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Abstract: Dexmedetomidine (DEX) used for sedation was reported to have organ-protecting effects
in ischemia—reperfusion injury model animals. However, no testicular cell-protecting effect was
observed with DEX treatment. The effects of DEX on a normal testis in vivo have not been reported.
Therefore, DEX was administered to mice for 14 days to investigate the reproductive toxicology of
DEX on the testis and the localization of DEX-responsive receptors. The testes, pituitary glands,
and serum were examined and analyzed using real-time PCR, immunofluorescence staining, and
liquid chromatography-mass spectrometry. In the testis, x2A-adrenergic receptors were observed in
the cytoplasm of Leydig cells, while imidazoline receptors were observed in germ cells and Leydig
cell cytoplasm. The levels of luteinizing hormone and follicle-stimulating hormone mRNA in the
pituitary gland significantly temporarily decreased. Serum DEX could not be detected 26 h after DEX
administration. DEX administration did not affect serum testosterone levels, some testicular mRNA
related to spermatogenesis, and oxidative stress factors. Therefore, although DEX receptors are
present in the testis, DEX is metabolized relatively quickly, and DEX administration has no damaging
effects on the testis. This study is the first in vivo report about the effects of DEX administration on
the testis.
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1. Introduction

Dexmedetomidine (DEX) is used for intraoperative anesthesia and sedation in in-
tensive care. It is an x2-adrenergic receptor agonist that also acts on imidazoline re-
ceptors. There are three x2-adrenergic receptor subtypes, and DEX mainly reacts with
o2A-adrenergic receptors [1]. Normally, a2-adrenergic receptors bind to the noradrenaline
released by itself and suppress the further release of noradrenaline. Many x2-adrenergic
receptors are present in the locus coeruleus of the pons, and when DEX binds to them,
noradrenaline release is suppressed. The site of the central nervous system responsible for
excitement and arousal is also suppressed, making it sedated. DEX causes less respiratory
depression than other sedative drugs and is approved for use in children in Japan. It also
has a relatively short half-life of about 2 h and is easy to use [1]. Recently, it was reported
that it also has a protective effect on various organs [2].

The administration of DEX to a myocardial ischemia-reperfusion mouse model acti-
vated endothelial nitric oxide synthase in vascular endothelial cells, resulting in coronary
artery dilation, decreased IL-1f3 /IL-6/TNF-« mRNA expression in myocardial cells, and
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increased antioxidant enzyme levels (SOD, CAT, GPx). DEX was reported to have car-
dioplegic, anti-inflammatory, and antioxidant effects [3]. In addition, Hyunyoung et al.
reported that the administration of DEX to a hepatic ischemia-reperfusion rat model has
antiapoptotic and anti-inflammatory effects that are due to an increased Bcl-2 mRNA ex-
pression and decreased IL-6 mRNA expression in hepatocytes [4]. Zhixiang et al. reported
that its administration to a spinal ischemia-reperfusion rabbit model has anti-inflammatory
and antiapoptotic effects that are due to suppressed TNF-«/IL-1 and reduced number of
caspase 3-positive neurons [5]. Therefore, DEX is considered to have a protective effect on
various organs.

However, there is a report that the organ-protective effect of DEX on the testis did
not improve the pathological condition in the reperfusion model. Tuglu et al. studied
the testicular condition 6 h after a single intraperitoneal administration of DEX 60 min
before torsion in rats. Compared to the torsion group, in the DEX + torsion group, the
total oxidative ability (TOS) increased at 25 ug/kg of administration of DEX, the total
antioxidant ability (TAS) increased, and the oxidative stress index (OSI) decreased at
50 ng/kg administration. It was reported that the testicular tissue was unchanged in the
DEX + torsion group compared to the torsion group [6,7]. Jing et al. ligated the rabbit
spermatic cord for 4 h, administered 50 pg/kg single intraperitoneally to DEX 1 h before
reperfusion and removed the testes four weeks later. No significant differences in testis
volume, spermatogenic cell count, MDA concentration, and SOD activity between the
ligated group and DEX + ligated group were reported [8]. Therefore, there are no reports
on the improvement in pathological conditions in testis reperfusion model animals by DEX
administration, and it is possible that they do not have an organ-protective effect.

In an in vitro study where DEX (0.015-1.5 pM) was exposed to Leydig cells isolated
from 2-week-old rats, Wang et al. reported that 33-HSD/p450 17A1/p450c11 mRNA
expression and enzyme levels decreased, androgen synthesis was suppressed, and the
number of reactive oxygen species (ROS)-induced apoptotic Leydig cells increased [9]. The
studies in which DEX was treated alone are only in vitro studies, and there are no reports
of in vivo studies. The in vivo administration of DEX alone may adversely affect the testis.
In addition, since DEX reacts with cultured Leydig cells [9], Leydig cells might have a site
of action for DEX. However, the localization of x2A-adrenergic and imidazoline receptors
in the testis is unknown.

Therefore, to understand the reproductive toxicity of DEX, we studied whether normal
mice that received DEX alone at varying concentrations and durations would have testicular
dysfunction. Furthermore, we studied the localization of x2A-adrenergic and imidazoline
receptors in the testis, which are the sites of action of DEX.

2. Materials and Methods
2.1. Animals

Male A /] mice (n = 71, 7-8 weeks old) were purchased from SLC (Shizuoka, Japan).
These were maintained at the Animal Department of Support Center for Medical Re-search
and Education of Tokai University for one week. In previous studies, the A /] mice were
used as a pathological model for autoimmune orchitis [10-12]. In the present study, the
A /] mice were used to obtain baseline data for future studies on autoimmune orchitis.
The mice were kept on a 12 h light/12 h dark schedule (lights on from 07:00 to 19:00) and
allowed food and water ad libitum. All animal experiments were performed in accordance
with institutional guidelines and were approved by the Institutional Animal Care and Use
Committee (permit nos. 212001 at Tokai University). All efforts were made to minimize the
number of animals used and animal suffering.

2.2. Experimental Design

The mice were divided into four groups. The normal group (1 = 17) was man-
aged in the same environment as other mice without any treatment. The sham group
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(n =17) received a dose of saline with dissolved DEX intraperitoneally corresponding to
the treatment group.

The 10 pg/kg group (n = 17) received DEX (Nipro, Osaka, Japan) at a concentration
of 10 ng/kg intraperitoneally for 14 days. The 40 ug/kg group (n = 20) received DEX at
40 pg/kg intraperitoneally for 14 days. The method for determining the DEX administration
concentration this time was if the total antioxidant capacity (TOS) increased by 25 pg/kg
and if the total antioxidant status (TAS) increased by 50 ng/kg from the previous report.

The administration was performed every day at 7:00 am for 14 days, and the mice were
euthanized at 9:00 (n = 4 per group) and 13:00 (n = 5 in the 40 pug/kg group; n = 4 in other
groups) on day 14 and at 9:00 (n = 5 in the 40 ng/kg group; n = 4 in other groups) and 13:00
(n = 6 in the 40 pg/kg group; n = 5 in other groups) on day 15. Since the half-life of DEX is
short, and it is used as a continuous administration in clinical practice, it is continuously
administered every few days depending on the condition in the intensive care unit. Data
were collected in a short period after DEX administration for 14 days (Figure S1). The mice
fell asleep about 15 min after DEX administration and were sedated for about 2 h thereafter.

Weights were measured before the mice were sacrificed. After being in deep general
anesthesia, their heart blood sample, testis, and pituitary gland were collected. The testes
were weighed and stored by each method. The serum was separated at 3000 rpm 4 °C
for 15 min; 200 puL of mouse serum was dispensed, and blood testosterone concentration
was outsourced from SRL, Inc. and measured by ECLIA (electro chemiluminescence
immunoassay).

2.3. Histochemistry

The mouse testes were fixed in Bouin’s fluid for three days and dehydrated in 70%
alcohol. The testes were wrapped in paraffin, cut into 2.25 um thick slices, and placed on a
slide glass. The slices were stained using hematoxylin and eosin and were observed using
a light microscope.

2.4. Immunofluorescence
2.4.1. 33 HSD (3 Beta-hydroxysteroid dehydrogenase), x2A-Adrenergic Receptor, and
Imidazoline Receptor

The testes were cut into 5 um thick slices using a cryostat (Leica CM3050 S; Leica
Biosystems, Wetzlar, Germany), and the testis sections were placed on a slide glass. The
sections were fixed with acetone for 5 min. After washing with PBS, these sections were
blocked using an avidin/biotin blocking kit (Vector Laboratories, CA, USA) for 15 min
and blocked using a DAKO Protein Block Serum-Free for 20 min. The testis sections were
incubated with goat antimouse 33 HSD antibodies (Santa cruz biotechnology, TX, USA:
sc-30820), rabbit antimouse «2A-adrenergic receptor antibodies (Sigma-Aldrich, Darmstadt,
Germany: A271), and rabbit antimouse imidazoline receptor antibodies (US biological, MA,
USA: Q80TMY) at 4 °C overnight. As the secondary antibody, the sections were incubated
with biotin donkey antirabbit antibodies (Vector Laboratories: BA-4001) for 60 min at room
temperature (25 °C). As the third antibody, the sections were incubated with Streptavidin
594 (Molecular Probes, MA, USA: 511227) for 60 min at room temperature. As the fourth
antibody, the sections were incubated with rabbit antigoat Alexa 488 antibodies (Thermo
Fisher Scientific, MA, USA: A21222) for 60 min. The nuclei were counterstained with DAPI.
Immunofluorescent images were taken using a Zeiss LSM 700 Microscope (Carl Zeiss Micro
Imaging, Thiiringen, Germany).

2.4.2. PNA (Peanut Agglutinin) and Imidazoline Receptor

The testes were cut into 5 um thick slices using a cryostat, and the testis sections were
placed on a slide glass. These sections were fixed with 4% paraformaldehyde for 10 min.
After washing with PBS, these sections were blocked using an avidin/biotin blocking kit
(Vector Laboratories) for 15 min and a DAKO Protein Block Serum-Free for 20 min. The
testis sections were incubated with rabbit antimouse imidazoline receptor antibodies at
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4 °C overnight. As the secondary antibody, the sections were incubated with Lectin PNA
Alexa Fluor 594 (Thermo Fisher Scientific: L32459) for 30 min at room temperature. As
the third antibody, the sections were incubated with biotin donkey antirabbit antibodies
for 60 min at room temperature. As the fourth antibody, the sections were incubated with
Streptavidin 488 (Molecular Probes: 511223) for 60 min at room temperature. The nuclei
were counterstained with DAPL Immunofluorescent images were taken using a Zeiss LSM
700 Microscope (Carl Zeiss Micro Imaging).

2.5. Liquid Chromatography—Mass Spectrometry (LC/MS)

Each sample was analyzed for DEX. Chemical standards with a purity of >99% for
DEX analytes were obtained (Toronto Research Chemicals, TO, Canada: D299000). DEX-d4
(Toronto Research Chemicals: D299006) was used as the internal standard and recovery
surrogate. Then, 20 pL of the mouse serum was dispensed, 1 uL of the prepared D4-DEX
stock was added thereto, and 300 pL of acetonitrile was added. This was vortexed for
3 min, centrifuged (15,000 rpm, 4 °C, 10 min), and dried using a Thermo Savant SPD-Series
SpeedVac Concentrator (Thermo Fisher Scientific). These were redissolved in 1 mL of 50%
acetonitrile, vortexed for 10 min, and centrifuged for 3 min. The supernatant was passed
through a filter, and 50 pL was used for LC/MS. LCMS-8050 (SHIMAZU, Kyoto, Japan) was
used as the LC/MS system. The column was an L-column 2 ODS (Chemicals Evaluation
and Research Institute, Tokyo, Japan; 50 mm x 2.0 mm). The mobile phase used was 0.1%
acetic acid, 0.05% formic acid, and 95% acetonitrile. The flow rate was 0.30 mL/min, and
the column temperature was 40 °C. The values were calculated from a calibration curve
(Figure S2).

2.6. Western Blotting of a2A-Adrenergic Receptors and Imidazoline Receptors

The testis tissues were homogenized in a radioimmunoprecipitation assay lysis buffer.
After homogenization, the protein concentration was measured using a bicinchoninic
acid (BCA) protein assay kit (Thermo Fisher Scientific). An equal amount of protein
(10 pg) per lane was run on a polyacrylamide gel and was transferred onto polyvinylidene
difluoride membranes. Membranes containing the transferred proteins were blocked
with 5% skim milk in TBS containing 0.1% Tween 20 solution (TBST) for 1 h at room
temperature. The membranes were incubated with primary antibodies of rabbit antimouse
a2A-adrenergic receptor antibody (Sigma-Aldrich: A271) and rabbit antimouse imidazoline
receptor antibody (US biological: Q80TM9) at 4 °C overnight. The membrane was incubated
with antirabbit IgG-HRP antibody (GE healthcare, IL, USA: NA9340V) as the secondary
antibody after rinsing with TBST for 1 h. To confirm the equal loading of the samples,
rabbit anti-GAPDH polyclonal antibodies (Sigma-Aldrich: G9545) were used as an internal
control. Chemiluminescence (Millipore, Darmstadt, Germany: Immobilon Western HRP
Substrate peroxide solution/Luminol Reagent) was used to expose the protein bands on
the membrane using Fusion (Vilber Bio Imaging, Paris, France).

2.7. Real-Time PCR

The total RNA was isolated from each group’s testes and pituitary glands using TRIzol
RNA extraction, and this was reverse-transcribed into cDNA using a high-capacity cDNA
reverse-transcription kit according to the manufacturer’s instructions. cDNA quantification
was performed using a cobas Z 480 analyzer (Roche-diagnostics, Basel, switzerland). The
sequences of cholesterol side-chain cleavage cytochrome P450 (P450scc), 33-hydroxysteroid
dehydrogenase (33HSD), luteinizing hormone receptor (LHR), follicle-stimulating hor-
mone receptor (FSHR), luteinizing hormone (LH), follicle-stimulating hormone (FSH),
imidazoline receptor, x2A-adrenergic receptor, caspase 3, catalase (CAT), glutathione
peroxidase (GPx), superoxide dismutase 2 (SOD2), adrenoleukodystrophy protein from
subfamily D, member 1 (ABCD1), ABCD3, glucose-regulated protein, 78kDa (GRP78),
8-oxoguanine DNA glycosylase 1 (OGG1), Ki67, topoisomerase 2-alpha (Top2a), synaptone-
mal complex protein 3 (Sycp3), MutL homolog 1 (Mlh1), acrosin (Acr), transition protein
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(Tnp1), inhibin-A (InhA), and SHBG (sex-hormone-binding globulin) were obtained from
FASMAC (Table S1). The data were analyzed using thermal cycler dice real-time system
software (Takara-Bio, Shiga, Japan), and the comparative Ct method (2AACt) was used
to quantify the gene expression levels. Real-time RT-PCR data were standardized to the
internal control GAPDH.

2.8. Statistical Analysis

Data are expressed as mean =+ standard deviation (SD). IBM SPSS statistical software
was used to analyze the data. Specifically, the data were analyzed using one-way analysis
of variance, multiple comparisons tests (Tukey’s honest significant difference and Games—
Howell tests), and the Kruskal-Wallis test based on the results of the Shapiro-Wilk test.
Differences were considered statistically significant at p < 0.05. It was judged that there
was no significant difference between the results of real-time PCR unless the values were
doubled or more than half, even if there was a statistically significant difference.

3. Results
3.1. Localization and Expression of a2A-Adrenergic Receptors and Imidazoline Receptors in
Normal Mice

a«2A-adrenergic receptor and imidazoline receptor mRNA were expressed in the testes
of normal mice (Figure 1A). In immunofluorescent staining, 3RHSD specifically stains
Leydig cells in the testicular interstitium [13], while PNA specifically stains acrosomes [14].
x2A-adrenergic receptors were observed in Leydig cell and vascular endothelial cell cyto-
plasm of normal mice (Figure 1B1), while imidazoline receptors were observed in Leydig
cells (Figure 1B2) and germ cells in normal mice (Figure 1B3).

a2A-Adrenergic a
Normal Control
(3T3 cell)
Imidazoline
e~ O PP
Normal Control
(mouse serum)

1 a2A-AR/3BHSD / DAPI 2 IR/ 3BHSD /DAPI 3 IR/PNA/DAPI

Figure 1. Localization and expression of «2A-adrenergic and imidazoline receptors in normal mouse.

25um

(A) ax2A-adrenergic and imidazoline receptors were measured by Western blot in the testis of the normal
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group. (B) Localization sites of a2A-adrenergic receptor (x2A-AR) and imidazoline receptor (IR)
were observed in the testis of the normal group by immunofluorescence analysis. (1) x2A-adrenergic
receptors were stained with Alexa594, while 33HSD (3 beta-hydroxysteroid dehydrogenase) was
stained with Alexa488. x2A-adrenergic receptors were expressed around the nucleus of Leydig cells
and in vascular endothelial cells. «2A-adrenergic receptor, 33HSD, and DAPI are shown in red,
green, and blue, respectively. (2) IRs were stained with Alexa594, while 3 HSD was stained with
Alexa488. IRs were expressed around the nucleus of Leydig cells. IR, 33HSD, and DAPI are shown in
red, green, and blue, respectively. (3) IRs were stained with Alexa488, while PNA was stained with
Alexa594. Imidazoline receptors were expressed in sperm cells and the like in fine tubes. Imidazoline
receptors, PNA, and DAPI are shown in green, red, and blue, respectively.

3.2. Effects of DEX Administration on Testicular Morphology and Receptors

DEX treatment started from day 0 at 7:00 am to day 14. The sampling points from
mice were 9:00 on day 14 (D14-9), 13:00 on day 14 (D14-13), 9:00 on day 15 (D15-9),
and 13:00 on day 15 (D15-13). The testis weight/body weight ratio in the 10 ug/kg
and 40 pg/kg groups was not significantly different compared to that in the normal
and sham group at all sampling points (Figure 2A). Moreover, the testes in all groups
showed no histological changes (Figure 2B). The x2A-adrenergic receptor and imidazoline
receptor mRNA expression levels were not significantly different from those of the normal
group at all sampling points (Figure 2C). Therefore, the receptors on which DEX acts
and testicular histology were not affected by DEX administration. Albeit statistically
significant, the differences in the imidazoline receptor mRINA expression levels in the
following comparisons were rejected because they did not meet our criteria for significance:
10 pg/kg compared to sham on D14-9 (p = 0.018); 10 pg/kg compared to sham (p = 0.002)
and 40 pg/kg compared to sham (p = 0.02) at D14-13; and 10 ug/kg compared to normal
(p = 0.035) and 40 pg/kg compared to normal (p = 0.03) at D15-13.

A

e t 5 ¢
o & n b B ow b s

testis weight / body weight (mg/g)

014-9 01413 0159

WNormal Osham B10ug/kg @40ug/kg

10u9/ke 409/ kg

D14-9 D14-13

Imidazoline Receptor

WNormal OSham ©10pg/kg B40yg/kg

D15-13

Imidazoline Receptor

OSham E110pg/kg R40pg/ke | OSham G10ug/ke E40ue/ke

Figure 2. Effects of DEX administration on testicular morphology and receptors. (A) The testis
weight/body weight ratio of the mice was compared at each testis collection point. (B) HE staining
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of mouse testis collected by D15-13. (C) The expression levels of x2A-adrenergic and imidazoline
receptors at each testis collection period were measured by RT-PCR. The values in the graph are
presented as means + SDs. The sampling points after 14 days of continuous DEX administration
were 9:00 on day 14 (D14-9), 13:00 on day 14 (D14-13), 9:00 on day 15 (D15-9), and 13:00 on day 15
(D15-13).

3.3. Blood Concentration of DEX in DEX-Administered Mice

On average, DEX was administered at 0.69 nmol/mL/mouse/day in the 10 ug/kg
group and 2.77 nmol/mL/mouse/day in the 40 ug/kg group. The average blood con-
centration at D14-9 (2 h after DEX administration) was 0.036 fmol/mL in the 10 ug/kg
group and 0.948 fmol/mL in the 40 pg/kg group (Table 1). At D14-13 (4 h after D14-9),
DEX was not detected in the 10 ug/kg group, while it had an average of 0.082 fmol/mL in
the 40 nug/kg group. The blood concentration at D15-9 (26 h after 14 days of continuous
administration) and D15-13 (30 h after 14 days of continuous administration) was not
detected (Table 1). Hence, it was found that DEX was not detected in the blood 6 h after
administration in the 10 pg/kg group and 26 h after administration in the 40 ug/kg group.

Table 1. Blood concentration of DEX in experimental mice.

Point D14-9

Group Normal Sham 10 png/kg 40 pug/kg
Average

(fmol /mL) N.D. N.D. 0.036 0.948
SD N.D. N.D. 0.020 0.331
Collection time D14-13

Group Normal Sham 10 pug/kg 40 ug/kg
Average

(fmol /mL) N.D. N.D. N.D. 0.054
SD N.D. N.D. N.D. 0.070
Collection time D15-9

Group Normal Sham 10 pug/kg 40 ug/kg
Average

(fmol /mL) N.D. N.D. N.D. N.D.
SD N.D. N.D. N.D. N.D.
Collection time D15-13

Group Normal Sham 10 pug/kg 40 pug/kg
Average

(fmol /mL) N.D. N.D. N.D. N.D.
SD N.D. N.D. N.D. N.D.

The blood DEX concentration at each testis collection period was measured by LC/MS. The values are presented
as means =+ standard deviation (SD). The sampling points after 14 days of continuous DEX administration were
9:00 on day 14 (D14-9), 13:00 on day 14 (D14-13), 9:00 on day 15 (D15-9), and 13:00 on day 15 (D15-13). N.D,;
not detected.

3.4. Effects of DEX Administration on the Pituitary Gland of Mice

At D14-9, the mRNA expression levels of LH and FSH in the DEX-administered
group were significantly lower than those in the normal and sham group as follows: LH,
10 nug/kg compared to normal (p = 0.028), 40 pg/kg compared to normal (p = 0.041),
10 pg/kg compared to sham (p = 0.007), and 40 pg/kg compared to sham (p = 0.01); FSH,
10 pg/kg compared to normal (p = 0.027), 40 ug/kg compared to normal (p = 0.027),
10 pg/kg compared to sham (p = 0.018), and 40 ng/kg compared to sham (p = 0.018). After
D14-13, LH and FSH mRNA expression was not significantly different from that in the
normal and sham group (Figure 3A). a2A-adrenergic receptor mRNA and imidazoline
receptor mRNA were expressed in the pituitary gland. At D14-9, the mRNA expression of
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a2A-adrenergic receptors was significantly increased in the DEX-administered group as
compared with that in the normal and sham group («2A-adrenergic receptor: 10 ug/kg
compared to normal, p = 0.009; 10 pg/kg compared to sham, p = 0.001). However, no
changes were observed in imidazoline receptors. After D14-13, there was no significant
difference in the mRNA expression levels of x2A-adrenergic receptors and imidazoline
receptors (Figure 3B). Hence, it was found that the mRNA expression of LH and FSH
decreased, while the mRNA expression of x2A-adrenergic receptors increased 2 h after
DEX administration. The expression of LH, FSH, and «2A-adrenergic receptors returned
to the same level as in the normal group 6 h after DEX administration. The following
factors were statistically significant but were rejected because they did not meet our criteria
for significance: LH at D15-13 (10 pg/kg compared to normal, p = 0.03) and imidazoline
receptor at D15-13 (10 png/kg compared to normal, p = 0.003; 40 ng/kg compared to normal,
p =0.02).

* D14-9 * D14-13
2 * . 2
* *
18 = 18
16 16
14 14
12 12 =
1 A =
08 08
06 06
04 04
02 02
o o
H FSH H FSH
mNormal OSham B10pg/kg D40ug/ke mNormal OSham B10pglke @40yg/ke
D15-13
2
1.8
16
14
12
1
08
06
0.4
02
0
FSH H FSH
mNormal OSham E10pug/kg B40pg/kg mNormal OSham B10pg/kg @40yg/kg
D14-9 D14-13

N oA e o

*

40 & 12

3")._ = 10
12

10 U

6

4

I_L| % ’

o

I B AnE=I N WaN=N::

a2A-Adrenargic Receptor Imidazoline Receptor a2A-Adrenargic Receptor Imidazoline Receptor

o

mNormal OSham D10pg/kg D40 pg/kg mNormal OSham B10 ug/kg [40 pg/kg

D15-9 D15-13

=T EaE=N

a2A-Adrenargic Receptor Imidazoline Receptor a2A-Adrenargic Receptor Imidazoline Receptor

mNormal OSham E110ug/kg @40 pg/kg mNormal OSham 010 ug/kg M40 ug/kg

Figure 3. Effect of DEX administration on mouse pituitary gland. (A) The expression levels of
luteinizing hormone (LH) and Follicle-Stimulating Hormone (FSH) at each pituitary gland collection
point were measured by RT-PCR. (B) The expression levels of a2A-adrenergic and imidazoline
receptors at each pituitary gland collection period were measured by RT-PCR. The values in the
graph are presented as means + SDs. * The difference was significant compared with the other group
according to the statistical method of this study. The sampling points after 14 days of continuous
DEX administration were 9:00 on day 14 (D14-9), 13:00 on day 14 (D14-13), 9:00 on day 15 (D15-9),
and 13:00 on day 15 (D15-13).
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3.5. Effects of DEX Administration to Androgens

Testicular cells in the interstitium were examined using the primers of P450scc, 3pHSD,
and LHR (markers of Leydig cells). There was no significant difference in the mRNA
expression levels of P450scc, 33HSD, and LHR at all sampling points (Figure 4A). Serum
testosterone levels were not significantly different among all groups at D15-13 (Figure 4B).
Therefore, DEX administration had no effect on testosterone synthesis pathway enzymes in
Leydig cells, and the testosterone concentration was also unaffected.

D14-9 D14-13

1
08
06
04
02
e B = o
P450scc 3BHSD LHR Pa50sce 3BHSD LHR
mNormal OSham G10ug/kg M40ug/kg WNormal OSham B10ug/kg B40ug/ke
D15-9 D15-13

08
0.6
04
0.2
0 e’ fus
P450scc 3BHSD P450scc 3BHSD LHR
mNormal OSham B10ug/kg @40pg/kg mNormal Osham B10ug/kg @40pg/kg
B

08

.

Normal Sham 10pg/kg 40pg/kg

testosterone(ng/ml)
-

o o
[V

o

Figure 4. Effects of DEX administration on androgens. (A) The expression levels of cholesterol
side-chain cleavage cytochrome P450 (P450scc), 3 beta-hydroxysteroid dehydrogenase (33HSD), and
luteinizing hormone receptor (LHR) at each testis collection point were measured by RT-PCR. The
values are presented as means + SDs. (B) The testosterone concentration in the blood of mice from
each group collected by D15-13 was measured by ECLIA. The values in the graph are presented as
means + SDs. Testosterone concentrations were not significantly different among the four groups
based on the Kruskal-Wallis test (p = 0.429). The sampling points after 14 days of continuous DEX
administration from mice were 9:00 on day 14 (D14-9), 13:00 on day 14 (D14-13), 9:00 on day 15
(D15-9), and 13:00 on day 15 (D15-13).

3.6. Effects of DEX Administration on Germ Cells and Sertoli Cells

Testicular cells in the seminiferous tubules were examined with the primers of Ki67
(markers for Mitosis), Top2 (markers for Meiosis), Sycp3, Mlhl (markers for pachytene
spermatocyte), Acr, Tnpl (markers for round spermatid), InhA, and SHBG (markers for
Sertoli cells). There was no significant difference in all markers at all sampling points
compared to the normal group and sham group (Figure 5). Therefore, DEX administration
did not affect the spermatogenic process. The following factors were statistically significant
but were rejected because they did not meet our criteria for significance: Ki67 at D14-9
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Sycp3
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(40 pg/kg compared to normal, p = 0.003), Top2a at D14-13 (10 pg/kg compared to normal,
p = 0.033; 40 pg/kg compared to normal, p = 0.016), Sycp3 at D15-9 (10 ug/kg compared
to normal, p = 0.026), Sycp3 at D15-13 (10 pg/kg compared to sham, p = 0.004), Mlh1 at
D14-13 (10 ug/kg compared to normal, p = 0.042), Mlh1 at D14-13 (10 ng/kg compared
to sham, p = 0.006), MIh1 at D15-13 (10 ug/kg compared to sham, p = 0.003; 40 ug/kg
compared to sham, p = 0.001), Acr at D14-9 (10 pg/kg compared to normal, p = 0.002;
10 ug/kg compared to sham, p = 0.005), Acr at D15-13 (10 pg/kg compared to normal,
p = 0.005; 40 ng/kg compared to normal, p = 0.001), Tnp1 at D14-9 (10 pg/kg compared
to normal, p = 0.04; 40 ng/kg compared to normal, p = 0.029), Tnp1 at D14-13 (40 ug/kg
compared to normal, p = 0.034), inhA at D14-9 (10 ug/kg compared to normal, p = 0.003;
40 pg/kg compared to normal, p = 0.008; 10 ug/kg compared to sham, p = 0.004; 40 ug/kg
compared to sham, p = 0.012), inhA at D14-13 (40 pg/kg compared to normal, p = 0.04),
SHBG at D15-9 (40 ng/kg compared to normal, p = 0.013; 40 ug/kg compared to sham,
p = 0.002), and FSHR at D15-13 (40 ug/kg compared to sham, p = 0.019).

D14-9 D14-13

Acr Tnpl InhA SHBG FSHR Ki67 Top2a Sycp3 MIh1 Acr Tnpl InhA SHBG FSHR

18
16
14
1.2

0.8
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D15-9 D15-13

1.8
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0.8
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0.4
0.2

Acr Tnpl InhA SHBG FSHR Ki67 Top2a  Sycp3 Mih1 Acr Tnpl InhA SHBG FSHR

WNormal OSham O10pg/kg M40pg/kg

Figure 5. Effects of DEX administration on germ cells and Sertoli cells. The expression levels of Ki67,
TOP2a (topoisomerase 2-alpha), Sycp3 (synaptonemal complex protein 3), Mlh1 (MutL homolog 1),
Acr (acrosin), Tnpl (transition protein 1), InhA (Inhibin-A), SHBG (sex-hormone-binding globulin),
and FSHR (follicle-stimulating hormone receptor) at each testis collection point were measured by
RT-PCR. The values of graph are presented as the means + SDs. The sampling points after 14 days
continuous DEX administration from mice were 9:00 on day 14 (D14-9), 13:00 on day 14 (D14-13),
9:00 on day 15 (D15-9), and 13:00 on day 15 (D15-13).

3.7. Effects of DEX Administration on Oxidant Stress Factors in the Mouse Testes

There was no significant difference in the expression of antioxidant enzymes CAT,
GPx, SOD2, apoptotic factor Caspase3, and oxidizing substances ABCD1, ABCD3, GRP7S,
and OGG1 at all sampling points (Figure 6). Therefore, DEX administration had no effect on
apoptosis or oxidative stress in the testis. The following factors were statistically significant
but were rejected because they did not meet our criteria for significance: CAT at D15-13
(40 pg/kg compared to sham, p = 0.003), GPx at D14-13 (10 pug/kg compared to normal,
p = 0.016; 40 nug/kg compared to normal, p = 0.001; 10 ng/kg compared to sham, p = 0.027;
40 ug/kg compared to sham, p = 0.002), GPx at D15-9 (10 pg/kg compared to normal,
p =0.036; 40 ng/kg compared to normal, p = 0.001; 40 ng/kg compared to sham, p = 0.026),
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SOD2 at D15-9 (10 pug/kg compared to sham, p = 0.008), SOD2 at D15-13 (40 ug/kg
compared to normal, p = 0.01), Caspase3 D14-9 (10 ug/kg compared to normal, p = 0.029;
10 ng/kg compared to Sham, p = 0.014), Caspase3 at D14-13 (10 ng/kg compared to normal,
p = 0.028; 40 pug/kg compared to normal, p = 0.01; 40 ug/kg compared to sham, p = 0.021),
ABCD1 at D15-13 (10 pg/kg compared to normal, p = 0.007; 40 png/kg compared to normal,
p = 0.002), ABCD3 at D15-9 (40 png/kg compared to normal, p = 0.017; 40 pg/kg compared
to sham, p = 0.017), GRP78 at D14-9 (40 nug/kg compared to normal, p = 0.044), OGG1 at
D14-9 (10 pg/kg compared to normal, p = 0.002), OGG1 at D15-13 (10 nug/kg compared to
normal, p = 0.037; 40 pg/kg compared to sham, p = 0.001).

D14-9 D14-13
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Figure 6. Effects of DEX administration on oxidant stress factors in the mouse testes. The ex-
pression levels of catalase (CAT), glutathione peroxidase (GPx), superoxide dismutase 2 (SOD2),
caspase3, adrenoleukodystrophy protein from subfamily D, member 1 (ABCD1), ABCD, member 3
(ABCD3), glucose-regulated protein, 78kDa (GRP78), and 8-oxoguanine DNA glycosylase 1 (OGG1)
at each testis collection point were measured by RT-PCR. The values in the graph are presented as
means £ SDs. The sampling points after 14 days of continuous DEX administration were 9:00 on day
14 (D14-9), 13:00 on day 14 (D14-13), 9:00 on day 15 (D15-9), and 13:00 on day 15 (D15-13).

4. Discussion

To investigate the reproductive toxicity of DEX, 10 png/kg and 40 ug/kg of DEX alone
were administered intraperitoneally to normal mice daily for two weeks. No changes in
mRNA expression were observed in cells within the interstitium or seminiferous tubules of
the testis. In the pituitary gland, the expression of LH and FSH mRNAs was significantly
decreased 2 h after DEX administration, and the expression of x2A-adrenergic receptor
mRNA was significantly increased, but it rapidly recovered thereafter. Furthermore, in the
testis, the site of action of DEX was localized to the cytoplasm of Leydig cells and vascular
endothelial cells for adrenergic receptors and to the cytoplasm of Leydig cells and germ
cells for IRs.

In general, a2 A-adrenergic receptors are present in the cell membrane, and the sympa-
thetic neurotransmitter noradrenaline responds to the receptors by inhibiting the release
of noradrenaline and exerting sedation, hypnosis, and sympatholytic effects [15-20]. 02A
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adrenergic receptors are localized in pancreatic B-cells, platelets, and vascular smooth
muscle cells and induces various physiological responses, such as insulin release sup-
pression, platelet aggregation activation, and vasoconstriction [15]. Brum et al. reported
that a2A-adrenergic receptors are localized in the cell membranes of nerve cell bodies,
axons, and dendrites in the superior cervical ganglion of mice based on immunofluorescent
staining [17]. They also reported that pretreatment with DEX suppresses the increase in
cytosolic calcium flux after potassium administration [17]. Nasser et al. reported that
a2A-adrenergic receptors are localized in the cytoplasm of nerve fibers and neuronal cell
bodies in guinea pig neurons and in the cytoplasm of glial cells and neuronal cell bodies in
mice and rats [18]. In Madin-Darby canine kidney cells (a cell line derived from canine
renal tubular epithelial cells), x2A adrenergic receptors were reported to be localized in
the cell membrane [21]. It was reported that c2A-adrenergic receptors are localized in
ciliary smooth muscle cells and in the cytoplasm [22]. Thus, x2A-adrenergic receptors are
localized in the cell membrane and cytoplasm.

IRs were reported to be present on cell membranes [23] and are involved in the
regulation of several functions, such as blood pressure and heart rate reduction, sodium
excretion from the kidneys, and catecholamine release from adrenal chromaffin cells [24-26].
In addition, IR mRNA expression was also reported in rat tissues, such as the brain,
liver, testis, and skeletal muscle [27]. IRs are expressed in the brainstem of rats, and are
localized in the facial nucleus, inferior olive (dorsal nucleus), lateral reticular nucleus,
axons, dendrites, and astrocytes based on immunohistochemical staining, which appears
to be stained around the nucleus [28]. In a report investigating the localization of IRs in
HEK?293 cells transplanted with pEGFPC1-IRAS plasmid, they were found to be punctate
in the cytoplasm [29]. Therefore, imidazoline receptors are localized both in the plasma
membrane and cytoplasm.

In the testis, it is present in the tunica albuginea of rats, and noradrenaline reacts with
a2A-adrenergic receptors to cause contraction of the tunica albuginea of the testis. It was
reported to move the sperm from the seminiferous tubules to the epididymis [30]. DEX
administration to Leydig cells isolated from rats inhibited testosterone synthase activities,
such as 3HSD [9]. ®2A-adrenergic receptors and imidazoline receptors are present in the
cytoplasm of testicular cells and are thought to be functional. DEX is a stable formulation
of dexmedetomidine hydrochloride in saline between pH 4.5 and 7.0. Dexmedetomidine
hydrochloride changes to fat-soluble DEX depending on blood pH [31]. Therefore, it
is thought that it also reacts with receptors present in the cytoplasm. This study is the
first to examine the localization of x2A-adrenergic receptors and imidazoline receptors in
the testis.

In this study, a decrease in pituitary LH and FSH mRNA expression after DEX admin-
istration was observed. Gonadotropin-releasing hormone (GnRH), which is secreted from
the medial preoptic area of the hypothalamus and arcuate nucleus, stimulated the secretion
of LH and FSH from the pituitary gland.

Hunger stress increased the release of renal corticotropin-releasing hormone (CRH)
produced in the paraventricular nucleus via x2-adrenergic receptors of the hypothalamus
and suppressed GnRH [32].

The administration of noradrenaline to the paraventricular nucleus of normal rats
reduced LH [33]. Furthermore, the administration of x2-adrenergic receptor agonists in-
hibited GnRH and LH in fasting stress-induced LH suppression experiments [34]. These
findings suggest that noradrenergic neurons entering the paraventricular nucleus suppress
GnRH and LH via CRH [32]. It was reported that the administration of clonidine, an
ax2A-adrenergic receptor agonist similar to DEX, to the paraventricular nucleus of the
hypothalamus in rats significantly decreased plasma LH concentrations [33,35,36]. There-
fore, it is thought that LH and FSH mRNA expression also decreased because GnRH
was suppressed by noradrenaline and CRH stimulation. GnRH and CRH should also be
investigated in the future.
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The number of x2-adrenergic receptors is known to be inversely related to nora-
drenaline levels, as adrenergic receptors are downregulated throughout the brain in the
presence of high agonist concentrations [37,38]. However, in adrenalectomized rats, «2-
adrenergic receptors are decreased in the paraventricular nucleus but increased in the
supraoptic nucleus [39]. The short-term and long-term administration of cortisol to tree
shrews also decreased the hypothalamic x2-adrenergic receptor expression in the short term
and increased it in the long term [40]. Thus, x2-adrenergic receptor expression is regulated
by adrenal hormones and noradrenaline. Since the expression of x2-adrenergic receptors
differs depending on each part of the brain, the treatment period, and the treatment con-
centration, it was found that in the case of the pituitary gland in this study, administration
of 10 ng/kg DEX increased the mRNA expression of «2-adrenergic receptors. The absence
of changes in «2-adrenergic receptor mRNA following the administration of 40 ug/kg
DEX compared to that of 10 ug/kg DEX may be due to the presence of high concentrations
of the agonist [37,38]. The half-life of DEX in the blood is only 2.36-2.91 h. In mice, the
blood concentration of DEX decreased to about 0.1 fmol/mL in 6 h in the 40 u group. Since
DEX has such a short half-life, the expression of x2-adrenergic receptor was transiently
increased, while the expression of LH and FSH was decreased, but it recovered quickly.

In a study of Leydig cells (0.05 x 10° cells /well) isolated from rats, DEX administration
(approximately 3.6-360 ug/L) inhibited testosterone synthase activity in a dose-dependent
manner [9]. It also increased cells undergoing apoptosis [9]. However, in this study,
administration of DEX (40 ug/kg) to normal mice had no effect on blood testosterone
levels. It also had no effect on the expression of P450scc, 33HSD, LHR, and Caspase3
mRNAs. There is a controversy about the effects of testosterone levels after glyphosate
administration. The administration of glyphosate to cultured TM3 cells (0.1 mM) and rat
primary Leydig cells (1 ppm) decreased the testosterone levels [41,42]. The administration
of glyphosate (2.5-500 mg/kg) to rats did not alter the testosterone levels [43,44]. Dai et al.
also administered 500 mg/kg of glyphosate to rats, but no significant difference was found;
however, there were reduced testosterone levels by more than half [44]. Thus, in vitro and
in vivo drug administration have a large difference in effective concentration. Therefore,
increasing the dose of DEX in this study may also affect the testosterone levels.

In the ischemia—reperfusion model, ROS overproduction after ischemia-reperfusion
causes cytokine release from macrophages and neutrophil infiltration, etc.; this ultimately
causes cell damage because of apoptosis and inflammation [3]. It was reported that the
administration of DEX to ischemia-reperfusion models of various organs has antiapoptotic,
anti-inflammatory, and antioxidant effects, and it improves the pathology [3-5,45-48]. DEX
is believed to have organ-protective effects. However, when administered to a rat testicular
torsion model, TOS increased at 25 nug/kg administration, TAS increased at 50 ug/kg
administration, and OSI decreased. The testicular pathology did not improve [6,7]. In
myocardial and spinal cord ischemia-reperfusion, the administration of DEX at 20 ng/kg or
5 nug/kg/30 min was reported to have organ-protective effects, including antiapoptotic and
anti-inflammatory effects [3,5]. In this study, when DEX was administered to normal mice
at 10 and 40 pg/kg, no changes were observed in the expression of intracellular mRNAs in
the testicular stroma (P450scc/3BHSD/LHR) and seminiferous tubules (Ki67, Top2, Sycp3,
Milh1, Acr, Tnp1, InhA, and SHBG). Furthermore, there were no changes in antioxidant
enzymes CAT, GPx, and SOD2 and oxidative factors ABCD1, ABCD3, GRP78, and OGGL.
Caspase3, an apoptotic factor, also showed no changes. Therefore, DEX does not appear
to have a male reproductive toxicity in mice. However, differences in chemical sensitivity
between mice and rats must be considered [49].

5. Conclusions

In this study, x2A-adrenergic receptors, which are the site of action of DEX, are
localized in the cytoplasm of Leydig cells, while imidazoline receptors are localized in the
cytoplasm and germ cells of Leydig cells, and these may have pharmacological effects.
In addition, LH, FSH, and «2A-adrenergic receptor mRNA expression were changed by
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various hormone actions caused by DEX administration. It was considered that a low blood
concentration of DEX caused rapid recovery. Furthermore, the administration of DEX to
mice did not adversely affect various factors in the testis, including the testosterone levels.
There was a large difference in the effective concentration between in vitro and in vivo drug
administration. The reproductive toxicity of DEX was expected; a clear effect could not be
confirmed. In this study, increasing the DEX dose further may cause testicular dysfunction,
but clinically using more than this dose is unlikely. Therefore, the DEX concentration used
in this study is unlikely to exhibit male reproductive toxicity.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/app122010409/s1, Figure S1: Experimental schedule of DEX
administration to mice. DEX treatment started at 7:00 am of Day 0 to Day 14. The collection time of
the testes, blood, and pituitary glands from the mice were 9:00 on Day 14 (D14-9), 13:00 on Day 14
(D14-13), 9:00 on Day 15 (D15-9), and 13:00 on Day 15 (D15-13). Figure S2: Calibration curve used
in liquid chromatography—mass spectrometry. Table S1: Nucleotide sequences of primers used in
real-time PCR.
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