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Abstract
Most drugs and xenobiotics are metabolized in the liver. Amongst others, different cytochrome P450 (CYP) enzymes catalyze 
the metabolic conversion of foreign compounds, and various transport proteins are engaged in the excretion of metabolites 
from the hepatocytes. Inter-species and inter-individual differences in the hepatic levels and activities of drug-metabolizing 
enzymes and transporters result from genetic as well as from environmental factors, and play a decisive role in determining 
the pharmacokinetic properties of a compound in a given test system. To allow for a meaningful comparison of results from 
metabolism studies, it is, therefore, of utmost importance to know about the specific metabolic properties of the test systems, 
especially about the levels of metabolic enzymes such as the CYPs. Using a targeted proteomics approach, we, therefore, 
compared the hepatic levels of important CYP enzymes and transporters in different experimental systems in vivo and 
in vitro, namely Wistar rats, C57/Bl6 mice, mice humanized for the two xeno-sensing receptors PXR (pregnane-X-receptor) 
and CAR (constitutive androstane receptor), mice with human hepatocyte-repopulated livers, human HepaRG hepatocar-
cinoma cells, primary human hepatocytes, and human liver biopsies. In addition, the effects of xenobiotic inducers of drug 
metabolism on CYP enzymes and transporters were analyzed in selected systems. This study for the first time presents a 
comprehensive overview of similarities and differences in important drug metabolism-related proteins among the different 
experimental models.

Keywords ABC transporter · Azole fungicides · Cytochrome P450 · Hepatocytes · Humanized mouse models · Nuclear 
receptors · SLC transporter · TXP · Xenobiotic metabolism

Abbreviations
ABC  ATP-binding cassette
AHR  Aryl hydrocarbon receptor
CAR   Constitutive androstane receptor
CYP  Cytochrome P450
DMSO  Dimethyl sulfoxide

FCS  Fetal calf serum
LLOQ  Lower limit of quantification
MDR  Multi-drug resistance protein
MRP  Multi-drug resistance-associated protein
NOAEL  No observed adverse effect level
NTCP  Na+/taurocholate co-transporting peptide
PXR  Pregnane-X-receptor
SLC  Solute carrier
TXP  Triple-X-proteomics

Introduction

Induction of xenobiotic metabolism in mammalian liver is 
regulated by a set of nuclear receptors among which the 
aryl hydrocarbon receptor (AHR), the constitutive andros-
tane receptor (CAR) and the pregnane-X-receptor (PXR) 
are the most prominent ones, as for example reviewed by 
Honkakoski and Negishi (2000), Kobayashi et al. (2015), 
and Kohle and Bock (2007). The receptors are activated 
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following exposure to xenobiotics and subsequently induce 
the expression of several xenobiotic metabolism-related 
genes, e.g., encoding metabolic enzymes such as cytochrome 
P450 (CYP) enzymes or transporters capable of exporting 
xenobiotic substances from cells. Significant inter-species 
differences exist with respect to receptor activation and 
enzyme inducibility by chemical compounds, which have 
to be analyzed in a case-by-case manner to reach sound con-
clusions on the human relevance of toxic effects observed 
in the rodent species generally used in the risk assessment 
of chemicals. While comparative gene expression arrays are 
one tool to obtain information on species-specific induc-
tion of CYP and transporter genes, new targeted proteomics 
approaches like triple-X-proteomics (TXP) allow for a com-
prehensive and rapid analysis of specific nuclear receptor 
targets such as CYPs and transporters at the protein level.

In mammals, CYPs are located at the cytosolic side of 
the endoplasmic reticulum and the inner membrane of the 
mitochondria and serve two major functions (Williams et al. 
2000). While many CYPs are part of the biosynthesis and 
metabolism of endogenous substances such as hormones, 
bile acids and vitamins, the CYP family 1, 2 and 3 mem-
bers constitute major players in the oxidative metabolism of 
xenobiotics (Martignoni et al. 2006; Williams et al. 2000). 
The CYP1A subfamily consists of two highly conserved 
proteins in human, mouse and rat. CYP1A1 and CYP1A2 
recognize planar compounds such as polycyclic aromatic 
hydrocarbons and arylamines as substrates. The CYP2A sub-
family includes three human, three rattine and four murine 
isoforms. Even though CYPs are classified across species, 
minor differences in the amino acid sequence of the protein 
may lead to drastic changes in substrate specificity and cata-
lytic activity. The rodent CYP2A isoforms, for example, cat-
alyze the hydroxylation of steroids, while human CYP2A6 
oxidizes substances such as aflatoxin B1 and nicotine, and 
shows a great substrate overlap with CYP2E1. CYP2C is the 
most diverse subfamily harboring four human, seven rattine 
and nine murine enzymes. As for CYP2A, the substrate spe-
cificities differ greatly between human and rodent CYP2C 
isoforms. In addition, the expression of some isoforms is 
gender dependent in adult rats, e.g., the female- and male-
specific isoforms CYP2C12 and Cyp2C13 (Martignoni et al. 
2006). The subfamily CYP3A recognizes a very broad range 
of substrates and is, therefore, very important in drug and 
xenobiotic metabolism. Humans express four and rats and 
mice each express six CYP3A isoforms (Martignoni et al. 
2006). It was estimated that together, CYPs are involved in 
the metabolism of 70–80% of all clinically used drugs (Sut-
ton et al. 2010).

Even if the enzymes themselves are conserved, their 
inducibility by different receptors and across different spe-
cies is not [e.g., see Graham and Lake (2008) and Karpen 
(2002)]. Significant species differences are especially 

discussed for inducers of CAR (Braeuning and Schwarz 
2016; Elcombe et al. 2014). To facilitate regulatory deci-
sions on human relevance methods are required that are 
capable of quantifying the response of nuclear receptor 
inducers across different species and test systems in a 
robust and reliable manner.

There are several forms of transport proteins in mam-
mals. With respect to xenobiotic metabolism, a group of 
active transporters containing an ATP-binding cassette 
(ABC), thus named ABC transporters, are most promi-
nent (Wilkens 2015). In addition, also solute carrier pro-
teins (SLC) play an important role as molecules facilitat-
ing non-active transport through cellular membranes (Lin 
et al. 2015). These transporters, like the CYPs, have a 
broad substrate specificity and are grouped into distinct 
families. In addition, similar to the CYPs, transcriptional 
induction of transporters by nuclear receptors such as 
AHR, CAR or PXR is a well-known phenomenon that may 
also differ between the species (Scotto 2003).

Azole fungicides are widely used in agriculture and 
in human and veterinary medicine to treat a broad spec-
trum of fungal disease. From a mechanistic perspective, 
these substances are designed to inhibit fungal CYP51 
(lanosterol-14α-demethylase) to block cell membrane syn-
thesis (Georgopapadakou 1998). As a side effect, they may 
inhibit mammalian CYP enzymes in an unspecific manner, 
but they are also activators of hepatic nuclear receptors 
such as CAR, PXR and AHR (Marx-Stoelting et al. 2020). 
Azole-induced liver effects may exhibit significant species 
differences: For example, Rieke et al. (2017) showed that 
hepatic responses to the azole fungicide cyproconazole 
were remarkably less pronounced in mice with humanized 
CAR and PXR as compared to wild-type controls, suggest-
ing that the compound was not able to stimulate the recep-
tors from the two species to a comparable degree. Since 
the ability of some azoles to activate nuclear receptors 
significantly differs between species [for review see Marx-
Stoelting et al. (2020)], this group of compounds was cho-
sen as CYP and transporter inducers in test systems of dif-
ferent origin in the present study. As test systems, human 
in vitro models (liver biopsies, primary hepatocytes, and 
HepaRG hepatocarcinoma cells), wild-type mouse and rat 
liver, a CAR/PXR-humanized mouse model as well as a 
mouse model with human hepatocyte-repopulated livers 
were chosen to cover a broad spectrum from laboratory 
animals to human material. Protein expression of impor-
tant CYPs and transporters was quantified using mass 
spectrometry in combination with peptide group-specific 
enrichment and motif-specific antibodies (TXP antibod-
ies) (Poetz et al. 2009; Weiss et al. 2018). The use of 
these antibodies enables a fast and reliable quantification 
of closely related CYP isoforms and transporters at the 
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protein level. This study shows the ability to apply these 
antibodies in cross-species analyses.

Materials and methods

Test compounds and animal diet formulation

Technical grade compounds (i.e., identical quality and 
purity as used in plant protection products) were obtained 
directly from the producing companies: cyproconazole 
(CAS no. 94361-06-9, Batch no. CHF1E00042, Purity 
96.8%) was purchased from Syngenta (Basel, Switzerland) 
and prochloraz (CAS no. 67747-09-5, Batch no. COD-
000718, Purity 98.0%) was supplied by BASF (Ludwig-
shafen, Germany). For animal studies, compounds were 
mixed into phytoestrogen-free standard rodent chow 
(R/M-H V155; Ssniff, Soest, Germany) using a solvent-
free procedure (Schmidt et al. 2016). Concentration and 
stability of test substances in the rodent diet was checked 
as described previously (Heise et al. 2015). Accordingly, 
the control diet was checked for the absence of pesticides, 
especially triazole fungicides, to ensure the quality of the 
negative control (Schmidt et al. 2016). Dose selection 
was based on the no adverse effect levels (NOAELs) of 
regulatory studies available from the approval procedures 
of the individual active substances, as detailed previ-
ously (Schmidt et al. 2016). Doses were chosen to equal 
daily ingestion of an amount of the respective test com-
pound around the NOAELs (rat: 6.4 mg/kg body weight/
day cyproconazole, 6 mg/kg body weight/day prochloraz; 
mouse: 2.2 mg/kg body weight/day cyproconazole, 6 mg/
kg body weight/day prochloraz), or around ten times the 
NOAEL (EFSA 2010; EFSA 2011). For in vitro experi-
ments, the test compounds were dissolved in dimethyl 
sulfoxide (DMSO).

Tissue samples

Liver tissue samples of rats, mice, and CAR/PXR-human-
ized mice were available from previously published studies 
(Heise et al. 2015; Marx-Stoelting et al. 2017; Schmidt 
et al. 2016). For experimental details, please refer to the 
latter publications. In brief, healthy 9-week-old male 
Wistar rats (Crl/Wi background; Charles River, Sulzfeld, 
Germany) received either standard diet or one of the test 
substance-containing diets and filtered tap water ad libi-
tum for 28 days. Similarly, 8-week-old male wild-type 
mice, as well as transgenic mice with humanized CAR  and 
PXR (C57/Bl6 background; Taconic, Cologne, Germany), 
received either standard diet or one of the test substance-
containing diets for 28 days. Group size was n = 5 animals 

per group in both studies, with the exception of the vehi-
cle control group for which samples from n = 10 animals 
were available; for test diet formulation please refer to the 
above paragraph. Animals were checked daily for clini-
cal signs and mortality. Animals were euthanized after 
28 days of treatment. Directly after isolation, livers were 
frozen on dry ice for subsequent molecular analysis. The 
experiments were conducted with males only, since they 
were slightly more sensitive according to previous studies 
from the approval procedures for the respective fungicides.

Samples from male mice with humanized livers were 
available from Yecuris corporation (Tualatin, Oregon, USA). 
The immunodeficient, so-called “FRG-KO” mice are defi-
cient in the tyrosine catabolic enzyme fumarylacetoacetate 
hydrolase, and their livers can be used for repopulation by 
human hepatocytes (Azuma et al. 2007). According to infor-
mation from Yecuris, the livers displayed levels of > 90% 
humanization by hepatocytes from donor HHF13023 (donor 
1), a 13-year-old female Caucasian. Liver samples from 
eight mice were frozen on dry ice for subsequent molecular 
analysis immediately after killing.

Fresh frozen primary human hepatocytes from three 
donors (donors 2–4) were obtained from HTCR Services 
GmbH (Planegg/Martinsried, Germany). Cells from donors 
A927869, A403202 and A256912 (one male and two female, 
30–79 years) were thawed and directly prepared for analysis 
without cultivation or treatment. Analyses with human pri-
mary hepatocytes were performed in technical triplicates. 
In addition, five human liver biopsies, which have already 
been analyzed and published previously, are included for 
comparison (donors 5–9). For experimental details, please 
see Weiss et al. (2018).

In vitro samples

Undifferentiated HepaRG cells were obtained from Bio-
predic International (Saint Grégoire, France). The cells were 
grown at 37 °C in a humidified atmosphere with 5%  CO2 in 
10-cm-diameter cell culture plates. Initial 2 weeks of culti-
vation in William’s E medium (Pan-Biotech GmbH, Aid-
enbach, Germany) containing 10% fetal calf serum (FCS) 
(PAN-Biotech GmbH, Aidenbach, Germany), 100 U/mL 
penicillin, 100 µg/mL streptomycin, 0.05% human insu-
lin (all from PAA Laboratories GmbH, Pasching, Austria) 
and 50 µM hydrocortisone-hemisuccinate (Sigma-Aldrich, 
Taufkirchen, Germany) were followed by a 2-week differ-
entiation phase. The differentiation medium contained 1.0% 
DMSO (days 1–3) and later 1.7% DMSO (days 4–14), in 
addition to the aforementioned supplements (Gripon et al. 
2002; Luckert et al. 2018). Treatment of HepaRG cells with 
cyproconazole or prochloraz was then performed for 24 h in 
phenol red-free William’s E medium (Pan-Biotech GmbH, 
Aidenbach, Germany) which contained all ingredients as 
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the differentiation medium including a final DMSO con-
centration of 1.7%, but only 2% FCS. Afterwards, cells were 
washed twice with phosphate-buffered saline and were sub-
sequently scraped off the plates in 1 mL lysis buffer. The 
absence of cytotoxicity of the chosen concentrations had 
been checked prior to the analyses using the WST-1 cell 
viability assay in 96-well format according to Knebel et al. 
(2018b) (data not shown). Experiments were conducted 
with n = 8 (solvent control) or n = 4 (treatment) samples per 
condition.

Sample preparation

Tissue was homogenized using a ball mill (Micro-dismem-
brator S, Sartorius, Göttingen). Subsequently, lysis buffer 
[1% NP-40 (Thermo Scientific, Waltham, USA), 0.01% 
sodium dodecyl sulfate (Thermo Scientific, Waltham, USA), 
0.15 M sodium chloride (Merck, Darmstadt, Germany), 
0.01 M di-sodium hydrogen phosphate (Merck, Darmstadt, 
Germany), 2 mM ethylenediamine-tetraacetic acid (Merck, 
Darmstadt, Germany) and 2.5 units/mL benzonase (Burl-
ington, Massachusetts, USA)] were added. Primary human 
hepatocytes were thawed, medium was removed and lysis 
buffer added to the cell pellet. In case of in vitro samples, 
cells were washed twice with phosphate-buffered saline and 
were subsequently scraped off the plates in lysis buffer. All 
sample types were incubated for 1 h at room temperature 
under continuous rotation. Debris was precipitated by cen-
trifugation and protein concentration in the supernatant was 
determined via the Pierce BCA Assay Protein Kit (Thermo 
Scientific, Waltham, USA). Samples were diluted [50 mM 
triethanolamine (Carl Roth, Karlsruhe, Germany)], reduced 
with 5  mM tris(2-carboxyethyl)phosphine (Carl Roth, 
Karlsruhe, Germany) and denatured for 5 min at 99 °C. Sub-
sequently, the samples were alkylated with 10 mM iodoacet-
amide (Sigma-Aldrich, Taufkirchen, Germany) and enzy-
matically digested for 16 h at 37 °C using trypsin (Pierce 
Trypsin Protease, MS-grade; Thermo Scientific, Waltham, 
USA) in a 1:20 ratio. The reaction was terminated by heating 
(5 min at 99 °C) as well as by adding 200 mM phenylmethyl-
sulfonyl fluoride.

Protein quantification via the TXP methodology

CYP enzyme and transporter expression levels were deter-
mined using the previously described TXP methodology 
(Wegler et al. 2017; Weiss et al. 2018): digest aliquots 
(10–50 µg protein) were mixed with stable isotope-labeled 
peptides (customized produced by Intavis, Tübingen, Ger-
many) as internal standards and TXP antibodies (custom-
ized produced by Pineda, Berlin, Germany) and incubated 
for 1 h. The peptide–antibody complexes were precipi-
tated and washed using protein G-coated magnetic beads 

(Thermo Scientific, Waltham, USA) and an automated 
magnetic particle processor (King Fisher; Thermo Sci-
entific, Waltham, USA). Peptides were eluted using 1% 
formic acid (Thermo Scientific, Waltham, USA). Subse-
quently, the peptides were quantified using the previously 
described LC–MS methods (UltiMate 3000 RSLCnano 
and tSIM-QExactive Plus; Thermo Scientific, Waltham, 
USA) (Weiss et al. 2018). Raw data were processed using 
Pinpoint 1.4 (Thermo Scientific, Waltham, USA) and the 
Skyline software (MACOSS Lab, Department of Genome 
Sciences, University of Washington, Seattle, USA). Pep-
tide amounts were calculated by the peak ratios of the 
endogenous peptides and the isotope-labeled standards. 
Mean, standard deviation, coefficient of variation and fold 
change to control were calculated. In case samples were 
below the lower limit of quantification (LLOQ), 0.5 LLOQ 
was used for the calculations.

Results

This study was aimed at comparatively analyzing the hepatic 
levels of a selection of CYP enzymes and transporters rel-
evant for drug and xenobiotic metabolism between different 
species, as well as between the in vitro and in vivo situa-
tion. For this purpose, the following experimental models 
were chosen, partially using archived tissue samples from 
previously published animal studies (Heise et al. 2015; 
Marx-Stoelting et al. 2017; Rieke et al. 2017; Schmidt et al. 
2016): (1) male Wistar rats, (2) male C57/Bl6 wild-type 
mice, (3) transgenic male CAR/PXR-humanized mice in 
C57/Bl6 background, (4) transgenic FRG-KO mice with liv-
ers repopulated by human hepatocytes, (5) cryopreserved 
human primary hepatocytes, and (6) differentiated human 
HepaRG hepatocarcinoma cells. In addition, data from 
human liver biopsies are presented. This selection covers the 
full spectrum of experimental systems by comprising classic 
rodent models, advanced transgenic mouse strains providing 
different degrees of humanization, and two in vitro models 
representing the most recognized gold standards for liver 
metabolism research in cell culture. In a first step, the basal 
abundance of CYPs and transport proteins was quantified 
using a targeted proteomics approach and compared to previ-
ously published data from human liver biopsies (Weiss et al. 
2018). The second part of the study consisted in an analysis 
of xenobiotic-induced alterations in selected models after 
exposure to two pesticidal active compounds, cyproconazole 
and prochloraz (see also the “Introduction” section). The 
full dataset is available as supplemental files (Supplemental 
Tables S3–S9). The selection of direct orthologs was pos-
sible in some cases (e.g., CYP2E1 present in all species 
and models analyzed), but not for other CYPs, where no 
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direct orthologs are expressed in the selected species. Here, 
closely related, well-analyzed and important members of 
the respective CYP subfamilies were chosen (Table 1; see 
Supplemental Table S2 for more details).

Inter‑species and inter‑model comparison of CYP 
enzyme contents

CYP1A1 and CYP1A2 are present in different species and 
were thus selected to be monitored as members of the CYP1 
subfamily (Fig. 1). As CYP1A TXP assays were only avail-
able for rat and human proteins, no data from wild-type or 
CAR/PXR-humanized mice were available. Rats exhibited 
very low basal hepatic CYP1A1 levels of about 0.05 fmol/
µg protein and substantially higher levels of 1.3 fmol/µg pro-
tein CYP1A2. In case of fresh human primary hepatocytes 
and human liver biopsies, three and five donors were ana-
lyzed separately, respectively. As the rats, the human sam-
ples contained substantially lower levels of CYP1A1 than 
CYP1A2 (0.01–0.3 fmol/µg and 2–9 fmol/µg, respectively). 
Human hepatocytes in vivo in repopulated FRG-KO mice 
only contained traces of CYP1A1 below the LLOQ, while 
the CYP1A2 content of 2.1 fmol/µg was almost identical 
to freshly isolated primary hepatocytes. While similarly 
containing only traces of CYP1A1, differentiated HepaRG 
hepatocarcinoma cells contained substantially less CYP1A2 
than their primary counterparts did, only 0.15 fmol/µg.

From the CYP2B subfamily, CYP2B1/2 (rat), CYP2B10 
(mouse) and CYP2B6 (human) were analyzed as the most 
prominent CYP2B members (Fig. 2). A very low basal 

CYP2B expression was common to most models. CYP2B1/2 
in rats, CYP2B10 in wild-type mice and CYP2B6 in 
 HepaRG cells were below 0.2 fmol/µg, while CAR/PXR-
humanized mice, human hepatocyte-repopulated FRG-KO 
mice and human liver biopsies revealed slightly higher 

Table 1  Selected orthologous CYP proteins in human, rat and mouse

Proteins in brackets: not measured in this work (no assays available)

Human Rat Mouse

CYP1A1 CYP1A1 (CYP1A1)
CYP1A2 CYP1A2 (CYP1A2)
CYP2B6 CYP2B1 and CYP2B2 CYP2B10
CYP2C8 CYP2C11 CYP2C29
CYP2C9 CYP2C12 CYP2C38
CYP2C19 CYP2C13 CYP2C39

CYP2C55 CYP2C55
CYP2D6 CYP2D3 CYP2D9

CYP2D10
CYP2E1 CYP2E1 CYP2E1
CYP3A4 CYP3A9
CYP3A5 CYP3A18 CYP3A25
ABCB1 ABCB1a ABCB1a
ABCB11 ABCB11 ABCB11
ABCC2 ABCC2 ABCC2
ABCC3 ABCC3 ABCC3
SLC10A1 SLC10A1 SLC10A1
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Fig. 1  Quantification of CYP1A subfamily enzymes in different 
model systems. a Basal levels as well as induction by cyproconazole 
and prochloraz were analyzed in the following systems (from top to 
bottom): rat 28-day study (vehicle control n = 10; treatment n = 5) 
and human HepaRG hepatoma cells (solvent control n = 8, treatment 
n = 4). No CYP1A assays were available for mouse tissue. For details 
on dosing and in vitro concentrations, please refer to the “Materials 
and methods”  section. b In addition, the basal protein levels were 
analyzed in following systems: FRG-KO mice repopulated with 
human hepatocytes (n = 8), primary human hepatocytes (three donors 
shown individually, each measured in three technical replicates), and 
human liver biopsies (five donors shown individually, each measured 
in three technical replicates). Mean + SD are shown as absolute val-
ues (fmol/µg total protein in the lysate). The squared box indicates 0.5 
LLOQ
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CYP2B levels (0.74 fmol/µg CYP2B10, and 0.45 fmol/
µg CYP2B6 and 0.3–1.3 fmol/µg, respectively). CYP2B6 
content ranged from 1.5 to 23 fmol/µg in primary human 
hepatocytes.

From the plethora of available CYP2C isoforms in the 
different species, CYP2C11, CYP2C12, CYP2C13 and 
CYP2C55 (rat), CYP2C29, CYP2C38, CYP2C39, and 
CYP2C55 (mouse), and CYP2C8, CYP2C9, and CYP2C19 
(human) were chosen (Fig. 2). In rats, the most abundant 
CYP2C isoform tested was CYP2C11 with 58 fmol/µg, 
whereas the other isoforms were present at much lower 
levels (0.01–3 fmol/µg). Mouse CYP2C levels appeared 
somewhat lower with 8 fmol/µg CYP2C29 and CYP2C38, 
CYP2C39 as well as CYP2C55 below 0.2 fmol/µg. With 
humanized CAR and PXR, levels of CYP2C29 were sub-
stantially increased to 24 fmol/µg, whereas the levels of 
CYP2C38, CYP2C39 and CYP2C55 remained low. Among 
the analyzed CYP2C subfamily members in the human mod-
els, CYP2C9 was most abundant and CYP2C19 levels were 
substantially lower, while the relative CYP2C8 content var-
ied between the models: in human hepatocyte-repopulated 
livers from FRG-KO mice, CYP2C8 and CYP2C9 were 
detectable at similar levels (~ 17 fmol/µg), while CYP2C19 
was clearly lower at 1.6 fmol/µg. In primary human hepato-
cytes and liver biopsies, on the other hand, CYP2C8 abun-
dance was in between CYP2C9 and CYP2C19 (10–23 fmol/
µg and 5–8 fmol/µg CYP2C8, 32–49 fmol/µg and 9–19 
fmol/µg CYP2C9, as well as 2.5–7 fmol/µg and < 3 fmol/
µg CYP2C19, respectively). In contrast, the CYP2C con-
tent was substantially lower in HepaRG than in the other 
human models (3 fmol/µg CYP2C9). In addition, it was the 
only model, in which CYP2C8 abundance was lower than 
CYP2C19 (0.6 and 1.3 fmol/µg, respectively).

From the CYP2D subfamily, CYP2D3 (rat), CYP2D9 
and CYP2D10 (mouse), as well as CYP2D6 (human) were 
studied (Fig. 3). Rat CYP2D3 levels were at 11.1 fmol/µg. 
Levels of CYP2D9 and CYP2D10 were similar in wild-
type mice, and there was no substantial difference to mice 
expressing human CAR and PXR (17–23 fmol/µg). Human 
primary hepatocytes and liver biopsies displayed levels 

of 5–9 fmol/µg and 0.6–8 fmol/µg CYP2D6, respectively, 
which was comparable to the 5.25 fmol/µg of the enzyme 
observed in human hepatocyte-repopulated FRG-KO mice. 
CYP2D6 was below the LLOQ in HepaRG cells.

CYP2E1 as the only member of the CYP2E subfamily 
and expressed in all species and models was also analyzed 
(Fig. 3). We observed abundant expression in rats (5.9 fmol/
µg), wild-type mice (33 fmol/µg), CAR/PXR-humanized 
mice (42 fmol/µg), repopulated livers of FRG-KO mice (3.2 
fmol/µg), primary human hepatocytes (5–15 fmol/µg) and 
human liver biopsies (2.6–4.6 fmol/µg). Levels of human 
CYP2E1 in HepaRG cells were the lowest (0.44 fmol/µg).

Finally, expression of the CYP3A subfamily members 
CYP3A9 and CYP3A18 (rat), CYP3A25 (mouse), and 
CYP3A4 and CYP3A5 (human) were assessed (Fig. 4). 
The levels of CYP3A enzymes were rather moderate in rats 
(< 1 fmol/µg). Wild-type mice and mice with expression 
of human CAR and PXR displayed a similar low expres-
sion of CYP3A25. By contrast, CYP3A subfamily mem-
ber expression in primary human hepatocytes was 30–90 
fmol/µg CYP3A4 and 0.3–0.6 fmol/µg CYP3A5, whereas 
the abundance of CYP3A4 was substantially lower in 
liver biopsies (2–7.9 fmol/µg) and comparable in case of 
CYP3A5 (0.2–3 fmol/µg). The abundance of both proteins 
was substantially lower in human hepatocyte-repopulated 
FRG-KO livers, which displayed only 3.6 fmol/µg CYP3A4 
along with CYP3A5 levels below the LLOQ. HepaRG cells 
showed CYP3A expression comparable to the aforemen-
tioned liver biopsies.

Inter‑species and inter‑model comparison 
of transport protein contents

Four ABC family transporters [ABCB1, also known as 
multi-drug resistance protein (MDR1); ABCB1a meas-
ured in rats and mice, ABCB1 measured in human cells], 
ABCB11 (bile salt export pump, BSEP), ABCC2 (multi-
drug resistance-associated protein 2, MRP2), ABCC3 
(multi-drug resistance-associated protein 3, MRP3) and 
the SLC class transporter SLC10A1  (Na+/taurocholate co-
transporting peptide, NTCP) were selected for comparative 
analysis (Fig. 5). With the exception of ABCC2 and ABCC3, 
all proteins could be assessed in all species and models of 
interest. In case of ABCC2, no mouse assay was available, 
whereas ABCC2 and ABCC3 were not part of the previously 
published study analyzing liver biopsies.

ABCB1a levels were low in rats, in wild-type mice, as 
well as in mice with humanized CAR and PXR (< 0.02 fmol/
µg). In the different human systems, levels were compara-
ble in primary human hepatocytes (0.1–0.4 fmol/µg), liver 
biopsies (0.08–0.16 fmol/µg), the humanized FRG-KO livers 
(0.4 fmol/µg) and in HepaRG cells (0.59 fmol/µg). ABCB11 
levels between 0.8 and 1.5 fmol/µg were common to most 

Fig. 2  Quantification of CYP2B and CYP2C subfamily enzymes 
in different model systems. a Basal levels as well as induction by 
cyproconazole and prochloraz were analyzed in the following sys-
tems (from top to bottom): rat 28-days study (vehicle control n = 10; 
treatment n = 5) and human HepaRG hepatoma cells (solvent control 
n = 8, treatment n = 4). For details on dosing and in vitro concentra-
tions, please refer to the “Materials and methods” section. b In addi-
tion, the basal protein levels were analyzed in following systems: 
FRG-KO mice repopulated with human hepatocytes (n = 8), primary 
human hepatocytes (three donors shown individually, each measured 
in three technical replicates), and human liver biopsies (five donors 
shown individually, each measured in three technical replicates). 
Mean + SD are shown as absolute values (fmol/µg total protein in the 
lysate). The squared box indicates 0.5 LLOQ

◂
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models. By contrast, the level of ABCB11 protein was 
between 0.2 and 0.3 fmol/µg and below the LLOQ in liver 
biopsies and HepaRG cells, respectively. A quite similar pic-
ture was obtained for ABCC2, where the level of 2.8 fmol/µg 
in rats was not much different from 1.1 to 2.4 fmol/µg in pri-
mary hepatocytes. In case of human hepatocyte-repopulated 

FRG-KO mice and HepaRG cells, the expression was some-
what lower (0.65 fmol/µg and 0.86 fmol/µg, respectively). 
In case of ABCC3, the rodent models showed the lowest 
protein abundance (0.08 fmol/µg in rats and 0.13 fmol/µg 
wild-type mice). Protein abundance was approximately 
threefold higher in livers of CAR/PXR-humanized mice 

Fig. 3  Quantification of CYP2D 
and CYP2E subfamily enzymes 
in different model systems. a 
Basal levels as well as induction 
by cyproconazole and prochlo-
raz were analyzed in the follow-
ing systems (from top to bot-
tom): rat 28-days study (vehicle 
control n = 10; treatment n = 5) 
and human HepaRG hepatoma 
cells (solvent control n = 8, 
treatment n = 4). For details on 
dosing and in vitro concentra-
tions, please refer to the “Mate-
rials and methods” section. b In 
addition, the basal protein levels 
were analyzed in following 
systems: FRG-KO mice repopu-
lated with human hepatocytes 
(n = 8), primary human hepato-
cytes (three donors shown 
individually, each measured 
in three technical replicates), 
and human liver biopsies (five 
donors shown individually, 
each measured in three techni-
cal replicates). Mean + SD are 
shown as absolute values (fmol/
µg total protein in the lysate). 
The squared box indicates 0.5 
LLOQ
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and FRG-KO mice (0.31 fmol/µg and 0.36 fmol/µg, respec-
tively). ABCC3 levels in primary human hepatocytes varied 
fourfold (0.1–0.42 fmol/µg) and were thus in the range of the 
other models. By contrast, HepaRG cells possessed 1 fmol/
µg of ABCC3 protein.

The solute carrier SLC10A1 was present at the highest 
levels in the mouse models: 19 fmol/µg in wild-type mice and 
22 fmol/µg in mice with humanized CAR and PXR. In rats, 
a medium protein abundance of 1.7 fmol/µg was detected. 
Expression in the different human models was much lower: 
The level of 0.5–0.9 fmol/µg SLC10A1 was detected in pri-
mary human hepatocytes, while 0.16–0.27 fmol/µg and 0.18 
fmol/µg were detected in liver biopsies and human hepato-
cyte-repopulated livers, respectively. HepaRG cells possessed 
the lowest levels of the transporter, namely 0.10 fmol/µg. 
Please note that the SLC10A1 assay simultaneously detects 
both, human and mouse SLC10A1 in the human hepatocyte-
repopulated FRG-KO mouse model and thus detects a sum 
signal of SLC10A1 from both species; this underlines the high 
repopulation rate with human hepatocytes in the FRG-KO 
model (0.18 fmol/µg vs. 19.21 fmol/µg in wild-type mice).

Fungicide effects on CYP enzyme contents 
in different model systems

For some, but not all of the model systems, samples treated 
with the two pesticidal active compounds cyproconazole 
and prochloraz at two different dose levels were available. 
Both affect the expression of drug-metabolizing enzymes 
by activating nuclear receptors (Marx-Stoelting et al. 2020). 
Cyproconazole preferentially activates CAR and PXR, 
while prochloraz also shows pronounced activity towards 
the AHR. The available samples allowed for a comparative 
analysis of CYP and transporter induction in rats, wild-
type mice, mice expressing human CAR and PXR, as well 
as in  HepaRG cells. The doses used in the in vivo experi-
ments were equivalent to the NOAEL and the tenfold of the 
NOAEL (see also Supplemental Table S1). In vitro concen-
trations were chosen to reflect the levels of the two com-
pounds reached in the liver after in vivo administration of 
the above doses as described elsewhere (Seeger et al. 2019).

Cyproconazole did not affect CYP1A1, and increased 
CYP1A2 protein levels by 2.52- and 3.91-fold in rats 
after administration of the low and high dose of the com-
pound, respectively (Fig. 1). In HepaRG cells, cyprocona-
zole caused a 2.34-fold increase of CYP1A1 with the high 

co
ntr

ol

cy
pro

 lo
w

cy
pro

 hi
gh

pro
cl 

low

pro
cl 

hig
h

co
ntr

ol

cy
pro

 lo
w

cy
pro

 hi
gh

pro
cl 

low

pro
cl 

hig
h

CYP3A9

0

1

2

3 CYP3A18

0

4

8

12

CYP3A25

0

2

4

6

0

0
1
2
3

CYP3A25

0

2

4

6

CYP3A4

0

15

30

60

120 CYP3A5

0.0

0.3

0.6

0.9

2

4

CYP3A4

0

15

30

60

120 CYP3A5

0.0

0.3

0.6

0.9

2

4

CYP3A4

0

15

30

60

120 CYP3A5

0.0

0.3

0.6

0.9

2

4

Am
ou

nt
 [f

m
ol

 / 
µg

 e
xt

ra
ct

ed
 p

ro
te

in
]

A

B

Am
ou

nt
 [f

m
ol

 / 
µg

 e
xt

ra
ct

ed
 p

ro
te

in
]

CYP3A4

0

15

30

60

120 CYP3A5

0.0

0.3

0.6

0.9

2

4

hCAR
hPXR

rat

wt mouse

humanized
mouse

re-populated 
FRG-KO mouse

HepaRG

primary human 
hepatocytes

human liver 
biopsy

donor 1      donor 1      

donors 2 - 4 donors 2 - 4

donors 5 - 9 donors 5 - 9
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compound concentration, while CYP1A2 induction was 
1.74- and 1.77-fold with the low and the high concentration 
of the compound, respectively. Prochloraz-induced CYP1A1 
in rats by 49-fold at the higher, 10 × NOAEL concentration, 
while CYP1A2 increases were 10- and 25-fold at the two 
dose levels, respectively. HepaRG cells responded to the 
lower prochloraz concentration with a 2.15-fold increase of 
CYP1A1 and a 1.41-fold increase of CYP1A2, whereas the 
higher concentration led to a 112-fold increase of CYP1A1 
and a 3.07-fold increase of CYP1A2. Despite the high fold 
changes in HepaRG cells, it needs to be noted that the maxi-
mum levels of the enzymes were still much lower as com-
pared to rat liver (2.18 fmol/µg CYP1A1 and 33 fmol/µg 
CYP1A2 in rats vs. 0.56 fmol/µg CYP1A1 and 0.47 fmol/
µg CYP1A2 in HepaRG).

In case of wild-type rats, CYP2B1/2 levels were dramati-
cally elevated by cyproconazole (44- and 548-fold at the low 
and high dose, respectively), while the effect of prochloraz 
was less pronounced (2.26- and 44-fold induction) (Fig. 2). 
In wild-type mice, the fold changes were 97- and 608-fold 
for CYP2B10 with the two cyproconazole doses. Prochloraz 
provoked 15- and 180-fold increases of CYP2B10. CAR/
PXR-humanized mice displayed a 4.7- and 47-fold induc-
tion of CYP2B10 by cyproconazole, and 1.7- and 7.1-fold 
induction of CYP2B10 by prochloraz. It should be noted that 
the comparison of fold changes alone might be somewhat 
misleading in case the basal levels of the enzyme of interest 
are at greater variance between the models, as for example 
the different CYP2B10 values in the wild-type and human-
ized mice. Nonetheless, the notable differences in the fold 
changes are congruent to differences in the total CYP2B10 
protein levels, which reach 128 fmol/µg CYP2B10 in wild-
type mice with the high dose of cyproconazole, but only 35 
fmol/µg in the humanized mouse strain treated with identical 
doses of the fungicide. CYP2B6 induction in HepaRG cells 
was similar with both compounds, namely 3.3- and 3.5-fold 
with cyproconazole and 4.4- and 6-fold with prochloraz. The 
maximum level of 0.61 fmol/µg CYP2B6 in HepaRG cells, 
obtained after treatment with the higher concentration of 
prochloraz, was about two orders of magnitude lower than 

the maximum CYP2B1/2 levels in rats (52 fmol/µg after 
high-dose cyproconazole treatment) and wild-type mice 
(128 fmol/µg, also after high-dose cyproconazole treatment).

Direct comparison of treatment effects on CYP2C iso-
forms is rather complicated due to the variety of different 
isoforms in the different species (Fig. 2). In rats, the levels of 
CYP2C11, the by far most abundant CYP2C isoform tested 
in this species, raised only moderately after treatment with 
the two fungicides (maximum 1.5-fold with the high dose 
of prochloraz). The only effect on CYP2C12 induction was 
observed with the high dose of prochloraz (3-fold); how-
ever, this effect appears questionable because of the high 
standard deviation of the value. CYP2C13 was induced by 
both compounds, with cyproconazole (4.4-fold and 6.4-fold) 
exerting more pronounced effects than prochloraz (1.9- and 
2.7-fold with the low and high dose, respectively). High 
numbers for fold induction were recorded for CYP2C55 with 
both test compounds (up to 586-fold with the high dose of 
cyproconazole). This high fold change values were primarily 
based on the very low basal CYP2C55 content in rat liver. 
In wild-type mice, the very low levels of CYP2C39 seemed 
to increase minimally with high-dose cyproconazole treat-
ment, similar to the observation in CAR/PXR-humanized 
mice. The also low level-expressed CYP2C38 was 6.68-fold 
induced by high-dose cyproconazole treatment in wild-
type mice, comparable to the 7.43-fold induction in mice 
expressing human CAR and PXR. Abundance of CYP2C55, 
expressed also at rather low basal levels in mice similar to 
rats, increased substantially after treatment of wild-type 
mice with the two dose levels of cyproconazole (29- and 
469-fold) and somewhat less pronounced after prochloraz 
treatment (3.8- and 35-fold). Here, the values for CAR/
PXR-humanized mice were considerably smaller with 3- 
and 22-fold increases caused by cyproconazole and 1.3- and 
3.2-fold increases caused by prochloraz. Accordingly, the 
maximum CYP2C55 levels in mice treated with the higher 
dose of cyproconazole were clearly different between the 
wild-type (86.6 fmol/µg) and CAR/PXR-humanized (9.6 
fmol/µg) mice. The most abundant of the analyzed CYP2C 
isoforms in wild-type mice, CYP2C29, increased after treat-
ment with cyproconazole (12.8-fold and 32-fold) as well 
as with prochloraz (4.6- and tenfold, respectively). These 
values were higher than in CAR/PXR-humanized mice 
(2.5- and 5.7-fold for cyproconazole and 1.3- and 2.2-fold 
for prochloraz, respectively). This discrepancy is based on 
two findings: first, the basal expression of CYP2C29 was 
substantially higher in mice with human CAR and PXR, as 
compared to wild-type mice (24 fmol/µg vs. 8 fmol/µg). Sec-
ond, the maximum CYP2C29 levels reached after induction 
were substantially higher in wild-type mice, as compared 
to the humanized group (256 fmol/µg vs. 138 fmol/µg with 
the high dose of cyproconazole, respectively). In HepaRG 

Fig. 5  Quantification of selected ABC transporters and SLC10A1 
in different model systems. a Basal levels as well as induction by 
cyproconazole and prochloraz were analyzed in the following sys-
tems (from top to bottom): rat 28-days study (vehicle control n = 10; 
treatment n = 5) and human HepaRG hepatoma cells (solvent control 
n = 8, treatment n = 4). For details on dosing and in vitro concentra-
tions, please refer to the “Materials and methods” section. b In addi-
tion, the basal protein levels were analyzed in following systems: 
FRG-KO mice repopulated with human hepatocytes (n = 8), primary 
human hepatocytes (three donors shown individually, each measured 
in three technical replicates), and human liver biopsies (five donors 
shown individually, each measured in three technical replicates).
Mean + SD are shown as absolute values (fmol/µg total protein in the 
lysate). The squared box indicates 0.5 LLOQ

◂
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cells, no induction of CYP2C8, CYP2C9 or CYP2C19 was 
observable.

CYP2D3 expression did not change upon cyprocona-
zole or prochloraz treatment (Fig. 3). Mouse CYP2D9 and 
CYP2D10 protein levels also remained rather unchanged 
by the two fungicides in mice with human CAR and PXR, 
whereas a modest increase (up to 1.98-fold after treatment 
with the high dose of prochloraz) was visible in wild-type 
mice. CYP2D6 expression, undetectable in HepaRG cells 
at basal levels, was also not detectable after treatment of 
cell cultures with cyproconazole or prochloraz. Effects of 
treatment on CYP2E1 levels could be analyzed in models 
representing all three species (Fig. 3). The levels of the pro-
tein did not change in a notable manner in rats. In wild-type 
mice, the expression of CYP2E1 dropped to 40% of the 
initial level after treatment with the higher dose of cypro-
conazole, whereas the other treatments did not exert pro-
nounced effects. CYP2E1 levels in CAR/PXR-humanized 
mice also decreased slightly following administration of 
cyproconazole (by 35% and 28%, respectively, at the low 
and high doses), but the effect was less pronounced and not 
dose-dependent. In HepaRG cells, CYP2E1 levels increased 
slightly with both treatments, but again without a clear 
dose-dependency.

Finally, levels of CYP3A isoforms were determined 
(Fig. 4). Rat CYP3A9 was moderately increased follow-
ing treatment of animals with both compounds (2- and 2.6-
fold with cyproconazole, 1.3- and 1.8-fold with prochloraz, 
at the low and high doses, respectively). This was similar 
to the observed induction of CYP3A18 (2.5- and 3.9-fold 
with cyproconazole, 1.5- and 1.6-fold with prochloraz). 
CYP3A25 expression in wild-type mice strongly rose fol-
lowing cyproconazole treatment (3.7- and 19-fold), while 
the effects obtained with prochloraz were much weaker (1.8-
fold and threefold). In mice with human CAR and PXR, 
the lower doses of both test compounds did not result in 
clear CYP3A enzyme induction, while the higher doses 
induced CYP3A25 by 5.3-fold (cyproconazole) and more 
moderately by 1.6-fold (prochloraz). The maximum induced 
values of the CYP3A isoforms were in a comparable range 
in all three rodent models (rat: 1.2 fmol/µg for CYP3A9 
and 4 fmol/µg for CYP3A18; wild-type mouse: 4.6 fmol/
µg for CYP3A25; CAR/PXR-humanized mouse: 3.4 fmol/
µg for CYP3A25; all measured after high-dose cyprocona-
zole treatment). The higher fold change values calculated 
for the receptor-humanized mouse model mainly result 
from the different basal CYP3A25 levels. In addition, in  
HepaRG cells, CYP3A induction was clearly visible:  
treatment with cyproconazole led to a 2.8-fold and 3-fold 
induction of CYP3A4 at the low and high concentration, while 
treatment with prochloraz was able to induce CYP3A4 protein 
levels by 2.8- and 4.9-fold at the respective concentrations.

Fungicide effects on transport protein contents 
in different model systems

Cyproconazole and prochloraz effects on different transport 
proteins were also studied (Fig. 5). Rat ABCB11, ABCC2 
and SLC10A1 were not responsive to the treatments in a 
notable manner. By contrast, rat ABCB1a was increased by 
cyproconazole (4.3- and 13.7-fold) and also by prochloraz 
(1.6- and 6.5-fold, respectively, with the low and high doses 
of the two compounds). ABCC3 induction was only seen 
after administration of high-dose cyproconazole (2.8-fold) 
or prochloraz (1.5-fold). In wild-type mice, ABCB11 expres-
sion was not substantially altered by the treatments. In addi-
tion, similar to the situation in rats, ABCB1a was inducible 
by high doses of cyproconazole (fivefold) and prochloraz 
(1.9-fold). Comparable values were obtained for ABCC3 
with maximum inductions of 4.6-fold (high-dose cypro-
conazole) and 2.7-fold (high-dose prochloraz). The expres-
sion of SLC10A1 was not changed with the exception of 
high-dose cyproconazole treatment, where a 58% loss of 
protein abundance was observed, comparable to the above-
mentioned reduction of CYP2E1 levels. Mice with human 
CAR and PXR did not show remarkably increased ABCB11, 
ABCC3 and SLC10A1 levels. The decrease of SLC10A1 
protein levels at high-dose cyproconazole was also visible in 
this mouse model, even though to a somewhat lesser extent 
than in wild-type mice (32% decrease vs. 58% decrease). 
ABCB1a was clearly affected by high-dose cyproconazole 
(4-fold increase) in CAR/PXR-humanized mice, whereas the 
effect of high-dose prochloraz was almost negligible (1.2-
fold increase). No notable changes were observed for the 
analyzed ABC transporters ABCB1, ABCC2 and ABCC3, 
as well as for SLC10A1 in HepaRG cells.

Discussion

In this paper, we present a comprehensive and compara-
tive cross-species overview of the expression of important 
drug-metabolizing CYP enzymes from the CYP families 
1–3, as well as of relevant drug and xenobiotic transporters. 
There are several in vitro and in vivo models which are used 
to predict toxicity and pharmacokinetics in man. Cell cul-
ture experiments are often used to examine specific aspects, 
such as protein induction or substrate transport across 
membranes. For more complex questions, animal models 
are utilized, of which rat and mouse are most common. In 
addition, humanized animal models, in which one or more 
proteins are replaced by the human variants due to genetic 
modifications, gain importance (Scheer and Wilson 2016; 
Scheer and Wolf 2014; Xie and Evans 2002). Recently, a 
mouse model has been published in which 33 murine CYPs 
as well as the receptors CAR and PXR were substituted by 
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the human receptors and CYPs (Henderson et al. 2019). A 
great challenge of these studies is to compare the results of 
the different models and to draw meaningful conclusions for 
pharmacokinetics or the toxicological outcome in humans 
(Bogaards et al. 2000). CYP enzymes are classified accord-
ing to their homology, and their expression levels and iso-
forms vary strongly between species. At the enzyme activ-
ity level, one amino acid exchange may alter the substrate 
specificity of the enzyme (Martignoni et al. 2006), further 
impeding direct comparability between the different species 
with their highly homologous but nonetheless often slightly 
different CYP enzymes or transport proteins. To the best of 
our knowledge, this is the first paper to compare the levels 
of individual CYP enzymes and transporters in a selection of 
experimental models ranging from classic laboratory rodents 
to advanced transgenic animals and gold-standard human 
liver primary cells and biopsies.

Antibody-based separation and quantification of CYPs 
and transport proteins, especially across species, by clas-
sic approaches such as Western blotting is difficult or even 
impossible, for example as a consequence of antibody cross-
reactivity with closely related isoforms, or due to a lack of 
appropriate external standards. The quantitative compari-
son of the inductive potential of foreign substances is made 
easier by TXP assays, which can be applied for several spe-
cies. They are based on the quantification of proteotypic 
peptides, which can be assigned uniquely to one protein in 
the species of interest. These peptides are enriched by TXP 
antibodies, which recognize four C-terminal amino acids. 
If the C-terminal sequence is conserved, the same antibody 
can be used to for several closely related isoforms (Planat-
scher et al. 2010; Weiss et al. 2015). This was for example 
the case for CYP2B6, CYP2C8 and CYP2E1 in human. In 
addition, the sequence was also conserved across species 
and the antibody could also be used to analyze four CYP2C 
isoforms in mouse, as well as CYP2B10 and CYP2C55 in 
rat. In case of CYP2C55, as well as CYP2E1, ABCB1a and 
ABCC3, not only the C-terminal sequence, but also the total 
peptide sequence is conserved between mice and rats allow-
ing quantification across species with the same assay.

It should be noted that some facts complicate direct com-
parisons between species and models. First, only for some 
CYPs direct orthologs are available in all three species stud-
ied. We, therefore, chose the approach of presenting data 
on, e.g., different CYP2C subfamily members from each 
species. Second, in a complex model such as the FRG-KO 
mice repopulated with human hepatocytes, individual TXP 
assays may not work because the used antibody recognizes 
not only the intended human CYP-derived peptide, but also 
peptide(s) originating from mouse proteins. Therefore, 
a very minor fraction of measurements could not deliver 
conclusive results. Third, the normalization of data is a 
critical step. We chose to refer to the total protein content 

of a sample as an objective and easily accessible parameter. 
Nonetheless, the values derived that way might deviate from 
the CYP or transporter content per hepatocyte, due to the 
fact that cell sizes are different among the models and also 
because in vivo additional protein is present in the analyses 
from extracellular matrix and non-parenchymal cells. How-
ever, the great heterogeneity of cell sizes and CYP content 
within a single liver [see review papers on hepatic zonation, 
e.g., Braeuning and Schwarz (2010), Gebhardt (1992), and 
Oinonen and Lindros (1998)] would make it unreliable to 
express the measured protein values per cell. Fourth, com-
parisons including primary human hepatocytes or models 
built upon these cells are always critical, because there is a 
great variance between individual donors, especially with 
respect to drug-metabolizing enzymes (Zanger et al. 2005; 
Zanger and Schwab 2013). We addressed this issue by ana-
lyzing primary hepatocytes from three different donors and 
presenting additional data on human liver biopsies of five 
donors (Weiss et al. 2018). Nevertheless, the values derived 
from biopsies, primary hepatocytes and from FRG-KO mice 
repopulated with human cells originating from one primary 
hepatocyte donor, should be considered exemplary values 
and not fixed numbers representative for primary human 
hepatocytes from other sources. Due to the above-mentioned 
variability of human-derived data and because of the dif-
ficulty of clearly assigning individual protein homologs 
between the species, we decided not to perform statistical 
testing, as the use of doing so would appear, if present at 
all, very limited.

However, there are several notable findings that are worth 
being discussed: CYP2B6, for example, was expressed at 
high levels in human primary hepatocytes, whereas the 
levels of CYP2B enzymes in all other models were con-
siderably lower. Such findings raise the general question 
of the transferability of results yielded with the different 
models or species when a specific enzyme (subfamily) is in 
the focus of a particular study. More interestingly, CYP2B6 
and especially CYP3A4 were highest in primary human 
hepatocytes, whereas the expression of the same enzymes 
in human hepatocytes in the livers of repopulated FRG-KO 
mice and human liver biopsies was much lower, close to the 
low levels of other CYP2B or CYP3A subfamily members 
in rats or wild-type mice. For many analytes, considerable 
differences were visible between HepaRG cells on the one 
hand, and human liver tissue, primary human hepatocytes 
and human hepatocytes growing within the FRG-KO livers 
on the other hand. In general, HepaRG cells contained lower 
levels of CYP enzymes and transporters than the cryopre-
served primary human hepatocytes. The effect was much 
more pronounced in the case of CYP enzymes. The only 
exception were ABCB1 and ABCC3, which were expressed 
at a similar level and 2.3-fold higher in HepaRG than in 
liver biopsies and primary human hepatocytes, respectively. 
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HepaRG cells are generally regarded to constitute a human 
hepatocyte model superior to other permanent hepatic cell 
lines. The present analysis nonetheless revealed also pro-
nounced differences between HepaRG and primary cells, 
suggesting that HepaRG might not be suited to entirely 
substitute primary cells with respect to liver metabolism 
and toxicity studies. Of note, HepaRG cells were used here 
under conditions of the maximum DMSO concentration of 
1.7%. This ensures the highest basal expression of CYPs 
(Antherieu et al. 2012). On the other hand, the increase in 
CYP expression caused by DMSO may be an underlying 
reason for a diminished inducibility of CYPs by xenobiotics 
as compared to HepaRG cells grown with less DMSO (i.e., 
smaller fold changes are achieved by xenobiotics due to the 
already higher basal expression caused by the DMSO). The 
suitability of HepaRG cells for in vitro studies of human 
liver metabolism or xenobiotic enzyme induction has been 
investigated in detail by others; for example see Aninat et al. 
(2006), Antherieu et al. (2012), or Guillouzo et al. (2007) 
and also more recent work by Berger et al. (2016), Bernas-
coni et al. (2019), Kvist et al. (2018), and Yokoyama et al. 
(2018). The aforementioned studies conclude that HepaRG 
cells constitute a very good in vitro model for human liver, 
which closely resembles the in vivo situation and is supe-
rior to standard hepatoma cell lines. Nonetheless, as also 
revealed in this study, there are still certain differences in 
CYP expression and inducibility between HepaRG cells and 
primary hepatocytes, which should be taken into account 
when interpreting in vitro test results.

With respect to CYP and transporter induction, it was 
beyond the scope of this manuscript to perform induction 
studies in all species and model systems, as the main focus 
was set on the analysis of existing samples from animal stud-
ies, thus avoiding additional animal experimentation. Hence, 
we present CYP induction data using xenobiotic inducers 
for three rodent and one human model systems: (1) male 
Wistar rats, (2) male C57/Bl6 wild-type mice, (3) transgenic 
male CAR/PXR-humanized mice in C57/Bl6 background, 
and (4) differentiated human HepaRG hepatocarcinoma 
cells. HepaRG cells were chosen for induction studies as 
this cell line has turned out to be better suited for enzyme 
induction studies than primary hepatocytes in an extensive 
validation study (Bernasconi et al. 2019). For CYP1A, the 
induction data demonstrate that subfamily member induc-
ibility is present in rats in vivo as well as in HepaRG cells 
in vitro. The stronger activity of prochloraz as compared 
to cyproconazole reflects the compounds’ nuclear receptor 
activation profiles. CYP1A induction by cyproconazole and 
prochloraz has already been reported [for review see Marx-
Stoelting et al. (2020)], and general responsiveness to AHR 
activators has also been demonstrated in HepaRG cells with 
other agonists of the receptor, e.g., see Knebel et al. (2018a), 
Tanner et al. (2018), and Thomas et al. (2015).

CYP induction can in general be looked at based on fold 
change values, or based on absolute quantification of the 
respective protein. For example, basal as well as prochloraz-
induced CYP1A2 abundance is substantially higher than 
CYP1A1 in rats, which is also in concordance with the lit-
erature (Martignoni et al. 2006). Basal CYP1A2 is 28-fold 
more abundant and after induction by prochloraz it is 15-fold 
more abundant than CYP1A1. This results in a 2-fold higher 
fold change of CYP1A1 abundance induced by prochloraz 
compared to CYP1A2. In contrast to that, basal CYP1A2 
is 30-fold higher than CYP1A1 in HepaRG, but equally 
abundant after prochloraz induction. Taking into account 
only the fold changes, prochloraz has a greater impact on 
CYP1A1 than CYP1A2 as well as on human CYP1A1 
than rat CYP1A1. Thus, fold induction as well as absolute 
amounts should to be taken into account for data interpreta-
tion when comparing CYP isoforms in one model as well as 
when comparing a specific CYP between different models. 
In HepaRG cells, the induced levels of CYP1A2 in the cell 
line remain below the levels reached in rats in vivo, in terms 
of fold change as well as in terms of absolute amounts. The 
absolute protein level values, as well as the fold changes 
observed with the CYP3A isoforms upon the treatment of 
animals or cell cultures with cyproconazole or prochloraz 
show a good correlation between rodents in vivo and human 
HepaRG cells in vitro.

At the enzyme induction level, also some unexpected 
differences between the wild-type and the receptor-human-
ized mice become evident: especially CYP2B9, CYP2B10, 
CYP2C29 and CYP2C55 responded with less induction 
in CAR/PXR-humanized mice, as compared to their wild-
type counterparts. This may indicate that the human recep-
tors CAR and PXR are less powerful activators of target 
gene expression than their murine counterparts are. This 
is in line with data on mRNA induction of Cyp2b10 gene 
expression by prochloraz and cyproconazole also showing 
more pronounced effects in wild-type mice (Marx-Stoelt-
ing et al. 2017). Putative different activities of receptors in 
individual species may be of relevance also for endpoints 
other than CYP induction: for example, human relevance 
of the non-genotoxic, CAR-mediated mechanism for liver 
tumor induction is discussed controversially (Braeuning 
2014; Braeuning and Schwarz 2016; Elcombe et al. 2014). 
Besides potential qualitative differences between rodents and 
humans, also quantitative differences should be considered 
when assessing human health risks resulting from CAR-acti-
vating chemicals. With respect to studies of the metabolism 
of foreign compounds, the pronounced differences in the 
induction of several CAR and/or PXR target genes between 
wild-type and CAR/PXR-humanized mice might complicate 
the interpretation of results, if the compound of interest is an 
inducer and substrate of the aforementioned CYP enzymes.
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Another interesting observation is the strong downregula-
tion of CYP2E1 in wild-type mice by cyproconazole. Such a 
phenomenon was not observed in rats or in human HepaRG 
cells in our study, and CAR/PXR-humanized mice showed 
this effect to a lesser degree. One might speculate that the 
phenomenon is related to the onset of hepatotoxicity and 
regenerative proliferation which was observed in wild-type 
but not humanized mice in the original study (Marx-Stoelt-
ing et al. 2017). In principle, a cytotoxicity-dependent loss 
of perivenous hepatocytes, which express the highest levels 
of most CYPs including CYP2E1, may explain the decrease 
in CYP2E1 levels. Preferential perivenous destruction of 
CYP-expressing hepatocytes is frequently seen with hepato-
toxic compounds, for example see Hessel-Pras et al. (2020), 
Hohme et al. (2007), Schenk et al. (2017), and Sekine et al. 
(2006). CYP2E1 expression is, contrasting the situation with 
other CYPs, barely regulated at the mRNA level. Thus, the 
loss of some of the CYP2E1-expressing cells may explain 
the loss of the protein, while the induction of other CYPs in 
the remaining surviving cells could mask the loss of other 
CYPs. However, besides consequences of general perive-
nous toxicity, it appears also possible that an unknown, 
more specific mechanism downregulates CYP2E1 in murine 
hepatocytes upon treatment with cyproconazole. In any case, 
the results are in line with Martignoni et al. (2006) suggest-
ing that rats may be the best animal model with respect to 
predicting CYP2E1 effects in human. In addition, results 
obtained with the humanized mouse model were more in 
line with other models than the wild-type mouse model 
suggesting that humanized animal models can be helpful to 
extrapolate effects in man from experimental animal data.

In summary, the present study provides a broad-spec-
trum overview of CYP enzyme and transport protein con-
tents of well-established and state-of-the-art models for 
liver toxicity and pharmaco-/toxicokinetics. The data can 
help with the appropriate design of new studies and sup-
port the interpretation of data from the analyzed models 
with respect to inter-model transferability of results and 
human relevance. Finally, the TXP technology has proven 
its suitability for the use as a powerful tool in cross-spe-
cies protein characterization.

Acknowledgements This study was supported by the German Federal 
Institute for Risk Assessment (Grant No. 1322-499).

 Author contributions HH—experimental work, data interpretation, 
and writing (first draft); FS—experimental work; PM-S—study design 
and writing; OP—experimental work, data interpretation, and writing; 
AB—study design, writing, review and editing.

Funding Open Access funding enabled and organized by Projekt 
DEAL. 

 Data availability (data transparency) Datasets are available as supple-
mental files. Raw datasets are available from the corresponding author 
on reasonable request.

 Code availability (software application or custom code) Not applicable.

Compliance with ethical standards 

Conflict of interest The authors declare the following competing fi-
nancial interest(s): O.P. is shareholder of SIGNATOPE GmbH. SIG-
NATOPE offers assay development and service using MS-based im-
munoassay technology.

Ethics approval Not applicable.

Consent to participate Not applicable.

Consent for publication Not applicable.

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://creat iveco mmons .org/licen ses/by/4.0/.

References

Aninat C, Piton A, Glaise D et al (2006) Expression of cytochromes 
P450, conjugating enzymes and nuclear receptors in human 
hepatoma HepaRG cells. Drug Metabol Dispos 34(1):75–83

Antherieu S, Chesne C, Li R, Guguen-Guillouzo C, Guillouzo A (2012) 
Optimization of the HepaRG cell model for drug metabolism and 
toxicity studies. Toxicol Vitro 26(8):1278–1285

Azuma H, Paulk N, Ranade A et al (2007) Robust expansion of human 
hepatocytes in Fah-/-/Rag2-/-/Il2rg-/- mice. Nat Biotechnol 
25(8):903–910

Berger B, Donzelli M, Maseneni S et al (2016) Comparison of liver 
cell models using the basel phenotyping cocktail. Front Pharmacol 
7:443

Bernasconi C, Pelkonen O, Andersson TB et al (2019) Validation of 
in vitro methods for human cytochrome P450 enzyme induction: 
outcome of a multi-laboratory study. Toxicol Vitro 60:212–228

Bogaards JJ, Bertrand M, Jackson P et al (2000) Determining the best 
animal model for human cytochrome P450 activities: a compari-
son of mouse, rat, rabbit, dog, micropig, monkey and man. Xeno-
biotica 30(12):1131–1152

Braeuning A (2014) Liver cell proliferation and tumor promo-
tion by phenobarbital: relevance for humans? Arch Toxicol 
88(10):1771–1772

Braeuning A, Schwarz M (2010) β-Catenin as a multilayer modulator 
of zonal cytochrome P450 expression in mouse liver. Biol Chem 
391(2–3):139–148

http://creativecommons.org/licenses/by/4.0/


132 Archives of Toxicology (2021) 95:117–133

1 3

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

EFSA (2010) Conclusion on the peer review of the pesticide risk 
assessment of the active substance cyproconazole. EFSA J 
8(11):1897

EFSA (2011) Conclusion on the peer review of the risk assessment of 
the active substance prochloraz. EFSA J 9(7):2323

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 constitu-
tive androstane receptor (CAR) activator. Crit Rev Toxicol 
44(1):64–82

Gebhardt R (1992) Metabolic zonation of the liver: regulation and 
implications for liver function. Pharmacol Ther 53(3):275–354

Georgopapadakou NH (1998) Antifungals: mechanism of action and 
resistance, established and novel drugs. Curr Opin Microbiol 
1(5):547–557

Graham MJ, Lake BG (2008) Induction of drug metabolism: spe-
cies differences and toxicological relevance. Toxicology 
254(3):184–191

Gripon P, Rumin S, Urban S et  al (2002) Infection of a human 
hepatoma cell line by hepatitis B virus. Proc Natl Acad Sci USA 
99(24):15655–15660

Guillouzo A, Corlu A, Aninat C, Glaise D, Morel F, Guguen-Guillouzo C 
(2007) The human hepatoma HepaRG cells: a highly differentiated 
model for studies of liver metabolism and toxicity of xenobiotics. 
Chem Biol Interact 168(1):66–73

Heise T, Schmidt F, Knebel C et al (2015) Hepatotoxic effects of (tri)azole 
fungicides in a broad dose range. Arch Toxicol 89(11):2105–2117

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 trials. 
Drug Metabol Dispos 47(6):601–615

Hessel-Pras S, Braeuning A, Guenther G et al (2020) The pyrrolizidine 
alkaloid senecionine induces CYP-dependent destruction of sinu-
soidal endothelial cells and cholestasis in mice. Arch Toxicol 
94(1):219–229

Hohme S, Hengstler JG, Brulport M et al (2007) Mathematical model-
ling of liver regeneration after intoxication with CCl(4). Chem Biol 
Interact 168(1):74–93

Honkakoski P, Negishi M (2000) Regulation of cytochrome P450 (CYP) 
genes by nuclear receptors. Biochem J 347(Pt 2):321–337

Karpen SJ (2002) Nuclear receptor regulation of hepatic function. J Hepa-
tol 36(6):832–850

Knebel C, Kebben J, Eberini I et al (2018) Propiconazole is an activator of 
AHR and causes concentration additive effects with an established 
AHR ligand. Arch Toxicol 92(12):3471–3486

Knebel C, Neeb J, Zahn E et al (2018) Unexpected effects of propicona-
zole, tebuconazole, and their mixture on the receptors CAR and 
PXR in human liver cells. Toxicol Sci 163(1):170–181

Kobayashi K, Hashimoto M, Honkakoski P, Negishi M (2015) Regu-
lation of gene expression by CAR: an update. Arch Toxicol 
89(7):1045–1055

Kohle C, Bock KW (2007) Coordinate regulation of Phase I and II xeno-
biotic metabolisms by the Ah receptor and Nrf2. Biochem Pharma-
col 73(12):1853–1862

Kvist AJ, Kanebratt KP, Walentinsson A et al (2018) Critical differences 
in drug metabolic properties of human hepatic cellular models, 
including primary human hepatocytes, stem cell derived hepato-
cytes, and hepatoma cell lines. Biochem Pharmacol 155:124–140

Lin L, Yee SW, Kim RB, Giacomini KM (2015) SLC transporters as 
therapeutic targets: emerging opportunities. Nat Rev Drug Discov 
14(8):543–560

Luckert C, Braeuning A, de Sousa G et al (2018) Adverse outcome 
pathway-driven analysis of liver steatosis in vitro: a case study with 
cyproconazole. Chem Res Toxicol 31(8):784–798

Martignoni M, Groothuis GM, de Kanter R (2006) Species differences 
between mouse, rat, dog, monkey and human CYP-mediated drug 
metabolism, inhibition and induction. Expert Opin Drug Metab 
Toxicol 2(6):875–894

Marx-Stoelting P, Ganzenberg K, Knebel C et al (2017) Hepatotoxic 
effects of cyproconazole and prochloraz in wild-type and hCAR/
hPXR mice. Arch Toxicol 91(8):2895–2907

Marx-Stoelting P, Knebel C, Braeuning A (2020) The connection of azole 
fungicides with xeno-sensing nuclear receptors, drug metabolism 
and hepatotoxicity. Cells 9(5):1192

Oinonen T, Lindros KO (1998) Zonation of hepatic cytochrome P-450 
expression and regulation. Biochem J 329(Pt 1):17–35

Planatscher H, Supper J, Poetz O et al (2010) Optimal selection of 
epitopes for TXP-immunoaffinity mass spectrometry. Algorithms 
Mol Biol 5:28

Poetz O, Hoeppe S, Templin MF, Stoll D, Joos TO (2009) Proteome wide 
screening using peptide affinity capture. Proteomics 9(6):1518–1523

Rieke S, Heise T, Schmidt F et al (2017) Mixture effects of azole fun-
gicides on the adrenal gland in a broad dose range. Toxicology 
385:28–37

Scheer N, Wilson ID (2016) A comparison between genetically human-
ized and chimeric liver humanized mouse models for studies in drug 
metabolism and toxicity. Drug Discov Today 21(2):250–263

Scheer N, Wolf CR (2014) Genetically humanized mouse models of drug 
metabolizing enzymes and transporters and their applications. Xeno-
biotica 44(2):96–108

Schenk A, Ghallab A, Hofmann U et al (2017) Physiologically-based 
modelling in mice suggests an aggravated loss of clearance capacity 
after toxic liver damage. Sci Rep 7(1):6224

Schmidt F, Marx-Stoelting P, Haider W et al (2016) Combination effects 
of azole fungicides in male rats in a broad dose range. Toxicology 
355–356:54–63

Scotto KW (2003) Transcriptional regulation of ABC drug transporters. 
Oncogene 22(47):7496–7511

Seeger B, Mentz A, Knebel C et al (2019) Assessment of mixture toxicity 
of (tri)azoles and their hepatotoxic effects in vitro by means of omics 
technologies. Arch Toxicol 93(8):2321–2333

Sekine S, Lan BY, Bedolli M, Feng S, Hebrok M (2006) Liver-specific 
loss of beta-catenin blocks glutamine synthesis pathway activity and 
cytochrome p450 expression in mice. Hepatology 43(4):817–825

Sutton CW, Sutherland M, Shnyder S, Patterson LH (2010) Improved 
preparation and detection of cytochrome P450 isoforms using MS 
methods. Proteomics 10(2):327–331

Tanner N, Kubik L, Luckert C et al (2018) Regulation of drug metabolism 
by the interplay of inflammatory signaling, steatosis, and xeno-sens-
ing receptors in HepaRG cells. Drug Metabol Dispos 46(4):326–335

Thomas M, Bayha C, Vetter S et al (2015) Activating and inhibitory func-
tions of WNT/β-catenin in the induction of cytochromes P450 by 
nuclear receptors in HepaRG cells. Mol Pharmacol 87(6):1013–1020

Wegler C, Gaugaz FZ, Andersson TB et  al (2017) Variability in 
mass spectrometry-based quantification of clinically relevant 
drug transporters and drug metabolizing enzymes. Mol Pharm 
14(9):3142–3151

Weiss F, Schnabel A, Planatscher H et al (2015) Indirect protein quanti-
fication of drug-transforming enzymes using peptide group-specific 
immunoaffinity enrichment and mass spectrometry. Sci Rep 5:8759

Weiss F, Hammer HS, Klein K et al (2018) Direct quantification of 
cytochromes P450 and drug transporters-a rapid, targeted mass 
spectrometry-based immunoassay panel for tissues and cell culture 
lysates. Drug Metabol Dispos 46(4):387–396

Wilkens S (2015) Structure and mechanism of ABC transporters. 
F1000Prime Rep 7:14



133Archives of Toxicology (2021) 95:117–133 

1 3

Williams PA, Cosme J, Sridhar V, Johnson EF, McRee DE (2000) Mam-
malian microsomal cytochrome P450 monooxygenase: structural 
adaptations for membrane binding and functional diversity. Mol Cell 
5(1):121–131

Xie W, Evans RM (2002) Pharmaceutical use of mouse models human-
ized for the xenobiotic receptor. Drug Discov Today 7(9):509–515

Yokoyama Y, Sasaki Y, Terasaki N et al (2018) Comparison of drug 
metabolism and its related hepatotoxic effects in HepaRG, cryopre-
served human hepatocytes, and HepG2 cell cultures. Biol Pharm 
Bull 41(5):722–732

Zanger UM, Schwab M (2013) Cytochrome P450 enzymes in drug 
metabolism: regulation of gene expression, enzyme activities, and 
impact of genetic variation. Pharm Ther 138(1):103–141

Zanger UM, Klein K, Richter T, Toscano C, Zukunft J (2005) Impact of 
genetic polymorphism in relation to other factors on expression and 
function of human drug-metabolizing p450s. Toxicol Mech Methods 
15(2):121–124

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


	Cross-species analysis of hepatic cytochrome P450 and transport protein expression
	Abstract
	Introduction
	Materials and methods
	Test compounds and animal diet formulation
	Tissue samples
	In vitro samples
	Sample preparation
	Protein quantification via the TXP methodology

	Results
	Inter-species and inter-model comparison of CYP enzyme contents
	Inter-species and inter-model comparison of transport protein contents
	Fungicide effects on CYP enzyme contents in different model systems
	Fungicide effects on transport protein contents in different model systems

	Discussion
	Acknowledgements 
	References




