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Abstract Zinc and cadmium concentrations in rat (Rattus
norvegicus var. alba) tissues were analyzed by inductively
coupled plasma optical emission spectrometry. Rats were
fed the zinc and cadmium hyperaccumulating plant, Ara-
bidopsis halleri. When compared to the control group, a Cd
increase in all tissues (liver, kidneys, small intestine,
spleen, testes, muscle), with the exception of bone tissue
was observed. In comparison to the control group, the
kidneys, liver and small intestine contained 375, 162, and
80 times more Cd, respectively. Differences between zinc
concentrations in rats fed with A. halleri and those of the
control group were significant only in the small intestine
and kidney tissues. Results suggest using the hyperaccu-
mulating plant A. halleri as a feed stresses the consumer
organism not through its Zn content, but through its Cd
content.
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Metal contamination has become a worldwide problem
(Dadar et al. 2014; Jankovska et al. 2010; Magdaleno et al.
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2014; Petrovié et al. 2013). Cadmium (Cd) is an environ-
mental pollutant ranked eighth among the top 20 hazardous
substances priority list (Klaassen et al. 2009), and human
activity has markedly increased the distribution of Cd in
the global environment. Zinc (Zn) is an essential element
for all organisms. However, it is toxic when taken in excess
(Johnson et al. 2001).

Metal concentrations in agricultural soils can become
elevated due to anthropogenic emissions as well as from
geological origins of the soil (Garrett 2000; McLaughlin
et al. 1999). Some metals can easily transfer to aerial parts
of plants and thus enter the food chain (Meyer et al. 2010;
Zhao et al. 20006). Phytoextraction refers to the uptake of
contaminants from soil or water by plant roots and their
translocation to any harvestable plant part. Phytoextraction
has the potential to remove contaminants and promote
long-term cleanup of soil or wastewater. Arabidopsis hal-
leri (syn. Cardaminopsis halleri) is a model plant investi-
gated for Zn and Cd hyperaccumulation; (Meyer et al.
2010; Zhao et al. 2006). However, Huguet et al. (2012)
determined that mechanisms of Cd storage and detoxifi-
cation in A. halleri differ from those that were previously
found for Zn.

One of the main ways humans or animals are exposed to
contaminants is through diet (Raad et al. 2014). Excessive
intake of metals through diet can lead to their bioaccu-
mulation in consumer tissues and numerous toxicities, e.g.
hepatic and renal damage (Bulat et al. 2008; Jarup et al.
1998; Nordberg 2004). The transfer of metals along food
chains constitutes an important route of exposure that must
be taken into account for ecotoxicological risk assessment
(Hispard et al. 2008).The laboratory rat (Rattus norvegicus
var. alba) is a common model organism used in toxicology.
Numerous studies have used this model organism to assess
the health risk of various substances (Brzoska et al. 2001;
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Cadkova et al. 2013; Kumara et al. 2015). The aim of this
work was to determine whether or not the hyperaccumu-
lating plant A. halleri can affect element accumulation in

the organism of laboratory rats (Rattus norvegicus var.
alba) when added to feed.

Materials and Methods

This experiment was conducted during a 6 weeks period on
12 Wistar rats, each with an initial body weight of 150 g.
During the experiment, each animal was placed in a
metabolic cage (one animal per cage). The room housing
the cages was equipped with air-conditioning. A constant
temperature (22-24°C) and humidity level (approx. 70 %)
were maintained at a constant day/night cycle (08:00 am—
08:00 pm). Animals were given unlimited access to water.
A. halleri aboveground biomass was sampled in the flow-
ering stage in Pb, Cd, and Zn contaminated areas in the
vicinity of Pfibram city (Czech Republic), dried at
laboratory temperature and homogenized.

Rats were randomly divided in two groups (six animals
per group). Animals in the control group (C) were fed a
commercially manufactured feed (ST-1) and the ex-
perimental group (P) was fed a mixture of ST-1 (60 %) and
A. halleri (40 %). Trace element contents in the feed (ST-
1) and mixture (60 % ST-1 + 40 % A. halleri) are pre-
sented in Table 1. The amount of added A. halleri (group
P) was calculated in such a way that 25 g of feed contained
20 mg of zinc. Each individual was given 150 g of feed
(6 x 25 g) per week, i.e. 120 mg Zn per week, i.e. 720 mg
Zn per 6 weeks.

After exposure, rats were sedated and euthanized with a
T-61 Euthanasia Solution injection (S: Embutramidum
200 mg, Mebezonii iodidum 50 mg, Tetracaini hy-
drochloridum 5 mg in 1 mL. PL: Dimethylformamidum,
Aqua pro inj., Merck, Canada). Individual autopsies were
carried out with Teflon instruments in order to obtain ap-
propriate sample soft tissue (liver, kidney, testes, muscle,
spleen and bone) for analyses. All tissues were weighed,
properly washed in double distilled water, placed into Petri
dishes and stored at —20°C until chemical analysis. Frozen
tissues samples were dried by LYOVAC GT 2 (LEY-
BOLD-HERAEUS, GmbH, Germany) and microwave di-
gested by lyophilisation using the mixture of hydrogen

peroxide and nitric acid using MWS-3 + (Berghof Prod-
ucts + Instruments, Germany) as described in detail by
Jankovska et al. (2011).

Concentrations of Cd in the digests were measured by
Electrothermal Atomic Absorption Spectrometry technique
using a Varian AA 280Z (Varian, Australia) with graphite
tube atomizer GTA 120 and PSD 120 programmable
sample dispenser. Concentrations of Cu, Fe, Mn and Zn in
digests were determined by optical emission spectroscopy
with inductively coupled plasma (ICP-OES) with axial
plasma configuration using a Varian VistaPro, equipped
with autosampler SPS-5 (Australia). Measurement condi-
tions for all lines were power 1.2 kW, plasma flow
15.0 L min~ !, auxillary flow 0.75 L min~!, and nebulizer
flow 0.9 L min~".

The quality of analytical data was assessed by simulta-
neous analysis of certified reference material CRM 12-02-
01 (Bovine Liver) (4 % of all the samples). Analytical data
obtained for all determined elements were within in the
confidence interval given by the producer. The background
of the trace element laboratory was monitored by analysis
of 15 % blanks prepared under the same conditions, but
without samples, and experimental data were corrected by
mean concentration of the elements in blanks, and com-
pared with detection limits (mean £ 3 SD of blanks)
which were 0.08 ng mL~! for Cd, 0.7 ng mL~! for Cu,
10.1 ngmL™" for Fe, 27ngmL™' for Mn, and
7.5 ng mL~! for Zn. Data of elements (Cd, Cu, Fe, Mn and
Zn) tissue concentrations were analyzed with the two-
sample ¢ test for unpaired data. The differences were
considered significant if p < 0.05. All computations used
the program Statistica version 10. (Statsoft, USA).

Results and Discussion

Significant differences between Cd concentrations in the
control (C) and A. halleri treated (P) groups were found in
all tissues with the exception of bone tissue (Table 2).
Differences between Zn concentrations in group P and C
were significant only in the small intestine and kidney
tissues (Table 2). The highest concentrations of Cd in the
A. halleri treated group (P) were found in rat kidneys
(23.013 pg g~ ') followed by the liver (3.455 pg g™ ).
Remaining organs had the following concentrations in

Table 1 The trace element

content (mg kg_l) in the feed Feed cd Cu Fe Mn Zn
ST-1 and in mixture 60 % ST- 1.1 (group C) 0 29.7 445 128 70
1 4+ 40 % A. halleri )
A. halleri 16.7 2.4 193 56.6 1950
60 % ST1 + 40 % A. halleri (group P) 6.7 18.8 3442 99.4 822
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Bone

Liver Kidney Intestine Testes

Muscle

Spleen

Group

Table 2 Metal concentrations (pg g_l) in rat tissues

Metal

@ Springer

0.099 £ 0.042

0.007° + 0.003

0.269° + 0.117
205.331 =+ 7.620
186.816 % 36.013

0.043° &+ 0.027
3.455° + 3.264

102.198° + 27.131

0.061° £ 0.009
23.013° & 6.427

111.841° + 8.315

0.036" + 0.013
5.869° + 2.909
110.650 % 22.626
139.341 =+ 45.696

0.009° £ 0.011

0.040° + 0.035
0.488° + 0.200
77.006 + 17.508
82.917 + 9.026

Cd

0.132 £+ 0.044
190.215 + 9.724
199.454 + 17.232

0.023° £ 0.006
44.886 + 9.073
57.237 & 20.969

Zn

168.960° £ 101.176

126.522° + 15.255

0.659 £+ 0.210

11.567 £+ 0.521

12.363 £+ 1.934
166.712 + 9.963
209.871 + 81.841

5.377" £ 1.419
8.688" + 4.930
638.989" + 18.939
117.523* + 69.689

27.261% £ 6.556
34.274* £ 8.013

14.182 £ 3.045

3.440 £ 0.957
3.447 £ 0473
80.586 + 26.567
106.597 + 38.251

5.561 £ 1.477
6.149 £+ 0.322
5702.108 + 2390.460
5665.636 + 1107.787

Cu

1.025 £+ 0.544
102.674 + 17.041
132.835 + 65.618

19.589 + 13.258
758.898 + 199.726
953.851 + 458.227

373.753" + 67.863
488.726" + 125.197

Fe

0.315 £+ 0.041
0.293 £ 0.028

1.695 £ 0.097

1.762 + 0.386

2.382 + 1.337
3.283 £+ 1.565

0.289 + 0.098 7.851 + 1.914 3.186° £ 0.265
6.888 + 1.296 2.497° + 0.421

0.283 £+ 0.100

0.727* £+ 0.189
1.046" £ 0.318

Mn

Numbers below are mean values = SD of metal concentrations in individual organs of control (C) or treated (P) rat groups

& ® Indicate significant differences between compared groups: * p < 0.05, ° p < 0.01

descending order: intestine, spleen, testis, bone and mus-
cle. In the control group, Cd concentrations ranged from
0.099 pg g~' in bone to 0.007 pg g~ ' in the testes
(Table 2).

Iron (Fe) concentrations in our experiment were highest
in the spleen (Table 2); manganese (Mn) concentrations
were highest in the liver (Table 2), and Zn levels were
highest in the bones and testes (Table 2). Differences be-
tween other element concentrations in tissues of treated
group P and those of control group C were significant only
in the intestinal tissue for Cu and Fe (Table 2), in the
kidney for Mn, Fe and Cu (Table 2) and in the spleen
tissue for Mn (Table 2).

Zn is one of the most important trace elements in the
biological system (Hambidge 2000). Approximately 85 %
of Zn in the body is located in muscle and bone, and 11 % is
found in the skin and liver (Jackson 1989). In both groups (P
and C), bone tissues contained one of the highest concen-
trations of Zn; however, muscle tissues contained the lowest
Zn levels. As an essential element, Zn is regulated through
homeostatic mechanisms, and therefore, its content in the
body is relatively stable (Welshe et al. 1994). King et al.
(2000) reported that their study with laboratory rats proved
the effect of homeostatic mechanisms, even at various Zn
doses (10-100 mg kg~"). This is partially supported by
current results. Although there was a 12-fold increase in Zn
levels in rat feed (group P) in the current study, Zn con-
centrations in the body tissues of both groups were very
similar. Zn homeostasis can be disrupted by other elements,
such as Cd (Ince et al. 1999). Both metals bind preferentially
to the same proteins—albumin in the bloodstream and met-
allothionein (MT) and other proteins in tissues (Brzdoska and
Moniuszko-Jakoniuk 2001). Excessive intake of Zn and Cd
stimulates the synthesis of cysteine rich MTs in the mucosa
of the small intestine (Kégi 1991). Binding to MTs reduces
the toxic effects of these two metals (Kelly et al. 1996). The
higher affinity of Cd for MTs increases the concentration of
free Zn®* ions, which in turn stimulates the synthesis of
other MTs (Funk et al. 1987). Swiergosz-Kowalewska
(2001) reported that a Zn increase in the liver and kidneys is
caused by Cd intoxication, and the author attributed this
phenomenon to the higher synthesis of MTs, which, in the
CdsZn,MT form, are passed from blood plasma to the liver
and kidneys. A Zn increase in the liver and kidneys after Cd
exposure was also described by Jihen et al. (2010). Fur-
thermore, Chmielnicka et al. (1989) claimed that increased
Zn content in the liver and kidneys can serve as indicators of
ultrastructural damage caused by Cd intoxication. All of
these findings are in agreement with current results. Higher
Cd and Zn levels in group P feed resulted in higher con-
centrations of these metals in the small intestine and kid-
neys. The increase in Zn and Cd levels in these organs can be
explained through the reduction of the toxic effects of Cd
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and Zn homeostasis (Brzdska et al. 2001; Liu et al. 1992).
Although a determination of MTs was not made in the
current work, it is believed that the greater portion of both
metals was bound to these proteins. Brzdska and Mo-
niuszko-Jakoniuk (2001) summarize that the simultaneous
administration of Cd and Zn reduces intestinal absorption of
total Cd. Since the group C diet did not contain any Cd, this
fact can be neither confirmed nor excluded.

In general, most of the dietary fiber comes from the cell
walls of aerial plant parts (Selvendran 1984), and high fiber
diet increases dietary cadmium intake (Jarup et al. 1998).
Since group C feed (ST-1) did not contain any Cd, A.
halleri was the main source of Cd in this experiment.
Furthermore, one of the most important metabolic pa-
rameters for Cd uptake is a lack of Fe. Low levels of Fe in
the intestinal tract can increase Cd intake by up to 6 %
(Flanagan et al. 1978). As described below, group P diet
contained less Fe than did group C. After absorption in the
gastrointestinal tract, the majority of Cd in the body is
bound to MTs (Nordberg 2004). The kidneys are the pri-
mary target organ for chronic Cd exposure (Jarup et al.
1998). A large portion of absorbed Cd is also stored in the
liver and intestinal mucosa (Cooke and Johnson 1996).
This is in accordance with current results, wherein rat
kidneys from group P contained the highest Cd concen-
trations. The next two highest concentrations of Cd were
measured in the liver and small intestine. The increase in
Cd content in the small intestine, liver and kidneys can be
attributed to an increase in the synthesis of MTs, which is
stimulated by an increase in both Zn and Cd intake through
feed. Furthermore, MTs have a strong binding affinity for
Cu, which is even higher than that of Cd and Zn ions
(Sabolic et al. 2010); it is believed that, despite the lower
Cu status in the group P diet, the Cu increase in the kidneys
and small intestine could be caused by an increase in MT
synthesis.

Cd accumulation in testes was described for both inor-
ganic and organic Cd forms (Bench et al. 1999; Haouema
et al. 2008). In current experiments, Cd concentrations in
the testes of A. halleri treated rats were 37 times higher
than in unaffected rats. Previous studies indicated a re-
duction of testicular Zn (Bonda et al. 2004) and an eleva-
tion of testicular Fe (Maitani and Suzuki 1986) after Cd
exposure. According to Bonda et al. (2004), Zn protects the
testes against damage caused by Cd; however, in the case
of an excessive amount of Cd in the body, the majority of
Zn is bound to Cd-induced renal and hepatic MTs. Current
results indicated a minor decrease in Zn and an increase in
Fe between groups C and P. Nevertheless, current results
did not detect any significant differences. The spleen is not
a target organ for Cd toxicity; however, it accumulates Cd
and suppresses both T cell and innate immunity

(Demenesku et al. 2014). In the exposed group P, an in-
crease in Cd spleen concentrations was noted. Even though
an elevated concentration of Zn in the bone tissue was not
observed, Kido et al. (1990) indicates that Cd intoxication
can have a direct or indirect cause on bone damage. Ac-
cording to Chmielnicka et al. (1989), Cd accumulation in
bone tissue can cause a decrease in Zn levels. The current
study did not observe this trend. On the contrary, concen-
trations of Zn were higher in group P. Current results
therefore confirm that Zn is an essential element for bones,
and it can protect from Cd-induced bone damage when
consumed in large amounts (Bulat et al. 2008).

Aside from Zn and Cd, the current study also measured
Cu, Fe and Mn content. Stable tissue levels of these essential
metals are maintained mainly through tight homeostatic
control of intestinal absorption and biliary excretion (Hurley
and Keen 1987; Kumara et al. 2015). However, Cd is known
to impair these mechanisms (Chmielnicka et al. 1989; Noél
et al. 2004; Schroeder and Nason 1974). Differences in Cu,
Fe and Mn concentrations in the feed of both tested groups
prevented determination of the influence of Cd and Zn on the
metabolism of these biometals. In contrast to the feed dosage
for control group C, the feed dosage for group P contained
lower levels of Cu, Mn and Fe. With the exception of Mn,
current results did not reflect this decrease. Determined
concentrations were, in fact, higher in certain organs. De-
spite differences in Cu, Fe, and Mn feed concentrations, it is
assumed that the increase in Cu and Fe levels in the kidneys
and small intestine could be caused by an increased intake of
Cd and Zn in the group P diet (Schroeder and Nason 1974).
Nevertheless, it is essential to modify the experimental de-
sign in order to better understand the influence of A. halleri
on Cu, Fe and Mn metabolism.

The aim of this work was to determine whether or not
the hyperaccumulating plant A. halleri can affect element
accumulation in the organisms of laboratory rats (Rattus
norvegicus var. alba). In A. halleri leaves, Zn is bound
mainly to malate or other organic acids (Sarret et al. 2009);
Cd is also bound to organic acids, cell wall components
and, to a lesser amount, thiol-containing molecules
(Huguet et al. 2012). Earlier published papers indicated
that plant-incorporated metals are often absorbed in greater
amounts in comparison to their inorganic forms, which are
artificially added to an animal diet (Cadkova et al. 2013;
Chan et al. 2004). To our knowledge, this is the first time A.
halleri has been used in a feeding study. Current results
suggest that using the hyperaccumulating plant A. halleri as
a feed stresses the consumer organism not through its Zn
content, but through its Cd content.
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