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Introduction

The cytochrome P450-dependent microsomal mixed-
function oxidases (cytochrome P450) are terminal
monoxygenases involved in the metabolism of a wide
variety of structurally diverse compounds. They play a
major role in the metabolism of endogenous substrates'” and
exogenous compounds such as drugs, carcinogens and
environmental chemicals.*

Cytochrome P450 exists as a number of families, each
comprising one or more proteins with specific but
overlapping substrate specificity. This allows the system
unprecedented broad substrate specificity."** Cytochrome
P450s are regulated by hormones such as growth and sex
hormones.

Numerous studies have demonstrated that the P450
proteins, especially those belonging to the CYPIA and
CYP2E families, are involved in the bioactivation of many
xenobiotics, resulting in the production of metabolites
that are highly chemically reactive and may lead to cytotoxic
and mutagenic effects.”” In vivo animal studies show that
those cytochrome P450 isoforms involved primarily in
xenobiotic metabolism (i.e., CYP1, CYP2, CYP3)® are highly
inducible in the liver by chemical exposure and by
pathological conditions such as diabetes mellitus in animal
models."™

The cytochrome P450 enzymes are present in the highest
concentration in the liver hepatocyte; however, they are
expressed in almost every mammalian tissue.* Extrahepatic
expression of P450 isoforms have been demonstrated in, for
example, pancreatic islets of Langerhans,”* kidney,"*" brain
and intestine” and the lung."

Increases in hepatic levels of CYP1A, CYP3A, CYP4A,
CYP2B and CYP2E protein have been demonstrated in
diabetogen-induced and spontaneous type 1 diabetes in
animal models.”” A few studies have demonstrated
lymphocyte expression of specific P450 apoproteins (CYP3A
expression in rats, using various inducers,” and CYP2E1
expression in human subjects with type 1 diabetes™* and in
subjects with alcoholic liver disease®).
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ABSTRACT

The cytochrome P450 system plays a key role in the
metabolism of endogenous and exogenous compounds.
The system is distributed widely in body tissues, with the
highest concentration of the enzymes found in liver
hepatocytes. Extrahepatic expression of the P450 system
has been documented in the lung, pancreas and kidney,
and the enzymes are induced by many disease states,
including diabetes mellitus and cancer. Little attention has
been paid to the expression and inducibility of the system
in peripheral blood lymphocytes. In this study, specific
P450 inducers are administered in vivo to male Wistar rats.
The expression and in vivo induction of the P450 isoforms
CYP2B, CYP2E, CYP3A and CYP4A in liver and
lymphocyte samples is determined using Western blot
analysis. Following in vivo induction, the lymphocyte P450
proteins showed an average three-fold increase in
expression (0.003-0.005 pg P450/ug microsomal protein),
compared to the control lymphocyte samples. Expression
in the induced lymphocyte samples was up to 11-fold
lower than that in the induced liver samples, as expected.
These results indicate that lymphocytes may provide a
relatively simple method by which to monitor the P450
profile in human subjects.
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The CYPIA family has been studied extensively in
lymphocytes®* and has been used as a biomarker for
exposure to environmental pollutants,” and as such is not
included in the present study.

Modulation of the P450 system can alter the capacity of
the individual to metabolise endogenous and exogenous
agents (e.g., steroids, prostaglandins, drugs and
carcinogens) and may increase the possibility of
drug-drug and drug-nutrient interaction.” Peripheral
lymphocytes are exposed to generally higher concentrations
of absorbed chemicals than are tissues, and therefore
drug metabolism mediated by lymphocyte P450 proteins
may make a significant contribution to xenobiotic
metabolism.

In addition, modulation of the P450 proteins by peripheral
lymphocytes may result in the bioactivation of various
chemicals, which may lead to the production of highly
reactive and toxic intermediates. Furthermore, leakage of
these reactive intermediates from lymphocytes may result in
damage (e.g., lipid peroxidation and DNA damage) to
surrounding tissues. If widespread inducibility in
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lymphocytes could be demonstrated then the ability to
monitor the activity of specific P450 enzymes using a
relatively non-invasive procedure (i.e., collection of
peripheral blood lymphocytes) would permit the close
monitoring of individuals considered to be at higher risk
from P450-mediated drug-drug and drug-nutrient
interactions. This would be of particularly value to those
individuals with specific disease states such as type 1
diabetes.

This study aims to explore the expression of the CYP2B,
CYP2E, CYP3A, and CYP4A family of proteins in liver and
lymphocytes from male Wistar rats in response to selected
inducing agents. In addition, the possible correlation
between liver and lymphocyte content of CYP2B, CYP2E,
CYP3A, and CYP4A proteins is also examined.

Materials and methods

Animals

Male albino Wistar rats (250-350 g) were obtained from the
colony maintained at the Biochemical and Behavioural
Research Unit, University of Ulster at Coleraine. All studies
were carried out using ethically approved methods and by
Northern Ireland Home Office authorised animal handling
licence holders. The animals were housed in an air-
conditioned room at 22+2°C with a regular lighting
schedule (12 h light [07.30-19.30], 12 h dark). Animals were
allowed ad libitum access to drinking water and a standard
pellet diet (Diet 41B, Birmingham, UK).

Amnimal pretreatment

Four groups (15 animals per group) were administered
cytochrome P450-inducing agents (Table 1). Each test group
had a respective control group, which received vehicle
without inducing agent. All animals were killed by CO,
inhalation 24 h after the last treatment with inducing agent.
Blood (10-15 mL) was aspirated from the heart using a green
gauge needle (No. 2 Luer; Terumo, Belgium) and a 10 mL
syringe into lithium-heparin blood collection tubes at room
temperature. Liver was excised and placed in a sterile 25 mL
universal container (Sterilin, UK) on ice. A section of the
whole liver and all blood collected from each
treatment/control group were then pooled on the same day
for further processing.

Preparation of liver microsomal fraction
Microsomes were prepared according to the method
described by Ioannides and Parke.”

Lymphocyte isolation

Lymphocytes were isolated from whole blood using a
modification of the method described by Boyum.” Briefly,
whole blood was mixed (1:1) with RPMI 1640 (Gibco Life
Technologies, UK) then 8 mL diluted blood was layered on
10 mL Histopaque 1077 (Sigma, Poole, UK) in a sterile 25 mL
universal container at room temperature.

Following centrifugation at 700 xg for 35 min, the
mononuclear layer (buffy layer) was aspirated carefully,
mixed with 10 mL RPMI 1640 and centrifuged at 400 xg for
10 min. After an additional wash in RPMI 1640 the
mononuclear cells were incubated for 4 h in RPMI 1640
containing 10% fetal calf serum, 200 pg/mL sodium
pyruvate, 100 units/mL penicillin and 100 pg/mL
streptomycin (BDH Laboratory Supplies, Poole, UK) at 37°C
ina 5% CO, in air humidified atmosphere.

Following incubation, the medium, which contained the
lymphocyte fraction, was decanted into a labelled centrifuge
tube. The lymphocytes were washed briefly (x2) with
phosphate-buffered saline (PBS). The resulting cell pellets
were then resuspended in 5 mL freeze down medium (70%
RPMI 1640, 20% fetal calf serum, 10% glycerol; Sigma, Poole,
UK), which was divided equally between two cryotubes and
frozen at —70°C until all samples had been collected.

Preparation of lymphocyte microsomal fraction

Once all induction studies had been completed, frozen
lymphocytes were thawed on ice and cell pellets collected by
centrifugation at 300 xg for 10 min. Microsomal fractions
were prepared using a modification of the method described
by Ioannides and Parke.” Briefly, the lymphocyte pellets
were resuspended in 2-mL ice-cold 0.Imol/L glycerol
phosphate buffer comprising 0.1 mol/L dipotassium
hydrogen orthophosphate (pH to 7.4 by adding 0.1 mol/L
potassium dihydrogen orthophosphate) containing 20%
(v/v) glycerol and a protease inhibitor cocktail (one tablet per
25 mL buffer; Boehringer) and homogenised on ice. Samples
were transferred to ultracentrifuge tubes and sonicated on
ice for 30 sec (six cycles/sec).

Further processing followed the procedure adopted for
liver microsomal samples. Finally, the resultant microsomal
pellet was washed (x1) with ice-cold glycerol phosphate
buffer and resuspended in 100 pL ice-cold glycerol
phosphate buffer before sonicating for 10 sec (six cycles/sec).
The protein concentration of the lymphocyte microsomal
fraction was determined using the method of Bradford.”

Western blotting
Liver and lymphocyte microsomal samples were subjected

Table 1. Protocol for induction of cytochrome P450 enzymes in vivo in male Wistar rats.

P450 subfamily Inducing agent Daily administration Duration
CYP2B Phenobarbitone 0.1% (v/v) in drinking water 7 days
CYP2E Acetone 1% (v/v) in drinking water 7 days
CYP3A Clotrimazole 100 mg/kg in saline (i.p.) 3 days
CYP4A Sodium clofibrate 100 mg/kg in saline (i.p.) 3 days

i.p.: intraperitoneal injection.

Each group had a respective control group that received vehicle without inducing agent.
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Table 2. Cytochrome P450 antibody details.

Lymphocyte P450 induction in Wistar rats

P450 subfamily Antibody/antiserum

Immunised in

CYP2B Anti-rat CYP2B1 polyclonal
CYP2E Anti-rat CYP2E1 polyclonal
CYP3A Anti-rat CYP3A2 polyclonal
CYP4A Anti-rat CYP4A1 polyclonal

Goat CYP2B1 purified in rat liver
Goat CYP2E1 purified in rat liver
Goat CYP3A2 purified in rat liver
Goat CYP4A1 purified in rat liver

Microsome standard supplied (Daiichi Pure Chemicals Co., Japan) with each antibody (antiserum).

to sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). The separated protein
components were transferred to nitrocellulose and probed
with their respective P450 polyclonal antibodies. The
method employed was described by Laemmli,* with some
modification. Briefly, microsomal extracts containing either
40 ug hepatic protein or 100 pug lymphocyte protein were
mixed with equal volumes of Laemmli* sample buffer
(0.01% bromophenol blue [0.1% solution], 15% glycerol, 5%
mercaptoethanol, 2.3% SDS [10% solution], 0.625 mol/L Tis)
and heated to 98°C for 5 min. Boiled samples were then
subjected to SDS-PAGE on a 12% gel. Separated proteins
were electrotransferred to Hybond-ECL nitrocellulose
membrane for 2 h in buffer containing 15.6 mmol/L Tris, 120
mmol/L glycine and 200 mL methanol. The membranes were
incubated with specific P450 polyclonal antibody (1 in 5000
dilution; Daiichi Pure Chemicals Co., Japan; Table 2) for 1 h.

Following washes (5 min x2; 15 min x1) in PBS-Tween,
membranes were treated with alkaline phosphatase-linked
secondary antibody (1 in 30,000 dilution; Sigma, Poole, UK).

Antibody binding was visualised by the addition of two
tablets of 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue
tetrazolium (BCIP/NBT; Sigma, Poole, UK) in 20 mL distilled
H,O.

Western blot analysis
Western blot images were captured using the UVP-grab
system of a real-time recording camera connected to a
UV/white light transilluminator. Images were converted to
* tif format. Protein expression on Western blot images were
semiquantified by analysis of the *.tif format using the
image analysis software program Phoretix 1-D advanced.
All images were analysed in the same manner, which
included peak detection, band measurement and quantity
calibration. The respective P450 standard on each gel was
assigned an arbitrary value of 100%, which permitted
comparison of the test samples. As each P450 standard
contained 5 pg P450 protein, it was possible to calculate the
quantity of P450 protein/jig microsomal protein in each test
sample.

Table 3. Quantification of Western blot images and calculated protein content.

Cytochrome Sample type Band analysis Equivalent g Increase
P450 family Percentage of P450/ug
100% standard microsomal protein
band in sample
CYP2B C-liver 3.70 0.005
I-liver 37.51 0.047 9.4-fold
C-lymphocytes 2.08 0.001
I-lymphocytes 7.55 0.004 4.0-fold
CYP2E C-liver 41.19 0.051
I-liver 64.51 0.081 1.6-fold
C-lymphocytes 4.10 0.002
I-lymphocytes 10.41 0.005 2.5-fold
CYP3A C-liver 33.52 0.042
I-liver 49.36 0.062 1.5-fold
C-lymphocytes 2.92 0.001
I-lymphocytes 6.11 0.003 3.0-fold
CYP4A C-liver 36.34 0.045
I-liver 98.63 0.123 2.7-fold
C-lymphocytes 4.09 0.002
I-lymphocytes 5155 0.003 1.5-fold

C: control, I: induced.
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Fig. 1. Western blot analysis of CYP2B, CYP2E, CYP3A, and CYP4A in liver and lymphocyte microsomal proteins from male Wistar rats.
A) 1: control liver, 2: PB-induced liver, 3: control lymphocytes, 4: PB-induced lymphocytes, 5: CYP2B standard.

B) 1: control lymphocytes, 2: acetone-induced lymphocytes, 3: acetone-induced liver, 4: control liver, 5: CYP2E standard.

C) 1: clotrimazole-induced lymphocytes, 2: control lymphocytes, 3: CYP3A standard, 4: control liver, 5: clotrimazole-induced liver.

D) 1: control lymphocytes, 2: Na clofibrate-induced lymphocytes, 3: CYP4A standard, 4: control liver, 5: Na clofibrate-induced liver.

Results

Basal levels (constitutive expression) of liver P450
microsomal proteins determined by Western blotting with
polyclonal antibodies against the four isoforms are
presented in Figure 1. Analysis of the immunoreactive
bands, together with the calculated microsomal protein
content of the bands, is presented in Table 3.

In contrast to the control liver (0.005-0.051 pg P450/ug
microsomal protein), control lymphocyte microsomes
showed up to 18-fold less P450 protein expression (Fig. 1. A:
lane 3, B: lane 3, C: lane 2, D: lane 1; Table 3: 0.001-0.002 ug
P450/ug microsomal protein).

After in vivo treatment with the various inducers (Table 1),
the liver P450 isoforms showed up to a 3.4-fold increase
(Table 3) in expression (Fig. 1. A: lane 2, B: lane 3, C: lane 4,
D: lane 5). Lymphocyte microsomal proteins were also
induced following in vivo treatment (Fig. 1. A: lane 4, B: lane
2, C: lane 1, D: lane 2), specifically the isoforms CYP2B (four-
fold increase), CYP2E (2.5-fold increase), CYP3A (three-fold
increase) and CYP4A (1.5-fold increase).

Isoform CYP2B showed the least basal expression of all
four isoforms; however, it also showed the greatest degree of
induction in the liver and lymphocyte samples (9.4- and
four-fold increase, respectively). All four isoforms showed an
increase in expression in the liver and lymphocyte samples
following in vivo induction.
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Discussion

This is the first study to investigate basal expression and
induction of all four P450 proteins in rat lymphocytes, and
shows that there is basal expression, albeit at very low levels
(up to 11-fold lower than in liver), of the P450 isoforms
CYP2B, CYP2E, CYP3A and CYP4A in control male Wistar
rat lymphocytes. The results also demonstrate that CYP2B,
CYP2E, CYP3A and CYP4A are inducible in vivo in rat
lymphocytes. The isoenzymes CYP2B, CYP2E and CYP3A
showed slightly stronger expression than CYP4A following
in vivo induction.

The results agree, in part, with Merk et al.,” who used
polymerase chain reaction (PCR) analysis of P450 messenger
RNA (mRNA) expressed in benzanthracene-induced human
monocytes, and found expression of CYP2B6, CYP1B1 and
CYP2E, but did not detect CYP1A1 activity. Murray et al.*
showed CYP3A isoenzyme expression in control human
polymorphonuclear leucocytes, and Raucy et al.* found that
levels of CYP2E were 2.3-fold higher in alcohol abusers than
in control subjects.

The present study demonstrates induction of the P450
proteins in the hepatic fractions, and a similar induction
profile in the lymphocyte fractions in the same animals.
Immunoblotting indicates that lymphocyte expression of
lymphocyte P450 is markedly lower than hepatic expression
(up to 11-fold), as expected. This agrees, in part, with the



findings of Mahnke et al.,” who investigated levels of CYP3A
in male and female Sprague-Dawley rat lymphocytes and
showed expression in lymphocytes to be approximately
1000-fold lower than that found in liver.

The ability of the P450 system to bioactivate many
xenobiotics, and the ability of a specific isoform, CYP2EI, to
generate reactive oxygen species is well documented.”*¥ In
addition to the reactive intermediates produced, modulation
of the P450 system may alter the capacity of the individual to
metabolise endogenous and exogenous substrates, and
increases the possibility of drug—-drug and drug-nutrient
interaction.**

Therefore, modulation of the P450 proteins by peripheral
lymphocytes could result in the production of highly
reactive and toxic intermediates, and leakage of these
reactive intermediates from lymphocytes may result in
damage to surrounding tissues (lipid peroxidation and DNA
damage).

Such damage could have significant implications for
patients with atherosclerosis and diabetes, as both diseases
are associated with oxidative damage to blood vessels.** In
addition, modulation of the system may have adverse affects
on drug-drug interactions, especially in drugs with a
narrow therapeutic index.

In conclusion, this study demonstrated that CYP2B,
CYP2E, CYP3A and, to a lesser extent, CYP4A are inducible
in male Wistar rat lymphocytes following in vivo treatment
with specific inducers. In addition, a similar induction
profile was observed in the liver following in vivo induction.
Thus, a human lymphocyte P450 profile may be employed
as an indicator of the hepatic P450 profile in humans.
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