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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Bryan Delaney Narirutin is a dietary flavanone found in lemons, oranges, passion fruit, bergamot and grapefruit. It possesses

anti-allergic, cardioprotective, neuroprotective, hepatoprotective potential, and its enriched fraction suppresses

Keywords: the growth of prostate cancer cells; however, there is currently no information on the chemopreventive potential
Narirutin ) of narirutin alone against hormone-refractory prostate cancer cells (PC-3) and its mode of action. Thus, the
E?:;;Zrce:::et;m chemopreventive possibility of narirutin was investigated in PC-3 cells by utilising cytotoxicity assays. Further, a
Hyaluronidase mechanism was deduced targeting hyaluronidase, an early-stage diagnosis marker, by cell-free, cell-based and in
ROS silico studies. The results indicate that narirutin reduced the viability of PC-3 cells with the inhibitory concen-

tration range of 66.87-59.80 pM. It induced GO/G1 phase arrest with a fold change of 1.12. Besides, it increased
the generation of reactive oxygen species (ROS) with a fold change of 1.34 at 100 uM. Narirutin inhibited hy-
aluronidase’s activity in cell-free (11.17 pM) and cell-based assays (67.23 pM) and showed a strong binding
interaction with hyaluronidase. Finally, the MD simulation analysis supported the idea that narirutin binding
enhanced compactness and stability and created a stable complex with hyaluronidase. In addition, ADMET
prediction indicates that it is a non-toxic, non-CYPs inhibitor and thus didn’t alter the metabolism. The results
reveal that narirutin may be a potential chemopreventive agent for hormone-resistant prostate cancer cells in
addition to offering data for supporting diet-based nutraceutical agents to prevent prostate cancer.

therapies. According to the reports, complementary and alternative

1. Introduction

Prostate cancer is the most commonly diagnosed cancer associated
with androgen receptors and prostate-specific antigens (Kallifatidis
et al., 2016). After receiving androgen restriction therapy for advanced
prostate cancer, the patient’s tumors eventually developed into
hormone-refractory prostate cancer (HRPC). The hormone-refractory
tumor treatment is chemotherapy; however, improving the therapeutic
efficacy without adverse effects on normal cells is the major challenge
associated with HRPC treatment (Cheng et al., 2018; Rawla, 2019). The
use of complementary and alternative medicine has increased in the past
few decades as it boosts the immune system, reduces the chances of
relapse, decreases the therapeutic side effects and supports conventional

medicine is used by 50% of prostate cancer patients, and among these
compounds originating from plants are most frequently utilised (Bahall,
2017; Drozdoff et al., 2018; Zuniga et al., 2019; Toygar et al., 2020). The
evidence indicates that targeting prostate cancer cells with nutraceut-
icals is the ideal strategy for HRPC prevention (Fontana et al., 2020).
Narirutin is a flavanone glycoside commonly found in grapes and citrus
fruits. It is the main component of various herbal formulations,
including Xue fu Zhuyu Decoction, Simo decoction, Xiao-Cheng-Qi
Tang, Hou-Po-San-Wu Tang, and Hou-Po-Da-Huang Tang decoction,
Huoxiang Zhengqi oral liquid, Hyeonggaeyeongyotang decoction,
Kampo Prescriptions, Five-citrus type crude drug, Qili Qiangxin capsule,
Fructus Aurantii-type formulae, Wen-Dan Decoction (Chun-yan et al.,
2020; Zhang and Cheng, 2006; Fu et al., 2016; He et al., 2018; Chen
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Abbreviations

Ab/Am Antibiotic/antimycotic

AhR Aryl-hydrocarbon receptor

BACE-1 Beta-site amyloid precursor protein cleaving enzyme 1
BE Binding energy; —2

DMEM Dulbecco’s minimal essential media
DMSO  Dimethyl sulfoxide

EMT Epithelial-mesenchymal transitions
ERK Extracellular signal-regulated kinase
FBS Fetal bovine serum

FACS Fluorescence-Activated Cell Sorting

GAPDH Glyceraldehyde 3-phosphate dehydrogenase; HA,
Hyaluronic acid

HEPES N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
ICso Half maximal inhibitory concentration

HRPC Hormone-refractory prostate cancer

HYAL  Hyaluronidase

IP-10 Interferon gamma-induced protein 10

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

NAC N-acetyl L-Cysteine

NAR Narirutin

NADPH Nicotinamide adenine dinucleotide phosphate hydrogen

NRU Neural red uptake

NaOH Sodium hydroxide

NFxB Nuclear factor kappa B

PDT Podophyllotoxin

PI Propidium iodide

PDB Protein Data Bank

PCR Polymerase chain reaction

PBS Phosphate buffer saline

PPARP Peroxisome-proliferator-activated receptor f§

RNase A Ribonuclease A

RIPA Radio immune precipitation assay buffer
ROS Reactive oxygen species

SRB Sulforhodamine B

TCA Trichloroacetic acid

et al., 2015; Yu et al., 2013; Seo and Shin, 2020; Tsujimoto et al., 2019;
Heetal., 2020; Zhang et al., 2019). Narirutin did not affect the vitality of
M1 macrophages, but it did decrease the lipopolysaccharide-induced
interferon-gamma-inducible protein synthesis in THP-1-derived M1
macrophages. It reduced the IP-10 expression by modulating the
aryl-hydrocarbon receptor (AhR), peroxisome-proliferator-activated
receptor 3 (PPAR), and «, estrogen receptor, and altered the histone
acetylation in macrophages (Li et al., 2020). Employing Autodock-vina
computational binding analysis, narirutin binds to the SARS-CoV-2
major protease with a binding affinity of -8.9 kcal/mol (Ngo et al.,
2020). Another study found that narirutin has a binding affinity of -8.1
kcal/mol for the 3C-like protease of SARS-CoV-2. (Cherrak et al., 2020).
Pre-treatment with narirutin reduces transfer latency by reducing
neuronal swelling and cell membrane disruption (Patel et al., 2020).
According to the molecular interaction study, narirutin suppresses
BACE-1 activity by repelling water molecules. It decreases the aggre-
gation of Af by up to 53% at 20 nM but inhibits BACE-1 activity by up to
79.3% at 500 nM. (Chakraborty and Basu, 2017). Besides, earlier find-
ings and preliminary studies are insufficient to define its
anti-proliferative property in hormone-refractory prostate carcinoma
(PC-3) cells.

Hyaluronidase is involved in the degradation of hyaluronic acid into
small fragments. A high level of hyaluronidase and hyaluronic acid has
been reported in the tissues of prostate cancer patients (Lokeshwar et al.,
2001). Compared to benign hyperplastic tissue and normal prostate
tissues, prostate cancer cells secrete at least ten times more hyaluroni-
dase, which is connected with metastasis and tumor grade. The
over-expression of hyaluronidase promotes tumor growth, metastasis
and angiogenesis (Lokeshwar et al., 1996; Josefsson et al., 2011).
Overexpression of hyaluronidase and hyaluronic acid assisted in pre-
dicting the clinical recurrence of prostate cancer and decreased survival
by five-year (Gomez et al., 2009). Hyaluronidase is reported as the novel
biomarker involved in the pathophysiology and early diagnosis of
prostate cancer (Skarmoutsos et al., 2018). Targeting hyaluronidase
may be the best strategy to control the epithelial-mesenchymal transi-
tion (EMT) and increase patient survival because the research depicts
that hyaluronidase has a role in maintaining the proliferation, invasion
and migration of cancer cells. To the best of our knowledge and un-
derstanding, this is the first time we have described the chemo-
preventive potential of narirutin in PC-3 cells and its effect on
hyaluronidase activity, a diagnostic marker in prostate carcinoma.

Therefore, this study investigates the anti-proliferative potential of
narirutin in hormone-refractory prostate cancer cells (PC-3) by utilizing

cell viability assays. Furthermore, the growth inhibitory potential was
established by examining cell cycle phases. In addition, the efficacy of
narirutin for enzyme inhibition was investigated in cell-free and cell-
based assay systems. The qRT-PCR analysis was performed to confirm
the expression level of hyaluronidase. Furthermore, in silico docking and
molecular dynamic simulation investigations were conducted to
corroborate in vitro data. This helped to detect docked pose and inter-
acting amino acid residues, confirming a significant molecular interac-
tion between narirutin and hyaluronidase.

2. Materials & methods
2.1. Materials

The solvents and chemicals used in the present study were of
analytical grade. Phosphate buffer, sodium phosphate, sodium chloride,
albumin bovine, sodium acetate, neutral red dye, hyaluronic acid, NAC,
MTT, DCFDA dye, propidium iodide, SRB dye and narirutin (>98%)
purchased from Sigma-Aldrich Ltd. Banglore, India. DMSO, formalde-
hyde and isopropanol were procured from Merck Ltd., Mumbai, India.
FBS, DMEM and RPMI were obtained from Gibco, Thermo Fischer Sci-
entific, Mumbai, India. Sodium bicarbonate and TCA were purchased
from Himedia, Mumbai, India. The prostate carcinoma (PC-3) and em-
bryonic kidney (HEK-293) cells were acquired from NCCS, Pune, India.

2.2. Cell viability assays

The viability of PC-3 cells was assessed by SRB, NRU and MTT assay.
The cultured PC-3 cells were seeded in 96-well plates overnight and
treated with different concentrations of narirutin (0.001-100 pM) for
24h. The non-treated cells (control) were considered 100% viable, and
treated cells were compared to control cells, as reported earlier (Singh
et al., 2020).

The procedure of Mosmann (1983) was used to perform the MTT
assay. The dye (0.5 mg/mL) was added to each well after 24h treatment
with narirutin and further incubated for 4h at 37 °C in the dark. After
that, the media of each well is replaced with DMSO (100 pL) and shaken
to dissolve the crystals completely. The insoluble formazan crystals were
solubilised in DMSO and gave a purple color. The color change was
detected by measuring formazan concentration reflected in optical
density measured at 570 nm. The method of Skehan et al. (1990) with
minor modification was employed to perform the SRB assay. 100 pL of
TCA (20%) was added for 1h at 4 °C, and the wells were washed four
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times with tap water and then air dried at room temperature. When the
wells were dried, 100 pL of dye (0.25% in 1% acetic acid) was added,
and the plate was incubated for 30 min, followed by washing with acetic
acid (1%) at least thrice, and then Tris-base (10 mM) was added to each
well. The orbital shaker solubilises the bound dye and the absorbance
was recorded at 515 nm.

Babich and Borenfreund (1991) reported method was utilized to
carry out the NRU assay. The dye (50 pg/mL) was added to the treated
and non-treated cells and incubated for 3h. After incubation, the media
was removed, followed by adding calcium chloride (0.5%) and formal-
dehyde (0.5%) to fix the cells. Then, a dissolving solution containing
ethanol (50%) and acetic acid (1%) was then added to the wells and
incubated for 10 min. After that, the plate was shaken well, and the
absorbance was recorded at 540 nm.

2.3. Cell cycle analysis

The experiment was done by following the protocol of Pathak et al.
(2020). PC-3 cells were treated with narirutin at 10 pM and 100 pM
followed by incubation for 24h. After incubation, the cells were
collected by trypsinization followed by washing with PBS. Then, cells
were fixed with 70% alcohol added dropwise, followed by vortexing.
The fixed cells were washed twice with PBS, followed by a DNA
extraction buffer added for 5 min. Afterwards, the buffer was removed,
and PI (50 pg/mL) with RNAse A (200 pg/mL) was added to the cells and
incubated in the dark for 30 min. After incubation, the stained cells were
examined using an LSR II BD Biosciences flow cytometer. The findings
represent the percent population obtained in different cell cycle phases,
as reported earlier (Pathak et al., 2021).

2.4. ROS estimation

The effect on levels of intracellular ROS was examined using DCFH-
DA staining as per the reported procedure of Pathak et al. (2020). PC-3
cells were treated with various concentrations of narirutin (10 pM and
100 pM) for 24h. Then, cells were harvested and washed with PBS,
followed by incubation with DCFH-DA dye (10 pM) for 30 min in the
dark. The amount of intracellular ROS generation is directly related to
an increase or reduction in H2DCF fluorescence in cells. The effect was
analysed using BD-FACS LSR 11, and the acquisition was performed using
FACS Diva software. The results were represented in terms of mean FITC
obtained after 10,000 events, as reported earlier (Pathak et al., 2021).

2.5. Cell lysate preparation

The PC-3 cells were treated with narirutin in a concentration-
dependent manner (0.1-100 pM) for 24h. After that, RIPA buffer was
used to lyse the cells, and the protein was quantified by nanodrop. For
the cell-free assay, the pure enzyme was used. For the cell-based assay,
10 pg of crude protein was used to perform the target inhibitory po-
tential of narirutin.

2.5.1. Hyaluronidase assay

The experiment was done according to the method reported by
Dorfman and Ott (1948). Dorfman and Ott first established the assay
method in 1948. We have modified this method to evaluate a decrease in
turbidity at 600 nm using spectrophotometry after combining hyal-
uronic acid and serum albumin at 37 °C using acidic pH. The experi-
ments were performed in two different sets. One set contains different
concentrations of narirutin (0.1-100 pM) incubated at 37 °C for 10 min
in enzyme diluent buffer containing sodium phosphate (20 mM), sodium
chloride (77 mM), bovine albumin (0.01%), and 4U/mL enzyme solu-
tion added to it. Another set contains diluent enzyme buffer alone. In the
cell-based assay, the cell lysate was incubated with diluent enzyme
buffer at 37 °C for 10 min. After incubation, the hyaluronic acid (0.3%)
was added to the mixture and further incubated at 37 °C for 45 min in a
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cell-free and cell-based assay. Then, the diluent buffer was added to the
mixture with a 5-fold volume for 10 min at room temperature, and the
absorbance was recorded at 600 nm. The specific enzyme activity was
calculated as described by Dorfman and Ott (1948), and then percent
inhibition was calculated concerning control, as reported earlier (Fatima
et al., 2021).

2.6. Real-time expression assay

PC-3 cells were treated with narirutin at 100 uM for 24h; the RNA
was isolated using a trizol reagent. Primers were designed using Primer
Express® Software v3.0 of the target gene sequence taken from NCBI
(http://www.ncbi.nlm.nih.gov/) of human origin and synthesised from
IDT (Integrated DNA Technology). The primer sequences of HYAL were
as follows: forward primer TGGGCCCCTATGTGATCAAT, reverse primer
ATGGCACCGCTGGTGACT. The forward and reverse sequences of
GAPDH were CCACCCATGGCAAATTCC and TGGGATTTCCATTGAT-
CACAAG, respectively. The cDNA kit (applied biosystems) was used to
synthesise the cDNA. The syber green PCR master mix was used to
perform the reaction in a thermal cycler programmed as 94 °C for 3 min
for initial denaturation, 35 cycles of 94 °C for 1 min, 55 °C for 30 s, and
72 °C for 1 min. After 35 cycles of completion, the final extension was
provided at 72 °C for 10 min. Then, the reaction was incubated at 4 °C
for storage. The reaction mixture contained 0.5 pL forward primer, 0.5
uL reverse primer, 5 pL syber green, 0.2 pL ROX dye, 2 pL template
cDNA, and 1.8 pL deionised water to make up to 10 pL/well in 384-well
plate format. As previously reported, relative gene expression was
computed for treated and non-treated (control) samples using GAPDH as
an internal control for normalisation (Fatima et al., 2021).

2.7. Insilico docking analysis

The interaction of narirutin with cyclin D1 (2W98), CDK-4 (6P8G),
CDK-6 (1X02), and hyaluronidase (2PE4) was examined by utilising the
methodology of Trott et al. (2010) using Autodock vina. The 3D struc-
ture of narirutin was obtained from PubChem (Pubchem ID: 42431) in
SDF format and then converted into PDB using Openbabel software.
Likewise, the 3D structure of targeted proteins, including cyclin D1
(2W98), CDK-4 (6P8G), CDK-6 (1X02), and hyaluronidase (2PE4), were
obtained from the protein data bank. The proteins were filtered for
hydrogen bonds, water molecules and missing atoms. At the same time,
the ligand files were prepared in PDB after the energy minimisation. Ten
runs were performed using a search algorithm. The UCSF chimera
observed the binding analysis (interaction with amino acids) and the
orientation. Ligplot was used to examine the hydrogen bonds and hy-
drophobic interaction, as reported earlier (Singh et al., 2021).

2.8. MD simulations

The molecular dynamic (MD) simulation was performed using
GROMACS-2018.4 software at the central computational facility (CCF)
of the Indian Institute of Information Technology, Allahabad, Prayagraj,
Uttar Pradesh, India. The docked complex of hyaluronidase and NAC
(PDB ID: 2PE4-Pubchem ID: 21115830), hyaluronidase and narirutin
(PDB ID: 2PE4-Pubchem ID: 442431) were used, and the complexes
were simulated using Charmm36 force field as reported earlier (Maurya
et al., 2020). The protein topology files were generated using the TIP3P
model, and ligand topology was created using the SwissParam web
server (Zoete et al., 2011). The SPC water model was used to create the
aqueous environment, and the system was neutralised by using Na+and
Cl™ ions. The steepest descent algorithm, 1000 kJ mol~! nm ™! was used
to minimise the energy by selecting 50000 interactions for each system.
Then, restrained the ligand, and the system was equilibrated with 310 K
temperature and 1 bar pressure for 2 fs. The electrostatic interactions
were calculated using the Particle Mesh Ewald method, and the
Berendsen temperature coupling method was used to regulate the
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temperature. The heavy atoms restraint conditions were positioned
using LINCS constraints algorithms and a non-bonded pair list. After
that, the MD run was performed for 60 ns, and after the termination of
MD, the trajectories were used to observe the structural deviations by
analysing the radius of gyration, root mean square deviation, root mean
square fluctuations, Coulomb-Short Rang (Coul-SR) energy, Lennard
Jones Short Range (LJ-SR) energy, solvent accessible surface area
(SASA) energy, Hydrogen-bond, and principal component analysis
(PCA) analysis.

2.9. MM/PBSA analysis

The binding free energy between the protein and ligands (NAC and
NAR) complex was calculated using the MM/PBSA (Molecular Me-
chanic/Poisson-Boltzmann surface area) by the apolar and polar sol-
vation potential energy calculations in the vacuum parameter. The MM/
PBSA program was used to determine the sum of all the estimated en-
ergies to predict the binding energy between the protein and its ligands.
The energies are generated every 1000 ps (Kumari et al., 2014). Further,
the contribution energy of amino acid against the binding energy and
interaction energies were calculated using the MM-PBSA method.

2.10. ADMET assessment

The absorption, distribution, metabolism, elimination and toxicity
(ADMET) profiling of narirutin was done using online web servers Iazar
and ADMETlab.

2.11. Statistical analysis

Data were calculated in Microsoft Excel (2007) and represented as
mean =+ SD. Table curve (2D windows version 4.07) was used to
calculate the ICsp. Dunnett’s test (one-way ANOVA) was employed to
investigate the statistical significance.

3. Results
3.1. Narirutin reduced the viability of prostate carcinoma cells

The concentration-dependent effect of narirutin was examined in PC-
3 cells by employing SRB NRU and MTT assays. The findings suggest that
narirutin reduced more than 50% proliferation in MTT and SRB assays
with ICsg values of 66.87 + 10.87 pM and 59.80 + 4.58 pM, respec-
tively, while in NRU assay, it reduced the viability up to 32.67 + 3.95%

100+ 100
__ 80

2 80 &
i o
£ 60 E;
3 =
S 60 =2
> 40 =

6001 001 04 1 0 1000

Log [Conc(uM)]

-0~ MTT-& NRU 4~ SRE - MTT-A- NRU-¥ SRB
' PC-3 b HEK-293 '

Fig. 1. Effect of narirutin on cell viability

The concentration-dependent (100-0.001 pM) effect of narirutin was observed
in prostate carcinoma (PC-3) and human embryonic kidney (HEK-293) cells
using MTT, NRU and SRB assay. Data represent the mean + SD (n = 3).
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(Fig. 1). The viability of HEK-293 (normal cells) after narirutin treat-
ment was 86.25 + 2.44%, 80.33 + 3.08%, and 78.50 + 4.00% at 100
pM in MTT, SRB and NRU assay, respectively (Fig. 1) indicating a non-
significant reduction in the viability of normal cell line. Podophyllotoxin
(PDT) showed a growth reduction of 70.20 + 2.70%, 64.82 + 1.17%
and 74.46 + 7.02% in MTT, NRU and SRB assay, respectively. Since
narirutin slows the proliferation of prostate cancer cells, further mech-
anistic analysis, including cell cycle, ROS estimation, and hyaluronidase
activity was performed.

3.2. Narirutin arrests the GO/G1 phase in prostate carcinoma cells

Narirutin reduced the viability of prostate cancer cells; therefore, cell
cycle analysis was performed to corroborate whether the anti-
proliferative effect of narirutin was mediated by arresting the cell
cycle phases. Treatment with narirutin at 10 pM and 100 pM for 24h
significantly modulate the cell cycle phases (Fig. 2A). The GO/G1 phase
populations increased to 1.09 fold and 1.12 fold after treatment with
narirutin at the tested concentrations. At both tested concentrations, a
simultaneous reduction in S-phase and G2/M populations was also
observed with narirutin. Narirutin arrest the GO/G1 phase; hence, its
binding interaction with the cyclin-dependent kinase-4, 6 and cyclin D1
were examined. The docking analysis indicates that narirutin strongly
interacted with CDK-4, CDK-6 and cyclin-D1 with the binding energy of
-7.8 kcal/mol, -9.5 kcal/mol, and -8.7 kcal/mol. The docked binding
poses are presented in Fig. 2B-D. Narirutin forms the hydrogen bond
with the targeted proteins, suggesting the stability of the receptor-ligand
complex.

3.3. Narirutin increased the reactive oxygen species generation in prostate
carcinoma cells

The high levels of ROS are documented to reverse the chemothera-
peutic resistance and induce cytotoxicity in tumorigenic cells. The evi-
dence suggests that ROS elevation is the core mechanism of
conventional cancer therapies and is directly associated with the death
of cancer cells (Aggarwal et al., 2019). Therefore, narirutin mediated
effect on ROS was analysed using DCFDA staining at 10 pM and 100 pM.
Fig. 3A and B depicts that narirutin significantly increased the ROS
production by 1.34 fold at higher tested concentration; however, at 10
uM, a non-significant reduction was observed. The finding indicates that
narirutin acts as a pro-oxidant at higher concentrations.

3.4. Narirutin inhibit the activity of hyaluronidase

The enzyme activity of narirutin was assessed in both cell-free and
cell-based test systems. In a cell-free assay, narirutin showed more than
70% enzyme activity inhibition at 100 pM, while a cell-based assay
showed 56.35 + 1.38% inhibition at 100 uM (Fig. 4A). The ICs values
are 11.17 £+ 2.59 pM and 67.23 + 6.42 pM in cell-free and cell-based
assays, respectively. Further, the efficacy of narirutin was analysed at
the transcript (mRNA) level of HYAL in PC-3 cells. The results are pre-
sented as Log relative quantification (Log RQ, Fig. 4B) and fold change
concerning control. The findings indicate that narirutin down-regulates
the expression of HYAL-1 non-significantly with the fold change of 1.24.

3.5. Narirutin showed stable and robust interaction with hyaluronidase

Narirutin inhibits hyaluronidase activity; thus, further in silico
studies were conducted to determine whether the inhibitory potential of
narirutin is mediated through the direct interaction with protein. The
molecular interaction study indicates that narirutin showed binding
energy of -7.67 kcal/mol and an inhibition constant of 2.40 pM
(Table 1). The docked pose of narirutin with hyaluronidase is depicted in
Fig. 4C and D. Ligplot studies showed that narirutin forms H-bonds with
A chain of HYAL. Narirutin interacted with ASP129 and TYR247, which
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Fig. 2. Effect of narirutin on cell cycle phases of
prostate carcinoma

The effect of narirutin at 10 pM and 100 pM was
observed in prostate carcinoma (PC-3) cells. [A]
Percent population observed in narirutin-treated and
non-treated cells. [B] The docked poses of narirutin
with cyclin-dependent kinase-6. [C] The docked poses
of narirutin with cyclin D1 were obtained from ligplot
and UCSF chimera. [D] The docked poses of narirutin

with cyclin-dependent kinase-4. Data represent mean
+ SD (n = 3). Dunnett’s post hoc test was applied to
observe the difference compared to non-treated cells.

Control 10 uM 100
ontrol n M **p < 0.05 consider significant.
[A] .
&
BEE
K
=
10° 10 10* 10
FITC-H
Control
[B] 600-
*k
S 400
1]
=
| &)
=
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0-
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10 yM

Fig. 3. Effect of narirutin on ROS levels of prostate carcinoma

100 uM

The effect of narirutin on ROS levels at 10 pM and 100 pM was observed in prostate carcinoma (PC-3). [A] Histograms represents the changes in ROS levels. [B] FITC
mean observed by DCFDA staining using Flow cytometry. Data represent mean =+ SD (n = 3). Dunnett’s post hoc test was applied to observe the difference compared

to non-treated cells. **p < 0.05 consider significant.

are required to stabilise catalytic nucleophiles. Narirutin also interacts
with GLU131, which acts as a proton donor for the hydroxyl leaving
group and forms a hydrogen bond with SER245, ARG265, LYS144,
GLU131 and TYR247. The in silico docking study findings were further
confirmed by observing hyaluronidase’s structural and conformational
changes after ligation with NAR and NAC using Molecular Dynamic
simulation on Gromacs 18.4.

The MD simulation of protein (Apo), NAC (Standard) and NAR

complexes was performed for 60 ns. The RMSD graph in Fig. 5A and B
suggests protein was comparatively highly unstable with a 2.76 nm
average RMSD. In contrast, a complex protein with NAR (0.89 nm) and
NAC (0.37 nm) were more stable and had no significant fluctuation in
the structure. The RMSF of proteins and protein-ligand complexes
fluctuated more during simulation than the protein individually. The
average RMSF values of protein, complexes of protein-NAC and protein-
NAR were 0.087 nm, 0.123 nm, and 0.147 nm, respectively. These
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Fig. 4. Narirutin inhibits the activity of hyaluroni-
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Table 1
Binding interaction of narirutin with the targeted receptors.
Targets BE Ki (mM) H-bond H-bond Hydrophobic residues Residues within the region of 5 A radius
(kcal/ length A residues
mol)
Cyclin D1 -8.7 4.14876E- 3.07 HIS132 ASP129, THR193, ALA133, CYS135.B, THR193.B, HIS132.B, ALA133.B, ASP129.B, ALA286.B,
(2W9F) 07 3.19 ARG283 MET197, PRO194, SER285, PHE287.B, GLN291.B, ARG288.B, ILE284.B, SER285.B, MET197.
2.94 ILE284 PHE287 B, ARG283.B, PRO194.B, PRO280.B, HIS281.B, LYS282.B
3.19 PHE280
3.20 HIS281
3.18 PHE280
3.08 ARG288
CDK-4 (6P8G) -7.8 1.89729E- 3.08 ARG26 ALA30, HIS65, ARG123, ASP25.A, ARG26.A, ARG29.A, VAL27.A, ALA30.A, ALA130.B,
06 2.79 ARG26 GLN288, LEU287, PHE284, ASN131.B, LYS33.A, PHE63.B, GLU64.B, PRO66.B, HIS65.B,
2.80 ARG26 ASP126, PHE127 PHE127.B, ARG126B, ASP126.B, LEU287.B, PHE284.B, GLN288.B
3.26 ARG26
3.05 ARG26
3.34 ARG29
3.10 ARG29
2.92 LYS33
2.96 PHE63
2.81 PHE63
3.13 GLU64
CDK-6 (1X02) -9.5 1.07414E- 2.82 ASP81 SER78, LEU34, ARG82, CYS85, ARG66.B, LYS144.A, ASP146.A, LEU143.A, LYS86.A, PRO35.A,
07 2.81 LEU143 LYS144,LYS86, ASP146, SER39 LEU34.A, ARG82.A, CYS85.A, PHE37.A, THR38.A, LYS36.A,
2.78 LYS36 VAL150.A, SER78.A, ASP81.A, SER39.A, TRP41.A, LEU40.A,
2.98 THR38 ARG52.A, ALA191.A, LEU192.A, LEU185.A, LEU193.A, ILE198.A,
2.95 ALA191 PRO195.A, ALA152.A, PRO74.A, VAL150.A, VAL77.A, SER78.A,
2.74 ALA191 PRO35.A, LEU34.A, ARG82.A
2.93 LEU192
Hyaluronidase -9.6 9.072E-08 3.01 TRP141 TYR208, GLU131, ASP129, TYR262A, ARG265.A, ASP206.A, TYR210.A, TYR208.A, TRP141.
(2PE4) 2.85 ASP142 TYR75, TYR286, TRP321, A, ASP142.A, THR143.A, LYS144.A, ARG134.A, GLU131.A,
2.90 ARG134 TYR247 ASP129.A, TRP321.A, TYR286.A, TYR202A, TYR247.A, SER245A,
3.19 ARG134 ASP292.A
2.90 TYR202
3.08 SER245
3.23 ARG265
2.87 ASP206
2.74 ASP206
2.71 TYR210

BE: Binding energy; Ki: Inhibition constant; H-bond: Hydrogen bond.

results showed that protein obtains flexibility due to the ligation of NAC
and NAR, significantly affecting the overall binding of the amino acid
residues with the ligand atom (Fig. 5C and D). The Rg of protein was
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protein with NAC (2.308 nm) showed more fluctuation than NAR
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Fig. 5. Molecular dynamics simulation graphs observed using GROMACS
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[A] Represents RMSD change observed during simulation. [B] Indicates average RMSD of Apo-protein, NAC (N-acetyl-L-cysteine), and NAR (Narirutin). [C] Rep-
resents root mean square fluctuation (RMSF) observed during simulation. [D] Indicates average RMSD of Apo-protein, NAC (N-acetyl-L-cysteine), and NAR (Nar-
irutin). [E] Represents RMSD change observed during simulation. [F] Indicates average RMSD of Apo-protein, NAC (N-acetyl-L-cysteine), and NAR (Narirutin).

NAR shows more stable interaction while NAC shows fluctuation for
both columbic-SR and LJ-SR interactions (Fig. 6A-D). The proteins’
average energy per amino acid residue contribution over 60 ns during
the simulation time against the binding affinity between the ligand
molecules and the protein is depicted as the amino acid residues
decomposition plot. The result of MMPSBA analysis revealed that the
residue of amino acids identified to be participating in the interactions
during the docking studies shows better stability and plays an essential
role in the inhibitory activity of protein responsible for cancer cell
proliferation and metastasis (Fig. 6E). NAR interacted and formed more
hydrogen bonds with the protein NAC (Fig. 7A). The solvent-accessible
surface area (SASA) of non-ligated and ligated proteins was calculated to
analyse the changes in the hydrophilic and hydrophobic residues during
the simulation. The SASA results showed that the ligated protein with
NAC and NAR showed a somewhat higher SASA value than the unligated
protein (Fig. 7B). The essential dynamic study used motion data during
simulations to support the MD results. The data were obtained using
principal component analysis (PCA) analysis. The most important

associated eigenvalues throughout the dynamics of proteins are thought
to be in the subspace around the eigenvectors. Using a covariance matrix
created from the fluctuations in atomic location, the overall flexibility of
the ligated and unligated proteins was examined (Maurya et al., 2020).
The eigen vectors’ plot showed that the protein with ligand showed less
motion from the centre of the unligated protein, confirming the liga-
tion’s stability at 300 K (Fig. 7C).

3.6. Narirutin does not act as a CYPs inhibitor and is non-toxic

The physico-chemical properties indicate a high solubility of narir-
utin and high CaCO-2 permeability. It does not act as an inhibitor or
substrate of p-gp. It did not cross the blood-brain barrier but showed
plasma protein binding. It does not inhibit the different cytochromes
(CYPs) and thus does not affect the metabolism. The predicted half-life
of narirutin is 1.775 h, and the clearance rate is 0.578 mL/min/kg
(Table 2). Narirutin did not reveal hepatotoxicity, skin sensitisation,
carcinogenicity, and mutagenesis, but the lethal toxicity dose was high
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Fig. 6. Interaction energy graphs observed during MD simulation

[A] Represents Coulombic-Sort Range energy analysed during 60 ns simulation. [B] Indicates average of Coul-SR energy of Apo-protein, NAC and protein, NAR and
protein. [C] Represents Lennard-Jones sort Range energy analysed during 60 ns simulation. [D] Indicates the average LJ-SR energy of Apo-protein, NAC and protein,
NAR and protein. [E] The residue decomposition plot of the interactions between the protein and the ligands (NAC & NAR).
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and protein. [C] Projection of the motion of the protein in the phase space along the first two principal eigenvectors at 300 K: protein Apo (black) vs ligated protein

(NAC and NAR).

Table 2
ADMET properties of narirutin.

Physiochemical properties

Log S (Solubility) —3.001 log mol/L

Log D7.4 (Distribution coefficient D) 0.932

Log P -1.165
Absorption

Caco-2 permeability —6.645 cm/s
P gp-inhibitor NO

P gp-substrate NO
Distribution

Plasma protein binding 76.284%
Volume distribution —0.917L/Kg
Blood-brain Barrier NO
Metabolism

CYP1A2 inhibitor NO

CYP3A4 inhibitor NO

CYP2C9 inhibitor NO
CYP2C19 inhibitor NO

CYP2D6 inhibitor NO
Elimination

Ty /2 (half-life time) 1.775h
Clearance rate 0.578 mL/min/kg
Toxicity

Human hepatotoxicity NO
Carcinogenicity (Mouse) NO
Carcinogenicity (Rat) NO
Carcinogenicity (Rodent) NO
Mutagenesis NO

Skin sensitisation NO

LDsp of acute toxicity
Maximum recommended daily dose (Human)

360.439 mg/kg
23.4 mg/kg bw/day

LDso, Lethal dose; CYP, Cytochrome p450; P-gp, P-glycoprotein; T;,5, Time
required for plasma concentration of a drug to decrease by 50%.

(Table 2).
4. Discussion

Prostate cancer is commonly diagnosed in males and is the second
leading cause of mortality among men. Most patients experience
hormone-refractory (androgen-independent) cancer, which resists
advanced clinical therapy and increases mortality, probably due to p53
mutations, increasing DNA instability, androgen receptor mutations,
and changes in gene expression., It is a type of prostate cancer that
cannot be managed by hormone therapy. The treatment options for re-
fractory hormone malignancies include supportive care, second-line
hormonal adjustments, and cytotoxic therapy. The chemotherapeutic
agents increased the palliative benefits and response rate but did not
improve survival (Martel et al., 2003; Sonpavde et al., 2006; Hou et al.,
2016). Hence, the efforts must be focused on identifying the investiga-
tional agents with a novel mechanism of action and having low toxicity
on normal cells. Therefore, the chemopreventive potential of narirutin, a

dietary flavanone, was examined in PC-3 cells by performing cell
viability assays. Fig. 1 demonstrates that narirutin potentially reduced
the viability of PC-3 cells in a concentration-dependent manner while
not being effective against HEK-293 (human embryonic kidney cell
line). Besides, findings indicate that narirutin-induced reduction in the
cell viability of PC-3 cells was not mediated by altering the integrity of
lysosomes. An earlier report by Shammugasamy et al. (2019) supported
our finding that indicates narirutin-containing peel extract of C. sinensis
L. suppressed the proliferation of prostate cancer cells (LNCaP and
PC-3).

The cell cycle is an essential biological phenomenon regulated by
proteins, and the deregulation leads to cancer progression. The cell cycle
is divided into GO/G1, S, G2, and M phases, and any change or arrest by
chemical interventions reduces the proliferation of cancer -cells
(Schwartz and Shah, 2005). Fig. 2 depicts that narirutin induced G0/G1
phase arrest in PC-3 cells and suppressed their multiplication by
arresting them into the resting phase. Besides, narirutin showed strong
binding interaction and formed a hydrogen bond with the cyclin D1,
CDK-4 and CDK-6. This could be a strong indicator that narirutin binds
to the appropriate cyclins and CDKs and undergoes conformational
changes that result in the inhibition of specific proteins, arresting the
cells in the resting phase.

Reactive oxygen species are a significant regulator of diverse sig-
nalling pathways in cancer cells. The evidence reveals that ROS increase
is the primary mechanism of traditional cancer therapy and is closely
related to the death of cancer cells (Aggarwal et al., 2019). Hence, the
effect of narirutin in ROS generation was explored using DCF-DA
staining. Fig. 3 indicates that narirutin increased ROS generation
compared to the non-treated cells. Anthracyclins and
doxorubicin-induced ROS generation are widely used to treat bladder
cancer, breast cancer, acute lymphocytic leukaemia, and Kaposi’s sar-
coma (Aggarwal et al., 2019; Pilco-Ferreto and Calaf, 2016; Panchuk
et al., 2017). The findings suggest that ROS induction might be a
possible mechanism for narirutin-mediated growth inhibition of PC-3
cells.

Karl Meyer first introduced the hyaluronidase term to indicate en-
zymes that degrade HA. HYAL is considered a prognostic and diagnostic
biomarker in tumor cells. Prostate cancer five-year survival was
reduced, and clinical recurrence was predicted by HYAL-1 and hyal-
uronic acid overexpression (Gomez et al., 2009). Prostate cancer cells
that express HYAL-1 produce a considerable amount of HA fragments
when injected in mice intra-prostatically and are found to be more
metastatic (=90% of lymph node metastasis) abrogated by knockdown
of HA synthesis in aggressively metastatic prostate cancer cells
(McCarthy, 2005; Patel et al., 2002). The up-regulation of HYAL-1
expression at the mRNA level has been reported in many cancer types,
particularly bladder and prostate cancer, where its expression is
down-regulated in alternative splice variants (Chao et al., 2007). Fig. 4
demonstrates that narirutin strongly interacts with hyaluronidase and
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the critical amino acid residues involved in catalytic stabilisation. Be-
sides, it inhibits hyaluronidase activity in cell-free and cell-based test
systems (Fig. 4A).

Moreover, the expression analysis confirmed the narirutin-mediated
downregulation of hyaluronidase in PC-3 cells (Fig. 4B). It has been
observed that fisetin treatment significantly decreased hyaluronidase’s
protein and mRNA expression in prostate cancer cells (Lall et al., 2016).
Naringenin and 7-O-butyl naringenin showed uncompetitive inhibition
against hyaluronidase (Moon et al., 2009). Flavonoid glycosides were
determined as hyaluronidase inhibitors, especially 7-O-glucuronides
and aglycones, including kaempferol and quercetin (Kubinova et al.,
2019). The RMSD of protein and protein-ligand complexes were calcu-
lated, and the graph was plotted to analyse the stability of the complex.
To analyse the dynamic stability of protein-ligand complex structure,
RMSD is a universal measure of structural fluctuation. To understand the
effects of ligands on the protein structure flexibility and stability, the
mean per residue fluctuation of the ligand-protein complex and protein
backbone were calculated using RMSF analysis. The radius of gyration
(Rg) analysis reveals the structure compatibility, folding of protein
structure, and mass-weighted mean square distance of atoms from their
centre mass (Maurya et al., 2020). Fig. 5 depicts that the folding and
compactness of protein complexes with NAC changes more than the
NAR complex.

Furthermore, the strength of thunderation of ligands with protein,
Short-range coulombic and Lennard-jones potential energy was also
estimated. The non-bonded interaction energy between ligands and
proteins was calculated in these interactions. The results indicate that
NAR binding interaction was more stable than NAC (Fig. 6). The inter-
action potential between the protein and ligands was calculated by
analysing hydrogen bonding throughout the simulation time. Fig. 7
revealed that NAR forms more hydrogen bonds than NAC, suggesting
NAR forms a more stable complex than NAC. The modification of hy-
aluronic acid (HA) was done by hyaluronidase into low molecular
weight fragments that will interact with CD44 membrane receptors.
Because hyaluronidase was overexpressed in cancer cells, a high and
low-weight HA fragment abundance was seen. Upon binding, HA acti-
vates the pathways (RAS-MAP kinase and PI3K) that are involved in
cancer cell proliferation, motility, chemo-resistance, survival and inva-
sion. The extracellular domain of CD44 has an HA-binding part that
makes it a more specific ligand (Chen et al., 2018). To suppress the
activation of tumor-promoting pathways, cancer therapy must modify
the interaction of HA and CD44 or the levels of HA in the extracellular
matrix. Narirutin inhibits hyaluronidase’s activity and forms a stable
complex with it. Thus, it might change the binding with HA and disrupts

@ Hyaluronic acid (HA)

lHyaIuronidase (HYAL)|7
Hyaluronic acid fragments &

RAS-MAP kinase and PI3K pathway l

—> | MMP/ER l

Food and Chemical Toxicology 174 (2023) 113638

the formation of low molecular weight HA synthesis. Due to the un-
availability of low molecular weight HA fragments, it could not interact
with CD44 receptors and thus might suppress the activation of down-
stream pathways. Besides, CD44 contributes to lowering ROS levels by
glutamate-cystine transporter xCT, thereby maintaining the ROS level in
cancer cells. This process helps cancer cells in ROS defence and tumor
progression and makes cancer cells resistant to chemo and radiotherapy
(Yusupov et al., 2021; Cowman, 2017). Narirutin acts as a pro-oxidant
and increases ROS levels by altering the mitochondrial function or
enhancing endoplasmic reticulum stress (ER). The excess generation of
ROS (hydroxyl radicals) causes the ring to open and cleave the glyco-
sidic linkage of HA. This modification leads to the disruption in the
interaction of CD44 and HA, thereby hindering the signalling pathways
involved in the progression and survival of cancer cells (Fig. 8). Narir-
utin did not show hepatotoxicity, carcinogenicity, and skin sensitisation.
Besides, it did not cross the BBB and act as a CYPs inhibitor. The present
study suggests the potential of narirutin for prostate cancer prevention.
These findings also advocate for medicinal chemistry interventions to
enhance the efficacy of narirutin. Although, a few limitations remain to
be addressed, including Western blot analysis to validate the target
modulatory potential of narirutin and the interaction of the downstream
pathway of CD44 and HA along with the effect on mitochondrial po-
tential and xenograft model experiments.

5. Conclusion

Narirutin potentially reduced the viability of hormone-refractory
prostate cells and induced GO/G1 phase arrest. Besides, it inhibits the
activity of hyaluronidase, a diagnosis marker in prostate carcinoma.
Further, MD analysis confirmed that narirutin maintains the compact-
ness of hyaluronidase and forms a stable complex; thus might be
responsible for inhibiting hyaluronidase. Moreover, it induced ROS
generation in PC-3 cells that might lead to the oxidation of HA fragments
and hinder the interaction with CD44 receptors, thereby suppressing the
signalling pathways associated with the proliferation and survival of
prostate carcinoma cells. Additionally, it did not depict skin sensitisa-
tion, carcinogenicity, mutagenesis or hepatotoxicity. Narirutin possess
potent chemopreventive efficacy and thus could be used to synthesise
novel analogues with improved efficacy. However, further experimental
validations are required to establish its effectiveness.
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