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ABSTRACT

Isoniazid is a synthetic antimicrobial and one of the most essential first-line drugs used in the
treatment of tuberculosis. In addition, isoniazid has been used as a prophylactic drug for patients
with latent Mycobacterium tuberculosis infection to prevent the reactivation of the disease. It is a
prodrug that is activated by catalase-peroxidase (KatG) enzyme. Catalase peroxidase enzyme
converts isoniazid to reactive species. Isoniazid reactive species inhibit enoyl acyl-carrier-protein
reductase (InhA) enzyme, which is involved in the biosynthesis of fatty acids of mycobacteria.
Isoniazid is metabolized by amidase enzyme into isonicotinic acid and hydrazine.

Chronic toxicity of isoniazid results in hepatotoxicity and peripheral neuropathy. For active
tuberculosis, isoniazid is often used together  with rifampicin, pyrazinamide, and
either streptomycin or ethambutol. Multiple extensively and totally drug-resistant strains of
Mycobacterium tuberculosis were reported. Due to the development of Mycobacterium tuberculosis
resistance to isoniazid, a continuous search for new drugs is a demand to combat this global problem.
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combination with pyrazinamide, rifampin, or both to combat
antimicrobial resistance®.

Isoniazid (isonicotinic acid hydrazide) is one of the most
common antituberculosis drugs. It is a prodrug, activated
through an oxidation reaction catalyzed by catalase-
peroxidase (KatG) enzyme, which converts isoniazid to
reactive species.! Isoniazid reactive species bind to enoyl
acyl-carrier-protein reductase (InhA) enzyme, which is
involved in the biosynthesis of fatty acids. It forms a covalent
complex with the NAD* cofactor of the enzyme and thus
inhibits the synthesis of lipids and DNA, leading to the
prevention of cell wall synthesis and development.? 2 First,
isoniazid was recommended as a monotherapy for patients
with latent tuberculosis. Then, it was frequently used in
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2. Synthesis of isoniazid

Several methods are available for the synthesis of isoniazid.
Isoniazid is  commercially  synthesized  using 4-
cyanopyridine and hydrazine hydrate.’ It is also synthesized
from citric acid as a starting material .6

Furthermore, enzymatic synthesis uses lipases in a
non-aqueous medium starting from ethyl isonicotinate and
hydrazine (Figure 1). Lipases are well known to act as
catalysts for esterification and trans-esterification reactions in
non-aqueous media.”
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Figure 1: Enzymatic synthesis of isoniazid using lipases in non-aqueous media.

3. Biological activity and mechanism of action
of isoniazid

Isoniazid is a prodrug that must be activated by bacterial
catalase-peroxidase enzyme. Activation is associated with the
reduction of the mycobacterial ferric catalase-peroxidase
(KatG) enzyme by hydrazine moiety of isoniazid and reaction
with oxygen to form an oxyferrous enzyme complex. Once
activated, isoniazid prevents the synthesis of mycolic acids,
an essential constituent of the bacterial cell wall. At
therapeutic levels, isoniazid is bactericidal against actively
growing intracellular and extracellular Mycobacterium
tuberculosis organisms. Isoniazid inhibits InhA, the enoyl
acyl reductase enzyme from M. tuberculosis, by forming a
covalent adduct with the NAD cofactor. The isoniazid-NAD
complex acts as a slow, tight-binding competitive inhibitor of
InhA 8

4. Structure-activity relationship of isoniazid

The hydrazine moiety is important for the antituberculosis
activity of isoniazid. By substituting the hydrazine moiety
(NHNH) of isoniazid with an alkyl group, a range of active
and inactive compounds appeared. Substitution on the
terminal nitrogen gave active derivatives (R1 = R, = alkyl, Rs
= H). Replacement of the amide nitrogen with alkyl groups
decreased the activity.® It was also reported that the activity
was abolished by isomerization of the pyridine nitrogen to
other positions or its removal. Substitution of position 2 with
a methyl group revealed antitubercular activity comparable to
isoniazid (Figure 2).10.11
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Figure 2: Structure-activity relationship of isoniazid.
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It was found that some quinoxaline 1,4-di-N-oxide derivatives
containing isoniazid as a pharmacophore (Figure 3) showed
growth inhibition values of 99% and 100% against
Mycobacterium tuberculosis H37Rv. In addition, it was
reported that the absence of the two N-oxide groups generally
led to the loss of the antitubercular activity.*?-4
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Figure 3: Structure of quinoxaline 1,4-di-N-oxide derivatives
containing isoniazid as pharmacophore.

5. Resistance to isoniazid

Multiple and extensively drug-resistant strains of M.
tuberculosis were reported. Multiple drug resistance (MDR) M.
tuberculosis is resistant to at least rifampin and isoniazid (first-
line antituberculosis drugs). Extensively drug resistance (XDR)
M. tuberculosis is resistant to at least one fluoroquinolone and
one or more second-line injectable antibiotics such as
kanamycin, amikacin, and capreomycin.’®* A more worrying
situation has appeared with the report of a totally drug-resistant
strain which showed resistance to all antibiotics available for
testing. 1® Early diagnosis of all forms of drug resistance in
tuberculosis is critical for limiting and controlling the spread of
these resistant strains. Understanding the mechanism of action
and drug resistance of antituberculosis drugs can aid in the
discovery of new drug targets. Two primary molecular
pathways of M. tuberculosis resistance to isoniazid are linked
to gene mutations in the KatG and InhA enzymes.*’The most
common gene mutation in the KatG enzyme is S315T (serine
315 mutation to threonine 315), which affects the activation of
isoniazid. The second most common mutation is in the
promoter region of the InhA enzyme, which induces InhA
overexpression or, less commonly, a change in the active site.
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Figure 4: Mammalian metabolism of isoniazid. 1: isoniazid, 2: acetyl isoniazid, 3: 2-oxo-1,2-dihydropyridine-4-carbohydrazide, 4:

acetylhydrazide, 5: isonicotinic acid, 6: hydrazine and 7: isoniazid N-oxide.

Therefore, InhA affinity to the isoniazid-NAD complex is
reduced.®

6. Isoniazid toxicity

Isoniazid treatment has a risk of toxicity which may be acute
or chronic. Consumption of 2 gm of isoniazid causes acute
toxicity, which appears as neurological symptoms. Chronic
toxicity results in  hepatotoxicity and peripheral
neuropathy.1%2

7. Metabolism of isoniazid

7.1. Mammalian metabolism of isoniazid

Isoniazid is metabolized by the amidase enzyme into
isonicotinic acid and hydrazine (Figure 4). Isoniazid is also
converted to isoniazid N-oxide and 2-oxo-1,2-
dihydropyridine-4-carbohydrazide by myeloperoxidase
enzyme. It is also converted by N-acetyltransferase to acetyl
isoniazid, which is metabolized by amidase enzyme to
acetylhydrazine and isonicotinic acid.?

7.2. Microbial transformation of isoniazid

Isoniazid was converted to isonicotinamide by
Mycobacterium bovis (Figure 5).2* On the other hand,
isoniazid was metabolized by Sarcina species into
isonicotinic acid, which was further converted to 2-
oxoisonicotinic acid followed by ring cleavage to finally
generate pyruvate (Figure 6).22 Moreover, a new study by
Ragab et al. reported that three major metabolites 1-3 derived
from isoniazid transformation by Aspergillus niger NRRL
328 and Aspergillus niger AUMC 4156. The metabolites

This journal is © Faculty of Pharmacy, Tanta University

were identified as isonicotinic acid, isonicotinic acid N-
oxide, and isonicotinamide, respectively, as illustrated in
Figure 7.2 Antituberculosis activity of isoniazid and
metabolites 1-3 against drug-sensitive, multiple drug
resistance (MDR) and extensive drug resistance (XDR) were
evaluated using microplate alamar blue assay. Isoniazid was
used as a reference. The results revealed that, among the
tested metabolites, metabolite 2 (isonicotinic acid N-oxide)
was highly active against the drug-sensitive Mycobacterium
tuberculosis strain ATCC 25177/ H37Ra. The obtained
results also revealed that metabolite 2 was four-fold more
active than isoniazid. Furthermore, metabolite 2 (isonicotinic
acid N-oxide) was more active than metabolite 3
(isonicotinamide) against multiple drug-resistant strains
ATCC 35822. Metabolite 2 was the only active metabolite
against an extensively drug-resistant strain, a clinical isolate
from the Regonal Center of Microbiology and Biotechnology
(RCMB). The effect of metabolite 2 on the inhibition of M.
tuberculosis InhA enzyme was determined, and the study
revealed that metabolite 2 was a more potent inhibitor of
InhA enzyme with IC50 0.20+1.20 puM compared to
isoniazid IC50 0.70+0.58 pM. The InhA enzyme assay
results comply with that obtained from the determination of
the MIC value of metabolite 2. Therefore, metabolite 2
(isonicotinic acid N-oxide) is a potent antituberculosis agent
targeting InhA enzyme. The antituberculosis activity was
confirmed by good protein-ligand binding affinity to InhA
enzyme using MVD software which revealed that metabolite
2 with the N-oxide structure showed the highest affinity of
binding to InhA active site (MolDock score -73.44 kcal/mol)
compared to isoniazid (MolDock score -71.38 kcal/mal).
This is in concordance with the observed in vitro InhA
enzyme assay results.
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Figure 7: Microbial transformation of isoniazid by A. niger NRRL 328 and A. niger AUMC 4156.

8. CONCLUSION

1.
Isoniazid is still regarded as one of the most important drugs

for the treatment of tuberculosis. Its efficacy is mostly due to

its high potency and selectivity against Mycobacteria. This 2.
review aims to provide an overview of the biotransformation

of isoniazid and the relative biological activity of the isolated
metabolites against drug-resistant strains of Mycobacteria 3.
strains.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

This journal is © Faculty of Pharmacy, Tanta University

9. REFERENCES

Timmins GS, Deretic V. Mechanisms of action of
isoniazid. Mol Microbiol. 2006;62(5):1220-1227.
d0i:10.1111/j.1365-2958.2006.05467.x

Vilchéze C, Jacobs, Jr. WR. The mechanism of
isoniazid Killing: Clarity through the scope of
Genetics. Annu. Rev. Microbiol. 2007;61(1):35-50.
doi:10.1146/annurev.micro.61.111606.122346.
Scior T, Meneses Morales I, Garcés Eisele SJ,
Domeyer D, Laufer S. Antitubercular isoniazid and
drug resistance of Mycobacterium tuberculosis--a
review. Arch Pharm (Weinheim). 2002;335(11-
12):511-525. doi:10.1002/ardp.200290005.

Bass JB, Farer LS, Hopewell PC, et al. Treatment of
tuberculosis and tuberculosis infection in adults and
children. American Thoracic Society. Monaldi Arch
Chest Dis. 1994;49(4):327-345.
doi:10.1164/ajrccm.149.5.8173779.

J Adv Med Pharm Res., 2023, 4, 42-46]| 45



8.

10.

11.

12.

13.

14.

15.

16.

Andrew Publishing William, ELSEVIER SCIENCE.
Pharmaceutical Manufacturing Encyclopedia, 3rd
Edition Database. Noyes Publications; 2005.
BAIZER MM, DUB M, GISTER S, STEINBERG
NG. Synthesis of isoniazid from citric acid. J Am
Pharm Assoc Am Pharm Assoc. 1956;45(7):478-480.
d0i:10.1002/jps.3030450714.

Yadav GD, Joshi SS, Lathi PS. Enzymatic synthesis
of isoniazid in non-aqueous medium. Enzyme
Microb. Technol. 2005;36(2-3):217-222.
doi:https://doi.org/10.1016/j.enzmictec.2004.06.008

Vilchéze C, Jacobs WR. The Isoniazid Paradigm of
Killing,  Resistance, and  Persistence in
Mycobacterium  tuberculosis. J.  Mol. Biol.
2019;431(18):3450-3461.
doi:https://doi.org/10.1016/j.jmb.2019.02.016.
Castelo-Branco FS, de Lima EC, Domingos JL de O,
et al. New hydrazides derivatives of isoniazid against
Mycobacterium tuberculosis: Higher potency and
lower  hepatocytotoxicity.  Eur. J.  Med.
2018;146:529-540.
doi:https://doi.org/10.1016/j.ejmech.2018.01.071.
Pasqualoto KF, Ferreira El, Santos-Filho OA,
Hopfinger AJ. Rational design of new
antituberculosis agents: receptor-independent four-
dimensional quantitative structure-activity
relationship analysis of a set of isoniazid derivatives.
J Med Chem. 2004;47(15):3755-3764.
d0i:10.1021/jm049913k.

Hegde P, Boshoff HIM, Rusman Y, et al.
Reinvestigation of the structure-activity
relationships of isoniazid. Tuberculosis (Edinb).
2021;129:102100. doi:10.1016/j.tube.2021.102100.
Carta A, Loriga M, Paglietti G, et al. Synthesis, anti-
mycobacterial, anti-trichomonas and anti-candida in
vitro activities of 2-substituted-6,7-difluoro-3-
methylquinoxaline 1,4-dioxides. Eur J Med Chem.
2004;39(2):195-203.
d0i:10.1016/j.ejmech.2003.11.008.

Ancizu S, Moreno E, Solano B, et al. New 3-
methylquinoxaline-2-carboxamide  1,4-di-N-oxide
derivatives as anti-Mycobacterium tuberculosis
agents. Bioorg Med Chem. 2010;18(7):2713-2719.
d0i:10.1016/j.bmc.2010.02.024.

Moreno E, Ancizu S, Pérez-Silanes S, Torres E,
Aldana I, Monge A. Synthesis and antimycobacterial
activity of new quinoxaline-2-carboxamide 1,4-di-
N-oxide derivatives. Eur J Med Chem.
2010;45(10):4418-4426.
doi:10.1016/j.ejmech.2010.06.036.

Eker B, Ortmann J, Migliori GB, et al. Multidrug-
and extensively  drug-resistant  tuberculosis,
Germany. Emerg Infect Dis. 2008;14(11):1700-
1706. doi:10.3201/eid1411.080729.

Migliori GB, Centis R, D'Ambrosio L, et al. Totally
drug-resistant and  extremely  drug-resistant

This journal is © Faculty of Pharmacy, Tanta University

17.

18.

19.

20.

21.

22.

23.

tuberculosis: the same disease?. Clin Infect Dis.
2012;54(9):1379-1380. doi:10.1093/cid/cis128.
Ramaswamy SV, Reich R, Dou SJ, et al. Single
nucleotide polymorphisms in genes associated with
isoniazid resistance in Mycobacterium tuberculosis.
Antimicrob Agents Chemother. 2003;47(4):1241-
1250. doi:10.1128/AAC.47.4.1241-1250.2003.
Rozwarski DA, Grant GA, Barton DH, Jacobs WR
Jr, Sacchettini JC. Modification of the NADH of the
isoniazid target (InhA) from Mycobacterium
tuberculosis.  Science.  1998;279(5347):98-102.
doi:10.1126/science.279.5347.98

Badrinath M, John S. Isoniazid Toxicity. PubMed.
Published 2020.
https://www.ncbi.nlm.nih.gov/books/NBK531488/.
Wang P, Pradhan K, Zhong XB, Ma X. Isoniazid
metabolism and hepatotoxicity. Acta Pharm Sin B.
2016;6(5):384-392. d0i:10.1016/j.apsh.2016.07.014.
Kang SK, Lee JH, Lee YC, Kim CH. Catalase-
peroxidase of Mycobacterium bovis BCG converts
isoniazid to isonicotinamide, but not to isonicotinic
acid: differentiation parameter between enzymes of
Mycobacterium bovis BCG and Mycobacterium
tuberculosis. Biochim Biophys Acta.
2006;1760(5):724-729.
doi:10.1016/j.bbagen.2005.12.026.

Gupta R, Shukla OP. Microbial transformation of
isonicotinic acid hydrazide and isonicotinic acid by
Sarcina  sp. J Biosci. 1979;1(2):223-234.
doi:https://doi.org/10.1007/bf02706334.

Ragab AE, Badawy ET, Aboukhatwa SM, Abdel-

Aziz MM, Kabbash A, Abo Elseoud KA.
Isonicotinic  acid N-oxide, from isoniazid
biotransformation by Aspergillus niger, as an InhA
inhibitor antituberculous agent against multiple and
extensively resistant strains supported by in silico
docking and ADME prediction. Nat Prod Res.
2023;37(10):1687-1692.
doi:10.1080/14786419.2022.2103695.

J Adv Med Pharm Res., 2023, 4, 42-46 | 46



