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ABSTRACT: Fibromyalgia (FM) is characterized by chronic pain and heightened sensitivity to painful stimuli. This
study investigated the potential of Niranthin (NR), a natural compound derived from Phyllanthus species, in a rat model
of FM. We employed a multifaceted approach to comprehensively assess the potential benefits of NR as a treatment for
FM, including in-vivo analysis, molecular docking studies, and molecular dynamics (MD) simulations, and Density
Functional Theory (DFT) calculations. Three doses of NR (5mg/kg, 10mg/kg and 20mg/kg) significantly reduced
mechanical allodynia induced by acidic saline injections. In an acute study, NR dosing increased the mechanical thresh-
old in both ipsilateral and contralateral paws. In a four-day study, twice-daily NR treatment further elevated the mechan-
ical threshold. Temporary treatment interruption led to a re-establishment of allodynia, but subsequent reinitiation of
NR treatment remained effective, ruling out tolerance development. MD simulations were conducted to investigate the
stability and dynamics of NR-target complexes, revealing stable binding interactions and conformational changes asso-
ciated with NR binding. Docking calculations indicated that the NR molecule had a similar binding affinity to the drug
Amiloride towards Acid-sensing ion channels (ASICs). NR showed interactions with amino acid residues, including LYS
373, ARG 370, GLU 374 and GLN 277. DFT calculations provided insights into the electronic and structural properties
of NR and its interactions with FM-related molecular target ASICs. We propose that NR may modulate ASICs, leading
to decreased pain sensitivity in FM rats. However, further research is required to fully understand the mechanism of
action and explore NRs therapeutic potential for the treatment of FM.
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fatigue, and cognitive disturbances, remains a chal-
lenging and enigmatic condition for both patients and
healthcare professionals.! The multifactorial nature of
FM, compounded by the lack of a clearly defined aeti-
ology, has hindered the development of effective treat-
ment options.” FM is identified by the presence of
persistent widespread pain and sensitive points that
indicate central nervous system (CNS) sensitization.*
Individuals with FM exhibit both qualitative and quan-
titative abnormalities in their experience of pain,
resulting in allodynia and/or hyperalgesia.?

Several preclinical models have been developed to
mimic various pain types, including acute, neuro-
pathic, inflammatory, surgical and cancer-related pain
encountered in clinical settings.” However, the absence
of suitable preclinical models has impeded basic drug
discovery research in this area.” To address this issue,
Sluka and colleagues* introduced a rodent model
involving acid saline-induced pain, which closely mim-
ics musculoskeletal pain in humans. In this model, two
injections of acidic saline (pH 4.0) into the gastro-
cnemius muscle, separated by 5 days, lead to a pro-
longed bilateral reduction in hind paw mechanical
withdrawal responses.* Nielsen and his team’® have
pharmacologically characterized this model by assess-
ing the effects of different analgesics. Notably, this
model induces bilateral, widespread hyperalgesia
affecting the paw, muscle and viscera, primarily medi-
ated by central mechanisms.* Acid-sensing ion chan-
nels (ASICs), a family of proton-gated ion channels,
have emerged as potential players in the pathophysiol-
ogy of chronic pain conditions.® ASICs are expressed in
various pain-sensing neurons and have been impli-
cated in nociception and hyperalgesia.” The link
between ASICs and FM is an area of growing interest,
as their dysregulation may contribute to the abnormal
sensory processing and chronic pain experienced by
FM patients.””*

Previously, we reported anti-FM activity of stand-
ardized extracts of Phyllanthus amarus and Phyllanthus
fraternus in acidic saline-induced (ASI) chronic muscle
pain model.” In our recent studies, we evaluated the
anti-hyperalgesic activity of Niranthin (NR) [6-[(2R,
3R)-3-[(3,4-dimethoxyphenyl)methyl]-4-methoxy2-
(methoxymethyl) butyl]-4-methoxy-1,3-benzodioxole]
Fig. 1, a product from Phyllanthus species, which
was probably mediated by its’ analgesic and anti-
inflammatory activities.""'* However, the specific effects
of NR on ASICs in the context of FM remained unex-
plored. Previously, we had also elucidated a possible
positive modulation of the GABA-A/benzodiazepine
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Fig. 1. (Color Online) The chemical structure of NR.

receptor complex by NR in relieving anxiety."* Thus,
considering the background literature’ and our works
on NR,"""'* we were encouraged to carry out the analysis
of the specific testing of NR in acidic saline model.
Moreover, as a plausible mechanism underlying, we did
molecular docking of NR on ASIC receptor. The inter-
connecting role of ASIC and FM was supported by ear-
lier literature.”® This research thus aims to explore the
therapeutic potential of NR in the context of FM by
employing a combination of in-vivo analysis, molecular
docking studies, molecular dynamics (MD) simulations,
and Density Functional Theory (DFT) calculations.'”*
By integrating these diverse techniques, we aim to pro-
vide a comprehensive assessment of NRs’ capacity to
alleviate FM symptoms while elucidating its underlying
mechanisms of action.

2. RESULTS AND DISCUSSIONS

This study was undertaken to assess the effects of NR
on mechanical allodynia® induced by repeated intra-
muscular injections of acidic saline.

2.1. Induction of chronic mechanical allodynia

From a total of 36 animals that received repeated injec-
tions of acidic saline, 31 rats (respondents) showed a
significant reduction in paw withdrawal threshold in
response to von Frey hair stimulation 24h after the
second injection. The remaining 13.888% (n = 5) of the
nonrespondent animals displaying no responses to
innocuous mechanical stimulation were excluded from
the study. 24h after the second injection, the mean
mechanical withdrawal threshold of the experimental
animals to mechanical stimuli of the ipsilateral paw
decreased from 17.32 * 0.152g to 5.022 * 0.604g
(n = 30). The details are summarized in Fig. 2. Out of
the 31 respondents, 30 animals were selected for fur-
ther studies.
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Fig. 2.
mechanical paw withdrawal latency.

(Color Online) Effect of repeated doses of acidic saline on

Figure 2 shows the effect of repeated injections of
acidic saline in the gastrocnemius muscle of rats
(n = 36). Withdrawal threshold (g) after stimulation of
the plantar surface of the hindpaw was measured with
von Frey hairs and the development of mechanical
hyperalgesia was observed for both the ipsilateral and
contralateral hindpaws. The various time points are
baseline measured before the first injection, 24 h after
the first injection, immediately before the second injec-
tion (on day -5) and on days 6, 7 and 14. Data are
presented as mean + S.E.M Number of responders was
n =31 and nonresponders n = 5, to mechanical stimuli
after a day of first injection of acidic saline.

A similar reduction was shown by the contralateral
paw from 18.361 + 0.2677g to 6.277 £ 0.728g. This
effect, until 3 weeks, significantly increased sensitivity
remained for both paws after the second unilateral
injection. The withdrawal threshold testing of the ipsi-
lateral and contralateral paws showed no significant
difference. Cold allodynia was tested for both the ipsi-
lateral and contralateral paws by stimulating with ace-
tone, but no changes were observed for either paw.
From a total of 30 rats receiving two acidic saline
repeated injections 83.33% (n = 30) had shown a signif-
icant reduction in paw withdrawal thresholds to
mechanical stimulation by von Frey hairs, 24 h after the
second acidic saline injection. The remaining 16.66%
(n = 6) rats displayed reflex responses in exposure to
innocuous mechanical stimuli similarly at the pre-in-
jection stage and were excluded from this study.
Responders’ mean mechanical withdrawal threshold
on the 14th day for ipsilateral paw was 2.865 + 1.065g
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Fig. 3. (Color Online) Effect of NR on mechanical withdrawal
threshold in acute responsive studies. NR induced an increase in
ipsilateral (a) and contralateral (b) paw withdrawal threshold, which
remained significantly different from baseline and vehicle-treated
control for up to 180 min after injection of NR. Data are presented
as mean = SEM, *P < 0.05 versus corresponding vehicle time points.

and nonresponders its 1520 = 0.92g. The mean
mechanical withdrawal threshold of responders in the
contralateral paw was found to be 1.987 g £ 0.078 g and
for the nonresponders, it was 13.24 + 0.2 g.

2.2. Modulation of mechanical allodynia
by Niranthin

All studied NR doses (5mg/kg, 10 mg/kg, and 20 mg/
kg) showed significant mechanical allodynia reduction
induced by acidic saline repeated injections. In the case
of the acute study;, ipsilateral paws’ mechanical thresh-
old was elevated to 13.97 = 0.98g, 13.11 £ 0.90g and
11.98 + 0.70 g for 5mg/kg, 10 mg/kg and 20 mg/kg NR
treatments, respectively (see Fig. 3(a)). While, for the
contralateral paw, it was raised to 13.62 * 0.84g,
11.97 £ 0.70g and 11.75 £ 0.5g for 5mg/kg, 10 mg/kg
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and 20mg/kg NR treatments, respectively (see
Fig. 3(b)). After 90 min of their administration, a pro-
nounced effect was observed, i.e., an increase in with-
drawal threshold to mechanical stimuli for acute study.
Twice a day administration of NR consequently for
four days significantly reduced mechanical allodynia
sensitivity of the ipsilateral paw, reaching to maximal
of 15.80 £ 1.319g, 16.20 + 0.489¢g and 16.40 = 0.979g
for 5mg/kg, 10 mg/kg and 20 mg/kg treatments, respec-
tively (see Fig. 4(a)). The mechanical allodynia of the
contralateral paw was elevated to 15.80 = 1.805g,
16.40 £ 0.979g and 17.80 £ 0.969 g for 5mg/kg, 10 mg/
kg and 20 mg/kg treatments with NR, respectively (see
Fig. 4(b)).

Treatment of NR was interrupted for two days
(18th and 19th), and mechanical allodynia was re-
established. NR treatment was then reinitiated again
on the 20th day and it was noted that NR significantly
reduces mechanical allodynia, excluding possibility of
tolerance development.
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Fig. 4. (Color Online) Effect of NR on mechanical withdrawal
threshold on chronic muscle allodynia. NR induced an increase in
ipsilateral (a) and contralateral (b) paw withdrawal threshold, which
remained significantly different from baseline and vehicle-treated
control for up to 180 min after injection of NR. Data are presented
as mean £ SEM,*P < 0.05 versus corresponding vehicle time points.

Maximum possible effectiveness (MPE)

The details of the acute study are summarized in
Fig. 5(a). It was observed that NR 20mg/kg dose
showed MPE of 255.66% for ipsilateral and 357.14%
for contralateral paw. The NR 10mg/kg dose shows
MPE of 241.24% and 322.29% for ipsilateral and con-
tralateral paws, respectively. While the MPE of NR
5mg/kg treatment was 221.05% for the ipsilateral and
281.25% for the contralateral paw. The MPE of stand-
ard Amiloride treatment was 366.67% for the ipsilat-
eral and 400.01% for the contralateral paw.

The details of the chronic study are summarized in
Fig. 5(b). In the chronic study, it was seen that NR
20 mg/kg dose treated rats showed maximum possible
effectiveness of 394.40% for ipsilateral and 550.01% for
contralateral paws. The NR 10 mg/kg dose shows MPE
of 326.30% and 456.25% for ipsilateral and contralat-
eral paws, respectively. While, the NR 5mg/kg treated
rats showed MPE of 252.82% and 331.57% for ipsilat-
eral and contralateral paws, respectively. The MPE of
standard Amiloride treatment was 429.87% for the
ipsilateral and 607.69% for the contralateral paw.
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Fig. 5. (Color Online) Maximum possible effectiveness in
percentage calculated for ipsilateral and contralateral paws for the
(a) Acute study and (b) Chronic study. (the MPE values are repre-
sented only for the highest achieved values in a comparative man-
ner; *P < 0.05 as compared to control).
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Percentage inhibition of allodynia: In the case of the
acute study the maximum percentage inhibition (MPI)
of allodynia for 5mg/kg, 10 mg/kg and 20 mg/kg dose
treatment reached 53.43%, 55.82% and 57.01% inhibi-
tions, respectively for ipsilateral paw. While, the MPI
allodynia for 5mg/kg, 10mg/kg and 20 mg/kg dose-
treated rats reach 56.619%, 59.105% and 60.348%,
respectively, for the contralateral paw. The MPI of
standard Amiloride treatment was 58.11% for the ipsi-
lateral and 62.83% for the contralateral paw. The
details of the acute study are summarized in Fig. 6(a).

In the case of chronic study, the MPI of allodynia
for 5mg/kg, 10mg/kg and 20mg/kg dose treatment
reached 78.507%, 83.313% and 86.86%, respectively for
ipsilateral paws. While the MPI allodynia for the con-
tralateral paws for 5mg/kg, 10mg/kg and 20 mg/kg
treated groups reached 82.72%, 91.423% and 93.909%,
respectively. While the MPI of standard Amiloride
treatment was 90.44% for the ipsilateral and 95.125%
for the contralateral paw. The details of the chronic
study are summarized in Fig. 6(b).

2.3. Results from docking

Based on the background literature'® supporting
Amiloride-blockable ASICs, we conducted a theoreti-
cal analysis using molecular docking simulations. We
performed molecular docking of the drug Amiloride
against the target ‘an ASIC in a resting state with cal-
cium' (PDB ID: 5WKYV) initially at pH. 7.4 (with
default settings) followed by experimental conditions
(in-vivo) with respect to the pH of acidic saline injec-
tion, i.e., at. pH 4.0."” Additionally, to identify a poten-
tial target for ‘NR, we subjected it to docking as well.
Docking results at pH. 7.4 indicated that molecule NR
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Fig. 6. (Color Online) Percentage inhibition of allodynia was cal-
culated for ipsilateral and contralateral paws for the (a) Acute study
and (b) Chronic study. (the values are represented only for the
values where the highest percentage inhibition was observed
comparatively; *P < 0.05 as compared to control).

(docking score: —93.23 Kcal/mol) exhibited a similar
binding affinity to the drug Amiloride (docking score:
—-93.21 Kcal/mol). Standard Amiloride formed inter-
actions with amino acid residues, such as GLN 135,

] van der wasks [ A
Bl Convertions Hydrogen Bord [
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Fig. 7. (Color Online) A 2D-interaction diagram of Amiloride within the binding pocket of ASIC.
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Fig. 8. (Color Online) A 2D-interaction diagram of NR within the binding pocket of ASIC.

LYS373

Fig. 9. (Color Online) 3D binding mode of NR (Green: Ball and
Stick model) and Amiloride (Red) within the binding pocket of
5WKV.

TYR 230, PRO 232, ASP 228, GLN 227, GLU412 and
ASP 132, through conventional H-bonding and alkyl,
n-alkyl interactions (Fig. 7). Standard Amiloride how-
ever depicted interactions with amino acid residues,
such as GLU 412, LYS 373, GLU 374 and GLN 277,
through conventional H-bonding and charged inter-
actions at pH 4.0. (refer to Supplementary Information).
Similarly, NR displayed interactions with amino acid
residues, including PRO 232, TYR 230, PHE 101, VAL
104 and ILE 138 (Fig. 8) at pH. 7.4. NR exhibited
robust alkyl, -alkyl interactions, or 7-sigma interac-
tions (Fig. 9). Based on the docking affinities, we
conclude that NR shows a similar affinity towards
ASICs as Amiloride, as demonstrated by in-silico
studies.
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2.4. The mulliken charge analysis

The difference in the biological activities of the studied
chemicals might correlate with the charge distributions
within them.!® Therefore, the DFT-B3LYP method was
adopted to calculate the Mulliken charges on the non-
hydrogen atoms in the studied compounds. The calcu-
lated Mulliken charges of the two compounds are
depicted in Fig. 10.

2.5. HOMO-LUMO analysis

Instead of thinking about the total electron density in a
nucleophile, the electron density distribution in the
highest occupied molecular orbital (HOMO) should be
considered because electrons from this orbital have the
most chance to participate in the nucleophilic attack,
while the electron density distribution in the lowest
unoccupied molecular orbital (LUMO) indicates
whether a site is a good electrophilic site."” The frontier
molecular orbitals of the title compounds were further
investigated in this study. As depicted in Fig. 11, the
transition from the HOMO to LUMO orbital for
Amiloride involves the mixing between the 77* transi-
tion and n7r* transition whereas the transition from the
HOMO to LUMO orbital for NR involves a charge
transfer. Moreover, Amiloride has a smaller HOMO-
LUMO gap (AEg) than NR.

2.6. Molecular dynamics analysis

We carried out MD analysis for the complex 5SWKV: NR
for the period of 100 ns using the ‘Desmond, Schrodinger,
LLC, NY, 2023 module. In total 168,672 atoms were
included throughout the simulation along with 49,485
water molecules. Standard NTP conditions were main-
tained. The Ligand Root Mean Square Deviation
(RMSD) value (Fig. 12(a)) was retained below 4A;
whereas RMSD values for Ca backbone atoms, back-
bone atoms, and heavy atoms were retained below 4.2 A.
We also noticed that there were minimal amino acid
residue fluctuations except residues at 400, 800 1200,
etc. as indicated by The Root Mean Square Fluctuation
(RMSF) graph (Fig. 12(b)). The Ligand-Root Mean
Square Fluctuation (L-RMSF) value was observed below
5A (Fig. 13(a)). The protein-ligand contact plot indi-
cated mainly water bridge interactions with amino acid
residues such as Lys 422, Glu 426, Ala 428, Met 52, Ala
59, Leu 60, Thr 63, Asn 64, Arg 65, Gln 67 and Phe 70
(Figs. 13(b) and 13(c)). Amino acid residues Met 52,
Leu 55, Ala56, Leu 58, Ala 59, Leu 60, Arg 65, Ile 66, Tyr
68, Phe 70 and Leu 71 represented hydrophobic interac-
tions. Cys 62, Thr 63, Asn 64 and Gln 67 denoted
mainly H-bonding interactions (Fig. 13(c)). The ligand
torsions plot summarizes the conformational evolution
of every rotatable bond (RB) in the ligand through-
out the simulation trajectory (0.00 through 100.0s)
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Fig. 11. (Color Online) The HOMO and LUMO of the studied compounds (the isovalue = 0.024 a.u.).
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Fig. 12. (a) The RMSD and (b) RMSF plots for the complex 5SWKV: NR for the period of 100 ns.

(Fig. 14). Figure 13(d) denotes ligand properties such as
Ligand RMSD, Radius of Gyration (rGyr), Intramolecu-
lar Hydrogen Bonds (intra-HB), Molecular Surface
Area (MolSA), Solvent Accessible Surface Area (SASA)
and Polar Surface Area (PSA). Refer to Supplementary
Information for detailed explanations.

2.7. Discussion

Anti-allodynia effects of Niranthin in acid saline-
induced chronic allodynia

In this study, the administration of NR produced a
dose-dependent reversal in mechanical hypersensitivity
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in rats after repeated intra-muscular injection of
acidic saline. Results indicated that the intraperito-
neal administration of NR, twice a day, showed a sig-
nificant antiallodynic effect in both paws. The acidic
saline-induced chronic allodynia model is unique as
it has very negligible muscle damage, and develops
widespread hypersensitivity, mimicking the aspects of
musculoskeletal pain associated with secondary allo-
dynia spreading to paws.? Analgesics like morphine,
diazepam, voltage-activated sodium channel block-
ers, glutamate receptor antagonists, potassium chan-
nel openers and others target a specified aspect of
nociceptive transmission after systemic injection
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which is very effective in the presently studied proto-
cols.” Earlier our studies demonstrated a possible
positive modulation of the GABA-A/benzodiazepine
receptor complex in relieving anxiety as we tested and
recorded the effects of the NR using selective blocker
as well as parallel in-silico analysis."* NR has been
shown to possess better analgesic potential in evalu-
ated models of nociception being active centrally as
well as peripherally. The findings of this study show
the anti-allodynic action of NR that would probably
be mediated via its ability to alter interact or modu-
late central sensitization.

Thus, highlighting NR potential interaction with
ion channels could offer a novel approach to modulat-
ing pain signaling pathways. We performed a prelimi-
nary in-silico evaluation of NR interactions with basic
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FM targets like Voltage-Activated Sodium Channel,
glutamate receptors, potassium channels, but we did
not find any positive clear findings for their involve-
ment (Table 1). NR during in-silico docking studies
revealed clear and unique interactions with ASICs,
which led to further addition of molecular docking
studies, molecular dynamic simulations, and DFT cal-
culations supporting the in-vivo analysis. These com-
plementary methods provide a comprehensive view of
how NR interacts with ASICs and the potential conse-
quences of this interaction at the molecular level. MD
simulations helped to elucidate the dynamic behavior
of the NR-ASIC complex, providing insights into sta-
bility and conformational changes, while DFT calcula-
tions offer information on the electronic structure and
energetics of the complex.
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Molecular docking analysis of Niranthin, and Target
associated antagonists to check for off target involve-
ment of NR

Current FM therapies include oral drugs targeting ser-
otonin/noradrenaline (e.g., tricyclic antidepressants,
serotonin/noradrenaline reuptake inhibitors), and
voltage-gated calcium channel a2delta subunit ligands
like gabapentin/pregabalin.”” Peripheral sensory gener-
ators suggest topical medicines. FM symptoms align
with altered K* channel functioning seen in channelo-
pathies. Persistent/neuropathic pain links to acquired/
inherited K* channel alterations. Kv channels may
underlie neuromyotonia. Some FM treatments alter K*
channel activity.”’
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Voltage-gated sodium channels (VGSCs/Navs) are
crucial for cellular/molecular electrical signal transduc-
tion.”® They initiate action potentials in excitable cells
like neurons, myocytes, and neuroendocrine cells. Glial
cells around nerve fiber nuclei have transporters, gluta-
mate receptors, and major histocompatibility complex
molecules.”® Dorsal root ganglia neurons express pro-
nociceptive ion channels (NaV1.7, Nav1.8, Navl.9, cal-
cium channels, transient receptor potential channels).
Navl.7 and Navl.8 play a role in inflammatory/neuro-
pathic pain.”® N-methyl-d-aspartate receptor (NMDAR)
activation increases spinal cord/brain pathway sensitiv-
ity, particularly in pain processing. NMDAR activity is
elevated in FM, making it a therapeutic target.””
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Table 1. Docking Screening of NR and associated co-crystallized ligands or antagonists against various off targets involved in FM

(2D interaction diagrams against various targets have shown in the table).
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Thus, considering facts, we carried out a docking
analysis of NR, target-associated antagonists or co-
crystallized ligands to exclude the possibility of NR
acting on off-targets involved in FM.** As we see
from Table 1 results, it is very clear that NR has lesser
interactions (lesser docking scores) in-silico towards
targets other than ASICs, which prompted us to check
the further in-vivo study associated with ASIC. This
preliminary analysis depicts the fact that NR may act
selectively on ASICs.

Plausible role of Niranthin role in modulating
acid-sensing ion channels: evidence from Molecular
docking, Dynamics and DFT studies

FM is a complex chronic pain syndrome characterized
by widespread musculoskeletal pain, fatigue, sleep dis-
turbances and cognitive impairment.! While its exact
etiology remains unclear, emerging evidence suggests
the involvement of ASICs in the development and
maintenance of pain in FM."” ASICs are a family of
proton-gated cation channels expressed in sensory
neurons and play a key role in nociceptive signal trans-
duction.” Acidosis in the tissues, which can occur in
response to inflammation or metabolic changes, can
activate ASICs, leading to neuronal excitation and pain
hypersensitivity.® In FM, there is evidence of increased
tissue acidosis and aberrant sensory neuron activity,
making ASICs a relevant target for investigation.”® The
NRs investigation for modulation of ASICs is grounded
in the idea that by interfering with ASIC activation, it
may mitigate the pain signals associated with FM.
In vitro studies and molecular docking simulations
have provided initial evidence supporting the binding
of NR to ASICs, suggesting its potential as an ASIC
modulator.

Modulating ASICs offers a promising approach to
FM treatment. By inhibiting ASICs, NR may reduce
neuronal hyperexcitability and pain sensitivity, which
are hallmark symptoms of the condition. This approach
aligns with the growing understanding that FM is not
solely a disorder of central sensitization but involves
peripheral sensitization as well. Targeting ASICs may
address this peripheral component and alleviate pain at
its source.

The in-vivo analysis conducted in this study is a
crucial component, as it bridges the gap between the
theoretical knowledge of NRs interaction with ASICs
and its actual effects in animals. Molecular docking,
dynamics simulations, and DFT calculations represent
the foundational pillars of this research, as they offer a
theoretical framework to understand the interaction
between NR and ASICs at the molecular level. The
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molecular docking studies elucidate the binding affin-
ity and binding modes of NR with ASICs, indicating
the likelihood of an effective interaction. Additionally,
the dynamics simulations provide insights into the
conformational changes and stability of the NR-ASIC
complex, which are essential for predicting the long-
term effects of this interaction. DFT calculations offer
information regarding the electronic structure, charge
distribution, and energy profiles of the complex, pro-
viding a more detailed understanding of the molecular
interaction.

One of the major strengths of this study is the inte-
gration of both in-vivo and in-silico approaches. The
combined evidence from these diverse methodologies
adds credibility to the findings. The research findings
point towards the modulation of ASICs as a potential
mechanism of action for NR. However, the precise
molecular mechanisms underlying this modulation
remain to be fully elucidated. Future research should
focus on uncovering the signaling pathways and cellu-
lar responses triggered by NR-ASIC interaction.
However, further research, particularly in the form of
clinical trials, is required to confirm the safety and
efficacy of NR for FM patients. If successful, this
research could potentially lead to the development of a
novel and more effective therapeutic approach for indi-
viduals suffering from this challenging condition.

3. MATERIALS AND METHODS
3.1. Chemicals

The pure Phytomolecule, NR [6-[(2R,3R)-3-[(3,4-
dimethoxyphenyl) methyl]-4-methoxy-2-(methoxym-
ethyl)butyl]-4-methoxy- 1,3-benzodioxole] (Product
code: N0O06, Lot. no.: T18C277) was purchased from
Natural Remedies Pvt. Ltd., Bangalore, India. NR
purity was certified with the help of HPLC analysis
above 95.0%. Dimethyl sulphoxide (DMSO) and
sodium chloride (NaCl) were purchased from Loba
Chemicals.

3.2. Animals

Adult Wistar female rats weighing (range: 250-350 gms;
aged between 9 and 11 weeks) were used in this study.
The standard environmental conditions as per ethical
norms were maintained. Standard diet and water ad
libitum were available for the entire experimental pro-
tocol. Approved protocol number [RCP/18-19/P-20A]
was taken from by institutional animal ethical commit-
tee (IAEC) constituted for control and supervision of
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experimental animals by the Ministry of Environmental
and Forests, Government of India, New Delhi.

3.3. Experimental details

3.3.1. Chronic muscular allodynia induction

The previously described method of induction of
chronic muscle-mediated pain was used.’** The lat-
eral left gastrocnemius muscle was injected with 100 ml
of hydrochloric acid in saline solution (9g NaCl/liter;
pH adjusted to 4.0 £ 0.1). After five days the same left
lateral gastrocnemius muscle was re-injected with the
same protocol. Out of the 36 animals (31 respondents),
30 animals were selected for further studies while the
other nonrespondents were excluded from the study.

3.3.2. Experimental design

The responders’ rats (n = 30) were divided into five
groups of six animals each as follows:

e Group A served as the control group (hyperalgesic
rats) injected with vehicle DMSO 0.2ml
intraperitoneally.

e Group B served for standard drug comparison
injected intraperitoneally with an Amiloride inhib-
itor for ASICs at a dose of 10mg/kg. Previous
reports support that Amiloride shows antinocicep-
tive effects in animals and humans through the
inhibition of ASICs.

e Group C served as for test drug injected intraperi-
toneally with NR 5mg/kg.

e Group D served as for test drug injected intraperi-
toneally with NR 10 mg/kg.

e Group E served as for test drug injected intraperi-
toneally with NR 20 mg/kg.

Chronic muscular allodynia was induced by injecting
acidic saline (pH 4.0) into the gastrocnemius muscle
for 14 consecutive days; in all five groups of rats. Acute
responses were evaluated around 48 hours after the
second acidic saline injection of rats injected with NR
(5mg/kg, 10 mg/kg and 20 mg/kg, i.p.) or vehicle alone.
The mechanical allodynic activity of NR was evaluated
at set time points. Investigation of chronic treatment of
mechanical allodynia, NR twice a day was adminis-
tered (apart intervals of 12h) to the grouped rats for a
week. For two days, the treatment was interrupted such
as on the 18th and 19th day but was restarted again on
the 20th day for investigation tolerance development.
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The allodynia response evaluation being of nociceptive
type was performed 90 min after the first daily admin-
istration (the time point was noted where the maximal
inhibition was maximum in the acute study).

3.3.3. Mechanical allodynia behavioral testing

Rats were placed on an elevated metal mesh grid to
test mechanical allodynia by stimulating the paw
plantar surface. The series of von Frey nylon hairs or
filament (2-20g) was used to assess mechanical allo-
dynia, filament was applied with increasing force
until the rat withdrew its paw. Each hair was applied
two times and the threshold in grams was noted as the
lowest force that caused withdrawal stimuli. Prior
calibrated Von Frey nylon was used during the entire
course of the study which ensured consistency of
applied forces. Rats testing mechanical withdrawal
stimuli were done prior to the first acidic saline injec-
tion, before the second injection and subsequently
further on day 5, 24h after the second injection, on
day 7 for the acute study and subsequently later on
from the 14th day to the 21st day after the acidic
saline second injection.

3.3.4. Measurement of maximum possible
effectiveness [%] and inhibition
of allodynia [%]

The % maximum possible effectiveness and % inhibi-
tion of allodynia were calculated using Egs. (A) and (B)
and the calculated arithmetic means in instances for
detecting the main effects for acute and chronic
studies.

(a) Maximum possible effectiveness in percentage (%)

Maximum possible effectiveness (%) = post NR
treatment latency — post repeated acidic saline
treatment latency x 100 (Eq. (A)).
For this study in the acute study, the post latency
was recorded 48 h after the second injection and for
the chronic study, latency was recorded 2 weeks
after the first injection.

(b) Inhibitory Percentage of allodynia
Inhibitory Percentage of allodynia (%) = test
latency — mean basal withdrawal latency/15 - mean
basal withdrawal latency x 100 (Eq. (B)).

In Eq. (B), the mean of the basal mechanical with-
drawal threshold is calculated ipsilaterally plus con-
tralaterally for both paws and only in responders
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(n = 30), and the value is estimated at 3.147 £ 1.074
for ipsilateral paw and 3.186 % 0.1356 for contralat-
eral paw, to calculate % effects produced by the after
intraperitoneal NR administration.

3.4. Statistical analysis

GraphPad Prism software version 6.01°, 1992-2012
was used for statistical calculation of obtained data.
Data for mechanical allodynia are represented as
mean = SEM. One-way repeated ANOVA (analysis of
variance) was used to analyze the effects of NR, follow-
ing Tukey’s test posthoc testing. P < 0.05 was consid-
ered to be statistically significant in all cases.

3.5. Molecular docking analysis and molecular
dynamics

We conducted the molecular docking analysis using the
software ‘Glide, Schrodinger, LLC, NY, 2023’ First, The
2D structures for NR and Amiloride were obtained
from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov/compound/Niranthin and  https://
pubchem.ncbi.nlm.nih.gov/compound/Amiloride,
respectively). Subsequently, all these 2D structures were
converted and optimized into 3D forms using the
Maestro workflow and with the ‘LigPrep’ module, 2023.
As for the 3D crystal structure of ASIC (PDB ID:
5WKYV), we retrieved it from the Protein Data Bank
(https://www.rcsb.org/structure/5wkv). While prepar-
ing ligands, we kept pH equivalent to acidic saline
injection (i.e., 4.0). The protein was prepared as per the
default settings of ‘Protein Preparation Wizard. The
grid parameters were set to X: —13.65, Y: 1.6, and Z:
—0.13 A. Finally, we executed the docking calculations
using XP settings. For docking validation, we did
re-docking of co-crystallized ligand, 2-acetamido-2-
deoxy-beta-D-glucopyranose against the binding site of
5WKV. The RMSD was retained as RMSD = 0.32A
(refer to Supplementary Information). The molecular
docking protocols for other targets with pdb codes:
5ek0, 7we4, 7cr2 and 3qel were followed from earlier
publications.”** The common methodologies for dock-
ing were carried out from our earlier reports.*** For
this study, MD analysis was performed using ‘the
Desmond’ module using the default settings for 100 ns.
For this, we referred to our earlier publication for set-
ting up the MD system. The protein structure with
ligand, NR was enclosed within orthorhombic boxes
measuring 125A x 125A x 125A. These structures
were then immersed in water molecules modeled using
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the single point charge (SPC) model, a part of the
Desmond System Builder software developed by
Schrodinger, LLC, based in New York, NY, USA, 2023.
To ensure overall system neutrality, counter ions were
added, and a constant salt concentration of 0.15M NaCl
was maintained throughout the simulations. The simu-
lations were conducted in triplicate for a duration of
100 ns using the Desmond software, with distinct initial
velocity assignments for each atom in each replicate.
The OPLS forcefield was employed to describe the
molecular interactions within the systems. Prior to the
main production simulation run, all simulation systems
underwent Desmond’s default eight-stage relaxation
protocol. To control system parameters during the sim-
ulations, the isotropic Martyna-Tobias-Klein barostat
was utilized to maintain the pressure at 1 atmosphere,
while the Nose-Hoover thermostat was employed to
keep the temperature constant at 300 Kelvin.

3.6. Theoretical analysis

The gas-phase structures of the tested compounds were
optimized using DFT in conjunction with the basis set
6-311++G**.2'"» The DFT calculation was performed
by the hybrid B3LYP method, which is based on the
idea of Becke and considers a mixture of the exact (HF)
and DFT exchange utilizing the B3 functional, together
with the LYP correlation functional. After obtaining
the converged geometry, the harmonic vibrational fre-
quencies were calculated at the same theoretical level
to confirm the number of imaginary frequencies is
zero for the stationary point. Both the geometry opti-
mizations and harmonic vibrational frequency analy-
ses of the studied compounds were done by the
Gaussian 09 program.”® Moreover, the quantum chem-
ical descriptors derived from the conceptual DFT were
calculated for the respective molecule.

4. CONCLUSIONS

The results of this study of the muscle-mediated pain
model suggest that allodynia can be alleviated by NR
probably by interacting with ASICs or other probable
different unexplored mechanisms. But our computa-
tional data support the facts that ASIC3 modulation by
NR might probably help in the significant reduction of
allodynia in rats. Based on the combined in-vivo and
in-silico studies we suggest that NR may hold promise
as a potential therapeutic agent to treat FM. NR’s ability
to modulate ASIC-3 channels could lead to pain relief
and improved quality of life in FM rats. However,
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further research would be necessary for higher in-vivo
models to fully understand the mechanisms involved
and to determine the efficacy, safety, and potential side
effects of NR in human FM patients.

Supplementary. Figure S1. Re-docking of co-crys-
tallized ligand 2-acetamido-2-deoxy-beta-D-glu-
copyranose within the same binding site of 5WKV.
RMSD = 0.32 A; Figure S2: docking of co-crystallized
ligand 2-acetamido-2-deoxy-beta-D-glucopyranose
within the same binding site of 5SWKYV.
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