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Abstract: In cattle, phenobarbital (PB) upregulates target drug-metabolizing enzyme (DME) mRNA
levels. However, few data about PB’s post-transcriptional effects are actually available. This work
provides the first, and an almost complete, characterization of PB-dependent changes in DME cat-
alytic activities in bovine liver using common probe substrates and confirmatory immunoblotting
investigations. As expected, PB increased the total cytochrome P450 (CYP) content and the extent of
metyrapone binding; moreover, an augmentation of protein amounts and related enzyme activities
was observed for known PB targets such as CYP2B, 2C, and 3A, but also CYP2E1. However, con-
tradictory results were obtained for CYP1A, while a decreased catalytic activity was observed for
flavin-containing monooxygenases 1 and 3. The barbiturate had no effect on the chosen hydrolytic
and conjugative DMEs. For the first time, we also measured the 26S proteasome activity, and the
increase observed in PB-treated cattle would suggest this post-translational event might contribute to
cattle DME regulation. Overall, this study increased the knowledge of cattle hepatic drug metabolism,
and further confirmed the presence of species differences in DME expression and activity between
cattle, humans, and rodents. This reinforced the need for an extensive characterization and under-
standing of comparative molecular mechanisms involved in expression, regulation, and function
of DMEs.

Keywords: cattle; drug-metabolizing enzymes; hepatic drug metabolism; enzyme activity; induction;
phenobarbital; species differences

1. Introduction

In mammals, xenobiotics can be metabolized by a variety of enzymes commonly
referred to as drug-metabolizing enzymes (DMEs). These enzymatic reactions (“biotrans-
formations”) are meant to convert xenobiotics in more hydrophilic derivatives, which
ultimately are more easily excreted from the body. Together with uptake and efflux drug
transporters, DMEs play an important role in the absorption, distribution, metabolism, and
elimination (ADME) of xenobiotics [1-4]. In the past, biotransformation was invariably
associated with deactivation or detoxification; however, this is not always the case, since in
certain instances, through a process called “bioactivation”, DMEs may give rise to stable or
unstable derivatives remarkably more (re)active than the parent compounds [5].
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Drug-metabolizing enzymes are expressed in the liver and, albeit to a lesser extent, in
many extrahepatic tissues, including circulating lymphocytes [6,7]. Furthermore, biotrans-
formations are usually distinguished into phase I (oxidation, reduction, and hydrolysis) and
phase II (conjugation with activated endogenous compounds) reactions. It is a shared opin-
ion that members of the cytochrome P450 (CYP) enzyme superfamily (catalyzing oxidation
reactions) are the most important phase I DMEs, which also include flavin monooxygenases
(FMOs) and hydrolytic enzymes such as esterases (e.g., carboxylesterase, CES) and epoxide
hydrolase (EH). The whole set of phase II DMEs consists of a certain number of enzyme
superfamilies, including sulfotransferases (SULTs), UDP-glucuronosyltransferases (UGTs),
and glutathione S-transferases (GSTs) [4,8-10].

Many factors may affect the overall biotransformation capacity, thus determining
which pathway is involved in xenobiotic metabolism and the extent of these activating or
detoxifying reactions. These factors are usually split into internal (e.g., species, strain/breed,
gender, age, and physiopathological conditions) and external factors (e.g., diet, environ-
ment, induction/inhibition phenomena), as reviewed by Gibson, Skett, and Nebbia [2,5,11].
Obviously, this classification is purely arbitrary, and much interaction exists among these
factors. In the present study, we focused and provided additional knowledge on two
important factors known to affect DMEs expression, regulation, and function; i.e., species
differences and enzyme induction [9,12-15].

The term induction denotes a dose-dependent increase in DME expression (gene/protein)
and function (catalytic activity). Such a phenomenon, known for at least 60 years, is reported
to influence the ADME of xenobiotics; among the possible consequences are an increased
xenobiotic clearance, beneficial or harmful drug-drug interactions, and carcinogenicity, as well
as an altered activity and disposition of relevant endogenous compounds (e.g., hormones).
Cytochromes P450 are considered as the most important inducible DMEs; in particular,
CYP1A1l, 1A2, 2B6, 2C8, 2C9, 2C19, and 3A4 isoforms [4,15,16]. The mechanistic background of
induction has been elucidated; most of the genes involved in drug metabolism and disposition
are induced by specific xenobiotic-activated nuclear receptors (NRs); i.e., the aryl hydrocarbon
receptor (AhR), the pregnane X receptor (PXR), the constitutive androstane receptor (CAR),
peroxisome proliferator-activated receptors, and the 1, 25-dihydroxy vitamin D3-activated
vitamin D receptor. Drug-metabolizing enzymes’ transcriptional activation, and the resulting
increased protein synthesis, follow the transactivation of xenobiotic-response elements present
in the DNA of target genes. Additional NRs, such as the hepatocyte nuclear factor 4-«, the
farnesoid X receptor, and the liver X receptor-«, play important roles in the metabolism of
cholesterol and bile acids [4,9,16-18]. A notable exception is represented by the CYP2E1
gene, the induction of which involves both transcriptional and post-transcriptional (protein
stabilisation) mechanisms [15,19-21].

In humans and rodent species, a number of studies demonstrated that phase I and
phase II DMEs were either induced or inhibited by several xenobiotics, including drugs, pes-
ticides, food additives, industrial chemicals, natural compounds, environmental pollutants,
and nutrients [9,15]. Basically, polycyclic aromatic hydrocarbons (e.g., 3-naphthoflavone),
barbiturates (e.g., phenobarbital, PB), glucocorticoids and polypeptide antibiotics (dexam-
ethasone and rifampicin), fibrates (e.g., clofibrate), and short-chain alcohols (ethanol) are
considered as prototypical CYP1A, 2B, 3A, 4A, and 2E1 inducers, respectively [4,22].

Phenobarbital is a widely used hypnotic and antiepileptic drug that causes pleiotropic
effects in the liver, including an abnormal enlargement, hyperproliferation, and dysregu-
lation of energetic homeostasis. Additionally, in humans and rodents, it is a prototypical
inducer of the CYP2B, 2A, 2C, and 3A subfamilies; EH; some UGT, GST, and SULT isoforms;
and a number of influx and efflux drug transporters [4,23,24]. Basically, PB upregulates
CYP2B by activating CAR; however, regulatory cross-talks with PXR have been noticed;
furthermore, the presence of alternative mechanisms for PB-mediated CAR activation
(e.g., phosphorylation-mediated signal regulation) have also been hypothesised [22,25].

There is substantial literature affirming that PB and PB-like compounds; i.e., showing
the same behaviour despite no evident structural relationship with PB or each other [26],
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induce human and rodent DMESs, and primarily CYP2B. However, species differences in the
pattern of induction have been reported as well [9,15,27-29]. On a comparative basis, and
especially looking at veterinary species, few data about the PB-dependent up-regulation of
hepatic CYPs are actually available for pigs [30-32], sheep [33], rabbit [34], chicken [35,36],
or dog [37-39]. However, contradictory in vitro results have been reported in the horse [40].

Cattle is an important food-producing species worldwide; however (and likewise to
the abovementioned veterinary species), few data about the PB-mediated induction of
DME:s are currently available. If we exclude the in vitro data from primary hepatocytes [41]
and cocultures of hepatocyte and sinusoidal cell lines [42], the only available information is
that published by Zancanella et al., in which the PB transcriptional effects on target DMEs,
NRs, and drug transporters were measured in liver and extrahepatic tissues [24,43,44].

It is well established that differences, sometimes very consistent, are likely to exist be-
tween DME mRNA levels and coded enzyme activities; as a result, these post-translational
variations, regardless of host and xenobiotic-related factors, may impact on the animal’s
(individual) susceptibility to xenobiotics and target species risk assessment [45,46]. The
purpose of the present study was to provide additional information on DMEs expression
and catalytic activity in liver subcellular fractions from PB-induced cattle. Interestingly, we
also investigated for the first time the ubiquitin-dependent 26S proteasome activity, in view
of its role in protein (including CYPs) turnover [47-49]. This study was part of a larger
project aimed at measuring transcriptional and post-translational effects of PB on cattle
DMESs, NRs, and drug transporters [24,43,44]. Regarding liver post-translational results,
only preliminary data have been published so far [50].

2. Results
2.1. Nuclear Receptors and CYP2B, CYP2C, and CYP3A mRNA Levels

To confirm the role of NRs in the PB-mediated induction of cattle DMEs, we measured
CAR, PXR, and RXRa mRNA levels. No changes were noticed in the liver of PB-treated
cattle (Figure S1). However, a remarkable upregulation of the CYP2B22 gene (~78.5-fold
higher than the UT value; p < 0.01; Figure 1) was observed in these same animals. Albeit to
a lower extent, increasing mRNA levels were also noticed for CYP2C31 (~5.7-fold; p < 0.01),
CYP2C42 (~4.1-fold; p < 0.01), and CYP3A (~2.0-fold; p < 0.05). In contrast, no differences
were recorded for CYP2C88 gene expression.

2.2. Haemoprotein Content, NADPH Cytochrome c (P450) and NADH Cytochrome bs Reductase
Activities, and Metyrapone Binding

Phenobarbital caused no changes in cytochrome b5 content and the NADPH cy-
tochrome c (P450) reductase activity; however, it produced a significant (p < 0.01) increase
in the total CYP amount (~2.0-fold vs. UT) and a ~64% inhibition (p < 0.001) of NADH
cytochrome b5 reductase activity (Table S1). Furthermore, a significant increase (8.0-fold
vs. UT; p < 0.01) of CYP binding to metyrapone was observed in liver microsomes isolated
from PB-treated cattle.
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Figure 1. Hepatic CYP2B22 (A), 3A (B), 2C88 (C), 2C31 (D), and 2C42 (E) mRNA levels in untreated
control (UT, n = 3) and phenobarbital-treated (PB, n = 4) cattle. Data (arithmetic means + SD) are
expressed as n-fold change (arbitrary units, A.U.) normalized to AACt mean value of 3-actin (ACTB,
the chosen internal control gene, ICG), to which an arbitrary value of 1 was assigned. * p < 0.05;
**p <0.01; *** p <0.001 (unpaired t-test).

2.3. Cytochromes-P450-Dependent Monooxygenases
2.3.1. Cytochrome P450 2B22

Similar to the CYP2B22 mRNA levels, PB caused a significant, although less pro-
nounced, upregulation of the CYP2B protein (~2.6-fold vs. UT; p < 0.01; Figure 2A). An
unambiguous result was observed when measuring the in vitro metabolism of the selected
CYP2B-dependent marker substrates benzphetamine, benzyloxyresorufin, and 7-EFMC;
in fact, overall and significant inductions were observed (~3.5-, ~1.4-, and 3.0-fold vs. UT,
respectively; p < 0.001; Figure 2B-D). Additionally, we also measured the extent of the
O-depentylation of 7-pentoxyresorfin, another well-known CYP2B substrate. In our experi-
mental conditions, such catalytic activity was undetectable in UT and barely quantifiable in
PB-treated animals (6.16 &+ 2.51 pmoles/min-mg protein_l).

The radar plot is a form of radial graphing useful for the presentation of research
outputs, especially whenever there are more independent variables with possibly different
measurement scales [51]. To facilitate the readers” understanding of results, a radar plot
summarizing the in vitro metabolism of CYP2B22 marker substrates in both experimental
groups is reported in Figure 2E.
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Figure 2. Hepatic CYP2B22 protein expression (A) and in vitro metabolism of CYP2B22 marker sub-
strates benzphetamine (N-demethylation; (B)), 7-EFMC (O-demethylation; (C)), 7-benzyloxyresorufin
(O-debenzylation; (D)) in untreated control (UT, n = 3) and phenobarbital-treated (PB, n = 4) cattle.
In the radar plot (E), data are expressed in arbitrary units (A.U.), and a value of 1 was attributed
to UT cattle. In the bar charts, data are expressed as arithmetic means & SD. 7-EFMC: 7-ethoxy-4-
trifluoromethylcoumarin. ** p < 0.01; *** p < 0.001 (unpaired t-test).

2.3.2. Cytochromes P450 2C88, CYP2C31, and CYP2C42

Although the PB transcriptional effects were assessed in genes coding for three dif-
ferent bovine CYP2C isoforms, a unique polyclonal antibody cross-reacting with human
CYP2C8, CYP2C9, and CYP2C19 proteins was used to measure changes in bovine CYP2C
protein levels resulting from PB administration. Overall, an increasing amount of a CYP2C
cross-reacting protein was noticed (~3,5-fold vs. UT; p < 0.001; Figure 3A), thus partially
confirming the CYP2C31 and CYP2(C42 transcriptional results. In the present study, CYP2C-
dependent catalytic activities were measured by using the broad substrates aminopyrine,
chlorpheniramine, and 7-methoxy-4-trifluoromethylcoumarin (7-MFMC). The extent of
each substrate’s demethylation was significantly enhanced by PB; in particular, ~4.0-fold
for aminopyrine (p < 0.001), ~2.0-fold for chlorpheniramine (p < 0.01), and ~19.0-fold for
7-MEMC (p < 0.001; Figure 3B-D). The radar plot summarizing the in vitro metabolism of
CYP2C marker substrates in both experimental groups is reported in Figure 3E.
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Figure 3. Hepatic CYP2C protein expression (A) and in vitro metabolism of CYP2C marker sub-
strates aminopyrine (N-demethylation; (B)), chlorpheniramine (N-demethylation; (C)), and 7-MFMC
(O-demethylation; (D)) in untreated control (UT, n = 3) and phenobarbital-treated (PB, n = 4) cattle.
In the radar plot (E), data are expressed in arbitrary units (A.U.), and a value of 1 was attributed to
UT cattle. In the bar charts, data are expressed as arithmetic means & SD. 7-MFMC: 7-methoxy-4-
trifluoromethylcoumarin. ** p < 0.01; *** p < 0.001 (unpaired t-test).

2.3.3. Cytochrome P450 3A

When compared to CYP2B22, the pattern of CYP3A mRNA gene induction was a
minor entity (Figure 1); despite this, the increased CYP3A gene transcription was confirmed
at the protein level; specifically, a ~3.4-fold increase in CYP3A4 cross-reacting protein
amounts was observed in microsomal proteins from PB-treated cattle (p < 0.001; Figure 4A).
As to CYP3A-dependent catalytic activity, the best-known substrate testosterone (TST) was
hydroxylated to a greater extent in PB-treated cattle than in UT, as shown by the higher
detectable amounts of 6(3- and 163-hydroxylated derivatives; i.e., ~3.1-fold (p < 0.001) and
~2.9-fold (p < 0.01), respectively (Figure 4B). A similar behavior was also observed for
the N-demethylation of other CYP3A substrates such as erythromycin, ethylmorphine,
triacetyloleandomycin (TAO), and monensin, resulting in an increase of ~2.9- (p < 0.001),
~2.7- (p < 0.001), ~2.0- (p < 0.001), and ~2.8-fold (p < 0.001) in PB vs. UT microsomes,
respectively (Figure 4C-F). The radar plot summarizing the in vitro metabolism of all the
CYP3A marker substrates is reported in Figure 4G.
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Figure 4. Hepatic CYP3A protein expression (A) and in vitro metabolism of CYP3A marker sub-
strates TST (6f3- and 163-hydoxylation; (B)), erythromycin (N-demethylation; (C)), ethylmorphine
(N-demethylation; (D)), TAO (N-demethylation; (E)), and monensin (O-demethylation; (F)) in un-
treated control (UT, n = 3) and phenobarbital-treated (PB, n = 4) cattle. In the radar plot (G), data are
expressed in arbitrary units (A.U.), and a value of 1 was attributed to UT cattle. In the bar charts,
data are expressed as arithmetic means 3= SD. 6b-TSTOH: 63-hydroxylated testosterone; 16b-TSTOH:
16B-hydroxylated testosterone; TAO: triacetyloleandomycin. * p < 0.05; ** p < 0.01; *** p < 0.001
(unpaired t-test).

2.3.4. Other CYP Monooxygenases (CYP1A, CYP2A, and CYP2E1)

Beyond CYP2B, 2C, and 3A, we also evaluated the effects of PB on members of
the CYP1A, 2A, and 2E1 families. In our experimental conditions, controversial results
were obtained for CYP1A. Significantly lower amounts of bovine microsomal proteins
cross-reacting with the chosen anti-human CYP1A1/1A2 antibody were observed in PB-
treated animals (—34.81% vs. UT; p < 0.05; Table S2); such a behavior was confirmed
when using the specific CYP1A1 substrate 7-ethoxyresorufin (—34.12% vs. UT; p < 0.05).
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However, the rates of benzo[a]pyrene hydroxylation (another CYP1A1 probe substrate) and
7-methoxyresorufin O-dealkylation (a CYP1A2 preferential substrate) were significantly
(p <0.01) increased in PB-treated cattle (~0.8-fold and ~3.8-fold vs. UT, respectively). The
7-ethoxycoumarin is considered as a marker of both CYP1A1/1A2 and CYP1B1 [52]. Its
pattern of dealkylation was consistent with benzo[a]pyrene and methoxyresorufin results
(~2.0-fold vs. UT; p < 0.05).

In comparison with other human CYPs, the CYP2A family (consisting of three genes:
CYP2A6, CYP2A7, and CYP2A13) plays a minor role in drug metabolism. The cytochrome
P450 2A6 is the CYP2A isoform mostly expressed in the liver, and coumarin 7-hydroxylation
is used as a marker reaction for CYP2A6-dependent catalytic activity [53]. No significant
differences were observed in such a catalytic activity (Table 52). Hence, we did not measure
the CYP2A6 apoprotein amount.

Regarding CYP2E1, an overall trend to induction was observed. Higher amounts of
bovine proteins cross-reacting with an anti-rat CYP2E1 antibody were observed (~2.9-fold
vs. UT), although such an increase was not statistically significant. On the other hand,
significant increases in CYP2E1-dependent catalytic activities, namely the 4-hydroxylation
of aniline (p < 0.05) and 4-nitrophenol (p < 0.01), were observed in PB-treated animals
(~2.1-fold and ~2.9-fold vs. UT, respectively; Table 52).

2.4. Flavin-Containing Monooxygenases

Flavin-containing monooxygenases (FMOs) are expressed in bovine liver, and we
measured the effects of PB in two of them: FMO1 and FMO3. No differences in cross-
reacting FMO1 and FMO3 protein amounts were noticed between UT and PB-treated
cattle. By contrast, the extent of S-oxidation of two common FMO substrates; i.e., ethylene
thiourea (ETU) and methimazole (MTZ), was significantly (p < 0.01) lower in PB-treated
animals (—34.5% and —39.8%, respectively; Figure S2).

2.5. Hydrolytic Enzymes
Carboxylesterases and EH

Concerning CES, we measured the effect of PB in three aromatic esters known to be
CES probe substrates. The in vitro metabolism of two out of the three CES substrates was
not affected by PB. The only exception was represented by a-naphtylacetate (ANA), for
which a ~1.5-fold higher rate of hydrolysis (p < 0.05) was observed in PB-treated cattle
(Table S3).

As to EH, we measured its catalytic activity by using trans-stilbene oxide (TSO); the
barbiturate administration did not provoke changes in the enzyme activity (Table S3).

2.6. Conjugative Enzymes
2.6.1. Glutathione (GSH) Content and GSTs

No significant changes in total hepatic GSH content and GST catalytic activities were
ever recorded in PB-treated cattle, independently from the substrate used (Table 1).

2.6.2. UDP-Glucuronosyltransferases

With regards to UGTs, conflicting results were obtained. Phenobarbital caused a
significant inhibition of UGT activity toward chloramphenicol (—55.8% vs. UT, p < 0.01)
and dexamethasone (—55.2%, p < 0.001). However, no changes were recorded for UGTs
recognizing 1-napththol and p-nitrophenol as marker substrates (Table 1).



Int. . Mol. Sci. 2022, 23, 3564 9of 31

Table 1. Total glutathione (GSH) content, glutathione S-transferase (GST), and UDP-glucuronosyltransferase
(UGT) in vitro metabolism in untreated control (UT, n = 3) and phenobarbital-treated (PB, n = 4) cattle.

Parameter uT PB
GSH / 1.99 + 0.65 1.76 + 0.26
CDNB GST # 346.31 £ 30.32 312.56 +96.31
DCNB GST # 334.87 £+ 83.54 368.72 £ 18.56
ETA GST * 5.10 + 0.90 4.50 4+ 0.59
Cumene hydroperoxide GST * 366.00 &= 39.20 451.00 = 118.00
1-Napththol UGT # 13.40 +7.48 15.70 = 1.74
p-Nitrophenol UGT # 16.20 =+ 8.90 23.20 +1.40
Chloramphenicol UGT # 14.60 + 1.70 6.45 + 1.50 **
Dexamethasone UGT *# 11.25 £ 0.65 5.04 £ 1.17 ***

CDNB: 1-chloro-2.4-dinitrobenzene; DCNB: 3.4-dichloronitrobenzene; ETA: ethacrynic acid; Data are expressed as
means £ SD. ** p < 0.05; *** p < 0.05 (unpaired t-test). J: {g/mg protein; ¥: nmoles/min-mg protein 1.

2.7. Proteasome Activity

Most unneeded or damaged cellular proteins are known to be degraded by the pro-
teasome. Interestingly, the liver extracts from cattle administered with PB showed a
significant (p < 0.001) increase in the 26S proteasome with a chymotrypsin-like activity
(~1.68-fold vs. UT; Figure 5).

1.0

0.8+

. 0.6 il

f':20.4— 7

2l A /
uT PB

Figure 5. Proteasome chymotrypsin-like activity in untreated control (UT, n = 3) and phenobarbital-
treated (PB, n = 4) cattle. Data are expressed as arithmetic means + SD. A.U.: arbitrary unit. *** p < 0.001
(unpaired t-test).

3. Discussion

Phenobarbital is a known prototypical inducer of DMEs; in humans and rodents, this
barbiturate, which also causes pleiotropic effects in the liver, induces CYP2B, 2A, 2C, and
3A; EH; and some UGTs, GSTs, and SULTs [4,23]. However, if we considered such an
evidence in a broader comparative context, remarkable species-related differences in the
magnitude of response to PB have been reported [9,15,28-33,35,36,38,40]. Cattle is a world-
wide important food-producing species, but few data about the PB-mediated induction
of DMEs are available, and most refer to transcriptional changes in target DMEs, NRs,
and drug transporters [41-44]. It is worth noting that differences may exist between DME
mRNA levels and coded enzyme activities, ultimately resulting in post-translational varia-
tions that, regardless of host and xenobiotic-related factors, might impact on the animal’s
(individual) susceptibility to xenobiotics and risk assessment in the target species [45,46].
The present study aimed at providing additional information on hepatic DME expression
and catalytic activity in PB-administered cattle. Only preliminary data about liver have
been published so far [50]. Additionally, for the first time, we also measured the activity
of the cattle hepatic ubiquitin-dependent 26S proteasome, an ATP-dependent proteolytic
machine involved in CYP turnover [54].
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3.1. Nuclear Receptors and CYP2B, CYP2C, and CYP3A mRNA Levels

The assessment of PB’s effects on target gene expression was not the primary objec-
tive of the present study. Indeed, data about PB transcriptional effects on a number of
bovine hepatic and extrahepatic NRs, DMEs, and drug transporters have been previously
published [24,43,44]. Nevertheless, we thought it would be useful to confirm the role of
NRs primarily involved in PB-mediated transactivation of target CYPs (i.e., CAR, PXR, and
RXRa; and CYP2B, CYP2C, and CYP3A) [4,15,55,56]. In our study, PB did not cause changes
in liver NR mRNA levels; however, a significant induction was observed in target CYPs,
except for CYP2C88 (CYP2B22 >> CYP2C31 ~ CYP2C42 > CYP3A). The transcription factors
CAR and PXR and the common heterodimerizing partner RXRx transcriptionally mediated
the induction of CYP2B, CYP2C, and CYP3A in human hepatocytes in the presence of
PB [4]. Moreover, CAR and PXR showed a relatively high degree of similarity; hence,
there was a considerable cross-talk between these NRs. Phenobarbital is considered as an
activator of both NRs, although CAR constitutive expression has been hypothesized to
contribute more extensively to the magnitude of CYP2B induction [57,58]. Despite all this,
present and apparently contradictory NR transcriptional results are not surprising. Species
differences in ligand specificity (i.e., rifampicin and pregnenolone-16x-carbonitrile vs. PXR)
exist between humans and rodents [59], ultimately resulting in differential transcriptional
regulation (hence, in the pattern of induction); on the other hand, human and pig primary
hepatocytes showed similar responses in the presence of prototypical CAR and PXR activa-
tors, including PB [60]. Variations in NR ligand-binding domain sequences, differences in
CAR/PXR-dependent transactivation of target genes (e.g., CYP2B), as well as dose- and
time-dependent differential responses, have been called into question to explain species
differences in CYPs response to PB, PB-like compounds, and to a wider extent, prototypical
CYP inducers [58,61-63]. With regard to cattle, the abovementioned hypotheses would be
supported by results obtained in previously published in vitro/in vivo studies [44,64-66].
Additionally, the presence of alternative noncanonical NR (CAR) activation mechanisms
(e.g., a PB-dependent increased phosphorylation-mediated signal regulation) have also
been recently hypothesised [25]. Taken together, previous and present results suggest that
further basic and applied molecular studies are needed to understand the basic (ligand-
mediated) or alternative (e.g., ligand-dependent or independent phosphorylation-mediated
signaling) regulatory mechanisms by which PB transactivates cattle CAR/PXR, in any case
resulting in an increase in target CYPs gene transcription.

3.2. Haemoprotein Content, Members of the CYP Catalytic Cycle, and Metyrapone Binding

It is well known that measuring the total CYP content gives an indication of the
overall xenobiotic metabolism capacity; nevertheless, such a parameter is nonselective,
as it is impossible to identify which CYP isoform is specifically involved in the oxidative
metabolism of a given xenobiotic. This bias can be solved by using either selective CYP
inducers/inhibitors or CYP isoform-specific probes, or both approaches [67,68], as we did
in the present study. Even though PB elicits pleiotropic effects in the exposed organism, it is
known that it increases the total CYP content in the liver [33,67,69-76]. A similar behavior
was observed in our experimental conditions.

The xenobiotic oxidation by CYPs involves a complex catalytic cycle in which cy-
tochromes bs, as well as the cytochrome c and CYP reductases, play an important role [77,78].
While species differences in total CYP content have already been reported, much less
is known about the constitutive expression of the other members of the CYP catalytic
cycle [10]. In theory, it would be justifiable to hypothesize that these proteins answer
unambiguously to PB administration, but this was not the case. In our experimental con-
ditions, the only variation we found was a significant decrease in NADH cytochrome
bs reductase activity. Since the 1970s, the effects of PB on this reductase have been the
subject of investigations [79,80], and an inhibition has already been recorded in rats and
rhesus monkeys administered with the barbiturate [74,81,82]. However, contradictory
results were obtained for the other members of CYP catalytic cycle. Although in our case,
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the cytochrome bs amount was in line with what previously observed in monkeys and
rats [70,74,81], it is difficult to explain the lack of effect on NADPH cytochrome c (P450)
reductase activity [69,75,76,81-83]. Apart from chemicophysical factors (e.g., pH, heat
stability, and the presence of glycerol), both cattle and sheep liver reductase was involved
in the N-demethylation of benzphetamine [84], a CYP2B substrate that was induced in our
experimental conditions (Figure 2). Moreover, PB induced the reductase throughout the
rat liver lobule, while differential effects were observed with two other prototypical CYP
inducers: pregnenolone 16a-carbonitrile and 3-methylcholantrene [85]. Hence, further and
species-specific biomolecular studies are needed to clarify these contradictory results.
Metyrapone is a potent inhibitor of adrenal CYP113, which inhibits steroidogene-
sis [86,87], and since the 1960s, it has been used for the treatment, either alone or in combina-
tion with mitotane, of Cushing’s syndrome [87,88]. In the field of xenobiotic metabolism, it
acts as a CYP nonspecific type Il ligand [88]; hence, it is used as a general CYP inhibitor, but
particularly of CYP3A4 [86,89-91]. Interestingly, metyrapone has been successfully used to
assess the PB-dependent induction of CYPs and mostly CYP2B isoforms [92]; moreover,
the in vitro contemporary measurement of the TAO metabolite complex and metyrapone
binding to reduced CYP allowed a selective spectroscopic quantitation of CYP3A and 2B
isozymes, respectively [93]. The increasing extent of CYP-metyrapone binding in liver
microsomes from PB-treated cattle is consistent with the enhanced response of bovine
CYP2B22 to the barbiturate, as previously observed in other mammalian species.

3.3. Cytochromes-P450-Dependent Monooxygenases

Before addressing the post-translational effects of PB on cattle DMEs, we would like
to highlight that the choice of a specific substrate characterizing the catalytic activity of a
given DME still represents a potential bias in the methodological approach to xenobiotic
metabolism studies in veterinary species. Despite a specific demand, and the consequent
efforts put in place in the past decade, a full characterization of species-specific DME
catalytic activities, including the identification of the best substrate marker, is still far
from being completed. With few exceptions, we still use substrates derived from human
and rodent databases, the kinetic parameters of which (i.e., Ky and Vmax) in the target
species are often unknown or only have been occasionally measured. This makes it difficult
to extrapolate xenobiotic metabolism data across different species, as well as to reach a
correct and exhaustive understanding of the constitutive expression and catalytic activity
of DMEs [14]. Since the 1970s, a common approach to overcome this pitfall has been
the contemporary measurement of each DME’s catalytic activity by using more than
one marker substrate. This approach was also adopted in studies on cattle xenobiotic
metabolism, and especially in comparative studies [8,10,94-103]. Some of these studies
represented the starting point for the evaluation of cattle DME activities. However, it should
be underlined that some enzyme-substrate kinetic studies have already been published for
bovines [97,104-108].

There is substantial literature on the inducibility of human and rodent CYP2B enzymes
by PB [9,15,69,109,110]. In our experimental conditions, cattle did not behave differently: in
complete agreement with CYP2B22 mRNA levels, PB caused a significant, albeit less consis-
tent, increase in the CYP2B protein. Furthermore, the barbiturate provoked an explicit and
significant increase in the in vitro metabolism of the chosen CYP2B22-dependent substrates;
i.e., benzphetamine [10,100,102], benzyloxyresorufin [10,94,96,101], and 7-EFMC [94]. Some
of the present results corroborated those previously observed in other veterinary species
treated with PB, such as sheep [33], beagle dog [39,111], pig [30], and rabbit [34]. However,
PB (100 uM) did not induce the CYP2B-depedent O-demethylation of 7-EFMC in horse
primary hepatocytes [40]. Another known CYP2B substrate is 7-pentoxyresorufin, which
normally undergoes O-dealkylation in humans [109], rodents [112,113], cattle, and other
veterinary species [94,96,97,101]. In basal conditions, this catalytic activity, even in cattle,
was either undetectable or very low (few pmoles/min-mg protein ') [97,101,109,112,113].
In our experimental conditions, it was undetectable in UT; on the other hand, it was mea-
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surable in liver microsomes from PB-treated cattle. Collectively, our data unambiguously
confirmed the cattle CYP2B22’s whole responsiveness (RNA-protein-enzyme activity) to
PB when used as a prototypical DME inducer. Moreover, the present results suggested
benzphetamine as the most sensitive CYP2B substrate in cattle, although specific enzyme
kinetic studies are needed to corroborate such evidence.

In humans, the CYP2C subfamily metabolizes some commonly prescribed drugs
(e.g., phenytoin, diclofenac, omeprazole, celecoxib, clopidogrel, and paclitaxel); however,
despite the high homology in DNA and protein sequences (> 82%), each CYP2C member
is unique in substrate specificity and its role in drug metabolism [56,114]. Overall, PB
induces the CYP2C subfamily in humans and rodents, but species-related differences in
responsiveness have also been noticed (e.g., only CYP2C29 and 2C37 are induced by PB
in the rat) [56,115-117]. Overall, it is believed that the CYP2C subfamily is expressed in
veterinary species [14,118]. However, the situation in cattle is more complicated. In 2010,
a phylogenetic analysis led to the proposition of a new nomenclature for CYP2C and 34,
which mirrored the true evolutionary relationships of bovine CYPs [119]. Additionally,
the new updated version of the bovine genome database (http://bovinegenome.org, ac-
cessed on 19 January 2022) brought about substantial changes to the abovementioned
nomenclature. Finally, scarce information is available about the substrates helpful in as-
sessing the specific role of each member of this CYP subfamily in cattle drug metabolism,
and isoform-specific antibodies are still not available. In our study, a unique polyclonal
antibody raised against human CYP2C8, CYP2C9, and CYP2C19 proteins (CYP2C18 is
expressed at the mRNA but not at the protein level in the liver) [56] was used to detect
bovine CYP2C proteins. An increasing amount of a cross-reacting CYP2C protein was
observed in the liver of PB-treated cattle, thus partially confirming transcriptional results
(i.e., CYP2C31 and CYP2C42). Bovine CYP2C-dependent catalytic activities were evalu-
ated by using the broad substrates aminopyrine [95,120,121], chlorpheniramine [122,123],
and 7-MFMC [94,101,123]. Phenobarbital significantly increased the in vitro metabolism
(N-demethylation) of the abovementioned substrates, and especially of 7-MFMC. These
results were quite clear, and at least partly confirmed those obtained in canines [111] and
pigs [30]; nevertheless, they should be considered with caution, in light of the shortcomings
in bovine CYP2C expression, regulation, and substrate specificity mentioned above.

The cytochrome P450 3A subfamily represents the main CYP isoform in human
liver [114]. Although the magnitude of CYP3A biological response is lower than CYP2B
for a number of reasons; e.g., different inducing potencies and the molecular mechanisms
involved, PB induced CYP3A in humans and rodents [124-127]. In bovines, three CYP3A
genes have been identified: CYP3A28 (the human CYP3A4 orthologue), CYP3A38 (ortho-
logue of human CYP3A5), and CYP3A48 (corresponding to a bovine CYP3A4 “nifedipine
oxidase”). Actually, CYP3A38 is believed to be the most abundant CYP3A isoform in
bovine liver, followed by CYP3A48; moreover, PB transcriptionally induces these CYP3As
(CYP3A38 > CYP3A28 > CYP3A48) [43]. In the present study, increasing amounts of CYP3A
mRNA and protein, though of a lesser magnitude compared to those recorded for CYP2B22,
were observed in bovines administered with PB. A certain number of CYP3A substrates
were used to assess cattle CYP3A-dependent enzyme activities, and PB provoked an overall
and significant increase in their in vitro metabolism. The present results confirmed those
previously obtained in sheep [33], canines [111], and pigs [30].

Despite there is a wealth of information describing the univocal response of CYP2B,
2C, and 3A to PB (i.e., induction), less clear or sometimes contradictory results have been
published about the effects of PB on other CYP monooxygenases. Among these, PB seems
to upregulate the CYP1A, 2A, and 2E1 subfamilies [23,124,128,129].

The human CYP1A subfamily comprises two highly conserved genes: CYP1A1 and
CYP1A2. The former is an extrahepatic DME, whilst CYP1A2 is highly expressed in the
liver [114]. At present, no data on the constitutive expression of CYP1A2 in bovine liver
(e.g., resulting from quantitative proteomics, immunoblotting with species-specific CYP1A1
and CYP1A2 antibodies) are actually available. In our study, cattle CYP1A-dependent cat-
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alytic activities were assayed using known substrates [10,94-97,100,101,103,130]. Overall, we
obtained contradictory results; whether the CYP1A protein amount and 7-ethoxyresorufin
O-deethylase (EROD) activity were lowered in PB-treated cattle, statistically significant
increases were instead noticed in the O-demethylation of 7-methoxyresorufin and 7-
ethoxycoumarin, as well as in the hydroxylation of benzo[a]pyrene. In humans, the catalytic
activities of CYP1 enzymes are overlapping, although the prototypical biotransformations
catalyzed by CYP1A2 include EROD [114]. Regarding cattle, further studies are needed to
identify probe substrates to measure CYP1A2- and CYP1Al-dependent catalytic activity.
In veterinary species, few and contrasting results of the effects of PB on CYP1A have been
published only in canines [39,73,131]. However, both human and rodent CYP1A1/1A2
were induced by PB [132-134]. In this respect, it has been hypothesised that PB-dependent
induction of CYP1A occurs through transcriptional and post-transcriptional mechanisms.
Specifically, studies in mouse hepatoma cells proved PB to be a weak ligand of AhR, as
well as an inducer of CYP1A1 and benzo[a]pyrene hydroxylase activity [133]; on the con-
trary, CYP1A2 was regulated through molecular mechanisms independent from AhR [135].
Finally, a binding site for the CAR/RXR«x heterodimer (an ER8 motif) has been identified in
the proximal promoter of human CYP1A1. This would suggest that PB might transactivate
CYP1A1 (and possibly CYP1A?2) also through the activation of CAR [134]. Although our
results would partially confirm this evidence, additional molecular studies are needed to
clarify the regulation of the cattle CYP1A gene family; in particular, further research should
focus on the possible presence of differential NR-dependent (i.e., AhR- or CAR-mediated)
transcriptional mechanisms of gene regulation or, alternatively, post-transcriptional events.

In addition to humans, the CYP2A subfamily has been characterized in rodents, rabbit,
pigs, and cattle [114,136]. In humans, mice, and pigs, PB induced CYP2A6 through the
involvement of CAR [114,137]. The 7-hydroxylation of coumarin was a selective marker
activity for CYP2A6 in humans, pigs [52,114,138], and cattle, although with some differences
in enzyme kinetics [91]. In our experimental conditions, we did not observe significant
differences in coumarin hydroxylation between UT and PB-treated cattle. Marked species
differences in CYP2A catalytic activities, in response to inducers (including PB), and
possibly in regulation can be offered as a justification of the present results [136,139,140].

The cytochrome P450 2E1 is constitutively expressed in humans, rats, mice, and
most veterinary species [10,94-97,101,105,141,142]. Interestingly, CYP2E1 regulation in-
volves complex and different mechanisms; i.e., gene transcriptional activation, mRNA
and CYP2E1 protein stabilization, and a possible increased efficiency of mRNA transla-
tion as well [114,128,142]. Overall, chlorzoxazone is still considered as the ideal substrate
marker for CYP2E1 catalytic activity, not only in humans, but also in several mammalian
species, including cattle [97,105]. However, other probes have also been successfully used
to characterize the CYP2EI1 catalytic activity [10,95,96,130,143-145]. As a whole, we can
say that PB is likely to induce CYP2E1, even though contradictory results have been pub-
lished [128,140,141,143,146-148]. In our study, an increasing oxidative capacity toward the
selected CYP2E1 probes aniline and 4-aminophenol was observed in liver microsomes
isolated from PB-treated cattle; however, such a behavior was only partially confirmed at
the protein level. Because of the complexity of molecular mechanisms affecting CYP2E1
regulation, it is our opinion that additional molecular studies might be required to clarify
CYP2E1 expression and regulation, and consequently, its biological function.

3.4. Flavin-Containing Monooxygenases

At present, five active FMOs have been observed in humans, but they were not in-
ducible by classical CYP inducers, including PB [149,150]. Similar to humans, FMOs are
constitutively expressed in cattle liver; notably, they participate together with CYP1A in the
oxidative metabolism of an important class of antiparasitic agents; i.e., the benzimidazole
anthelmintics [151,152]. In humans and rodents, both MTZ and ETU, an ethylenebisdithio-
carbamate fungicide derivative also formed in cattle [153], are oxidized by FMOs [154-156].
The transcriptional regulation of FMOs, which involves NR ligand binding and interac-
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tion with DNA, has not been as widely studied as other DMEs. Similarly, the possible
post-transcriptional regulation of FMOs has been poorly investigated [157]. In the present
study, PB did not affect the expression of FMO1 and 3 protein amounts, thus confirming
that mammalian FMOs were not inducible by prototypical inducers [150,158]. However,
the FMO-dependent S-oxidation of MTZ and ETU were significantly reduced in PB-treated
cattle. A number of representative FMO substrates have been identified [159], and some
of them have also been proved to be competitive inhibitors of these monooxygenases,
thus leading to a decreased FMO catalytic activity. Methimazole is one of these [152,160].
However, ETU has been shown to bind covalently microsomal proteins, and species and
gender differences have been noticed as well [154,156]. We hypothesized that MTZ and
ETU inhibitory concentrations of cattle FMOs might have been used, and PB induction em-
phasized the reduction in FMO-dependent catalytic activity. Clearly, confirmatory studies
are needed to corroborate such a hypothesis.

3.5. Hydrolytic Enzymes

A number of hydrolases have been identified and proved to be involved in xenobiotic
metabolism and toxicity, including bioactivation reactions. Carboxylesterases, EH, and
paraoxonase are the most important drug-metabolizing hydrolases [161-163].

Human CES consists of five isoforms, and CES1 and CES2 are those mostly involved
in xenobiotic hydrolysis. Carboxylesterase 1 is predominantly expressed in the liver,
while CES2 is expressed at higher concentrations in the gastrointestinal tract [164]. The
substrates of both CES isoforms commonly possess a small acyl group in their chemical
structures. Hence, the CES substrate specificity may be predicted by looking at the size
of this acyl group [162]. Regarding PB, it moderately induced CES1 and CES2 in human
hepatocytes [165], while age differences in PB inducibility were observed in mice [166].
To our knowledge, few papers have measured the CES catalytic activity in veterinary
species, including cattle [8,99]. In our study, we used three different probes due to marked
differences in CES substrate preferences [167]. Significant changes (~1.5-fold higher than
in the untreated control) were only noticed when using ANA as a substrate. The present
results showed the absence of a relationship between ANA and IPA /PNP hydrolysis rates.
Therefore, we hypothesized the presence of species-specific variation in CES isozyme
abundancies and differences in the substrate preference, as already supposed in fish [168].

Epoxide hydrolases are ubiquitous and evolutionarily highly conserved DMEs that
catalyze the opening of the epoxide ring of xenobiotics and endogenous compounds
by adding water, thus generating a dihydrodiol, a reaction product that is more easily
excreted [163,169]. Mammalian EHs consist of five members, but only two of them are of ul-
timate significance; i.e., the microsomal EH (EPHX1) and the soluble EH (EPHX2) [163,170].
Human EPHX1 is responsible for the metabolism of xenobiotic epoxides [163]; e.g., the
aflatoxin B1 exo0-8,9-epoxide detoxification and the metabolic activation (together with
CYP1A1) of the human carcinogen benzo[a]pyrene [171,172]. Despite being involved in
xenobiotic epoxide metabolism, EPHX2 mostly metabolizes epoxides derived from fatty
acids [163]. Conflicting opinions exist on EPHX1 substrates. Trans-disubstituted (such
as TSO) and trisubstituted epoxides are considered as poor substrates for EPHX1 [169];
however, EPHX1 and EPHX2 showed partly redundant functions, including an overlap
in substrate selectivity and identical biological activity [163]. In the present study, we
used TSO as a substrate essentially for two reasons. First, it is considered as a “PB-like”
compound, because it induces hepatic CYP2B1/2 and other DMEs, including EPHX1 as
well [163,170]. Furthermore, TSO was occasionally used to measure the EH basal activ-
ity in ruminants, including cattle [96,98,100,102,103]. Regarding EH inducibility by PB,
contradictory results have been published in the past, and such an issue is still contro-
versial [163,169,170,173,174]. 1t is worth noting that no data about EH responsiveness to
PB are available for cattle or other veterinary species. In our experimental conditions, PB
showed no effects on cattle EH enzyme activity, but it was evident that further investiga-
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tions are warranted to clarify the role of EH, and particularly of EPHX1, in comparative
drug metabolism and cell homeostasis.

3.6. Conjugative Enzymes

Basically, phase Il DMEs are enzyme superfamilies, consisting of families and subfam-
ilies of genes encoding isoforms with different tissue expression and regulation, substrate
specificities, and pattern of induction/inhibition by xenobiotics. Human UGTs, GSTs and
SULTs are the main conjugative DMEs, participating in the metabolism of drugs most
commonly used in therapy [4,175,176]. At present, limited information is available about
SULT expression, regulation and catalytic activity [177], but phenol and 2-naphthol have
already been used as probe substrates in ruminants [98,100,102]. The sulfotransferase
2A1-like is the predominant SULT isoform in bovine liver, but PB exposure did not affect its
mRNA levels [44]. Therefore, we did not investigate the effect of PB oral administration
on SULT enzyme activities, but we focused on the other two major conjugating DMEs,
i.e., UGTs and GSTs.

3.6.1. Glutathione Content and GSTs

Glutathione, GST isoforms, and glutathione peroxidase are commonly considered as
the hinge of the cellular antioxidant response [178-181]. Regarding GSH and GSTs, they
inactivate a huge number of xenobiotics (e.g., carcinogenic alkylating agents), natural toxins,
and relevant endogenous compounds. In most species, the common reaction involves either
the transfer of a thiol group (reduction) or the xenobiotic direct conjugation with GSH
itself, via a thioether linkage. Nevertheless, human GSH and GSTs are involved in many
other pleiotropic functions [179-181]. Similar to humans, the major amount of cattle GSH
is synthetized in the liver and exported in blood and bile by transporters. Therefore, a
depletion in hepatic GSH; e.g., due to increased xenobiotic metabolism or oxidative stress,
may result in impaired GSH supply and altered animal homeostasis [182]. Despite the
pivotal role of GSH played in detoxification pathways, few papers on the role of GSH in
bovine hepatic xenobiotic metabolism have been published [98]. Concerning the possible
modulatory effect of PB on the total GSH content, contradictory results have been published
in rodents: while significantly increasing levels of hepatic GSH have been noticed in rats
pretreated with PB or following an acute exposure to the barbiturate [75,183], in other
experiments in rats and mice, PB showed no effect on hepatic GSH content [184,185]. Our
results confirmed this second hypothesis, as no changes in total hepatic GSH content were
noticed in PB-treated cattle.

Much more is known about GSTs, the third most important conjugative enzyme that
participates in the metabolism of clinically used drugs [175]. The glutathione S-transferases
superfamily encompasses three evolutionarily distinct gene families; i.e., cytosolic, mi-
tochondrial, and microsomal GSTs [181,186,187] In humans, eight GST subfamilies have
been identified [181]. These conjugative DMEs possess pleiotropic functions, but they
are mostly involved in the detoxification of both endogenous and xenobiotic electrophilic
derivatives (e.g., epoxides), more often than not resulting from a bioactivation process.
A certain number of carcinogens, drugs, natural toxins, and products of oxidative stress
are usually detoxified by GSTs [175,181,187]. A certain number of GST substrates have
been identified, but 1-chloro-2.4-dinitrobenzene (CDNB) is generally considered as the
“universal” one [8,175,186,187].

Regarding cattle, basal GST catalytic activities have already been measured by using
the most common human and rodent marker substrates, and interesting tissue- and species
differences in the conjugation efficiency have been observed [8,96,98,100-103,188-191].
Interestingly, the available data suggest the GSTA1-like gene as the foremost GST isoform
in bovine liver compared to extrahepatic tissues, even though similar amounts of target
mRNA have also been detected in kidney, lungs, and testes [44,192,193]. In humans and
rodents, there is a substantial bibliography on GST inducibility by PB, even though isoform
differences in the pattern of induction, as well as in transferase activity toward specific
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substrates, have been observed [2,23,173,187,194-197]. In our experimental conditions, PB
did not increase GST activities independently from the substrate we used. To the best of
our knowledge, this is the first report on the possible PB-dependent in vivo modulation of
bovine hepatic GST catalytic activities; the present results partially disagreed with those
published by Zancanella et al. (2012), in which increasing amounts of the GSTA1-like gene
and protein were noticed [44]. It seems obvious that the role played by cattle GSTs in
endobiotic and xenobiotic metabolism needs to be elucidated more in depth, at first by
implementing the biomolecular mechanisms involved in their expression, regulation, and
biological activity, in light of the outstanding role played by this conjugative DME in living
organisms, including bovines.

3.6.2. UDP-Glucuronosyltransferases

UDP-glucosyltransferases are a superfamily of conjugating enzymes that play an
important role in the metabolism of endogenous and exogenous compounds. Mammalian
UGTs essentially comprise two enzyme families (UGT1 and UGT2), which can be in turn
divided into three subfamilies (UGT1A, UGT2A, and UGT2B) [198-200]. In humans, UGTs
are the major phase II DMEs, since more than 20% of clinically used drugs undergo glu-
curonidation [175,201]. Humans and laboratory species (including dogs) express different
UGTs; moreover, they show different tissue distribution when compared with human
orthologues. As a whole, UGTs recognize a broad and often overlapping set of exogenous
and endogenous substrates [13,200,202,203]. Studies measuring UGT catalytic activities
in cattle and other veterinary species have already been published [8,96,100-102]. In
most cases, the two human UGT1A probe substrates 1-napththol and p-nitrophenol were
used, and cattle showed a relatively low rate of glucuronidation [8]. Several laborato-
ries proved the PB-dependent induction of UGTs, and particularly of UGT2B1 and 1A1
isoforms [198,201,202,204]. However, species differences in the magnitude of induction
between humans and rodents have been recorded as well [28,201]. To our knowledge, data
on hepatic UGT activities in cattle exposed to PB have never been published so far. The
present results seemed to contradict what was mentioned above; the barbiturate halved the
UGT-dependent conjugation of chloramphenicol and dexamethasone, whereas no changes
were noticed in the pattern of glucuronidation of both 1-napththol and p-nitrophenol. In
cattle liver, the UGT1A1-like is the predominant UGT coding gene; moreover, UGT1A1-like
mRNA and coded protein amount were significantly increased by PB [44]. Constitutive
and inducible UGTs have been shown to be primarily regulated transcriptionally by NRs,
in primis in the members of the hepatocyte nuclear factor family of transcription factors, as
well as in tissue-specific transcription factors [199,200,205,206]. Furthermore, additional
mechanisms are likely to contribute to UGT basal activities and induction/repression phe-
nomena; e.g., DNA methylation and histone modifications, activation and repression by
diverse transcription factors, mRNA stability and/or translation by microRNAs, and post-
translational modifications [199]. Bovines showed a differential transcriptional response to
human and rodent CAR and PXR agonists and inverse agonists [66]. These NRs contribute
to human UGT1A gene regulation, the enzyme activity of which can be measured by using
1-napththol and p-nitrophenol [205,207]. The present results suggested caution in any
attempt to compare bovine glucuronidation as a whole (e.g., expression, regulation, and
biological activity) with data available for human, rodents, and other veterinary species.

3.7. Proteasome Activity

The 26S proteasome is a gigantic multicatalytic, ATP-dependent protease complex that
serves as the degrading arm of the ubiquitin system; the latter represents the foremost path-
way for the regulated degradation of nuclear, cytosolic, and membrane proteins [208-213].
Regarding DMEs, there is enough information about CYPs; these hemoproteins undergo
proteolytic turnover through a process involving either an ubiquitin-dependent 26S pro-
teasomal degradation or an autophagic-lysosomal degradation [47,214]; moreover, CYPs
incur phosphorylation after functional inactivation, and such an event should be viewed as
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a necessary “marking” for degradation [208,214,215]. Human and rat CYP3A and 2E1 are
turned over via phosphorylation and 26S proteasomal degradation, whereas CYP2B1 and
2C11 are largely degraded by the autophagic lysosomes [214-218]. However, the reasons
for such a heterogeneity and differential proteolytic targeting remain poorly character-
ized [54]. To our knowledge, no data are actually available on the involvement of the 265
proteasome in the turnover of the other DMEs subjected to investigation in the present
study; e.g., GSTs and UGTs. Overall, little information is currently available on protea-
somes’ biological functions in cattle and other domestic animals [210,211]. Interestingly,
increasing evidence suggests that the 26S proteasome complex may indirectly contribute
to CYPs expression and regulation by interacting with NR biological functions [54]. The
2, 3,7, 8-tetrachlorodibenzo-p-dioxin regulates CYP1A1 via an ubiquitin-dependent 265
proteasomal degradation-mediated downregulation of the AhR [219]. In addition, PXR is
a target of the ubiquitin-signaling pathway, and phosphorylation controls PXR biologic
function [220-222]. Much more interesting, however, is the possible critical role of the 265
proteasome as a modulator of CAR functional activity [223]. The ubiquitin proteasome
was proved to be involved in the regulation of cytosolic proteins indirectly affecting CAR
responsiveness to PB and PB-like compounds [224]. All this strengthened our idea to
measure the effects of PB on the cattle 26S proteasome complex. The significant increase
we observed in our experimental conditions suggested that cattle proteasome activity
is activated in the presence of PB; moreover, it participated in targeting gene activation
(CYP2B22 and CYP3A28 at first) in response to CAR ligands and inducers such as PB, and
likewise to humans [223]. Such a hypothesis is fascinating, but needs challenging molecular
confirmatory studies (e.g., using 26S proteasome inhibitors) to confirm whether such a
significant increase is either nonspecific and compensatory or a true biomolecular response
to PB exposure, occurring through a 26S proteasome and CAR interaction, also in light of
the controversial regulatory mechanisms hypothesized for bovine CYP3As and involving
CAR and PXR [65,66]. Despite this, the present results represent one of the very few cases
in which the proteasome activity was measured in domestic animals, and particularly in
cattle; moreover, to the best of our knowledge, this was the first study in which the 265
proteasome activity was measured in bovines administered a prototypical DME inducer
such as PB.

4. Materials and Methods
4.1. Chemicals and Antibodies

Bovine serum albumin, glucose 6-phosphate, glucose 6-phosphate dehydrogenase,
NADP*, 7-hydroxycoumarin (umbelliferone), and 4-aminophenol were obtained from
Boehringer Mannheim GmbH (Mannheim, Germany). Phenobarbital sodium salt and
all other reagents used for the measurement of catalytic activities were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Testosterone (TST), androstenedione, 6(3- and 16/3-
hydroxytestosterone came from Steraloids (Newport, RI, USA). HPLC-grade methanol, ace-
tonitrile, and dichloromethane were purchased from J.T. Baker (Phillipsburg, NJ, USA). Wa-
ter was obtained from a Milli-Q ultrapurification system (Millipore Corporation,
Milan, Italy). Antibodies raised against human CYP1A1/1A2 and CYP3A4 were obtained
from Oxford Biomedical Research (Oxford, MI, USA); antirat CYP2B1 from Daiichi Pure
Chemicals (Chuo-ku, Tokyo, Japan); antihuman CYP2C8/9/19 and antirat CYP2E1 from
Chemicon International (Temecula, CA, USA); antihuman FMO1 and 3 were from Santa
Cruz Biotechnology (Heidelberg, Germany); and anti 3-actin (ACTB) and anti-calnexin
(loading controls) were from Abcam (Cambridge, UK) and Santa Cruz Biotechnology
(Heidelberg, Germany), respectively. All the antibodies were polyclonal, and preliminary
studies confirmed their cross-reactivity with bovine microsomal proteins. Nitrocellulose
membrane hybond-ECL and the ECL Western blotting analysis system were obtained
from GE Healthcare (Piscataway, NJ, USA). Horseradish peroxidase-conjugated secondary
antibodies were from Bio-Rad (Segrate, Milan, Italy). Chloroform, isopropyl alcohol, and
ethyl alcohol were obtained from Thermo Electron Corporation (Waltham, MA, USA),
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whereas the TRIzol™ reagent and agarose were from Life Technologies (Monza, Milan,
Italy). All the other reagents were of molecular biology grade. The High-Capacity cDNA
Reverse Transcription Kit and Power SYBR Green PCR Master Mix were obtained from
Applied Biosystems (Foster City, CA, USA). Oligonucleotide primers were synthesized by
Life Technologies (Monza, Milan, Italy).

4.2. Animals and Treatment

Seven male 10-month-old Friesian cattle were obtained from local farms. After a
1-month acclimation period, the animals were weighed (average weight 304 & 16 kg) and
randomly divided into 2 experimental groups; i.e., untreated control (UT, n = 3), and
PB-treated (PB, n = 4) cattle; these latter animals were given PB (sodium salt, dissolved in
water) by gavage at a dose of 18 mg/kg bw/day for 7 days. The animals were slaughtered
24 h after the last treatment. At the slaughterhouse, after exsanguination, the liver lobe was
removed, and small aliquots for total RNA extraction (about 200 mg each) were collected
in sterility, immediately snap-frozen in liquid nitrogen, and a posteriori stored at —80 °C
until analysis. The remaining part of the lobe was cut into specimens, washed in chilled
isotonic 1.15% KCI, wrapped in aluminium foil, put on ice, and brought to the laboratory
where they were processed within two hours of tissue collection.

4.3. Preparation of Subcellular Fractions

Liver microsomal and cytosolic subcellular fractions from each animal were isolated
by differential centrifugation, rapidly frozen in liquid nitrogen, and stored at —80 °C until
use, as detailed elsewhere [10]. The protein content was determined with the Lowry’s
method [225], using bovine serum albumin as the standard.

4.4. Enzyme Assays
4.4.1. Spectral Measurements and Microsomal NAD(P)H Electron-Transferring
Reductase Activities

The cytochromes P450 content was assayed as the carbon monoxide difference spec-
trum (450—490 nm) of sodium dithionite-reduced microsomal suspensions with an extinc-
tion coefficient of 90 mM cm~! [226]. The content of cytochrome bs was determined by
the method of Lake (1987) as the difference spectrum (425-409 nm) of NADH-reduced
vs. nonreduced microsomes, using an extinction coefficient of 185 mM cm ™1 [227]. The
extent of metyrapone binding was determined on microsomal suspensions as the difference
between the absorption maximum at around 446 nm and the value at 490 nm (extinction
coefficient 52 mM cm 1), based on the method of Liu and Franklin (1985) [228] with modifi-
cations described in detail in a previous paper [10]. The activities of NADPH CYP reductase
and NADH cytochrome b5 reductase were measured by monitoring the cofactor-mediated
reduction of cytochrome c at 550 nm [76].

4.4.2. Cytochrome P450 Monooxygenases

The O-dealkylations of 7-ethoxyresorufin (2 uM), 7-methoxyresorufin (5 uM), 7-
pentoxyresorufin (5 uM), or 7-benzyloxyresorufin (5 pM) were assayed fluorometrically
with NADPH 1 mM and 0.2-0.3 mg protein by measuring the rate of resorufin forma-
tion (Ex: 530 nm; Em: 590 nm) [97]. The N-(O)demethylation assays used a NADPH-
generating system, 1 mg protein, and the following substrates: aminopyrine (5 mM),
benzphetamine (1 mM), chlorpheniramine (1 mM), erythromycin (1 mM), ethylmorphine
(6 mM), monensin (0.25 mM), or triacetyloleandomycin (TAO, 0.3 mM) [10,229,230]. Af-
ter quenching the reaction, the amount of the released formaldehyde was quantitated
by a fluorometric method (Ex: 530 nm; Em: 590 nm) [231]. The O-demethylation of
7-ethoxy-4-trifluoromethylcoumarin (7-EFMC, 75 uM), and the O-demethylation of 7-
methoxy-4-trifluoromethylcoumarin (7-MFMC, 50 uM), were measured fluorometrically
by continuously monitoring the formation of 7-hydroxy-4-trifluoromethylcoumarin [232]
as described elsewhere [230]. The O-demethylation of 7-ethoxycoumarin (0.8 mM) was
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determined as reported by Dent et al. (1976) [233], while coumarin 7-hydroxylase activity
was assayed according to Van lersel et al. (1994), using 10 uM substrate, 0.2 mg protein
and NADPH 1mM [234]; in either case, the formation of hydroxycoumarin was moni-
tored fluorometrically (Ex: 380 nm; Em: 452 nm). The method of Nebert (1978) [235]
was used to measure the rate of benzo[a]pyrene (0.2 mM) hydroxylation, with modifi-
cations described in detail elsewhere [236]. The rate of the in vitro 4-hydroxylation of
aniline (5 mM) was determined by measuring the formation of 4-aminophenol according
to Ugazio et al. (1991) [237]. The hydroxylation of 4-aminophenol (0.2 mM) was assayed
based on the method of Reinke and Moyer (1985) [238] with modifications detailed in a
previous paper [10]. Finally, the hydroxylation of TST was measured according to the
HPLC method published by Purdon and Lehman-McKeeman (1997) [239], with minor
modifications described in Pegolo et al. (2010) [240].

4.4.3. Flavin-Containing Monooxygenases

The catalytic activity of FMOs was determined by measuring the substrate-mediated
NADPH oxidation under the assay conditions described by Dixit and Roche (1984) [241] to
minimize the CYP-mediated contribution to NADPH oxidation, using 0.2-0.4 mg micro-
somal protein and either methimazole (MTZ, 1 mM) or ethylenethiourea (ETU, 1 mM) as
substrates; in both cases, the enzyme activity was measured in the presence of octylamine
(1 mM), a known FMO activator [242].

4.4.4. Hydrolytic Enzymes

Microsomal CES were assayed with different esters. The hydrolysis of p-nitrophenylacetate
(0.33 mM, PNP) or indophenylacetate (0.33 mM, IPA) were determined following the pro-
cedures described by Nousiainen et al. (1984) [243] and Zemaitis and Greene (1979) [244],
respectively. For the measurement of «-naphtylacetate (ANA) activity, the reaction mixture
included potassium phosphate buffer (50 mM, pH 7.4) and protein (0.004-0.005 mg). After equi-
libration at 30 °C, the reaction was started with the substrate (0.66 mM dissolved in ethanol),
and product formation (c-naphthol) was followed at 331 nm for 3 min. The procedure of
Hasegawa and Hammock (1982) [245] was followed for cytosolic EH measurement, using
trans-stilbene oxide (TSO, 50 M) as the substrate and 0.25 mg protein. The rate of substrate
disappearance at 229 nm was taken as an index of EH activity.

4.4.5. Conjugative Enzymes

UDP-glucuronosyltransferase activity was determined according to Antoine et al. (1988) [246]
on 0.25% Triton-X100 activated microsomes (0.13 mg/mL) using 0.2-0.4 mg protein and different
substrates; i.e., 1-naphthol (0.3 mM), p-nitrophenol (0.3 mM), chloramphenicol (0.25 mM), or dex-
amethasone (2.5 mM). The activities of cytosolic glutathione (GSH) S-transferase (GST) families
(x, W, ) toward 1-chloro-2 4-dinitrobenzene (CDNB, overall substrate), 3,4-dichloronitrobenzene
(DCNB, w), or ethacrynic acid (ETA, ) were assayed by measuring the formation of the respective
GSH adducts under assay conditions detailed elsewhere [8]. Cumene hydroperoxide (CUH) was
used for the GST« assay according to Di Simplicio et al. (1989) [247].

4.4.6. Proteasome Activity

Proteasome chymotrypsin-like activity in liver extracts was assayed by in continuo
monitoring of the production of 7-amino-4-methylcoumarin (AMC) from the fluorogenic
peptide Suc-LLVY-amc according to the procedure by Cascio et al. (2002) [248].

4.5. Sodium Dodecyl Sulfate (SDS)-Polyacrylamide Gel Electrophoresis and Immunoblotting

Microsomal proteins (range 10-100 pg) were separated by 10% SDS-polyacrylamide
gel electrophoresis in a Bio-Rad Miniprotean cell (Hercules, CA, USA) and transferred
to hybond-ECL nitrocellulose membranes according to Nebbia et al. (2003) [10]. Mem-
branes were then firstly probed with appropriate dilutions, previously identified in a setup
procedure, of goat antihuman CYP1A1/1A2, rat antihuman CYP2B6, rabbit antihuman
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CYP2C8/9/19, rabbit antihuman CYP2E], rabbit antihuman CYP3A4, mouse antihuman
FMO1, goat antihuman FMO3, rabbit antibovine ACTB, and rabbit antihuman calnexin
antibodies. Therefore, they were incubated with suitable peroxidase-conjugated secondary
antibodies. Proteins were detected using ECL Western blotting detection reagents. Im-
munoblot bands were visualized by using the ChemiDocMP System (Bio-Rad, Segrate,
Milan, Italy). Integrated optical densities of immunopositive bands were calculated by
means of the Bio-Rad software Quantity One (version 4.5.2; Bio-Rad, Segrate, Milan, Italy).
The relative density of each individual protein band was normalized to that of the corre-
sponding loading control (ACTB).

4.6. Total RNA Isolation, Reverse Transcription, and Quantitative Real Time RT-PCR (gPCR)

Total RNA was isolated from frozen liver aliquots using the TRIzol™ reagent and accord-
ing to the manufacturer’s instructions, as previously reported by Giantin et al. (2008) [189].
Total RNA concentration and quality were checked using the Nanodrop ND-1000 spectropho-
tometer (Labtech France, Paris, France). The RNA quality was estimated using the 260/280
and 260/230 nm absorbance ratios and confirmed by denaturing agarose gel electrophoresis.

A reverse transcription was performed by using the High-Capacity cDNA Reverse
Transcription Kit and 2 pg of total RNA (for a final reaction mixture volume of 20 uL), fol-
lowing the manufacturer’s procedure. The reaction was performed in a 96-well GeneAmp
PCR System 9700 (Applied Biosystems) in the following conditions: 10 min at 25 °C and
2 h at 37 °C. Complementary DNA was then stored at —20 °C until use.

Bovine mRNA sequences of target genes were obtained from the GenBank and En-
sembl Genome Browser web sites (http://ncbi.nlm.nih.gov and http://www.ensembl.org
respectively, accessed on 21 May 2020). Primers sequences for qPCR (Table 54) were
designed using Primer Express Software (version 2.0; Applied Biosystems). Primers con-
centrations were optimized in the 300 to 900 nM range. Melting curve analysis and agarose
gel electrophoresis confirmed the amplification of a single amplicon of the expected size, as
well as the absence of primer dimers and genomic DNA amplification. Calibration curves,
using a 10-fold serial dilution of a cDNAs pool, revealed PCR efficiencies close to 100%;
therefore, the AACt method [249] was used to analyze data, expressed as the fold change
compared with UT. The -actin was considered as the internal (reference) control gene.
The qPCR reaction was performed on 5 pL, out of a 25 pL final volume, of 20-fold-diluted
c¢DNA by using an ABI Prism 7000 Sequence Detection System (Applied Biosystems), using
standard PCR conditions.

4.7. Statistical and Data Analysis

Data were expressed as mean values £ S.D. The statistical analysis (GraphPad Software
Inc., San Diego, CA, USA; version 8.0.2) was performed by using an unpaired ¢-test, with a
p-value of at least <0.05 considered as statistically significant.

5. Conclusions

Overall, this work provided the first and almost complete characterization of PB-
dependent changes in DME catalytic activities in cattle liver, measured by using the most
commonly used probe substrates. Confirmatory qPCR and immunoblotting investigations
were also carried out for some CYPs and FMOs. The barbiturate increased CYP content
and the extent of metyrapone binding, as expected. A consistent and univocal response;
i.e., an upregulation of both mRNA and protein levels, as well as of the related enzyme
activities, was observed for known PB-targeted CYPs; i.e., CYP2B, 2C, and 3A, but also
and surprisingly for CYP2EL. Less clear-cut and sometimes contradictory results, when
compared to the overall comparative knowledge about PB’s inducing properties, were
obtained for CYP1A. For the first time, we also measured the effect of PB on the foremost
FMOs (1 and 3), and a decrease in the in vitro metabolism of probe substrates was observed.

On the contrary, PB had no effect on the considered hydrolytic and phase II DMEs.
Nevertheless, caution should be exercised when comparing and interpreting the present
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data with those referring to humans and rodents; as a matter of fact, we still do not have
fully reliable species-specific substrates for each of the abovementioned DMEs; moreover,
the knowledge of the biomolecular mechanisms involved in phase II DME expression,
regulation, and biological activity is much lower than that of CYPs, which is still limited
from a comparative point of view. Therefore, we discourage the direct extrapolation of
data from human and rodents to bovines. Finally, for the first time, we measured the 26S
proteasome activity in PB-treated cattle, and the increase we observed could be indicative
of a role of this post-translational event in the regulation of cattle DMEs, especially (but not
exclusively) of CYPs.

Overall, the obtained results increased the knowledge of hepatic drug metabolism
in this important food-producing species. They confirmed that differences in DME ex-
pression and activity existed between bovines, humans, and rodents (and other veterinary
species as well), thus confirming once more the need for an extensive characterization and
understanding of comparative molecular mechanisms involved in expression, regulation,
and function of DMEs. Nowadays, such a concept is of extreme importance, especially to
avoid extrapolation of data referring to kinetics, efficacy, and safety of xenobiotics from one
species to another, with increasing risks for the animal itself and for consumers.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23073564 /s1.

Author Contributions: Conceptualization: M.D. and C.N.; methodology: M.C. (Michela Cantiello),
M.C. (Monica Carletti), M.G., G.G., EC., P.C., M.P, EG. and M.D.; validation, M.C. (Michela Cantiello),
M.C. (Monica Carletti), M.G., G.G., EC., P.C., M.P. and M.D.; formal analysis: M.C. (Michela Cantiello),
M.C. (Monica Carletti), M.G., G.G., EC., P.C., M.P. and M.D.; investigation: M.C. (Michela Cantiello),
M.C. (Monica Carletti), M.G., G.G., EC., PC. and M.P; supervision, M.D. and C.N.; writing—original
draft, M.D.; writing—review and editing, M.C. (Michela Cantiello), M.C. (Monica Carletti), M.G., M.P.
and C.N.; project administration, C.N. and M.D.; funding acquisition: C.N. and M.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the Ministero della Salute (IZSPLV009/01) and the
Universita degli Studi di Padova (60A08-8818/08 and 60A08-5793/09) to C.N. and M.D. respectively.

Institutional Review Board Statement: The study was carried out according to the EC Council
Directive 86/609 (now 2010/63/UE), as adopted by the Italian government (D.L. 27/01/1992 nr. 116;
now D.L. 04/03/2014 nr. 26). The animal study protocol was approved by the Italian Ministry of
Health (principle of silent approval).

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Claudio Bellino for his helpful assistance during the animal
phase. Moreover, the authors also thank Thierry Pineau and Pascal Martin for their excellent
assistance during Michela Cantiello and Mery Giantin’s traineeships at INRA UMR 1331 TOXALIM
(Toulouse, France).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chu, X;; Bleasby, K.; Evers, R. Species differences in drug transporters and implications for translating preclinical findings to
humans. Expert Opin. Drug Metab. Toxicol. 2013, 9, 237-252. [CrossRef] [PubMed]

2. Nebbia, C. Biotransformation enzymes as determinants of xenobiotic toxicity in domestic animals. Vet. J. 2001, 161, 238-252.
[CrossRef]

3. Schrickx, J.A.; Fink-Gremmels, J. Implications of ABC transporters on the disposition of typical veterinary medicinal products.
Eur. J. Pharmacol. 2008, 585, 510-519. [CrossRef] [PubMed]

4. Xu, C.; Li, C.Y,; Kong, A.N. Induction of phase I, Il and III drug metabolism/transport by xenobiotics. Arch. Pharm. Res. 2005, 28,
249-268. [CrossRef] [PubMed]

5. Nebbia, C. Factors affecting chemical toxicity. In Veterinary Toxicology, Basic and Clinical Principles, 2nd ed.; Gupta, R., Ed.;
Academic Press: Amsterdam, The Netherlands, 2012; pp. 48-61. [CrossRef]

6.  Girolami, F; Spalenza, V.; Carletti, M.; Perona, G.; Sacchi, P; Rasero, R.; Nebbia, C. Gene expression and inducibility of the aryl

hydrocarbon receptor-dependent pathway in cultured bovine blood lymphocytes. Toxicol. Lett. 2011, 206, 204-209. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23073564/s1
https://www.mdpi.com/article/10.3390/ijms23073564/s1
http://doi.org/10.1517/17425255.2013.741589
http://www.ncbi.nlm.nih.gov/pubmed/23256482
http://doi.org/10.1053/tvjl.2000.0561
http://doi.org/10.1016/j.ejphar.2008.03.014
http://www.ncbi.nlm.nih.gov/pubmed/18417119
http://doi.org/10.1007/BF02977789
http://www.ncbi.nlm.nih.gov/pubmed/15832810
http://doi.org/10.1016/B978-0-12-385926-6.00004-1
http://doi.org/10.1016/j.toxlet.2011.07.014

Int. . Mol. Sci. 2022, 23, 3564 22 of 31

10.
11.
12.
13.
14.
15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Girolami, F.; Spalenza, V.; Carletti, M.; Sacchi, P.; Rasero, R.; Nebbia, C. Modulation of aryl hydrocarbon receptor target genes in
circulating lymphocytes from dairy cows bred in a dioxin-like PCB contaminated area. Sci. Total Environ. 2013, 450-451, 7-12.
[CrossRef]

Gusson, E; Carletti, M.; Albo, A.G.; Dacasto, M.; Nebbia, C. Comparison of hydrolytic and conjugative biotransformation
pathways in horse, cattle, pig, broiler chick, rabbit and rat liver subcellullar fractions. Vet. Res. Commun. 2006, 30, 271-283.
[CrossRef]

Lake, B.G. Species differences in the hepatic effects of inducers of CYP2B and CYP4A subfamily forms: Relationship to rodent
liver tumour formation. Xenobiotica 2009, 39, 582-596. [CrossRef]

Nebbia, C.; Dacasto, M.; Rossetto Giaccherino, A.; Giuliano Albo, A.; Carletti, M. Comparative expression of liver cytochrome
P450-dependent monooxygenases in the horse and in other agricultural and laboratory species. Vet. J. 2003, 165, 53—-64. [CrossRef]
Gibson, G.G.; Skett, P. Introduction to Drug Metabolism, 3rd ed.; Nelson Thornes Publishers Ltd.: Cheltenham, UK, 2001.
Guengerich, FP. A history of the roles of cytochrome P450 enzymes in the toxicity of drugs. Toxicol. Res. 2021, 37, 1-23. [CrossRef]
Komura, H.; Iwaki, M. In vitro and in vivo small intestinal metabolism of CYP3A and UGT substrates in preclinical animals
species and humans: Species differences. Drug Metab. Rev. 2011, 43, 476-498. [CrossRef] [PubMed]

Fink-Gremmels, J. Implications of hepatic cytochrome P450-related biotransformation processes in veterinary sciences.
Eur. J. Pharmacol. 2008, 585, 502-509. [CrossRef] [PubMed]

Martignoni, M.; Groothuis, G.M.; de Kanter, R. Species differences between mouse, rat, dog, monkey and human CYP-mediated
drug metabolism, inhibition and induction. Expert Opin. Drug Metab. Toxicol. 2006, 2, 875-894. [CrossRef] [PubMed]

Hakkola, J.; Bernasconi, C.; Coecke, S.; Richert, L.; Andersson, T.B.; Pelkonen, O. Cytochrome P450 induction and xeno-sensing
receptors pregnane X receptor, constitutive androstane receptor, aryl hydrocarbon receptor and peroxisome proliferator-activated
receptor o at the crossroads of toxicokinetics and toxicodynamics. Basic Clin. Pharmacol. Toxicol. 2018, 123 (Suppl. 5), 42-50.
[CrossRef] [PubMed]

Prakash, C.; Zuniga, B.; Song, C.S.; Jiang, S.; Cropper, J.; Park, S.; Chatterjee, B. Nuclear receptors in drug metabolism, drug
response and drug interactions. Nucl. Recept. Res. 2015, 2, 101178. [CrossRef] [PubMed]

Tolson, A.H.; Wang, H. Regulation of drug-metabolizing enzymes by xenobiotic receptors: PXR and CAR. Adv. Drug Deliv. Rev.
2010, 62, 1238-1249. [CrossRef] [PubMed]

Dogra, S.C.; Whitelaw, M.L.; May, B.K. Transcriptional activation of cytochrome P450 genes by different classes of chemical
inducers. Clin. Exp. Pharmacol. Physiol. 1998, 25, 1-9. [CrossRef]

Gonzalez, EJ. The 2006 Bernard B. Brodie Award Lecture: CYP2E1. Drug Metab. Dispos. 2007, 35, 1-8. [CrossRef]

Guengerich, FP.; Avadhani, N.G. Roles of cytochrome P450 in metabolism of ethanol and carcinogens. Adv. Exp. Med. Biol.
2018, 1032, 15-35. [CrossRef]

Waxman, D.J. P450 gene induction by structurally diverse xenochemicals: Central role of nuclear receptors CAR, PXR, and PPAR.
Arch. Biochem. Biophys. 1999, 369, 11-23. [CrossRef]

Elcombe, C.R,; Peffer, R.C.; Wolf, D.C.; Bailey, ].; Bars, R.; Bell, D.; Cattley, R.C.; Ferguson, S.S.; Geter, D.; Goetz, A.; et al. Mode of
action and human relevance analysis for nuclear receptor-mediated liver toxicity: A case study with phenobarbital as a model
constitutive androstane receptor (CAR) activator. Crit. Rev. Toxicol. 2014, 44, 64-82. [CrossRef] [PubMed]

Zancanella, V.; Giantin, M.; Lopparelli, R.M.; Nebbia, C.; Dacasto, M. Tissue distribution and phenobarbital induction of target
SLC- and ABC- transporters in cattle. J. Vet. Pharmacol. Ther. 2013, 36, 358-369. [CrossRef] [PubMed]

Negishi, M.; Kobayashi, K.; Sakuma, T.; Sueyoshi, T. Nuclear receptor phosphorylation in xenobiotic signal transduction.
J. Biol. Chem. 2020, 295, 15210-15225. [CrossRef] [PubMed]

Audet-Walsh, E.; Auclair-Vincent, S.; Anderson, A. Glucocorticoids and phenobarbital induce murine CYP2B genes by indepen-
dent mechanisms. Expert Opin. Drug Metab. Toxicol. 2009, 5, 1501-1511. [CrossRef]

Chirulli, V.; Longo, V.; Marini, S.; Mazzaccaro, A.; Fiorio, R.; Gervasi, P.G. CAR and PXR expression and inducibility of CYP2B
and CYP3A activities in rat and rabbit lungs. Life Sci. 2005, 76, 2535-2546. [CrossRef]

Plummer, S.; Beaumont, B.; Elcombe, M.; Wallace, S.; Wright, J.; Mcinnes, E.F.; Currie, R.A.; Cowie, D. Species differences in
phenobarbital-mediated UGT gene induction in rat and human liver microtissues. Toxicol. Rep. 2020, 8, 155-161. [CrossRef]
Shizu, R.; Yoshinari, K. Nuclear receptor CAR-mediated liver cancer and its species differences. Expert Opin. Drug Metab. Toxicol.
2020, 16, 343-351. [CrossRef]

Puccinelli, E.; Gervasi, P.G.; La Marca, M.; Beffy, P.; Longo, V. Expression and inducibility by phenobarbital of CYP2C33, CYP2C42,
CYP2C49, CYP2B22, and CYP3As in porcine liver, kidney, small intestine, and nasal tissues. Xenobiotica 2010, 40, 525-535.
[CrossRef]

Giantin, M.; Zancanella, V.; Lopparelli, R.M.; Granato, A.; Carletti, M.; Vilei, M.T.; Muraca, M.; Baratto, C.; Dacasto, M. Effects of
time culture and prototypical cytochrome P450 3A (CYP3A) inducers on CYP2B22, CYP2C, CYP3A and nuclear receptor (NR)
mRNAs in long-term cryopreserved pig hepatocytes (CPHs). Drug Metab. Pharmacokinet. 2012, 27, 495-505. [CrossRef]
Rasmussen, M.K. Induction of cytochrome P450 mRNA in porcine primary hepatocytes cultured under serum free conditions:
Comparison of freshly isolated cells and cryopreserved. Exp. Cell Res. 2017, 360, 218-225. [CrossRef]

Dupuy, J.; Larrieu, G.; Braun, ].P.,; Alvinerie, M.; Galtier, P. Differential effects of phenobarbital on the constitutive and inducible
expression of P450 2B and 3A subfamilies in sheep tissues. Can. J. Physiol. Pharmacol. 2001, 79, 848-853. [CrossRef] [PubMed]


http://doi.org/10.1016/j.scitotenv.2013.01.095
http://doi.org/10.1007/s11259-006-3247-y
http://doi.org/10.1080/00498250903098184
http://doi.org/10.1016/S1090-0233(02)00174-0
http://doi.org/10.1007/s43188-020-00056-z
http://doi.org/10.3109/03602532.2011.597401
http://www.ncbi.nlm.nih.gov/pubmed/21859377
http://doi.org/10.1016/j.ejphar.2008.03.013
http://www.ncbi.nlm.nih.gov/pubmed/18417118
http://doi.org/10.1517/17425255.2.6.875
http://www.ncbi.nlm.nih.gov/pubmed/17125407
http://doi.org/10.1111/bcpt.13004
http://www.ncbi.nlm.nih.gov/pubmed/29527807
http://doi.org/10.11131/2015/101178
http://www.ncbi.nlm.nih.gov/pubmed/27478824
http://doi.org/10.1016/j.addr.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20727377
http://doi.org/10.1111/j.1440-1681.1998.tb02135.x
http://doi.org/10.1124/dmd.106.012492
http://doi.org/10.1007/978-3-319-98788-0_2
http://doi.org/10.1006/abbi.1999.1351
http://doi.org/10.3109/10408444.2013.835786
http://www.ncbi.nlm.nih.gov/pubmed/24180433
http://doi.org/10.1111/j.1365-2885.2012.01427.x
http://www.ncbi.nlm.nih.gov/pubmed/22897113
http://doi.org/10.1074/jbc.REV120.007933
http://www.ncbi.nlm.nih.gov/pubmed/32788213
http://doi.org/10.1517/17425250903234709
http://doi.org/10.1016/j.lfs.2004.09.042
http://doi.org/10.1016/j.toxrep.2020.12.019
http://doi.org/10.1080/17425255.2020.1746268
http://doi.org/10.3109/00498254.2010.489125
http://doi.org/10.2133/dmpk.DMPK-11-RG-146
http://doi.org/10.1016/j.yexcr.2017.09.011
http://doi.org/10.1139/y01-063
http://www.ncbi.nlm.nih.gov/pubmed/11697743

Int. . Mol. Sci. 2022, 23, 3564 23 of 31

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Marini, S.; Nannelli, A.; Sodini, D.; Dragoni, S.; Valoti, M.; Longo, V.; Gervasi, P.G. Expression, microsomal and mitochondrial
activities of cytochrome P450 enzymes in brain regions from control and phenobarbital-treated rabbits. Life Sci. 2007, 80, 910-917.
[CrossRef] [PubMed]

Goriya, H.V,; Kalia, A.; Bhavsar, S.K; Joshi, C.G.; Rank, D.N.; Thaker, A.M. Comparative evaluation of phenobarbital-induced
CYP3A and CYP2H1 gene expression by quantitative RT-PCR in Bantam, Bantamized White Leghorn and White Leghorn chicks.
J. Vet. Sci. 2005, 6, 279-285. [CrossRef] [PubMed]

Matis, G.; Kulcsar, A.; Petrilla, J.; Hermandy-Berencz, K.; Neogrady, Z. Feed-drug interaction of orally applied butyrate and
phenobarbital on hepatic cytochrome P450 activity in chickens. J. Anim. Physiol. Anim. Nutr. 2016, 100, 637-642. [CrossRef]
Fukunaga, K.; Saito, M.; Matsuo, E.; Muto, M.; Mishima, K.; Fujiwara, M.; Orito, K. Long-lasting enhancement of CYP activity
after discontinuation of repeated administration of phenobarbital in dogs. Res. Vet. Sci. 2009, 87, 455—457. [CrossRef]

Graham, R.A; Tyler, L.O.; Krol, W.L,; Silver, 1.S.; Webster, L.O.; Clark, P.; Chen, L.; Banks, T.; LeCluyse, E.L. Temporal kinetics and
concentration-response relationships for induction of CYP1A, CYP2B, and CYP3A in primary cultures of beagle dog hepatocytes.
J. Biochem. Mol. Toxicol. 2006, 20, 69-78. [CrossRef]

Makino, T.; Kinoshita, J.; Arakawa, S.; Ito, K.; Ando, Y.; Yamoto, T.; Teranishi, M.; Sanbuissho, A.; Nakayama, H. Comprehensive
analysis of hepatic gene and protein expression profiles on phenobarbital- or clofibrate-induced hepatic hypertrophy in dogs.
J. Toxicol. Sci. 2009, 34, 647-661. [CrossRef]

Stefanski, A.; Mevissen, M.; Moller, A.M.; Kuehni-Boghenbor, K.; Schmitz, A. Induction of cytochrome P450 enzymes in primary
equine hepatocyte culture. Toxicol. In Vitro 2013, 27, 2023-2030. [CrossRef]

van’t Klooster, G.A.; Blaauboer, B.]J.; Noordhoek, J.; van Miert, A.S. Cytochrome P450 induction and metabolism of alkoxyre-
sorufins, ethylmorphine and testosterone in cultured hepatocytes from goats, sheep and cattle. Biochem. Pharmacol. 1993, 46,
1781-1790. [CrossRef]

Yoshioka, M.; Takenouchi, T.; Kitani, H.; Guruge, K.S.; Yamanaka, N. Synergistic induction of drug-metabolizing enzymes in
co-cultures of bovine hepatocytic and sinusoidal cell lines. In Vitro Cell. Dev. Biol. Anim. 2020, 56, 2-9. [CrossRef]

Zancanella, V.; Giantin, M.; Dacasto, M. Absolute quantification and modulation of cytochrome P450 3A isoforms in cattle liver.
Vet. J. 2014, 202, 106-111. [CrossRef] [PubMed]

Zancanella, V.; Giantin, M.; Lopparelli, R.M.; Nebbia, C.; Dacasto, M. Constitutive expression and phenobarbital modulation of
drug metabolizing enzymes and related nuclear receptors in cattle liver and extra-hepatic tissues. Xenobiotica 2012, 42, 1096-1109.
[CrossRef] [PubMed]

Liu, J.; Lu, Y.-F; Corton, C.; Klaassen, C.D. Expression of cytochrome P450 isozyme transcripts and activities in human livers.
Xenobiotica 2021, 51, 279-286. [CrossRef] [PubMed]

Zhang, H.-F.; Wang, H.-H.; Gao, N.; Wei, ].-Y.; Tian, X.; Zhao, Y.; Fang, Y.; Zhou, J.; Wen, Q.; Gao, J.; et al. Physiological content
and intrinsic activities of 10 cytochrome P450 isoforms in human normal liver microsomes. J. Pharmacol. Exp. Ther. 2016, 358,
83-93. [CrossRef]

Kwon, D.; Kim, S.M.; Correia, M.A. Cytochrome P450 endoplasmic reticulum-associated degradation (ERAD): Therapeutic and
pathophysiological implications. Acta Pharm. Sin. B 2020, 10, 42—-60. [CrossRef]

Ohtsuki, Y.; Sanoh, S.; Santoh, M.; Ejiri, Y.; Ohta, S.; Kotake, Y. Inhibition of cytochrome P450 3A protein degradation and
subsequent increase in enzymatic activity through p38 MAPK activation by acetaminophen and salicylate derivatives. Biochem.
Biophys. Res. Commun. 2019, 509, 287-293. [CrossRef]

Wang, H.F; Pereira, M.E.E,; Correia, M.A. Cytochrome P450 3A degradation in isolated rat hepatocytes: 26S proteasome inhibitors
as probes. Arch. Biochem. Biophys. 1999, 365, 45-53. [CrossRef]

Cantiello, M.; Carletti, M.; Dacasto, M.; Capolongo, F.; Gardini, G.; Cascio, P.; Martin, P.G.P,; Pineau, T.; Nebbia, C. Catalytic,
immunochemical and molecular characterization of xenobiotic metabolising enzyme modulation by phenobarbital in the bovine
liver. . Vet. Pharmacol. Ther. 2006, 26 (Suppl. 1), 109-128. [CrossRef]

Saary, M.J. Radar plots: A useful way for presenting multivariate health care data. J. Clin. Epidemiol. 2008, 61, 311-317. [CrossRef]
Raunio, H.; Pentikdinen, O.; Juvonen, R.O. Coumarin-based profluorescent and fluorescent substrates for determining xenobiotic-
metabolizing enzyme activities in vitro. Int. J. Mol. Sci. 2020, 21, 4708. [CrossRef]

Raunio, H.; Rahnasto-Rilla, M. CYP2A6: Genetics, structure, regulation, and function. Drug Metab. Drug Interact. 2012, 27, 73-88.
[CrossRef] [PubMed]

Correia, M.A.; Liao, M. Cellular proteolytic systems in P450 degradation: Evolutionary conservation from Saccharomyces
cerevisiae to mammalian liver. Expert Opin. Drug Metab. Toxicol. 2007, 3, 33-49. [CrossRef] [PubMed]

Bell, A.W.; Michalopoulos, G.K. Phenobarbital regulates nuclear expression of HNF-4alpha in mouse and rat hepatocytes
independent of CAR and PXR. Hepatology 2006, 44, 186-194. [CrossRef] [PubMed]

Chen, Y.; Goldstein, J.A. The transcriptional regulation of the human CYP2C genes. Curr. Drug Metab. 2009, 10, 567-578.
[CrossRef] [PubMed]

Chai, X.; Zeng, S.; Xie, W. Nuclear receptors PXR and CAR: Implications for drug metabolism regulation, pharmacogenomics and
beyond. Expert Opin. Drug Metab. Toxicol. 2013, 9, 253-266. [CrossRef] [PubMed]

Pustylnyak, V.; Pivovarova, E.; Slynko, N.; Gulyaeva, L.; Lyakhovich, V. Species-specific induction of CYP2B by 2,4,6-
tryphenyldioxane-1,3 (TPD). Life Sci. 2009, 85, 815-821. [CrossRef]


http://doi.org/10.1016/j.lfs.2006.11.022
http://www.ncbi.nlm.nih.gov/pubmed/17161434
http://doi.org/10.4142/jvs.2005.6.4.279
http://www.ncbi.nlm.nih.gov/pubmed/16293989
http://doi.org/10.1111/jpn.12416
http://doi.org/10.1016/j.rvsc.2009.03.018
http://doi.org/10.1002/jbt.20118
http://doi.org/10.2131/jts.34.647
http://doi.org/10.1016/j.tiv.2013.07.009
http://doi.org/10.1016/0006-2952(93)90583-I
http://doi.org/10.1007/s11626-019-00408-6
http://doi.org/10.1016/j.tvjl.2014.07.028
http://www.ncbi.nlm.nih.gov/pubmed/25193407
http://doi.org/10.3109/00498254.2012.694493
http://www.ncbi.nlm.nih.gov/pubmed/22694178
http://doi.org/10.1080/00498254.2020.1867929
http://www.ncbi.nlm.nih.gov/pubmed/33350342
http://doi.org/10.1124/jpet.116.233635
http://doi.org/10.1016/j.apsb.2019.11.002
http://doi.org/10.1016/j.bbrc.2018.12.124
http://doi.org/10.1006/abbi.1999.1139
http://doi.org/10.1111/j.1365-2885.2006.00762_5.x
http://doi.org/10.1016/j.jclinepi.2007.04.021
http://doi.org/10.3390/ijms21134708
http://doi.org/10.1515/dmdi-2012-0001
http://www.ncbi.nlm.nih.gov/pubmed/22706231
http://doi.org/10.1517/17425255.3.1.33
http://www.ncbi.nlm.nih.gov/pubmed/17269893
http://doi.org/10.1002/hep.21234
http://www.ncbi.nlm.nih.gov/pubmed/16799975
http://doi.org/10.2174/138920009789375397
http://www.ncbi.nlm.nih.gov/pubmed/19702536
http://doi.org/10.1517/17425255.2013.754010
http://www.ncbi.nlm.nih.gov/pubmed/23327618
http://doi.org/10.1016/j.lfs.2009.10.015

Int. J. Mol. Sci. 2022, 23, 3564 24 of 31

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

Oladimeji, P; Cui, H.; Zhang, C.; Chen, T. Regulation of PXR and CAR by protein-protein interaction and signaling crosstalk.
Expert Opin. Drug Metab. Toxicol. 2016, 12, 997-1010. [CrossRef]

Gerbal-Chaloin, S.; Briolotti, P.; Daujat-Chavanieu, M.; Rasmussen, M.K. Primary hepatocytes isolated from human and porcine
donors display similar patterns of cytochrome P450 expression following exposure to prototypical activators of AhR, CAR and
PXR. Curr. Res. Toxicol. 2021, 2, 149-158. [CrossRef]

Kojima, H.; Sata, E; Takeuchi, S.; Sueyoshi, T.; Nagai, T. Comparative study of human and mouse pregnane X receptor agonistic
activity in 200 pesticides using in vitro reporter gene assays. Toxicology 2011, 280, 77-87. [CrossRef]

Lambert, C.B.; Spire, C.; Claude, N.; Guillouzo, A. Dose- and time-dependent effects of phenobarbital on gene expression profiling
in human hepatoma HepaRG cells. Toxicol. Appl. Pharmacol. 2009, 234, 345-360. [CrossRef]

Zheng, ].L.; Parfett, C.; Williams, A.; Yagminas, A.; Zhou, G.; Douglas, G.R.; Yauk, C.L. Assessment of subclinical, toxicant-
induced hepatic gene expression profiles after low-dose, short-term exposures in mice. Regul. Toxicol. Pharmacol. 2011, 60, 54-72.
[CrossRef] [PubMed]

Cantiello, M.; Giantin, M.; Carletti, M.; Lopparelli, R.M.; Capolongo, F.; Lasserre, F.; Bollo, E.; Nebbia, C.; Martin, P.G.; Pineau, T.;
et al. Effects of dexamethasone, administered for growth promoting purposes, upon the hepatic cytochrome P450 3A expression
in the veal calf. Biochem. Pharmacol. 2009, 77, 451-463. [CrossRef] [PubMed]

Giantin, M,; Kiiblbeck, J.; Zancanella, V.; Prantner, V.; Sansonetti, F.; Schoeniger, A.; Tolosi, R.; Guerra, G.; Da Ros, S.; Dacasto, M.;
et al. DNA elements for constitutive androstane receptor- and pregnane X receptor-mediated regulation of bovine CYP3A28 gene.
PLoS ONE 2019, 14, e0214338. [CrossRef] [PubMed]

Kiiblbeck, J.; Zancanella, V.; Prantner, V.; Molnar, F.; Squires, E.J.; Dacasto, M.; Honkakoski, P.; Giantin, M. Characterization of
ligand-dependent activation of bovine and pig constitutive androstane (CAR) and pregnane X receptors (PXR) with interspecies
comparisons. Xenobiotica 2016, 46, 200-210. [CrossRef] [PubMed]

Somchit, N.; Hassim, S.M.; Samsudin, S.H. Itraconazole- and fluconazole-induced toxicity in rat hepatocytes: A comparative
in vitro study. Hum. Exp. Toxicol. 2002, 21, 43-48. [CrossRef]

Swales, N.J.; Johnson, T.; Caldwell, ]. Cryopreservation of rat and mouse hepatocytes. II. Assessment of metabolic capacity using
testosterone metabolism. Drug Metab. Dispos. 1996, 24, 1224-1230.

Agrawal, A.K.; Shapiro, B.H. Phenobarbital induction of hepatic CYP2B1 and CYP2B2: Pretranscriptional and post-transcriptional
effects of gender, adult age, and phenobarbital dose. Mol. Pharmacol. 1996, 49, 523-531.

Bullock, P; Pearce, R.; Draper, A.; Podval, J.; Bracken, W.; Veltman, J.; Thomas, P.; Parkinson, A. Induction of liver microsomal
cytochrome P450 in cynomolgus monkeys. Drug Metab. Dispos. 1995, 23, 736-748.

Donato, M.T.; Gomez-Lechén, M.J.; Castell, ].V. Effect of xenobiotics on monooxygenase activities in cultured human hepatocytes.
Biochem. Pharmacol. 1990, 39, 1321-1326. [CrossRef]

Giorgi, M.; Marini, S.; Longo, V.; Mazzaccaro, A.; Amato, G.; Gervasi, P.G. Cytochrome P450-dependent monooxygenase activities
and their inducibility by classic P450 inducers in the liver, kidney, and nasal mucosa of male adult ring-necked pheasants.
Toxicol. Appl. Pharmacol. 2000, 167, 237-245. [CrossRef]

Hojo, T.; Ohno, R.; Shimoda, M.; Kokue, E. Enzyme and plasma protein induction by multiple oral administrations of phenobarbi-
tal at a therapeutic dosage regimen in dogs. . Vet. Pharmacol. Ther. 2002, 25, 121-127. [CrossRef] [PubMed]

Ramana, K.V.; Kohli, K.K. Induction of hepatic cytochrome P450 by phenobarbitone in rhesus monkey (Macaca mulatta).
Drug Chem. Toxicol. 1996, 19, 97-107. [CrossRef] [PubMed]

Shaik, I.H.; Mehvar, R. Cytochrome P450 induction by phenobarbital exacerbates warm hepatic ischemia-reperfusion injury in rat
livers. Free Radic. Res. 2010, 44, 441-453. [CrossRef] [PubMed]

Thomford, PJ.; Dziuk, PJ. The influence of dose of phenobarbital and interval to measurement on concentration of liver enzymes
in barrows and gilts. J. Anim. Sci. 1986, 63, 1184-1190. [CrossRef]

Cederbaum, A.I. Molecular mechanisms of the microsomal mixed function oxidases and biological and pathological implications.
Redox Biol. 2015, 4, 60-73. [CrossRef]

Coon, M.J. Cytochrome P450: Nature’s most versatile biological catalyst. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 1-25. [CrossRef]
De Barros, A.V.; Kaplan, J.C.; Duvaldestin, P.; Berthelot, P. Phenobarbital-induced increase of NADH-cytochrome b5 reductase
activity in rat liver microsomes. Biochem. Pharmacol. 1978, 27, 367-368. [CrossRef]

Staron, K.; Kaniuga, Z. The involvement of NADH-cytochrome b5 reductase and cytochrome b5 complex in microsomal
NADH-cytochrome c reductase activity. Changes in NADH-cytochrome c reductase activity following phenobarbital treatment.
Acta Biochim. Pol. 1974, 21, 61-66.

Plewka, A.; Kaminski, M. Effect of age and phenobarbital on liver activity of mixed function oxidase. Folia Med. Cracov. 1992, 33,
141-154.

Plewka, D.; Plewka, A.; Kaminski, M. Effect of age on the activity of hepatic mixed function oxidases in female rats after
phenobarbital induction. Med. Pr. 1988, 39, 381-390.

Angelov, E.P. A selective decrease in cytochrome P450 in the liver microsomes of male rats following phenobarbital and
3-methylcholanthrene induction and acute tetrachloromethane poisoning. Eksp. Med. Morfol. 1993, 31, 1-15. [PubMed]

Aring, E.; Lelik, H. Biochemical characteristics of purified beef liver NADPH-cytochrome P450 reductase. J. Biochem. Mol. Toxicol.
2002, 16, 286-297. [CrossRef] [PubMed]


http://doi.org/10.1080/17425255.2016.1201069
http://doi.org/10.1016/j.crtox.2021.03.002
http://doi.org/10.1016/j.tox.2010.11.008
http://doi.org/10.1016/j.taap.2008.11.008
http://doi.org/10.1016/j.yrtph.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21335049
http://doi.org/10.1016/j.bcp.2008.10.025
http://www.ncbi.nlm.nih.gov/pubmed/19022227
http://doi.org/10.1371/journal.pone.0214338
http://www.ncbi.nlm.nih.gov/pubmed/30908543
http://doi.org/10.3109/00498254.2015.1060374
http://www.ncbi.nlm.nih.gov/pubmed/26153444
http://doi.org/10.1191/0960327102ht208oa
http://doi.org/10.1016/0006-2952(90)90008-9
http://doi.org/10.1006/taap.2000.8994
http://doi.org/10.1046/j.1365-2885.2002.00385.x
http://www.ncbi.nlm.nih.gov/pubmed/12000532
http://doi.org/10.3109/01480549609002199
http://www.ncbi.nlm.nih.gov/pubmed/8829915
http://doi.org/10.3109/10715761003610729
http://www.ncbi.nlm.nih.gov/pubmed/20166883
http://doi.org/10.2527/jas1986.6341184x
http://doi.org/10.1016/j.redox.2014.11.008
http://doi.org/10.1146/annurev.pharmtox.45.120403.100030
http://doi.org/10.1016/0006-2952(78)90244-7
http://www.ncbi.nlm.nih.gov/pubmed/7805614
http://doi.org/10.1002/jbt.10054
http://www.ncbi.nlm.nih.gov/pubmed/12481304

Int. . Mol. Sci. 2022, 23, 3564 25 of 31

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Taira, Y.; Greenspan, P.; Kapke, G.F.; Redick, J.A.; Baron, J. Effects of phenobarbital, pregnenolone-16 alpha-carbonitrile, and
3-methylcholanthrene pretreatments on the distribution of NADPH-cytochrome c (P-450) reductase within the liver lobule.
Mol. Pharmacol. 1980, 18, 304-312. [PubMed]

Bjercke, R.J.; Hammond, D.K.; Strobel, H.W.; Langone, ]J.J. Interaction of cotinine with rat hepatic microsomal P-450. Compar-
ison with metyrapone and immunomodulation of cotinine and metyrapone binding by monoclonal anti-cotinine antibodies.
Drug Metab. Dispos. 1990, 18, 759-764. [PubMed]

Germano, A.; Saba, L.; De Francia, S.; Rapa, L; Perotti, P; Berruti, A.; Volante, M.; Terzolo, M. CYP11B1 has no role in mitotane
action and metabolism in adrenocortical carcinoma cells. PLoS ONE 2018, 13, e0196931. [CrossRef]

Sevrioukova, I. Interaction of human drug-metabolizing CYP3A4 with small inhibitory molecules. Biochemistry 2019, 58, 930-939.
[CrossRef]

Kloss, M.W.; Rosen, G.M.; Rauckman, E.]. N-demethylation of cocaine to norcocaine. Evidence for participation by cytochrome
P-450 and FAD-containing monooxygenase. Mol. Pharmacol. 1983, 23, 482-485.

Nebbia, C.; Ceppa, L.; Dacasto, M.; Carletti, M.; Nachtmann, C. Oxidative metabolism of monensin in rat liver microsomes and
interactions with tiamulin and other chemotherapeutic agents: Evidence for the involvement of cytochrome P-450 3A subfamily.
Drug Metab. Dispos. 1999, 27, 1039-1044.

Park, H.; Lee, S.; Junghun, S. Structural and dynamical basis of broad substrate specificity, catalytic mechanism, and inhibition of
cytochrome P450 3A4. . Am. Chem. Soc. 2005, 127, 13634-13642. [CrossRef]

Mitani, F.; Shephard, E.A.; Phillips, I.R.; Rabin, B.R. Complexes of cytochrome P450 with metyrapone. A convenient method
for the quantitative analysis of phenobarbital-inducible cytochrome P450 in rat liver microsomes. FEBS Lett. 1982, 148, 302-306.
[CrossRef]

Roos, PH.; Golub-Ciosk, B.; Kallweit, P.; Kauczinski, D.; Hanstein, W.G. Formation of ligand and metabolite complexes as a
means for selective quantitation of cytochrome P450 isozymes. Biochem. Pharmacol. 1993, 45, 2239-2250. [CrossRef]

Grasso, E.; Longo, V.; Coceani, F.; Gervasi, P.G. Cytochrome P450 expression and catalytic activity in coronary arteries and liver of
cattle. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2005, 1722, 116-123. [CrossRef] [PubMed]

Kawalek, J.C.; el Said, K.R. Comparison of maturation of drug-metabolizing enzymes in calves with functioning or nonfunctioning
rumen. Am. J. Vet. Res. 1994, 55, 1579-1586.

Longo, V.; Mazzaccaro, A.; Naldi, F.; Gervasi, P.G. Drug-metabolizing enzymes in liver, olfactory, and respiratory epithelium of
cattle. J. Biochem. Toxicol. 1991, 6, 123-128. [CrossRef] [PubMed]

Sivapathasundaram, S.; Magnisali, P.; Coldham, N.G.; Howells, L.C.; Sauer, M.].; Ioannides, C. A Study of the expression of the
xenobiotic-metabolising cytochrome P450 proteins and of testosterone metabolism in bovine liver. Biochem. Pharmacol. 2001, 62,
635-645. [CrossRef]

Sivapathasundaram, S.; Sauer, M.].; Ioannides, C. Xenobiotic conjugation systems in deer compared with cattle and rat. Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 2003, 134, 169-173. [CrossRef]

Short, C.R.; Flory, W.; Hsieh, L.C.; Aranas, T.; Ou, S.P.; Weissinger, ]. Comparison of hepatic drug metabolizing enzyme activities
in several agricultural species. Comp. Biochem. Physiol. C Comp. Pharmacol. Toxicol. 1988, 91, 419-424. [CrossRef]

Smith, G.S.; Watkins, ].B.; Thompson, T.N.; Rozman, K.; Klaassen, C.D. Oxidative and conjugative metabolism of xenobiotics by
livers of cattle, sheep, swine and rats. J. Anim. Sci. 1984, 58, 386-395. [CrossRef]

Szotdkova, B.; Baliharova, V.; Lamka, J.; Nozinova, E.; Wsdl, V.; Velik, J.; Machala, M.; Neca, J.; Soucek, P.; Susova, S.; et al.
Comparison of in vitro activities of biotransformation enzymes in pig, cattle, goat and sheep. Res. Vet. Sci. 2004, 76, 43-51.
[CrossRef]

Watkins, ].B., 3rd; Smith, G.S.; Hallford, D.M. Characterization of xenobiotic biotransformation in hepatic, renal and gut tissues of
cattle and sheep. J. Anim. Sci. 1987, 65, 186-195. [CrossRef]

Wisniewski, J.A.; Moody, D.E.; Hammock, B.D.; Shull, L.R. Interlobular distribution of hepatic xenobiotic-metabolizing enzyme
activities in cattle, goats and sheep. J. Anim. Sci. 1987, 64, 210-215. [CrossRef] [PubMed]

Capolongo, F; Santi, A.; Anfossi, P.; Montesissa, C. Benzydamine as a useful substrate of hepatic flavin-containing monooxygenase
activity in veterinary species. J. Vet. Pharmacol. Ther. 2010, 33, 341-346. [CrossRef] [PubMed]

Court, M.H.; Von Moltke, L.L.; Shader, R.I.; Greenblatt, D.]. Biotransformation of chlorzoxazone by hepatic microsomes from
humans and ten other mammalian species. Biopharm. Drug Dispos. 1997, 18, 213-226. [CrossRef]

Erzengin, M.; Demir, D.; Arslan, M.; Sinan, S. Purification and characterization of paraoxonase 1 (PON1) from Swiss Black,
Holstein, and Montofon bovines. Appl. Biochem. Biotechnol. 2014, 173, 1597-1606. [CrossRef]

Nassi, A.; Quintieri, L.; Merlanti, R.; Pezzato, F.; Capolongo, E.; Pauletto, M.; Dacasto, M.; Giantin, M. Midazolam oxidation in
cattle liver microsomes: The role of cytochrome P450 3A. . Vet. Pharmacol. Ther. 2020, 43, 608—613. [CrossRef]

Pegolo, S.; Merlanti, R.; Giantin, M.; Dacasto, M.; Montesissa, C.; Capolongo, F. High performance liquid chromatography
determination of cytochrome P450 1A and 2C activities in bovine liver microsomes. Vet. J. 2010, 183, 81-88. [CrossRef]

Gervot, L.; Rochat, B.; Gautier, ].C.; Bohnenstengel, F.; Kroemer, H.; de Berardinis, V.; Martin, H.; Beaune, P; de Waziers, I. Human
CYP2B6: Expression, inducibility and catalytic activities. Pharmacogenetics 1999, 9, 295-306. [CrossRef]

Haines, C.; Elcombe, B.M.; Chatham, L.R.; Vardy, A.; Higgins, L.G.; Elcombe, C.R.; Lake, B.G. Comparison of the effects of sodium
phenobarbital in wild type and humanized constitutive androstane receptor (CAR)/pregnane X receptor (PXR) mice and in
cultured mouse, rat and human hepatocytes. Toxicology 2018, 396397, 23-32. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/6775183
http://www.ncbi.nlm.nih.gov/pubmed/1981733
http://doi.org/10.1371/journal.pone.0196931
http://doi.org/10.1021/acs.biochem.8b01221
http://doi.org/10.1021/ja053809q
http://doi.org/10.1016/0014-5793(82)80829-6
http://doi.org/10.1016/0006-2952(93)90195-3
http://doi.org/10.1016/j.bbagen.2004.11.018
http://www.ncbi.nlm.nih.gov/pubmed/15716024
http://doi.org/10.1002/jbt.2570060206
http://www.ncbi.nlm.nih.gov/pubmed/1941898
http://doi.org/10.1016/S0006-2952(01)00710-9
http://doi.org/10.1016/S1532-0456(02)00224-7
http://doi.org/10.1016/0742-8413(88)90053-9
http://doi.org/10.2527/jas1984.582386x
http://doi.org/10.1016/S0034-5288(03)00143-7
http://doi.org/10.2527/jas1987.651186x
http://doi.org/10.2527/jas1987.641210x
http://www.ncbi.nlm.nih.gov/pubmed/3818484
http://doi.org/10.1111/j.1365-2885.2009.01145.x
http://www.ncbi.nlm.nih.gov/pubmed/20646194
http://doi.org/10.1002/(SICI)1099-081X(199704)18:3&lt;213::AID-BDD15&gt;3.0.CO;2-0
http://doi.org/10.1007/s12010-014-0931-1
http://doi.org/10.1111/jvp.12906
http://doi.org/10.1016/j.tvjl.2008.08.006
http://doi.org/10.1097/00008571-199906000-00004
http://doi.org/10.1016/j.tox.2018.02.001

Int. J. Mol. Sci. 2022, 23, 3564 26 of 31

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Kawalek, J.C.; Howard, K.D.; Farrell, D.E.; Derr, J.; Cope, C.V.; Jackson, ].D.; Myers, M.]. Effect of oral administration of low doses
of pentobarbital on the induction of cytochrome P450 isoforms and cytochrome P450-mediated reactions in immature Beagles.
Am. ]. Vet. Res. 2003, 64, 1167-1175. [CrossRef]

Chatuphonprasert, W.; Rermraksakul, P.; Udomsuk, L.; Lao-ong, T.; Jarukamjorn, K. Different profiles of hepatic alkoxyresorufin
O-dealkylase activities in small rodents. J. Appl. Toxicol. 2012, 32, 1002-1007. [CrossRef]

Goettel, M.; Fegert, I.; Honarvar, N.; Vardy, A.; Haines, C.; Chatham, L.R.; Lake, B.G. Comparative studies on the effects of sodium
phenobarbital and two other constitutive androstane receptor (CAR) activators on induction of cytochrome P450 enzymes and
replicative DNA synthesis in cultured hepatocytes from wild type and CAR knockout rats. Toxicology 2020, 433—434, 152394.
[CrossRef] [PubMed]

Zanger, UM.; Schwab, M. Cytochrome P450 enzymes in drug metabolism: Regulation of gene expression, enzyme activities, and
impact of genetic variation. Pharmacol. Ther. 2013, 138, 103-141. [CrossRef] [PubMed]

Jackson, ].P; Ferguson, S.S.; Negishi, M.; Goldstein, ].A. Phenytoin induction of the cyp2c37 gene is mediated by the constitutive
androstane receptor. Drug Metab. Dispos. 2006, 34, 2003-2010. [CrossRef] [PubMed]

Tien, Y.C,; Liu, K,; Pope, C.; Wang, P.; Ma, X.; Zhong, X.B. Dose of phenobarbital and age of treatment at early life are two key
factors for the persistent induction of cytochrome P450 enzymes in adult mouse liver. Drug Metab. Dispos. 2015, 43, 1938-1945.
[CrossRef]

Walker, T.M.; Woodrooffe, A.J. Cytochrome P450 activity in control and induced long-term cultures of rat hepatocyte spheroids.
Toxicol. In Vitro 2001, 15, 713-719. [CrossRef]

Ioannides, C. Cytochrome p450 expression in the liver of food-producing animals. Curr. Drug Metab. 2006, 7, 335-348. [CrossRef]
[PubMed]

Zancanella, V.; Giantin, M.; Lopparelli, R.M.; Patarnello, T.; Dacasto, M.; Negrisolo, E. Proposed new nomenclature for Bos taurus
cytochromes P450 involved in xenobiotic drug metabolism. J. Vet. Pharmacol. Ther. 2010, 33, 528-536. [CrossRef]

Bastien, M.C.; Leblond, F.; Pichette, V.; Villeneuve, ].P. Differential alteration of cytochrome P450 isoenzymes in two experimental
models of cirrhosis. Can. J. Physiol. Pharmacol. 2000, 78, 912-919. [CrossRef]

Niwa, T.; Imagawa, Y. Substrate specificity of human cytochrome P450 (CYP) 2C subfamily and effect of azole antifungal agents
on CYP2C8. . Pharm. Pharm. Sci. 2016, 19, 423-429. [CrossRef]

Nomura, A.; Sakurai, E.; Hikichi, N. Stereoselective N-demethylation of chlorpheniramine by rat-liver microsomes and the
involvement of cytochrome P450 isozymes. J. Pharm. Pharmacol. 1997, 49, 257-262. [CrossRef]

Virkel, G.; Carletti, M.; Cantiello, M.; Della Donna, L.; Gardini, G.; Girolami, F.; Nebbia, C. Characterization of xenobiotic
metabolizing enzymes in bovine small intestinal mucosa. J. Vet. Pharmacol. Ther. 2010, 33, 295-303. [CrossRef] [PubMed]
Corcos, L.; Lagadic-Gossman, D. Gene induction by phenobarbital: An update on an old question that receives key novel answers.
Pharmacol. Toxicol. 2001, 89, 113-122. [CrossRef] [PubMed]

Czekaj, P. Phenobarbital-induced expression of cytochrome P450 genes. Acta Biochim. Pol. 2000, 47, 1093-1105. [CrossRef]
[PubMed]

Handschin, C.; Meyer, U.A. Induction of drug metabolism: The role of nuclear receptors. Pharmacol. Rev. 2003, 55, 649-673.
[CrossRef]

Waxman, D.J.; Azaroff, L. Phenobarbital induction of cytochrome P-450 gene expression. Biochem. ]. 1992, 281, 577-592. [CrossRef]
Caron, E.; Rioux, N.; Nicolas, O.; Lebel-Talbot, H.; Hamelin, B.A. Quantification of the expression and inducibility of 12 rat
cytochrome P450 isoforms by quantitative RT-PCR. J. Biochem. Mol. Toxicol. 2005, 19, 368-378. [CrossRef]

Ejiri, N.; Katayama, K.; Doi, K. Induction of cytochrome P450 isozymes by phenobarbital in pregnant rat and fetal livers and
placenta. Exp. Mol. Pathol. 2005, 78, 150-155. [CrossRef]

Yang, S.P.; Medling, T.; Raner, G.M. Cytochrome P450 expression and activities in rat, rabbit and bovine tongue. Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 2003, 136, 297-308. [CrossRef]

Nishibe, Y.; Hirata, M. Effect of phenobarbital and other model inducers on cytochrome P450 isoenzymes in primary culture of
dog hepatocytes. Xenobiotica 1993, 23, 681-692. [CrossRef]

de Smet, K.; Callaerts, A.; Vercruysse, A.; Rogiers, V. Effect of phenobarbital on 7-ethoxycoumarin-O-deethylase and microsomal
epoxide hydrase activities in collagen gel cultures of rat hepatocytes. Toxicol. In Vitro 1997, 11, 459-463. [CrossRef]

Kérenlampi, S.0.; Tuomi, K.; Korkalainen, M.; Raunio, H. Induction of cytochrome P450IA1 in mouse hepatoma cells by several
chemicals. Phenobarbital and TCDD induce the same form of cytochrome P450. Biochem. Pharmacol. 1989, 38, 1517-1525.
[CrossRef]

Yoshinari, K.; Yoda, N.; Toriyabe, T.; Yamazoe, Y. Constitutive androstane receptor transcriptionally activates human CYP1A1 and
CYP1A2 genes through a common regulatory element in the 5'-flanking region. Biochem. Pharmacol. 2010, 79, 261-269. [CrossRef]
[PubMed]

Zaher, H.; Yang, T].; Gelboin, H.V.; Fernandez-Salguero, P.; Gonzalez, E]J. Effect of phenobarbital on hepatic CYP1Al and CYP1A2
in the Ahr-null mouse. Biochem. Pharmacol. 1998, 55, 235-238. [CrossRef]

Fernandez-Salguero, P.; Gonzalez, FJ. The CYP2A gene subfamily: Species differences, regulation, catalytic activities and role in
chemical carcinogenesis. Pharmacogenetics 1995, 5, 5123-S128. [CrossRef] [PubMed]

Gillberg, M.; Skaanild, M.T; Friis, C. Regulation of gender-dependent CYP2A expression in pigs: Involvement of androgens and
CAR. Basic Clin. Pharmacol. Toxicol. 2006, 98, 480-487. [CrossRef] [PubMed]


http://doi.org/10.2460/ajvr.2003.64.1167
http://doi.org/10.1002/jat.2756
http://doi.org/10.1016/j.tox.2020.152394
http://www.ncbi.nlm.nih.gov/pubmed/32027962
http://doi.org/10.1016/j.pharmthera.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23333322
http://doi.org/10.1124/dmd.106.012005
http://www.ncbi.nlm.nih.gov/pubmed/16936065
http://doi.org/10.1124/dmd.115.066316
http://doi.org/10.1016/S0887-2333(01)00076-5
http://doi.org/10.2174/138920006776873544
http://www.ncbi.nlm.nih.gov/pubmed/16724924
http://doi.org/10.1111/j.1365-2885.2010.01173.x
http://doi.org/10.1139/y00-066
http://doi.org/10.18433/J31S53
http://doi.org/10.1111/j.2042-7158.1997.tb06791.x
http://doi.org/10.1111/j.1365-2885.2009.01137.x
http://www.ncbi.nlm.nih.gov/pubmed/20557447
http://doi.org/10.1034/j.1600-0773.2001.d01-144.x
http://www.ncbi.nlm.nih.gov/pubmed/11589781
http://doi.org/10.18388/abp.2000_3962
http://www.ncbi.nlm.nih.gov/pubmed/11996099
http://doi.org/10.1124/pr.55.4.2
http://doi.org/10.1042/bj2810577
http://doi.org/10.1002/jbt.20103
http://doi.org/10.1016/j.yexmp.2004.07.002
http://doi.org/10.1016/j.cca.2003.10.003
http://doi.org/10.3109/00498259309059405
http://doi.org/10.1016/S0887-2333(97)00051-9
http://doi.org/10.1016/0006-2952(89)90192-5
http://doi.org/10.1016/j.bcp.2009.08.008
http://www.ncbi.nlm.nih.gov/pubmed/19682433
http://doi.org/10.1016/S0006-2952(97)00476-0
http://doi.org/10.1097/00008571-199512001-00013
http://www.ncbi.nlm.nih.gov/pubmed/7581481
http://doi.org/10.1111/j.1742-7843.2006.pto_261.x
http://www.ncbi.nlm.nih.gov/pubmed/16635107

Int. . Mol. Sci. 2022, 23, 3564 27 of 31

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.
158.

159.

160.

161.

162.

Schelstraete, W.; Clerck, L.; Govaert, E.; Millecam, ].; Devreese, M.; Deforce, D.; Bocxlaer, ].V.; Croubels, S. Characterization of
porcine hepatic and intestinal drug metabolizing CYP450: Comparison with human orthologues from a quantitative, activity and
selectivity perspective. Sci. Rep. 2019, 9, 9233. [CrossRef] [PubMed]

Donato, M.T.; Viitala, P.; Rodriguez-Antona, C.; Lindfors, A.; Castell, ]J.V,; Raunio, H.; Gémez-Lechén, M.].; Pelkonen, O.
CYP2A5/CYP2A6 expression in mouse and human hepatocytes treated with various in vivo inducers. Drug Metab. Dispos.
2000, 28, 1321-1326.

Madan, A.; Graham, R.A.; Carroll, KM.; Mudra, D.R.; Burton, L.A.; Krueger, L.A.; Downey, A.D.; Czerwinski, M.; Forster, J.;
Ribadeneira, M.D.; et al. Effects of prototypical microsomal enzyme inducers on cytochrome P450 expression in cultured human
hepatocytes. Drug Metab. Dispos. 2003, 31, 421-431. [CrossRef]

Baldini, E.; Cursio, R.; Desousa, G.; Margara, A.; Honiger, J.; Saint-Paul, M.C.; Bayer, P.; Raimondi, V.; Rahmani, R.; Mouiel, J.;
et al. Cryopreserved porcine hepatocytes: Expression and induction of cytochrome P450, isoform CYP2E1. Transplant. Proc.
2009, 41, 1367-1369. [CrossRef]

Catania, J.R.; McGarrigle, B.P; Rittenhouse-Olson, K.; Olson, ].R. Induction of CYP2B and CYP2E1 in precision-cut rat liver slices
cultured in defined medium. Toxicol. In Vitro 2007, 21, 109-115. [CrossRef]

Graham, R.A.; Downey, A.; Mudra, D.; Krueger, L.; Carroll, K.; Chengelis, C.; Madan, A.; Parkinson, A. In vivo and in vitro
induction of cytochrome P450 enzymes in beagle dogs. Drug Metab. Dispos. 2002, 30, 1206-1213. [CrossRef] [PubMed]

Lucas, D.; Ménez, ].E; Berthou, F.; Cauvin, ].M.; Deitrich, R.A. Differences in hepatic microsomal cytochrome P-450 isoenzyme
induction by pyrazole, chronic ethanol, 3-methylcholanthrene, and phenobarbital in high alcohol sensitivity (HAS) and low
alcohol sensitivity (LAS) rats. Alcohol Clin. Exp. Res. 1992, 16, 916-921. [CrossRef] [PubMed]

Nebbia, C.; Dacasto, M.; Ceppa, L.; Bosia, S.; Burdino, E.; Witkamp, R.E; Ugazio, G. Gender differences in ethanol oxidation and
cytochrome P4502E1 content and functions in hepatic microsomes from alcohol-preferring and non-preferring rats. Xenobiotica
1996, 26, 1121-1129. [CrossRef] [PubMed]

Chen, L; Yang, C.S. Effects of cytochrome P450 2E1 modulators on the pharmacokinetics of chlorzoxazone and 6-
hydroxychlorzoxazone in rats. Life Sci. 1996, 58, 1575-1585. [CrossRef]

Lee, A.M.; Joshi, M.; Yue, J.; Tyndale, R.F. Phenobarbital induces monkey brain CYP2E1 protein but not hepatic CYP2E1, in vitro
or in vivo chlorzoxazone metabolism. Eur. |. Pharmacol. 2006, 552, 151-158. [CrossRef]

Monostory, K.; Vereczkey, L. The effect of phenobarbital and dexamethasone coadministration on the activity of rat liver P450
system. Biochem. Biophys. Res. Commun. 1994, 203, 351-358. [CrossRef]

Koukouritaki, S.B.; Poch, M.T.; Henderson, M.C; Siddens, L.K.; Krueger, S.K.; VanDyke, J.E.; Williams, D.E.; Paiewski, N.P.; Wang,
T.; Hines, R.N. Identification and functional analysis of common human flavin-containing monooxygenase 3 genetic variants.
J. Pharmacol. Exp. Ther. 2007, 320, 266-273. [CrossRef]

Lee, M.Y,; Smiley, S.; Kadkhodayan, S.; Hines, R.N.; Williams, D.E. Developmental regulation of flavin-containing monooxygenase
(FMO) isoforms 1 and 2 in pregnant rabbit. Chem. Biol. Interact. 1995, 96, 75-85. [CrossRef]

Maté, L.; Giantin, M.; Viviani, P.; Ballent, M.; Tolosi, R.; Lifschitz, A.; Lanusse, C.; Dacasto, M.; Virkel, G. Effects of fenbendazole
and triclabendazole on the expression of cytochrome P450 1A and flavin-monooxygenase isozymes in bovine precision-cut liver
slices. Vet. J. 2019, 245, 61-69. [CrossRef]

Viviani, P; Lifschitz, A.L.; Garcia, ].P.; Maté, M.L.; Quiroga, M.A.; Lanusse, C.R.; Virkel, G.L. Assessment of liver slices for research
on metabolic drug—drug interactions in cattle. Xenobiotica 2017, 47, 933-942. [CrossRef]

Nebbia, C.; Ferrero, E.; Valenza, F.; Castagnaro, M.; Re, G.; Soffietti, M.G. Pathologic changes, tissue distribution, and extent
of conversion to ethylenethiourea after subacute administration of zinc ethylene-bis-dithiocarbamate (zineb) to calves with
immature rumen function. Am. J. Vet. Res. 1991, 52, 1717-1722. [PubMed]

Decker, C.J.; Doerge, D.R. Rat hepatic microsomal metabolism of ethylenethiourea. Contributions of the flavin-containing
monooxygenase and cytochrome P-450 isozymes. Chem. Res. Toxicol. 1991, 4, 482-489. [CrossRef]

Henderson, M.C.; Krueger, S.K,; Stevens, ].F.; Williams, D.E. Human flavin-containing monooxygenase form 2 S-oxygenation:
Sulfenic acid formation from thioureas and oxidation of glutathione. Chem. Res. Toxicol. 2004, 17, 633-640. [CrossRef] [PubMed]
Hui, Q.Y.; Armstrong, C.; Laver, G.; Iverson, F. Monooxygenase-mediated metabolism and binding of ethylene thiourea to mouse
liver microsomal protein. Toxicol. Lett. 1988, 41, 231-237. [CrossRef]

Cashman, J.R.; Zhang, J. Human flavin-containing monooxygenases. Annu. Rev. Pharmacol. Toxicol. 2006, 46, 65-100. [CrossRef]
Coecke, S.; Segaert, A.; Vercruysse, A.; Rogiers, V. Expression of flavin-containing monooxygenase activity in adult rat hepatocytes
under various culture conditions. Toxicol. In Vitro 1993, 7, 487-491. [CrossRef]

Fukami, T.; Yokoi, T.; Nakajima, M. Non-P450 drug-metabolizing enzymes: Contribution to drug disposition, toxicity, and
development. Annu. Rev. Pharmacol. Toxicol. 2022, 62, 405-425. [CrossRef]

Gao, C.; Catucci, G.; Gilardi, G.; Sadeghi, S.J. Binding of methimazole and NADP(H) to human FMO3: In vitro and in silico. Int. J.
Biol. Macromol. 2018, 118, 460—468. [CrossRef]

Cerny, M.A. Prevalence of non-cytochrome P450-mediated metabolism in food and drug administration-approved oral and
intravenous drugs: 2006-2015. Drug Metab. Dispos. 2016, 44, 1246-1252. [CrossRef]

Fukami, T.; Kariya, M.; Kurokawa, T; Iida, A.; Nakajima, M. Comparison of substrate specificity among human arylacetamide
deacetylase and carboxylesterases. Eur. J. Pharm. Sci. 2015, 78, 47-53. [CrossRef]


http://doi.org/10.1038/s41598-019-45212-0
http://www.ncbi.nlm.nih.gov/pubmed/31239454
http://doi.org/10.1124/dmd.31.4.421
http://doi.org/10.1016/j.transproceed.2009.02.061
http://doi.org/10.1016/j.tiv.2006.08.001
http://doi.org/10.1124/dmd.30.11.1206
http://www.ncbi.nlm.nih.gov/pubmed/12386126
http://doi.org/10.1111/j.1530-0277.1992.tb01893.x
http://www.ncbi.nlm.nih.gov/pubmed/1443430
http://doi.org/10.3109/00498259609050257
http://www.ncbi.nlm.nih.gov/pubmed/8948088
http://doi.org/10.1016/0024-3205(96)00132-4
http://doi.org/10.1016/j.ejphar.2006.09.006
http://doi.org/10.1006/bbrc.1994.2189
http://doi.org/10.1124/jpet.106.112268
http://doi.org/10.1016/0009-2797(94)03584-U
http://doi.org/10.1016/j.tvjl.2019.01.001
http://doi.org/10.1080/00498254.2016.1246782
http://www.ncbi.nlm.nih.gov/pubmed/1767996
http://doi.org/10.1021/tx00022a013
http://doi.org/10.1021/tx034253s
http://www.ncbi.nlm.nih.gov/pubmed/15144220
http://doi.org/10.1016/0378-4274(88)90059-8
http://doi.org/10.1146/annurev.pharmtox.46.120604.141043
http://doi.org/10.1016/0887-2333(93)90052-7
http://doi.org/10.1146/annurev-pharmtox-052220-105907
http://doi.org/10.1016/j.ijbiomac.2018.06.104
http://doi.org/10.1124/dmd.116.070763
http://doi.org/10.1016/j.ejps.2015.07.006

Int. J. Mol. Sci. 2022, 23, 3564 28 of 31

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Gautheron, J.; Jéru, I. The multifaceted role of epoxide hydrolases in human health and disease. Int. ]. Mol. Sci. 2021, 22, 13.
[CrossRef] [PubMed]

Di, L. The impact of carboxylesterases in drug metabolism and pharmacokinetics. Curr. Drug Metab. 2019, 20, 91-102. [CrossRef]
[PubMed]

Merali, Z; Ross, S.; Paré, G. The pharmacogenetics of carboxylesterases: CES1 and CES2 genetic variants and their clinical effect.
Drug Metab. Drug Interact. 2014, 29, 143-151. [CrossRef] [PubMed]

Xiao, D.; Chen, Y.T,; Yang, D.; Yan, B. Age-related inducibility of carboxylesterases by the antiepileptic agent phenobarbital and
implications in drug metabolism and lipid accumulation. Biochem. Pharmacol. 2012, 84, 232-239. [CrossRef] [PubMed]
Wheelock, C.E.; Shan, G.; Ottea, J. Overview of carboxylesterases and their role in the metabolism of insecticides. J. Pestic. Sci.
2005, 30, 75-83. [CrossRef]

Ribalta, C.; Sanchez-Hernandez, J.C.; Sole, M. Hepatic biotransformation and antioxidant enzyme activities in Mediterranean fish
from different habitat depths. Sci. Total Environ. 2015, 532, 176-183. [CrossRef]

El-Sherbeni, A.A.; El-Kadi, A.O. The role of epoxide hydrolases in health and disease. Arch. Toxicol. 2014, 88, 2013-2032.
[CrossRef]

Vaclavikova, R.; Hughes, D.J.; Soucek, P. Microsomal epoxide hydrolase 1 (EPHX1): Gene, structure, function, and role in human
disease. Gene 2015, 571, 1-8. [CrossRef]

Deng, J.; Zhao, L.; Zhang, N.Y.; Karrow, N.A.; Krumm, C.S.; Qi, D.S.; Sun, L.H. Aflatoxin By metabolism: Regulation by phase I
and Il metabolizing enzymes and chemoprotective agents. Mutat. Res. Rev. Mutat. Res. 2018, 778, 79-89. [CrossRef]

Dratinska, H.; Indra, R.; Jelinkova, S.; Cernd, V,; Arlt, V.M.; Stiborova, M. Benzol[a]pyrene-Induced Genotoxicity in rats is affected
by co-exposure to Sudan I by altering the expression of biotransformation enzymes. Int. J. Mol. Sci. 2021, 22, 8062. [CrossRef]
Ganem, L.G.; Jefcoate, C.R. Endocrine factors modulate the phenobarbital-mediated induction of cytochromes P450 and phase II
enzymes in a similar strain-dependent manner. Toxicol. Appl. Pharmacol. 1998, 150, 68-75. [CrossRef] [PubMed]

Hassett, C.; Laurenzana, E.M.; Sidhu, J.S.; Omiecinski, C.J. Effects of chemical inducers on human microsomal epoxide hydrolase
in primary hepatocyte cultures. Biochem. Pharmacol. 1998, 55, 1059-1069. [CrossRef]

Jancova, P.; Anzenbacher, P.; Anzenbacherova, E. Phase II drug metabolizing enzymes. Biomed. Pap. Med. Fac. Univ. Palacky
Olomouc Czech Repub. 2010, 154, 103-116. [CrossRef] [PubMed]

Truong, V.L.; Jun, M.; Jeong, W.S. Phytochemical and over-the-counter drug interactions: Involvement of phase I and II drug-
metabolizing enzymes and phase III transporters. J. Med. Food 2021, 24, 786-805. [CrossRef]

Choughule, K.V.; Locuson, C.W.; Coughtrie, M.W. Characterization of bovine phenol sulfotransferases: Evidence of a major role
for SULT1B1 in the liver. Xenobiotica 2015, 45, 495-502. [CrossRef]

Brigelius-Flohé, R.; Flohé, L. Regulatory phenomena in the glutathione peroxidase superfamily. Antioxid. Redox Signal. 2020, 33,
498-516. [CrossRef]

Forman, H.]J.; Zhang, H.; Rinna, A. Glutathione: Overview of its protective roles, measurement, and biosynthesis. Mol. Asp. Med.
2009, 30, 1-12. [CrossRef]

Jones, D.P.;; Brown, L.A.; Sternberg, P. Variability in glutathione-dependent detoxication in vivo and its relevance to detoxication
of chemical mixtures. Toxicology 1995, 105, 267-274. [CrossRef]

Mohana, K.; Achary, A. Human cytosolic glutathione-S-transferases: Quantitative analysis of expression, comparative analysis of
structures and inhibition strategies of isozymes involved in drug resistance. Drug Metab. Rev. 2017, 49, 318-337. [CrossRef]
Huang, J.; Jia, Y.; Li, Q.; Son, K.; Hamilton, C.; Burris, W.R.; Bridges, PJ.; Stromberg, A.J.; Matthews, ]J.C. Glutathione content and
expression of proteins involved with glutathione metabolism differs in longissimus dorsi, subcutaneous adipose, and liver tissues
of finished vs. growing beef steers. J. Anim. Sci. 2018, 96, 5152-5165. [CrossRef]

Waterman, C.L.; Currie, R.A.; Cottrell, L.A.; Dow, J.; Wright, J.; Waterfield, C.J.; Griffin, J.L. An integrated functional genomic
study of acute phenobarbital exposure in the rat. BMC Genom. 2010, 11, 9. [CrossRef] [PubMed]

Heidari, R.; Babaei, H.; Roshangar, L.; Eghbal, M.A. Effects of enzyme induction and/or glutathione depletion on methimazole-
induced hepatotoxicity in mice and the protective role of N-acetylcysteine. Adv. Pharm. Bull. 2014, 4, 21-28. [CrossRef]
[PubMed]

Kim, D.O.; Lee, SK; Jeon, TW.; Jin, C.H.; Hyun, S.H.; Kim, E.J.; Moon, G.M.; Kim, J.A,; Lee, E.S.; Lee, B.M,; et al. Role of
metabolism in parathion-induced hepatotoxicity and immunotoxicity. J. Toxicol. Environ. Health Part A 2005, 68, 2187-2205.
[CrossRef] [PubMed]

Allocati, N.; Masulli, M.; Di Ilio, C.; Federici, L. Glutathione transferases: Substrates, inihibitors and pro-drugs in cancer and
neurodegenerative diseases. Oncogenesis 2018, 7, 8. [CrossRef]

Higgins, L.G.; Hayes, ].D. Mechanisms of induction of cytosolic and microsomal glutathione transferase (GST) genes by
xenobiotics and pro-inflammatory agents. Drug Metab. Rev. 2011, 43, 92-137. [CrossRef]

Ahmad, H.; Singh, S.V.; Medh, R.D.; Ansari, G.A.; Kurosky, A.; Awasthi, Y.C. Differential expression of alpha, mu and pi classes
of isozymes of glutathione S-transferase in bovine lens, cornea, and retina. Arch. Biochem. Biophys. 1988, 266, 416-426. [CrossRef]
Giantin, M.; Carletti, M.; Capolongo, E.; Pegolo, S.; Lopparelli, R.M.; Gusson, F; Nebbia, C.; Cantiello, M.; Martin, P.; Pineau, T.;
et al. Effect of breed upon cytochromes P450 and phase II enzyme expression in cattle liver. Drug Metab. Dispos. 2008, 36, 885-893.
[CrossRef]


http://doi.org/10.3390/ijms22010013
http://www.ncbi.nlm.nih.gov/pubmed/33374956
http://doi.org/10.2174/1389200219666180821094502
http://www.ncbi.nlm.nih.gov/pubmed/30129408
http://doi.org/10.1515/dmdi-2014-0009
http://www.ncbi.nlm.nih.gov/pubmed/24988246
http://doi.org/10.1016/j.bcp.2012.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22513142
http://doi.org/10.1584/jpestics.30.75
http://doi.org/10.1016/j.scitotenv.2015.06.001
http://doi.org/10.1007/s00204-014-1371-y
http://doi.org/10.1016/j.gene.2015.07.071
http://doi.org/10.1016/j.mrrev.2018.10.002
http://doi.org/10.3390/ijms22158062
http://doi.org/10.1006/taap.1998.8391
http://www.ncbi.nlm.nih.gov/pubmed/9630454
http://doi.org/10.1016/S0006-2952(97)00679-5
http://doi.org/10.5507/bp.2010.017
http://www.ncbi.nlm.nih.gov/pubmed/20668491
http://doi.org/10.1089/jmf.2021.K.0003
http://doi.org/10.3109/00498254.2014.997325
http://doi.org/10.1089/ars.2019.7905
http://doi.org/10.1016/j.mam.2008.08.006
http://doi.org/10.1016/0300-483X(95)03221-Z
http://doi.org/10.1080/03602532.2017.1343343
http://doi.org/10.1093/jas/sky362
http://doi.org/10.1186/1471-2164-11-9
http://www.ncbi.nlm.nih.gov/pubmed/20053287
http://doi.org/10.5681/apb.2014.004
http://www.ncbi.nlm.nih.gov/pubmed/24409405
http://doi.org/10.1080/15287390500180549
http://www.ncbi.nlm.nih.gov/pubmed/16326433
http://doi.org/10.1038/s41389-017-0025-3
http://doi.org/10.3109/03602532.2011.567391
http://doi.org/10.1016/0003-9861(88)90273-1
http://doi.org/10.1124/dmd.107.019042

Int. . Mol. Sci. 2022, 23, 3564 29 of 31

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.
213.

214.

215.

216.

Hayes, J.D.; Milner, S.W.; Walker, S.W. Expression of glyoxalase, glutathione peroxidase and glutathione S-transferase isoenzymes
in different bovine tissues. Biochim. Biophys. Acta 1989, 994, 21-29. [CrossRef]

Meikle, I.; Hayes, J.D.; Walker, S.W. Expression of an abundant alpha-class glutathione S-transferase in bovine and human adrenal
cortex tissues. J. Endocrinol. 1992, 132, 83-92. [CrossRef]

Darwish, W.S.; Ikenaka, Y.; El-Ghareeb, W.R.; Ishizuka, M. High expression of the mRNA of cytochrome P450 and phase II
enzymes in the lung and kidney tissues of cattle. Animal 2010, 4, 2023-2029. [CrossRef]

Lopparelli, R M.; Zancanella, V.; Giantin, M.; Ravarotto, L.; Cozzi, G.; Montesissa, C.; Dacasto, M. Constitutive expression of drug
metabolizing enzymes and related transcription factors in cattle testis and their modulation by illicit steroids. Xenobiotica 2010, 40,
670-680. [CrossRef] [PubMed]

Bhagwat, S.V.; Mullick, J.; Avadhani, N.G.; Raza, H. Differential response of cytosolic, microsomal, and mitochondrial glutathione
S-transferases to xenobiotic inducers. Int. J. Oncol. 1998, 13, 281-289. [CrossRef] [PubMed]

Carlson, G.P.; Chaney, A.M.; Jiang, F. Comparison of the induction of rat glutathione S-transferase and fatty acid ethyl ester
synthase activities. Toxicology 1995, 96, 127-132. [CrossRef]

Graham, M.].; Lake, B.G. Induction of drug metabolism: Species differences and toxicological relevance. Toxicology 2008, 254,
184-191. [CrossRef] [PubMed]

Langouét, S.; Morel, F.; Meyer, D.J.; Fardel, O.; Corcos, L.; Ketterer, B.; Guillouzo, A. A comparison of the effect of inducers on the
expression of glutathione-S-transferases in the liver of the intact rat and in hepatocytes in primary culture. Hepatology 1996, 23,
881-887. [CrossRef]

Kiang, TK.; Ensom, M.H.; Chang, T.K. UDP-glucuronosyltransferases and clinical drug-drug interactions. Pharmacol. Ther. 2005,
106, 97-132. [CrossRef]

Meech, R.; Hu, D.G.; McKinnon, R.A.; Mubarokah, S.N.; Haines, A.Z.; Nair, P.C.; Rowland, A.; Mackenzie, PI. The UDP-
glycosyltransferase (UGT) Superfamily: New members, new functions, and novel paradigms. Physiol. Rev. 2019, 99, 1153-1222.
[CrossRef]

Oda, S.; Fukami, T.; Yokoi, T.; Nakajima, M. A comprehensive review of UDP-glucuronosyltransferase and esterases for drug
development. Drug Metab. Pharmacokinet. 2015, 30, 30-51. [CrossRef]

Fujiwara, R.; Yoda, E.; Tukey, R.H. Species differences in drug glucuronidation: Humanized UDP-glucuronosyltransferase 1 mice
and their application for predicting drug glucuronidation and drug-induced toxicity in humans. Drug Metab. Pharmacokinet.
2018, 33, 9-16. [CrossRef]

Bock, K.W.; Bock-Hennig, B.S. UDP-glucuronosyltransferases (UGTs): From purification of Ah-receptor—inducible UGT1A6 to
coordinate regulation of subsets of CYPs, UGTs, and ABC transporters by nuclear receptors. Drug Metab. Rev. 2010, 42, 6-13.
[CrossRef]

Court, M.H. Isoform-selective probe substrates for in vitro studies of human UDP-glucuronosyltransferases. Methods Enzymol.
2005, 400, 104-116. [CrossRef] [PubMed]

Sakakibara, Y.; Katoh, M.; Kondo, Y.; Nadai, M. Effects of phenobarbital on expression of UDP-glucuronosyltransferase 1a6 and
1a7 in rat brain. Drug Metab. Dispos. 2016, 44, 370-377. [CrossRef] [PubMed]

Hu, D.G.; Meech, R.; McKinnon, R.A.; MacKenzie, PI. Transcriptional regulation of human UDP-glucuronosyltransferase genes.
Drug Metab. Rev. 2014, 46, 421-458. [CrossRef] [PubMed]

Shelby, M.K.; Klaassen, C.D. Induction of rat UDP-glucuronosyltransferases in liver and duodenum by microsomal enzyme
inducers that activate various transcriptional pathways. Drug Metab. Dispos. 2006, 34, 1772-1778. [CrossRef]
Radominska-Pandya, A.; Czernik, PJ.; Little, ].M.; Battaglia, E.; Mackenzie, PI. Structural and functional studies of UDP-
glucuronosyltransferases. Drug Metab. Rev. 1999, 31, 817-899. [CrossRef]

Kim, S.-M.; Wang, Y.Q.; Nabavi, N.; Liu, Y.; Correia, M.A. Hepatic cytochromes P450: Structural degrons and barcodes,
posttranslational modifications and cellular adapters in the ERAD-endgame. Drug Metab. Rev. 2016, 48, 405-433. [CrossRef]
Livneh, I.; Cohen-Kaplan, V.; Cohen-Rosenzweig, C.; Avni, N.; Ciechanover, A. The life cycle of the 26S proteasome: From birth,
through regulation and function, and onto its death. Cell Res. 2016, 26, 869-885. [CrossRef]

Raule, M.; Cerruti, F; Cascio, P. Enhanced rate of degradation of basic proteins by 265 immunoproteasomes. Biochim. Biophys. Acta
2014, 1843, 1942-1947. [CrossRef]

Raule, M.; Cerruti, F.; Cascio, P. Comparative study of the biochemical properties of proteasomes in domestic animals. Vet. Immunol.
Immunopathol. 2015, 166, 43—49. [CrossRef]

Tanaka, K. The proteasome: From basic mechanisms to emerging roles. Keio J. Med. 2013, 62, 1-12. [CrossRef]

Tanaka, K.; Mizushima, T.; Saeki, Y. The proteasome: Molecular machinery and pathophysiological roles. Biol. Chem. 2012, 393,
217-234. [CrossRef] [PubMed]

Korsmeyer, K.K.; Davoll, S.; Figueiredo-Pereira, M.E.; Correia, M.A. Proteolytic degradation of heme-modified hepatic cy-
tochromes P450: A role for phosphorylation, ubiquitination, and the 26S proteasome? Arch. Biochem. Biophys. 1999, 365, 31-44.
[CrossRef] [PubMed]

Wang, Y.; Liao, M.; Hoe, N.; Acharya, P.; Deng, C.; Krutchinsky, A.N.; Correia, M.A. A role for protein phosphorylation in
cytochrome P450 3A4 ubiquitin-dependent proteasomal degradation. J. Biol. Chem. 2009, 284, 5671-5684. [CrossRef] [PubMed]
Correia, M.A. Hepatic cytochrome P450 degradation: Mechanistic diversity of the cellular sanitation brigade. Drug Metab. Rev.
2003, 35, 107-143. [CrossRef]


http://doi.org/10.1016/0167-4838(89)90057-5
http://doi.org/10.1677/joe.0.1320083
http://doi.org/10.1017/S1751731110001394
http://doi.org/10.3109/00498254.2010.506562
http://www.ncbi.nlm.nih.gov/pubmed/20666625
http://doi.org/10.3892/ijo.13.2.281
http://www.ncbi.nlm.nih.gov/pubmed/9664123
http://doi.org/10.1016/0300-483X(94)02918-K
http://doi.org/10.1016/j.tox.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18824059
http://doi.org/10.1002/hep.510230432
http://doi.org/10.1016/j.pharmthera.2004.10.013
http://doi.org/10.1152/physrev.00058.2017
http://doi.org/10.1016/j.dmpk.2014.12.001
http://doi.org/10.1016/j.dmpk.2017.10.002
http://doi.org/10.3109/03602530903205492
http://doi.org/10.1016/S0076-6879(05)00007-8
http://www.ncbi.nlm.nih.gov/pubmed/16399346
http://doi.org/10.1124/dmd.115.067439
http://www.ncbi.nlm.nih.gov/pubmed/26684499
http://doi.org/10.3109/03602532.2014.973037
http://www.ncbi.nlm.nih.gov/pubmed/25336387
http://doi.org/10.1124/dmd.106.010397
http://doi.org/10.1081/DMR-100101944
http://doi.org/10.1080/03602532.2016.1195403
http://doi.org/10.1038/cr.2016.86
http://doi.org/10.1016/j.bbamcr.2014.05.005
http://doi.org/10.1016/j.vetimm.2015.04.005
http://doi.org/10.2302/kjm.2012-0006-RE
http://doi.org/10.1515/hsz-2011-0285
http://www.ncbi.nlm.nih.gov/pubmed/23029643
http://doi.org/10.1006/abbi.1999.1138
http://www.ncbi.nlm.nih.gov/pubmed/10222036
http://doi.org/10.1074/jbc.M806104200
http://www.ncbi.nlm.nih.gov/pubmed/19095658
http://doi.org/10.1081/DMR-120023683

Int. J. Mol. Sci. 2022, 23, 3564 30 of 31

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

Wang, Y.; Guan, S.; Acharya, P; Koop, D.R;; Liu, Y.; Liao, M.; Burlingame, A.L.; Correia, M.A. Ubiquitin-dependent proteasomal
degradation of human liver cytochrome P450 2E1: Identification of sites targeted for phosphorylation and ubiquitination.
J. Biol. Chem. 2011, 286, 9443-9456. [CrossRef]

Wang, Y,; Kim, S.M.; Trnka, M.].; Liu, Y.; Burlingame, A.L.; Correia, M.A. Human liver cytochrome P450 3A4 ubiquitination:
Molecular recognition by UBC7-gp78 autocrine motility factor receptor and UbcH5a-CHIP-Hsc70-Hsp40 E2-E3 ubiquitin ligase
complexes. J. Biol. Chem. 2015, 290, 3308-3332. [CrossRef]

Ma, Q.; Baldwin, K.T. 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced degradation of aryl hydrocarbon receptor (AhR) by the
ubiquitin-proteasome pathway. Role of the transcription activaton and DNA binding of AhR. J. Biol. Chem. 2000, 275, 8432-8438.
[CrossRef]

Cui, W.; Sun, M.; Galeva, N.; Williams, T.D.; Azuma, Y.; Staudinger, ].L. SUMOylation and ubiquitylation circuitry controls
pregnane X receptor biology in hepatocytes. Drug Metab. Dispos. 2015, 43, 1316-1325. [CrossRef]

Dennis, A.P.; O’'Malley, B.W. Rush hour at the promoter: How the ubiquitin-proteasome pathway polices the traffic flow of
nuclear receptor-dependent transcription. J. Steroid Biochem. Mol. Biol. 2005, 93, 139-151. [CrossRef]

Smutny, T.; Mani, S.; Pavek, P. Post-translational and post-transcriptional modifications of pregnane X receptor (PXR) in regulation
of the cytochrome P450 superfamily. Curr. Drug Metab. 2013, 14, 1059-1069. [CrossRef]

Chen, T.; Laurenzana, E.M.; Coslo, D.M.; Chen, F.; Omiecinski, C.J. Proteasomal interaction as a critical activity modulator of the
human constitutive androstane receptor. Biochem. |. 2014, 458, 95-107. [CrossRef] [PubMed]

Timsit, Y.E.; Negishi, M. Coordinated regulation of nuclear receptor CAR by CCRP/DNAJC7, HSP70 and the ubiquitin-proteasome
system. PLoS ONE 2014, 9, €96092. [CrossRef] [PubMed]

Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem.
1951, 193, 265-275. [CrossRef]

Rutten, A.AJ.J.L.; Falke, H.E.; Catsbrug, ].E,; Topp, R.; Blaauboer, B.J.; van Holstein, I.; Doorn, L.; van Leeuwen, EX. Interlaboratory
comparison of total cytochrome P-450 and protein determinations in rat liver microsomes. Arch. Toxicol. 1987, 61, 27-33. [CrossRef]
Lake, B.G. Preparation and characterisation of microsomal fractions for studies on xenobiotic metabolism. In Biochemical Toxicology,
a Practical Approach; Snell, B., Mullock, B., Eds.; IRL Press: Oxford, UK, 1987; pp. 182-215.

Liu, Z.; Franklin, M.R. Cytochrome P-450 ligands: Metyrapone revisited. Arch. Biochem. Biophys. 1985, 241, 397—-402. [CrossRef]

Cantiello, M.; Carletti, M.; Dacasto, M.; Martin, P.G.; Pineau, T.; Capolongo, F.; Gardini, G.; Nebbia, C. Cytochrome P450
inhibition profile in liver of veal calves administered a combination of 17beta-estradiol, clenbuterol, and dexamethasone for
growth-promoting purposes. Food Chem. Toxicol. 2008, 46, 2849-2855. [CrossRef]

Nebbia, C.; Ceppa, L.; Dacasto, M.; Nachtmann, C.; Carletti, M. Oxidative monensin metabolism and cytochrome P450 3A content
and functions in liver microsomes from horses, pigs, broiler chicks, cattle and rats. J. Vet. Pharmacol. Ther. 2001, 24, 399—403.
[CrossRef]

Werringloer, ]. Assay of formaldehyde generated during microsomal oxidation reactions. Methods Enzymol. 1978, 52, 297-302.
[CrossRef]

Buters, ].T.; Schiller, C.D.; Chou, R.C. A highly sensitive tool for the assay of cytochrome P450 enzyme activity in rat, dog and
man. Direct fluorescence monitoring of the deethylation of 7-ethoxy-4-trifluoromethylcoumarin. Biochem. Pharmacol. 1993, 46,
1577-1584. [CrossRef]

Dent, J.G.; Netter, K.J.; Gibson, ].E. The induction of hepatic microsomal metabolism in rats following acute administration of a
mixture of polybrominated biphenyls. Toxicol. Appl. Pharmacol. 1976, 38, 237-249. [CrossRef]

van Iersel, M.L.; Henderson, C.J.; Walters, D.G.; Price, R.J.; Wolf, C.R.; Lake, B.G. Metabolism of [3-14C] coumarin by human liver
microsomes. Xenobiotica 1994, 24, 795-803. [CrossRef] [PubMed]

Nebert, D.W. Genetic differences in microsomal electron transport: The Ah locus. Methods Enzymol. 1978, 52, 226-240. [CrossRef]
[PubMed]

Nebbia, C.; Dacasto, M.; Ceppa, L.; Roncada, P. Changes in the activities of hepatic xenobiotic metabolising enzymes after the
administration of clenbuterol to female broilers. Res. Vet. Sci. 1996, 60, 33-36. [CrossRef]

Ugazio, G.; Bosio, A.; Nebbia, C.; Soffietti, M.G. Age- and sex-related effects on hepatic drug metabolism in rats chronically
exposed to dietary atrazine. Res. Commun. Chem. Pathol. Pharmacol. 1991, 73, 231-243.

Reinke, L.A.; Moyer, ML]. p-Nitrophenol hydroxylation. A microsomal oxidation which is highly inducible by ethanol. Drug Metab.
Dispos. 1985, 13, 548-552.

Purdon, M.P,; Lehman-McKeeman, L.D. Improved high-performance liquid chromatographic procedure for the separation and
quantification of hydroxytestosterone metabolites. J. Pharmacol. Toxicol. Methods 1997, 37, 67-73. [CrossRef]

Pegolo, S.; Giantin, M.; Dacasto, M.; Montesissa, C.; Capolongo, F. Testosterone hydroxylation in bovine liver: Enzyme kinetic
and inhibition study. Xenobiotica 2010, 40, 255-261. [CrossRef]

Dixit, A.; Roche, T.E. Spectrophotometric assay of the flavin-containing monooxygenase and changes in its activity in female
mouse liver with nutritional and diurnal conditions. Arch. Biochem. Biophys. 1984, 233, 50-63. [CrossRef]

Ziegler, D.M. An overview of the mechanism, substrate specificities, and structure of FMOs. Drug Metab. Rev. 2002, 34, 503-511.
[CrossRef]

Nousiainen, U.; Térrénen, R.; Hanninen, O. Differential induction of various carboxylesterases by certain polycyclic aromatic
hydrocarbons in the rat. Toxicology 1984, 32, 243-251. [CrossRef]


http://doi.org/10.1074/jbc.M110.176685
http://doi.org/10.1074/jbc.M114.611525
http://doi.org/10.1074/jbc.275.12.8432
http://doi.org/10.1124/dmd.115.065201
http://doi.org/10.1016/j.jsbmb.2004.12.015
http://doi.org/10.2174/1389200214666131211153307
http://doi.org/10.1042/BJ20130685
http://www.ncbi.nlm.nih.gov/pubmed/24224465
http://doi.org/10.1371/journal.pone.0096092
http://www.ncbi.nlm.nih.gov/pubmed/24789201
http://doi.org/10.1016/S0021-9258(19)52451-6
http://doi.org/10.1007/BF00324544
http://doi.org/10.1016/0003-9861(85)90562-4
http://doi.org/10.1016/j.fct.2008.05.018
http://doi.org/10.1046/j.1365-2885.2001.00362.x
http://doi.org/10.1016/s0076-6879(78)52031-4
http://doi.org/10.1016/0006-2952(93)90326-R
http://doi.org/10.1016/0041-008X(76)90132-0
http://doi.org/10.3109/00498259409043279
http://www.ncbi.nlm.nih.gov/pubmed/7839702
http://doi.org/10.1016/s0076-6879(78)52026-0
http://www.ncbi.nlm.nih.gov/pubmed/672631
http://doi.org/10.1016/S0034-5288(96)90127-7
http://doi.org/10.1016/S1056-8719(97)00013-0
http://doi.org/10.3109/00498250903540875
http://doi.org/10.1016/0003-9861(84)90600-3
http://doi.org/10.1081/DMR-120005650
http://doi.org/10.1016/0300-483X(84)90077-5

Int. . Mol. Sci. 2022, 23, 3564 31 0f 31

244.

245.

246.

247.

248.

249.

Zemaitis, M.A.; Greene, FE. In vivo and in vitro effects of thiuram disulfides and dithiocarbamates on hepatic microsomal drug
metabolism in the rat. Toxicol. Appl. Pharmacol. 1979, 48, 343-350. [CrossRef]

Hasegawa, L.S.; Hammock, B.D. Spectrophotometric assay for mammalian cytosolic epoxide hydrolase using trans-stilbene oxide
as the substrate. Biochem. Pharmacol. 1982, 31, 1979-1984. [CrossRef]

Antoine, B.; Boutin, J.A.; Siest, G. Further validation of the Mulder and van Doorn kinetic procedure for the measurement of
microsomal UDP-glucuronosyltransferase activities. Biochem. J. 1988, 252, 930-931. [CrossRef] [PubMed]

Di Simplicio, P,; Jensson, H.; Mannervik, B. Effects of inducers of drug metabolism on basic hepatic forms of mouse glutathione
transferase. Biochem. |. 1989, 263, 679-685. [CrossRef]

Cascio, P; Call, M.; Petre, B.M.; Walz, T.; Goldberg, A.L. Properties of the hybrid form of the 26S proteasome containing both 19S5
and PA28 complexes. EMBO J. 2002, 21, 2636-2645. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef]


http://doi.org/10.1016/0041-008X(79)90041-3
http://doi.org/10.1016/0006-2952(82)90408-7
http://doi.org/10.1042/bj2520930
http://www.ncbi.nlm.nih.gov/pubmed/3138979
http://doi.org/10.1042/bj2630679
http://doi.org/10.1093/emboj/21.11.2636
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	Nuclear Receptors and CYP2B, CYP2C, and CYP3A mRNA Levels 
	Haemoprotein Content, NADPH Cytochrome c (P450) and NADH Cytochrome b5 Reductase Activities, and Metyrapone Binding 
	Cytochromes-P450-Dependent Monooxygenases 
	Cytochrome P450 2B22 
	Cytochromes P450 2C88, CYP2C31, and CYP2C42 
	Cytochrome P450 3A 
	Other CYP Monooxygenases (CYP1A, CYP2A, and CYP2E1) 

	Flavin-Containing Monooxygenases 
	Hydrolytic Enzymes 
	Conjugative Enzymes 
	Glutathione (GSH) Content and GSTs 
	UDP-Glucuronosyltransferases 

	Proteasome Activity 

	Discussion 
	Nuclear Receptors and CYP2B, CYP2C, and CYP3A mRNA Levels 
	Haemoprotein Content, Members of the CYP Catalytic Cycle, and Metyrapone Binding 
	Cytochromes-P450-Dependent Monooxygenases 
	Flavin-Containing Monooxygenases 
	Hydrolytic Enzymes 
	Conjugative Enzymes 
	Glutathione Content and GSTs 
	UDP-Glucuronosyltransferases 

	Proteasome Activity 

	Materials and Methods 
	Chemicals and Antibodies 
	Animals and Treatment 
	Preparation of Subcellular Fractions 
	Enzyme Assays 
	Spectral Measurements and Microsomal NAD(P)H Electron-TransferringReductase Activities 
	Cytochrome P450 Monooxygenases 
	Flavin-Containing Monooxygenases 
	Hydrolytic Enzymes 
	Conjugative Enzymes 
	Proteasome Activity 

	Sodium Dodecyl Sulfate (SDS)-Polyacrylamide Gel Electrophoresis and Immunoblotting 
	Total RNA Isolation, Reverse Transcription, and Quantitative Real Time RT-PCR (qPCR) 
	Statistical and Data Analysis 

	Conclusions 
	References

