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In an attempt to develop blood lymphocyte cytochrome P450 expression profile as a surrogate to
monitor tissue enzyme, the present study aimed to identify the expression and regulation of polycyclic
aromatic hydrocarbons (PAHs) responsive CYPs in freshly prepared rat blood lymphocytes. Semi-
quantitative and RT-PCR studies demonstrated constitutive and inducible mRNA expression of CYP1A1,

Keywords: 1A2, 1B1 isoenzymes and the associated transcription factors, aryl hydrocarbon receptor (AhR) and AhR
Lymphocytes translocator (ARNT) in blood lymphocytes. Absolute quantification using RT-PCR revealed several fold
Tissue lower basal expression of CYP1A1, 1A2 and 1B1 in lymphocytes when compared to the liver. However,
Cytochrome P450 .. R . . . .

Expression significant increase in the mRNA expression of these isoenzymes as well as AhR and ARNT in
Enzyme lymphocytes following pretreatment with 3-methylcholanthrene (MC) have demonstrated that
Surrogate responsiveness is retained in the blood lymphocytes, though the magnitude of increase is several

fold lower when compared to liver. This increase in the mRNA expression was found to be associated
with an increase in the protein expression of CYP1A1 and 1A2 in blood lymphocytes. Further, CYPs
expressed in blood lymphocytes catalysed the O-dealkylation of 7-ethoxy- and 7-methoxyresorufins (ER
or MR), though the reactivity was several fold lower in lymphocytes when compared to the liver enzyme.
Our data providing quantitative evidence for similarities in the regulation of PAH-regulated CYP in
uncultured and non-mitogen stimulated blood lymphocytes with the liver enzyme has led us to suggest

that blood lymphocytes could be used as a surrogate to monitor tissue expression of CYPs.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Majority of the environmental carcinogens including polycyclic
aromatic hydrocarbons (PAHs) require metabolic activation by
cytochrome P450s (CYPs), the phase I enzymes to produce the
carcinogenic and mutagenic reactive intermediates [1,2]. The
expression of the CYPs in the target tissues therefore contributes
significantly to the process of chemical carcinogenesis [3]. It has
been demonstrated that the activity and expression of CYP1A1,
1A2 and 1B1, some of the major carcinogen metabolizing enzymes,
are induced by PAHs through activation of aryl hydrocarbon
receptor (AhR). On binding of PAHs to AhR, the AhR becomes
activated and translocates from cytosol to the nucleus where it
heterodimerizes with AhR nuclear translocator (Arnt). This
complex then binds to the xenobiotic responsive elements (XRE)
in the enhancer regions of various genes, including CYP1A1 and
1B1, the most sensitive targets and up-regulating their expression
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[4,5]. Although the AhR-dependent pathway is conserved in
mammalian species, the expression and inducibility of CYP1A1 and
1B1 isoenzymes is highly variable, attributed primarily to genetic
differences, which contribute significantly to the differences in the
susceptibility to chemical carcinogenesis [6-9]. Differential
CYP1A1 inducibility was also reported in the different strains of
mice, which correlated with PAH-induced carcinogenesis in these
mice [10].

There has been an interest to develop bioassays using non-
invasive procedures that could predict the interindividual varia-
tions and responsiveness of PAH-responsive CYPs. CYP1A1 and 1B1
are reported to be expressed in extrahepatic tissues including
blood lymphocytes [11-13]. Further, as blood lymphocytes can be
easily obtained through minimal invasive procedures and CYP
gene expression levels were not influenced by the differences in
the cellular composition of blood cells, they could be used as a
surrogate for studying the expression of CYP1A1 and 1B1 levels in
humans. CYP1A1 inducibility measured in cultured lymphocytes
correlated well with that observed in lung tissue explants [6,14].
However, majority of the human studies were carried out with
cultured blood lymphocytes which required mitogen stimulation
that causes lymphocytes to proliferate resulting in the activation of
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several cell signaling pathways and increases in gene transcription
such as expression of CYP1A1, 1B1 and associated AhR levels
[15,16]. Uncultured and unstimulated blood lymphocytes were
generally considered to be quiescent in vivo in terms of catalytic
activity [17]. However, recent studies have shown that several of
the CYPs including CYP1A1, 1B1 and their associated transcription
factors are expressed in freshly prepared uncultured human blood
lymphocytes [13,18]. Freshly isolated blood lymphocytes isolated
from rats were also found to express CYP1A1 and that the CYP1A1
enzyme is inducible following pretreatment of rats with prototype
as well as non-prototypic inducers of the enzyme [11,12].

Since it is well established that CYP1A1, 1A2 and 1B1 induction
occurs at the transcription level, quantification of these CYPs in
freshly prepared blood lymphocytes could be a potential tool for
measuring basal as well as inducible expression of PAH-responsive
CYPs. In an attempt to develop PAH-responsive CYPs in blood
lymphocytes as a potential biomarker of exposure to environmen-
tal carcinogens, attempts were made to characterize the basal and
PAH-inducible expression of CYP1A1, 1A2 and 1B1 isoenzymes
together with their associated transcription factors, AhR and Arnt
in freshly prepared uncultured blood lymphocytes isolated from
control and induced rats. Further, to establish the suitability of
PAH-responsive CYPs as a surrogate to monitor tissue enzyme,
studies were also carried out to characterize the catalytic activity
of CYP1A1 and 1A2 isoenzymes in these uncultured blood
lymphocytes.

2. Materials and methods
2.1. Chemicals

7-Ethoxyresorufin, 7-methoxyresorufin, resorufin, histopaque
1077, phenylmethyl sulfonyl fluoride (PMSF), NADPH, dithiothrei-
tol (DTT), protease inhibitor cocktail, 3-methylcholanthrene (MC),
B-naphthoflavone (-NF), furafylline, a-naphthoflavone (a-NF),
bromophenol blue, goat anti-rabbit IgG-alkaline phosphatase
complex, 5-bromo-4-chloro-3-indolyl phosphate (BCIP), nitroblue
tetrazolium (NBT), acrylamide, N,N’-methylenebisacrylamide (bis-
acrylamide) and other chemicals used in SDS-PAGE were procured
from Sigma-Aldrich, St. Louis, MI, USA. Immobilon-P nitrocellulose
membrane and rabbit anti-rat Cytochrome P450 enzyme CYP1A1
and 1A2 polyclonal antibody were procured from Millipore Corp.
(MA, USA). Glycerol, sodium chloride (NaCl), magnesium chloride
(MgCl,) and other routine chemicals were procured from SISCO
Research Laboratories Pvt. Ltd., or E. Merck, India. Phenobarbitone
sodium salt (PB) was a gift from Biodeal Laboratories, India.

2.2. Animals and treatment

Adult male albino Wistar rats (6-8-week old) were procured
from the Indian Institute of Toxicology Research breeding colony
and raised on animal pellet diet and water ad libitum. Animal care
and experimentation was in accordance with the policy laid down
and was approved by the Animal Care Committee of the Centre. For
studying PAH-responsive CYPs in blood lymphocytes, the rats were
divided into five groups, containing ten animals each. The animals in
the first group were treated with 3-methylcholanthrene (MC,
30 mg/kg body wt.), suspended in corn oil, while the second group
was treated with phenobarbital (PB, 80 mg/kg body weight)
dissolved in normal saline, daily, intraperitoneally for 5 consecutive
days. Animals in the third group were treated with (3-naphtho-
flavone ([3-NF, 80 mg/kg body weight) once daily for 3 consecutive
days. Rats in the fourth and fifth group served as controls and
received an equivalent amount of corn oil or normal saline. The
animals were sacrificed 24 h after the last dose and blood was drawn
from the heart and processed for the isolation of lymphocytes.

2.3. RNA extraction

Total RNA was extracted from whole blood isolated from
control and MC pretreated rats by TRIzol LS and from liver by
TRIzol reagent (Life Technologies, USA) according to manufac-
turer’s protocol.

2.4. Semi-quantitative PCR analysis

cDNA was synthesized essentially as described in study by Johri
et al. [19]. Prior to the amplification of CYPs, normalization was
carried out with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), the housekeeping gene. Reactions without RNA were
also carried out which served as the negative RT control. The
sequences of primers for CYP1A1, CYP1A2, CYP1B1, AhR, Arnt and
GAPDH were described earlier [20-24]. PCR was carried out as
described earlier [19], and products were analyzed by agarose gel
electrophoresis using VERSA DOC Imaging System Model 1000
(Bio-Rad, USA). The densitometry was performed using Quantity
One Quantitation software of Bio-Rad.

2.5. Quantitative RT-PCR analysis

For quantitative PCR, cDNA was synthesized by High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) as described
by Shah et al. [25]. The sequence of primers used for CYP1A1,
CYP1A2, CYP1B1, AhR, Arnt and GAPDH have been described in the
literature [26-29]. The PCR reaction mixture for CYP1A1, 1A2, 1B1,
AhR, Arnt and GAPDH in 20 pl contained 1X TagMan Universal PCR
Master Mix (Applied Biosystems), 10 pM of each gene primers,
4pM of each gene probe, 2 pl cDNA and nuclease-free H,O.
TagMan assays for each gene target were performed in triplicate on
cDNA samples in 96-well optical plates on an ABI 7900HT Fast
Real-Time PCR System (Applied Biosystems). PCR conditions were
as follows: 50 °C for 2 min, 95 °C for 10 min followed by 40 cycles
of 95 °C for 15 s and 60 °C. For absolute quantification of CYP1A1,
1A2 and 1B1, the number of copies of mRNA was calculated by
interpolation from the standard curve generated using known
amount of full length cDNA clone of CYP1A1, 1A2 and 1B1.

2.6. Isolation of blood lymphocytes

Blood lymphocytes were isolated by method described in study
by Dey et al. [12]. The cell preparations contain >80% of
lymphocytes, less than <10% of monocytes, and granulocytes,
erythrocytes and platelets (<5%). Therefore, as such these cells
should be termed as peripheral blood mononuclear cells (PBMC).
However, as majority of the cells are lymphocytes, these
preparations for ease of nomenclature and in the literature too,
are generally termed as lymphocytes. In brief, 4.0 ml of whole
blood was diluted with 4.0 ml of phosphate buffered saline (PBS),
pH 7.4, and carefully layered over 2.0 ml of histopaque 1077. After
centrifugation at 400 x g for 30 min at room temperature, the
opaque interface containing mononuclear cells was transferred
into a clean centrifuge tube. After repeated washing with PBS and
recentrifugation at 250 x g, the lymphocyte pellet was resus-
pended in 0.5 ml of PBS. The number of cells was counted by a
haemocytometer and the viability of the cells was assayed by the
trypan blue exclusion test.

2.7. Preparation of microsomes and enzymatic analysis

Microsomal preparation from liver and blood lymphocytes
were prepared by methods reported earlier [30,31]. The micro-
somal pellets were resuspended in microsomes dilution buffer
containing 0.1 M potassium phosphate buffer, pH7.25, 20% (v/v)
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glycerol, 0.25 mM PMSF, 0.01 M EDTA and 0.1 mM DTT and then
stored at —70 °C till further analysis.

The activity of 7-ethoxyresorufin-O-deethylase (EROD) and 7-
methoxyresorufin-O-deethylase (MROD), marker enzymes of
CYP1A1 and CYP1A2 respectively were determined in rat liver
and blood lymphocytes by the modified method of Parmar et al.
[30]. Invitro inhibition studies with polyclonal antibody specific for
CYP1A1/1A2 and organic inhibitors of CYP1A1 and CYP1A2 were
carried out as described earlier [30]. Protein content of the samples
was estimated by the method of Lowry et al. [32] using bovine
serum albumin as the reference standard.

2.8. Immunoblot analysis

CYP1A1/1A2 isoenzymes were identified by western blot
analysis in liver and lymphocytes solubilized preparations
isolated from control and treated animals as described earlier
[30]. In brief, the membranes after transfers were incubated with
primary antibody (1:500 dilutions) overnight at 32 °C. The
membranes after washing were incubated with secondary
antibody (alkaline phosphate conjugated goat anti-rabbit) at
1:10,000 dilutions for 30 min at room temperature. After
washing, the color was developed by incubating the membrane
with 5-bromo 4-chloro-3-indolyl phosphate (BCIP) and nitro blue
tetrazolium (NBT). The bands in the lanes containing liver
samples were clearly visible within 2-3 min while the mem-
branes were left in the color solution for almost 15-20 min to let
the bands in the lanes containing lymphocytes samples become
distinct. Densitometric analysis of the bands was carried out
using Quantity One Quantitation Software version 4.3.1 (Bio-Rad,
USA).

2.9. Statistical analysis
Students’ t-test was employed to calculate the statistical
significance between control and treated groups. p < 0.05 was

considered to be significant when compared with the controls.

3. Results
Approximately (2-3) x 10° cells were present in 0.5 ml of rat
blood lymphocyte suspension. The viability of these cells was
above 95%.
3.1. mRNA expression of PAH-responsive CYPs in blood lymphocytes
The PCR amplification of cDNA prepared from RNA samples

isolated from blood lymphocytes or liver of control or MC
pretreated rats with the primers of GAPDH, resulted in the
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formation of PCR products of expected band size of 373 bp (Fig. 1).
Densitometric analysis revealed almost equal intensity of the PCR
product in the cDNAs samples isolated from control or treated
animals (data not shown). Semi-quantitative PCR with primers
specific for CYP1A1, 1A2, 1B1, AhR and Arnt resulted in the
formation of PCR products of correct sizes of 341 bp (CYP1A1),
793 bp (CYP1A2), 312 bp (CYP1B1), 340 bp (AhR) and 413 bp
(Arnt) respectively in cDNA prepared from RNA samples isolated
from blood lymphocytes or liver of control and MC pretreated rats
(Fig. 1). The mRNA expression of CYP1A1, 1A2, 1B1 and associated
transcription factors was found to be several fold lower in freshly
prepared control blood lymphocytes when compared to control
liver. As observed in the liver, pretreatment of MC was found to
increase the expression of these CYP isoenzymes, AhR and Arnt in
freshly prepared blood lymphocytes (Fig. 1). Densitometric
analysis (data not shown) revealed that the mRNA expression of
CYP1A1, 1A2 and 1B1 was increased up to 3.5-, 2.0- and 3.0-fold
respectively in blood lymphocytes isolated from MC pretreated
rats as against several fold higher magnitude of induction observed
in the liver. Likewise, mRNA expression of AhR and Arnt was also
increased by approximately 1.5- and 1.0-fold in freshly prepared
blood lymphocytes as against several fold higher expression
observed in the liver.

Quantitative PCR (RT-PCR) was also carried to quantify the
mMRNA expression and inducibility of PAH-responsive CYPs in
freshly prepared blood lymphocytes. Prior to absolute and relative
quantification of CYP and associated transcription factors, each
sample was normalized with housekeeping gene (GAPDH), which
served as an endogenous control. The expression of GAPDH was
found to be uniform in all the samples (control and treated)
analyzed, confirming the integrity of RNA used in assays. qRT-PCR
data revealed that the levels of CYP1A1, 1A2 and 1B1 were several
fold lower in freshly prepared blood lymphocytes isolated from the
control rats when compared to the liver enzymes (Table 2). The
mMRNA expression of CYP1A2 and 1B1 was found to be expressed at
relatively higher levels in blood lymphocytes isolated from control
rats when compared to CYP1A1. Likewise, as seen in the liver,
marked differences were observed in the induction of these CYPs
and associated transcription factors in blood lymphocytes isolated
from MC pretreated animals (Tables 1 and 2). CYP1A1, 1A2 and 1B1
isoenzymes exhibited 8.0-, 3.0- and 6.0-fold increase in the mRNA
in freshly prepared blood lymphocytes isolated from MC pre-
treated rats when compared to massive increase in the expression
of these isoenzymes (CYP1A1-1226-fold, CYP1A2-54-fold,
CYP1B1-779-fold) in the liver (Table 1). Likewise, 2.5- and 1.8-
fold increase in the mRNA expression of AhR and Arnt was
observed in freshly prepared blood lymphocytes as against 23- and
4.37-fold increase observed in the liver isolated from MC
pretreated rats (Table 1).

AhR 340bp

Arnt 413bp

373bp

Fig. 1. Ethidium bromide-stained agarose gel in blood lymphocytes and liver of rats pretreated with MC. Lane 1 contains 100 bp ladder. Lane 2 contains RT-PCR product
without RNA. Lanes 3 and 4 contain 5 .l of RT-PCR product of RNA isolated from lymphocytes of control and MC pretreated rats respectively. Lanes 5 and 6 contain 5 pl of RT-

PCR product of RNA isolated from liver of control and MC pretreated rats respectively.
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Table 1 Table 3
RT-PCR of CYP1A, 1B1 and associated transcription factors in rat. Effect of CYP inducers on the activity of hepatic and lymphocyte EROD and MROD.
Fold change Lymphocytes Liver
Lymphocytes Liver EROD MROD EROD MROD
Control MC Control MC Control 0.9+0.09 1.6+0.09 40.3+4.43 19.6 £2.06
CYP1A1 1.0+£0.09 7.940.59" 1.0+0.11 1226.2 +85.84" Mc 2.2 iO.]la 4'2i0'20~ 606.2:+ “'7} 285‘8i7'11*
. . B-NF 1.4+£0.07 3.94+0.10 454.3+8.92 210.1£6.50
CYP1A2 1.04+0.08 3.2+0.37 1.04+0.09 54.2+7.93 PB 0.8+0.06 144003 3714807 187 +1.82
CYP1B1 1.0+0.11 6.1+£0.44" 1.0+0.07 779.1 +47.11° . . ’ ’ . . . ’
AhR 1.0+0.07 25+017 1.0+0.12 2314375 All the values are mean + S.E. of 3 experiments.
Arnt 1.0+0.09 1.8+0.13 1.0+ 0.10 444051 The enzyme activity is expressed as pmoles resorufin/min/mg protein.

Values represent mean+S.E. of 3 experiments (each reaction was performed in
triplicate).
The threshold cycle value (Ct values) of each sample was normalized with Ct values of
endogenous control (GAPDH) [ACt].
Fold Change is calculated from AACt¥ value of each sample.
#AACt=ACt of treated — ACt of control.

" p<0.05 when compared with the controls.
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Fig. 2. Western blot analysis of CYP1A1/1A2 in blood lymphocytes and liver of rats
pretreated with MC. Lanes 1 and 2 contain 12.5 pg of microsomal protein isolated
from liver of control and MC pretreated rats respectively. Lane 3 is blank. Lanes 4
and 5 contain 400 p.g of microsomal protein isolated from lymphocytes of control
and MC pretreated rats respectively.

3.2. Western blotting studies

Western blotting studies with polyclonal antibody raised
against rat liver CYP1A1/1A2 revealed significant immunoreactivi-
ty in liver microsomal proteins isolated from control rats. As
compared to liver, very faint immunoreactivity was observed with
anti-CYP1A1/1A2 in the lane containing freshly prepared blood
lymphocytes protein isolated from control rats (Fig. 2). Pretreat-
ment with MC resulted in massive increase in the immunoreactivi-
ty comigrating with rat liver CYP1A1 (57 kDa) and 1A2 (53 kDa). As
observed with liver protein, pretreatment with MC resulted in
several fold increase in immunoreactivity comigrating with rat
liver CYP1A1(upper band) and 1A2 (lower band) in the lane
containing microsomal proteins isolated from blood lymphocytes
(Fig. 2).

3.3. Enzymatic studies

Freshly prepared uncultured and non-stimulated blood lym-
phocytes were found to catalyze the dealkylation of 7-ethoxyr-
esorufin (ER) and 7-methoxyresorufin (MR). As reported earlier
with ER [12], the rate of resorufin formation from ER or MR was
linear up to 30 min at protein concentration of 25 g in the

" p<0.05 when compared to the controls.

Z;I:)laer:nt kinetic constants for rat blood lymphocyte EROD and MROD.
Kin Vinax
EROD MROD EROD MROD
Control 0.7+ 0.04‘ 23+ 0.08x 1.6+ 0.09‘ 8.0+ 0.54'
MC 0.5 +0.04 1.6 +£0.05 4.4+037 13.8+0.91

Values represent data+S.E. of 3 experiments.
K is expressed in WM and V.« in pmoles resorufin formed/min/mg protein.
" p<0.05 when compared with the controls.

presence of NADPH. No activity of EROD or MROD was observed in
the lymphocytes when NADPH was substituted with NADH.
Addition of SKF-525A to the complete system significantly
inhibited the activity of EROD or MROD. Likewise, when the
reaction mixture was saturated with carbon monoxide, significant
inhibition was observed in the activity of EROD and MROD in the
blood lymphocytes (data not shown).

Pretreatment with 3-methylcholanthrene (MC) or 3-naphtho-
flavone (3-NF) resulted in a significant increase in the activity of
EROD and MROD in the blood lymphocytes (2-4-fold), though
much higher increase (10-15-fold) was observed in the liver
(Table 3). In contrast, treatment with PB did not produce any
significant change in the activity of EROD or MROD in freshly
prepared blood lymphocytes and liver (Table 3). Lineweaver-Burk
plot analysis showed that as observed with EROD in the present
study and as reported earlier [12], the O-dealkylation of 7-
methoxyresorufin exhibited a monophasic pattern of enzyme
kinetics in blood lymphocytes. A significant increase in the affinity
(apparent K,,) for the substrate (MR or ER) towards lymphocyte
enzyme was observed in blood lymphocytes isolated from MC
pretreated rats. This increase in the affinity of the substrates was
associated with a significant increase in the apparent Viax in
freshly prepared blood lymphocytes isolated from MC pretreated
rats (Table 4).

3.4. In vitro inhibition studies

The effect of in vitro addition of organic inhibitors or polyclonal
antibody specific for CYP1A1/1A2 in reaction mixture containing

Table 2
Absolute quantification of CYP1A1, 1A2 and 1B1 mRNA by RT-PCR.
Lymphocytes Liver
Control MC Control MC

Number of mRNA molecules/pg of total RNA

CYP1A1 7.0x 10> +0.91 x 103 5.7 x 104 +£4.02 x 10>
CYP1A2 82x10°+1.14x 10° 2.9x10%+3.31x10%
CYP1B1 1.1 x 10%+1.45 x 10° 7.3 x10%+£4.70 x 10>

4.4%x10%+£3.23x 107
8.1 x10%+£4.90 x 107
6.3x10%+4.12x 107

3.3x10°+£2.54 x 10*
1.3 x 107 +£9.22 x 10°
7.0 x 10° +8.21 x 10

Values represent mean =+ S.E. of 3 experiments (each reaction was performed in triplicate).
Number of copies of mRNA was calculated by interpolation from the standard curve generated using known amount of full length cDNA clone of CYPs with slope ranges from —3.2 to

—3.3 approximately and R? ranges ~0.98-0.99.
" p<0.05 when compared with the controls.
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MROD

Table 5

In vitro effect of organic inhibitors and anti-CYP1A1/1A2 on the activity of blood lymphocyte EROD and MROD.
EROD
Control

MC Control MC

*pmoles resorufin/min/mg protein

None 0.9+0.09* (100%)
Acetone 98.9%
a-NF 1x10°°M 87.9%
1x107*M 82.1%
1x103M 75.0%"
SKF-525A 1x10°°M 73.9%
1x10°4M 71.3%
1x103M 60.0%"
DMSO 99.5%
Furafylline 1x107°M 85.0%
1x1074M 77.9%
1x103M 72.9%
Pre-immune IgG 0.3mg 99.7%
0.8mg 99.3%
Anti-CYP1A1/1A2 0.3mg 87.1%
0.8mg 72.9%

2.3+0.11% (100%) 1.6 +0.06" (100%) 4.2 +0.20% (100%)

93.6% 96.3% 99.3%
56.2% 72.5% 54.0%"
45.9% 67.5% 47.4%
29.2%" 59.3% 26.9%"
89.7% 69.4% 80.4%
71.7% 62.5% 69.8%"
57.9% 56.9% 61.1%"
97.4% 98.1% 99.5%
78.9% 51.3% 44.6%
70.8% 46.9% 31.6%
66.9% 30.6% 18.6%

100.0% 91.9% 96.9%
96.1% 60.0% 48.6%
47.6% 90.6% 96.0%"
29.2%" 45.6% 14.4%

Values represent data +S.E. of 3 experiments.

Values with inhibitor and vehicles represent % activity remaining after assay with inhibitor and respective vehicles.

" p<0.05 when compared with the controls.

blood lymphocytes isolated from control or MC pretreated rats are
summarized in Table 5. In vitro addition of acetone or DMSO, the
solvents used as vehicles to dissolve a-naphthoflavone (o-NF) and
furafylline respectively, to the blood lymphocytes isolated from
control or MC pretreated rats, did not produce any effect on the
activity of EROD or MROD. In vitro addition of SKF-525A, an
inhibitor of CYP catalyzed reactions, to the reaction mixture
containing blood lymphocytes isolated from control rats produced
a concentration dependent decrease in the activity of EROD and
MROD, particularly at higher concentrations. In contrast, in vitro
addition of «-NF, a inhibitor of CYP1A, particularly CYP1A1
catalyzed reactions to the blood lymphocytes isolated from control
rats produced a small decrease in the activity of EROD or MROD,
though significant only at the highest concentration while addition
of furafylline, an inhibitor specific for hepatic CYP1A2 catalyzed
reactions, produced a small but significant concentration depen-
dent decrease in the activity of MROD at all the concentrations. A
decrease in the activity of EROD was also observed on in vitro
addition of furafylline, particularly at higher concentrations
(Table 5).

In contrast to that seen with control blood lymphocytes, in vitro
addition of «-NF to blood lymphocytes isolated from MC
pretreated rats, produced a significant concentration dependent
inhibition in the activity of EROD or MROD, though relatively
higher magnitude of inhibition was observed in the activity of
EROD (Table 5). Likewise, in vitro addition of different concentra-
tions of furafylline produced significant concentration dependent
inhibition in the activity of EROD or MROD, though a much greater
magnitude of inhibition (up to 80%) was observed in the activity of
MROD. However the magnitude of inhibition of the activity of
EROD or MROD on in vitro addition of SKF-525A to the lymphocytes
isolated from MC treated rats was almost similar to that seen with
control blood lymphocytes (Table 5).

Likewise, in vitro addition of polyclonal antibody raised against
rat liver CYP1A1/1A2 to the reaction mixture containing blood
lymphocytes isolated from MC pretreated rats produced a
concentration dependent inhibition of the activity of EROD and
MROD. In contrast, a decrease, though much smaller in magnitude,
was observed in the activity of EROD and MROD on in vitro addition

of polyclonal antibody raised against rat liver CYP1A1/1A2 to blood
lymphocytes isolated from control rats (Table 5). Pre-immune IgG
did not produce any effect on the activity of EROD or MROD, when
added in vitro to reaction mixtures containing blood lymphocytes
obtained either from control or MC pretreated rats (Table 5).

4. Discussion

Our data demonstrated that PAH-metabolizing CYP1A1, 1A2,
1B1 and the associated transcription factors, AhR and Arnt are
expressed in freshly prepared uncultured and non-stimulated
blood lymphocytes isolated from control rats. CYP1B1, an
extrahepatic CYP were found to be expressed at much higher
levels in freshly prepared blood lymphocytes when compared to
CYP1A1 and CYP1A2. CYP1B1 has been earlier reported to be the
major CYP isoenzyme expressed in human blood lymphocytes and
monocytes [33,34]. Though most of the earlier studies were
performed with cultured blood lymphocytes, CYP1A1 mRNA
expression was reported to be almost undetectable in blood
lymphocytes. Using sensitive and quantitative reverse transcrip-
tase-PCR, Vanden Heuvel et al. [35] reported reproducible CYP1A1
mRNA expression in uncultured and non-stimulated human blood
lymphocytes at levels that were 10-40-fold lower than in cultured
and mitogen stimulated lymphocytes.

Significant increase in the mRNA expression of CYP1A1, 1A2,
1B1 and associated transcription factors in freshly prepared blood
lymphocytes isolated after 3-MC treatment have demonstrated
that responsiveness to PAHs is retained in blood lymphocytes.
Similar to that seen in the liver, maximum induction was observed
in CYP1A1 mRNA (8-fold) followed by CYP1B1 (6.5-fold) and
CYP1A2 (3.5-fold). Previous studies from our laboratory have also
shown similarities in the induction profile of CYP1A1, 2E1 and 3A
mRNA in freshly prepared blood lymphocytes with the liver
enzymes [12,36,37]. Likewise, though significant constitutive and
inducible variation in CYP1A1 and 1B1 expression is reported in
cultured and mitogen stimulated human blood lymphocytes,
enhanced responsiveness of these CYPs towards PAHs was also
reported in uncultured lymphocytes isolated from dioxin exposed
individuals [34]. It has been suggested that this significant increase
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in the CYP1A1 and 1B1 mRNA expression in uncultured blood
lymphocytes, which are characterized by low basal expression,
may reflect exposure to PAHs as seen in the smokers [34,35,38].
Significant increase in the mRNA expression of CYP1A2 in blood
lymphocytes has further shown similarities in the responsiveness
of blood lymphocyte CYP1A isoenzymes with the tissue enzymes.
Though not much information is available on the expression and
inducibility of CYP1A2 in rodent blood lymphocytes, CYP1A2
mRNA has been reported to be expressed in uncultured human
blood lymphocytes and its expression was found to be increased in
patients suffering from liver cancer and other liver diseases
[13,39,40].

The expression of AhR and Arnt in freshly prepared uncultured
blood lymphocytes isolated from control rats has provided
evidence for similarities in the mechanism regulating PAH-
responsive CYP1A1, 1A2 and 1B1 genes in blood lymphocytes
with the tissue enzyme. The AhR and Arnt mRNA expression has
also been reported earlier in human blood lymphocytes [7,41]. It
has been hypothesized that the expression levels of AhR and Arnt
contribute to the differences in CYP1A1 and 1B1 inducibility in
humans [7,41]. While AhR expression correlated with CYP1A1
inducibility in cultured and mitogen stimulated human lympho-
cytes and cigarette smoking interfered with the mechanism of
AhR-mediated CYP1A1 induction, AhR expression in blood
lymphocytes correlated with constitutive CYP1B1 expression but
not CYP1B1 inducibility [41]. It has been further suggested that
mechanisms, in addition to AhR affinity, that regulate the potency
of AhR-dependent gene expression, may exist particularly in the
blood lymphocytes [11,42].

Western blotting studies have shown that increased transcrip-
tion of CYP1A1 and 1A2 mRNA observed in freshly prepared blood
lymphocytes following pretreatment of MC leads to increased
CYP1A1 and 1A2 protein. Immunoreactivity corresponding to
CYP1A1 has been shown earlier with freshly prepared blood
lymphocytes isolated from rats pretreated with prototypic inducers
(MC, B-NF, cigarette smoke and pyridine) as well as non-prototypic
inducer such as dexamethasone while protein expression of CYP1A2
was not observed in either control or induced rats [11,12]. CYP1A1
protein was also found to be expressed in human blood lympho-
cytes. Smokers were found to have slightly higher levels of CYP1A1
protein when compared to non-smokers while no protein expres-
sion of CYP1A2 was observed in the blood lymphocytes of volunteers
before or after treatment of omeprazole, a gastric anti-ulcer drug,
which induces CYP1A-genes in different human tissues [43]. The
differences in the methodology for e.g. solubilization of lymphocyte
proteins, the sensitivity of antibody used etc. may account for this
disparity in the identification of CYP1A2 protein in freshly prepared
blood lymphocytes. The inability to detect CYP1B1 could be due to
the very low level expression of CYP1B1 protein in normal tissues
suggesting that either CYP1B1 protein is present at very low levels or
CYP1B1 mRNA is not translated in normal tissue [44-46]. Tsuchiya
et al. [47] have recently shown the CYP1B1 expression is post-
transcriptionally regulated by miR-27b. Expression of miR-27b was
found to be down-regulated in cancerous tissue when compared
with non-cancerous tissue and this down regulation could be one of
the causes of higher level of CYP1B1 protein in cancerous tissue.

Further evidence that PAH-responsive CYPs expressed in
freshly isolated blood lymphocytes are catalytically active was
provided by the present study demonstrating O-dealkylation of 7-
ethoxyresorufin (ER) and 7-methoxyresorufin (MR) in freshly
prepared blood lymphocytes. Dey et al. [12], have earlier shown
that blood lymphocytes catalyze the O-dealkylation of 7-ER, a
reaction primarily mediated by CYP1A1 in liver, particularly in MC
induced animals, though CYP1A2 and 1B1 are also known to
catalyse the activity of EROD [48,49]. The present data indicating
the inability of NADH to catalyze the dealkylation of 7-MR and

significant inhibition of the enzyme activity by SKF-525A and
induction by MC have suggested that like 7-ethoxyresorufin-O-
dealkylase (EROD), the activity of 7-methoxyresorufin-O-deal-
kylase (MROD) is catalyzed by CYPs in blood lymphocytes. As
reported earlier with ER [12], a significant increase in the affinity of
MR towards the lymphocytes enzyme following pretreatment of
rats with MC was associated with an increase in the apparent Vy,ax
suggesting that like in the liver, exposure of PAHs leads to
enrichment of CYP1A1 and 1A2 isoenzymes respectively in blood
lymphocytes which catalyze the dealkylation of ER and MR. In vitro
studies using specific inhibitors for CYP1A1(«-napthoflavone) and
1A2 (furfurayline) catalyzed reactions have further shown that the
activity of EROD and MROD is also catalyzed by CYP1A1 and 1A2
isoenzymes in blood lymphocytes.

In conclusion, the present study has provided evidence that
PAH-metabolizing CYP1A1, 1A2, 1B1 and their associated tran-
scription factors, AhR and Arnt are expressed in freshly prepared
uncultured and non-mitogen stimulated blood lymphocytes.
Significant increase in the expression and catalytic activity of
these CYPs, though several fold less when compared to liver,
following pretreatment with MC has demonstrated that respon-
siveness of CYPs is retained in freshly prepared blood lymphocytes.
Likewise, significant increase in the mRNA expression of AhR and
Arnt in blood lymphocytes and similarities in the regulation of
blood lymphocyte EROD and MROD with the liver enzymes
following pretreatment have further shown that mechanisms
similar to that observed in the tissue exist in blood lymphocytes.
Our data thus demonstrates that though the expression and
responsiveness of PAH-inducible CYPs is several fold lower in
freshly prepared blood lymphocytes when compared to liver,
similarities in their regulation with the liver enzyme have
suggested that the expression profile of these CYPs in uncultured
and non-mitogen stimulated blood lymphocytes may be used as a
biomarker to predict exposure of environmental carcinogens.
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