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Abstract

Rifampicin and isoniazid co-therapy frequently causes liver injury in humans. A pregnane X
receptor-humanized mouse model revealed that rifampicin and isoniazid co—-treatment causes
accumulation of protoporphyrin X, an endogenous hepatotoxin, in the liver via a pregnane X
receptor-mediated alteration of heme biosynthesis pathway. These results provide novel insight
into the mechanism of rifampicin and isoniazid—induced liver injury that may be applied to
clinical management of the hepatotoxicity associated with tuberculosis chemotherapy.

Tuberculosis (TB) is a global health problem and chemotherapy is the most effective method
of TB control. A major issue during TB treatment is drug—induced liver injury 1. Once liver
injury occurs, the anti-TB regimen has to be altered or discontinued, which can result in TB
relapse, drug resistance, and TB-related death. Both rifampicin (RIF) and isoniazid (INH)
are first-line anti—TB drugs. The combination of these two drugs is highly effective.
However, this combination frequently causes liver injury, and even liver failure. Extensive
studies were conducted to investigate liver injury caused by RIF and INH in mice and

rats 2-4; nevertheless, these studies poorly mimicked the hepatotoxicity in humans. Species
differences between rodents and humans in responding to RIF or INH are expected.

Pregnane X receptor (PXR) is a ligand—dependent transcription factor regulating a gene
network involved in metabolism of xenobiotics and endobiotics °. The ability of chemicals
to activate PXR is species—dependent. RIF is a human PXR-specific activator that has a
very weak effect on mouse PXR ©. To overcome the species differences in RIF-mediated
PXR activation, PXR-humanized (hPXR) mice were used in the current study. In hPXR
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mice co—treated with RIF and INH (Supplementary Fig. 1), significant increases in serum
alanine aminotransferase (ALT) and alkaline phosphatase (ALP) activity were noted, but not
in wild-type (WT) or Pxr—null mice (Fig. 1la—d). Bile plugs in liver were observed in hPXR
mice co—treated with RIF and INH (Fig. 1e, Supplementary Fig. 2), which averaged 2.38 per
view of liver sections at 100X magnification. This phenotype was not observed in WT (Fig.
1f) or Pxr—null (Fig. 1g) mice under the same treatment, or in the other hPXR groups
(control, RIF or INH) (Fig. 1h—j). These results indicate that human PXR is a key modulator
of the hepatotoxicity produced by RIF and INH co-therapy. Notably, these phenotypes
mimic the hepatotoxicity in TB patients under RIF and INH chemotherapy. In a clinical trial
of RIF and INH co-therapy, bile pigments were observed in 17 of 28 subjects (60.7%) as
revealed by liver biopsies, and the elevation of ALT activity was in accordance with the
degree of pathological changes 7. The current studies show bile plugs in a mouse model for
the first time and suggest that the hPXR mouse model is an appropriate model to study the
liver injury produced by RIF and INH co-treatment.

The risk of hepatotoxicity is considerably higher in patients who are receiving both RIF and
INH than RIF or INH alone 8. INH hepatotoxicity is thought to be dependent upon
metabolic activation by arylamine N-acetyltransferase and CYP2E1 910, RIF is a potent
enzyme inducer in humans, so it was proposed that RIF potentiates INH hepatotoxicity via
enzymatic induction and subsequent metabolic activation of INH 11, However, RIF does not
regulate arylamine N-acetyltransferase or CYP2E1 expression 1213 Acetylhydrazine
(AcHZ) and hydrazine (HZ) are INH metabolites that were proposed to be responsible for
INH-induced liver injury 1415 In the current study, INH, AcHZ and HZ were individually
administered to hPXR mice together with RIF. Liver injury was only observed in hPXR
mice co—treated with RIF and INH (Supplementary Fig. 3), suggesting that AcHZ and HZ
do not cause INH-related hepatotoxicity. In a recent report, a reactive metabolite of INH
itself was identified 16. However, RIF pretreatment does not potentiate INH bioactivation
(Supplementary Fig. 4). Thus, a novel mechanism independent of INH metabolism is
expected for the liver injury associated with RIF and INH co-therapy.

The bile metabolomes in hPXR mice were investigated to provide mechanistic clues to RIF
and INH-induced hepatotoxicity. Metabolomic analysis revealed two clusters corresponding
to the control and the RIF and INH co-treated groups (Fig. 2a), suggesting substantial
differences in the chemical components between these two groups. The corresponding S-
plot displays the ion contribution to this group separation (Fig. 2b). The highest ranking ion
was not RIF or its metabolite, but an endogenous chemical, protoporphyrin IX (PPIX) (Fig.
2b). The identity of PPIX was confirmed by comparing it with an authentic standard
(Supplementary Fig. 5). Extremely high concentrations of PP1X in bile were noted in hPXR
mice co—treated with RIF and INH, but not in the other hPXR groups (control, RIF or INH)
(Fig. 2c). PPIX is an intermediate in porphyrin biosynthesis. Normally, the concentrations of
porphyrin intermediates, including PPIX, are very low in the liver. However, mutations of
the ferrochelatase gene cause erythropoietic protoporphyria, a disease of porphyrin
metabolism characterized by abnormally elevated levels of PPIX in blood and liver. High
concentrations of PPIX in liver are known to cause liver injury 1718, In the current study,
high concentrations of PPIX in bile were noted in hPXR mice co-treated with RIF and INH,
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but not in WT or Pxr—null mice under the same treatment (Fig. 2d). These data provide a
link between PPIX and the PXR-mediated liver injury caused by RIF and INH co—-therapy.

Aminolevulinic acid synthase (ALAS) is the rate limiting enzyme in porphyrin biosynthesis.
Activation of PXR is known to up-regulate ALAS1 expression in liver 1°. Because PXR is
predominantly expressed in the liver 36, PXR activation has no or very weak effect on
ALAS expression in other organs, including bone marrow. Aminolevulinic acid (ALA) is
the product of ALAS1 and it is a precursor of PPIX. In hPXR mice co-treated with ALA,
RIF and INH, more significant liver injury was noted when compared to RIF and INH co—
treated group (Fig. 2e and 2f). These data illustrate that RIF and INH co-therapy targets
porphyrin biosynthesis and results in hepatic PPIX accumulation and liver injury. These
results also explain why RIF and INH are contraindicated in patients with porphoria 2°. In
summary, this study offers a new paradigm for understanding the mechanism of liver injury
associated with RIF and INH co-therapy. Novel strategies, based upon human PXR, ALAS,
and PPIX, are expected to predict, prevent, and treat RIF and INH-induced liver injury.

METHODS

Animals and reagents

WT, Pxr—null, and hPXR mice (2-4 months old, male) were used in the current study. hPXR
mice were generated by bacterial artificial chromosome transgenesis in Pxr—null mice 2122,
All mice were maintained under a standard 12—h dark and 12-h light cycle with water and
chow provided ad libitum. Handling was in accordance with study protocols approved by
the National Cancer Institute and the University of Kansas Medical Center Institutional
Animal Care and Use Committee. Rifampicin (RIF), isoniazid (INH), hydrazine (HZ),
acetylhydrazine (AcHZ), aminolevulinic acid (ALA), and N-a-acetyl-L-lysine (NAL) were
purchased from Sigma—Aldrich. All solvents for liquid chromatography and mass
spectrometry were of the highest grade commercially available.

Experimental Design

Role of human PXR in liver injury caused by RIF and INH co—-treatment—WT,
Pxr—null, and hPXR mice were treated with INH, RIF, or RIF plus INH. INH was dissolved
in drinking water (400 mg L™1). RIF was added in diet (100 mg kg™1) and was provided by
Dyets Inc. Four weeks after the treatment, blood and liver samples were collected for
evaluation of liver injury. Blood concentrations of RIF and INH were analyzed by ultra—
performance liquid chromatography coupled with quadrupole time—of—flight mass
spectrometer (UPLC-QTOFMS).

Comparison of liver injury caused by the co—treatment of RIF and INH or RIF
and INH metabolites—All the hPXR mice were fed a RIF-containing diet (100 mg kg™1)
and INH (400 mg L™1, 2.9 mmol L™1), or AcHZ (200 mg L™1, 2.7 mmol L™1), or HZ (200
mg L™1, 6.3 mmol L=1)—containing water. Four weeks after treatment, blood and liver
samples were collected for evaluation of liver injury. Concentrations of INH, AcHZ and HZ
in the liver were analyzed by UPLC-QTOFMS. Among these three groups, the highest
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concentration of AcHZ in the liver was noted in AcHZ treated group, and the highest
concentration of HZ in the liver was noted in HZ treated group (data not shown).

Effect of RIF on INH bioactivation—Mouse liver microsomes were prepared from
hPXR mice, which were fed a control diet or a RIF-containing diet (100 mg kg™1) for seven
days. PXR activation was evaluated by monitoring hydroxylation of midazolam, a substrate
of CYP3A. NAL was used to trap INH bioactivation?3.

Bile collection and metabolomic analysis—WT, Pxr—null, and hPXR mice were
treated with INH, RIF, or RIF plus INH. INH was dissolved in drinking water (400 mg L™1).
RIF was added in diet (100 mg kg™1). Four weeks after treatment, bile samples were
collected from cannulated common bile ducts and analyzed by UPLC-QTOFMS in a
positive mode. Bile metabolomes were generated by using MassLynx and MarkerLynx
software (Waters) based on accurate mass measurement.

Effect of PPIX precursor on liver injury induced by RIF and INH co-treatment
in hPXR mice—ALA is the product of ALAS1 and it is a precursor of PPIX. hPXR mice
were fed a control diet and water (control), or a RIF—containing diet (100 mg kg™1) and
INH-containing water (400 mg L™1) for two weeks. On the 15th day, ALA (100 mg kg1,
ip, twice daily) was added to control or RIF and INH co-treated group for four more days.
On the 20th day, all mice were Killed to collect liver and blood samples for evaluation of
liver injury.

Evaluation of liver injury—Serum biochemical and liver histological analysis were
conducted to evaluate liver injury. Serum ALT and ALP activity were analyzed according to
standard assay kit procedures. Liver specimens were fixed in 4% formaldehyde phosphate
buffer. Liver sections were stained with hematoxylin and eosin.

UPLC-QTOFMS analysis—A 100 mm x 2.1 mm (Acquity 1.7 um) UPLC BEH C-18
column (Waters) was used for metabolite separation. The flow rate of the mobile phase was
0.3 ml min~1 with a gradient ranging from 2% to 98% aqueous acetonitrile containing 0.1%
formic acid in a 10-min run. QTOFMS was operated in a positive mode with electrospray
ionization. The source temperature and desolvation temperature were set at 120 °C and 350
°C, respectively. Nitrogen was applied as the cone gas (10 L h~1) and desolvation gas (700 L
h=1). Argon was applied as collision gas. QTOFMS was calibrated with sodium formate and
monitored by the intermittent injection of lock mass leucine enkephalin in real time. The
capillary voltage and cone voltage were set at 3.5 kV and 35 V. Tandem mass spectrometry
fragmentation was conducted with collision energy ramp ranging from 10 to 35 V.

Data analysis—Mass chromatograms and mass spectra were acquired by MassLynx
software in centroid format from my/z 50 to m/z 1000. Centroid and integrated mass
chromatographic data were processed by MarkerLynx software to generate a multivariate
data matrix. The corresponding data matrices were then exported into SIMCA-P+12
(Umetrics) for multivariate data analysis. Orthogonal projection to latent structures—
discriminant analysis was conducted on Pareto—scaled data. Screening and identification of
major metabolites were performed by using MetaboLynx and MakerLynx software based on
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accurate mass measurement (mass errors <10 ppm). All quantified data are expressed as
mean + S.E.M. Statistical differences between two groups were determined by Student’s t-
test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hepatotoxicity associated with RIF and INH co-treatment is human PXR dependent
WT (n=7), Pxr—null (n=4), and hPXR (n = 4-9) mice were treated with INH, RIF or RIF

+ INH. Blood and liver samples were collected after four weeks of treatment. (a—d)
Biochemical analysis of serum ALT and ALP activity. The data are expressed as mean +
S.E.M. (n=4in control and INH groups, n =7 in RIF group, and n =9 in RIF + INH group
of hPXR mice). *P < 0.05 and **P < 0.01 compared with the control group of hPXR mice
(a, b), or WT mice (c, d). (e—j) Representative liver sections stained with hematoxylin and
eosin. A bile plug is pointed by an arrow. Scale bar, 20 um.

Nat Med. Author manuscript; available in PMC 2013 October 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lietal. Page 7
10 —ORIF
': a o b : ORFM1  @RIFM2 PRIX
60 o n‘“‘ “ : ‘: - . :
w T 04 y
. Control .\ RIF+INH & o . HooC /
2% o . s .
= \J U 8 .
20 G 02 . A
-0 9 -
. Hooc
60 -0.6 0
0 s 4 Ll
100 10 fama PPIX 7
160 140 120 400 80 60 40 20 o 2 “ 60 80 100 120 140 160 <012 -010 -008 -006 -004 -002 -000 002 004 006 008 010 012 014 016 018 020 02 0H
P w[1]P
’—§90~c ;.<? 14o-d * gu-e # g16~f :
5 801 * Q120 g 12 *%* 5
o
3 70 4 (hPXR) 2 00l (RIF + INH) 2 40 | (WPXR) @ 121 (hPXR)
g 60 - 7 g 2 10 |
9 50 g e > 8 g 84
o 40 8 3 6 3
€ 5 s £ * € 61
- 3 40 H 44 Q. 4
= 20 - = |
5 £ <, <
€ 10 x 2 £ £’
X o g o & 0H'g = g 0TS e
& Cont RIF INH +r'zrl\:_‘ WT  Pxrnull hPXR %) S S !\,\5” » & & S xv‘y
& & & &
& &

Figure 2. PPIX accumulation and the liver injury associated with RIF and INH co-therapy
(a—d) Metabolomic analysis of bile and relative quantification of PPIX. (a) Separation of

control and RIF and INH co-treated hPXR mouse bile in a score plot. (b) Loading S-plot
generated by orthogonal projection to latent structures—discriminant analysis. Several top
ranking ions were labeled, including RIF, RIF metabolites (M1 and M2), and PPIX. (c)
Relative quantification of PPIX in bile of hPXR mice treated with vehicle (n = 3), RIF (n=
3), INH (n=5), or RIF + INH (n = 7). PPIX concentration in the control group was set as 1.
The data are expressed as mean + S.E.M. *P < 0.05 versus all other groups. (d) Relative
quantification of PPIX in bile of WT (n = 4), Pxr—null (n = 3) and hPXR (n = 7) mice co-
treated with RIF and INH. PP1X concentration in hPXR group was set as 100. The data are
expressed as mean = S.E.M. *P < 0.05 versus WT or Pxr—null groups. (e, f) Effect of PPIX
precursor on hepatotoxicity induced by RIF and INH co—treatment. Serum ALT (e) and ALP
() activity were analyzed. The data are expressed as mean + S.E.M. (n=3 in control; n=4
in ALA, RIF + INH and RIF + INH + ALA groups). *P < 0.05 and **P < 0.01 compared
with the control group. P < 0.05 compared with RIF + INH group.

Nat Med. Author manuscript; available in PMC 2013 October 01.



