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Abstract

Several studies indicate aluminum (Al) as a potent toxicant, mainly related to central nervous system disorders. However,
investigations about the Al effects over salivary glands are still scarce. In this way, the present study aimed to investigate
whether the Al chloride (AICIy) is able of triggering oxidative stress in parotid and submandibular glands of mice and also,
if any morphological impairment is observed. For this, twenty mice were divided into two groups: Exposed group (EG),
which received 18.5 mg/kg of AICl; by intragastric gavage for 60 days and control group (CG), which received distilled
water by intragastric gavage during the same period of time. After that, levels of reduced glutathione (GSH) and malo-
naldehyde (MDA) were analyzed and we performed morphological analyses by evaluating the area of parenchyma,
stroma, acini, and ducts in both glands. Statistical analyses were performed by Student’s ¢ test and two-way ANOVA,
adopting p < 0.05. No abnormal body weight was observed and data indicates that although both major salivary glands are
susceptible to Al-induced oxidative stress, by increasing MDA and reducing GSH, only submandibular glands decreased
the parenchyma and increased stroma area. Moreover, the submandibular glands showed smaller total area of acini and
higher total area of ducts, in comparison with the control group. Notably, AICl; induces oxidative stress in both glands,
however, submandibular glands showed to be more susceptible to Al effects than parotid glands. Our study gives evi-
dences about Al toxicity in parotid and submandibular glands and claims for new investigations to understand more
mechanisms of Al-induced toxicity.
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Introduction its widespread environmental presence. Acid rain can also

result in a source of exposure due to solubilization of clay-

The most abundant metallic element found in Earth’s crustis ~ derived Al particles. Thus, higher amounts of Al may be pres-

aluminum (Al) [1]. Exposure to Al is almost inevitable due to  ent in rivers and lakes, consequently related to drinking water
acquisition [2].

Physical properties like electrical conductivity, corrosion re-
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material, which is available to authorized users. many consumer products and industrial applications, such as

water-treatment products [3, 4]. Moreover, some Al compounds
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Specifically, about oral cavity structures, morphological
changes were also observed in salivary glands after Al chronic
exposure in rats [11]. But in this study, the Al citrate that was
used as a vehicle for the metal increased the absorption of this
element from the gastrointestinal tract by a paracellular energy
independent route [12, 13]. Thus, this experimental model
was not representative of an environmental exposure and also
the dose used was higher than recommended as safe by health
agencies [14].

Salivary glands are important structures that produce and
secrete an essential fluid to the stomatognathic system homeo-
stasis, the saliva [15]. Saliva plays several roles as lubricant,
immune, digestive, buffering, and other functions [16].
Saliva’s composition and flow rate are important factors to
the effective activity of those structures and damage to the
glandular morphology is associated with impairment of those
factors [17]. Thus, changes in salivary glands can compromise
oral cavity homeostasis.

In this perspective, we aimed to evaluate the effects of Al
chloride exposure on the salivary glands of mice at doses
proportional to those considered as a dietary consumption
for humans and proportional to surface area. Dose values were
about 6.16 mg/kg/day in accordance with the Agency for
Toxic Substances and Disease Registry (ATSDR) (factor 3
for extrapolation from human to animal) [4, 18, 19]. Our hy-
pothesis is that the experimental model of low-dose and long-
term exposure of Al is able to promote oxidative imbalance
and morphometric changes in salivary glands.

Material and Methods
Animals

Twenty male Swiss albino mice (Mus musculus, 21 days old)
were provided by the Federal University of Pard Animal
Facility. The animals were kept in cages (30 cm % 20 cm x
13 c¢m), 5 animals each. The animals received water and bal-
anced food (Presence, Neovia, Brazil—pelleted diet ingredi-
ents on Supplementary Table 1) ad libitum and were housed
under standard conditions (25 °C and 12-h dark/light cycle).
All experiments were carried out in compliance with the
guidelines provided by the Ethics Committee on
Experimental Animals of Federal University of Para that ap-
proved and authorized this project (CEUA-UFPA N
9037190417).

Experimental Groups and Exposure to Aluminum
The animals were divided into control group and intoxicated
group using a simple randomization, each one with 10 ani-

mals. The intoxicated group received Al chloride (AICI;)
(18.5 mg/kg) with distilled water as vehicle by intragastric
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gavage for 60 days. The Al dose was calculated according to
a formula used for dose conversion based on the body surface
area [18, 19]. In the control group, only distilled water was
administered following the same protocol. The animals were
weighted weekly and dose adjustment was made if necessary.

Oxidative Biochemistry Assays

To evaluate antioxidant system activity, reduced glutathione
(GSH) levels were the chosen parameter. GSH is considered
one of the most important agents in the cell’s antioxidant de-
fense system because it protects it from injury resulting from
exposure to offending agents.

One of the main mechanisms of injury is lipid peroxidation
(LPO), which is the oxidation of the lipid layer of the cell
membrane. Malondialdehyde (MDA) is one of the
bioproducts of LPO. In this study, MDA was chosen as a
pro-oxidant parameter.

After the exposure period, 5 animals of each group were
euthanized and salivary glands (submandibular and parotid)
were surgically removed, washed in physiological saline so-
lution, frozen with liquid nitrogen, stored at —80 °C, and
then submitted to oxidative biochemistry assays. The samples
were thawed and resuspended in 20 mM Tris-HCl,, pH 7.4, at
4 °C by sonic disaggregation (approximate concentration of
1 g/mL).

Determination of the GSH levels was based on the ability
of GSH to reduce 5,5-dithiobis-2-nitrobenzoic acid (DTNB)
to nitrobenzoic acid (TNB), which was quantified by spectro-
photometry at 412 nm. The methodology described by Ellman
[20] was adapted for this determination. Initially, an aliquot
(20 pL) from supernatant obtained from the homogenate sam-
ples of glandular tissue was added in a tube containing dis-
tilled water (20 puL) and PBS solution pH 8.0 (3 mL) to carry
out the first measurement. Afterwards, DTNB (100 nuL) was
added to the solution, and another measurement was carried
out after 3 min. The GSH concentration was expressed as pg/
mL.

The level of LPO was established by measurement of mal-
onaldehyde (MDA) levels based on the method proposed by
Esterbauer and Cheeseman [21]. Lysates were centrifuged at
3512g for 10 min at 4 °C. One hundred microliters of standard
solutions of MDA or supernatant was added to 325 uL of
10.3 mM N-methyl-2-phenylindole diluted in methanol (1:3)
and 75 pL of methanesulfonic acid. This mixture was heated
at 45 °C for 40 min, with subsequent spectrophotometric read-
ing (A=570 nm). Also, we performed protein content deter-
mination in samples by Bradford’s method [22] in order to
normalize the results of MDA levels. Then, the results were
expressed as MDA nmol/mg of protein.

For the graphical representation, the results were expressed
as percentages of the GSH and of the MDA concentrations of
the control groups.



Aluminum-Induced Toxicity in Salivary Glands of Mice After Long-term Exposure: Insights into the Redox... 577

Morphometric Analyses

The other 10 animals were submitted to perfusion. Briefly,
the animals were deeply anesthetized though intraperitoneal
injection of ketamine hydrochloride (90 mg/kg) and
xylazine hydrochloride (9 mg/kg). They were transcardially
perfused with saline heparinized solution (NaCl 0.9%)
followed by 4% paraformaldehyde. The salivary glands
were removed and conducted to histological procedures.
For this analysis, we evaluated the area of the tissues and
their structures.

Submandibular and parotid glands were collected and post-
fixed in 4% formaldehyde until processing. The glands were
dehydrated in increasing solutions of ethanol (70%, 80%,
90%, absolute 1, absolute 2), diaphanized in xylol, and em-
bedded in Paraplast. Sections of 5 um thickness were obtained
using a microtome. These sections were stained with hema-
toxylin and eosin.

To perform morphometric analyses, images were taken
from a color digital camera (Cyber Shot DSC W-230, x 4
optical zoom, Sony, Tokyo, Japan) coupled to a micro-
scope (x 1.5, Eclipse E200, Nikon, Tokyo, Japan; x40
magnification) of 5 random sagittal cuts of the glands,
reducing 5 fields of each cut. The parameters of
tissue morphology evaluated and expressed in pm® were
total acinar area, total duct area, total parenchyma area,
and total stroma area [22]. The values were obtained
using a digital image analyzer, Image]J software (NIMH,
NIH, Bethesda, MD, USA, http://rsbweb.nih.gov/ij/). For
the graphical representation, the results were expressed as
percentages of the control group. All experimental steps
are summarized in Fig. 1.
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~ | Group (n=10)
Male Albino /
: Control Group
= (n=10)

Mices Mus  ——COr
Musculus [y /~
AN
( Aoy
3 n=20

21 days

- Oxidative Biochemistry analysis
Right parotid and submandibular glands

n=05
per group

H,0, or AICLs (18.5 mg/kg) for 60 days

Statistical Analyses

The values obtained from the biochemistry assays and
histomorphometry were plotted on GraphPad Prism 5.0 soft-
ware (San Diego, CA, USA). Although the structures ana-
lyzed are two salivary glands, they are considered as different
organs, therefore, the results were evaluated individually, for
each gland, being compared only the groups exposed to AlCl;
and control. The normality of each group was evaluated by the
Shapiro-Wilk method and then morphometric variables and
oxidative stress parameters were analyzed by Student’s 7 test
with significance level of p < 0.05. The results were expressed
in percentage of control, mean, and standard error. For statis-
tical comparison of body weight gains between control and
intoxicated groups, two-way analysis of variance (ANOVA)
with repeated measures was used, considering p < 0.05. The
test power was calculated using the difference between the
groups’ averages with the OpenEpi software (Version 2.3.1),
considering the type I error of 5% and a power of 0.8000 (for
all values, see supplementary material 2).

Results

The Long-term Exposure to AICl; Does Not Affect
the Body Weight of Mice

Systemic administration of AICl; for 60 days did not affect the
gain or loss of body weight of mice. Furthermore, there was a
natural gain in body mass due to animal growth (p > 0.05), as
observed in Fig. 2.
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81 days

1 Morphometric analyses
= Left parotid and submandibular glands
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n=05 SE5F. Ducts (pm?)

per group

Fig. 1 Schematic representation of the experimental design used in this study. In (1), description of experimental groups, dose establishment and samples
collection. In (2), oxidative biochemistry assays and in (3), morphometric analyses
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Fig. 2 Effects of AICl; exposure (18.5 mg/kg/day) during 60 days on
body weight (g) of mice. Results are expressed as mean + standard error
of the mean. Two-way ANOVA and Tukey’s post hoc test, p > 005

AICI; Chronic Exposure Impairs the Oxidative
Biochemistry

Our data showed that AICI; promotes changes in oxidative
parameters related to GSH. We observed a decrease in GSH
levels in submandibular about 26.09% (+7.402, p =0.0077)
and in parotid about 14.85% (+4.376, p =0.0134), when com-
pared with the control group (Fig. 3).

Animals exposed to AICl; increased lipid peroxidation by
higher levels of MDA in their salivary glands (Fig. 4). When
compared with the control group, both glands presented
higher levels of MDA: submandibular increased about
38.20% (+10.21, p=0.0158) and parotid, 51.20% (+11.68,
p=0.0031).

AICI; May Impair Salivary Glands Structures,
Especially the Submandibular Glands

The results of the morphometric evaluation showed that the
exposure to AlCl; was able to modify the submandibular tis-
sue with decreased parenchyma (64.76 £6.816, p=0.0011)
and increased stroma (303.5+51.81, p =0.0046) when com-
pared with the control group, as shown in Fig. 5Sa—c. However,
no statistically differences in the parenchyma and in the stro-
ma were observed in the parotid glands compared with the
control group (Fig. 5d-f).

We also observed that the AICI; exposure changed the area
of the submandibular gland structures. When compared with

the control group, the salivary glands exposed to AlCl;
showed a decrease in the total area of acini (61.1 £8.522,
p=0.0339) and an increase in the total area of ducts (325.5
+29.83, p<0.0001) (Fig. 6a). In the parotid glands, these
differences were not observed (Fig. 6b).

The results were submitted to evaluation of power test re-
garding comparison between the control and aluminum group
(¢ test, two independent means). The values of the compari-
sons with statistical differences were between 0.8625 and
1.000.

Discussion

In this study, we showed for the first time that low-dose and
long-term systemic exposure to AICl; is capable of promoting
oxidative stress in mice salivary glands, in which the subman-
dibular gland is more susceptible to this biochemical imbal-
ance, resulting in damage to the epithelial structure.

Saliva is a product of three pairs of major salivary glands
(parotid, submandibular, and sublingual) and numerous minor
salivary glands distribute in the submucosa under most soft
tissues in the mouth [23]. For the present investigation, we
have chosen to study submandibular and parotid gland be-
cause they are the two largest glands in mice and together they
produce more than a half of the saliva present in the mouth
cavity [24]. The sublingual gland was excluded from this in-
vestigation, because in mice its dimensions are very small and
fused in submandibular gland [25], making it difficult to re-
move it exclusively, without including other tissue, which
could interfere with the biochemical analysis. Besides that,
its contribution to saliva’s production is smaller [24].

The dose used in this investigation was a human dose ad-
justed to rodents following the methods proposed by Reagan-
Shaw [19], using an allometric scale, which considers the
differences between the species. This adjustment allows a rep-
resentative adaptation of the human’s dose to a rodent equiv-
alent considering their different metabolisms, excretion mech-
anisms, weights, and body surface areas [26].

Al in humans is absorbed and accumulated through the
gastrointestinal system by inhalation of particles. Its ab-
sorption happens via the gastrointestinal tract and through

Fig. 3 Effects of AICI; exposure a Submandibular Gland b Parotid Gland
(18.5 mg/kg/day) during 60 days 150+ 1504
on reduced glutathione (GSH)
levels in the submandibular (a) = = *
and parotid (b) glands. Results are < £ 1004 * g £ 100+
£ £ T £z ——
expressed as mean + standard er- S £ S g
ror of mean. Student’s ¢ test, (:5 a; % =
p<0.05 S 504 O 501
0- T 0- T
Control AICI3 Control AICIB
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Fig. 4 Effects of AICl; exposure a Submandibular Gland b Parotid Gland
(18.5 mg/kg/day) during 60 days 200+ 200+
on levels malondialdehyde
(MDA) in submandibular (a) and 150 * — 1504
parotid (b) glands. Results are s ® ]
expressed as mean =+ standard er- £ = s e
ror of mean. Student’s ¢ test, : E 100+ : E 100
p<0.05 E S g °

< 50 < 504

0- 0-
Control AICI3 Control AlICI3

connections between the blood components, it can circu-
late the plasma in different organs. From that, Al can trig-
ger oxidative stress and inflammatory events resulting in
tissue damages [27].

The exact mechanism of Al toxicity is not fully understood,
but recent studies [27, 28] suggested that Al exhibits pro-

Fig. 5 Effects of AICl; exposure
(18.5 mg/kg/day) during 60 days
on morphometric parameters of
submandibular and parotid
glands. Photomicrographs
showing the submandibular
glands of the control group (a)
and the exposed group (b) and the
parotid glands of the control
group (d) and the exposed group
(e) stained with hematoxylin and
eosin. Area (um?) of parenchyma
and stroma in the submandibular
(c) and parotid glands (f). Results
are expressed as mean + standard
error of mean. Student’s ¢ test,
p<0.05. Scale bar 40 um

oxidant activity because it binds to pro-oxidants metals such
as iron (Fe), modulating the ability to generate oxidative
events. According to this hypothesis, Al participates in the
Fenton reaction, which is a catalytic process triggered in the
peroxide hydrogen presence forming reactive oxygen species
[28].

c f
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In the present study, we show that oral exposure to AlCl;3
was able to trigger biochemical imbalance in both salivary
glands studied. We showed that the dose and the exposure
time were able to reduce the endogen antioxidant response,
by the reduced GSH levels, as well as trigger LPO by increas-
ing MDA concentration.

GSH acts as a cysteine carrier and reservoir and participates
in the detoxification of chemical agents and the elimination of
lipoperoxidation products. Also, it is required for the synthesis
of DNA, proteins, and some prostaglandins. GSH has a reduc-
ing capacity determined by the SH group present in cysteine
[29]. The MDA is one of the secondary products of lipid
peroxidation (LPO) and is considered a potential candidate
as a general biomarker of tissue oxidative stress [30].

In a previous study from our group [11], we showed that
oral exposure to Al citrate was able to increase the levels of Al
in the glandular parenchyma. Although in our current investi-
gation we did not measure Al levels in glandular tissue, we
believe that the diagnosed oxidative alterations could be an
important validation of this metal’s absorption by the exposed
animals.

Moreover, in the same study mentioned above [11], we
showed that Al was able to trigger damages to intracellular
components of acinar and myoepithelial cells; however, we
could not show whether this would impact the histological and
morphometric structure of these glands. In the present inves-
tigation, we showed that exposure to AlCIl; changed the
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proportion between parenchyma and stroma in submandibular
glands, suggesting a loss of the epithelial component and the
formation of a reparative conjunctive tissue.

This probable explanation is based in fact that, in addition
to the finding of a reduced submandibular parenchyma in
exposed animals, we also found a decrease in the acinar com-
ponent, which is the cellular component responsible for sali-
vary production and a considerable increase in tubular com-
ponent. Among duct-type structures, granular and intercalated
ducts have been reported to overpass possible injuries through
stem-cells activity within these structures [31, 32]. Thus, aci-
nar damages related to AICI; toxicity may be reduced through
intercalated and granular repair mechanisms.

We did not detect morphometric changes in parotid glands.
Importantly, although both are salivary glands, structures pre-
dominantly composed of acinar cells, and a complex ductal
system associated with contractile myoepithelial cells, which
helps the salivary secretion into the ducts [33], the salivary
glands are independent organs, with different cellular organi-
zation [34], biochemical and tissue structure [35, 36], and
proteomic profile [37], which could explain the different tis-
sue response.

Submandibular glands are composed of mixed acini with
mucous and serous components and it is mainly responsible
for secreting a viscous saliva composed of glycoproteins and
epidermal growth factors, promoting lubrication and protec-
tion of the oral mucosa. The parotid glands contain mostly
serous acini and make mostly serous fluid rich of water and
ions [16, 36, 38].

Other previous studies that used different experimental
models, but also included the evaluation of oxidative stress
and histological parameters, demonstrate this lower suscepti-
bility or probable cytoprotection of the parotid glands in rats
exposed to methylmercury [39, 40] and inorganic mercury
[37, 41], in which the exposed animals although presented
higher levels of total mercury in the parotid glands, did not
present changes in parenchyma and stroma proportions, nei-
ther in the acinar nor ductal organization [40, 41].

Under the experimental conditions of this study, the data
demonstrate that chronic exposure to AlCl;, even at low
doses, impairs the oxidative biochemistry as well as promotes
morphological changes in salivary glands of mice. Further
investigations including other tissue parameters are necessary
in order to elucidate whether these changes could affect im-
portant functions of these salivary glands, especially about
flow and quality of saliva, repercussion on the maintenance
of oral homeostasis, and digestive-immune response.
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