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ABSTRACT: Hepatotoxicity is the main concern during tuberculosis chemotherapy with the first-
line drugs isoniazid (INH), rifampicin (RMP) and pyrazinamide (PYR). Since these hepatotoxic
events have been associated with INH metabolites, the study aimed to measure the area under
curve (AUC) parameter for INH and its metabolites acetylisoniazid (AcINH), hydrazine (Hz) and
acetylhydrazine (AcHz), when groups of rats were pre-treated for 21 days with INH alone or in
combination with RMP and/or PYR, in the following amounts per kg body weight: INH 100 mg;
INH 100 mgþ RMP 100 mg; INH 100 mgþ PYR 350 mg; INH 100 mgþ PYR 350 mgþ RMP 100 mg.
It was found that co-administration of RMP, PYR and RMPþ PYR caused a significant decrease in
the AUC for INH. Co-administration of PYR was the only treatment that caused a significant
increase in the AUC for Hz and a decrease in the AUC for its acetylated product AcHz. The AUC for
AcINH was not significantly altered in any experimental group. In conclusion, the increased
metabolism of INH in all the drug combinations and the significantly higher production of Hz in
the group INHþ PYR might be linked with exacerbated hepatotoxic effects of these drug
associations. Copyright # 2007 John Wiley & Sons, Ltd.
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Introduction

Hepatotoxicity is the main concern during
tuberculosis (TB) chemotherapy with the first-
line drugs isoniazid (INH), rifampicin (RMP) and
pyrazinamide (PYR) [1–3]. In this regard, the
products of biotransformation of INH have been
said to be responsible for these adverse effects.
Such derivatives include acetylisoniazid
(AcINH) and acetylhydrazine (AcHz), the pro-
ducts of acetylation of INH and hydrazine (Hz)

respectively, catalysed by N-acetyltransferase
(NAT-2) [4–6]. In fact, the involvement of
acetylated metabolites of INH in hepatotoxicity
has given rise to a huge controversy about the
role of the acetylator phenotype status and the
development of liver damage [7,8]. Another toxic
metabolite that deserves attention is hydrazine
(Hz), the product of direct hydrolysis of INH,
catalysed by isoniazid hydrolase [9,10]. The
enzyme cytochrome P450 isoform 2E1 (CYP2E1)
is also important in the biotransformation path-
ways of INH. This oxidase is responsible for
posterior oxidation of these metabolites, leading
to the generation of reactive species that
are supposed to damage intracellular proteins
[11–13].
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It is well known that successful treatment of TB
is highly dependent on co-administration of INH,
RMP and PYR, and it is evident that drug
interactions could exacerbate the hepatotoxicity.
This is the case for RMP and INH, which are both
inducers of CYP2E1, and reports have argued
that the combination of INH and RMP can be
even more deleterious [14–18]. For these reasons,
the aim was to study the effect of the drug
associations INHþ RMP, INHþ PYR and
INHþ RMPþ PYR on the kinetics of the dis-
posal of INH and its metabolites AcINH, Hz and
AcHz. The area under curve (AUC) parameter for
the serum profiles of INH, AcINH, Hz and AcHz
were monitored, when rats were pre-treated with
INH alone or in combination with RMP and/or
PYR. Aiming to simulate the real therapeutic
regimen, the rats were exposed to the drugs for
21 days before the pharmacokinetic study.

Materials and Methods

Chemicals

Isoniazid, pyrazinamide, rifampicin and trans-
cinnamaldehyde were purchased from Sigma-
Aldrich (St Louis, MO, USA), hydrazine and
acetylhydrazine from Acros Organics (New
Jersey, USA). Trichloroacetic acid from Labsynth
(São Paulo, SP Brazil). Acetylisoniazid was
synthesized by acetylation of the precursor by
standard methods. The reagents for buffers and
solvents were of HPLC grade.

Animals

Male Wistar rats (weighing around 250 g) were
housed at constant temperature (23� 18C), and
relative humidity (55� 5%) in a 12:12 h light/
dark photoperiod, with food and water ad
libitum. Daily doses of the anti-tuberculosis drugs
were administered by gavage to the animals for
one period of 21 days as follows: INH 100 mg/kg
(group I); INH 100 mg=kgþ RMP 100 mg/
kg (group II); INH 100 mg=kgþ PYR 350 mg/kg
(group III); INH 100 mg=kgþ PYR 350 mg=kg
þRMP 100 mg/kg (group IV). These doses were
based on recent studies in which hepatotoxicity
was evaluated in rats [19–21].

After 21 days of exposure to the anti-tubercu-
losis drugs, the animals were killed by decapita-
tion before (time zero) and 0.25, 0.5, 0.75, 1, 1.5, 3,
6, 12, 24 h after administration. Five animals were
used for each point. The blood samples were
centrifuged and analysed as described next.

The study protocol was approved by The
Research Ethics Committee of the School of
Pharmaceutical Science, UNESP, Araraquara
(Process 55/2004).

Analytical protocol

The concentrations of INH and Hz in the rat
serum were measured by liquid chromatography
after derivatization with trans-cinnamaldehyde
[22]. Briefly, 300 ml serum was mixed with 300 ml
10% trichloroacetic acid, vortexed and centri-
fuged at 2500 rpm for 10 min. To the deprotei-
nized supernatant were added 30 ml H2O and
60 ml of a 1% solution of trans-cinnamaldehyde in
methanol. After vortexing and incubation for
10 min at room temperature, the samples (50 ml)
were injected into the HPLC system (Alliance
separation model and 2487 UV-Vis detector,
Waters). The mixture was separated on a reverse
phase C18 column (5 mm particle, 3.9� 300 mm,
Symmetry1, Waters1) by running a linear gra-
dient of isopropanol 8–14%, acetonitrile 32–56%
and 0.05 mol/l phosphate buffer 60–30% for
15 min at a flow rate of 1 ml/min and detected
at 340 nm. For determination of the acetylated
metabolites, the supernatant samples were first
hydrolysed by addition of 30 ml 6 mol/l HCl and
incubated at 808C for 1 h. The samples were then
derivatized as before and quantified as INH or
Hz.

Calibration curve, stability, sensitivity, precision
and accuracy

Samples of serum spiked with stock methanol
solutions of INH, Hz and their acetylated
metabolites were prepared and submitted to the
analytical protocol. For INH the calibration curve
was linear (r ¼ 0:9999, n ¼ 8) in the range
0.78–50.0 mg/ml, and the limit of quantitation
was 70 ng/ml. Precision, expressed as the
inter- (n ¼ 5) and intraday (n ¼ 10) coefficients
of variation, was 42.5% on the same day and
47.2% between days for each quality control
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sample of 1, 10 and 40 mg/ml. Accuracy, ex-
pressed as the inter- and intraday % bias, was
�7.6 to 1.2 on the same day and �7.3 to 1.1
between days for each quality control sample.

For Hz the calibration curve was linear
(r ¼ 0:9983, n ¼ 6) in the range 50–400 ng/ml,
and the limit of quantitation was 40 ng/ml.
Precision, expressed as the inter- (n ¼ 5) and
intraday (n ¼ 10) coefficients of variation, was
43.2% on the same day and 46.0% between
days for each quality control sample of 75, 150
and 300 ng/ml, respectively. Accuracy, expressed
as the inter- and intraday % bias, was �11.6 to
�0.2 on the same day and �11.8 to 3.1 between
days for each quality control sample.

For AcHz the calibration curve was linear
(r ¼ 0:9999, n ¼ 6) in the range 70–400 ng/ml,
and the limit of quantitation was 60 ng/ml.
Precision, expressed as the inter- (n ¼ 5) and
intraday (n ¼ 10) coefficients of variation, was
411.1% on the same day and 414.8% between
days for each quality control sample of 100, 200
and 300 ng/ml. Accuracy, expressed as the inter-
and intraday % bias, was �13.9 to 3.4 on the
same day and �14.6 to �6.2 between days for
each quality control sample.

For AcINH the calibration curve was linear
(r ¼ 0:9999, n ¼ 8) in the range 0.78–50.0 mg/ml,
and the limit of quantitation was 100 ng/ml.
Precision, expressed as the intraday coefficient of
variation (n ¼ 10), was 47.3% on the same day
for each quality control sample of 5, 15 and
30 mg/ml. Accuracy, expressed as the intraday %
bias, was 0.3 to 14.8 on the same day, for each
quality control sample.

Statistical analysis

Data were expressed as mean and SEM, and
analysed by one-way analysis of variance (ANO-
VA), followed by the Tukey test for multiple
comparison between the groups (Sigma-Stat
software).

Results

Figure 1 shows the time-dependent plots of the
serum concentration of INH, AcINH, Hz and
AcHz for the animals treated with isoniazid and

drug combinations. Table 1 displays the AUCs for
the experimental groups. Animals that received
INHþ RMP exhibited a decrease in the plasma
concentrations of INH and Hz, compared with
the control (INH alone). In the group that
received INHþ PYR, the plasma concentrations
of INH and AcHz fell and that of Hz rose.
Animals that received INHþ RMPþ PYR
showed a decrease in the plasma concentrations
of all compounds except AcHz, for which an
increase was observed.

Discussion

Although it is still the primary drug for TB
treatment, the use of INH is not uncommonly
associated with cases of hepatotoxicity. The
mechanism by which such anti-tuberculosis
drugs exert their toxic effects has been the subject
of research for more than 25 years, but it remains
controversial. On the other hand, there is no
doubt that the metabolic products of INH have
an important role in this scenario. This is the first
study of the effect of the drug associations
INHþ RMP, INHþ PYR and INHþ RMPþ PYR
on the kinetics of the disposal of INH and its
metabolites AcINH, Hz and AcHz. To simulate
classical anti-tuberculosis treatment, the animals
were pre-treated with the drug combinations for
21 days. The kinetic parameter AUC was chosen,
as it expresses the total exposure of the animals
to isoniazid and its metabolites over the period of
dose administration.

Here, the co-administration of RMP (group II)
caused a strong decrease in the AUC of INH.
However, during this diminished bioavailability
of INH there was no concomitant rise in AUC for
its metabolites. Indeed, the AUCs for AcINH and
AcHz were not significantly altered, and that for
Hz actually fell, in comparison with the control
(INH group). Although the oxidative products of
biotransformation of Hz were not measured,
these results suggest an increase in the down-
stream metabolism of Hz. Corroborating these
findings, plasma hydrazine in rats co-treated
with RMP was decreased by 18% relative to the
INH group [19]. Moreover, these results are
consistent with the well known characteristic of
RMP as an inducer of isoniazid hydrolase and,
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microsomal enzymes, the latter being responsible
for oxidation of the formed Hz [3,23]. In short,
the increased metabolism of INH and Hz in rats
treated with INHþ RMP might be directly linked
with the exacerbated hepatotoxicity of this drug
association [24].

The effect of PYR (group III) on INH metabo-
lism differed from that observed for RMP, since

the production of AcHz was decreased signifi-
cantly. The most likely explanation would be an
increase in the rate of metabolism of AcHz to Hz,
which actually was augmented. Taking into
account that Hz is a potentially hepatotoxic
substance [14], this finding reinforces the poten-
tial risk of co-administration of PYR with INH.
This is consistent with a report by Yee et al. that
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Figure 1. Time-dependent plasma concentrations of isoniazid and its metabolites. Results are expressed as mean and SEM (n ¼ 5)

Table 1. Area under curve (AUC) for the animals treated with isoniazid and its metabolites

AUC0–24 (mg ml�1 h) Group I (INH) Group II (INHþ RMP) Group III (INHþ PYR) Group IV (INHþ RMPþ PYR)

INH 146� 3 75� 5a 112� 6a,b 93� 5a

AcINH 110� 2 102� 1 99� 5 88� 5a

Hz 2.9� 0.1 1.3� 0.1a 4.6� 0.1a,b 1.9� 0.2a,b,c

AcHz 20� 1 27� 4 6.8� 0.3a,b 34� 7a,c

The results are expressed as mean and SEM (n ¼ 5).
ap50.05 relative to the control (group I).
bp50.05 relative to group II.
cp50.05 relative to group III.
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the incidence of all major adverse events was 1.48
per 100 person-months of exposure to PYR,
compared with 0.49 for INH and 0.43 for RMP
[25]. Moreover, in a Singaporean study, all the
patients with fatal drug-induced hepatotoxicity
had followed PYR-containing regimens [26].

Finally, the effect of the triad
INHþ RMPþ PYR (group IV) on INH metabo-
lism was studied. The main finding here was that
RMP had a dominant effect, since no significant
differences were observed between groups II and
IV. Relative to the control, the AUC of AcINH
decreased. Indeed, the AUCs of AcINH for
groups II and III were also diminished, although
not significantly. It is suggested that the trend
was accentuated when the drugs were adminis-
tered together in group IV.

In summary, the bioavailability of INH was
significantly diminished when rats were exposed
to RMP and/or PYR. Additionally, co-adminis-
tration with PYR caused the accumulation of Hz
and a decrease in the serum level of AcHz. These
findings might explain the differences in the risk
of hepatotoxicity when the combined drugs are
used.

Acknowledgements

This study was supported by Coordenac-ão de
Aperfeic-oamento de Pessoal de Nı́vel Superior
(Capes) and Conselho Nacional de Desenvolvi-
mento Cientı́fico e Tecnológico (CNPq).

References

1. Jasmer RM, Daley CL. Rifampin and pyrazinamide for

treatment of latent tuberculosis infection. Is it safe. Am J
Respir Crit Care Med 2003; 167: 809–812.

2. Attri S, Rana SV, Vaiphei K et al. Isoniazid and rifampicin

induced oxidative hepatic injury}protection by N-acet-

ylcysteine. Hum Exp Toxicol 2000; 19: 517–522.
3. Durand F, Bernuau J, Pessayre D et al. Deleterious

influence of pyrazinamide on the outcome of patients

with fulminant or subfulminant liver failure during

antituberculosis treatment including isoniazid. Hepatology
1995; 21: 929–932.

4. Timbrell JA. The role of metabolism in the hepatotoxicity

of isoniazid and iproniazid. Drug Metabol Rev 1979; 10:

125–147.

5. Boxenbaum HG, Riegelman S. Determination of isoniazid

and metabolites in biological fluids. J Pharm Sci 1974; 63:

1191–1197.
6. Ellard GA, Gammon PT. Pharmacokinetics of isoniazid

metabolism in man. J Pharmacokinet Biopharm 1976; 4:

83–113.
7. Huang Y, Chern H, Wu J et al. Cytochrome P450 2E1

genotype and the susceptibility to antituberculosis drug-

induced hepatitis. Hepatology 2003; 37: 924–930.
8. Hutchings D, Routledge PA. A single sample saliva test to

determine acetylator phenotype. Br J Clin Pharmacol 1996;

42: 635–637.
9. Sarich TC, Adams SP, Wright JM. The role of l-thyroxine

and hepatic reductase activity in isoniazid-induced

hepatotoxicity in rabbits. Pharmacol Res 1998; 38: 199–207.
10. Peretti E, Karlaganis G, Lauterburg BH. Increased urinary

excretion of toxic hydrazine metabolites of isoniazid by

slow acetylators. Effects of a slow-release preparation of

isoniazid. Eur J Clin Pharmacol 1987; 33: 283–286.
11. Maddrey WC. Drug-induced hepatotoxicity. J Clin Gastro-

enterol 2005; 39: 83–89.
12. Gillespie SH. Studies of early bactericidal activity: new

insight into isoniazid pharmacokinetics. Clin Infect Dis
2004; 39: 1431–1432.

13. Davies DM, Ferner RE, Glanvile H. Textbook of Adverse
Drug Reactions (5th edn). Chapman & Hall Medical:

London, 1998; 290–292.
14. Sarich TC, Youssefi M, Adams SP, Wall RA, Wright JM.

Role of hydrazine in the metabolism of isoniazid

hepatotoxicity in rabbits. Arch Toxicol 1996; 70: 835–840.
15. Taneja DP, Kaur D. Study on hepatotoxicity and other

side-effects of antituberculosis drugs. J India Med Assoc
1990; 88: 278–280.

16. Noda A, Hsu K, Noda H, Yamamoto Y, Kurozumi T. Is

isoniazid hepatotoxicity induced by the metabolite,

hydrazine? J UOEH 1983; 5: 183–190.
17. Timbrell JA, Mitchell JR, Snodgrass WR, Nelson SD.

Isoniazid hepatotoxicity: the relationship between cova-

lent binding and metabolism in vivo. J Pharmacol Exp Ther
1980; 213: 364–369.

18. Timbrell JA, Wright JM, Baillie TA. Monoacetylhydrazine

as a metabolite of isoniazid in man. Clin Pharmacol Ther
1977; 22: 602–608.

19. Yue J, Peng RX, Yang X, Kong R, Liu J. CYP2E1 mediated

isoniazid-induced hepatotoxicity in rats. Acta Pharmacol
Sin 2004; 25: 699–704.

20. Lenaerts AJ, Johnson CM, Marrieta KS, Gruppo V, Orme

IM. Significant increases in the levels of liver enzymes in

mice treated with anti-tuberculosis drugs. Int J Antimicrob
Agents 2005; 26: 152–158.

21. Jayaram R, Shandil RK, Gaonkar S et al. Isoniazid

pharmacokinetics-pharmacodynamics in a aerosol infec-

tion model of tuberculosis. Antimicrob Agents Chem 2004;

48: 2951–2957.
22. Seifart HI, Gent WL, Parkin DP, Van Jaarsveld PP,

Donald PR. High-performance liquid chromato-

graphic determination of isoniazid, acetylisoniazid and

hydrazine in biological fluids. J Chromatogr 1995; 674:

269–275.

METABOLISM OF ISONIAZID 295

Copyright # 2007 John Wiley & Sons, Ltd. Biopharm. Drug Dispos. 28: 291–296 (2007)
DOI: 10.1002/bdd



23. Zhang RL, Wang ZY, Li D, Cheng WB. Effects of
rifampicin on pharmacokinetics of isoniazid and its
metabolites acetylhydrazine in rats. Zhongguo Yao Li Xue
Bao 1992; 13: 494–496.

24. Sarma GR, Immanuel C, Kailasam S, Narayana ASL,
Venkatesan P. Rifampin-induced release of hydrazine
from isoniazid. Am Rev Respir Dis 1986; 133: 1072–1075.

25. Yee D, Valiquette C, Pelletier M, Parisien I, Rocher I, Menzies
D. Incidence of serious side effects from first line anti-
tuberculosis drugs among patients treated for active
tuberculosis. Am J Respir Crit Care Med 2003; 167: 1472–1477.

26. Teleman MD, Chee CBE, Earnest A, Wang YT. Hepato-
toxicity of tuberculosis chemotherapy. Int J Tuberc Lung
Dis 2002; 6: 699–705.

H.J. DE ROSA ET AL.296

Copyright # 2007 John Wiley & Sons, Ltd. Biopharm. Drug Dispos. 28: 291–296 (2007)
DOI: 10.1002/bdd


