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Abstract:

Background: Expression of drug-metabolizing enzymes and drug transporters in liver is mainly regulated by a system of nuclear re-

ceptors. The aim of the current study was to investigate the expression of nuclear receptors, as well as these enzymes and transport-

ers, in liver samples from patients suffering from end-stage liver disease of various etiologies (HCV infection, alcohol liver disease,

and primary sclerosis cholangitis).

Methods: Gene expression was measured using quantitative real-time PCR with surgical specimens from livers of patients with

end-stage liver disease, and non-tumoral liver tissue that served as control.

Results: Our study confirmed that the expression of most phase I enzymes is suppressed in end-stage liver disease, and is correlated

with a decrease in NR1I2 and NR1I3, the main regulators of xenobiotic metabolism. While mRNA levels of phase II enzymes were

generally unchanged, some ABC transporters were up-regulated. The most spectacular increases in expression were observed with

ABCC4 (MRP4) – at the mRNA level, and CYP1B1 – at both the mRNA and protein levels. We also demonstrated that IL-6 can in-

duce CYP1B1 expression independently of CYP1A1, in a human hepatocellular liver carcinoma cell line.

Conclusions: As CYP1B1 is an enzyme which converts various substrates into carcinogenous metabolites, its overexpression in

liver may be one of the factors increasing the risk of hepatic cancers in patients with liver disease. CYP1A1 and CYP1B1 are often re-

ferred to as model AHR target genes, but CYP1A1 was down-regulated in diseased liver samples. This points to the existence of dif-

ferences in regulation of these two genes.

Key words: liver disease, cytochrome P450, drug metabolism, CYP1B1, MRP4, alcohol liver disease, primary sclerosis

cholangitis, HCV

Abbreviations: ABC – ATP binding cassette, AhR – aryl hy-

drocarbon receptor, ALD – alcohol liver disease, BCRP –

breast cancer resistance protein, CAR – constitutive androstane

receptor, CYP – cytochrome P450, DME – drug metabolizig

enzymes, DT – drug transporters, GST – glutathione S-trans-

ferase, IL – interleukin, MDR – multidrug resistance, MRP –
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multidrug resistance-associated protein, PSC – primary sclero-

sis cholangitis, PXR – pregnane X receptor, SULT – sulfo-

transferase, TNFa – tumor necrosis factor-a, UGT – UDP-

glucuronosyltransferase

Introduction

Expression of drug-metabolizing enzymes (DME)

and drug transporters (DT) in the liver is mainly regu-

lated by a system of nuclear receptors activated by

ligands: xenobiotics or physiological metabolites.

Among these, the most important are: CAR (Constitu-

tive Androstane Receptor, encoded by the NR1I3

gene) and PXR (Pregnane X Receptor, encoded by

NR1I2) [22]. PXR activates transcription of genes

containing XREM (Xenobiotic Responsive Enhancer

Module) promoter sequences, e.g., CYP3A4,

CYP2C9, SULT2A1, ABCB1, while CAR acts through

PBREM (Phenobarbital Responsive Enhancer Mod-

ule) sequences, e.g., CYP2B6, CYP3A4, CYP2C9,

CYP2C19, UGT1A1, ABCC2. Since many genes con-

tain both regulatory elements, their expression is de-

termined by a cross-talk between CAR and PXR [36].

Additionally, Aryl hydrocarbon Receptor (AhR, en-

coded by the AHR gene), is a cytosolic transcription

factor and activates many phase I (i.e., CYP1A1,

CYP1A2, CYP1B1), and phase II (UGT1A1, UGT1A6,

GSTA1) detoxification enzymes, as well as ABC-

transporters. Expression of phase II enzymes is also

regulated through the Nrf2 transcription factor (en-

coded by the NFE2L2 gene), which is an important ele-

ment of the oxidative stress response [14]. Enzymes

and transporters involved in xenobiotic metabolism are

additionally regulated in the liver by nuclear receptors

controlling endogenous metabolism (e.g., Liver X Re-

ceptor – LXR, encoded by NR1H3, and Farnesoid X

Receptor – FXR, encoded by NR1H4), forming a com-

plex network of regulators [22].

Hepatic fibrosis is an outcome of many liver dis-

eases, and results from chronic damage to the liver in

conjunction with the accumulation of extracellular

matrix proteins. The main causes of liver fibrosis in-

clude chronic hepatitis C infection (HCV), alcohol

abuse, and NonAlcoholic SteatoHepatitis (NASH), as

well as chronic cholestatic disorders (i.e., Primary

Sclerosis Cholangitis – PSC and Primary Biliary Cir-

rhosis – PBC) [2]. It is initiated by a cascade of events

resulting in hepatocyte damage, recruitment of in-

flammatory cells to the injured liver, and activation of

collagen-producing cells. The accumulation of extra-

cellular matrix proteins distorts the hepatic architec-

ture by forming a fibrous scar, and the subsequent de-

velopment of nodules of regenerating hepatocytes de-

fines cirrhosis, which result in hepatic insufficiency

and portal hypertension, respectively [12].

This inflammatory process leads to a decrease in

hepatic drug metabolism and transport, which has

been previously demonstrated in in vitro models [23,

26]. It has also been shown that DME and DT expres-

sion might be decreased in liver disease caused by

HCV infection [7, 18]. The aim of the current study

was to investigate the expression of nuclear receptors,

as well as DME and DT that were regulated by these

factors, in liver samples collected from patients suf-

fering from end-stage liver disease of various etiolo-

gies (HCV infection, alcohol liver disease – ALD, and

PSC). Liver fibrosis is associated with major altera-

tions in both quantity and composition of extracellular

matrix, mainly provided by activated hepatic stellate

cells (HSCs) [2]. As HSC activation, as well subse-

quent inflammatory processes leading to liver disease

and fibrosis, are mediated by pro-inflammatory cyto-

kines [2], we additionally tested in vitro the influence

of selected cytokines involved in liver disease patho-

genesis on the expression of ABCC4 and CYP1B1

genes in human hepatoma cell culture.

Materials and Methods

Patients

Surgical specimens were obtained from explanted liv-

ers from 36 patients with end-stage liver disease

(mean age 53.3 ± 7.7 years), who underwent trans-

plantation at the Division of Hepatobiliary Surgery

and Liver Transplantation, Marie Curie Hospital,

Szczecin, Poland. The studied group included patients

with chronic HCV (n = 18), PSC (n = 10), and ALD

(n = 8). Severity of the chronic liver disease was as-

sessed using the Child-Pugh classification (grade A =

5–6; grade B = 7–9; grade C = 10–15). The score was

calculated from five clinical measurements: hepatic

encephalopathy, ascites, total bilirubin, serum albu-

min, and prothrombin time INR, where each parame-

ter was scored 1–3 with increasing abnormality. Pa-

tients included in the study were classified as B or C
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grade. The characteristics of patients are given in Ta-

ble 1. As evaluated by histopathological examination,

liver pathology of these specimens showed fibrosis

and cirrhosis. Patients with cryptogenic cirrhosis were

excluded as the underlying etiology was unclear. Con-

trol samples were obtained from nontumoral liver tis-

sue from 12 patients with metastatic liver tumors that

required surgical resection. The study protocol con-

forms to the ethical guidelines of the 1975 Declara-

tion of Helsinki and was approved by the local Ethics

Committee.

Tissue samples

Specimens were subsequently cut into three pieces: for

ImmunoHistoChemistry (IHC); quantitative Real-Time

PCR analysis (qRT-PCR); and western blotting). Sam-

ples for IHC were fixed with 10% neutral-buffered for-

malin, samples for qRT-PCR were conserved in RNA-

later solution (Ambion, USA), and material for western

blotting was stored at –80°C until analysis.

RNA extraction and reverse transcription

Total RNA was extracted from 50–100 mg tissue sam-

ples using RiboPure Kit (Ambion, USA). For RNA

extraction from HepG2 cells, RNAqueous Micro Kit

was used (Ambion, USA). After determination of the

quantity and quality of isolated RNA using a Nano-

Drop ND-1000 spectrophotometer (NanoDrop Tech-

nologies, USA), cDNA was prepared from 1.0 µg of

total RNA in 60 µl of reaction volume, using Revert-

Aid Premium First Strand cDNA Synthesis Kit (Fer-

mentas, Lithuania) with oligo-dT primers, according

to the manufacturer’s instructions.

Quantitative real-time PCR analysis

Quantitative expression of the following genes was meas-

ured using two-step reverse transcription PCR: (1) genes

involved in drug metabolism regulation: NR1I2,

NR1I3, AHR, ARNT, NFE2L2, NR1H3, NR1H4, RXRA,

(2) P450 cytochromes: CYP1A1, CYP1A2, CYP1B1,

CYP2A6, CYP2B6, CYP2C19, CYP2C9, CYP3A4,

CYP7A1, (3) phase II enzymes: GSTA1, SULT1A1,

SULT2A1, UGT1A1, UGT1A4, UGT1A6, and (4) drug

transporters: ABCB1, ABCC2, ABCC3, ABCC4, ABCG2.

qRT-PCR was performed in 7500 Fast Real-Time

PCR System (Applied Biosystems, USA), using pre-

validated Taqman Gene Expression Assays, TaqMan

GE Master Mix (Applied Biosystems, USA) and 1.5 µl

of cDNA for each reaction mix of 15 µl. Each sample

was analyzed simultaneously in two technical replicates,

and mean Ct values were used for further analysis.

Calculations were performed using the DDCt rela-

tive quantification method, using 7500 Fast Real-

Time PCR System Software (Applied Biosystems,

USA). The thresholds were set manually to compare

data between runs, and Ct values were extracted. All

Ct values for each sample were normalized to the mean

value obtained for three endogenous control genes,

processed in the same run: GAPDH (glyceralde-

hyde-3-phosphate dehydrogenase), PPIA (cyclophilin

A) and HPRT1 (hypoxanthine phosphoribosyltransfe-

rase 1). Fold change between groups was calculated

from the means of the logarithmic expression values.

Immunohistochemistry

For genes most significantly up-regulated at mRNA

level (CYP1B1 and ABCC4 – MRP4) additional IHC
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Tab. 1. Characteristics of patients

Etiology HCV
n = 18

PSC
n = 10

ALD
n = 8

CTRL
n = 12

p value

Age (years),  mean ± SD 53.9 ± 8.5 54.9 ± 7.2 49.9 ± 6.9 55.5 ± 14.8 0.347

Males/females 11/7 5/5 8/0* 7/5 0.037

Bilirubin (mg/dl), mean (range) 2.89 (1.4–5.4)* 8.20 (1.7–21.0)** 4.26 (0.8–11.0)* 0.83 (0.5–1.3) 0.007

Albumin (g/dl), mean (range) 3.3  (2.7–4.2)* 3.3 (2.8–3.7)* 2.7 (1.8–3.3)* 4.2 (3.7–4.5) 0.002

Child-Pugh score, mean (range) 8.7 (7–13) 8.5 (7–11) 9.7 (8–12) NA 0.415

HCV – Chronic hepatitis C, PSC – primary sclerosing cholangitis, ALD – alcoholic liver disease, CTRL – control samples. * Significantly different
from controls, ** significantly different from controls and HCV



staining was performed. Formalin-fixed and paraffin-

embedded 5 µm sections were cut and placed onto

poly-L-lysine coated microscopic slides. Following

deparaffinization and blocking of endogenous peroxi-

dase activity, slides were immersed in pH 6.0 buffer

and heat-induced antigen retrieval was performed in

a pressure cooker. Rabbit polyclonal anti-CYP1B1

antibody (Sigma Aldrich, Germany, HPA026863) and

anti-MRP4 (HPA002476, Sigma-Aldrich, Germany)

were used (dilution 1:50, incubation time 30 min for

MRP4; dilution 1:10, incubation time 45 min for

CYP1B1) and slides were immunostained using the

Dako Envision kit according to the manufacturer’s in-

structions (Dako Co., USA). The reaction was devel-

oped using a diaminobenzidine substrate-chromogen

solution and slides were counterstained with hema-

toxylin. Human skeletal muscle (for CYP1B1) or

prostate (for MRP4) sections served as positive con-

trols, and sections stained according to the described

procedure but with PBS instead of the primary anti-

body served as negative controls. Staining was as-

sessed using following scoring system: 0, no staining

at all; 1+, weak or barely perceptible staining; 2+,

moderate staining; 3+, strong staining, comparable to

positive controls.

Western blotting

Frozen liver tissue samples were homogenized and

lysed in T-PER buffer (Thermo, USA) containing pro-

tease and phosphatase inhibitors (Thermo, USA) and

then centrifuged 10000 × g for 5 min in 4°C. Super-

natants were collected and kept at –80°C. Total

protein concentrations were determined using a Brad-

ford Protein Assay (Sigma, Germany). Subsequently,

extracted protein samples (40 µg/well), as well as

CYP1B1-transfected 293T Lysate (Santa Cruz Biotech,

USA, sc-158414, 5 µg/well) serving as a positive con-

trol, were separated using 10% gel (SDS-PAGE), us-

ing a Mini Protean Tetra Cell System (Bio-Rad,

USA). Fractionated proteins were transferred into

a 0.2 µm PVDF membrane (Bio-Rad, USA), and then

membranes were blocked with 2% BSA (without fatty

acids) in buffer for 1 h at room temperature. Cruz

Marker Molecular Weight Standards were purchased

from Santa Cruz Biotech (sc-2035). The CYP1B1

protein (55 kDa) was detected using mouse mono-

clonal IgG1 antibody (sc-374228, Santa Cruz Biotech,

USA). Membranes were saturated overnight at 4°C.

Goat anti-mouse IgG with horseradish peroxidase was

used as a secondary antibody (sc-2005, Santa Cruz

Biotech) and incubation proceeded for 1 h at room

temperature. The membranes were developed using

an ECL Advance Western Blotting Detection Kit

(Amersham Life Sciences, UK) and subsequently

bands were visualized using an EC3 Chemi HR Imag-

ing System (UVP, UK).

Cell culture, treatment and transfection

A human hepatoma cell line (HepG2 cells) was seeded

in 24-well tissue culture plates, 105 per well into

DMEM medium (Sigma, Germany), supplemented

with 10% FBS (Invitrogen, USA) and 0.4% streptomy-

cin/penicillin (Sigma, Germany), and incubated at

37°C in a humidified incubator supplied with 5% CO2.
After 24 h, the medium was replaced with DMEM con-

taining 0.5% BSA (control cells) and additionally one

of the studied stimulants in respective concentration:

(1) TGFb, 2 ng/ml, (2) TNFa, 10 ng/ml, (3) IL-6, 20

ng/ml, (4) IL-1B, 4 ng/ml or (5) TCDD 10 nmol/l. All

human recombinant cytokines were purchased from

BD, USA, and 2,3,7,8-tetrachlorodibenzo-p-dioxin

(TCDD) from Cambridge Isotope Laboratories, USA.

After the next 24 h of incubation, the medium was de-

canted and RNA immediately extracted from cells for

subsequent qRT-PCR analysis.

Silencer Select Validated siRNA targeted to the

AHR gene was purchased from Life Technologies,

USA (siRNA ID: s1200). Reverse transfection of

HepG2 cells was performed in 24-well plates (5 × 104

cells per well), using the siPORT NeoFX Transfection

Agent (Ambion, USA) and Opti-MEM I Reduced-

Serum Medium (Invitrogen, USA), according to the

manufacturer’s instructions. Cells transfected with Si-

lencer Select Negative Control siRNA (Ambion,

USA) served as controls. An siRNA concentration of

5 nM was used. Cells were treated, 24 h after transfec-

tion, with IL-6 or TCDD in 0.5% BSA DMEM me-

dium, and after the next 24 h total RNA was extracted.

Results

Gene expression in end-stage liver disease

The expression of genes encoding nuclear receptors in-

volved in drug metabolism regulation – CAR (NR1I3)

and AHR (AHR) – was significantly decreased (to

930 Pharmacological Reports, 2012, 64, 927�939



about 50%) in all groups of patients, compared to the

controls. In contrast, PXR (NR1I2) expression was

not significantly lower when compared with controls.

The mRNA levels of other receptors (LXR – NR1H3,

FXR – NR1H4, RXR – RXRA) were decreased to

a lesser extent (to 60–70%), but the difference was

still significant in relation to control samples (Fig.

1A). A decrease in expression of NFE2L2 (encoding
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Fig. 1. Gene expression in end-stage
liver disease. (A) Genes involved in
regulation of xenobiotic metabolism;
(B) Genes encoding P450 cytochro-
mes; (C) Genes encoding phase II en-
zymes and ABC transporters; Bars
represent relative quantity (RQ) of a
transcript as a percentage of mean
value detected in non-tumoral liver tis-
sue samples (CTRL); ALD – alcohol liver
disease; HCV – hepatitis C virus chronic
infection; PSC – primary sclerosing
cholangitis; * significant difference (p
< 0.05) compared to CTRL group,
one-way ANOVA + Tukey’s post-hoc
comparison; # significant difference
(p < 0.05) after Bonferroni correction
for multiple testing



Nrf2) was only significant in ALD samples, while no

differences were observed in HCV and PSC samples.

PXR (NR1I2) and CAR (NR1I3) expression corre-

lated with mRNA levels of many phase I and phase II

enzymes, as well as ABCC2 (MRP2) and ABCG2

(BRCP) transporters, while AHR expression corre-

lated with CYP1B1 and ABCC4 (MRP4) mRNA lev-

els. Interestingly, we observed an inverse correlation

between these genes’ expression and NR1I2, as well

as NR1I3 (Tab. 2).

Among the studied genes encoding P450 cytochromes,

CYP1A1 and CYP1A2 were significantly decreased in all

liver disease groups, and CYP2C19 and CYP3A4 in ALD

and HCV samples (Fig. 1B). Similarly, expression of

CYP7A1, the rate-limiting enzyme in the synthesis of bile

acid from cholesterol, was suppressed to about 10% of

control values in ALD, HCV and PSC samples. In con-

trast, CYP1B1 expression was significantly increased in

all study groups (mean relative mRNA expression: 4.9 in

ALD, 2.8 in HCV, and 4.6 in PSC).

932 Pharmacological Reports, 2012, 64, 927�939

Tab. 2. Correlations between levels of gene expression of the studied nuclear receptors, phase I enzymes, phase II enzymes and drug trans-
porters in end-stage liver disease samples (n = 36)

NR1I2 NR1I3 AHR ARNT NFE2L2 NR1H3 NR1H4 RXRA

CYP1A1 0.236 0.414 0.049 0.047 0.220 0.025 0.039 0.145

CYP1A2 0.488 0.468 0.124 0.059 0.224 0.129 –0.049 0.178

CYP1B1 –0.362 –0.447 0.481 0.242 0.256 –0.077 –0.044 –0.253

CYP2A6 0.392 0.393 –0.119 0.300 0.022 0.205 –0.035 0.299

CYP2B6 0.373 0.528 0.002 0.007 0.029 0.225 0.068 0.183

CYP2C19 0.354 0.262 0.336 0.149 –0.085 0.305 0.067 0.135

CYP2C9 0.543 0.580 0.076 –0.011 –0.003 –0.016 0.239 0.111

CYP3A4 0.280 0.198 0.346 0.108 –0.038 0.189 0.030 0.031

CYP7A1 0.240 0.256 0.451 0.566 0.282 0.361 0.222 0.502

GSTA1 0.707 0.665 0.154 0.316 0.117 0.238 0.358 0.367

SULT1A1 –0.192 –0.084 0.058 0.036 –0.031 0.384 0.011 0.444

SULT2A1 0.681 0.611 0.142 0.311 0.148 0.343 –0.081 0.437

UGT1A1 0.171 0.246 –0.015 0.109 –0.017 –0.010 0.010 0.020

UGT1A4 0.659 0.590 0.197 0.156 –0.044 0.201 0.114 0.154

UGT1A6 0.271 0.342 0.005 0.246 –0.138 0.116 0.159 0.045

ABCB1 0.241 0.259 0.459 0.480 0.288 0.063 0.424 0.081

ABCC2 0.480 0.456 0.276 0.331 0.009 0.250 0.388 0.169

ABCC3 0.054 0.045 0.004 0.279 0.133 0.081 0.395 0.123

ABCC4 –0.353 –0.371 0.381 0.480 0.175 0.083 0.195 –0.036

ABCG2 0.572 0.457 0.199 0.204 –0.007 0.096 0.079 0.260

NR1I2 – 0.785 –0.027 0.156 0.011 0.284 0.210 0.378

NR1I3 0.785 – –0.105 0.064 0.229 0.294 0.302 0.414

AHR –0.027 –0.105 – 0.691 0.540 0.268 0.352 0.181

ARNT 0.156 0.064 0.691 – 0.512 0.511 0.370 0.551

NFE2L2 0.011 0.229 0.540 0.512 – 0.180 0.370 0.353

NR1H3 0.284 0.294 0.268 0.511 0.180 – 0.149 0.654

NR1H4 0.210 0.302 0.352 0.370 0.370 0.149 – 0.241

RXRA 0.378 0.414 0.181 0.551 0.353 0.654 0.241 –

Pearson’s correlation coefficient (r) are presented, significant values are marked with bold font



Among genes encoding phase II enzymes, GSTA1

expression was slightly decreased in end-stage liver

disease samples (significantly in ALD and PSC), while

sulfotransferases (SULT1A1, SULT2A1) showed a simi-

lar level of expression as in control samples. (Fig. 1C).

Among UDP-glucuronosyltransferases, the only sig-

nificant difference was an increase of UGT1A6 mRNA

level among ALD patients.

As for ATP-binding cassette transporters gene ex-

pression, ABCB1 (MDR1), ABCC3 (MRP3), and

most clearly – ABCC4 (MRP4) were increased. For

ABCC4, mean relative mRNA expression was: 4.7 in

ALD, 3.4 in HCV, and 3.4 in PSC samples (Fig. 1C).

In contrast, ABCG2 (BRCP) was significally de-

creased in end-stage liver disease samples.

As many genes are suppressed in end-stage liver

disease, genes strongly up-regulated in cirrhosis seem

to be of especial interest. In the present study of

drug-metabolism related genes, CYP1B1 and ABCC4

mRNA levels were significantly increased in all

groups of patients when compared to control tissue

samples. In immunohistochemically stained slides,

MRP4 mRNA was found to be increased in hepato-

cytes and cholangiocytes, while fibroblasts were

negative for the presence of both proteins. In end-

stage liver disease samples, MRP4 expression was

also observed in some inflammatory cells (Fig.

2A–B). Strong staining for MRP4 was observed in

majority of the studied samples, and differences be-

tween groups were not significant (2.5 ± 0.6 for HCV,

2.6 ± 0.5 for ALD, 2.4 ± 0.7 for PSC, and 2.3 ± 0.6 for

controls). As for CYP1B1, none of control samples

showed visible staining, while in most of end-stage

liver disease samples (27 of 36) CYP1B1 was de-

tected in hepatocytes (Fig. 2C–D). That difference has

been subsequently confirmed by western blotting with

the use of monoclonal antibodies, where end-stage

liver disease samples showed much more pronounced

CYP1B1 protein expression, when compared to con-

trol liver samples (Fig. 2E).

ABCC4 and CYP1B1 gene expression in HepG2

cells

Subsequently we investigated mRNA expression of

genes (ABCC4, CYP1B1) found to be up-regulated in

end-stage liver disease samples, in HepG2 cells after

exposure to several pro-inflammatory cytokines (e.g.,

TNFa, IL-6, IL-1b, and TGFb1) and the AHR model

ligand – TCDD. As CYP1B1 and CYP1A1 are widely

used as model genes regulated by AHR, and a discre-

pancy between expression of CYP1B1 (up-regulated)

and CYP1A1 (down-regulated) in liver disease sam-

ples was observed, we also measured mRNA levels of

the CYP1A1 transcript.

ABCC4 expression was not influenced by any of

the investigated factors. CYP1B1 mRNA levels were

significantly up-regulated by TCDD (1530% of non-

treated cells), but also by TNFa (200%), IL-6 (280%)

and IL-1b (390%), while CYP1A1 was significantly

increased after exposure for TCDD (1130%) and

some of the cytokines. CYP1A1 induction after IL-6

treatment was not significant (Fig. 3). Among the

studied factors, IL-6 treatment of HepG2 cells re-

sulted in most pronounced up-regulation of CYP1B1

independently of CYP1A1 level.

CYP1B1 and CYP1A1 gene expression

in HepG2 cells after AHR silencing

Both CYP1A1 and CYP1B1 are known to be AHR-

regulated, and their expression is increased in the

presence of AHR ligands. However, CYP1B1 expres-

sion is increased independently of CYP1A1 in end-

stage liver disease tissue samples, as well as in

HepG2 cells treated with IL-6, which suggests the ex-

istence of another regulatory mechanism. After tran-
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Fig. 2. (A–D) Immunohistochemically stained liver tissue slides.
MRP4 in HCV-related cirrhotic liver (A) and non-tumoral liver tissue
(B); CYP1B1 in HCV-related cirrhotic liver (C) and non-tumoral liver
tissue (D); (E) CYP1B1 protein expression in liver samples evaluated
by means of western blotting. 5, 6, 8 – non-tumoral liver tissue, 1, 2 –
alcoholic liver disease, 3, 4 – primary sclerosing cholangitis, 7 –
chronic hepatitis C, 9 – CYP1B1-transfected 293T Lysate (40 µg of
protein per lane for all tissue samples, 5 µg for lysate)



sient transfection of HepG2 with siRNA targeted to

the AHR gene, AHR gene expression was reduced to

20.4% of the mRNA level observed in cells trans-

fected with negative control siRNA, which also re-

sulted in decreases in base CYP1B1 and CYP1A1 ex-

pression to 35% and 33% of the values observed in

control cells 48 h from transfection (Fig. 4). TCDD

treatment resulted in an increase in CYP1B1 and

CYP1A1 mRNA levels and did not influence AHR ex-

pression, while exposure to IL-6 resulted in induction

of AHR and CYP1B1 expression, but did not influ-

ence CYP1A1 mRNA levels. Interestingly, while

TCDD induction of CYP1B1 was proportional to base

gene expression in AHR-silenced as well as in non-

silenced cells (CYP1B1 mRNA expression after

TCDD treatment in silenced cells accounted for 32%

of CYP1B1 expression in non-silenced cells – 377%

vs. 1183%), IL-6 treatment resulted in induction of

CYP1B1 to a similar extent in silenced and non-

silenced cells (CYP1B1 mRNA expression after IL-6

treatment in AHR-silenced cells accounted for 76.4%

of CYP1B1 expression in non-silenced cells – 201%

vs. 263%).

Discussion

We have observed that the expression of nuclear recep-

tors (NR) involved in the regulation of drug metabo-

lism (NR1I2, NR1I3, AHR, NR1H3, NR1H4, RXRA)

was decreased in end-stage liver disease compared to

controls, regardless of disease pathology. Although

there is no strong evidence for a direct relationship be-

tween NR expression and DME and DT activity, it was

demonstrated by Wortham et al. [40] that NR1I3
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Fig. 3. ABCC4, CYP1A1 and CYP1B1 gene expression in stimulated HepG2 cells after 24 h stimulation with selected cytokines and TCDD.
Bars represent relative quantity (RQ) of a transcript as a percentage of mean value detected in non-stimulated control cells (CTRL); TGFB –
transforming growth factor b, 2 ng/ml; TNF – tumor necrosis factor a, 10 ng/ml; IL-6 – interleukin 6, 20 ng/ml; IL-1 – interleukin 1b, 4 ng/m; TCDD
– 2,3,7,8-Tetrachlorodibenzo-p-dioxin, 10 nmol/l., significant difference (p < 0.05) compared to: *CTRL group, one-way ANOVA + Tukey’s
post-hoc comparison



(CAR) expression levels were associated with expres-

sion of coregulated xenobiotic-metabolism genes in

human liver samples and could determine their basal

activity. Hence, decreased NR expression in liver dis-

ease may be one of the factors associated with re-

duced metabolic capacity and hepatic failure. Our re-

sults are in concordance in previous observations of

Congiu et al., who found decreased mRNA levels of

CAR (NR1I3), PXR (NR1I2), and AHR in liver biopsy

specimens from patients with severe liver disease

(HCV- or HBV-related) compared to subjects with

mild stages of the disease [7]. Similarly, 40–60% de-

creases in mRNA levels for FXR (NR1H4), CAR

(NR1I3), PXR (NR1I2), and RXR (RXRA) were ob-

served in patients suffering from advanced PBC [42].

Expression of most genes studied encoding P450

cytochromes was lower in end-stage liver disease

samples, and the differences were particularly signifi-

cant in the case of CYP1A1 and CYP1A2 genes. These

genes are associated with the metabolism of drugs,

polycyclic aromatic hydrocarbons and other procar-

cinogens, and in the case of CYP7A1 (cholesterol 7

a-hydroxylase), the rate-limiting enzyme in the syn-

thesis of bile acid from cholesterol. These genes were

strongly suppressed irrespective of disease etiology.

In contrast, CYP3A4, one of the most important en-

zymes involved in xenobiotic metabolism, was sig-

nificantly suppressed in ALD and HCV, but not in

PSC samples. This means that it is possible that

decreased expression of CYP1A1 and CYP1A2 may
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Fig. 4. AHR and CYP1A1 and CYP1B1
gene expression in HepG2 cells tran-
fected with negative control siRNA (A)
or siRNA targeted to AHR silencing
(B). Cells were treated with IL6 – inter-
leukin 6, 20 ng/ml; or TCDD – 2,3,7,8-
Tetrachlorodibenzo-p-dioxin, 10 nmol/l.
Bars represent relative quantity (RQ) of
a transcript as a percentage of mean
value detected in non-stimulated, ne-
gatively transfected control cells (A,
CTRL); * significant difference (p < 0.05)
compared to non-treated group (CTRL),
one-way ANOVA + Tukey’s post-hoc
comparison



be correlated with lower AHR and represent general

liver failure, whereas decreased expression of

CYP3A4 – a PXR and CAR target gene, is rather spe-

cific for ALD and HCV, as the enzyme also plays an

essential role in the detoxification of bile acids, and

was demonstrated to be adaptively up-regulated in

cholestasis [4]. Since PSC is characterized by im-

peded bile flow and particularly severe cholestasis,

CYP3A4 expression may be induced in that condition

despite liver insufficiency. Our results concord with

aforementioned studies by Congiu et al. and Zollner

et al., as well as the work by Nakai et al., who

observed decreases in the mRNA levels of CYP1A2

and CYP3A4 along the fibrosis progression among

chronic HCV patients [7, 18, 42]. Another study by

Fisher et al. [9] revealed decreased mRNA levels

and/or microsomal activity of CYP2C19, CYP3A4

and CYP1A2 in progressive stages of human non-

alcoholic fatty liver disease. Hence, differences in

CYP3A4 and as well CYP2C19 gene expression

between PSC-related liver disease and those of other

etiologies may differentially affect metabolism of

endo- and exogenous substrates in the liver.

CYP1B1 gene expression has not been previously

analyzed in relation to liver disease. In contrast to

other CYPs, CYP1B1 was significantly up-regulated

in all study groups (i.e., HCV, ALD and PSC). Origi-

nally identified by Savas et al. [29] in mouse lung,

uterus and liver, the CYP1B1 mouse orthologue was

subsequently described in other extrahepatic tissues,

and was found to be active constitutively in mesen-

chymal cells [20]. Gene overexpression was also ob-

served in a wide range of cancers (i.e., skin, brain, tes-

ticular and breast) [5, 17]. CYP1B1 orthologues have

a very high level of identity between species, possibly

due to common substrates, and are thought to play an

important role in ontology and development [32]. The

importance of CYP1B1 activity in development and

physiology has also been implied by the results of

a study on hepatocellular adenoma (HCA) genetic

risk factors among genes involved in the estrogen me-

tabolism [11, 25]. It was found that inactivating muta-

tions of CYP1B1 increased the incidence of HCA in

women with HNF1a mutations. Additionally, loss-

of-function mutations in the CYP1B1 gene were

strongly associated with primary congenital glaucoma

[28]. On the other hand, there is evidence of CYP1B1

involvement in tumorigenesis, as the enzyme converts

estradiol to a highly genotoxic and carcinogenic

4-hydroxyestradiol, which is a preferred pathway in

the absence of C-2-hydroxylating enzymes, CYP1A2

and CYP3A4 [6]. The enzyme also plays an important

role in activating diverse procarcinogens, including

polycyclic aromatic hydrocarbons (PAHs) and hetero-

cyclic amines, to produce reactive metabolites that

damage DNA [31]. A recent paper has shown that

Cyp1B1 mediates the cytotoxic effects of PAHs on

progenitor cells in mouse bone marrow [20]. Contrary

to TCDD, which acts directly, PAHs are first metabo-

lized by CYP1B1 to reactive dihydrodiol epoxides

that then damage myeloid and lymphoid progenitor

cells. In the current study, the IHC analysis of end-

stage liver disease samples revealed CYP1B1 protein

expression in hepatocytes. Hence, the CYP1B1 over-

expression observed in end-stage liver disease, espe-

cially when combined with lower expression of

CYP1A2 and CYP3A4, may potentially be one of the

factors responsible for the increased risk of hepatoma

in the presence of liver cirrhosis.

Among the studied genes encoding phase II en-

zymes, only GSTA1 expression was significantly sup-

pressed in end-stage liver disease samples. GSTA1

activity protects cells from reactive oxygen species

and peroxidation products. Hence, decreased expres-

sion of GSTA1 may represent a lower potential for

neutralizing oxidative stress. In the current study,

a significant correlation (r = 0.7) between GSTA1,

PXR (NR1I2) and CAR (NR1I3) mRNA levels in

end-stage liver disease samples was observed.

As for ABC transporters, we found a decreased ex-

pression of the ABCG2 (BCRP) gene, encoding

a transporter for many xenobiotics, including anthra-

cyclines, mitoxantrone, bisantrene, topotecan and

SN-38 [8], which may be associated with a lower re-

sistance of hepatocytes to xenobiotics. In contrast,

ABCB1 (MDR1, only in ALD samples), ABCC3

(MRP3) and ABCC4 (MRP4) mRNA levels were sig-

nificantly increased. Increasing trends in mRNA ex-

pression and/or protein levels of ABC transporters

were also described in non-alcoholic fatty liver dis-

ease [10]. In our study, ABCC4 (MRP4) expression

was highly elevated in end stage liver disease

(3.3–4.7-fold compared to control liver samples). This

finding confirms the observation of Ogasawara et al.

[21], who identified ABCC4 (MRP4) mRNA level as

a determinant of HCV-related cirrhosis, and point out

that this transporter is a potential marker of liver dis-

ease in different etiologies (e.g., HCV, ALD and

PSC). Under physiological conditions, ABCC4 is ex-

pressed in liver at relatively low levels, but it is sig-
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nificantly up-regulated in cholestatic conditions, e.g.,

in PBC patients, and rodents after bile duct ligation

[16, 42]. It was suggested that MRP4 functions as an

alternative basolateral bile acid efflux system in the

adaptive response to cholestasis [21]. It has been re-

ported that the ABCC4 promoter contains both AHR

and Nrf2 (NFE2L2) response elements and that it is

mainly regulated by these factors [41]. Although AHR

mRNA level was decreased in end-stage liver disease

samples, its expression significantly correlated with

ABCC4 expression. As for Nrf2, its activation was not

measured in the current study but it has been proven

that Nrf2 may be activated independently of AHR un-

der oxidative stress [13]. Possibly, enhanced activa-

tion of AHR and Nrf2 in end-stage disease liver may

lead to increased expression of ABCC4. In contrast to

CYP1B1, increased expression of MRP4 could not be

confirmed by protein detection with the use of IHC

staining, but it cannot be completely excluded that

this was due to a too high sensitivity or lack of 100%

specificity of the IHC procedure, which must be

treated as one of the limitations of the current study.

As most of the studied genes are mainly expressed

in hepatocytes (in contrast to the house-keeping genes

used as reference), differences presented in mRNA

quantity might be partly due to histological differ-

ences between end-stage liver disease and control

samples, i.e., a decrease in the number of hepatocytes

and increased content of other cell types. However,

estimated effect of histological alterations should not

exceed 10–20%, and the observed differences in case

of some gene expression are much more pronounced.

We tested the influence of selected cytokines in-

volved in liver disease pathogenesis on the expression

of ABCC4 and CYP1B1 in HepG2 cells. None of the

tested cytokines (i.e., IL-6, IL-1B, TNFa, TGFb) nor

TCDD (a model AHR ligand) influenced ABCC4

transcription after 24 h of treatment (Fig. 3). This is in

concordance with results obtained for human primary

hepatocytes treated with TNFa [37]. In the same

study, the authors reported that treatment of hepato-

cytes with IL-6 and IL-1b resulted in a decrease in

MRP4 (ABCC4) mRNA expression. In contrast to Xu

et al. [41], we did not observe any significant increase

in AHR nor ABCC4 expression in HepG2 cells after

treatment with TCDD. This difference may be due to

a different TCDD concentration or growth medium

composition used – our cells were treated in a me-

dium containing 0.5% BSA instead of 10% FBS, and

a significant decrease in ABCC4 (by more than 30%)

was observed 24 h after the medium change compared

to cells maintained in 10% FBS (data not shown).

Although CYP1A1, CYP1A2 and CYP1B1 are known

AHR effector genes, there was a discrepancy between

their expression in end-stage liver disease samples:

while CYP1A1 and CYP1A2 were down-regulated,

expression of CYP1B1 was significantly increased

compared to control samples. Taylor et al. [33] re-

ported that Brahma (BRM)/Switch 2-related gene 1,

a subunit of nucleosomal remodeling factors, was re-

quired for CYP1A1, but not CYP1B1 induction by di-

oxin in human breast cancer cells. Recently, Beedana-

gari et al. [3] have postulated that differences between

CYP1A1 and CYP1B1 induction in HepG2 cells may

be related to epigenetic factors, i.e., a different methy-

lation pattern of the gene promoters. It was also de-

scribed that CYP1B1 is post-transcriptionally regu-

lated by microRNA (miR-27b), which may be respon-

sible for its silencing in differentiated cells [34]. In

our study, expression of CYP1B1 was influenced by

pro-inflammatory cytokines: IL-1b, IL-6 and TNFa.

Among these factors, IL-6 treatment resulted in acti-

vation of CYP1B1 transcription independently of

CYP1A1. In the experiment conducted by Nakai et al.

[18], treatment of HepG2 with higher concentrations of

IL-6 (50 ng/ml) even decreased CYP1A2 expression.

Our subsequent experiment showed that CYP1B1 in-

duction, mediated by IL-6, is only slightly influenced

by AHR gene silencing (induction was decreased by

about 25%, while TCDD-mediated induction by al-

most 70%). Additionally, we also demonstrated that

IL-6 treatment resulted in an increased AHR mRNA

level in HepG2 cells. Hence, CYP1B1 induction may

require something more than direct AHR activation,

although an IL-6 mediated increase in CYP1B1 tran-

scription may still involve the AHR pathway. Limited

data are available from animal models. However, it

has been observed that TNFa increased CYP1B1 ex-

pression in rat epithelial and hepatic stellate cells,

while IL-1b could induce transcription of CYP1B1 in

a human astrocytoma cell line [15, 24, 35]. Hence,

AHR-dependent expression of CYP1A1/1A2 is gener-

ally suppressed by inflammation, and some chemi-

cals, like DDT, while CYP1B1 expression, due to in-

volvement of other transcription factors, is enhanced

by pro-inflammatory cytokines [38, 39]. Although al-

tered CYP1B1 expression in end-stage liver disease

does not result from IL-6 activity alone, there might

exist an alternative pathway of CYP1B1 regulation,

independent of CYP1A1 and CYP1A2, and this is
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worth further investigation in the context of liver dis-

ease pathogenesis and hepatic cancer risk.

Contrary to our study, some previous reports have

described a lack of CYP1B1 expression in HepG2

cells [3, 30].

Both the sensitivity of qRT-PCR and possible sub-

clonal heterogeneity of HepG2 cells may underlie the

described discrepancies. Differences in various gene

expression and functional characteristics within cell

lines have been described with many commonly used

in vitro models [27], and may also be present in

HepG2. Results from various studies suggest the exis-

tence of such differences in relation to CYPs expres-

sion, for example, in some experiments no expression

of CYP3A4 in HepG2 was reported [1], while in oth-

ers CYP3A4 inducibility has been described [19]. As

dynamic epigenetic changes are characteristic for can-

cer cell lines, it is potentially possible that incomplete

CYP1B1 methylation in cells used in the current study

might be responsible for the aforementioned discrep-

ancies.

To sum up, our study confirmed that the expression

of most phase I enzymes is suppressed in end-stage

liver disease, and correlates with a decrease in NR1I2

and NR1I3, the main regulators of xenobiotic metabo-

lism. While mRNA levels of phase II enzymes re-

sponsible for neutralization of toxic metabolites are

generally unchanged, some ABC transporters are up-

regulated. Among the studied genes, the most spec-

tacular increase in expression was observed with

ABCC4 (MRP4) and CYP1B1. Although ABCC4 has

been previously identified as a marker of liver dis-

ease, association of CYP1B1 expression and liver cir-

rhosis of various backgrounds was identified de novo

in the current study.
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