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Abstract Aluminum (Al) is the most widely distributed metal
in the environment and is extensively used in human daily life
without any known biological function. It is known that expo-
sure to high concentrations of Al impacts negatively on serum
testosterone levels, testicular histomorphometry, and sperm pa-
rameters; however, no information is available about the effects
of low exposure levels on reproduction. International organiza-
tions have established the Al concentration tolerated in drinking
water as 3.35 × 10−4 mg/kg. Therefore, we aimed to compare
the effects of long-term exposure to low and high concentra-
tions of Al on male reproductive functions, focusing on testis,
epididymis, and sperm parameters. Adult Wistar rats were ex-
posed to aluminum chloride (AlCl3) at 6.7 × 10−5, 3.35 × 10−4,
10, and 40 mg/kg for 112 days by gavage. Al-exposed animals
presented low values of testis and epididymis weight, and se-
rum testosterone levels when compared to controls. The stere-
ology of Leydig cells, epididymis histomorphometry, sperm
motility, and structural integrity of sperm membranes changed
depending on the Al concentration. In regard to epididymis
histomorphometry, the initial segment and caput regions were
more affected by Al exposure than distal regions. Otherwise,
the histology of testis and epididymis did not alter after the Al
exposure, as well as sperm morphology. In summary, we con-
cluded that the consequences of Al exposure at low levels were

as negative as high levels on reproductive parameters, suggest-
ing adverse impact on male fertility.
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Introduction

Aluminum (Al) is the third most abundant metal on earth,
being found in minerals, rocks, and soil [1, 2]. In addition,
human beings might be exposed to Al through the use of
intravenous solutions, lipid emulsions, dialysis fluids, medi-
cines, food, toothpaste, and cosmetic products. Drinking water
can also be source of Al exposure since it is added to water for
purification purposes [3–5].

Aluminum levels vary according to the levels found in the
source water and whether Al coagulants are used during water
treatment. The contribution of drinking water to the total oral
exposure to Al is less than 5% of the total intake in humans.
However, the relative risk for the development or acceleration
of onset of Alzheimer disease from its exposure is above
100 μg/L [6]. In this context, the Al concentration tolerated
in drinking water is 3.35 × 10−4 mg/kg [6], and no information
is available about its toxicity in humans. It is well known that
the intestinal absorption of Al is very low (0.1–1.0%) [7].
Indeed, the gastrointestinal epitheliumworks as an impervious
barrier to the passage of this metal, and its permeability is
dependent on the chemical form, pH, and Al concentration
[8, 9]. Moreover, organic dietary components, such as phos-
phorus, magnesium, iron, calcium, and vitamin D, may act as
potential chelators of Al and facilitate its absorption by mem-
branes [10]. This fact contributes to the chronic Al bioaccu-
mulation in the central nervous system [11, 12], muscles, and
reproductive organs [13].

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12011-017-1139-3) contains supplementary
material, which is available to authorized users.

* Mariana Machado-Neves
mariana.mneves@ufv.br

1 Department of General Biology, Federal University of Viçosa (UFV),
Av. P.H. Rolfs, s/n, Campus Universitário, Viçosa, Minas Gerais,
Brazil

Biol Trace Elem Res (2018) 183:314–324
DOI 10.1007/s12011-017-1139-3

https://doi.org/10.1007/s12011-017-1139-3
mailto:mariana.mneves@ufv.br
http://crossmark.crossref.org/dialog/?doi=10.1007/s12011-017-1139-3&domain=pdf


Despite the exposure to low concentrations of Al has not
been investigated in male reproductive organs, studies have
reported that high concentrations of this metal cause degenera-
tion of seminiferous tubules, presence of edema in the
intertubular compartment of the testis [14], presence of imma-
ture spermatocytes in the epididymal lumen [15], and reduction
in serum testosterone [16]. Sperm motility and concentration
were altered in rats exposed to Al as well [17]. Furthermore,
epithelial cells from the epididymis might change their structure
and function after Al exposure [14, 18]. The Al-induced toxic-
ity on reproductive organ functions may be involved in oxida-
tive stress and nitric oxide production [19, 20].

Based on that, the aim of the present study was to evaluate
the long-term oral exposure to low concentrations of Al, such as
the concentration tolerated in drinking water (3.35 × 10−4 mg/
kg) and 1/5 of it (6.7 × 10−5 mg/kg), on reproductive outcomes.
Moreover, we aimed to compare themwith the exposure to high
Al concentrations (10 and 40 mg/kg) in order to clarify if these
concentrations may cause similar damages on the reproductive
organs functionality. Thus, here, we focused on testis and epi-
didymis biometry and histomorphometry, serum testosterone
level, and sperm analyses.

Materials and Methods

Animals

Sexually mature male Wistar rats (n = 25, 70 days old,
264.33–367.6 g) were provided by the Central Animal
Facility of the Center of the Biological and Health Sciences
of the Federal University of Viçosa (UFV). Animals were
housed individually in polypropylene cages, under controlled
photoperiod (12-h light/dark) and temperature (21 °C). The
provision of feed was controlled, being 25 g of balanced rat
feed (Socil®) per day, whereas drinking water was provided
ad libitum. All experimental procedures were in accordance
with the ethical principles in animal research adopted by the
animal ethics committees (CEUA protocol number 19/2011).

Experimental Design

The animals were weighed and randomly divided into five
groups (n = 5 animals/group). Rats from the control group
received distilled water, whereas the others were exposed to
Al, in the form of aluminum chloride (AlCl3; Sigma-Aldrich
Co., St. Louis, MO), at the concentrations of 6.7 × 10−5 mg/kg
BW (0.02 mg/L), 3.35 × 10−4 mg/kg BW (0.1 mg/L), 10 mg/
kg BW (3.381 mg/L), and 40 mg/kg BW (13.6 mg/L) (based
on ions of Al). The lower concentration used in the present
study corresponds to 1/5 of the concentration tolerated in
drinking water by international organizations, which is
3.35 × 10−4 mg/kg [6]. In addition, 10 and 40 mg/kg

correspond respectively to 1/40 and 1/10 lethal dose 50
(LD50) of Al [21]. The animals were provided 1-mL solutions
daily by gavage for 112 days. This exposure period was deter-
mined using the duration of two cycles of the seminiferous
epithelium in rats [22].

On the 113th day of exposure, the animals were weighed,
sedated with xylazine hydrochloride (10 mg/kg/intraperitone-
ally), anesthetized with ketamine hydrochloride (150 mg/kg/
intraperitoneally), and euthanized [23, 24]. Testes and epidid-
ymides were removed, dissected, and weighed. The right tes-
tes and epididymides were used for histology, whereas the left
epididymides were used for sperm analyses.

Determination of Serum Testosterone

During anesthesia, blood was collected by cardiac puncture
and centrifuged at 419g for 15min. The serumwas then stored
in microtubes and frozen at −20 °C [24]. Quantification of
serum testosterone was determined by chemiluminescence
immunoassay using the Access testosterone reagent kit (num-
ber 33560; Beckman Coulter, Brea, CA), suitable for the
Access 2 Immunoassay System (Beckman Coulter, Brea,
CA). The analytical sensitivity was 0.1 ng/mL.

Sperm Evaluation

Freshly dissected portions from epididymis cauda region were
cut three times and placed in a petri dish containing 500 μL of
Tris-citric acid-fructose (Tris 3.025 g, citric acid 1.7 g, fructose
1.25 g, distilled water 100 mL) to enable release of spermatozoa.
The fluid was collected for evaluation of sperm motility, mor-
phology, as well as structural integrity of sperm membranes.

Sperm motility was assessed using 10 μL epididymal fluid
placed between the slide and coverslip, previously heated to
37 °C, and approximately 100 spermwere examined under the
microscope (Bioval L-1000B, Brazil) at a magnification of
400×. Spermatozoa were classified as either motile or immo-
tile, and motility was expressed as percentage [25].

For the sperm morphology analysis, epididymal fluid
(50 μL) was fixed in 100 μL 4% buffered formaldehyde.
Two hundred cells were examined under phase-contrast mi-
croscopy (1000× magnification; Bioval L-1000B, Brazil), be-
ing classified as defects in the head, midpiece, and tail [26].
Results were expressed as percentages.

Moreover, sperm samples (10 μL) were incubated in a
solution of 4% buffered formaldehyde (10 μL) plus buffer
citrate (10 μL), carboxyfluorescein diacetate (CFDA;
20 μL), and propidium iodide (PI; 10 μL) for 8 min at
37 °C [27]. Two hundred sperm were evaluated by
epifluorescence microscope at magnification of 400× and fil-
ter of 480 at 610 nm, being classified into two categories:
intact membranes (CFDA+/PI−), and non-intact membranes
(CFDA−/PI+). Results were expressed as percentages.
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Histological Processing

Testes were immersed in Karnovsky fixative (2.5% glutaral-
dehyde, 4% paraformaldehyde in 0.1 M pH 7.2 sodium phos-
phate buffer) for 24 h. The albuginea was removed and
weighed. Its weight was subtracted of the testicular weight
to calculate the weight of the testicular parenchyma.
Epididymides were also immersed in Karnovsky fixative for
24 h and subsequently segmented into four regions: initial
segment, caput, corpus, and cauda [28].

Fragments from testis and epididymal regions were
dehydrated in crescent ethanol series (70, 80, 90, and 100%)
and embedded in 2-hydroxyethyl methacrylate (Historesin®,
Leica Microsystems, Nussloch, Germany). Sections with a
thickness of 3 μm were obtained using a rotary microtome
(RM 2255, Leica Biosystems, Nussloch, Germany) and
stained with toluidine blue-sodium borate (1%). Histological
sections of the testis and epididymis were analyzed using
Olympus CX40 (Tokyo, Japan) optical microscope.

Testis Histomorphometry and Stereology

The gonadosomatic index was obtained using the following
formula: GSI = GW/BW × 100, where GW = total gonadal
weight and BW= bodyweight [29]. Once testis is divided into
two compartments, tubular and intertubular, the volumetric
ratios of these two were obtained by counting 2660 points
projected onto 10 images captured from histological slides
of each animal, at a magnification of 100×, using the
photomicroscope (Olympus BX-53, Tokyo, Japan) equipped
with a digital camera (Olympus DP73, Tokyo, Japan) and
assessed with Image-Pro Plus 4.5 (Media Cybernetics Inc.,
Silver Spring, MD). Coincident points over the tunica propria,
seminiferous epithelium, and lumen (tubular compartment),
and the points on the intertubular space were recorded.

The volume of each testicular component, expressed in
mL, was calculated from the percentage of the testis they
occupy and from the volume of the testicular parenchyma.
As the density of the testis is around 1 [30], the weight of
the testis was considered equivalent to its volume. The volume
of the epithelium, in turn, was calculated by considering the
percentage represented by the seminiferous epithelium and the
weight of the testicular parenchyma.

The tubule somatic index (TSI) was calculated to quantify
the investment in seminiferous tubules in relation to body
mass by the formula TSI = STV/BW × 100, where
STV = seminiferous tubule volume [29].

The average tubular diameter per animal was obtained by
measuring 30 randomly transverse sections of seminiferous
tubules that displayed the most circular shape regardless of
the cycle stage [31]. The same sections used for measuring
the tubular diameter were used for determining the seminifer-
ous epithelium height from the tunica propria to tubular

lumen. The value found for epithelium height of each tubule
represented the average of two measurements obtained in a
diametrically opposite angle.

The total length (TL) of the seminiferous tubules, per testis,
was estimated from previous knowledge of the volume occu-
pied by these structures within the parenchyma, as well as from
the mean tubular diameter: STV / πr2 (STV = seminiferous
tubule volume; πr2 = transverse section area of the seminifer-
ous tubule; r = tubular diameter / 2). The total length of the
seminiferous tubules per gram of testis (TL/g) was determined
using the formula: TL/g = TL / TW, where TW = testicular
weight [32].

Moreover, the volumetric proportion of intertubular com-
ponents was obtained by counting 1000 points per animal
projected onto intertubular images of the testis. Coincident
points over intertubular components were recorded: nucleus
and cytoplasm of the Leydig cell, blood vessels, lymphatic
space, macrophages, and connective tissue. To calculate these
proportions, we used the following formula: volumetric pro-
portion of each intertubular component (%) = number of
points of the intertubular component × 100 / 1000 total points.
To calculate the relation between nucleus and cytoplasm of the
Leydig cells, the percentage occupied by nucleus was divided
by the percentage occupied by cytoplasm. The volume (mL)
of each intertubular component by the testis was calculated
using the following formula: proportion of the element on the
testis / (100 × parenchymal mass of one testis) [32].

The average diameter of the Leydig cell nucleus was ob-
tained by counting 30 cells per animal, choosing the ones with
the most spherical nuclei and evident nucleoli, using the soft-
ware Image-Pro Plus®. The nuclear volume was obtained by
using the mean nuclear diameter and the formula 4/3πR3,
where R = nuclear diameter / 2. The cytoplasm volume was
estimated by multiplying the percentage of cytoplasm by the
nuclear volume, divided by the nuclear percentage. The
single-cell volume was estimated by adding the nuclear and
cytoplasmic volumes. These values were expressed in cubic
micrometer [32].

The number of Leydig cells per testis was estimated from
the Leydig cell individual volumes and the total volume oc-
cupied by Leydig cells in the testicular parenchyma. This val-
ue was divided by the gonadal weight to estimate the number
of Leydig cells per gram of testis, which allows comparisons
between different species. The Leydig somatic index (LSI)
was calculated by the ratio of the volume occupied by
Leydig cells on the testis and the body mass, the result being
multiplied by 100 [32].

Epididymal Histomorphometry

For morphometric analysis, digital images of each epididymal
region (initial segment, caput, corpus, and cauda) were obtain-
ed using a light microscope (Olympus BX53, Tokyo, Japan)
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equipped with a digital camera (Olympus DP73, Tokyo,
Japan) and analyzed with the Image-Pro Plus 4.5 (Media
Cybernetics, Silver Spring, MD) software. The mean tubular
diameter of each epididymal regionwas obtained by randomly
measuring 20 tubular cross sections, as circular as possible,
per animal. These sections were also used to measure the
luminal diameter and epithelium height, which was obtained
from the lamina propria to tubular lumen. The epithelium
height for each tubule was the average of four diametrically
opposite measurements [24].

The volumetric proportion of the 4 epididymal regions was
obtained by counting 2660 points projected onto 10 images
captured in histological slides per animal. Coincident points
were registered in tubular components (lamina propria, epi-
thelium, lumen with sperm, and lumen without sperm) and
intertubular components (blood vessels, connective tissue,
and smooth muscle). The percentage of points in each com-
ponent was calculated using the following formula: volumet-
ric proportion (%) = (number of points in the component /
2660 total points) × 100 [24].

Statistical Analysis

The results were analyzed by one-way analysis of vari-
ance (ANOVA) followed by the post hoc Student-
Newman-Keuls test. In regard to sperm analyses, we

used arcsine square root transformation for percentage
data in order to meet the assumptions of normality.
Those data were analyzed by ANOVA and Tukey test.
Differences were considered significant when p < 0.05.
Results were expressed as mean ± standard error mean
(SEM).

Results

Biometric Parameters

The animals exposed to Al at the four concentrations present-
ed lower values of the testis and its parenchyma weight than
the control animals (Table 1). No significant differences were
observed between the control and Al-exposed groups in body
weight, albuginea weight, and GSI (Table 1). Further, the ep-
ididymis weight was lower in all Al-exposed animals when
compared to that in the control animals (Fig. 1).

Serum Testosterone

The animals exposed to Al at the four concentrations present-
ed lower values for testosterone concentration when compared
to the control animals (Fig. 1).

Table 1 Biometric parameters of Wistar rats exposed to different concentrations of aluminum (n = 5 animals/group)

Control 6.7 × 10−5 mg/kg 3.35 × 10−4 mg/kg 10 mg/kg 40 mg/kg

Body weight (g) 420.78 ± 10.36 467.08 ± 20.34 422.40 ± 27.79 438.76 ± 32.69 388.48 ± 21.42

Testis (g) 4.11 ± 0.09ª 3.77 ± 0.07b 3.62 ± 0.11b 3.59 ± 0.10b 3.52 ± 0.09b

Albuginea (g) 0.33 ± 0.04 0.39 ± 0.08 0.31 ± 0.11 0.27 ± 0.02 0.20 ± 0.01

Parenchyma (g) 3.78 ± 0.09ª 3.38 ± 0.12b 3.31 ± 0.21b 3.32 ± 0.11b 3.32 ± 0.10b

Gonadosomatic index (%) 0.98 ± 0.04 0.81 ± 0.03 0.85 ± 0.07 0.81 ± 0.06 0.90 ± 0.04

Values are mean ± SEM. Different superscript letters (a, b) in the same row indicate significant differences between these measurements (p < 0.05).
ANOVAwith post hoc Student-Newman-Keuls test was used for all data

Fig. 1 Testosterone
concentration (ng/dL) and
epididymal weight (g) of Wistar
rats exposed to low concentra-
tions (6.7 × 10−5 and
3.35 × 10−4 mg/kg BW) and high
concentrations (10 and 40 mg/kg
BW) of aluminum (AlCl3).
Values are mean ± SEM.
Different letters (a, b) indicate
significant differences between
the groups (p < 0.05)

Aluminum and Reproductive Impairment 317



Sperm Evaluation

The animals exposed to 40 mg/kg Al presented low per-
centage of motile sperm when compared to the other
groups (F4,20 = 2.957; p = 0.045; Fig. 2). Furthermore,
there were no differences among the groups for the percent-
age of normal spermatozoa (F4,20 = 1.093; p = 0.387) and
abnormal sperm with head (F4,20 = 1.019; p = 0.421),
midpiece (F4 ,20 = 1 .494; p = 0.242) , and ta i l

(F4,20 = 1.725; p = 0.184) defects (Fig. 2). The distal
cytoplasmic droplet is shown in a spermatozoa labeled with
CFDA (Fig. 3), which is one of the sperm tail defects iden-
tified in the control and Al-exposed animals. The percent-
age of sperm with intact plasma and acrosomal membranes
was lower in the Al-exposed animals at 3.35 × 10−4, 10,
and 40 mg/kg when compared to that in the control animals
(Fig. 3). Sperm with non-intact membranes were labeled by
PI (Fig. 3).

Fig. 2 Sperm morphology and
motility in Wistar rats exposed to
low concentrations (6.7 × 10−5

and 3.35 × 10−4 mg/kg BW) and
high concentrations (10 and
40 mg/kg BW) of aluminum
(AlCl3). Values are mean ± SEM.
Different letters (a, b) indicate
significant differences between
the groups (p < 0.05)

Fig. 3 Percentage (mean ± SEM)
of sperm with intact plasma and
acrosomal membranes labeled
with carboxyfluorescein diacetate
(CFDA; green) from Wistar rats
exposed to low concentrations
(6.7 × 10−5 and 3.35 × 10−4 mg/
kg BW) and high concentrations
(10 and 40 mg/kg BW) of
aluminum (AlCl3). Different
letters (a, b) indicate significant
differences between the groups
(p < 0.05). Sperm with non-intact
membranes were labeled in the
head with propidium iodide (PI;
red)
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Testicular Histology and Histomorphometry

No histological alterations were observed in the tissue archi-
tecture of testes from the Al-exposed animals, with the semi-
niferous epithelium composed by Sertoli cells, germ cells in
different stages of development (spermatogonia, spermato-
cytes, round and elongated spermatids), and lumen with sper-
matozoa (Figs. 4 and 5). Moreover, intertubular compartment
presented normal lymphatic space, macrophages (Figs. 4 and
5), and Leydig cells arranged next to blood vessels (Fig. 6).

Leydig cells exhibited nucleus with one to three
prominent nucleoli, and large amounts of dark-staining
peripheral heterochromatin (Fig. 6). In general, the his-
tology of this cell type was similar between the control and
Al-exposed animals. However, the histomorphometry showed
that animals exposed to Al at the four concentrations present-
ed lower values for their nuclear diameter and nuclear volume
when compared to control animals. Animals exposed to
40 mg/kg Al showed higher percentage of cytoplasm than

control animals. Further, cytoplasmic volume and cell volume
of Leydig cells were lower in animals exposed to 10 mg/kg Al
compared to those in the control animals (Table 2).

No significant differences were observed between the con-
trol and Al-exposed groups for the volumetric proportion and
volume of the tubular and intertubular components, besides
the tubular morphometry and length of seminiferous tubules
(Supplementary information S1–S3).

Epididymal Histomorphometry

Epididymal sections from the control and Al-exposed animals
showed normal tissue arrangement, with a pseudostratified
columnar epithelium and spermatozoa in the lumen of all re-
gions (Figs. 4 and 5). In addition, no significant differences
were observed between the control and Al-exposed groups in
histomorphometric parameters, such as volumetric propor-
tions of lamina propria, lumen without sperm, blood vessels,

Fig. 4 Light microscopy of the
testis and epididymis from control
and exposed rats to aluminum at
low concentrations (AlCl3;
6.7 × 10−5 and 3.35 × 10−4 mg/kg
BW). Histological sections from
testis show the tubular
compartment composed of a
seminiferous epithelium (Se) and
lumen (L), whereas the
intertubular compartment (IC) is
composed of connective tissues
with different cell types and lym-
phatic space (*). Sections from
the initial segment, caput, corpus,
and cauda epididymal regions
showing the epithelium (E), lu-
men with sperm (L), and connec-
tive tissue (CT). Toluidine blue.
Scale bars = 20 μm
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connective tissue, and smooth muscle, regardless of the epi-
didymal region analyzed (Supplementary information S4).

On the other hand, the epithelium height in the caput
region was higher in animals exposed to 40 mg/kg Al
than that in the animals from the other groups (Table 3).
This region also presented tubular diameter lower in
animals exposed to 40 mg/kg Al when compared to that
in animals exposed to 6.7 × 10−5 mg/kg (Table 3).
Further, the luminal diameter in the initial segment
and caput regions was lower in animals exposed to
3.35 × 10−4 and 40 mg/kg (Table 3). The percentage
of lumen with sperm was lower in animals exposed to
3.35 × 10−4, 10, and 40 mg/kg in the initial segment,
whereas the same parameter was lower in animals ex-
posed to 3.35 × 10−4 and 40 mg/kg in the caput region
(Table 3). Furthermore, the percentage of epithelium in
the caput region was higher in Al-exposed animals
when compared to that in control animals. This percent-
age was also high in animals exposed to 3.35 × 10−4

and 40 mg/kg in the corpus region (Table 3). Finally,
the cauda region did not show any changes on its mor-
phometry in Al-exposed animals (Table 3).

Discussion

Our results showed that oral administration of Al caused alter-
ations in testis and epididymis biometry and histomorphometry,
testosterone production, and sperm parameters, without alter-
ations on their histological features and sperm morphology.
These alterations were dependent upon the concentration
utilized.

The weight loss in the testis and epididymis has been de-
scribed in rats exposed orally to AlCl3 at a concentration of
34 mg/kg [16, 17] and 20 mg/kg [14] for 70 days, 100 mg/kg
for 3 days [33] or 60 days [34], and 128.36 and 256.72 mg/kg
for 120 days [35]. The maintenance of gonadosomatic index
after Al exposure indicated there was no alteration in the

Fig. 5 Light microscopy of the
testis and epididymis from control
and exposed rats to aluminum at
high concentrations (AlCl3; 10
and 40 mg/kg BW). Sections
from the testis showing the
tubular compartment composed
of seminiferous epithelium (Se)
and lumen (L), whereas
intertubular compartment (IC) is
composed of connective tissues
with different cell types and lym-
phatic space (*). Sections from
the initial segment, caput, corpus,
and cauda epididymal regions
showing the epithelium (E), lu-
men with sperm (L), and connec-
tive tissue (CT). Toluidine blue.
Scale bars = 20 μm
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testicular mass. It was confirmed by the absence of differences
between the control and Al-exposed animals for the volumet-
ric proportion of the tubular compartment. It is known that this
analysis reflects the efficiency of the testicular parenchyma in
producing spermatozoa [31]. Moreover, other stereological
parameters were not affected by Al exposure, such as length
of seminiferous tubules, epithelium height, tubular diameter,
and tubule somatic index. Thus, we can assume that the Al
concentrations tested did not negatively alter the spermatogen-
esis. Maybe other factors are involved with the reduction in
the testis and parenchyma weight, such as a reduction in the
germ cell count or germ cell volume.

Furthermore, we did not observe any alteration in the volu-
metric proportion and volume of the intertubular components
from the testes. However, Leydig cells presented lower nuclear
diameter and volume in theAl-exposed animals, with a reduction
in the cellular and cytoplasm volume in animals exposed to
10 mg/kg Al. Those alterations might be related to the low con-
centrations of serum testosterone [36]. In fact, we observed a
decrease in the serum testosterone levels of Al-exposed animals.
This reduction was also described in previous studies [14, 16, 17,
33, 37]. Guo et al. [38] reported that Al stimulates the activity of
the nitric oxide synthase in mice exposed to AlCl3 at 34 mg/kg/
IP, causing a subsequent increase of nitric oxide in the testis. It is
known that the nitric oxide might be a suppressor of testosterone
by controlling androgen synthesis [17, 20]. Moreover, Guo et al.
[38] also suggested that excessive nitric oxide compounds might
directly inhibit the main second messenger cAMP, which medi-
ates gonadotropin action in the conversion of cholesterol to preg-
nenolone. The cAMP inhibition reduces the transport of choles-
terol to the inner mitochondria membrane, where it is primarily
converted to pregnenolone, causing its accumulation in the
Leydig cell cytoplasm [38]. It might explain the high percentage
of cytoplasm in Leydig cells from animals exposed to 40 mg/kg
Al. In this way, Kumar and Singh [39] described an increase of
cholesterol levels in the testes of mice exposed to AlCl3 at
100 mg/kg for 30 days.

Nevertheless, the serum testosterone concentration did not
negatively influence the spermatogenesis and the testicular
histomorphometry. Moselhy et al. [16] and Kumar and Sigh
[39] reported mild degenerative changes in the seminiferous
epithelium with disorganization and focal areas of necrosed
germ cells, besides the sperm depletion in the lumen, and
hyperplasia and vacuolization of Leydig cells. Indeed, the
presence of testosterone in the tubular compartment is more
important for the maintenance of spermatogenesis than serum

�Fig. 6 Histological sections of the intertubular compartment in testes
from the control rats and under the effect of aluminum (AlCl3) at low
concentrations (6.7 × 10−5 and 3.35 × 10−4 mg/kg BW) and high
concentrations (10 and 40 mg/kg BW). Note the presence of Leydig
cells (arrow) arranged next to blood vessels (BV) showing round nucleus
with nucleoli, and large amounts of dark-staining peripheral heterochro-
matin. Toluidine blue. Scale bars = 10 μm

Aluminum and Reproductive Impairment 321



testosterone [40]. Moreover, the testosterone in seminiferous
tubules is 10–100 times higher than that in the serum [40],
probably due to its bounding to the androgen-binding protein
(ABP) produced by Sertoli cells [41, 42]. Therefore, we sug-
gest that Leydig cells produced less testosterone when ex-
posed to Al in the present study, but the maintenance of ade-
quate testosterone concentration in the seminiferous tubules
supported the sperm production.

On the other hand, the decrease in serum testosterone levels
may explain the low epididymis weight observed in the Al-
exposed animals. The epididymis is recognized as an
androgen-dependent organ [43], and three factors contribute
to its weight, the presence of fluid and sperm in the luminal
duct, as well as the action of testosterone on the epididymal
epithelial cells [40]. Overall, a reduction in the luminal fluid
and sperm concentration causes changes on the epididymis

Table 3 Morphometry and volumetric proportion of the epithelium in epididymal regions of Wistar rats exposed to different concentrations of
aluminum (n = 5 animals/group)

Control 6.7 × 10−5 mg/kg 3.35 × 10−4 mg/kg 10 mg/kg 40 mg/kg

Epithelium height (μm) Initial segment 33.46 ± 0.31 32.33 ± 1.08 34.67 ± 1.39 34.92 ± 1.08 34.77 ± 0.87

Caput 33.06 ± 0.47ª 30.93 ± 0.91ª 32.42 ± 0.96a 32.25 ± 0.46ª 36.75 ± 0.46b

Corpus 26.10 ± 0.85 28.00 ± 1.63 30.09 ± 0.88 27.10 ± 1.13 29.87 ± 1.30

Cauda 23.50 ± 0.50 23.58 ± 1.11 25.81 ± 1.00 24.39 ± 0.93 26.24 ± 1.13

Tubular diameter (μm) Initial segment 182.12 ± 4.81 186.59 ± 7.71 169.92 ± 2.40 175.71 ± 5.37 168.30 ± 4.65

Caput 335.01 ± 13.88ab 362.57 ± 4.18b 320.26 ± 10.12ab 339.95 ± 13.15ab 321.51 ± 6.64a

Corpus 316.94 ± 12.77 329.85 ± 13.07 312.04 ± 11.19 307.34 ± 7.75 303.09 ± 15.94

Cauda 330.47 ± 8.93 327.59 ± 13.20 326.68 ± 4.30 321.89 ± 9.49 326.85 ± 7.15

Luminal diameter (μm) Initial segment 120.13 ± 3.66ª 125.98 ± 6.90ª 104.65 ± 2.79b 112.67 ± 4.13ab 99.95 ± 2.17b

Caput 272.63 ± 12.00ab 301.93 ± 4.91a 256.91 ± 9.54b 281.89 ± 11.56ab 251.78 ± 6.51b

Corpus 261.941 ± 12.00 270.58 ± 9.08 251.28 ± 11.48 255.21 ± 8.96 243.79 ± 12.73

Cauda 282.54 ± 8.23 277.22 ± 16.40 273.30 ± 7.01 266.06 ± 7.46 273.45 ± 7.74

Lumen with sperm (%) Initial segment 23.84 ± 1.01a 23.25 ± 1.68a 17.98 ± 0.98b 19.44 ± 1.25b 18.58 ± 1.40b

Caput 50.17 ± 2.59a 46.86 ± 3.86ab 41.50 ± 2.33b 48.30 ± 1.04ab 42.26 ± 0.88b

Corpus 46.91 ± 3.01 47.60 ± 1.32 48.49 ± 2.96 47.25 ± 2.01 45.76 ± 2.21

Cauda 54.36 ± 1.43 52.97 ± 2.03 53.58 ± 2.23 49.39 ± 2.10 53.34 ± 1.02

Epithelium (%) Initial segment 36.48 ± 1.67 35.70 ± 1.52 39.70 ± 0.74 37.35 ± 1.36 41.75 ± 2.15

Caput 28.00 ± 0.95ª 29.34 ± 1.18b 33.06 ± 1.19c 28.58 ± 0.76b 33.31 ± 0.78c

Corpus 22.64 ± 0.37a 25.37 ± 1.09abc 27.21 ± 1.56bc 23.52 ± 1.00ab 28.61 ± 1.25c

Cauda 23.88 ± 0.83 24.17 ± 1.56 26.12 ± 1.10 28.01 ± 1.37 25.95 ± 1.41

Values are mean ± SEM. Different superscript letters (a, b) in the same row indicate significant differences between these measurements (p < 0.05).
ANOVAwith post hoc Student-Newman-Keuls test was used for all data

Table 2 Morphometry of Leydig cells in Wistar rats exposed to different concentrations of aluminum (n = 5 animals/group)

Control 6.7 × 10−5 mg/kg 3.35 × 10−4 mg/kg 10 mg/kg 40 mg/kg

Nuclear diameter (μm) 11.46 ± 0.34a 9.93 ± 0.27b 9.72 ± 0.39b 9.16 ± 0.22b 9.50 ± 0.54b

Nuclear percentage (%) 1.93 ± 0.17 2.02 ± 0.56 2.12 ± 0.34 2.44 ± 0.28 2.48 ± 0.40

Cytoplasm percentage (%) 3.45 ± 0.33a 4.04 ± 0.89ab 4.66 ± 0.45ab 4.52 ± 0.99ab 7.04 ± 1.09b

RNP (%) 55.98 ± 10.44 48.67 ± 8.01 47.97 ± 4.01 59.87 ± 8.30 35.28 ± 2.33

LSI (%) 0.009 ± 0.001 0.008 ± 0.001 0.011 ± 0.001 0.008 ± 0.001 0.013 ± 0.003

Nuclear volume (μm3) 796.76 ± 69.54a 516.21 ± 45.15b 488.83 ± 53.29b 405.07 ± 31.08b 466.25 ± 76.44b

Cytoplasmatic volume (μm3) 1477.82 ± 217.56a 1143.81 ± 131.63ab 1112.30 ± 1467.02ab 751.18 ± 156.32b 1303.99 ± 160.13ab

Cell volume (μm3) 2274.58 ± 267.37a 1660.03 ± 108.15ab 1601.13 ± 187.56ab 1156.25 ± 185.13b 1769.24 ± 231.08ab

Number of cells/testis (×106) 9.00 ± 1.22 11.15 ± 2.22 15.17 ± 2.39 15.11 ± 1.68 14.43 ± 2.67

Number of cell/g testis (×106) 4.36 ± 0.61 5.89 ± 1.12 8.38 ± 1.43 8.39 ± 0.84 8.19 ± 1.48

Values are mean ± SEM. Different superscript letters (a, b) in the same row indicate significant differences between these measurements (p < 0.05).
ANOVAwith post hoc Student-Newman-Keuls test was used for all data RNP relation between nucleus and cytoplasm, LSI Leydig somatic index
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histomorphometry [44]. In this way, we observed a reduction
in the luminal diameter and the percentage of lumen with
sperm in the epididymis of the animals exposed to 3.35 × 10−4

and 40 mg/kg Al, especially in the initial segment and caput
regions. In fact, most part of these alterations was present in
proximal regions of the epididymis, which are more sensitive
to variations on testosterone concentrations [45]. Moreover,
the increase in the epithelium height and percentage of the
epithelium observed in those Al-exposed animals might be
one more factor responsible for that reduction of the luminal
diameter.

In the present study, the morphometric analysis detected
differences among the groups in the epididymis tissue com-
ponents and Leydig cells that were not easily observed by
qualitative assessment under light microscopy. This fact high-
lights the importance and sensitivity of morphometric and
stereological analyses, which are able to detect non-evident
alterations in organ morphology that could trigger severe con-
sequences [46].

Moreover, the sperm morphology did not change after Al
exposure, and the percentage of motile sperm decreased
only in animals exposed to 40 mg/kg Al. Several studies
have reported low sperm motility and high percentage of
abnormal sperm morphologies in animals exposed orally
to Al chloride [14, 18, 33, 39]. The Al effects were attribut-
ed to the nitric oxide production that suppresses the testos-
terone production, the low fructose level in seminal plasma
that decreases the sperm metabolism and subsequently their
motility [18, 38], and the reactive oxygen species genera-
tion that causes lipid peroxidation and DNA damage [16]. In
this context, lipid peroxidation might be related to the mem-
brane damages that could explain the low values for struc-
tural integrity of sperm membranes observed in animals
exposed to 3.35 × 10−4, 10, and 40 mg/kg. Furthermore,
low levels of serum testosterone may also be involved in
our sperm findings, as it is required for the maintenance of
epididymal epithelium functions. Principal cells, the most
abundant cell type lining the epididymis, are particularly
sensitive to the presence of androgens and play an active
role in the formation of luminal fluid [44, 45, 47, 48].
Their proteins secreted in the intraluminal compartment
interact with spermatozoa, modifying its surface proteins
or other plasma membrane components, whereas others
are incorporated into the sperm subcellular domains
[49]. Thus, an inadequate protein production and secre-
tion by principal cell may alter the sperm maturation
[50], for example, reducing sperm viability by losses
of the functional and structural integrity of their mem-
branes as observed herein. It is known that the structur-
al integrity of sperm membranes is an important require-
ment for sperm capacitation, acrosome reaction, and
sperm-egg interaction, which are greatly related to the
sperm fertility [51].

Conclusion

Aluminum exposures at 6.7 × 10−5 and 3.35 × 10−4 mg/kg
were enough to cause a reduction in the serum testosterone
levels, and testis and epididymis weight as observed to high
concentrations. In addition, the concentration of
3.35 × 10−4 mg/kg was able to negatively influence the num-
ber of sperm with intact membranes as 10 and 40mg/kg of Al.
Moreover, exposure to Al for 112 days produced alterations in
Leydig cell stereology and epididymis histomorphometry de-
pending on its concentration. These findings suggest Al may
interfere negatively on the reproductive potential of exposed
male rats to low concentrations.
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