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Abstract: The aim of this study was to investigate the interaction of cadmium chloride with 

mineral elements in rat nephrocytes in terms of the biosynthesis of nanocomplexes. The results 

show that selenium supplementation enhanced cadmium accumulation in kidneys. Analysis of 

the fluorescence revealed an increase in red fluorescence in the kidneys of rats co-exposed to 

cadmium and selenium. Interestingly, X-ray diffraction measurements carried out on kidney 

fractions of co-exposed rats point to the biosynthesis of cadmium selenide and/or sulfide 

nanoparticles (about 62 nm in size). Oxidative stress assays showed the ability of selenium to 

reduce lipid peroxidation and to restore glutathione peroxidase and superoxide dismutase activity 

in kidneys. Hence, cadmium complexation with selenium and sulfur at a nanoscale level could 

reduce oxidative stress induced by cadmium in kidneys.

Keywords: nanoparticles, detoxification, oxidative stress, X-ray diffraction, fluorescence 

microscopy, kidneys

Introduction
Cadmium (Cd) is a well-recognized environmental pollutant with numerous adverse 

health effects. Sources of exposure to this metal include food, water, and alcoholic 

beverages.1–3 Many studies revealed that Cd accumulates preferentially in hepatic and 

renal tissues.3–5 Previous studies point out that metallothionein (MT) biosynthesis – a 

family of cysteine-rich low molecular weight proteins – sequestrates the metal.3,6,7 

In fact, lesions of the proximal tubule in the kidney cortex were observed after Cd 

exposure.8 Various studies point out that Cd toxicity is related to oxidative stress, since 

this metal can alter the antioxidant defense system in several animal tissues. Studies 

on mammals have shown that Cd stimulated formation of reactive oxygen species.2,3 

Moreover, Cd has been suggested to practice some of its toxic effects by disturbing the 

metabolism of essential metals, such as zinc (Zn)9–11 and selenium (Se).12,13 Treatment 

with Se during Cd exposure has been demonstrated to have beneficial effects on Cd 

toxicity.12,14–16 However, based on the available published literature, the effect of Se 

on Cd toxicity is not yet well studied.

In fact, the main target organs for Cd accumulation are the liver, kidneys, and 

other tissues.2,3 However, Trabelsi et al showed that the subacute toxicity of Cd may 

be related to its eventual potential to generate Cd sulfide (CdS) and/or Cd selenide 

(CdSe) nanomaterials at the cellular level.17 In addition, to the authors’ knowledge, 

there are no studies investigating whether the protective effect of Se is related to its 

eventual potential to bind Cd, leading to nanocomplexes in living systems.
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The aim of this investigation was to study the reduction 

of Cd-induced nephrotoxicity in terms of the biosynthesis 

of nanocomplexes.

Material and methods
Chemicals
Cd chloride (CdCl

2
) and sodium selenite (Na

2
SeO

3
) were 

purchased from Sigma-Aldrich (St Louis, MO, USA). All 

other chemicals were of analytical grade and were purchased 

from standard commercial suppliers.

Animals
Adult Wistar male rats (SIPHAT, Bin Arous, Tunisia) weighing 

200–220 g at the time of the experiments were randomly divided 

into the following groups: control rats (n = 6), Cd-exposed 

rats (n = 6), and rats co-exposed to cadmium and selenium 

(Cd + 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, 

Jarzouna, Tunisia).

Animal treatment
The control group was intraperitoneally injected with 

0.10 mL of 0.90% saline solution for 14 consecutive days. 

The Cd-treated group was intraperitoneally injected with a 

sublethal dose of Cd (1.50 mg Cd/kg of body weight) for 

14 days.3 The co-exposed rats were treated with Cd (1.50 mg 

Cd/kg of body weight) and Se (0.20 mg/L per os [by mouth]) 

for 14 days.13

Cd determination
Renal slices for Cd 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.18

Cd concentrations in the acid solutions were measured by 

atomic absorption spectrophotometry using a PerkinElmer 

306 spectrometer equipped with a PerkinElmer Intensitron® 

lamp (Waltham, MA, USA). Cd concentration is expressed 

in µg/g dry tissue weight.19

Fluorescence microscopy
Kidney fractions were fixed with 10% formaldehyde and were 

evaluated by fluorescence microscopy using a DM-IRBE 

microscope (Leica Microsystems, Wetzlar, Germany) coupled 

with a digital charge-coupled device camera (CoolSNAP™ 

FX; Princeton Instruments, Trenton, NJ, USA).

Powder samples preparation and X-ray 
diffraction (XRD) measurements
Fourteen days after intraperitoneal injection, the control 

and treated groups were sacrificed and their kidneys were 

harvested. The tissues were weighed, rinsed with ice-cold 

deionized water, and dried with filter paper. Kidney frac-

tions 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 (Bruker Corporation, Billerica, MA, USA), 

using copper (Cu) Kα (λ = 1:5402 Å) incident radiation with 

a scan range of 20, 2θ ,70.17

Tissue preparation
The control and treated groups were sacrificed and their kid-

neys 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[hydroxymethyl]aminomethane 10 mmol/L, 

ethylenediaminetetraacetic acid 1  mmol/L, phenylmeth-

ylsulfonyl fluoride 1 mmol/L; pH 7.4). The homogenates 

were centrifuged at 600 g for 10 minutes and centrifuged 

again at 13,000 g for 20 minutes at 4°C to obtain a post-

nuclear homogenate and postmitochondrial supernatant 

fractions.20

Antioxidant enzyme assays
Lipid peroxidation in tissues was measured by thiobarbitu-

ric acid reactive substances and was expressed in terms of 

malondialdehyde (MDA) content.21 Catalase (CAT) activity 

was assayed by ultraviolet spectrophotometry.22 Glutathione 

peroxidase (GPx) activity was measured according to Gunzler 

et al.23 Superoxide dismutase (SOD) activity was determined 

by measuring the inhibition of the auto-oxidant of pyrogallol 

by spectrophotometry (Jenway 6505 UV/Visible; Bibby 

Scientific Limited, Stone, UK) at 420 nm, using Marklund 

and Marklund’s modified method.24

Data presentation and statistical analysis
A one-way analysis of variance followed by Tukey’s multiple 

comparisons test was performed using GraphPad Prism® 

version 6.00 for Windows (GraphPad Software, Inc, La Jolla, 

CA, USA). Data are reported as the mean ± standard devia-

tion. The level of significance was set at P , 0.05.
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Results
Cd accumulation in kidneys
Figure 1 shows an accumulation of Cd in rat kidneys in com-

parison to the control group. Moreover, Se supplementation 

(0.20 mg/L per os) facilitates Cd accumulation compared 

to values found with Cd-exposed rats (1827 ± 172.72 µg/g 

versus 1065 ± 217.80 µg/g; P , 0.01).

Fluorescence microscopy
Fluorescence microscopy images show no fluorescence 

signals in the control kidneys (Figure 2A–B). However, red 

fluorescence was detected in the glomeruli and renal tubu-

lar of Cd-treated kidneys (Figure 2C–D). Interestingly, the 

intensity of the fluorescence signal was higher after exposure 

to Cd and Se supplementation in comparison with the Cd-

treated group (Figure 2E–F).

XRD pattern
The XRD pattern gives information about crystalline struc-

ture, grain size, and strain. Importantly, the XRD pattern 

of kidney powder harvested from Cd-treated rats revealed 

three new peaks observed at 2θ = 23.49°, 2θ = 30.55°, and 

2θ = 46.41°, referring to diffraction of cubic (Zn blende) 

CdSe and/or CdS nanoparticles. The XRD pattern of co-

treated rats showed three new peaks compared to the control 

group (Figure 3). New peaks were observed at 2θ = 21.51°, 

2θ = 42.96°, and 2θ = 50.06°, referring to diffraction of cubic 

(Zn blende) CdSe and/or CdS nanoparticles. The average 

CdSe and/or CdS nanoparticles size was determined to be 

about 98.65 nm for the Cd-treated group and 62.60 nm for 

the co-exposed group. The size was determined from the 

full width at half maximum of the most intense peak using 

the Scherrer equation,

	 D = 0.9λ/βcosθ	 [1]

where λ is the wavelength of the X-ray radiation, β is the 

full width at half maximum in radians of the XRD peak, and 

θ is the angle of diffraction.

Oxidative stress assays
MDA concentration
Rats exposed to Cd displayed an increase in MDA (0.76 ± 0.03 

versus 0.43 ± 0.01 nmol/mg protein; P , 0.01). Simultaneous 

administration of Se and Cd induced a decrease in MDA 

level compared to the Cd-treated group (0.21 ± 0.01 versus 

0.76 ± 0.03 nmol/mg protein; P , 0.001) (Figure 4).

Antioxidant enzymes activities in kidneys
Cd administration showed a decrease in GPx, CAT, 

CuZn-SOD, and manganese SOD activity. In contrast, Se 

supplementation induced an increase in GPx (P , 0.01), 

CuZn-SOD (P , 0.001), and manganese SOD (P , 0.001) 

activity compared to the Cd-exposed group. However, Se 

failed to restore CAT activity, which remained lower than 

the control group (Table 1).

Discussion
In this study, Wistar male rats were intraperitoneally treated 

with Cd chloride (1.50 mg/kg of body weight) and received 

Se supplementation (0.20 mg/L per os) in order to better 

explain the protective effect of Se against Cd nephrotoxicity 

in terms of nanotoxicity.

The results indicate an increase in toxic metal level (Cd) 

in kidneys in agreement with previous studies.18–21 In fact, it 

has been reported that after its absorption Cd is taken up by 

the hepatocytes where it induces the biosynthesis of MTs. Cd 

ions are bound by MTs via thiol groups of cysteine residues 

leading to Cd–MT complexes;2,3,25–29 then from the liver the 

Cd ions circulate in blood bound to MTs until reaching the 

kidneys.7,17,30 The Cd–MT complex is easily filtered through 

the glomerular membrane and taken up by renal tubular cells. 

MTs are then catabolized, releasing Cd ions in the cytoplasm 

where they induce the synthesis of new MT molecules. These, 

in turn, bind and retain Cd in the kidneys for a long period of 

time.4,31,32 Previously, Trabelsi et al showed that Cd may induce 

nanoparticle biosynthesis.17 This biosynthesis was explained 

by the ability of Cd to react with sulfur in MTs and/or with 

Se, leading to CdS and/or CdSe nanoparticles in hepatocytes 

and nephrocytes. Moreover, the current results show that Se 
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Figure 1 Cadmium (Cd) concentration in the kidneys of control rats, cadmium-treated 
rats (1.50 mg/kg intraperitoneally), and rats co-exposed to cadmium and selenium 
(cadmium: 1.50 mg/kg intraperitoneally and selenium [Se]: 0.20 mg/L per os). 
Notes: Data represent the mean ± standard deviation of six animals per group. 
***P , 0.001; µP , 0.0001 compared with the control group. aP , 0.01 compared 
with the cadmium group. 
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Figure 2 Light microscopy (A) and fluorescence microscopy images (B) of the kidney cortex of control rats. Light microscopy (C) and fluorescence microscopy images 
(D) of the kidney cortex of cadmium-treated rats (1.50 mg/kg intraperitoneally). Light microscopy (E) and fluorescence microscopy images (F) of the kidney cortex of rats 
co-exposed to cadmium and selenium (cadmium: 1.50 mg/kg intraperitoneally and selenium: 0.20 mg/L per os).
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Figure 3 X-ray diffraction pattern of kidney powder of control rats (green pattern), 
cadmium-treated rats (1.50 mg/kg intraperitoneally) (black pattern), and rats co-
exposed to cadmium and selenium (cadmium: 1.50 mg/kg intraperitoneally and 
selenium: 0.20 mg/L per os) (blue pattern).

increased the accumulation of Cd in kidneys. In contrast, El 

Heni et al indicated that Se supplementation did not influ-

ence Cd accumulation in kidneys.25 Moreover, Jamba et al 

showed that administration of Se reduced Cd accumulation 

in kidneys.27 The current data indicate the proportional accu-

mulation of Cd in kidneys with organ Se content.

Trabelsi et  al reported that the interaction of Cd with 

some kidney elements could generate quantum dots like CdS 

and/or CdSe. Interestingly, fluorescence microscopy images 

show that co-treatment (Cd + Se group) induced a localized 

red fluorescence signal.17 The superposition of fluorescence 

images and light microscopy images showed that fluores-

cence was localized in the glomeruli and renal tubules as 

shown in Figure 2E–F. The origin of fluorescence signals can 

be explained by the biosynthesis of CdSe and/or CdS nano-

particles in nephrocytes. In fact, CdSe and/or CdS nanopar-

ticles are characterized by size-dependent photoluminescence 
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colors which are distributed throughout the visible region of 

the electromagnetic spectrum.33

In addition, in order to confirm the hypothesis of nano-

complexes synthesis, XRD measurements of kidney powder 

were performed. In fact, Se reduces the Cd level in blood 

leading to insoluble complexes.34 Complexation reactions 

depend on the nature of either mineral or organic Se. The 

mineral form of Se (selenite) leads to less soluble complexes 

than organic forms.35 Interestingly, the current results show 

that 2θ values are almost the same as those observed after 

chemical or biological synthesis of CdSe and/or CdS nano-

particles, as reported in many studies.17,36–38 Differences 

observed in 2θ values compared to chemical synthesis may 

be due to temperature variation, ie, the high temperature 

during chemical synthesis and rat body temperature (about 

37°C). Moreover, the size of nanoparticles found in kidneys 

(98.65  nm) following subacute exposure (1.50  mg/kg for 

14 days) indicates a probable agglomeration of nanoparticles 

related to the histological properties of nephrocytes.

In order to investigate the interaction of CdSe and/or CdS 

nanoparticle biosynthesis with oxidative stress, lipid peroxi-

dation and antioxidant enzymes activities were investigated. 

In fact, the basis of Cd toxicity is its negative influence on 

the enzymatic systems of cells resulting from the substitution 

of divalent mineral elements (Zn2+, Cu2+, and calcium [Ca2+]) 

in metalloenzymes and its very strong affinity to biological 

structures containing -SH groups, such as proteins, enzymes, 

and nucleic acids.39,40 Many effects of Cd result from interac-

tions with necessary micro- and macroelements, especially 

calcium, Zn, Cu, iron, and Se.41,42

The current results have clearly demonstrated the ability 

of Cd to induce oxidative stress in rat kidneys, as evidenced 

by increased lipid peroxidation (MDA) after 14  days of 

Cd treatment. This finding is in agreement with previous 

studies.2,3,43

The enhanced kidney MDA in rats exposed to Cd is asso-

ciated with a reduction in SOD, CAT, and GPx tissue activity, 

indicating oxidative stress. The inhibition of SOD activity is 

probably a consequence of the interaction between Cd and Zn 

in SOD molecules. Bauer et al reported that 111Cd was able to 

occupy the site of Zn in the CuZn-SOD molecule, creating 

an inactive form of the enzyme (Cu111CdSOD).44 Regarding 

CAT, as the presence of Cd in the organism decreases the 

level of iron in the blood, liver, and kidneys and since CAT 

contains iron in its active center, the decreased activity of 

the enzyme in rat kidneys exposed to Cd might be a result 

of iron deficiency.45

There is increasing evidence that Cd interacts with Se 

and disrupts GPx activity, which proves Se is a co-factor. 

Galazyn-Sidorczuk et al found that Cd exposure decreased 

Se concentration and GPx activity in rat serum, liver, and 

kidneys.46 Due to the formation of Cd–Se complexes – 

especially CdSe – Se bioavailability and absorption from 

the gastrointestinal tract decrease with excessive Cd intake.46 

Moreover, the ability of Cd to form Cd–Se complexes in the 

blood stream, liver, and kidneys decreases Se availability for 

GPx and potentiates the effects of its deficiency in tissues.47,48 

The effect of Se on GPx activity may be attributed to an 

increase in the bioavailability of Se following co-treatment 

with sodium selenite, which is reflected in the increased 

GPx activity, as suggested by Jamba et al.15 The observed 

decrease of MDA concentration in the co-exposed group is in 

Table 1 Effects of cadmium and selenium treatments on antioxidant enzymes in rat kidneys

GPx (U/mg prot) CAT (U/mg prot) CuZn-SOD (U/mg prot) Mn-SOD (U/mg prot)

Control 1698.96 ± 115.09 76.08 ± 8.25   8.35 ± 0.96   1.91 ± 0.09
Cd 1120.90 ± 119.83* 10.85 ± 1.85**   3.68 ± 0.90*   1.27 ± 0.16
Cd + Se 3357.85 ± 288.15**,a 29.82 ± 7.08* 29.61 ± 1.04***,b 15.43 ± 1.22**,b

Notes: Data represent the mean ± standard deviation of six animals per group. *P , 0.05; **P , 0.01; ***P , 0.001 compared with the control group. aP , 0.01; bP , 0.001 
compared with the cadmium-treated group.
Abbreviations: CAT, catalase; CuZn-SOD, copper/zinc superoxide dismutase; GPx, glutathione peroxidase; Mn-SOD, manganese superoxide dismutase; prot, protein; Cd, 
cadmium; Se, selenium.
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Figure 4 Effects of selenium on renal malondialdehyde level in rats exposed to 
cadmium.
Notes: Data represent the mean ± standard deviation of six animals per group. 
**P , 0.01 compared with the control group. aP , 0.001 compared with the 
cadmium-treated group. 
Abbreviations: Cd, cadmium; MDA, malondialdehyde; prot, protein; Se, selenium.
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agreement with previous investigations and can be explained 

by the recovery of biological activity of SOD and GPx.49,50

The results suggest that Cd induced oxidative stress in 

kidneys. This oxidative stress may be associated with the 

biosynthesis of nanocomplexes (CdSe and/or CdS). The data 

report for the first time, to the authors’ knowledge, that Se 

decreases the oxidative response by enhancing the biosynthe-

sis of nanocomplexes (CdSe and/or CdS) in rat nephrocytes. 

This biosynthesis may represent a detoxification pathway 

after Cd treatment. Hence, as CdSe and/or CdS nanoparticle 

biosynthesis increases in nephrocytes, the bioavailability 

of Cd decreases, leading to weak oxidative responses. This 

finding can be explained by the following ratio:

	 Number of (CdX) nanoparticles

Pro-oxidant marker (MDA level)
,

where (X) refers to sulfur and/or selenium. The ratio 

increase is correlated to the number of biosynthesized 

nanoparticles associated with a concomitant decrease in Cd 

bioavailability and MDA level in kidneys. The nanocom-

plexes could be evaluated by imagery methods based on the 

evaluation of red fluorescence intensity, which could be used 

as a health marker.

Conclusion
To the authors’ knowledge, this is the first study that inves-

tigates interactions of Cd with sulfur and Se in nephrocytes 

in terms of CdSe and/or CdS nanoparticle biosynthesis. The 

results show that Cd may induce the biosynthesis of red 

fluorescent CdSe and/or CdS nanoparticles in kidneys. This 

study also shows that Cd induced oxidative stress by disturbing 

antioxidant enzymes activities. Se supplementation reduced 

Cd-induced toxicity in rat kidneys, probably due to its ability to 

bind Cd in nanosized insoluble and fluorescent complexes.
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