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ABSTRACT

Background: Aluminum (Al) is a ubiquitous environmental toxicant associated with adverse effect on the testis. Thus, we investigated
the protective effect of GER against Al-induced testicular injury and endocrine-sperm deficits in male rats.

Methods: Adult male rats were randomly divided into 4 groups: Control group, GER group (100 mg/kg body weight for 28
consecutive days, orally), Al group (200 mg/kg body weight every 3 days for 28 days, ip) and GER + Al group (100 mg/kg + 200 mg/
kg). Levels of testosterone (T), luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were measured in serum. Testicular
parameters of oxidative stress, inflammation and apoptosis were analysed, as well as sperm parameters and testis histology.
Result: The Al exposure significantly (p<0.05) decreased levels of T, LH, FSH, IL-4 and IL-10, whereas Al increased oxidative
stress, inflammation and apoptotic markers compared to the control. Al induced marked histopathological abrasions and caused
adverse effects on sperm parameters compared to the control. On the contrary, the co-administration of GER with Al ameliorated the
Al-induced endocrine-sperm deficits, testicular oxidative stress, cytokine inflammation and apoptosis. GER is a potential natural

monoterpene for prevention of Al-induced testicular toxicity and endocrine-sperm dysfunction in rats.
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INTRODUCTION
Exposure to chemicals via environment and in certain treat-
ment conditions are a growing source of health challenge
(Al-Nwaiser et al., 2022a; Al-Nwaiser et al., 2022b). Al accu-
mulates in vital organs like kidney, liver, brain and testis,
where it triggers cell deterioration and toxic damage (Othman
et al., 2020). Studies show that Al is a multi-organ toxicant
due to its potential to cause hepatotoxicity, nephrotoxicity,
neurotoxicity, cardiotoxicity, ovarian and testicular toxicities
in various animal models (Deiab et al., 2023; Abu-Elfotuh et
al., 2022). However, the testis is more susceptible to Al tox-
icity due to its high content of membrane polyunsaturated
lipids. The disturbance of the testis may impair reproductive
functions leading to depressed sperm quality and male in-
fertility via oxidative inflammation and apoptosis (Rai et al.,
2023; Cheraghi et al., 2017). The mechanism of Al-induced
testicular toxicity has been associated with reactive oxygen
species (ROS)-mediated oxidative stress and inflamma-
tion that lead to apoptosis and a number of aberrant intrac-
ellular pathways (Rai et al., 2023). Long-time exposure leads
to high Al accumulation in the testis. The oxidative interac-
tion of Al with testicular membranes, Sertoli cells, Leydig
cells, spermatozoa and seminal plasma triggers ROS gen-
eration (Rai et al., 2023; Deiab et al., 2023; Cao et al., 2020).
Thus, the ROS causes testicular oxidative deterioration,
impairment of spermatogenesis and endocrine dysfunc-
tion (Deiab et al., 2023; Yousef et al., 2005; Deiab et al.,
2023; Cheraghi et al., 2017).

Studies show that natural phytocompounds exhibit
antioxidant potentials that can combat ROS-mediated
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toxicity (Famurewa et al., 2022; Famurewa et al., 2020;
Ukwubile et al., 2023). Geraniol is an acyclic isoprenoid
monoterpene that can be isolated from the essential oils
of various plants (Lei et al., 2019). GER is a bioactive natural
compound and a major component of lemon, rose palm-
rosa, lavender, orange essential oils and ginger (Algefare
et al., et al., 2024). Its pharmacological actions have been
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reported in previous scientific literature (Lei et al., 2019;
Lin et al., 2021; Younis et al., 2021; Younis et al., 2020;
Ma et al., 2023). In a recent study, however, GER attenuates
carbon tetrachloride-induced hepatotoxicity via
suppression of hepatic oxidative stress, pro-inflammation
and apoptosis in rats (Algefare et al., 2024). Therefore, the
study was conceived to explore the possible protective
mechanism of GER against Al-induced testicular damage
by targeting oxidative stress, inflammation and apoptosis
in rats.

MATERIALS AND METHODS
Chemicals

Geraniol was bought from Sigma Aldrich Chemicals (China).
Commercial kits used in this study were procured from
Jiancheng Co (Nanjing, China) and Biodiagnostics, Cairo,
Egypt. The commercial kits used for the evaluation of
reproductive hormones, including FSH (Cat. No. E-El-
MO0511), testosterone (T: Cat. No. EIA1559), LH (Cat. No.
AKRLH-010) and were purchased from BIOCODE-HYCEL,
Belgium, DRG Instruments Gmbh, Germany; and Shibayagi
Co., Ltd., Japan, respectively.

Animals

This work was carried out in 2023 between October to
December. Male adult Sprague-Dawley rats were used in
this study with a weight range of 200-250 g. They were
housed in steel cages in laboratory conditions at the Animal
house of the King Faisal University, Saudu Arabia:
temperature room (23°C-27°C), 83% humidity, with a 12 h
light/ dark cycle. Food and water were given ad libitum to
rats during the period of acclimatization and experimental
period. All experimental procedures including the use of
animals were approved by the Ethical Committee of the
King Faisal University, Kingdom of Saudi Arabia (KFU-REC-
2024-MAR-ETHICS2095.

Experimental design

Immediately after one-week acclimatization, the SD male
rats were divided randomly into 4 groups of 6 animals each
as follows:

Group 1 (Control): Rats were given normal rat diet and tap
water (5 ml/kg, orally) for 28 days.

Group 2 (GER): Rats were administered GER (100 mg/kg
body weight, orally) for 28 days (Algefare et al., 2024).

Group 3: (Al): Rats were administered Al (200 mg/kg body
weight, ip) dissolved in normal saline with 3 days interval
for 28 days (Irnidayanti et al., 2023).

Group 4: (GER+ Al): Rats were administered GER and Al
according to the doses in groups 2 and 3 above, GER (100
mg/kg, orally) + Al (200 mg/kg, ip) for 28 days, respectively.

The doses used in this study agree with the
established doses in published papers (Irnidayanti et al.,
2023; Algefare et al., 2024). Experimental rats were
anesthetized (ketamine, 100 mg/kg and xylazine, 10 mg/kg)

dissected and both trunk blood (plain sample bottles) and
testis samples were collected for biochemical and
histological studies. Samples of blood were centrifuged at
3000 g for 10 minutes and serum samples were obtained.
They were stored in -20°C for hormonal analysis (FSH, T
and LH). Each testicular tissue was aseptically divided
into two parts; one part was stored for assays on testicular
activities of GPx, CAT, SOD and levels of MDA, caspase-3,
caspase-9, interleukin-6 (IL-6), tumor necrosis factor-a
(TNF-a), interleukin-4 (IL-4) and interleukin-10 (IL-10). The
testes (1:5 w/v) were homogenized with a potter-Elvehjem
homogenizer attached to a Taflon plunger in ice cold
phosphate buffer (50 mM, pH 7.5). The homogenate
samples were centrifuged (11, 000 xg for 20 minutes) to
obtain supernatant samples which were kept at -80°C until
the time of analyses. The other part of tissue was preserved
in 10% neutral formalin for histopathological analysis.

Biochemical analyses
Determination of hormones

The FSH levels in the serum of rats was measured with the
use of Belgian BIOCODE-HYCEL rat ELISA kit (Cat No. E-
EI-M0511) according to the protocols of Teerds et al. (1989).
The rat ELISA kit used to measure the serum testosterone
(T) levels was purchased from DRG Instruments Gmbh,
Germany (Cat No. EIA1559). The rat ELISA kit (Cat No.
AKRLH-10) was purchased from Shibayagi Company
Limited, Japan. The determination of LH in the rat serum
was according to Shioya and Wakabayashi (1998)
procedures.

Determination of sperm characteristics

Sperm quality was assessed using epididymal suspension
in this study. The suspension was obtained from the minced
epididymis in prewarmed saline (37°C): The sperm count/
number, motility, abnormality was determined as explained
in our previous study (Alturki et al., 2022).

Determination of testicular oxidative stress markers

The testicular activities of superoxide dismutase (SOD, Cat.
No. SD2520), catalase (CAT, Cat. No. CA2516), glutathione
peroxidase (GPx, Cat. No. GP2524) and level of
malondialdehyde (MDA, Cat. No. MD2528) were determined
using the respective manufacturers’ protocols of rat ELISA
kits.

Determination of testicular pro-inflammatory and anti-
inflammatory markers

The testicular levels of pro-inflammatory cytokines, interleukin-
6 (IL-6, Cat No R016), tumor necrosis factor-a (TNF-a, Cat No
R019) and anti-inflammatory cytokines, interleukin-10 (IL-10,
Cat No R017) and interleukin-4 (IL-4, Cat No R013) were
determined using rat standard ELISA Kits.

Determination of testicular apoptotic caspase activity

The testicular caspase 3 (Cat No: A064) and caspase 9
(Cat No: A069) were determined with rat ELISA Kits following
the manufacturer’s directions.
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Histopathological analysis

The preserved testis tissue was used to examine possible
pathological alterations. The routine steps of H and E
staining technique was followed according to Bancroft and
Gamble (2002). Thereafter, possible histopathological
changes were observed and photographed under a light
microscope (Nikon 80i, Japan). The histopathological lesions
were scored semi-quantitatively and mean values were
determined: normal histostructure (0), mild (1), moderate
(2) and severe alterations (3) (Elsawy et al., 2023).

Statistical analyses

The GraphPad prism statistical software package (version
8; GraphPad Software Inc., San Diego, CA, USA) was used
for analyses. Data were compared using one-way ANOVA
followed by Tukey post-hoc test. Significant differences were
obtained at P < 0:05. The data were represented as mean *
SEM (n = 6).

RESULTS AND DISCUSSION
Effect of GER on serum hormones and sperm
characteristics of Al-exposed rats

Table 1 and 2 present the effect of GER on serum levels of
FSH, T and LH and sperm characteristics in Al-exposed rats.
It was observed that Al considerably reduced (p<0.05) the
serum levels of FSH, T, LH, sperm count and motility while
abnormality increased compared to the levels in control
group. In contrast, the co-administration of GER with Al
considerably reversed (p<0.05) the alterations compared
to Al group.

Effect of GER on testicular oxidative stress and apoptosis
markers in Al-exposed rats

Fig 1 represent the effects of GER on testicular activities of
CAT, SOD and GPx, levels of MDA, caspase-3 and caspase-

9 in Al-exposed rats. Results demonstrated that Al induced
prominent (p<0.05) suppression in the testicular activities
of CAT, SOD and GPx, whereas MDA levels, caspase-3 and
caspase-9 increased in comparison to the control.
Conversely, GER in GER + Al group reversed the oxidative
effect of Al through significant increases in the activities of
CAT, SOD and GPx, whereas MDA level, caspase-3 and
caspase-9 reduced considerably (p<0.05) compared to the
Al group.

Effect of GER on inflammatory and anti-inflammatory
cytokines in Al-exposed rats

Fig 2 presents the effects of GER on the levels of pro-
inflammatory (TNF-a and IL-6) and anti-inflammatory (IL-4
and IL-10) cytokines in rats exposed to Al. It was observed
that Al triggered significantly (p<0.05) increased testicular
levels of IL-6 and TNF-a, while the anti-inflammatory IL-10
and IL-4 levels reduced markedly (p<0.05) in comparison
to the control. The concomitant administration of GER
conspicuously reversed and restored the levels of the
cytokines compared to the Al group.

Effect of GER on testis histology of Al-exposed rats

Examination of the testes sections of control group (Fig 1a)
stained with H and E and GER group (Fig 1b) revealed no
changes or lesions. Both showed normal testis structure
with normal seminiferous tubules having complete
spermatogenesis series and separated by interstitial tissue.
Examination of the testicular tissues of Al-exposed group
showed abnormalities in the testis structure where the
seminiferous tubules appeared abnormal with incomplete
spermatogenic series and surrounded by widened interstitial
space (Fig 1c¢). Administration of GER showed improvement
in testicular structure, the seminiferous tubules become
closer to each other and the appearance of more
spermatozoa in the tubular lumen (Fig 1d).

Table 1: Effect of GER on reproductive hormones in Al-exposed rats.

Group FSH (ng/ml) T (pg/ml) LH (ng/ml)
Control 0.97+0.06 6.52+1.26 2.50+0.87
GER 0.99+0.10 6.32+1.66 2.51+0.61
Al 0.36+0.08* 3.91+0.97* 0.99+0.27*
GER + Al 0.57+0.10% 4.28+1.21% 1.40+0.88*

Values are mean + SEM (6 rats/group). Abbreviations: Al: Aluminum; GER: geraniol; FSH: Follicle stimulating hormone; LH: Leutenizing

hormone; T: Testosterone. *p<.05: Significant when compared to control group in the same column; #p<0.05: Significant when compared

to Al group in the same column.

Table 2: Effect of GER on sperm quality characteristics in Al-exposed rats.

Group Sperm count 108 cells/ml Sperm motility (%) Sperm abnormality (%)
Control 95.4+6.30 80.4+5.99 7.1+2.38
GER 95.2+6.11 81.2+8.31 7.2+3.41
Al 70.418.34* 56.2+10.38* 26.2+5.14*
GER + Al 81.0 7.77# 69.6 +4.98* 14.8 2.18%

Values are mean + SEM (6 rats/group). Abbreviations: Al: Aluminum; GER: Geraniol; *p < .05: Significant when compared to control

group in the same column; #p<0.05: Significant when compared to Al group in the same column.
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In the current study, the Al triggered a endocrine
suppression demonstrated by marked reductions in the
levels of FSH, T and LH compared to the control group (Table 1).
These observations indicate that Al may interfere with
spermatogenesis and steroidogenesis and influence the

endocrine system (Berihu et al., 2015). Therefore, the
consequent result of the hormonal deficits was the impaired
spermatogenesis leading to the declines observed in sperm
count, mobility and morphology in this study. Previous
studies have shown that reduced levels of FSH, T and LH
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Fig 1: Effect of GER on testicular markers of oxidative stress and caspases in Al-exposed rats.
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Fig 2: Effect of GER on testicular markers of inflammation (TNF-a and IL-6) and antiinflammation (IL-4 and IL-10)
in Al-exposed rats.
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1a: control; 1b: GER group, (both show normal structure of seminiferous tubules with complete spermatogenic series
and interstitial tissue); 1c: Al-exposed group shows testicular disruption, 1d: GER + Al group indicates an improvement
in the seminiferous structure. S: seminiferous tubules, interstitial tissue (asterick), L: lumen, circle, germinal epithelium:
arrow, widened interstitial space, arrow head: degenerated seminiferous tubules. (X100). Al: Aluminum; GER: Geraniol.
Values are expressed as mean + SEM (n = 3). N Significant when compared to the control (p < 0.05); *significant
compared to the Al group. Hematoxylin and eosin staining of testicular tissue of different experimental groups.
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Fig 3: Effect of GER on the histology of testis in Al-exposed rats.

are associated with abnormal sperm characteristics (Table 2)
(Alturki et al., 2022 Deiab et al., 2023 Behairy et al., 2022).
Comparable results were reported by Cheraghi et al.
(2017), who show that Al caused considerable reductions
in the levels of T and LH followed by abnormal sperm quality
in rats in consistent with our findings herein. The deleterious
effect of Al on germinal epithelium detachment,
seminiferous tubules and spermatogenic cell
degeneration have also been demonstrated recently (Rai
et al.,, 2023). Oxidative alteration in mitochondrial
membrane permeability may be a mechanism leading to
altering sperm motility and morphology. On the contrary
however, the oral administration of GER for 28 days
inhibited the toxicity of Al on the hormones and sperm
characteristics in this study (Table 1 and 2). The levels of
the hormones and sperm quality in GER + Al group were
prominently elevated in comparison to the levels obtained
in Al group. The observed GER-mediated protection against
Al may be due to antioxidant property of GER as shown and
reported in previous studies (Younis et al., 2021; Younis et al.,
2020; Algefare et al., 2024; Oyedeji et al., 2023).

Al induced testicular oxidative stress in this study. There
were considerable reductions in the testicular activities of
SOD, GPx and CAT, while the levels of MDA increased
conspicuously in comparison to the control (Fig 1). Earlier
studies indicate that Al-induced organ injury is associated
with ROS generation and oxidative stress (Rai et al., 2023;
Othman et al., 2020). Redox imbalance in cells or tissues
overwhelms antioxidant mechanism leading to oxidative
stress (Famurewa et al., 2017; (Famurewa et al., 2019;
Wang et al., 2020). However, the depressed activities of
SOD, GPx and CAT occasioned by Al in this study exposed

the testicular cell membrane to oxidative lipid peroxidation
and degeneration which underlie the increased levels of
MDA observed herein. Furthermore, the attack also disrupted
the histological architecture with alterations in the
seminiferous tubules demonstrated by incomplete
spermatogenic series and surrounded by widened interstitial
space (Fig 3-la-1d) in consistent with earlier reports (Rai
et al.,, 2023; Deiab et al., 2023). Interestingly, the
administration of GER resisted and reversed the Al-induced
oxidative histological deterioration and testicular oxidative
stress. Significant elevations of these endogenous
antioxidant enzymes were observed in the group co-treated
with GER and Al in comparison to the Al group. The
histopathological lesions were ameliorated. GER is known
as an antioxidant bioactive monoterpene in several oxidative
stress-related studies (Oyedeji et al., 2023; Lin et al., 2021;
Younis et al., 2020; Lei et al., 2019). Our finding agrees
with earlier findings (Younis et al., 2020; Younis et al., 2021;
Algefare et al., 2024; Oyedeji et al., 2023).

Redox system imbalance is a well-recognised trigger
of tissue inflammation(Al-Nwaiser et al., 2022¢; Famurewa
et al.,, 2020). And a robust body of findings shows the
crosstalk of oxidative stress, infammation and apoptosis
(Famurewa et al., 2019). We therefore assayed for some
tissue markers of proinflammation. In the results of our
analyses, we observed that Al significantly elevated the
levels of testicular pro-inflammatory cytokines (TNF-a and
IL-6), whereas the levels of anti-inflammatory cytokines
(IL-4 and IL-10) considerably reduced compared to the
control (Fig 2). In previous studies, Al has induced
inflammatory (Falade et al., 2022; Turk et al., 2021; Othman
et al., 2020) in agreement with our findings (Wu et al.,



Geraniol Abrogates Aluminum-elicited Testicular Toxicity and Endocrine-sperm Deficits by Curtailing Oxidative Inflammation...

2020; Younis et al., 2020). Therefore, the testicular
alterations in the levels of TNF-a, IL-6, IL-4 and IL-10
suggest that Al has a potential to induce inflammation.
However, inhibition of the inflammatory response and
oxidative stress prevents organs from damage. A number
of phytochemicals have shown anti-inflammatory effects
(Younis et al., 2021; Famurewa et al., 2020; Wang et al.,
2020). In corollary, GER in this study abrogated the Al-
induced pro-inflammation. The anti-inflammatory effect
of GER was demonstrated by pronounced decreases in
the levels of TNF-a and IL-6, while the levels of anti-
inflammatory cytokines, IL-4 and IL-10, increased in the
testis of rats significantly compared to the Al group (Fig 2)
as in the study of Malik et al (2023; Ma et al., 2023; Younis
et al., 2020; Khan et al., 2013) and increasing the levels
of IL-4 and IL-10 (Lei et al., 2019).

We assayed for caspase-3 and caspase-9 in this
study. Our findings agree with the earlier published report
as demonstrated by the marked increased levels of
caspase-3 and caspase-9 in the testis of Al-exposed rats
compared to the control (Fig 1) (Abu-Elfotuh et al., 2022;
Othman et al., 2020). In contrast, GER treatment
ameliorated the observed changes in the levels of
caspase-3 and caspase-9, indicating testicular cell
protective activity against apoptosis. These findings are
consistent with previous studies that indicate GER as a
protective agent against caspase-dependent apoptosis
in different agent-induced cardiotoxicity (Younis et al.,
2021), hepatotoxicity (Algefare et al., 2024), cardiotoxicity
(Younis et al., 2020) and diabetic testicular injury (Oyedeji
et al., 2023).

CONCLUSION

In conclusion, the present study has demonstrated the
Al-induced dysfunction in endocrine pituitary-gonadal axis
and testicular toxicity in consistent with the existing
literature. Importantly, the present work unravels, for the
first time, that GER could exert testiculo-protective effect
against Al-triggered testicular toxicity through abrogation
of oxidative stress, inflammation and apoptosis. These
beneficial effects could be adduced to the antioxidant,
anti-inflammatory and antiapoptotic activities of GER in
this study.
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