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Abstract: The CYP2D enzymes of the cytochrome P450 superfamily play an important role in psy-

chopharmacology, since they are engaged in the metabolism of psychotropic drugs and endogenous 

neuroactive substrates, which mediate brain neurotransmission and the therapeutic action of those 

drugs. The aim of this work was to study the effect of short- and long-term treatment with the se-

lective antagonist of the GluN2B subunit of the NMDA receptor, the compound CP-101,606, which 

possesses antidepressant properties, on CYP2D expression and activity in the liver and brain of male 

rats. The presented work shows time-, organ- and brain-structure-dependent effects of 5-day and 3-

week treatment with CP-101,606 on CYP2D. Five-day treatment with CP-101,606 increased the ac-

tivity and protein level of CYP2D in the hippocampus. That effect was maintained after the 3-week 

treatment and was accompanied by enhancement in the CYP2D activity/protein level in the cortex 

and cerebellum. In contrast, a 3-week treatment with CP-101,606 diminished the CYP2D activ-

ity/protein level in the hypothalamus and striatum. In the liver, CP-101,606 decreased CYP2D ac-

tivity, but not the protein or mRNA level, after 5-day or 3-week treatment. When added in vitro to 

liver microsomes, CP-101,606 diminished the CYP2D activity during prolonged incubation. While 

in the brain, the observed decrease in the CYP2D activity after short- and long-term treatment with 

CP-101,606 seems to be a consequence of the drug effect on enzyme regulation. In the liver, the 

direct inhibitory effect of reactive metabolites formed from CP-101,606 on the CYP2D activity may 

be considered. Since CYP2Ds are engaged in the metabolism of endogenous neuroactive substances, 

it can be assumed that apart from antagonizing the NMDA receptor, CP-101,606 may modify its 

own pharmacological effect by affecting brain cytochrome P450. On the other hand, an inhibition of 

the activity of liver CYP2D may slow down the metabolism of co-administered substrates and lead 

to pharmacokinetic drug–drug interactions. 
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1. Introduction 

The CYP2D enzymes of the cytochrome P450 superfamily play an important role in 

psychopharmacology, since they are engaged in the metabolism of psychotropic drugs 

and endogenous neuroactive substrates, which mediate brain neurotransmission and the 

therapeutic action of those drugs [1–3]. Therefore, changes in the activity of CYP2D en-

zymes, such as human CYP2D6 (liver and brain enzyme) or rat CYP2D1, CYP2D2 (liver-

specific) and CYP2D4 (brain-specific), are of particular interest as they can affect drug 

response via both pharmacokinetic and neurochemical mechanisms, the latter of which 
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include the synthesis of monoaminergic neurotransmitters dopamine [4–6] and serotonin 

[7–9], and the metabolism of neurosteroids [10–12]. 

The mechanisms of the regulation of CYP2D enzymes are still not fully recognized, 

but the influence of age, stress, steroid hormones and neuroactive drugs has been ob-

served [13–18]. At a molecular level, the engagement of hepatocyte nuclear factor HNFα, 

CCAAT/enhancer-binding protein C/EBPα transcription factor, the farnesoid X receptor-

activated transcriptional repressor SHP, PPAR nuclear receptors (PPARγ-activating and 

PPARα-suppressing) and miRNAs in the regulation of CYP2D6 expression was observed 

(reviewed by [19,20]). It has also been shown that PPARs are controlled by growth hor-

mone [21], while growth hormone is under the influence of sex steroids [22]. Moreover, 

sex hormones can regulate brain CYP2D genes via miRNAs [23]. 

The regulation of cytochrome P450 in the brain proceeds differently than in the liver 

and is brain-region-dependent [3,24]. The brain consists of various structures that contain 

different cell types, innervations and receptors. It seems, therefore, that differences in in-

tracellular neurotransmitter signaling, availability of endogenous and exogenous active 

substances dependent on the blood–brain barrier (BBB) permeability and levels of tran-

scription factors between neural and hepatic cells lead to differentiated expression of cy-

tochrome P450 and its susceptibility to regulation at transcriptional or post-transcriptional 

level in the brain (or brain structures) and the liver. Brain CYP2Ds are usually regulated 

by xenobiotics at the post-transcriptional level in contrast to the liver enzyme, as shown 

for some psychotropic drugs and nicotine [3,25–28]. 

Human CYP2D6 polymorphism has been implicated in the inter-individual variabil-

ity of therapeutic responses, personality traits, cognitive processes, learning and memory 

[29–34]. This kind of relationship between CYP2D activity and behavioral responses was 

also observed in rodents [21,35,36]. Recent studies have shown that prolonged administra-

tion of some antidepressant and neuroleptic drugs affects CYP2D activity in brain struc-

tures involved in depression and schizophrenia (respectively), and influences the thera-

peutic action or side effects of those drugs (reviewed by [3]). Since CYP2Ds are engaged 

in the metabolism of endogenous neuroactive substances in the brain, changes in their 

activity may modify the pharmacological action of psychotropics, as recently suggested 

for the investigated antidepressants (e.g., escitalopram, venlafaxine) and atypical neuro-

leptics (e.g., asenapine, iloperidone and lurasidone) [15,27,37–39]. The abovementioned 

three atypical neuroleptics evoked similar pattern of changes in the regional CYP2D ac-

tivity in the brain, which was different from that of antidepressants, and suggested the 

involvement of pharmacological (receptor) mechanisms. 

Recent studies indicate that selective antagonists of the GluN2B subunit of the N-

methyl-d-aspartate (NMDA) receptor may be useful for the therapy of major depressive 

disorders. However, an involvement of the glutamatergic system in the physiological reg-

ulation of cytochrome P450 enzymes has not been well-examined. Our recent results with 

the selective antagonist of the GluN2B subunit of the NMDA receptor, the compound CP-

101,606, which possesses antidepressant properties [40–43], imply engagement of the 

NMDA receptor in the neuroendocrine regulation of CYP1A, CYP2C and CYP3A en-

zymes in the liver and potential involvement of drugs acting on NMDA receptors in met-

abolic drug–drug interactions [44]. However, the effect of CP-101,606 on the CYP2D en-

zyme has not been investigated. Therefore, the aim of this work was to study the effect of 

prolonged treatment with the compound CP-101,606 on CYP2D expression and activity 

in the rat liver and brain. We would like to find out whether the action of this potential 

antidepressant drug on the CYP2D enzyme may be important for its pharmacological ef-

fect in the brain and for metabolic drug–drug interactions in the liver. 
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2. Results 

2.1. The Effect of CP-101,606 on the CYP2D Protein Level and Activity in Rat Brain 

Microsomes after 5-Day and 3-Week Treatment 

The activity of CYP2D, measured as the rate of bufuralol 1′-hydroxylation, and the 

protein level of the enzyme were not significantly changed in most of the investigated 

brain structures (the thalamus, hypothalamus, striatum, brain stem, cortex, frontal cortex, 

cerebellum and medulla oblongata) after 5-day treatment with CP-101,606. One exception 

was the hippocampus, in which a short-term treatment with CP-101,606 significantly in-

creased the activity of CYP2D up to 151% of the control value and the level of the enzyme 

protein up to 125% (Figures 1 and S1). The considerably increased activity and protein 

level of CYP2D in the hippocampus were maintained after 3-week administration of CP-

101,606 and amounted to 137% and 148% of the controls, respectively (Figures 2 and S2). 

Furthermore, the long-term treatment with CP-101,606 enhanced the CYP2D activity in 

the cortex and cerebellum (up to 136% and 147%, respectively). The elevated activity of 

CYP2D positively correlated with an increase in the level of the enzyme protein (up to 

126% and 219%, respectively). In contrast, a 3-week treatment with CP-101,606 signifi-

cantly diminished the CYP2D activity in the hypothalamus (down to 72%) and in the stri-

atum (down to 69% of the control value). The observed decreases in the enzyme activity 

were accompanied by a reduction in the enzyme protein level (down to 57% and 71% of 

the control, respectively) (Figures 2 and S2). No statistically significant changes in CYP2D 

activity were observed in the other examined brain structures (the thalamus, brain stem, 

frontal cortex and medulla oblongata). 

 

Figure 1. The influence of 5-day treatment with CP-101,606 on the CYP2D activity (A) and the pro-

tein level (B) in microsomes from the selected brain regions. All values are the mean ± S.E.M. of 4–

5 samples (each sample consisted of 2 pooled brain structures from 2 rats) for most of the studied 

cerebral structures or 6 samples (from 6 rats) for the cortex and the cerebellum. The mean values of 

the control CYP2D activity are as follows (pmol of 1′-hydroxybufuralol/mg protein/min): 0.024 ± 

0.003 (Th); 0.024 ± 0.005 (Ht), 0.027 ± 0.004 (Hp); 0.083 ± 0.018 (St); 0.037 ± 0.006 (Bs); 0.039 ± 0.004 
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(Cx); 0.019 ± 0.002 (FCx); 0.068 ± 0.011 (Cb); and 0.041 ± 0.011 (Mo). The representative CYP2D pro-

tein bands in Western blot analysis are shown. A total of 10 μg of microsomal protein was subjected 

to Western blot analysis. cDNA-expressed CYP2D4 (Baktosomes) was used as a positive control. 

The significance of results was calculated using Student’s t-test. Statistical significance is shown as 

** p < 0.01 vs. control group. Th—the thalamus, Ht—the hypothalamus, Hp—the hippocampus, St—

the striatum, Bs—the brain stem, Cx—the cortex, FCx—the frontal cortex, Cb—the cerebellum, 

Mo—the medulla oblongata. 

 

Figure 2. The influence of 3-week treatment with CP-101,606 on the CYP2D activity (A) and protein 

level (B) in microsomes from the selected brain regions. All values are the mean ± S.E.M. of 5–7 

samples (each sample consisted of 2 pooled brain structures from 2 rats) for most of the studied 

cerebral structures or 4–5 samples for the substantia nigra (each sample consisted of 3 pooled brain 

structures from 3 rats) or 6 samples (from 6 rats) for the cortex and the cerebellum. The mean values 

of the control CYP2D activity are as follows (pmol of 1′-hydroxybufuralol/mg protein/min): 0.035 ± 

0.003 (Th); 0.072 ± 0.010 (Ht); 0.031 ± 0.003 (Hp); 0.065 ± 0.007 (St); 0.033 ± 0.005 (Bs); 0.126 ± 0.017 

(Sn); 0.023 ± 0.002 (Cx); 0.010 ± 0.001 (FCx); 0.047 ± 0.007 (Cb); and 0.025 ± 0.003 (Mo). The repre-

sentative CYP2D protein bands in Western blot analysis are shown. A total of 10 μg of microsomal 

protein was subjected to Western blot analysis. cDNA-expressed CYP2D4 (Bactosome) was used as 

a positive control. The significance of results was calculated using Student’s t-test. Statistical signif-

icance is shown as * p < 0.05; *** p < 0.001 vs. control group. Th—the thalamus, Ht—the hypothala-

mus, Hp—the hippocampus, St—the striatum, Bs—the brain stem, Sn—the substantia nigra, Cx—

the cortex, FCx—the frontal cortex, Cb—the cerebellum, Mo—the medulla oblongata. 
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2.2. The Effect of CP-101,606 on the CYP2D Expression and Activity in Rat Liver Microsomes 

after 5-Day and 3-Week Treatment 

The activity of CYP2D declined to 68% of the control after 5-day administration of 

CP-101,606. The enzyme activity remained at 82% of that of the control after 3-week treat-

ment with the studied compound (Figure 3). The protein levels of CYP2D were unchanged 

compared to the control after both 5-day and 3-week treatment with CP-101,606 (Figures 

3B and S3). In order to investigate the molecular mechanisms of the observed changes in 

the CYP2D activity, the mRNA levels of the CYP2D1 and CYP2D2 genes, encoding the 

major CYP2D enzymes in the liver, were measured. However, CP-101,606 did not produce 

any significant changes in the mRNA levels of the two studied liver CYP2D genes. 

 

Figure 3. The influence of 5-day and 3-week treatment with CP-101,606 on the CYP2D activity (A), 

the protein level (B) and the mRNA levels of CYP2D1 and CYP2D2 genes in the liver microsomes 

(C). All values are the mean ± S.E.M. of 9–12 samples. The mean values of the control CYP2D activity 

are (pmol of 1′-hydroxybufuralol/mg protein/min): 8.827 ± 0.696 (5-day treatment), 11.488 ± 0.549 (3-

week treatment). The representative CYP2D protein bands in Western blot analysis are shown. A 

total of 10 μg of microsomal protein was subjected to Western blot analysis. cDNA-expressed 

CYP2D6 (Supersome) was used as a positive control. The results are expressed as the fold change 

in relation to the ACTB housekeeping gene. All the values are the means fold change (±S.E.M.) cal-

culated by the comparative delta-delta Ct method (2−∆∆Ct) for the control (n = 9) and CP-101,606-

treated (n = 9) groups. The significance of results was calculated using Student’s t-test. Statistical 

significance is shown as * p < 0.05; ** p < 0.01 vs. control group.  
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2.3. The Effect of CP-101,606 Added In Vitro to Liver Microsomes on the Activity of CYP2D 

In order to further investigate the molecular mechanisms that led to a decrease in 

CYP2D activity in the liver after the administration of CP-101,606 in vivo, an additional 

experiment was carried out exclusively in vitro. The studied selective NMDA receptor 

GluN2B subunit antagonist was added in vitro to liver microsomes of control animals at 

a concentration of 1 μM. CP-101,606 significantly inhibited the CYP2D activity during 

prolonged incubation. The compound decreased the rate of bufuralol 1′-hydroxylation by 

ca. 22% of the control value after 10 min of incubation and by ca. 23% of the control value 

after 40 min of incubation (Figure 4). 

 

Figure 4. The effect of CP-101.606 added in vitro to pooled liver microsomes from control rats on 

the activity of CYP2D measured as the rate of bufuralol 1′-hydroxylation at increasing incubation 

times. All values are the means ± S.E.M. of 5 samples. The significance of results was calculated 

using Student’s t-test. Statistical significance is shown as * p < 0.05 vs. control without added CP-

101.606. The control values (nmol of 1′-hydroxybufuralol/mg of protein/min) are as follows: 106.10 

± 1.35; 146.24 ± 6.29; 74.55 ± 5.50; 56.55 ± 1.96 (for 5, 10, 20 and 40 min of incubation time, respec-

tively). 

3. Discussion 

The presented work shows the effect of 5-day and 3-week treatments with the selec-

tive NMDA receptor GluN2B subunit antagonist CP-101,606 on cytochrome P450 2D 

(CYP2D) in the rat brain and liver. The obtained results show time-, organ- and brain-

structure-dependent effects of CP-101,606 on the CYP2D enzyme. 

While in the liver, the observed decrease in the CYP2D activity after short- and long-

term treatment with CP-101,606 does not seem to be a consequence of the drug effect on 

enzyme regulation, in the brain, such a possibility may be considered. In the liver, no 

changes in the protein and mRNA levels of the main hepatic CYP2Ds (CYP2D1 and 

CYP2D2) were observed after in vivo administration of CP-101,606 for 5 days or 3 weeks. 

However, a decrease in the enzyme activity was observed in vitro as a result of incubation 

of liver microsomes with the CYP2D-selective substrate bufuralol in the presence of CP-

101,606. Therefore, it suggests an inhibitory effect of reactive metabolites formed from CP-

101,606 in the liver during drug biotransformation [45] on the CYP2D present therein. 



Int. J. Mol. Sci. 2022, 23, 13746 7 of 13 
 

 

Instead, in the brain, different time- and region-dependent effects of CP-101,606 on 

CYP2D activity were observed, which were accompanied by respective changes in the 

CYP2D protein level. Five-day-treatment with CP-101,606 produced an increase in the 

CYP2D activity and protein level in the hippocampus only, while 3-week treatment re-

sulted in an enhanced enzyme activity and protein level in the hippocampus, cortex and 

cerebellum. On the other hand, CP-101,606 diminished the CYP2D activity/protein level 

in the hypothalamus and striatum, and showed such a tendency in the substantia nigra 

after 3-week treatment. Thus, the above results show an influence of CP-101,606 on the 

regulation of brain CYP2D (i.e., CYP2D4, the main rat brain CYP2D enzyme), which usu-

ally proceeds at a post-transcriptional level, as indicated by previous pharmacological in-

vestigations concerning antipsychotic drugs or nicotine [25–27,46]. 

It seems possible that the pharmacological mechanism of CP-101,606 action, i.e., its 

antagonistic activity at the NMDA receptor GluN2B subunit, plays an important role in 

the observed differentiated, region-dependent regulation of brain CYP2D. It is known that 

the brain is not a homogenous organ and consists of many anatomic structures composed 

of different kinds of neuronal cells (and glial cells), interconnected within the same struc-

ture and with other structures via different kinds of neurotransmitter pathways and re-

ceptors. Changes in receptor-mediated intracellular signaling may affect pharmacological 

regulation of genes and proteins including cytochrome P450 [20]. The main glutamate 

pathways include: cortico-cortical, cortico-brainstem, cortico-striatal, hippocampal-stria-

tal, thalamo-striatal and cortico-thalamic routes [47]. The signals sent from one brain 

structure to another may be transmitted further (also back) via another neurotransmitter 

pathway. In addition, the distribution of particular mGluN2 subunits of the NMDA re-

ceptor within the brain is different, which may also contribute to the differentiated action 

of CP-101,606 within the brain [48]. Thus, the intraneuronal and intrastructural signaling 

evoked by CP-101,606 action at the NMDA receptor may be complex and produce differ-

ent responses in particular brain regions. 

Brain CYP2D has been shown to be induced at a post-transcriptional level, as demon-

strated for nicotine, ethanol, clozapine and new atypical neuroleptics [25–28]. However, 

detail mechanisms by which drugs affect CYP2D protein levels in the brain have not been 

recognized so far. Our recent studies indicated similar effects of three atypical neurolep-

tics, asenapine, iloperidone and lurasidone, acting mainly as antagonists of dopaminergic 

D2 receptors and serotonergic 5-HT2/6/7 receptors, which affected the CYP2D activ-

ity/protein level in different brain regions (e.g., both drugs evoked a decrease in the frontal 

cortex and cerebellum, but increased it in the striatum) [27,38,39]. The changes produced 

by these three neuroleptics in brain CYP2D were different from and usually opposite to 

those found in the present work for the potential antidepressant CP-101,606. The above-

mentioned examples imply an engagement of brain pharmacological receptors in the dif-

ferential regulation of cytochrome P450 (CYP2D) in the investigated brain regions. There-

fore, further molecular studies are necessary to explain the mechanisms of differentiated 

regulation of cytochrome P450 (CYP2D) by CP-101,606 and other psychotropic drugs 

within the brain, considering particular brain structures, neuronal cells and receptors. 

Studies on neuronal cells and selective receptor ligands may highlight mechanisms of 

CYP2D protein modulation in particular brain regions and cell types. 

Since CYP2Ds are engaged in the metabolism of endogenous neuroactive substances, 

it can be assumed that apart from antagonizing the NMDA receptor, CP-101,606 may 

modify its own pharmacological effect by regulating the activity of cytochrome P450 in 

the brain. The expected decrease in the rate of CYP2D-mediated 21-hydroxylation of neu-

rosteroids (in the hypothalamus and striatum) or acceleration of the synthesis of dopa-

mine and serotonin via alternative pathways (in the hippocampus, cortex or cerebellum) 

may positively influence the antidepressant action of CP-101,606. On the other hand, the 

inhibition of the activity of liver CYP2D may slow down the metabolism of co-adminis-

tered substrates, which are metabolized by this enzyme [49]. Since our previous studies 

showed that CP-101,606 down-regulates other drug-metabolizing CYP enzymes in the 
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liver, including CYP1A and CYP3A, pharmacokinetic drug–drug interactions should be 

considered when administering CP-101,606. 

4. Materials and Methods 

4.1. Animals 

Wistar Han rats from Charles River Laboratories (Sulzfeld, Germany) were used in 

the study. Males weighing 250–300 g were kept in standard laboratory conditions: tem-

perature 22 ± 2 °C, humidity 55 ± 5% and a 12:12 h light/dark cycle with free access to food 

and drinking water. All experimental procedures were performed in accordance with the 

guidelines of the 86/609 EEC Directive and Guide for the Care and Use of Laboratory An-

imals and with the permission of the Local Bioethics Committee at the Maj Institute of 

Pharmacology, Polish Academy of Sciences (Kraków, Poland). 

4.2. Drugs and Chemicals 

The selective NMDA receptor GluN2B subunit antagonist CP-101,606 was obtained 

from Axon Medchem (Groningen, The Netherlands). NADPH, glucose-6-phosphate-de-

hydrogenase, glucose-6-phosphate and 1′-hydroxybufuralol, the mouse monoclonal anti-

β-actin primary antibody, were purchased from Sigma (St. Louis, MO, USA). Bufuralol 

was synthesized at our institute. All the organic solvents, including HPLC-grade solvents, 

came from Merck (Darmstadt, Germany). The primary polyclonal anti-rat CYP2D4 anti-

body (1:1000 dilution) was prepared in a university laboratory at the Osaka City Univer-

sity Medical School (Osaka, Japan), and polyclonal anti-human CYP2D6 antibody (1:2000 

dilution) was obtained from Fine Test (Wuhan, China). cDNA-expressed rat CYP2D4 

(Bactosome) was donated by Cypex (Dundee, Scotland, UK), and c-DNA expressed 

CYP2D6 (Supersome) came from Gentest Corp. (Woburn, MA, USA). Goat anti-rabbit pe-

roxidase-conjugated secondary antibodies (1:2000 dilution) were donated by Vector La-

boratories (Burlingame, CA, USA), and goat anti-mouse antibodies (1:2000 dilution) were 

from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). SignalBoostTMIm-

munoreaction Enhancer Kit for the dilution of the antibodies was delivered by Millipore 

(Burlington, MA, USA). The chemiluminescence reagents LumiGlo kit came from KPL 

(Gaithersburg, MD, USA). For RNA isolation, a Total RNA Mini kit purchased from A&A 

Biotechnology (Gdynia, Poland) was used. A High-Capacity cDNA Reverse Transcription 

Kit, TaqMan assay and the TaqMan Gene Expression Master Mix were delivered by Life 

Technologies (Carlsbad, CA, USA). 

4.3. Animal Procedure and Microsome Preparation 

The selective NMDA receptor GluN2B subunit antagonist, named CP-101,606, was 

administered intraperitoneally in a pharmacologically active dose of 20 mg/kg for 5 days 

or 3 weeks, simulating short- and long-term treatment [40]. At the end of treatment, the 

rats were sacrificed by decapitation 2 h after the last dose. Whole livers and brains were 

removed, and the selected brain structures (the thalamus, hypothalamus, hippocampus, 

striatum, brain stem, cortex, frontal cortex, substantia nigra, cerebellum and medulla ob-

longata) were isolated according to the atlas of Paxinos and Watson [50]. All those tissues 

were immediately frozen in dry ice, and stored at −80 °C until analysis. The differential 

centrifugation methods described by Hiroi et al. [10] and Daniel et al. [51] were used to 

prepare liver and brain microsomes. The microsomal suspension was dispensed in por-

tions into Eppendorf vials, which were stored at −80 °C. 

4.4. Determination of Cytochrome P450 Enzyme Activities in Brain and Liver Microsomes 

The activity of the CYP2D was studied by measurement of the rate of a CYP2D-spe-

cific metabolic reaction, i.e., bufuralol 1′-hydroxylation [52], in microsomes derived from 

selected brain structures or livers from control rats or CP101,606-treated animals. Incuba-

tions of bufuralol with microsomes from the examined brain structures or liver 
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microsomes were carried out in a system containing the following components: potassium 

phosphate buffer (2 mM, pH = 7.4), MgCl2 (4 mM), NADP (1.6 mM), glucose 6-phosphate 

(5 mM) and glucose 6-phosphate-dehydrogenase (2.5 U in 0.4 mL), according to the 

method routinely used in our laboratory. The protein concentrations in the incubated sam-

ples with liver microsomes were ca. 0.5 mg of protein/mL, and in samples with brain mi-

crosomes concentrations varied depending on the structure of the brain from 1 to 2 rats 

(mg of protein/mL: ca. 2.71 for the thalamus, 0.33 for the hypothalamus, 1.68 for the hip-

pocampus, 0.52 for the striatum, 1.54 for the brain stem, 3.69 for the cortex, 5.33 for the 

frontal cortex, 1.44 for the cerebellum and 1.99 for the medulla oblongata) or from 3 rats 

(ca. 0.1 mg of protein/mL for the substantia nigra). The total level of protein in brain and 

liver microsomes was measured according to Lowry et al. [53]. 

Bufuralol was added to the incubation mixture in vitro at a concentration of 5 μM for 

liver microsomes and 125 μM for brain microsomes (concentrations adjusted according to 

the differences in non-specific substrate binding and in proportion of CYP2D enzymes 

between brain and liver) [15,37]. The final incubation volume was 0.4 mL. In the inhibition 

studies with liver microsomes, CP-101,606 was added to the reaction mixture at a concen-

tration of 1 μM and bufuralol at a 10 μM concentration. The incubation at 37 °C lasted: 60 

min for brain microsomes, 10 min for liver microsomes or 5–40 min in the presence of CP-

101,606 in control liver microsomes. At the end of the incubation, the reaction was stopped 

by adding 30 μL of perchloric acid (70%) and placing the samples on ice. After centrifu-

gation (10 min, at 1000× g) of the samples, the supernatants were transferred to new Ep-

pendorf vials and stored at −20 °C until further analysis. Concentrations of 1′-hydroxy-

bufuralol produced from bufuralol in brain and liver microsomes were evaluated by a 

high-performance liquid chromatography method (HPLC) based on Hiroi et al. [10]. The 

HPLC system (LaChrom, Merck-Hitachi) included the following elements: L-7485 fluo-

rescence detector, an L-7100 pump and D-7000 System Manager and the analytical column 

Econosphere C18 5 μM, 4.6 × 250 mm (Alltech, Carnforth, England). The conditions for 

the elution of the assayed compounds were as follows: the mobile phase contained 40% 

acetonitrile and 0.075% triethylamine (v/v; pH = 3.0), the flow rate was 1.0 mL min−1 from 

0.0 to 6.0 min and 1.8 mL min−1 from 6.1 to 18.0 min, the column temperature was 50 °C 

and an excitation wavelength of 252 nm and emission wavelength of 302 nm (emission) 

were used. 

4.5. Analysis of CYP2D Proteins in Brain and Liver Microsomes 

The CYP2D protein levels in the brain and liver microsomes of control or CP-101,606-

treated rats (5-day or 3-week treatment) were estimated by Western immunoblot analysis. 

Microsomal proteins (5–10 μg of brain and 10 μg of liver microsomes) were separated 

using SDS polyacrylamide gel electrophoresis and transferred onto nitrocellulose mem-

branes. The proteins were then immunodetected and visualized by chemiluminescence 

using the method described earlier [37,54]. 

CYP2D6 is the only human CYP2D enzyme, existing in the liver and brain. In the rat, 

CYP2D4 is the predominant CYP2D enzyme in the brain, while CYP2D1 and CYP2D2 are 

the main CYP2D enzymes present in the liver. Therefore, the polyclonal rabbit anti-rat 

CYP2D4 antibody, which binds to the main rat brain CYP2D enzyme CYP2D4 (and other 

CYP2Ds), was used as primary antibody for brain microsomes, while the polyclonal rabbit 

anti-human CYP2D6 antibody, which recognizes all rat CYP2Ds, was used as primary 

antibody for liver microsomes. Then, horseradish-peroxidase-labeled goat anti-rabbit IgG 

was used as a secondary antibody. cDNA-expressed CYP2D4 (2.5 μg) and CYP2D6 (1 μg) 

were applied as standards, respectively. The intensity of the bands on a nitrocellulose 

membrane was measured with the Luminescent Image Analyzer LAS-1000 and quantified 

by the Image Reader LAS-1000 and Image Gauge 4.0 programs (Fuji Film, Tokyo, Japan). 

The data were normalized for protein loading based on the β-actin levels. 
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4.6. Analysis of the Expression of Genes Encoding CYP2D Isoforms in the Liver 

Due to the small size of rat brain structures (e.g., ca. 50 mg for the hypothalamus and 

140 mg for the hippocampus), the CYP2D mRNA was measured only in the liver. The 

mRNAs of main liver CYP2D enzymes (CYP2D1 and CYP2D2) were analyzed. Isolation 

of liver RNA and quantitative real-time PCR (qRT-PCR) were carried out according to the 

methods described earlier [54]. The frozen liver tissue was homogenized, and total RNA 

was isolated using a Total RNA Mini kit. The quantity and quality of the isolated RNA 

were verified using a Synergy/HTX multi-mode reader (BioTek, Winoosk, VT, USA). The 

isolated RNA samples were stored at −20 °C until use. The first strand of cDNA products 

was generated (from 1 μg of isolated RNA) using a high-capacity cDNA reverse transcrip-

tion kit. cDNA synthesis was carried out at 2 °C for 10 min, 37 °C for 120 min, 85 °C for 5 

min and then at 4 °C for chilling. The expression of genes encoding the CYP2D enzymes, 

including CYP2D1 (Rn01775090_mH) and CYP2D2 (Rn00562419_m1), and for reference 

the gene encoding β-actin ACTB (Rn00667869_m1), was detected by a real-time polymer-

ase chain reaction (PCR) using TaqMan Gene Expression Master Mix and species-specific 

TaqMan-type probes and primers (TaqMan Gene Expression Assay, Life Technologies). 

Real-time PCR runs were performed using the Bio-Rad CFX96 PCR system (Bio-Rad, Her-

cules, CA, USA). Gene expression was determined using the 2-delta Ct method using 

ACTB expression as a reference, as described previously [54]. 

4.7. Data Analysis 

The obtained results are presented as the mean ± S.E.M. Changes in the brain and 

liver cytochrome P450 enzyme activities and protein and mRNA levels were statistically 

assessed using a two-tailed Student’s t-test. The results were recognized as statistically 

significant when p < 0.05. 

5. Conclusions 

Since CYP2Ds are engaged in the metabolism of endogenous neuroactive substances, 

it can be assumed that apart from antagonizing the NMDA receptor, CP-101,606 may 

modify its own pharmacological effect by regulating the activity of cytochrome P450 in 

the brain. The expected decrease in the rate of CYP2D-mediated 21-hydroxylation of neu-

rosteroids (in the hypothalamus and striatum) or acceleration of the synthesis of dopa-

mine and serotonin via alternative pathways (in the hippocampus, cortex or cerebellum) 

may positively influence the antidepressant action of CP-101,606. On the other hand, the 

inhibition of the activity of liver CYP2D may slow down the metabolism of co-adminis-

tered substrates, which are metabolized by this enzyme [49]. Since our previous studies 

showed that CP-101,606 down-regulates other drug-metabolizing CYP enzymes in the 

liver including CYP1A and CYP3A, pharmacokinetic drug–drug interactions should be 

considered when administering CP-101,606. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/ijms232213746/s1. 

Author Contributions: W.A.D. participated in research design; A.H., E.B., R.P., J.J. and P.J.D. con-

ducted the experiment; A.H. and W.A.D. performed data analysis; A.H. and W.A.D. wrote or con-

tributed to the writing of the manuscript. All authors have read and agreed to the published version 

of the manuscript. 

Funding: This study was financially supported by the National Science Centre, Kraków, Poland 

(Grant OPUS 12 no. 2016/23/B/NZ7/02283) and by statutory funds from the Maj Institute of Phar-

macology, Polish Academy of Sciences, Kraków, Poland. 

Institutional Review Board Statement: All procedures used in this study were conducted in com-

pliance with the rules and principles of the 86/609/EEC Directive and were approved by the Bioeth-

ical Committee of the Maj Institute of Pharmacology, Polish Academy of Sciences, Krakow, Poland. 



Int. J. Mol. Sci. 2022, 23, 13746 11 of 13 
 

 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data are contained within the article. 

Acknowledgments: Władysława Anna Daniel acknowledges the support of the National Science 

Centre, Kraków, Poland (Grant OPUS 12 no. 2016/23/B/NZ7/02283). 

Conflicts of Interest: All authors declare that there is no conflicts of interest. 

References 

1. Toselli, F.; Dodd, P.R.; Gillam, E.M.J. Emerging Roles for Brain Drug-Metabolizing Cytochrome P450 Enzymes in Neuropsychi-

atric Conditions and Responses to Drugs. Drug Metab. Rev. 2016, 48, 379–404. https://doi.org/10.1080/03602532.2016.1221960. 

2. Haduch, A.; Daniel, W.A. The Engagement of Brain Cytochrome P450 in the Metabolism of Endogenous Neuroactive Substrates: 

A Possible Role in Mental Disorders. Drug Metab. Rev. 2018, 50, 415–429. https://doi.org/10.1080/03602532.2018.1554674. 

3. Daniel, W.A.; Bromek, E.; Danek, P.J.; Haduch, A. The Mechanisms of Interactions of Psychotropic Drugs with Liver and Brain 

Cytochrome P450 and Their Significance for Drug Effect and Drug-Drug Interactions. Biochem. Pharmacol. 2022, 199, 115006. 

https://doi.org/10.1016/j.bcp.2022.115006. 

4. Hiroi, T.; Imaoka, S.; Funae, Y. Dopamine Formation from Tyramine by CYP2D6. Biochem. Biophys. Res. Commun. 1998, 249, 838–

843. https://doi.org/10.1006/bbrc.1998.9232. 

5. Bromek, E.; Haduch, A.; Daniel, W.A. The Ability of Cytochrome P450 2D Isoforms to Synthesize Dopamine in the Brain: An in 

Vitro Study. Eur. J. Pharmacol. 2010, 626, 171–178. https://doi.org/10.1016/j.ejphar.2009.09.062. 

6. Bromek, E.; Haduch, A.; Gołembiowska, K.; Daniel, W.A. Cytochrome P450 Mediates Dopamine Formation in the Brain in Vivo. 

J. Neurochem. 2011, 118, 806–815. https://doi.org/10.1111/j.1471-4159.2011.07339.x. 

7. Yu, A.-M.; Idle, J.R.; Byrd, L.G.; Krausz, K.W.; Küpfer, A.; Gonzalez, F.J. Regeneration of Serotonin from 5-Methoxytryptamine 

by Polymorphic Human CYP2D6. Pharmacogenetics 2003, 13, 173–181. https://doi.org/10.1097/01.fpc.0000054066.98065.7b. 

8. Haduch, A.; Bromek, E.; Sadakierska-Chudy, A.; Wójcikowski, J.; Daniel, W.A. The Catalytic Competence of Cytochrome P450 

in the Synthesis of Serotonin from 5-Methoxytryptamine in the Brain: An in Vitro Study. Pharmacol. Res. 2013, 67, 53–59. 

https://doi.org/10.1016/j.phrs.2012.10.009. 

9. Haduch, A.; Bromek, E.; Kot, M.; Kamińska, K.; Gołembiowska, K.; Daniel, W.A. The Cytochrome P450 2D-Mediated Formation 

of Serotonin from 5-Methoxytryptamine in the Brain in Vivo: A Microdialysis Study. J. Neurochem. 2015, 133, 83–92. 

https://doi.org/10.1111/jnc.13031. 

10. Hiroi, T.; Kishimoto, W.; Chow, T.; Imaoka, S.; Igarashi, T.; Funae, Y. Progesterone Oxidation by Cytochrome P450 2D Isoforms 

in the Brain. Endocrinology 2001, 142, 3901–3908. https://doi.org/10.1210/endo.142.9.8363. 

11. Kishimoto, W.; Hiroi, T.; Shiraishi, M.; Osada, M.; Imaoka, S.; Kominami, S.; Igarashi, T.; Funae, Y. Cytochrome P450 2D Cata-

lyze Steroid 21-Hydroxylation in the Brain. Endocrinology 2004, 145, 699–705. https://doi.org/10.1210/en.2003-1109. 

12. Funae, Y.; Kishimoto, W.; Cho, T.; Niwa, T.; Hiroi, T. CYP2D in the Brain. Drug Metab. Pharm. 2003, 18, 337–349. 

https://doi.org/10.2133/dmpk.18.337. 

13. Baum, L.O.; Strobel, H.W. Regulation of Expression of Cytochrome P-450 2D MRNA in Rat Brain with Steroid Hormones. Brain 

Res. 1997, 765, 67–73. https://doi.org/10.1016/s0006-8993(97)00428-9. 

14. Mann, A.; Miksys, S.L.; Gaedigk, A.; Kish, S.J.; Mash, D.C.; Tyndale, R.F. The Neuroprotective Enzyme CYP2D6 Increases in the 

Brain with Age and Is Lower in Parkinson’s Disease Patients. Neurobiol. Aging 2012, 33, 2160–2171. https://doi.org/10.1016/j.neu-

robiolaging.2011.08.014. 

15. Haduch, A.; Rysz, M.; Papp, M.; Daniel, W.A. The Activity of Brain and Liver Cytochrome P450 2D (CYP2D) Is Differently 

Affected by Antidepressants in the Chronic Mild Stress (CMS) Model of Depression in the Rat. Biochem. Pharmacol. 2018, 156, 

398–405. https://doi.org/10.1016/j.bcp.2018.09.005. 

16. Konstandi, M.; Andriopoulou, C.E.; Cheng, J.; Gonzalez, F.J. Sex Steroid Hormones Differentially Regulate CYP2D in Female 

Wild-Type and CYP2D6-Humanized Mice. J. Endocrinol. 2020, 245, 301–314. https://doi.org/10.1530/JOE-19-0561. 

17. Haduch, A.; Pukło, R.; Alenina, N.; Nikiforuk, A.; Popik, P.; Bader, M.; Daniel, W.A. The Effect of Ageing and Cerebral Serotonin 

Deficit on the Activity of Cytochrome P450 2D (CYP2D) in the Brain and Liver of Male Rats. Neurochem. Int. 2020, 141, 104884. 

https://doi.org/10.1016/j.neuint.2020.104884. 

18. Haduch, A.; Danek, P.J.; Kuban, W.; Pukło, R.; Alenina, N.; Gołębiowska, J.; Popik, P.; Bader, M.; Daniel, W.A. Cytochrome 

P450 2D (CYP2D) Enzyme Dysfunction Associated with Aging and Serotonin Deficiency in the Brain and Liver of Female Dark 

Agouti Rats. Neurochem. Int. 2022, 152, 105223. https://doi.org/10.1016/j.neuint.2021.105223. 

19. Pan, X.; Ning, M.; Jeong, H. Transcriptional Regulation of CYP2D6 Expression. Drug Metab. Dispos. 2017, 45, 42–48. 

https://doi.org/10.1124/dmd.116.072249. 

20. Kuban, W.; Daniel, W.A. Cytochrome P450 Expression and Regulation in the Brain. Drug Metab. Rev. 2021, 53, 1–29. 

https://doi.org/10.1080/03602532.2020.1858856. 

21. Zhang, F.; Li, J.; Na, S.; Wu, J.; Yang, Z.; Xie, X.; Wan, Y.; Li, K.; Yue, J. The Involvement of PPARs in the Selective Regulation of 

Brain CYP2D by Growth Hormone. Neuroscience 2018, 379, 115–125. https://doi.org/10.1016/j.neuroscience.2018.03.009. 

22. Meinhardt, U.J.; Ho, K.K.Y. Modulation of Growth Hormone Action by Sex Steroids. Clin. Endocrinol. (Oxf) 2006, 65, 413–422. 

https://doi.org/10.1111/j.1365-2265.2006.02676.x. 



Int. J. Mol. Sci. 2022, 23, 13746 12 of 13 
 

 

23. Li, J.; Xie, M.; Wang, X.; Ouyang, X.; Wan, Y.; Dong, G.; Yang, Z.; Yang, J.; Yue, J. Sex Hormones Regulate Cerebral Drug Me-

tabolism via Brain MiRNAs: Down-Regulation of Brain CYP2D by Androgens Reduces the Analgesic Effects of Tramadol. Br. 

J. Pharmacol. 2015, 172, 4639–4654. https://doi.org/10.1111/bph.13206. 

24. Miksys, S.; Tyndale, R.F. Cytochrome P450-Mediated Drug Metabolism in the Brain. J. Psychiatry Neurosci. 2013, 38, 152–163. 

https://doi.org/10.1503/jpn.120133. 

25. Hedlund, E.; Wyss, A.; Kainu, T.; Backlund, M.; Köhler, C.; Pelto-Huikko, M.; Gustafsson, J.A.; Warner, M. Cytochrome P4502D4 

in the Brain: Specific Neuronal Regulation by Clozapine and Toluene. Mol. Pharmacol. 1996, 50, 342–350. 

26. Yue, J.; Miksys, S.; Hoffmann, E.; Tyndale, R.F. Chronic Nicotine Treatment Induces Rat CYP2D in the Brain but Not in the 

Liver: An Investigation of Induction and Time Course. J. Psychiatry Neurosci. 2008, 33, 54–63. 

27. Danek, P.J.; Daniel, W.A. Long-Term Treatment with Atypical Antipsychotic Iloperidone Modulates Cytochrome P450 2D 

(CYP2D) Expression and Activity in the Liver and Brain via Different Mechanisms. Cells 2021, 10, 3472. 

https://doi.org/10.3390/cells10123472. 

28. McMillan, D.M.; Tyndale, R.F. CYP-Mediated Drug Metabolism in the Brain Impacts Drug Response. Pharmacol. Ther. 2018, 184, 

189–200. https://doi.org/10.1016/j.pharmthera.2017.10.008. 

29. Bertilsson, L.; Alm, C.; De Las Carreras, C.; Widen, J.; Edman, G.; Schalling, D. Debrisoquine Hydroxylation Polymorphism and 

Personality. Lancet 1989, 1, 555. https://doi.org/10.1016/s0140-6736(89)90094-9. 

30. Llerena, A.; Edman, G.; Cobaleda, J.; Benítez, J.; Schalling, D.; Bertilsson, L. Relationship between Personality and Debrisoquine 

Hydroxylation Capacity. Suggestion of an Endogenous Neuroactive Substrate or Product of the Cytochrome P4502D6. Acta 

Psychiatr. Scand. 1993, 87, 23–28. https://doi.org/10.1111/j.1600-0447.1993.tb03325.x. 

31. González, I.; Peñas-Lledó, E.M.; Pérez, B.; Dorado, P.; Alvarez, M.; LLerena, A. Relation between CYP2D6 Phenotype and Gen-

otype and Personality in Healthy Volunteers. Pharmacogenomics 2008, 9, 833–840. https://doi.org/10.2217/14622416.9.7.833. 

32. Peñas-Lledó, E.M.; Llerena, A. CYP2D6 Variation, Behaviour and Psychopathology: Implications for Pharmacogenomics-

Guided Clinical Trials. Br. J. Clin. Pharmacol. 2014, 77, 673–683. https://doi.org/10.1111/bcp.12227. 

33. Stingl, J.C.; Esslinger, C.; Tost, H.; Bilek, E.; Kirsch, P.; Ohmle, B.; Viviani, R.; Walter, H.; Rietschel, M.; Meyer-Lindenberg, A. 

Genetic Variation in CYP2D6 Impacts Neural Activation during Cognitive Tasks in Humans. Neuroimage 2012, 59, 2818–2823. 

https://doi.org/10.1016/j.neuroimage.2011.07.052. 

34. Viviani, R.; Messina, I.; Bosch, J.E.; Dommes, L.; Paul, A.; Schneider, K.L.; Scholl, C.; Stingl, J.C. Effects of Genetic Variability of 

CYP2D6 on Neural Substrates of Sustained Attention during On-Task Activity. Transl. Psychiatry 2020, 10, 338. 

https://doi.org/10.1038/s41398-020-01020-z. 

35. Cheng, J.; Zhen, Y.; Miksys, S.; Beyoğlu, D.; Krausz, K.W.; Tyndale, R.F.; Yu, A.; Idle, J.R.; Gonzalez, F.J. Potential Role of 

CYP2D6 in the Central Nervous System. Xenobiotica 2013, 43, 973–984. https://doi.org/10.3109/00498254.2013.791410. 

36. Gjota-Ergin, S.; Gökçek-Saraç, Ç.; Adalı, O.; Jakubowska-Doğru, E. Relationship between the Hippocampal Expression of Se-

lected Cytochrome P450 Isoforms and the Animal Performance in the Hippocampus-Dependent Learning Task. Neurosci. Lett. 

2018, 673, 104–110. https://doi.org/10.1016/j.neulet.2018.02.059. 

37. Haduch, A.; Bromek, E.; Daniel, W.A. The Effect of Psychotropic Drugs on Cytochrome P450 2D (CYP2D) in Rat Brain. Eur. J. 

Pharmacol. 2011, 651, 51–58. https://doi.org/10.1016/j.ejphar.2010.10.077. 

38. Danek, P.J.; Bromek, E.; Haduch, A.; Daniel, W.A. Chronic Treatment with Asenapine Affects Cytochrome P450 2D (CYP2D) in 

Rat Brain and Liver. Pharmacological Aspects. Neurochem. Int. 2021, 151, 105209. https://doi.org/10.1016/j.neuint.2021.105209. 

39. Danek, P.J.; Daniel, W.A. The Atypical Antipsychotic Lurasidone Affects Brain, but Not Liver Cytochrome P450 2D (CYP2D) 

Activity. A Comparison with Other Novel Neuroleptics and Significance for Drug Treatment of Schi-Zophrenia. Cells 2022, 20, 

629. 

40. Hales, C.A.; Bartlett, J.M.; Arban, R.; Hengerer, B.; Robinson, E.S.J. Role of the Medial Prefrontal Cortex in the Effects of Rapid 

Acting Antidepressants on Decision-Making Biases in Rodents. Neuropsychopharmacology 2020, 45, 2278–2288. 

https://doi.org/10.1038/s41386-020-00797-3. 

41. Chazot, P.L.; Lawrence, S.; Thompson, C.L. Studies on the Subtype Selectivity of CP-101,606: Evidence for Two Classes of NR2B-

Selective NMDA Receptor Antagonists. Neuropharmacology 2002, 42, 319–324. https://doi.org/10.1016/s0028-3908(01)00191-5. 

42. Preskorn, S.H.; Baker, B.; Kolluri, S.; Menniti, F.S.; Krams, M.; Landen, J.W. An Innovative Design to Establish Proof of Concept 

of the Antidepressant Effects of the NR2B Subunit Selective N-Methyl-D-Aspartate Antagonist, CP-101,606, in Patients with 

Treatment-Refractory Major Depressive Disorder. J. Clin. Psychopharmacol. 2008, 28, 631–637. 

https://doi.org/10.1097/JCP.0b013e31818a6cea. 

43. Gass, N.; Becker, R.; Sack, M.; Schwarz, A.J.; Reinwald, J.; Cosa-Linan, A.; Zheng, L.; von Hohenberg, C.C.; Inta, D.; Meyer-

Lindenberg, A.; et al. Antagonism at the NR2B Subunit of NMDA Receptors Induces Increased Connectivity of the Prefrontal 

and Subcortical Regions Regulating Reward Behavior. Psychopharmacology 2018, 235, 1055–1068. https://doi.org/10.1007/s00213-

017-4823-2. 

44. Bromek, E.; Haduch, A.; Rysz, M.; Jastrzębska, J.; Pukło, R.; Wójcikowska, O.; Danek, P.J.; Daniel, W.A. The Selective NMDA 

Receptor GluN2B Subunit Antagonist CP-101,606 with Antidepressant Properties Modulates Cytochrome P450 Expression in 

the Liver. Pharmaceutics 2021, 13, 1643. https://doi.org/10.3390/pharmaceutics13101643. 

45. Prakash, C.; Cui, D.; Potchoiba, M.J.; Butler, T. Metabolism, Distribution and Excretion of a Selective N-Methyl-D-Aspartate 

Receptor Antagonist, Traxoprodil, in Rats and Dogs. Drug Metab. Dispos. 2007, 35, 1350–1364. 

https://doi.org/10.1124/dmd.107.016105. 



Int. J. Mol. Sci. 2022, 23, 13746 13 of 13 
 

 

46. Hiroi, T.; Imaoka, S.; Chow, T.; Funae, Y. Tissue Distributions of CYP2D1, 2D2, 2D3 and 2D4 MRNA in Rats Detected by RT-

PCR. Biochim. Biophys. Acta 1998, 1380, 305–312. https://doi.org/10.1016/s0304-4165(97)00157-8. 

47. Stahl, S.M. Stahl’s Essential Psychopharmacology: Neuroscientific Basis and Practical Applications; Cambridge University Press: Cam-

bridge, UK, 2013; ISBN 978-1-139-83259-5. 

48. Adell, A. Brain NMDA Receptors in Schizophrenia and Depression. Biomolecules 2020, 10, E947. 

https://doi.org/10.3390/biom10060947. 

49. Zanger, U.M.; Schwab, M. Cytochrome P450 Enzymes in Drug Metabolism: Regulation of Gene Expression, Enzyme Activities, 

and Impact of Genetic Variation. Pharmacol. Ther. 2013, 138, 103–141. https://doi.org/10.1016/j.pharmthera.2012.12.007. 

50. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 6th ed.; Academic Press: London, UK, 2007. 

51. Daniel, W.A.; Haduch, A.; Wójcikowski, J. Inhibition and Possible Induction of Rat CYP2D after Short- and Long-Term Treat-

ment with Antidepressants. J. Pharm. Pharmacol. 2002, 54, 1545–1552. https://doi.org/10.1211/002235702162. 

52. Hiroi, T.; Chow, T.; Imaoka, S.; Funae, Y. Catalytic Specificity of CYP2D Isoforms in Rat and Human. Drug Metab. Dispos. 2002, 

30, 970–976. https://doi.org/10.1124/dmd.30.9.970. 

53. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein Measurement with the Folin Phenol Reagent. J. Biol. Chem. 1951, 

193, 265–275. 

54. Rysz, M.; Bromek, E.; Haduch, A.; Liskova, B.; Wójcikowski, J.; Daniel, W.A. The Reverse Role of the Hypothalamic Paraventric-

ular (PVN) and Arcuate (ARC) Nuclei in the Central Serotonergic Regulation of the Liver Cytochrome P450 Isoform CYP2C11. 

Biochem. Pharmacol. 2016, 112, 82–89. https://doi.org/10.1016/j.bcp.2016.04.017. 

 


