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Abstract:

Background: The noradrenergic system is involved in the regulation of cytochrome P450 activity in the liver. We investigated the ef-

fect of selective ablation of the glucocorticoid receptor in the noradrenergic system on the activity of the CYP3Aisoform in mouse liver.

Methods: The activity of CYP3A was studied by measuring the rate of testosterone 6b-hydroxylation in liver microsomes.

Results: In mutant mice, the activity of CYP3A was reduced to 68% of the control in females, but remained unchanged in males.

Chronic restraint stress increased CYP3A activity in mutant mice only.

Conclusions: The total basal activity of mouse CYP3A may be indirectly modulated by the glucocorticoid receptor in the noradren-

ergic system during a pubertal period.
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Introduction

The glucocorticoid receptor (GR) mediates the he-

patic regulation and expression of cytochrome P450

genes which are engaged in the metabolism of drugs

and endogenous compounds. Of the cytochrome CYP

isoforms, CYP3A is one of the most important cyto-

chrome P450 subfamilies responsible for the metabo-

lism of clinically important drugs and endogenous

steroids [16]. Interestingly, conditional inactivation of

the glucocorticoid receptor gene in cells expressing

dopamine-b-hydroxylase, an enzyme necessary for

the synthesis of noradrenaline and adrenaline in the

central and the peripheral nervous systems, showed

that glucocorticoid-dependent signaling was required

for the survival of chromaffin cells [12]. The above-

described action also seems to be important for the

metabolic function of the liver, since chromaffin cells

can be seen in the liver to form clusters in portal ar-

eas, or are spotted as single cells in the walls of liver

sinusoids and in the region below the connective cap-

sule [10]. Regulation of the expression of mouse

CYP3A genes is under multi-hormonal control, in

which the growth hormone (GH) and sex hormones

play a pivotal role [14]. Furthermore, the noradrener-

gic system is engaged in the regulation of CYP3A ac-

tivity. Previous studies have shown that intraperito-

neal administration of DSP-4 markedly decreases the

activity of CYP3A, but not its protein level, in the

liver of male rats [7]. But recent studies have indi-

cated that intracerebroventricular administration of
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low doses of DSP-4 decreases both the activity and

the protein of CYP3A, in the liver of male rats [13].

However, the fact is that DSP-4 which is a toxin spe-

cific to noradrenergic neurons in the central and the

peripheral nervous system can also very easy pass the

brain-blood barrier (to the brain and out of the brain)

independently of the routes of administration of

DSP-4 [3, 4]. Therefore, the present preliminary study

investigated the effect of glucocorticoid receptor se-

lective ablation in the noradrenergic system on the ac-

tivity of the CYP3A isoform in mouse liver.

Materials and Methods

Animals

The experiment was carried out on 12-week old mu-

tant mice with a selective ablation of glucocorticoid

receptors in the noradrenergic system (GRDBHCre

mice), which was achieved by the Cre/loxP system.

Briefly, transgenic mice hosting Cre recombinase un-

der a dopamine b-hydroxylase (DBH) promoter were

crossed with animals harboring a floxed GR gene as

described previously [12]. Mutant mice were kept to-

gether with their control (Cre-negative) littermates in

self-ventilated cages under standard laboratory condi-

tions (a 12 h light/dark cycle, food and water ad libi-

tum). The experiment was carried out in strict accor-

dance with the recommendations of the Guide for the

Care and Use of Laboratory Animals of the National

Institutes of Health. The protocol for the whole be-

havioral study was approved by the Local Bioethics

Commission at the Institute of Pharmacology, Polish

Academy of Sciences.

Determination of CYP3A activity in GRDBHCre

mutant and control mice

Studies into testosterone metabolism in mouse liver

microsomes were carried out at the linear dependence

of product formation on time and on the concentration

of the protein and the substrate. The activity of

CYP3A was studied by measuring the rate of testos-

terone 6b-hydroxylation at the substrate concentration

of 50 µM as described previously [8]. Testosterone

and its metabolite were analyzed using a high-

performance liquid chromatography (HPLC) with UV

detection [8].

Determination of the growth hormone in blood

plasma

Mouse blood was collected in tubes with EDTA.

Blood samples were centrifuged at 3000 × g for

30 min, and then plasma samples were stored at

–20°C. The plasma levels of the growth hormone

were measured using a commercial growth hormone

(GH) Elisa kit (Mediagnost, Germany) according to

the manufacturer’s instruction.

Chronic restraint stress

The chronic restraint stress procedure was carried out

by placing animals for 2 h daily in 50 ml disposable

centrifuge tubes which were adapted for that purpose

by drilling holes to permit air circulation. That proce-

dure was repeated for 14 consecutive days and then

the mice were killed by cervical dislocation 24 h after

the last application of restraint stress. The animals

were weighed before the first day of experiment and

at the end of the 1st and the 2nd week of the procedure

in order to monitor the efficiency of stressful stimuli

as described previously [2].

Calculation and statistics

Statistical significance was assessed by an analysis of

variance (3-way ANOVA; genotype × stress × sex)

and, if applicable, was followed by Duncan’s test.

Results and Discussion

Mouse liver microsomes showed a significant capac-

ity for testosterone 6b-hydroxylation (which was spe-

cifically catalyzed by CYP3A), which was generally

greater in female compared to male mice [1, 9].

In the present study, a significant decrease in the

rate of testosterone 6b-hydroxylation (a functional

marker of CYP3A activity) was observed in female

mutant mice compared to control female animals

(Fig. 1A). In contrast, the rate of testosterone 6b-

hydroxylation in male mutant mice remained un-

changed compared to control males following selec-

tive ablation of the GR in the noradrenergic system

(Fig. 1B). Interestingly, the level of CYP3A activity in

female mutant mice was similar to that found in male
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mice (Figs. 1A and 1B). Regarding murine CYP3A, it

was shown that CYP3A was one of female predomi-

nant cytochrome P450 isoforms in mouse liver [14].

Interestingly, the expression of female predominant

mouse CYP3A41 and CYP3A44 genes was at high

levels in both sexes immediately after birth. Subse-

quently, the expression level of CYP3A41 and

CYP3A44 genes was modified during the pubertal pe-

riod and maximally reduced 5 weeks after birth in

males [14]. A developmental expression of male

mouse CYP3A11 and CYP3A13 was also observed

[18]. The maximum expression level of CYP3A11

and CYP3A13 genes was reached between 4 and 8

weeks after birth [18]. Moreover, the targeted disrup-

tion of the glucocorticoid receptor indicated that the

receptor was not obligatory for the glucocorticoid or

rifampin induction of CYP3A expression at both

mRNA and protein levels in adult glucocrticoid

receptor-null mice [15]. However, the presence of

pregnane X receptor (PXR), a confirmed mediator of

CYP3A induction, accounts for similar effects of both

GR agonists and antagonists on CYP3A gene expres-

sion [6]. In our study, the general activity of CYP3A

in mutant animals was reduced to 68% of the control

in female mouse liver, while the enzyme activity re-

mained unchanged in that organ in male mice. The

above findings suggest that the full basal activity of

mouse CYP3A can be indirectly modified by the GR

in the noradrenergic system during the pubertal pe-

riod. Of note, selective ablation of the GR in the nora-

drenergic system did not destroy the central and the

peripheral noradrenergic system.

The sex-dimorphic expression of mouse CYP3A is

partially due to sex-dimorphic plasma GH profile

which is a decisive factor in the regulation of sex-

specific CYP isoforms [14]. Nevertheless, in our

study we did not observe any changes in plasma GH

levels in either mouse sex with a selective ablation of

the GR in the noradrenergic system (Fig. 2). Further-

more, no changes were observed in the level of corti-

costerone in those animals [2]. The above results sug-

gest the existence of additional mechanisms deter-

mined by gender, which are independent of plasma

GH and corticosterone levels engaged in the regula-

tion of CYP3A. This suggestion is in line with an ob-

servation that the sexually dimorphic pattern of

growth hormone secretion is influenced by sex hor-

mones while developmental expression of CYP3A is

changed by sexually dimorphic pattern of growth hor-

mone secretion [5, 11]. Thus, the regulatory interplay

of sex hormones may play a key role in expression of

CYP3A genes.

In addition, we examined the influence of chronic

restraint stress on the alteration of CYP3A activity in

the liver of mice with a selective ablation of the GR in

the noradrenergic system (Figs. 1A and 1B). Indeed,

stress is a fight-or-flight response to stressful stimuli

that helps an individual to survive. In the present

study, mutant mice were more sensitive to chronic re-

straint stress than were control mice regarding the ac-
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Fig. 1. The effect of selective ablation of the glucocorticoid receptor
in the noradrenergic system and chronic restraint stress on the activ-
ity of the CYP3A isoform in the liver of female (A) and male (B) mice.
The data are expressed as the mean ± SEM (n = 5). Statistical signifi-
cance was assessed by Duncan�s test and indicated with *** p =
0.006 vs. non-stressed female controls, ### p = 0.002 vs. non-
stressed GRDBHCre female mutants and # p = 0.05 vs. non-stressed
GRDBHCre male mutants

Females Males

Con Mut Con Mut

Fig. 2. The effect of selective ablation of the glucocorticoid receptor
in the noradrenergic system on the level of the growth hormone in the
plasma of mice. The data are expressed as the mean ± SEM (n = 5)



tivity of cytochrome P450 (Figs.1A and B). The activ-

ity of CYP3A was increased by stress in both females

and males in mutant mice only. However, the ob-

served increase in enzyme activity was more pro-

nounced in females (up to 153% of the non-stressed

mutant level) than in males (up to 136% of the non-

stressed mutant level). Interestingly, the level of a

stress hormone (corticosterone) increased in both

sexes after chronic restraint stress, but there were no

differences between mutant and control mice [2].

However, the regulation of the expression of CYP3A

is under multi-hormonal control. Thus, it is possible

that sex hormones-related factors also play a role after

stress exposure. Therefore, further studies are neces-

sary to search for molecular mechanisms responsible

for the observed changes in CYP3A activity, and to

satisfactorily elucidate the role of the noradrenergic

system in the regulation of CYP3A in murine liver.

Such an approach seems of particular importance,

since sex differences in the CYP-dependent drug me-

tabolism are fairly common in human liver [17].
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