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Abstract The knowledge of drug metabolising

enzymes (DMEs) in cattle is rather limited. The

capability of the bovine foetal hepatocyte-derived cell

lineBFH12 to serve asmodel for biotransformationwas

evaluated. Gene expression analysis of DMEs was

performed by reverse transcription PCR (RT-PCR). The

presence of efflux transporters was visualised by

immunocytochemistry, and functional induction of

cytochrome P450 (CYP) 1A was assessed by the

ethoxyresorufin-O-deethylase (EROD) assay. The pro-

duction of bile acids was measured by liquid chro-

matography-tandem mass spectrometry (LC–MS/MS).

RT-PCR revealed the expression of cytochromes 1A1,

1A2, 3A4 and phase II enzymes UGT1A1, UGT1A6

and GSTM1. Immunofluorescence demonstrated efflux

transporters ABCG2 and ABCC1. The EROD assay

revealed a dose-dependent CYP1A induction after

treatment with benzo[a]pyrene (BP). LC–MS/MS anal-

ysis of cell culture supernatants showed the production

of bile acids including taurocholic acid, tauro-chen-

odeoxycholic acid, taurodeoxycholic acid and tau-

rolithocholic acid. The results strongly suggest the

applicability of the cell line BFH12 for subsequent

experiments in the emerging field of bovine

biotransformation.
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CYP2B6 Cytochrome P450 2B6

CYP2C19 Cytochrome P450 2C19

CYP2C9 Cytochrome P450 2C9

CYP3A4 DAPI, 40,6-diamidino-2-phenylindole

DMEs drug metabolising enzymes

EDTA Ethylenediaminetetraacetic acid

EROD 7-Ethoxy-resorufin-O-deethylase

FBS Foetal bovine serum

GLUT2 Glucose transporter 2

GSTM1 Glutathione S-Transferase M1

LC/

MS–MS

Liquid chromatography tandem mass

spectroscopy

MRL Maximum residue level

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide

NTCP Sodium-taurocholate cotransporting

polypeptide

OAT Organic anion transporter

OATP Organic anion-transporting

polypeptide

OATP1B3 Organic anion-transporting

polypeptide 1B3

OCT1 Organic cation transporter 1

P-gp P-glycoprotein

PAH Polycyclic aromatic hydrocarbons

PCR Polymerase chain reaction

RT-PCR Reverse transcription polymerase chain

reaction

RT-qPCR Quantitative reverse transcription PCR

SD Standard deviation

SDS Sodium dodecyl sulfate

SLC22A1 Solute Carrier Family 22 Member 1

SLCO1B3 Solute carrier organic anion transporter

family member 1B3

SV40LTAg SV40 large-T antigen

TCA Taurocholic acid

TCDCA Taurochenodeoxycholic acid

TDCA Taurodeoxycholic acid

TLCA Taurolithocholic acid

UGT1A1 UDP glucuronosyltransferase 1 family

polypeptide A1

UGT1A6 UDP glucuronosyltransferase 1 family

polypeptide A6

Introduction

Compared to other species, knowledge on drug

metabolising enzymes (DMEs) in cattle is fairly

limited, especially with regard to the regulation and

induction of these enzymes (Darwish et al. 2010). This

is particularly problematic since food-producing ani-

mals are frequently exposed to a variety of xenobi-

otics, including antibiotics, growth hormones,

pesticides and toxins (Khaniki 2007). These com-

pounds are enzymatically biotransformed to increase

hydrophilicity and facilitate excretion. Dysregulation

of this process has been implicated in the development

of several diseases (Langmann et al. 2004). The

induction or inhibition of DMEs can lead to a reduced

or prolonged half-life of a drug, respectively (Leucuta

and Vlase 2006). Moreover, DMEs may also con-

tribute to the toxification of certain compounds (Li

et al. 2011). Accumulation of these toxic or carcino-

genic metabolites in dairy products such as meat or

milk may pose a potential risk for human and animal

health (Wassermann et al. 2013). Thus, studying drug

metabolism in Bos taurus using a well-established and

well-characterised model contributes to animal wel-

fare and aids in evaluating residue levels in edible

tissues and dairy food products (Dacasto et al. 2005;

Ioannides 2006; Zancanella et al. 2010). Only a few

models other than animals have been described for

investigating cattle biotransformation (Rijk et al.

2012).

To this day, no bovine hepatocyte-derived cell line

except BFH12 has been established to our knowledge.

Therefore, there is a clear need for further knowledge

about CYP enzymes and their regulation in food-

producing animals (Fink-Gremmels 2008). The cur-

rently most used models for biotransformation are

primary hepatocytes, liver microsomes and liver

slices. All of them have significant limitations, e.g.

low predictive power and experimental robustness,

phenotypic changes and large batch variability (Plant

2004). In order to overcome these limitations, we

recently established a novel SV40 large T-antigen-

transduced hepatocyte cell line (BFH12) derived from

foetal cattle liver. BFH12 cells share many character-

istics with primary hepatocytes, including an epithelial

phenotype, hepatocyte-like metabolism and a

stable expression of several phase I, II and III

enzymes. These findings suggest that the cells retain

important features of primary cells and may be useful

for studies on bovine biotransformation (Gleich et al.

2016).

This study was conducted to assess the suitability of

BFH12 as in vitro model for biotransformation in

123

232 Cytotechnology (2019) 71:231–244



cattle. Gene expression of basal and induced levels of

DMEs and efflux transporters were analysed.

Immunofluorescence staining of several transporters

was performed and bile acid production was mea-

sured. These studies aimed to show that BFH12 may

be used to gain a better understanding of xenobiotic

metabolism, how xenobiotics are detoxified and

eliminated or why they accumulate in the animal.

Furthermore, the carry-over from feed to food, which

represents a persistent risk to public health (Anadón

2016), could be studied. BFH12 may be a possible

candidate for short- or long-term experiments on

bovine biotransformation with a higher predictive

power than other in vitro bovine models.

Materials and methods

Materials

All chemicals and reagents were obtained from

Sigma-Aldrich (Munich, Germany) unless noted

otherwise. Cell culture flasks and multi-well plates

were purchased from Greiner Bio-One (Fricken-

hausen, Germany) and TPP (Trasadingen, Switzer-

land), respectively. Williams’ Medium E, L-alanyl-L-

glutamine, penicillin/streptomycin and standardised

FBS were acquired from Biochrom (Berlin,

Germany).

Cell culture

BFH12 cells were cultured in Williams’ Medium E

containing 5% heat-inactivated FBS, 1% penicillin/

streptomycin, 2 mM L-alanyl-L-glutamine, 100 nM

dexamethasone and 0.2 U/ml insulin. Cells were

seeded in 75 cm2 cell culture flasks at a density of

5 9 103 cells/cm2 (equivalent to 2.5 9 104 cells/ml)

and incubated at 37 �C in a humidified atmosphere

containing 5% CO2. Medium was changed on day 3.

The cells were harvested using Trypsin–EDTA (8 min

at 37 �C) and passaged every 7 days. Thus, a passage

is defined as the cultivation of BFH12 during the

course of 7 days with a routine medium exchange on

day 3. Cell number and viability were determined with

the Moxi Z cell counter (ORFLO Technologies,

Ketchum, USA).

Reverse transcription (RT)-PCR

RNA of biotransformation enzymes and transporters

was detected by reverse transcription (RT)-PCR.

Genes were chosen based on their significance in drug

metabolism and the availability of sequence data.

The expression of hepatocyte-specific genes in

BFH12 cells of passage 20, foetal hepatocytes and

adult liver tissue was determined by RT-PCR. Total

RNA from BFH12 grown in 25 cm2 cell culture flasks

was extracted using the ReliaPrepTM RNA Cell

MiniPrep System (Promega, Madison, USA). RNA

from adult liver tissue was extracted with the

ReliaPrepTM RNA Tissue MiniPrep System. Integrity

of the RNA extracted from the samples was assessed

by gel electrophoresis in an agarose gel stained with

ethidium bromide (EtBr). Only intact RNA showing

sharp, clear 28S and 18S rRNA bands was used for

subsequent cDNA synthesis. Reverse transcription

was performed with the Maxima First Strand cDNA

Synthesis Kit for RT-qPCR (Thermo Scientific, Sch-

werte, Germany). PCR amplification was carried out

on a T1 Thermocycler (Biometra, Göttingen, Ger-

many) using the FastGene� Optima HotStart Ready

Mix (Nippon Genetics, Düren, Germany). Initial

denaturation was performed at 95 �C for 3 min

followed by 40 cycles of denaturation at 95 �C for

15 s, annealing at 55 �C for 15 s and extension at

72 �C for 1 min. Genes of interest were cytochrome

P450 1A1 (CYP1A1), 1A2 (CYP1A2), 2B6

(CYP2B6), 2C19 (CYP2C19), 2E1 (CYP2E1), 3A4

(CYP3A4), UDP glucuronosyltransferase 1 family

polypeptide A1 (UGT1A1) and A6 (UGT1A6), glu-

tathione S-Transferase M1 (GSTM1), P-glycoprotein

(P-gp), ATP-binding cassette sub-family G member 2

(ABCG2), ATP-binding cassette sub-family C mem-

ber 1 (ABCG2), organic cation transporter 1 (OCT1),

organic anion-transporting polypeptide 1B3

(OATP1B3), and sodium-taurocholate cotransporting

polypeptide (NTCP). b-actin (ACTB) served as pos-

itive control. The DME genes are designated by

conventional (human) nomenclature. A new nomen-

clature for bovine DMEs has been proposed (Zan-

canella et al. 2010) which is not yet standardized or

implemented in the National Center for Biotechnology

Information (NCBI) database. The gene-specific PCR

primers were designed from bovine sequence data

using the primer-BLAST tool of the NCBI and were

synthesised by Metabion International AG (Planegg,
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Germany). Primer sequences and PCR conditions are

given in Table 1. PCR products were analysed by gel

electrophoresis (3.5% agarose) and ethidium bromide

staining. Product sizes were determined using a

100 bp DNA ladder (Thermo Scientific GeneRuler

100 bp DNA Ladder; Thermo Scientific, Schwerte,

Germany). In order to compare the gene expression of

BFH12 and primary cells, experiments were also

conducted with adult liver tissue and foetal bovine

hepatocytes (cryopreserved cells). The cells were

cultivated using the same cell culture protocol as for

cultivation of BFH12 before cryopreservation. Gene

expression analysis of BFH12 cells and foetal hepa-

tocytes was performed in two independent experi-

ments (n = 2).

MTT assay

Benzo[a]pyrene (BP) is known to induce CYP1A in

bovine hepatocytes. BP was tested in order to exclude

any cytotoxic effect on BFH12 in the subsequent

EROD assay. Cytotoxicity of BP was determined

Table 1 Primers and conditions for gene expression analysis by RT-PCR

Gene Primer sequences Accession no. Amplicon size (bp)

CYP1A1 F: 50-CATCCCTGTCCTCCGTTACC-30

R: 50-TCCCGGATGTGACCCTTCTC-30
XM_005222018.2 132

CYP1A2 F: 50-TCATAGGCGCCCTGTTCAAG-30

R: 50-GTGATGGTGTCAAACCCAGC-30
XM_010817139.1 121

CYP2B6 F: 50-CCTTCCTGAGGTTCCAACAGA-30

R: 50-GAATGGCCTCTGTCCCACAT-30
XM_005218914.2 93

CYP2C19 F: 50-TCAGCAGGAAAAAGAGTTTGTG-30

R: 50-TCACAGAAGGGTGGAATAGAGA-30
NM_001109792.2 167

CYP2E1 F: 50-GGCGTTTTCTGCAGGATATGAA-30

R: 50-CCTTGCAGGCACAAAGTCAG-30
XM_010820126.1 150

CYP3A4 F: 50-CGATCCCTTTCTTCTCGCAGT-30

R: 50-AGTCCACACGTGGCTTTTGA-30
NM_001099367.1 164

UGT1A1 F: 50-TTCCCAAGACCCATCATGCC-30

R: 50-TCAAATTCCTGAGAGAGTGGCT-30
NM_001105636.1 83

UGT1A6 F: 50-GAAGGCCTCCATTTGGCTGT-30

R: 50-CAAATTCCTGAGACAGGACGC-30
NM_174762.1 125

GSTM1 F: 50-GAGAAGACAAGTTTCAAGCCCA-30

R: 50-CTGTCATAGTCGGGAGCATCT-30
NM_175825.3 193

P-gp F: 50-AAACTGCCTAATAAATTTGACACCC-30

R: 50-GCGATGGCGATTCTCTGCTT-30
AJ829445.1xxx 83

ABCG2 F: 50-GAGCCATAGGTTTCCGCTGT-30

R: 50-GCCGTATCGAGGAATGCTCA-30
NM_001037478.3 902

ABCC1 F: 50-GACCCCGTTTTGTTTTCGGG-30

R: 50-CGATCACCCTCGTGTAGTCC-30
NM_174223.1 370

OCT1 F: 50-CTTCATCCGGAACCTTGGCA-30

R: 50-GCATCCTCGATGGTCTCTGG-30
NM_001101098.2 207

OATP1B3 F: 50-CTCCAGTGGCATCGCATGTA-30

R: 50-GGAATTCCTCCTAGCGTTCG-30
NM_205804.2 421

NTCP F: 50-CTCAACGGACGATGCAAACG-30

R: 50-ATGCAAAGGCAGCTTTGGTG-30
NM_001046339.1 599

ACTB F: 50-CTTCCTGGGCATGGAATCCT-30

R: 50-CGTAGAGGTCCTTGCGGATG-30
NM_173979.3 89
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determined using the MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) assay, carried

out in 96-well plates according to Riss et al. (2004).

Briefly, BFH12 cells were seeded at a density of

0.01 9 106 cells per well, cultivated for 24 h and

treated for an additional 24 h with BP at concentra-

tions of 0.01 lM, 0.1 lM, 1 lM and 10 lM. Cyclo-

hexane was used as solvent for the BP stock solution

(end concentration: 0.025 ll cyclohexane/ll of assay
medium). After cultivation, 20 ll MTT solution

(5 mg/ml) were added to each well and the plate was

incubated for 2 h. After that, 10 ll SDS (3%) were

added and culture medium was completely removed.

Formazan crystals were dissolved in DMSO (200 ll/
well). Absorption was measured at 595 nm on a

Wallac Victor 2 multilabel plate reader (Perkin Elmer,

Massachusetts, USA). The MTT assay was conducted

in 8 wells containing cells from one cryotube (tech-

nical replicates).

Functional activity of cytochrome P450 1A

(EROD assay)

Induction of cytochrome P450 1A enzymes by BP was

determined by ethoxyresorufin O-deethylase (EROD)

assay according to Halwachs et al. (2010). The EROD

assay is a well-established method to assess CYP1A

activity in bovine liver microsomes (Machala et al.

2003; Giantin et al. 2008; Darwish et al. 2010). BFH12

cells were seeded into 24-well plates (0.05 9 106 cells

per well), cultivated under standard culture conditions

for 24 h, and induced with BP at concentrations of

0.01 lM, 0.1 lM, 1 lM and 10 lM (in cell culture

medium, 200 ll/well) for an additional 24 h. This

time period is required for reliable estimates, although

maximal induction of enzyme activity may not be

achieved within 24 h of incubation. All BP concen-

trations were prepared independently. Formation of

the fluorescent dye resorufin was calculated as pmol

per mg protein and minute. Total cell protein was

determined using the bicinchoninic acid assay (Smith

et al. 1985). The EROD assay was conducted in 12

wells per treatment group containing cells from 2

cryotubes (n = 12).

Immunocytochemistry

Expression and localisation of ATP-binding cassette

transporter G2 (ABCG2) and C1 (ABCC1) were

analysed by immunocytochemistry. Both transporters

are considered to be of great relevance as they exert

either protective functions by reducing oral availabil-

ity/limiting penetration of potential harmful xenobi-

otics into critical tissues or play a detrimental role by

mediating active transport of these compounds into the

milk (Platte and Honscha 1996; Halwachs et al. 2010;

Wassermann et al. 2013; Mahnke et al. 2016).

Furthermore, they are considered as one of the few

transporters to be responsible for extruding drugs

commonly used in veterinary patients (Mealey 2012).

Cells seeded on a 24-well plate at a density of

0.05 9 106 cells per well were cultivated for 48 h.

Cells were treated with 10 lM BP for 24 h. Fixation

was performed with sodium metaperiodate-lysine-

paraformaldehyde solution (McLean and Nakane

1974) for 10 min. Permeabilisation and blocking was

done by incubation for 1 h in a PBS solution

containing 0.5% Triton X-100 and 4% horse serum

(CC pro GmbH, Oberdorla, Germany). Cells were

incubated overnight at 4 �C in a dark humidified

chamber with suitable primary antibodies against

ABCG2 (BXP-21, sc-58222, Santa Cruz Biotech,

Dallas, TX; dilution 1:200) and ABCC1 (MRPm6,

sc59609, Santa Cruz Biotech, Dallas, TX; dilution

1:200). Subsequently, cells were stained for 2.5 h at

4 �C in a humidified dark chamber with suitable Cy3

conjugated anti-mouse (715-165-161, Dianova; dilu-

tion 1:500) and anti-goat (705-165-145, Dianova;

dilution 1:500) antibodies. Nuclei were stained with

0.25 lg/ml 40,6-diamidino-2-phenylindole (DAPI;

Roth, Karlsruhe, Germany) for 5 min at room tem-

perature. Labelled cells were imaged on an Olympus

IX50 fluorescence microscope and analysed using the

cellF software version 2.6 (Olympus, Hamburg,

Germany). Secondary antibody controls were

included in each experiment. Immunofluorescence

analysis was performed in 2 independent experiments.

Bile acid quantification by LC/MS–MS

LC/MS–MS analysis was performed to study the

formation and conjugation of bile acids which are

important liver-specific metabolic markers. The pro-

duction of conjugated bile acid is also an indicator for

active secondary conjugation (Chiang 2009). BFH12

cells were cultivated in culture medium for 7 days

without medium change. During this time period no

changes in cell morphology or viability attributable to

123

Cytotechnology (2019) 71:231–244 235



a lack of nutrients were evident. Concentrations of bile

acids were quantified by liquid chromatography-

tandem mass spectrometry as previously described

(Scherer et al. 2009). In order to calculate the

production of metabolites, the amount of bile acids

in culture medium before cultivation was quantified

and the means of these values were subtracted from

values obtained after 7 days. The analysis was

performed four times (n = 4). This experiment was

conducted using the supernatant of 4 cell culture flasks

containing cells from 2 cryotubes (n = 4).

Statistical analysis

All experiments were conducted independently at least

two times, except for the MTT assay which was

performed once. Data are presented as mean ± stan-

dard deviation (SD) unless noted otherwise. D’Agos-

tino-Pearson omnibus test was used to test for

normality. In order to determine significant differences

between means, one-way analysis of variance

(ANOVA) was performed. A p value of less than

0.05 was considered statistically significant. Graphs

and statistics were generated using GraphPad Prism 6

(GaphPad Software, La Jolla, USA). Cells from 2

cryobatches were independently cultured in cell cul-

ture flasks and then seeded into the experimental flasks

or wells, depending on the respective experiment.

Results

Gene expression of drug metabolising enzymes

and efflux transporters

CYP1A1 and CYP3A4 expression was found in

BFH12 cells, foetal hepatocytes and adult hepatic

tissue (Fig. 1). CYP1A2, 2B6, and 2E1 were not

expressed in BFH12 and foetal hepatocytes under

standard culture conditions. All three phase II genes

(UGT1A1, UGT1A6, GSTM1) could be detected in

BFH12 and foetal hepatocytes. Gene expression of the

phase III transporters P-gp, ABCG2, and ABCC1 was

also observed in BFH12 and foetal hepatocytes. There

was no expression of OCT1 and OATP1B3 in BFH12,

but a weak band was obtained for CYP2C19 and

NTCP. In adult liver tissue, which served as a positive

control, all genes were expressed. ACTB served as

loading control in the gene expression experiments.

For purposes of comparison and to better estimate

the stability of the system we have included the results

of the gene expression analysis of BFH12 cells of

passage 13 and 15 as supplementary Fig. 1. Few

differences are apparent between the passages. Com-

pared to the late passage (20) in the early passages

(13–15) NTCP was expressed whereas UGT1A1 was

not. Furthermore, CYP1A1 showed an increase in

expression with passaging.

Cell viability is unaffected by benzo[a]pyrene (BP)

Cell viability (%) was unaffected by BP treatment

(Fig. 2). Cyclohexane, used as solvent for the BP stock

solution, had no effect on cell viability. Cells treated

with Triton-X 0.1% served as lysis control. As

expected, treatment with Triton-X 0.1% resulted in

complete cell death.

Induction of CYP1A1 and CYP1A2 gene

expression by BP

The gene expression of CYP1A1 and 1A2 after

addition of 10 lM BP was determined by RT-PCR

and agarose gel electrophoresis. In untreated cells,

only mRNA of CYP1A1 was present (Fig. 3).

CYP1A2 expression was not observed. There was a

small but visually apparent increase in CYP1A1

expression in cells treated with BP. Furthermore,

CYP1A2 gene was expressed at detectable levels after

treatment. The bands in Fig. 3 correspond to the

expected products CYP1A1 (132 bp) and CYP1A2

(121 bp).

CYP1A activity is upregulated by benzo[a]pyrene

The EROD assay which is based on the deethylation of

7-ethoxyresorufin to resorufin was used to determine

specific CYP1A activity (Fig. 4). BFH12 shows only

low constitutive CYP1A activity. However, CYP1A

activity was significantly and dose-dependently

increased by BP compared to control-treated cells.

Expression of the efflux transporters ABCG2

and ABCC1

Immunofluorescence analysis revealed the presence of

efflux transporters ABCG2 and ABCC1 in control

cells (treated with 2.5% cyclohexane). A
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representative image of the cellular expression of

phase III transporter ABCG2 is shown (Fig. 5a).

Figure 5b shows the result obtained for the efflux

transporter ABCC1. Controls of both Cy3-conjugated

antibodies were negative, indicating the specificity of

the labelling (see supplementary Fig. 2).

Production of taurine-conjugated bile acids

The following taurine-conjugated bile acids were

detected in cell culture supernatants by LC–MS/MS

(Fig. 6): taurocholic acid (TCA), taurochenodeoxy-

cholic acid (TCDCA), taurodeoxycholic acid (TDCA)

and taurolithocholic acid (TLCA). Other bile acids

investigated were not detectable in cell culture

supernatants. In order to compare bile acid concen-

trations before and after cultivation data for both

groups have been included in Fig. 6. For reasons of

clarity, supplementary Fig. 3 presents the relative

concentrations (i.e. mean difference).

Discussion

We evaluated the drug metabolizing capacity of the

recently described bovine hepatocyte-derived cell line

BFH12. Our findings support the use of BFH12 as a

candidate for in vitro studies of bovine drug

metabolism. The cell line should be useful for

investigations from individual cytochromes and

Fig. 1 Detection of phase I, II and III enzymes/transporters by

reverse transcription (RT)-PCR. Representative image of genes

expressed in BFH12 cells of passage 20 (‘‘B’’), foetal bovine

hepatocytes (‘‘F’’) and adult liver tissue (‘‘A’’). Expression of

the following genes was analysed: Cytochrome P450 1A1

(CYP1A1), cytochrome P450 1A2 (CYP1A2), cytochrome

P450 2B6 (CYP2B6), cytochrome P450 2C19 (CYP2C19),

cytochrome P450 2E1 (CYP2E1), cytochrome P450 3A4

(CYP3A4), UDP glucuronosyltransferase 1 family polypeptide

A1 (UGT1A1), UDP glucuronosyltransferase 1 family

polypeptide A6 (UGT1A6), glutathione S-transferase M1

(GSTM1), P-glycoprotein (PGP), ATP-binding cassette sub-

family Gmember 2 (ABCG2), ATP-binding cassette sub-family

C member 1 (ABCC1), organic cation transporter 1 (OCT1),

organic anion-transporting polypeptide 1B3 (OATP1B3),

sodium-taurocholate cotransporting polypeptide (NTCP) and

b-actin (ACTB). ACTB served as loading control. Product sizes

were determined using a 100 bp DNA ladder (n = 2 per gene for

BFH12 cells and foetal hepatocytes, n = 1 for adult liver tissue

used as positive control)
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excretion processes to whole biotransformation path-

ways. Other in vitro models are available, e.g. primary

hepatocytes, which are the closest relation to the

in vivo situation but they tend to dedifferentiate into a

foetal state within few days of cultivation (Guguen-

Guillouzo et al. 1980; Nakamura et al. 1988) and also

after cryopreservation. Owing to their limited lifespan

they are not suitable for long-term studies (Swift et al.

2010). Liver microsomes on the other hand are used to

investigate phase I and, at least in part, UGT-mediated

metabolism, but a major downside is the artificial

character of this model. Liver microsomes lack a

plasma membrane, as well as intracellular control

mechanisms and metabolic exchange with other

subcellular organelles (Shull et al. 1987). Liver slices

retain the normal hepatic tissue structure, but not all

cells are fully preserved during preparation. The main

disadvantages of liver slices include inadequate pen-

etration of medium, short-term viability and the large

number of damaged cells with impaired biotransfor-

mation (Brandon et al. 2003). As a result of their short

longevity, liver slices are not suitable to investigate

poorly metabolised drugs (Sivapathasundaram et al.

2004). Therefore, it is helpful and appropriate to

establish a new cell line that allows reproducible

in vitro analysis and that can be used to investigate

different aspects of bovine biotransformation.

In order to gain a deeper understanding of the new

established bovine hepatocyte derived cell line

BFH12, its gene expression of phase I–II enzymes

and phase III efflux transporters was investigated:

Transcription of the most common phase I enzymes

CYP P450 isoforms 1A1, 1A2, 2B6, 2C19, 2E1 and

3A4 was assessed by RT-PCR. There is only little

information available on bovine CYPs compared to

respective CYPs of human or murine origin. There-

fore, CYPs were selected based on their orthology to

human CYPs (Ioannides 2006; Fink-Gremmels 2008;

Antonovic and Martinez 2011). A computer-based

orthology study found CYP3A28, CYP3A38 and

CYP3A48 (original nomenclature: CYP3A4,

Fig. 2 Effect of benzo[a]pyrene on cell viability. The MTT

assay was performed to assess the effect of BP on the viability of

BFH12 cells. Cell viability was determined measuring the

formazan production at a wavelength of 595 nm and calculated

as % viability compared to the control. The mean of the

absolute absorption value of the control cells was 1.176. Data

are shown as mean of eight technical replicates ± SD

Fig. 3 Induction of cytochrome P450 1A1 and 1A2 gene

expression by benzo[a]pyrene. Representative image of

CYP1A1 and 1A2 gene expression after induction (Ind.) with

10 lM benzo[a]pyrene. Product sizes were validated using a

100 bp DNA ladder (n = 2 per gene)

Fig. 4 Induction of cytochrome P450 1A activity by benzo[a]-

pyrene. Production of resorufin from 7-ethoxyresorufin (EROD)

was measured as fluorescence intensity and converted to

resorufin production per minute and mg protein (pmol/min/mg

protein) after an incubation time of 24 h. Asterisks indicate

significant differences between cells treated with BP and the

solvent control. (**p\ 0.01, ****p\ 0.0001; n = 12). No

significant differences were found between control and solvent
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CYP3A5, CYP3A4 (niphedipine oxidase)) to be the

most expressed enzymes (Zancanella et al. 2010). Our

gene expression analysis revealed that cytochromes

1A2, 2B6 and 2E1 are not expressed in BFH12. These

results are in line with those for primary foetal

hepatocytes and provide evidence for the foetal origin

Fig. 5 Immunofluorescence analysis of the phase III trans-

porters ABCG2 and ABCC1. Representative images of the

expression and localisation of ABC transporter G2 (ABCG2)

(a) and ATP-binding cassette sub-family C member 1(ABCC1)

(b). 9 400. Analysis was performed in two independent

experiments (n = 2)

Fig. 6 Determination of bile acid production in cell culture

supernatants by LC/MS–MS with data of concentrations present

in cell culture medium. Concentration of individual bile acids

present in cell culture medium supplemented with FBS and

amount of each bile acid (in lmol/L) after 7 days of cultivation

are shown. The bile acids measured were: Taurocholic acid

(TCA), taurochenodeoxycholic acid (TCDCA),

taurodeoxycholic acid (TDCA) and taurolithocholic acid

(TLCA), glycocholic acid (GCA), cholic acid (CA), glycochen-

odeoxycholic acid (GCDCA), chenodeoxycholic acid (CDCA),

glycodeoxycholic acid (GDCA), deoxycholic acid (DCA),

glycolithocholic acid (GLCA), lithocholic acid (LCA). Data

are presented as column scatter plots showing medians and

interquartile ranges

123

Cytotechnology (2019) 71:231–244 239



of BFH12. Foetal hepatocytes feature a different set of

enzymes compared to adult liver tissue, and therefore

have their own gene expression pattern (Lazaro et al.

2003; Deurholt et al. 2009; Zhou et al. 2014). CYP3A4

was expressed in BFH12, which is in accordance with

the findings for foetal cells. CYP1A1 and CYP2C19

gene levels were weakly expressed in BFH12 but

absent in foetal hepatocytes. It is possible that

chromosomal aberrations were induced during trans-

formation of the cells with SV40LTAg as described

previously (Sack 1981; Woodworth and Isom 1987;

Klocke et al. 2002; Priesner et al. 2004; Reid et al.

2009). These alterations may have led to a constitutive

expression of both CYPs. Since there is only little data

available on other bovine hepatocyte-derived cell

lines, we discuss our data in relation to data from other

species. For established hepatocyte-derived cell lines

from other species, different patterns of gene expres-

sion are observed. Cytochromes 3A4 and 2B6 were

found in a feeder-cell dependent bovine hepatocyte

line, but their expression could not be increased

(Talbot et al. 2015). A study investigating the CYP

system in the coronary arteries and the liver of cattle

found CYP 1A, 2B, 2C, 2D, 2E, 2 J, 3A, 4A

subfamilies to be present in the liver (Grasso et al.

2005). Immortalized cells of porcine origin only

express CYP1, CYP2 and CYP3 (Pan et al. 2010).

However, subfamilies have not been specified. A

subline of various transgenic mouse hepatocyte-

derived cell lines showed induction of CYP3A2,

1A1, 2B1 and presence of 2E1 (Klocke et al. 2002).

Human HepG2 cells express cytochromes 1A1, 2A6,

2D6 and 3A7 while BFH12 express CYPs 1A1, 1A2

and 3A4. Another cell line, HepaRG, features a

complete set of cytochromes, phase II enzymes and

transporters, but it is of human origin and requires a

time consuming and sophisticated cell culture protocol

(Kanebratt and Andersson 2008).

It is to be expected that there are significant

interspecies differences in CYP isoforms, given that

expression and induction of CYPs are species-specific.

Moreover, these differences are considered to be a

major cause of species differences in xenobiotic

metabolism. This implies that data from different

species are not directly comparable. Thus, it is

important to note that data from different species are

given here in order to provide an overview of available

information on the CYP profiles. The limited amount

of published data on bovine hepatocytes precludes a

thorough comparison with other species. In any case,

the differences in gene expression profiles should be

considered when choosing a cell line for toxicological

studies. The gene expression results were performed

using cells of passages 13–20 (see Fig. 1 and supple-

mentary Fig. 1). Comparing both figures, it is seen that

gene expression is fairly stable over time. However,

few differences were observed between passages,

which have been described above (see ‘‘Gene expres-

sion of drug metabolising enzymes and efflux trans-

porters’’ section). These differences may be related to

small genetic differences between early and late

passage. However, expression of these genes close to

the detection limit of standard RT-PCR could be

another explanation. They may be regulated by cell

metabolism in our model and thus drop slightly above

or below the detection limit, depending on the given

replicate used for the RT-PCR. Small changes could

also be partly due to the limitations inherent to image

acquisition.

Besides the expression of phase I enzymes BFH12

also expresses phase II conjugation enzymes. These

included UGT1A1 (expressed in late passage cells)

and 1A6 which mediate the glucuronidation (Burchell

et al. 1991) and GSTM1 (glutathione conjugation).

These results indicate that BFH12 retains an enzy-

matic conjugation activity. However, this needs to be

confirmed using UGT-substrates to measure func-

tional activity. Gene expression analysis further

showed that BFH12 expresses phase III efflux trans-

porters, including ABCC1, ABCG2, PGP and, to a

lesser extent, NTCP. In contrast, OCT1 and OATP1B3

were not detected. The results are again largely

comparable to those of foetal cells. All six transporters

were expressed in adult hepatocytes.

The lack of the hepatic uptake transporters OCT1

(SLC22A1) and OATP1B3 (SLCO1B3), which are

found in hepatocytes forming the sinusoidal mem-

brane (Jonker and Schinkel 2004; Lee et al. 2008), is

consistent with the findings for primary foetal hepa-

tocytes. Further studies will show whether both

transporters can be induced or up-regulated using

inducers or an alternative culture format. In contrast to

the above-mentioned uptake transporters, the efflux

transporter PGP was expressed in BFH12. PGP is a

transporter for a wide range of structurally diverse

compounds, including anticancer agents, immunosup-

pressants, and steroid hormones. It is primarily found

on the canalicular surface of hepatocytes (Amin 2013).
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NTCP mRNA was also detected in BFH12, although

its expression was rather weak. NTCP is a sodium

cotransporter translocating taurocholate, bile salts,

sulfates and other molecules into the cell (Trauner and

Boyer 2003). NTCP might also be involved in the

transport of unconjugated bile acids into BFH12 for

subsequent conjugation. The similar expression pat-

tern of BFH12 and foetal cells emphasizes the

hepatocyte-like character of the cell line. Transporter

expression of BFH12 cells is largely in line with

findings in other cell lines. The human hepatoma cell

line HepG2 also secrets bile acids but does not express

OATs or OATPs, only MRPs and MDRs are present

(Cui et al. 2003). HPCT-1E3, which is a fusion cell

line of primary rat hepatocytes and Fao Reuber

hepatoma cells H35, possesses influx transporters

and ABCC1 (Halwachs 2005), a transporter also

present in BFH12 cells. As expected and reported in

the literature, all genes were present in fresh adult liver

tissue (Kanebratt and Andersson 2008).

In order to investigate the inducibility of CYP1A1

and 1A2 the cells were treated with BP for 24 h. There

was a slightly increased gene expression of CYP1A1

while CYP1A2 was detectable after inducer treatment.

Induction of bovine CYP1A was also shown previ-

ously (Darwish et al. 2010; Halwachs et al. 2013). The

results suggest that, despite the fact that foetal cells

have a reduced set of CYPs compared to adult primary

hepatocytes, CYP expression can be induced in

BFH12. The AhR pathway is likely to be involved in

this regulation (Talbot et al. 2015).

Concentration-dependent induction of CYP1A

activity, as demonstrated by EROD assay, is another

important feature of BFH12. Due to the limited

amount of data available, values obtained from

different cattle breeds and other species were also

discussed. The measured (basal) activity is compara-

ble to those observed for other hepatocyte-derived cell

lines such as HepG2 (0.9 ± 0.5) or Mz-Hep-1

(0.4 ± 0.3), but is lower than the value of 4.5 ± 2.0

for human hepatocytes, which was reported in a study

(Rodrı́guez-Antona et al. 2002). Depending on the

study and the inducers used, values can range from 5 to

130 (LeCluyse et al. 2000).

CYP1A activities of other species are in the range

of 1.9 ± 1.2 for pig hepatocytes to 6.0 ± 4.3 for rat

hepatocytes (Donato et al. 1999). Compared to

BFH12, bovine liver microsomes show considerably

higher specific activities with 337.1 ± 2.4 (Darwish

et al. 2010) or 323.5 ± 43.0 to 430.1 ± 59.3 depend-

ing on the cattle breed (Giantin et al. 2008). Other

studies report values of 400 ± 30 (Pegolo et al. 2010)

and 328 ± 28 (Sivapathasundaram et al. 2001),

respectively, for Charolais beef cattle liver micro-

somes. Data from measurements on subcellular frac-

tions obtained from bovine livers show CYP1A

activities of 354.1 ± 32.1 (Girolami et al. 2016).

In order to validate the results of the ABCC1 and

ABCG2 gene expression analysis, the protein expres-

sion levels of both transporters were further analyzed

by immunofluorescence staining. Both transporters

have a broad and, to some extent, overlapping

substrate specificity (Robey et al. 2007). The results

show that both efflux transporters were abundantly

expressed by BFH12. It has been reported that ABCG2

is mainly located at the apical membrane of polarised

cells and can be found in vivo in hepatocytes forming

bile canaliculi (Jani et al. 2014). The substrates of

ABCG2 comprise anticancer drugs, xenobiotics, tox-

ins, and antibiotics (Mo and Zhang 2012). In contrast,

ABCC1 is present in the basolateral membrane of

hepatocytes under physiological conditions (Bakos

and Homolya 2007). Substances transported by

ABCC1 include antivirals, toxicants, metalloids and

antibiotics (Deeley and Cole 2006).

Several taurine conjugated bile acids, which are

also produced by phase II enzymes, were actively

secreted by the cells. The demonstration of basic phase

II activity is an important function to study bovine

xenobiotic metabolism in vitro (Gusson et al. 2006).

Moreover, presence of bile acids reflects hepatic

function and emphasizes the hepatocyte-like character

of BFH12. The strong predominance of taurine

conjugated species is most likely due to a high

concentration of taurine in the FBS. In addition, those

species were already found in the culture medium

before cultivation (see Fig. 6). For HepG2 is has been

shown that mainly chenodeoxycholic acid and other

primary bile acids are produced by enzymatic conju-

gation (Javitt 1990), whereas taurine conjugation was

found in rat hepatocytes (Rembacz et al. 2010).

Our results suggest that BFH12 might be used for

toxicological and metabolic studies which require a

stable expression of distinct CYPs. The cell line

BFH12 shows some DME capacity and allows the

investigation of bovine biotransformation over a

prolonged time period although it is clearly more

foetal-like in characteristic.
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Conclusions

The new bovine hepatocyte cell line, BFH12,

expresses a range of phase I and II enzymes and

efflux transporters, and is responsive to CYP1A

induction by BP. It is also capable of taurine-

conjugation of bile acids. Our results support the use

of this cell line for in vitro investigations into the

metabolism and toxicity of chemicals relevant to

bovine exposure.
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