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Despite the role of melatonin in the regulation of the sleep-wake cycle and seasonal-reproduction, the
present study investigated, for the first time, the potential role of melatonin on testicular blood flow
(TBF) in goats. Twelve sexually mature male Shiba goats were exposed to a single s.c. injection of either
melatonin suspended in one ml of corn oil (melatonin group; 36 mg/goat; n = 5) or one ml of corn oil
(control group; n = 7). Monitoring the changes in TBF was done one week before (W-1), at the time of
injection (WO0), and once a week for 8 weeks after injection using color-pulsed Doppler ultrasonography.
Concentrations of FSH, LH, inhibin, testosterone (T), estradiol (E2), and insulin-like growth factor-1 (IGF-
1) in plasma were determined by radioimmunoassay. Melatonin and nitric oxide (NO) concentrations
were measured using enzyme immunoassay kits. Moreover, semen collection and evaluation of some
sperm parameters were performed once a week. Results revealed decreases (P < 0.05) in the Doppler
indices (resistive index, pulsatility index) of the testicular arteries from W2 till W6 in the melatonin
group. FSH, LH, and inhibin concentrations did not change between the two groups, while T, E2, IGF-1,
NO, and melatonin concentrations increased (P < 0.05) in the melatonin group compared to the con-
trol. Estradiol and NO concentrations increased (P < 0.05), coinciding with decreases in the values of
Doppler indices. Notable (P < 0.05) improvements in most parameters of semen quality were seen in the
melatonin group. In conclusion, melatonin induced a stimulatory effect on TBF in Shiba goats and
possibly, it could be a potential to improve male goats fertility.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

hormones to and from the testis. Due to the very low concentration
of oxygen in the seminiferous tubules [1], control of blood flow is

Reproduction is one of the most important economic factors in
the livestock industry, based not only on the reproductive capacity
of the female; but the male as well. Testicular hemodynamic is the
main route for the transport of oxygen, nutrients, and other
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very critical in the testis than in other organs as this is necessary for
the proper physiological function of the testis. In addition, exposure
of the testis to acute hypoxic conditions (13% oxygen in inspired air)
forces it to keep delivery of oxygen by increasing blood flow and
oxygen uptake [2]. Since blood flow significantly impacts physio-
logical functions of the testis such as spermatogenesis and hor-
mone production, more studies need to be conducted on the
various treatments that could enhance testicular blood flow (TBF)
in farm animals [3].

The advent of ultrasonography enables researchers and veteri-
narians to assess and monitor tremendous reproductive events in
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goats’ reproduction practice [4—6]. Color Doppler ultrasonography
was developed to improve the accuracy of diagnoses in both
research and clinical aspects because it depends on the extraction
of the physiological function of the organ through evaluating its
vascular hemodynamics [7,8]. Doppler ultrasonography has
become an essential tool for assessment of male fertility based on
the characterization of TBF in some animal species such as stallion
[3], dogs [9], and goats [10,11].

Melatonin (N-acetyl-5-methoxytrypamine) is a secreted
neurohormone of the pineal gland. It is synthesized and released
into the circulation in circadian rhythm depending on the photo-
period in mammals [12—14] for the regulation of the sleep-wake
cycle. In seasonally breeding animals such as certain breeds of
sheep and goats, it has a great role to regulate reproductive func-
tions in response to changes in daylight periods by a direct effect on
the hypothalamic-pituitary-gonadal axis [15]. Melatonin is also
considered as a powerful biological antioxidant inside the body,
and functions to reduce the oxidative stress in vivo [16] through its
potency as a free radicals scavenger [17], and up regulator of the
expression and/or activity of antioxidant enzymes [18]. Many pre-
vious studies have illustrated the positive roles of melatonin on
sexual activity, testicular function, and overall reproductive per-
formance in goats with or without manipulation of the daylight
period [19—22]. However, to date, the effect of melatonin on TBF in
small ruminants has not been investigated.

Although Shiba goats are nonseasonal breeder animals [26],
melatonin secretion by the pineal gland had marked diurnal
changes depending on the daylight period [23]. Furthermore, our
recent study in this breed [11] revealed a seasonal influence on
testicular blood perfusion as assessed by the color-spectral Doppler
ultrasonography. In the aforementioned study, maximum TBF was
reported in the winter and autumn (short photoperiod) than in the
summer and spring (long daylight) with concomitant seasonal
changes in the gonadal activity; which was thought to be photo-
period sensitive: short day length is stimulatory whereas long day
length negatively impacts the gonadal functions in Shiba goats [23].
Taking into consideration the already stated facts and the evidence
of expression of melatonin receptors in testicular cells [24,25], our
hypothesis is that melatonin has a role in TBF in goats. Moreover,
studying the effect of melatonin on nitric oxide (NO), and circu-
lating hormones; especially insulin-like growth factor-1 (IGF-1) is
of great importance. Many studies showed the pivotal roles of NO as
one of the major physiological regulators of basal blood vessel tone,
and enhancement of TBF [26—28]. Also, IGF-1; a secreted hormone
by Leydig-Sertoli cells; plays an important role in the regulation of
testicular function [29]. There are strong correlations between
concentrations of IGF-1 and some parameters of semen such as
motility % of sperm [30]. In addition, plasma IGF-1 showed a sea-
sonal pattern and was greatly influenced by photoperiod, and
melatonin [31]. Therefore, the objective of the current study was to
determine the effect of a single s.c. administration of melatonin in
an oily base suspension on testicular hemodynamics as assessed by
color spectral-Doppler ultrasonography in Shiba goats. In addition,
it aimed at demonstrating whether or not there are changes in
circulating hormones (FSH, LH, inhibin, testosterone, estradiol, and
IGF-1), nitric oxide, and parameters of semen quality after admin-
istration of melatonin.

2. Material and methods

The present study was performed in male Shiba goats (Capra
hircus), a Japanese miniature nonseasonal breeder goat. It reaches
puberty at 3.5 months and is considered a good model animal for
studying the physiology of ruminants [32]. All procedures in the
current study were carried out in accordance with ethical

guidelines established by the Tokyo University of Agriculture and
Technology, Japan, for the use of animals (Ethical approval #
30-78).

2.1. Animals and management

Twelve sexually mature male Shiba goats (Capra hircus),
22.5 + 3.5 months of age, weighing 26.85 + 3.25 kg, and housed in a
paddock under natural daylight conditions were used in the current
study. They were fed a diet of 400 gm of hay cubes per animal twice
a day, while mineralized salt licks and clean tap water were avail-
able ad libitum. The goat paddock used belongs to the Laboratory of
Veterinary Reproductive Physiology, Veterinary Medicine Depart-
ment, Tokyo University of Agriculture and Technology, Japan
(Latitude: 35° 40'8.31 “N; Longitude: 139° 28’39.58” E; Decimal is
35.6667:139.483). Variations in daylight periods during the study
(from March 2018 to June 2018) are ranged from 12.23 to 14.40 h.
All goats were regularly exposed to immunoprophylaxis activities
such as deworming using appropriate broad-spectrum anthel-
mintic medications, and none of them had any evidence of disease
before the study. The animals were clinically healthy with good
libido before the experiment. Moreover, each goat was exposed to a
general examination including the testis and epididymis by ultra-
sonography to verify the absence of abnormalities in the repro-
ductive tract before the start of the research study. For more
guarantee, female goats were raised separately throughout the
period of the study.

Goats were randomly allocated into 2 groups: (1) Melatonin
group (n = 5), treated with a single s.c. dose (Fig. 1A) of melatonin
powder (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan)
that was dissolved in one ml of corn oil as a suspension (36 mg/
goat) and (2) control group (n = 7), which was treated with one ml
of corn oil only without melatonin. The dose of melatonin was
selected based on a previous report [33].

2.2. Ultrasonographic examinations

Monitoring of the changes in TBF was performed one week
before injection (W-1), at the time of injection (WO0), and once a
week for 8 consecutive weeks after injection of the melatonin. The
experiment was performed during spring and early summer 2018.
Ultrasonographic assessments were performed throughout the
period of the study by the same operator (the first author). All
examinations were performed using an ultrasound scanner (EUB-
7500, Hitachi Medical Corporation, Tokyo, Japan) equipped with a
linear multi-frequency array transducer (6—14 MHz; Model EUP-
L65; Hitachi Medical Corporation, Tokyo, Japan). Based on our
previous studies [10,11], the bucks were simply secured without
sedation to avoid its effect on TBF. Also, the hairs on both sides of
the scrotum were removed by shaving, and a copious amount of
ultrasonic gel was used on the transducer to facilitate the assess-
ment by ultrasonography. In the present study, we monitored
testicular hemodynamics in supratesticular arteries and marginal
testicular arteries (Fig. 1B). The testicular artery in goats appeared
convoluted; just before entry into the testis. This convoluted part is
termed the supratesticular artery, STA: in this part, the testicular
veins coalesce to surround the artery and form the testicular
vascular cone. However, to differentiate between the testicular ar-
tery and vein by spectral Doppler assessment, the artery will
typically have a spectral waveform representing the arterial pulse
in each cardiac cycle (systole and diastole). In the vein, however, the
flow has no pulse and is almost constant. After the vascular struc-
tures were identified and the largest longitudinal or oblique section
of the STA, as well as the marginal testicular artery (MTA), was
observed using B-mode ultrasonography, Doppler assessment of



H. Samir et al. / Theriogenology 146 (2020) 111-119 113

IO

Fig. 1. (A) The site of s.c. injection of melatonin suspension at base of the ear; (B) the testis of a male Shiba goat imaged by computerized tomography to illustrate the locations of
the supratesticular artery (STA) and marginal testicular artery (MTA). An assessment of the blood flow within the supratesticular artery (C) and marginal testicular artery (D) was
performed by color-pulsed Doppler ultrasonography and the Blood flow within both arteries appeared as spectral-pattern with a wave-like display. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

TBF was carried out as described in stallions and goats [10,34]. After
the appearance of the spectral pattern of the STA (Fig. 1C) as well as
the MTA (Fig. 1D), appended parameters were assessed: peak sys-
tolic velocity (PSV, cm/sec), end diastolic velocity (EDV, cm/sec),
and the time-averaged maximum velocity (TAMAX, cm/sec).
Doppler indices studied were: resistive index (Rl = (PSV- EDV)/PSV)
and pulsatility index (PI = (PSV - EDV)/mean velocity). All spectral-
Doppler examinations were carried out at certain times (9.00 A.M.),
fixed, and standardized ultrasound setting (gains, focus, brightness,
and contrast) by the same operator. The angle between the long
axis of the examined vessel and the Doppler beam was less than 60°
in the direction of blood flow. The high-pass filter and the Doppler
gate were set constant at 50 Hz and 1.5 m, respectively.

2.3. Blood sampling and hormonal analysis

Blood samples (5 ml) were drawn, on the Day of ultrasono-
graphic scanning, from the jugular vein into evacuated heparinized
tubes (Venoject II, Terumo, Tokyo, Japan). Plasma was obtained
after blood samples were centrifuged at 3200 rpm (600 g) for
15 min at 4 °C, then separated and stored at —20 °C till assessment
of concentrations of circulating hormones.

Plasma concentrations of FSH, LH, and inhibin were determined
by a double-antibody radioimmunoassay (RIA) system using 2°I-
labeled radioligands as described in previous studies by
Refs. [35,36], and [37]; respectively. Plasma concentrations of FSH
(ng/ml) were measured using anti-ovine FSH, NIDDK-oFSH-RP-1 as
a standard reference, and NIDDK—FSH—I-1 for radio-iodination,
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Table 1

Changes in testicular blood flow as measured by color spectral Doppler ultrasonography of the supratesticular artery in male Shiba goats in the melatonin group (Mel; n = 5),
and the control group (Con; n = 7) during different times (weeks) after administration of a single dose of melatonin (WO).

Time PSV (cm/sec) EDV (cm/sec) TAMAX (cm/sec) RI PI
Mel Con Mel Con Mel Con Mel Con Mel Con

W-1 1544 +1.25 1551 +038 7.65+0.71 7.22+031 10.5+0.51 10.86 + 030 0495 +0.043 0.522 +0.016 0.704 +0.085  0.762 + 0.035
wo 12.9 + 0.98 1611 +1.79 696 +0.90 797 +133 0939+095 1143 +154 0457+0.050 0.520+0.033 0.665+0.117  0.761 + 0.067
w1 14.82 + 047 1527 +1.19 9.04+0.85 832+0.77 1158 +0.61 11.21+0.86 0.393 +0.048 0.456 +0.030 0.519 + 0.081 0.635 + 0.058
W2 1467 +094 1571 +0.68 9.01+0.75 824+050 11.52+083 11.24+0.50 0.367 +0.027 0473 +0.019 0.465 + 0.043  0.666 + 0.033
w3 12.93 + 0.63* 1818 +1.37 816+041 851+042 10.19+0.52 1250+ 058 0.357 +0.023* 0.544 + 0.027 0.455 + 0.035* 0.812 + 0.068
w4 1412+ 116 1516+ 1.05 8.16+091 696+045 10.79+1.03 10.28 +0.49 0.408 +0.011* 0.561 + 0.025 0.535 + 0.017* 0.844 + 0.053
W5 1492 + 149 1641 +0.83 9.16+1.04 7.62+023 1154+121 1138+ 042 0.375+0.021* 0.531 +0.017 0.486 + 0.035* 0.771 + 0.038
w6 13.41 £ 0.75 1692 +1.10 738 +0.78 7.56+0.60 10.02+0.80 1136 +0.76 0.401 +0.030* 0.550 + 0.034 0.521 + 0.050* 0.836 + 0.077
w7 1733 +£096 1607 +0.75 8.68 +0.93 6.47+0.53 1223 +0.73 10.08 +0.62 0.454 +0.015* 0.600 + 0.021 0.633 +0.031* 0.973 + 0.061
ws 17.43 + 0.61 1818 +0.99 7.74+0.88 6.81+0.56 11.86+0.84 11.19+046 0.561+0.037 0.614 +0.043 0.851 + 0.087 1.015 + 0.103

Abbreviations: W: Week (as a time point); Values are means + SEM. Generally, the treatment effect (Mel group versus Con group) showed significant difference in the values of
PSV (P < 0.001), RI (P < 0.0001), and PI (P < 0.0001), while time effect showed significant differences (P < 0.0001) in the values of RI and PI. *Values in each parameter are
significant different at least at P < 0.05 between the two groups. Parameters and indices of spectral Doppler ultrasonography that used were: PSV = Peak systolic velocity (cm/
sec); EDV = End diastolic velocity (cm/sec); TAMAX = Time average maximum velocity (cm/sec); RI = Resistive index; PI= Pulsatility index.

while plasma LH (ng/ml) was measured using anti-ovine LH (YM
18), NIDDK-0LH-RP-24 as a reference standard, and NIDDK-oLH- I-3
for radio-iodination. Plasma concentration of inhibin (ng/ml) was
measured using anti-bovine antiserum (TNDH-1) and bovine 32-
kDa inhibin for radio-iodination. Concentrations of testosterone
(T; ng/ml), and estradiol (E2; pg/ml) were measured in plasma as
described by Taya et al. [38] using antisera against T (GDN 250), and
E2 (GDN 244); respectively. Concentration of IGF-1 (ng/ml) was
measured by RIA as described [39] using Anti-IGF-1(rabbit anti-
serum against human IGF-1; Lot: 150727 GW#14), and recombi-
nant human IGF-1 for radioiodination and as the reference stan-
dard. The intra- and inter-assay coefficients of variation were 9.6
and 11.8% for FSH, 5.6 and 6.8% for LH, 4.2% and 12.3% for inhibin,
8.4 and 9.6% for T, 5.6 and 7.7% for E2, and 8.8 and 5.4% for IGF-1,
respectively. All hormonal analyses were carried out in triplicate
and run in the same laboratory at Tokyo University of Agriculture
and Technology.

Concentrations of nitric oxide (NO; pM/ml) in the plasma were
measured using enzyme immunoassay kits (Colorimetric Nitric
Oxide Assay Kit, NB98, Oxford Biomedical Research, Inc., Funakoshi
Co., Ltd, Tokyo, Japan) based on the protocol of endorsed in-
structions [40]. The sensitivity of the assay was 1 pmol/ul (~1 pM)
NO produced in aqueous solutions. Concentrations of melatonin
(ng/ml) in the plasma were measured using melatonin ELISA Kit
(Enz-Kit150-0001; Enzo Life Sciences, Inc., USA) [41]. The sensi-
tivity of melatonin assay is 0.162 ng/ml and the range of

Table 2

measurement is 0.08—50 ng/ml. Absorbance values for NO and
melatonin were read in a microtiter plate reader at 540 nm, and
450 nm; respectively.

2.4. Semen collection and evaluation

Samples of goats’ semen were collected once a week using an
artificial vagina (44 °C). The ejaculates were protected from sun-
light and transferred directly in a water bath (36 °C) to the labo-
ratory for semen evaluation. To avoid a possible effect of sexual rest
on semen quality, the data of semen quality that was obtained in
the first collection (W-1) was not considered in the analysis [42].

The semen samples were subjectively analyzed on a pre-
warmed slide using microscopic inspection (Olympus Optical Co.,
Ltd., Tokyo, Japan) according to the method described [43,44]. The
assessed parameters were mass motility %, progressive motility %,
viability % (live and dead sperm) and normal sperm morphology %
(using the technique of eosin-nigrosin staining), and sperm con-
centration (using a hemocytometer).

For detection of the sperm acrosome integrity, the sperm cells
were stained with Fluorescein Isothiocyanate conjugated to Peanut
Agglutinin (FITC-PNA, Sigma) as described in a previous study [44].
Briefly, aliquots of 20 pl of semen (100 x 108) were placed on mi-
croscope slides, air-dried, and fixed in absolute methanol for 10 min
to fix and permeabilize the sperm membranes for FITC-PNA anal-
ysis. Afterward, 30 pl of FITC-PNA (150 pg/ml in PBS) working

Changes in testicular blood flow as measured by color spectral Doppler ultrasonography of the marginal testicular artery in male Shiba goats in the melatonin group (Mel;
n = 5), and the control group (Con; n = 7) during different times (weeks) after administration of a single dose of melatonin (WO0).

Time PSV (cm/sec) EDV (cm/sec) TAMAX (cm/sec) RI PI
Mel Con Mel Con Mel Con Mel Con Mel Con

W-1 1081 +121 11.73+0.90 6.96+0.37 8.04+0.73 8.70+0.52 9.84 +0.78 0319 + 0.063 0.321 +£0.026 0432 +0.107  0.398 + 0.038
wo 1019+ 0.81 1072 +0.67 7.86+0.77 7.54+045 9.09+0.81 8.83 +0.50 0.227 +0.015 0.273 £ 0.023  0.255 +0.019  0.327 + 0.033
w1 1021 + 054 1176 +0.65 7.85+0.31 9.07+039 894 +0.40 10.25 + 049 0.225+0.026 0.226 + 0.015 0.260 + 0.032 0.260 + 0.020
w2 12.05+0.81 11.05+0.92 9.41+061 829+071 10.66+0.72 9.55+0.80 0.217 £ 0.016  0.265 + 0.016  0.247 + 0.020  0.311 + 0.019
w3 10.74 £ 090 1143 +£0.78 8.09+0.71 8.08 +0.54 9.28 +0.81 9.58 + 0.59 0.246 + 0.009 0.304 + 0.029 0.286 + 0.013 0.373 + 0.045
w4 1115+ 0.67 1214+0.87 890+0.58 857 +051 990 +0.62 10.18 + 0.64 0.205 +0.017 0.302 +0.015 0233 + 0.023*  0.366 + 0.028
w5 1245 +0.62 13.05+097 9.63+043 929+085 10.88+046 11.05+0.88 0223 +0014 0.321+0.015 0.256 +0.019* 0.386 + 0.019
wé 1197 £+ 064 1336+0.52 8.95+043 9.57+045 1043 +055 11.35+044 0249 +0.009 0.290 + 0.017 0.286 + 0.011 0.344 + 0.026
w7 1213 £ 042 1176 +1.21 8.86+039 865+097 1044+026 9.18+0.82 0.236 + 0.010  0.265 + 0.014 0.270 +0.014  0.312 + 0.019
ws 1059 + 096 13.72+1.02 7.82+0.75 9.67+086 9.15+0.87 1143 £ 093 0.267 +0.014 0.298 +0.028 0.314 + 0.021 0.365 + 0.040

Abbreviations: W: Week (as a time point); Values are means + SEM. Generally, the treatment effect (Mel group versus Con group) showed significant difference in the values of
PSV (P < 0.05), RI (P < 0.0001), and PI (P < 0.001), while time effect showed significant differences (P < 0.01) in the values of RI and PI.*Values in each parameter are significant
different at least at P < 0.05 between the two groups. Parameters and indices of spectral Doppler ultrasonography that used were: PSV = Peak systolic velocity (cm/sec);
EDV = End diastolic velocity (cm/sec); TAMAX = Time average maximum velocity (cm/sec); RI = Resistive index; Pl = Pulsatility index.
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Fig. 2. Changes in plasma concentrations of FSH (oFSH, ng/ml; A), LH (oLH, ng/ml; B), inhibin (INH, ng/ml; C), and insulin-like growth factor-1 (IGF-1, ng/ml; D) in male goats that
received (s.c.) one ml of melatonin suspension in corn oil (closed circles; melatonin group; n = 5) or one ml of only corn oil (open circles; control group; n = 7). Values are
means + SEM. 3Values represent significant differences (P < 0.05) between both groups at the indicated times during the study. #values represent significant (P < 0.05) time

differences within treatment during the study.

solution was used over the slides for staining in a dark (absence of
light) humidified box, followed by incubation for 30 min at room
temperature. The slides were then rinsed twice (5 min each) by
complete immersion in PBS with shacking and dried naturally in
the absence of light. At assessment time, a drop of mounting me-
dium was placed over the slide, and a coverslip was firmly mounted
over (to avoid air bubbles). By using an epifluorescence analysis
phase-contrast microscope (Olympus, Tokyo, Japan), 200 sperm
were examined at a magnification of 1000x using an excitation
wavelength of 480 nm and emissions of 530 nm. Sperm were
classified into two groups: (1) normal intact acrosomal integrity
displaying intensive and bright fluorescent green color of the
acrosome cap; (2) abnormal acrosomal integrity displaying either a
disruption in the acrosomal cap fluorescence (partially damaged) or
absence of fluorescence in the acrosomal cap, that is, damaged
acrosome or complete loss of the acrosomal cap.

2.5. Statistical analysis

Data were exposed to a normality test using the Kolmogorov-
Smirnov test in GraphPad Prism to identify the homogeneity and
the type of data. In this study, no significant differences were found
among the studied goats between right and left testes; thus, the
data for each buck was pooled and comparisons were done among
the two groups. Data for Doppler parameters, hormonal results, and
parameters of semen quality were presented as means + standard

error of the mean (SEM). The GraphPad prism5 software was used
for all statistical analyses. Means were analyzed for the difference
using repeated measures two-way ANOVA to study the effect of the
treatment as a fixed factor and the time as a repeated factor. The
effect of treatment (2 levels; melatonin versus control) on the
changes in TBF in the STA as well as the MTA, on the concentrations
of circulating hormones, and on parameters of semen quality was
tested along with different time points followed by Bonferroni post
hoc test. A value of P < 0.05 was considered significant.

3. Results
3.1. Testicular hemodynamics

The effect of melatonin administration on TBF in the present
study is presented in Tables 1 and 2. In general, treatment effect
(melatonin group versus control group) had notable differences in
values of PSV, RI, and PI in the STA (P < 0.005, P < 0.0001,
P < 0.0001; respectively) as well as in the MTA (P < 0.05, P < 0.0001,
P < 0.0005; respectively). However, the time effect had differences
only in the values of RI and PI of STA (P < 0.0001) and MTA
(P < 0.005) between the two groups. Furthermore, the interaction
(treatment x time) had non-significant differences in values of all
studied Doppler parameters.

Decreases (P < 0.05) in the values of PSV (cm/sec) of the STA
were observed in the melatonin group (12.93 + 0.63 cm/s)
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Fig. 3. Changes in plasma concentrations of testosterone (T, ng/ml; A), estradiol (E2, pg/ml; B), nitric oxide (NO, pM/ml; C), and melatonin (ng/ml; D) in male goats that received one
ml of melatonin suspension in corn oil (closed circles; melatonin group; n = 5) or one ml of only corn oil (open circles; control group; n = 7). Values are means + SEM. *Values
represent significant differences (P < 0.05) between both groups at the indicated times during the study. #Values represent significant (P < 0.05) time differences within treatment

during the study.

compared to that in the control group (18.18 + 1.37 cm/s) at W3
post-injection. In the STA, animals in the melatonin group had
lesser (P < 0.05) RI and PI values than those in the control group,
and these values were lesser (P < 0.05) in the period of W3—-W7
after treatment than at any other time. Also, values of RI of the MTA
decreased (P < 0.05) in the melatonin administrated group be-
tween W3—W4 compared to its values in the control. Other

Table 3

parameters of pulsed Doppler ultrasonography of the testicular
arteries showed non-significant changes between the two groups
during the study.

3.2. Circulating hormones

Generally, the treatment effect (melatonin group versus control

Semen characteristics (Mass motility %; Progressive motility %; Acrosome integrity %, Viability %, Sperm cell concentrations (10°/ml), and Normal morphology of spermatozoa
%) in male Shiba goats in the melatonin group (Mel; n = 5), and the control group (Con; n = 7) during different times (weeks) after administration of a single dose of melatonin

(W0).
Time Mass motility % Progressive motility % Acrosome integrity % Viability % Sperm cell Conc. (x10° Normal Morphology %
sperm/ml)
Mel Con Mel Con Mel Con Mel Con Mel Con Mel Con
W0 790+10 807+17 720+20 750+11 826+22 816+12 828+23 840+12 280+0075 292+0044 908 +25 898+14
w1 790+1.0 793+20 740+19 729+18 812+22 798+20 851+22 832+18 288+0.078 283+0071 893+24 878+22
W2 830+20 807+28 760+19 750+15 841+23 820+24 858+14 846+16 298+0.082 291+0.085 924+26 902=+26
W3 87.0+20* 793+17 794+20 736+14 840+18 81.0+16 873+22 829+13 298+0064 287+0072 882+19 89121
W4 91.0+19* 80.7+17 840+19* 757+17 894+24 828+14 898+15" 833+19 3.01+0.102 291+0.056 894+24 91.1+16
W5 920+12* 814+14 870+12* 764+09 914+13* 816+17 903+11° 839+06 3.02+0034 291+0.059 914+13 89.7+18
W6 91.0+1.0° 80.7+17 830+20" 736+14 923+12* 809+16 891+11 838+12 3.19+0.044* 286+0.063 924+13 89.0x+17
W7 830+12 793+13 780+12 736+09 835+13 800+17 846+12 814+14 3.01+0044 279+0.066 91.8+14 879+1.8
w8 81.0+19 786+14 756+17 736+14 832+19 815+21 849+15 835+11 292+0.051 276+0069 91.5+2.1 89.6+22

Abbreviations: W: Week (as time point); Values are means + SEM.*Values in each parameter are different at least at P < 0.05 among the two groups. Generally, the treatment
effect (Mel group versus Con group) showed significant difference in mass motility % (P < 0.0001), progressive motility % (P < 0.0001), acrosome integrity % (P < 0.0001),
viability % (P < 0.0001), and sperm cell concentration (P < 0.001), while time effect showed significant differences (P < 0.001) in mass motility %, progressive motility %, and

acrosome integrity %.
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group) had a non-significant difference in concentrations of oFSH,
oLH, and inhibin. Concentrations of T, E2, IGF-I, NO, and melatonin;
however, had differences (P < 0.0001) between the two groups.
Regarding the time effect, significant differences were found in the
concentrations of most of the studied hormones (oFSH; P < 0.05,
oLH; P < 0.01, inhibin; P < 0.05, IGF-1; P < 0.001, T; P < 0.05, E2;
P <0.0001, NO; P < 0.001, and melatonin; P < 0.0001). Furthermore,
the interaction factor (treatment x time) had non-significant dif-
ferences in all assessed hormones except in E2 (P < 0.0001) and
melatonin (P < 0.0001) concentrations.

Plasma concentrations of oFSH (Fig. 2A) and oLH (Fig. 2B) had
non-significant differences between the two groups during the
studied period. However, increases (P < 0.05) were noticed in the
concentration of oLH at W5 (0.71 + 0.41 ng/ml) in the melatonin
group compared to the control (0.16 + 0.04 ng/ml). Also, notable
increases (P < 0.05) were found in oFSH at W8 (1.47 + 0.23 ng/ml)
after injection of melatonin compared to its values before injection
(LH: 0.16 + 0.01 ng/ml; FSH: 0.96 + 0.30 ng/ml). The effect of
melatonin administration on circulating inhibin had non-
significant changes between the two groups during the study
(Fig. 2C). However, increases (P < 0.0001) in the concentrations of
IGF-1 were observed in the melatonin group from W3—W6 after
injection as compared to the control group (Fig. 2D).

Increases in the concentrations of T (Fig. 3A) were observed in
the melatonin group compared to that in the control group starting
from W2 and onward, and its level was greater (P < 0.0001) at W2
(2.11 + 0.30 ng/ml) post-injection compared to that in the control
group (0.87 + 0.20 ng/ml). Furthermore, increases (P < 0.05) were
noticed in the concentration of T at W2 (2.11 + 0.30 ng/ml), W4
(1.89 + 0.41 ng/ml), and W8 (2.20 + 0.57 ng/ml) after injection of
the melatonin group compared to its values before injection
(0.89 + 0.22 ng/ml). Conversely, concentrations of E2 had increases
(P < 0.0001) in the melatonin group compared to its values in the
control group in the period from W1—-W5 post-injection. Concen-
trations of E2 were high (P < 0.0001) in the melatonin group from
W1 to W6 post-injection compared to its values before injection
(Fig. 3B). Similarly, increases (P < 0.0001) in the concentrations of
NO were observed in the melatonin group as compared to the
control group from W4—W?7 post-administration (Fig. 3C). Mela-
tonin concentrations were also higher (P < 0.0001) in the mela-
tonin group compared to that in the control one from W1-W?7
post-administration (Fig. 3D).

3.3. Semen quality

The results of different parameters for assessment of goats’
semen in the present study are summarized in Table 3. The positive
impact of melatonin administration (about 10%; P < 0.05) was seen
in mass motility % (W3—W6), individual progressive motility %
(W4—WS6), acrosome integrity % (W5—W&6), and sperm viability %
(W4—WS5). Sperm cell concentration had non-significant differ-
ences during most periods of the study except at W6 in the mela-
tonin group versus the control group. However, the percentage of
normal morphology of sperm had non-significant differences be-
tween the two groups during the study.

4. Discussion

Although melatonin was discovered about 60 years ago, only
recently have researchers claimed to investigate its various actions
in peripheral tissues [45]. Till now and to the best of the authors’
knowledge, the present study is the first to investigate the effect of
melatonin administration; especially in the perspective of testic-
ular hemodynamics in non-seasonal breeder animals such as Shiba
goats. The results of the current study supported the hypothesis

that a single dose of melatonin significantly influences testicular
hemodynamics in Shiba goats, and also improved the semen
quality. Providing such data is important for further enhancement
of animal productivity and also as a tool for assisting in solving
different problems associated with fertility in goats in the future.

In the present study, melatonin induced significant decreases in
Doppler indices of testicular arteries (RI and PI) which have nega-
tive correlations with vascular perfusion of tissue downstream [7].
Decreased values for RI and PI indicate decreases in the blood flow
resistance and in turn an increase in the testicular perfusion and a
continuous supply of oxygen and nutrients to the testis [7,46]. The
mechanism through which melatonin affects TBF was not certainly
elucidated in the present study; however; three possible ways may
interpret these changes. Firstly, melatonin may modulate TBF and
semen quality as observed in the present study by regulating
different levels of the hypothalamic-pituitary—gonadal axis, as
observed in seasonally breeding mammals [15]. Exogenous mela-
tonin implants result in direct effects on the hypothalamus-
pituitary axis which induces an increase in GnRH pulsatile secre-
tion [47], and increases in LH, FSH, and testosterone concentrations
[48,49]. Although melatonin did not significantly alter gonado-
tropin hormones (FSH, and LH) in the present study, it cannot be
ascertained that it did not act through the hypothalamus-pituitary
axis based only on the results of weekly LH and FSH analyses. More
importantly, the central effect of melatonin on the hypothalamus-
pituitary axis in small ruminants is not solely dependent on the
rising of basal LH and FSH levels, but, an increase of LH and FSH
pulsatile secretion should also be considered, and that was not
evaluated in this experiment. Therefore, the obtained data in this
work must be interpreted with caution. Moreover, the significant
increase of T in the melatonin treated bucks suggests that this
hormone may act through the hypothalamus-pituitary axis in Shiba
goats. However, the local effect of melatonin on Leydig cell ste-
roidogenesis should be taken into consideration [50].

Secondly, the expression of melatonin receptors in the testicular
cells [24,25] may operate its local effect on testicular function.
Melatonin has a crucial role in the conversion of androgen into
estrogen by regulating aromatase transcription [51]. The significant
increases in the concentrations of E2 concomitantly with the de-
creases in the values of RI and PI of testicular arteries that were
noticed in the current study might highlight its potential role for
regulating TBF because of the marked vasodilatory effect of estro-
gen and its role in testicular perfusion [52,53]. Similar studies also
found strong correlations between Doppler indices of TBF (RI and
PI) and E2 concentrations in goats [10,11] and stallion [52].

Thirdly, the results of the present study may be attributable to
the effect of melatonin as a strong antioxidant agent and free
radical scavenger on the cardiovascular system [13], since receptors
of melatonin were identified throughout the cardiovascular system
[54] including endothelial vascular cells [55]. In light of some
studies in sheep and cows, supplementation of melatonin during
pregnancy; especially in compromised conditions or during the
second half of gestation; resulted in an improvement of uterine
blood flow at least 25% increases [56—58]. These studies found
melatonin increases blood flow by regulating the local tone of
uterine vasculature [56] either by direct way through binding to
melatonin receptors or indirectly by attenuating the oxidative
stress in the vascular system [57]. In the current study, melatonin
administration significantly increased the concentrations of NO in
the melatonin group than in the control. This finding may contra-
dict the notion that melatonin in the treated animals acts as a
strong antioxidant agent or free radical scavenger. In fact, the
crucial role of melatonin as an antioxidant may be potential in
pathophysiological conditions exposed to oxidative stress [59]. In
the present study, animals were not under stress conditions to
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evoke this pivotal role of melatonin. Also, it is worthy to notice that
NO produced in the vascular endothelial cells is rapidly inactivated
by ROS such as superoxide anion radical (Oz) to produce perox-
ynitrite [60]. Exogenous administration of antioxidants, such as
melatonin, can effectively scavenge ROS from the vasculature
before its reacting with NO resulting in increases in NO bioavail-
ability [56]. Authors think the stimulatory effect of melatonin on
TBF that was observed in the present experiment may be attributed
in part to increased levels of NO which is considered one of the
powerful vasodilators [26,55]. Nitric oxide is synthesized from -
arginine methyl ester amino acid by NO synthase enzyme in various
peripheral tissues, including the testicular vasculature and semi-
niferous tubules [27]. Some studies proposed the local effects of NO
to regulate the distribution of oxygen, nutrients, and hormones by
the testicular vessels [26,55]. Also, previous studies reported crucial
roles of NO in the regulation of basal blood vessel tone, and
testicular hemodynamics [26—28]. However, how exactly the
mechanism of in vivo exposure to melatonin would impact local
vascular tone is not investigated in the current study and further
research is needed.

In the present study, concentrations of T and IGF-1 increased in
the melatonin group compared to that in the control group. Our
results were in agreement with those reported in other previous
studies in goats [20,42], and sheep [50]. The mechanisms by which
melatonin upregulates T secretion are very complex and may
include both indirect pathways through its central effect on the
hypothalamic-pituitary—gonadal axis and also direct effects on the
Leydig cells of the testis [14]. Recently, it was reported that the
stimulatory effect of melatonin on testosterone production by
sheep Leydig cells was through enhancing the IGF-1 receptors [50].
Melatonin took two weeks in the current study to peak in the
plasma because of slow absorption due to the administration of
melatonin in an oil vehicle s.c. at the base of the ear (an area with
very low blood supply). Also, it persisted so long in the plasma due
to its slow clearance associated with its sustained release as
explained by Li et al. [61]. Similar results were recorded in buffaloes
[62], where the s.c administration of melatonin showed slow ab-
sorption and clearance.

In the current study, significant increases in some parameters
related to semen quality such as acrosome integrity %, live/dead
ratio, motility, and normal sperm morphology were observed in the
melatonin group compared to the control. These results were in
agreement with those found in other studies in goats [21,42], rams
[24], and buffalo bull [63]. These improvements may be reflections
of the pivotal systemic or local roles of melatonin in the testis, in-
creases in TBF, and increases in the concentrations of steroids (T and
E2) and IGF-1 following administration of melatonin. Insulin-like
growth factor-1 plays an important paracrine or autocrine role in
the regulation of testicular function [29,30]. Previous studies indi-
cated that serum IGF-1 concentrations are genetically correlated
with the reproductive traits of males [30]. Some studies also re-
ported the localization of IGF-1 receptors on cattle and buffalo
sperm, suggesting the importance of this factor in regulating sperm
fertilizing capacity [64]. Authors think increases in IGF-1 produc-
tion may be incorporated to improve the quality of semen as
observed in the melatonin group compared to the control group.
These findings were in agreement with those reported in buffalo
[65]. The protective effect of IGF-1 may be attributable to its anti-
oxidant properties [64] or its autocrine or paracrine roles on
androgen production [29,50].

5. Conclusion

Collectively, slow-release melatonin treatments in Shiba goats
increased TBF as measured by color pulsed Doppler

ultrasonography (through decreasing values of RI and PI of testic-
ular arteries). Concomitantly, there were improvements in some
parameters of semen quality and increases in the concentrations of
E2, NO, and IGF-1. Explaining the actual mechanism for blood flow
changes, however, was beyond the scope of the current study and
needs to be investigated in future studies.

Declaration of competing interest

The authors state that there is no conflict of interest.

CRediT authorship contribution statement

Haney Samir: Conceptualization, Project administration,
Methodology, Investigation, Visualization, Data curation, Formal
analysis, Validation, Writing - original draft, Writing - review &
editing. Paul Nyametease: Investigation, Validation, Writing - re-
view & editing. Mohamed Elbadawy: Investigation, Validation,
Writing - review & editing. Kentaro Nagaoka: Visualization, Vali-
dation, Writing - review & editing. Kazuaki Sasaki: Visualization,
Validation, Resources. Gen Watanabe: Supervision, Visualization,
Validation, Funding acquisition, Resources, Writing - review &
editing.

Acknowledgments

We are thankful to Dr. A.F. Parlow (National Institute of Diabetes
and Digestive and Kidney Diseases, Beltsville, MD) for providing the
materials for measuring ovine FSH and LH by RIA, and Dr. G.D.
Niswender (Animal Reproduction and Biotechnology Laboratory,
Colorado State University, Fort Collins, CO) for kindly providing us
estradiol-17f antisera (GDN 244) and testosterone (GDN 250), and
Dr. Y. Mori (University of Tokyo, Bunkyo-Ku, Tokyo, Japan) for
providing antiserum to ovine LH (YM-18). We are grateful to Dr. S.
Kobayashi (United Graduate School of Agricultural Science,
Department of Biological Production Science, Tokyo, Japan) for his
suggestions in the statistics. This research was supported partially
by the Japan Society for the Promotion of Science (JSPS-FY 2019
Standard) through the Grant-in-Aid for JSPS postdoctoral fellow-
ship for research in Japan (FY19-ID No. P19101). Also, the first
author was supported in part through a short term (6 months)
postdoctoral scholarship funded by the Ministry of High Education
and Scientific Research, Egypt (2018).

References

[1] Setchell BP. Local control of testicular fluids. Reprod Fertil Dev 1990;2:
291-309.

Rizzoto G, Hall C, Tyberg ]V, Thundathil JC, Caulkett NA, Kastelic JP. Increased
testicular blood flow maintains oxygen delivery and avoids testicular hypoxia
in response to reduced oxygen content in inspired air. Sci Rep 2018;8:10905.
Ortiz-Rodriguez JM, Anel-Lopez L, Martin-Munoz P, Alvarez M, Gaitskell-
Phillips G, Anel L, et al. Pulse Doppler ultrasound as a tool for the diagnosis of
chronic testicular dysfunction in stallions. PloS One 2017;12:e0175878.
Karen A, Samir H, Ashmawy T, El-Sayed M. Accuracy of B-mode ultrasonog-
raphy for diagnosing pregnancy and determination of fetal numbers in
different breeds of goats. Anim Reprod Sci 2014;147:25-31.

Samir H, Karen A, Ashmawy T, Abo-Ahmed M, El-Sayed M, Watanabe G.
Monitoring of embryonic and fetal losses in different breeds of goats using
real-time B-mode ultrasonography. Theriogenology 2016;85:207—15.

Samir H, Nagaoka K, Watanabe G. The stimulatory effect of subluteal pro-
gesterone environment on the superovulatory response of passive immuni-
zation against inhibin in goats. Theriogenology 2018;121:188—95.

Ginther OQJ. Ultrasonic imaging and animal reproduction: color-Doppler ul-
trasonography: cross plains. WI: Equiservices Publishing; 2007.

Samir H, Kandiel MMM. Accuracy of subjective evaluation of luteal blood flow
by color Doppler ultrasonography for early diagnosis of pregnancy in Egyptian
buffalo. Anim Reprod Sci 2019;208:106129.

Zelli R, Troisi A, Elad Ngonput A, Cardinali L, Polisca A. Evaluation of testicular
artery blood flow by Doppler ultrasonography as a predictor of

2

[3

[4

(5

(6

(7

8

[9


http://refhub.elsevier.com/S0093-691X(20)30058-3/sref1
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref1
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref1
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref2
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref2
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref2
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref3
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref3
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref3
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref4
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref4
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref4
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref4
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref5
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref5
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref5
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref5
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref6
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref6
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref6
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref6
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref7
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref7
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref8
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref8
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref8
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref9
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref9

[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

H. Samir et al. / Theriogenology 146 (2020) 111-119

spermatogenesis in the dog. Res Vet Sci 2013;95:632—7.

Samir H, Sasaki K, Ahmed E, Karen A, Nagaoka K, El Sayed M, et al. Effect of a
single injection of gonadotropin-releasing hormone (GnRH) and human
chorionic gonadotropin (hCG) on testicular blood flow measured by color
Doppler ultrasonography in male Shiba goats. ] Vet Med Sci 2015;77:549—56.
Samir H, Nyametease P, Nagaoka K, Watanabe G. Effect of seasonality on
testicular blood flow as determined by color Doppler ultrasonography and
hormonal profiles in Shiba goats. Anim Reprod Sci 2018;197:185—-92.
Lerner AB, Case JD, Takahashi Y. Isolation of melatonin and 5-methoxyindole-
3-acetic acid from bovine pineal glands. ] Biol Chem 1960;235:1992—7.
Cook JS, Sauder CL, Ray CA. Melatonin differentially affects vascular blood flow
in humans. Am | Physiol Heart Circ Physiol 2011;300:H670—4.

Li C, Zhou X. Melatonin and male reproduction. Clin Chim Acta 2015;446:
175-80.

Reiter R], Tan DX, Manchester LC, Paredes SD, Mayo ]C, Sainz RM. Melatonin
and reproduction revisited. Biol Reprod 2009;81:445—56.

Reiter R], Melchiorri D, Sewerynek E, Poeggeler B, Barlow-Walden L, Chuang J,
et al. A review of the evidence supporting melatonin’s role as an antioxidant.
] Pineal Res 1995;18:1—11.

Galano A, Tan DX, Reiter R]. On the free radical scavenging activities of mel-
atonin’s metabolites, AFMK and AMK. J Pineal Res 2013;54:245—57.
Rodriguez C, Mayo JC, Sainz RM, Antolin I, Herrera F, Martin V, et al. Regu-
lation of antioxidant enzymes: a significant role for melatonin. ] Pineal Res
2004;36:1-9.

Chemineau P, Pelletier ], Guerin Y, Colas G, Ravault JP, Toure G, et al. Photo-
periodic and melatonin treatments for the control of seasonal reproduction in
sheep and goats. Reprod Nutr Dev 1988;28:409—22.

Donmez N, Donmez N, Karaca F, Belge F, Tayyar Ate® C. The effects of mela-
tonin application on some haematological parameters and thyroid hormones
and testosterone in male goats’ non-breeding season. Veterinarsky arhiv
2004;74:281-7.

Gallego-Calvo L, Gatica MC, Santiago-Moreno ], Guzman JL, Zarazaga LA.
Exogenous melatonin does not improve the freezability of Blanca Andaluza
goat semen over exposure to two months of short days. Anim Reprod Sci
2015;157:24-32.

Delgadillo JA, Velez LI, Flores JA. Continuous light after a long-day treatment is
equivalent to melatonin implants to stimulate testosterone secretion in
Alpine male goats. Animal 2016;10:649—54.

Mori Y, Maeda K, Sawasaki T, Kano Y. Effects of long days and short days on
estrous cyclicity in two breeds of goats with different seasonality. Jpn J Anim
Reprod 1984;30:239—45.

Casao A, Gallego M, Abecia JA, Forcada F, Perez-Pe R, Muino-Blanco T, et al.
Identification and immunolocalisation of melatonin MT(1) and MT(2) re-
ceptors in Rasa Aragonesa ram spermatozoa. Reprod Fertil Dev 2012;24:
953—61.

Frungieri MB, Calandra RS, Rossi SP. Local actions of melatonin in somatic cells
of the testis. Int ] Mol Sci 2017;18.

Lissbrant E, Lofmark U, Collin O, Bergh A. Is nitric oxide involved in the
regulation of the rat testicular vasculature? Biol Reprod 1997;56:1221—7.
Rodeberg DA, Chaet MS, Bass RC, Arkovitz MS, Garcia VF. Nitric oxide: an
overview. Am | Surg 1995;170:292—303.

Sharma AC, Sam 2nd AD, Lee LY, Hales DB, Law WR, Ferguson ]JL, et al. Effect of
NG-nitro-L-arginine methyl ester on testicular blood flow and serum steroid
hormones during sepsis. Shock 1998;9:416—21.

Naville D, Chatelain PG, Avallet O, Saez JM. Control of production of insulin-
like growth factor I by pig Leydig and Sertoli cells cultured alone or
together. Cell-cell interactions. Mol Cell Endocrinol 1990;70:217—24.

Yilmaz A, Davis ME, Simmen RC. Estimation of (co)variance components for
reproductive traits in Angus beef cattle divergently selected for blood serum
IGF-I concentration. ] Anim Sci 2004;82:2285—92.

Vriend ], Sheppard MS, Borer KT. Melatonin increases serum growth hormone
and insulin-like growth factor I (IGF-I) levels in male Syrian hamsters via
hypothalamic neurotransmitters. Growth Dev Aging 1990;54(4):165—71.
Kano Y, Sawasaki T, Oyama T. [Biological characteristics of miniature "Shiba"
goats (author’s transl)]. Jikken Dobutsu 1977;26:239—46.

Kumar S, Purohit GN. Effect of a single subcutaneous injection of melatonin on
estrous response and conception rate in goats. Small Rumin Res 2009;82:
152—5.

Pozor MA, McDonnell SM. Color Doppler ultrasound evaluation of testicular
blood flow in stallions. Theriogenology 2004;61:799—810.

Araki K, Arai KY, Watanabe G, Taya K. Involvement of inhibin in the regulation
of follicle-stimulating hormone secretion in the young adult male Shiba goat.
] Androl 2000;21:558—65.

Mori Y, Kano Y. Changes in plasma concentrations of LH, progesterone and
oestradiol in relation to the occurrence of luteolysis, oestrus and time of
ovulation in the Shiba goat (Capra hircus). ] Reprod Fertil 1984;72:223—30.
Hamada T, Watanabe G, Kokuho T, Taya K, Sasamoto S, Hasegawa Y, et al.
Radioimmunoassay of inhibin in various mammals. ] Endocrinol 1989;122:
697—-704.

Taya K, Watanabe G, Sasamoto S. Radioimmunoassay for progesterone,
testosterone and estradiol 17 b using 125I- lodohistamine radioligands. Jpn ]
Anim Reprod 1985;31:186—97.

Mizukami H, Suzuki T, Nambo Y, Ishimaru M, Naito H, Korosue K, et al.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

119

Comparison of growth and endocrine changes in Thoroughbred colts and
fillies reared under different climate conditions. ] Equine Sci 2015;26:49—56.
Schmidt HH. Colorimetric assay for determination of total nitrite. Biochemica
1995;2:22-3.

Schernhammer ES, Rosner B, Willett WC, Laden F, Colditz GA, Hankinson SE.
Epidemiology of urinary melatonin in women and its relation to other hor-
mones and night work. Cancer Epidemiol Biomark Prev 2004;13:936—43.
Zarazaga LA, Gatica MC, Celi I, Guzman JL, Malpaux B. Effect of artificial long
days and/or melatonin treatment on the sexual activity of Mediterranean
bucks. Small Rumin Res 2010;93:110-8.

Evans G, Maxwell WMC. Salamons’ artificial insemination of sheep and goats.
Sydney: Butterworths; 1987.

Aboagla EM, Terada T. Effects of egg yolk during the freezing step of cryo-
preservation on the viability of goat spermatozoa. Theriogenology 2004;62:
1160—-72.

Slominski RM, Reiter R], Schlabritz-Loutsevitch N, Ostrom RS, Slominski AT.
Melatonin membrane receptors in peripheral tissues: distribution and func-
tions. Mol Cell Endocrinol 2012;351:152—66.

Dickey RP. Doppler ultrasound investigation of uterine and ovarian blood flow
in infertility and early pregnancy. Hum Reprod Update 1997;3:467—503.
Lincoln GA, Clarke 1IJ. Refractoriness to a static melatonin signal develops in
the pituitary gland for the control of prolactin secretion in the ram. Biol
Reprod 1997;57:460—7.

Webster JR, Suttie JM, Veenvliet BA, Manley TR, Littlejohn RP. Effect of
melatonin implants on secretion of luteinizing hormone in intact and cas-
trated rams. J Reprod Fertil 1991;92:21-31.

Rosa HJ, Juniper DT, Bryant M]J. Effects of recent sexual experience and
melatonin treatment of rams on plasma testosterone concentration, sexual
behaviour and ability to induce ovulation in seasonally anoestrous ewes.
] Reprod Fertil 2000;120:169—76.

Deng SL, Wang ZP, Jin C, Kang XL, Batool A, Zhang Y, et al. Melatonin promotes
sheep Leydig cell testosterone secretion in a co-culture with Sertoli cells.
Theriogenology 2018;106:170—7.

Odawara H, Iwasaki T, Horiguchi J, Rokutanda N, Hirooka K, Miyazaki W, et al.
Activation of aromatase expression by retinoic acid receptor-related orphan
receptor (ROR) alpha in breast cancer cells: identification of a novel ROR
response element. ] Biol Chem 2009;284:17711-9.

Bollwein H, Schulze JJ, Miyamoto A, Sieme H. Testicular blood flow and plasma
concentrations of testosterone and total estrogen in the stallion after the
administration of human chorionic gonadotropin. | Reprod Dev 2008;54:
335-9.

Rosenfeld CR, Roy T, Cox BE. Mechanisms modulating estrogen-induced
uterine vasodilation. Vasc Pharmacol 2002;38:115—25.

Pandi-Perumal SR, Trakht I, Srinivasan V, Spence DW, Maestroni GJ, Zisapel N,
et al. Physiological effects of melatonin: role of melatonin receptors and signal
transduction pathways. Prog Neurobiol 2008;85:335—53.

Paulis L, Simko F. Blood pressure modulation and cardiovascular protection by
melatonin: potential mechanisms behind. Physiol Res 2007;56:671—84.
Thakor AS, Herrera EA, Seron-Ferre M, Giussani DA. Melatonin and vitamin C
increase umbilical blood flow via nitric oxide-dependent mechanisms. ] Pineal
Res 2010;49:399—-406.

Lemley CO, Meyer AM, Camacho LE, Neville TL, Newman DJ, Caton ]S, et al.
Melatonin supplementation alters uteroplacental hemodynamics and fetal
development in an ovine model of intrauterine growth restriction. Am ]
Physiol Regul Integr Comp Physiol 2012;302:R454—67.

Brockus KE, Hart CG, Gilfeather CL, Fleming BO, Lemley CO. Dietary melatonin
alters uterine artery hemodynamics in pregnant Holstein heifers. Domest
Anim Endocrinol 2016;55:1—-10.

Malhotra S, Sawhney G, Pandhi P. The therapeutic potential of melatonin: a
review of the science. Medsc Gen Med 2004;6(2):46.

Kissner R, Nauser T, Bugnon P, Lye PG, Koppenol WH. Formation and prop-
erties of peroxynitrite as studied by laser flash photolysis, high-pressure
stopped-flow technique, and pulse radiolysis. Chem Res Toxicol
1997;10(11):1285-92.

Li Y, Sun D, Palmisano M, Zhou S. Slow drug delivery decreased total body
clearance and altered bioavailability of immediate- and controlled-release
oxycodone formulations. Pharmacol Res Perspect 2016;4(1):e00210.

Kumar A, Mehrotra S, Singh G, Maurya VP, Narayanan K, Mahla AS,
Chaudhari RK, Singh M, Soni YK, Kumawat BL, Dabas SK, Srivastava N. Sup-
plementation of slow-release melatonin improves recovery of ovarian
cyclicity and conception in summer anoestrous buffaloes (Bubalus bubalis).
Reprod Domest Anim 2016;51(1):10—7.

Ramadan TA, Kumar D, Ghuman SS, Singh 1. Melatonin-improved buffalo
semen quality during nonbreeding season under tropical condition. Domest
Anim Endocrinol 2019;68:119—25.

Henricks DM, Kouba AJ, Lackey BR, Boone WR, Gray SL. Identification of
insulin-like growth factor I in bovine seminal plasma and its receptor on
spermatozoa: influence on sperm motility. Biol Reprod 1998;59:330—7.
Kumar P, Suman, Pawaria S, Dalal ], Bhardwaj S, Patil S, et al. Serum and
seminal plasma IGF-1 associations with semen variables and effect of IGF-1
supplementation on semen freezing capacity in buffalo bulls. Anim Reprod
Sci 2019;204:101-10.


http://refhub.elsevier.com/S0093-691X(20)30058-3/sref9
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref9
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref10
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref10
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref10
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref10
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref10
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref11
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref11
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref11
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref11
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref12
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref12
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref12
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref13
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref13
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref13
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref14
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref14
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref14
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref15
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref15
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref15
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref16
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref16
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref16
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref16
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref17
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref17
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref17
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref18
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref18
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref18
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref18
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref19
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref19
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref19
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref19
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref20
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref20
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref20
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref20
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref20
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref20
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref20
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref20
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref21
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref21
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref21
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref21
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref21
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref22
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref22
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref22
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref22
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref23
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref23
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref23
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref23
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref24
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref24
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref24
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref24
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref24
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref25
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref25
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref26
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref26
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref26
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref27
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref27
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref27
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref28
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref28
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref28
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref28
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref29
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref29
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref29
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref29
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref30
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref30
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref30
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref30
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref31
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref31
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref31
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref31
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref32
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref32
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref32
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref33
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref33
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref33
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref33
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref34
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref34
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref34
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref35
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref35
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref35
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref35
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref36
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref36
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref36
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref36
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref37
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref37
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref37
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref37
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref38
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref38
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref38
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref38
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref39
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref39
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref39
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref39
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref40
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref40
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref40
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref41
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref41
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref41
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref41
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref42
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref42
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref42
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref42
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref42
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref43
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref43
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref44
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref44
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref44
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref44
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref45
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref45
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref45
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref45
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref46
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref46
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref46
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref47
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref47
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref47
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref47
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref48
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref48
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref48
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref48
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref49
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref49
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref49
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref49
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref49
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref50
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref50
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref50
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref50
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref51
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref51
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref51
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref51
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref51
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref52
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref52
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref52
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref52
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref52
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref53
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref53
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref53
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref54
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref54
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref54
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref54
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref55
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref55
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref55
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref56
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref56
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref56
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref56
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref57
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref57
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref57
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref57
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref57
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref58
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref58
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref58
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref58
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref59
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref59
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref60
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref60
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref60
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref60
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref60
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref61
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref61
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref61
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref62
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref62
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref62
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref62
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref62
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref62
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref63
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref63
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref63
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref63
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref64
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref64
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref64
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref64
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref65
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref65
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref65
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref65
http://refhub.elsevier.com/S0093-691X(20)30058-3/sref65

	Administration of melatonin improves testicular blood flow, circulating hormones, and semen quality in Shiba goats
	1. Introduction
	2. Material and methods
	2.1. Animals and management
	2.2. Ultrasonographic examinations
	2.3. Blood sampling and hormonal analysis
	2.4. Semen collection and evaluation
	2.5. Statistical analysis

	3. Results
	3.1. Testicular hemodynamics
	3.2. Circulating hormones
	3.3. Semen quality

	4. Discussion
	5. Conclusion
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgments
	References


