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Introduction

Hepatic drug metabolizing enzymes (DMEs) play 
an important role in the metabolism of xenobiotics such 
as drugs, and endogenous compounds such as steroid 
hormones (Almazroo et al. 2017). DMEs consist of phase 
I and phase II enzymes, responsible for the oxidation of 
xenobiotics (substrates) and the conjugation of substrates 
(including metabolites produced by the phase I  
DMEs), respectively. Incidentally, cytochrome P450s 
(CYPs), especially CYP1, CYP2 and CYP3 family 
isoenzymes, are representative phase I DMEs.  
Likewise, sulfotransferases (SULTs) and UDP-
glucuronosyltransferases (UGTs) are representative 
phase II DMEs. These DMEs have different substrate 
specificities to each other, and their expression levels are 
often changed not only by physiological status but also by 

exposure to xenobiotics (Burkina et al. 2017, Graham & 
Lake 2008, Murray 2006, Parkinson et al. 2004). 
Furthermore, differences in the expression levels 
(activities) of the DMEs lead to differences in the 
clearance of drugs (Tanaka 1999) and the susceptibility 
to environmental pollutants, including carcinogens 
(Degawa et al. 1985, Shimizu et al. 2000). Therefore, 
studies on the expression of hepatic DMEs are important 
to understand the susceptibility of individual animals and 
humans to xenobiotics.

Domestic pigs (Sus scrofa domesticus) including 
mini pigs attract attention as a valuable animal model for 
humans in pharmacological and toxicological studies, 
due to the similarity of DME activities between humans 
and pigs (Burkina et al. 2017, Nielsen et al. 2017, 
Puccinelli et al. 2011, Skaanild 2006). The DME genes of 
pigs have recently been identified (Kojima & Morozumi 
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Abstract
Drug metabolizing enzymes (DMEs) that exist primarily in the liver are one of the critical factors 
determining the susceptibility of animals and humans to xenobiotics such as drugs, and also 
metabolize steroid hormones and other endogenous compounds. Although sex and/or species 
differences in the constitutive gene expression levels of hepatic DMEs have been reported to date, the 
causes of such differences have yet to be completely explained. The DME genes of pigs have recently 
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or breed differences in the constitutive gene expression of hepatic DMEs, including cytochrome 
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propose that physiological serum testosterone level is a critical host factor producing these differences. 
This review discusses the testosterone-mediated gene expression of hepatic DMEs.
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2004, Puccinelli et al. 2011), and research on sex 
differences in the gene expression of pig DMEs is being 
rapidly developed (Kojima & Degawa 2013, Kojima & 
Degawa 2014, Kojima & Degawa 2016, Kojima & 
Morozumi 2004, Kojima et al. 2008, Kojima et al. 2010). 
In addition, pig DMEs are responsible for the elimination 
of boar taint in fat (Zamaratskaia & Squires 2009).

This review describes the sex and breed differences 
in the constitutive gene expression levels of DMEs 
(CYPs, SULTs and UGTs) in the pig liver, and proposes 
the serum testosterone level as being one of the critical 
factors producing these differences. 

Sex and breed differences in the constitutive 
mRNA levels of hepatic DMEs

In domestic pigs and mini pigs, sex differences have 
been reported in the enzyme activities and protein levels 
of some CYPs, including CYP2A and CYP2E, and 
androgen has been considered a cause of those sex 

differences (Gillberg et al. 2006, Rasmussen et al. 2011, 
Skaanild & Friis 1999). More recently, sex and/or breed 
differences in the constitutive gene expression of hepatic 
DMEs, including CYPs, SULTs and UGTs, have been 
found in Meishan and Landrace pigs (Kojima & Degawa 
2013, Kojima & Degawa 2014, Kojima & Degawa 2016, 
Kojima et al. 2008, Kojima et al. 2010). 

As shown in Table 1, there are significant sex 
differences in the mRNA levels of phase I (CYP1A1, 
CYP1A2, CYP2A19, CYP2E1, CYP2B22, CYP2C33, 
CYP2C49, CYP3A22 and CYP3A29) and phase II 
enzymes (UGT1A1, UGT1A6 and UGT2B31) in the livers 
of five-month-old (mature) Meishan pigs (Kojima & 
Degawa 2013, Kojima & Degawa 2014, Kojima & 
Degawa 2016, Kojima et al. 2008, Kojima et al. 2010). 
The mRNA levels of CYP1A1, CYP1A2, CYP2A19, 
CYP2E1, CYP3A22, SULT1A1 and SULT2A1 in the 
liver are much lower in male Meishan pigs compared 
with females, whereas those of CYP2B22, CYP2C33, 
CYP2C49, CYP3A29, UGT1A1, UGT1A6 and UGT2B31 

Table 1. Summary of sex and breed differences in the gene expression of hepatic DMEs in 5-month-old (mature) Meishan 
and Landrace pigs

DME Meishan pigs Landrace pigs
genes Sex Castrated TP treatment＊ Sex Castrated TP treatment

differences male Castrated Intact differences male Castrated Intact
male＊＊ female male female

Phase I enzymes
CYP1A1 ♂ < ♀ ↑ ↓ ↓ ♂ = ♀ → ↓ ↓
CYP1A2 ♂ < ♀ ↑ ↓ ↓ ♂ = ♀ → ↓ ↓
CYP2A19 ♂ < ♀ ↑ ↓ ↓ ♂ < ♀ → ↓ ↓
CYP2E1 ♂ < ♀ ↑ ↓ ↓ ♂ = ♀ → ↓ ↓
CYP2B22 ♂ > ♀ ↓ ↑ ↑ ♂ = ♀ → ↑ ↑
CYP2C33 ♂ > ♀ ↓ ↑ ↑ ♂ = ♀ → ↑ ↑
CYP2C49 ♂ > ♀ ↓ → ↑ ♂ = ♀ → → →
CYP3A22 ♂ < ♀ ↑ ↓ ↓ ♂ = ♀ → → →
CYP3A29 ♂ > ♀ ↓ ↑ ↑ ♂ = ♀ → → →
CYP3A46 nd＊＊＊ nd nd nd ♂ = ♀ → ↑ ↑
Phase II enzymes
SULT1A1 ♂ < ♀ ↑ ↓ ↓ ♂ = ♀ → ↓ ↓
SULT2A1 ♂ < ♀ ↑ ↓ ↓ ♂ = ♀ → ↓ ↓
UGT1A1 ♂ > ♀ ↓ ↑ ↑ ♂ = ♀ → ↑ ↑
UGT1A6 ♂ > ♀ ↓ ↑ ↑ ♂ = ♀ → ↑ ↑
UGT2B31 ♂ > ♀ ↓ ↑ ↑ ♂ = ♀ → ↑ ↑
The above data were published in our previous papers (Kojima & Degawa 2013, Kojima & Degawa 2014, Kojima & Degawa 2016, 
Kojima et al. 2008, Kojima et al. 2010). ＊Testosterone propionate (TP) 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. 

＊＊Five-month-old male pigs castrated at the age of one month were used.
＊＊＊nd: expression was not detected.
↑ and ↓: significant upregulation and downregulation, respectively, to the corresponding controls (castrated male vs. intact male or 
TP-treatment vs. no treatment)
→ : no significant change
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are much higher in males than in females. However, no 
such sex differences are observed in Landrace pigs except 
for the level of CYP2A19 mRNA (Kojima & Degawa 
2013). In addition, the CYP3A46 gene in Landrace pigs is 
expressed with no sex difference, whereas no expression 
of the gene is observed in either sex of Meishan pigs 
(Table 1). 

Effects of castration and testosterone treatment 
on hepatic mRNA levels of DMEs

In five-month-old male Meishan pigs castrated at 
one month old, the levels of each DME mRNA are almost 
the same as those in the corresponding intact females, 
whereas no such castration effect is observed in Landrace 
pigs (Table 1). Additionally, in the treatment of castrated 
pigs of both breeds with testosterone propionate (TP), the 
mRNA levels of individual DMEs (except CYP2C49, 
CYP3A22 and CYP3A29 in Landrace pigs, and 
CYP2C49 in Meishan pigs) change to that of male 
Meishan pigs (Kojima & Degawa 2014, Kojima & 
Degawa 2016, Kojima et al. 2010, Kojima et al. 2013). 
Similar effects of TP treatment are observed in female 
pigs of both breeds (Table 1). These findings suggest that 
testosterone acts as an important host factor regulating 
the DME genes, except for CYP2C49, CYP3A22, 
CYP3A29 and CYP3A46. For these four genes, unknown 
host factors are considered along with testosterone as the 
causes of sex and breed differences in gene expression. 

Relation between serum testosterone amounts 
and hepatic DME mRNA levels

Age-dependent changes in the serum testosterone 
amount and hepatic expression level of individual DME 
mRNAs were comparatively examined using male 
Meishan and Landrace pigs (Fig. 1). Age-dependent 
increases were clearly observed in Meishan pigs, and the 
average amounts of serum testosterone in one-, two-, 
three-, four- and five-month-old pigs were 5, 15, 32, 41 
and 49 ng/ml, respectively. In Landrace pigs, no such 
clear increases occurred, and the average amount of 
serum testosterone at the age of five months was 16 ng/
ml. In addition, there was no significant difference in the 
amount of serum testosterone between Meishan and 
Landrace pigs at the age of one month. The average 
amounts of serum testosterone in three-, four- and five-
month-old male Meishan pigs were more than twice as 
high as those in age-matched male Landrace pigs. 
Moreover, the serum testosterone amounts in male five-
month-old cross breeds (ML, female Meishan × male 
Landrace; LM, female Landrace × male Meishan) were 

almost the same as those of age-matched male Meishan 
pigs, indicating that serum testosterone level is 
determined by autosomal dominant inheritance (Kojima 
& Degawa 2013). 

The relationships between the amounts of serum 
testosterone and the expression levels of DME mRNAs 
were further examined using Landrace, Meishan, LM, 
and ML pigs (Kojima & Degawa 2013, Kojima & Degawa 
2014, Kojima & Degawa 2016, Kojima et al. 2010). 
Negative correlations were shown between testosterone 
and the gene expression of CYP1A1, CYP1A2, CYP2A19, 
CYP2E1, SULT1A1 and SULT2A1. As a typical example, 
the result for the CYP1A2 gene is shown in Figure 2. 
However, there were positive correlations for the 
CYP2B22, CYP2C33, CYP2C49, CYP3A29, CYP3A46, 
UGT1A1, UGT1A6 and UGT2B31 genes. As a typical 
example, the result for the CYP2C33 gene is shown in 
Figure 2. It is noteworthy that these testosterone-mediated 
effects on the expression of all the genes examined were 
only apparent in pigs with over 33 ng/ml of serum 
testosterone (Kojima & Degawa 2013, Kojima & Degawa 
2014, Kojima & Degawa 2016, Kojima et al. 2010). This 
strongly supports a hypothesis that serum testosterone 
acts as a critical factor regulating the genes of many 
DMEs with a threshold amount. And in ML and LM pigs, 
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Fig. 1. Age-dependent changes in the amounts of serum 
testosterone in male Meishan, Landrace, and their 
F1 (ML and LM) pigs

 Blood samples were collected from individual male 
pigs. The above data were published in our previous 
paper (Kojima & Degawa 2013). Each column shows the 
mean value for each experimental group, and each bar 
represents standard deviation from the mean. 
*Significant differences from the age-matched male 
Landrace pigs: *P < 0.01. 
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the CYP3A46 mRNA detected in Landrace pigs but not 
in Meishan pigs is also expressed, suggesting that 
expression of CYP3A46 mRNA is determined by 
autosomal dominant inheritance (Kojima & Degawa 
2016). The levels of CYP3A46 mRNA in ML and LM 
pigs were higher in males than in females, although no 
such sex difference was observed in Landrace pigs. The 
expression levels of CYP3A46 mRNA in castrated male 
and intact female Landrace pigs were increased by TP 
treatment (Table 1) to levels almost the same as those in 
male ML and LM pigs (Kojima & Degawa 2016). 

Involvement of serum testosterone in sex and 
breed differences in DME gene expression

It has been reported that sex differences are present 
in the constitutive levels (gene expression, protein levels, 
and/or activity) of hepatic DMEs, including CYPs, 
SULTs and UGTs, in rodents and humans (Alnouti & 
Klaassen 2011, Buckley & Klaassen 2009, Klaassen et al. 
1998, Scandlyn et al. 2008, Shelby et al. 2003, Tanaka 
1999, Waxman & Hollway 2009). To date, the secretion 
profile of growth hormone (GH) has been considered as 
one of the physiological factors responsible for these sex 
differences (Alnouti & Klaassen 2011, Buckley & 
Klaassen 2009, Klaassen et al. 1998, Shelby et al. 2003, 
Waxman & Hollway 2009). However, despite sex 
differences in the GH secretion profile in Landrace pigs 

(Arbona et al. 1988), there are no sex differences in the 
constitutive hepatic gene expression levels of CYPs 
(CYP1A1, CYP1A2, CYP2B22, CYP2E1, CYP2C33, 
CYP2C49, CYP3A22, CYP3A29 and CYP3A46), SULTs 
(SULT1A1 and SULT2A1) or UGTs (UGT1A1, UGT1A6 
and UGT2B31) (Kojima & Degawa 2013, Kojima & 
Degawa 2014, Kojima & Degawa 2016, Kojima et al. 
2008, Kojima et al. 2010). Accordingly, it is thought that 
the differences in the gene expression levels of these 
DMEs in the liver are not dependent on only the difference 
in the GH secretion profile. As another critical 
physiological factor determining sex and breed 
differences in the constitutive gene expression of CYPs, 
SULTs and UGTs in pig liver, the serum testosterone 
level is strongly proposed. In addition, clear testosterone 
effects are seen at a threshold level (about 33 ng/ml of 
serum), as shown in Figure 2. The testosterone hypothesis 
is supported by evidence that: 1) sex differences in 
hepatic constitutive mRNA levels of DMEs are only 
observed in pig breeds such as Meishan, ML, and LM, 
whose males have high levels of serum testosterone (over 
33 ng/ml of serum); 2) the mRNA levels of individual 
DMEs in castrated male Meishan pigs are almost the 
same as those in the corresponding intact females; and 3) 
TP treatment of castrated Meishan and Landrace pigs, 
and of female pigs of both breeds, results in an increase 
of their serum testosterone levels to 92-299 ng/ml 
(Kojima & Degawa 2013) and changes the expression 
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Fig. 2. Relation between the amounts of serum testosterone and the expression levels of CYP1A2 and CYP2C33 mRNA in 
male pigs

 The above data were published in our previous papers (Kojima & Degawa 2013, Kojima & Degawa 2016, Kojima et al. 
2010). The correlations were determined by regression analysis, where r is the correlation coefficient. Gray squares and 
circles denote one-month-old Landrace and Meishan pigs, respectively; open squares and circles denote three-month-old 
Landrace and Meishan pigs, respectively; closed squares and circles denote five-month-old Landrace and Meishan pigs, 
respectively; and closed triangles and reverse triangles denote five-month-old LM and ML pigs, respectively.
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patterns of individual DME genes to those of intact five-
month-old male Meishan pigs. However, since 
modification of the GH secretion profile by androgen has 
been reported (Dubreuil et al. 1989, Giustina & Veldhuis 
1998), it has also been suggested that the castration- and/
or TP treatment-mediated changes in the mRNA levels of 
hepatic CYPs, SULTs and UGTs might partially occur 
through conversion of the GH secretion pattern.

Recently, our preliminary results have indicated that 
the gene expression level of the hepatic androgen receptor 
(AR) responsible for testosterone-mediated signal 
transduction is significantly higher in male five-month-
old Meishan pigs compared with corresponding Landrace 
pigs, and that there is no difference in the amino acid 
sequence of AR between Meishan and Landrace pigs. 
Accordingly, not only serum testosterone levels but also 
the hepatic AR gene expression level might be important 
physiological factors determining the breed differences 
between Meishan and Landrace pigs, in DME gene 
expression in the liver. However, the exact mechanisms 
of androgen- and/or GH-mediated regulation of the CYP, 
SULT and UGT genes remain unclear.

Conclusion

Serum testosterone level, which is determined by 
autosomal dominant inheritance (Kojima & Degawa 
2013), is herein proposed to act as a critical host factor 
determining constitutive gene expression levels of DMEs 
responsible for metabolizing xenobiotics such as drugs 
(Fig. 3). If so, it might be possible to predict the expression 
levels of hepatic DMEs in individual animals and humans 
using the serum testosterone level as an indicator. 
Moreover, measurement of the serum testosterone 

amount could contribute to the development of individual 
drug treatments, as there are large individual variations 
in blood testosterone level in humans. Since DMEs such 
as CYP2A19, CYP2E1 and SULT1A1 in pigs are 
responsible for the elimination of skatole in fat, one of the 
compounds causing boar taint (Zamaratskaia & Squires 
2009), further studies concerning the genetic regulation 
of these DMEs, polymorphism of DME genes, and the 
dietary supplements affecting expression and/or activity 
of the DMEs, would assist the production of meat without 
boar taint.
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