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A B S T R A C T   

Prostate cancer is a heterogeneous, slow growing asymptomatic cancer that predominantly affects man. A 
purinergic G-protein coupled receptor, P2Y1R, is targeted for its therapeutic value since it plays a crucial role in 
many key molecular events of cancer progression and invasion. Our previous study demonstrated that indoline 
derivative, 1 ((1-(2-Hydroxy-5-nitrophenyl) (4-hydroxyphenyl) methyl)indoline-4‑carbonitrile; HIC), stimulates 
prostate cancer cell (PCa) growth inhibition via P2Y1R. However, the mode of interaction of P2Y1R with HIC 
involved in this process remains unclear. Here, we have reported the molecular interactions of HIC with P2Y1R. 
Molecular dynamics simulation was performed that revealed the stable specific binding of the protein-ligand 
complex. In vitro analysis has shown increased apoptosis of PCa-cells, PC3, and DU145, upon specific interac-
tion of P2Y1R-HIC. This was further validated using siRNA analysis that showed a higher percentage of apoptotic 
cells in PCa-cells transfected with P2Y-siRNA-MRS2365 than P2Y-siRNA-HIC treatment. Decreased mitochon-
drial membrane potential (MMP) activity and reduced glutathione (GSH) level show their role in P2Y1R-HIC 
mediated apoptosis. These in silico and in vitro results confirmed that HIC could induce mitochondrial 
apoptotic signaling through the P2Y1R activation. Thus, HIC being a potential ligand upon interaction with 
P2Y1R might have therapeutic value for the treatment of prostate cancer.   

1. Introduction 

Prostate cancer (PCa) is the second leading cause of death in men and 
the rate of incidence of metastasis PCa has increased significantly in 
recent years. The treatment for PCa is grounded on surgical removal, 
radiotherapy, and hormone therapy. Promising molecule(s) or ligands 
with clinical value have to be yet explored to reduce the PCa associated 
deaths. The primary goal of drug discovery is to critically investigate the 
potential ligands responsible for signaling processes controlling various 
cellular behaviors [1,2]. To identify such ligands with desired clinical 
outcomes, computational approaches play a promising role. 

Gunaine-Protein Coupled Receptors (GPCRs) are the largest and 
most important integral membrane receptors [3,4] that serve as 
attractive targets due to their therapeutic relevance in various diseases, 
especially cancer. It is estimated that more than 800 GPCRs are encoded 
in the human proteome [5]. Most of these are seven helical trans-
membrane signaling proteins and are found as the target for about 
approximately 700 approved drugs [6]. The GPCRs exhibit an extra-
cellular amino terminus and an intracellular carboxy-terminus to 
perform important physiological roles in the cell by interacting with a 
diverse set of ligands [7–9]. 

GPCRs are divided into six classes, namely Class A (rhodopsin-like 
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receptors), Class B (secretin family), Class C (metabotropic glutamate 
receptors), Class D (fungal mating pheromone receptors), Class E (cAMP 
receptors), and Class F (frizzled FZD), and smoothened (SMO) receptors 
[10,11]. These different classes of GPCRs located on the cell surfaces can 
bind to specific ligands to transmit a signal into the cell in order to 
perform important diverse cellular functions [12–14]. Thus, the 
conformational dynamics of GPCRs is extremely important for the 
cellular signaling process [15,16]. 

P2Y receptors are purinergic GPCRs, believed as a common biolog-
ical target that is activated by the extracellular signaling molecules like 
nucleotides such as Adenosine Tri Phosphate (ATP) and Uridine 
Diphosphate (UDP) [17,18]. The use of P2Y receptor as a potential 
therapeutic target for the treatment of acute diseases such as different 
types of cancer, inflammation, and digestive diseases could have far- 
reached the clinical consequences [19,20]. Recently, it has been sug-
gested that the platelet aggregation aided by the P2Y1 receptor (P2Y1R), 
makes it as an important antithrombotic drug target [21,22]. 

The availability of crystallographic structure of GPCR in protein data 
bank has advanced the structural data analysis on GPCR through 
computer-aided drug discovery. The crystal structures of the human 
P2Y1R in complex with a nucleotide antagonist MRS2500 and a non- 
nucleotide antagonist BPTU were reported [23] with the resolution of 
2.7 Å and 2.2 Å, respectively. The atomic crystal structures of the human 
P2Y1R bound to MRS2500 and BPTU help us in understanding the 
mechanism of these anti-thrombotic ligands identifying their purinor-
eceptor target, allowing for new drug discovery. Interestingly, the 
structures show two different ligand binding sites, revealing the atomic 
details of P2Y1R's ligand binding modes [23]. P2Y1R's seven trans-
membrane bundles contain a binding site that could be recognised by 
MRS2500, where BPTU binds to an allosteric pocket on the lipid bi-
layer's external receptor interface. The overall architecture of P2Y1R 
and ligand binding modes were detailed by Zhang et al. [23]. 

In our previous research, to better understand the molecular insights 
of P2Y1R's in PCa drug discovery, 923 derivatives of 1-indolinoalkyl 2- 
phenolic compound were tested by molecular docking [20]. The docking 
resulted in the identification of two compounds that are further chem-
ically synthesized and experimentally optimized as potent P2Y1 ago-
nists. Moreover, we have shown that P2Y1R as a potential onco-target 
and its activation caused apoptosis in PCa cells through the Capase3/7 
and ROS signaling pathways [20]. In the present work, we have explored 
the protein-ligand interactions of the identified phenolic compound with 
P2Y1R. Also, we have performed a 100 ns atomic molecular dynamics 
simulation to understand the binding and stability of the protein-ligand 
complex (P2Y1-HIC) with reference to the crystal complex (P2Y1- 
MRS2500). The action of P2Y1R and the anti-cancer effects of novel 
ligand in PC3 and DU145 cells also have been explored through various 
assays like apoptosis, mitochondrial membrane potential (MMP), and 
glutathione (GSH). The above findings provided an insight into the 
identified ligand as a novel therapeutic agent for prostate cancer 
treatment. 

2. Materials and methods 

2.1. Structural models 

The sequence of P2Y1R (Uniprot ID: P47900, 373 amino acids; PDB 
ID: 4XNW at 2.70 Å resolution) was obtained from Protein Data Bank 
[24]. The P2Y1 protein model shares a canonical seven transmembrane 
helices each flanked by the topological domain like other known GPCR 
structures. In our earlier studies, to better comprehend the molecular 
insights of the P2Y1 receptor (P2Y1R), a docking study with 923 com-
pounds was done on the crystal structure of the receptor [20]. The RD 
Kit library for Python was used to generate the two-dimensional struc-
tures of 923 ligands, which were then exported to a Structure Data File 
(SDF). The ligand molecules were subjected to the Schrödinger suite's 
LigPrep module [25]. The ligand-binding region of the crystal structure 

(P2Y1R complexed with MRS2500) was used to build the receptor grid 
box for the 923 molecules. Using the GLIDE (Grid-based Ligand and 
Docking with Energetics) module of the Schrödinger suite, the produced 
923 ligands were subjected to high throughput virtual screening 
[26,27]. Glide software was used to dock ligands to the protein. Docking 
was done in two modes: “Standard Precision” (SP) and “Extra Precision” 
(XP). Glide (G) Score was used to evaluate the docked conformers. The 
best ligand-like compound 1((1-(2-Hydroxy-5-nitrophenyl)(4-hydrox-
yphenyl) methyl)indoline-4‑carbonitrile; HIC) with the highest docking 
score, that satisfies Lipinski's rule was selected for further analysis. The 
high glide score of HIC was considered in the present study indicates its 
high binding affinity towards the P2Y1R. 

2.2. Molecular dynamics simulations 

The crystal structure of P2Y1-MRS2500 and P2Y1-HIC obtained 
through molecular docking was subjected to molecular dynamics sim-
ulations in the lipid environment. The purpose of these simulations was 
to analyze the protein conformational dynamics in a membrane envi-
ronment and to check its stability [28,29]. GROMACS 4.6 software was 
used to perform the molecular dynamics simulations with GROMOS 
force field parameter which is the commonly used lipid force field [30]. 
The protein was oriented by aligning its principal axis along the Z-axis 
by using la101psx module in the VMD [31] and the periodic boundary 
conditions were applied to the xyz dimension. The topology of the ligand 
was generated using ACPYPE antechamber [32]. The protein was 
inserted in the lipid bilayer made up of DOPC molecules and each lipid 
was complemented by water molecules. A 1 ns isothermal-isovolumetric 
ensemble (NVT- Constant Number Volume and Temperature & NPT- 
Constant Number Pressure and Temperature) simulation was performed 
to equilibrate the water box at position restrain of protein heavy atom 
with force constant 1000 kJ/(mol*Å) in x, y, z dimension. Subsequently, 
another 100 ns NPT ensemble MD simulation was used for the produc-
tion simulation. The Nosé–Hoover thermostat and Parrinello-Rahman 
barostat were used for the simulation with a fixed temperature of 300 
K and a pressure of 1 atm. The plots were generated by using Gnuplot 
program (http://www.gnuplot.info/). 

2.3. Chemicals 

Compound HIC was synthesized as previous mentioned (Le et al., 
2019). MRS2365 (Cat no. 2157) was purchased from Tocris Bioscience 
(Bristol, England) and benzyl isothiocyanate (BITC; cat no. 252492-5g) 
from Sigma-Aldrich (St. Louis, MO; USA). HIC diluted in dimethyl 
sulfoxide (DMSO; cat no. D2650-100ML, Sigma-Aldrich) was used as 
working solution. 

2.4. Cell culture 

Human PCa cell lines PC3 and DU145 cells were maintained in 
Minimum essential medium eagle (MEME; cat no. M4655-6X500ML, 
Sigma-Aldrich) supplemented with 10% Fetal bovine serum (FBS; cat 
no. S181H-500, Biowest, Nuaille, France), 0.1 mg/mL Streptomycin, 
100 U/mL Penicillin (Cat no. P4333, Sigma-Aldrich), and 0.025 mg/mL 
Amphotericin B (Cat no. A9528-50MG, Sigma-Aldrich). The cells were 
cultured periodically using 1× trypsin (Cat no. 25-3000-054, Thermo-
Fisher Scientific, Waltham, MA, USA) and maintained at 37 ◦C in a 
humidified incubator supplied with 5% CO2. 

2.5. siRNA P2Y1R ASSAY 

siRNA P2Y1R was designed and purchased from Thermo Fisher 
Scientific Inc. (Cat no. AM16708). The sequence for the synthesis of 
siRNA was mentioned as follow: sense, 
5′GCCCUGAUCUUCUACUACUTT 3′; antisense, 5′ AGUAGUAGAA-
GAUCAGGGCTG 3′. PC3 and DU145 were seed in 6 well-plate at a 
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density of 3 × 105 cells/well. The cells at a confluence of 60%–70% were 
transfected with siRNA at a concentration of 1 μM using Lipofectamine 
RNAiMAX Transfection Reagent (Cat no. 13778030, Thermo Fisher 
Scientific, Waltham, MA, USA). The transfected cells were maintained in 
the appropriate cell culture condition until they reach a confluence of 
80% to 90% which was subjected for apoptosis assay. 

2.6. Apoptotic staining assay 

To determine the selective agonist potential of HIC on PCa cells, 
apoptotic assay was performed using Dead cell apoptosis kit (Cat no. 
V13241, ThermoFisher Scientific, Waltham, MA, USA) and 4′,6-Dia-
midion-2-Phenylindeole, dihydrochloride (DAPI) (Cat no. D3571, 
Thermo Fisher Scientific). PC3 and DU145 cells transfected with siRNA 
were plated in 6-well plate at a density of 5 × 105 cells/well. After 24 h, 
cells were treated with vehicle control, DMSO (0.1%), positive control- 
MRS2365 (1 μM), and IC50 concentration of HIC (i.e., 15.98 μM for PC3 
cells and 15.64 μM for DU145 cells) for 48 h. The cells were collected 
and washed twice with warm phosphate buffered saline (PBS). 
Sequentially, cells were incubated with 1× Annexin-binding buffer 
supplied with the kit for 15 min in the dark condition. Further, FITC 
conjugated Annexin V, propidium iodide (PI), and DAPI were added to 
the cell suspension and incubated for 15 min in CO2 incubator. The 
fluorescence images of cells were captured using EVOS FL (Thermo-
Fisher Scientific, Waltham, MA, USA) under 20× objective for each 
analysis. 

2.7. Mitochondrial membrane potential assay 

To measure the mitochondrial membrane potential (MMP) levels of 
PCa, MMP assay (Cat no. MAK159-1KT, Sigma-Aldrich) was performed. 
PC3 and DU145 cells were seeded in 96-well black plate with clear 
bottom at a density of 1 × 104 cells/well. After 24 h of incubation, cells 
were treated with vehicle control DMSO (0.1%), IC50 concentration of 
HIC (i.e., 15.98 μM for PC3 cells and 15.64 μM for DU145 cells), and 
benzyl isothiocyanate (BITC, as a positive control at a concentration of 
20 μM) [33,34]. After 48 h of treatment, 50 μl of JC-10 dye in buffer A 
was added to the cells and incubated for 1 h. Further, the cells were 
treated with 50 μl of buffer B for 5 min before subjecting in a Magellan™ 
microplate reader (Tecan Group Ltd., Switzerland). The plates were 
measured at a bottom-read using dual fluorescence with the excitation/ 
emission of red/green (red: excitation 540 nm, emission 590 nm and 
green: excitation 490 nm, emission 525 nm). The ratio of red/green 
fluorescence intensity was used to determine the MMP using the Eq. (1) 

Fold change =
FRT − FRB

FGT − FGB
(1)  

where, FRT is red fluorescence of samples treated with drugs; FRB is red 
fluorescence of untreated samples; FGT is green fluorescence of samples 
treated with drugs; FGB is green fluorescence of untreated samples. 

2.8. Glutathione assay 

Glutathione (GSH: tripeptide, γ-l-glutamyl-l-cysteinyl-glycine) in 
PC3 and DU145 cells were determined using Glutathione colorimetric 
detection kit (Cat no. EIAGSHC, ThermoFisher Scientific Waltham, MA, 
USA) following the manufactures' protocol. Briefly, cells were treated 
with vehicle control, DMSO (0.1%), IC50 concentration of HIC (i.e., 
15.98 μM for PC3 cells and 15.64 μM for DU145 cells), and positive 
control, BITC at a concentration of 20 μM for 48 h. Sequentially, the cells 
were washed with ice cold PBS and resuspended in 5% aqueous 5-sulfo- 
salicylic acid dehydrate (SSA). The cells were then lysed using cold 
lysate buffer (PBS buffer containing 1 mM ethylenediaminetetraacetic 
acid (EDTA)). The supernatant was collected by centrifugation of the cell 
lysates at 12,000 rpm for 10 min at 4 ◦C. Approximately a volume of 50 

μl collected supernatant was added in 96-well back plate which is sus-
pended with 25 μl of colorimetric detection reagent and 25 μl of reaction 
mixture provided in the kit. The absorbance of samples was read at 405 
nm using a Magellan™ microplate reader. The percentage of GSH pro-
duction was calculated using the absorption of samples as the mention in 
the kit. 

2.9. Statistical analysis 

All the experiments were performed three or five times with the same 
biological and technical repeats. The results are presented as means ±
standard error of the mean (SEM) based on IBM SPSS Statistics version 
26 (IBM APSS Statistics version, NY, USA). Statistical analysis was 
analysed using t-test. Differences between two more samples and ex-
periments were calculated using one-way ANOVA. The data were 
considered as statistically significant results with *p < 0.05. 

3. Results 

3.1. Sequence analysis 

Human P2Y receptors comprise eight subtypes of GPCRs that belong 
to the Class-A family, respond to both adenine and/or uracil nucleotides 
[35]. Homology search using SWISS-PROT and TrEMBL databases 
against the subsets of Homo sapiens, revealed 68 proteins with high 
similarity to P2Y receptors. Low sequence identity was observed be-
tween rhodopsin and the P2Y receptors and hence multiple-sequence 
alignment of the retrieved proteins using rhodopsin as the template 
was performed. Thus, the phylogenetic tree was constructed that clearly 
delineated two distinct subgroups of P2Y receptors, such as Gq-coupled 
subtypes (e.g., P2Y1) and Gi couple subtypes (e.g., P2Y12). Fig. 1 ob-
tained from the sequence features page of Protein Data Bank (PDB) 
schematically represents the sequence-structure-binding of P2Y receptor 
that evidenced the similar structural arrangements of both P2Y and 
CysLT receptors targeted by the endogenous ligands like CysLT and 
UDP. In the figure, a scale at the top represents the P2Y amino acid 
residue's position in the sequence. The red and yellow color bars at 
different positions indicate the secondary structural elements such as 
helix and strand respectively. The binding site residue's position is 
shown as blue and red balls whereas glycosylation and metal-binding 
sites are indicated as green balls. In the end, transmembrane helices 
and topological domain regions are shown as green and blue color bars. 

These families of receptors (CysLT and P2Y) shows a highly 
conserved structural topology with seven transmembrane helices con-
nected by three extracellular and intracellular loops, of which the eighth 
amphipathic helix act as an extracellular amino-terminal region and a 
cytoplasmic carboxyl-terminal tail [23]. Both P2Y and CysLT receptors 
that belong to the purine receptor cluster, share a typical seven- 
transmembrane spanning topology activated by nucleotides. However, 
this cluster has several “orphan receptors” responding to multiple un-
identified endogenous ligands, of which GPR17 was found to be a 
common ancestral progenitor evolved from P2Y and CysLT receptors 
[36]. The availability of the P2Y family of receptor's atomic structure 
solved at high resolution made us to perform various structural analyses 
to gain insights about ligand-binding aspects. 

3.2. Structure analysis 

A typical P2Y1R was found to be targeted by two endogenous ligands 
like CysLT and UDP. The P2Y1R structure is solved experimentally in 
complex with MRS2500 and detailed receptor-ligand interactions are 
reported earlier [23]. The reported crystal structure of P2Y1R reveals 
the presence of two distinct ligand binding sites binding with nucleotide 
antagonist (MRS2500 binding within seven transmembrane bundles) 
and non-nucleotide antagonist (BPTU binding to external receptor 
interface with the lipid bilayer) at high resolution. The binding sites in 
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the crystal structure of P2Y1R are mainly made up of helices and have 
distinct geometrical features. The three-dimensional representation of 
P2Y1-MRS2500 complex (used as a control to make comparisons) solved 
crystallographically (Fig. 2A) and P2Y1-HIC complex obtained by glide 
docking (Fig. 2B) was shown in Fig. 2. The glide docking score of P2Y1- 
HIC is − 7.38. To make a comparison, we have docked the MRS2500 
with P2Y1 which resulted in a − 8.80 glide score. The two-dimensional 
ligand interaction profile and glide docking score of P2Y1-HIC (Fig. 2) 
revealed the relatively strong interaction as observed in the P2Y1- 
MRS2500 crystal structure. We have observed that 14 amino acid resi-
dues of HIC interact with P2Y1R whereas; the control compound 
MRS2500 has shown 20 amino acids interaction with P2Y1R. The P2Y1- 
HIC formed four conventional hydrogen bonds (203TYR, 204ASP, 
205THR, and 208ASP), whereas P2Y1-MRS2500 formed five conven-
tional hydrogen bonds (204ASP, 205THR, 283ASN, 303TYR, and 
306TYR). The amino acid residues like 46LYS and 95ARG in P2Y1 form 
salt bridges with HIC as observed in the control structure. The van der 
Waals hydrophobic interaction between P2Y1-HIC is similar to that of 
P2Y1-MRS2500 which is evident from Fig. 2. We observed that the 
stabilising interactions between P2Y1-HIC and P2Y1-MRS2500 are quite 
comparable, including hydrogen bonds, salt bridges, and van der Waals 
hydrophobic interactions. 

3.3. Molecular dynamics simulations 

P2Y1R complexed with MRS2500 and HIC was prepared to perform 
all-atom molecular dynamics simulations in a lipid bilayer environment 
to understand the stability of the molecules. The average Root Mean 
Square Deviation (RMSD) of protein backbone in P2Y1-MRS2500 is 
about 0.5 Å (Fig. 3A) and P2Y1-HIC (Fig. 3B) is about 0.6 Å throughout 
the 100 ns simulation time. The P2Y1-HIC complex (P2Y1-MRS2500 as 
control) is found to be stable in terms of RMSD. To further explore the 
energetics of complexes, we have computed the total energy of the 
system and found that the energy of P2Y1-MRS2500 (Fig. 3C) and P2Y1- 

HIC (Fig. 3D) is relatively comparable throughout the simulation time. 
The average total energy of the system is − 325,000 kJ/mol. 

The largest values were found in the root mean square fluctuations 
(RMSFs) of movement by individual amino acid residues involved in 
ligand binding and catalysis throughout the sequence (Supplementary 
Fig. 1A and C). The distance (≥3.5 Å) and the hydrogen donor–hydrogen 
acceptor angle (30◦) were used to compute hydrogen bond formation 
using Gromacs tools. Also, the number of hydrogen bonds formed by the 
amino acid residues of P2Y1R-HIC complex (Supplementary Fig. 1B) is 
comparable with P2Y1-MRS2500 (Supplementary Fig. 1D) crystal 
complex. Not surprisingly, it is evident from the results that the P2Y- 
MRS2500 crystal structure was found to be more stable when 
compared to the P2Y1- HIC complex. 

3.4. Induction of apoptosis by HIC in prostate cancer cells 

Our previous study has revealed the ability of HIC in inducing 
apoptosis in Pca cells, PC3 and DU145 [20]. Also, it was proven that the 
activation of P2Y1R inhibits cell proliferation and increases apoptotic 
responses in PC3 cells [37]. In the present study, in order to further 
investigate the selectivity of HIC towards P2Y1R, we have performed the 
apoptosis assay in PCa cells in the inhibition of P2Y1 protein expression. 
The fluorescent images of PC3 and DU145 cells transfected cells with 
and/or without P2Y1 siRNA showed the presence of apoptotic cells 
(Fig. 4A and B). HIC and MRS2365 induced apoptosis to about 25.32% 
and 24.7% respectively, in P2Y1-siRNA (− /− ) transfected PC3 cells. 
Whereas, the P2Y1 siRNA (+/+) transfected PC3 cells showed 18.4% 
and 18.3% respectively, upon HIC and MRS2365 treatment (Fig. 4A). 
Similarly, in P2Y1-siRNA (− /− ) transfected DU145 cells, the induction 
of apoptotic was observed to be 30.3% and 24.7%, whereas P2Y1 siRNA 
(+/+) showed 20.4% and 15.4% upon HIC and MRS2365 treatment, 
respectively (Fig. 4B). These data revealed the possibility of interaction 
between P2Y1 and HIC which can act as an agonist and induces 
apoptosis in PCa cells. Also, the efficient binding of HIC to P2Y1R was 

Fig. 1. Sequence-structure-binding information about P2Y1 receptor is presented schematically.  
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evident from the apoptosis data where higher percentage of apoptosis 
was observed in PCa cells transfected with P2Y-siRNA treated MRS2365 
than the cells transfected with P2Y-siRNA treated HIC. 

3.5. Role of HIC in inhibiting mitochondrial membrane activity 

Mitochondria influences many cellular processes such as cell meta-
bolism, cell growth, cell communication, and apoptosis. MMP plays a 
critical role in mitochondrial activity due to its reflections on the process 
of election transport via cell membranes and reactive oxygen species 
(ROS) generations under ATP activation [38–40]. Since high levels of 
ROS production can activate apoptosis process, injury cancer cells 
appear the collapse of MMP and lead to the release of cytochrome C into 
the cytosol [38]. One of the results of this mechanism is to trigger other 
downstream events in the apoptosis cascade by P2Y1 receptor signaling 
activation on binding of HIC ligand. The previous study has reported 
that HIC induces apoptotic cells and increases ROS production after 48 h 
incubation in PCa cells. In this study, in order to further investigate the 
anti-cancer activity of HIC through the influence of MMP production, we 
have performed MMP assay in PC3 and DU145 cells incubated with HIC 
and BITC (positive control). As shown in Fig. 5A, the level of MMP 
decreased in the presence of HIC and BITC in both the PC3 and DU145 
cells than the vehicle control, DMSO. A fold change of 0.14- and 0.28- 
was observed in HIC treated PC3 and DU145 cells, respectively with 

0.74- and 0.71-fold change in BITC treated PC3 and DU145 cells, 
respectively. These data demonstrated the efficiency of HIC in inhibiting 
the activity of MMPs through the activation of P2Y1 receptor down-
stream signaling, thereby regulating the crucial behaviors of the PCa 
disease progression. 

3.6. Suppression of HIC in glutathione 

ROS production exhibits in normal and abnormal physiological 
conditions of the cells [41]. Oxidative stress was necessary for an initial 
increase in cell growth, cell metastasis, and angiogenesis during which 
ROS production might induce cell cycle arrest and cell death during 
cancer treatment [42,43]. GSH is the most common metabolite detected 
during oxidative stress and ROS production [44,45] and acts as an 
antioxidant that scavenges the free radicals and detoxifies the cells [46]. 
Our earlier data by Le et al. [20], have shown the potential of HIC in 
increasing the production of ROS, which further prompted us in inves-
tigating the level of GSH. It was observed from the result that GSH level 
was not reduced upon HIC treated PC3 cells whereas significant reduc-
tion of about 14.6% of GSH observed in DU145 cells than the DMSO 
treated PC3 cells. On the other hand, BITC significantly reduced the GSH 
level to about 28.7% and 34.6% in both PC3 and DU145 cells, respec-
tively (Fig. 5B). These data suggest that the HIC might have specific 
inhibitory ability of GSH production in PCa cells. 

Fig. 2. Structure analysis. 
A. Crystal structure of P2Y1-MRS2500 complex and its two-dimensional chemical interactions. B. The P2Y1-HIC complex obtained from glide docking and its two- 
dimensional chemical interactions. The figure is generated by using discovery studio visualizer's plotting option. 

H.T.T. Le et al.                                                                                                                                                                                                                                  



International Journal of Biological Macromolecules 189 (2021) 142–150

147

Fig. 3. Molecular dynamic simulations. 
A. The backbone RMSD of P2Y1-MRS2500 for the 100 ns simulation time. B. The backbone RMSD of P2Y1-HIC for the 100 ns simulation time. C. The energy of the 
P2Y1-MRS2500 for the 100 ns simulation time. D. The energy of the P2Y1-HIC for the 100 ns simulation time. 

Fig. 4. Induction of apoptosis by HIC in prostate 
cancer cells. 
Microscopic images of PC3 cells (A) and DU145 cells 
(B) stained with Annexin-V/PI/DAPI upon HIC treat-
ments with DMSO as a vehicle group and MRS2365 as 
a positive control group. Percentage of apoptotic cells 
were presented in the corresponding condition. Re-
sults were showed as mean of three independent ex-
periments, mean ± S⋅D, *p < 0.05.   
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4. Discussion 

G protein-coupled receptors (GPCRs) are the most extensively 
researched therapeutic targets, owing to their importance in human 
pathology and pharmacological testability [47]. Various ligands are 
under investigation for the deorphanized GPCR to explore their clinical 
outcomes. Very limited GPCRs have been associated with cancer 
development and progression based on their differential expression. 
Through computer-aided drug discovery, designing small molecular li-
gands binding to the therapeutic membrane receptors is considered to be 
a challenging task. Our earlier studies on exploring the therapeutic po-
tential of P2Y1R were done by docking the crystal structure of the re-
ceptor with 923 derivatives of 1-indolinoalkyl 2-phenolic compound. 
The best hits were synthesized and found to be an effective P2Y1 ago-
nists. The protein-ligand interactions and the molecular dynamics 
simulation of P2Y1-HIC complex revealed the binding stability by 
forming hydrogen bonds throughout the simulation time and atomic 
interaction pattern of the defined receptor-ligand complex. 

Further, the selectivity of HIC for P2Y1R and its anti-cancer effects 
against PC3 and DU145 cell models was analysed. HIC was found to 
induce apoptosis in PCa cells and induces ROS production based on the 
activation of P2Y1R after 48 h treatment [20]. P2Y1R siRNA analysis 
revealed that the HIC treated PCa cells showed less percentage of 
apoptosis than the cells in the absence of siRNA, revealing the binding 
specificity of HIC to P2Y1R. Similar data was also observed in compu-
tational model where HIC could act as a selective agonist of P2Y1R in 
PC3 and DU145 cells. 

Consequently, much attention has been focused on developing MMP 
inhibitors (MMPIs) as a new class of anticancer drugs [48]. Several drugs 
have the ability to disrupt the mitochondrial machinery in various stages 
of clinical trials by raising oxidative stress, a process that enhances the 
production of ROS [49,50]. Accumulation of ROS can lead to loss of 
MMP and mPTP opening, thus allowing the release of cytochrome C into 
the cytoplasm and the initiation of a caspase cascade reaction [51]. 
Here, HIC was found to reduce to a meager level of MMP in both PC3 and 
DU145 cells. Notably, this finding is consisted with the previous study 
about the activation of caspase 3 by HIC treatment in PCa. 

It is a well-known fact that the mitochondrial electron transport 
chain is a major source of cellular ROS, where the retention of GSH by 
mitochondria is an important mechanism for protection against ROS 
[52]. ROS production after HIC treatment was observed by an increased 
apoptotic response in both PC3 and DU145 cells [20]. In the present 
study, we found that HIC had a least inhibitory effect on GSH level only 
in DU145 cells. This might be due to the higher rate of ROS production 
only after the GSH levels declined below the baseline of ~20% in cancer 
cell condition [44]. 

It is also related that increased ROS production has been primarily 
related to the induction of apoptosis rather than being a direct and 
simple response to the GSH depletion alone [44]. As discussed above, 
computer aided drug discovery and experimental approaches have 
revealed the ability of HIC to be a selective agonist of P2Y1R, which 

might be further investigated for its therapeutic outcome against pros-
tate cancer. 

5. Conclusion 

The structure based computer aided drug discovery along with in vivo 
experiments assisted in charting the effective ligands for various targets 
especially for prostate cancer. We used in silico and in vivo experiments to 
better understand the structural characteristics of P2Y1 receptors in this 
study. The glide docking model of P2Y1-HIC is considered for the study 
along with the crystal structure of P2Y1-MRS2500 as a control to make 
comparisons. Further, we performed 100 ns molecular dynamics simu-
lations on the P2Y1-HIC and P2Y1-MRS2500 to study the crucial amino 
acid interactions responsible for binding and stability. The docking and 
molecular dynamics simulations reveal the binding of P2Y1-HIC with 
reference to the control structural complex. Our in vivo experimental 
findings explored the biological response of HIC on prostate cancer cells. 
Overall, we believe that the ligand and structure based drug pipelines 
along with experimental approaches have led to breakthroughs in un-
derstanding the pharmacological outcomes of the P2Y1-HIC complex. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2021.08.103. 
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Fig. 5. Inhibition of HIC in mitochondrial membrane 
activity and glutathione in prostate cancer cells. 
(A) The fold change in MMP activity in prostate can-
cer cells treated with DMSO, HIC, and BITC was 
calculated based on fluorescence signaling measured 
using 96 well plate reader. (B) GSH production was 
determined following the absorbance of samples. The 
change of GSH levels was calculated using absorbance 
intensities of samples and untreated groups. Biolog-
ical and technical replicates were remained to 
perform the significance of the results, with mean ±
SD, *p < 0.05, n = 3.   
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