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GENOTOXICITY AND CARCINOGENICITY
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Abstract
A large number of drugs and compounds produced by the chemical and agrochemical industry, often referred to as ‘non-
genotoxic carcinogens’ (NGC), score as tumour promotors in rodent models. It is unclear whether these compounds act 
similarly in humans. The most extensively investigated compounds have been the anti-convulsive drugs, phenobarbital (PB), 
and phenytoin. Liver tumours induced by PB are dependent upon the activation of the constitutive androstane receptor (CAR). 
However, marked species differences in CAR activation by exogenous chemicals exist with some being much more potent 
activators of human CAR, e.g., 6-(4-chlorophenyl)imidazo[2,1-β][1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime 
(CITCO). We have compared CITCO-induced tumour formation in the livers of mice in which murine CAR has been replaced 
with its human counterpart. Our findings reveal that CITCO-dependent liver tumours are only formed in mice-expressing 
human CAR and not in wild-type animals. In addition, contrary to one of the proposed mechanisms of NGC carcinogenic-
ity, we show that CITCO did not induce a hyperplastic response in the liver of the humanised mice. These data raise some 
key questions about the mechanism of action of NGCs and identify the limitations of current rodent carcinogenicity test 
systems in relation to risk assessment.
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Introduction

Human carcinogens can exert their carcinogenic activity 
primarily through a mutagenic “genotoxic” mechanism 
or, alternatively, through a tumour-promoting “non-gen-
otoxic” mechanism (Luijten et  al. 2020). Whilst some 
carcinogens operating through the former route may also 
contribute to disease in a non-genotoxic manner, the lat-
ter—tumour promotors, but often referred to as non-gen-
otoxic carcinogens (NGC)—are not inherently genotoxic 
and thus not picked up in short-term genotoxicity assays 
(Jacobs et al. 2020). A large number of drugs and com-
pounds produced by the chemical and agrochemical indus-
try have been evaluated as non-genotoxic liver carcinogens 
in rodents and this has resulted in a vigorous debate as 
to whether these compounds are also tumour promotors 
in humans (Audebert et al. 2023; Lake 2018; Veltman 
et al. 2023). Epidemiological studies on epileptics who 
received prolonged treatment with anti-convulsive drugs 
phenobarbital (PB) and phenytoin have not demonstrated 
an increase in liver tumour incidence in these patients [for 
a review see (La Vecchia and Negri 2014) and references 
therein]. However, these data are limited and the possi-
bility of a carcinogenic activity of these compounds in 
humans cannot be ruled out. Induction of liver tumours 
in rodents by PB is a consequence of the activation of 
a nuclear receptor, the constitutive androstane recep-
tor (CAR) which then activates the expression of genes 
which promote carcinogenesis (Braeuning and Schwarz 
2020; Cai et al. 2021; Yoshinari and Shizu 2022). There 
are marked species differences in CAR activation by exog-
enous compounds, with some being more potent murine 
Car activators, e.g., 1,4-bis-[2-(3,5-dichloropyridyloxy)] 
benzene (TCPOBOP) and other more potent activators 
of the human transcription factor, e.g., 6-(4-chlorophe-
nyl)imidazo[2,1-β][1,3]thiazole-5-carbaldehyde-O-(3,4-
dichlorobenzyl)oxime (CITCO) (Honkakoski 2022). 
Whilst CITCO was identified and subsequently used as a 
selective human CAR (hCAR) activator (Auerbach et al. 
2005), more recent work (Lin et al. 2020) proposes that 
CITCO can also bind and activate another human hepatic 
nuclear receptor, PXR (hPXR), albeit in vitro principally 
using HepG2 and HepaRG cells (Stanley and Wolf 2022). 
Such species differences raise the possibility that certain 
compounds which are negative in rodent carcinogenicity 
studies may be tumour promotors in humans. In this paper, 
we show that CITCO promoted tumour formation in the 
livers of mice that are humanised for both CAR and PXR, 
but not in their wild-type counterparts. These data raise 
key questions, not only about possible limitations of cur-
rent rodent test systems, but also about the possible risks 

associated with human exposure to CAR activators and 
potentially other tumour promoting agents.

Materials and methods

Unless otherwise stated, all chemicals were purchased from 
Sigma-Aldrich (Poole Dorset, UK) and were of the high-
est quality obtainable. CITCO was purchased from Toc-
ris Bioscience (Abingdon, Oxon, UK), catalogue #3683, 
purity > 98%. Gurr histological fixative (4% formaldehyde 
in formal saline) was purchased from VWR Chemicals (Lut-
terworth, Leics, UK).

Animals

Mice deleted for Car or Pxr, and/or humanised for CAR 
and PXR, were generated and characterised as previously 
described on a C57BL/6NTac background (Ross et al. 2010; 
Scheer et al. 2010). Cytochrome P450 (CYP) 2B6-LacZ on 
a C57BL/6J background were maintained as previously 
described (McMahon et al. 2019).

Mice were kept in open-top cages with a sawdust base, 
shredded paper and sizzle nest bedding (Datesand, Man-
chester, UK), ad libitum access to food (RM1; Special Diet 
Services Ltd., Essex, UK) and drinking water, and acclima-
tised for at least 5 days before study commencement. Room 
temperature was between 19 and 23 °C and relative humidity 
40–70%, with a 12-h light/dark cycle. Environmental enrich-
ment was provided in the form of nestlets, chew sticks, red 
plastic tubes/houses, and forage diet (sunflower seeds). In 
all studies, mice were sacrificed by a rising concentration of 
CO2, and death was confirmed by exsanguination.

Animals were randomly assigned to control or treatment 
groups; analysts were not blinded to the identity of biologi-
cal samples. Numbers of animal used were determined using 
power calculations (G*Power v3.1.9.2; www.​gpower.​hhu.​de) 
and previous experience. Experimental design was under-
taken in line the 3Rs principles of replacement, reduction, 
and refinement (www.​nc3rs.​org.​uk).

For short-term studies, adult male wild-type (WT) mice, 
mice humanised for CAR and PXR (hCAR/hPXR) or mice 
nulled for Car XR and humanised for PXR (Car KO/hPXR), 
n = 3, were treated with corn oil (CO), CITCO (10 or 50 mg/
kg), or PB (80 mg/kg) intraperitoneal (IP), daily, 4d and 
sacrificed on day 5 for blood and tissue collection.

For longer-term studies, adult male WT mice or mice 
humanised for CAR and PXR (hCAR/hPXR), n = 3, were 
treated with 0.1% (w/v) carboxymethylcellulose (CMC) or 
CITCO (10 mg/kg), IP, daily for 28d and sacrificed the next 
day for blood and tissue collection.

For tumour studies, we followed a standard protocol 
(Moennikes et al. 2000). Adult (8–10 weeks) male WT 

http://www.gpower.hhu.de
http://www.nc3rs.org.uk
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mice or mice humanised for CAR and PXR (hCAR/hPXR), 
n = 15, were treated with a single IP injection of diethylni-
trosamine (N-nitrosodiethylamine, DEN; 90 µg/g body wt.) 
at the start of the study followed 21 days later by CITCO 
administered in powdered RM1 diet at the equivalent dose 
of 10 mg/kg. Another group each of WT and hCAR/hPXR 
mice were maintained on powdered diet alone as controls. 
Mice were weighed at least weekly throughout and removed 
from the study only on veterinary advice or if body weight 
had decreased by more than 20% from the initial starting 
weight. Mice were culled by a rising concentration of CO2 
at 37 weeks, blood samples taken for determination of 
plasma CITCO levels, and blood chemistry analysis. Livers 
were dissected, weighed, rinsed in ice-cold PBS, examined 
grossly for evidence of tumours, and photographed. The gall 
bladder was removed from the median lobe, which was split 
in two and fixed overnight in 4% (v/v) para-formaldehyde 
(Gurr; VWR, UK). Fixed samples were then transferred to 
70% (v/v) ethanol; one sample was kept in ethanol; the other 
was processed for wax embedding and sectioning/staining. 
The left lobe was cut in two; one piece was snap-frozen in 
liquid nitrogen, whilst the other was placed in a piece of 
aluminium foil on dry-ice to freeze. The latter was used for 
cryo-sectioning. The caudate, right anterior, and pyramidal 
lobes were all snap-frozen in liquid nitrogen and stored at 
− 80 °C until needed for analysis.

Preparation of microsomes

Microsomal fractions were prepared from mouse tissues 
as described previously (Henderson et al. 2019). Briefly, 
after removal and rinsing in ice-cold PBS, fresh liver sam-
ples were homogenised in ice-cold SET buffer (0.25 M 
sucrose, 5 mM EDTA, 20 mM Tris–HCL, pH 7.4; 9 ml 
buffer/g liver) and centrifuged at 2000 rpm (Sorvall RTH-
250,10 min, 4 °C). The supernatant from this step was fur-
ther centrifuged (12,000 rpm, Sorvall SS-34 rotor, 20 min, 
4 °C) and the resulting supernatant centrifuged at high speed 
(~ 30,000 rpm, Sorvall TFT-45.6, 90 min 4 °C). The result-
ant microsomal pellets were resuspended in ice-cold SET 
buffer and stored at −70 °C prior to protein estimation and 
subsequent analysis.

Histology and immunostaining

Cryostat sections (10 µm thickness) were used for all stain-
ings. Seven pairs of two serial sections each were prepared 
with 200 µm between each of the paired sections of which 
one was stained for glucose-6-phosphatase (G6Pase) activ-
ity to identify tumours deficient in this enzyme. The second 
section was immunohistochemically stained for glutamine 
synthetase (GS). Histochemical staining for G6Pase activity 
was performed according to Wachstein and Meisel (1957). 

Staining for GS was carried out on formaldehyde-fixed slices 
according to standard methods (Braeuning et al. 2010), using 
a primary antibody against GS (1:1000; Sigma, Taufkirchen, 
Germany) together with an appropriate horseradish peroxi-
dase-conjugated secondary antibody (1:100; Dako, Glostrup, 
Denmark) with 3-amino-9-ethylcarbazole/H2O2 as sub-
strates. Nuclei were counterstained by hematoxylin.

Tumour quantification

Liver tumour burden was quantified by determination of the 
number and size of G6Pase-altered lesions using an Axio 
Imager light microscope (Imager.M1; Zeiss, Göttingen, 
Germany) with AxioVision software Rel.4.5 (Zeiss). Num-
ber and size of G6Pase-deficient tumour transections were 
determined in each of the 7 G6Pase-stained sections and 
total areas of the respective liver sections were measured 
for reference. Even though we used 20 sections between the 
individual slices, we often observed transections from one 
and the same tumour in several or all sections of the series. 
In these cases, tumours were counted as only one entity. 
The area fraction of tumours (tumour/normal tissue) was 
calculated for each section and averaged for each animal. 
Immunohistochemical staining for GS was assessed on par-
allel slices and tumours were classified as GS-positive or 
GS-negative according to their staining behaviour.

Blood chemistry

Plasma was prepared from whole blood in heparinised tubes 
by centrifugation; analyses for alanine aminotransferase 
(ALT), lactate dehydrogenase (LDH), and albumin were car-
ried out at the Clinical Pathology Service Laboratory (Mary 
Lyon Centre, Harwell, UK).

Immunoblotting

Hepatic microsomal samples were separated by sodium 
dodecyl sulphate–polyacrylamide gel electrophoresis 
(SDS-PAGE), and CYP and cytochrome P450 oxidore-
ductase (POR) expression determined by immunoblot 
analysis using primary antibodies as previously described 
(Forrester et al. 1992), loading 20 µg of microsomal pro-
tein per lane. Positive control standards were membrane 
preparations from bacteria expressing recombinant murine 
P450s (1 pmol). Protein expression was visualised using 
Immobilon Western chemiluminescent detection (Mil-
lipore) according to the manufacturer’s instructions, and 
data were collected and processed (contrast/brightness 
adjusted identically for each across the entire image) using 
a Fujifilm LAS-3000 mini-CCD system and the device 
software Version 2.2. Acquired images were saved in the 
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Tagged Image File Format using software MultiGauge 
(Fuji Film) and transferred to Power Point.

Proteomic analysis

Sample preparation, data acquisition, and analysis by tar-
geted high-resolution single ion monitoring (tHR/SIM) 
in vivo stable isotope labelling by amino acids in cell cul-
ture (SILAC) using a pathway-enhanced internal stand-
ard were carried out as described previously (MacLeod 
et al. 2015). Briefly, frozen liver tissue from experimental 
animals was homogenised in SDT lysis buffer (4% SDS, 
0.1 M DTT, 100 mM Tris–HCl, pH7.6), heated to 95 °C 
for 5 min, sonicated, and debris pelleted by centrifuga-
tion at 16,000×g for 10 min. The supernatant containing 
protein for analysis was combined 1:1 with an identically 
prepared internal standard sample from 13C6-lysine meta-
bolically labelled mice which had been administered a 
cocktail of inducers for constitutive androstane receptor 
(PB), pregnane X receptor (PCN; 5-pregnen-3β-ol-20-one-
16α-carbonitrile), and aryl hydrocarbon receptor (bNF; 
β-naphthoflavone). This sample mixture was separated by 
SDS-PAGE and each lane cut into three bands for in-gel 
trypsin-mediated protein digestion. Extracted peptides 
were analysed using a nanoflow liquid chromatograph 
(Agilent 1200, Agilent, Santa Clara, CA, USA) with an 
LTQ-Orbitrap XL (Thermo Fisher Scientific, Waltham, 
MA, USA), interfaced with a Proxeon nanospray source 
with a stainless-steel emitter (Thermo Fisher Scientific). 
For calculation of statistical significance, normalised val-
ues were log2-transformed and then analysed by unpaired 
t test, relative to the WT CMC group, with Holm–Šidák 
correction for multiple comparisons (Alpha = 0.05). The 
LC–MS/MS method and tHR/SIM data analysis procedure 
are described in detail in MacLeod et al. (2015).

Principal components analysis, hierarchical clustering 
heatmaps, and volcano plots were generated using Max-
Quant and Perseus as follows. Xcalibur files were pro-
cessed using MaxQuant (v1.4.1.2) (Cox and Mann 2008) 
and the integrated Andromeda search engine with the Uni-
prot mus musculus (taxID: 10,090) reference proteome 
set (44,455 entries, downloaded 03.12.14). Cysteine car-
bamidomethylation was set as a fixed modification, with 
N-terminal acetylation and methionine oxidation as vari-
able modifications. The protein false discovery rate was 
set to 1%, minimum peptide length was 7 and a maximum 
of 2 mis-cleavages was allowed. Data were processed in 
Perseus (v1.5.1.6). For each control/drug comparison, only 
proteins with ≥ 3 valid values were retained. Individual 
animal data were normalised to the mean of the control 
group, log2-transformed and missing values imputed from 
normal distribution.

CITCO analysis

In vitro metabolism

CITCO (1 µM with 1% acetonitrile) was mixed with liver 
microsome (0.25 mg/mL) from DEN/CITCO-treated WT 
and hCAR/hPXR mice in 100 mM potassium phosphate 
buffer (pH 7.4) containing 3.3 mM MgCl2. After pre-incu-
bation (5 min, 37 °C), the reactions were initiated by addi-
tion of an NADPH regenerating system (final concentration: 
1.3 mM NADPH, 4 mM glucose-6-phosphate, and 2 U/mL 
glucose-6-phosphate dehydrogenase). CITCO depletion was 
followed over a 30 min period. An aliquot (100 µL) of reac-
tion mixtures at 1, 5, 10, 20, and 30 min was quenched with 
the same volume of cold acetonitrile containing 400 ng/mL 
of triazolam as internal standard (IS). The samples were 
then centrifuged at 3000g for 55 min at 4 °C. An aliquot of 
the supernatant fraction was analysed by liquid chromatog-
raphy–tandem mass spectrometry. Incubations were carried 
out in triplicate.

In vivo study

For sample collection, 20 μL of whole blood was withdrawn 
at the indicated time points. Samples were immediately 
added to a tube containing heparin solution (20 mL and 
15 IU/mL) and put into liquid nitrogen then stored at − 80 °C 
until processing. On the day of analysis, acetonitrile (160 µL 
containing 200 ng/mL triazolam) was added to thawed sam-
ples which were shaken for 15 min, centrifuged for 10 min 
at 16,000×g, and analysed.

Liquid chromatography–mass spectrometry–
multiple reaction monitoring (LC–MS–MRM) 
analysis

Analysis of in vitro incubation and in vivo blood samples 
were carried out by ultra-high-performance liquid chroma-
tography/tandem mass spectrometry (UHPLC/MS–MS) 
using a Waters Acquity UPLC (Micromass, Manchester, 
UK) and Micromass Quattro Premier mass spectrometer 
(Micromass, Manchester, UK) with Electrospray detection. 
The chromatography was performed using a C18 column 
(Kinetex® 1.7µ 100A; 50 × 2.1 mm, Phenomenex, Maccles-
field, UK) at a temperature of 45 °C with mobile phases 
of 0.1% formic acid (A) and acetonitrile and 0.1% formic 
acid (B). A gradient at a flow rate of 0.5 mL/min was run 
over 3 min as follows: 0–0.5 min: 95% A; 0.5–0.75 min: 
95–50% A; 0.75–1.50 min: 50–5% A, 1.50–2.20 min 5% A, 
2.20–3 min 5%−95% A, then returning to initial conditions 
for final 0.5 min. The mass spectrometer was operated in 
multiple reaction monitoring (MRM), and ion transitions 
monitored were m/z (mass-to-charge ratio) 435.7 to 260.2 
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for CITCO, 451.7 to 260.2 Hydroxyl CITCO, and 343.2 to 
239.2 for triazolam as internal standard.

Proliferating cellular nuclear antigen (PCNA) 
staining

Liver organs were dehydrated and embedded in paraffin and 
subsequently sectioned at 5 mM thickness using a Shandon 
Finesse 325 microtome. Sections were mounted in micros-
copy slides and kept at room temperature (RT) until further 
processing. For PCNA staining (DAKO, M0879), slides 
were deparaffinized with xylene and re-hydrated through a 
graded series of 100–50% (v/v) ethanol solutions, followed 
by 10 min boiling in citrate buffer (10 mM, pH 6) for antigen 
retrieval. Slides were subsequently permeabilized in Triton 
buffer (0.3% Triton X-100, 100 mM glycine) for 20 min at 
RT and washed in PBS before endogenous enzymes block-
ing (10 min, DAKO Dual Endogenous Enzyme Block buffer) 
as suggested by the manufacturer, washed with PBS, and 
incubated in goat serum non-specific antigen blocking buffer 
for 1 h at RT. The primary antibody (1:200 dilution in 5% 
bovine serum albumin/PBS buffer) was incubated over night 
at 4° and washed before polymer-HRP (DAKO) applied for 
30 min according to the manufacturer’s instructions. The 
diaminobenzidine (DAB) + chromogen reaction was fol-
lowed for 5 min under the microscope and stopped by slide 
immersion in distilled water and washed for 5 min under 
running water. Slides were then counterstained using hae-
matoxylin buffer, and dehydrated washed in distilled water, 
dehydrated through 95% (v/v) ethanol and two changes of 
100% (v/v) ethanol, cleared with two changes of xylene, air-
dried, and mounted in DPX medium (Sigma).

ImageJ quantitation

The software ImageJ v1.51q was used for quantitative image 
analysis of the PCNA staining. The densitometric analysis 
was based on microscope images which were acquired with 
a Zeiss Axio Observer (Carl Zeiss, Jena, Germany). For 
each untreated or treated mouse liver sample, five differ-
ent fields were acquired. Captures were converted to 8-bit 
images, background subtracted, signal threshold applied, and 
converted to mask. Subsequently, the software was automati-
cally determined particles greater than 50 pixels and average 
number of positive cells and standard deviation was plotted. 
Average values were compared by a Student’s t test.

RNAseq analysis

RNA was extracted from liver tissue using TRIzol (Thermo 
Fisher Scientific) and according to the manufacturer’s 
instructions. RNAseq was carried out at the Wellcome 
Trust Clinical Research Facility (Edinburgh) and data files 

analysed at the Francis Crick Institute (London). FASTQC 
version 11.7 was used to assess FASTQ file quality.

Trimmomatic version 36 was used to trim adapter 
sequences from Fastq files.

Alignment to Ensembl Mus_musculus.GRCm38.89 was 
performed using STAR 2.5.2 and RSEM version 1.3.

Raw counts matrix was generated using in house scripts.
All downstream analysis was done using DESeq2 version 

1.32 and R version 4.1.0 (2021-05-18). Differential analysis 
was done using DESEQ2 Wald’s test. Genes were called if 
the adjusted p value was less than 0.05.

Results

To establish the role of the transcription factor CAR in the 
regulation of gene expression by CITCO, WT and human-
ised hCAR/hPXR and Car null/hPXR mice animals were 
treated for 4 days with vehicle, CITCO, or phenobarbital 
(PB). Based on Western blotting (Fig. 1A), reporter gene 
expression (Fig. 1B), RNA expression (Fig. 1C), proteom-
ics (Fig. 1D), and immunohistochemistry (Fig. 1E), hepatic 
genes regulated by CAR, including Cyp2b10 and Cyp3a11, 
were highly induced by CITCO in hCAR/hPXR mice but 
at best only very weakly in WT animals. In contrast, PB, 
used as a positive control, induced the expression of CAR 
regulated genes in both the WT and hCAR/hPXR mice with 
equal efficacy and the changes in gene expression were 
attenuated in Car null/hPXR animals (Fig. 1A, C, E). These 
findings are consistent with reports in the literature (Brae-
uning et al. 2014; Braeuning and Pavek 2020; Yamamoto 
et al. 2004). It is unclear why, but interesting to note, that the 
population of hepatocytes in which Cyp2b10 expression was 
induced in hCAR/hPXR mice appeared to differ between PB 
(pericentral localisation, zone 3) and CITCO (mid-zonal, 
zone 2) treatment (Fig. 1E).

It has been proposed that the induction of hepatocyte pro-
liferation and associated hyperplasia and liver growth is a 
key element in the adverse outcome pathway of PB-mediated 
liver tumour promotion in rodents (Yamada et al. 2015), 
but the situation in humans is less certain (Braeuning 2014; 
Braeuning and Schwarz 2016; Elcombe et al. 2014). In terms 
of liver weight and liver-to-body weight ratio, PB treatment 
increased both parameters in WT and hCAR/hPXR mice 
relative to vehicle control, albeit non-significantly, whereas 
no such change was observed in either WT or hCAR/hPXR 
animals following CITCO treatment, with both parameters 
decreasing (non-significantly) relative to vehicle control 
(Fig. 1F, G). Moreover, there was no increase in Ki67-label-
ling index in liver of CITCO- (4 days) treated hCAR/hPXR 
mice in contrast to what was seen in WT and in hCAR/hPXR 
animals treated with PB (data not shown). Blood chemis-
try data (alanine aminotransferase (ALT), bilirubin, lactate 
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dehydrogenase (LDH), creatinine, and glucose for this study 
are shown in Supplementary Fig. 1. Although some of these 
biochemical parameters showed slight elevations in some 
cases, none were statistically significant with respect to rel-
evant control treatment.

To further evaluate whether CITCO provoked cell-cycle 
effects and a cellular response, liver sections from WT and 
hCAR/hPXR mice treated with vehicle, CITCO or PB for 
4d before sacrifice were processed, fixed and stained for 
the presence of proliferating cell nuclear antigen (PCNA), 
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and the number of cells with PCNA-positive nuclei evalu-
ated as described in Materials and methods; the results are 
shown in Fig. 2. The number of PCNA-positive cells was not 
significantly different between WT and hCAR/hPXR mice 
treated with vehicle or CITCO. However, with PB treatment, 
PCNA positivity was significantly elevated in WT compared 
to hCAR/hPXR mice, with the number of PCNA-positive 
cells in the latter animals being approximately of the same 
magnitude as in the other treatment groups (Fig. 2).

Analysis of RNAseq data from WT and hCAR/hPXR 
mice treated with CITCO for 4d found less than 50 genes 
whose expression was changed in hCAR/hPXR mice 
greater than 1.5-fold up or down relative to WT (Supple-
mentary Table 1). Perhaps unsurprisingly, most of these 
genes (including CAR and PXR themselves) were associ-
ated with CAR- or PXR-related pathways (> 10/20 path-
ways). Consistent with data presented earlier (Fig. 1), the 
expression of several P450s was elevated—Cyp3a25 (2.5-
fold), Cyp2c29 (fourfold), Cyp3a11 (4.6-fold), Cyp3a59 
(5.6-fold), and Cyp2b10 (57-fold). Ugt1a1 was found to be 
strongly induced, the fold-change of more than 4.3 million 
presumably representing an increase in expression from an 
almost non-existent baseline; although almost nothing is 

known about CITCO metabolism, it is interesting to specu-
late that Ugt1a1 may be involved. Further analysis by gene 
set enrichment analysis also linked to a number of CAR- and 
PXR-related pathways but showed no consistent significant 
changes in cell-cycle-related gene expression (Supplemen-
tary Table 2).

We next investigated the effects of CITCO administration 
over a longer period, dosing WT, and hCAR/hPXR mice for 
28d before sacrifice and analysis. The effects of this treat-
ment protocol on liver weights and liver:body weights are 
shown in Fig. 3A, B, respectively. Whilst the highest liver 
weights were found in CITCO-treated hCAR/hPXR mice, 
the range of liver weights meant that there was no signifi-
cant difference between this group and any of the others 
in the study (Fig. 3A). Similarly, liver:body weights ratios 
showed no significant differences with respect to treatment 
or genotype (Fig. 3B).

Cytochrome P450 expression was then examined in 28d 
CITCO-treated hCAR/hPXR and WT mice. CITCO treat-
ment strongly induced expression of Cyp2b10 by immuno-
blotting (Fig. 3C) and proteomic analysis (Fig. 3D), whilst 
Cyp3a11 was also induced, albeit more modestly. Compar-
ing within a genotype, only two P450s—Cyp2c29 (increase) 
and Cyp2c55 (decrease)—examined by proteomic analysis 
were significantly altered in expression relative to control in 
WT mice following CITCO treatment (t test). Interestingly, 
a number of P450s were found with elevated expression lev-
els in hCAR/hPXR mice following 28d CITCO treatment 
(Fig. 3D), including Cyp2a4, Cyp2a5, Cyp2g1, Cyp3a11, 
Cyp3a44, Cyp2b10, Cyp2b23, Cyp2c29, and Cyp2c55, 
although only the latter four were statistically significant (t 
test, p < 0.05).

Blood chemistry for alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), bilirubin, and lactate 
dehydrogenase (LDH) in these animals is shown in Sup-
plementary Fig. 2. None of the biochemical parameters 
measured showed significant changes with respect to the 
WT control group.

We have previously shown that NGC-induced epigenetic 
changes, mediated by CAR, provide a signature for NGC 
activity following exposure to PB, including demethylation 
at the Meg3/Dlk1 gene locus as well as global changes in 
DNA methylation profiles (Lempiainen et al. 2013; Luisier 
et al. 2014; Thomson et al. 2014). Following 28 days of 
CITCO treatment, an increase in the expression of Meg3 was 
observed by in situ hybridisation in the hCAR/hPXR mice 
but not in WT animals (Fig. 4A, arrow) and when quantified 
(Fig. 4B) found to be significantly higher in hCAR/hPXR 
mice treated with CITCO compared to those administered 
only vehicle.

We then carried out a carcinogenicity study with CITCO 
in WT and hCAR/hPXR mice. A standard protocol was 
used (Moennikes et al. 2000) involving an initial dose of 

Fig. 1   a Adult, male wild-type (WT) mice, mice humanised for CAR 
and PXR (hCAR/hPXR) and mice nulled for Car and humanised for 
PXR (Car ko/hPXR), n = 3, were treated with corn oil (CO), CITCO 
(10mg/kg, ip, daily for 4d) or phenobarbital (PB; 80mg/kg, ip daily, 
4d) and sacrificed on day 5. Hepatic microsomal samples were pooled 
and immunoblotted as described in the Materials and Methods for 
Cyp2b10, Cyp3a11, P450 oxidoreductase (Por), and using GRP78 
as loading control. b Transgenic mice carrying a CYP2B6-LacZ 
reporter and either wild-type (mCar/mPxr) or humanised for CAR 
and PXR (hCAR/hPXR) were treated with CITCO (10mg/kg, ip, 
daily for 4d) or phenobarbital (PB; 80mg/kg, ip daily, 3d), and sac-
rificed the following day. Liver tissue was cryosectioned and stained 
for β-galactosidase activity as described in Materials and methods. c 
Induction of Cyp2b10 RNA expression in adult, male wild-type (WT) 
mice, mice humanised for CAR and PXR (hCAR/hPXR) and mice 
nulled for Car and humanised for PXR (Carko/hPXR), n = 3, were 
treated with CITCO (50mg/kg, ip, daily for 4d) and sacrificed on day 
5. d Proteomic analysis was carried out as described in the Materials 
and Methods on liver tissue from adult, male wild-type (WT) or mice 
humanised for CAR and PXR (hCAR/hPXR) (n = 3), were treated 
with CO or CITCO (10mg/kg, ip, daily for 4d) and sacrificed on day 
5. Data shows fold induction (mean ± SD) of cytochrome P450 pro-
teins, relative to WT vehicle control; numbers under Xaxis for each 
data set indicate the number of unique SILAC peptides used for quan-
tification of that protein. e Adult, male wild-type (WT) mice, mice 
humanised for CAR and PXR (hCAR/hPXR) and mice nulled for 
Car and humanised for PXR (Carko/hPXR), n = 3, were treated with 
CO, CITCO (10mg/kg, ip, daily for 4d) or phenobarbital (PB; 80mg/
kg, ip daily, 4d) and sacrificed on day 5. Liver tissue was fixed and 
processed for Cyp2b10 immunohistochemistry as detailed in Materi-
als and Methods. f Liver weights, g liver-body weight ratio for mice 
treated in e; n = 3, symbols for each group indicate data points, error 
bars mean ± SD, and unpaired ttest indicates no significant difference 
for CITCO- or PB-treated groups relative to appropriate CO-treated 
control group

◂
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Fig. 2   a Representative liver 
PCNA staining images (10x) 
from duplicate wild type (WT) 
or hCAR/hPXR mice treated 
with vehicle, CITCO or pheno-
barbital (PB) for 4d as described 
in Figure 1 and Materials and 
Methods. b Quantitation of 
PCNA positive nuclei from 
multiple liver sections as shown 
in (a). Data was obtained after 
processing 5 different fields 
of PCNA staining images for 
each mouse and treatment using 
ImageJ. Black arrows indicate 
positive stained nuclei; n/s: 
non-significant; ***, p value < 
0.001.
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the carcinogen N-nitrosodiethylamine (DEN) followed 
by 37 weeks of dietary CITCO. In the initial stages of the 
study, both groups of humanised mice were, on average, 
heavier than mice in the WT groups (Fig. 5A). However, 

as the study progressed both vehicle- and CITCO-treated 
WT mice gained weight and by the termination of the study, 
the average weights of these groups were indistinguishable 
from those of vehicle-treated hCAR/hPXR mice, whereas 

Table 1   Tumour burden in wild-type (WT) and mice humanised for CAR and PXR (hCAR/hPXR) following treatment with diethylnitrosamine 
(DEN) ± CITCO as described in “Materials and methods”

a one of the 6 tumour-bearing mice had 21 tumours, of which 18 (86%) were GS+ve

b Data shown are mean ± SD

Genotype Treatment # Mice # Mice with 
tumours (%)

Total # tumours/
group

Diameter of tumours (mm) Area fraction of tumours 
(%)

GS+ve GS−ve GS+ve GS−ve GS+ve GS−ve

WT DEN 10 0 0 0 0 0 0 0
WT DEN + CITCO 8 0 0 0 0 0 0 0
hCAR/hPXR DEN 13 0 0 0 0 0 0 0
hCAR/hPXR DEN + CITCO 12 6 (50) 28a 10a 0.58 ± 0.45b 0.90 ± 0.40b 3.24 ± 8.4b 4.85 ± 5.23b

Fig. 3   a Adult, male wild-type (WT) mice and mice humanised for 
CAR and PXR (hCAR/hPXR), n = 3, were treated with 0.1% (w/v) 
carboxymethylcellulose (CMC) or CITCO (10mg/kg, ip, daily for 
28d) and sacrificed the next day. a Liver weights; b liver-body weight 
ratio. c Hepatic microsomal samples were pooled and immunoblotted 
as described in the Materials and Methods for Cyp2b10, Cyp3a11, 
P450 oxidoreductase (Por), and using GRP78 as loading control. d 
Proteomic analysis was carried out as described in the Materials and 

Methods on liver tissue from adult, male wild-type (WT) or mice 
humanised for CAR and PXR (hCAR/hPXR) (n = 3), treated with 
CMC or CITCO (10mg/kg, ip, daily for 28d) and sacrificed the next 
day. Data shows fold induction (mean ± SD) of cytochrome P450 
proteins, relative to WT vehicle control; numbers under X-axis for 
each data set indicate the number of unique SILAC peptides used for 
quantification of that protein. Analysis by t-test, * = p < 0.05; ** = p 
< 0.01
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hCAR/hPXR mice treated with CITCO failed to gain as 
much weight and were on average lighter than their vehicle-
treated counterparts (Fig. 5A).

Neither CITCO treatment nor genotype changed average 
liver weight nor liver:body weight ratios as these were not 
significantly different between groups (Fig. 5B). Western 
blotting for Cyp2b proteins showed marginally increased 
expression of Cyp2b10 in WT mice following CITCO treat-
ment, to approximately the same level as that found in DEN-
treated hCAR/hPXR mice, whereas additional treatment 
with CITCO resulted in significantly increased expression 
of Cyp2b10 as well as Cyp3a11 (Fig. 5C). For comparison, 
there was no change in P450 Reductase (Por) levels across 
the groups. Similarly, Western blots for Gsta, Gstm, and 
Nqo1 showed similar expression levels regardless of treat-
ment or genotype.

Interestingly, when terminal plasma CITCO was meas-
ured, CITCO levels were found to be significantly (p < 0.05) 
lower in hCAR/PXR mice than in the WT group (Fig. 5D). 
It could be speculated that this is due to CITCO inducing its 
own metabolism in CAR humanised mice, although little is 
known about the metabolism of CITCO.

Following 37 weeks of CITCO exposure, none of the liv-
ers from hCAR/hPXR animals treated with DEN alone and 
WT groups treated with DEN followed by CITCO showed 
any pathological changes. However, 50% of the CITCO-
treated hCAR/PXR animals had liver adenomas with three 

of the mice exhibiting multiple adenomas and a very high 
tumour burden, (Table 1; Fig. 6A). In support of the data 
shown in Fig. 1, areas of histologically normal liver exhib-
ited high levels of Cyp2b10 in DEN/CITCO-treated hCAR/
hPXR mice but much lower levels in DEN or DEN/CITCO-
treated WT or in hCAR/hPXR mice treated with DEN alone 
(Fig. 6B).

Phenotypically, the majority of tumours (> 85%, 18/21) 
were glutamine synthetase-positive, well-differentiated 
hepatocellular adenoma (Fig. 6C). This tumour phenotype 
is characteristic of PB-type promoted liver tumours and is 
a consequence of b-catenin activation resulting from muta-
tions in exon 3 of the Ctnnb1 gene (Aydinlik et al. 2001; 
Braeuning et al. 2014; Braeuning and Pavek 2020; Hailfinger 
et al. 2006).

Discussion

We have observed that CITCO, as well as in a previous pub-
lication PB (Braeuning et al. 2014), promoted the occur-
rence of liver tumours in mice where the only genetic dif-
ference is the substitution of murine CAR and PXR for their 
human counterparts. These data clearly demonstrate that 
these human receptors can mediate tumour-promoting activ-
ity in mouse liver and that the potency of CAR activation is 
a critical factor in this process. The observation that a wide 

Fig. 4   a In  situ hybridisation for Meg3 (upper panels, arrows) and 
immunohistochemistry for glutamine synthetase (GS) (lower panels) 
in liver sections from wild-type (WT) mice and mice humanised for 
CAR and PXR (hCAR/hPXR) following treatment with diethylni-

trosamine (DEN) ± CITCO as described in Materials and Methods. 
Scale bar = 100μM. b Quantification of Meg3 staining; statistical sig-
nificance determined by unpaired t-test
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range of non-mutagenic compounds induce liver tumours in 
rodents is the rationale behind the regulatory requirement for 
2-year carcinogenicity studies to identify potential carcino-
gens in humans (Calabrese et al. 2021). The interpretation 
of such studies in relation to risk assessment is the subject of 
significant importance and often intense debate (Lake 2018). 
There is substantial evidence that rodents, and in particular 
certain strains of mice, such as C3H or B6C3F1 mice, are 
highly susceptible to NGC-mediated tumour promotion, sug-
gesting that a carcinogenic response seen in these strains 
cannot be directly translated into humans (Dragani et al. 
1995; Drinkwater and Ginsler 1986). However, the hCAR/
hPXR mice of the present study were generated in a C57BL6 
strain, known to be resistant to hepatic tumour promotion 
(Bursch et al. 2004; Jones et al. 2009), which more closely 
reflects the human situation.

We contribute to this debate by showing that the potency 
of a compound in the activation of the transcription factor 
CAR is a major determinant in NGC-mediated tumorigenic 
potential. This suggests that some compounds specific for 
the human CAR receptor, such as CITCO, will be negative 

in carcinogenicity studies using WT mice but positive in a 
humanised CAR model. This also implies that some com-
pounds, which are weak activators of human CAR but strong 
activators of its murine counterpart, will be carcinogenic 
in WT mice but negative in a humanised CAR animal and 
therefore probably of no risk to humans. These findings 
identify systematic shortcomings in the predictive power of 
current carcinogenicity tests.

At the present time, the NGC-activated pathways which 
are essential for tumorigenesis have not been unequivocally 
identified and a variety of mechanisms have been proposed. 
These include induction of liver cell proliferation, either 
receptor-mediated or regenerative following induction of 
hepatotoxicity, blockage of gap junctional intercellular com-
munication, changes in micro-RNA expression and/or DNA 
methylation, inhibition of apoptosis, or induction of oxida-
tive stress (Felter et al. 2018; Luijten et al. 2020; Thomson 
et al. 2014). Major emphasis has been placed on the abil-
ity of the compounds to induce replicative DNA synthesis`, 
which by association`, although not usually measured`, has 
been extrapolated to imply an increase in mitosis and cell 

Fig. 5   a Mean body weight of wild-type (WT) mice and mice 
humanised for CAR and PXR (hCAR/hPXR) following treatment 
with diethylnitrosamine (DEN) ± CITCO as described in Materials 
and Methods. b Liver weight and liver:body weight ratios of WT and 
hCAR/hPXR mice treated with DEN ± CITCO (mean ±SD). Sym-
bols indicate average weight of animals in a group at each timepoint. 

c Immunoblotting of pooled (n = 3) liver microsomes (left) and 
cytosol (right) fractions for Phase I and Phase II enzymes. d Termi-
nal plasma CITCO concentrations in WT and hCAR/hPXR mice. 
Data from individual animals are indicated by the symbols, mean ± 
SD is indicated for each group. Statistical significance determined by 
unpaired t-test
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division. A recent proteomic study used PB-treated chimeric 
FRG-KO mice, a line where deletion of fumarate acetoac-
etate hydrolase (Fah) causes accumulation of a toxic metab-
olite and destruction of murine hepatocytes, on a genetic 
background (Rag2 and Interleukin 2 Receptor Gamma null) 
which allows repopulation to a large extent with human 
hepatocytes; the authors reported evidence for hepatocel-
lular proliferation in the remaining ‘murine but not human`, 
hepatocytes (Sprenger et al. 2022). Although the induction 
of hepatocyte cell division may be a contributing factor to 
the tumorigenic effects, it does not seem to be essential as 
in the current work, and previously reported, NGC-induced 
tumour formation is observed in the absence of a hyper-
plastic response in liver (Luijten et al. 2020). In the current 
work, it is important to note that we found no evidence from 
cell cycle gene expression of significant hepatocyte prolif-
eration with CITCO treatment, nor did we find increased 
liver weight or liver:body weight ratios at the conclusion of 
the carcinogenicity study despite half of the hCAR/hPXR 
group developing tumours (Fig. 5B). It is also of note that 
circulating levels of CITCO were significantly lower in the 

hCAR/hPXR group treated with DEN/CITCO compared to 
WT mice treated in the same way (Fig. 5E). The reasons for 
this are unclear, and although it is tempting to speculate that 
this may be due to increased P450 expression in the hCAR/
hPXR group following extended CITCO treatment (Figs. 3, 
5E), little is known regarding CITCO metabolism and the 
lower plasma concentration may be a consequence of other 
metabolic or physiological process, i.e., renal clearance.

We would argue that without a greater understanding of 
the mechanism of carcinogenicity, current human-relevant 
model systems, for example using human cell lines, hepato-
cytes, or chimeric animals transplanted with human hepato-
cytes, which measure the capacity of a compound to induce 
DNA synthesis (which in their own right have a number 
of significant limitations) do not rule out the possibility 
that a human CAR activator might act as a non-genotoxic 
tumour-promoting agent in humans. Whether a compound is 
of risk to humans must be considered in relation to the level 
and duration of exposure and whether it has the potential to 
activate other pathways which may contribute to its tumo-
rigenic potential, either biochemical, pharmacological, or 

Fig. 6   a Representative gross liver morphology from wild-type 
(WT) mice humanised for CAR and PXR (hCAR/hPXR) following 
treatment with diethylnitrosamine (DEN), and hCAR/hPXR mice 
treated with DEN + CITCO as described in Materials and Methods 
(upper panels). Lower panels – liver tumours from individual hCAR/
hPXR mice treated with DEN + CITCO. b Immunohistochemistry of 
liver sections from WT and hCAR/hPXR mice treated with DEN ± 

CITCO for Cyp2b10. Bright field magnification x5, sections shown 
representative of each group. c Composite low-field photomicrograph 
of immunohistochemical staining for Cyp2b10 or glutamine syn-
thetase (GS) of liver tumour sections from two different hCAR/hPXR 
mice (upper and lower panels) treated with DEN ± CITCO. Scale bar 
= 1mM
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toxicological. Mechanistic studies to date have been almost 
exclusively carried out on one compound, PB, whose prop-
erties other than the capacity to activate CAR will no doubt 
be different to many other NGCs. Consequently, our under-
standing of the mechanistic basis of NGC based on studies 
with PB alone does not justify the conclusion that species 
differences on the effects of CAR activators in human liver 
are so fundamentally different to those observed in rodents 
to conclude that human CAR activators will not be a car-
cinogenic risk to humans. A number of fundamental ques-
tions remain to be answered. For example, why do CAR 
activators often induce different sub-sets of genes? What is 
the relationship between CAR activating potency and the 
activation of these pathways? Does this relate to different 
CAR conformers based on the mode of activation [direct or 
indirect (Sato et al. 2022)] or the different structural changes 
on ligand binding which allows CAR to bind to different 
enhancer elements in gene promoters? There is much still to 
be learnt before the currently available in vivo and in vitro 
assays can be considered predictive of human response. 
Humanised mouse models provide a powerful approach to 
increase this understanding.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00204-​025-​03982-9.

Acknowledgements  Elke Zabinsky at the University of Tübingen is 
thanked for section staining and tumour quantitation. Jayne Wright is 
thanked for pathological examination of liver sections. RNAseq was 
undertaken at the Wellcome Trust Clinical Research Facility, Western 
General Hospital, Crewe Rd S, Edinburgh EH4 1QY, UK. Dr Jen-
nifer Grant is thanked for BrdU staining. This work was supported 
by Innovative Medicine Initiative Joint Undertaking (115001) (MAR-
CAR project: http://​www.​imi.​marcar.​eu/) and Novartis. C R Wolf was 
a recipient of a Cancer Research UK programme grant C4639/A10822. 
The R.R.M. laboratory was funded by an MRC University Unit pro-
gramme grant (MC_UU_00007/17) and currently by Natural Environ-
ment Research Council Grant (NE/W002086/1).

Author contributions  Conceived of or designed study: CJH, CRW, MS, 
and JM. Performed research: CJH, AWM, AKM, AC, LC, DL, FIV, 
JPT, and RM. Analysed data: CJH, CRW, JW, MS, and PC. Contrib-
uted new methods or models: CJH, CRW, JM, FIV, and MS. Wrote the 
paper: CJH, CRW, and MS.

Data availability  Gene expression data generated in thsi study has been 
submitted to the Gene EXpression Omnibus (GEO), under the code 
GSE279414.

Declarations 

Conflict of interest  J. Moggs was a full-time employee of Novartis 
when the work presented in this paper was carried out.

Ethical standards  All animal work was carried out under the authority 
of the UK (Animal (Scientific Procedures) Act (1986), and EU Direc-
tive 2010/63, following approval by the Welfare and Ethical use of 
Animals Committee, University of Dundee. The University of Dundee 
is a signatory to the Concordat on Openness in Animal Research in the 
UK (https://​conco​rdato​penne​ss.​org.​uk).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Audebert M, Assmann AS, Azqueta A et al (2023) New approach 
methodologies to facilitate and improve the hazard assessment 
of non-genotoxic carcinogens-a PARC project. Front Toxicol 
5:1220998. https://​doi.​org/​10.​3389/​ftox.​2023.​12209​98

Auerbach SS, Stoner MA, Su S, Omiecinski CJ (2005) Retinoid X 
receptor-alpha-dependent transactivation by a naturally occur-
ring structural variant of human constitutive androstane receptor 
(NR1I3). Mol Pharmacol 68(5):1239–1253. https://​doi.​org/​10.​
1124/​mol.​105.​013417

Aydinlik H, Nguyen TD, Moennikes O, Buchmann A, Schwarz M 
(2001) Selective pressure during tumour promotion by phe-
nobarbital leads to clonal outgrowth of beta-catenin-mutated 
mouse liver tumours. Oncogene 20(53):7812–7816. https://​doi.​
org/​10.​1038/​sj.​onc.​12049​82

Braeuning A (2014) Liver cell proliferation and tumour promo-
tion by phenobarbital: relevance for humans? Arch Toxicol 
88(10):1771–1772. https://​doi.​org/​10.​1007/​s00204-​014-​1331-6

Braeuning A, Pavek P (2020) Beta-catenin signaling, the consti-
tutive androstane receptor and their mutual interactions. 
Arch Toxicol 94(12):3983–3991. https://​doi.​org/​10.​1007/​
s00204-​020-​02935-8

Braeuning A, Schwarz M (2016) Is the question of phenobarbital as 
potential liver cancer risk factor for humans really resolved? 
Arch Toxicol 90(6):1525–1526. https://​doi.​org/​10.​1007/​
s00204-​016-​1712-0

Braeuning A, Schwarz M (2020) Regulation of expression of drug-
metabolizing enzymes by oncogenic signaling pathways in liver 
tumours: a review. Acta Pharm Sin B 10(1):113–122. https://​
doi.​org/​10.​1016/j.​apsb.​2019.​06.​013

Braeuning A, Singh Y, Rignall B et  al (2010) Phenotype and 
growth behavior of residual beta-catenin-positive hepatocytes 
in livers of beta-catenin-deficient mice. Histochem Cell Biol 
134(5):469–481. https://​doi.​org/​10.​1007/​s00418-​010-​0747-1

Braeuning A, Gavrilov A, Brown S, Wolf CR, Henderson CJ, 
Schwarz M (2014) Phenobarbital-mediated tumour promotion 
in transgenic mice with humanized CAR and PXR. Toxicol Sci 
140(2):259–270. https://​doi.​org/​10.​1093/​toxsci/​kfu099

Bursch W, Grasl-Kraupp B, Wastl U et al (2004) Role of apopto-
sis for mouse liver growth regulation and tumour promotion: 
comparative analysis of mice with high (C3H/He) and low 
(C57Bl/6J) cancer susceptibility. Toxicol Lett 149(1–3):25–35. 
https://​doi.​org/​10.​1016/j.​toxlet.​2003.​12.​018

Cai X, Young GM, Xie W (2021) The xenobiotic receptors PXR and 
CAR in liver physiology, an update. Biochim Biophys Acta Mol 
Basis Dis 1867(6):166101. https://​doi.​org/​10.​1016/j.​bbadis.​
2021.​166101

Calabrese EJ, Priest ND, Kozumbo WJ (2021) Thresholds for car-
cinogens. Chem Biol Interact 341:109464. https://​doi.​org/​10.​
1016/j.​cbi.​2021.​109464

https://doi.org/10.1007/s00204-025-03982-9
http://www.imi.marcar.eu/
https://concordatopenness.org.uk
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/ftox.2023.1220998
https://doi.org/10.1124/mol.105.013417
https://doi.org/10.1124/mol.105.013417
https://doi.org/10.1038/sj.onc.1204982
https://doi.org/10.1038/sj.onc.1204982
https://doi.org/10.1007/s00204-014-1331-6
https://doi.org/10.1007/s00204-020-02935-8
https://doi.org/10.1007/s00204-020-02935-8
https://doi.org/10.1007/s00204-016-1712-0
https://doi.org/10.1007/s00204-016-1712-0
https://doi.org/10.1016/j.apsb.2019.06.013
https://doi.org/10.1016/j.apsb.2019.06.013
https://doi.org/10.1007/s00418-010-0747-1
https://doi.org/10.1093/toxsci/kfu099
https://doi.org/10.1016/j.toxlet.2003.12.018
https://doi.org/10.1016/j.bbadis.2021.166101
https://doi.org/10.1016/j.bbadis.2021.166101
https://doi.org/10.1016/j.cbi.2021.109464
https://doi.org/10.1016/j.cbi.2021.109464


2210	 Archives of Toxicology (2025) 99:2197–2210

Cox J, Mann M (2008) MaxQuant enables high peptide identification 
rates, individualized p.p.b-range mass accuracies and proteome-
wide protein quantification. Nat Biotechnol 26(12):1367–1372. 
https://​doi.​org/​10.​1038/​nbt.​1511

Dragani TA, Manenti G, Gariboldi M, De Gregorio L, Pierotti MA 
(1995) Genetics of liver tumour susceptibility in mice. Toxicol 
Lett 82–83:613–619. https://​doi.​org/​10.​1016/​0378-​4274(95)​
03505-2

Drinkwater NR, Ginsler JJ (1986) Genetic control of hepatocarcino-
genesis in C57BL/6J and C3H/HeJ inbred mice. Carcinogenesis 
7(10):1701–1707. https://​doi.​org/​10.​1093/​carcin/​7.​10.​1701

Elcombe CR, Peffer RC, Wolf DC et al (2014) Mode of action and 
human relevance analysis for nuclear receptor-mediated liver 
toxicity: a case study with phenobarbital as a model consti-
tutive androstane receptor (CAR) activator. Crit Rev Toxicol 
44(1):64–82. https://​doi.​org/​10.​3109/​10408​444.​2013.​835786

Felter SP, Foreman JE, Boobis A et al (2018) Human relevance of 
rodent liver tumours: key insights from a Toxicology Forum work-
shop on nongenotoxic modes of action. Regul Toxicol Pharmacol 
92:1–7. https://​doi.​org/​10.​1016/j.​yrtph.​2017.​11.​003

Forrester LM, Henderson CJ, Glancey MJ et al (1992) Relative expres-
sion of cytochrome P450 isoenzymes in human liver and associa-
tion with the metabolism of drugs and xenobiotics. Biochem J 
281(Pt 2):359–368. https://​doi.​org/​10.​1042/​bj281​0359

Hailfinger S, Jaworski M, Braeuning A, Buchmann A, Schwarz M 
(2006) Zonal gene expression in murine liver: lessons from 
tumours. Hepatology 43(3):407–414. https://​doi.​org/​10.​1002/​
hep.​21082

Henderson CJ, Kapelyukh Y, Scheer N et al (2019) An extensively 
humanized mouse model to predict pathways of drug disposition 
and drug/drug interactions, and to facilitate design of clinical tri-
als. Drug Metab Dispos 47(6):601–615. https://​doi.​org/​10.​1124/​
dmd.​119.​086397

Honkakoski P (2022) Searching for constitutive androstane receptor 
modulators. Drug Metab Dispos 50(7):1002–1009. https://​doi.​org/​
10.​1124/​dmd.​121.​000482

Jacobs MN, Colacci A, Corvi R et al (2020) Chemical carcinogen 
safety testing: OECD expert group international consensus on 
the development of an integrated approach for the testing and 
assessment of chemical non-genotoxic carcinogens. Arch Toxicol 
94(8):2899–2923. https://​doi.​org/​10.​1007/​s00204-​020-​02784-5

Jones HB, Orton TC, Lake BG (2009) Effect of chronic phenobarbi-
tone administration on liver tumour formation in the C57BL/10J 
mouse. Food Chem Toxicol 47(6):1333–1340. https://​doi.​org/​10.​
1016/j.​fct.​2009.​03.​014

La Vecchia C, Negri E (2014) A review of epidemiological data on 
epilepsy, phenobarbital, and risk of liver cancer. Eur J Cancer 
Prev 23(1):1–7. https://​doi.​org/​10.​1097/​CEJ.​0b013​e3283​6014c8

Lake BG (2018) Human relevance of rodent liver tumour formation by 
constitutive androstane receptor (CAR) activators. Toxicol Res 
(Cambr) 7(4):697–717. https://​doi.​org/​10.​1039/​c8tx0​0008e

Lempiainen H, Couttet P, Bolognani F et al (2013) Identification of 
Dlk1-Dio3 imprinted gene cluster noncoding RNAs as novel 
candidate biomarkers for liver tumour promotion. Toxicol Sci 
131(2):375–386. https://​doi.​org/​10.​1093/​toxsci/​kfs303

Lin W, Bwayi M, Wu J et al (2020) CITCO directly binds to and acti-
vates human pregnane X receptor. Mol Pharmacol 97(3):180–190. 
https://​doi.​org/​10.​1124/​mol.​119.​118513

Luijten M, Corvi R, Mehta J et al (2020) A comprehensive view on 
mechanistic approaches for cancer risk assessment of non-gen-
otoxic agrochemicals. Regul Toxicol Pharmacol 118:104789. 
https://​doi.​org/​10.​1016/j.​yrtph.​2020.​104789

Luisier R, Lempiainen H, Scherbichler N et al (2014) Phenobarbital 
induces cell cycle transcriptional responses in mouse liver human-
ized for constitutive androstane and pregnane x receptors. Toxicol 
Sci 139(2):501–511. https://​doi.​org/​10.​1093/​toxsci/​kfu038

MacLeod AK, Fallon PG, Sharp S, Henderson CJ, Wolf CR, Huang 
JT (2015) An enhanced in vivo stable isotope labeling by amino 
acids in cell culture (SILAC) model for quantification of drug 
metabolism enzymes. Mol Cell Proteom 14(3):750–760. https://​
doi.​org/​10.​1074/​mcp.​M114.​043661

McMahon M, Ding S, Jimenez LA et al (2019) Constitutive andros-
tane receptor 1 is constitutively bound to chromatin and “primed” 
for transactivation in hepatocytes. Mol Pharmacol 95(1):97–105. 
https://​doi.​org/​10.​1124/​mol.​118.​113555

Moennikes O, Buchmann A, Romualdi A et al (2000) Lack of phe-
nobarbital-mediated promotion of hepatocarcinogenesis in con-
nexin32-null mice. Cancer Res 60(18):5087–5091

Ross J, Plummer SM, Rode A et al (2010) Human constitutive andros-
tane receptor (CAR) and pregnane X receptor (PXR) support 
the hypertrophic but not the hyperplastic response to the murine 
nongenotoxic hepatocarcinogens phenobarbital and chlordane 
in vivo. Toxicol Sci 116(2):452–466. https://​doi.​org/​10.​1093/​
toxsci/​kfq118

Sato T, Shizu R, Miura Y et al (2022) Development of a strategy to 
identify and evaluate direct and indirect activators of constitu-
tive androstane receptor in rats. Food Chem Toxicol 170:113510. 
https://​doi.​org/​10.​1016/j.​fct.​2022.​113510

Scheer N, Ross J, Kapelyukh Y, Rode A, Wolf CR (2010) In vivo 
responses of the human and murine pregnane X receptor to dexa-
methasone in mice. Drug Metab Dispos 38(7):1046–1053. https://​
doi.​org/​10.​1124/​dmd.​109.​031872

Sprenger H, Rasinger JD, Hammer H et al (2022) Proteomic analy-
sis of hepatic effects of phenobarbital in mice with humanized 
liver. Arch Toxicol 96(10):2739–2754. https://​doi.​org/​10.​1007/​
s00204-​022-​03338-7

Stanley LA, Wolf CR (2022) Through a glass, darkly? HepaRG and 
HepG2 cells as models of human phase I drug metabolism. Drug 
Metab Rev 54(1):46–62. https://​doi.​org/​10.​1080/​03602​532.​2022.​
20396​88

Thomson JP, Moggs JG, Wolf CR, Meehan RR (2014) Epigenetic 
profiles as defined signatures of xenobiotic exposure. Mutat Res 
Genet Toxicol Environ Mutagen 764–765:3–9. https://​doi.​org/​10.​
1016/j.​mrgen​tox.​2013.​08.​007

Veltman CHJ, Pennings JLA, van de Water B, Luijten M (2023) An 
adverse outcome pathway network for chemically induced oxida-
tive stress leading to (non)genotoxic carcinogenesis. Chem Res 
Toxicol 36(6):805–817 https://​doi.​org/​10.​1021/​acs.​chemr​estox.​
2c003​96

Wachstein M, Meisel E (1957) Histochemistry of hepatic phosphatases 
of a physiologic pH; with special reference to the demonstration 
of bile canaliculi. Am J Clin Pathol 27(1):13–23. https://​doi.​org/​
10.​1093/​ajcp/​27.1.​13

Yamada T, Cohen SM, Lake BG (2015) The mode of action for phe-
nobarbital-induced rodent liver tumor formation is not relevant 
for humans: recent studies with humanized mice. Toxicol Sci 
147(2):298–299. https://​doi.​org/​10.​1093/​toxsci/​kfv186

Yamamoto Y, Moore R, Goldsworthy TL, Negishi M, Maronpot RR 
(2004) The orphan nuclear receptor constitutive active/androstane 
receptor is essential for liver tumour promotion by phenobarbital 
in mice. Cancer Res 64(20):7197–7200. https://​doi.​org/​10.​1158/​
0008-​5472.​CAN-​04-​1459

Yoshinari K, Shizu R (2022) Distinct roles of the sister nuclear recep-
tors PXR and CAR in liver cancer development. Drug Metab Dis-
pos 50(7):1019–1026. https://​doi.​org/​10.​1124/​dmd.​121.​000481

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/nbt.1511
https://doi.org/10.1016/0378-4274(95)03505-2
https://doi.org/10.1016/0378-4274(95)03505-2
https://doi.org/10.1093/carcin/7.10.1701
https://doi.org/10.3109/10408444.2013.835786
https://doi.org/10.1016/j.yrtph.2017.11.003
https://doi.org/10.1042/bj2810359
https://doi.org/10.1002/hep.21082
https://doi.org/10.1002/hep.21082
https://doi.org/10.1124/dmd.119.086397
https://doi.org/10.1124/dmd.119.086397
https://doi.org/10.1124/dmd.121.000482
https://doi.org/10.1124/dmd.121.000482
https://doi.org/10.1007/s00204-020-02784-5
https://doi.org/10.1016/j.fct.2009.03.014
https://doi.org/10.1016/j.fct.2009.03.014
https://doi.org/10.1097/CEJ.0b013e32836014c8
https://doi.org/10.1039/c8tx00008e
https://doi.org/10.1093/toxsci/kfs303
https://doi.org/10.1124/mol.119.118513
https://doi.org/10.1016/j.yrtph.2020.104789
https://doi.org/10.1093/toxsci/kfu038
https://doi.org/10.1074/mcp.M114.043661
https://doi.org/10.1074/mcp.M114.043661
https://doi.org/10.1124/mol.118.113555
https://doi.org/10.1093/toxsci/kfq118
https://doi.org/10.1093/toxsci/kfq118
https://doi.org/10.1016/j.fct.2022.113510
https://doi.org/10.1124/dmd.109.031872
https://doi.org/10.1124/dmd.109.031872
https://doi.org/10.1007/s00204-022-03338-7
https://doi.org/10.1007/s00204-022-03338-7
https://doi.org/10.1080/03602532.2022.2039688
https://doi.org/10.1080/03602532.2022.2039688
https://doi.org/10.1016/j.mrgentox.2013.08.007
https://doi.org/10.1016/j.mrgentox.2013.08.007
https://doi.org/10.1021/acs.chemrestox.2c00396
https://doi.org/10.1021/acs.chemrestox.2c00396
https://doi.org/10.1093/ajcp/27.1.13
https://doi.org/10.1093/ajcp/27.1.13
https://doi.org/10.1093/toxsci/kfv186
https://doi.org/10.1158/0008-5472.CAN-04-1459
https://doi.org/10.1158/0008-5472.CAN-04-1459
https://doi.org/10.1124/dmd.121.000481

	The potent human CAR activator CITCO is a non-genotoxic hepatic tumour-promoting agent in humanised constitutive androstane receptor mice but not in wild-type animals
	Abstract
	Introduction
	Materials and methods
	Animals
	Preparation of microsomes
	Histology and immunostaining
	Tumour quantification
	Blood chemistry
	Immunoblotting
	Proteomic analysis
	CITCO analysis
	In vitro metabolism
	In vivo study

	Liquid chromatography–mass spectrometry–multiple reaction monitoring (LC–MS–MRM) analysis
	Proliferating cellular nuclear antigen (PCNA) staining
	ImageJ quantitation
	RNAseq analysis

	Results
	Discussion
	Acknowledgements 
	References




