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BACKGROUND AND PURPOSE

Brain cytochrome P450 2D (CYP2D) metabolises exogenous neurotoxins, endogenous substances and neurotransmitters. Brain
CYP2D can be regulated in an organ-specific manner, but the possible regulatory mechanisms are poorly understood. We
investigated the involvement of miRNAs in the selective regulation of brain CYP2D by testosterone and the corresponding
alteration of the pharmacological profiles of tramadol by testosterone.

EXPERIMENTAL APPROACH

The regulation of CYP2D and brain-enriched miRNAs by testosterone was investigated using SH-SY5Y cells, U251 cells, and
HepG2 cells as well as orchiectomized growth hormone receptor knockout (GHR-KO) mice and rats. Concentration—time
curves of tramadol in rat brain were determined using a microdialysis technique. The analgesic action of tramadol was
assessed by the tail-flick test in rats.

KEY RESULTS

miR-101 and miR-128-2 bound the 3’-untranslated region of the CYP2D6 mRNA and decreased its level. Testosterone
decreased CYP2D6 catalytic function via the up-regulation of miR-101 and miR-128-2 in SH-SY5Y and U251 cells, but not in
HepG2 cells. Orchiectomy decreased the levels of miR-101 and miR-128-2 in the hippocampus of male GHR-KO mice,
indicating that androgens regulate miRNAs directly, not via the alteration of growth hormone secretion patterns. Changes in
the pharmacokinetic and pharmacodynamic profiles of tramadol by orchiectomy was attenuated by either testosterone
supplementation or a specific brain CYP2D inhibitor.

CONCLUSIONS AND IMPLICATIONS
The selective regulation of brain CYP2D via brain-enriched miRNAs, following changes in androgen levels, such as in
testosterone therapy, androgen deprivation therapy and/or ageing may alter the response to centrally active substances.
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Abbreviations

3’-UTR, 3’-untranslated region; ACSF, artificial CSF; CYP2D6, cytochrome P450 2D6; miRNA, microRNA; MPE, maximal
analgesic effect; REC, relative extent of conversion; RISC, RNA-induced silencing complex; TFL, tail-flick latency
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Cytochrome P450 2D6 (CYP2D6), one of the major func-
tional P450 isoforms present in the brain (Dutheil et al., 2009;
Wang et al., 2009; Bromek et al., 2010; Mann and Tyndale,
2010), is involved in the metabolism of exogenous neurotox-
ins, endogenous neurosteroids and neurotransmitters
(Haduch et al., 2013; Wang et al., 2014). Brain CYP2D protein
has been found in neurons as well as glia in various brain
regions in rodents and humans (Dutheil ef al., 2010). Previ-
ous studies have shown associations between CYP2D6 poly-
morphisms and personality, cognition, and neurological and
psychiatric disorders (Llerena et al., 1993; Gonzalez etal.,
2008; Zackrisson et al., 2010; Jurica et al., 2012; Stingl et al.,
2012). Brain CYP2D exists in dopaminergic neurons in the
substantia nigra as indicated by the co-localization of CYP2D
and tyrosine hydroxylase, and it metabolizes environmental
neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine to harmless compounds in neurons (Watts et al.,
1998).

Brain CYP2D6 levels are prone to be affected by several
factors, such as genetics, drugs and environmental com-
pounds (Gonzalez et al., 1987; Kawashima and Strobel, 1995;
Nelson et al., 1996; Stingl and Viviani, 2011). Brain CYP2D
can be induced by xenobiotics such as nicotine
and the neuroleptic drug clozapine, but hepatic CYP2D is
essentially non-inducible (Hedlund et al., 1996; Yue et al.,
2008). Additionally, the changes in the levels of brain
and hepatic CYP2D by psychotropic drugs (e.g. nefazodone)
can be in opposite directions (Haduch et al., 2013). However,
the molecular mechanisms underlying the organ-specific
regulation of brain CYP2D are poorly understood. Brain
CYP2D6 levels increased with age (Mann et al., 2012), sug-
gesting that brain CYP2D may be regulated by endogenous
substances, although the alteration may be a response to
xenobiotics. Alterations in brain CYP2D6 expression may
change the response to centrally acting drugs in individuals
and the susceptibility to environmental neurotoxins.

Tramadol is commonly used to relieve moderate-to-severe
pain in the clinic. CYP2D is responsible for metabolizing 50%
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of tramadol to the active metabolite O-desmethyltramadol
(M1). Tramadol-induced antinociception is generally believed
to be mediated by opioid (u-opioid receptor) and non-opioid
(inhibition of monoamine uptake) mechanisms. The affinity
of M1 for p-opioid receptors is more than two orders of
magnitude higher than that of tramadol; thus, M1 is believed
to be responsible for that part of the analgesic action of
tramadol,mediated by p-opioid receptors (Gillen et al., 2000).
Tramadol-induced antinociception via p-opioid receptors in
the tail-flick test in rodents was completely blocked by the
specific opioid receptor antagonist naloxone, although
tramadol-induced antinociception is only partly reversed by
naloxone in most antinociceptive tests (Raffa et al., 1992).

Mature microRNA (miRNA) functions as components of
the RNA-induced silencing complex (RISC), guiding the RISC
to specific target mRNAs leading to their translational inhi-
bition or sometimes degradation (Esteller, 2011). Extensive
studies have shown that brain-enriched miRNAs have
emerged as important modulators of neurodevelopment and
as biomarkers of numerous neurological disorders (Esteller,
2011; Wong and Nass, 2012; Sun et al., 2013; Sun and Shi,
2015). We sought to investigate the involvement of brain-
enriched miRNAs in the organ-specific regulation of brain
CYP2D by endogenous testosterone and the corresponding
alteration of the pharmacological profiles of tramadol by
testosterone. As growth hormone secretion is sex dimorphic,
the effects of testosterone on gene transcription can be indi-
rect through the alteration of growth hormone secretion pat-
terns. The mechanisms underlying the regulation of brain
CYP2D by testosterone was analysed in vivo using male
growth hormone receptor deficient mice. The concentration—
time curves of tramadol and M1 in rats were determined
using a brain microdialysis technique. The tail-flick test in
rats was used to analyse the analgesic action of tramadol via
CYP2D-mediated M1 production. This work expands our
knowledge of the roles of brain-enriched miRNAs in the selec-
tive regulation of brain CYPs by endogenous steroids and of
the effects of endogenous steroid fluctuation in the lifecycle
on brain CYP-mediated metabolism and the corresponding
actions of centrally active substances.
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Methods

Animals and surgery
All animal care and experimantal procedures were approved
by the Animal Care Committee of Wuhan University and
complied with the recommendations of the International
Association for the Study of Pain (Zimmermann, 1983). All
studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 106 animals were used in the experiments described here.
Male adult Wistar rats weighing 250-300 g, supplied by
the Experimental Animal Center (Hubei, China), were kept in
a room under a controlled temperature (22-25°C) and a 12 h
artificial light/dark cycle, and had free access to food and
water. Male adult growth hormone receptor deficient mice
(Barclay et al., 2011) and their wild-type counterparts (C57/
Bl) were kindly provided by Professor Michael J. Waters and
were bred at the Centre for Animal Experiments Laboratory
of Wuhan University. The mice were genotyped using DNA
extracted from their tails. The procedure for orchiectomy was
conducted as previously described (Oliveira et al., 2004).
Briefly, the rats were anaesthetized with chloral hydrate
(300 mg-kg?, i.p.). The extratesticular rete testes, together
with the testicular blood vessels, were ligated as close to the
testis as possible, and then the testes were removed. After the
operation, animals were treated with benzylpenicillin
(60 mg-kg™, s.c.) and kept warm until they were awake. Body
weights and clinical signs were monitored closely during
recovery from the surgery.

Drug treatments

To investigate the influence of testosterone on the pharma-
cokinetic and pharmacodynamic profiles of tramadol, rats
were randomly assigned to different drug treatments.

Experiment I. A total of 28 rats were injected with testos-
terone at a physiological dose (1.2 mg-kg™', s.c.) or with
vehicle (benne oil) for 7 days.

Experiment II. A total of 78 rats were randomly divided
into the following groups: orchiectomy, orchiectomy treated
with testosterone at a physiological dose (1.2 mg-kg!, s.c., 7
days), orchiectomy treated with testosterone at a supraphysi-
ological dose (12 mg-kg’!, s.c., 7 days), orchiectomy followed
by i.c.v. injection with propranolol (5puguL™', 4uL,
2 uL-min™'), orchiectomy followed by i.c.v. injection with
artificial CSF (ACSF), and a sham operation group. The serum
level of testosterone is approximately 4.5 ng-mL™ in control
rats and 0.72 ng-mL™"' in orchiectomized rats (Rudenstein
et al., 1979). Testosterone levels were up to control levels after
exogenous supplementation with 1.2 mg-kg™' testosterone in
orchiectomized rats (Minerly et al., 2008).

Endogenous testosterone secretion is pulsatile and
diurnal, the highest concentration occurring at about 08:00 h
and the lowest at about 20:00 h (Gao et al., 2005). Taking into
account the circadian rhythms of hormone secretion, CYP2D
protein levels in cerebellum were measured in untreated
rats killed at 08:00 and 20:00 h. No change in CYP2D protein
over the circadian rhythms was observed (data not shown),
which may be due to the long half-life of CYP2D protein
(Venkatakrishnan, 2005). Animals in both Experiment I and

Experiment II were treated with testosterone at 08:00 h. The
doses of testosterone and the time for brain CYP2D assay
were chosen based on pilot studies. For the detection of brain
CYP2D levels, animals were decapitated at 4 h after the last
testosterone administration. To assess changes in the phar-
macokinetic and pharmacodynamic profiles of tramadol,
animals were injected with tramadol (40 mg-kg™, i.p.) at 4 h
after their last testosterone administration. After the assess-
ment of pharmacological properties of tramadol, the animals
were deeply anaesthetized with an overdose of chloral
hydrate (1000 mg-kg™', i.p.) and then decapitated.

Propranolol, an antihypertensive agent, undergoes
4-hydroxylation by CYP2D6 to a reactive metabolite, which
can inactivate CYP2D6 resulting in inhibition of its enzymic
activity (Masubuchi et al., 1994; Rowland et al., 1994). Pro-
pranolol was dissolved in ACSF (126 mM NacCl, 2.68 mM KCl,
1 mM Na,HPO,, 0.88 mM MgSO,, 22 mM NaHCO;, 1.45 mM
CaCl, and 11 mM D-glucose; pH 7.4). The procedure for
implantation of i.c.v. guide cannula in the orchiectomized rats
is described below. The rats were anaesthetized with chloral
hydrate (300 mg-kg!, i.p.) and received orchiectomy. Then the
orchiectomized rats were placed on a warm-water pad and
secured in a stereotaxic frame using the ear bars and upper
incisor bar (RWD Life Science, Shenzhen, China). The flat-skull
position was achieved when the incisor bar was lowered 3.3 £
0.4 mm below horizontal zero according to the Paxinos brain
atlas (Paxinos et al., 1980). The head was shaved and a small
mid-sagittal incision was made. A 1 mm hole was drilled using
a high-speed drill (RWD Life Science) and a guide cannula
(MAB 2/6/9.14.1C; Microbiotech Corporation, Stockholm,
Sweden) was implanted at 2 mm above the right lateral ventri-
cle (Bregma coordinates: dorsal-ventral, -3.6; anterior—
posterior, —0.9; lateral, —1.4) of the brain as previously described
(Zhou et al., 2013). The insertion cannula for i.c.v. injection
and CSF sampling protruded 2 mm below the tip of the guide
cannula. The guide cannula was fixed with acrylic dental
cement and three stainless steel screws affixed to the skull. The
incision was closed using 5-0 Dysilk. The post-operative care
procedures were performed as described above. After 6 days of
recovery, animals were anaesthetized with chloral hydrate
(300 mg-kg', i.p.) and received an i.c.v. injection of proprano-
lol or ACSF. Rats were treated with tramadol at 24 h after the
propranolol administration. The dose was chosen based on a
previous study showing no effects of propranolol on hepatic
CYP2D or nociception (Zhou et al., 2013). At the end of the
experiment, rats were anaesthetized with overdose of chloral
hydrate and received an i.c.v. injection of Trypan blue dye to
assess the cannula placement in individual rats. Rats were
decapitated, and the brain was removed. The appearance of dye
in the lateral ventricle can be observed. Animals with incorrect
cannula placement were not included in the study.

Preparation of brain membranes and liver
microsomal membranes

Total brain membrane fractions were prepared as brain CYPs
are present in several membrane fractions. Brain regions in
100 mM Tris with 0.1 mM EDTA, 0.32 M sucrose and 0.1 mM
DTT were manually homogenized on ice. Homogenates were
centrifuged twice at 3000x g for 10 min, and the supernatants
were centrifuged at 110 000x g at 4°C for 100 min (Optima
L-100xp; Beckman, Brea, CA, USA). The resulting membrane
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pellets were resuspended in a storage solution containing
100 mM Tris, 0.1 mM EDTA, 0.1 mM DTT, 1.15% w/v KCI
and 20% v/v glycerol. Liver microsomal membranes were
prepared as previously described (Letelier et al., 2006). The
resulting pellets were resuspended in a storage solution and
then stored at —80°C. The protein concentration was assayed
with a colorimetric technique using a Coomassie Brilliant
Blue Assay kit (Jiancheng BioEngineering, Nanjing, China).

Immunoblotting

For the detection of CYP2D protein, brain stem membranes
and liver microsomal membranes from untreated rats were
serially diluted to construct standard curves and establish the
linear detection range for the immunoblotting assays. The
proteins were separated by SDS-PAGE (4% stacking and 10%
separating gels) and then transferred overnight onto PVDF
membranes. Brain membranes were immunoblotted with
polyclonal rabbit anti-human CYP2D antibody (1:800; Abcam,
Cambridge, MA, USA) for 3 h. The blots were then incubated
with peroxidase-conjugated sheep anti-rabbit antibody
(1:5000; Millipore, Billerica, MA, USA) for 1.5 h. The detection
of CYP2D in serially diluted brain stem membranes was linear
from 10 to 35 pg (data not shown). All immunoblots in sub-
sequent experiments were loaded with 30 pug of membrane
protein except cerebellum samples where 20 pg of membrane
protein was loaded because of higher basal CYP2D levels. Liver
microsomal membranes were immunoblotted with polyclonal
rabbit anti-human CYP2D antibody (1:1000; Abcam) for 2 h.
The detection of CYP2D in serially diluted liver microsomal
membranes was linear from 2 to 10 ug (data not shown). All
immunoblots in subsequent experiments were loaded with
4 ug of hepatic microsomal membrane. The blots were visual-
ized using chemiluminescence followed by exposure to auto-
radiography film (Kodak X-OMAT; Kodak, Rochester, NY, USA)
and digitalized by using a CCD camera (Beijing Liuyi Instru-
ments, Beijing, China). The signals were analysed using MCID
Elite software (InterFocus Imaging Ltd., Linton, UK). The base-
line density of each band was subtracted from band density
peak. The signal intensity expressed as arbitrary unit was esti-
mated by mean density value of the sampled peak (minus the
background) multiplied by area of the sampled peak.

Cell culture

Human neuroblastoma SH-SYSY cells at a low passage
number (P5-8) were grown in DMEM containing 15% FBS.
Human glioma U251 cells (P4-7) were grown in Eagle’s
minimal essential medium containing 10% FBS. Human
hepatoma HepG2 cells at P5-7 were maintained in Roswell
Park Memorial Institute containing 10% FBS. The cell lines
were supplied by the China Center for Type Culture Collec-
tion (CCTCC, Wuhan, China).

Conditions for assay of CYP2D6 activity

in vitro

The effects of testosterone on CYP2D6 activity were deter-
mined in SH-SYSY cells, U251 cells and HepG2 cells by using
3-[2-(N,N-diethyl-N-methylammonium)ethyl]-7-methoxy-4-
methylcoumarin (AMMC) as a specific substrate (Mann and
Tyndale, 2010). Cells were treated with testosterone at a physi-
ological concentration (30 nmol-L™), a supraphysiological
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concentration (300 nmol-L™) (Jin et al., 2007) or with vehicle
control (0.1% DMSO) for 48 h. Total proteins were obtained
using a protein extraction kit (BestBio, Shanghai, China).
AMMC activity assays were performed as instructed by the kit
manufacturer (BD Biosciences, San Diego, CA, USA). The fluo-
rescence signal was measured using an EnSpire multimode
plate reader (PerkinElmer, Waltham, MA, USA) at excitation
and emission wavelengths of 390 and 450 nm respectively.

Real-time RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.
cDNA was synthesized using a cDNA Synthesis Kit (Toyobo,
Osaka, Japan) for the first-strand synthesis. All real-time PCR
reactions with SYBR Green (Toyobo) were performed on a
CFX connect real-time PCR detection System (Bio-Rad, Her-
cules, CA, USA). Six homologues of CYP2D6 have been iso-
lated in rats: CYP2D1, CYP2D2, CYP2D3, CYP2D4, CYP2D5
and CYP2D18. As CYP2D1 and CYP2DS share a very high
level of nucleotide identity (>95%) and CYP2D18 is regarded
as a variant of CYP2D4 (Wang et al., 2014), we determined
the mRNA levels of CYP2D1/5, CYP2D2, CYP2D3 and
CYP2D4/18 in various brain regions. miR-128 is encoded by
two separate genes, miR-128-1 and miR-128-2, and miR-128-2
deficiency results in an 80% reduction of miR-128 expression
in the forebrain (O’Carroll and Schaefer, 2013). Thus, we
determined the relative levels of miR-128-2 in cells and brain
tissues. The primers and PCR conditions for miR-101, miR-
124a, miR-125b, miR-128-2, mouse CYP2D22, rat CYP2D1/5,
CYP2D2, CYP2D3, CYP2D4/18 and human CYP2D6 are listed
in Supporting Information Table S1. GAPDH was used to nor-
malize the relative expression of CYP2D22, CYP2D1/s,
CYP2D2, CYP2D3, CYP2D4/18 and CYP2D6, and U6 was
used to normalize the relative expression of miRNAs. Gene
expression levels were calculated using the 2" method
relative to the internal control.

Plasmid construction

Fragments encoding primary miRNAs were cloned into the
pcDNA-3.1(-) vector (Invitrogen) following digestion with
Xhol/HindIII (Thermo Scientific, Waltham, MA, USA). The
forward and reverse primers for primary miR-101, primary
miR-124a, primary miR-125b and primary miR-128-2 are
listed in Supporting Information Table S2. To construct lucif-
erase reporter plasmids, the CYP2D6 3’-untranslated region
(3’-UTR) was inserted at the Xbal site downstream of the
luciferase gene in the pGL3-promoter vector. All final con-
structs were verified by DNA sequence analysis.

Transient transfection and luciferase assays
SH-SYSY, U251 and HepG2 cells were transiently
co-transfected with a luciferase reporter plasmid (pGL3-
CYP2D6) (0.3 ug), the plasmids of pcDNA-3.1(-)-miRNAs
(1 ng) or an empty pGL-3 vector. A dual-luciferase reporter
assay system was used according to the manufacturer’s
instructions (Promega, Madison, W1, USA). Luciferase activity
was quantified 48 h after transfection using a luminometer
and the Stop & GloH Dual Luciferase Kit (Promega). Firefly
luciferase activity was corrected according to Renilla luciferase
activity to control for transfection efficiency.
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Nociception test

Analgesic effects of tramadol attributed to p-opioid receptor
activation were determined by the tail-flick test as described
previously (Loram et al., 2007). Heated water was adjusted to
49°C to produce a baseline tail-flick latency (TFL) of 6-7 s,
and a cut-off time of 20 s was set to prevent tissue damage.
TFL was measured three times 30 min before tramadol treat-
ment in each rat, and the mean was calculated as that rat’s
baseline. TFL was measured for 3 h after drug treatment (5,
10, 15, 20, 25, 30, 35, 40, 45, 60, 75, 90, 105, 120, 135, 150,
165, 180 min). Antinociception was expressed as percentage
of maximal analgesic effect (%MPE):

%MPE test TFL — baseline TFL
0 =
cut-off — baseline TFL

Test TFLs lower than baseline TFL were given a %MPE of zero.
The corresponding AUC for the %MPE was calculated over
the period 0-60 and 0-180 min to evaluate the analgesic
effects of the drug on each rat.

Measurement of tramadol and its active
metabolite M1
Blood and microdialysis samples were collected at the same
times as those of the tail-flick test. The jugular vein was
catheterized for repeated blood sampling as previously
described (Thrivikraman et al., 2002). The rats were anaesthe-
tized with chloral hydrate (300 mg-kg™, i.p.) and a longitu-
dinal incision was made on the shoulder close to the neck.
The jugular vein was pulled apart by blunt dissection and a
v-shaped cut was made on the upper surface of the vein. The
catheter with heparinized saline was inserted into the jugular
vein and secured to the vein. The catheter was exteriorized
through the skin and realigned to make a smooth exit. If
necessary, sterile saline was administered to compensate for
any surgical blood loss. The post-operative care procedures
were performed as described above. After 7 days of recovery,
the animals were randomized into the different groups for
pharmacokinetic studies. Blood samples were subsequently
collected in heparinized microcentrifuge tubes from the
jugular vein catheter before and after tramadol administra-
tion. Plasma tramadol and M1 levels were assayed as previ-
ously described (Hilal and Mohamed, 2014) with minor
modifications. Plasma samples were mixed with ambroxol
(internal standard), ammonium hydroxide (33%, w/v) and
methyl t-butyl ether. After extraction, the dried extract was
reconstituted in acetonitrile and injected into an HPLC-DAD
system (Agilent 1100, Palo Alto, CA, USA).

For CSF sampling, a microdialysis probe was connected to
a microperfusion pump (Syringe pump KDS-101; Kd Scien-
tific, Holliston, MA, USA) and perfused with ACSF at a flow
rate of 2 uL-min'. CSF samples were directly injected into the
HPLC-MS/MS system and assayed as previously described
(Wang et al., 2015). To estimate the true drug concentration
in CSE, the retrodialysis method was utilized to obtain the in
vivo recovery for probe calibration. The perfusate (Cperf) and
dialysate (Cdial) of the quality control samples containing
tramadol and M1 were determined using HPLC-ESI-MS/MS.
The in vivo recovery was calculated using the following equa-
tion (Zheng et al., 2012; Nirogi et al., 2013):

- C
% in vivo recovery =

Data analysis

All pharmacokinetic data were corrected by subtraction of
time zero values from all subsequent time points. Pharma-
cokinetic parameters were analysed by DAS 2.0 software
(Mathematic Pharmacology Professional Committee of
China, Shanghai, China) including the area under the
concentration-time curve to the last quantifiable concentra-
tion (AUC,.y), the peak concentration (Cpuay), time needed to
achieve the peak concentration (Tm.) and t,. The relative
extent of conversion (REC) was calculated as previously
described (Rivory etal., 1997; de Jong etal., 2004) and
referred to the AUC ratio of M1 to tramadol. CYP2D mRNA
and protein levels were expressed as arbitrary units (mean +
SD). The cell data were collected from at least three independ-
ent cell preparations. The differences in mRNA, protein, phar-
macokinetic parameters (AUCoy, Cma, and t;;) and AUC
values for the %MPE between the treatment groups were
assessed by one-way ANOvA, or one-way ANOVA followed by a
Dunnett’s test. The differences in Tm.. and REC between
the treatment groups were evaluated using the Wilcoxon
signed-rank test or the Kruskal-Wallis one-way analysis of
ranks followed by Dunn’s method for identifying signifi-
cantly different groups. Differences with P < 0.05 were con-
sidered significant.

Materials

Tramadol was supplied by Grunenthal GmbH (Stolberg,
Germany); testosterone and propranolol by Sigma-Aldrich
(St. Louis, MO, USA); AMMC by BD Biosciences (San Diego,
CA, USA) and chloral hydrate by Sinopharm Chemical
Reagent Co. (Shanghai, China)

Results

Testosterone selectively decreased CYP2D
levels in rat brain, but not in liver
The alteration of brain CYP2D proteins was observed follow-
ing exogenous testosterone administration or the fluctuation
of endogenous androgens (Figures 1 and 2); however, there
was no change in hepatic CYP2D proteins (Figure 3). Com-
pared with the vehicle-treated controls, exogenous testoster-
one decreased CYP2D proteins by 20% (P < 0.05) in the
frontal cortex, 17% (P < 0.05) in the hippocampus, 24% (P <
0.05) in the cerebellum and 33% (P < 0.05) in the brainstem;
meanwhile, testosterone decreased CYP2D4/18 mRNA levels
in all brain regions tested, CYP2D2 mRNA levels in the
frontal cortex, hippocampus and brainstem, and CYP2D3
mRNA levels in the hippocampus and cerebellum as well as
CYP2D1/5 mRNA levels in the hippocampus (Figure 1).
Compared with the sham operated group, CYP2D levels
were increased by orchiectomy by 1.61-fold (P < 0.01) in the
frontal cortex, 2.06-fold (P < 0.001) in the hippocampus,
1.74-fold (P < 0.05) in the thalamus, 1.66-fold (P < 0.001) in
the cerebellum and 1.54-fold (P < 0.01) in the brainstem
(Figure 2). Brain CYP2D proteins in orchiectomized rats were
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Testosterone selectively decreases CYP2D levels in the brain. Compared with vehicle-treated controls, exogenous testosterone administration
decreased CYP2D protein in the frontal cortex, hippocampus, cerebellum and brainstem (A). Moreover, exogenous testosterone decreased
CYP2D4/18 mRNA levels in all brain regions tested (F), CYP2D2 mRNA levels in the frontal cortex, hippocampus and brainstem (D), CYP2D3
mRNA levels in the hippocampus and cerebellum (E) and CYP2D1/5 mRNA levels in the hippocampus (C). Representative immunoblots of the
various brain regions are presented (B). n = 3 per group, *P < 0.05, **P < 0.01; significantly different from the vehicle-treated controls.

decreased following testosterone supplementation in a dose-
dependent manner. Compared with the sham operation
group, orchiectomy markedly increased CYP2D4/18 mRNA
levels in all brain regions tested, CYP2D2 mRNA levels in the
frontal cortex, hippocampus, cerebellum and brainstem, and
CYP2D3 mRNA levels in the hippocampus and cerebellum
as well as CYP2D1/5 mRNA levels in the hippocampus.
The induction of CYP2D mRNA levels by orchiectomy was
decreased by testosterone supplementation.

Orchiectomy increased CYP2D22 mRNA and
decreased miRNA levels in the hippocampus
in growth hormone receptor deficient mice

To clarify whether androgens can directly affect brain CYP2D
levels in vivo, male growth hormone receptor deficient mice
were used to analyse the changes in CYP2D22 mRNA levels
and brain-enriched miRNAs caused by the fluctuation of
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endogenous androgens. Orchiectomy increased CYP2D22
mRNA levels and decreased the levels of miR-101 and miR-
128-2 in the hippocampus in growth hormone receptor
deficient mice (Figure 4). No differences in hepatic CYP2D22
mRNA, miR-101, miR-124a and miR-128-2 Ilevels were
observed between growth hormone receptor deficient mice
receiving orchiectomy and those receiving sham operations.
Hepatic miR-125b levels were lower in orchiectomized mice,
but no change was observed in the hippocampus. Our data
suggest that androgens can directly regulate CYP2D, miR-101
and miR-128-2 levels in the brain.

Testosterone decreased CYP2D6 levels and
increased miRNAs in SH-SYSY and U251
cells, but not in HepG2 cells

CYP2D6 protein is present in SH-SYSY cells and enzymically
active towards the fluorescent probe substrate AMMC (Mann
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Testosterone supplementation attenuates the induction of CYP2D levels by orchiectomy. Compared with the sham operation group, CYP2D levels
were significantly increased by orchiectomy in the frontal cortex, hippocampus, thalamus, cerebellum and brainstem (A). Brain CYP2D protein in
orchiectomized rats decreased dose-dependently following testosterone supplementation. Compared with the sham operation group, orchiec-
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The induction of CYP2D mRNA levels by orchiectomy was decreased by testosterone supplementation. Representative immunoblots of the various
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and Tyndale, 2010). CYP2D6 mRNA levels in SH-SYSY and
U251 cells were 10% and 68% of the level in HepG2 cells
respectively (data not shown). Testosterone at a physiological
concentration (30 nmol-L™) significantly decreased CYP2D6
mRNA and catalytic activity in SH-SYSY and U251 cells, but
no changes in HepG2 cells were observed (Figure SA-D).
The basal levels of miR-101, miR-124a, miR-125b and
miR-128-2 were significantly higher in SH-SYSY and U251
cells than those in HepG2 cells, which is consistent with the
previous finding that these miRNAs are enriched in the adult
mouse and human brain (Lagos-Quintana et al., 2002). The
levels of miR-101 and miR-128-2 in SH-SYSY and U251 cells
were dose dependently increased by testosterone, but no
change was observed in HepG2 cells. Testosterone adminis-
tration at a supraphysiological concentration (300 nmol-L™)

increased miR-124a levels in SH-SYSY and U251 cells, and
miR-125b levels in SH-SYSY, U251 and HepG2 cells
(Figure SE-H).

miR-101 and miR-128-2 decreased CYP2D6
mRNA levels in SH-SY5Y, U251 and

HepG2 cells

We found that miR-101 and miR-128-2 inhibited the lucif-
erase activity of the CYP2D6 3’-UTR reporter in SH-SYSY,
U251 and HepG2 cells. Consistent with the CYP2D6 3’-UTR
reporter results, overexpression of miR-101 and miR-128-2
decreased CYP2D6 mRNA levels in SH-SYSY, U251 and
HepG2 cells. However, no change in CYP2D6 mRNA levels
was observed from transfection of miR-124a and miR-125b
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Figure 3

Hepatic CYP2D protein levels were unchanged following exogenous
testosterone administration (A) or the fluctuation of endogenous
testosterone (B). Hepatic CYP2D protein was constitutively expressed
in rats receiving exogenous testosterone administration at a physi-
ological dose (1.2 mg-kg™, s.c., 7 days) or orchiectomy. In compari-
son with orchiectomized rats, there was no change in hepatic CYP2D
protein in orchiectomized rats supplemented with testosterone at a
physiological dose or supraphysiological dose (12 mg-kg™, s.c., 7
days). ORC: orchiectomy. n = 3 per group.

(Figure 6). The data suggest that the binding sites of miR-101
and miR-128-2 are functional.

Testosterone-induced inhibition of brain
CYP2D changed the concentration—time curve
of M1, the active metabolite of tramadol, in
CSE but not in plasma

There was no change in the concentration-time curves of
tramadol or M1 in plasma observed following exogenous
testosterone administration or orchiectomy (Figure 7, Sup-
porting Information Table S4). The data indicate that
testosterone may not affect the metabolism of tramadol in
the liver and the transportation of tramadol and M1 from
the periphery into the brain. There was no change in the
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pharmacokinetic parameters of tramadol or M1 in plasma in
orchiectomized rats after i.c.v. injection with a specific
CYP2D inhibitor (propranolol), suggesting no effects of pro-
pranolol on hepatic CYP2D levels.

Compared with the vehicle-treated controls, exogenous
testosterone prolonged Tuax (42.00 £ 12.55 min vs. 30.00 £
10.61 min) and decreased Cp.x (34.22 = 4.48 ng-mL™" vs.
45.63 £ 6.57 ng-mL™") and AUC ¢-150 miny (2.81 £0.18 ng-mL™" x
min vs. 3.77 £ 0.31 ng-mL™ x min) for M1 in CSF (Figure 7,
Supporting Information Table S3); meanwhile, the REC of
tramadol to M1 in CSF was decreased by 27% (P < 0.01). The
data indicate that CYP2D-mediated tramadol metabolism
within the brain was decreased following testosterone
administration.

Compared with the rats receiving the sham operation,
the orchiectomized rats displayed a shorter Tn. (16.67 +
11.55 min vs. 30.00 £ 15.00 min), a distinctly elevated Cpax
(113.30 £ 7.18 ng-mL™" vs. 44.44 + 8.08 ng-mL™) and signifi-
cantly larger AUC1s0mimy (16.23 £ 0.68 ug-mL™" x min vs.
3.27 + 0.16 ug-mL™" x min) for M1 in CSF; meanwhile, the
REC of tramadol to M1 in CSF in orchiectomized rats was
increased by 4.07-fold (P < 0.001). These data indicated that
orchiectomy increased CYP2D-mediated tramadol metabo-
lism within the brain. Compared with the orchiectomized
rats, the t;, of tramadol was prolonged by 75% (P < 0.05)
after low-dose testosterone supplementation and by 164%
(P < 0.001) after high-dose testosterone supplementation.
Testosterone supplementation decreased the Cp.x and AUC -
18omin) Of M1 in the orchiectomized rats in a dose-dependent
manner. The increased REC of tramadol to M1 by orchiec-
tomy was also attenuated by testosterone supplementation.
The increased Cy.x and AUC 150 miny Of M1 following orchi-
ectomy were abolished by i.c.v. injection of a CYP2D inhibi-
tor, which further supports the hypothesis that androgens
can decrease the metabolism of tramadol mediated by brain
CYP2D.

Testosterone-induced inhibition of brain
CYP2D changed the time course of analgesia
induced by tramadol

There was no significant difference in basal TFL among
the groups. Compared with the vehicle-treated controls,
exogenous testosterone resulted in a significantly lower
area under the analgesia-time curve (AUC) for tramadol
for both 0-60 min (52.5%, P < 0.001) and 0-180 min
(52.3%, P < 0.001). Compared with the rats receiving the
sham operation, orchiectomy augmented the antinocicep-
tive effects of tramadol, indicated by the increases in AUC
for both 0-60 min (1.56-fold, P < 0.001) and 0-180 min
(2.05-fold, P < 0.001). However, the enhancement of
tramadol-induced analgesia by orchiectomy was reversed
following testosterone supplementation. Propranolol
attenuated the increases in tramadol-induced analgesia by
orchiectomy, indicated by lower AUCggomimy (31%, P <
0.001) and AUC(150min levels (56%, P < 0.001) (Figure 8).
This is consistent with our previous finding that proprano-
lol attenuated the enhancement of tramadol-induced
analgesia following chronic nicotine treatment due to the
decreases in nicotine-induced M1 production via brain
CYP2D (Wang et al., 2015).



Regulation of brain CYP2D by androgens via miRNAs

B

>

Hippocampus Hippocampus

% 31 [ Sham operation 27 [ Sham operation

5 I Orchiectomy P B Orchiectomy

= o

252 i 8 _ i i i

"4 1 (a)]

Ee 2o i I I

S c X+, ] I I

o ® 3 g * | | |

8 2 o 1 HEl ¥

AL =3 i I ][>

5 5 18 Bl &

S & I i i

£ I | |

- | | |

g O 0- L e e I &
CYP2D22 miR-101 miR-124a miR-125b miR-128-2

o
O

Liver Liver

7 3 sham operation
8 Orchiectomy

[ Sham operation
B Orchiectomy

Relative CYP2D22 mRNA levels

CYP2D22

Figure 4

(Mean + SD)
Relative miRNA levels
(Mean + SD)

miR-101 miR-124a miR-125b miR-128-2

Effects of androgen deprivation on the levels of CYP2D22 mRNA and miRNAs in male growth hormone receptor deficient mice. Orchiectomy
induced brain CYP2D22 mRNA (A) and decreased the levels of miR-101 and miR-128-2 (B) in the hippocampus, but no changes were observed
in miR-124a or miR-125b levels. The levels of hepatic CYP2D22 mRNA (C), miR-101, miR-128-2 and miR-124a were unchanged, but miR-125b
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Discussion

This is the first demonstration that brain-enriched miRNAs
are involved in the organ-specific regulation of brain CYPs by
endogenous steroids. Testosterone decreased brain CYP2D
expression via the up-regulation of miR-101 and miR-128-2
without influencing hepatic CYP2D, and it altered the phar-
macological profile of tramadol. We showed that (i) CYP2D
levels in rat brain were selectively regulated following exog-
enous testosterone administration or orchiectomy; (ii) orchi-
ectomy increased CYP2D22 mRNA levels and decreased the
levels of miR-101 and miR-128-2 in the hippocampus of male
growth hormone receptor deficient mice; (iii) brain-enriched
miR-101 and miR-128-2 bound the 3-UTR of the CYP2D6
mRNA and decreased its level; (iv) testosterone decreased
CYP2D6 catalytic function via the up-regulation of miR-101
and miR-128-2 in neurons (SH-SYS5Y) and astrocytes (U251),
but not in hepatocytes (HepG2); and (v) the increases in

CYP2D-mediated tramadol metabolism and the analgesic
action of tramadol due to orchiectomy were attenuated by
testosterone supplementation or a brain-specific CYP2D
inhibitor.

Exogenous testosterone administration and orchiectomy
markedly altered brain CYP2D levels as well as CYP2D-
mediated metabolism of tramadol within the brain. No
change in hepatic CYP2D levels was observed in rats follow-
ing exogenous testosterone administration or during the
fluctuation of endogenous androgens in growth hormone
receptor deficient mice, indicating the organ-specific regula-
tion of brain CYP2D by androgens. This is confirmed by the
pharmacokinetic data that there were no changes in the
plasma concentration-time curves of tramadol or M1 in rats
following exogenous testosterone administration or orchiec-
tomy. Our previous study showed that androgens can regu-
late hepatic drug-metabolizing enzymes via the alteration of
growth hormone secretion patterns (Li efal., 2014). The
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finding that orchiectomy increased brain CYP2D levels in
growth hormone receptor deficient mice supports the
hypothesis that androgens directly down-regulate brain
CYP2D expression, although it cannot exclude the possibility
that brain CYP2D may also be affected by growth hormone
secretion patterns.

The data from the transfection and luciferase assays
showed that miR-101 and miR-128-2 could bind to the
3’-UTR of the CYP2D6 mRNA and decrease its level. The
regulation of brain CYP2D6 by testosterone via miR-101 and
miR-128-2 suggests that brain-enriched miRNAs can act as
important mediators in the regulation of brain CYP-mediated
metabolism by endogenous steroids. miR-128 exists in
diverse brain regions and has been shown to govern motor

4648 British Journal of Pharmacology (2015) 172 4639-4654

activity by suppressing the expression of target genes in mice
(Tan et al., 2013). Overexpression of miR-128 attenuates neu-
ronal responsiveness, suppresses motor activity and alleviates
motor abnormalities associated with Parkinson’s-like disease
and seizure in mice. However, our data suggest that the
down-regulation of brain CYP2D by miR-128-2 may increase
the risk for neurotoxicity induced by environmental toxins.
miR-101 was also found to be an abundant brain miRNA by
sequencing data analysis (Llorens et al., 2013), and decreased
miR-101 levels were found in sporadic Alzheimer’s disease
patients (Hebert ef al., 2008). The decreased level of brain
miR-101 may up-regulate brain CYP2D and enhance the
detoxification of neurotoxins. The higher CYP2D6 levels
observed in the substantia nigra and caudate in Parkinson’s
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Effects of miRNAs on CYP2D6 mRNA levels in SH-SY5Y, U251 and HepG2 cells. The luciferase activity in cells transfected with the CYP2D6 3’-UTR
reporter plasmid was decreased by miR-101 and miR-128-2 co-transfection (B). The predicted binding sites of miR-101 and miR-128-2 located
in the 3’-UTR of the human CYP2D6, mouse CYP2D22 and rat CYP2D4/18 are shown (A). Transfection with primary miR-101 and miR-128-2
decreased CYP2D6 mRNA levels in these cells (C); however, no change in CYP2D6 mRNA was observed following the transfection of miR-124a
and miR-125b. **P < 0.01, ***P < 0.001; significantly different from the respective controls.

disease patients (Mann et al., 2012), may be a compensatory 2000). For both sexes, fetal testosterone levels range from
response to the loss of dopamine. 0.036 to 0.519 ug-L' (Lutchmaya and Simon Baron-Cohen,

Brain miR-101 and miR-128 levels vary according to age. 2002). The mean value of testosterone is 5.6 ug-L™ in adult
Testosterone production gradually increases from birth, and a men and 1.2 ug-L™ in adult women (Forchielli et al., 1963).
steep increase at the onset of puberty is observed in boys, Expression of miR-128 in the rodent and monkey brain
then testosterone dwindles quickly after age 50 (Wu etal., increased gradually during post-natal development and
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Effects of androgens on M1 concentrations in CSF and plasma in rats following tramadol administration (40 mg-kg™, i.p.). Exogenous testosterone
administration decreased the M1 concentration in CSF (A) and the relative extent of conversion of tramadol to M1 (G). Orchiectomy increased
the M1 concentration in CSF (B) and the relative extent of conversion of tramadol to M1, and this was attenuated by testosterone supplemen-
tation. Propranolol pretreatment (20 pg, i.c.v.) reduced the orchiectomy-induced increase in CSF M1 concentration (C) and the relative extent of
conversion of tramadol to M1. There was no change in M1 concentration in plasma from exogenous testosterone administration (D), orchiectomy
(E) or orchiectomy with propranolol co-treatment (F); meanwhile, the relative extent of conversion of tramadol to M1 (H) was unchanged. ORC:
orchiectomy. n =5 per group, **P < 0.01, ***P < 0.001; significantly different from the respective controls.

peaked in adulthood (Tan et al., 2013). The increased brain
miR-128-2 induced by testosterone indicates that the
fluctuation of sex hormones could be one possible factor
underlying the changes in brain miR-128. Both miR-101 and
a S’-trimming variant of miR-101 were found to be slightly
decreased during the neonatal period and increased with age,
from 8 to 98 years, in human brain samples (Llorens et al.,
2013). The changes in brain miR-101 may be due to regula-
tion by testosterone and other endogenous steroids or expo-
sure to xenobiotics. Androgens altered cerebral CYP2D-
mediated tramadol metabolism via miR-101 and miR-128-2,
suggesting that brain miRNAs and CYP2D-mediated metabo-
lism of centrally active substances can be altered in patients
with advanced prostate cancer undergoing androgen depri-
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vation therapy and in individuals during their life cycle with
the fluctuation of endogenous steroids. Brain CYP2D is
known to be involved in the biotransformation of neuroster-
oids, such as progesterone and of neurotransmitters, such as
dopamine and 5-HT (Hiroi et al., 2001; Bromek et al., 2011;
Haduch et al., 2015). Thus, fluctuations in endogenous ster-
oids may affect the levels of these important endogenous
substances via brain CYP2D.

Propranolol, given i.c.v., attenuated the increase in the
production of M1 from tramadol within the brain induced by
orchiectomy, which is consistent with previous findings that
propranolol decreases the metabolism of codeine and trama-
dol in rat brain via the inhibition of brain CYP2D (Zhou et al.,
2013; Wang et al., 2015). The inhibition of brain CYP2D by
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Effects of androgens on the time course of analgesia after tramadol (40 mg-kg™, i.p.) in rats. Exogenous testosterone administration reduced
tramadol-induced analgesia as indicated by the lower %MPE (A) and the decreased area under analgesia-time curve (AUC) for 0-60 and
0-180 min (B). Orchiectomy increased %MPE of tramadol (C) and its AUC for 0-60 and 0-180 min (D); however, the increase in tramadol’s
analgesic effects after orchiectomy, was attenuated by testosterone supplementation. Propranolol pretreatment (20 pg, i.c.v.) reduced the
orchiectomy-induced increase in tramadol’s analgesic action as indicated by the lower %MPE (E) and the decreased AUC for 0-60 and 0-180 min
(F). ORC: orchiectomy. n = 6 per group, ***P < 0.001; significantly different from the respective controls.

propranolol attenuated the enhancement of tramadol-
induced analgesia induced by orchiectomy. A previous study
revealed that there was no analgesic effect induced by pro-
pranolol administration alone (Wang et al., 2015). The data
indicate that the changes in the pharmacological profile of
tramadol by orchiectomy may be at least partly due to the
regulation of brain CYP2D by testosterone. The t;,, of CSF M1
in orchiectomized rats treated with or without testosterone
was decreased observed compared with the rats receiving
sham operation. However, the t;, of CSF M1 was unchanged

following exogenous testosterone administration. The
metabolism and excretion of M1 in the brain may not be
changed directly by testosterone, but instead by other andro-
gens or sex-dependent growth hormone secretion.

In conclusion, we have demonstrated the involvement of
miR-101 and miR-128-2 in the organ-specific regulation of
brain CYP2D by testosterone. Testosterone decreased cerebral
CYP2D-mediated tramadol metabolism via brain-enriched
miRNAs, leading to decreased analgesic effects of tramadol,
mediated by p-opioid receptors. The regulation of brain CYP-
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mediated metabolism via miRNAs by changes in systemic
androgen levels, such as are induced by testosterone therapy,
androgen deprivation therapy and ageing, may alter the
response to centrally active substances and alter the risk of
developing neurodegenerative diseases induced by environ-
mental neurotoxins.
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