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Summary

Isoniazid (INH), a first-line drug for tuberculosis control, frequently causes liver injury. Multiple
previous reports suggest that CYP3A is involved in INH metabolism, bioactivation and
hepatotoxicity, although direct evidence is unavailable. In the current study, wild-type and Cyp3a-
null mice were used to determine the potential role of Cyp3a in INH metabolism in vivo.
Compared to wild-type mice, there were no significant differences in the pharmacokinetic profiles
of INH and acetyl-isoniazid in Cyp3a-null mice after an oral administration of 50 mg/kg INH.
With the same treatment, distribution of INH and its major metabolites was similar in the liver of
wild-type and Cyp3a-null mice. A reactive metabolite of INH was trapped by N-a-acetyl-L-lysine
in mouse liver microsomes, but Cyp3a does not contribute to this bioactivation pathway. In
addition, no liver injury was observed in wild-type and Cyp3a-null mice treated with 60 or 120
mg/kg INH. In summary, Cyp3a has no effect on systemic pharmacokinetics of INH in mice.
Further studies are needed to determine whether and how exactly CYP3A is involved in INH
bioactivation and hepatotoxicity.
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Introduction

Isoniazid (INH) is highly effective for the treatment of tuberculosis. However, INH
frequently causes liver injury and even liver failure. 1) Metabolism and bioactivation of INH,
with possible involvement of arylamine N-acetyltransferase and CYP2EL, is thought to be
critical in INH-induced liver injury. 24 The formation of acetyl-isoniazid (AcINH) by
arylamine N-acetyltransferase is the predominant metabolic pathway of INH. AcINH can be
further metabolized to produce acetylhydrazine (AcHZ) that has been proposed as the cause
of INH hepatotoxicity via a CYP2E1-mediated bioactivation pathway. 5 Thus, rapid
acetylators are thought to have a higher risk of INH hepatotoxicity than slow acetylators. ©)
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However, this theory is not supported by the data from clinical practice, and oppositely,
slow acetylators seem to have a higher risk of INH hepatotoxicity than rapid acetylators 3 7).

CYP3A, the most abundant CYP in liver, is responsible for metabolism of more than 50% of
clinically used drugs. & Recent studies suggest that CYP3A4 may contribute to INH
metabolism, bioactivation and hepatotoxicity. In a cell-culture system containing CYP3A4
supersomes and INH, cell viability was dramatically decreased and the toxicity was reversed
by a CYP3A inhibitor. 9 Similar results were noted in a cell line with low expression of
superoxide dismutase 2 and high expression of CYP3A4, in which INH cytotoxicity was
significantly increased. 19) In addition, anti-CYP3A4 antibody was found in tuberculosis
patients who had INH-associated hepatotoxicity. 1) However, the exact role of CYP3A in
INH metabolism, bioactivation and toxicity remains unknown. The current work was
designed to address this question using a Cyp3a-null mouse model.

INH, hydrazine (HZ), AcHZ, midazolam, 4-nitrocatechol, NADPH, p-nitrophenol, and N-a-
acetyl-L-lysine (NAL) were obtained from Sigma-Aldrich (St. Louis, MO). AcINH and 1’-
hydroxymidazolam were purchased from Toronto Research Chemicals (Toronto, Ontario,
Canada).

Cyp3a-null mice are lacking all functional Cyp3a genes, 12) which were provided by
Taconic Farms, Inc. (Hudson, NY). Male wild-type (WT) and Cyp3a-null mice, 2—-4 months
old, were maintained under a standard 12-h light/12-h dark cycle with water and chow
provided ad libitum. Handling was in accordance with animal study protocols provided by
the University of Kansas Medical Center Institutional Animal Care and Use Committee.

Cyp3a expression and activity in Cyp3a-null mice

Liver microsomes were prepared and used for profiling CYP450 expression and activity.
Cyp2el and Cyp3a expression were analyzed by Western-blot. Midazolam and p-
nitrophenol were used as probes for Cyp3a and Cyp2el activities, respectively. An ultra-
performance liquid chromatography coupled to a hybrid quadrupole orthogonal time-of-
flight mass spectrometry (UPLC-QTOFMS) was used for metabolite analysis.

INH pharmacokinetics

WT and Cyp3a-null mice were treated with 50 mg/kg INH by oral gavage. Blood samples
were collected at 0.083, 0.25, 0.50, 1, 2, 4, and 8 h after administration. Serum was
separated for the analysis of INH and AcINH by UPLC-QTOFMS. Pharmacokinetic
parameters were calculated by using the non-compartmental analysis module of WinNonlin
(Version 5.2, Pharsight, Mountain View, CA).
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Distribution of INH and its metabolites in liver

Liver tissues were collected at 30 min after INH treatment. Liver tissues were homogenized
in water (100 mg liver in 300 ul H,0) and then 300 pl of methanol was added to 100 ul of
homogenate. INH and its metabolites were extracted from the mixture and analyzed by
UPLC-QTOFMS.

Metabolism and bioactivation of INH in vitro

Incubations were carried out in 1 x phosphate-buffered saline (pH 7.4), containing mouse
liver microsomes (0.2 mg), 50 pM INH and 2 mM NAL in a final volume of 190 pl. The
reactions were initiated by adding 10 ul of 20 mM NADPH, continued at 37°C for 40 min,
and terminated by adding 200 ul of ice-cold acetonitrile. NAL was used as a trapping
reagent for reactive metabolites of INH. 13) Lopinavir (LPV) was used as a positive control
for the CYP3A-mediated bioactivation assay. 14)

Analysis of metabolites by UPLC-QTOFMS

INH and its metabolites were analyzed using a previously described method. 15

CYP3A in INH-induced hepatotoxicity in mice

WT and Cyp3a-null mice were treated with INH (60 or 120 mg/kg, p.o.). At 18 h after INH
treatment, all mice were sacrificed and blood samples were collected for evaluation of liver
functions. Serum alanine aminotransferase (ALT) and alkaline phosphatase (ALP) activities
were determined using assay kits from Pointe Scientific INC (Canton, MI).

Statistical analysis

All values are expressed as the mean + S.D. Group differences were determined by two-
tailed student’s t test.

Results and Discussion

As expected, Cyp3a was not detected in Cyp3a-null mice (Fig. 1A). Because CYP2E1 is
thought to be involved in INH metabolism, 2 Cyp2el expression in Cyp3a-null mice was
also analyzed. There was no difference in Cyp2el expression between WT and Cyp3a-null
mice (Fig. 1A). In addition, the activities of Cyp3a and Cyp2el were determined. Compared
to WT mice, catalytic activity of Cyp3a was significantly decreased in Cyp3a-null mice
(Fig. 1B). Nevertheless, there was no significant difference in Cyp2el activity between WT
and Cyp3a-null mice (Fig. 1C). These data suggest that the Cyp3a-null mouse model is an
ideal tool to determine the role of Cyp3a in INH metabolism. After oral administration of
INH, the absorption and elimination of INH were rapid in both WT and Cyp3a-null mice,
and there was no significant difference in the pharmacokinetic parameters between these
two genotypes (Fig. 1D, Supplemental Table 1). AcINH is the dominant metabolite of INH
and is thought to be related to INH hepatotoxicity. 16) Cyp3a deficiency has no effect on
AcINH metabolism either, as revealed by pharmacokinetic data of WT and Cyp3a-null mice
(Supplemental Fig. 1, Supplemental Table 1). These results indicate that Cyp3a is not
critical in systemic pharmacokinetics of INH.
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Consistent with the pharmacokinetic data, there were no significant differences in
distribution of INH or AcINH in the liver of WT and Cyp3a-null mice after INH treatment
(Fig. 2A and 2B). HZ and AcHZ are the further metabolites of INH and they have been
proposed to be the causes of INH-induced hepatotoxicity. 17-19) In the current study,
deletion of the Cyp3a gene in mice did not change the distribution of AcHZ and HZ in the
liver (Fig. 2C and 2D). These results suggest that Cyp3a has no effect on disposition of INH
and its metabolites in liver.

Products of INH bioactivation can be trapped by NAL. 13) The INH bioactivation pathway
was evaluated in liver microsomes of WT and Cyp3a-null mice. CYP3A-mediated
bioactivation of LPV, 14) an HIV protease inhibitor, was used as a positive control.
Compared to WT mice, bioactivation of LPV was significantly decreased in liver
microsomes of Cyp3a-null mice (Fig. 2E). However, no difference of INH bioactivation was
found between WT and Cyp3a-null mice (Fig. 2F). In addition, there was no significant
difference in the formation of INH N-oxide in liver microsomes of WT and Cyp3a-null mice
(data not shown). In the toxicity study, INH treatment had no effect on serum ALT and ALP
activities (Supplemental Fig. 2), indicating no liver injury happened.

CYP450-mediated bioactivation of INH and/or its metabolites, via CYP2E1, CYP2C or
CYP3A4, has been proposed as a key step in INH-induced liver injury. 24 13.20) However,
this theory is not supported from recent pharmacogenetic studies, as polymorphisms of
CYP2E1L, CYP2C9, 2C19, or 3A4 are not associated with anti- tuberculosis drug-induced
liver injury. 21-23) Further studies are suggested to determine whether and how exactly
CYP450, including CYP3A, is involved in INH bioactivation and hepatotoxicity.

In summary, the current study did not find evidences for the involvement of Cyp3a in INH
bioactivation and hepatotoxicity in mice. Cyp3a has no effect on systemic pharmacokinetics
of INH in mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cyp3a expression, activity and its effect on INH pharmacokinetics in Cyp3a-null mice
(A) Western-blot analysis of Cyp3a and Cyp2el expression. Gapdh was used as loading control. (B and C) Activity assays of

CYP450s. Midazolam and p-nitrophenol were used as probes for CYP3A (B) and CYP2EL1 (C), respectively. Data are expressed
asmeans + S.D., n = 3. The data in WT mice were set as 100%. **P < 0.01 compared with WT mice. (D) Serum concentration-
time curve of INH. WT and Cyp3a-null mice were treated with a single oral dose of 50 mg/kg INH. Blood samples were
obtained at 0.083, 0.25, 0.5, 1, 2, 4, and 8 h after administration. INH was analyzed by UPLC-QTOFMS. Data are expressed as

means + S.D., n = 4 at each time point.
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Figure 2. Effects of Cyp3a on hepatic distribution and bioactivation of INH
(A-D) Concentrations of INH and its metabolites in liver. WT and Cyp3a-null mice were treated orally with 50 mg/kg INH and

liver tissues were collected at 30 min after administration. INH (A), AcINH (B), HZ (C) and AcHZ (D) were analyzed by
UPLC-QTOFMS. Data are expressed as means = S.D., n = 4. (E-F) INH bioactivation in liver microsomes of WT and Cyp3a-
null mice. (E) LPV bioactivation trapped by glutathione (GSH). (F) INH bioactivation trapped by NAL. Data are expressed as
means = S.D., n = 3. The data in WT mice were set as 100%. ***P < 0.001 compared to WT mice.
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