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Abstract:

Our earlier study showed that damage to brain dopaminergic pathways causes decreases in CYP2B, CYP2C11 and CYP3A, as well

as increases in CYP1A protein levels and activities in the liver. The aim of the present study was to investigate the influence of le-

sions of brain dopaminergic pathways on hormones and cytokines that are thought to mediate the effect of the dopaminergic system

on liver CYP expression.

At 48 h or 7 days after lesion of the tuberoinfundibular pathway, growth hormone level was significantly decreased, while the con-

centration of triiodothyronine was considerably increased. Fourteen days after lesion of the mesolimbic pathway, triiodothyronine

level was significantly elevated, while corticosterone concentration was visibly reduced. The plasma levels of thyroxine, testoster-

one, interleukin-2, and interleukin-6 were not changed after lesion of the tuberoinfundibular or the mesolimbic pathways.

The present study suggests that liver CYP is regulated by the dopaminergic tuberoinfundibular pathway via growth hormone and

triiodothyronine, while the mesolimbic pathway influences this enzyme via corticosterone and triiodothyronine. Cytokines are not

involved in the observed down-regulation of CYP isoforms after lesion of either dopaminergic pathway.

Key words:

brain dopaminergic pathways, selective lesions, plasma hormone and cytokine levels

Introduction

Until now, the role of brain neurotransmission sys-

tems/pathways in the regulation of liver cytochrome

P450 (CYP) expression has rarely been recognized.

However, genes coding for different CYP isoforms

are regulated by endogenous hormones (e.g., pituitary

hormones, thyroid hormones, glucocorticoids) and the

immune system (cytokines), which are all under con-

trol of the central nervous system [4, 6, 11, 16, 24].

Dopamine (released from the endings of dopaminer-

gic neurons of the tuberoinfundibular pathway in the

median eminence and transported by hypophysial

portal blood to the anterior pituitary lobe) [22] can af-

fect CYP regulation and activity in the liver by alter-

ing the levels of pituitary hormones and/or cytokines.

So far, there has been no literature data on the regula-

tion of pituitary hormone secretion by the brain meso-

limbic pathway, but some histochemical evidence

suggests that certain dopaminergic projections of the

mesolimbic pathways which originate in the ventral

tegmental area (VTA) and end in the medial hypo-

thalamus (especially in the paraventricular nucleus)

and median eminence, may play a role in regulating

966 Pharmacological Reports, 2008, 60, 966–971

Pharmacological Reports

2008, 60, 966–971

ISSN 1734-1140

Copyright © 2008

by Institute of Pharmacology

Polish Academy of Sciences



the secretion of pituitary hormones [15, 20]. It has

been shown that corticotropin- and thyrotropin-

releasing hormones are chiefly derived from cells in

the paraventricular nucleus of the hypothalamus,

while a growth hormone-releasing hormone is mainly

liberated from cells in the arcuate nucleus of the hy-

pothalamus [5, 18, 21]. Therefore it is feasible that

changes in the activity of the mesolimbic pathway

may also influence the secretion of pituitary hor-

mones. Thus, both the tuberoinfundibular and meso-

limbic pathways may play a significant role in the

regulation of liver CYP.

Studies on the effect of the dopaminergic system

on pituitary hormone secretion in humans and rats

have demonstrated that diminution of dopaminergic

neurotransmission leads to a decrease in growth hor-

mone (GH), adrenocorticotropic hormone (ACTH),

and corticosterone levels, and causes an elevation in

thyroid stimulating hormone (TSH) and thyroid hor-

mone concentrations in blood plasma. Such effects

were observed after systemic (rats, humans) or in-

tracerebroventricular (rats) administration of different

dopamine antagonists [22, 24]. However, the above

studies did not discover the pathways involved in

regulating the secretion of these particular hormones.

On the other hand, it was reported that GH and gluco-

corticoids positively influenced the expression of

CYP3A, CYP2B and CYP2C, while thyroid hor-

mones and cytokines negatively regulated those iso-

forms in the liver [9, 12, 13, 17, 23].

Our earlier results provided the first direct evidence

for the important role of the brain dopaminergic sys-

tem in the regulation of CYP in rat liver. We observed

decreases in the activity and protein levels of CYP2B,

CYP2C11 (lesion of the tuberoinfundibular pathway)

and CYP3A (lesion of the tuberoinfundibular or the

mesolimbic pathway). At the same time, the level and

activity of CYP1A were considerably elevated (lesion

of the tuberoinfundibular or the mesolimbic pathway).

In contrast, the activities of CYP2A, CYP2C6, and

CYP2D (whose regulation is not hormone-dependent)

were not influenced by damage to those dopaminergic

pathways, nor did lesion of the nigrostriatal pathway

affected any CYP isoforms studied [28]. Since there

has been no literature data on the effect of dopamine

on the secretion of different pituitary hormones and

cytokine levels after selective inhibition of particular

brain dopaminergic pathways, the aim of the present

study was to determine which endogenous factors

(hormones, cytokines) directly mediated the effect of

the dopaminergic system on CYP expression in the

liver after selective lesion of tuberoinfundibular or

mesolimbic pathways.

Materials and Methods

Animals

All the experiments with animals were conducted in

accordance with the Polish law regulations (the Ani-

mal Protection Act, DZ.U. 97.111.724, 1997). Male

Wistar rats (220–250 g) were used for the study.

Chemicals

Testosterone was purchased from Steraloids (New-

port, USA). A rat GH ELISA kit was provided by

Linco Research (St. Charles, USA), while triiodothy-

ronine (T3) and thyroxine (T4) ELISA kits were do-

nated by Alpha Diagnostic International (San Anto-

nio, USA). Rat interleukin-2 (IL-2) and interleukin-6

(IL-6) ELISA kits were obtained from R&D Systems

(Minneapolis, USA). All HPLC grade organic sol-

vents were supplied by Merck (Darmstadt, Germany).

Determination of hormone and cytokine levels

in the blood plasma

Concentrations of hormones and cytokines were as-

sessed in blood plasma of the same rats in which CYP

isoform levels and activities were previously deter-

mined in liver microsomes, i.e., in control rats and

animals with lesions of the tuberoinfundibular or

mesolimbic pathways (Tab. 1). Those lesions (made

using 6-hydroxydopamine) were verified by deter-

mining the level of dopamine and its metabolites

(3,4-dihydroxyphenylacetic acid – DOPAC and homo-

vanilic acid – HVA) in the median eminence (lesion

of the tuberoinfundibular pathway) or in the nucleus

accumbens (lesion of the mesolimbic pathway), as de-

scribed in detail in our recent study [28]. Concentra-

tions of hormones and cytokines were determined 48

h and 7 days after lesion of the tuberoinfundibular

pathway and 14 days after lesion of the mesolimbic

pathway.

After decapitation, rat trunk blood was collected in

tubes moistened with a 30% solution of sodium cit-
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rate. Blood samples were centrifuged at 2,000 × g for

30 min, and the resultant plasma samples were stored

at –20°C. Plasma hormone and cytokine levels were

measured using commercial rat GH, T3, T4, IL-2 and

IL-6 ELISA kits, according to the manufacturer’s in-

structions. The optical density was measured using

a Multiskan Spectrum UV microplate reader (Ther-

molab System, Vantaa, Finland). Concentrations of

corticosterone and testosterone were assessed in

blood plasma by the slightly modified HPLC method

of Wong [26]. The above-mentioned hormones were

extracted with 6 ml of hexane from 1 ml of blood

plasma. The residue obtained after evaporation of the

plasma extracts was dissolved in 100 �l of the mobile

phase described below. An aliquot (20 �l) was in-

jected into an HPLC system (LaChrom, Merck-

Hitachi) equipped with a UV detector, an L-7100

pump and a D-7000 System Manager. The analytical

column (Econosphere, C-18, 250 × 4.6 mm, 5 �m)

was purchased from Alltech (Carnforth, England).

The mobile phase consisted of acetonitrile, water, and

glacial acetic acid (35 : 64.5 : 0.5 v/v). The flow rate

was 1 ml/min (0–13 min), followed by 1.8 ml/min

(13.1–24 min). The column temperature was ambient.

Absorbance was measured at a wavelength of 254 nm.

Statistical analysis

Statistical significance was assessed using an analysis

of variance, followed by Dunnett’s test. All the ob-

tained values are the mean ± SEM from 6 to 8 ani-

mals.

Results

At 48 h or 7 days after lesion of the tuberoinfundibu-

lar pathway, the level of GH was significantly de-

creased (down to 63% and 44% of the control value,

respectively), while the concentration of T3 was con-

siderably increased (up to 138% and 164% of the con-

trol, respectively) in blood plasma (Fig. 1).

Fourteen days after lesion of the mesolimbic path-

way, T3 level was significantly elevated (up to 129%

of the control), while corticosterone concentration

was visibly reduced (down to 59% of the control)

(Fig. 2). The plasma levels of T4, testosterone, IL-2

and IL-6 were not changed after lesion of the tubero-

infundibular or mesolimbic pathways (Fig. 1, 2).

Discussion

The present study indicates that lesion of the tuberoin-

fundibular pathway influences GH and T3 secretion,

while damage to the mesolimbic pathway affects cor-

ticosterone and T3 levels. The above results are in

agreement with the literature data, showing that a de-

crease in dopaminergic neurotransmission leads to in-

hibition of GH and a drop in corticosterone levels,

and causes an increase in thyroid hormone concentra-

tions in rat blood plasma [22, 24]. However, our pres-

ent study has shown that the qualitative changes in the

secretion of hormones after damage to the brain dopa-

minergic system are pathway-dependent.
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Tab. 1. The effect of lesion of brain dopaminergic pathways by 6-hydroxydopamine on the activity and protein levels of different CYP isoforms
in rat liver microsomes (a)

Tuberoinfundibular pathway Mesolimbic pathway

48 h after the lesion 7 days after the lesion 14 days after the lesion

Activity
(% of control)

Protein level
(% of control)

Activity
(% of control)

Protein level
(% of control)

Activity
(% of control)

Protein level
(% of control)

CYP1A 111 nt 149** 124* 124* 108

CYP2B 56* 65** 56* 67** 81 nt

CYP2C11 78 nt 70* 59** 90 nt

CYP3A 80 nt 59** 46*** 69** 53**

(a) The table was prepared according to Wójcikowski et al. [28]. * p < 0.05, ** p < 0.01, *** p < 0.001, compared to the control; nt – not tested



Lesion of the tuberoinfundibular pathway caused

a decrease in GH plasma levels and an increase in T3

concentration, while a drop in corticosterone level

and T3 content elevation were observed after damage

to the mesolimbic pathway. Those differences in

changes in the secretion of pituitary hormones after

lesion of the above-mentioned dopaminergic path-

ways may stem from different connections of particu-

lar dopaminergic pathways with the brain hormonal

system (direct in the case of the tuberoinfundibular

pathway and indirect in the case of the mesolimbic

pathway). In the case of the tuberoinfundibular path-

way, dopamine (released from the endings of dopa-

minergic neurons of the tuberoinfundibular pathway

in the median eminence) is transported by hypophys-

ial portal blood to the anterior pituitary lobe where it

can directly stimulate the secretion of GH and inhibit

that of TSH. On the other hand, the mesolimbic path-

way – via its projection into the hypothalamus – may

affect the secretion of the corticotropin- and thyro-

tropin-releasing hormones (which are principally de-

rived from cells in the paraventricular nucleus of the

hypothalamus), which regulate the release of the re-

spective pituitary hormones (ACTH, TSH) [5, 18].

Moreover, there are some neuronal projections from

the nucleus accumbens (a target for the mesolimbic

pathway) which also end in the hypothalamus and

may additionally affect the liberation of corticotropin-

and thyrotropin-releasing hormones [25, 27].

In the present study, we did not observe any direct

effects of the lesion of the tuberoinfundibular path-

way on corticosterone secretion. However, our results

are consistent with the literature data suggesting that

catecholamines probably do not function as ACTH-

releasing factors in the pituitary, but influence ACTH
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Fig. 1. The effect of lesion of the brain tuberoinfundibular pathway
by 6-hydroxydopamine (6-OH-DA) [28] on hormone and cytokine
levels in rat blood plasma. All the values are the mean ± SEM (n = 6–8
animals). Statistical significance was assessed by Dunnett’s test and
indicated with * p < 0.05 and ** p < 0.01, compared to the control.
The absolute control values were 8.5 ± 1.1 ng/ml, 152.7 ± 29.7 pg/ml,
7.7 ± 0.6 ng/ml, 5.2 ± 0.7 ng/ml, 4.7 ± 1.2 ng/ml, 31.8 ± 1.2 pg/ml,
and 67.8 ± 3.3 pg/ml for growth hormone (GH), triiodothyronine (T3),
thyroxine (T4), corticosterone (CRT), testosterone (TST), interleukin-2
(IL-2), and interleukin-6 (IL-6), respectively (48 h after the first injec-
tion of 6-OH-DA) and 9.1 ± 0.7 ng/ml, 171.1 ± 26.9 pg/ml, 7.3 ± 0.6
ng/ml, 4.5 ± 0.6 ng/ml, 4.0 ± 0.8 ng/ml, 33.4 ± 2.9 pg/ml, and 56.7 ±
1.2 pg/ml for GH, T3, T4, CRT, TST, IL-2, and IL-6, respectively (7 days
after the first injection of 6-OH-DA)

Fig. 2. The effect of lesion of the brain mesolimbic pathway by
6-hydroxydopamine (6-OH-DA) [28] on hormone and cytokine levels
in rat blood plasma. All the values are the mean ± SEM (n = 6–8 ani-
mals). Statistical significance was assessed by Dunnett’s test and in-
dicated with * p < 0.05 and ** p < 0.01, compared to the control.
The absolute control values were 7.8 ± 0.8 ng/ml, 178.8 ± 30.5 pg/ml,
8.7 ± 1.2 ng/ml, 4.4 ± 0.5 ng/ml, 4.0 ± 0.8 ng/ml, 32.5 ± 2.8 pg/ml,
and 58.6 ± 2.1 pg/ml for growth hormone (GH), triiodothyronine (T3),
thyroxine (T4), corticosterone (CRT), testosterone (TST), interleukin-2
(IL-2), and interleukin-6 (IL-6), respectively



(and adrenal corticosterone) levels by affecting corti-

cotropin-releasing hormone secretion in the hypo-

thalamus [24]. On the other hand, the lack of an effect

of the lesion of the mesolimbic pathway on GH level

may be due to the fact that the GH-releasing hormone

is mainly liberated from cells in the arcuate nucleus of

the hypothalamus, whereas dopaminergic projections

from the VTA end in the paraventricular nucleus of

the hypothalamus [20, 21].

Our previous study demonstrated decreases in the

activity and protein levels of CYP2B and CYP2C11

(lesion of the tuberoinfundibular pathway), as well as

CYP3A (lesion of the tuberoinfundibular or the meso-

limbic pathway). At the same time, the level and ac-

tivity of CYP1A were considerably elevated (lesion of

the tuberoinfundibular or the mesolimbic pathway)

(Tab. 1). Hence, the above-cited results and the pres-

ent data indicate that CYP regulation by the brain do-

paminergic system is not only isoform-, but also path-

way- and hormone-dependent (regulation of CYP1A,

CYP2B, CYP2C11, and CYP3A by GH and/or T3 in

the case of the tuberoinfundibular pathway, and of

CYP1A and CYP3A by corticosterone and/or T3, in

the case of the mesolimbic pathway). These results

are in agreement with the literature data, showing the

positive influence of dopamine on GH and corticos-

terone secretion and its negative effect on the secre-

tion of thyroid hormones, as well as the positive influ-

ence of GH and corticosterone and the negative effect

of thyroid hormones on CYP2B, CYP2C11, and

CYP3A regulation [9, 13, 22, 23]. It has been demon-

strated that thyroid hormones, rather than GH, play

a pivotal role in the regulation of CYP2B [13].

CYP3A may be regulated to a similar degree by dif-

ferent hormones (GH, thyroid hormones, glucocorti-

coids) [9, 23], while the expression of “male-specific”

CYP2C11 depends on pulsatile GH secretion [1, 2].

On the other hand, the CYP1A regulation pathway

may involve the peroxisome proliferator-activated re-

ceptor � (PPAR-�) and the retinoic X receptor (RXR)

[19, 28]. The PPAR-�/RXR-� heterodimer is posi-

tively modulated by thyroid hormones via the thyroid

hormone receptor � in vivo [7].

Apart from its direct regulation by dopamine, the

secretion of GH may also be indirectly regulated by

corticosterone. Glucocorticoids enhance growth hor-

mone-releasing hormone receptor (GHRH-R) synthe-

sis and stimulate GH gene transcription at low physio-

logical concentrations, while their higher levels

(stress-induced) suppress GH secretion by enhancing

hypothalamic somatostatin release [3, 8, 10]. It has

been shown that GHRH-R mRNA levels are signifi-

cantly decreased, and that GH secretion is inhibited in

adrenalectomized male rats [14]. When the activities

of both the mesolimbic and the tuberoinfundibular

pathways are simultaneously diminished (as e.g., in

the case of the blockade of dopaminergic receptors by

neuroleptics in vivo), the decreased corticosterone

level may attenuate the GH-induced CYP up-regula-

tion (CYP2B, CYP2C11, and CYP3A).

In conclusion, the obtained results show that the

regulation of liver CYP by the brain dopaminergic

system is not only isoform-, but also pathway- and

hormone-dependent. CYP isoforms are regulated by

the tuberoinfundibular pathway via GH and T3, while

the mesolimbic pathway influences their regulation

via corticosterone and T3. Cytokines are not involved

in the observed down-regulation of CYP isoforms af-

ter lesion of both of these dopaminergic pathways.

Therefore, inhibition of the brain dopaminergic sys-

tem (e.g., by dopamine receptor-blocking neurolep-

tics) may cause changes of physiological, pharmacol-

ogical, and toxicological significance in CYP activity,

since the CYP isoforms that are regulated by the do-

paminergic system catalyze the metabolism of en-

dogenous substances (e.g., steroids), clinically impor-

tant drugs (e.g., psychotropics, calcium channel an-

tagonists, antibiotics), and toxins.
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