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ABSTRACT 

 

In veterinary pharmaco-toxicological sciences, few data about uptake and efflux drug 

transporters (DTs) expression and regulation phenomena have been published. In the 

present study, the tissue distribution and transcriptional modulation of solute carrier 

(SLC) and ATP-binding cassette (ABC) DTs were investigated in cattle orally 

administered with phenobarbital (PB) by using a quantitative Real Time RT-PCR 

approach. The criterion for target gene selection was the PB-responsiveness in human 

and rodent model species. 

All target DTs were expressed in the liver. Only two out of the seven PB-

responsive target DTs (SLCO1B3 and SLC10A1) were not constitutively expressed in 

extra-hepatic tissues. The greatest number of quantifiable DTs (SLCO2B1, ABCB1, 

ABCC2, ABCG2) were noticed in intestine and testis, followed by adrenal gland 

(SLCO2B1, ABCB1, ABCG2), lung (ABCB1, ABCG2), kidney and skeletal muscle 

(ABCG2). Phenobarbital administration never altered DTs mRNA levels, except for an 

increase of hepatic ABCC2 mRNA and a down-regulation of renal ABCG2. 

Altogether, these results confirm only to some extent data obtained in humans and 

laboratory species; clearly, they should be considered a preliminary step for further 

molecular investigations about species-differences in DT gene expression and 

regulation as well as in DT expression and function. 
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INTRODUCTION 

 

Drug metabolizing enzymes1 play a fundamental role in the metabolism of xenobiotics 

and drugs to whom the living organism is exposed (Xu et al., 2005). Recently, beyond 

phase I and II of drug metabolism, two additional steps (phase 0 and phase III of drug 

disposition) have assumed an increasing importance in pharmaco-toxicology. In phase 

0, the xenobiotic uptake occurs through the action of multi-specific solute carrier2 

transporters (influx transporters), for which an ATP hydrolysis is not required. In phase 

III, the xenobiotic efflux is basically carried out by transporters (efflux transporters) of 

the multidrug resistance3 superfamily of ATP-binding cassette4 transporters, requiring 

an ATP binding and hydrolysis (Zaïr et al., 2008; Hagenbuch 2010). Drug metabolizing 

enzymes and drug transporters5 show coordinated mechanisms of regulation and 

expression; therefore, they cooperate in detoxification and excretion of xenobiotics (Xu 

et al., 2005; Olinga et al., 2008). 

The term induction denotes a dose-dependent increase in DMEs gene expression 

and function discovered more than 35 years ago, whose magnitude depends on 

constitutional, dietary, physiological and environmental factors. The induction of DMEs 

and DTs may potentially lead to changes in the bioavailability of xenobiotics or 

undesirable drug-drug interactions. As a consequence, studies about regulation of 

DMEs and DTs gene expression have gained increasing importance (Xu et al., 

2005(Olinga et al., 2008; van de Kerkhof et al., 2008). 

                                                           
1 Drug metabolizing enzymes: DMEs. 
2 Solute carrier: SLC. 
3 Multidrug resistance: MDR.  
4 ATP-binding cassette: ABC. 
5 Drug transporters: DTs. 



Phenobarbital6 is a typical DMEs inducer, eliciting a number of pleiotropic effects 

on liver function (Handshin and Meyer, 2003; Kodama and Negishi, 2006; Lambert et 

al., 2009). Since the early 60’s PB has been used as a prototype inducer for studies on 

xenobiotic drug metabolism as well as for genetic, pharmacological, and toxicological 

investigations (Kakizaki et al., 2003). Besides a large subsets of phase I and II DMEs, 

PB has been shown to modulate the expression of some DTs like the multidrug 

resistance-associated protein 27 and solute organic anion transporting polypeptides8 

(Johnson et al., 2002; Patel et al., 2003), thereby altering the glucuronidation and the 

following biliary excretion of endogenous substrates or, to a wider extent, of 

xenobiotics (Ritter et al., 1999). 

In human and rodent model species an extensive literature about the expression of 

DTs in organs involved in xenobiotic drug metabolism or blood-tissues barriers as well 

as their substrates/inhibitors has been published (Faber et al., 2003; Augustine et al., 

2005; Zaïr et al., 2008; Vähäkangas and Myllynen, 2009; Hagenbuch, 2010; Kim et al., 

2007; Mruk et al., 2011). In veterinary pharmaco-toxicology, species-differences in the 

expression and substrate specificity of ABC-transporters have been recently reviewed 

(Martinez et al., 2008; Schrickx and Fink-Gremmels, 2008; Mealey, in press); 

furthermore, information about the constitutive expression of some efflux transporters 

in a number of species of veterinary interest (e.g., horse, trout, turkey, poultry and 

cattle) have been published, too (Taguchi et al., 2002; Haritova et al., 2008; Warren et 

al., 2009; Haritova et al., 2010; Lončar et al., 2010; Mani et al., 2010; Tydén et al., 

2010). Despite this, in veterinary species little is still known about DTs tissue 

                                                           
6 Phenobarbital: PB. 
7 Multidrug resistance-associated protein 2: MRP2. 
8
 Organic anion transporting polypeptides: OATPs. 



distribution and molecular mechanisms involved in their transcriptional regulation 

following the exposure to prototypical inducers, such as PB. 

In this study, the constitutive expression and modulation of the solute carrier 

organic anion transporter9 family 1, member 3 (SLCO1B3), SLCO2B1 and SLC10A1 

as well as ABCB1, ABCB11, ABCC2 and ABCG2 have been investigated, for the first 

time and by using a quantitative Real Time RT-PCR10 approach, in liver and foremost 

extrahepatic tissues of control and PB-treated cattle. These target genes were chosen on 

a literature basis, and were essentially represented by hepatic DTs known to be 

specifically modulated by PB in human and laboratory species (Fardel et al., 2001; 

Courtois et al., 2002; Patel et al., 2003; Cheng et al., 2005; Jigorel et al., 2006; Martin et 

al., 2008; Olinga et al., 2008; van de Kerkhof et al., 2008; Lambert et al., 2009; Le Vee 

et al., 2009; Martin et al., 2010). This study was part of a wider project aimed to 

characterize the effects of PB upon cattle DMEs, DTs and nuclear receptors11 involved 

in their regulation, whose just preliminary liver post-translational data have been 

published so far (Cantiello et al., 2006). 

 

MATERIALS AND METHODS 

 

Chemicals 

 

Phenobarbital was obtained from Sigma-Aldrich (St. Louis, MO). Chloroform, 

isopropyl and ethyl alcohol were obtained from Thermo Electron Corporation 

                                                           

9
 Solute carrier organic anion transporter: SLCO. 

10
 quantitative Real Time RT-PCR: qPCR. 

11 Nuclear receptors: NRs. 



(Waltham, MA), whereas TRIzol® reagent and agarose from Invitrogen (Carlsbad, CA). 

High Capacity cDNA Reverse Transcription Kit, RNAlater® solution and Power 

SYBR® Green PCR Master Mix were from Applied Biosystems (Foster City, CA). 

Oligonucleotide primers were synthesized by Eurofins MWG Operon (Ebersberg, 

Germany). 

 

Animals, treatments and tissue collection 

 

The experiment was run in an authorized facility located nearby the Faculty of 

Veterinary Medicine of Turin, according to the European Community Directive 86/609, 

recognized and adopted by the Italian Government (DLgs 116/92). The experimental 

plan was approved by the Italian Ministry of Health. 

Seven healthy male Friesian cattle (about 300 kg bw and 10 months old) were 

divided, on a weight basis, into two groups of three and four animals. The former one 

served as control12, while individuals of the second group received PB13 (18 mg·kg-

1·body weight-1·day-1 and for 7 days) by oral gavage. Cattle were slaughtered the day 

after the suspension of PB administration. After exsanguination, aliquots (about 200 mg 

each) of liver, duodenum, kidney, lung, adrenal gland, testis and skeletal muscle were 

collected, immediately frozen in liquid nitrogen and, then, stored at -80°C until use. 

Animal carcasses were not intended to be used for human consumption and were then 

destroyed according to existing legislation. 

 

                                                           
12 Control group: CTRL. 
13 Group administered with PB: PHEN. 



Total RNA extraction and reverse-transcription 

 

Total RNA was isolated by using the TRIzol® reagent, according to the manufacturer’s 

instruction. Ribonucleic acid concentration and quality were determined by using the 

Nanodrop ND-1000 spectrophotometer (Labtech France, Paris, France). Its integrity 

was confirmed by denaturing gel electrophoresis and visualization of 18S and 28S 

rRNA bands. 

The reverse transcription of 2 µg of RNA was performed by using the High 

Capacity cDNA Reverse Transcription Kit (Foster City, CA) and random primers (final 

assay volume of 20 µL) following the purchaser’s procedure. Furthermore, the SPUD 

assay was carried out to detect the presence of inhibitors in cDNA generated from 

RNAs extracted from target tissues (Nolan et al., 2006).  

 

Quantitative Real Time RT-PCR 

 

Primer oligonucleotide sequences of candidate internal control genes14 and target DTs 

used for qPCR are listed in Table 1 and 2, respectively. Primers were designed ex novo 

except for β-actin15, glyceraldehydes-3-phosphate dehydrogenase16 and glucose-6-

phosphate dehydrogenase17 (Toffolatti et al., 2006), ribosomal protein, large P018 and 

                                                           
14 Internal control genes: ICGs. 
15 β-actin: ACTB. 
16 Glyceraldehyde-3-phosphate dehydrogenase: GAPDH. 

17 Glucose-6-phosphate dehydrogenase: G6PDH. 
18 Ribosomal protein, large P0: RPLP0. 



18S rRNA (Robinson et al., 2007) as well as the TATA-box-binding protein19 

(Lisowski et al., 2008). 

Bos taurus coding sequences were obtained from GenBank website 

[http://ncbi.nlm.nih.gov/], and best primer pairs for amplification were chosen by using 

the Primer Express™ Software 3.0 (Applied Biosystems, Foster City, CA, USA). As the 

gene annotation process of cattle genome is still in progress, only partial (for GAPDH 

and 18S transcripts) and predicted sequences (for ABCB1 and ABCC2) were taken into 

account for some target genes. The Primer Express™ Software 3.0 as well as 

OligoAnalyzer 3.1 

[http://eu.idtdna.com/analyzer/applications/oligoanalyzer/default.aspx] were used to 

confirm the absence of primer dimers and hairpin formation. The SYBR Green 

chemistry was used and a careful validation of primer pairs was undertaken to be sure 

that only the target gene sequence was amplified. Primers specificity was checked in 

silico by using the NCBI Nucleotide Basic Local Alignment Search Tool and Primer- 

Nucleotide Basic Local Alignment Search Tool [http://blast.ncbi.nlm.nih.gov/Blast.cgi]; 

furthermore, to avoid amplification of potentially contaminating genomic DNA, one of 

two primers was designed spanning an intron-exon junction. Finally, the presence of 

specific amplification products was confirmed by agarose gel electrophoresis and 

dissociation curve after qPCR reaction. Each primers pair was optimized to 300-900 nM 

range to identify primers concentration providing the highest sensitivity. 

Calibration curves were obtained following the amplification of decreasing 

amounts of different cDNA pools. Two cDNA pools were prepared according to 

preliminary information about gene amplification in target tissues (data not shown). The 

                                                           
19 TATA-box-binding protein: TBP. 



former included liver, intestine, adrenal gland and testis, while the second one 

comprised kidney, lung and skeletal muscle. Just to avoid inaccurate results, tissues in 

which target genes were not constitutively expressed or, alternatively, showed mean 

cycle threshold20 values over 30 or very close to the limit of quantification of the 

thermal cycler were not taken into consideration. Pooled cDNA diluted at 3- or 4-fold 

intervals were used to evaluate qPCR performances, such as PCR efficiency21 

determined by using the equation Ex = 10(-1/slope) -1), sensitivity assay and test 

linearity correlation. Only Ex values comprised between 1.9 (90% of efficiency) and 2.1 

(110% of efficiency) as well as high correlation coefficients (0.9846 ≤ r ≤ 0.9998) were 

accepted. 

The qPCR was performed on 5µL of cDNA in a final volume of 20 µL, by using 

Power SYBR®Green PCR Master Mix and an ABI-Prism 7000 thermal cycler (Applied 

Biosystems, Foster City, CA) under standard qPCR conditions taken from the Power 

SYBR® Green RT-PCR Reagents Kit User Guide. These ones were represented by a 

first step of activation for the AmpliTaq Gold® Polymerase activation (10 min at 95°C), 

followed by denaturation (40 cycles of 15 sec at 95°C), annealing and extension (1 min 

at 60°C) steps. Samples without reverse transcriptase (RT minus) and template were 

used as controls. The ∆∆Ct method (Livak and Schmittgen, 2001) was then used to 

analyze data. Target genes constitutive expression in extra-hepatic tissues and their 

modulation following PB administration were expressed as n-fold change, that is 

normalized to the ∆∆Ct mean values of liver and CTRL group, respectively, to whom an 

arbitrary value of 1 were assigned. 

 

                                                           

20
 Cycle threshold: Ct. 

21
 PCR efficiency: Ex. 



Statistical analysis 

 

Open source geNormPLUS (Vandesompele et al., 2002) and NormFinder version 0.953 

(Andersen et al., 2004) algorithms were used to identify the two most stably expressed 

ICGs. Differences in DT mRNA levels between CTRL and PHEN were analyzed by 

using the Student’s t-test (GraphPad InStat 3, San Diego, California, USA). A p value < 

0.05 was considered as statistically significant. Data were expressed as mean arbitrary 

units22 ± standard deviation23. 

 

RESULTS 

 

Validation of qPCR assays and selection of the best ICGs 

 

A relatively “pure” RNA (260 and 280 nm absorbance ratios were about 1.9 - 2.0) 

without co-purified contaminants (absorbance ratios at 260 and 230 nm comprised 

between 1.8 - 2.2) was obtained from each tissue aliquot. All qPCR primers allowed the 

obtainment of specific amplicons, distinct dissociation peaks and a single band of the 

expected size in agarose gel electrophoresis. 

To identify the best ICG to be used for data normalization, mRNA levels of eight 

candidate genes (ACTB, B2M: β2-microglobulin24, GAPDH, G6PDH, cyclophilin A25, 

RPLP0, TBP and 18S) were measured in target tissues. Thereafter, a pre-selection was 

made by using the mean Ct value obtained from pooled cDNA samples as a criterion. 

                                                           

22
 Arbitrary units: a.u. 

23 Standard deviation: SD. 
24 β2-microglobulin: B2M. 
25 Cyclophilin A: PPIA. 



The 18S gene was excluded as a result of its high constitutive expression in target 

tissues (Ct~18). On the contrary, GAPDH as well as G6PDH and TBP were not taken 

into account as they were shown to be poorly expressed (Ct > 29) in the lung (the former 

one) and kidney, lung and skeletal muscle (the two other ones). Once verified the 

absence of significant differences between CTRL and PHEN, the amplification data of 

the remaining candidate ICGs (ACTB, B2M, PPIA and RPLP0) were submitted to 

geNormPLUS [http://www.biogazelle.com/mybiogazelle/] and NormFinder 

[http://www.mdl.dk/Files/NormFinder-HowTo%20v18.pdf] algorithms to identify the 

most stable couple of ICGs. In both analyses, ACTB was proved as the best ICG, with 

the lowest NormFinder stability and geNormPLUS M values (0.078 and 0.99, 

respectively). The NormFinder software identified ACTB and B2M as the best 

combination of two ICGs, with a stability value of 0.058. On the other hand, 

geNormPLUS recognized ACTB, B2M and RPLP0 as the three reference genes with the 

lowest M value. However, the variability value among sequential normalization factors 

(based on the n and n+1 least variable targets) was considered greater than expected (the 

threshold value is set at 0.15) by the software. In this case, the use of n-1 reference 

targets showing the lowest M value is recommended; therefore, ACTB, B2M and 

RPLP0 were used as ICGs in the present study. 

The main features of each qPCR assay (4 ICGs, 7 DTs), namely slope, Ex, y-

intercept, correlation coefficients26 and linear dynamic range are reported in Tables 3-4. 

 

Constitutive expression of DTs in target tissues 

 

                                                           

26
 Correlation coefficients: R2. 



The constitutive expression of PB-responsive SLC- and ABC-transporters in target 

tissues is reported in Figures 1 and 2. To help the reader’s understanding, gene 

expression profiles were compared with liver ones, in which all these DTs were proved 

to be expressed. On the whole, lower amounts of DT mRNAs were found in 

extrahepatic tissues, except for ABCB1. Sometimes, target genes were expressed at 

negligible levels (i.e., SLCO1B3, SLC10A1, ABCB11). Only three out of seven 

candidate DTs (ABCG2, ABCB1 and, to a lower extent, SLCO2B1) were expressed in 

half or more target tissues. Apart from the liver, the intestine and testis were the tissues 

in which the larger number of DTs (SLCO2B1, ABCB1, ABCC2, ABCG2) were found, 

followed by adrenal gland (SLCO2B1, ABCB1, ABCG2), the lung (ABCB1 and 

ABCG2) and, finally, kidney and skeletal muscle (only ABCG2 for both). 

 

Modulation of DTs gene expression by PB 

 

Whole results on the effects of PB upon DT mRNAs in cattle target tissues are reported 

in Tables 5-6. No transcriptional modulation of target DTs was ever noticed, except for 

an increase (p<0.05) of ABCC2 mRNA in the liver (see Figure 3A) and a down-

regulation (p<0.05) of ABCG2 gene in the kidney (see Figure 3B). 

 

DISCUSSION 

 

In pharmaco-toxicological sciences, induction is a phenomenon in which a xenobiotic 

up-regulates the expression (gene-protein) and function of DMEs. The concept of 

induction has been known from many years, and nowadays it is well established that a 



wide number of drugs, pesticides, food additives, industrial chemicals, natural products 

and environmental pollutants are likely to induce DMEs. What’s more, recent advances 

in DMEs molecular biology have brought in new information about the molecular 

mechanisms regulating the expression of DMEs in the presence of an inducer. Most of 

DMEs are induced by a receptor-mediated increase of gene transcription, and members 

of the NR superfamily of transcription factors have been shown to be the key mediators 

of most transcriptional changes occurring in target genes (Xu et al., 2005; Graham and 

Lake, 2008). 

Phenobarbital is an early example of a known inducer. It is considered a prototype 

of a large group of structurally unrelated chemicals (PB-like compounds) that induce a 

large number of hepatic DMEs (i.e., cytochromes P45027 2B, 2C and 3A and 

transferases). This process is part of several pleiotropic effects elicited by PB in the 

living organism. Induction occurs predominantly in the liver, intestine and, to a lower 

extent, in other extrahepatic tissues (e.g., kidney and lung: Denison and Whitlock, 1995; 

Kakizaki et al., 2003; Goriya et al., 2005). What’s more, target gene up-regulation is 

mostly driven by NRs (NR1I2 and NR1I3: Kodama and Negishi, 2006). Thus, PB was 

(Dupuy et al., 2001) and it is still used as a prototypical inducer useful to characterize 

DMEs expression (Longo et al., 2004), NR-dependant regulation phenomena (Tamasi et 

al., 2009), as well as potential drug-drug interactions (Ballent et al., 2010). By contrast, 

few papers investigating the in vivo effects of PB upon DMEs gene expression have 

been published so far in veterinary species, and none in cattle (Kawalek et al., 2003; 

Chirulli et al., 2005; Goriya et l., 2005; Marini et al., 2007; Makino et al., 2009). 

                                                           
27 Cytochromes P450: CYPs. 



In the past two decades the characterization of DTs distribution, their substrate 

specificities and modulation by prototypical DMEs inducers have provided outstanding 

information about molecular mechanisms governing the disposition of both endogenous 

compounds and xenobiotics in humans and model species (Jigorel et al., 2006; Martin et 

al., 2008; Zolk and Fromm, 2011). Drug transporters are of extremely importance also 

in veterinary medicine, as many drugs commonly used in veterinary chemotherapy are 

substrates for one or more DTs (Schrickx and Fink-Gremmels, 2008); despite this, few 

data are actually available about their expression and modulation. The goal of the 

present study was to provide a first overview about tissue distribution of PB-responsive 

SLC- and ABC-transporters in cattle and their modulation following a PB oral 

administration at a dose most probably able to induce DMEs. 

First of all, the chosen protocol was successful. Although PB did not elicit a 

transcriptional effect upon NRs, hepatic CYP2B22, 2C31, 2C87 and 3A, 

glucuronosyltransferase 1A1-like and glutathione S-transferase A1-like mRNA levels 

were significantly up-regulated; what’s more, immunoblotting investigations and 

relative enzymatic catalytic activities, measured by using prototypical marker 

substrates, confirmed transcriptional results (Cantiello et al., 2006; Zancanella et al., 

personal data). On a second instance, it should be underlined that partial or predicted 

sequences were considered for some ICGs and DTs (GAPDH, 18S, ABCB1 and 

ABCC2), as cattle genome annotation process is still in progress. Therefore, some 

attention should be still given in the extrapolation of present results, cause sequences 

generated from incomplete data or automated computational analysis might contain 

errors or gaps. A critical discussion of obtained results, for each subset of target genes 

(ICGs, SLC- and ABC-transporters) is hereby reported. 



 

Identification of the best ICG 

 

A reliable normalization is a fundamental prerequisite for gene expression data analysis, 

and such an approach requires the measurement of an ICG. In the present study, 

geNormPLUS was chosen, among the different free algorithms taken into account, to 

identify the best ICG. Such a choice was justified by the fact that both algorithms 

indicated ACTB and B2M as the two most stable genes, but geNormPLUS provided an 

additional information about the optimal number of ICGs to be used in the present 

experiment. In this respect the use of a third gene, besides ACTB and B2M, was 

suggested for a more accurate data normalization, and RPLP0 was identified by using 

geNormPLUS. 

 

Solute carrier transporters 

 

Among PB-responsive SLC-transporters, the SLCO1B3 gene encodes for OATP1B3, a 

protein mostly expressed at the basolateral membrane of human hepatocytes 

(Hagenbuch, 2010); moreover, SLCO1B3 is also expressed in placenta (Briz et al., 

2003), prostate (Hamada et al., 2008), colon (Ballestero et al., 2006) and gastrointestinal 

tumors (Hagenbuch and Meier, 2004). In cattle, SLCO1B3 was for the most part 

expressed in the liver (likewise to humans), whereas poor mRNA amounts were 

detected in kidney, testis, adrenal gland and skeletal muscle. Phenobarbital did not 

affect SLCO1B3 gene expression in cattle, but this same influx transporter did not 

unequivocally respond to PB in humans: in fact, a gene down-regulation was noticed in 



primary hepatocytes (Jigorel et al., 2006), while SLCO1B3 gene expression was either 

unchanged or induced in liver slices (Olinga et al., 2008). 

If compared with SLCO1B3, the SLCO2B1 gene (coding for OATP2B1 protein) 

presents a wider tissue distribution, as it is constitutively expressed in cells of excretory 

organs and in a number of blood/organ barriers (Hagenbuch, 2010; Meyer zu 

Schwabedissen and Kim, 2009). In cattle, the SLCO2B1 gene was expressed in all the 

analyzed tissues, and comparable mRNA amounts were found in liver and intestine as 

well as in testis and adrenal gland. In human primary hepatocytes, the SLCO2B1 gene 

transcription was suppressed after 72 hrs of incubation with PB (Jigorel et al., 2006); 

what's more, PB has been shown to significantly down-regulate murine OATP2B1 gene 

expression in vivo, too (Cheng et al., 2005). By contrast, cattle SLCO2B1 mRNA levels 

were never affected by PB in liver and in extra-hepatic tissues as well. 

Among SLC-transporters a key role is played by SLC10A1, the foremost uptake 

system for conjugated bile salts; this gene encodes for NCTP, a protein exclusively 

expressed at the hepatocyte basolateral membrane (Hagenbuch, 2010). Likewise to 

humans, measurable amounts of SLC10A1 mRNA were just found in cattle liver, but 

PB did not affect SLC10A1 gene expression. Nevertheless, conflicting results have been 

obtained in previous comparative in vitro/in vivo studies. A reduction of SLC10A1 

mRNA was observed in PB-exposed human primary hepatocytes (Jigorel et al., 2006); 

dose-dependent effects (up-regulation at µM concentrations, down-regulation at mM 

ones) were observed in human liver slices and HepaRG cells (Olinga et al., 2008; 

Lambert et al., 2009); finally, SLC10A1 gene expression was not significantly affected 

at both transcriptional and post-translational levels in rats and mice intraperitoneally 



injected with PB (Hagenbuch et al., 2001, Wagner et al., 2005). Thus, definitive 

conclusions cannot still be drawn. 

 

ATP-binding cassette transporters 

 

Among members of the ABC-transporter gene superfamily believed responsive to PB 

there is ABCB1, encoding for MDR1 and mdr1a/1b proteins. In cattle, this gene was 

expressed in most of tissues subject of investigation (adrenal 

gland>intestine>testis>lung>liver), likewise to humans and model species (Brady et al., 

2002; Nishimura and Naito, 2005; Nishimura et al., 2009). Phenobarbital has been 

recognized as a p-glycoprotein28 substrate in humans (Luna-Tortós et al., 2008; Zhang 

et al., 2010; Chan et al., 2011); moreover, it has been shown to increase P-gp protein 

expression and transport activity in mouse brain capillaries (Abbott et al., 2010; Wang 

et al., 2010) as well as in other in vitro models, such as human hepatocytes (Jigorel et 

al., 2006), liver and intestinal slices (Olinga et al., 2008; van de Kerkhof et al., 2008), 

and HepG2, LS180 and Caco-2 cell lines (Martin et al., 2008; Schuetz et al., 1996). In 

the present study, PB up-regulated liver ABCB1 mRNA (250% vs CTRL), and the lack 

of a statistical significance might be essentially attributed to the high biological 

variability noticed within PHEN group. 

In cattle, quantifiable amounts of ABCB11 mRNA were found exclusively in the 

liver, thereby confirming its predominant hepatic localization. Based on raw Ct values 

information, the ABCB11 gene was also expressed (but not at quantifiable levels) in 

testis (data not shown). These data agree with humans ones (Nishimura and Naito, 

                                                           

28 p-glycoprotein: P-gp. 



2005). Phenobarbital did not affect ABCB11 mRNA in cattle, but in humans distinct 

transcriptional effects (up- or down-regulation, a biphasic increase and following 

decrease, dose- and time-dependent modulation) have been observed in vitro (Jigorel et 

al., 2006; Olinga et al., 2008; Lambert et al., 2009).  

In human and laboratory species, the ABCC2 gene is predominantly expressed in 

liver, kidney, small intestine and, to a lower extent, in testis, lung and adrenal gland 

(Nishimura and Naito, 2005; Kim et al., 2007; Nishimura et al., 2010). Except for the 

kidney, a similar pattern of gene expression was noticed in cattle tissues. This would 

suggest that ABCB1 and ABCC2, as well as P-gp and MDR2 proteins, might play a 

fundamental role in intestinal drug efflux mechanisms not only in humans but also in 

cattle. Phenobarbital significantly up-regulated ABCC2 gene expression in cattle, 

according to previously published comparative in vitro data (Jigorel et al., 2006; Martin 

et al., 2008; Olinga et al., 2008; Lambert et al., 2009). 

The gene (ABCG2) coding for breast cancer resistance protein29 is expressed in 

a number of mammalian tissues, and particularly in those having important barrier 

function: intestine, liver, brain, placenta, kidney and mammary gland (Jonker et al., 

2005; Han and Sugiyama, 2006; Huls et al., 2009). In cattle, the ABCG2 gene was the 

DT greatly more expressed in target tissues (liver≈intestine>adrenal 

gland>lung>kidney≈skeletal muscle). Usually PB is considered neither a BCRP 

substrate nor an inhibitor (Cerveny et al., 2006); on the other hand, the ABCG2 gene 

has been shown to be up-regulated by PB in HepaRG cell line, hepatocyte primary 

cultures and rodent brain capillaries (Jigorel et al., 2006; Lambert et al., 2009; Wang et 

                                                           

29
 Breast cancer resistance protein: BCRP. 



al., 2010). In the present experiment, a significant down-regulation of ABCG2 gene was 

noticed in cattle kidney, a result actually with no possible explanation. 

Collectively, present results consent to draw some general considerations. To 

date, DTs are believed to play a significant role not only in multi-drug resistance 

phenomena, but also in kinetic behavior (i.e., absorption and distribution) of 

endogenous compounds as well as of xenobiotics (Xu et al., 2005; International 

Transporter Consortium, 2010; Zolk and Fromm, 2011). Knowledge about the impact of 

DTs in veterinary pharmaco-toxicology is still limited, though some progress has 

recently been done (Martinez et al., 2008; Schrickx and Fink-Gremmels, 2008; Haritova 

et al., 2008; Haritova et al., 2010; Mealey, in press). The major drawback is the lack of 

systematic data about DTs physiological levels in animal tissues and information about 

molecular mechanisms involved in their transcriptional regulation. To the best of our 

knowledge, this is the first study providing new information about the mRNA tissue 

distribution and transcriptional modulation of DTs in cattle orally administered with PB 

at inducing purposes. As a whole, cattle DTs tissue distribution was similar to that 

observed in humans and rodent model species; in particular, liver, duodenum and testis 

were confirmed as tissues mostly endowed of DTs and, therefore, regularly involved in 

cattle transport activity. 

Since the 60’s PB is known as a general prototypical inducer of DMEs, but it 

affects DTs gene/protein expression, too (Johnson et al., 2002; Patel et al., 2003; Xu et 

al., 2005); in this respect, it is believed that xenobiotics up-regulating DT proteins might 

be general substrates for these latter ones; a clear example in this respect is represented 

by PB and its interaction with P-gp (Yang and Liu, 2008). Unlike data of tissue 

distribution, contrasting results about the transcriptional effects of PB on target DTs 



were obtained. Nonetheless, these outcomes were not astonishing. Drug transporters and 

DMEs share common mechanisms of transcriptional activation. Nuclear receptor 1I2 

and NR1I3 transactivate CYP2B, 2C and 3A promoters following the exposure to PB 

and PB-like compounds (Xu et al., 2005; Bell and Michalopoulos, 2003; Chen and 

Goldstein, 2009); furthermore, CYP2B induction in liver and extrahepatic tissues is 

strictly related to the corresponding amount of NR1I3 mRNA (Pustylnyak et al., 2009). 

These same transcription factors are actively involved in the regulation of DTs (Wagner 

et al., 2005; Xu et al., 2005; Wang et al., 2010; Chan et al., 2011). Thus, it should be 

conceivable to trace back present conflicting results to (a) tissue-differences in the 

regulation of DTs (likewise to DMEs: Marini et al., 2007) or, alternatively, to (b) a 

dissimilar constitutive expression of these crucial NRs in cattle tissues, with resultant 

species-differences in the animal response to prototypical inducers such as PB (Graham 

and Lake, 2008). Species-differences in CYP2B response to PB and PB-like compounds 

may occur through variations in NR ligand binding domain sequences or in 

NR1I2/NR1I3-dependent transcriptional activation of target genes (Kiyosawa et al., 

2008; Pustylnyak et al., 2009; Kojima et al., 2009); in this respect, neither NR1I2 nor 

NR1I3 gene were ever modulated by PB in present cattle tissues (Zancanella et al., 

personal data). Another attractive subject of discussion is whether differences in the 

transcriptional response of candidate DTs could be somewhat attributed to PB dosage 

protocol. It’s known that DTs (and DMEs as well) are transcriptionally modulated by 

PB in a dose- and time-dependent way (Hagenbuch et al., 2001; Wagner et al., 2005; 

Olinga et al., 2008; Lambert et al., 2009), even though most of these studies have been 

made in vitro (e.g., by using primary hepatocytes, liver slices or established cell lines), 

in laboratory species (i.e., Jones et al., 1998; Zheng et al., 2011) and, seldom, in the dog 



(Kawalek et al., 2003; Fukunaga et al., 2009). On the contrary, a single-dose protocol 

was used in those in vivo studies where the effects of PB were investigated in veterinary 

species (Dupuy et al., 2001; Chirulli et al., 2005; Goriya et l., 2005; Marini et al., 2007). 

Altogether, as different PB concentrations, routes of administration and protocol 

duration were used, a clear-cut comparison among species cannot be done; nevertheless, 

the presence of low PB concentrations in cattle tissues might hypothetically be offered 

as a further explanation for present conflicting results. 

Presented data suggest that a closer molecular approach about localization, 

regulation and function of DTs not only in cattle but also in other veterinary species 

and, within a species, in target tissues is nowadays needed. Several in vitro and ex vivo 

procedures such as organ primary cultures, tissue slices, transfected cell lines and 

reporter gene constructs, might be used for this purpose (Graham and Lake, 2008). 

These tools, together with emerging new in silico models, omic and next generation 

sequencing methodologies, will allow veterinary pharmaco-toxicologists to predict the 

clinical relevance of drug-drug interactions and the development of new drugs tailored 

to reach faster and effectively the target tissue (Schrickx and Fink-Gremmels, 2008).  

In conclusion, in the present study the distribution and transcriptional modulation 

of PB-responsive DTs have been investigated for the first time in liver and extrahepatic 

tissues of control and PB-treated cattle. Drug transporters tissue distribution 

substantially confirm previously published comparative data, while PB up-regulated 

only hepatic ABCC2 and decreased renal ABCG2 mRNA levels. Presented data should 

be considered as a starting point for further molecular studies in cattle, designed to 

investigate more in depth the presence of species-differences in drug transporter gene 

expression and regulation as well as in drug transporter protein expression and function, 



which might ultimately result in a different kinetic behavior and/or in dangerous drug-

drug interactions.  

 



ACKNOWLEDGEMENTS 

 

This work was funded by grants from Università degli Studi di Padova (Profili di 

espressione di trasportatori di membrana in tessuti di bovino trattati con fenobarbitale, 

60A08‐9881) and Ministero della Salute (“Genesi del boldenone in urina di vitello. 

Sviluppi e applicazioni inerenti la ricerca del residuo”, IZSPLV009/01) to M.D. and 

C.N., respectively, as well as a PhD fellowship from Università degli Studi di Padova to 

V.Z. 

 



REFERENCES 

 

Abbott, N.J., Patabendige, A.A., Dolman, D.E., Yusof, S.R. & Begley, D.J. (2010) Structure and 

function of the blood-brain barrier. Neurobiology of Disease, 37, 13-25. 

Andersen, C.L., Jensen, J.L. & Orntoft, T.F. (2004) Normalization of real-time quantitative reverse 

transcription-PCR data: a model-based variance estimation approach to identify genes suited 

for normalization, applied to bladder and colon cancer data sets. Cancer Research, 64, 5245-

5250.  

Augustine, L.M., Markelewicz, R.J.,Jr, Boekelheide, K. & Cherrington, N.J. (2005) Xenobiotic and 

endobiotic transporter mRNA expression in the blood-testis barrier. Drug Metabolism and 

Disposition, 33, 182-189.  

Ballent, M., Lifschitz, A., Virkel, G., Mate, L. & Lanusse, C. (2010). Pretreatment with the inducers 

rifampicin and phenobarbital alters ivermectin gastrointestinal disposition. Journal of 

Veterinary Pharmacology and Therapeutics, 33, 252-259. 

Ballestero, M.R., Monte, M.J., Briz, O., Jimenez, F., Gonzalez-San Martin, F. & Marin, J.J. (2006) 

Expression of transporters potentially involved in the targeting of cytostatic bile acid 

derivatives to colon cancer and polyps. Biochemical Pharmacology, 72, 729-738.  

Bell, A.W. & Michalopoulos, G.K. (2006). Phenobarbital regulates nuclear expression of HNF-4α 

in mouse and rat hepatocytes independent of CAR and PXR. Hepatology, 44, 186-194. 

Brady, J.M., Cherrington, N.J., Hartley, D.P., Buist, S.C., Li, N. & Klaassen, C.D. (2002) Tissue 

distribution and chemical induction of multiple drug resistance genes in rats. Drug 

Metabolism and Disposition, 30, 838-844.  

Briz, O., Serrano, M.A., MacIas, R.I., Gonzalez-Gallego, J. & Marin, J.J. (2003) Role of organic 

anion-transporting polypeptides, OATP-A, OATP-C and OATP-8, in the human placenta-

maternal liver tandem excretory pathway for foetal bilirubin. Biochemical Journal, 371, 897-

905.  



Cantiello, M., Carletti, M., Dacasto, M., Capolongo, F., Gardini, G., Cascio, P., Martin, P.G.P., 

Pineau, T. & Nebbia, C. (2006). Catalytic, immunochemical and molecular characterization of 

xenobiotic-metabolising enzyme modulation by phenobarbital in the bovine liver. Journal of 

Veterinary Pharmacology and Therapeutics, 29 (Suppl. 1), 115-116. 

Cerveny, L., Pavek, P., Malakova, J., Staud, F. & Fendrich, Z. (2006) Lack of interactions between 

breast cancer resistance protein (BCRP/ABCG2) and selected antiepileptic agents. Epilepsia, 

47, 461-468.  

Chan, G.N., Hoque, M.T., Cummins, C.L. & Bendayan, R. (2011) Regulation of P-glycoprotein by 

orphan nuclear receptors in human brain microvessel endothelial cells. Journal of 

Neurochemistry, 118, 163-175.  

Chen, Y. & Goldstein, J.A. (2009). The transcriptional regulation of the human CYP2C genes. 

Current Drug Metabolism, 10, 567-578. 

Cheng, X., Maher, J., Dieter, M.Z. & Klaassen, C.D. (2005) Regulation of mouse organic anion-

transporting polypeptides (OATPs) in liver by prototypical microsomal enzyme inducers that 

activate distinct transcription factor pathways. Drug Metabolism and Disposition, 33, 1276-

1282.  

Chirulli, V., Longo, V., Marini, S., Mazzaccaro, A., Fiorio, R. & Gervasi, P.G. (2005). CAR and 

PXR expression and inducibility of CYPB and CYP3A activities in rat and rabbit lung. Life 

Sciences, 76, 2535-2546. 

Courtois, A., Payen, L., Le Ferrec, E., Scheffer, G.L., Trinquart, Y., Guillouzo, A. & Fardel, O. 

(2002) Differential regulation of multidrug resistance-associated protein 2 (MRP2) and 

cytochromes P450 2B1/2 and 3A1/2 in PB-treated hepatocytes. Biochemical Pharmacology, 

63, 333-341.  

Denison, M.S. & Whitlock, J.P. (1995). Xenobiotic-inducible transcription of cytochrome P450 

genes. Journal of Biological Chemistry, 270, 18175-18178. 



Dupuy, J., Larrieu, G., Braun, J.P., Alvinerie, M. & Galtier, P. (2001). Differential effects of 

phenobarbital on the constitutive and inducible expression of P450 2B and 3A subfamilies in 

sheep tissues. Canadian Journal of Physiology and Pharmacology, 79, 848-853. 

Faber, K.N., Muller, M. & Jansen, P.L. (2003) Drug transport proteins in the liver. Advanced Drug 

Delivery Reviews, 55, 107-124.  

Fardel, O., Payen, L., Courtois, A., Vernhet, L. & Lecureur, V. (2001) Regulation of biliary drug 

efflux pump expression by hormones and xenobiotics. Toxicology, 167, 37-46. 

Fukunaga, K., Saito, M., Matsuo, E., Muto, M., Mishima, K., Fujiwara, M. & Orito, K. (2009). 

Long-lasting enhancement of CYP activity after discontinuation of repente administration of 

phenobarbital in dogs. Research in Veterinary Science, 87, 455-457. 

Goryia, H.V., Bhavsar, S.K., Joshi, C.G., Rank, D.N. & Thaker, A.M. (2005). Comparative 

evalutation of phenobarbital-induced CYP3A and CYP2H11 gene expression by quantitative 

RT-PCR in Bantam, Bantamized White Leghorn and White Leghorn chicks. Journal of 

Veterinary Science, 6, 279-285. 

Graham, M.J. & Lake, B.G. (2008). Induction of drug metabolism: species differences and 

toxicological relevance. Toxicology, 254, 184-191. 

Handschin, C., Meyer, UA. (2003). Induction of drug metabolism: the role of nuclear receptors. 

Pharmacological Reviews, 55, 649-673. 

Hagenbuch, B. (2010) Drug uptake systems in liver and kidney: a historic perspective. Clinical 

Pharmacology and Therapeutics, 87, 39-47.  

Hagenbuch, B. & Meier, P.J. (2004) Organic anion transporting polypeptides of the OATP/ SLC21 

family: phylogenetic classification as OATP/ SLCO superfamily, new nomenclature and 

molecular/functional properties. Pflugers Archiv: European Journal of Physiology, 447, 653-

665.  



Hagenbuch, N., Reichel, C., Stieger, B., Cattori, V., Fattinger, K.E., Landmann, L., Meier, P.J. & 

Kullak-Ublick, G.A. (2001) Effect of PB on the expression of bile salt and organic anion 

transporters of rat liver. Journal of Hepatology, 34, 881-887.  

Hamada, A., Sissung, T., Price, D.K., Danesi, R., Chau, C.H., Sharifi, N., Venzon, D., Maeda, K., 

Nagao, K., Sparreboom, A., Mitsuya, H., Dahut, W.L. & Figg, W.D. (2008) Effect of 

SLCO1B3 haplotype on testosterone transport and clinical outcome in Caucasian patients 

with androgen-independent prostatic cancer. Clinical Cancer Research, 14, 3312-3318. 

Han, Y. & Sugiyama, Y. (2006) Expression and regulation of breast cancer resistance protein and 

multidrug resistance associated protein 2 in BALB/c mice. Biological & Pharmaceutical 

Bulletin, 29, 1032-1035.  

Handschin, C. & Meyer, UA. (2003). Induction of drug metabolism: the role of nuclear receptors. 

Pharmacological Reviews, 55, 649-673. 

Haritova, A.M., Schrickx, J. & Fink-Gremmels, J. (2010) Expression of drug efflux transporters in 

poultry tissues. Research in Veterinary Science, 89, 104-107.  

Haritova, A.M., Schrickx, J., Lashev, L.D. & Fink-Gremmels, J. (2008) Expression of MDR1, 

MRP2 and BCRP mRNA in tissues of turkeys. Journal of Veterinary Pharmacology and 

Therapeutics, 31, 378-385.  

Huls, M., Russel, F.G. & Masereeuw, R. (2009) The role of ATP binding cassette transporters in 

tissue defense and organ regeneration. Journal of Pharmacology and Experimental 

Therapeutics, 328, 3-9. 

International Transporter Consortium, Giacomi, K.M., Huang, S.M., Tweedie, D.J., Benet, L.Z., 

Brouwer, K.L., Chu, X., Dahlin, A., Evers, R., Fisher, V., Hillgren, K.M., Hoffmaster, K.A., 

Ishikawa, T., Keppler, D., Kim, R.B., Lee, C.A., Niemi, M., Polli, J.W., Sugiyama, Y., 

Swaan, P.W., Ware, J.A., Wright, S.H., Yee, S.W., Zamek-Gliszczynski, M.J. & Zhang, L. 

(2010). Membrane transporters in drug development. Nature Reviews Drug Discovery, 9, 

215-236. 



Jigorel, E., Le Vee, M., Boursier-Neyret, C., Parmentier, Y. & Fardel, O. (2006) Differential 

regulation of sinusoidal and canalicular hepatic drug transporter expression by xenobiotics 

activating drug-sensing receptors in primary human hepatocytes. Drug Metabolism and 

Disposition, 34, 1756-1763.  

Johnson, D.R., Habeebu, S.S. & Klaassen, C.D. (2002) Increase in bile flow and biliary excretion of 

glutathione-derived sulfhydryls in rats by drug-metabolizing enzyme inducers is mediated by 

multidrug resistance protein 2. Toxicological Sciences, 66, 16-26. 

Jones, C.R., Lubet, R.A., Henneman, J.R. & Nims, R.W. (1998). Dose-response relationships for 

cytochrome P450 induction by phenobarbital in the cotton rat (Sigmodon hispidus). 

Comparative Biochemistry and Physiology C, 121, 197-203. 

Jonker, J.W., Merino, G., Musters, S., van Herwaarden, A.E., Bolscher, E., Wagenaar, E., Mesman, 

E., Dale, T.C. & Schinkel, A.H. (2005) The breast cancer resistance protein BCRP (ABCG2) 

concentrates drugs and carcinogenic xenotoxins into milk. Nature Medicine, 11, 127-129.  

Kakizaki, S., Yamamoto, Y., Ueda, A., Moore, R., Sueyoshi, T. & Negishi, M. (2003). 

Phenobarbital induction of drug/steroid-metabolizing enzymes and nuclear receptor CAR. 

Biochimica Biophysica Acta, 1619, 239-242.  

Kawalek, J.C., Howard, K.D., Farrell, D.E., Derr, J., Cope, C.V., Jackson, J.D. & Myers, M.J. 

(2003). Effect of oral administration of low doses of pentobarbital on the induction of 

cytochrome P450 isoforms and cytochrome P450-mediated reactions in immature Beagles. 

American Journal of Veterinry Research, 64, 1167-1175. 

Kim, H.R., Park, S.W., Cho, H.J., Chae, K.A., Sung, J.M., Kim, J.S., Landowski, C.P., Sun, D., 

Abd El-Aty, A.M., Amidon, G.L. & Shin, H.C. (2007) Comparative gene expression profiles 

of intestinal transporters in mice, rats and humans. Pharmacological Research, 56, 224-236.  

Kiyosawa, N., Kwekel, J.C., Burgoon, L.D., Dere, E., Williams, K., Tashiro, C., Chittim, B. & 

Zacharewski, T.R. (2008). Species-specific regulation of PXR/CAR/ER-target genes in the 

mouse and and rat liver elicited by o,p’-DDT. BMC Genomics, 9, 487. 



Kodama, S. & Negishi, M. (2006). Phenobarbital confers its diverse effects by activating the orphan 

nuclear receptor CAR. Drug Metabolism Reviews, 38, 75-87. 

Kojima, H., Sata, F., Takeuchi, S., Sueyoshi, T. & Nagai, T. (2011). Comparative studies of human 

and mouse pregnane X receptor agonistic activity in 200 pesticides using in vitro reporter 

gene assays. Toxicology, 280, 77-87. 

Lambert, C.B., Spire, C., Claude, N. & Guillouzo, A. (2009) Dose- and time-dependent effects of 

PB on gene expression profiling in human hepatoma HepaRG cells. Toxicology and Applied 

Pharmacology, 234, 345-360.  

Le Vee, M., Lecureur, V., Moreau, A., Stieger, B. & Fardel, O. (2009) Differential regulation of 

drug transporter expression by hepatocyte growth factor in primary human hepatocytes. Drug 

Metabolism and Disposition, 37, 2228-2235.  

Lisowski, P., Pierzchala, M., Goscik, J., Pareek, C.S. & Zwierzchowski, L. (2008) Evaluation of 

reference genes for studies of gene expression in the bovine liver, kidney, pituitary, and 

thyroid. Journal of Applied Genetics, 49, 367-372.  

Livak, K.J. & Schmittgen, T.D. (2001) Analysis of relative gene expression data using real-time 

quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402-408.  

Lončar, J., Popovic, M., Zaja, R. & Smital, T. (2010) Gene expression analysis of the ABC efflux 

transporters in rainbow trout (Oncorhynchus mykiss). Comparative Biochemistry and 

Physiology C, 151. 209-215.  

Luna-Tortós, C., Fedrowitz, M. & Loscher, W. (2008) Several major antiepileptic drugs are 

substrates for human P-glycoprotein. Neuropharmacology, 55, 1364-1375.  

Maher, J.M., Cheng, X., Slitt, A.L., Dieter, M.Z. & Klaassen, C.D. (2005) Induction of the 

multidrug resistance-associated protein family of transporters by chemical activators of 

receptor-mediated pathways in mouse liver. Drug Metabolism and Disposition, 33, 956-962.  

Makino, T., Kinoshita, J., Arakawa, S., Ito, K., Yamoto, T., Teranishi, M., Sanbuissho, A. & 

Nakayama, H. (2009). Comprehensive analysis of hepatic gene and protein expression 



profiles in phenobarbital- or clofibrate-induced hepatic hypertrophy in digs. Journal of 

Toxicological Sciences, 34, 647-661. 

Mani, O., Korner, M., Sorensen, M.T., Sejrsen, K., Wotzkow, C., Ontsouka, C.E., Friis, R.R., 

Bruckmaier, R.M. & Albrecht, C. (2010) Expression, localization, and functional model of 

cholesterol transporters in lactating and nonlactating mammary tissues of murine, bovine, and 

human origin. American Journal of Physiology, 299, R642-R654.  

Marini, S., Nannelli, A., Sodini, D., Dragoni, S., Valoti, M., Longo, V. & Gervasi, P.G. (2007). 

Expression, microsomal and mitochrondrial activities of cytochrome P450 enzymes in brain 

regions from control and phenobarbital-treated rabbits. Life Sciences, 80, 910-917. 

Martin, P., Riley, R., Back, D.J. & Owen, A. (2008) Comparison of the induction profile for drug 

disposition proteins by typical nuclear receptor activators in human hepatic and intestinal 

cells. British Journal of Pharmacology, 153, 805-819.  

Martin, P., Riley, R., Thompson, P., Williams, D., Back, D. & Owen, A. (2010) Effect of 

prototypical inducers on ligand activated nuclear receptor regulated drug disposition genes in 

rodent hepatic and intestinal cells. Acta Pharmacologica Sinica, 31, 51-65.  

Martinez, M., Modric, S., Sharkey, M., Troutman, L., Walker, L. & Mealey, K. (2008) The 

pharmacogenomics of P-glycoprotein and its role in veterinary medicine. Journal of 

Veterinary Pharmacology and Therapeutics, 31, 285-300.  

Mealey, K.L. (2011) ABCG2 transporter: therapeutic and physiologic implications in veterinary 

species. Journal of Veterinary Pharmacology and Therapeutics. DOI: 10.1111/j.1365-

2885.2011.01313.x. 

Meyer zu Schwabedissen, H.E. & Kim, R.B. (2009) Hepatic OATP1B transporters and nuclear 

receptors PXR and CAR: interplay, regulation of drug disposition genes, and single 

nucleotide polymorphisms. Molecular Pharmaceutics, 6, 1644-1661.  

Mruk, D.D., Su, L. & Cheng, C.Y. (2011) Emerging role for drug transporters at the blood-testis 

barrier. Trends in Pharmacological Sciences, 32, 99-106.  



Nishimura, M., Koeda, A., Morikawa, H., Satoh, T., Narimatsu, S. & Naito, S. (2009) Tissue-

specific mRNA expression profiles of drug-metabolizing enzymes and transporters in the 

cynomolgus monkey. Drug Metabolism and Pharmacokinetics, 24, 139-144.  

Nishimura, M. & Naito, S. (2005) Tissue-specific mRNA expression profiles of human ATP-

binding cassette and solute carrier transporter superfamilies. Drug Metabolism and 

Pharmacokinetics, 20, 452-477.  

Nolan, T., Hands, R.E., Ogunkolade, W. & Bustin, S.A. (2006) SPUD: a quantitative PCR assay for 

the detection of inhibitors in nucleic acid preparations. Analytical Biochemistry, 351, 308-310.  

Olinga, P., Elferink, M.G., Draaisma, A.L., Merema, M.T., Castell, J.V., Perez, G. & Groothuis, 

G.M. (2008) Coordinated induction of drug transporters and phase I and II metabolism in 

human liver slices. European Journal of Pharmaceutical Sciences 33, 380-389.  

Patel, N.J., Zamek-Gliszczynski, M.J., Zhang, P., Han, Y.H., Jansen, P.L., Meier, P.J., Stieger, B. & 

Brouwer, K.L. (2003) PB alters hepatic Mrp2 function by direct and indirect interactions. 

Molecular Pharmacology, 64, 154-159. 

Pustylnyak, V., Pivovarova, E., Slynko, N., Gulyaeva, L. & Lyakhovich, V. (2009). Species-

specific induction of CYP2B by 2,4,6-triphenyldioxane-1,3 (TPD). Life Sciences, 85, 815-

821. 

Ritter, J.K., Kessler, F.K., Thompson, M.T., Grove, A.D., Auyeung, D.J. & Fisher, R.A. (1999) 

Expression and inducibility of the human bilirubin UDP-glucuronosyltransferase UGT1A1 in 

liver and cultured primary hepatocytes: evidence for both genetic and environmental 

influences. Hepatology, 30, 476-484.  

Robinson, T.L., Sutherland, I.A. & Sutherland, J. (2007) Validation of candidate bovine reference 

genes for use with real-time PCR. Veterinary Immunology and Immunopathology, 115, 160-

165.  

Schrickx, J.A. & Fink-Gremmels, J. (2008) Implications of ABC transporters on the disposition of 

typical veterinary medicinal products. European Journal of Pharmacology, 585, 510-519.  



Schuetz, E.G., Beck, W.T. & Schuetz, J.D. (1996) Modulators and substrates of P-glycoprotein and 

cytochrome P4503A coordinately up-regulate these proteins in human colon carcinoma cells. 

Molecular pharmacology, 49, 311-318.  

Taguchi, Y., Saeki, K. & Komano, T. (2002) Functional analysis of MRP1 cloned from bovine. 

FEBS Letters, 521, 211-213.  

Toffolatti, L., Rosa Gastaldo, L., Patarnello, T., Romualdi, C., Merlanti, R., Montesissa, C., Poppi, 

L., Castagnaro, M. & Bargelloni, L. (2006) Expression analysis of androgen-responsive genes 

in the prostate of veal calves treated with anabolic hormones. Domestic Animal 

Endocrinology, 30, 38-55.  

Tamasi, V., Juvan, P., Beer, M., Rozman, D. & Meyer, U.A. (2009). Transcriptional activation of 

PPARα by phenobarbital in the absence of CAR and PXR. Molecular Pharmaceutics, 6, 

1573-1578. 

Tydén, E., Bjornstrom, H., Tjalve, H. & Larsson, P. (2010) Expression and localization of BCRP, 

MRP1 and MRP2 in intestines, liver and kidney in horse. Journal of Veterinary 

Pharmacology and Therapeutics, 33, 332-340.  

Vähäkangas, K. & Myllynen, P. (2009) Drug transporters in the human blood-placental barrier. 

British Journal of Pharmacology, 158, 665-678.  

van de Kerkhof, E.G., de Graaf, I.A., Ungell, A.L. & Groothuis, G.M. (2008) Induction of 

metabolism and transport in human intestine: validation of precision-cut slices as a tool to 

study induction of drug metabolism in human intestine in vitro. Drug Metabolism and 

Disposition, 36, 604-613.  

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A. & Speleman, F. 

(2002) Accurate normalization of real-time quantitative RT-PCR data by geometric averaging 

of multiple internal control genes. Genome Biology, 3, 34. 



Wagner, M., Halilbasic, E., Marschall, H.U., Zollner, G., Fickert, P., Langner, C., Zatloukal, K., 

Denk, H. & Trauner, M. (2005) CAR and PXR agonists stimulate hepatic bile acid and 

bilirubin detoxification and elimination pathways in mice. Hepatology, 42, 420-430. 

Wang, X., Sykes, D.B. & Miller, D.S. (2010) Constitutive androstane receptor-mediated up-

regulation of ATP-driven xenobiotic efflux transporters at the blood-brain barrier. Molecular 

Pharmacology, 78, 376-383.  

Warren, M.S., Zerangue, N., Woodford, K., Roberts, L.M., Tate, E.H., Feng, B., Li, C., Feuerstein, 

T.J., Gibbs, J., Smith, B., de Morais, S.M., Dower, W.J. & Koller, K.J. (2009) Comparative 

gene expression profiles of ABC transporters in brain microvessel endothelial cells and brain 

in five species including human. Pharmacological Research, 59, 404-413.  

Xu, C., Li, CY-T. & Kong, A-NT. (2005). Induction of phase I, II and III drug metabolism/transport 

by xenobiotics. Archives of Pharmacal Research, 28, 249-268. 

Yang, Z-H. & Liu, X-D (2008). P-glycoprotein-mediated efflux of phenobarbital at the blood-brain 

barrier evidence from transport experiments in vitro. Epilepsy Research, 78, 40-49. 

Zaïr, Z.M., Eloranta, J.J., Stieger, B. & Kullak-Ublick, G.A. (2008) Pharmacogenetics of OATP 

(SLC21/SLCO), OAT and OCT (SLC22) and PEPT (SLC15) transporters in the intestine, 

liver and kidney. Pharmacogenomics, 9, 597-624.  

Zhang, C., Kwan, P., Zuo, Z. & Baum, L. (2010) In vitro concentration dependent transport of 

phenytoin and phenobarbital, but not ethosuximide, by human P-glycoprotein. Life Sciences, 

86, 899-905.  

Zheng, J.L, Parfett, C., Williams, A., Yagminas, A., Zhou, G., Douglas, G.R. & Yauk, C.L. (2011). 

Assessment of subclinical, toxicant-induced hepatic gene expression profiles after low-dose, 

short-term exposures in mice. Regulatory Toxicology and Pharmacology, 60, 54-72. 

Zolk, O. & Fromm, M.F. (2011) Transporter-mediated drug uptake and efflux: important 

determinants of adverse drug reactions. Clinical Pharmacology and Therapeutics, 89, 798-

805.  



 

WEB REFERENCES 

 

http://ncbi.nlm.nih.gov/ 

http://eu.idtdna.com/analyzer/applications/oligoanalyzer/default.aspx 

http://blast.ncbi.nlm.nih.gov/Blast.cgi 

http://www.biogazelle.com/mybiogazelle/ 

http://www.mdl.dk/Files/NormFinder-HowTo%20v18.pdf 



LEGENDS TO TABLES 1-6 AND FIGURES 1-3. 

 

Table 1. Candidate internal control genes: GenBank accession numbers, oligonucleotide sequences, 

references and amplicon sizes. 

 

Table 2. Target drug transporters: GenBank accession numbers, oligonucleotide sequences, 

references and amplicon sizes. 

 

Table 3. Main features (slope, Ex, y-intercept, R2 and linear dynamic range) of best internal control 

gene qPCR assays. 

 

Table 4. Main features (slope, Ex, y-intercept, R2 and linear dynamic range) of target drug 

transporters qPCR assays. 

 

Table 5. Relative abundances of SLC-transporters mRNA in cattle orally administered with PB. Data 

(arithmetic means ± SD) are expressed as n-fold change (a.u.) normalized to ∆∆Ct mean value of 

CTRL, to whom an arbitrary value of 1 was assigned.  

 

Table 6. Relative abundances of ABC-transporters mRNA in cattle orally administered with 

phenobarbital. Data (arithmetic means ± SD) are expressed as n-fold change (a.u.) normalized to 

∆∆Ct mean value of CTRL, to whom an arbitrary value of 1 was assigned.  

 

Fig. 1. Constitutive expression of SLC- drug transporters in cattle tissues. Messenger RNA was 

extracted from cattle tissue aliquots and drug transporter mRNA levels were measured by a qPCR 

approach. Data (arithmetic means ± SD) are expressed as n-fold change (a.u.) normalized to ∆∆Ct 

mean value of liver tissue, to whom an arbitrary value of 1 was assigned.  



 

Fig. 2. Constitutive expression of ABC- drug transporters in cattle tissues. Messenger RNA was 

extracted from cattle tissue aliquots and drug transporter mRNA levels were measured by a qPCR 

approach. Data (arithmetic means ± SD) are expressed as n-fold change (a.u.) normalized to ∆∆Ct 

mean value of liver tissue, to whom an arbitrary value of 1 was assigned. 

 

Fig. 3. Effect of PB on hepatic ABCC2 and renal ABCG2 gene expression. 

Messenger RNA was extracted from tissue aliquots obtained from CTRL and PHEN animals, and 

target drug transporter mRNA levels were measured by a qPCR approach. Data (arithmetic means ± 

SD) are expressed as n-fold change (a.u.) normalized to ∆∆Ct mean value of CTRL, to whom an 

arbitrary value of 1 was assigned. 



Table 1. Candidate internal control genes: GenBank accession numbers, oligonucleotide sequences, references and amplicon sizes 
gene acronym GenBank ID primer sequence 5’ → 3’ reference amplicon size (bp) 

ACTB NM173979 
F: GTCATCACCATCGGCAATGAG 

R: AATGCCGCAGGATTCCATG 
Toffolatti et al., 2006 84 

B2M NM173893 
F: TCGTGGCCTTGGTCCTTCT 

R: AATCTTTGGAGGACGCTGGAT 
designed ex novo 71 

GAPDH U85042 
F: ACACCCTCAAGATTGTCAGCAA 

R: TCATAAGTCCCTCCACGATGC 
Toffolatti et al., 2006 102 

G6PDH NM001244135 
F: GCAAAGAGATGGTCCAGAACC 

R: TGTCCCGGTTCCAAATGG 
Toffolatti et al., 2006 75 

PPIA NM178320 
F: CTCTTTTGAGCTGTTTGCAGACA 

R: CCAAATCCTTTCTCTCCAGTGCT 
designed ex novo 81 

RPLP0 NM001012682 
F: CAACCCTGAAGTGCTTGACAT 

R: AGGCAGATGGATCAGCCA 
Robinson et al., 2007 227 

TBP NM001075742 
F: ACAACAGCCTCCCACCCTATGC 

R: GTGGAGTCAGTCCTGTGCCGTAA 
Lisowski et al., 2008 111 

18S DQ222453 
F: GTAACCCGTTGAACCCCATT 

R: CCATCCAATCGGTAGTAGCG 
Robinson et al., 2007 152 

bp, base pairs. 
 



Table 2. Target drug transporters: GenBank accession numbers, oligonucleotide sequences, references and amplicon sizes 
gene acronym GenBank ID primer sequence 5’ → 3’ reference amplicon size (bp) 

SLCO1B3 NM205804 
F: CACTAACTATTCGAACGCTAGGAGG 

R: AGTTGTTGATGGACCACTTCATACA 

designed ex novo 93 

SLCO2B1 NM174843 

 

NM174843 
F: GTGTGGAATACATCACGCCCT 

R: TTGGTGTAGAAGACCTGGCTTTT 
designed ex novo 

88 

SLC10A1 NM001046339 
F: GCTTCTCCTTGTTGCCATCTTTAG 

R: AGGTCATTTTTGTGTCATCTCTGG 
designed ex novo 

71 

ABCB1 XM590317 
F: GGAAGAGCACAGTCGTCCA 

R: CCTTGCCATCGATTAACACTG 

designed ex novo 
75 

ABCB11 NM001192703 
F: CAGCCATCATTGGTCTGAGTGT 

R: GACTTCATCAGCAACTGAGCCA 
designed ex novo 

86 

ABCC2 XM599177 
F: TCTGTCCAATGCACTTAATATCACA 

R: TCGCTCAACAGCCACAATGT 
designed ex novo 

91 

ABCG2 NM001037478 
F: CCCCATGAGGATGTTACCAAGTA 

R: CCTTTGGCTTCAGTCCTAACAGA 
designed ex novo 

71 

bp, base pairs. 
 
 
 



 

Table 3. Main features (slope, Ex, y-intercept, R2 and linear dynamic range) of best internal control gene qPCR assays. 
gene acronym cDNA pool slope Ex (%) y-intercept R2 dynamic range (Ct) 

ACTB 
liver. intestine. testis. adrenal -3.39 97.2 27.63 0.9934 18.20 - 26.17 

lung. kidney. muscle -3.51 92.7 30.53 0.9949 23.24 - 28.45 

B2M 
liver. intestine. testis. adrenal -3.32 100.1 26.55 0.9935 18.61 - 25.07 

lung. kidney. muscle -3.32 100.1 29.26 0.9850 23.36 - 29.43 

PPIA 
liver. intestine. testis. adrenal -3.46 94.5 29.12 0.9956 20.73 - 27.44 

lung. kidney. muscle -3.31 100.5 31.31 0.9943 24.50 - 30.41 

RPLP0 
liver. intestine. testis. adrenal -3.35 98.8 26.42 0.9898 19.61 - 26.76 

lung. kidney. muscle -3.28 101.8 28.08 0.9872 21.53 - 28.46 

 
 



Table 4. Main features (slope, Ex, y-intercept, R2 and linear dynamic range) of target drug transporters qPCR assays. 
gene acronym cDNA pool slope Ex (%) y-intercept R2 dynamic range (Ct) 

SLCO1B3 liver -3.36 98.4 32.17 0.9998 20.05 - 26.13 

SLCO2B1 liver, intestine, testis, adrenal -3.27 102.2 36.51 0.9846 24.60 - 30.39 

SLC10A1 liver -3.33 99.7 32.08 0.9986 20.13 - 26.13 

ABCB1 
liver, intestine, testis, adrenal -3.49 93.4 33.50 0.9860 21.12 - 29.24 

lung -3.25 103.1 37.81 0.9901 28.20 - 34.05 

ABCB11 liver -3.36 98.4 35.65 0.9911 23.40 - 31.81 

ABCC2 liver, intestine, testis -3.49 93.4 36.76 0.9944 24.20 - 32.79 

ABCG2 
liver, intestine, testis, adrenal -3.48 93.8 34.74 0.9947 24.26 - 28.45 

lung, kidney, muscle -3.34 99.3 38.38 0.9922 28.32 - 34.38 

 
 



Table 5. Relative abundances of SLC-transporters mRNA in cattle orally administered with PB. 
Data (arithmetic means ± SD) are expressed as n-fold change (a.u.) normalized to ∆∆Ct mean 
value of CTRL, to whom an arbitrary value of 1 was assigned.  

 n-fold change (a.u.) ± SD 

 SLCO1B3 SLCO2B1 SLC10A1 

tissue CTRL PHEN CTRL PHEN CTRL PHEN 

liver 1.00 ± 0.34 1.49 ± 0.43 1.00 ± 0.05 1.31 ± 0.36 1.00 ± 0.45 0.92 ± 0.32 

intestine ND 1.00 ± 0.45 1.46 ± 0.19 ND 

kidney DNQ DNQ ND 

lung ND DNQ DNQ 

testis DNQ 1.00 ± 0.54 1.45 ± 0.95 DNQ 

adrenal DNQ 1.00 ± 0.74 0.97 ± 0.59 ND 

muscle DNQ DNQ DNQ 

DNQ, detected but not quantifiable; ND, not detected. 
 



Table 6. Relative abundances of ABC-transporters mRNA in cattle orally administered with PB. Data (arithmetic means ± SD) are 
expressed as n-fold change (a.u.) normalized to ∆∆Ct mean value of CTRL, to whom an arbitrary value of 1 was assigned.  

 n-fold change (a.u.) ± SD 

tissue ABCB1 ABCB11 ABCC2 ABCG2 

 CTRL PHEN CTRL PHEN CTRL PHEN CTRL PHEN 

liver 1.00 ± 0.54 2.29 ± 0.86 1.00 ± 0.45 1.11 ± 0.40 1.00 ± 0.31 2.00 ± 0.55* 1.00 ± 0.32 1.36 ± 0.13 

intestine 1.00 ± 0.90 0.62 ± 0.27 DNQ 1.00 ± 1.17 0.67 ± 0.96 1.00 ± 0.75 0.43 ± 0.26 

kidney DNQ DNQ DNQ 1.00 ± 0.32 0.29 ± 0.23* 

lung 1.00 ± 0.77 1.86 ± 1.71 DNQ DNQ 1.00 ± 0.61 1.24 ± 0.47 

testis 1.00 ± 1.55 0.22 ± 0.18 DNQ 1.00 ± 0.71 1.07 ± 1.14 1.00 ± 0.65 0.97 ± 0.71 

adrenal 1.00 ± 1.01 0.63 ± 0.83 DNQ DNQ 1.00 ± 0.69 0.55 ± 0.20 

Muscle DNQ DNQ DNQ 1.00 ± 0.35 0.64 ± 0.28 

DNQ, detected but not quantifiable; *: significant differences (p<0.05) vs CTRL.
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