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We have previously demonstrated differences between Meishan and Landrace pigs in their serum
androgen levels (Meishan > Landrace) and the expression of genes encoding hepatic cytochrome
P450 (CYP) 1A subfamily enzymes (Meishan < Landrace). In the present study, to clarify whether such
differences are genetically controlled, we crossbred these pigs (female Meishan �male Landrace, ML;
female Landrace �male Meishan, LM) and examined the expression levels of serum androgen and
hepatic CYP family genes (CYP1A1, CYP1A2, CYP2A19, and CYP2E1) among ML, LM, and their parents.
In sexually mature (5-month-old) male ML or LM pigs, not only the serum androgen level, but also
the hepatic expression levels of all the CYPs examined were similar to those in male Meishan pigs.
In addition, there were few breed differences among the females of Meishan, Landrace, ML and LM
pigs in the expression of all the CYP genes examined. Furthermore, the expression levels of these CYPs
in the females of Meishan and Landrace pigs could be decreased to the corresponding levels in male
Meishan pigs by administration of testosterone propionate. The present findings demonstrate that
serum androgen level is determined by autosomal dominant inheritance and that the level of serum
androgen is one of the host factors regulating the constitutive expression of CYP1A1, CYP1A2, CYP2A19,
and CYP2E1 in the pig liver.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Most xenobiotics, including drugs, are metabolized by hepatic
cytochrome P450 (CYP), which consists of several subfamilies [1].
These CYP enzymes have different substrate-specificities [2,3],
and their expression levels are influenced not only by physiological
factors, but also by exposure to xenobiotics [4–7]. Therefore, stud-
ies on the expression of CYPs responsible for the metabolism of
xenobiotics are important for understanding of the sex and species
differences in the response to xenobiotics.

Androgen is one of the physiological factors that determine
sexual dimorphism in the constitutive and/or xenobiotic-induced
expression of CYPs, including Cyp1a2 [8–10] and Cyp2a/2b
[11,12] in mice. In conventional pigs and minipigs, there are
sex differences in the expression of several CYPs including
CYP1A2, CYP2A, and CYP2E [13–16]. Recently, we have demon-
strated that sex and breed differences in the constitutive expres-
sion levels of hepatic CYP1A subfamily enzymes, CYP1A1 and
CYP1A2, in Meishan and Landrace pigs are closely correlated
with differences in the level of serum androgen [17,18]. Inciden-
ll rights reserved.
tally, in sexually mature male Meishan pigs with high levels of
serum androgen (around 50 ng/ml), the constitutive expression
levels of hepatic CYP1A subfamily enzymes are much lower than
those in female Meishan pigs and both sexes of Landrace pigs,
whose serum androgen levels are less than 20 ng/ml [18]. How-
ever, the causes of the breed differences in the level of serum
androgen and the expression levels of hepatic CYP1A subfamily
enzymes between male Meishan and Landrace pigs remain
unclear.

The pig is a mammalian species of particular interest in phar-
macological and toxicological studies because it can be used as a
laboratory model for human metabolism, without the requirement
to induce the enzymes that carry out biotransformations [19,20].
Further analyses of the breed difference and the mechanism of
androgen-associated gene expression of hepatic CYPs in Meishan
and Landrace pigs will contribute to our understanding of sex
and inter-individual differences in responses to xenobiotics, such
as drugs and environmental chemicals, in humans.

In the present study, we crossbred Meishan and Landrace pigs
and used their F1 pigs together with the parent pigs, to examine
whether the differences between male Meishan and Landrace
pigs in the expression levels of serum androgen and hepatic
CYP genes, including CYP1A1 and CYP1A2, are genetically
determined.

http://dx.doi.org/10.1016/j.bbrc.2012.11.060
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Fig. 1. Age-dependent changes in the levels of serum testosterone in the male
Meishan pigs, Landrace pigs and their F1 (ML and LM) pigs. Blood samples were
collected from individual males (n = 6, 7, 7, 9 and 8 for 1-, 2-, 3-, 4- and 5-month-old
Meishan pigs, respectively; n = 5, 2, 5, 2 and 7 for 1-, 2-, 3-, 4- and 5-month-old
Landrace pigs, respectively; n = 7 for each F1 (ML or LM) pig examined at each
indicated age). a,bSignificant differences from the age-matched male Landrace pigs:
aP < 0.05, bP < 0.01.
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2. Materials and methods

2.1. Animals

Meishan, Landrace, and their crossbred F1 (ML, Mei-
shan � Landrace; LM, Landrace �Meishan) pigs were kept at the
National Institute of Livestock and Grassland Science, Tsukuba, Ja-
pan. These F1 pigs were produced by mating between one sire of
each breed and two dams of the other breed. All the pigs used were
fed a commercial grain diet and provided with water ad libitum.
Pigs were killed between 10:00 and 11:00 am at the age of 1, 2,
3, or 5 months. Some of male Meishan and Landrace pigs were cas-
trated at the age of 1 month and killed at 5 months of age. After
each animal in the experimental groups was killed, a portion of
the liver was quickly removed, frozen in liquid nitrogen and kept
at �80 �C for subsequent analyses.

All animals were handled humanely under the guidelines of the
National Institute of Agrobiological Sciences and National Institute
of Livestock and Grassland Science (Tsukuba, Japan).

2.2. Treatment with androgen

Testosterone propionate (TP) was purchased from Sigma Chem-
ical Co., St Louis, MO, USA. TP (50 mg/ml) dissolved in corn oil was
injected intramuscularly five times, at a dose of 10 mg/kg body
weight/injection, into the rear leg of each pig. Each individual
injection was performed at 48 h-intervals. The pigs were killed
24 h after the final injection.

2.3. Serum testosterone level

Blood samples were collected from individual male pigs be-
tween 10:00 and 11:00 am. After clotting at room temperature,
the serum was separated from each blood sample by centrifugation
at 1500g for 15 min at 4 �C and stored at �80 �C until use. The lev-
els of serum testosterone were measured using the Correlate-EIA
Testosterone Enzyme Immunoassay Kit (Assay Designs, Inc., Ann
Arbor, MI, USA) according to the manufacturer’s instructions.

2.4. Expression of hepatic CYP mRNAs

Total RNA was prepared from individual livers using TRIzol Re-
agent (Invitrogen Corp., Carlsbad, CA, USA) and used to determine
the levels of CYP1A1, CYP1A2, CYP2A19, and CYP2E1 mRNAs. The
amounts of these mRNAs were measured by real-time RT-PCR
method using an 7500 Real Time PCR System with SYBR green
master mix (PE Applied Systems, Tokyo, Japan) as described previ-
ously [18]. The primer sets and their concentrations used in the
present study were indicated in Table 1. 18S was used as an inter-
nal standard. The amount of each cDNA was assessed using the rel-
ative standard curve method, as described in PE Applied
Table 1
Primer pairs used in the present study.

Gene name Primer

CYP1A1 cagagctgcttagccttatcaacc (forward)
ctggatgctgggatttgtcaccag (reverse)

CYP1A2 gtgaggagatgttcagcatcgtgaag (forward)
cttctgtatctcaggatatgtcaca (reverse)

CYP2A19 gacttcatcgactccttcctcatc (forward)
Catcgttgtgctgaccgtctc (reverse)

CYP2E1 ccaaacagaatccctgccatcaa (forward)
Ggagtccagtgtcggaattacca (reverse)

18S cggctaccacatccaaggaag (forward)
gctggaattaccgcggctg (reverse)
Biosystems User Bulletin #2 (1997). Standard curves to determine
the gene expression levels were generated using an RT-reaction
mixture with total RNA from the liver of 5-month-old female Land-
race pigs.
2.5. Statistical analysis

Significant differences were assessed by Student’s t-test.
3. Results

3.1. Serum testosterone levels in male Meishan, Landrace, and their F1
pigs

The levels of serum testosterone in sexually mature (5-month-
old) male Meishan pigs were approximately 3-fold higher than
those in the corresponding Landrace pigs (Fig. 1). The levels of ser-
um testosterone (45–85 ng/ml) in 5-month-old F1 (ML and LM)
pigs were similar to those (40–60 ng/ml) in Meishan pigs. How-
ever, age-dependent increases in the testosterone levels during
the 2–4 months after the birth in LM pigs were slightly low com-
pared with those in the age-matched ML and Meishan pigs. In
addition, the levels of serum testosterone in male Landrace pigs
were only about 20 ng/ml even at 5 months.
Concentration of each primer (nM) Reference or accession no.

200 18
200 18
200 18
200 18
200 AB052255
200 AB052255
100 AB052259
100 AB052259
100 18
100 18



Fig. 2. Expression levels of hepatic CYP mRNAs in 5-month-old Meishan (M) pigs, Landrace (L) pigs, and their F1 (ML and LM) pigs. Expression levels of CYP1A1, CYP1A2,
CYP2A19, and CYP2E1 mRNAs were determined by real-time RT-PCR. The levels were normalized to that of 18S as an internal standard. Triangles and circles show individual
males and females, respectively, in each breed (n = 8 each for male and female Meishan pigs; n = 7 and 8 for male and female Landrace pigs, respectively; n = 7 and 9 for male
and female LM pigs, respectively; n = 7 and 10 for male and female ML pigs, respectively). Bar indicates the average in each group. aSignificant difference between males and
females in each breed: aP < 0.01.

Fig. 3. Relationships between the serum testosterone level and the gene expression level of CYP2A19 and CYP2E1 in male pigs. The relationships were assessed on the basis of
the data of Figs. 1 and 2. j; 1-month-old Meishan pigs (n = 3), h; 2-month-old Meishan pigs (n = 3), D; 3-month-old Meishan pigs (n = 7), s; 5-month-old Meishan pigs
(n = 8), d; 5-month-old Landrace pigs (n = 7), N; 5-month-old LM pigs (n = 7), r; 5-month-old ML pigs (n = 7).
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3.2. Expression of hepatic CYP mRNAs in Meishan, Landrace, and their
F1 pigs

Hepatic gene expression levels of the sex-related CYPs, e.g.
CYP1A1, CYP1A2, CYP2A19, and CYP2E1, which are higher in fe-
male pigs than in males [13,14,16–18], were examined among
the 5-month-old Meishan, Landrace, and their F1 (ML and LM)
pigs. In Meishan, ML, and LM pigs, significant sex differences
in the constitutive levels of the mRNAs of all the CYPs examined
were observed. In the three breeds of pigs, the levels of these
CYP mRNAs were significantly greater in females than in males
(Fig. 2). In particular, the mRNAs of CYP2A19 and CYP2E1 were
barely detected in Meishan, ML, and LM male pigs. On the other
hand, no such sex-differences, with the exception of CYP2A19
mRNA, were observed in Landrace pigs, and CYP2A19 and CYP2E1
mRNAs were definitely detected in both sexes of the pigs
(Fig. 2).
3.3. Androgen-dependent downregulation of the CYP2A19 and CYP2E1
genes

We have previously demonstrated the androgen-dependent
downregulation of the CYP1A1 and CYP1A2 genes in Meishan and
Landrace pigs [18]. The previous report and the present results
(Fig. 2) on the female-dominant expression of the CYP2A19 and
CYP2E1 genes in Meishan, ML, and LM pigs suggest that androgen
also downregulates the CYP2A19 and CYP2E1 genes. Therefore,
the relationship between the expression of these CYP genes and
the level of serum androgen was examined using male Meishan,
Landrace, and their F1 (ML and LM) pigs. The constitutive expres-
sion levels of CYP2A19 and CYP2E1 mRNAs were lower in the pigs
(5-month-old Meishan, ML, and LM) with more than 30 ng/ml of
serum testosterone, as compared with those in the pigs (5-
month-old Landrace and 1–3-month-old Meishan pigs) with the
lower concentration of the androgen (Fig. 3).



Fig. 4. Effects of castration and/or testosterone propionate (TP)-treatment on the
gene expression of hepatic CYP2A19 and CYP2E1 in 5-month-old Meishan and
Landrace pigs. TP was injected intramuscularly into 5-month-old castrated male
and intact female Meishan and Landrace pigs, as described in ‘‘Section2’’. Expres-
sion levels of CYP2A19 and CYP2E1 mRNAs were determined by real-time RT-PCR.
The levels were normalized to that of 18S as an internal standard. Each column
indicates the mean in each experimental group, and each bar represents the
standard deviation of the mean (n = 8 and 7 for intact males of Meishan and
Landrace pigs, respectively; n = 3 for other groups). a,bSignificant differences from
the corresponding male pigs assessed by Student’s t-test: aP < 0.05, bP < 0.01.
c,dSignificant differences between TP-treated and untreated pigs in each breed
assessed by Student’s t-test: cP < 0.05, dP < 0.01.
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To further confirm the androgen-dependent downregulation of
CYP2A19 and CYP2E1 genes, we examined the effects of castration
and/or administration of TP on their expressions in Meishan and
Landrace pigs. The constitutive expression levels of CYP2A19 and
CYP2E1 mRNAs in male Meishan pigs were much lower than those
in the females (Fig. 4). However, castration of male Meishan pigs
led to dramatic increases in the levels of CYP2A19 and CYP2E1
mRNAs, and reaching levels almost the same as those in females.
On the other hand, in Landrace pigs, no such effect of castration
was observed. Furthermore, in either Meishan or Landrace pigs,
the administration of TP to the castrated males and to the intact fe-
males led to dramatic reductions of the levels of CYP2A19 and
CYP2E1 mRNAs (Fig. 4). Serum testosterone levels in the TP-treated
pigs were in the range of 92 ~ 299 ng/ml.
4. Discussion

We have previously demonstrated that there are sex and/or
breed differences in the levels of serum testosterone and the con-
stitutive expression levels of hepatic CYP1A1 and CYP1A2 in Mei-
shan and Landrace pigs [17,18]. Incidentally, constitutive
expression levels of hepatic CYP1A and CYP1A2 mRNAs were con-
siderably lower in the pigs with high levels (more than 33 ng/ml)
of serum testosterone compared with those in the pigs with lower
levels (e.g. the mean concentrations of serum testosterone were
50 ng/ml and 18 ng/ml in 5-month-old male Meishan and Landrace
pigs, respectively).

In the present study, we first examined whether the serum
androgen level is genetically controlled, using Meishan, Landrace,
and their F1 (ML and LM) pigs. The levels of serum testosterone
in the 5-month-old males of ML and LM pigs were almost the same
as those in the age-matched male Meishan pigs (40–85 ng/ml).
These results indicate that the causal gene(s) determining serum
androgen level exist in autosome (non-sex chromosomes), but
not in sex chromosomes. Furthermore, the breed difference in ser-
um androgen level is thought to be dependent on that in expres-
sion balance of the genes encoding the biosynthetic and
metabolic enzymes of androgen because there were breed differ-
ences between male Meishan and Landrace pigs at the age of
5 months not only in the gene expression levels of hepatic andro-
gen-metabolizing enzymes, such as CYP1A1, CYP1A2, CYP2A19,
and CYP2E1 [21,22], but also in those of testicular androgen-bio-
synthetic enzymes, such as CYP11A1 and CYP17A1 [23] (unpub-
lished data).

In 5-month-old Meishan, ML, and LM pigs, but not Landrace
pigs, significant sex differences (males < females) were observed
in the expression levels of hepatic CYP1A1, CYP1A2, CYP2A19,
and CYP2E1. Such sex differences agreed with previous reports
[13,14,16–18]. Castration of male Meishan pigs changed the
expression pattern of CYP2A19 and CYP2E1 mRNAs to a female-
type. On the other hand, treatments with TP of the castrated males
and intact females of Meishan and Landrace pigs changed the CYP
mRNA expression pattern to a male-type of Meishan pigs. These ef-
fects of TP and/or castration agreed with previous reports [18,24].
Accordingly, serum androgen level is strongly suggested to be one
of the critical factors leading to the sex and breed differences in the
constitutive gene expression of hepatic CYPs, such as CYP1A1,
CYP1A2, CYP2A19, and CYP2E1, in pigs.

The secretion profile of growth hormone (GH) might be also
considered as one of physiological factors responsible for the sex
difference in the constitutive expression level of several CYPs
[25–27]. However, the androgen theory proposed in the present
study is strongly supported by the findings that in spite of sex dif-
ferences in secretion profile of GH in Landrace pigs [28], there are
no sex differences in the constitutive levels of CYP1A1, CYP1A2, and
CYP2E1 mRNAs in the pigs. Furthermore, it has been reported that
the secretion profile of GH could be modified by the administration
of androgen [29–32]. Accordingly, the drastic decreases in the
expression levels of hepatic CYP mRNAs observed in the female
and castrated male pigs treated with androgen are thought to oc-
cur, at least in part, through changes in secretion profile of GH,
especially to a male-type secretion profile. However, exact mecha-
nisms for the androgen- and GH-mediated regulations of the CYP
genes remain unclear yet.

Androgen-mediated downregulation of constitutive gene
expression of hepatic CYPs, might occur through the reduction
and/or inactivation of common transcription factor(s) for these
CYP genes, because the levels of serum androgen showing inhibi-
tory effects on these expression are almost the same and because
the transcription factors selective for these genes are different from
each other [33–36]. In addition, the androgen-mediated downreg-
ulation of the CYP1A subfamily genes would occur, at least in part,
through a complex formation between the androgen receptor (AR)
and the aryl hydrocarbon receptor (AhR), a positive transcription
factor of these genes [37,38]. This is because an AR-AhR complex
suppresses the AhR-mediated transcription of the CYP1A subfamily
genes [39]. The androgen-mediated effects are generally consid-
ered to occur through activation of androgen receptor by binding
of androgen. However, the androgen receptor-binding element(s)
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have never been found in the promoter regions of the CYP genes.
Accordingly, androgen is thought to indirectly down regulate the
expression of the CYP genes.

The CYPs, including CYP1A1, CYP1A2, CYP2A19, and CYP2E1,
play an important role in the metabolism of various drugs and car-
cinogens. For example, CYP1A1 and CYP1A2 catalyze the metabolic
activations of carcinogenic aryl hydrocarbons and aromatic
amines, respectively [10,40–43]. Furthermore, the activities of
CYP1A1 and CYP1A2 in target tissues are one of the host factors
that determine the susceptibility of experimental animals toward
carcinogenic aryl hydrocarbons [40,44] and aromatic amines
[8,45], respectively. Likewise, CYP2A19, which is homologous to
human CYP2A6/2A13 [20,46], catalyzes the oxidative metabolisms
of coumarin [47], nicotine [48], and carcinogenic nitrosamines
[49]. CYP2E1 is responsible for the bioactivations of several toxi-
cants, including alcohol [50], carcinogenic nitrosamines [49], and
styrenes [51,52]. Furthermore, CYP2A19 and CYP2E1 are also asso-
ciated with the clearance of skatole, a major component of boar
taint [53]. Thus, further studies on the androgen-associated
expression of these CYP genes would contribute not only to our
understanding of the individual differences in the susceptibilities
to drugs and environmental toxicants in humans, but also help in
development of meat production avoiding boar taint.

In conclusion, we demonstrate for the first time that the phys-
iological level of serum androgen is determined by autosomal
dominant inheritance and further confirm that the level of serum
androgen is one of the endogenous factors that downregulate the
constitutive expression of the CYP1A1, CYP1A2, CYP2A19, and
CYP2E1 genes in the pig liver.
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