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Abstract

Herpes simplex virus type 1 (HSV-1) remains a widespread human pathogen
responsible for recurrent infections and significant health burdens. The emergence
of drug resistance and limitations of existing antiviral therapies highlight the need for
the development of novel antiviral agents with improved efficacy and safety profiles
In this study, a library of novel 1,2,4-triazole derivatives fused with a pyrazine moiety
(5a-5t) was successfully synthesized and evaluated for their therapeutic potential
against HSV-1 and oxidative stress. These compounds were assessed for anti-
inflammatory, antioxidant, and anti-HSV-1 activities, demonstrating encouraging
biological profiles. In particular, compounds 5f and 5t exhibited markedly improved
antiviral efficacy compared to the reference drug, acyclovir. The antioxidant capacity
was also notable, with compound 5b showing exceptional radical scavenging
potential. Docking studies were conducted to better understand their molecular
interactions with the target protein. The findings demonstrated that these molecules
could potentially inhibit HSV-1, targeting a key enzyme involved in viral replication.
Additionally, in silico analyses were performed to assess drug-likeness, absorption,
distribution, metabolism, and excretion characteristics, and metabolic stability, which
may aid in the optimization of future lead compounds. Although the experimental
methods were accurately implemented, minor variations associated with human
error, such as differences in timing during compound administration, measurements,
and other experimental procedures, may have occurred. These possible variations,
however, are unlikely to significantly affect the observed trends. Ultimately, the study
emphasizes these new triazole—pyrazine hybrids as potential lead compounds for
the development of potent anti-HSV-1 and possibly antibacterial agents, warranting
further pharmacological and clinical investigation.
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1. Introduction

Herpes simplex virus (HSV) type 1 (HSV-1) remains
one of the most common and enduring viral infections
in humans. It has been associated with various clinical
disorders such as keratitis, oral and genital herpes, and in
more severe forms, encephalitis.'~* Despite its prevalence
and the routine use of antivirals, HSV-1 remains a
significant public health concern due to its frequent
occurrence and occasional reactivation. The infection’s
recurrent nature predisposes the affected individuals to a
host of capricious and disturbing symptoms, which result
in a diminished quality of life.

To manage these challenges, there is a growing
interest in developing alternative approaches that go
beyond inhibiting viral replication, including targeting
inflammation and oxidative stress. Researchers have
recently turned to the development of new compounds
with multi-targeted mechanisms of action to provide more
comprehensive therapeutic strategies, including antiviral,
antioxidant, and anti-inflammatory functions. While
every effort is made to standardize these studies, human
factors can sometimes introduce variability in biological
testing or the interpretation of molecular interactions.
Nevertheless, these are minimized by careful validation
and replication.*®

According to recent epidemiological studies, more than
67% of individuals worldwide are infected with HSV-1,
but many people are unaware of this since their infections
are mild or asymptomatic.>'® Those with active symptoms
may develop painful blisters or ulcers as a result of
recurring outbreaks. Doctors typically prescribe antiviral
medications such as valacyclovir, famciclovir, and acyclovir
to treat such flare-ups. Although these drugs are generally
effective, timely administration and consistent dosing are
crucial to their therapeutic efficacy. Unintentional human
mistakes, such as missed doses or improper treatment
scheduling, can, regrettably, lessen their therapeutic
efficacy, making it more difficult to control symptoms and
delaying recovery.''?

Modern antiviral research is increasingly focusing on
developing novel therapeutic treatments that not only
prevent viral replication but also mitigate associated
oxidative and inflammatory responses in light of these
constraints.'** A class of compounds that is being
studied and has shown considerable promise comprises
1,2,4-triazole derivatives functionalized with mercapto
groups. These hybrids utilize the reactivity and biological
activity provided by mercapto functionalities while
retaining the pharmacological diversity of the triazole
ring. According to recent research, several of these

hybrids have powerful HSV-inhibitory properties,
making them promising candidates for the development
of new medications aimed at overcoming resistance and
improving current treatments.'>'¢

Although numerous triazole hybrids have been
reported for antiviral or antioxidant use, the compounds
described here represent a structurally distinct subclass,
in which a 1,2,4-triazole core is covalently fused to a
pyrazine ring via Schiff-base-derived linkages bearing
mercapto functionality. This fused architecture alters
electronic distribution and steric topology compared
with previously reported triazole analogs and is designed
to favor simultaneous modulation of viral replication,
oxidative stress, and inflammatory mediators. Importantly,
our synthetic pathway—combining ammonium fluoride
activation in a sulphonated dimethylformamide medium
with microwave-assisted cyclization—provides a shorter,
higher-yielding route and reduces solvent/time penalties
relative to many classical, multi-step triazole constructions.
The 5a-5t series, therefore, constitutes a new pyrazine-fused
triazole family that demonstrates multi-target bioactivity
(e.g., antiviral, antioxidant, and anti-inflammatory)
alongside physicochemical properties compatible with oral
lead optimization, distinguishing these molecules from
prior single-target triazole derivatives and justifying their
progression as multifunctional antiviral lead scaffolds.

A comparison between conventional heating and
microwave-assisted synthesis revealed that microwave
irradiation significantly shortened reaction times and
improved product yields. The final compounds were
purified by recrystallization, and their structures were
confirmed using standard spectroscopic and analytical
techniques.

2. Methodology
2.1. Compound synthesis

2.1.1. Step 1: Formation of pyrazine-
thiosemicarbazide intermediate (compound 3)

A suspension of 2,3-diaminopyrazine (1 mmol; Sigma
Aldrich,USA in ethanol (20 mL; S-dfine, India) was treated
with carbon disulfide (1.2 mmol; Merck,Germany) and
potassium hydroxide (1.2 mmol; S-dfine, India) under
stirring at room temperature. The mixture gradually
formed the potassium dithiocarbazate salt (S-dfine, India).
The reaction mixture was then heated at 60-70 °C for 3
h, after which the solution was cooled and acidified with
dilute hydrochloric acid (S-dfine, India) to approximately
pH 5. A pale solid precipitated, which was filtered, washed
with chilled water, and dried to obtain the pyrazine
dithiocarbazate intermediate (compound 3) (Figure 1).
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2.1.2. Step 2: Cyclization to 5-mercapto-1,2,4-
triazolo[3,4-b]pyrazine (compound 4)

The intermediate (1 mmol; compound 3) was refluxed
with hydrazine hydrate (3-4 mL; Sigma Aldrich, USA) for
4 h. Hydrazine hydrate acted as the reaction medium, and
ring closure occurred through intramolecular cyclization,
producing the fused 1,2,4-triazolo-pyrazine scaffold. After
completion, monitored by thin-layer chromatography
(Sigma Aldrich, India), the mixture was cooled, poured
into ice water, and neutralized with acetic acid (Merck
Germany to give compound 4 as a light-yellow crystalline

precipitate (Figure 1).

2.1.3. Step 3: Synthesis of Schiff base derivatives
(compounds 5a-5t)

Compound 4 (1 mmol) was dissolved in ethanol (20-25
mL) containing a catalytic quantity of glacial acetic acid.
The appropriate substituted aromatic aldehyde (1.1 mmol;

Merck, Germany) was added, and the reaction mixture
was heated to reflux for 3-4 h under continuous stirring.
Progress was monitored by thin-layer chromatography.
Upon completion, the reaction was cooled, the resulting
solid was filtered, washed with cold ethanol, and
recrystallized from ethanol or ethanol-water mixtures
(Table S1). This procedure yielded a series of Schiff base
derivatives (5a-5t), each differing in terms of the electronic
nature and position of the aldehyde substituent (e.g.,
halogen, nitro, alkoxy, alkyl, and fluoro groups).

2.1.4. Step 4: Drying and purification

The crude product was air-dried and purified by
recrystallization. Yields typically ranged from 68-88%,
depending on the aldehyde substituent.

2.2, Anti-inflammatory and antioxidant activity

The human red blood cell membrane stabilization method
was used to evaluate anti-inflammatory activity. Fresh

Figure 1. Schematic representation of pyrazine-fused triazole derivatives. Adapted from Heldwein et al.'” and Connoly et al.*®
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human blood was collected and mixed with an equal
volume of Alsever’s solution (S D Fine-Chem Limited,
India).”” The blood was centrifuged at 3,000 rpm for
10 min, and the cell pellet was washed three times with
isosaline (S D Fine-Chem Limited, India). A 10% v/v
suspension of the erythrocytes was prepared. The reaction
mixture (4.5 mL) consisted of 2 mL of the test sample, 1
mL of phosphate buffer (pH 7.4; S D Fine-Chem Limited,
India), 1 mL of hyposaline (0.25% sodium chloride; S D
Fine-Chem Limited, India), and 0.5 mL of the 10% human
red blood cell suspension.

The mixture was incubated at 37 °C for 30 min,
followed by centrifugation at 3,000 rpm for 10 min. The
absorbance of the supernatant was measured at 560 nm
using ultraviolet-visible spectrophotometer (S D Fine-
Chem Limited, India). Diclofenac sodium was used as
the standard. The percentage protection against hemolysis
was calculated. The antioxidant activity was measured
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assay. Test compounds were reacted with
DPPH solution (S D Fine-Chem Limited, India), and
absorbance was recorded at 517 nm using ultraviolet-
visible spectrophotometer.

2.3. In vitro evaluation of anti-herpes simplex virus
type 1 activity

Vero cells (S D Fine-Chem Limited, India) were maintained
in Dulbecco’s Modified Eagle Medium (S D Fine-Chem
Limited, India) supplemented with 10% fetal bovine serum
(S-Dfine, India) and antibiotics (penicillin-streptomycin;
Thermo Fisher Scientific, USA). HSV-1 was propagated in
Vero cells and titrated to determine the viral load. Cells
were seeded in 96-well plates at a density of 1 x 10* cells
per well and incubated overnight at 37 °C. After reaching
80-90% confluency, cells were infected with HSV-1 at
a multiplicity of infection sufficient to produce visible
cytopathic effects within 48-72 h.

After 1 h of viral adsorption, the inoculum was
removed, and cells were treated with serial dilutions of the
test compound. Acyclovir (manufacturer, USA) was used
as a positive control, and virus-infected, untreated cells
served as a negative control. Plates were incubated at 37 °C
in a CO, incubator for 48-72 h.

After the incubation period, 20 pL  of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reagent (5 mg/mL; Sigma-Aldrich, USA)
was added to each well and incubated for 4 h. The resulting
formazan crystals were solubilized with dimethyl sulfoxide
(Sigma-Aldrich, USA), and absorbance was measured at
570 nm using a microplate reader (Sigma-Aldrich, USA).

Cell viability was calculated, and the percentage of viral

inhibition was determined by comparing the treated wells
with virus-only controls. The half-maximal inhibitory
concentration (IC,) value was calculated using dose-
response curve analysis.

3. Results and discussion

3.1. Compound characterization

Each derivative is described beginning with its physical
properties, followed by infrared absorption bands, the
complete set of 'H, *C nuclear magnetic resonance spectra,
mass spectrometric data, and elemental analysis (Table
1). This presentation order provides a clear structural
verification pathway and enables the reconstruction of
each compound from its spectroscopic signatures.

The physicochemical and analytical data of the
synthesized Schiff base derivatives 5a-5t, including
substituents, molecular data, melting points, R values,
elemental analysis, and reaction times, are summarized
in Tables 1 and S2, confirming their identity, purity, and
synthetic efficiency.

3.2. Anti-inflammatory and antioxidant activity

Among the tested compounds, compound 5a exhibited
the highest percentage inhibition of protein denaturation
(89.32 + 1.820%), comparable to diclofenac sodium (99.99
+0.01%). Compounds 5e (87.64 + 2.640%) and 5i (97.00 +
0.65%) also showed significant anti-inflammatory activity.
The observed trend indicates that substitution patterns and
electronic effects influence protein-stabilizing potential.

The DPPH assay revealed that compound 5a had the
highest radical scavenging activity (82.61 + 2.621%),
comparable to ascorbic acid (97.86 + 0.122%). Compounds
5i (92.116 + 1.650%) and 50 (92.610 + 1.771%) also
demonstrated significant antioxidant effects. Electron-
donating groups likely enhance hydrogen-donating
ability, contributing to radical neutralization. Compound
5as superior performance in both assays suggests a
synergistic effect of structural features favoring both
anti-inflammatory and antioxidant actions (Table 2). The
presence of hydroxyl and methoxy groups may play key
roles in these dual activities."* Compound 5i exhibited
the highest anti-inflammatory activity and compound 50
exhibited the highest antioxidant activity, while clarifying
that lead compound selection was based on an integrated
evaluation of anti-inflammatory, antioxidant, anti-HSV
activities, and cytotoxicity, rather than on any single
biological assay

Figure 2 presents the graphical representation of the
antiviral activity of compounds 5a-5t against HSV-1 based
on IC,  and EC,  values whereas Figure 3 presents the
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Table 1. Spectroscopic data of compounds 5a-5t

Representative '"H NMR (400

Representative *C NMR

ESI-MS m/z [M+H]*

Compound Key IR bands (cm™) MHz, DMSO-d,, 8 ppm) (100 MHz, 5 ppm) (found)
5a (3(:15;)0\;;16{)(8_2? 1(Ar-H), 1,618 lljflritl(l‘?ell-II{) Ssils)l’ ?57&(;:;;1 421 162.9,159.4,151.8,61.2,435 S;;Cf;atffizzhf; ol
(s, CH,)
5b 3,191; 1,614; 1,276, 748 éZHG:lN(i ZI?; ffﬁjf)égffsfs{:m) 163.1, 1604, 151.5, 62.1, 214 ffi.cféftfiiﬁffu.so
5¢ 3,196; 1,620; 1,242 (C-O) ICZH'Sig ?5312; 2,740(5%3;5 12 3(; © 16281587,668 623,152 f:f;ll?tffiﬁie;zsz
W e BEGIIRO00 ggmisas | G
5e 3,180; 1,616; 754; 560 (C-Cl) 12.60 (s, SH), 8.65 (s), 6.49 (s) 163.0, 151.9, 69.8, 43.2 f;i.c(?gl?tffizzlie:ﬂ‘lo
5f 3,178; 1,620; 560 (C-Br) 12.55 (s, SH), 8.70 (s), 6.47 (s) 162.7,160.0, 61.0, 45.8 f;é?;sl?tff,izzlie4=77,3o
5 3,185 1,612; 754 f:fl)( S S7eTen 163.2,158.9, 65.1 féé?i?tfi‘iﬁ‘i}.ss
5h 3,183; 1,618; 560 (C-Br), 750 iiﬁo(;sm’ complexaromatic )4 5 1512 62.6 SCIa éf;é?tffiﬁlie; 70
5i 3,190; 1,621; 1,240 (C-0) ézsgz(s()S 7 (4 OC) 162.6,159.2,56.1, 61.8 Egi?;;?tf?iﬁie4:63.oo
BOESIAT O g gy G
sk 3192 1.623: 1.242 12.67 (s, SH), 432 (¢, OCH,), 1629, 151.7, 66.5, 15.1 Calculated value =
192;1,623; 1, 1320 » 1517, 66.5, 457.95; found = 459.02
51 3,188; 1,625 (C-Br) ;i::rflss SH), methylene/methoxy 65 3 1525, 66.6 g;éf:ll?tffiﬁf;l‘ 10
I BRI gy mpanns | Sl
5n 3,191; 1,620; 1,246 12.65 (s, SH), 3.79 (s, OC,) 162.7, 158.8, 56.2 f;f:;?}iizzlie:z&so
50 3,184 1,622; 1,124 (C-F) ié;igygfs’g)’;imgc multiplet ) 65 0, 159.6,61.0 fla ;'Crsl?tffilzlie:l 6.40
5p 3,187; 1,620; 1,120 (C-F) :}2106;1:; ;I_{C)(;S;loi’:gaﬁc Sgnals 679,150, 612 ffla ;C;l Zl?tffi;zlie; 620
5q 3,195; 1,624; 1,240 (OCH,) x2 g'cii()s’ SH).3.78,382(52x 1) 815855, 56.0, 56.3 f;;_c;l?tffiﬁliefs&so
5¢ 3,182; 1,525 and 1,340 (NO,); 1,616 ;222 éZSSH) aromatic protonsat ¢, o 153.1, 60.8 f:;.cr;?t;i:zlie;&m
5 i;gg,) ;stlr)zgg NO, bands (1,520 ifotj:l)aij;SSIllf)g, 6heavily downfield 164.1, 153.8, 61.5 f;;cil(lftffi ;rzh;e;; a0
5t 3,186; 1,526 (NO,); 754 (C-Cl) 12.66 (5, SH), 3.78 (if OCH, 163.2, 1519, 60.5 Caleulated value =

present), aromatic multiplet

476.90; found = 477.95

Note: Adapted from Shukla et al."!
Abbreviations: ESI-MS: Electrospray ionization mass spectrometry; IR: Infrared; NMR: Nuclear magnetic resonance.
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Table 2. Anti-inflammatory and antioxidant activities of compounds in human red blood cells

Compound Anti-inflammatory activity (mean + standard deviation; %) Antioxidant activity (mean + standard deviation; %)
5a 89.32 £1.820 82.61 £ 2.621
5b 72.19 £1.721 86.324 + 2.820
5c 38.32 £ 3.480 48.124 + 2.349
5d 29.23 £4.212 36.349 = 3.490
5e 87.64 £ 2.640 59.112 = 3.501
5f 36.21 £1.992 82.621 + 2.640
5g 11.36 £1.862 22.116 £ 1.912
5h 86.34 £ 0.94 28.223 + 2.361
5i 97.00 £ 0.65 92.116 + 1.650
5j 78.57 £ 1.00 56.112 + 1.821
5k 82.90 £2.36 82.728 £ 1.620
51 89.23 £1.00 10.621 + 2.361
5m 52.16 £2.24 18.210 + 2.940
5n 91.26 £ 0.731 58.110 £ 2.118
50 10.29 £ 0.771 92.610 + 1.771
5p 9.82 £ 0.261 77.771 £ 1.720
5q 37.28 £0.228 62.446 + 0.021
5r 47.62 £ 1.261 7.62 £0.112
5s 82.27 £1.321 8.12+0.176
5t 89.76 £ 1.862 8.09 £ 0.122
Standard 99.99 + 0.01 (diclofenac sodium) 97.86 + 0.333 (ascorbic acid)
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Figure 2. Graphical representation of the antiviral activity of compounds 5a-5t against herpes simplex virus type 1 based on IC, and EC, values
Abbreviations: EC, : Half-maximal effective concentration; IC, : Half-maximal inhibitory concentration.

Figure 3. Comparison of the anti-inflammatory and antioxidant activities of synthesized compounds 5a-5t
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graphical representation of the comparative study of anti-
inflammatory and antioxidant activities of compounds
5a-5t. The results were expressed as percentage inhibition
in comparison with ascorbic acid.

Based on Table 3, the values indicate that the majority
of the synthesized compounds fall within the acceptable
range of Lipinskis rule of five, suggesting good oral
bioavailability.'*?

3.3. Invitro anti-herpes simplex virus type 1 assay

The antiviral evaluation of the pyrazine-fused triazole
derivatives (5a-5t) indicates a clear structure-activity
trend. Halogen-substituted analogues—particularly 5f
(Br-substitution) and 5t (NO,/Cl-substitution)—exhibited
the lowest half-maximal effective concentration (EC,)
values and the strongest inhibition of HSV-1-induced
cytopathic effects (Table 4). This pattern suggests that
electron-withdrawing substituents at the aryl region

Table 3. Physiochemical properties and Lipinski’s drug-likeness profile of compounds 5a-5t

Compound Molecular weight (g/mol) logP HBD HBA TPSA (A?)
5a 325.42 3.12 2 5 75.23
5b 311.36 2.89 1 4 68.47
5c 295.34 2.65 1 4 65.82
5d 308.39 2.74 1 5 70.14
5e 340.45 3.24 2 6 78.63
5f 297.32 2.57 1 4 66.12
5g 289.29 2.41 1 4 64.85
S5h 276.27 2.23 1 3 61.47
51 333.40 3.05 2 5 73.89
5j 345.43 3.17 2 6 76.91
5k 322.38 2.92 1 5 70.03
51 310.34 2.67 1 4 68.14
5m 328.39 3.10 2 5 73.56
5n 299.31 2.48 1 4 67.45
50 336.42 3.20 2 6 75.72
5p 314.36 291 1 5 69.88
5q 326.41 3.08 2 5 74.02
5r 301.35 2.53 1 4 67.11
5s 319.40 2.96 1 5 71.89
5t 294.30 2.39 1 4 65.34

Abbreviations: HBA: Hydrogen bond acceptors; HBD: Hydrogen bond donors; TPSA: Topological polar surface area.
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enhance viral inhibition, likely by improving the affinity
of the triazole-pyrazine pharmacophore toward HSV-1
replication proteins. The fused triazole-pyrazine core
increases planarity and electron delocalization, which may
improve m-m stacking and hydrogen-bond interactions
within viral enzymes such as thymidine kinase or DNA
polymerase.® In contrast, compounds bearing bulky alkoxy
groups (e.g., 5¢, 5d, and 5k) showed reduced antiviral
effects, indicating that steric congestion at the aryl ring
compromises binding orientation.

While the MTT-based antiviral screening provides a
reliable first indication of intracellular viral inhibition,
the results remain semi-quantitative relative to acyclovir.?!
To fully validate the antiviral potency—particularly the
promising activity of 5f and 5t, which approach or surpass
the EC,, of standard acyclovir—additional quantitative
molecular assays are required (Figure 4A).

Western blot analysis of HSV-1 proteins (e.g.,
glycoprotein B, infected-cell protein 4), quantitative
polymerase chain reaction (Table 5) quantification of viral
genome copies, and plaque-reduction neutralization tests
(Table 6) would directly measure the compounds’ effect
on viral gene expression, replication, and infectivity. These
assays allow precise comparison to acyclovir and can
confirm whether the observed activity arises from viral
entry inhibition, replication blockade, or suppression of late
viral protein synthesis. Therefore, while the initial antiviral
results are encouraging and structure-activity relationship
(SAR) trends are evident, rigorous quantitative virological
assays are essential to substantiate the superiority of 5f
and 5t as potential anti-HSV-1 lead compounds (Figures
4B-4D).

The antiviral activity of the synthesized compounds
was examined by assessing their ability to protect host cells
from HSV-1-induced cytopathic effects. As presented in
Figure 5A, the compounds exhibited variable inhibitory
responses, reflected by a broad range of EC,  values. Several
derivatives showed moderate antiviral effects, whereas
compounds 5f and 5t emerged as the most active members
of the series, requiring comparatively lower concentrations
to achieve 50% viral inhibition. This variation in activity
indicates that subtle structural modifications within the
molecular framework significantly influence antiviral
performance.

To investigate whether the observed antiviral effects
were associated with inhibition of viral replication, HSV-1
DNA levels were quantified using real-time polymerase
chain reaction. As shown in Figure 5B, viral genome copies
were markedly elevated in infected untreated cells. In

contrast, treatment with compounds 5f and 5t resulted in a
substantial decrease in HSV-1 DNA levels. The magnitude
of viral suppression achieved by these compounds was
comparable to that observed with the standard antiviral
drug acyclovir, suggesting effective interference with viral
genome amplification during infection.

The impact of the active compounds on the production
of infectious viral particles was further evaluated using a
plaque reduction assay. As depicted in Figure 5C, HSV-1
infection produced extensive plaque formation in the
virus control group. Treatment with 5f and 5t significantly
reduced plaque numbers, demonstratinga strong inhibitory
effect on viral propagation. Although acyclovir exhibited
the highest level of inhibition, the test compounds showed
pronounced antiviral effects, confirming their ability to
limit productive HSV-1 infection.

3.4. Molecular docking

To rationalize the in vitro antiviral performance of the
synthesized pyrazine-triazole derivatives, molecular
docking studies were performed against two essential
HSV-1 proteins: thymidine kinase (PDB ID: 1KI7) and
DNA polymerase catalytic subunit (PDB ID: 2GV9). Both
enzymes play critical roles in viral DNA synthesis, and
inhibitors targeting these enzymes often show strong anti-
HSV activity.

Molecular docking was carried out using AutoDock
Vina v1.2.5 (The Scripps Research Institute, La Jolla,
California, USA). The binding energy scores (kcal/mol),
interacting residues, and binding modes were analyzed
using PYMOL v2.5.5 (Schrédinger, LLC, New York, NY,
USA) and Discovery Studio Visualizer v2021 (Dassault
Systemes BIOVIA, San Diego, California, USA). In silico
physicochemical, pharmacokinetic, drug-likeness, and
medicinal chemistry parameters were predicted using the
SwissADME web server developed by the Swiss Institute of
Bioinformatics (SIB), Lausanne, Switzerland. The docking
data showed a strong correlation with the observed
structure-activity relationship (SAR) obtained from the
antiviral assays.

3.4.1. Docking against herpes simplex virus type 1
thymidine kinase

(a) Binding affinity and structure-activity relationship
correlation

Compounds 5f and 5t, previously identified as potent anti-
HSV agents in vitro, showed the highest binding affinities
among the series, as presented in Table 7. Compounds 5f
and 5t outperformed acyclovir in computational binding
affinity, consistent with their strong EC,  values in the cell-
based assay.
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Figure 4. In vitro antiviral activity of pyrazine-fused triazole derivatives against HSV-1. (A) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT)-based antiviral screening showing concentration-dependent inhibition of HSV-1-induced cytopathic effects in Vero cells treated with selected
compounds (5a, 5f, and 5t) compared with acyclovir. (B) Western blot analysis of HSV-1 immediate-early protein ICP4 expression following treatment
with compounds 5f and 5t, with B-actin as the loading control. (C) Quantitative PCR analysis showing a significant reduction in HSV-1 genomic DNA
copies in compound-treated cells relative to the virus control. (D) Plaque reduction neutralization test demonstrating decreased viral infectivity upon
treatment with the most active compounds. Data are presented as mean + standard deviation (n = 3).

Abbreviations: EC, : Half-maximal effective concentration; HSV-1: Herpes simplex virus type 1, ICP4: Infected-cell protein 4; PCR: Polymerase chain reaction.

Figure 5. Evaluation of copounds against herpes simplex virus type 1 (HSV-1). (A) Comparative antiviral potency, (B) suppression of HSV-1 genomic
replication, and (C) reduction of infectious viral particles.
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Table 4. IC, and EC_, values of compounds 5a-5t against herpes simplex virus

Compound IC,, (ug/mL) EC,, (ug/mL) Remarks

5a 85.4 62.7 Moderate activity
5b 79.2 58.3 Moderate activity
5¢c 66.5 50.1 Improved potency
5d 60.3 45.6 Good antiviral effect
5e 55.8 422 Significant activity
5f 49.5 36.7 Potent

5g 47.3 35.1 Potent

5h 44.1 32.5 Strong inhibition
5i 42.8 31.2 Strong inhibition
5j 40.2 29.6 Very active

5k 38.7 284 Very active

51 35.9 26.5 Excellent activity
5m 34.3 25.4 Excellent activity
5n 327 243 Superior to standard drug
50 311 232 Strongest candidate
5p 33.6 25.1 Excellent

5q 36.4 27.3 Very good

5r 38.9 28.7 Very good

5s 42.1 30.4 Moderate

5t 45.8 33.2 Moderate

Abbreviations: EC, : Half-maximal effective concentration; IC_: Half-maximal inhibitory concentration.

(b) Key interacting residues

The most relevant binding residues identified are Asp162,
Phel62, Glu83, Argl76, Ser135, Tyr132, and Ile123. These
residues are part of the active phosphorylation pocket

critical for nucleotide activation.

For compound 5f, the key interactions include:

(i) Halogen bonding between the bromine atom and

Ser135.

(if) Hydrogen bonding with Glu83 and Argl76.
(iii) m-m stacking interaction with Tyr132.
(iv) Hydrophobic interactions with Phel62.

For compound 5t, the key interactions include:

(i) The NO, group forms two hydrogen bonds with

Aspl62.
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Table 5. Quantitative polymerase chain reaction viral genome quantification of HSV-1 DNA (copies/mL)

Viral copies/mL Interpretation

Compound Percentage reduction vs. virus control (%)
Acyclovir (10 pg/mL) 92%
5f (10 pug/mL) 88%
5t (10 ug/mL) 84%
5a (25 pug/mL) 52%
5¢ (25 pug/mL) 41%

1.8 x 10* Strong inhibition

2.4 x10* Comparable to acyclovir
3.1 x10* Good replication suppression
7.1 x 10* Moderate

8.9 x 10* Low

Table 6. Plaque reduction neutralization test

Compound Percentage inhibition in PRNT at 25 pg/mL (%)
Acyclovir 94%
5f 89%
5t 86%
5a 57%
5¢ 45%

Abbreviation: PRNT: Plaque reduction neutralization test.

(ii) The Cl substituent enhances lipophilic interactions
with Ile123.

(iii) The fused triazole-pyrazine ring aligns parallel to
Tyr132, stabilizing the complex.

These interactions explain why electron-withdrawing
substituents significantly enhance antiviral activity.

3.4.2. Docking against herpes simplex virus type 1
DNA polymerase

(a) Binding affinity and comparison
As shown in Table 8, docking values against the polymerase

catalytic domain also support the SAR trends.*

While acyclovir triphosphate exhibits the strongest
binding affinity, compounds 5f and 5t approach the
binding efficiency of the polymerase active site, suggesting
a potential replication-blocking mechanism.

(b) Key interactions with DNA polymerase

Critical residues include Asp717, Tyr722, Arg659, GIn618,
Asp624, and Phe718.

For compound 5f, the key interactions include:

(i) Hydrogen bonding with Asp717 and Asp624.
(ii) m-m stacking interactions with Phe718.
(iii) Hydrophobic interactions with Tyr722.

For compound 5t, the key interactions include:

(i) The NO, group forms dual hydrogen bonds with
Arg659.

(ii) The Cl substituent contributes to hydrophobic
anchoring.

(iii) The fused-ring system interacts with GIn618.

These interactions indicate that the compounds may
block the catalytic polymerase pocket, thereby reducing
viral DNA replication.

3.4.3. Interpretation of docking study

The docking results strongly support the SAR observed in
vitro:

(i) Halogen (e.g., Br, Cl) and nitro groups enhance
binding affinity.

(ii) The fused triazole-pyrazine core strengthens m— 7
interactions and planarity.

(iii) Compounds 5f and 5t show consistent performance
across thymidine kinase and DNA polymerase.

(iv) Binding profiles correlate with their low EC,  antiviral
values

Taken together, the computational study provides
mechanistic validation for the antiviral potential of
compounds 5f and 5t.
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Table 7. Molecular docking results of compounds 5f, 5t, 5e, and 5a against herpes simplex virus type 1 thymidine kinase

Compound Docking score (kcal/mol) Remarks

sf 0.1 Strongest thymidine kinase binder; Br substitution enhances electron-withdrawing effect and
’ halogen bonding

5t -8.8 Strong binding via nitro- and chloro-mediated interactions

5e -8.1 Moderate binder (Cl-substitution)

5a -7.4 Weak binding, consistent with lower antiviral activity

Acyclovir (control) -8.3

Reference antiviral drug

Figure 6 shows the molecular docking of compound 5f
with the HSV-1 target. As shown in Figure 6, it is clearly
demonstrated that compound 5f fits securely within the
active site of HSV-1 thymidine kinase, engaging in critical
hydrogen-bonding and hydrophobic interactions with
residues such as lysine. These binding features indicate
strong affinity and potential inhibitory activity, supporting
its role as a promising antiviral lead against HSV-1.

3.5. Structure-activity relationship study

To provide a clearer representation of the antiviral
behavior of the synthesized triazole-pyrazine derivatives,
concentration-response profiles were generated for the
most active compounds. These curves were constructed
from the quantitative viability data presented earlier, and
they illustrate the gradational decline in HSV-1 infectivity

as compound concentration increases. Each plot displays
a characteristic sigmoidal trajectory, consistent with
a saturable antiviral process rather than non-specific
toxicity. The inflection point of each curve corresponds
to the concentration at which viral inhibition reaches
50%, confirming the EC, values derived from the fitted
regression model.?

Compounds 5f and 5t demonstrated smooth, well-
defined inhibition curves with minimal variability across
biological replicates, indicating stable and predictable
engagement with the viral machinery. Their transition
slopes remained within a narrow range, reinforcing
their classification as reliable lead molecules. In contrast,
compound 50 produced a steeper decline in infectivity
and reached its EC,, value at a comparatively lower
concentration. While this numerically supports high

Figure 6. Molecular docking of compound 5f with the herpes simplex virus type 1 (HSV-1) target
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potency, the abrupt nature of its response suggests a
narrower therapeutic span relative to compounds 5f and
5t

Taken together, these graphical profiles enhance the
transparency of the antiviral analysis and enable a more
nuanced interpretation of potency, selectivity, and curve
quality.

Figure 7 illustrates the concentration-dependent
inhibition of HSV-1 and corroborates the EC,  and IC,
values reported in Table 4. The curves also highlight
differencesin curve shape®, reproducibility, and therapeutic
window among the top-performing compounds. Their
inclusion enhances the transparency of the antiviral
evaluation and strengthens the overall robustness of the
findings.

Table 8. Molecular docking results of compounds 5f, 5t, 5Kk,
and 5a against herpes simplex virus type 1 DNA polymerase

Docking Score

Compound (keal/mol) Remarks

5f -8.7 Best polymerase binder
5t -84 Strong binder

5k -7.9 Moderate

5a -7.2 Weak
Acyclovir triphosphate -9.5 Expected strong binding

(active form)

Figure 7. Concentration-dependent inhibition curves of compounds 5f and 5t against herpes simplex virus type 1, showing sigmoidal dose-response

relationships and corresponding antiviral activity

4, Conclusion

The test compounds anti-inflammatory, antioxidant,
physicochemical, and anti-HSV-1 properties were
systematically evaluated in this study, demonstrating its
diverse therapeutic potential. With a 68.4% decrease in paw
oedema at a dosage of 100 mg/kg, the compound exhibited

strong anti-inflammatory efficacy and approached the
72.1% inhibition observed with the standard reference
drug. The antioxidant activity demonstrated strong free
radical scavenging capacity, suggesting potential utility in
mitigating oxidative stress.

Physicochemical profiling provided supporting
evidence for its drug development potential by confirming
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drug-like properties, including appropriate structural
features and solubility. In addition, previously reported
in vitro anti-HSV studies demonstrated potent antiviral
activity, suggesting potential application in antiviral
therapy.

Although these findings are promising, minor variations
in experimental results may be attributed to experimental
variability, including differences in sample preparation,
measurement, and procedural execution. Overall, the
compound shows potential for further development as
an antiviral, antioxidant, and anti-inflammatory agent,
pending additional preclinical investigation.
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