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Abstract

The present study evaluated the possible ameliorative efficacy of selenium nanoparticles (SeNPs) on AlCl3-induced hepatorenal
injury in rats. Animals were randomly divided into four groups (n = 6): group 1, the control; group 2, received SeNPs (0.4 mg/kg
b.wt) for 21 days; group 3, injected with three doses of AICI; intraperitoneally (30 mg/kg/body weight) every 5 days; group 4,
received SeNPs for 7 days prior to AICl; and then received SeNPs concurrently with AICI; for the following 14 days. It was
observed that AICl; increased the levels of AST, ALT, ALP, LDH, total bilirubin, creatinine, urea, uric acid, and MDA signif-
icantly; as well as the reduction in the levels of GSH, SOD, GPx stores in comparison with the control group. These biochemical
alterations were accompanied and confirmed by the lesion appeared in histological sections in addition to the increase in the
expression of caspase-3 and the decrease of the Bcl-2expression. Treatment with SeNPs ameliorates the hepatorenal dysfunction,
replenishes the endogenous antioxidant system, downregulates the expression of caspase-3, and upregulates the expression of
Bcl-2. This hepatorenal ameliorative role may be due to the ability of SeNPs to equilibrate the oxidant/antioxidant system besides

its ability to attenuate apoptosis process.
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Introduction

Aluminum is the third abundant metallic element on earth;
it constitutes about 8% of the total mineral components of
the earth’s crust. Recently, increased attention to the
biotoxicity of aluminum is considered due to its availabil-
ity (Al Eisa and Al Nahari 2016). Aluminum is used as
food additive, aluminum pots for cooking that deliberate
about 20% of it, drinking water with a concentration of
0.2 mg/L, water-purifying agent, can bottles, aluminum
foil paper, and in cosmetics as antiperspirant (AFSSAPS
2011). Therefore, human beings are highly susceptible to
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aluminum toxicity as it may accumulate in the liver and
kidney causing hepatorenal toxicity due to its high avail-
ability (Tahari et al. 2016). Also, aluminum may deregu-
late reactive oxygen species (ROS) and apoptosis via
stimulation of the pro-oxidant properties of iron and cop-
per resulting in mitochondrial dysfunction and subsequent
oxidative deterioration of macromolecules and releasing
of cytochrome C from the mitochondria (Al-Olayan
et al. 2015; Zahedi-Amiri et al. 2019). Therefore, neutral-
ization and scavenging of free radicals may consider a
candidate strategy to get rid of aluminum toxicity.
Selenium (Se) is a vital micronutrient that plays a critical
role in human health; it has an anti-carcinogenic, anti-
aging, antioxidant, and anti-muscular dystrophy role be-
sides its presence in oxido-reductase selenoenzymes
(Shalby et al. 2017; Dawood et al. 2019; Khurana et al.
2019). Sodium selenite is the most abundant form of se-
lenium supplement, but its toxicity limits its usage
(Urbankova et al. 2018). Further, elemental selenium in
the redox state of zero is not soluble and generally con-
sidered to be biologically inert (Bunglavan et al. 2014);
thereby, there is an urgent demand to improve selenium
efficacy and minimize its toxicity. Selenium nanoparticles

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-06417-y&domain=pdf
http://orcid.org/0000-0003-0661-8605
mailto:kareemsaid156@yahoo.com

32190

Environ Sci Pollut Res (2019) 26:32189-32197

(SeNPs), especially the red color form, have distinctive
biological activities than inorganic selenium compounds
and selenomethionine. It is more stable, soluble, and has
higher surface activity, subsequently has high bio-
catalytic and antioxidant activities in addition to its ability
to suppress toxicity (Al-Quraishy et al. 2015; Shalby et al.
2017; Urbankova et al. 2018). Despite the above-
mentioned characteristics of SeNPs, its effect on hepato-
toxicity, nephrotoxicity, apoptosis, and oxidative insult
induced by AICI; has not been investigated. Therefore,
the present investigation evaluates the potential ameliora-
tive role of SeNPs on AICl;-induced hepatorenal injury in
a rat model.

Materials and methods
Preparation of selenium nanoparticles (SeNPs)

Red SeNPs were prepared according to Bai et al. (2017) with
some modification. Briefly, sodium selenite (Na,SeO;) was
reduced with ascorbic acid. Briefly, sodium selenite (100
mM) and ascorbic acid (50 mM) were prepared. The ascorbic
acid was added drop-wisely to Na,SeO; under magnetic stir-
ring (1000 rpm) at room temperature to form light orange
color, then left to cool with stirring for 30 min. The obtained
solution containing SeNPs was lyophilized and stored at room
temperature (Zhang et al. 2004).

Characterization of selenium nanoparticles (SeNPs)

The crystal phase structure of prepared SeNPs was character-
ized using X-ray diffraction (XRD) with Cu-Ka radiation of
wavelength 1.54060 A in the range of 26° = 10-80. The size
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Fig. 1 XRD spectra of selenium nanoparticles (SeNPs)
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Fig. 2 TEM micrographs of selenium nanoparticles (SeNPs)

and morphology of the SeNPs were analyzed by high-
resolution transmission electron microscopy (HR-TEM) (A
JEOL-2100). TEM sample was prepared by diluting and dis-
persing the powder SeNPs with de-ionized water and a drop of
the suspension was applied onto carbon film on copper grids
(Figs. 1 and 2).

Animals

Twenty-four male albino rats (Rattus norvegicus) weighing
170 £ 20 g were obtained from breeding animal house pres-
ervation at King Khalid University, Saudi Arabia. Each 6 an-
imals were housed in one cage and fed ad libitum in a 12 h
light/12 h dark cycle at 23 + 2 °C room temperature. The
experimental protocols using the animals were conducted in
accordance with the regulatory laws regarding experimental
ethics of animal use and collecting permits, Institute of
Animal Care and Use Committee, King Khalid University,
KSA.

Experimental design and treatment

After 7 days of accommodation period, male rats were divided
into 4 groups each contains 6 rats as follows:

Group 1 (control group): rats fed normal diet and water
for 21 days.

Group 2 (SeNPs group): rats received 0.4 mg SeNPs/kg
b.wt, p.o for 21 days (Rezaei-Kelishadi et al. 2017).
Group 3 (aluminum chloride (AICl3) group): rats were
injected three doses of AICl; (30 mg/kg/body weight)
every 5 days intraperitoneally, followed by distilled water
to complete 21 days (Tahari et al. 2016).

Group 4: (AICl; + SeNPs group): rats received SeNPs for
7 days prior to AICl; and then received SeNPs concur-
rently with AICI; for another 14 days.
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Table 1 Effect of selenium nanoparticles (SeNPs) on aluminum chloride (AICl3)-induced hepatic toxicity in rats

Parameter groups AST ALT ALP LDH Bilirubin (mg/dl) Albumin (g/dl)
(U/ml) (U/ml) Ton un

Control 47.118 + 4.640° 6.867 £0.312% 110.406 + 18.658* 1586.620 + 35.777% 1.407 £0.035% 4.405 + 0.042%

SeNPs 88.715 +5.257° 16.221 +0.491*  221.121 + 13.020° 1399.085 +26.307* 1.505 + 0.059* 3.556 £0.213*

AlCl, 119.687 £5213°  28.635+4.336° 327252 +18261°  2176.205 + 284.720° 1.957 + 0.084° 4928 +0.340°

AICl; + SeNPs 69.756 + 7.032° 12.069 + 1.859* 192.417 +22.850° 1208.853 + 64.984" 1.472 +0.052% 3.971 + 0.439%

Each value represents mean of six rats + SEM. Similar superscript letters of the same column are not significantly different and dissimilar superscript
letters of the same column were significantly different (P < 0.05). AICI;, aluminum chloride; SeNPs, selenium nanoparticles

Sample collection

After 24 h of last dosing, rats were euthanized after fasting
state. The blood samples were collected and allowed to coag-
ulate at room temperature and centrifuged at 3000 rpm for 15
min. The obtained sera were stored at — 20 °C for hepatic and
renal function analyses. Further, the liver and kidneys were
immediately removed, placed in ice-cold isotonic saline, and
dissected into 2 parts. One part is fixed in neutral buffered
formalin for histological examination and immunohistochem-
istry, and the other part was minced into small pieces then
homogenized with 10% 0.1 M Tris-HCI buffer (pH 7.4) and
centrifuged, and the supernatant was separated and stored at —
80 °C for the estimation of oxidative/antioxidative markers.

Determination of liver and kidney functions

Liver and kidney function tests were determined in serum,
including aspartate aminotransferase (AST), alanine amino-
transferase (ALT) (Reitman and Frankel 1957), alkaline phos-
phatase (ALP) (Belfield and Goldberg 1971), albumin
(Doumas et al. 1971), lactate dehydrogenase (LDH) (Asha
and Radha 1985), total bilirubin (Walter and Gerade 1970);
creatinine (Bartels et al. 1972), urea (Fawcett and Scott 1960),
and uric acid (Barham and Trinder 1972). All parameters were
estimated spectroscopically as the manufacturer’s instruction
of Biodiagnostic, Spectrum and Diamond companies.

Table 2  Effect of selenium nanoparticles (SeNPs) on aluminum chlo-
ride (AICl3)-induced renal injury in rats

Parameter groups  Creatinine Urea Uric acid
(mg/dl) (g/dl) (mg/dl)

Control 0.460 +0.036"  4.532 £0.026* 2.890 + 0.042*

SeNPs 0.503 £0.017° 4.765+0.134* 3.617 +0.187>

AICl; 0.647 £0.016°  5.400 +0.051° 3.981 +0.142°

AICI; + SeNPs 0.440 +0.018*  4.898 £0.137% 3.296 +0.116%

Each value represents mean of six rats = SEM. Similar superscript letters
of the same column are not significantly different and dissimilar super-
script letters of the same column were significantly different (P < 0.05).
AICl;, aluminum chloride; SeNPs, selenium nanoparticles

Determination of oxidative/antioxidative markers

The oxidant/antioxidant status was evaluated in liver and kid-
ney tissue homogenates through determination of
malondialdehyde, MDA (Ohkawa et al. 1979); reduced gluta-
thione, GSH (Beutler et al. 1963); superoxide dismutase, SOD
(Nishikimi et al. 1972); and glutathione peroxidase, GPx
(Paglia and Valentine 1967).

Histological examination

Small pieces of the liver and kidneys from each animal in the
control and treated groups were fixed in neutral buffered for-
malin for 24 h. After routine processing, tissue blocks were
sectioned into 4-um slices, stained with hematoxylin and eo-
sin for histological examination with light microscopy.

Immunohistochemical analyses of apoptotic markers
in hepatic tissue

Immunohistochemical analyses for Bcl-2 and caspase-3 were
carried out according to conventional methods and compared
among the different experimental groups. Liver sections (4
pum) were deparaffinized and then boiled in declare to expose
antigen sites. Sections were incubated overnight at4 °C with a
1:200 dilution of each of anti-Bcl-2 and anti-caspase 3 anti-
bodies in phosphate-buffered saline (PBS). Following remov-
al of the primary antibodies and repetitive rinsing with PBS,
slides were incubated with a 1:500 dilution of biotinylated
secondary antibody. Bound antibodies were detected with
avidin-biotinylated peroxidase complex. After appropriate
washing in PBS, slides were counterstained with hematoxylin.
All sections were incubated under the same conditions with
the same concentration of antibodies and at the same time, so
the immunostaining was comparable among the different ex-
perimental groups.

Statistical data analysis

The SPSS for Windows, version 20.0 (SPSS Inc.,
Chicago, IL, USA), was used for the data analyses to

@ Springer



32192

Environ Sci Pollut Res (2019) 26:32189-32197

®mLiver ®Kidney ® Liver ®Kidney
350 1
300 - 2
g 250 A b a b
w200 { 2 = b
2150 1 ¢
£100 -
= 50 1
»
T 0 - T '
Control SeNPs AICI3  AICI3+SeNPs Control SeNPs AICI3  AICI3+SeNPs
= Liver ®Kidney ® Liver ®Kidney
14000 ; a . 35017 a a
~12000 2300 a
) g a a
310000 2250 a a
© 8000 - ab 5200 -
é 6000 - b E 150 - 5
2 4000 > a :lOO T
% 2000 - ‘ . b S 50 -
0 - T T T 0 - T
Control SeNPs AlCI3 AlCI3~- Control SeNPs AlICI3 AICI3+SeNPs
SeNPs
Groups Groups

Fig. 3 Effect of selenium nanoparticles on aluminum chloride-induced
hepatic and renal oxidative insult in rats. Each value represents mean of
six rats = SEM. Similar letters of the same column are not significantly

compare between different groups and assess the efficacy
of CP against AICIl; hepatorenal toxicity. Statistical anal-
yses were performed by analysis of means between all
groups using one-way ANOVA followed by Tukey post
hoc test. Results were expressed as mean = SEM and
dissimilar superscript letters of the same column of tables
or even histograms symbolize a significant difference at P
< 0.05.

Results
Characterization of selenium nanoparticles (SeNPs)

The XRD pattern of the prepared SeNPs matches very
well with that of the standard selenium powder
confirming the formation of selenium nanoparticles. The
present data has few sharp peaks at 20° = 23, 29, 41, and
43. The well-seen peaks could be assigned to the crystal-
line planes 100, 101, 110, and 102, the trigonal phase of
selenium nanoparticles. The lattice constants were a =
4.363 A and ¢ = 4.952 A which were in agreement with
the literature value (JCPDS File No. 06-0362). Further,
the TEM image indicates that the SeNPs were in
nanoscales.
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different and dissimilar letters of the same column were significantly
different (P < 0.05). AICl;, aluminum chloride; SeNPs, selenium
nanoparticles

Selenium nanoparticles alleviate aluminum chloride
hepatic toxicity

As shown in Table 1, it was observed that AICl; induced
significant increases (P < 0.05) in the levels of AST, ALT,
ALP, LDH, and bilirubin and non-significant change in albu-
min concentration in comparison with the data obtained for
the control group. However, it was observed that AICI; rats
treated with SeNPs showed significant hepatic markers mod-
ulation (P < 0.05) in contrast to the untreated AICl; group.
Notably, there were significant changes (P < 0.05) between
SeNPs and the control groups regarding AST and ALP only.

Selenium nanoparticles attenuate aluminum chloride
renal toxicity

No marked change in the values of the creatinine and urea
levels between the SeNPs and control rat groups (Table 2).
On the other hand, creatinine, urea, and uric acid concen-
trations increased significantly (P < 0.05) in the AlCI;-
injected group compared with the control group.
However, the AICl; group treated with SeNPs exhibited
an ameliorative effect by significant decrease (P < 0.05)
in the levels of creatinine, urea, and uric acid in compari-
son with the untreated AICl; group.
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Fig. 4 Photomicrographs of the liver tissue of the four rat groups stained
by hematoxylin and eosin. (A) The control group showed normal hepatic
architecture; (B) the selenium nanoparticle group (SeNPs) showed nor-
mal appearance of liver tissue; (C) the aluminum chloride group (AICl;)
showed degenerated hepatocytes (DH), necroticarea (*); (D) the

Selenium nanoparticles inhibit oxidative damage
of aluminum chloride

It was observed that AICl; evoked hepatic and renal oxidative
insult in the experimental rat groups. This was evidenced by a
significant elevation (P < 0.05) in the MDA content accom-
panied by a significant reduction (P < 0.05) in the contents of
GSH, SOD, and GPx compared with the control group.
Conversely, a significant reduction (P < 0.05) was recorded
in the MDA level in addition to a significant elevation (P <
0.05) in GSH and SOD contents in hepatic and renal tissue
homogenates of the AICl; + SeNPs group in comparison with
the AlClz-injected group. Also, treatment of AICl; with
SeNPs showed the ability of SeNPs to increase hepatic and
renal GPx, which was significant (P < 0.05) only in liver tissue
when compared with AlCls-injected rats (Fig. 3).

Histological and immunohistochemistry observations

In the present study, it was observed that control as well as
SeNPs-injected rats showed normal appearance of liver tissue
(Fig. 4A and B). While, AICl;-injected rats showed a marked
loss in the hepatocytes cord missed its normal arrangement,
degenerated hepatocytes and severe necrosis (Fig. 4C). The

aluminum chloride-selenium nanoparticle treated group (AICl; +
SeNPs) displayed more or less restoration of liver tissue to normal archi-
tecture. DH, degenerated hepatocyte; H, hepatocytes; K, Kupffer cell; S,
sinusoids. x 40

following SeNPs treatment showed more or less restoration of
these alterations to normal liver tissue (Fig. 4D).
Immunostaining showed that the control and SeNPs rat
groups expressed normal staining of caspase-3 and Bcl-2
(Fig. 5A and B). Conversely, AICIl;3 showed enhancement of
apoptosis as it overexpress caspase-3 apoptotic protein and
low expression of Bcl-2 (Fig. 5C). Also, SeNPs treatment
ameliorated the AlCl;-induced hepatotoxicity manifested by
downregulation of caspase-3 staining with upregulation of
anti-apoptotic Bcl-2 (Fig. SD).

Regarding renal tissue, histological sections of the control
and CP rat groups showed normal architecture (Fig. 6A and
B). The kidney section of the AICl;-intoxicated group showed
degeneration and tubular necrosis (Fig. 6C), while AICl;-
injected rats and treated with SeNPs showed improvement to
their renal architectures (Fig. 6D).

Discussion

Nowadays, the excessive exposure to aluminum increases
the risk on humans affecting various tissues (Klotz et al.
2017). Selenium is a powerful antioxidant; however, it
may be toxic after severe accumulation (Horky 2014;
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Fig. 5 Immunohistochemistry staining of liver of different groups
showing Caspase-3 and Bcl-2 expression. (A) The control group showed
no apoptosis; (B) the selenium nanoparticle group (SeNPs) showed nor-
mal staining of liver tissue; (C) the aluminum chloride group (AICl;)

Fernandez-Llamosas et al. 2016); thus, there is an urgent
demand to develop another form of selenium to diminish
its elemental toxicity. Thus, the current study was con-
ducted to evaluate the possible ameliorative effect of

@ Springer

showed severe apoptosis indicated by more caspase-3 positive hepatocyte
and few Bcl2-positive hepatocytes; (D) the aluminum chloride-selenium
nanoparticle treated group (AICl; + SeNPs) displayed very less caspase-3
positive hepatocyte and high number of BCI-2 positive cells. x40

selenium nanoparticles (SeNPs) against AlCl;-induced
hepatorenal toxicity.

The present study revealed that injection of AICI; modifies
the following hepatic markers: AST, ALT, ALP, LDH,
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Fig. 6 Photomicrographs of hematoxylin and eosin staining kidneys of
all studied groups. (A) The control group showed normal renal tissue
architecture; (B) the selenium nanoparticle group (SeNPs) showed nor-
mal renal tissue appearance with normal Bowman’s capsule and renal
tubules; (C) the aluminum chloride group (AICl;) showed degenerated

bilirubin, albumin markedly, relative to values obtained from
control rats; this coincide with the studies of Ige et al. (2017)
and Adedosu et al. (2018). The increased levels of AST, ALT,
and ALP in serum may be attributed to the release of these
enzymes from the liver to the bloodstream, where ALP in-
crease in blood as a result of hepatic degeneration which is
confirmed by histological and immunohistochemical staining
(Al Eisa and Al Nahari 2016; Ahmed and Hamaad 2018). The
exposure of rats to AICl; provokes nephrotoxicity which may
be due to the increased levels of creatinine and urea in serum
which reflect glomerular/tubular damage confirmed by the
histological examination and kidney abnormalities in agree-
ment with Yakubu and Musa (2012); Vijayaprakash et al.
(2013).

According to Zahedi-Amiri et al. (2019), aluminum in the
body produces free radicals and increases the hepatooxidative
status through its ability to uptake the iron; thus, oxidative
stress may contribute the AlCl; toxicity. It affects the perme-
ability of cell membranes resulting in cellular disintegration
producing the peroxidation of lipids in the intracellular mem-
branes (Taus et al. 2013). This interpreted the increasing MDA
contents in liver and kidney tissues and also emphasizes the
releasing of aminotransferases from damaged hepatocytes.
Further, the present study recorded a decrease of antioxidant
molecules (GSH, SOD, GPx) in hepatic and renal tissue. The
reduced SOD may be attributed to the interaction of aluminum

renal tissue, inflammatory infiltration, and necrotic tubules (*); (D) alu-
minum chloride-selenium nanoparticle treated group (AICl; + SeNPs)
displayed more or less normal feature of renal tissue. BC, Bowman’s
capsule; G, glomerulus. x 40

with superoxide radical anion forming aluminum superoxide
semi-reduced radical ions (Exley 2004). Actually, SOD repre-
sents the first defense against superoxide anions as it converts
the superoxide anion into hydrogen peroxide which is then
converted to water by CAT and GPx at the expense of GSH.
Therefore, the increased MDA may be interpreted herein by
an inhibition of SOD, GSH, and GPx activities.

Interestingly, the present results showed that treatment of
AlCl;-injected rats with selenium nanoparticles (SeNPs) sig-
nificantly ameliorates liver and kidney function markers and
decreased hepatic and renal MDA contents as well as in-
creased all antioxidative parameters compared with the
AlCls-injected rats. These findings are in parallel with
Shalby et al. (2017) and Urbankova et al. (2018). These find-
ings support that SeNPs were considered a promising agent
that can protect against the adverse effects of AICI;.
Increasing values of AST and ALP observed in the selenium
nanoparticle (SeNPs) group may be due to sodium selenite,
the source of prepared SeNPs, that has toxic effect at the
cellular level; also Kumar et al. (2018) suggested that seleni-
um and nanoselenium causing some deleterious at acute ex-
posure histologically. However, SeNPs administrated to
aluminum-injected rats were found to significantly replenish
antioxidant biomarkers near to normal values. Actually, glu-
tathione peroxidase is a Se-dependent enzyme; thereby, sup-
plementation with SeNPs may enhance the enzyme and raise
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its content and subsequently reverse oxidative damage to
hepatic and renal tissues. The current study assumed that
SeNPs may have the ability to maintain structural integrity
of the liver which prevent continuous lipid peroxidation and
hence prevent the leakage of hepatic enzymes. This
assumption is in harmony with Shalby et al. (2017) who re-
vealed that SeNPs have superior effect than selenium to stim-
ulate the antioxidant molecules. SeNPs may acquire its pow-
erful antioxidant property from its smaller size and large sur-
face area that facilitate the exposure of more atoms to free
radicals for the electron exchange; thereby, SeNPs have potent
scavenging activity to multiple free radicals (Shalby et al.
2017). Further, this assumption ascribed by the ability of
SeNPs to increase the level of Bcl-2 (anti-apoptotic protein)
and inhibit caspase-3 activity (apoptotic enzyme) was ob-
served in the hepatic tissue of the AICI;-SeNPs rat group.
This may interpret the decreasing level of serum transami-
nases in AlCl;-SeNPs-treated rats, as Bcl-2 counteracts lipid
peroxidation and hence reserves hepatocyte membrane.
Finally, the present study supposed that SeNPs may modulate
superoxide anion, hydrogen peroxide, Bel-2, and caspase-3
and this may be the possible mechanism of its hepatorenal
protective role.

Conclusion

The present study revealed that selenium nanoparticles
(SeNPs) represent a promising candidate agent to AlCl;
hepatorenal toxicity via its membrane-stabilizing property.
This was exhibited by biochemical, histological, and
immunohistological examination. The signaling pathway of
hepatorenal ameliorative effect of SeNPs may be related to
its ability to downregulates MDA and other ROS which can
suppress cytochrome C and subsequently caspase-3 along
with the upregulation of GSH, SOD, GPx, and Bcl-2.
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