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Abstract

Tuberculosis (TB) is one of the diseases that has affected a wide population in the world, and due to the constant
development of resistance, it has necessitated the development of potent drugs that can show anti-tubercular
activity on the resistant strains as well. Among nitrogen-containing heterocycles, pyrazine has attracted significant
attention in medicinal chemistry due to its chemical simplicity and adaptability in drug design. The current review
provides the summary of pharmacological aspects of pyrazine derivatives as an anti-tubercular agent, focusing
on examining the structure—activity relationship (SAR) trends, minimum inhibitory concentration (MIC) values
as well as the key modifications, such as integrating the electron-withdrawing groups, heterocyclic linkers, and
lipophilic side chains, that have led to the discovery of potent anti-tubercular drugs. The SAR studies suggest that
the addition of electron-withdrawing groups and heterocyclic linkers has resulted in compounds with improved
efficacy compared to the pyrazinamide. The evidence also provides significant insights into the therapeutic
potential of pyrazine derivatives as scaffolds for next-generation anti-TB drugs.
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INTRODUCTION

yrazine is a simple six-membered
P nitrogen-containing heteroaromatic
scaffold that is used as a versatile
pharmacophore owing to its structural simplicity

make pyrazine an ideal scaffold for drug design. For the
pyrazine nucleus-containing compounds, the studies have
identified some most important pharmacological targets, such
as fatty acid synthase I (FAS-I), dihydrofolate reductase, and
other metabolic enzymes, as well as mycobacterial biofilm
formation involved in biosynthesis of cell wall, have been

and adaptability as a pharmacophoric unit.!"?
The presence of two ring nitrogens confers
distinct electronic characteristics that facilitate
functional modification while maintaining
favorable physicochemical properties.>¥ The
clinical relevance of the pyrazine scaffold
is best illustrated by pyrazinamide (PZA), a
cornerstone agent in standard tuberculosis (TB)
therapy.5®! PZA is a prodrug that is metabolized
into pyrazinoic acid (POA), which disrupts
the mycobacterial membrane potential and
fatty acid synthesis."! The pyrazine nucleus
has been found to prominently contribute to
several clinically important drugs, due to their
promising pharmacological activity, stability,
and binding characteristics.®! These properties
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identified as potential therapeutic targets for pyrazine-based
compounds.P ¥ However, its therapeutic utility is hindered by
unaccountable resistance development, limited activity under
neutral pH, and adverse effects, which have necessitated the
innovation of novel analogues with enhanced efficacy. The
incorporation of various substituents at different positions of
the pyrazine ring has led to the identification of compounds
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with promising activity against Mycobacterium tuberculosis,
including the resistant strains.!'*!” The different mechanism
of action of pyrazine-containing compounds involve multiple
targets that are depicted in Figure 1, thereby enhancing their
broad-spectrum activity and minimizing the probability of
resistance emergence.l"'® The SAR studies have provided
critical insights into the molecular features that are required
for the optimal anti-tubercular activity within the pyrazine
series.”) Newer methods of drug designing, such as in silico
molecular docking studies and quantitative SQR modeling,
have further accelerated the rational design of novel pyrazine
derivatives.??!l There are so many pyrazine-containing
drugs available in the market, which is shown in Figure 2.

Morinamide, one of the derivative of PZA, as shown in
Figure 3, was investigated in the 1980s, is a pyrazine-2-
carboxamide derivative and structural analogue of PZA,
acting as a prodrug that is hydrolyzed into POA.?2%! POA
disrupts M. tuberculosis by impairing membrane potential
and energy production, particularly in acidic intracellular
environments.?*»! The morpholine moiety present in
morinamide helps in increasing the lipophilicity, which
increases the cell wall penetration and oral bioavailability.*!
However,itwasnotapproved by the World Health Organization
and is absent from current first- or second-line TB regimens.
It is occasionally used in local or experimental protocols,
but the global regulatory approval is lacking due to limited
clinical data and comparative efficacy.?”

The chemical modification of the pyrazine-2-carboxamide
nucleus has been explored as a strategy to produce novel
and potent anti-tubercular agents. Introduction of electron-
donating groups like -CH, or -NH_, and electron-withdrawing
groups such as -X (CI, Br, F) or NO, or -CF, has been found
to significantly affect the biological activities. They influence
biological activity by modulating key physicochemical

properties of the compounds, such as their lipophilicity,
electronic characteristics, and membrane permeability,
which play an important role in the effective interactions
with bacterial targets.”®3? In addition to functional group
modifications, incorporation of heterocyclic moieties such
as triazoles, oxadiazoles, thiophenes, and piperazines has
contributed to improved antimycobacterial activity in
many reported series.?***! Such scaffolds may offer better
pharmacokinetic and pharmacodynamic profiles, in part due
to their metabolic stability and favorable interaction with
biological targets.> This review focuses on the evaluation
of a series of pyrazine-based derivatives where a range of
heterocyclic rings with different electron-donating and
electron-withdrawing groups are substituted, which will
provide valuable relationships for further lead optimization.
B7-39) This review examines the several reports during the
years 2010 to 2025 using search engines such as PubMed,
Google Scholar, and EBSCO. This analysis aims to provide
insights into the future directions for pyrazine-based TB drug
discovery and development.

MECHANISM OF ACTION OF PZA

PZA, exerts its anti-tubercular mycobacterial activity
through different mechanisms involving both confirmed
and proposed targets, as represented in Figure 4.4% Rather
than acting directly, PZA requires intracellular activation
and is converted to its active form, POA by the enzyme
called pyrazinamidase.*!! POA accumulates inside the
bacterial cell, particularly under acidic conditions, leading to
acidification of the cytoplasm that results in the disruption of
membrane energetics and transport functions, leading to cell
death.[" Beyond this general membrane disruption, POA and
certain analogues, such as 5-chloro PZA, have been shown
to competitively inhibit FAS-I at the NADPH-binding site,
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Figure 1: Mechanistic insights into marketed pyrazine-based drugs
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Figure 3: Structural analogs of pyrazinamide

disrupting the synthesis of mycolic acids, which is essential
for cell-wall integrity.">*] Another confirmed mechanism
involves the inhibition of trans-translation: POA binds to
ribosomal protein S1, preventing transfer-messenger RNA
interaction and thereby blocking this essential ribosome
rescue pathway.”! Additional proposed mechanisms include
inhibition of NAD biosynthesis, disruption of coenzyme
A, and suppression of (p)ppGpp synthesis by targeting
guanosine pentaphosphate synthase, inhibition of enoyl-ACP
reductase (InhA).[44-46]

PYRAZINE-BASED ANALOGUES
ASPOTENT ANTI-TB AGENTS

Ortho-substituted pyrazine derivatives

Sriram et al. developed and synthesized a series of PZA
mannich base-incorporated piperazine-substituted derivatives
and screened for their anti-tubercular activity against H37Rv.
Compound 7, containing a fluoroquinolone—urea—piperidine
hybrid, showed notable efficacy, with an MIC of 0.39
(against MTB) and 0.2 ug/mL (against multidrug-resistant
TB [MDR-TB]), respectively, compared to the standard
drug PZA with the MIC value of 12.5 pug/mL (MTB) and
>25 ug/mL (MDR-TB).F?47 Hassan et al. designed and
synthesized pyrazine-incorporated carboxamide, pyrazole
carbothioamide, and thiophene-based novel derivatives and

Acipimox
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screened the compounds for their anti-tubercular efficacy.
The compounds 8(a-d) contain an electron-withdrawing
group such as bromo, chloro, and an electron-releasing group
methyl group. The compound 8b, containing the electron-
withdrawing bromogroup, exhibited great efficacy with
the MIC value of 0.78 ug/mL. Compound 9, containing
the heterocyclic ring thiophene, also showed good anti-
tubercular activity with the MIC value of 6.25 ug/mL.
Compound 10, containing a pyrazole carbothioamide group,
also showed enhanced anti-tubercular activity with the
MIC value of 3.12 pug/mL. All these compounds showed
higher or equal anti-tubercular activity, with the reference
drug PZA having an MIC value of 6.25 pug/mL.B144) Das
synthesized pyrazine-1,3,4-oxadiazole-based  derivative
and incorporated substituents such as NH, NH,, triazole,
and tetrazole groups. Compound 11, which contains a
1,3,4-oxadiazole hydrazino group, showed the highest
activity with the MIC value of 6.25 ug/mL compared to the
standard drug rifampicin with the MIC value of 0.25 pug/mL
and isoniazid with the MIC value of 0.20 pug/mL.’% Zhou
et al. synthesized through rational drug design pyrazine-
carboxamide derivatives incorporating different heterocyclic
rings with the alkyl linker. Compound 12a — containing a
piperazine ring, compound 12b — containing a morpholine
ring, and compoundl2¢ — containing a thiomorpholine ring
(containing oxygen that is likely to increase the hydrogen-
bond acceptor capacity) showed higher activity with the MIC
value of 12.2, 8, and 10.2 ug/mL, respectively, which was
higher than that of the standard PZA that has the MIC value
of 12.5 ug/mL.FY Zulquramin ef al. rationally designed and
synthesized a pyrazine carboxamide derivative and assessed
the compounds for their anti-tubercular activity. Compound
13a, containing an electron-withdrawing group, chlorophenyl
group and13b containing the cycloheptyl substituent,
showed enhanced activity with MICs of each of lesser than
or equal to 6.25 ug/mL, which was 16 times potent than
that of the standard drug, PZA, which has an MIC value of
100 ng/mL.’% Suryawanshi et al. designed and synthesized a




series of pyrazine oxadiazole derivatives and screened them
for their anti-tubercular activity. Compounds 14a and 14b
both have an electro-withdrawing group, Br, and F, while 14c
contains an electron-donating group, OCH,, and an electron-
withdrawing group, Br, with MIC values of 3.13 pug/mL each,
compared to the standard drug, isoniazid, with an MIC value
of 0.4 ug/mL.%¥ Naiket al. synthesised pyrazine incorporating
a triazole heterocyclic ring by drug design and evaluated the
compounds for their anti-tubercular activity. Compound 15,
containing the electron-withdrawing group trifluoromethyl,
showed the maximum potency among the series and was
found to have the same MIC value as that of PZA, with an
MIC value of 3.12 ug/mL.*** Shivakumar et al. synthesized
drug design pyrazine carbohydrazide derivatives and
evaluated their anti-tubercular activity. Compounds 16a and
16b contain electron-withdrawing groups, bromo and nitro
groups, whereas compound 17 with the nitrophenyl group

showed greater potency than the standard drug PZA (MIC
value of 3.12ug/mL), with each MIC value of 1.56 pg/mL.5
The compounds’ chemical structures are shown in Figure 5,
and the MIC value with the structural feature is shown in
Table 1.

Ortho-meta-substituted pyrazine derivatives

Dolezal et al. synthesized pyrazine carboxamides substituted
derivatives and tested for their anti-mycobacterial activity.
Compound 18a, containing trifluoromethyl, and compound
18D, containing trifluoromethyl and a tert-butyl group as a
substituent, showed maximum anti-tubercular activity with a
MIC value of 6.25 and 3.13 ug/mL, respectively.5% Dolezal
et al. synthesized pyrazine carboxamide-aryl derivatives
and evaluated anti-tubercular activity. Compound 19a,
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Figure 4: Different anti-tuberculosis mechanistic pathways for the pyrazine ring-containing reported drugs

Table 1: MIC values of pyrazine-containing derivatives

Compound code Structural features MIC value Reference

1 Quinoline and pyrazine 0.39 Sriram et al. (2006)

2 Pyrazole and pyrazine 0.78 Hassan et al. (2020)

3 Thiophene and pyrazine 6.25

4 Pyrazoline and pyrazine 3.12

5 1,3,4-oxadiazole and pyrazine 6.25 Das (2015)

6 Morpholine, thiomorpholine, piperazine, and pyrazine 12.2,8and 10.2  Zhou et al. (2017)

7 Cycloheptane and pyrazine 6.25 Zulguramin et al. (2023)
8 1,3,4-oxadiazole and pyrazine 3.13 Suryawanshi et al. (2025)
9 Triazole and pyrazine 3.12 Naik et al. (2024)

10 1,3,4-oxadiazole and pyrazine 1.56 Shivakumar et al. (2025)
11 7H-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazine and pyrazine 1.56

MIC: Minimum inhibitory concentration
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containing iodide and a methyl group, and compound 19b,
containing additional tert-butyl and an electron-withdrawing
group, chlorine, showed four times higher potency with MIC
values of <2 ug/mL and 4 pg/mL, respectively, than that of
the standard drug PZA (MIC value 8 ug/mL).’38 Zitko et
al. synthesized pyrazine carboxamides and evaluated the
compounds for their anti-tubercular activity. Compound 20a
contains an electron-withdrawing chloro substituent and an
electron-donating hydroxyl group, whereas compound 20b
bears an electron-withdrawing carboxyl group along with
a hydroxyl substituent. Compounds 20a and 20b exhibited
superior anti-tubercular activity, with MIC values of 1.56
and 3.13 pg/mL, respectively, compared to the standard
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drug pyrazinamide (PZA), which showed MIC values in the
range of 6.25-12.5 ug/mL.’! Servusova et al. synthesized
pyrazine carboxamide derivatives for their anti-tubercular
activity. Compound 21a, containing the electron-withdrawing
group chloride, and compound 21b containing the electron-
donating group methyl, showed maximum potency with the
MIC value of 6.25 and 3.13 pg/mL, respectively, against
Mycobacterium kansasii, to which the standard compound
PZA isunsusceptible.l Zitko et al. designed and synthesized
pyrazine carboxamide derivatives and their compounds for
their anti-tubercular activity. Compound 22a, containing the
electron-withdrawing group fluoro group, compound 22b
and 22c containing the electron-withdrawing group chloro,
and compound 22d containing the electron-withdrawing
group iodo showed higher potency of each MIC value of
3.13 ug/mL compared to the reference drug PZA with the
MIC value of 12.5 pug/mL. Jandourek et al. synthesized
pyrazine carbonitrile derivatives and studied the compounds
for their anti-tubercular activity. Compounds 23a and 23b,
containing an electron-withdrawing group, chloride, and 23c,
containing an electron-withdrawing group, trifluoromethyl
group, showed maximum potency with the MIC value of
6.25 ug/Ml against H37Rv TB compared to the standard drug
PZA with the MIC value of 12.5 pg/mL.[* Semelkova et al.
designed and synthesized pyrazine carboxamide derivatives
and incorporated long alkylamino groups, and found that the
compounds containing longer alkylamino chains are more
potent than the substituents with the shorter alkyl chains.
Among the synthesized compounds, compounds 24a, 24b,
and 24c showed the maximum potency with each MIC value
of 25 ug/mL compared to the standard drug isoniazid with an
MIC value of 0.1-0.39 pg/mL.[* Semelkovaet al. synthesized
N-Benzyl pyrazine carboxamide derivative and screened
the compounds for their anti-tubercular activity. Compound
25a, containing the electronegative group methyl group, and
compound 25b, containing the electron-withdrawing group
chlorogroup, showed anti-tubercular activity with the MIC
value of each 12.5 pug/mL compared to the standard drug
isoniazid with an MIC value of 0.2 pug/mL.1*%! Jandourek
et al. designed and synthesized a pyrazine carboxamide
derivative incorporating various substituted benzyl amino
derivatives at the 3-position. Compounds 26a and 26d contain
the electron-withdrawing group trifluoromethyl, whereas 26b
and 26¢, containing the electron-releasing group methyl and
the amino group, has shown better or equal potent activity
with the MIC value of 12.5 ug/mL, 12.5ug/mL, 1.56ug/
mL, and 6.25 pg/mL, respectively, compared to the standard
drug PZA with an MIC value of 12.5 ug/mL.[*! Shaik et
al. designed and synthesized chloropyrazine carboxamide
derivatives incorporating different alkyl groups containing
several electron-donating and electron-withdrawing groups,
along with some derivatives containing heterocyclic rings.
Compound 27a, containing electron-withdrawing chloro
group at ortho and para position in the phenyl group, showed
16 times improved activity over the reference compound PZA
(MIC value of 50.80 ug/mL) with an MIC value 25.51 ug/
mL of whereas compound 27b containing electron releasing




Table 2: MIC values of pyrazine-containing derivatives

Compound code Structural features MIC value Reference

12 Carboxamide and pyrazine 6.25 and 3.13 Dolezal et al. (2008)

13 Carboxamide and pyrazine <2and 4 Dolezal et al. (2009)

14 Carboxamide and pyrazine 1.56 and 3.13 Zitko et al. (2013)

15 Benzylcarboxamide and pyrazine 6.25 and 3.13 Servusova et al. (2013)
16 Carboxamide and pyrazine 3.13 Zitko et al. (2015)

17 Benzylamine and pyrazine 6.25 Jandourek et al. (2014)
18 Long alkyl group and pyrazine 25 Semelkova et al. (2015)
19 Benzylamine and pyrazine 12.5 Semelkova et al. (2017)
20 Benzylamine and pyrazine 12.5, 1.56, 6.25, and 12.5 Jandourek et al. (2017)
21 Aromatic ketone and pyrazine 25.51 and 23.89 Shaik et al. (2020)

22 Pyridine carboxamide and pyrazine 1.59 Ramesh et al. (2024)

MIC: Minimum inhibitory concentration
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Polycyclic ring incorporation
enhances biological activity

Figure 7: Compound containing a polycyclic ring fused to
pyrazine

designed and synthesized pyrazine derivatives for their anti-
tubercular activity. Compound 28, containing the electron-
withdrawing group fluoro, showed the maximum potency
with the MIC value of 1.59 ug/mL, whereas the standard drug
used is isoniazid with the MIC value of 0.1 pug/mL.[% The
compounds’ chemical structures are shown in Figure 6, and
the MIC value with the structural feature is shown in Table 2.

Polycyclic ring fused pyrazine derivatives

Sadykhov et al. designed and synthesised a pyrrole and
quinoxaline hybrid compound that contains thiophene and N,
N-dimethyl ethyl substitution. They evaluated the compounds
for their anti-tubercular activity. Compound 29 showed the
highest potency amongst all the synthesised compounds
with an MIC value of 12.5 pg/mL compared to the standard
drug isoniazid with an MIC value of 0.06 pug/mL.[**7 The
compounds’ chemical structures are shown in Figure 7, and
the MIC value with the structural feature is shown in Table 3.
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Table 3: MIC values of pyrazine-containing
derivatives

Compound Structural MIC  Reference
code features value
23 Polycyclic ring 12.5 Sadykhov
containing pyrazine et al. (2024)
MIC: Minimum inhibitory concentration
CONCLUSION

The pyrazine nucleus has emerged as a highly promising
class of compounds due to its structural simplicity,
pharmacophoric versatility against M. tuberculosis, for the
resistant strains as well. The SAR studies suggest that the
substitutions of the pyrazine ring with electron-withdrawing
groups or heterocyclic moieties significantly enhance the
anti-tubercular potency, often surpassing the standard
drugs like PZA in terms of their MIC values. The effect
of the various substitutions, such as electron-withdrawing,
electron-releasing groups, and the various heterocyclic rings,
has been compiled in Graph 1 for thorough understanding.
Advances in synthetic methodologies and computational
modelling have further enabled rapid lead optimization and
drug-likeness profiling. Taken together, the SAR evidence
reviewed here indicates that the pyrazine nucleus is not
merely a structural motif but a modifiable platform capable
of addressing emerging resistance mechanisms in TB
therapy.

ACKNOWLEDGMENT

The authors are grateful for the support and resources
from the Department of Pharmaceutical Chemistry, The
Oxford College of Pharmacy, during the work being carried
out.

L

10.

Asian Journal of Pharmaceutics * Oct-Dec 2025 ¢ 19 (4) | 1639

REFERENCES

Mitchison DA. The diagnosis and therapy of tuberculosis
during the past 100 years. Am J Respir Crit Care Med
2005;171:699-706.

Bekele S, Bolla JR. Pyrazine derivatives as potential
pharmacophores in drug discovery: A review. Eur J] Med
Chem 2021;226:113824.

Joule JA, Mills K. Heterocyclic Chemistry. 5* ed. Wiley;
2010. Available from: https://onlinelibrary.wiley.com/
doi/book/10.1002/9780470686986 [Last accessed on
2025 Sep 04].

Katritzky AR, Ramsden CA, Scriven EF, Taylor RJ,
editors. Comprehensive  Heterocyclic =~ Chemistry
III. Vol. 4. Elsevier; 2008. Available from: https:/
www.sciencedirect.com/bookseries/comprehensive-
heterocyclic-chemistry-iii [Last accessed on 2025 Sep
04].

Zhang Y, Mitchison D. The curious characteristics
of pyrazinamide: Areview. Int J Tuberc Lung Dis
2003;7:6-21.

Mabhapatra S, Banerjee M. Pyrazine derivatives as
a potential pharmacophore in medicinal chemistry:
A review. Mini Rev Med Chem 2020;20:115-30.

Shi W, Zhang X, Jiang X, Yuan H, Lee JS, Barry CE
39 et al. Pyrazinamide inhibits trans- translation in
Mycobacterium tuberculosis. Science 2011;333:1630-32.
Pathak S, Agrawal N, Gaur S. A review on diverse
biological activity of heterocyclic nucleus pyrazine and
its derivatives: a key for the researchers. Lett Org Chem.
2024;21:351-61.

Eijkelkamp BA, Morey JR, Neville SL, Tan A,
Pederick VG, Cole N, ef al. Dietary zinc and the control
of Streptococcus pneumoniae infection. PLoS Pathog
2019;15:¢1007957.

Nguyen TV, Anthony RM, Bafuls AL, Nguyen TV,
Vu DH, Alffenaar JC. Bedaquiline resistance: Its




11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

emergence, mechanism, and prevention. Clin Infect Dis
2018;66:1625-30.

Morlock GP, Metchock B, Sikes D, Crawford JT,
Cooksey RC. ethA, inhA, and katG loci of ethionamide-
resistant clinical Mycobacterium tuberculosis isolates.
Antimicrob Agents Chemother 2003;47:3799-805.
Waseem AM, Elmagzoub RM, Abdelgadir MM, Al
Bahir A, Abd EL-Gawaad NS, Abdel-Samea AS, et al.
An insight into the therapeutic impact of quinoxaline
derivatives: Recent advances in biological activities
(2020-2024). Results Chem 2025;13:101989.

Yadon AN, Maharaj K, Adamson JH, Lai YP,
Sacchettini JC, Ioerger TR, et al. A comprehensive
characterization of pncA polymorphisms that confer
resistance to pyrazinamide. Nat Commun 2017;8:588.
Zhang Y, Shi W, Zhang W, Mitchison D. Mechanisms
of pyrazinamide action and resistance. Microbiol Spectr
2013;2:1-12.

Sala C, Hartkoorn RC. Tuberculosis drugs: New
candidates and how to find more. Future Microbiol
2011;6:617-33.

Zhong X, Lin A, Luo J, Yeqin Li, Jinlan C, Chao N,
et al. Clinical research progress of novel antituberculosis
drugs on multidrug-resistant tuberculosis. Postgrad Med
2024;100:366-72.

Shah R, Verma PK, Shah M, Kumar V. Synthesis
and antimycobacterial evaluation of pyrazinamide,
benzimidazole = and  carboxamide  derivatives.
J Heterocycl Chem 2022;59:1930-7.

Zhang Y, Wade MM, Scorpio A, Zhang H, Sun Z. Mode
of action of pyrazinamide: Disruption of Mycobacterium
tuberculosis membrane transport and energetics by
pyrazinoicacid. J Antimicrob Chemother2003;52:790-5.
Wayne LG, Sohaskey CD. Nonreplicating persistence
of Mycobacterium tuberculosis. Annu Rev Microbiol
2001;55:139-63.

Zhang Y. The magic bullets and tuberculosis drug targets.
Annu Rev Pharmacol Toxicol 2005;45:529-64.
Zimhony O, Cox JS, Welch JT, Vilchéze C, Jacobs WR Jr.
Pyrazinamide inhibits the eukaryotic-like fatty acid
synthetase [ (FASI) of Mycobacterium tuberculosis. Nat
Med 2000;6(9):1043-7.

Almeida D, Nuermberger E. The use of morinamide in
the treatment of tuberculosis: A review of the evidence.
Tuberculosis (Edinb) 2012;92:187-96.

Heifets LB, Lindholm-Levy PJ. Comparison of the
activities of pyrazinamide and its analogs against
Mycobacterium  tuberculosis. ~ Antimicrob  Agents
Chemother 1989;33:932-4.

Boshoff HI, Mizrahi V, Barry CE. Effects of pyrazinamide
on fatty acid synthesis by Mycobacterium tuberculosis.
J Bacteriol 2002;184:2167-72.

Rao SP, Alonso S, Rand L, Dick T, Pethe K. The proton
motive force is required for maintaining ATP homeostasis
and viability of hypoxic, nonreplicating Mycobacterium
tuberculosis. Proc Natl Acad Sci 2008;105:11945-50.
World Health Organization. WHO Consolidated

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Asian Journal of Pharmaceutics ¢ Oct-Dec 2025+ 19 (4) | 1640

Guidelines on Tuberculosis: Module 4: Treatment - Drug-
Resistant Tuberculosis Treatment. Geneva: WHO; 2020.
Available from: https://www.who.int/publications/i/
item/9789240007048

Liu X, Wang X. Recent advances on the structural
modification of parthenolide and its derivatives as
anticancer agents. Chin J Natl Med 2022;20:814-29.
Dolezal M, Kratky M. Pyrazine derivatives as potential
anti-tuberculosis agents: Activity and structure-activity
relationships. Curr Pharm Des 2010;16:3044-57.
Moraski GC, Miller PA, Bailey MA, Ollinger J, Parish T,
Boshoff HI. Development of a novel lead compound
that effectively targets drug-resistant Mycobacterium
tuberculosis. ACS Med Chem Lett 2011;2:466-70.
Palomino JC, Martin A, Camacho M, Guerra H,
Swings J, Portaels F. Resazurin microtiter assay plate:
Simple and inexpensive method for detection of drug
resistance in Mycobacterium tuberculosis. Antimicrob
Agents Chemother 2002;46:2720-2.

Shaveta, Mishra S, Singh P. Hybrid molecules: The
privileged scaffolds for various pharmaceuticals. Eur J
Med Chem 2016;124:500-36.

Chauhan PM, Sunduru N, Sharma M. Recent advances
in the design and synthesis of heterocycles as anti-
tubercular agents. Future Med Chem 2010;2:1469-500.
Kokre SJ, Kavalapure RS, Huddi SS, Gharge S,
Alegaon SG, Ranade SD, et al. Sulfonamides: A versatile
scaffold for diverse biological activity. Results Chem
2025;18:102858.

Kumar V, Patel S, Jain R. New structural classes of
antituberculosis agents. Med Res Rev 2018;38:684-740.
Kratky M, Dolezal M. Antitubercular activity of
pyrazine derivatives: A review of the structure—activity
relationship. Mini Rev Med Chem 2011;11:956-67.
Sharma R, Kumar R. Recent advances in the development
of heterocyclic anti-tubercular agents. Future Med Chem
2014;6:545-65.

Bellapukonda SM, Bandela R, Singampalli A,
Srikanth D, Kumar P, Nanduri S, et al. A systematic
review on the anti-microbial activities and structure-
activity relationship (SAR) of quinoxaline derivatives.
Eur J Med Chem 2025;289:117472.

Kratky M, VinsovaJ,Dolezal M. Pyrazine derivatives with
antimicrobial activity: Synthesis and structure-activity
relationships. Res Chem Intermed 2011;37:805-28.
Singh R, Manjunatha U, Boshoff HI, Ha YH,
Niyomrattanakit P, Ledwidge R, et al. PA-824 Kkills
nonreplicating ~ Mycobacterium  tuberculosis by
intracellular NO release. Science 2008;322:1392-5.
Lamont EA, Dillon NA, Baughn AD. The bewildering
antitubercular action of pyrazinamide. Microbiol Mol
Biol Rev 2020;84:¢00070-19.

Juréen P, Werngren J, Toro JC, Hoffner S. Pyrazinamide
resistance and pncA gene mutations in Mycobacterium
tuberculosis. Antimicrob ~ Agents Chemother
2008;52:1852-4.

Rahman A, Ferdous SS, Ahmed S, Rahman SM,




43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Uddin MK, Pholwat S, et al. Pyrazinamide susceptibility
and pncA mutation profiles of Mycobacterium
tuberculosis among multidrug-resistant tuberculosis
patients in Bangladesh. Antimicrob Agents Chemother
2017;61:e00511-17.

Ngo SC, Zimhony O, Chung WJ, Sayahi H, Jacobs WR Jr.,
Welch JT. Inhibition of isolated Mycobacterium
tuberculosis fatty acid synthase I by pyrazinamide
analogs. Antimicrob Agents Chemother 2007;51:2430-5.
Gopal P, Nartey W, Ragunathan P, Sarathy J, Kaya F,
Yee M, et al. Pyrazinoic acid inhibits mycobacterial
coenzyme A biosynthesis by binding to aspartate
decarboxylase PanD. ACS Infect Dis 2017;3:807-19.
Marrakchi H, Lanéelle MA, Daffé M. Mycolic acids:
Structures, biosynthesis, and beyond. Chem Biol
2014;21:67-85.

Wahan SK, Bhargava G, Chawla V, ChawlaPA. Unlocking
InhA: Novel approaches to inhibit Mycobacterium
tuberculosis. Bioorg Chem 2024;146:107250.

Sriram D, Yogeeswari P, Reddy SP. Synthesis of
pyrazinamide Mannich bases and its antitubercular
properties. Bioorg Med Chem Lett 2006;16:2113-6.
Wahan SK, Sharma S, Chawla PA. Anti-tubercular
activity of pyrazinamide conjugates: Synthesis and
structure-activity relationship studies. 2022;23:700-18.
Hassan NW, Saudi MN, Abdel-Ghany YS, Ismail A,
Elzahhar PA, Sriram D, et al. Novel pyrazine based
anti-tubercular agents: Design, synthesis, biological
evaluation and in silico studies. Bioorg Chem
2020;96:103610.

Das R, Asthana GS, Suri KA, Mehta DK, Asthana A.
Synthesis and assessment of antitubercular and
antimicrobial activity of some novel triazolo- and
tetrazolo-fused 1,3,4-oxadiazole molecules containing
pyrazine moiety. J Pharm Sci Res 2015;7:806.

Zhou S, Yang S, Huang G. Design, synthesis and
biological activity of pyrazinamide derivatives for
anti-Mycobacterium tuberculosis. J Enzyme Inhib Med
Chem 2017;32:1183-6.

Azminah A, Santoso M. Synthesis, Mycobacterium
tuberculosis H37Rv inhibitory activity, and molecular
docking study of pyrazinamide analogs. J Appl Pharm
Sci 2023;13:170-7.

Suryawanshi AG, Pathak C, Khona P, Jain A,
Kabra UD. Design, Synthesis, Biological evaluation,
and computational studies of pyrazine-1,3,4-oxadiazole
analogs as potential antitubercular agents. Chem
Biodivers 2025;22:e00777.

Naik S, Puttachari D, Shetty VP, Prabhu C, Deekshit VK.
Synthesis and biological evaluation of novel hybrid
compounds bearing pyrazine and 1,2,4-2,4 Synthesis
and biological antitubercular agents. RSC Pharm
2024;1:283-95.

Shivakumar D, Udayakumar D, Shetty VP, Prabhu C,
Deekshit VK. Synthesis and in vitro screening of pyrazine-
2-carbohydrazide derivatives as potential antimicrobial

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Asian Journal of Pharmaceutics * Oct-Dec 2025 ¢ 19 (4) | 1641

agents. J Comput Biophys Chem 2024;23:541-60.
Dolezal M, Cmedlova P, Palek L, Vinsova J, Kunes J,
Buchta V, ef al. Synthesis and antimycobacterial
evaluation of substituted pyrazinecarboxamides. Eur J
Med Chem 2008;43:1105-13.

Dolezal M, Zitko J, KesSetovicova D, Kune$§ J,
Svobodova M. Substituted ~ N-Phenylpyrazine-2-
carboxamides:  Synthesis and  antimycobacterial
evaluation. Molecules 2009;14:4180-89.

Beena, Rawat DS. Antituberculosis drug research:
A critical overview. Med Res Rev 2013;33:693-764.
ZitkoJ,ServusovaB, Paterova P, MandikovalJ, Kubic¢ek V,
Kucera R, et al. Synthesis, antimycobacterial activity
and in vitro cytotoxicity of 5-chloro-N-phenylpyrazine-
2-carboxamides. Molecules 2013;18:14807-25.
Servusova B, Vobickova J, Paterova P, Kubicek V,
Kunes J,Dolezal M, etal. Synthesis and antimycobacterial
evaluation of N-substituted 5-chloropyrazine-2-
carboxamides. Bioorg Med Chem Lett 2013;23:3589-91.
Zitko J, Servusova B, Paterova P, Navratilova L,
Trejtnar F, Kune§ J, et al. Design, synthesis
and anti-mycobacterial evaluation of some new
iV-phenylpyrazine-2-carboxamides. Chem Pap
2016;70:649-57.

Jandourek O, Dolezal M, Paterova P, Kubicek V,
Pesko M, Kunes J, et al. N-Substituted 5-amino-6-
methylpyrazine-2, 3-dicarbonitriles: Microwave-assisted
synthesis and biological properties. Molecules
2014;19:651-71.

Semelkoval, KonecnaK,Paterova P, Kubicek V, Kunes J,
Novakova L, et al. Synthesis and biological evaluation
of  N-alkyl-3-(alkylamino)-pyrazine-2-carboxamides.
Molecules 2015;20:8687-711.

Semelkova L, Jandourek O, Konec¢na K, Paterova P,
Navratilova L, Trejtnar F, et al. 3-substituted
N-benzylpyrazine-2-carboxamide derivatives:
Synthesis,  antimycobacterial antibacterial
evaluation. Molecules 2017;22:495.

Gale GA, Kirtikara K, Pittayakhajonwut P, Sivichai S,
Thebtaranonth Y, Thongpanchang C. In search of
cyclooxygenase inhibitors, anti-Mycobacterium
tuberculosis and anti-malarial drugs from Thai flora and
microbes. Pharmacol Ther 2007;115:307-51.

Jandourek O, Tauchman M, Paterova P, Konecna K,
Navratilova L, Kubicek V, et al. Synthesis
of mnovel pyrazinamide derivatives based on
3-chloropyrazine-2-carboxamide and their antimicrobial
evaluation. Molecules 2017;22:223.

Shaik AB, Bhandare RR, Nissankararao S, Lokesh BV,
Shahanaaz S, Rahman MM. Synthesis, and biological
screening of chloropyrazine conjugated benzothiazepine
derivatives as potential antimicrobial, antitubercular and
cytotoxic agents. Arab J Chem 2021;14:102915.
Ramesh M, Reddy PN, Padmaja P, Patil KR, Pawara RH,
Rani VS, et al. Design, synthesis, and in silico studies
of pyrazine-based derivatives as potential antitubercular
agents. J Mol Struct 2025;1321:139784.

and




.t v S A

69. Sadykhov GA, Belyaev DV, Khramtsova EE, 70. Rusu A, Oancea OL, Tanase C, Uncu L. Unlocking the

Vakhrusheva DV, Krasnoborova SY, Dianov DV, potential of pyrrole: Recent advances in new pyrrole-
et al. N. 4-Alkyl-4H-thieno[2',3":4,5]pyrrolo[2,3-b] containing compounds with antibacterial potential. Int J
quinoxaline derivatives as new heterocyclic analogues of Mol Sci 2024;25:12873.

indolo[2,3-b]quinoxalines: Synthesis and antitubercular -

activity. Int J Mol Sci 2025;26:369. | Source of Support: Nil. Conflicts of Interest: None declared.

Asian Journal of Pharmaceutics * Oct-Dec 2025 < 19 (4) | 1642



