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Abstract: The aim of the present study was to investigate the interaction of zinc chloride
(3 mg/kg, intraperitoneally [ip]) in rat liver in terms of the biosynthesis of nanoparticles. Zinc
treatment increased zinc content in rat liver. Analysis of fluorescence revealed the presence of
red fluorescence in the liver following zinc treatment. Interestingly, the co-exposure to zinc
(3 mg/kg, ip) and selenium (0.20 mg/L, per os [by mouth]) led to a higher intensity of red fluo-
rescence compared to zinc-treated rats. In addition, X-ray diffraction measurements carried out
on liver fractions of zinc-treated rats point to the biosynthesis of zinc sulfide and/or selenide
nanocomplexes at nearly 51.60 nm in size. Moreover, co-exposure led to nanocomplexes of
about 72.60 nm in size. The interaction of zinc with other mineral elements (S, Se) generates
several nanocomplexes, such as ZnS and/or ZnSe. The nanocomplex ZnX could interact directly
with enzyme activity or indirectly by the disruption of mineral elements’ bioavailability in cells.
Subacute zinc or selenium treatment decreased malondialdehyde levels, indicating a drop in
lipid peroxidation. In addition, antioxidant enzyme assays showed that treatment with zinc or
co-treatment with zinc and selenium increased the activities of glutathione peroxidase, catalase,
and superoxide dismutase. Consequently, zinc complexation with sulfur and/or selenium at
nanoscale level could enhance antioxidative responses, which is correlated to the ratio of number
of ZnX nanoparticles (X=sulfur or X=selenium) to malondialdehyde level in rat liver.
Keywords: nanocomplexes biosynthesis, antioxidative responses, X-ray diffraction,
fluorescence microscopy, liver

Introduction

Zinc (Zn) is a ubiquitous and essential trace element in biological systems. The Zn ion
is a catalytic component of many enzymes and plays a structural role in a large number
of proteins and transcription factors, controlling cell proliferation, differentiation, and
both apoptotic and necrotic cell death.!* The liver plays a key role in Zn homeostasis,
regulating the incorporation of Zn ions in a large variety of enzymes which play a
central function in the metabolism of the human body.* Zn plays an important role in
the induction of metallothionein (MT) biosynthesis in the liver and kidneys.’ The MTs,
a family of low molecular weight and cysteine-rich proteins (20 cysteine residues of
a total of 61-68 amino acids), are the most abundant Zn storage proteins.® The func-
tion of Zn in protecting biological structures from free radical damage may be due to
several factors: first, by maintaining an adequate level of MTs, which is also a free
radical scavenger; then, as an essential structural component of CuZn-superoxide
dismutase (CuZn-SOD); and finally, as a protective agent for thiols and other chemi-
cal groups.” Regulation of MT biosynthesis by Zn has been considered a biological
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device to maintain homeostatic concentrations of essential
and non-essential free metal ions by chelation.®

In addition, selenium (Se) is an essential trace element for
animals and humans that is obtained from dietary sources,
including cereals, grains, and vegetables.’ Se plays an impor-
tant role in a number of physiological processes, including
the neutralization of reactive oxygen species (ROS) and the
modulation of redox-sensitive enzyme cascades.!®!!

Recently, Trabelsi et al demonstrated that subacute
exposure to cadmium (Cd) generates nanocomplexes (CdS
and/or CdSe) at cellular levels in the liver and kidneys.!>!?
The authors reported that Se decreases the oxidative
responses by enhancing the biosynthesis of nanocomplexes
(CdSe and/or CdS) in rat nephrocytes. This biosynthesis may
represent a detoxification pathway after Cd treatment. Hence,
the biosynthesis of nanoparticles ameliorates the oxidative
responses and decreases damage caused by cadmium in
hepatocytes.!

The aim of this study was to investigate the eventual
interaction between Zn and sulfur (S) and/or Se at cellular
levels in the liver. These interactions could be understood
in terms of nanocomplex biosynthesis and the modulation
of oxidative responses.

Material and methods

Chemicals

Zinc chloride (ZnCl,) and sodium selenite (Na,SeO,) were
purchased from Sigma-Aldrich (St Louis, MO, USA). All
other chemicals were of analytical grade and were purchased
from Chemi-pharma (Le Bardo, Tunisia).

Animals

Adult Wistar male rats (SIPHAT, Bin Arous, Tunisia),
weighing 180-200 g at the time of the experiments were
randomly divided into the following groups: control rats
(n=6), zinc-treated rats (Zn) (n=6), and co-treated rats
(Zn+Se) (n=6). Animals were housed at 25°C, under a
12-hour/12-hour light/dark cycle, with free access to water
and commercial mash. Animals were cared for under the
Tunisian code of practice for the Care and Use of Animals
for Scientific Purposes. The experimental protocols were
approved by the Faculty Ethics Committee (Faculté des
Sciences de Bizerte, Tunisia).

Animal treatment

The control group was intraperitoneally (ip) injected with
0.10 mL of 0.90% saline solution for 14 consecutive days.
The zinc-treated group was intraperitoneally injected with

zinc chloride (3 mg/kg of body weight) for 14 days. The
co-exposed rats were treated with zinc (3 mg/kg of body
weight) and selenium (0.20 mg/L, per os [by mouth]) for
14 days."

Zinc determination

Liver slices for Zn analyses were oven-dried (60°C) to
a constant weight. The dried tissues (100 mg from each
sample) were digested with 3 mL trace pure nitric acid at
120°C. The volume was then adjusted to 10 mL with deion-
ized water.!

Zn concentrations in the acid solutions were measured
by atomic absorption spectrophotometry using a Perkin
Elmer 306 spectrometer (Waltham, MA, USA) equipped
with a Perkin Elmer Intensitron lamp. Zn concentration was
expressed in pg/g dry tissue weight.'

Fluorescence microscopy

Liver fractions were fixed with 10% formaldehyde and were
evaluated by fluorescence microscopy using a DM-IRBE
microscope (Leica Microsystems, Wetzlar, Germany) equipped
with a mercury arc lamp (excitation wavelength =540 nm) and
coupled with a digital camera (CCD camera CoolSNAP™;
Princeton Instruments, Trenton, NJ, USA). The emission filter
was set at 620 nm. Fluorescence images were processed using
Leica IM50 software (v5.00). Images were obtained with 40x
enlargement.'3

Powder samples preparation and X-ray

diffraction (XRD) measurements

At 14 days postintraperitoneal injection, the control and
treated groups were sacrificed and their livers harvested. The
tissues were weighed, rinsed with ice-cold deionized water
and dried with filter paper. Liver fractions were dried for
5 days at 50°C. Fractions were mixed and sieved in order to
obtain powder. XRD measurements were carried out on a
Bruker D8 advance powder X-ray diffractometer (Billerica,
MA, USA), using Cu Kot (A=1:5402 A) as an incident radia-
tion with a scan range of 20<<26<70."

Tissue preparation

The control and treated groups were sacrificed and their livers
were immediately harvested. The tissues were weighed, rinsed
with ice-cold deionized water and dried with filter paper.
Fractions of tissues (500 mg) were homogenized in buffer
(Tris 10 mmol/L, EDTA 1 mmol/L, phenylmethylsulfonyl
fluoride (PMSF) 1 mmol/L; pH =7.40). The homogenates
were centrifuged at 600 X g for 10 minutes and recentrifuged
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at 13.000 x g for 20 minutes at 4°C to obtain post-nuclear
homogenate and post-mitochondrial supernatant fractions. '

Antioxidant enzyme assays

Lipid peroxidation (LPO) in tissues was measured by the
thiobarbituric acid-reacting substance (TBARS) method
and was expressed in terms of malondialdehyde (MDA)
content.'” Catalase (CAT) activity was assayed by UV
spectrophotometry.'® Glutathione peroxidase (GPx) activity
was measured according to the method by Gunzler et al.'®
Superoxide dismutase (SOD) activity was determined by
measuring the inhibition of the auto-oxidant of pyrogallol
by spectrophotometry (Jenway 6505 UV/Vis, Stone, UK)
at 420 nm, using a modification of the method of Marklund
and Marklund.?

Data presentation and statistical analysis
One-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons test was performed using
GraphPad Prism (v6.00 for Windows; GraphPad Software,
Inc, La Jolla, CA, USA). Data is reported as the mean = SD
and the level of significance was set at £<<0.05.

Results

Zinc accumulation in liver

Figure 1 shows an accumulation of zinc in the liver in com-
parison to the control (478.8519.57 vs 345.191£7.16 ug/g,
P<0.01). By contrast, selenium supplementation (0.20 mg/L,
per os) reduced zinc accumulation compared to values found
in zinc-treated rats (478.8519.57 vs 411.13%£7.13 ug/g,
P<0.05).

600

400+

200+

Zn concentration (ug/g)

Zn+Se

Control Zn

Figure | Zn concentration in liver of control rats, Zn-treated rats (3 mg/kg, ip), and
co-exposed rats to Zn and Se (Zn: 3 mg/kg ip and Se: 0.20 mg/L per os [by mouth]).
Notes: Data represent the means + SD of six animals per group; *P<<0.05 and
*#P<0.01 compared with the control group; *P<<0.05 compared to the zinc-treated
group.

Abbreviation: ip, intraperitoneally.

Fluorescence microscopy

Fluorescence microscopy images showed no fluorescence
signals in control livers (Figure 2A and B). However, red
fluorescence was detected in the livers of zinc-treated rats
(Figure 2C and D). Interestingly, the intensity of the fluores-
cence signal was higher after co-treatment with Zn and Se
compared to the zinc-treated group (Figure 2E and F).

X-ray diffraction pattern

The XRD pattern of liver powder harvested from zinc-
treated rats revealed three new peaks observed at 26=23.98°,
26=30.79°, and 20=46.52°, referring to the diffraction of
cubic (zinc blende), zinc sulfide (ZnS), and/or zinc selenide
(ZnSe) nanocomplexes, respectively. The XRD pattern of
co-treated rats showed three new peaks compared to the
control (Figure 3). New peaks were observed at 20=25.54°,
26=42.95°, and 20=50.04°, referring to the diffraction of
cubic (zinc blende), zinc sulfide, and/or zinc selenide nano-
complexes, respectively. The size was determined from the
full width at half maximum (FWHM) of the most intense
peak using the Scherrer equation [1].

D=0.9\/Bcosd [1]

where A is the wavelength of the X-ray radiation, B is the
FWHM in radians of the XRD peak, and 6 is the angle

Figure 2 Light microscopy (A) and fluorescence microscopy images (B) of the liver
of control rats. Light microscopy (C) and fluorescence microscopy images (D) of
the liver of zinc-treated rats (3 mg/kg, ip). Light microscopy (E) and fluorescence
microscopy images (F) of the liver of co-exposed rats to Zn and Se (Zn: 3 mg/kg ip
and Se: 0.20 mg/L, per os [by mouth]).

Abbreviation: ip, intraperitoneally.
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Figure 3 X-ray diffraction pattern from liver fractions powder of control rats (green pattern), zinc-treated rats (3 mg/kg, ip) (black pattern), and co-treated rats with Zn and

Se (Zn: 3 mg/kg, ip and Se: 0.20 mg/L, per os [by mouth]) (red pattern).
Abbreviation: ip, intraperitoneally.

of diffraction. The average ZnS and/or ZnSe nanocomplex
size is determined to be about 51.60 nm for the zinc-treated
group and 72.60 nm for the co-exposed group to zinc and
selenium (Zn+Se).

Oxidative responses assays

MDA concentration

Results showed that rats treated with Zn displayed a
decrease in MDA (0.4310.01 vs 0.57£0.02 nmol/mg protein,
P<0.05). In addition, simultaneous administration of Zn and
Se induced a decrease in MDA level compared to the control
group (0.22+0.02 vs 0.57+0.01 nmol/mg protein, P<<0.001)
and compared to the zinc-treated group (0.22+0.02 vs
0.4320.01 nmol/mg protein, P<<0.01) (Figure 4).

Antioxidant enzyme activity in the liver
Zinc administration led to an increase of CAT (71.89£1.68 vs
66.1241.82 U/mg protein, P<<0.05), SOD (43.68%1.54 vs
27.7340.87 U/mg protein, P<<0.05), and CuZn-SOD
(25.71£0.72 vs 18.10£0.19 U/mg protein, P<0.05)
activities. In addition, co-treatment with Zn and Se enhanced
GPx, CAT, SOD, CuZn-SOD, FeMn-SOD, and Mn-SOD
activities compared to the control and zinc-treated groups
(Table 1).

Discussion
In our study, Wistar male rats were intraperitoneally treated
with zinc chloride (3mg/kg of body weight) and received

selenium (0.20 mg/L, per os) in drinking water in order to
better explain the interaction at the nanoscale level between
mineral elements and oxidative responses in rat liver.

Our results showed that subacute treatment with zinc
(Zn group) and co-treatment with zinc (Zn) and selenium
(Se) (Zn+Se group) induced an increase in liver zinc con-
tent compared to the controls (Figure 1). This finding is in
agreement with previous studies.?'*? Importantly, selenium
supplementation reduced the zinc content in the liver of
co-exposed rats compared to zinc-treated rats. This fall of
Zn in the liver may be explained by the complexation of Zn

o
co
J

o
]
1

F*%%:b

o
N
1

o
o

Control Zn Zn+Se

MDA concentration (nmol/mg prot)
o
D

Figure 4 Effects of zinc and selenium on hepatic malondialdehyde level in rats.
Notes: Data represent the mean + SD of six animals per group; *P<<0.05, ***P<0.001
compared to the control group; ®P<<0.0| compared to the zinc-treated group.
Abbreviations: MDA, malondialdehyde; prot, protein.
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Table | Effects of zinc and selenium treatments on antioxidant enzyme activity in rat liver

GPx CAT SoD CuZn-SOD FeMn-SOD Mn-SOD
(U/mg prot) (U/mg prot) (U/mg prot) (U/mg prot) (U/mg prot) (U/mg prot)
C 1,311160.69 66.12+1.82 27.7310.87 18.1020.19 13.9840.12 1.59+0.06
Zn 1,468+12.70 71.89£1.68*% 43.68+|.54* 25.71£0.72% 12.711£0.46 1.06+0.02
Zn+Se 4,498+294.50**> 159.1+0.96+4 61.10£1.03%*2 58.61+0.55¢1¢ 24.9340.70°**> 4.6510.53*2

Notes: Data represents the mean * SD of six animals per group; *P<<0.05; **P<<0.01; “P<<0.000| compared to the control; 2P<<0.05; ®P<<0.01; P<<0.001; 9P<<0.000| compared

to the zinc-treated group.

Abbreviations: CAT, catalase; C, control group; CuZn-SOD, copper/zinc superoxide dismutase; FeMn-SOD, iron/manganese superoxide dismutase; GPx, glutathione
peroxidase; Mn-SOD, manganese superoxide dismutase; prot, protein; SOD, superoxide dismutase.

with MTs; leading to the redistribution of this complex from
the liver to the kidneys.>?

Fluorescence microscopy images showed that zinc treat-
ment induced a red fluorescence signal in rat liver compared
to the controls (Figure 2). This finding may be explained
by the nanocomplexation of this metal with sulfur from
MTs or selenium at the nanoscale level leading to fluores-
cent nanocomplexes. In fact, zinc is known to induce the
synthesis of MTs, a family of cysteine-rich low molecular
weight proteins.?*2¢ Zn ions are bound by MTs via thiol
groups leading to Zn-MTs complexes. In addition, Feroci
et al demonstrated that Zn metal cations generate complexes
with a different strength and solubility in the presence of
selenite anions.?

Interestingly, Trabelsi et al showed that Cd may induce
nanoparticle biosynthesis in the liver and kidneys.'? The
authors explained this biosynthesis by the ability of Cd to
react with sulfur in MTs and/or with Se, leading to CdS
and/or CdSe nanoparticles. Trabelsi et al reported that the
interaction of Cd with some kidneys elements could generate
red fluorescent quantum dots like CdS and/or CdSe."

Fluorescence microscopy images showed that co-
treatment with zinc and selenium enhanced the intensity
of the red fluorescence signal in rat liver compared to the
zinc-group. The origin of these fluorescence signals can be
explained by the biosynthesis of ZnS and/or ZnSe nanopar-
ticles in rat liver. In fact, ZnSe and ZnS quantum dots are
characterized by size-dependent photoluminescence colors,
which were distributed throughout the visible region of the
electromagnetic spectrum.?

In order to confirm the hypothesis of nanocomplex syn-
thesis, XRD measurements of liver powder fractions were
performed (Figure 3). Interestingly, our results showed that
26 values are almost the same compared to those observed
after chemical synthesis of ZnS and/or ZnSe nanoparticles
as reported in many studies.’** Differences observed in 26
values compared to chemical synthesis may be due to the tem-
perature variation from high temperatures during the chemical

synthesis to the lower rat body temperature (about 37°C). In
fact, the size uniformity distribution and size average can be
affected by a temperature synthesis variation of even less
than 1°C,** which has also been reported in other studies.***
The broadening of diffraction peaks gives information
about the crystallite size. As width increases, the particle size
decreases; while as width decreases, particle size increases.>
In our investigation, the size of nanocomplexes found in the
liver (51.60 nm for the zinc-treated group and 72.60 nm for
co-treated rats with zinc and selenium) indicates a probable
agglomeration of the biosynthesized nanocomplexes.

The interaction of zinc with other mineral elements
(S, Se) generates several complexes like ZnX (X=S, X=Se).
The nanocomplex ZnX could interact directly with activity of
enzymes or indirectly by the disruption of mineral elements’
bioavailability in cells leading to a dysfunction of the bio-
synthesis of enzyme co-factors. In order to investigate the
interaction of ZnS and/or ZnSe nanoparticles with oxidative
responses; lipid peroxidation and antioxidant enzyme activity
were investigated (Figure 4 and Table 1). The present results
have clearly demonstrated the ability of Zn to improve anti-
oxidant responses in rat liver, as evidenced by the increased
SOD, CAT, and GPx activities. The same treatment decreased
MDA levels after 14 days of Zn administration, indicating
its inhibitory effect on lipid peroxidation.

In fact, zinc is an essential trace mineral that acts as
an antioxidant by neutralizing free radical generation.>*’
Souza et al suggested that Zn protection may be related to
the maintenance of normal redox balance inside cells.*® Zn
could exert a direct antioxidant action by occupying the iron
or copper binding sites of lipids, proteins, and DNA.* It has
been noted that zinc has a relationship with many enzymes
in the body and can prevent cell damage through activation
of the antioxidant system.’’**? One study has shown that
Zn deficiency in the diet paved the way for cell damage.®
Furthermore, Zn deficiency increased the lipid peroxidation
in various rat tissues, whereas Zn supplementation corrected
the impairment.*4
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Additionally, co-treatment with Zn (3 mg/kg, ip) and
Se (0.20 mg/L, per os) decreased MDA compared to the
control and zinc-treated groups. This finding is correlated
to the increased GPx, CAT, and SOD activities in the liver
of co-exposed rats. The observed decrease of MDA con-
centration in co-treated group is in agreement with previ-
ous investigations and can be explained by the enhanced
activities of SOD and GPx.**7 In fact, Zn and Se are
involved in many biochemical processes supporting life.
The most important of these processes are maintenance of
cell membrane integrity and sequestration of free radicals.
Zn and Se are involved in the destruction of free radicals
through cascading enzyme systems. Superoxide radicals are
reduced to hydrogen peroxide by SODs in the presence of
Zn cofactors. Hydrogen peroxide is then reduced to water
by the Se-GPx couple. Efficient removal of these superox-
ide free radicals maintains the integrity of membranes and
prevents lipid peroxidation.*® Se effect on GPx activity may
be attributed to an increase in the bioavailability of Se fol-
lowing co-treatment with sodium selenite, which is reflected
in the increased GPx activity.*

Interestingly, as far as we know, our investigation
reported for the first time that interaction of zinc with sulfur
and selenium ameliorates oxidative responses by enhancing
the nanocomplexation between these elements in rat liver.
Therefore, as ZnS and/or ZnSe nanoparticles biosynthesis
increases in liver, red fluorescence increases, and the activi-
ties of antioxidant enzymes are enhanced at the same time.
This finding can be explained by the following ratio:

Number of (ZnX) nanoparticles
Pro-oxidant marker (MDA level)

where X refers to sulfur and/or selenium. According to
this ratio, the decrease in MDA level is concomitant to the
increase in the (ZnX) nanoparticle number. A similar result
was previously described by Trabelsi et al."

Conclusion

In conclusion, our results showed for the first time, as far
as we know, that the interaction of zinc with sulfur and or
selenium in rat liver may induce biosynthesis of red emitting
ZnS and/or ZnSe nanoparticles. Our study showed also that
co-treatment with zinc and selenium ameliorated oxidative
responses in rat liver and enhanced the red fluorescence
signal compared to zinc-treated rats. The enhanced red
fluorescence is concomitant to an increase in antioxidative
enzyme activity.
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