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ABSTRACT

PCDDs, PCDFs, and PCBs are persistent organictpotki(POPSs) that accumulate in animal
products and may pose serious health problems eTdlas to bind the aryl hydrocarbon receptor
(AhR), eliciting a plethora of toxic responses, deéined dioxin-like (DL) compounds, while the
remainders are called non-DL (NDL). An EFSA opintaas highlighted the tendency of ovine liver
to specifically accumulate DL-compounds to a greexéent than any other farmed ruminant
species. To examine the possible role in such emnaglation of xenobiotic metabolizing enzymes
(XME) involved in DL-compound biotransformationydir samples were collected from ewes and
cows reared in an area known for low dioxin contation. A related paper reported that sheep
livers had about 5-fold higher DL-compound concatitns than cattle livers, while the content of
the six marker NDL-PCBs did not differ between specSpecimens from the same animals were
subjected to gene expression analysis for AhR, Ab&ear translocator (ARNT) and AhR-
dependent oxidative and conjugative pathways; XMiEgin expression and activities were also
investigated. Both AhR and ARNT mRNA levels wereatt2-fold lower in ovine samples and the
same occurred for CYP1A1l and CYP1A2, being apprakehy 3- and 9-fold less expressed in
sheep compared to cattle, while CYP1B1 could beatiable in cattle only. The results of the
immunoblotting and catalytic activity (most notalliROD) measurements of the CYP1A family
enzymes were in line with the gene expression @gtaontrast, phase Il enzyme expression and
activities in sheep were higher (UGT1A) or simi{&STA1, NQO1) to those recorded in cattle.
The overall low expression of CYP1 family enzynmeshie sheep is in line with the observed liver
accumulation of DL-compounds and is expected tecatihe kinetics and the dynamics of other
POPs such as many polycyclic aromatic hydrocarkemsell as of toxins (e.g. aflatoxins) or drugs

(e.g. benzimidazole anthelmintics) known to be inetiaed by those enzymes.
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1. Introduction

Polychlorinated dibenzp-dioxins (PCDDs), polychlorinated dibenzofurans [H&S), together
defined aglioxing and polychlorinated biphenyls (PCBs) are widesgrenvironmental pollutants
that cause serious adverse health effects. Dueetottigh lipophilicity, they accumulate along the
food chain, mainly in fat and in the lipid fractioh organs and tissues (Larsen, 2006), being also
transferred into milk and eggs; the consumptioaraial products rich in fat represents by far the
major source of exposure for humans (Malisch antt K2014). Among hundreds of congeners,
only a few, collectively known as dioxin-like (DLghare a high environmental persistency and bear
a coplanar structure that allows for the bindinthwdifferent affinities to a cytosolic transcriptio
factor, the aryl hydrocarbon receptor (AhR), elitcommon toxic effects (Hoogenboom, 2004).
Upon ligand binding, AhR translocates into the rus| where it heterodimerizes with the AhR
nuclear translocator (ARNT), and subsequently bitodonsensus sequences termed “dioxin
responsive elements” in the promoter regions @feiagenes. This mechanism results in the
upregulation of the so-called “AhR gene battery@ttbomprises, among others, genes encoding for
a number of enzymes generally involved in xenobibiotransformation, including DL-compounds
themselves (e.g., cytochrome P450 (CYP) 1A1, CYRIAZP1B1, uridin-diphospho-
glucuronyltransferases (UGT)1A, quinone oxido-redse (NQO1), and glutathioigtransferases
(GST) A) (Bock, 2013; Inui et al., 2014).

In recent years several monitoring programs haesvelthat sheep livers often exceed the then
existing maximum levels (MLs) for PCDD/Fs and thensof PCDD/Fs and DL-PCBs set by EC
Regulation 1881/2006 (4.5 and 10 pg TEQ/ g fatpeesvely), even in the absence of a specific
contamination source (Bruns-Weller et al., 2010sdRet al., 2010). Likewise, the analytical results
from 332 liver samples submitted by different MemB8é&ates and evaluated by the European Food
Safety Authority (EFSA) reported mean concentrafievels of 14.9 and 26.1 pg TEQ/g fat for

PCDD/Fs and the sum of PCDD/Fs and DL-PCBs, resmbgt being therefore over the legal



limits in force at that time (EFSA, 2011). In shemgch an accumulation appears to be hepato-
specific, since several studies showed much lowec@mpound concentrations in muscle and fat
tissues compared to livers of the same individ@laddggnandes et al., 2011; Lindstrom, et al., 2005;
Lund et al., 2008). Furthermore, the levels in stissues were comparable to those found in other
food producing species (i.e. cows and pigs), bnedeu similar contamination conditions, that in
any case displayed a lower median TEQ ratio betiigenand meat compared to sheep for both
PCDD/Fs and the sum of PCDD/Fs and DL-PCBs (Femmmd al., 2011; Schulz et al., 2005).
Although the risk assessment performed by EFSA tledthe conclusion that the chronic
consumption of sheep liver may be a potential headincern, particularly for children and women
of child-bearing age (EFSA, 2011), the official Mfax sheep liver have been recently increased
and expressed on a wet weight base, being 1.2558y/gr ww for PCDD/Fs and the sum of
PCDD/Fs and DL-PCBs and 2.00 pg TEQ/g ww for then saf PCDD/Fs and DL-PCBs (EC
Regulation 1067/2013).

According to EFSA, among other physiological fast(.g. breeding and grazing habits), one of
the possible reasons for the hepatic accumulafi@iecompounds in sheep compared to other
ruminants such as cattle could be a relatively foex@ression and/or activity of phase | enzymes
(i.e. CYP1A) responsible for their oxidative bigtsiormation (EFSA, 2011). Although dioxins and
PCBs are in general poorly metabolized in mostisgethe CYP-mediated hydroxylation is a key
event in their metabolic conversion (Murk et a@94; Pluess et al., 1987; Tai et al., 1993), in tha
only the hydroxylated derivatives may undergo pHaseactions -in ruminants mainly
glucuronidation- in order to be excreted via tHe br the urine (Grimm et al., 2015; Inui et al.,
2014). More to the point, DL-PCBs are metabolizeztpminantly by CYP1A, while the CYP-
mediated hydroxylation of NDL-PCBs is mainly cadieut by CY2B and, to a much lesser extent,
CYP2A, CYP2C and CYP3A (Grimm et al. 2015; McGravd &Valler, 2009). The generation of
hydroxylated derivatives of different DL-PCB congeshas been reported in both cows (Gardner

et al., 1976; Safe et al., 1975) and ewes (Bead €2010). While a higher rate of the in vitro



metabolism of CYP1A-dependent substrates has beamented in ovingsbovine liver
microsomes (Smith et al., 1984; Szotakova et @042, no further information is available about
the possible species-related differences in tefn@Y® 1A gene and protein expression.

Another hypothesis of DL-compound sequestratioiver relies on the ability of hepatic
CYP1A2 to bind some congeners (i.e. 2,3,7,8-tetaaotibenzop-dioxin (TCDD), and 2,3,4,7,8-
pentachlorodibenzofuran, (4-PeCDF)), making theawvaiable for the CYP1Al-mediated
hydroxylation. Such a mechanism, linked to the CXPinduction mediated by DL-compounds
themselves, has been demonstrated in CYP1A2 knotckime. The administration of a single oral
dose of TCDD, PeCDF or PCB 153 (a NDL-PCB) resdiitedery low liver DL-compound
concentration compared to that found in wild typegnmtal strains, despite the occurrence of similar
levels in all the other tissues (Diliberto et 4B97; Diliberto et al., 1999; Hakk et al., 2009).
Accordingly, high levels of hepatic CYP1A2, in tegmof protein and catalytic activity, have been
correlated with high concentrations of dioxins ottbrat and human liver (Santostefano et al.,
1999; Watanabe et al., 2013). However, the roleYaP1A2 in liver DL-compound sequestration
has not been explored so far in ruminants, and iodliyect evidence has been provided as to the
occurrence of species-related differences in CYP&j#tession/activity between sheep and cattle
(Danielson and Golsteyn, 1996).

A study was therefore designed in sheep and catttefuminant species displaying a different
DL-compound accumulation pattern, to i) charactetie AhR signaling pathway and AhR-
dependent xenobiotic metabolizing enzymes (XMEsgMkmto be involved in DL-compound
biotransformation or to be induced upon the exposuiisuch chemicals and ii) examine their
possible role in the hepatic sequestration of Dinpounds. A comparative analysis at both gene
and protein level was therefore performed in lis@mples from ewes and cows reared in selected
areas of the Piedmont region (North-western Itehgracterized by similar contamination levels

and with no known sources of dioxins or DL-PCBstaamnation. The liver accumulation profiles



of dioxins, DL-PCBs and the six marker non-DL (NDECBs of the investigated animals have

been the subject of a separate report (Benededio 2016).

2. Materialsand methods
2.1 Reagents

All the materials for the quantitative gene expi@s$gRT-PCR) analysis (including RNA
extraction and cDNA synthesis) were supplied by-id (Valencia, CA, USA). The BCA protein
assay reagents were obtained from Thermo Fishenta (Waltham, MA, USA). Anti-

CYP1A1/2 antibody was purchased from Oxford BiomatlResearch (Oxford, MI, USA); anti-
GSTo was from Alpha Diagnostic International (San Antm X, USA); antif-Actin (AC-15)

was from Abcam (Cambridge, UK); anti-Calnexin (Hy7&nti-NQOL1 (C-19), and anti-UGT1A (H-
300) were from Santa Cruz Biotechnology Inc. (S&naz, CA, USA). All the antibodies were
polyclonal and reported to cross-react with sevgpakies, including sheep and cattle. Horseradish
peroxidase-conjugated secondary antibodies anchigrmiluminescent substrate for Western blot
detection were from Bio-rad. Unless otherwise skaddl other reagents were purchased from

Sigma-Aldrich (St. Louis, MO, USA).
2.2 Sample collection

The sampling program of the ovine and bovine speosntogether with the animal
characteristics (sex, age, breed) and the critesea to select appropriate liver samples
(macroscopic analysis) are detailed elsewhere (@#teeet al., 2016). Briefly, 30 samples from
ewes and 10 samples from cows at the end of thedugtive cycle were included in the study.
Specimens for protein expression analysis andytetalctivity assays were immediately frozen in
liquid nitrogen, while samples for gene expressinalysis were placed in RNAlater® solution for
24 hours. All samples were then transferred atCa@itil they were processed. Liver specimens for

chemical determinations were stored at -20°C.



2.2 Analytical determinations

Quantitative determinations of PCDD/Fs, DL-PCBs]J &IDL-PCBs were performed as described
by Benedetto et al. (2016). In brief, fat extrdoten 45 g of lyophilized liver for each sample were
analyzed by GC-HRMS, based on the internationakypgnized method EPA1613-revision B
(EPA,1994) and method EPA 1668-revision C (EPA @0OData were adjusted for the current
World Health Organization Toxicity Equivalent fadd TEF-WHQqos), as required by the EC
Regulation 1259/2011, and expressed as pg TEQ/gmpg/g ww (NDL-PCBSs), according to the

EC Regulation 1067/2013.
2.3 Quantitative gene expression analysis (Rea-#GR)

Total RNA was isolated using the PureZOL™ RNA Isola Reagent, according to the
manufacturer’s protocol. RNA purity and quantityrev@valuated by absorbance readings using the
NanoDrop ND-2000 spectrophotometer (Thermo Fisleaarfic); the ratio of the optical densities
measured at 260 and 280 nm were > 1.9 for all RBiAples. RNA integrity was assessed using an
automated electrophoresis station (Experion InstninBio-Rad). All the samples had a RNA
Quiality Indicator (RQI) > 7. Ongg of total RNA was reverse transcribed into cDNAgsScript
cDNA Synthesis kit, according to the manufacturer&ructions, in a final volume of 20.

Primers for bovine AHR, ARNT, CYP1A1, CYP1A2, CYPLBNQO1, GSTA1, GSTA2, and
GAPDH were according to Girolami et al. (2015). tié other primers were designedRus
taurusandOvis ariesGenBank and Ensembl mRNA sequences using PrirSeft@are (version
3.0, Applied Biosystems, Foster City, CA, USA), eptfor sheep CYP1A2, which was sequenced
by a RACE-PCR protocol. In brief, a preliminarnysilico analysis of CYP1A2 and CYP1A1l RNA
sequences, collected from different ruminant argliate species, was performed by Clustal W
multiple alignment (Bioedit software, ver. 7.0.Begenerate primers (forward 5'-
GCCCTVTTSAAGCACARYRAG-3' and reverse 5'-

GATGGCYARGAAGAGGAAGAYYTCCCA -3’) were then designgd amplify a CYP1A2



conserved region. After amplification of ovine InaDNA samples (50-200 ng) by a p0) PCR
reaction containing 2x Accuprime Master mix (TherRisher Scientific) and 10M of each

primer, all amplified fragments were gel purifietdasequenced by capillary electrophoresis (ABI
3100 sequencer, BigDye V.1.1 chemistry). The extensf the 3’ and 5’ ends of candidate
fragments of ovine CYP1A2 cDNA was performed by85RACE kit 2nd Generation (Roche,
Monza, Italy), according to manufacturer’s instroes. Sequencing of both 400 bp starting
fragments and associated extended 5’ and 3’ amdi¢bb51 bp) revealed a candidate ovine cDNA
template with 96% homology (99% coverage) with hev\€CYP1A2 sequence and only 93%
homology (71% coverage) with ovine CYP1A1 sequeRoether BLAST alignments against last
ovine genome assembly (ver. Oar_v4.0) released &0/R015 from Archibald et al. (2010),
confirmed the identity of the sequenced cDNA tertgdas ovine CYP1AZrimer information
(sequences, gene accession numbers and amplies) sfzarget and candidate internal control
genes (ICGs) specific for sheep and cattle are sanmed in Supplementary Tables S1 and S2,
respectively. Due to the high level of homology¥95of sheep UGT1A3 and UGT1A4, genes
were amplified with the same couple of primers.Hepgmer set efficiency was evaluated through
the dilution method using a poall all RNA samples for each species, and it waspr®sad

between 95% and 100%.

To identify the most stable couple of ICGs for eaphcies, MRNA levels of a set of candidate
genes (B2M, GAPDH, HPRT1, PGK1, SDHA, S24, TFRC, NXZ) were measured in ovine and
bovine liver samples, and analyzed using threeafft statistical algorithms - geNorm version 3.5
(Vandesompele et al., 2002), NormFinder versiob® @ndersen et al., 2004), and BestKeeper
version 1 (Pfaffl et al., 2004) - , according te ttevelopers’ recommendations. SDHA/PGK, and
SDHA/GAPDH were identified as the best combinatiohBCGs for sheep and cows, respectively.

gRT-PCR reactions were performed on 500 ng of cDINA, final volume of 2Qul consisting of
the 1X iTag SYBR Green Supermix with ROX and anrmoed concentration of each primer set

(150-900 nM range). PCR amplification was run orA&h 7500 Real-Time PCR System (Applied
9



Biosystems) using 96-well optical plates underfti®wing conditions: 30 s at 95 °C for
polymerase activation, and 40 cycles of 15 s &(®&and 60 s at 60 °C. Each reaction was run in
triplicate, and a no-template control was includsohg water instead of cDNA.

The relative gene expression was calculatigh the 2°“* method (Livak and Schmittgen, 2001),
using the geometric mean of the two best ICGsdchespecies as a reference (Vandesompele et

al., 2002), and was expressed as relative mRNA.leve
2.4 Western blot analysis

Hepatic subcellular fractions were isolated byatihtial ultracentrifugation and stored as
detailed by Nebbia et al. (1999). Protein extragse obtained through RIPA lysis buffer (50 mM
TrisHCI, 150 mM NacCl, 0.1 % SDS,1% Tryton X-1005% sodium deoxycholate) containing 2
mM PMSF and a Protease Inhibitor Cocktail accordinmanufacturer’s instructions. The protein
concentration was determined according to the O&batnm using the BCA protein assay Kkit.
Equal amounts of protein (1@/lane) were resolved with SDS-PAGE on 10-12% polylamide
gels under reducing conditions, and transferred armtitrocellulose membrane. After blocking of
non-specific binding sites with 10% BSA in TBS, thembranes were incubated for 2 h at room
temperature with primary antibodigsActin or Calnexin were used as loading controfs fo
cytosolic and microsomal proteins, respectivelymparable reactivity of antibodies to sheep and
cow proteins was validated through the measureofearnino acid homology between the two
species, which resulted >90% for all the invesadatroteins. Following incubation with the
appropriate horseradish peroxidase-conjugated dacpantibody, reactive proteins were
visualized with an enhanced chemiluminescence syftarity™ Western ECL Blotting
Substrate) according to manufacturer’s instructitmsnunoblot bands were visualized by means of
the ChemiDoc MP System (Bio-rad) and protein expogswas quantified by densitometry using
Imagelab software version 4.1 (Bio-rad). The reglatlensity of each individual protein band was

normalized to that of the corresponding loadingticn

10



2.5 Enzyme assays

In general, enzyme activities were assayed witlstsates that are considered specific for a
given CYP- (loannides, 2006) or phase Il enzymdasully (Bock, 2001; Sherratt and Hayes,
2001) in target species or in humans or laboratpecies; test conditions were of linearity with
respect to protein concentration and incubatior tiltheO-dealkylation rate of either 2 uM
ethoxyresorufin (EROD) or 5 uM methoxyresorufin (MB) were assayed fluorometrically by
measuring the amount of the released resorufiretsleld by Nebbia et al. (2003). UGT activity
was determined in 0.25% Triton X-100 activated wsames according to Antoine et al. (1988),
using 1-naphthol 0.3 mM, a substrate reported tepeeific for the polycyclic aromatic
hydrocarbon-inducible UGT1A (Court, 2001). The ramreg parameters were assayed in diluted
cytosolic fractions. NQO1 was measured following taduction of 2,6-dichlorophenolindophenol
(DCPIP) at 600 nm (Lind et al., 1990), while ta&$ T was assayed using 1-chloro-2,4-
dinitrobenzene (CDNB) 1 mM as described by Habiglet1974). The activity of the GST of the
class was measured using cumene hydroperoxide (CHP)M as the substrate using the method

described by Scholz et al. (1981).
2.6 Statistical analysis

Statistical analysis of all data was performed gisémaphPad Prism 4.03 (GraphPad Software,
Inc., La Jolla, CA, USA). Outlier results identididy the Grubbs’ test were omitted from
calculations. Differences between mean values @etermined by the Mann Whitney test.

Statistical significance was assumed at p values®05.

3. Results

On average, the analytical determinations of PCBd DL-PCBs showed that total TEQ
levels were approximately 5-fold higher (p<0.00013heep liver compared to cattle (mean values
of 0.76 pg TEQ/g wws0.15 pg TEQ/g ww). On the other hand, no staafiisignificant

11



differences in total NDL-PCBs content were recorbetiveen the two species, with mean
concentrations of 1.01 ng/g ww in the ovine samples$ 0.87 ng/g ww in the bovine ones. A
detailed description of DL-congener patterns in ewe cow livers may be found in the paper by
Benedetto et al. (2016).

The Real-time PCR analysis of the two key AhR digggpathway members (AhR and ARNT)
and of the AhR-dependent XMEs (phase I: CYP1Al, CXP, and CYP1B1; phase Il: NQO1,
GSTA isoforms and UGT1A isoforms) showed that shesmg cow liver expressed all the
investigated genes, except for CYP1B1, which wasatiable to a very low extent only in bovine
samples (Fig. 1). As far as phase Il enzymes areeraed, there were some differences between
the two species in the number of the expressednsf of the GSTA and UGT1 families, in
accordance with the deposited genome sequencésugth sheep UGT1A3 and 4 could not be
discriminated by the Real-time PCR analysis dudéchigh level of homology, ovine liver
displayed at least 4 UGT1A isoforms (UGT1A1-3/4)afd only one GSTA isoform (GSTA1L),
while cattle liver expressed 2 UGT1A (UGT1A1-6)daGSTA isoforms (GSTAL-2).

The comparative analysis of the hepatic mMRNA exqioeslevels of the investigated genes in
ewes and cows is outlined in Table 1. As regard® Ahd ARNT, both genes were expressed to a
lower extent (about 2-fold) in the ovine samplempared to the bovine ones (p< 0.001). Likewise,
sheep had a lower gene expression of AhR-depeptiast | enzymes compared to cattle (p<
0.001 or less), with approximately a 3- and 9-fiffierence for CYP1Al and CYP1A2,
respectively. In contrast, UGT1AG6 isoform was esgeal at a significant higher level in ewes (11-
fold change, p< 0.0001), whereas no statisticagigiBcant differences in the mRNA level of the
other investigated phase Il enzymes (NQO1, GSTALWMBT1A) were detected between the two
species.

The gene expression results of XMEs were almosiptetely consistent with the corresponding
measured protein level (Fig. 2) and catalytic ainéis (Table 2). The immunoblot analysis of the

CYP1A family enzymes using an anti-rabbit CYP1Aafibody revealed a single band in the
12



hepatic microsomes from both ruminants, which veas intense in the sheep (2-fold change,
p<0.001). Accordingly, the EROD activity was loweithe ovine subcellular preparations
compared to the bovine ones (7-fold change, p<0L@vhile nostatistically significant
differences in the MROD rate occurred betweenweedpecies. As regards the microsomal
UGT1A family enzymes, both the protein amount drerate of 1-naphthol glucuronidation were
higher in sheep liver samples compared to catties ¢p< 0.0001), with approximately 4- and 2-fold
difference, respectively. In line with the gene regsion analysis results, hepatic NQOL1 protein
level and activity were comparable between ewescamdg. Conversely, sheep cytosolic fractions
exhibited a lower GSd class protein expression (4-fold change, p<0.00f49pite the lack of
difference between the two species in the mRNAllef/the GSTAL isoform. From the catalytic
viewpoint, the total GST activity assayed with CDE8the substrate was more elevated in the
ovine samples (about 3-fold change, p<0.0001),evind statistically significant differences in the

rate of CHP conjugation were recorded betweenvweminant species.

4. Discussion

In recent years, the tendency of ovine livers twuawlate DL-compounds with respect to cattle
and other food producing species has been higkligby several surveys and an EFSA opinion
(Bruns-Weller et al., 2010; EFSA, 2011; Rose et24110). Recently, Benedetto et al. (2016)
confirmed such feature on the same animals invegsiigin this study, reporting an almost 5-fold
increase in dioxins and DL-PCBs content in shesgattle livers, both collected in areas with no
known contamination sources. In line with the ressaf both an experimental study performed on
lambs fed dioxin-contaminated hay (Hoogenboom.eR8all5) and data reported by EFSA (2011),
also in our case the hepatic sequestration waslgtiimited to DL-compounds and did not involve
NDL-PCBs (Benedetto et al. 2016). The aim of thespnt study was to get further insight into the
possible mechanisms of such a species-specifiaradation. Thus, liver samples from the same

sheep and cows subjected to DL-compound deterraméBenedetto et al. 2016) were analyzed for
13



the gene/protein expression and the activity of AlgRendent XMEs involved in the
biotransformation of DL-compounds and/or known ¢afiduced upon the exposure to them. In
addition, the expression of the AhR and ARNT gemas evaluated in order to assess their
contribution to the basal level and the possibtriambility of the related enzymes (mostly CYP1A
family) in these two ruminant species (Bock, 2013).

To the best of our knowledge, this is the firstoepnvestigating the comparative expression of
selected AhR-dependent XMEs at gene and protegi iexsheep and cows, as all the studies
published so far have dealt only with enzyme ati#isi In our study, ovine livers exhibited a
noticeably lower expression and activity of the WAHamily when compared to cow livers. The
available information about CYP1A family in rumirtartoncerns the ability of liver microsomes to
O-dealkylate 7-ethoxyresorufin or 7-methoxyresorufio substrates that in the rat are relatively
specific for CYP1Al and CYP1AZ2, respectively (Néauret al., 1993). In ruminants such a
specificity has been established only for bovindP@X1 (Pegolo et al., 2010; Sivapathasundaram
et al., 2001). In line with the results of compamstudies performed with liver microsomes (Smith
et al., 1984; Szotakova et al., 2004) or primanyatecytes (Vantklooster et al., 1993), the present
data confirm the much lesser ability of ovine pregians in performing 7-ethoxyresorufd:
dealkylation compared to the bovine ones, whiaghasched by a 3-fold lower CYP1Al gene
expression. Although the anti-rabbit CYP1A1/2 aoti¥ did not allow discrimination between the
two CYP1A isoforms, the resulting single immunoteacprotein was consistently more expressed
in bovine liver. In keeping with previous studi&ztakova et al., 2004), however, liver MROD
activity did not differ between the two speciessplte that CYP1A2 gene was 9-fold less expressed
in sheep than in cattle; this might indicate thamé&thoxyresorufin is not a specific substrate for
CYP1A2 in both species. The lower expression @rl@YP1A2 in sheep when compared to cattle
is also supported by an indirantvivo experimental evidence. The hepatic clearanceftdina, an
established CYP1A probe (Berthou et al., 1992)uoed at similar rates in ewes and heifers;

however, the plasma caffeine metabolite patternmadkedly different, in that paraxanthine
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(CYP1A2-dependent) largely predominated over thgtiple (CYP1Al-dependent) in heifers,
while in sheep the reverse was true; the Autharsefore concluded that CYP1A2 is likely to be
expressed to a lesser extent in sheep than ie ¢Bidinielson and Golsteyn, 1996). Finally, it
should be noted that in most animal species CYH&APedominantly expressed in liver, while
CYP1ALl is mainly expressed extrahepatically (lodesj 2006). According to our results, this does
not seem to be the case for the sheep that exhikdéP1A2/CYP1ALl liver ratio of about 1.5 and
hence much lower than that occurring in cattle)(4A2Y'P1B1 is also much more abundant in
extrahepatic tissues, but has been reported tedably inducible by different chlorinated or
brominated dioxins in bovine primary hepatocytear{{ge et al., 2009). In line with the above
results, it could be detectable, though at verylewels, in bovine liver only.

As far as the examined AhR-mediated phase Il XMEsancerned, liver NQO1 expression and
activity did not vary between sheep and cattle fautomparative data could be identified in the
literature. Limited information is available conogrg the comparative conjugative metabolism of
xenobiotics in cattle and sheep liver. As mentiobefibre, the major route of DL-compound phase
Il metabolism is glucuronidation. In this respefdia from the present work point to a higher
expression (at both gene and protein level) aralytat activity of UGT1A enzymes in liver from
ewes compared to cows; our results match those dtber studies in which the glucuronidation
rate of 1-naphthol, a typical probe of most UGTIrAtpins (Tukey and Strassburg, 2000), was
found to be up to 5-fold higher in ovinebovine hepatic microsomes (Smith et al., 1984 ;Ridat
and Klaassen, 1986).

A minor pathway of some (DL)-PCBs comprises the é$ddiated conjugation of epoxides
resulting from CYP-dependent biotransformation §@ni et al., 2015). When using CDNB, a
substrate for most GST families, the higher tota8lfGctivity recorded in our study in ewe cytosols
reproduces what has been outlined in other repdstswith respect to the degree of difference
between the two species (around 2- and 4-fold) {fsetial., 1984; Szotakova et al., 2004; Watkins

et al., 1987). It is worth noting that the low effincy in the conjugation of CDNB displayed by
15



cattle has been described also in comparison litr dood-producing species (horse, pig, goat,
rabbit and broiler chick) (Gusson et al., 2006;t8kova et al., 2004). Concerning the GSTass,
which is a target of the AhR-signaling pathway, lineer protein expression recorded in ovine
samples is consistent with the occurrence of desiggne isoform (GSTA1) compared to cattle
(GSTA1 and GSTAZ2), although the relative mRNA leveild not show any statistically significant
differences. In this respect, the conjugation cit€ HP was almost superimposable in the two
tested species. This suggests a limited specifidisuch a substrate for the G&dlass in both
species, unlike what has been reported in humaatsiiEand Bammler, 1999; Jaitovitch-Groisman
et al., 2000).

Based on data generated from this investigatianlaver expression and activity of CYP1
family in the ovine liver with respect to cattleagnsistent with the hypothesis of a less efficient
hydroxylation rate of DL-compounds by the sheep tloald impair their subsequent elimination
ultimately resulting in their specific hepatic acmulation. More to the point, in consideration of th
remarkably low CYP1A2 expression, it is unlikelathhis isoform could be responsible for the
specific liver sequestration of such moleculesmdheep, in contrast to what has been previously
reported for mice, rats and humans (Hakk et aD92@antostefano et al., 1999; Watanabe et al.,
2013). It is worth noting that our results evideadewer gene expression of AhR and ARNT in
sheep, suggesting that AhR-target genes - mostRX2&Yenzymes - could be also less inducible by
DL-compounds compared to cattle. Such an evenbéas demonstrated in human cultured
peripheral lymphocytes from healthy donors, whenRAnRNA levels were positively correlated
with CYP1AL1 inducibility (Lin et al., 2003). As aifther hypothesis, it cannot be excluded that a
different binding affinity of DL-compounds towardbeeep and cow AhR could participate in the
lower inducibility of ovine AhR-target genes, asi#s been reported for other species (Connor and
Aylward, 2006). Overall, results concerning thdaténces in the expression and activity of AhR-
mediated phase Il XMEs between the two speciesestiglgat the examined conjugative enzymes

are not likely to be involved in the hepatic acclation of DL-compounds in sheep.
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In conclusion, this work is the first to compare #xpression and the catalytic activity of AhR-
dependent XMEs in sheep and cows, two ruminaniespebaracterized by a different abilitythe
hepatic accumulation of DL-compounds. The resudigehprovided further insight into the possible
underlying mechanisms, pointing out remarkablecdéfiices between the two species, particularly
in the expression of both key transcription factwirthe AhR signaling pathway and of phase |
enzymes participating in the oxidative metabolinvarsion of such environmental pollutants,
which is a prerequisite for their subsequent elation. Further research is needed to explore the
possible role of other factors in the specific Disgound accumulation in ovine liver. For
example, thén vitro inability of human vs. rat preparations in met&ioy model DL-compounds
has been reported to reflect structural differemee&3YP1A1 protein (Yamazaki et al., 2011). It
may be also worthwhile to investigate the involveit® drug transporters (e.g. ABCG2 and
MRP2) in the biliary excretion of DL-compounds umrinants. Finally, the relative low expression
of AhR, ARNT, and CYP1A enzymes we found in sheegrlis expected to alter the kinetics and
the dynamics of other CYP1A substrates, includitigeoenvironmental pollutants (e.g. polycyclic
aromatic hydrocarbons) (Shimada and Fujii-Kuriyag@,4), toxins (e.g. aflatoxins) (Dohnal et al.,
2014) or drugs (e.g. benzimidazole anthelmintigglik et al., 2005). This will result in probable
implications for the sensitivity to certain toxid¢aror the efficacy and persistence of selected

medicines.
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Tablel

Relative mRNA expression levels of AhR signalirgipvay members and target genes (phase | andylire®) in livers from sheep and cows

AhR ARNT CYP1A1 CYP1A2 NQO1 GSTA1 UGT1A1 UGT1A6
Cows
(= 10) 118.0+15.2 41.4+1.9 7450+ 122.0 3512.0+@50.31.2+6.6 5660.0 + 553.7 529.4 + 87.6 137.0 £27
Shee 3 Kk * * Kk
(= 38) 46.3+11.0 19.0+53" 2522+7286  383.1+1457 20.6+55 4932.4+1182.6 492.1+158.71 15081820

Data are expressed as mean + SEM; ** p<0.001, ¥%.0001

Table?2

Phase | and phase Il metabolic activities measuredbcellular fractions obtained from sheep ana keers

CYP1A CYP1A NQO1 GST GSTa UGT1A
(ERODY (MROD)® (DCPIPY (CDNB)' (CHPY (1-naphtolj
Cows
(= 10) 354.1+32.1 155+1.5 108.7 £ 8.3 182.8 £8.3 1687.1 2.7+05
Shee " N "
= 3%) 47.7+3.9 20921 99.1+8.1 5148 £22.0 156.3+7.6 5.7+04

Data are expressed as mean + SEM; § pmol/min/migipra- nmol/min/mg protein; *** p<0.0001
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Fig. 1. Relative mRNA expression levels of AhR signalinghpeay members (AhR and ARNT)
and target genes (phase | and Il enzymes) in livers sheep (n=30) and cows (n=10). Data are
expressed as relative mRNA levels compared to ¢ésedombination of ICG for each species
(SDHA/PGK for sheep, and SDHA/GAPDH for cows), aamdsented as mean + 95% confidence
interval. UGT1A3/4 have been grouped due to thelifiocgiion with the same couple of primers.

n.d. = not detectable.
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Fig. 2. Protein expression levels of AhR-dependent XMBsvars from sheep (n=30) and cows
(n=10). Western blot analysis was performed on tiepabcellular fractions. Data are expressed as
relative protein level usingrActin or Calnexin as loading controls for cytosaind microsomal
proteins, respectively (mean = 95% confidence wat@r The gels are representative of 4 animals

for each species. *** p<0.0001
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Table S1

Primers used for Real-time PCR analysis (ovine).

Gene Accession no. 5 3’ sequence Amplicon size

AHR XM_004007775 Fwd: GTGCAGAAAACTGTCAAGCCA 172
Rev: CACTGAGCCTAAGAACGGAAA

ARNT XM_004003633 Fwd: GCACCTACAAGCCGTCTTTC 155
Rev: CTCAGACTGTGGCTGGTTCA

CYP1A1 NM_00112998 Fwd: CGAGAATGCCAATATCCAGC 174
Rev: TGCCAATCACTGTGTCCAG

CYP1A2 XM_012098693 Fwd: CAGTAAGGAGATGCTCAGTG 201
Rev: CTGTTCTTGTCAAAGTCCTGG

CYP1B1  XM_004006013 Fwd: CACCAGGTATTCGGAAGTGC 118
Rev: AAGAAAGGCCATGACGTAGG

GSTAl1 NM_00114766 Fwd: AGAGGGTGTGGCAGATTTGG 141
Rev: TGGCTCTTCAGCACATTTTCA

NQO1 XM_004015102 Fwd: AAGAAGGCAGTGCTTTCCAT 124
Rev: AGCCACAGAAGTGCAGAGTG

UGT1A1 NM_001205147 Fwd: GGGTCTGTTTGGCTTCTCAG 181
Rev: CCATTGAGCCCAAAGAGAAA

UGT1A3/4 NM_001205148 Fwd: TCATTGGGGGCATCAACTGT 111

NM_001205149 Rev: CCATTGAGCCCAAAGAGAAA

UGT1A6 NM_001205146 Fwd: CCTCCATTTGGCTGCTAAGA 179
Rev: CCATTGAGCCCAAAGAGAAA

UGT1A9 NM_001009189 Fwd: CAGTGGCATCAACTGTCAGAA 113
Rev: CCATTGAGCCCAAAGAGAAA

B2M NM_001009284 Fwd: CTGTCGCTGTCTGGACTGG 86
Rev: TTTGGCTTTCCATCTTCTGG

GAPDH NM_001190390 Fwd: AGATGGTGAAGGTCGGAGTG 117
Rev: GAAGGTCAATGAAGGGGTCA

HPRT1 XM_004022693 Fwd: GCCGACCTGTTGGATTACAT 113
Rev: TCACCTGTTGACTGGTCGTT

PGK1 NM_001142516 Fwd: CGGAGCTAAAGTTGCAGACA 124
Rev: GCCAATCTCCATGTTGTTGA

S24 XM_004018184 Fwd: CATGCGCCTCACTACATCG 100
Rev: CATCTTCCACTGTTCGCTCA

SDHA XM_004017097 Fwd: TAAACCAAATGCTGGGGAAG 115
Rev: ATGGCTCTGCATCGACTTCT

TFRC XM_004003001 Fwd: GCAGTTCTCAAAACTCGGTGT 129
Rev: CATGGACCAGTTTGCCAGTA

YWHAZ NM_001267887 Fwd: TGAAGCCATTGCTGAACTTG 128

Rev: CTGCTTCAGCTTCGTCTCCT
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Table S2

Primers used for Real-time PCR analysis (bovine).

Gene Accession no. B 3’ sequence Amplicon size

AHR XM_612996 Fwd: GTGCAGAAAACTGTCAAGCC 203
Rev: GCAACATCAAAGAAGCTCTTG

ARNT NM_173993 Fwd: TTTCCTCACTGATCAGGAAC 183
Rev: TCCAGGATACGCCCTGTC

CYP1Al XM_588298 Fw: CGAGAATGCCAATATCCAGC 173
Rev: TGCCAATCACTGTGTCCAG

CYP1A2 NM_001099364 Fwd: CAGTAAGGAGATGCTCAGTC 201
Rev: CTGTTCTTGTCAAAGTCCTGG

CYP1B1 NM_001192294 Fwd: CACCAGGTATTCGGAAGTGC 118
Rev: AAGAAAGGCCATGACGTAGG

GSTAl NM_001078149 Fwd: AGAGGGTGTGGCAGATTTGG 141
Rev: TGGCTCTTCAGCACATTTTCA

GSTA2 NM_177515 Fwd: TTACCACTGTGCCCACCTGAT 112
Rev: CTTGTCCGTGATTCTTCAGCAC

NQO1 NM_001034535 Fwd: CGGAATAAGAAGGCAGTGCT 130
Rev: AGCCACAGAAGTGCAGAGTG

UGT1Al NM_001105636 Fwd: TGGGTCTGTCTGGATTCTCA 195
Rev: GGAATCTCCGAGACCATTGA

UGT1A6 NM_174762 Fwd: CAACACGGTCCTCATCGGA 115
Rev: GCCCAAAGAGAAAACCACAA

B2M NM_173893 Fwd: ATCGGAGCAGTCAGACCTGT 154
Rev: CAGGTCTCGATCCCACTTAAC

GAPDH NM_001034034 Fwd: GGAGAAACCTGCCAAGTATGAT 125
Rev: GAGTGTCGCTGTTGAAGTCG

HPRT1 NM_001034035 Fwd: CACTGGGAAGACAATGCAGA 102
Rev: ACACTTCGAGGGGTCCTTTT

PGK1 NM_001034299 Fwd: TGACAAGAATGGCGTGAAGA 139
Rev: CTCAGGACCACAGTCCAAGC

S24 NM_001025339 Fwd: AACACAGGCTTGCGAGACAT 154
Rev: CCTTCTGTTGTCCAATCTCCA

SDHA NM_174178 Fwd: CTTCAAGGAGAGGGTTGACG 101
Rev: CGTAGGAGAGCGTGTGCTT

TFRC NM_001206577 Fwd: ATGCTGCTTTCCCTTTCCTT 149
Rev: ACGTGCCACTCTGTTCAACT

YWHAZ NM_174814 Fwd: TGAAGCCATTGCTGAACTTG 128
Rev: CTGCTTCAGCTTCGTCTCCT
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