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Rifampicin exacerbates isoniazid-induced toxicity in
human but not in rat hepatocytes in tissue-like
cultures
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Background and purpose: Rifampicin has been extensively reported to exacerbate the hepatotoxicity of isoniazid in patients
with tuberculosis. However, this was controversially claimed by previous reports using rat models. This study evaluated the
effect of rifampicin on isoniazid-induced hepatocyte toxicity by using human and rat hepatocytes in tissue-like culture.
Experimental approach: Hepatocytes in tissue-like gel entrapment were used to examine isoniazid toxicity, as shown by cell
viability, intracellular glutathione content and albumin secretion. For demonstration of the differential effects of rifampicin on
human and rat hepatocytes, induction by rifampicin of cytochrome P450 (CYP) 2E1, a major enzyme associated with isoniazid
hepatotoxicity, was detected by 4-nitrocatechol formation and RT-PCR analysis.
Key results: Rifampicin (12 mM) enhanced isoniazid-induced toxicity in human hepatocytes but not in rat hepatocytes.
Enhanced CYP 2E1 enzymic activity and mRNA expression were similarly detected in human hepatocytes but not in rat
hepatocytes. Both rat and human hepatocytes in gel entrapment were more sensitive to isoniazid treatment compared with
the corresponding hepatocytes in a monolayer culture.
Conclusions and implications: The difference in induction of CYP 2E1 by rifampicin between rat and human hepatocytes
accounted for the difference in exacerbation of isoniazid hepatocyte toxicity by rifampicin, with more significant toxicity in gel
entrapment than in monolayer cultures. Thus, human hepatocytes in tissue-like cultures (gel entrapment) could be an effective
model for hepatotoxicity research in vitro, closer to the in vivo situation.
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Introduction

Isoniazid, used clinically since 1952 as a first-line antimicro-

bial for tuberculosis, is adversely associated with hepatotoxi-

city (Girling, 1978). The bioactive metabolites of isoniazid

generated by the drug-metabolizing enzymes, in particular

cytochrome P450 (CYP) 2E1, have been implicated in

isoniazid-induced hepatotoxicity in humans (Huang et al.,

2003), rats (Yue et al., 2004), rabbits (Sarich et al., 1999) and

HepG2 (human hepatocellular liver carcinoma cell line) cells

(Wu and Cederbaum, 1996). Rifampicin, normally given

with isoniazid to patients, is said to enhance the hepato-

toxicity of isoniazid, owing to its potent induction of CYP

450 enzymes (Yew, 2002; Yew and Leung, 2006).

Research on isoniazid-induced hepatotoxicity has been

hampered by the lack of suitable animal models that

closely resemble the toxicity in humans (Sarich et al., 1995).

The closest animal model of isoniazid hepatotoxicity was

established in rabbits, which showed susceptibility to

isoniazid-induced hepatotoxicity, as in humans (Sarich

et al., 1995, 1999). For convenience, rats have been

extensively used to investigate the hepatotoxicity of iso-

niazid treatment together with rifampicin for screening

antihepatotoxic drugs (Attri et al., 2000; Tasduq et al.,

2005; Santhosh et al., 2006). In contrast to the synergistic

hepatotoxicity seen in humans after co-administration of

isoniazid and rifampicin (Steele et al., 1991; Yew, 2002), no

such enhancement of isoniazid-induced hepatotoxicity by

rifampicin was observed in rats (Thomas and Solomonraj,

1977; Yue et al., 2004). Thus, there is a clear species
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difference in the exacerbation of isoniazid hepatotoxicity by

co-treatment with rifampicin.

Primary hepatocytes in vitro or cell lines are generally

accepted as effective models for hepatotoxicity evaluation,

and particularly primary human hepatocytes are considered

to be the ‘gold standard’ in vitro to avoid the possibility of

species-related differences. However, no in vitro study on

primary human hepatocytes has ever been reported for

investigation of isoniazid hepatotoxicity with or without

rifampicin. There are only a few in vitro studies with isoniazid

treatment alone, for example, in cell lines (Schwab and

Tuschl, 2003; Biagini et al., 2006) and rat hepatocytes (de

Longueville et al., 2003; Xu and Purcell, 2006; Shen et al.,

2006b). Unfortunately, the hepatotoxic concentrations of

isoniazid in cell lines (such as HepG2 and WIF-B9 cells) were

around 50 mM, which was much higher than the peak

plasma concentrations (3–5.5 mg l�1, equivalent to 0.022–

0.040 mM) in humans after oral administration of 300 mg

isoniazid (Yew, 1998; Agrawal et al., 2004). This marked

difference between toxic concentrations in vitro and the

plasma concentrations in vivo was most likely to be due to

the difference between the metabolic system of cell lines and

that of hepatocytes in vivo. To eliminate this source of

difference, intact primary hepatocytes were consequently

used for studies on isoniazid hepatotoxicity because of the

preservation of all the phase I and phase II enzymes in vivo.

Nevertheless, even though primary hepatocytes in mono-

layer culture have gained widespread popularity over many

years in hepatotoxicity studies in vitro, the toxic concentra-

tions of isoniazid were over 10 mM in rat hepatocyte

monolayers, by the methyl thiazolyl tetrazolium (MTT)

assay (de Longueville et al., 2003; Shen et al., 2006b). This

could be due to the rapid loss of liver-specific functions of

the hepatocyte monolayers, especially of CYP 450 activity.

Later, rat hepatocyte spheroids, which maintained CYP 450

activity for more than 1 week, were used to evaluate

isoniazid hepatotoxicity, but here the toxic concentration

of isoniazid was still around 5 mM, as indicated by pyruvate

uptake and lactic acid release (Xu and Purcell, 2006). It seems

that rat hepatocyte spheroids still lacked sensitivity to

isoniazid exposure, similar to the insensitivity of rat

hepatocyte spheroids to methotrexate treatment (Walker

et al., 2000). This could be related to the delivery of test

compounds to hepatocytes within the tight structure of

hepatocyte spheroids due to the high diffusion barrier

(Walker et al., 2000). Species difference, however, could also

result in a different toxicity for isoniazid in rat and human

hepatocytes in vivo.

Primary human hepatocytes in tissue-like gel entrapment

culture were therefore proposed as a closer model of the liver

in vivo. According to our previous studies, rat hepatocytes

entrapped in collagen gel as well as cytocompatible hollow

fibres maintained liver-specific functions at higher levels and

for longer times (Qiu et al., 2006; Shen et al., 2006a, b; Meng

et al., 2007) and were more sensitive to isoniazid than the

well-known hepatocyte monolayers (Shen et al., 2006b). In

this study, both rat and human hepatocytes were used to

evaluate the potential species difference on hepatotoxic

responses to a low dose of isoniazid. Moreover, the

synergistic effect of rifampicin on isoniazid hepatocyte

toxicity was evaluated by measuring markers of hepatotoxi-

city, the metabolic activities and gene expression of CYP 2E1,

in both rat and human hepatocytes.

Materials and methods

Hepatocyte cultures

All animal procedures were carried out in accordance with

the Animal Welfare Act. Hepatocytes were isolated from

male Sprague–Dawley rats (200–250 g) by the two-step

collagenase perfusion method as described previously

(Wu et al., 2005). Cell viability was assessed by Trypan blue

exclusion and hepatocytes with a viability of greater than

85% were used.

Human hepatocytes were harvested from non-transplan-

table liver tissue from five patients, kindly offered by

Zhejiang University Medical Center (Hangzhou, China).

The study was approved by the Ethical and Research

Committee of Zhejiang University, China, and written

informed consent was obtained from each patient. Donor 1

was a 28-year-old yellow race Chinese male; donor 2 was a

37-year-old yellow race Chinese female; donor 3 was a 35-

year-old yellow race Chinese male; donor 4 was a 74-year-old

yellow race Chinese female; and donor 5 was a 59-year-old

yellow race Chinese male. Donors 1–3 were used to show the

effects of rifampicin on isoniazid hepatotoxicity and CYP

2E1 metabolic activity, Donors 3–5 were used for isoniazid

(0.037–0.11 mM) hepatotoxicity and Donor 5 was used for

gene expression assay. All donors were negative for HIV

(human immunodeficiency virus), HBV (hepatitis virus B)

and HCV (hepatitis virus C). Hepatocyte isolation was

conducted by a two-step collagenase perfusion of the liver

sample as described before (LeCluyse et al., 2005). Cell

viability was assessed by Trypan blue exclusion, and

hepatocytes with a viability of greater than 80% were used.

Hepatocytes were cultured in Williams’ E medium supple-

mented with L-glutamine 2 mM, penicillin 100 U ml�1,

streptomycin 100 mg ml�1, dexamethasone 1mM, insulin

0.2 U ml�1, glucagon 4 ng ml�1 and 5% (v/v) fetal bovine

serum.

For the monolayer culture, each well of 24-well plates was

pre-coated with 0.16 mg l�1 of collagen (type I). Freshly

isolated rat hepatocytes were seeded at a density of 2�105

cells per well, whereas human hepatocytes were seeded at a

density of 3�105 cells per well. The cells were cultured at

37 1C in a humidified atmosphere containing 5% CO2.

For the gel entrapment culture, freshly harvested hepato-

cytes were mixed with the collagen solution and loaded into

hollow fibres by injection as described before (Wu et al.,

2005). Briefly, hepatocytes were inoculated into a 3:1 (v/v)

mixture of type I collagen (2.75 mg ml�1) and fourfold

concentrated Williams’ E medium at pH 7.4. Hepatocyte

suspension at a density of 1�106 cells ml�1 was loaded into

the lumen of hollow fibres and maintained in a 5% CO2

incubator for collagen gelation. Ten minutes later, hollow

fibres were placed into 6 cm culture dishes full of 8 ml pre-

warmed culture medium and placed into a 5% CO2

incubator for hepatocyte cultures.
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Exposure of hepatocytes to isoniazid and rifampicin

After 4 h of culture, hepatocytes in monolayer or gel

entrapment culture were washed with PBS and then treated

with isoniazid or isoniazidþ rifampicin for 48 or 72 h. To

evaluate induction of CYP 2E1, hepatocytes in monolayer or

gel entrapment culture were only treated with rifampicin

for 48 h before the measurement of CYP 2E1. The culture

medium was changed every 2 days before the assays were

conducted.

Cell viability assay

The MTT assay was used to evaluate the viability of

hepatocyte monolayer and gel-entrapped hepatocytes cul-

tured in hollow fibres. Briefly, the gels entrapping hepato-

cytes were extruded from the hollow fibres with a 5 ml

syringe and immersed in 0.65 ml of the MTT-PBS

(1.15 mg ml�1) in 24-well plates followed by incubation at

37 1C for 3 h. After removing the MTT solution, 1.5 ml of

isopropanol was added to the cells. After agitation for 1 h,

the absorbance of the solution containing the extracts was

read at 570 nm on a spectrophotometer as described

previously (Wang et al., 1996). The same procedure was used

to determine the viability of hepatocytes in monolayer

cultures.

Glutathione assay

Hepatocytes in monolayer cultures were rinsed with PBS and

scraped off from the wells with a rubber policeman. Gel-

entrapped cells were washed with PBS, released from the

hollow fibres as described above and then suspended in

100 ml of PBS. After collecting, the hepatocytes were

sonicated at 40 kHz and 900 W for 10 s and centrifuged at

18 500� g to precipitate cellular fragments. The glutathione

(GSH) content in cell supernatants was determined by DTNB

(5,5-dithiobis(2-nitrobenzoic acid)) assay as described pre-

viously (Nieusma et al., 1998).

Determination of albumin synthesis

Albumin secreted into the culture medium by hepatocytes in

monolayer and gel entrapment cultures was determined by

an immunometric method (ELISA) as described previously

(Meng et al., 2006).

Measurement of CYP 2E1 activity

CYP 2E1 activities were measured by the formation of

4-nitrocatechol (4-NC) from 4-nitrophenol (Tassaneeyakul

et al., 1993). The CYP 2E1 activities were assayed in both rat

and human hepatocytes, with and without rifampicin. In

detail, medium in the monolayer culture was replaced by

200 ml PBS containing 1 mM 4-nitrophenol after 48 h incuba-

tion. At the same time, gel-entrapped hepatocytes were

extruded from the hollow fibre as described above and then

immersed in 200 ml PBS containing 1 mM 4-nitrophenol in

24-well plates. After 3 h in the incubator at 37 1C, super-

natants were taken and frozen immediately at �20 1C. The

formation of 4-NC was analysed by HPLC using an Agilent

1100 Series HPLC (Palo Alto, CA, USA) equipped with an

ODS Hypersil column (250 mm�4.6 mm, 5mm particle size).

The mobile phase, running at a flow rate of 1 ml min�1,

consisted of acetonitrile–glacial acetic acid–water (22:1:77)

containing triethylamine (30 mM) with pH adjusted to 3.0 by

phosphoric acid and the absorbance of isolated peaks was

monitored at 250 nm.

Reverse transcription-PCR analysis

Total RNA was isolated from rat and human hepatocytes

after 48 h of incubation with or without rifampicin (12 mM)
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Figure 1 Cell toxicity induced by isoniazid (INH) in rat hepatocytes
in monolayer and gel entrapment culture. The hepatocytes were
incubated with 0.037, 0.07 and 0.11 mM isoniazid for 72 h, whereas
the groups without isoniazid treatment were used as control. The
results were assessed by cell viability (a), intracellular glutathione
(GSH) content (b) and rat albumin secretion (c). Data are given as
mean±s.d. (n¼3); *Po0.05 (compared to controls).
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using trizol reagent (Invitrogen, Karlsruhe, Germany). The

quality of RNA was assessed by the absorbance of the samples

at 260 and 280 nm. Synthesis of cDNA was performed

according to the method described before (Wilkening and

Bader, 2003) and amplified by PCR. Expression of the gene

for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) in

hepatocytes was used as a control. The primers for rat CYP

2E1 (accession number AF061442) and rat GADPH (accession

number AB017801) used for the PCR were as follows: CYP

2E1, 50-ATGTCATCCCCAAGGGTACA-30 and 50-CGGGGAAT

GACACAGAGTTT-30; product size is 334 bp. GADPH, 50-TCA

AGGCTGAGAATGGGAAG-30 and 50-GGATGCAGGGATGAT

GTTCT-30; product size is 452 bp. The primers for human

CYP 2E1 (accession number AF084225.1) and human

GADPH (accession number AB062273.1) used for the PCR

were as follows: CYP 2E1, 50-CCTACATGGATGCTGTGGTG-30

and 50-AGGGCTGAGGTCGATATCCT-30; product size is

377 bp. GADPH, 50-TCACCAGGGCTGCTTTTAAC-30 and

50-TGTGGTCATGAGTCCTTCCA-30; product size is 479 bp.

Data analysis

All values are means±s.d. from three independent experi-

ments. Comparisons between multiple groups were

performed with one-way ANOVA, or results from two

different treatments were tested for statistical significance

with the unpaired student t-test. P-values less than 0.05 were

considered statistically significant.

Chemicals

Rifampicin and isoniazid were gifts from Zhejiang Medicine

Co. Ltd, Xinchang Pharmaceutical Factory (Shaoxing,

China). Williams’ E basal medium and L-glutamine were

from Gibco (Gaithersburg, MD, USA) and Amresco Inc.

(Solon, OH, USA), respectively. Fetal bovine serum was

obtained from Hangzhou Sijiqing Biological Eng. Material

Co. Ltd (Hangzhou, China). MTT was purchased from

Amresco Inc. DTNB was purchased from Sigma (St Louis,

MO, USA). The rat and human albumin ELISA quantitation

kits were both purchased from BETHYL Laboratories Inc.

(Montgomery, TX, USA). 4-NC (Fluka, Seelza, Germany) was

kindly offered by Dr Qiu Xinhui (Institute of Zoology,

Chinese Academy of Sciences, Beijing, China). The primers

for rat CYP 2E1 and rat GAPDH were from Operon

Biotechnologies GmbH (Cologne, Germany). The remaining

chemicals were obtained from local chemical suppliers and

were all of reagent grade.

Results

Toxicity of isoniazid in rat hepatocytes

The toxicity of isoniazid at 0.037, 0.07 and 0.11 mM was

determined in rat hepatocytes after 72 h incubation. As

shown in Figure 1a, rat hepatocytes in monolayer were

insensitive to isoniazid at all the concentrations tested,

whereas rat hepatocytes in gel entrapment showed a

decrease in cell viability after treatment with 0.11 mM

isoniazid. Similarly, intracellular GSH and rat albumin in

gel-entrapped rat hepatocytes were decreased at 0.07 mM

isoniazid, a lower level than affected cell viability, as

indicated in Figures 1b and c. Therefore, the lowest toxic

concentration of isoniazid in rat hepatocytes was 0.07 mM

for gel entrapment cultures, much lower than in monolayer

cultures.

Effect of rifampicin on isoniazid-induced hepatotoxicity in rat

hepatocytes

The effect of rifampicin on isoniazid-induced toxicity was

first evaluated in rat hepatocytes. For the combined treat-

ment (isoniazidþ rifampicin), we used incubation times of

72 h, because no toxic effect of rifampicin given alone was

observed over this period (data not shown). Even at a high

concentration of isoniazid (1.1 mM), rat hepatocytes in

monolayer cultures did not show any decrease in cell

viability or decrease in GSH content or albumin secretion,

Table 1 Cell toxicity in cultured rat hepatocytes exposed to INH with or without RFP

Groups Cell viability
(% of control)

Intracellular glutathione content
(mmol per 106 cells)

Albumin secretion
(mg per 106 cells)

Culture time 48 h 72 h 48 h 72 h 48 h 72 h

Monolayer culture
Control 100.0±5.8 100.0±8.8 0.43±0.04 0.36±0.03 46.5±15.2 55.0±11.5
INH 0.11 mM 98.7±8.5 95.1±9.5 0.43±0.02 0.35±0.02 45.2±11.5 52.1±12.4
INH 0.11 mMþ RFP 12 mM 97.1±4.2 96.3±8.4 0.41±0.05 0.35±0.05 42.1±8.6 57.5±7.6
INH 1.1 mM 94.2±7.2 95.5±5.6 0.41±0.02 0.37±0.02 43.0±9.5 51.2±8.5
INH 1.1 mMþ RFP 12 mM 94.8±9.1 93.5±4.5 0.39±0.06 0.32±0.08 42.5±9.6 52.6±9.1

Gel entrapment culture
Control 100.0±7.1 100.0±11.7 0.57±0.04 0.53±0.06 52.0±8.5 77.6±8.6
INH 0.11 mM 93.8±8.9 89.7±5.7* 0.47±0.04* 0.42±0.06* 48.5±7.2 64.5±7.2*
INH 0.11 mMþ RFP 12 mM 93.2±10.2 87.5±10.5* 0.42±0.10* 0.40±0.05* 50.6±7.6 60.5±10.5*
INH 1.1 mM 43.7±15.2** 49.0±16.3** 0.25±0.08** 0.21±0.06** 38.2±5.6* 40.0±15.6**
INH 1.1 mMþ RFP 12 mM 40.1±9.5** 45.2±6.4** 0.21±0.10** 0.19±0.09** 35.2±9.5* 34.2±11.0**

Abbreviations: INH, isoniazid; RPF, rifampicin.

Data are given as mean±s.d. for each point of three separate experiments; *Po0.05 and **Po0.01 (compared to controls).
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when isoniazid was given either alone or in combination

with rifampicin (Table 1). By contrast, rat hepatocytes in gel

entrapment cultures did show toxicity to isoniazid at

0.11 mM and greater toxicity at 1.1 mM (Table 1); however,

at both levels of isoniazid, there was no exacerbation of

toxicity on addition of rifampicin, as indicated by decreases

in MTT reduction, intracellular GSH content and rat albumin

secretion (Table 1).

Toxicity of isoniazid in human hepatocytes

Toxicity of isoniazid (0.037, 0.07 and 0.11 mM) was

determined in human hepatocytes after treatment for 72 h.

As seen with rat hepatocytes (Figure 1), isoniazid treatment

induced no significant decrease in cell viability (Figure 2a) or

intracellular GSH (Figure 2b) in human hepatocyte mono-

layers. Only a slight reduction of human albumin secretion

was noted at the highest concentration of isoniazid

(0.11 mM), as shown in Figure 2c. However, gel-entrapped

human hepatocytes were more sensitive to isoniazid, showing

signs of toxicity even at the lowest concentration used,

0.037 mM, which is close to the peak plasma concentrations

in humans. Thus, human hepatocytes were more sensitive to

isoniazid toxicity in both monolayer and gel entrapment

cultures than the corresponding rat hepatocytes (Figures 1

and 2).

Effect of rifampicin on isoniazid-induced hepatotoxicity in human

hepatocytes

The effect of rifampicin on isoniazid toxicity was also

evaluated in human hepatocyte cultures. These cells, in

either form of culture, showed increased toxicity to isoniazid

in combination with rifampicin, and this exacerbation was

evident in all three measures, namely cell viability, intra-

cellular GSH and human albumin secretion (Table 2).

Role of CYP 2E1 activity in isoniazid–rifampicin-induced

hepatotoxicity

CYP 2E1 was previously suggested to be closely associated

with isoniazid hepatotoxicity (Shen et al., 2006b). The

induction by rifampicin of CYP 2E1 activity was first

detected by 4-NC formation, using hepatocytes from both

species. As shown in Figure 3, rifampicin did not increase

CYP 2E1 activity in rat hepatocytes but produced a

significant induction of CYP 2E1 in human hepatocytes,

with an approximate increase of 1.5-fold for monolayer

culture and 2.0-fold for gel entrapment culture. Because of

the difference in basal activity of CYP 2E1 between the two

forms of cell culture, the effect of rifampicin was that CYP

2E1 expression was around fivefold higher in gel entrapment

than in the monolayer cultures.

To confirm the effect of rifampicin on CYP 2E1 of rat and

human hepatocytes, CYP 2E1 gene expression was then

evaluated by reverse transcription-PCR analysis. In agree-

ment with the results from CYP2E1 activity shown above,

reverse transcription-PCR analysis showed that rifampicin

did not induce CYP 2E1 mRNA in rat hepatocytes (Figure 4a)

but elicited a significant induction in human hepatocytes

(Figure 4b). Furthermore, CYP 2E1 mRNA was expressed at a

higher level in gel-entrapped hepatocytes than in hepatocyte

monolayers, corresponding well with the corresponding

assays of enzymic activity.

Discussion

It is difficult to select a suitable animal model to provide

reliable predictions of human responses in vivo, if only

because of species differences. This problem still seems to be

far from solution now for the complex interactions of

hepatic phase I and phase II-metabolizing enzymes, because
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Figure 2 Cell toxicity induced by isoniazid (INH) on human
hepatocytes in monolayer and gel entrapment cultures. The
hepatocytes were incubated with 0.037, 0.07 and 0.11 mM isoniazid
for 72 h, whereas the groups without isoniazid treatment were used
as control. The results were assessed by cell viability (a), intracellular
glutathione (GSH) content (b) and human albumin secretion
(c). Data are given as mean±s.d. (n¼3); *Po0.05, **Po0.01
(compared to controls).
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even a high degree of sequence identity of CYP 450 proteins

does not mean similar catalytic specificity (O’Brien et al.,

2004). Although humanized mice have been generated for

that purpose, they can only model a part of liver-specific

functions in humans. Actually, there are no ‘perfect’ animal

models that will accurately predict all of the metabolism of

any drug in humans. Therefore, an appropriate human

hepatocyte model in vitro could be an alternative system, to

predict drug disposition in vivo.

Our present work has shown an important species

difference in isoniazid toxicity in rat and human hepato-

cytes. Firstly, a species difference in toxicity of isoniazid

treatment alone was suggested by the results that human

hepatocytes were more sensitive to isoniazid toxicity than

the corresponding rat hepatocytes, as indicated by the

greater decreases in cell viability, GSH content and albumin

secretion in human hepatocytes (Figures 1 and 2). The

findings in vitro corresponded well with the previous

Table 2 Cell toxicity in cultured human hepatocytes exposed to INH with or without RFP

Groups Cell viability
(% of control)

Intracellular glutathione content
(mmol per 106 cells)

Albumin secretion
(mg per 106 cells)

Culture time 48 h 72 h 48 h 72 h 48 h 72 h

Monolayer culture
Control 100.0±6.5 100.0±5.3 0.54±0.10 0.49±0.07 4.3±0.8 4.9±1.0
INH 0.11 mM ND 96.7±2.4 ND 0.47±0.11 4.3±0.7 4.2±0.3*
INH 0.11 mMþ RFP 12 mM ND 82.0±6.4*,# ND 0.36±0.04*,# 3.4±0.5*,# 3.1±0.5*,#

INH 1.1 mM 67.7±3.4** 58.2±10.3** 0.33±0.07* 0.27±0.08** 3.3±0.6* 3.4±0.7*
INH 1.1 mMþ RFP 12 mM 54.3±3.5**,# 40.0±4.6**,# 0.20±0.05**,# 0.16±0.07**,# 2.0±0.3**,# 2.1±0.6*,#

Gel entrapment culture
Control 100.0±11.8 100.0±10.3 0.55±0.06 0.51±0.05 12.4±6.5 19.1±0.8
INH 0.11 mM ND 61.4±15.9* ND 0.28±0.11* 6.5±3.2* 7.3±1.2**
INH 0.11 mMþ RFP 12 mM ND 27.6±13.3**,# ND 0.15±0.11**,# 5.6±2.1**,# 6.0±0.4**,#

INH 1.1 mM 50.7±10.4** 45.4±10.8** 0.19±0.05** 0.11±0.04** 5.1±0.3** 5.2±0.3**
INH 1.1 mMþ RFP 12 mM 20.6±7.6**,# 20.9±6.7**,# 0.09±0.06**,# 0.07±0.03**,# 2.5±2.1**,# 2.1±0.3**,#

Abbreviations: INH, isoniazid; ND, not detected; RPF, rifampicin.

Data are given as mean±s.d. for each point of three separate experiments; *Po0.05 and **Po0.01 (compared to controls), #Po0.05 (compared to isoniazid

treatment alone).
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Figure 3 CYP 2E1 induction by rifampicin (RFP) in rat (a) and
human (b) hepatocytes after 48 h treatment, as shown by 4-
nitrocatechol (4-NC) formation from 4-nitrophenol. Data are given
as mean±s.d. (n¼3); **Po0.01 (compared to controls).

Control-M rifampicin-M Control-G rifampicin-G

GAPDH 452 bp

Control-M rifampicin-M Control-G rifampicin-G

pb4331E2PYC

Control-M rifampicin-M

GAPDH 479 bp

Control-M rifampicin-M

pb7731E2PYC

a

b

Figure 4 Reverse transcription-PCR analysis for the expression of
CYP 2E1. Results by PCR were from rat hepatocytes (a) and human
hepatocytes (b) of monolayer and gel entrapment after 48 h
treatment by 12mM rifampicin (RFP). Control-M and Control-G
represent the control groups of hepatocyte monolayer and gel-
entrapped hepatocytes, respectively; rifampicin-M and rifampicin-G
represent the rifampicin-treated groups of hepatocyte monolayer
and gel-entrapped hepatocytes, respectively.
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observations in vivo that rats did not show the same

susceptibility to isoniazid-induced hepatotoxicity as ob-

served in humans (Wright et al., 1986; Sarich et al., 1999),

because the major metabolites of isoniazid were less

hepatotoxic in rats than in humans (Wright et al., 1986).

Secondly, the differential effect of rifampicin on isoniazid-

induced hepatotoxicity was clearly demonstrated by the

results that rifampicin enhanced isoniazid-induced cell

damage, assessed by cell viability, GSH content and albumin

secretion in human hepatocytes but not in rat hepatocytes

(Tables 1 and 2). Finally, combining our results (Figures 3 and

4) with previous findings that rifampicin induced CYP 2E1

gene expression in human hepatocytes in vitro (Hesse et al.,

2003; Madan et al., 2003), treatment with rifampicin

enhanced gene expression and enzymic activity of CYP 2E1

in human hepatocytes but not in rat hepatocytes. Our in vitro

studies on the effects of rifampicin on rat hepatocytes

(Table 1) corresponded well with the lack of induction by

rifampicin of CYP 2E1 activity in rats (Yue et al., 2004). As

CYP 2E1 is a major drug-metabolizing enzyme associated

with isoniazid-induced hepatotoxicity (Huang et al., 2003),

we have concluded that rifampicin elicited species-selective

effects on isoniazid-induced hepatotoxicity because of two

findings: a greater induction of CYP 2E1 and a greater

exacerbation of toxicity in human hepatocytes than in rat

hepatocytes after rifampicin treatment. Taken together, the

species difference in CYP 2E1 reflected not only the

differential synergistic effect of rifampicin on isoniazid

toxicity but also the differential hepatotoxicity by isoniazid

treatment alone between rat and human hepatocytes.

It is well known that there are species-selective differences

in induction of CYP 450s. Lu and Li (2001) reported that

rifampicin and omeprazole are potent inducers for CYP3A

and CYP1A, respectively, in human hepatocytes but not in

rat hepatocytes. Therefore, the species difference observed in

both previous and our studies suggest that human hepato-

cytes represent the most appropriate preclinical experimental

system in vitro for the evaluation of CYP 450 induction in

humans.

Although primary human hepatocytes in monolayers or in

suspension are routinely used as an experimental model to

evaluate drug hepatotoxicity and drug–drug interactions in

humans, via the induction of proteins, it is also widely

understood that primary hepatocytes lose expression of

liver-specific functions including CYP 450s within a few

days of culture. Thus, tissue-like cultures of human hepato-

cytes, which maintain liver-specific functions for 1–2 weeks,

were studied here. From a comparison of gel-entrapped rat

hepatocytes with rat hepatocyte monolayers in our previous

work, we recognized that gel-entrapped hepatocytes not

only expressed higher activity of CYP 450 isoforms (CYP

1A2, CYP 2E1 and CYP 3A) as well as some phase II enzymes

(UDP-glucuronosyltransferase and sulfotransferase), but also

were more susceptible to treatment with isoniazid, para-

cetamol (acetaminophen) and tacrine (Qiu et al., 2006; Shen

et al., 2006a, b; Meng et al., 2007). In fact, good preservation

of metabolic enzyme activities in gel-entrapped hepatocytes

has been regarded as a major factor for the higher sensitivity

to drug toxicity (Meng et al., 2006, 2007). The present results

using human hepatocytes have highlighted again the higher

sensitivity to isoniazid exposure in gel entrapment, than

monolayer cultures. The hepatotoxic concentration of

isoniazid in humans, hepatocytes and cell lines are summar-

ized in Table 3, which indicates how close the isoniazid

toxicity in gel-entrapped human hepatocytes was to that

observed in humans in vivo. It was noteworthy that gel-

entrapped human hepatocytes possessed higher levels of

drug-metabolizing enzymes than human hepatocyte mono-

layers and cell lines. These higher levels probably explain

why the toxic limit of isoniazid was as low as 0.037 mM

(which was comparable to peak plasma concentrations in

humans) in gel entrapment cultures. These findings demon-

strate that primary human hepatocytes in gel entrapment

culture would be a more effective model for prediction of

drug hepatotoxicity including drug–drug interactions, by

establishing a good correlation between in vitro and in vivo

test systems.

In conclusion, the enhanced isoniazid toxicity observed

by co-treatment with rifampicin in patients could be

reproduced in primary human hepatocytes, whereas the

corresponding in vitro results using rat hepatocytes also

reflected the facts that rifampicin co-treatment with iso-

niazid did not exacerbate isoniazid hepatotoxicity in rats.

Moreover, the difference in gene expression and metabolic

activity of CYP 2E1 after rifampicin treatment could account

for the different toxic responses to isoniazidþ rifampicin

treatment between human and rat hepatocytes. Thus, we

would recommend the inclusion of human hepatocytes in

drug hepatotoxicity studies, especially when this hepato-

toxicity is mediated by drug-metabolizing enzymes. Mean-

while, hepatocytes in tissue-like gel entrapment culture were

more sensitive to drug toxicity and would appear to be a

more relevant model system for evaluating the hepatotoxic

effects of metabolized compounds. This factor, taken

together with the avoidance of species differences (Plant,

2004), leads us to conclude that, human hepatocytes in

tissue-like culture in three-dimensional gels represents a

Table 3 Lower limits of toxic concentrations of isoniazid in human liver
in vivo, primary hepatocytes and cell lines

Various conditions or
culture models

Lower limits of toxic
concentration of
isoniazid a

References

Human hepatotoxicity 0.022–0.04 mM Yew (1998); Agrawal
et al. (2004)

Gel-entrapped human
hepatocytes

About 0.037 mM This paper, Figure 2

Gel-entrapped rat
hepatocytes

About 0.07 mM This paper, Figure 1

Human hepatocyte
monolayer

About 0.11 mM This paper, Figure 2

Rat hepatocyte monolayer About 10 mM de Longueville et al.
(2003); Shen et al.
(2006b)

HepG2 and WIF-B9 cells About 50 mM Schwab and Tuschl
(2003); Biagini et al.
(2006)

Abbreviation: MTT, methyl thiazolyl tetrazolium.

Cell toxicity of isoniazid in vitro was measured by MTT reduction assay except

for the toxicity in HepG2 cells that was measured by flow cytometric methods.
aThe concentrations of isoniazid in human hepatotoxicity represent the peak

plasma concentrations in vivo.
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highly relevant model system for hepatotoxicity studies

in vivo.
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