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ABSTRACT

This experiment aimed to determine how pomegranate juice (P]) responds to oxidative stress induced by
aluminum in male mice. A total of thirty-six male mice were separated into six groups. The first group
(control group) received tap water. Groups two and three were given 20% and 40% PJ, respectively.
Group four received 400 mg Al/kg, while groups five and six were given Al + 20% PJ and Al + 40% PJ,
respectively. After the oral administration period, the sexual behavior of the mice was recorded. Blood
was collected from the heart to measure testosterone concentration. After the animals were sacrificed,
the reproductive organs were weighed, and the epididymis and testis were used for further evaluations.
Our findings showed that Al decreased the body and organs weights, sexual behavior, sperm count, nor-
mal sperm, total and progressive sperm motility, testosterone level, and epithelial diameters of the sem-
iniferous tubes. In addition, the PJ reduced these effects and minimized the aluminum toxicity in male
mice. In conclusion, PJ protects against aluminum exposure in male mice by ameliorating sexual behavior
and fertility.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Aluminum (Al) is the third most widely distributed element
(8%) in the earth’s crust after oxygen and silicon (Willhite et al.,
2014). Aluminum has chemical and physical properties and is
widely used in industry, especially the food and beverage industry
(Al-Dhabi et al., 2015; Barathikannan et al., 2016; Cuong et al.,
2017). Al is added to numerous commercial foods, used in the
purification of drinking water and used in therapeutic treatments
(Fernandez-Lorenzo et al, 1999; Scancar & Milacic 2006;
Malekizadeh & Schenk 2017; Elango et al., 2017, Elango et al.,
2016). The element may enter the bodies of organisms in various
ways, including through the respiratory system and skin; however,
the digestive system remains the primary source of entry into the
human body (Fowsiya et al., 2016; Glorybai et al., 2015; Haritha
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et al., 2016). Aluminum accumulation in body organs, such as those
of the central nervous system, due to direct exposure causes neu-
rotoxicity and some morphological alterations (Virk & Eslick 2015;
Wang et al., 2016; Kuznetsova et al., 2017). Moreover, exposure to
Al during pregnancy and lactation can affect brain development in
mouse offspring (Abu-Taweel et al., 2012). In addition, Al causes
male sexual dysfunction, decreased sperm concentration and
motility, and increased oxidative stress in the testis (Yousef et al.,
2005; Guo et al., 2009; Abu-Taweel et al., 2011; Klein et al,,
2014; Martinez et al., 2017; Helan et al., 2016; Ilavenil et al,,
2017). Furthermore, Al has detrimental effects on male rat fertility
at low and high doses (Mouro et al., 2018).

Many antioxidant substances, such as folic acid, propolis, zinc
sulphate, vitamin E, citric acid, taurine, ascorbic acid, ginger and
black seed, have shown protective effects in mice, rats and rabbits
after treatment with aluminum compounds (Mahdy & Farrag
2009; Yeh et al., 2009; Yousef & Salama 2009; Moselhy et al.,
2012; Chen et al., 2014; Rawi et al., 2015; Yassa et al., 2017).

Pomegranate fruit (Punica granatum) has been consumed as a
natural medicine, especially in the Middle East, because of its
health benefits (Park et al., 2016, 2017; Al-Olayan et al., 2014;
Ahmed et al., 2015; Alimoradian et al., 2017). Pomegranate fruit
has marked antioxidant activity and high levels of polyphenols
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Fig. 1. Body weights of male mice treated with aluminum (Al), pomegranate juice
(P]) and Al + PJ. *,** and *** represent significant difference at (p < 0.05), (p < 0.01)
and (p < 0.001) respectively compared to control and P] groups. *** represent
significant difference at (p < 0.001) compared to Al group.

compared to other fruits (Wang et al.,, 2004; Kaur et al., 2006;
Zarfeshany et al., 2014).

Pomegranate juice (PJ) prevents the damage during spermato-
genesis generated by lead (Leiva et al, 2011; Aksu et al., 2017)
and carbon tetrachloride (Turk et al, 2016; Surendra et al.,
2016). Reactive oxygen species (ROS) formed by Al compounds
might be accountable for decreased semen quality (Yousef et al.,
2005). Thus, the compounds in PJ, such as polyphenols, flavonoids,
and anthocyanins, are considered strong antioxidants that scav-
enge ROS (Turk et al., 2008; Haber et al., 2011; Abdel Moneim &
El-Khadragy 2013; Al-Olayan et al., 2014; Bouasla et al., 2016;
Caliskan et al., 2016; Asgary et al., 2017; Derakhshan et al., 2018;
Russo et al., 2018).
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Fig. 2. Testes absolute weight of male mice treated with aluminum (Al),
pomegranate juice (PJ) and Al + PJ.* and ~ represent significant difference at
(p < 0.05) and (p < 0.001) compared to control and PJ groups. * and #*#* represent
significant difference at (p < 0.05) and (p < 0.001) compared to Al group.
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Fig. 3. Prostate absolute weight of male mice treated with aluminum (Al),
pomegranate juice (PJ) and Al + PJ. ™ represent significant difference at
(p < 0.001) compared to control and P] groups. # and ** represent significant
difference at (p < 0.05) and (p < 0.01) respectively compared to Al group.

This experiment was carried out to explore the antioxidant
activities of P] on the sexual behavior, sperm quality and protective
activity against aluminum exposure in male mice.

2. Materials and methods
2.1. Animals
Adult, male, SWR/] mice (n = 36, age = 25 days, body weight =

25-35 g) were housed in plastic cages in a room with automatic
daily light cycles (12-h light/dark) and regulated temperature
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Fig. 4. Epididymis absolute weight of male mice treated with aluminum (Al),
pomegranate juice (PJ) and Al + PJ. * and ~ represent significant difference at
(p < 0.05) and (p < 0.001) compared to control and PJ groups.”** represent
significant difference at (p < 0.001) compared to Al group.
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(22 £ 2 °C), with ideal humidity. All mice were fed a standard food
and had access to tap water ad libitum.

2.2. Experimental design

After the animals adapted, they were separated into six groups
(n = 36): tap water (control group), (Group I); 20% PJ (Group II);
40% PJ] (Group III); 400 mg Al /kg (Group IV); 400 mg Al/kg + 20%
PJ (Group V);and 400 mg Al/kg + 40% P] (Group VI). The mice were
separated in cages by group. The animals were given the various
treatments orally for 35 days. One week after the last dose, blood
was collected from the animal heart for testosterone hormone
analysis. Then, the mice were sacrificed, and their reproductive
organs were weighed. The testes and epididymis were immedi-
ately used for histological and spermatozoa evaluations. The
experimental design was approved by the Institutional Review
Board (IRB) of Imam Abdulrahman Bin Faisal University (IAU)
(Dammam, Saudi Arabia).

2.3. Sexual behavior

The sexual behavior activities were evaluated by placing age-
matched, estrous virgin females in the same cage with the experi-
mental male mice. The sexual behavior of each male mouse was
recorded for three hrs. The sexual behavior parameters (i.e., latency
of copulation, frequency of copulation, duration of copulation,
approach and following, threatening and biting, naso-nasal and
naso-genital contacts, rears and wall rears, number of squats, num-
ber of wash and digging) were observed according to published
protocols (Abu-Taweel, 2019; Park, 2011).

2.4. Sperm count, motility and morphology

The protocol used for the sperm count and motility evaluation
was previously published by Oudir et al., (2018). The right epi-
didymis was removed from the attached fat tissues. Then, the cau-
dal epididymis was cut into small pieces in three milliliters of
warmed phosphate-buffered saline (PBS) in a 35-mm petri dish
and incubated (37 °C) in a water bath shaker for eight minutes.
Spermatozoa concentrations were calculated using a hemocytome-
ter. Giemsa stain was used to evaluate the abnormalities in sper-
matozoa from different fields of semen smears from the mice
(approximately 200 sperm). Ten microliters of diluted spermato-
zoa were placed on a warm slide to evaluate the motility. In gen-
eral, moving spermatozoa were considered motile, and other
spermatozoa were counted as immotile. Spermatozoa moving in
a straight line were considered progressively motile. The smears
of spermatozoa in all the groups were made on warm slides, dried
and stained with Giemsa. A total of 200 spermatozoa from different
fields were reported as percentages of normal and abnormal,
according to Li et al., (2018).

2.5. Testosterone level analysis

Blood samples were centrifuged to obtain serum and stored at
—20 °C to evaluate the testosterone levels. The serum testosterone
level was measured using commercial kits with some
modifications.

2.6. Testicular histology

The testis were fixed in 10% formaldehyde, dehydrated and
embedded in paraffin wax. The testis sections (5 um) were stained
with hematoxylin-eosin (HE) for histological assay evaluations
using light microscopy (Olympus, Tokyo, Japan) at magnifications
of 400 x and 1000 x . The diameter of the seminiferous tubule

Table 1

Effect of aluminum chloride and pomegranate juice exposure on sexual behavior in male mice.

Group

Median number (with ranges) of acts and postures

Following Approach

N. of Naso-Nasal contact
63.00(60.00 - 67.00)

N. of Naso-Genital contact

36.00(33.00 - 60.00)

Mount

Pelvic thrust

Threat

Bite

Control

21.00(21.00 - 28.00)

30.0028.00 - 32.00)

9.00(6.00 - 18.00)  6.00(6.00 -7.00) 9.00(7.00 - 10.00)

6.00(5.00 - 9.00)

PJ (20%)
PJ (40%)

22.00(17.00 - 27.00)

64.00(62.00 - 70.00) 36.00(35.00 - 39.00)

35.00(35.00 - 46.00)

4.00(3.00 -5.00) 10.00%(9.00 - 11.00) 6.00(4.00 -8.00)

3.00(2.00 - 4.00)

15.00(14.00 - 20.00)

54.00(50.00 - 55.00) 30.00(18.00 - 31.00)

30.00(28.00 - 32.00)

2.00***(1.00 - 3.00)
1.00**(0.00 - 2.00)

1.00***(0.00 - 1.00)
0.00 **(0.00 - 1.00)

7.00(6.00 - 8.00)

5.00(3.00 - 7.00)

Al (400 mg/kg)
Al + P] (20%)
Al + PJ (40%)

5.00 **(0.00 - 6.00)

10.00 **(0.00 - 11.00)
22.00 #(18.00 - 25.00)
14.00(13.00 - 17.00)

10.00 **(0.00 - 11.00)

11.00 **(6.00 - 13.00)

2.00*(0.00 - 2.00)

1.00 *(0. 00 -1.00)
7.00 #(4.00 - 9.00)

2.00(1.00 —2.00)

11.00 ###(9.00 - 13.00)

6.00(3.00 - 8.00)

44.00 ###(38.00 - 59.00)
** significantly different at (p<0.05, p<0.01 and p<0.001) respectively from the control and PJ groups. ### and ### significantly different at (p<0.05, p<0.01 and p<0.001) respectively from Al group by ANOVA and Mann-WhitneyU test.

18.00(15.00 - 20.00)

21.00 ##(15.00 - 25.00)
15.00(10.00 - 17.00)

8.00 ##4#(6.00 - 9.00)
3.00(3.00 - 4.00)

8.00 ###(7.00 - 8.00)

3.00 #(3.00 - 5.00)

5.00(2.00 - 5.00)

6.00(3.00 - 7.00)

*and *
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Table 2
Effect of aluminum chloride and pomegranate juice exposure on sexual behavior in male mice.

Median number (with ranges) of acts and postures Group

Digging Squat Wash Rears Wall rears

7.00(2.00 - 10.00) 1.00(0.00 - 2.00) 4.00(3.00 - 6.00) 16.00(14.00 - 18.00) 22.00(17.00 - 24.00) Control

7.00(2.00 - 10.00) 1.00(0.00 - 2.00) 4.00(3.00 - 6.00) 27.00 ***(24.00 - 28.00) 35.00 *(30.00 - 39.00) PJ (20%)

4.00(3.00 - 12.00) 3.00(2.00 - 4.00) 2.00(2.00 - 4.00) 13.00(13.00 - 18.00) 18.00(12.00-25) P] (40%)

2.00(1.00 - 3.00)
5.00(2.00 - 5.00)
3.00(1.00 - 4.00)

9.00 ***(8.00 - 12.00)
1.00 ###(1.00 - 3.00)
4.00 ##(2.00-5.00)

1. 00 *(0.00 - 1.00)
2.00(0.00 - 2.00)
2.00(1.00 - 2.00)

2.00 ***(0.00 - 3.00)
12.00 ###(11.00 - 12.00)
4.00(3.00 - 5.00)

4.00%%(3.00-8.00)
15.00 ###(10.00 - 16.00)
6.00(5.00 - 7.00)

Al (400 mg/kg)
Al + PJ] (20%)
Al + PJ] (40%)

** and *** show significantly different at (p<0.01 and p<0.001) respectively from the control and P] groups. ## and ### show significantly different at (p<0.05, p<0.01 and

p<0.001) respectively from Al group by ANOVA and Mann-Whitney U test.

(DST) and the heights of the germinal epithelium (HGE) and lumen
of seminiferous tubule (LST) were measured according to (Cordeiro
et al., 2018).

2.7. Statistical analysis

The data were analyzed for normality using the Kolmogorov-
Smirnov test. Then, all the parameters were analyzed (within all
groups) by ANOVA post hoc testing followed by Tukey’s multiple
comparisons test.

3. Results
3.1. Body and reproductive organ weights

The oral administration of Al (400 mg/kg) for 35 days caused
significant decreases in the body weights of the male mice com-
pared to those in the other groups, whereas the body weight of
the Al + PJ (20%) group was significantly (p < 0.001) higher com-
pared to that of the Al group, especially from day 10 until day 35
(Fig. 1). The testis, seminal vesicle, epididymis and prostate
weights significantly (p < 0.001) decreased in the Al group com-
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Fig. 5. Sperm count of male mice treated with aluminum (Al), pomegranate juice
(PJ) and Al + P]l.motile sperm of male mice treated with aluminum (Al),
pomegranate juice (PJ) and Al + PJ. *and ~ represent significant difference at
(p < 0.05) and (p < 0.001) respectively compared to control and PJ groups. #
represent significant difference at (p < 0.05) compared to Al group.

Control

pared to those in the other groups (Figs. 2-4). In addition, the abso-
lute weights of these organs in the Al + PJ-treated mice were
significantly higher than those of the Al-treated mice.

3.2. Sexual behavior

Al exposure led to a significant decrease (p < 0.001) in approach,
mount, number of naso-nasal and naso-genital contacts (p < 0.01),
following, pelvic thrust and biting (p < 0.001) in treated animals
compared to those in the control and pomegranate juice groups
(Table 1). As shown in Table 2, wall rears, rears (p < 0.001), and
wash and digging (p < 0.01) were decreased, while squats were
increased (p < 0.001) compared to those in the control and pome-
granate juice groups. Tables 1 and 2 also show the benefits
(p<0.05,p<0.01and p <0.001) of a low dose of pomegranate juice
against Al toxicity.

3.3. Sperm count, sperm motility and morphology

The sperm count was significantly (p < 0.001) higher in animals
administered 20% PJ than that in the other animals and signifi-
cantly (p < 0.05) lower in the animals treated with Al In addition,
the male mice treated with both Al and P] (20% or 40%) had signif-
icantly higher sperm concentrations (p < 0.001) than that in the
mice treated with aluminum (Fig. 5).

The current findings suggested that exposure to Al caused an
increase in the immotile sperm percentage, and 20% PJ decreased
the negative effects of Al exposure (Fig. 6). Furthermore, P] was

25+

*kk

Immotile Sperm(%)=SEM

0 %
Control ~ PJ20 PJ40 Al Al+PJ20 Al+PJ40

Fig. 6. Immotile sperm of male mice treated with aluminum (Al), pomegranate
juice (P]) and Al + PJ.  represent a significant decrease at (p < 0.001) compared to
control and PJ groups. * represent significant difference at (p < 0.01) compared to Al
group.
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Fig. 7. Total motility of sperm of male mice treated with aluminum (Al),
pomegranate juice (PJ) and Al + P]."and " represent significant difference at
(p < 0.01) and (p < 0.001) respectively compared to control and PJ groups. * and ##
represent significant difference at (p < 0.01) and (p < 0.001) respectively compared
to Al group.
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Fig. 8. The percentage of progressive motile sperm of male mice treated with
aluminum (Al), pomegranate juice (PJ) and Al + PJ. * and ™ represent significant
difference at (p < 0.05) and (p < 0.001) respectively compared to control and PJ
groups. *#, #*##* represent significant difference at (p < 0.05) and (p < 0.001)
respectively compared to Al group.

able to reduce the decline in the total and progressive motility of
mouse sperm due to exposure to aluminum (Figs. 7 and 8).

There was no significant difference in the abnormal sperm in
the animals that received 400 mg/kg Al compared to the animals
that received tap water; however there was a strongly significant
(p < 0.0001) increase in the percentage of abnormal sperm in the
Al + 40% PJ group compared to that in the other groups (Fig. 9).

3.4. Testosterone (T) concentration in serum

The testosterone concentration was measured in blood serum at
the end of experiment. The exposure to Al (400 mg/kg) led to a sig-
nificant (p < 0.001) reduction in serum T concentration compared
to that in the other groups, and PJ (20% or 40%) ameliorated this
depletion in testosterone level (Fig. 10).

3.5. Testicular histological evaluations

In the Al + PJ40 group, the seminiferous tubules had a smaller
diameter (p < 0.05) than that in the Al group (Fig. 11). In addition,
there were not significant differences in the epithelial diameter of
the S.T. between the groups (Fig. 12); however, there was a signif-
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Fig. 9. A) Abnormal sperm of male mice treated with aluminum (Al), pomegranate
juice (P]) and Al + PJ. * represent significant difference at (p < 0.05) compared to
control, PJ and Al groups, while *### represent significant difference at p < 0.0001)
compared to Al and Al + PJ20 groups. B) Mice spermatozoa in different abnormal
shapes. a, Normal sperm. b. Without hook. c. Banana shape. d. Double head. e. Mid-
piece defect. f. Tail defect. g. Acrosome defect. h. Amorphous shape.
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Fig. 10. Testosterone level in blood of male mice treated with aluminum (Al),
pomegranate juice (P]) and Al + PJ. *** represent significant difference at (p < 0.001)
respectively compared to control and PJ groups. *## represent significant difference
at (p < 0.001) compared to Al group.

icant increase in the lumen diameter of the S.T. in the aluminum
group compared to that in the PJ20 (p < 0.001) and PJ40 (p < O.
01) groups, and PJ decreased this effect, as shown in the figures
(Figs. 13 and 14).

4. Discussion
This study demonstrated the toxicity of aluminum through its

effects on the body and reproductive organ weights, sperm count
and motility, and testosterone concentration, and this study also
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Fig. 11. Seminiferous tubes diameter of male mice treated with aluminum (Al),
pomegranate (P]) and Al + PJ.* represent significant difference at (p < 0.05)
compared to Al group.
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Fig. 12. Epithelial thickness of seminiferous tubes of male mice treated with
aluminum (Al), pomegranate (PJ]) and Al + PJ.
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demonstrated the effectiveness of PJ in reducing the effects of Al.
The decrease in the body and reproductive organ weights in ani-
mals treated with Al in this study is consistent with previous
reports (Yousef & Salama 2009; Zhu et al., 2014; Miska-Schramm
et al., 2017). These studies showed that aluminum-treated animals
(i.e., mice, rats and rabbits) exhibited significantly lower body,
testes, seminal vesicle and epididymis weights than the control
animals. This decrease in body and organ weights may be due to
mitochondrial dysfunction and glucose metabolism disruption;
thus, mitochondria may be one of the possible targets of the harm-
ful effects of aluminum (Xu et al., 2017). The combination of PJ and
aluminum in this study significantly reduced the toxic effects of Al
by ameliorating the reduction in the body and organ weights.

Furthermore, the current findings suggest that aluminum can
reduce testosterone concentration and motility and increase
abnormal spermatozoa. The effects on the testosterone level agree
with previous findings in animals exposed to aluminum (Guo et al.,
2001, 2005; Yousef et al., 2005; Zhu et al., 2014; Martinez et al.,
2017). One study reported that aluminum suppressed T secretion
in male rats, thus decreasing sperm count (Sun et al., 2011).

On the other hand, it was reported that Al increased lipid perox-
idation (LP) and reduced the antioxidant defense in rat testes
(Yousef & Salama 2009). Furthermore, spermatozoa were shown
to be oversensitive to oxidative stress because of their limited
antioxidant concentrations (Aitken 1995). In the current study,
pomegranate juice exhibited a clear antioxidant effect to mitigate
the disruption in the testes, especially by maintaining the testos-
terone concentration and sperm count and quality. Aksu et al.,
(2017) suggested that the protective effect of pomegranate against
Pb toxicity was stronger in the testes compared to that in other
organs in male rats.

Our data suggested that the sexual behavior of male mice, such
as approach, contact, following, pelvic thrusting and biting, are
negatively affected by exposure to aluminum. These deleterious
effects may be attributed to the decrease in the concentration of
testosterone, which is responsible for sexual behavior. The rela-
tionship between the synthesis of T and the sexual behavior of
male mice was proven in a previous study (Zang et al., 2016). In
addition, P] improved the impairments in sexual behavior after
exposure to Al. It has been well-established that testes function
and sexual behavior are controlled by the hypothalamic-pitui
tary-gonadal axis (HPGA). Sexual behavior may be affected by T

5522223
525522255%
555533333333

0 T T
Control PJ20 PJ40

Al Al+PJ20 Al+PJ40

Fig. 13. Lumen thickness of seminiferous tubes of male mice treated with aluminum (Al), pomegranate (P]) and Al + PJ.” and "~ represent significant difference at (p < 0.01)
and (p < 0.001) compared to control and P] groups. #* and #*# represent significant difference at (p < 0.01) and (p < 0.001) compared to Al group.
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Fig. 14. Histological sections of S.T. of mice testis in different groups in this study. * refers to increasing in lumen diameter of S. T. in Al group. Scale bar = 10 um.

levels in Leydig cells, which, in turn, impacts dopamine secretion
from the hypothalamus (Sharma et al., 2011). Additionally, the
increase in the stress hormone cortisol can decrease
gonadotropin-releasing hormone (GnRH) and, therefore, decrease
the LH and FSH hormones, which control the T levels and sper-
matogenesis (Collodel et al., 2008). Oxidative stress can interrupt
endocrine function and inhibit T production (Wang et al., 2017).
Previous studies reported that P] benefited antioxidant activity
effects and metal detoxification, reducing stress and ameliorating
sexual behavior in male rats (Hong et al., 2008; Turk et al., 2008;
Dkhil et al., 2013; Aksu et al.,, 2017; Lydia et al., 2019).

In conclusion, this study demonstrated the toxicity of alu-
minum by its effects on animal body and organ weights, sperm
count, sperm motility and testosterone concentration in male
mice; however, PJ exhibits protective activity against these effects
by ameliorating sexual behavior and fertility.
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