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Abstract
Alpha2-adrenoceptor agents as well as stress affect the activity of several hepatic monoxygenases including those related to CYP1A

enzymes. This study was therefore designed to assess the role of central and/or peripheral catecholamines and, in particular, of

adrenoceptors in the regulation of B(a)P-induced cytochrome CYP1A1 expression. In order to discriminate the role of central from that of

peripheral catecholamines in the regulation of CYP1A1 induction, the effect of central and peripheral catecholamine depletion using

reserpine versus only peripheral catecholamine depletion using guanethidine was assessed. By using selected agonists and antagonists, the

role of alpha and beta-adrenoceptors in the regulation of CYP1A1 induction was evaluated. The results showed that the central

catecholaminergic system has a negative regulatory effect on 7-ethoxyresorufin O-deethylase (EROD) inducibility by benzo(a)pyrene

(B(a)P), and that this may be mediated via a1-, a2- and b-adrenoceptors. Specifically, stimulation of a2-adrenoceptors with

dexmedetomidine and blockade of a1- or b-adrenoceptors with prazosin or propranolol respectively, resulted in a further increase

of EROD inducibility. Adrenoceptors were found to be involved in the regulation of the CYP1A1 gene at mRNA level. Both, reduced

noradrenaline release in central nervous system induced with dexmedetomidine and central catecholamine depletion, as well as blockade

of central a1-adrenoceptors induced with prazosin, all were associated with up-regulation of CYP1A1 expression. In contrast, stimulation

of central beta-adrenoceptors with isoprenaline resulted in a down-regulation of CYP1A1 expression. Our observations indicate that drugs,

which stimulate or block adrenoceptors and catecholamine release may lead to complications in drug therapy and modulate the toxicity or

carcinogenicity of drugs that are substrates for the CYP1A1.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Cytochrome P4501A1 (CYP1A1) is well known for its

role in the bioactivation of environmental toxins and

carcinogens such as aromatic amines and polycyclic aro-

matic hydrocarbons (PAHs) [1–5]. Induction and a high

activity of the CYP1A1 have been associated with

increased toxicity and cancer risk, when exposed to
Abbreviations: EROD, 7-ethoxyresorufin O-deethylase; CYP1A1, cyto-

chrome P4501A1 gene; B(a)P, benzo(a)pyrene; PAHs, polycyclic aromatic

hydrocarbons; Ah, aromatic hydrocarbon; NA, noradrenaline; XREs, xeno-

biotic responsive elements; RIA, radioimmunoassay
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tobacco smoke or other environmental pollutants including

these compounds [6].

A key activator of the CYP1A1 gene is the aromatic

hydrocarbon (Ah) receptor, which acts as a ligand activated

transcription factor interacting with xenobiotic responsive

element(s) (XRE(s)) on the CYP1A1 promoter [7]. The Ah

receptor can be activated by several ligands including the

PAHs, such as benzo(a)pyrene (B(a)P) [5]. Because the

B(a)P and related substances act both as inducers of the

CYP1A1 gene and as pre-carcinogenic substrates of the

corresponding enzyme, they are considered a particularly

important group of toxicants [4,6].

In addition to the Ah receptor, some other transacting

factors may also modulate the expression of the CYP1A1.
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Repeated restraint stress, an experimental model of psycho-

logical and physical stress [8,9], has been shown to affect the

CYP1A1-dependent 7-ethoxyresorufin O-deethylase (ERO-

D) activity in a complex manner [10,11]. The constitutive

EROD of rat liver was suppressed under restraint stress [10],

while the B(a)P-induced EROD was further enhanced

[10,11]. Not much is known about the mechanisms by which

stress affects EROD activity, although the majority of experi-

mental evidence supports a central role of noradrenaline

[8,12], which is released from either noradrenergic nerve

terminals or adrenal medulla, and acts via binding to specific

adrenergic receptors [13]. The stress response cascade

involves several complex physiological changes, including

changes in sensitivity and/or density of rat brain b-adreno-

ceptors following chronic stress. Although the control of

adrenoceptors is complex, steroid hormones, such as corti-

costeroids, are now known to directly modulate target cell

gene transcription [14].

In a previous study we showed that stimulation of a2-

adrenoceptors with dexmedetomidine affects the activity of

several hepatic monoxygenases including those related to

CYP1A enzymes [11]. This could be of importance for drug

toxicity and for drug–drug interactions as central and per-

ipheral a2-adrenoceptors hold an important physiological

role and are considered therapeutic targets for a variety of

drugs that have applications in hypertension, angina pectoris,

congestive heart failure, cardiac arrhythmia, asthma, depres-

sion, prostatic hypertrophy, and glaucoma [15,16].

The goal of this study was to find out, how central and/or

peripheral catecholamines regulate the B(a)P-induced

CYP1A1 expression; in particular, the possible role of

central and peripheral adrenoceptors in the modulation

of CYP1A1 induction was investigated. For this purpose,

specific drugs were used to manipulate the levels of central

and peripheral catecholamines in vivo, and selective ago-

nists and antagonists of alpha and beta-adrenoceptors were

used to modulate the adrenoceptor-dependent signaling

pathways. In addition, the effects of peripheral adrenaline

administration was assessed.
2. Materials and methods

2.1. Animals and study design

Adult male Wistar (Kuo/Io/rr rats, 2–3 months old) bred

at Ioannina University Animal House, were used. Animals

were housed in groups of five to six plastic cages under 12-

h light/12-h dark cycle with lights on at 6.00 a.m. Standard

rodent chow and tap water were provided ad libitum. All

procedures conformed to the International European Ethi-

cal Standards (86/609-EEC) for the care and use of

laboratory animals.

Drug administration paradigms are shown in Table 1.

Dosage of adrenoceptor agonists and antagonists was

chosen according to the literature to achieve sufficient
stimulation or blockade of the adrenoceptors and conse-

quent alterations in noradrenergic neurotransmission

[15,17–19]. In addition, dosing regimes were such that

all animals remained healthy throughout the experiment.

Verification of drug-induced modulation in noradrena-

line (NA) levels was done by measuring NA in hypotha-

lamus using ion-pairing reverse phase high performance

liquid chromatography with electrochemical detection

(HPLC), [20,21].

Reserpine (Sigma-Aldrich; 5 mg/kg, i.p.) and guanethi-

dine (Sigma-Aldrich, 40 mg/kg, i.p.) were administered

daily for four and five consecutive days, respectively.

Adrenaline (Demo, 0.5 mg/kg, s.c.) was administered daily

for four consecutive days. Adrenaline was administered in

the optimal dose to avoid cardiovascular problems, in

particular, heart cell necrosis [22].

Phenylephrine (Sigma-Aldrich, 2 mg/kg, i.p.) or prazosin

(Sigma-Aldrich, 20 mg/kg, i.p.) were administered daily for

four consecutive days. When both drugs were given, prazosin

was administered 1 h before phenylephrine.

Dexmedetomidine (Orion Pharmaceuticals Farmos,

5 mg/kg, s.c.) or atipamezole (Orion Pharmaceuticals

Farmos, 200 mg/kg, s.c.) were given daily for four con-

secutive days. The dose of dexometomidine (a2-agonist)

was chosen at 5 mg/kg in order to avoid sedation of the

animals and that of atipamezole (a2-antagonist) at 200 mg/

kg, in order to maximally block the effect of dexmedeto-

midine [23]. In combined treatments, atipamezole was

given 3 min before dexmedetomidine.

Isoprenaline (Isuprel, Abbott, 2 mg/kg, i.p.) or proprano-

lol (Sigma-Aldrich, 10 mg/kg, i.p.) were administered daily

for four consecutive days. When both drugs were given,

isoprenaline was administered 10 min before propranolol.

Benzo(a)pyrene (Sigma-Aldrich, 10 mg/kg, i.p.) dis-

solved in olive oil (Minerva) was administered for three

consecutive days (the last dose 24 h before sacrifice). Olive

oil intraperitonally and normal saline subcutaneously were

injected in controls for three and four consecutive days,

respectively.

B(a)P administration started 12 h after reserpine in

order to avoid the reserpine-induced massive release of

catecholamines during the first 4 h. Thus, when B(a)P

treatment started, central and peripheral catecholamine

levels were strongly reduced [24]. Guanethidine adminis-

tration started 24 h before B(a)P in order to achieve a

permanent depletion of peripheral catecholamines during

the administration of B(a)P [25].

Two hours after the last treatment, animals were sacri-

ficed by decapitation and livers were dissected for isolation

of microsomes and total RNA.

All reagents and chemicals used were of the highest

quality grade available. [a-32P]-dCTP was purchased

from Amersham International Plc (Amersham) and the

specific CYP1A1 cDNA was kindly donated by Dr Olavi

Pelkonen (Oulu, Finland). The rat polyclonal CYP1A1 anti-

body was kindly donated by Dr Ronald Wolf (London, UK).
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Table 1

Dosing regimens and treatment protocol to assess the role of catecholamines and adrenoceptors in the regulation of B(a)P-induced hepatic CYP1A1 in rats

Treatment groups Day

1 2 (9:00–12:00 h) 3 (9:00–12:00 h) 4 (9:00–12:00 h) 5 (9:00–12:00 h)

I No treatment B(a)P or

vehicle

Normal saline B(a)P or

vehicle

Normal saline B(a)P or

vehicle

Normal saline No treatment Normal saline

Guanethidine (9.00 a.m.) Guanethidine Guanethidine Guanethidine Guanethidine

Reserpine (9.00 p.m.) Reserpine Reserpine Reserpine Normal saline

No treatment Adrenaline Adrenaline Adrenaline Adrenaline

II B(a)P or

vehicle

Normal saline B(a)P or

vehicle

Normal saline B(a)P or

vehicle

Normal saline No treatment Normal saline

Phenylephrine Phenylephrine Phenylephrine Phenylephrine

Prazosin Prazosin Prazosin Prazosin

Phenylephrine

+ prazosin

Phenylephrine

+ prazosin

Phenylephrine

+ prazosin

Phenylephrine

+ prazosin

III B(a)P or

vehicle

Normal saline B(a)P or

vehicle

Normal saline B(a)P or

vehicle

Normal saline No treatment Normal saline

Dexmedetomidine Dexmedetomidine Dexmedetomidine Dexmedetomidine

Atipamezole Atipamezole Atipamezole Atipamezole

Dexmedetomidine

+ atipamezole

Dexmedetomidine

+ atipamezole

Dexm edetomidine

+ Atipamezole

Dexm edetomidine

+ atipamezole

IV B(a)P or

vehicle

Normal saline B(a)P or

vehicle

Normal saline B(a)P or

vehicle

Normal saline No treatment Normal saline

Isoprenaline Isoprenaline Isoprenaline Isoprenaline

propranolol Propranolol Propranolol Propranolol

Isoprenaline + propranolol Isoprenaline + propranolol Isoprenaline + propranolol Isoprenaline

+ propranolol

On day 1, animals received either guanethidine (40 mg/kg, i.p.) in the morning or reserpine (5 mg/kg, i.p.) in the evening. In order to assess the involvement of central and/or peripheral catecholamines in the regulation of

B(a)P-induced CYP1A1, animals were treated daily with B(a)P (10 mg/kg, i.p.) on days 2–4 followed by (1) normal saline, (2) reserpine, (3) guanethidine or (4) adrenaline (0.5 mg/kg, s.c.), as shown in the Table 1. The

other three treatment groups followed a similar paradigm. In group II, the involvement of a1-adrenoceptors was assessed using an a1-agonist (phenylephrine (2 mg/kg, i.p.)) and/or an a1-antagonist (prazosin (20 mg/

kg, i.p.)). In group III, the involvement of a2-adrenoceptors was evaluated using an a2-agonist (dexmedetomidine (5 mg/kg, s.c.)) and/or an a2-antagonist (atipamezole (200 mg/kg, s.c.)). In group IV, the involvement of

beta-adrenoceptors was assessed using a b1/b2-agonist (isoprenaline (2 mg/kg, i.p.)) and/or a b1/b2-blocker (propranolol (10 mg/kg, i.p.)).
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Fig. 1. Northern blot showing central and peripheral catecholamine invol-

vement in the regulation of the B(a)P-induced hepatic CYP1A1 gene

expression. Adrenoceptor involvement is also shown. Total RNA was

isolated and the amount of CYP1A1 mRNA was determined using Northern

blot analysis. CYP1A1 mRNA levels were standardized against 28S rRNA.

Forty micrograms of total RNA from each sample were loaded in panel D,

while 20 mg of total RNA in panels A–C. Two representative samples of five

total animals per group are shown and every two lanes represent rats from

the same treatment group. Panel A shows involvement of central and

peripheral catecholamines in the regulation of CYP1A1; panel B depicts

the involvement of a2-adrenoceptors; panel C shows the involvement of a1-

adrenoceptors and panel D indicates the involvement of beta-adrenoceptors

in the regulation of CYP1A1. The lower lanes in panels A–D show the

corresponding ethidium bromide-stained RNA at 28S.
2.2. Assessment of EROD activity

Livers from individual rats were dissected and the

microsomal fractions were prepared by differential cen-

trifugation [26]. Microsomal protein content was deter-

mined by the method of Lowry et al. [27] and the 7-

ethoxyresorufin O-deethylase (EROD) activity was mea-

sured fluorometrically using 7-ethoxyresorufin as substrate

[28–33].

2.3. Western blot analysis

Microsomal proteins (10 mg) were separated by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS–

PAGE) for 35 min at 200 V. The proteins were then

transferred by electroblotting to 0.2 mm nitrocellulose

membrane. The membranes were blocked with 5%

defatted milk and exposed first to a polyclonal antibody

against rat CYP1A1 and then to a secondary anti-IgG

antibody conjugated to horseradish peroxidase. The mem-

branes were developed by chemiluminescence using the

Phototope-HRP Detection Kit for Western blotting (Bio-

labs INC, New England) and exposed to film.

2.4. Northern blot analysis

Total cellular RNA was purified following the RNA-

zolTM B method described by Chomczynski (cited in

Cinna/Biotex Bull. No 3). Forty micrograms of RNA was

resolved by 1.2% denaturating formaldehyde–agarose gel

electrophoresis followed by blotting onto nitrocellulose

membranes. The RNA was fixed to the membrane by UV

cross-linking (Crosslinker UV Stratalinker 1800, Strata-

gene). RNA bound on the nitrocellulose membrane was

treated for hybridization with a specific rat CYP1A1

probe at +65 8C overnight. After hybridization, the filter

was washed in 4% Na2HPO4, 1% SDS at +65 8C
(2 � 15 min) and autoradiographed at �80 8C. A

1.0 kb cDNA fragment at EcoRI to HindIII site, which

recognizes only CYP1A1 mRNA was used as a specific

CYP1A1 probe and was cloned in pGEM-4Z vector

(clone 15) [34]. The cDNA probe was radiolabeled with

[a-32P] dCTP by nick translation. The gels were photo-

graphed under UV to control for equal loading of RNA.

The films from Northern and Western blots were

scanned at a resolution 300 using the HP Precisionscan

Programme 3.1 (Hewlett Packard) and saved as files in

the Adobe Photoshope 5.0. The density of lanes

was analyzed using the Quantity One—4.4.1 Programme

(BIO-RAD).

2.5. Plasma corticosterone determination

Plasma corticosterone concentrations were measured by

RIA using the Coat-A-Count kit (Diagnostic Products

Corporation, Los Angeles, USA). The detection limit
was about 5.7 ng/ml and the intra-assay coefficient of

variation was 4.0%.

2.6. Statistical analysis

The data is expressed as means � S.E. and was analysed

using one-way analysis of variance (ANOVA) followed by

multiple comparisons with Bonferoni’s and Tuckey’s list

honest significant difference methods. The significance

level for all analyses was set at probability of less than

or equal to 0.05.
3. Results

To elucidate the mechanisms by which catecholamines

and adrenoceptors may modulate the inducibility of the

CYP1A1 gene, the mRNA, protein and enzyme activity

(EROD) levels were monitored after pharmacological

manipulations.
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Table 2

Adrenoceptor-related changes in the expression of B(a)P-induced CYP1A1

Treatment Western

analysis (%)

Northern

analysis (%)

Panel A

B(a)P 100 100

B(a)P + reserpine 200** 400**

B(a)P + guanethidine 70* 35**

B(a)P + adrenaline 70* 55*

Panel B

B(a)P 100 100

B(a)P + dexmedetomidine 200** 240**

B(a)p + atipamezole 100 100

B(a)P + dexmedetomidine + atipamezole 100 100

Panel C

B(a)P 100 100

B(a)P + phenylephrine 230** 350**

B(a)p + prazosin 150* 200**

B(a)P + phenylephrine + prazosin 100 100

Panel D

B(a)P 100 100

B(a)p + isoprenaline 100 100

B(a)P + propranolol 250** 100

B(a)P + isoprenaline + propranolol 150* 100

Semi-quantitative assessment of differentially expressed, B(a)P-induced

CYP1A1 mRNA and protein levels as determined by Northern Blot and

Western Blot analysis, respectively. All data was normalized against control

levels indicated by ‘‘100’’. The column in the middle indicates percentage in

CYP1A1 protein levels as compared to control; i.e. B(a)P treatment only.

Right column indicates percentage in CYP1A1 mRNA levels, as compared

to control. Indicative mean value � S.E. of control after Western blot

analysis is 119,003 � 3610 pixels and 204,741 � 8830 pixels after North-

ern blot analysis. Statistically significant changes in the expression of

CYP1A1 are shown as follows (*P < 0.05 and **P < 0.001). Analysis is

based on data from five individuals in each treatment group. For further

details, see Section 2.

Fig. 2. Western blot showing central and/or peripheral catecholamine

involvement in the modulation of CYP1A1 protein levels. Adrenoceptor

involvement is also shown. Liver microsomal protein (10 mg) from each rat

was resolved by SDS–polyacrylamide gel electrophoresis, transferred to

nitrocellulose and subjected to immunoblotting using a polyclonal antibody

to rat CYP1A1. Two representative samples of five total animals per group

are shown and every two lanes represent rats from the same treatment group.

Panel A shows involvement of central and peripheral catecholamines in the

modulation of CYP1A1 protein; panel B depicts the involvement of a2-

adrenoceptors; panel C shows the involvement of a1-adrenoceptors and

panel D indicates the involvement of beta-adrenoceptors in the modulation

of CYP1A1 protein levels.

Fig. 3. B(a)P-induced hepatic EROD activity after pharmacological

manipulations of central and peripheral catecholamines. EROD activity

is expressed in pmoles/min/mg protein; five to six rats per group; all values

are expressed as mean � S.E.; *P < 0.005; **P < 0.001.
3.1. Assessment of central versus peripheral

catecholamine involvement in the modulation of the

B(a)P-induced CYP1A1 expression

Reserpine-induced generalized catecholamine depletion

potentiated the induction of CYP1A1 by B(a)P, as evi-

denced by enhanced mRNA (Fig. 1A; Table 2A) and

protein levels (Fig. 2A; Table 2A), as well as the EROD

activity (Fig. 3).

In contrast, peripheral catecholamine depletion induced

by guanethidine (central catecholamines remained intact)

suppressed CYP1A1 mRNA (Fig. 1A; Table 2A) and to

some extend, protein levels (Fig. 2A; Table 2A), while

EROD activity was not modified (Fig. 3). Similarly, per-

ipheral adrenaline administration suppressed CYP1A1

mRNA and protein levels (Figs 1Aand 2A, respectively;

Table 2A), while EROD activity remained unaffected.

The results are summarized in Table 3, showing that a

generalized catecholamine depletion is associated with a

further increase of the B(a)P-induced CYP1A1 gene

expression, whereas a selective, peripheral catecholamine

depletion, where central catecholamines remain intact, has

an opposite effect. The results indicate that central cate-
cholamines down-regulate the B(a)P-induced CYP1A1

expression, an effect which is prevented by peripheral

catecholamines. It is noteworthy, however, that enrichment

of peripheral catecholamines with adrenaline also sup-

pressed the CYP1A1 expression.

3.2. Involvement of adrenoceptors in the modulation of

B(a)P-induced CYP1A1 expression

3.2.1. Alpha2-adrenoceptors

Stimulation of a2-adrenoceptors by dexmedetomidine

increased the CYP1A1 mRNA and protein levels as com-
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Table 3

The effect of catecholamines on B(a)P-induced CYP1A1 regulation

Treatment

B(a)P (total catecholamines

intacta)

B(a)P + reserpine

(total catecholamines

depleteda)

B(a)P + guanethidine

(peripheral catecholamines

depleted-central catecholamines intacta)

B(a)P + adrenaline

(enrichment of peripheral

catecholaminesa)

CYP1A1 mRNA 100 400** 35** 55*

CYP1A1 protein 100 200** 70* 70*

EROD 100 160# 100 100

The general evidence indicates that central catecholamines down-regulate B(a)P-induced CYP1A1. Comparisons were made between the B(a)P-induced state

and after the pharmacological manipulations which altered central and/or peripheral catecholamines. All data is presented as percentage and was normalized

against control levels indicated by ‘‘100’’, i.e. B(a)P treatment only. Indicative mean value + S.E. of control after Western blot analysis is 119,003 + 3610 pixels

and 204,741 + 8830 pixels after Northern blot analysis. Indicative control mean value for B(a)P-induced EROD activity is 1150 pmol/min/g protein.

Statistically significant changes in the regulation of CYP1A1 are shown as follows (*P < 0.05, #P < 0.005 and **P < 0.001).
a Catecholamine state.
pared to controls (Figs 1B and 2B; Table 2B). EROD

activity was also increased (Fig. 4a). The increase was

blocked by atipamezole, an a2-antagonist. Atipamezole,

when administered alone, had no effect on CYP1A1 expres-

sion (CYP1A1 mRNA and protein levels: Figs. 1B and 2B,

respectively; Table 2B and EROD activity: Fig. 4a).
Fig. 4. B(a)P-induced hepatic EROD activity after pharmacological manipulation

Panel a depicts a2-adrenoceptor involvement as shown following dexmedetomi

involvement as shown following phenylephrine and/or prazosin administration; pa

and/or propranolol administration; five to six rats per group; All values are expr
3.2.2. Alpha1-adrenoceptors

Phenylephrine, an a1-adrenoceptor agonist increased

the CYP1A1 mRNA (Fig. 1C; Table 2C) and to a lesser

extent the protein levels (Fig. 2C; Table 2C).

Blockade of a1-adrenoceptors with prazosin also led to

an increase of both CYP1A1 mRNA and protein levels
s of adrenoceptors. EROD activity is expressed in pmoles/min/mg protein.

dine and/or atipamezole administration. Panel b depicts a1-adrenoceptor

nel c depicts b-adrenoceptor involvement as shown following isoprenaline

essed as mean � S.E.; *P < 0.05; #P < 0.001.
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Table 4

Alterations in noradrenaline levels in hypothalamus after pharmacological

manipulations in catecholamines and adrenoceptors

Groups Treatment Noradrenaline in nmol/g tissue

I Normal saline 4.5 � 1.2

Reserpine 0.2 � 0.02a

Guanethidine 3.4 � 1.3

Adrenaline 0.023 � 0.005b

II Normal Saline 2.9 � 0.3

Dexmedetomidine 1.9 � 0.2c

Atipamezole 3.6 � 0.2d

Dexmedetomidine + atipamezole 2.5 � 0.3

III Normal saline 3.4 � 1.3

Phenylephrine 0.8 � 0.2e

Prazosin 3.2 � 1.7

Phenylephrine + prazosin 2.8 � 0.8

IV Normal saline 4.5 � 1.2

Isoprenaline 3.3 � 1.7

Propranolol 0.13 � 0.03f

Isoprenaline + propranolol 3.2 � 1.8

Hypothalamic noradrenaline levels in B(a)P-induced rats following various

pharmacological manipulations of catecholamines and adrenoceptors. Data

are presented as mean � S.E. (n = 5–6).
a The noradrenaline levels are significantly lower in reserpine-treated

rats compared to the corresponding control (P < 0.001).
b The noradrenaline levels are significantly lower in adrenaline-treated

rats compared to the corresponding control (P < 0.001).
c The noradrenaline levels are significantly lower in dexmedetomidine-

treated rats compared to the corresponding control (P < 0.05).
d The noradrenaline levels are significantly higher in atipamezole-trea-

ted rats compared to the corresponding control (P < 0.05).
e The noradrenaline levels are significantly lower in phenylephrine-

treated rats compared to the corresponding control (P < 0.05).
f The noradrenaline levels are significantly lower in propranolol-treated

rats compared to the corresponding control (P < 0.001).

Table 5

Plasma corticosterone levels in B(a)P-induced rats after pharmacological

manipulations of catecholamines and adrenoceptors

Treatment Plasma corticosterone levels (ng/ml)

Oil 164 � 6

Reserpine 319 � 34a

Guanethidine 191 � 38

Adrenaline 449 � 21b

Dexmedetomidine 166 � 16

Atipamezole 140 � 21

Dexmedetomidine + atipamezole 148 � 10

Phenylephrine 208 � 23

Prazosin 189 � 37

Phenylephrine + prazosin 239 � 73

Isoprenaline 175 � 39

Propranolol 166 � 23

Isoprenaline + propranolol 153 � 7

Data are presented as mean + S.E. (n:5-6).
a Plasma corticosterone levels are significantly higher in reserpine-

treated rats compared to the corresponding controls (P < 0.001).
b Plasma corticosterone levels are significantly higher in adrenaline-

treated rats compared to the corresponding controls (P < 0.001).
(Figs 1C and 2C; Table 2C). In this case, the increase was

weaker compared to that induced by phenylephrine. EROD

activity was also increased (Fig. 4b). This up-regulating

effect was reversed by phenylephrine (Figs 1C and 2C;

Table 2C and Fig. 4b).

The mechanisms that are involved in phenylephrine and

prazosin-induced increases in CYP1A1 expression are not

known. It is hypothesized that phenylephrine’s peripheral

effect on hepatic plasma membrane a1-adrenoceptor sig-

naling pathways predominates its central inhibiting effect.

Accordingly, prazosin increased CYP1A1 expression likely

via blockade of central a1-adrenoceptors, an effect that

may predominate the drug’s peripheral a1-blocking effect.

3.2.3. Beta-adrenoceptors

Stimulation of beta-adrenoceptors with isoprenaline had

no effect on CYP1A1 mRNA levels (Fig. 1D; Table 2D) the

protein levels (Fig. 2D; Table 2D) and EROD activity (Fig.

4c).

In contrast, blockade of beta-adrenoceptors with pro-

pranolol increased the CYP1A1 protein levels (Fig. 2D;

Table 2D) and EROD activity (Fig. 4c), while it had no

effect on CYP1A1 mRNA levels (Fig. 1D, Table 2D). In

general, manipulations of beta-adrenoceptors appear to

have a relatively weak effect on B(a)P-induced CYP1A1

expression.

In conclusion, it appears that adrenoceptors are involved

in the regulation of B(a)P-induced CYP1A1 expression. In

particular, stimulation of a2-adrenoceptors and blockade

of a1-adrenoceptors up-regulate the CYP1A1 inducibility

by B(a)P.

3.3. Verification of drug-induced modulation of

noradrenaline in hypothalamus

Determination of noradrenaline levels in hypothalamus

was carried out in order to verify that the chosen drug

treatments had the anticipated effects. As expected, reser-

pine depleted noradrenaline in hypothalamus, while gua-

nethidine did not (Table 4). Also peripheral adrenaline

administration suppressed hypothalamic noradrenaline

(Table 4). Dexmedetomidine-induced stimulation of pre-

synaptic a2-adrenoceptors suppressed noradrenaline

release in hypothalamus, while a2-blockade with atipa-

mezole increased the noradrenaline release (Table 4).

Phenylephrine (a1-agonist) suppressed noradrenaline,

while prazosin (a1-blocker) had no effect (Table 4). Pro-

pranolol-induced beta-blockade suppressed hypothalamic

noradrenaline, while isoprenaline (beta-agonist) had no

significant effect (Table 4).

3.4. Assessment of drug effect on plasma

corticosterone levels

Reserpine-induced generalized catecholamine depl-

etion was followed by increased plasma corticosterone
levels. Peripheral adrenaline administration also inc-

reased plasma corticosterone levels compared to con-

trols, while all the other drugs used had no effect

(Table 5).
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Scheme 1. Modified from Konstandi et al. [12]. Scheme indicates current knowledge about the neuroendocrine influence of the regulation of CYP1A1 gene

expression. Arrows indicate positive (stimulatory) effects, while dotted arrows depict negative (inhibitory) effects. Pharmacologic drugs used to manipulate

circulating catecholamine levels and adrenoceptors are shown on the right-hand side with indications of their site of action (e.g. specific adrenoceptor). NA:

noradrenaline, DA: dopamine; CRH: corticotropin releasing hormone; GHRH: growth hormone releasing hormone; TRH: thyrotropin releasing hormone; TSH:

thyrotropin stimulating hormone; PIF: prolactin inhibiting factor; GH: growth hormone; T3, T4: thyroid hormones; PRL: prolactin; ACTH: adrenocorticotropin

hormone.
4. Discussion

This study showed that adrenoceptor-dependent signaling

pathways may modulate the inducibility of hepatic CYP1A1

gene by the Ah-receptor ligand B(a)P. The central catecho-

laminergic system appears to have a negative modulatory

role in the expression. Stimulation of central a2-adrenocep-

tor related signaling pathways seem to up-regulate the

expression, whereas stimulation of central a1-adrenocep-

tor-dependent pathways reduce the expression. By compar-

ison, the beta-adrenoceptor-dependent pathways appear to

have a weak modulatory effect on the regulation. In addition

to the Ah receptor, the study demonstrates that catechola-

mine-related signaling pathways may be involved in the

regulation of the CYP1A1 gene. This is in agreement with our

earlier findings that psychological and physical stress can

affect CYP1A1 expression [10,12].

Since stress alters catecholamine release from adrenal

medulla and discrete brain subregions [8,10,35,36], we

hypothesized that the stress effect on CYP1A1 expression is

mediated by catecholamines. These biogenic amines may

be linked to CYP1A1 gene regulation pathways; directly or

indirectly via various neuroendocrine systems, which play

a major role in the regulation of the induction of CYP1A

enzymes ([37]; Scheme 1).
To assess whether central and/or peripheral catechola-

mines are involved in the regulation of CYP1A1 induction,

central and/or peripheral catecholamine depletion was

induced with reserpine [24,38]. Reserpine acts as a spe-

cific, irreversible inhibitor of the vesicular amine pump,

inhibiting the uptake of catecholamines and ultimately

resulting in depletion of catecholamine stores [38–40].

On the other hand, peripheral catecholamine depletion

was achieved with guanethidine, which does not penetrate

the blood brain barrier and thus causes only peripheral

sympathectomy [25]. Peripheral catecholamine levels

were also manipulated by adrenaline administration. Adre-

naline does not penetrate blood–brain barrier and its action

is therefore restricted in the periphery [22].

A variety of alpha and beta-adrenoceptor agonists and

antagonists was used in the experiments, in order to assess

the involvement of adrenoceptors in the regulation of

CYP1A1 induction. Atipamezole is a selective a2-AR

antagonist, which penetrates rapidly into the brain and

stimulates the release of central and plasma noradrenaline

levels [23,41]. On the other hand, dexmedetomidine, a

highly selective agonist of a2-adrenoceptors [42], sup-

presses brain and plasma noradrenaline levels in a dose-

dependent manner [23,43,44]. Only subacute treatment

with atipamezole or dexmedetomidine has been found to
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result in a sufficient increase or inhibition of hypothalamic

noradrenaline release, respectively [23,43,45].

Hypothalamic noradrenaline levels were determined in

order to verify the effects of pharmacological manipula-

tions. The hypothalamus is involved in the regulation of

several hormones that are under noradrenergic control,

some of which are known regulators of the induction of

CYP1A genes ([37]; Scheme 1). It appears that the chosen

pharmacological manipulations had the expected effects

on noradrenaline levels [23,25,38,43–47].

Reserpine-induced generalized catecholamine reduction

increased the expression of the CYP1A1 gene at mRNA,

protein and enzyme activity levels. In contrast, the gua-

nethidine-induced peripheral catecholamine depletion sup-

pressed the gene expression. This suggests, that the central

catecholaminergic system has a down-regulating effect on

CYP1A1 inducibility, which is prevented in the presence of

peripheral catecholamines. It is noteworthy, however, that

enrichment of peripheral catecholamines with adrenaline

administration suppressed CYP1A1 gene expression. The

mechanism underlying this observed discrepancy is not

known. One possible explanation is that adrenaline by

affecting the hypothalamo–pituitary–adrenal axis feedback

loop [36] may have triggered the release of hormones that

down-regulate the CYP1A1 expression [12,37,48–50]. It is

also evident that some up-regulating factors of the CYP1A1

induction exist, which are under central catecholaminergic

control.

Although, our studies do not allow us to definitively

elucidate the mechanisms by which central catechola-

mines suppress the CYP1A1 expression or how peripheral

catecholamines eliminate this effect, the fact that the

effect of catecholamines is seen on mRNA levels suggests

a pre-translational mode of regulation. Furthermore, since

stimulation of central pre-synaptic a2-adrenoceptors or

blockade of a1- or b-adrenoceptor-related pathways, all

led to a further increase of CYP1A1 expression after

B(a)P induction, it is suggested that central a1-, a2-

and b-adrenoceptors have a role in the modulation of

CYP1A1 expression. One possibility is that central nor-

adrenergic pathways via central adrenoceptors control the

release of several hormones, such as growth hormone

and/or thyroid hormones, known to play an inhibiting role

in the regulation of B(a)P-induced CYP1A genes

[12,37,48–50].

Glucocortoids are considered modulators of CYP1A

induction by PAH-like compounds [51–54]. The data of

the present study does not allow us to elucidate a potential

role of glucocorticoids in catecholamine and adrenoceptor-

mediated alteration of CYP1A1 regulation. However, as the

available evidence suggests that corticosteroids modulate

b-adrenoceptor-AMP systems in brains of stressed animals

[55,56], it is likely that the observed effects may be

mediated, at least in part, by corticoisteroids. Future

studies are required to clearly address this issue in this

paradigm.
The alterations in CYP1A1 mRNA levels were not

always consistent with the changes in B(a)P-induced

EROD activity or with the levels of the corresponding

protein. One possibility is that the different pharmacolo-

gical manipulations may not only affect the transcription of

the gene but may also have effects on the subsequent post-

transcriptional steps along the gene expression pathway. In

addition, EROD activity is not entirely specific for

CYP1A1 but is partly catalysed by CYP1A2, which is

regulated differently, at least up to some point, from the

CYP1A1 [31–33].

In conclusion, the data of the present study showed that

adrenoceptors and catecholamines are involved in the

regulation of the B(a)P-induced CYP1A1 expression. This

suggests that drugs that can penetrate the blood–brain

barrier and bind to central adrenoceptors or drugs that

directly interact with adrenoceptors in the liver, and factors

that challenge central and/or peripheral catecholaminergic

systems may interfere with the regulation of the CYP1A1

induction. This, in turn, may alter drug effectiveness or

toxicity and carcinogenicity of CYP1A1 substrates [54].

Intriguingly, stress, by altering central and peripheral

catecholamine levels may affect drug therapy and toxicity,

modulating the expression of the CYP1A1. In this regard,

the observed increase in the relative risk of lung cancer

[57,58] and other types of cancer [59,60] in relation to

chronic stress, may be related, in part, to stress-induced

alterations in the expression of the carcinogen metaboliz-

ing CYP1A.
Acknowledgement

We thank Mrs Olga Tsoumani for her invaluable tech-

nical assistance.
References

[1] Nebert DW. The Ah locus: genetic differences in toxicity, cancer,

mutation, and birth defects. CRC Rev Toxicol 1989;20:153–74.

[2] Gonzalez FJ. The molecular biology of the cytochrome P450s. Phar-

macol Rev 1989;40:243–88.

[3] Omiecinski CJ, Redlich CA, Costa P. Induction and developmental

expression of cytochrome P4501A1 messenger RNA in rat and human

tissues: detection by the polymerase chain reaction. Cancer Res

1990;50:4315–21.

[4] IARC (International Agency for Research on Cancer) polynuclear

aromatic compounds, chemical, environmental and experimental data.

In: Monographs on the evaluation of the carcinogenic risk of chemi-

cals to humans, vol. 32, part 1. Lyon: IARC Scientific Publications;

1983.

[5] Cherng SH, Lin P, Yang JL, Hsu SL, Lee H. Benzo[g,h,I]perylene

synergistically transactivates benzo[a]pyrene-induced CYP1A1gene

expression by Aryl hydrocarbon receptor pathway. Toxicol Appl

Pharmacol 2001;170:63–8.

[6] Kawajiri K. CYP1A1, vol. 148. Lyon: IARC Scientific Publications;

1999. p. 159–72 [chapter 15].

[7] Whitlock Jr JP, Okino ST, Dong L, Ko HP, Clarke-Katzenberg R, Ma

Q, et al. Cytochromes P4505: induction of cytochrome P4501A1: a



M. Konstandi et al. / Biochemical Pharmacology 69 (2005) 277–287286
model for analyzing mammalian gene transcription. FASEB J

1996;10(8):809–18.

[8] Harbuz MS, Lightman SL. Responses of hypothalamic and pituitary

mRNA to physical and psychological stress in the rat. J Endocrinol

1989;122:705–11.

[9] De Paula Brotto MA. Temporal effects of stress by immobilization and

sensitivity of the isolated rat pacemaker to isoproterenol: Roles of

corticosterone, neuronal uptake, and b-adrenergic homogeneity. J

Pharmacol Exp Ther 2003;306(3):1152–8.

[10] Konstandi M, Johnson E, Lang MA, Camus-Radon AM, Marselos M.

Stress modulates the enzymatic inducibility by benzo[a]pyrene in the

rat liver. Pharmacol Res 2000;42(3):205–11.

[11] Konstandi M, Kostakis D, Johnson E, Lang MA, Marselos M. Evi-

dence of a2-adrenoceptor involvement in B(a)P induction processes

of drug-metabolizing enzymes: the effect of stress. Eur J Drug Metab

Pharmacokinet 1998;23(4):491–5.

[12] Konstandi M, Johnson EO, Marselos M, Kostakis D, Fotopoulos A,

Lang MA. Stress-mediated modulation of B(a)P-induced hepatic

CYP1A1: role of catecholamines. Chemico-Biol Interact 2004;147:

65–77.

[13] Cooper JR, Bloom FE, Roth RH. Norepinephrine and epinephrine

(Chapter 8): adrenergic receptors. In: House J, editor. The biochem-

ical basis of neuropharmacology. 7th ed. New York: Oxford University

Press; 1996. p. 258–65.

[14] Collins S, Caron MG, Lefkowitz RJ. Regulation of adrenergic receptor

responsiveness through modulation of receptor gene expression. Annu

Rev Physiol 1991;53:497–508.

[15] Virtanen R. Pharmaceutical profiles of metedomidine and its antago-

nist, atipamezole. Acta Vet Scand 1989;85:29–37.

[16] Lalchandani SG, Zhang X, Hong SS, Liggett SB, Li W, Moore II BM,

et al. Medetomidine analogs as selective agonists for the human a2-

adrenoceptors. Biochem Pharmacol 2004;67:87–96.

[17] Bucheler MM, Hadamek K, Hein L. Two alpha (2)-adrenergic receptor

subtypes, alpha (2A) and alpha (2C), inhibit transmitter release in

the brain of gene-targeted mice. Neuroscience 2002;109(4):

819–26.

[18] Ravaris CL, Friedman MJ, Hauri PJ, McHugo GJ. A controlled study

of alprazolam and propranolol in panic-disordered and agoraphobic

outpatients. J Clin Psychopharmacol 1991;11(6):344–50.

[19] Mealy K, Ngeh N, Gillen P, Fitzpatrick G, Keane FB, Tanner A.

Propranolol reduces the anxiety associated with day case surgery. Eur J

Surg 1996;162(1):11–4.

[20] Mefford IN. Application of high performance chromatography with

electrochemical detection to neurochemical analysis: measurement of

catecholamines, serotonin and metabolites in rat brain. J Neurosci

Methods 1981;3:207–24.

[21] Stephanou P, Konstandi M, Pappas P, Marselos M. Alterations in

central monoaminergic neurotransmission induced by polycyclic aro-

matic hydrocarbons in rats. Eur J Drug Metab Pharmacokinet

1998;23:475–81.

[22] Czarnecki A. Protective effect of inosine on adrenaline-induced

myocardial necrosis. Pharmacol Res Commun 1986;18:459–69.

[23] Scheinin H, Aantaa R, Anttila M, Hakola P, Helminen A, Karhuvaara

S. Reversal of the sedative and sympatholytic effects of dexmedeto-

midine with a specific alpha2-adrenoceptor antagonist atipamezole: a

pharmacodynamic and kinetic study in healthy volunteers. Anesthi-

siology 1998;89:574–84.

[24] Scheinin H, Scheinin M. Repetitive measurement of monoamine

metabolite levels in cerebrospinal fluid of conscious rats: effects of

reserpine and haloperidol. Eur J Pharmacol 1985;113:345–51.

[25] Benarroch EE, Schmelzer JD, Ward KK, Nelson DK, Low PA.

Noradrenergic and neuropeptide mechanisms in guanethidine-sym-

pathectomized rats. Am J Physiol 1990;2(2 pt 2):371–5.

[26] Lang MA, Gielen JE, Nebert DW. Genetic evidence for many unique

liver microsomal P-450 mediated monoxygenase activities in hetero-

geneic stock mice. J Biol Chem 1981;256(23):12068–75.
[27] Lowry OH, Rosebrough NJ, Farr AL, Randal RJ. Protein measurement

with the folin phenol reagent. J Biol Chem 1951;193:265–75.

[28] Burke MD, Majer RT. Inherent specificities of purified cytochromes P-

450 and P-448 toward biphenyl hydroxylation and ethoxyresorufin

deethylation. Drug Metab Dispos 1975;3:245–53.

[29] McManus ME, Felton JS, Knize MG, Burgess WM, Roberts-Thomson

S, Pond SM, et al. Activation of the food derived mutagen 2-amino-3-

methyl-6-phenylimidazo(4,5,6)pyridine by rabbit and human liver

microsomes and purified forms of cytochrome P-450. Carcinogenesis

1989;10:357–64.

[30] Honkakoski P, Auriola S, Lang MA. Distinct induction profiles of

three phenobarbital-responsive mouse liver cytochrome P450 iso-

zymes. Biochem Pharmacol 1992;43(10):2121–8.

[31] Burke MD, Thompson S, Weaver RJ, Wolf CR, Mayer RT. Cyto-

chrome P450 specificities of alkoxyresorufin O-dealkylation in human

and rat liver. Biochem Pharmacol 1994;48:923–36.

[32] Rodrigues AD, Prough RA. Induction of cytochromes P4501A1 and

P4501A2 and measurment of catalytic activities. Methods Enzymol

1991;206:423–31.

[33] Cawley GF, Zhang S, Kelley RW, Backes WL. Evidence supporting

the interaction of CYP2B4 and CYP1A2 in microsomal preparations.

Drug Metab Dispos 2001;29(12):1529–34.

[34] Sogawa K, Gotoh O, Kawajiri K, Fujii-Kuriyama Y. Distinct organi-

zation of methylcholanthrene- and phenobarbital-inducible cyto-

chrome P-450 genes in the rat. Proc Natl Acad Sci USA

1984;81(16):5066–70.

[35] Glavin GB. Stress and noradrenaline: a review. Neurosci Biobehav

Rev 1985;9:233–43.

[36] Johnson EO, Kamilaris TC, Chrousos G, Gold PW. Mechanisms of

stress: a dynamic overview of hormonal and behavioral homeostasis.

Neurosci Biobehav Rev 1992;16:115–30.

[37] Yamazoe Y, Shimada M, Murayama N, Kato R. Suppression of levels

of phenobarbital-inducible rat liver cytochrome P-450 by pituitary

hormone. J Biol Chem 1987;262(15):7423–8.

[38] Shukla VH, Dave KR, Katyare SS. Effect of catecholamine depletion

on oxidative energy metabolism in rat liver, brain and heart mitochon-

dria; use of reserpine. Comp Biochem Physiol C Toxicol Pharmacol

2000;127(1):79–90.

[39] Kandel ER. Disorders of mood: depression, mania and anxiety

disorders. In: Kandel ER, Schwartz JH, Jessell TM, editors. Principles

of neural sciences. 3rd ed. New York: Elsevier; 1991. p. 869–89.

[40] Foye WO. Medicinals of plant origin: historical aspect. In: Foye WO,

Lamke TL, Williams DA, editors. Medicinal chemistry. 1st ed. New

Delhi: BI Waverly Pvt. Ltd; 1995. p. 7–11.

[41] Scheinin H, MacDonald E, Scheinin M. Behavioural and neurochem-

ical effects of atipamezole, a novel alpha 2-adrenoceptor antagonist.

Eur J Pharmacol 1988;151(1):35–42.

[42] Jansson CC, Pohjanoksa K, Lang J, Wurster S, Savola JM, Scheinin M.

Alpha2-adrenoceptor agonists stimulate high-affinity GTPase activity

in a receptor subtype-selective manner. Eur J Pharmacol

1999;374(1):137–46.

[43] Kallio A, Scheinin M, Koulu M, Ponkilainen R, Ruskoaho H, Viina-

maki O, et al. Effects of dexmedetomidine, a selective alpha 2-

adrenoceptor agonist, on hemodynamic control mechanisms. Clin

Pharmacol Ther 1989;46(1):33–42.

[44] Scheinin M, MacDonald E. An introduction to the pharmacology of

alpha 2-adrenoceptors in the central nervous system. Acta Vet Scand

Suppl 1989;85:11–9.

[45] Koulu M, Pesonen U, Virtanen R. Chronic dexmedetomidine, a

selective alpha 2-agonist, decreases serotonin but not noradrenaline

turnover in rat brainstem nuclei. Eur J Pharmacol 1990;176(2):151–7.

[46] Ihalainen JA, Tanila H. In vivo regulation of dopamine and noradrena-

line release by alpha2A adrenoceptors in the mouse prefrontal cortex.

Eur J Neurosci 2002;15(11):1789–94.

[47] Albillos A, Lledo JL, Rossi I, Perez-Paramo M, Tabuenca MJ, Banares

R, et al. Continuous prazosin administration in cirrhotic patients:



M. Konstandi et al. / Biochemical Pharmacology 69 (2005) 277–287 287
effects on portal hemodynamics and on liver and renal function.

Gastrenderology 1995;109:1257–65.

[48] Tuomisto J, Mannisto P. Neurotransmitter regulation of anterior

pituitary hormones. Pharmacol Rev 1985;37:249–332.

[49] Anisman H, Kokkinidis L, Sklar LS. Neurochemical consequences of

stress. Contributions of adaptive processes. In: Burchaeld S, editor.

Stress: psychological and physiological interactions. New York:

Hemispheke Publishing Co; 1985. p. 67–98.

[50] Seltzer AM, Donoso AO, Podesta E. Restraint stress stimulation of

prolactin and ACTH secretion: role of brain histamine. Physiol Behav

1986;36:251–5.

[51] Devaux A, Pesonen M, Monod G, Andersson T. Glucocorticoid-

mediated potentiation of P450 induction in primary culture of rainbow

trout hepatocytes. Biochem Pharmacol 1992;43:898–901.

[52] Sherratt AJ, Banet DE, Prough RA. Glucocorticoid regulation of

polycyclic aromatic hydrocarbon induction of cytochrome

P4501A1, glutathione S-transferases and NAD(P)H: quinone oxidor-

eductase in cultured fetal rat hepatocytes. Mol Pharmacol 1990;37:

198–205.

[53] Waxman DJ. Interactions of hepatic cytochromes P-450 with steroid

hormones. Biochem Pharmacol 1988;37(1):71–84.

[54] Pelkonen O, Nebert DW. Metabolism of polycyclic aromatic hydro-

carbons: etiologic role in carcinogenesis. Pharmacol Rev 1982;34:

189–222.
[55] Feltus FA, Cote S, Simard J, Gingras S, Kovacs WJ, Nicholson WE, et

al. Glucocorticoids enhance activation of the human type II 3beta-

hydroxysteroid dehydrogenase/delta5-delta4 isomerase gene. J Ster-

oid Biochem Mol Biol 2002;82:55–63.

[56] Vermeer H, Hendriks-Stegeman BJ, van der Burg B, van Buul-Offers

SC, Jansen M. Glucocorticoid-induced increase in lymphocytic

FKBP51 messenger ribonucleic acid expression: a potential marker

for glucocorticoid sensitivity, potency and bioavailability. J Clin

Endocrinol Metab 2003;88:277–84.

[57] Eysenck HJ, Grossarth-Maticek R, Everitt B. Personality, stress,

smoking and genetic predisposition as synergistic risk factors for

cancer and coronary heart disease. Integr Physiol Behav Sci

1991;26(4):309–22.

[58] Macleod J, Smith GD, Heslop P, Metcalfe C, Carroll D, Hart C. Are the

effects of psychosocial exposures attributable to confounding? Evi-

dence from a prospective observational study on psychological stress

and mortality J Epidemiol Community Health 2001;12:878–84.

[59] Jasmin C, Le MG, Marty P, Hertzberg R. Evidence for a link between

certain psychological factors and the risk of breast cancer in a case-

control study. Psycho-Oncologic Group (P.O.C.). Ann Oncol

1990;1(1):22–9.

[60] Gelboin HV. Benzo[a]pyrene metabolism, activation, and carcinogen-

esis: role and regulation of mixed function oxidases and related

enzymes. Physiol Rev 1980;60:1107–66.


	Role of adrenoceptor-linked signaling pathways in �the regulation of CYP1A1 gene expression
	Introduction
	Materials and methods
	Animals and study design
	Assessment of EROD activity
	Western blot analysis
	Northern blot analysis
	Plasma corticosterone determination
	Statistical analysis

	Results
	Assessment of central versus peripheral catecholamine involvement in the modulation of the B(&alpha;)P-induced CYP1A1 expression
	Involvement of adrenoceptors in the modulation of B(&alpha;)P-induced CYP1A1 expression
	Alpha2-adrenoceptors
	Alpha1-adrenoceptors
	Beta-adrenoceptors

	Verification of drug-induced modulation of noradrenaline in hypothalamus
	Assessment of drug effect on plasma �corticosterone levels

	Discussion
	Acknowledgement
	References


