2013), and reduced cAMP levels (Noe
et al. 2010). Ranolazine has been shown to enhance cAMP
in endothelial cell culture (Fu et al. 2013). Our study found
that FeCls treatment decreased platelet cAMP and increased
plasma levels of COX-1, TXB,, and PGE,, indicating plate-
let activation. Conversely, ranolazine treatment in FeCls-
induced rats increased cAMP and decreased COX-1, TXB,,
and PGE,, suggesting that ranolazine inhibits platelet acti-
vation and aggregation by interfering with multiple ago-
nists, thereby preventing clot formation. Further research is
needed to determine if ranolazine independently modulates
these mediators, as these are also regulated by other platelet
agonists.

Platelet activation, particularly via GPVI, generates ROS
(Ghasemzadeh and Hosseini 2017), further amplifying acti-
vation. Previous studies indicated ranolazine's antioxidant
effects in C2C12 skeletal muscle cells (Ileana et al. 2017).
Our findings show that ranolazine treatment reduced ROS,
hydrogen peroxide, and NOX-1 (a crucial enzyme respon-
sible for ROS generation (Carrim et al. 2015)) levels, sug-
gesting that ranolazine has free radical scavenging properties
that may contribute to its anti-aggregation effects. Although
adapalene demonstrated potent antiplatelet activity in vitro,
but was not evaluated in an in vivo FeCl; model due to its
poor pharmacokinetic properties, including low solubility
and bioavailability (Aura et al. 2020), and its inability to
cross the blood-brain barrier (Medina et al. 2019, 2020).
Future research should evaluate its in vivo antiplatelet effi-
cacy using novel formulations. Ranolazine was selected
for in vivo studies based on prior research highlighting its
favorable systemic bioavailability and pharmacokinetic
profile (Mashayekhi-Sardoo et al. 2022), available toxicity
data (Rayner-Hartley and Sedlak 2016), absence of bleeding
risk (Reddy et al. 2010; Codolosa et al. 2014; Meenaksh-
isundaram et al. 2015), documented neuroprotective effects
in clinical studies (Akgul et al. 2024), and capacity to cross
the blood-brain barrier (Kahlig et al. 2010).

Following platelet activation and aggregation, clot for-
mation occurs, a key feature of ischemic stroke. To manage
this, the FDA has approved antiplatelet agents for both pri-
mary treatment and secondary stroke prevention. In addition,
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Fig. 13 Adapalene and ranolazine attenuated the caspase-3 level
in the OGD/R-mediated cell apoptosis. A control, B OGD/R, C
OGD/R+ADA 5 pM, D OGD/R+ADA 10 pM, E OGD/R + ADA
20 pM, F OGD/R+RAN 5 pM, G OGD/R+RAN 10 pM, H
OGD/R +RAN 20 pM, and I OGD/R + CLOP 30 pM. ?p<0.05 com-
pared to control, °p <0.05 compared to OGD/R, p<0.05 compared
to OGD/R+5 pM ADA, 9 <0.05 compared to OGD/R+10 pM
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form of mean+SD (n=5). (One-way ANOVA followed by Tukey’s
multiple comparison post hoc test)
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Fig. 14 A representative titration curve A shows that ranolazine does not interact with resting platelets, while B demonstrates the interaction of
ranolazine with collagen-activated platelets, as measured by isothermal titration calorimetry (n=3)

neuroprotective medications are employed in stroke man-
agement to shield ischemic brain neurons from irreversible
damage and prevent neuronal degeneration (Sharma 2016;
Rai et al. 2024), a strategy recommended by the Stroke
Therapy Academic Industry Roundtable (STAIR) to reduce
brain infarction (Ramakrishna et al. 2022b). Adapalene and
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ranolazine have been identified as potential GPVI recep-
tor antagonists, suggesting their application as antiplatelet
agents in the treatment and management of thrombotic dis-
orders, like ischemic stroke. Indeed, adapalene is used in
clinics to manage the various dermatological conditions,
including acne vulgaris (Rusu et al. 2020), and ranolazine
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Fig. 15 Ranolazine mitigated platelet sGPVI level. p<0.05 com-
pared to sham, °p<0.05 compared to FeCl;, °p<0.05 compared
to FeCl;+ 15 mg/kg RAN, %p<0.05 compared to FeCly+30 mg/
kg RAN, and °p<0.05 compared to FeCl;+60 mg/kg RAN in
their respective groups. All values are represented in the form of
mean+SD (n=4). (One-way ANOVA followed by Tukey’s multiple
comparison post hoc test)

is prescribed for chronic angina (Aldakkak et al. 2013).
Ranolazine has also been documented to possess neuro-
protective effects against conditions such as Alzheimer’s
disease (Samir et al. 2024), neuroinflammation (Cassano
et al. 2022), and dementia (Samir et al. 2024), indicating its
potential as a neuroprotective agent. However, the neuropro-
tective effects of adapalene have not yet been investigated.
Therefore, considering the importance of their antiplatelet
activities for treating and managing ischemic stroke, we pos-
tulate that these drugs could also function as neuroprotec-
tive agents in combating cerebral ischemia. To prove it, we
assessed their neuroprotective capabilities in SHSYSY cell
lines, utilizing an oxygen—glucose deprivation/reperfusion
(OGD/R) induced neuronal injury model that replicates the
cellular damage occurring post-stroke.

Correspondingly, adapalene and ranolazine conferred
neuroprotection, as evidenced by augmented cell viability in
OGD/R-exposed cells. OGD/R injury triggers the mitochon-
drial permeability transition pore, consequently diminishing
the mitochondrial membrane potential (Su et al. 2021), a
crucial determinant of cellular viability, ultimately culminat-
ing in cellular bioenergetic failure and subsequent apoptosis
(Hendgen-Cotta et al. 2019; Rai 2021). Our results demon-
strate that OGD/R insult precipitated a marked reduction in
MMP, which was more robustly restored by adapalene and
ranolazine, indicating that both compounds ameliorated the
viability of SHSYS5Y cells subjected to OGD/R, potentially
through the enhancement of MMP. Further assessments were

conducted on the levels of various ischemic markers within
SHSYS5Y cells to prove the neuroprotective activity of test
drugs in the cerebral ischemic model. Notably, HIF-1a, a
crucial transcriptional regulator induced by hypoxic condi-
tions and implicated in apoptotic cell death (Wei et al. 2022;
Prajapati et al. 2025), was observed to be elevated following
OGD/R, with both adapalene and ranolazine demonstrat-
ing a reversal of this effect. OGD/R injury induces oxida-
tive stress, diminishing antioxidant enzyme (GSH) activ-
ity while concurrently increasing oxidative stress markers
such as ROS and MDA (Dharmajaya and Sari 2022; Jomova
et al. 2023; Yu et al. 2024; Ramakrishna et al. 2025). The
elevation in HIF-1a levels has also been positively linked
to increased ROS during hypoxia (Qutub and Popel 2008).
Treatment with both adapalene and ranolazine led to a sig-
nificant reduction in ROS and MDA levels and an improve-
ment in GSH levels in SHSYSY cells, suggesting an antioxi-
dant role for both compounds in mitigating cellular stress.
Furthermore, the accumulation of ROS under oxidative
stress contributes to cell death (Wu et al. 2020a; Singh et al.
2024); therefore, apoptosis was evaluated using acridine
orange and propidium iodide staining, alongside caspase-3
level measurements. These assessments confirmed that
both drugs reduced apoptosis, as evidenced by the staining
methods, and decreased caspase-3 levels. In summary, our
in vitro neuroprotection studies indicate that adapalene and
ranolazine confer significant neuroprotection against OGD/R
injury in neuronal cell lines by ameliorating HIF-1a, mito-
chondrial dysfunction, oxidative stress, and apoptosis.

Adapalene and ranolazine, at higher doses, demonstrated
anotable capacity to restore cell viability, exceeding 80.00%.
Clopidogrel also contributed to improved viability (72.22%),
albeit to a lesser extent. This suggests that adapalene and
ranolazine possess superior neuroprotective potential against
ischemic neuronal injury compared to clopidogrel. While
clopidogrel is recognized for its antiplatelet role in treating
ischemic stroke, it is not recommended for neuroprotection.
Interestingly, adapalene and ranolazine exhibited compa-
rable antiplatelet effects without increasing bleeding time,
and provided enhanced neuroprotection over clopidogrel,
indicating their suitability for effective ischemic stroke man-
agement. These results underscore the superior neuropro-
tective properties of both adapalene and ranolazine relative
to clopidogrel, identifying them as potential candidates for
advanced preclinical and clinical development in cerebral
stroke therapy. Further research is necessary to determine
if neuroprotection is achieved through platelet inhibition or
other mechanisms.

In conclusion, this study systematically investigated the
antiplatelet and neuroprotective properties of adapalene
and ranolazine via a drug repurposing strategy. Both com-
pounds demonstrated significant antiplatelet and neuropro-
tective activities, evidenced by the mitigation of platelet
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Fig. 16 Ranolazine attenuated platelet calcium level using Fura-2AM
analyzed via flow cytometry. *p<0.05 compared to control, °p <0.05
compared to collagen, °p<0.05 compared to collagen+5 pM RAN,
4p<0.05 compared to collagen+10 pM RAN, and °p<0.05 com-

aggregation, aggregation markers, oxidative stress, hypoxic
stress, mitochondrial dysfunction, and apoptosis. Further-
more, their combined antiplatelet and neuroprotective capac-
ities suggest potential multifaceted therapeutic benefits for
managing both primary and secondary strokes, as well as
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pared to collagen+20 pM RAN in their respective groups. All values
are represented in the form of mean+SD (n=4). (One-way ANOVA
followed by Tukey’s multiple comparison post hoc test)

post-stroke neuronal injury. Subsequent research should pri-
oritize the validation of these in vitro findings using in vivo
models to enhance translational applicability. This includes
acknowledging the inherent limitations of rodent mod-
els in fully recapitulating human physiological responses,
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Table 2 Ranolazine (15, 30, and 60 mg/kg) decreases the COX-1,
PGE,, and TXB, levels while increasing the cAMP levels in a FeCl,
model. p<0.05 compared to sham, °p<0.05 compared to FeCl,,

°p<0.05 compared to FeCl;+ 15 mg/kg RAN, % <0.05 compared to
FeCl; +30 mg/kg RAN, and °p<0.05 compared to FeCl;+ 60 mg/kg
RAN in their respective groups

Markers Sham FeCl, FeCl;+RAN 15 mg/  FeCl;+RAN30mg/  FeCl;+RAN 60 mg/  FeCl;+CLOP 40 mg/kg
(pg/ml) kg kg kg

cAMP  80.67+4.28  3325+3.64*  47.1+197%" 58.05 +3.342bc 72.15 +3.132bed 51.19+3.382-de
COX-1 44.93+4.08  155.52+13.5* 116.86+1.95P 84.1+12.1630< 63.01 + 8.05%P-cd 115.35 +6.86%P4*
PGE,  2659+3.85 150.21+9.57* 100.68+12.25*P 72.05+8.154« 46.81+11.12%Pd 100.95 + 12.88>0-de
TXB,  424.76+14.35 736.29+43.96* 670.62+10.07*" 572.98 +£25.71%P¢ 485.36+23.63%0d 62811 +29.2720de

All values are represented in the form of mean +SD (n=5). (One-way ANOVA followed by Tukey’s multiple comparison post hoc test).
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Fig. 17 Ranolazine alleviated the platelets ROS (A), H,O, (B), and
NOX-1 (C) levels after FeCls-induced carotid artery thrombosis
model. *p<0.05 compared to sham, °p<0.05 compared to FeCl;,
°p<0.05 compared to FeCl;+ 15 mg/kg RAN, %p<0.05 compared

to FeCl; + 30 mg/kg RAN, and °p <0.05 compared to FeCl;+ 60 mg/
kg RAN in their respective groups. All values are represented in the
form of mean+SD (n=5). (One-way ANOVA followed by Tukey’s
multiple comparison post hoc test).
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particularly concerning drug metabolism and systemic inter-
actions. Ultimately, prospective clinical trials are impera-
tive to ascertain the efficacy of adapalene and ranolazine
as GPVI inhibitors and for neuroprotection against cerebral
ischemia.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-025-04530-z.
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