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ABsTRACT. Rat cytochrome P450 (CYP) exhibits inter-strain differences, but their analysis has been scattered across studies under differ-
ent conditions. To identify these strain differences in CYP more comprehensively, mRNA expression, protein expression and metabolic
activity among Wistar (WI), Sprague Dawley (SD), Dark Agouti (DA) and Brown Norway (BN) rats were compared. The mRNA level and
enzymatic activity of CYP1A1 were highest in SD rats. The rank order of Cyp3a2 mRNA expression mirrored its protein expression, i.e.,
DA>BN>SD>WI, and was similar to the CYP3A2-dependent warfarin metabolic activity, i.e., DA>SD>BN>WI. These results suggest that
the strain differences in CYP3A2 enzymatic activity are caused by differences in mRNA expression. Cyp2b] mRNA levels, which were
higher in DA rats, did not correlate with its protein expression or enzymatic activity. This suggests that the strain differences in enzymatic
activity are not related to Cyp2b! mRNA expression. In conclusion, WI rats tended to have the lowest CYP1A1, 2B1 and 3A2 mRNA
expression, protein expression and enzymatic activity among the strains. In addition, SD rats had the highest CYP1A1 mRNA expression
and activity, while DA rats had higher CYP2B1 and CYP3A2 mRNA and protein expression. These inter-strain differences in CYP could

influence pharmacokinetic considerations in preclinical toxicological studies.
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Cytochrome P450 (CYP) is one of the key enzymes in
drug metabolism. Although the laboratory rat (Rattus nor-
vegicus) has been widely used in the many science fields,
including pharmacology and toxicology, it is well known
that there are inter-strain differences in CYP in terms of
their nucleotide sequence, mRNA and protein expression,
as well as their enzymatic activity [23]. For instance, it has
been reported that there are strain differences in the mRNA
expression and enzymatic activity of CYP between Sprague
Dawley (SD) and Wistar (WI) rats [13]. Previous research
has also revealed that Dark Agouti (DA) rats have higher
CYP3A protein expression and activity than WI rats [16]
and that DA rats have higher CYP3A enzymatic activity and
mRNA expression than SD rats [12].

Strain differences in CYP have been proposed to be re-
sponsible for the strain differences in drug toxicity and drug
sensitivity in vivo. There are differences in the hepatotoxicity
and nephrotoxicity of acetaminophen between SD rats and
Fischer (F344) rats [19]; the toxicity of acetaminophen is
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attributable to CYP3A metabolic activation [15]. However,
in most reports, comparisons were only performed between
two strains, and a comprehensive examination of mRNA
expression, protein expression and enzymatic activity has
not yet been performed.

Therefore, in the current study, we aimed to identify strain
differences in CYP by comparing its mRNA expression,
protein expression and metabolic activity in vitro in SD, W1,
Brown Norway (BN) and DA rats. Analyzing these strains
may have ramifications in many fields: WI and SD rats are
often used in toxicological studies for pharmaceutical de-
velopment. DA rats are often used for research in allergic
encephalomyelitis and rheumatoid arthritis. The genome of
the BN rat has been fully sequenced, so the strain is often
used for genetic research. The current study demonstrating
the inter-strain differences in CYP could provide further
knowledge on pharmacokinetic considerations in preclinical
toxicological studies.

MATERIALS AND METHODS

Animals: Male Wistar (Slc:Wistar), Sprague Dawley
(Slc:SD), Dark Agouti (DA/SIc) and Brown Norway (BN/
SsNSic) rats (n=4 for each strain) were purchased from Japan
SLC, Inc. (Hamamatsu, Japan). They were housed in plastic
cages at 22 + 1°C with a 12 hr light cycle/12 hr dark cycle
and given laboratory chow (Labo MR Stock, Nosan Corp.,
Yokohama, Japan) and tap water ad libitum. When rats were


http://creativecommons.org/licenses/by-nc-nd/4.0/

676 Y. NISHIYAMA ET AL.

8 weeks old, liver samples were collected after euthanasia
with carbon dioxide. Livers were immediately frozen in
liquid nitrogen and stored at —80°C until use. All experi-
ments using animals were performed under the supervision
and with the approval of the Institutional Animal Care and
Use Committee of Hokkaido University, Japan (approval
number: 10-0067, approval day: 7th Dec 2010).

Chemicals: The BCA protein kit was purchased from
Thermo Fisher Scientific (Waltham, MA, U.S.A.). ReverTra
Ace was obtained from TOYOBO CO., Ltd. (Osaka, Japan).
TRI reagent, bovine serum albumin (BSA), diethyl ether and
racemic warfarin were from Sigma-Aldrich Inc. (St. Louis,
MO, U.S.A.). Warfarin-sodium and dithiothreitol (DTT)
were purchased from Wako Pure Chemical Industries (Osa-
ka, Japan). Glucose 6-phosphate (G6P), glucose 6-phosphate
dehydrogenase (G6PDH) and B-NADPH were from Oriental
Yeast Co., Ltd. (Tokyo, Japan). Warfarin metabolites (4’-, 6-,
7-, 8- and 10-hydroxywarfarin) were obtained from Ultrafine
Chemicals (Manchester, U.K.). Anti-rat CYP1A1 (#299124)
and 2B1 (#299148) antibodies raised in goats and anti-rat
CYP3A2 antibody raised in rabbits (#229223) were pur-
chased from Daiichi Pure Chemicals (Tokyo, Japan). Anti-
AHR antibody from rabbits (ab84833-100) was purchased
from Abcam (Tokyo, Japan). Anti-goat IgG (sc-2056) and
anti-rabbit IgG (sc-2054) antibodies conjugated to horserad-
ish peroxidase were obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, U.S.A)).

RNA extraction and cDNA synthesis: Total RNA was ex-
tracted from the liver tissue using TRI reagent according to
the manufacturer’s instructions. The quality and concentra-
tion of extracted RNA was confirmed by agarose gel elec-
trophoresis and via the Nanodrop ND1000 (Thermo Fisher
Scientific). First-strand cDNA was generated from 600 ng
of total RNA in a final volume of 20 u/ with ReverTra Ace.

Quantitative real-time RT-PCR: The reverse-transcribed
cDNA was used in quantitative real-time RT-PCR. TagMan
Gene Expression Assays (Applied Biosystems, Foster City,
CA, U.S.A.) were applied to measure the mRNA expres-
sion of Cyplal (Rn00487218 ml, NM 012540.2, [4]),
Cypla2 (Rn00561082 ml, NM _012541.2, [4]), Cyp3a2
(Rn00756461 ml, NM 153312.2, [6]), Ahr (Rn00565750
ml, NM 013149.1, [4]), constitutive androstane receptor
(Car) (Hs00231959 ml, NM_005122.3, [6]), pregnane X
receptor (Pxr) (Rn00583887 ml, NM_052980.1, [6]) and
Gapdh (Rn99999916 ml1, NM_017008.3, [4]). The reac-
tion mixture consisted of 4.3 u/ of 10x-diluted cDNA, 5 ul
of THUNDERBIRD Probe qPCR Mix (TOYOBO), 0.5 ul
of TagMan probe and 0.2 u/ of ROX reference dye. The
PCR conditions of the real-time PCR (Stepone Plus Real-
Time PCR Systems, Applied Biosystems) were as follows;
95°C for 20 sec, followed by 40 cycles of 95°C for 3 sec
and 60°C for 30 sec. Analysis was via the comparative Ct
method with the Gapdh gene as an internal control. For
Cyp2bl (forward, 5'-GCTCAAGTACCCCCATGGTCG-3;
reverse, 5S'-ATCAGTGTATGGCATTTTACTGCGG-3', [5]),
Cyp2cll (forward, 5'-TGCCCCTTTTTACGAGGCT-3'; re-
verse, 5'-GGAACAGATGACTCTGAATTCT-3', [24]) and
Gapdh (forward, 5-ACCACAGTCCATGCCATCAC-3';

reverse, 5'-TCCACCACCCTGTTGCTGTA-3', [1]), nRNA
expression was measured with original constructed primers.
The reaction mixture consisted of 1 u/ of 10x-diluted cDNA,
2.8 ul of DDW, 5 ul of THUNDERBIRD SYBR qPCR Mix,
0.2 ul of ROX reference dye and 0.5 ul each of the 10 uM
forward and reverse primers specific for the target gene.
The PCR conditions were as follows: 1 cycle of 95°C for
60 sec, followed by 40 cycles of 95°C for 15 sec and 60°C
for 45 sec. Analysis was carried out via the comparative Ct
method with the Gapdh gene as an internal control.

Preparation of the microsomal fraction: Liver microsom-
al fractions were prepared using the method described by
Watanabe et al. [28], which was modified slightly from that
used by Omura and Sato [20]. In brief, livers were homog-
enized with three times their volume of sodium phosphate
buffer (0.1 M, pH 6.8). The homogenates were centrifuged at
9,000 x g at 4°C for 20 min. The supernatant was decanted to
an ultracentrifuge tube and centrifuged at 105,000 x g at 4°C
for 70 min. The pellet was homogenized in sodium phos-
phate buffer on ice and then centrifuged again at 105,000 x g
at 4°C for 70 min to wash. The resultant microsomal pellets
were resuspended with sodium phosphate buffer. The micro-
somal fractions were transferred to 1.5 m/ tubes and stored at
—80°C until use. The protein concentration was determined
with the BCA protein assay kit, and the CYP content was
determined by the method of Omura and Sato [20].

Western blotting: Protein quantification was performed
for CYP1A, CYP2B1, CYP3A2 and AHR proteins by West-
ern blotting. Aliquots of 10-30 ug of microsomal protein
(for CYP1A, CYP2B1 and CYP3A2) or cytosolic protein
(for AHR) were applied to 8—-10% sodium dodecyl sulfate-
polyacrylamide gels and separated by electrophoresis using
a Mini-Protean IT 1-D cell (BioRad, Hercules, CA, U.S.A.).
In order to distinguish the bands between CYP1A1l and
CYP1A2, the microsomal protein was prepared from WI
rats which were orally administered sudan III for the strong
induction of CYP1A1 [25]. Clear bands of CYPIA1 and
CYP1A2 were observed from the microsomes of sudan III
administered W1 rats, and these bands were used as positive
controls. Western blot analysis was performed as previously
reported [14]. Proteins were electrophoretically transferred
to nitrocellulose membranes. After membrane blocking with
5% skimmed milk, proteins were identified with specific an-
tibodies and immunostained with diaminobenzidine or ECL
Plus Western Blotting Substrate. After scanning the mem-
brane, digital images were analyzed densitometrically using
the image analysis program Image J (National Institutes of
Health, Bethesda, MD, U.S.A.).

Warfarin metabolism assay: Multiple metabolic routes for
warfarin metabolism are mediated by several CYP isoforms
that have been described in rats, including 4’-hydroxylation
(4’-OH) by CYP2BI1 and CYP2Cl11, 6-hydroxylation (6-
OH) by CYP1AI and CYP2CI1, 7-hydroxylation (7-OH)
by CYP2C6, 8-hydroxylation (8-OH) by CYPIA1l and
10-hydroxylation (10-OH) by CYP3A2 [3, 7, 8]. Warfarin
metabolic activity was measured with liver microsomes us-
ing a method described previously [28] with slight modifica-
tions. The incubation time for the reaction was 16 min in the
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present study.

Ethoxyresorufin-O-deethylase (EROD) activity: EROD
activity was determined by a fluorescence intensity assay
using a previously reported method [2] with slight modifi-
cations. In brief, the fluorescence of resorufin was detected
at an excitation wavelength of 550 nm and an emission
wavelength of 590 nm. Reactions were performed in a 1 m/
volume containing 10 mM G6P, 10 mM MgCl,, 0.2 mg/m!
microsomal protein and 20 M ethoxyresorufin in 100 mM
sodium phosphate buffer at pH 6.8. The reaction tubes were
preincubated in a dark room for 5 min at 37°C, and the re-
action was started by adding 20 u/ of a mixture of 50 mM
NADPH and 200 U G6PDH. The reaction was stopped with
4 m/ of ice-cold methanol.

NADPH-P450 reductase (CPR) activity: CPR activity was
measured according to the method of Omura and Takesue
[21] with slight modifications. Cytochrome ¢ reduction by
CPR was monitored at 37°C. The incubation mixture con-
tained 100 mM sodium phosphate buffer (pH 7.4), 20 uM
cytochrome ¢, 50 uM NADPH and 25 ug of microsomal pro-
tein. The amount of reduced cytochrome ¢ was calculated by
subtracting the data obtained from the blank reaction without
microsomes using an extinction coefficient of 21/mM/cm at
550 nm.

Statistical analysis: Statistical analyses were performed
with the Tukey-Kramer test using JMP version 7.0 (SAS
Institute Inc.; Raleigh, NC, U.S.A.). Statistical significance
was considered at P<0.05. Results are shown as average +
standard error (SE).

RESULTS

mRNA expression levels of CYP isoforms and their
transcriptional factors: Hepatic mRNA expression levels
of Cyplal, Cypla2, Cyp2bl, Cyp2cll, Cyp3a2, Ahr, Arnt,
Car and Pxr were measured by real-time RT-PCR (Fig. 1).
Cypla2, Cyp2cll, Arnt and Car mRNA levels were not sig-
nificantly different among the four rat strains. On the other
hand, the Cyplal mRNA level was 10-fold higher in SD rats
than in BN rats. Cyp2bl and Cyp3a2 mRNA levels were
significantly higher in DA rats than in WI and SD rats. Ahr
and Pxr mRNA levels were significantly lower in SD rats
than in the other strains.

Basal protein expression levels of hepatic CYP and AHR:
No significant difference was observed in the CYP content of
liver microsomes among the rat strains (data not shown). The
basal protein expression levels of hepatic CYP isoforms, i.e.,
CYPI1A, CYP2B1, CYP2B2, CYP3A and AHR (a key tran-
scription factor for CYP1A1), were evaluated (Fig. 2). The
expression of CYP1A protein, which consists of CYP1A1
and CYP1A2, was significantly higher in BN rats than in WI
rats. CYP3A2 protein expression was higher in DA rats than
in WI rats. AHR protein expression was lower in SD rats
than in BN rats. Although the expressions of CYP2B1 and
CYP2B2 proteins were not statistically different among the
strains, CYP2BI1 expression did tend to be higher in SD and
DA rats than in WI and BN rats.

CPR and EROD activity and warfarin metabolism:

CPR activity tended to be lower in BN rats, but was not
significantly different among the strains (Fig. 3). EROD
activity, mainly a reflection of CYP1A1 enzymatic activity,
was significantly higher in SD rats than in the other strains
(Fig. 3). For warfarin metabolism assay, 4’-OH, 6-OH and
8-OH were the dominant metabolites in all of the rat strains
(Table 1). Total warfarin hydroxylation activity was lower in
WI rats than in SD and DA rats (Table 1).

DISCUSSION

In this study, the mRNA expression, protein expression
and enzymatic activity of CYP were determined in WI, SD,
DA and BN rats for an integrated analysis and comparison
of strain differences in the protein’s activities. On the one
hand, mRNA expression showed great differences between
the strains. On the other hand, warfarin metabolic activity,
a useful method to measure the activity of several CYP iso-
forms simultaneously, showed comparatively smaller strain
differences.

The rank order of protein expression and mRNA ex-
pression of CYP3A2 was identical between strains: i.c.,
DA>BN>SD>WI. CYP3A2 protein expression and its
enzymatic activity, which was measured as 10-OH warfarin
hydroxylation, showed a similar pattern, and they correlated
positively (r=0.62, data not shown) in each rat from the four
strains. Expression of mRNA and protein, and enzymatic
activity were consistently correlated for CYP3A2. These
results provide insight into the strain differences in CYP3A2
activity: i.e., those differences in activity are due to dif-
ferences in CYP3A2 protein expression, which are in turn
caused by differences in Cyp3a2 mRNA expression.

In contrast to our CYP3A2 findings, the rank order of the
protein and mRNA expression of CYP1A1 and CYP2BI
varied among the four strains. A lack of correlation between
mRNA and protein expression is not uncommon, as protein
expression levels largely depend on post-transcriptional
and post-translational regulation. Micro-RNAs (miRNAs),
which are short, noncoding RNAs that govern gene expres-
sion, are one important factor that can explain the difference
between mRNA and protein expression levels. For example,
strain differences in miRNA expression have been reported
in the hippocampus of mice [22]. It has also been reported
that Cyp1b1 is regulated by miRNA in humans [26]. From
these reports, the difference between the mRNA and protein
expression levels observed in the current study suggests pos-
sible existence of strain differences in miRNA, which is able
to regulate CYP expression. Moreover, post-translational
regulation by factors, such as miRNA, is likely to differ
among CYP isoforms, since the difference between mRNA
and protein expression was only observed in CYPIA and
CYP2B, but not CYP3A.

Our study showed that both Cyp3a2 mRNA expression
and total warfarin hydroxylation by CYP1A1l, CYP2BI,
CYP2C6, CYP2C11 and CYP3A2 in WI rats were the low-
est among the four strains. Our results agree with the previ-
ous report that CYP3A protein expression and its enzymatic
activity (C-8 hydroxylation of caffeine) were lower in WI
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Fig. 1. Hepatic mRNA expression levels of CYP1AL, 1A2, 2Bl1,

2C11, 3A2, AHR, ARNT, PXR and CAR in four rat strains. Data
are expressed as the ratio of the target mRNA to GAPDH mRNA
and normalized to WI. The values are shown as the mean + SE
(n=4). Different characters (a, b) indicate statistically significant
differences (Tukey-Kramer test, P<0.05).

rats than in DA rats [16]. Relatedly, the other report sug-
gested that WI rats (Wistar Lewis) were more sensitive than
SD rats and F344 rats to oral administration of clofibrate,
a hyperlipidemia drug that is metabolized primarily by
CYP3A [27]. Taken together, these observations suggest that
the WI rat strain is possibly sensitive to some drugs which
are metabolized by CYP.

The current study showed that Cyplal mRNA expression
and EROD activity were highest in SD rats relative to the
other strains examined. According to the results of mRNA in
Cyplal,the CYP1A1 protein expression in SD rats might be
higher than the other strains. However, the protein expres-
sion of CYP1A was not the highest in SD rats. We assume
that this is because the CYP1A protein mainly consists of
CYPI1A2. Results of Western blotting (Fig. 4) suggest that
the CYP1AT1 protein expression was markedly smaller than
CYP1A2, and this made it difficult to detect the CYP1A1
protein expression in the liver under physiological condi-
tions. EROD activity, which is indication of both CYP1Al
and CYP1A2 activities, could also be affected by CYP1A2
strongly, because the protein expression level is much more
abundant in CYP1A2 than CYP1A1 under physiological
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Fig. 2. Protein expression levels of CYP1A, 2B1, 2B2, 3A2 and

AHR in liver microsomes (CYPIA1, CYP2B1, CYP2B2 and
CYP3A2) and the cytosol (AHR) in four rat strains. The values
are shown as the mean + SE (n=4) normalized to WI. Different
characters (a, b) indicate statistically significant differences
(Tukey-Kramer test, P<0.05).
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Fig. 3. Hepatic microsomal P450 reductase and EROD activity
in four rat strains. NADPH-P450 reductase-dependent cyto-
chrome c reductase (CPR) activity was measured. Reactions
were carried out for 1 min at 37°C, and samples were mea-
sured using a spectrophotometer. For EROD activity, reac-
tions were carried out for 5 min at 37°C, and the fluorescence
was detected at an excitation wavelength of 550 nm and an
emission wavelength of 590 nm. The values are shown as the
mean = SE (n=4). Different characters (a, b) indicate statisti-
cally significant differences (Tukey-Kramer test, £<0.05).

conditions. The CYP1A1 enzymatic activity in SD rats might
be much higher than the result observed in EROD activity
assays. In order to compare CYP1A1 activity among the
strains, further studies using the recombinant CYP1A1 from
the different rat strains are necessary. CYP1A1 is reported
to be the key enzyme involved in the metabolic activation of
polycyclic aromatic hydrocarbons [18]. Therefore, SD rats
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Table 1. Hepatic microsomal warfarin metabolism activity (pmol/min/mg protein) in four rat strains
4-OH 6-OH 7-OH 8-OH 10-OH total
Wl 90.0+£5.6%  99.7+74%  781+£24Y 109.9+7.5" 255+£0.7%  403.2+23.5Y
SD 1320589 1245442  937+1.69 1533+3.6% 313£0.6%  534.8+16.09
DA 136.9+£7.09 145.6+3.59 76.1+£1.1%  1550+£9.79 359+09% 549542239
BN 123.0£929  116.8+9.1%D  90.7+£525D) 133.8+11.8%D  304£2.0% 4947 +37.42

Different characters (a, b) indicate statistically significant differences among the four strains (Tukey-Kramer test,

P<0.05).

WI SD DA BN Control

<—— a
<—b

NENT——

Fig. 4. Western blotting of CYP1A. WI; Wistar rat, SD; Sprague
Dawley rat, DA; Dark Agouti rat, BN; Brown Norway rat, Control;
Wistar rat administered Sudan III, a; CYP1A1, b; CYP1A2 [25].

may be more susceptible to chemicals that are metabolically
activated by CYP1A1 under physiological conditions.

Our results show that SD rats had high CYP1A1 mRNA
expression and enzymatic activity. This is actually inconsis-
tent with previous reports: a study by Kawase et al. [11],
Cyplal mRNA expression in SD rats was approximately
10-fold lower than in DA rats, while in a study by Kishida et
al. [13], CYP1A1 mRNA expression and enzymatic activity
in SD rats were lower than in Wistar Hannover rats. This
conflicting result suggests that there may even be intra-strain
differences in SD rats. SD rats (Slc:SD) used in the pres-
ent study were purchased from Japan SLC, Inc., whereas
Jcl:SD rats obtained from CLEA Japan, Inc. (Tokyo, Japan)
and Crl;CD (SD) rats from Charles River Laboratories Ja-
pan, Inc. (Yokohama, Japan) were used in Kawase’s study
and Kishida’s study, respectively. Both Slc:SD and Jel:SD
rats were originally obtained from SD rats in Charles River
Laboratories in 1968 and 1964, respectively, which is before
the enactment of International Genetic Standard in Charles
River Laboratories. The intra-strain differences in SD rats
are arising among these laboratories over forty years.

DA rats are reported to be poor metabolizers of human
CYP2D6 substrates [10], mainly due to a mutation in the
promoter region of the Cyp2d2 gene that results in decreased
Cyp2d2 mRNA expression [23]. In addition, our study dem-
onstrated that the mRNA expression of Cyp2b1 and Cyp3a?2
and their activities were higher in DA rats than in the other
strains. Taken together our findings (Cyp2bl and Cyp3a2)
with the reported data of Cyp2d2, it is suggested that DA
rats have a unique expression pattern of CYPs, resulting in
unique metabolic pattern among the rat strains.

In this study, a unique inversion phenomenon was detect-
ed. The mRNA and protein expression levels of AHR tended
to be lower in SD rats, although the expression of Cyplal
mRNA, which is critically induced via an AHR-mediated
pathway, tended to be higher in SD rats. Previous research
using Ahr-knockout mice showed that AHR is an essential
factor for the induction of CYP1A1 in the liver and for its

homeostatic expression [9, 17]. The mechanism of CYP1A1
expression, which has not been elucidated fully, may be dif-
ferent in SD rats compared to the other strains.

In conclusion, our study reveals that hepatic mRNA
expression, protein expression and enzymatic activity of
CYP1A1, 2B1 and 3A2 in WI rats tend to be lower in com-
parison to SD, DA and BN rats. On the other hand, in SD
rats, the hepatic mRNA expression and enzymatic activity
of CYPIAL is higher than in the other three strains. These
strain differences may influence the pharmacokinetics in
preclinical toxicological drug studies.
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