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(AQP-7) in Male Camelus dromedarius Reproductive Organs
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Department of Anatomy, College of Veterinary Medicine, King Faisal University, P.O. Box 400,
Al-Hassa 31982, Saudi Arabia; talthnaian@kfu.edu.sa; Tel.: +966-558122112

Simple Summary: This study aimed to investigate the immune reactivity levels of aquaporin-7
(AQP-7) antibody in the male Camelus dromedarius testis, epididymis, ductus deferens and prostate
gland. This technique is potentially useful for providing insight into the predicted role of AQP-7
during rutting and non-rutting seasons in male camels. Therefore, it is important to check the immune
reactivity levels of the anti-AQP-7 antibody as a marker for water and energy homeostasis in the
reproductive tract of male camels during rutting and non-rutting seasons.

Abstract: Aquaporins (AQP) are involved in bidirectional transfers of water and small solutes across
cell membranes. They are present in all tissues. However, the expression of AQP-7 has not yet been
demonstrated in the reproductive tract of the camelid Camelus dromedarius. The study presented here
concerns the immunohistochemical evidence of aquaporin-7 (AQP-7) in different parts of the male
genital tract of Camelus dromedarius. To check the immune reactivity levels of anti-AQP-7 antibody
in the male genital tract of Camelus dromedarius, the testes (proximal part, distal part and rete testis),
epididymis (head, body and tail), ductus deferens (initial, middle and ampullary part) and prostate
gland (compact and disseminated part) were collected from 12 male camels during the rutting and
non-rutting seasons and subjected to immunohistochemistry. The result showed that the highest
level of AQP-7 mRNA expression was in the testis of rutting and non-rutting males compared to the
ductus deferens, epididymis and prostate. In addition, the highest mRNA gene expression of AQP-7
was in rutting males compared to non-rutting males. AQP-7 mRNA expression was higher in the ret
testis, the body of the epididymis, the ampullary part of the ductus deferens and the compact part
of the prostate. The immune reactivity levels of AQP-7 in rutting males showed strong reactivity in
the testis and prostate compared to the epididymis and ductus deferens. On the basis of the results,
it can be concluded that the distribution of the AQP-7 transcript and protein varied among rutting
and non-rutting seasons and that the physiological roles of AQP-7 in the transportation of lipids,
energy and water should be considered the main challenge in the activity and establishment of male
Camelus dromedarius fertility during the rutting and non-rutting seasons. Moreover, AQP-7 detection
is critical in assessing regulation and screening for new modulators that can prompt the development
of effective medication to enhance fertility during rutting and non-rutting seasons.

Keywords: aquaporin-7; Camelus dromedarius; epididymis; prostate; testes

1. Introduction

Aquaporins (AQPs) are expressed in almost every organism and tissue and are in-
volved in the bidirectional transfer of water and small solutes across cell membranes in
response to osmotic and hydrostatic pressure or concentration gradients [1]. Mammalian
AQPs (AQP0-12) are grouped according to their primary structure [2] and permeability [3]
into (1) orthodox aquaporins (AQP0, AQP1, AQP2, AQP4, AQP5, AQP6 and AQP8) that
are considered primary selective to water; (2) aquaglyceroporins (AQP3, AQP7, AQP9
and AQP10) that transport water as well as glycerol and other small neutral solutes; and
(3) subcellular or unorthodox aquaporins (AQP11 and AQP12) with distinct evolutionary
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pathways, which are localized in intracellular membranes [1,4–6]. AQP7 is considered to
constitute a crucial for body lipid and energy homeostasis [7]. Due to their selective perme-
ability, aquaglyceroporins have important roles in glycerol accumulation and metabolism
in many tissues such as the testes [8], epididymis [9], and ductus deferens [10]. AQP7
is also expressed in sperm [11]. Aquaglyceroporins (AQP7 and AQP9) have also been
investigated in efferent ducts and the epididymis in dogs by examining their collaborative
role and hypothesizing their changed activities according to different stimuli (as a cause of
cryptorchid condition) [12].

The expression of AQP-7 in the male camelus dromedaries reproductive tract has not
been reported. The purpose of the present study was to examine the expression of AQP-7
at the level of mRNA and protein in the testis, epididymis, ductus deferens and prostate.
Therefore, this study proposed that the expression of AQP-7 may be differently expressed
in various segments of the male reproductive tract according to its contribution to form a
specific fluid environment in the reproductive tract.

2. Materials and Methods
2.1. Pre-Experimental Ethics and Experimental Sampling

All animal sampling procedures were performed according to the animal slaughter
protocols and ethical guidelines of the Ministry of Municipal, Rural Affairs, and Housing,
Saudi Arabia. The King Faisal University Ethics Committee approved the animal sampling
(Ref. No. KFU-REC-2023-MAR-ETHICS718). The tissue samples, as shown in Table 1, were
collected from adult dromedary camel bulls from the Al-Omran slaughterhouse with an
age range of 4 to16 years.

Table 1. Experimental Sampling of Reproductive Tissues during Rutting and Non-Rutting Season
from Adult Dromedary Camel Bulls (Camelus dromedaries).

Tissue Location of Tissue Sample

Testis Proximal part (TP) Distal part (TD) Rete testis (TR)
Epididymis Head (EH) Body (EB) Tail (ET)
Ductus deferens Initial part (DI) Middle part (DM) Ampullary part (DA)
Prostate Compact part (PC) Disseminated part (PD)

2.2. Immunohistochemistry Paraffin Protocol (IHC-P) for AQP-7 Detection

Approximately one centimeter of each tissue type mentioned in Table 1 was collected
from 12 male camels during rutting and non-rutting seasons and then fixed overnight in
4% paraformaldehyde. All the fixed samples were processed for immunohistochemical
examination according to the following steps: dehydration, clearing, infiltration, embed-
ding and sectioning. Tissue sections were then deparaffinized by passing through the
thermo-scientific super-frosted plus charged slides (Thermo Scientific, Waltham, MA, USA,
4951PLUS-001) in xylene with two changes for 5 min each. This was followed by hydration
of the sections by dipping them for 30 s in degraded alcohol (100%, 100%, 95%, 80%, 70%
and washed the slides 2 × 5 min in tris-buffered saline (1X TBS) plus 0.025% triton X100
with gentle agitation; this was followed by blocking in 10% normal serum with 1% bovine
serum albumin (BSA) in (1X TBS) for 2 h at room temperature. A mouse- and rabbit-specific
HRP/DAB (ABC) detection IHC kit (ab64264) was used to detect anti-AQP-7 antibodies
(Abcam, Cambridge, Cambridgeshire, UK, Ab15123) as follows: enough drops of hydrogen
peroxide block were added to cover the sections which were incubated for 10 min at room
temperature and then washed twice in 1X TBS buffer; protein block was applied on sections
and which were incubated for 10 min at room temperature and then washed twice in 1X
TBS buffer; the primary mouse anti-AQP-7 antibody (Abcam, Ab15123) was diluted in 1X
TBS with 1% BSA and applied on sections and these were incubated overnight at 4 ◦C.

The next day, the sections were rinsed four times in 1X TBS 0.025% triton with gentle
agitation, and biotinylated goat anti-polyvalant enzyme-conjugated secondary antibody
was applied to the sections, which were incubated for 1 h at room temperature and washed
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four times in 1X TBS 0.025% triton. Streptavidin peroxidase was applied to cover the
sections, which were incubated for 10 min at room temperature and rinsed four times in 1X
TBS 0.025% triton. A measure of 30µL DAB substrate solution was then applied to cover the
sections until the desired color intensity was reached, and then the samples were washed
with PBS three times for 2 min each. Then, the sections were dehydrated by dipping them
in graded alcohol (70%, 95%, 100%, and 100%) for a few seconds and cleared using xylene
with two changes, for 5 min each. Finally, the sectioned tissues were mounted by using DPX
with cover slides measuring 22 × 40 mm, and the staining was observed by Leica ICC50 W
light microscopy under 10× and 40× magnification powers, with a Wi-Fi-capable digital
camera detector and Leica AirLab App software. The reaction reactivity was assessed using
image processing and analyzed using an ImageJ 1.52a analyzer (Wayne Rasband, National
Institute of Health, Bethesda, MD, USA, http://imagej.nih.gov/ij) “URL (accessed on
15 September 2020)”.

2.3. RNA Isolation and Semi-Quantitative Real Time RT-PCR Analysis

AQP-7 mRNA expression levels were evaluated using a semi-quantitative real-time
RT-PCR analysis. Tissues were homogenized by Bead Ruptor (24 Bead Mill Homogenizer,
OMNI, USA) and total RNA was extracted using the PureZOL TM RNA isolation method
(BIO-RAD, Catalog #732-6890, Hercules, CA, USA) by adding 1 mL of PureZOL for every
100 mg of tissue in a 2 mL-sized tube for disruption and homogenization by Bead Ruptor
(24 Bead Mill Homogenizer OMNI, USA). Then, 0.2 mL of chloroform was added per 1 mL
of PureZOL, followed by incubation for 5 min at room temperature and centrifugation
at 12,000× g for 15 min at 4 ◦C. The aqueous phase was immediately transferred to a
new RNase-free tube. A measure of 0.5 mL of isopropyl alcohol was used per 1 mL of
PureZOL, followed by incubation at room temperature for 5 min and then centrifugation at
12,000× g for 10 min at 4 ◦C. The RNA pellet was washed by adding 1 mL of 75% ethanol
and was then centrifuged at 7500× g for 5 min at 4 ◦C. RNA pellet was allowed to air-dry
for about 5 min and then resuspend in 100 µL of RNasefree water. DNA was removed
using a DNase I kit (Ambion, AM2222, Carlsbad, CA, USA), and the RNA samples were
checked for their concentration and purity (260:280 nm absorbency) using a Synergy™
Mx Monochromator-Based Multi-Mode Microplate Reader (Bio-Tek, Winooski, VT, USA).
RNA (2 µg) was reverse transcribed to cDNA in a reaction mixture using an iScriptc DNA
synthesis kit (BIO-RAD, Catalog #170-8890, Hercules, CA, USA).

A semi-quantitative real-time CFX96 TouchTM Real-Time PCR analysis (BIO-RAD,
Hercules, CA, USA) was performed using the ssoAdvancedTM SYBR Green Supermix kit
(BIO-RAD, Catalog #170-5270, Hercules, CA, USA). The 20 µL reaction mix was prepared
from 10 µL of the master mix, 2 µL of the forward primer pm/µL, 2 µL of the reverse
primer pm/µL (Table 2), 2 µL of cDNA from the sample, and 4 µL of nuclease-free water.
The cycling parameters were 95 ◦C for 1 min, 40 cycles at 95 ◦C for 10 s, followed by 30 s
at 60 ◦C and 72 ◦C for 10 s, with a final melting at 95 ◦C for 20 s. Triplicates from each
cDNA were analyzed, fluorescence emission was detected, and relative quantification was
calculated automatically according to the GAPDH housekeeping gene.

Table 2. Real-time qPCR primer sequences targeting gene expression of AQP-7.

Primers Sequence GenBank Reference

AQP-7 F-5-CAGAGAGGAAGAGGCGGTCT-3
R-5-CGTGAACTCGGCTAGGAACT-3 XM_010975828.2

GAPDH
F-5-TCGATCCCCCAACACACTTG-3 XM_010990867.2
R-5-TGATGGTGCATGACAAGGCA-3

2.4. Statistical Analysis

The data for AQP-7 protein and gene expressions were expressed as means ± SE. A
two-way ANOVA and an all-pairs Bonferroni test were applied to compare the different

http://imagej.nih.gov/ij
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parameters in each treatment group using IBM SPSS Statistics 20 software (IBM, Armonk,
NY, USA). Differences were considered significant at p < 0.05.

3. Results
3.1. AQP-7 Gene Expression

The gene expression of AQP-7 is shown in Figure 1; a higher gene expression of AQP-7
was in observed in the testis compared to the epididymis, ductus deferens and prostate. In
the testis, mRNA gene expression of AQP-7 was varied; the highest gene expression was
found in RT compared to TP and TD in both the rutting and non-rutting season, as shown
in Figure 1. Moreover, mRNA expression of AQP-7 was significantly higher in the rete
testis of rutting males compared to non-rutting males.

In the epididymis, the highest gene expression of AQP-7 was in the EB compared
to EH and ET in both rutting and non-rutting males. The gene expression of AQP-7 was
significantly higher in all parts of the epididymis in rutting males compared to non-rutting
males. In the ductus deferens, a higher value of gene expression of AQP-7 was detected
in DA in both rutting and non-rutting males compared to the DI and DM. The highest
gene expression was highest in the ductus deferens of rutting males compared to the
ductus deferens of non-rutting males. Furthermore, the PD in both rutting and non-rutting
males also had a higher gene expression of AQP-7 compared to the PC of both rutting and
non-rutting males, as shown in Figure 1.
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Figure 1. Relative normalized expression of mRNA levels of AQP-7 in testis, epididymis, ductus
deferens and prostate.

3.2. Immunohistochemistry of AQP-7
3.2.1. Testes

The immune reactivity levels of anti-AQP-7 antibody are shown in Table 3. In the
rutting season, the reactivity was intense in the TP, TR and TD (Figure 2). In non-rutting
male camel testes, the reactivity was intense in the TR and TD of the testes compared to the
TP, as shown in Table 3. The immunohistochemical detection of AQP-7, localized in the
seminiferous tubules in the TP and TD of the testes and in the interconnecting tubules in
TR, are shown in Figure 2.
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Table 3. The semi-quantitatively immunohistochemical reactivity to anti-AQP-7 antibody in testis,
epididymis, ductus deferens, prostate and bulbourethral gland.

Immunoreactivity of Rabbit Polyclonal Anti-AQP-7 Antibody

Tissue
Sample

Testis Epididymis Ductus Deferens Prostate Gland

TP TR TD EH EB ET DI DM DA PC PD

Rutting

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

Non-
Rutting +

+
+
+
+

+
+
+
+

+ + +
+

+
+

+
+

+
+
+

+
+
+
+

+
+
+
+

(TP): testis proximal part, (TR): rete testis, (TD): testis distal part, (EH): epididymis head, (EB): epididymis body,
(ET): epididymis tail, (DI): ductus deferens initial part, (DM): ductus deferens Middle part, (DA): ductus deferens
Ampullary part, (PC): prostate compact part and (PD): prostate disseminated part. (+) = very weak reactivity.
(++) = weak reactivity, (+++) = moderate reactivity and (++++) = intense reactivity.
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and TD during rutting season. (C,G,K): positive reactions of AQP-7 in TP, TR and TD of the testes
show immunohistochemical detection of AQP-7 localized in seminiferous tubules with normal
spermatogenesis during rutting season. (B,F,J): negative control of AQP-7 in TP, TR and TD of the
testes during non-rutting season. (D,H,L): weak positive reaction of AQP-7 in TP, TR and TD of the
testes during non-rutting season shows immunohistochemical detection of AQP-7 localized in the
sperm head. AQP-7 is stained by DAB/chromogen and counter-stained with hematoxylin under
magnification power 40×.

3.2.2. Epididymis

In the rutting season, the immune reactivity levels of anti-AQP-7 antibody were intense
in the head, body and tail compared to the weak reactivity of the same tissues of non-rutting
males. The signal was strong in the basal cell (stem cell) layer and sterocelia of the columnar
cell of the head, body and tail of the epididymis (Figure 3). In the non-rutting male camel
epididymis, the immune reactivity of the anti-AQP-7 antibody was very weak in the head
and body and weak in the tail, as shown in Table 3. The signal shows a very weak positivity
in both the basal cell and columnar cell (Figure 3).
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season; (C) intensely positive reaction of AQP-7 in EH during rutting season shows strong positivity
in basal cell (stem cell) layer and sterocelia of the columnar cell; (G) positive reaction of AQP-7 in
EB during rutting season shows intense positivity of sterocelia of the columnar cell and (K) positive
reaction of AQP-7 in ET during rutting season shows intense positivity of columnar cell. (B,F,J): neg-
ative control of AQP-7 in EH, EB and ET during non-rutting season; (D,H,L) are positive reactions
of AQP-7 in EH, EB and ET during non-rutting season, which shows very weak positivity in both
the basal cell and columnar cell. AQP-7 is stained by DAB/chromogen and counter-stained with
hematoxylin under magnification power 40×.

3.2.3. Ductus Deferens

In rutting males, intense immune reactivity of anti-AQP-7 antibody was found in
the DI, DM and DA of ductus deferens and weak reactivity was found in the DI and DM,
whereas moderate reactivity was observed in the DA of non-rutting males, as shown in
Table 3. The immune reactivity of anti-AQP-7 in ductus deferens of rutting males shows an
intense positivity in the epithelium and basal cell of the initial and middle part of the ductus
deferens, compared to the weak signal in both the DI and DM of the ductus deferens of
non-rutting males (Figure 4). The DA of the ductus deferens of rutting males shows strong
positivity in the epithelial columnar and basal cell compared to the moderate reactivity of
non-rutting males (Figure 4).
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in DI, DM and DA during rutting season; (C,G,K): positive reaction of AQP-7 in DI, DM and DA
of ductus deferens during rutting season shows very intense positivity of AQP-7. (B,F,J): negative
control of AQP-7 in DI, DM and DA of ductus deferens during non-rutting season; (D,H): positive
reaction of AQP-7 in DI and DM of ductus deferens during non-rutting season shows weak positivity
of AQP-7. (L): positive reaction of AQP-7 in the ampullary part of ductus deferens during non-rutting
season shows moderate positivity of the columnar cell. AQP-7 was stained by DAB/chromogen and
counter-stained with hematoxylin under magnification power 40×.

3.2.4. Prostate Gland

In the rutting season, the immune reactivity of anti-AQP-7 antibody was intense in
both PC and PD, as shown in Table 3. The signal shows strong positivity in the acinar cells
of the PC and an intense signal in the acinar cells and secretory alveoli of the PD (Figure 5).
The immune reactivity of anti-AQP-7 antibody in the non-rutting season was intense in
the PC compared to the moderate reaction seen in the PD, as shown in Table 3. The signal
shows strong positivity in the acinar cells of the PC and moderate positivity in the acinar
cell and secretory alveoli of PD (Figure 5).
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PD during rutting season; (C) positive reaction of AQP-7 in the compact part of the prostate gland
during rutting season shows strong acinar cell positivity of anti-AQP-7; (G) positive reaction of
AQP-7 in the disseminated part of the prostate gland during rutting season shows strong acinar cell
and secretory alveoli positivity of anti-AQP-7. (B,F): negative control of anti-AQP-7 antibody in PC
and PD during non-rutting season; (D,H) positive reaction of AQP-7 in the PC and PD of the prostate
gland during non-rutting season shows strong acinar cell positivity of anti-AQP-7. AQP-7 is stained
by DAB/chromogen and counter-stained with hematoxylin under magnification power 40×.

4. Discussion

The male camel is described as a seasonal breeder with a marked peak in sexual
activity (the rut) during the breeding season, and it is generally thought that the male is
sexually quiescent for the remainder of the year but remains capable of mating with and
fertilizing an estrous female at any time of the year [13]. In the literature, information on
the stimuli for the onset of the dromedary camel breeding season is rather conflicting. Some
studies showed that decreasing daylight appeared to be the stimulus to seasonality [14–16].
Globally, the breeding season of the camels begins at different dates, beginning in September
and ending at different dates until June in different parts of the northern hemisphere and
ranging from June to September in the southern parts of the world, which are the mildest
periods of the year and have decreasing and/or increasing daylight, while the non-breeding
season is in hot summer months [13,17]. However, the data on the breeding season in the
dromedary are rather conflicting. In Saudi Arabia, the breeding season has been reported
from October to April [17,18]. In rutting, the seminiferous tubules have a greater diameter
(209–220 µ) than in the tubules of camels not in rut (190–203 µ); spermatogonia, spermatids
and spermatozoa also become numerous [13]. The activity of the Leydig cells becomes
maximal during the rutting season, but they are less active in the non-breeding season,
with a resulting reduction in steroidogenic activity by the testes [19].

Our results show that the mRNA expression of AQP-7 was significantly higher in the
testes of rutting males compared to testes of non-rutting males. Moreover, mRNA gene
expression of AQP-7 in testicular parts was varied in both the rutting and non-rutting
season; the highest gene expression was found in the rete testis compared to the proximal
and distal parts in both the rutting and non-rutting season. This may be supported by
the finding of Marai et al. [13] (Marai et al., 2009), in that the seminiferous tubules have a
greater diameter during the rutting season compared with the non-rutting season.

There are two diffusion pathways through which water crosses cell membranes:
diffusion of water molecules across the hydrophobic bilayer and diffusion through special-
ized protein channels known as aquaporins (AQPs) [20]. Ishibashi, Tanaka [6] reported
that AQPs can be divided into three subgroups: the classical AQPs (water-selective),
aquaglyceroporins (glycerol, water and small-solute permeable) and S-aquaporins (water-
permeable). Due to their unique ability to transport glycerol, AQPs play critical roles in
osmoregulation by controlling the intracellular accumulation of glycerol at the level of gene
expression, metabolism and transport [21].

Water homeostasis and energy balance are critical for reproductive cell survival during
the rutting and non-rutting season and the process of water movement in the excurrent duct
system of the male reproductive tract is pivotal for the establishment of male fertility [10,22].
In the testis, fluid is continuously produced by the seminiferous epithelium and aids in
transporting the sperm toward the rete testis [10]. Our data show that the reactivity of
anti-AQP-7 antibody was intense in the testis of the male camel during the rutting season
compared to non-rutting males; this may indicate that the seminiferous tubules during
the rutting season were more active and that AQP-7 may play a significant role in water
homeostasis and a pivotal role in the establishment of male fertility.

Following the completion of spermatogenesis, sperm leaves the testis through the
efferent ducts and enters the epididymis. Although much of the fluid leaving the testicle is
resorbed within the efferent ducts, water continues to be removed from the lumen of the
epididymis [23]. Our findings showed that the highest gene expression of AQP-7 was in the
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body of epididymis compared to the head and tail in both rutting and non-rutting males.
In addition, the immune reactivity levels of anti-AQP-7 antibody were intense in the head,
body and tail compared to the weak reactivity in the same tissues of non-rutting males. The
signal was strong in the basal cell (stem cell) layer and sterocelia of the columnar cell of the
head, body and tail of the epididymis. This was compatible with the findings of Squillacioti
et al., which showed regional tissue distributions of AQP7, particularly at the level of the
epithelium of efferent ductules and in both the regions, caput and cauda, of the canine
cryptorchid epididymis [12]. In the ductus deferens, the higher value of gene expression of
AQP-7 was in the ampullary part in both rutting and non-rutting males compared to the
initial and middle parts. The highest gene expression was in the ductus deferens of rutting
males compared to the ductus deferens of non-rutting males. This may indicate that AQP-7
may also play a significant role in water homeostasis and the post-testicular maturation
of spermatozoa during transit through the epididymis and ductus deferens, including the
acquisition of progressive motility and the ability to undergo capacitation [24–26].

Prostatic secretion of prostate fluid is one of the important components of semen; it
provide nutrients and a suitable environment for sperm. An and Wang [27] reported that
AQP1 and AQP2 were localized in the prostate, showing that the water channel protein
is closely related to the function and may influenced the transportation of sperm and
nutrition. Our present finding showed that the immune reactivity of anti-AQP-7 antibody
was intense in both compact and disseminated parts of the prostate gland during the
rutting season. Furthermore, the disseminated part of the prostate in both rutting and
non-rutting males has a higher gene expression of AQP-7 compared to the compact part
of both rutting and non-rutting males. This may indicate that the water channel protein
may play an important role in prostatic secretion, the process that provides nutrition
for sperm, and may influence the liquid secretion during the transportation of sperm.
Furthermore, AQP7 may have a significant role in maintaining water equilibrium during
the secretion of seminal and prostatic fluid [28]. In mammals, aquaglyceroporins (AQP-7)
are involved in energy metabolism by controlling the glycerol content in the epidermal
layer of various tissues and organs, which has a key role in the regulation of metabolic and
energy homeostasis [29,30]. Therefore, this study aimed to investigate and detect AQP-7
activity across the male reproductive tracts of camels during the rutting and non-rutting
season. In addition, this experiment is required to cover the level of aquaglyceroporin
(AQP-7) mRNA expression in the male camel during breeding season and quiescent period.

5. Conclusions

Based on the results, it can be concluded that the distribution of AQP-7 transcript and
protein was varied among rutting and non-rutting seasons and the physiological roles of
AQP-7 in the transportation of lipid, energy and water is considered to be a main challenge
in the activity and establishment of male fertility during the rutting and non-rutting seasons.
Moreover, AQP-7 detection is critical for assessing the regulation of and screening for new
modulators that can prompt the development of effective medications to enhance fertility
during the rutting and non-rutting seasons.

Funding: This research was funded by deanship of scientific research-King Faisal University, grant
number 2733.

Institutional Review Board Statement: All animal sampling procedures were performed according
to the animal slaughter protocols and ethical guidelines of the Ministry of Municipal, Rural Affairs,
and Housing, Saudi Arabia. The King Faisal University Ethics Committee approved the animal
sampling (Ref. No. KFU-REC-2023-MAR-ETHICS718.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available.



Animals 2023, 13, 1158 11 of 12

Acknowledgments: The author would like to thank KFU administration and deanship of scientific
research that funded this study under project number 2733.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Ishibashi, K.; Hara, S.; Kondo, S. Aquaporin water channels in mammals. Clin. Exp. Nephrol. 2009, 13, 107–117. [CrossRef]

[PubMed]
2. Kreida, S.; Toernroth-Horsefield, S. Structural insights into aquaporin selectivity and regulation. Urr. Opin. Struct. Biol. 2015, 33,

126–134. [CrossRef] [PubMed]
3. Gomes, D.; Agasse, A.; Thiebaud, P.; Delrot, S.; Geros, H.; Chaumont, F. Aquaporins are multifunctional water and solute

transporters highly divergent in living organisms. Biochim. Biophys. Acta 2009, 1788, 1213–1228. [CrossRef] [PubMed]
4. Domeniconi, R.F.; Orsi, A.M.; Justulin, L.A.; Beu, C.C., Jr.; Felisbino, S.L. Aquaporin 9 (AQP9) localization in the adult dog testis

excurrent ducts by immunohistochemistry. Anat. Rec. 2007, 290, 1519–1525. [CrossRef]
5. Arrighi, S.; Aralla, M. Immunolocalization of aquaporin water channels in the domestic cat male genital tract. Reprod. Domest.

Anim. 2014, 49, 17–26. [CrossRef]
6. Ishibashi, K.; Tanaka, Y.; Morishita, Y. The role of mammalian superaquaporins inside the cell. Biochim. Biophys. Acta 2014, 1840,

1507–1512. [CrossRef]
7. Mosca, A.F.; Almeida, A.; de Wragg, D.; Martins, A.P.; Sabir, F.; Leoni, S.; Moura, T.F.; Prista, C.; Casini, A.; Soveral, G. Molecular

basis of aquaporin-7 permeability regulation by pH. Cells. 2018, 7, 207. [CrossRef]
8. Saito, K.; Kageyama, Y.; Okada, Y.; Kawakami, S.; Kihara, K.; Ishibashi, K.; Sasaki, S. Localization of aquaporin-7 in human testis

and ejaculated sperm: Possible involvement in maintenance of sperm quality. J. Urol. 2004, 172, 2073–2076. [CrossRef]
9. Arrighi, S.; Romanello, M.G.; Domeneghini, C. Ultrastructure of epididymal epithelium in Equus caballus. Ann. Anat. Anatomis-

cher Anzeiger 1993, 175, 1–9. [CrossRef]
10. Klein, C.; Troedsson, M.H.; Rutllant, J. Region-specific expression of aquaporin subtypes in equine testis, epididymis, and ductus

deferens. Anat. Rec. 2013, 296, 1115–1126. [CrossRef]
11. Calamita, G.; Mazzone, A.; Bizzoca, A.; Svelto, M. Possible involvement of aquaporin 7 and 8 in rat testis development and

spermatogenesis. Biochem. Biophys. Res. Commun. 2001, 288, 619–625. [CrossRef] [PubMed]
12. Squillacioti, C.; Mirabella, N.; Liguori, G.; Germano, G.; Pelagalli, A. Aquaporins are differentially regulated in canine cryptorchid

efferent ductules and epididymis. Animals 2021, 11, 1539. [CrossRef] [PubMed]
13. Marai, I.F.M.; Zeidan, A.E.B.; Abdel-Samee, A.M.; Abizaid, A.; Fadiel, A. Camels’ reproductive and physiological performance

traits as affected by environmental conditions. Trop. Subtrop. Agroecosystems 2009, 10, 129–149.
14. Merkt, H.; Rath, O.; Musa, B.; El-Naggar, M.A. Reproduction in Camels; FAO Animal Production and Health: Rome, Italy, 1990;

Volume 82.
15. Musa, B.; Merkt, H.; Sieme, H.; Hago, B.; Hoppen, H. The female camel (Camelus dromedarius) and the artificial insemination. In

Proceedings of the UCDEC Workshop, Paris, France, 8–13 July 1990; pp. 257–261.
16. Arrighi, S.; Bosi, G.; Accogli, G.; Desantis, S. Seasonal and ageing-depending changes of aquaporins 1 and 9 expression in the

genital tract of buffalo bulls (Bubalus bubalis). Reprod. Domest. Anim. 2016, 51, 515–523. [CrossRef]
17. Al-Eknah, M.M.; Homeida, A.M.; Al-Bisher, B.E. Physicochemical properties of the cervical mucus of the pregnant camel (Camelus

dromedarius). Pak. Vet. 1997, 17, 91–93.
18. Al Eknah, M.M. Reproduction in old world camels. Anim. Reprod. Sci. 2000, 60–61, 583–592. [CrossRef]
19. El-Wishy, A.B. Reproduction in the male dromedary (Camelus dromedarius): A Review. Anim. Reprod. Sci. 1988, 17, 217–241.

[CrossRef]
20. Verkman, A.S. Water permeability measurement in living cells and complex tissues. J. Membr. Biol. 2000, 173, 73–87. [CrossRef]
21. Madeira, A.; Moura, T.F.; Soveral, G. Detecting aquaporin function and regulation. Front. Chem. 2016, 4, 3. [CrossRef]
22. Pastor-Soler, N.; Bagnis, C.; Sabolic, I.; Tyszkowski, R.; McKee, M.; Van Hoek, A.; Breton, S.; Brown, D. Aquaporin 9 expression

along the male reproductive tract. Biol. Reprod. 2001, 65, 384–393. [CrossRef]
23. Levine, N.; Marsh, D.J. Micropuncture studies of the electrochemical aspects of fluid and electrolyte transport in individual

seminiferous tubules, the epididymis and the vas deferens in rats. J. Physiol. 1971, 213, 557–570. [CrossRef] [PubMed]
24. Jones, R. Plasma membrane structure and remodelling during sperm maturation in the epididymis. J. Reprod. Fertil. Suppl. 1998,

53, 73–84. [PubMed]
25. Da Silva, N.; Piétrement, C.; Brown, D.; Breton, S. Segmental and cellular expression of aquaporins in the male excurrent duct.

Biochim. Biophys. Acta. 2006, 1758, 1025–1033. [CrossRef] [PubMed]
26. Domeniconi, R.F.; Orsi, A.M.; Justulin, L.A.; Leme Beu, C.C., Jr.; Felisbino, S.L. Immunolocalization of aquaporins 1, 2 and 7 in

rete testis, efferent ducts, epididymis and vas deferens of adult dog. Cell Tissue Res. 2008, 332, 329–335. [CrossRef]
27. An, F.; Wang, J. Immunohistochemical study of aquaporin 1 and 2 in the reproductive tract of the bactrian camel (Camelus

bactrianus). Int. J. Morphol. 2016, 34, 1218–1222. [CrossRef]
28. Badran, H.H.; Hermo, L.S. Expression and regulation of aquaporins 1, 8, and 9 in the testis, efferent ducts, and epididymis of

adult rats and during postnatal development. J. Androl. 2002, 23, 358–373.

http://doi.org/10.1007/s10157-008-0118-6
http://www.ncbi.nlm.nih.gov/pubmed/19085041
http://doi.org/10.1016/j.sbi.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26342685
http://doi.org/10.1016/j.bbamem.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19327343
http://doi.org/10.1002/ar.20611
http://doi.org/10.1111/rda.12213
http://doi.org/10.1016/j.bbagen.2013.10.039
http://doi.org/10.3390/cells7110207
http://doi.org/10.1097/01.ju.0000141499.08650.ab
http://doi.org/10.1016/S0940-9602(11)80229-3
http://doi.org/10.1002/ar.22709
http://doi.org/10.1006/bbrc.2001.5810
http://www.ncbi.nlm.nih.gov/pubmed/11676488
http://doi.org/10.3390/ani11061539
http://www.ncbi.nlm.nih.gov/pubmed/34070358
http://doi.org/10.1111/rda.12713
http://doi.org/10.1016/S0378-4320(00)00134-2
http://doi.org/10.1016/0378-4320(88)90060-7
http://doi.org/10.1007/s002320001009
http://doi.org/10.3389/fchem.2016.00003
http://doi.org/10.1095/biolreprod65.2.384
http://doi.org/10.1113/jphysiol.1971.sp009400
http://www.ncbi.nlm.nih.gov/pubmed/5551402
http://www.ncbi.nlm.nih.gov/pubmed/10645268
http://doi.org/10.1016/j.bbamem.2006.06.026
http://www.ncbi.nlm.nih.gov/pubmed/16935257
http://doi.org/10.1007/s00441-008-0592-x
http://doi.org/10.4067/S0717-95022016000400007


Animals 2023, 13, 1158 12 of 12

29. Hara-Chikuma, M.; Verkman, A.S. Physiological roles of glycerol-transporting aquaporins: The aquaglyceroporins. Cell Mol. Life
Sci. 2006, 63, 1386–1392. [CrossRef]

30. Rodriguez, A.; Catalan, V.; Gomez-Ambrosi, J.; Fruhbeck, G. Aquaglyceroporins serve as metabolic gateways in adiposity and
insulin resistance control. Cell Cycle 2011, 10, 1548–1556. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s00018-006-6028-4
http://doi.org/10.4161/cc.10.10.15672

	Introduction 
	Materials and Methods 
	Pre-Experimental Ethics and Experimental Sampling 
	Immunohistochemistry Paraffin Protocol (IHC-P) for AQP-7 Detection 
	RNA Isolation and Semi-Quantitative Real Time RT-PCR Analysis 
	Statistical Analysis 

	Results 
	AQP-7 Gene Expression 
	Immunohistochemistry of AQP-7 
	Testes 
	Epididymis 
	Ductus Deferens 
	Prostate Gland 


	Discussion 
	Conclusions 
	References

