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Abstract
1. CYP2S1 is an evolutionarily conserved, mainly extra-hepatic member of the CYP2 family and
proposed to be regulated by the aryl hydrocarbon receptor (AhR).

2. The present study explores AhR's regulation of CYP2S1 in male Sprague Dawley rats using
PCB126 (3,3',4,4',5-pentachlorobiphenyl), the most potent AhR agonist among the PCBs.
Additionally, CYP2S1 expression was examined after treatments with the classic CYP-inducers β-
naphthoflavone (β-NF, AhR activator), phenobarbital (PB, CAR activator) and dexamethasone
(Dex, PXR activator). CYP2S1 and CYP1A1/2, CYP1B1, CYP2B and CYP3A mRNAs were
measured in liver, lung, spleen, stomach, kidney, and thymus at different time points.

3. Constitutive CYP2S1 was expressed at comparable levels to other CYPs with the highest
expression levels in stomach, kidney and lung. CYP2S1 mRNA was only non-significantly
elevated by β-NF in liver tissues. PCB126 did not increase CYP2S1 mRNA in any organ and at
any time point examined despite a significant induction of CYP1 genes. PCB126 reduced CYP2S1
mRNA by 40% (not significant) from the 7th post-exposure day in thymus. PB and Dex had no
effect on CYP2S1 mRNA levels.

4. These observations show that in this model CYP2S1 is not, or only weakly, regulated by AhR
and not induced by CAR or PXR activators.

INTRODUCTION
Cytochrome P450 2S1 (CYP2S1) is a newly identified member of the cytochrome P450 2
family. It is found primarily in extra-hepatic tissues (Rylander et al., 2001) and is restricted
to epithelial cell types (Saarikoski et al., 2005). In humans, CYP2S1 is highly expressed in
the respiratory tract, digestive tract, lymphocytes and spleen (Rylander et al., 2001, Smith et
al., 2003). In the mouse, CYP2S1 is one of the most widely and highly expressed CYPs in
all adult tissues except liver (Choudhary et al., 2003). In the rat, CYP2S1 mRNA levels are
detected in most tissues, following similar patterns as reported in mouse and human (Deb
and Bandiera, 2009).
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The higher expression of CYP2S1 in the extra-hepatic tissues, like lung, stomach, GI-tract
and skin, organs representing major routes of exposure to exogenous compounds, may
suggest the enzyme's involvement in non-hepatic metabolism of xenobiotics (Ding and
Kaminsky, 2003). Recently it was demonstrated that CYP2S1 has the ability to biotransform
several carcinogens and oxygenated eicosanoids, suggesting its roles in both pathological
and physiological processes (Bui et al., 2010, Bui and Hankinson, 2009, Nishida et al.). The
promoter regions of both human and mouse CYP2S1 gene contain several xenobiotic
responsive elements (XREs) identical to those found in the promoter regions of the known
AhR gene battery which includes CYP1A1/2, CYP1B1 and others. It was shown that
CYP2S1 mRNA is induced by 2,3,7,8-tetrachlorodibenzodioxin (TCDD) in the mouse
hepatoma cell line Hepa-1 and in mouse tissues, which has been confirmed in vitro to be
mediated by conventional AhR-ARNT (AhR nuclear translocator) interaction (Rivera et al.,
2002). Recently, Deb and Bandiera (2010) reported that CYP2S1 mRNA levels were
increased dose-dependently in the lung, liver and kidney of rats following TCDD-exposure,
while protein levels were only increased in the lung by TCDD at 50 μg/kg body weight
(b.w.). Other AhR agonists, such as 3-methylcholanthrene and benzo[a]pyrene, had no effect
on protein levels of CYP2S1 in lung, kidney or liver either (Deb and Bandiera, 2009). In
addition, little is known about the timeline of the presumed induction. As a result, more
studies were called for to investigate CYP2S1's response to AhR agonists using other
compounds and additional time points.

PCB126 (3,3',4,4',5-pentachlorobiphenyl) is one of the 209 congeners in the family of
polychlorinated biphenyls (PCBs), which were manufactured commercially and widely used
due to their chemical stability. However, their production was later banned because of their
bioaccumulation in the environment and adverse health effect to humans, some of which are
mediated through AhR activation. PCB126 is the most potent AhR agonist in the PCB
family with one tenth of the potency of TCDD (Bandiera et al., 1982, Safe, 1990), a position
reflected in TEF schemes (Van den Berg et al., 2006).

The present study was conducted to investigate the expression of CYP2S1 mRNA in
different organs in male Sprague Dawley rats at different time points after a single treatment
with PCB126. In addition, the effect of classical inducers which activate CYPs through 3
different nuclear receptors on CYP2S1 expression in liver and lung of rats was analyzed.
The mRNA levels of CYP1A1, CYP1A2, CYP1B1, CYP2B and CYP3A1 were determined
for comparison of the effects.

MATERIALS AND METHODS
Chemicals and reagents

RNeasy Mini Kit™ and the RNase Free DNase Set were purchased from Qiagen Inc.
(Valencia, CA, USA). High Capacity cDNA Reverse Transcription Kit™ and Power SYBR
Green Master Mix™ were purchased from Applied Biosystems by Life Technologies
Corporation (Carlsbad, CA, USA). PCR primers were synthesized by Integrated DNA
Technologies Inc (Coralville, IA, USA). PCB126 was synthesized and characterized as
described (Lai et al., 2010).

Animals
Male Sprague Dawley rats (4 weeks old for the PCB126 study; 6–8 weeks old for classical
inducers study) were purchased from Harlan Laboratories (Indianapolis, IN, USA). Rats
were housed in polycarbonate cages (2 rats per cage for PCB126 study and 3 rats per cage
for classical inducers study) with ad libitum access to water and a commercial rodent diet
(7013 Teklad Rodent Diet, Harlan). The facility was maintained at a temperature of around
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22°C and a 12h light-dark cycle. Rats were allowed to acclimatize to the animal care facility
for 5 days before the treatments. All animal experiments were performed in accordance with
the University of Iowa policy and federal regulations for humane treatment and safe use of
vertebrate animals in research, and approved by the Institutional Animal Care and Use
Committee.

Animal treatment and tissue collection
For the PCB126 time study, rats were randomly divided into 6 groups with 4 or 5 animals
per group. One group of animals received no treatment. The four PCB groups received one
intraperitoneal (ip) injection of PCB126 (dissolved in corn oil; 5 μmol/kg b.w.) on days 1, 4,
8, or 10 of the experiment. The solvent control group received one i.p. injection of 5 ml corn
oil/kg b.w. on day 4. On day 11 of the experiment all rats were weighed and killed by carbon
dioxide asphyxiation followed by cervical dislocation. Blood and organs, i.e. liver, lung,
spleen, thymus, stomach and kidneys, were harvested immediately after sacrifice; liver and
thymus weight were determined; all organs were snap frozen in liquid nitrogen and stored at
−80 °C until further analysis.

For the classical inducers study, rats were randomly divided into four groups with 3 animals
each. One group received i.p. injections of corn oil (5ml/kg b.w.) on days 1 and 4 as the
negative control; one group received phenobarbital at 400 μmol/kg b.w. dissolved in saline
on days 4, 5, and 6; the other two groups received either dexamethasone (50 mg/kg b.w.) or
β-naphthoflavone (100 μmol/kg b.w.), both dissolved in corn oil, on days 3, 4, 5, and 6. This
exposure scheme was adapted from Schramm and coworkers (Schramm et al., 1985). On
day 7, all rats were sacrificed and liver, lung, and thymus harvested as described above.

Total RNA extraction
Total RNA from tissue samples was isolated using an RNeasy Mini Kit™ following the
manufacturer's instructions. An on-column DNase digestion was performed to further
remove residue genomic DNA contaminants. The quantity and quality of RNA was
determined by the absorbance at 260nm (A260) and the ratio between A260 and A280 in
10mM Tris buffer at pH 7.0.

Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)
For each sample, 2.5 μg total RNA was reverse-transcribed into cDNA in a 25 μl reaction
volume using the High Capacity RT Kit™ following the manufacturer's instructions. The
primers used for PCR amplification of each gene are listed in Table 1. All primer pairs have
been evaluated by standard curves and melting curves to ensure PCR efficiency and
specificity. The PCR efficiency for different genes ranged between 80% and 100% for all
the samples tested, but was similar for each primer pair across different organs. The
efficiency for CYP2S1 was between 86% and 92%, slightly higher for the liver. On every
PCR plate standard curves were included for each primer pair. For calculations the “relative
standard curve method” was used to account for the differences in PCR efficiencies.
Additionally, the final PCR reaction mixture was cleaned up and sequenced to confirm the
identity of the product as CYP2S1. Furthermore, another primer pair closer to the 5' end for
CYP2S1 gene was also tested which gave the same mRNA levels as the one reported in this
study. Real-time PCR was carried out using Power SYBR Green Master Mix™ according to
manufacturer's procedure and an Eppendorf Realplex2 Master Cycler (Hamburg, Germany).
Each 20 μl reaction well contained 1–100 ng cDNA depending on the organ and gene in
question and 900 nM of each primer of the appropriate primer pair. Quantification was
achieved employing the Relative Standard Curve method, i.e. the relative standard curves on
each plate are used to calculate the relative amount of a CYP gene and the β-actin
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housekeeping gene before the ratio of the two is taken for each sample and compared to the
ratios for the controls.

Data analysis
Dunnett's test was used to determine the significance of differences in the experiments using
data analysis software of SAS (version 9.1.3 of the SAS System for Windows. Copyright
2000–2004 SAS Institute Inc.). A p value of less than or equal to 0.05 was considered
statistically significant. In addition, Dixon's test was used to identify outliers in all the data
using statistical computing environment of R (version2.12.1, R Development Core Team,
Vienna, Austria, 2010). Data points with p values of less than 0.05 were considered outliers.
Only 1.6% (10 of over 600) data point qualified as outliers and only 2 of them were from
CYP2S1 data (a lung corn oil control sample and a day 1 liver 2S1 sample). Presence or
absence of these data points did not change the significance of the results by Dunnett's test.

RESULTS
Relative expression of CYP genes in various organs

The relative expressions of CYP1A1, CYP1A2, CYP1B1 and CYP2S1 in the different
organs of the corn oil control are displayed in Fig.1. CYP2S1 mRNA was detected in all the
organs examined, with by far the highest relative quantity in stomach, followed by kidney >
lung > thymus > liver ~ spleen. Compared to the other three CYPs, the CYP2S1 mRNA
level was by far the major CYP form in the stomach and still the highest in lung and kidney.

Similar to CYP2S1, CYP1B1 had generally higher expression levels in extra-hepatic organs
compared to the liver. Highest levels were found in lung, spleen, and thymus; CYP1B1
mRNA levels surpassed all other three CYP mRNA levels in spleen and thymus. CYP1A2,
on the other hand, was by far the predominant CYP in liver with mRNA levels more than
105 higher than those of the other CYP forms. Finally, CYP1A1 mRNA levels were the
lowest among the four CYP genes in most organs except lung and kidney. In thymus,
stomach, and spleen CYP1A1 was barely or not detectable.

PCB126 time course study
The purpose of this study was to analyze the changes in the expression of various CYP
forms in different organs over a period of 10 days following a single ip injection of the
strong AhR agonist PCB126.

Final body, liver and thymus weights—Injection of 5 μmol/kg b.w. PCB126 resulted
in a decreased body weight of animals 7 and 10 days after injection and in increased liver
weight compared to control animals on day 3 and 7 (Table 2). PCB126 caused a time-
dependent increase of relative liver weight which reached its plateau at day 7 post exposure,
an almost 40% increase that was maintained through day 10. The relative thymus weights
decreased in a time-dependent manner until they reached one third of the normal weight on
day 7 and remained at this level at day 10. These data are consistent with the visual
observation of evidently enlarged livers and involuted thymuses in PCB126-treated rats at
the time of necropsy.

CYP expression after exposure to PCB126—The relative mRNA levels of CYP1A1,
CYP1A2, CYP1B1 and CYP2S1 at day 1, 3, 7 and 10 after PCB126 injection are shown in
Fig. 2 to Fig. 5. It should be noted that in these figures for each organ and cytochrome form
the mRNA levels are shown in relation to the related untreated control. Thus the different
scales of the y-axes reflect the change of CYP expression in that organ, not the level of
mRNA.
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CYP1A1 mRNA was highly increased (up to 6,000 times compared to control) in all the
organs examined even as early as 24 hours after PCB126 exposure commenced (Fig. 2).
Highest fold changes were observed with stomach and thymus, two organs with extremely
low baseline levels of CYP1A1; however, in the stomach the induction reached its peak at
day 3 and started to fall back quickly afterwards, whereas the CYP1A1 mRNA levels
continued to increase with length of exposure in the thymus.

The strongest induction of CYP1A2 expression, as much as 25 fold, was seen in liver, where
its baseline expression already far exceeds those of the other CYPs or that one in the other
organs (Fig. 3). The induction was visible from day 1 of exposure and plateaued from day 3
to day 10. An increase in expression was also observed in kidney and thymus, although to a
lesser extent. In the stomach, spleen and lung, however, the increase was only seen after
long exposure and was not statistically significant.

CYP1B1 mRNA levels were increased by PCB126 in all organs tested from day 1 or 3 to
day 10 of exposure (Fig. 4). The time-course of induction differed between the different
organs, with a 5-fold induction seen from days 1–10 in the spleen compared to a time-
dependent increase in induction to day 7 in kidney and thymus, for example. Compared to
the induction in extra-hepatic organs, CYP1B1 mRNA was most highly increased in liver,
similar to CYP1A2.

Unlike the known AhR-regulated genes CYP1A1, CYP1A2 and CYP1B1, CYP2S1 mRNA
levels were not increased by PCB126-treatment in any of the organs examined (Fig. 5). In
contrast, CYP2S1 mRNA was decreased by around 40% in thymus starting from day 7 post
exposure, and although not statistically significant, this repressive effect of PCB126 was
stable and even more evident at day 10.

Classic inducer study
To address the question whether CYP2S1 expression in lung and liver is induced through
nuclear receptor pathways, rats were treated with the classical CYP inducers β-NF, PB, and
Dex which act through binding/activation of the nuclear receptors AhR, CAR, and PXR,
respectively. To verify the activation of these receptors, CYP2B and CYP3A mRNA
analysis were included in these studies. To optimize CYP induction, animals received 3 (PB)
or 4 (β-NF, Dex) ip injections on consecutive days and were sacrificed one day after the last
injection, resulting in a maximum exposure time of 3 and 4 days, respectively.

Final body, liver, thymus and lung weights—As shown in Table 3, final body
weights of the rats were significantly reduced only in the Dex-treated group. Thymus
weights were slightly (not statistically significant) decreased only in the AhR agonist β-NF-
treated group, similar to what was seen with PCB126-treated rats on day 3, although to a
lower extent. The weight of the lungs was not significantly changed by any of these
treatments.

Relative expression of CYP genes in rat liver—Similar to PCB126-treated rats, the
classical AhR agonist β-NF strongly increased the mRNA levels of CYP1A1 (~500 fold),
1A2 (~11 fold) and 1B1 (~600 fold) relative to the control (Fig.6). The magnitude of
induction was comparable to that by PCB126 (CYP1A1 ~350 fold; 1A2 ~25fold and 1B1
~400 fold) on days 3–10. As expected, CYP2B mRNA was increased about 15 fold by PB
treatment and CYP3A1 mRNA was increased by both PB (not significant) and Dex
treatment with Dex having a higher efficacy. CYP2S1 mRNA was increased by β-NF
treatment, but only to less than 2 fold which was not statistically significant. Other classical
inducers failed to elicit any significant changes to the expression of this CYP isoform.
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Relative expression of CYP genes in rat lung—The AhR gene battery CYP1A1,
1A2 and 1B1 was induced by β-NF in the lung of the male rats to a similar extent as by
PCB126 on day 7 (Fig. 7), although the induction of CYP1A2 was not statistically
significant in lung. The mRNA level of CYP2B was only slightly and not significantly
increased and no effect on CYP3A1 was visible in PB animals in the lung. Similarly Dex did
not induce CYP3A1 expression, and even appeared to have decreased (not statistically
significant) CYP2B and CYP3A1 mRNA levels in the lung. The mRNA levels of CYP2S1,
on the other hand, were not significantly changed by any of the classical inducers.

DISCUSSION
In this study we examined the baseline mRNA levels of four cytochrome P450 forms,
CYP1A1, 1A2, 1B1 and 2S1, and the changes in these levels over time 1 – 10 days after a
single injection of PCB126 at a dose known to elicit a strong Ah-receptor mediated
responses (Lai et al., 2010). We also tested the mRNA expression of these enzymes as well
as those of CYP2B and CYP3A1 after exposure to classical CYP-inducers β-NF, PB and
Dex which act through the different nuclear receptor pathways of AhR, CAR (constitutive
androstane receptor) and PXR (pregnane × receptor), respectively.

All three major Ah receptor-regulated cytochrome P450 genes, CYP1A1, 1A2, and 1B1,
were expressed in all organs tested at expression levels consistant with the literature reports,
i.e. very high levels of CYP1A2 in the liver, very low expression of CYP1A1 in most organs
except kidneys, and overall low expression of 1B1 (Sesardic et al., 1990, Bhattacharyya et
al., 1995). PCB126 induced these classical AhR-responsive genes in most of these organs.
This is in agreement with the effects of TCDD (Badawi et al., 2000, Deb and Bandiera,
2010). In our studies CYP1A1, a minor form in many organs, was highly induced in all
organs from days 1 to 10 after PCB126 injection, although CYP1A1 induction levels already
started to decline in lung, spleen, kidney and stomach at later time points while continuing to
increase in thymus. Similar strong and long lasting effects of TCDD on the CYP1A1
(EROD) activity in the spleen and thymus of rats were reported (Stephen et al., 1997). With
PCB126 CYP1B1 showed a similar expression pattern and increase as CYP1A1, although
the increases in mRNA levels were comparatively small in thymus and spleen, the two
lymphatic organs tested. CYP1A2 showed the smallest changes in mRNA levels after
PCB126 treatment and, despite a time-dependent increase, no significant induction in
spleen, lung or stomach CYP1A2 binds and sequesteres dioxin and PCB126 in the liver of
mice and rats, which could have caused the lower induction of CYP1A2 in extra-hepatic
organs (Diliberto et al., 1997, Chen et al., 2003). It is important to note that these data are
depicted as the relative level of each gene for each organ and thus do not directly reflect the
actual copy number of any gene transcript.

Our major goal in this study was, however, to learn more about a relatively new cytochrome
form, CYP2S1, which was first described in 2001 (Rylander et al., 2001). We detected
CYP2S1 mRNA in rat liver, lung, spleen, stomach, kidney and thymus. This is consistent
with the previous findings in male and female Sprague Dawley rats (Deb and Bandiera,
2010), although these authors observed the highest level of CYP2S1 mRNA in the lung, but
the highest level of CYP2S1 protein in the stomach.

CYP2S1 was reported to be inducible by AhR agonists such as TCDD and 3-MC (Deb and
Bandiera, 2010). PCB126 is also a strong Ah-receptor agonist (Bandiera et al., 1982). The
observed hepatomegaly and thymus atrophy in the current experiment are typical signs of
AhR activation by treatments such as TCDD (Harris et al., 1973) or PCB126 (Lai et al.,
2010). Moreover, the induction of the AhR-regulated genes CYP1A1, CYP1A2 and
CYP1B1 by PCB126 in almost all organs examined also confirms the activation of the AhR
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as generally accepted (Nebert et al., 2004). However, we found that relative CYP2S1 mRNA
levels were not increased at day 1, 3, 7 and 10 after a single i.p. dose of 5 μmol/kg b.w.
PCB126 in liver, lung, spleen, stomach, kidney or thymus. Deb et. al. reported an up to 7-
fold, dose-dependent increase of CYP2S1 mRNA levels in the lung, and a 3.6- and 2.7-fold
increase in liver and kidney, respectively, after a single i.p. injection of 1–100 μg/kg (3–300
nmol/kg) b.w TCDD (Deb and Bandiera, 2010). These changes are relatively small
compared to CYP1A1 and 1B1. TCDD is about 10 times more potent as Ah receptor agonist
than PCB126 (Bandiera et al., 1982, Safe, 1994). We used a 5 μmol/kg dose of PCB126
which is comparable to the highest (0.3 μmol/kg) dose of TCDD used by Deb and Bandiera.
Both compounds are highly persistent and their effects persevere. Thus, it is unlikely that an
insufficient dose of PCB126 is the explanation for the lack of CYP2S1 induction by
PCB126. In addition, in the study by Deb and Bandiera relative protein levels of CYP2S1
were only increased in lung and only at the dose of 150 nmol TCDD/kg b.w. (Deb and
Bandiera, 2010). Other AhR agonists such as 3-MC and benzo[a]pyrene failed to produce
any effect on the protein expression, despite an about 3-fold increase in mRNA in the liver
by 3-MC-treatment, consistent with our findings on CYP2S1 mRNA. As a result, the
authors concluded that CYP2S1 was only weakly regulated by the AhR pathway in rats
(Deb and Bandiera, 2009, Deb and Bandiera, 2010), which might explain the fact that we
did not observe an induction of CYP2S1 mRNA by PCB126 in rats. Considering these
mostly negative results regarding CYP2S1 protein increases, our own negative findings with
respect to mRNA increases, and the limited specificity of the available antibodies (Bandiera,
personal communication) we believe that the possibility of changes in CYP2S1 protein
levels in our experiments is extremely unlikely. Due to the lack of a specific CYP2S1
activity assay suitable for tissue homogenates, we were unable to determine the change in
enzyme activity of CYP2S1 in our study.

To find an explanation for the unresponsiveness of SD rats we examined the gene regulatory
region 10,000 bp upstream of the rat CYP2S1 gene provided from the University of
California, Santa Cruz, Genome Browser for regulatory sequences. The rat upstream region
contains three overlapping XRE core sequences 5'-CACGCN(A/C)-3', almost identical to
the three overlapping XRE core sequences found in the mouse CYP2S1 promoter region
(Rivera et al., 2007). Nevertheless, the presence or lack of an XRE in the promoter region
alone does not necessarily dictate the inducibility of the gene by AhR agonists. Rivera and
coworker clearly demonstrated the AhR-dependency of CYP2S1 induction by dioxin in a
mouse hepatoma (HePa-1) cell line, but they did not find CYP2S1 induction in two human
hepatoma cell lines (HepG2 and Hep3B) that produce AhR-mediated CYP1A induction after
dioxin exposure (Rivera et al., 2002, Rivera et al., 2007). In addition, Rivera et. al. 2002
reported that the EC50 for CYP2S1 mRNA induction by dioxin is 10 times higher than that
for CYP1A1 in cultured mouse Hepa-1 cells. Although this cannot explain our negative
findings with CYP2S1 since we observed maximal CYP1A1/2 activity induction with as
little as 0.2 μmol/kg b.w. in male SD rats (unpublished results), it indicates a significant
difference in inducibility of CYP1A1 and 2S1 by the AhR pathway. The lack of changes in
CYP2S1 mRNA in rats could be due to other factors, for example, to regulation by
microRNAs, as was recently shown for human CYP1B1 (Tsuchiya et al., 2006).

To further examine the gene regulation of CYP2S1, a group of classical CYP inducers, PB,
Dex, and β-NF, was used. These classical inducers bind to different receptors and induce
different CYP forms. PB is a prototype of a CAR agonist. Upon activation, the nuclear
receptor CAR binds to the DNA fragment known as PB-responsible enhancer module
(Honkakoski et al., 1998) and induces the expression of CYP2B genes in the liver
(Kawamoto et al., 1999). In addition, it is also responsible for the induction of many other
CYP isoforms including CYP2A, CYP2C, CYP2H and CYP3A (Sueyoshi and Negishi,
2001). Dex is a synthetic steroid and is known to activate the glucocorticoid receptor (Lan et
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al., 1984) as well as the orphan nuclear receptor PXR, thereby inducing the expression of
CYP3A family genes (Kliewer et al., 1998, Zhang et al., 1999, Mei et al., 2004, LeCluyse,
2001). Unlike PCB126, the AhR agonist β-NF significantly change any organ weights,
probably because of the short exposure time (3 days) and it's fast metabolic elimination
(McKillop and Case, 1991). PB also did not influence organ weights. Dex, on the other
hand, cuased hepatomegaly, which is consistent with previous reports (Crunkhorn et al.,
2004). Our observation regarding constitutive CYP2B and CYP3A1 expression in liver,
CYP2B and 3A1 induction by PB and CYP3A1 induction by DEX in the liver, but lack of
induction in the lung, which is attributed to low constitutive levels of CAR and PXR in the
lung of rats compared to the liver (Chirulli et al., 2005, Nannelli et al., 2008), is in
agreement with the literature. In addition, neither of these compounds produced a significant
increase in CYP2S1 mRNA in the liver or lung of treated rats; if anything Dex may decrease
CYP2S1 levels in these organs, although the decrease was not statistically significant. These
findings confirm that CYP2S1 gene expression is not regulated through the CAR or PXR
pathway. As expected, β-NF induced CYP1A1/2 and 1B1 in liver and lung. Although we
found a 2-fold increase of CYP2S1 mRNA in the liver of rats exposed to β-NF, this was not
statistically significant due to small number of animals (n=3) and relatively big variations
between them. The fact that β-NF seemed to have weakly induced CYP2S1 in the liver
while PCB126 hasn't probably results from the different exposure scheme of the animals:
PCB126 was given in a single dose while β-NF was applied in four doses on four
consecutive days. The higher extent of AhR activation is also reflected by the fold-induction
of CYP1A1 in livers, which was around 350 fold and 500 fold by PCB126 and β-NF
treatment respectively. Nevertheless, we could not find any induction of CYP2S1 in the
lungs of the same animals. This is in agreement with studies of CYP2S1 in pigs, which
found that the mRNA levels of this enzyme did not increase in midbrain after exposure to β-
NF (Nannelli et al., 2009). On the other hand, TCDD and 3-MC, two other AhR agonists,
caused a strong increase in CYP2S1 mRNA in the lungs of treated rats and a small but
significant induction at high concentrations in the liver (TCDD only, 3-MC was negative)
(Deb and Bandiera, 2009). We also compared the liver and lung mRNA levels of CYP2S1 in
the corn oil control groups of the PCB126 time-response study (younger rats) with those in
the classical inducers' study (older rats) and found no age-related differences in CYP2S1
expression. It is also worth noting that microarray analysis of liver tissue from TCDD-
exposed rats or mice, and mice or human liver cells in vitro, usually did not show any
changes in CYP2S1 expression (Boverhof et al., 2006, Dere et al., 2006, Kim et al., 2009).
Thus the regulation of CYP2S1 through the AhR pathway may be weak and/or only visible
under specific conditions. An interesting working hypothesis in this context could be that
higher competition for the AhR and/or ARNT in the liver could be one of the reasons for the
more robust effect of AhR agonists on CYP2S1 induction in lung and stomach.

CONCLUSIONS
In summary, we found CYP2S1 gene expression in all organs investigated in male SD rats,
but no increase in mRNA levels after treatment with the potent AhR agonist PCB126,
despite significant induction of other AhR-regulated genes and typical morphological
changes in the liver and thymus attesting to AhR activation. However, we did observe that
relative expression of CYP2S1 was non-significantly increased by β-NF in the liver and
reduced by PCB126 treatment in the thymus at later time points, suggesting a tissue specific,
persistent, secondary response of this enzyme to the treatment. The transcriptional regulation
of CYP2S1 is clearly more complicated than the AhR-driven process seen with other
isoforms.
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Fig.1.
Relative expression of CYPs in various organs (n=3, Mean±SE) in the solvent control
animals of the time-response study. Expression data of each gene as determined by the
relative standard curves was normalized to that of the house keeping gene β-actin. The
relative data were then adjusted according to the relative quantity of β-actin in each organ
and normalized to the expression of CYP1A1 level in the liver for ease of comparison.

Wang et al. Page 12

Xenobiotica. Author manuscript; available in PMC 2013 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig.2.
CYP1A1 relative expression in various organs at day 1 – 10 (D1 – D10) after PCB126
treatment. mRNA levels were first normalized to that of the house keeping gene β-actin in
the same sample and then compared to control sample of the organ. Results are presented as
mean±SEM (n= 4 or 5). **: P<0.01; *: P<0.5
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Fig. 3.
CYP1A2 relative expression in various organs at different time points post exposure to
PCB126. Data are mean SEM (n= 4 or 5). **: P<0.01; *: P<0.5
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Fig.4.
Fig.4. CYP1B1 expression relative to the controls in the same organ after PCB126
treatment. Results are mean±SEM (n= 4 or 5). **: P<0.01; *: P<0.5
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Fig. 5.
CYP2S1 expression relative to the controls in the same organ after PCB126 treatment.
Results are mean±SEM (n= 4 or 5). **: P<0.01; *: P<0.5
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Fig.6.
Liver cytochrome P450 enzyme mRNA levels after treatment with classical CYP inducers.
Results are mean±SEM (n= 3). **: P < 0.01; *: P < 0.5. CYP3A1 was significant only with a
2 sample t-test, not Dunnett's or One-Way-ANOVA.
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Fig.7.
Lung cytochrome P450 enzyme mRNA levels after treatment with classical CYP inducers.
Results are mean±SEM (n= 3). **: P < 0.01; *: P < 0.5

Wang et al. Page 18

Xenobiotica. Author manuscript; available in PMC 2013 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 19

Table 1

Primer pairs used in qRT-PCR experiments

Gene Accession No. Sequence (5'-3') Product length Reference

CYP2S1 NM_001107495 Forward: ACAGACAGGGACCACAGACC 112 bp Designed using Primer 3

Reverse: GGACTTGTAGGCAGCCTGAG

CYP1A1 NM_012540 Forward: CCATGACCAGGAACTATGGG 341 bp (Deb and Bandiera, 2010)

Reverse: TCTGGTGAGCATCCAGGACA

CYP1A2 NM_012541 Forward: GTGAGAACTACAAAGACAACGGTG 94 bp (Vondracek et al., 2006)

Reverse: GTGACTGTTTCAAATCCAGCTCC

CYP1B1 NM_012940 Forward: CTTGGCCATTGATCGGAAA 66 bp (Dewa et al., 2009)

Reverse: CAAGGCGAGCGAAGTACAAGT

CYP2B1/2 NM_001134844 Forward: TGGTGGAGGAACTGCGGAAATC 66 bp (Saito et al., 2010)

XM_001062335 Reverse: TGATGCACTGGAAGAGGAAGGT

CYP3A1 NM_013105 Forward: GGAAATTCGATGTGGAGTGC 329 bp (Nagata et al., 1999)

Reverse: AGGTTTGCCTTTCTCTTGCC

β-actin NM_031144 Forward: CAGCCTTCCTTCCTGGGTATG 247 bp (Deb and Bandiera, 2010)

Reverse: TAGAGCCACCAATCCACACAG
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Table 2

Body and organ weights of rats 1 to 10 days (D 1 – D 10) after a single ip injection of 5 μmol/kg PCB126
(Mean ± SD).

Final body weight (g) Liver weight (g) Liver/body weight × 100 Thymus weight (g) Thymus/body weight ×
1000

No treatment 207.8 ± 4.0 9.88 ± 0.74 4.75 ± 0.28 0.66 ± 0.04 3.15 ± 0.18

Corn Oil 199.8 ± 8.7 9.75 ± 0.59 5.31 ± 0.31 0.61 ± 0.09 2.80 ± 0.48

D 1 198.2 ± 14.0 10.52 ± 0.35 5.89 ± 0.22 0.63 ± 0.09 2.13 ± 0.35

D 3 197.3 ± 9.7 12.01 ± 0.78* 6.42 ± 0.22** 0.51 ± 0.07* 1.61 ± 0.25

D 7 171.0 ± 12.4** 12.19 ± 1.28* 6.77 ± 0.46** 0.17 ± 0.02** 1.08 ± 0.054**

D 10 153.5 ± 15.8** 10.45 ± 1.85 6.25 ± 0.53** 0.17 ± 0.07** 1.45 ± 0.34**

Statistical significance:

*
p< 0.05

**
p<0.01
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Table 3

Body and organ weights of rats treated with classical CYP inducers.

Final body weight (g) Liver/body weight × 100 Thymus/body weight × 1000 Lung/body weight × 1000

Corn Oil 281 ± 10.5 3.49 ± 0.44 1.47 ± 0.14 4.72 ± 0.43

β-NF 281 ± 1.94 4.15 ± 0.16 1.30 ± 0.11 4.94 ± 0.78

PB 278 ± 32.7 4.53 ± 0.82 1.43 ± 0.11 4.79 ± 0.82

Dex 232 ± 12.8* 6.18 ± 0.50** 1.52 ± 0.02 5.09 ± 0.40

Statistical significance:

*
p< 0.05

**
p<0.01
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