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Abstract: In order to ensure the safety of consumers in Serbia the prevalence of toxic
elements (As, Cd, Hg, Pb) in swine kidney collected from three different areas in Serbia
(n = 90) was determined by atomic absorption spectrometry. Also, in order to find
information on the effects of accumulation of toxic elements on swine Kkidney,
pathohistological examination of the kidneys was performed. The presence of mercury was
found in 33.3% of kidney samples in the range of 0.005-0.055 mg/kg, while the presence
of cadmium was detected less often (27.7%) but in larger amounts (0.05-1.23 mg/kg). The
presence of arsenic was found only in one sample, while no lead was found. The results of
the metal-to-metal correlation analysis supported there were the result of different sources
of contamination. Pathohistological examination of kidneys confirms tubulopathies with
oedema and cell vacuolization. In addition, haemorrhages and necrosis of proximal kidney
tubule cells were found. This study demonstrates that toxic elements in Serbian slaughtered
pigs are found at levels comparable to those reported in other countries, and consequently
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the levels reported in this study do not represent a concern from a consumer safety point of
view. The lack of a strong correlation between histopathological changes and the incidence
of toxic elements found in this study might be explained as the result of synergism among
toxic elements and other nephrotoxic compounds which enhance the toxicity of the
individual toxins even at the relatively low mean concentrations observed in this study.
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1. Introduction

Environmental pollution with toxic elements is a dangerous problem that is recognized worldwide.
Toxic elements can be found in water, soil, air, plant and animal tissues as a result of both natural
causes, industrial and agricultural practices [1]. Environmental concern pertaining to toxic elements
relates to their toxicity, labile nature, bioaccumulation in organisms and ultimately to their effect on
human beings [2]. One of the most important aspects of environmental pollution for humans is the
intake of toxic elements in the diet [3]. Heavy metals are significantly toxic, due to their cumulative
nature in the different body organs leading to unwanted effects [4,5]. Metals tend to bioaccumulate in
the environment and biomagnify in food chains [6], their levels might reach toxic limits even when
found in low concentrations in environmental samples. Since this should be limited to an unavoidable
minimum, much attention is paid to the occurrence of these elements in food. Monitoring programmes
are being carried out in many countries with the purpose of avoiding the distribution of foodstufs that
could pose a risk to human health if consumed. The chemical interactions of toxic elements with
proteins in living systems render essential reactions impotent [7]. Toxic elements can interfere with the
functions of enzymes and are responsible for many diseases, especially cardiovascular, renal, nervous
and even bone disorders [4,8-12]. Toxic elements are also implicated in several major human diseases
including carcinogenesis-induced tumor promotion [13-17]. Some toxic elements are considered to be
carcinogenic, mutagenic and teratogenic in experimental animals [18-19].

Toxic elements levels in animal tissues are organ specific. Meat and meat products form an
important part of the human diet. Although the toxic elements content in muscle is generally low,
offals, such as liver and kidney, often contain higher metal concentrations than most other foods
[20-23]. In many European countries, internal organs (liver, kidneys, heart, and lungs) are sold and
consumed as a valuable food source. Therefore, evaluating toxic metal levels in internal organs is
important for safety and health purposes. The risks to health from certain elements in food can be
assessed by comparing estimates of dietary exposures with the Provisional Tolerable Weekly Intakes
(PTWIs) and Provisional Maximum Tolerable Daily Intakes (PMTDIs) recommended by the Joint
Expert Committee on Food Additives (JECFA) of the Food and Agriculture Organization of the United
Nations and the World Health Organization International Programme on Chemical Safety [24,25].

In order to ensure the safety of consumers in Serbia, the present study aims to conduct an exposure
assessment of toxic elements (As, Cd, Hg and Pb) due to the consumption of pork meat by products in
focusing on the presence of the toxic elements in the kidneys of healthy slaughtered swine.
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Additionally, the toxicological assessment aim for this study is the assessment of the relationship
between pathomorphological changes in kidney and the accumulation of toxic elements.

2. Results and Discussion
2.1. Incidence of Heavy Metals

Regional variations in the occurrence of toxic elements in the kidneys of slaughtered pigs and the
number of samples falling into specified concentration ranges are summarized in Table 1. Arsenic was
detected in only one sample originating from the Vladimirci area (content 0.001 mg/kg), while Cd
detection in the samples varied from 16.6% (Bogati¢ region) to 40% (Vladimirci region). Cadmium
concentrations in the sampled kidneys from the regions under study ranged from 0.05 to 1.23 ng/g. The
highest Cd concentration (1.23 ng/g, mean 0.185 ng/g) was found in Vladimirci region in contrast to
Bogati¢ region where the lowest (0.05 ng/g, mean 0.027 ng/g) concentration was found. The
occurrence of Hg varied from 23.3% (Vladimirci) to 43.3% (Senta region). The highest Hg level
(0.055 ng/g, mean 0.0033 ng/g) was found in VIadimirci region, in comparasion to Senta region where
lowest concentration (0.012 ng/g) of Hg was detected. However, the mean concentration (0.0034 ng/g)
for Hg was slightly higher in the samples from the Senta region. A statistically significant difference

(p < 0.001) was found among the Cd levels in the kidneys from the areas under study.

Table 1. Percentage of samples contaminated with each toxic elements and their
concentrations in kidneys from slaughtered pigs [ng/g].

Toxic Region Vladimirci Senta Bogati¢ Total
elements N 30 30 30 90
(ng/9)
cd n 12 7 6 25
% 40 233 16.6 27.7
X +Sd 0.185 +0.322° 0.022 +0.043" | 0.027 +0.064° 0.078 +0.20
Max. value 1.23 0.13 0.27 1.23
As n 1 nd nd 1
% 3.3 Nd Nd 3.3
X +£Sd | 3.3 x10° +1.8 x10™ nd nd 3.3 x10° +1.8 x10™
Max. value 0.001 0.001
Hg n 7 13 10 30
% 233 43.3 33.3 33.3
X +Sd 0.0033 +0.01 0.0034 +0.0043 | 0.0025 #+0.004 0.0031 0,007
Max. value 0.055 0.012 0.014 0.055

N-total number of analyzed samples; n- number of contaminated samples; %- percentage
of samples contaminated with each toxic elements; X - mean concentration level (ng/g);
Sd- standard deviation; nd- not detected, a:b p < 0.001, a:c p < 0.001.

Results in Table 1 indicate a higher occurrence of Hg in the sampled kidneys (33.3%), when
compared with the incidence of Cd (27.7%) in the samples. However, results showed that the
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individual and mean Cd concentrations were several times higher than the Hg concentrations. As
shown in Table 1, all the levels measured for As. Pb and Hg were below the limits recommended by
the by European Regulation [26], however the Cd concentration in one kidney exceeded the maximum
limit (1 ng/g) established by European Regulation [26].

On the whole, the concentration of these four analyzed toxic elements was very variable in relation
to the region where samples were collected. Also, the present study has shown that toxic elements
levels in kidney are comparable with those of other countries, especially within Europe [27,28]. The
results of this study confirm that Hg, the toxicity of which is well documented, particularly in its
organic form, is one of the main environmental contaminants. In contrast, our results showed that the
Cd levels were higher than the levels of Hg in the sampled kidneys (Table 1). In only one sample was
an excessive concentration of Cd found (>1.0 ng/g). Cadmium, because of its widespread distribution,
movement through terrestrial food-chains, and adverse chronic effects in humans, is one of the toxic
elements for which maximum acceptable concentrations have most frequently been set. Offal,
especially liver and kidney from adult animals can contain relatively high cadmium levels, and
concentrations in excess of 50-100 ng/g in animal tissues are considered normal [9].

The low levels of Cd contamination observed in our study can be explained by the utilization of
good agricultural practices (GAP), which uses fertilizer low in Cd and restrict disposal of sewage
sludge on crop land. In addition the fact that Pb was not detected in the sampled kidneys could be the
results of the global reduction in the discharge of this element in environmental media. Stringent
environmental legislation has led to a reduction in the discharges of these metals during the last
15 years [29]. The results from the present work indicate that there are significant regional variations in
the occurrence of toxic elements in kidneys from slaughtered pigs. Regional differences in soil and
cereal cadmium levels are known to be present. Differences in geographical origin of the cereals used
by the three different manufacturers might thus explain the concentration differences in corresponding
feedstuff formulation, as could differences in the composition of the formulas. A third, less probable
explanation, is cadmium contamination during the industrial processes. The main source of human
exposure to mercury is the diet. Mercury occurs in food naturally (e.g., in fish which take up mercury
from marine sediments), or as a result of pollution (e.g., emissions from industrial processes, fossil fuel
combustion). For non-plant feed materials, Scientific Committee on Animal Nutrition (SCAN) [30]
identified fishmeal to be the most common source of mercury for farmed animals under normal
farming conditions. In addition to mercury in feed materials, livestock and poultry may also be exposed
to mercury in drinking water. However, water does not make a significant contribution to the exposure
of livestock except in highly polluted areas. Mercury is a naturally occurring element that is also
released to the environment by a variety of sources including human activities. Once released into the
environment mercury undergoes a series of complex chemical and physical transformations as it cycles
between atmosphere, land, and water. Humans, plants, and animals are routinely exposed to
environmental mercury and accumulate it potentially resulting in a variety of health effects.

Also, fishmeal normally contains lower cadmium content, but mineral feeds (mono and dicalcium
phosphate) are usually structurally contaminated with Cd. Other minerals influence the absorption and
tissue disposition of cadmium and vice versa. In pigs, a significant increase of cadmium accumulation
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in tissues could be observed when high dietary supplements of copper were used in commercial pig
fattening rations [31]. Moreover, cadmium absorption is increased if dietary calcium is low [32].

However, these findings suggest that industrial activities in the studied areas introduce higher
amounts of Cd than Hg into the food chain. Higher Cd concentrations are found in hot spots related to
human activities and on agricultural land where high amounts of phosphate fertilizers and manure are
utilized [33]. The total concentrations of toxic elements found in the analysed kidneys were usually
low and did not exceed the maximum permissible levels established by the Serbian legislation. Since
vegetable foods constitute the major source of Cd for humans [1,34] it can be concluded that the levels
of total toxic elements including Cd found in the tested kidneys do not represent an imminent
toxicological risk to Serbian consumers. However, it is very important to keep the measures necessary
to maintain a steady control of the levels of these elements in staple food in the country in view of the
potential health hazard that toxic elements represent.

2.2. Pathomorphology Examination
The pathomorphological examination results are summarized in Figures 1-3.
2.2.1. Gross pathology

In all 90 pigs were slaughtered during the study period. Kidneys from these pigs submitted to the
laboratory were pale, swollen and enlarged with a change in color from the normal mahogany to tan, as
follows: 43 (47.7%) had “mottled or pale kidneys”, while 27 (30%) had enlarged kidneys (Figure 1)
and 11 (12.2%) were smaller than normal. The only macroscopic lesions observed in few cases were
small grey-white foci on the kidney surface. No obvious difference was observed between the right and
left kidney. No significant changes were seen in other organs. The external surface of kidney in which
Hg (first four) and Cd (the last one) were detected, are shown in Figure 1A, while, the external surface
of kidney in which co-incidence of Hg and Cd (0.012 ng/g and 0.05 ng/g, respectively) was detected, is
shown in Figure 1B (red arrow).

Figure 1. External surface of kidneys from which where Hg and Cd were detected.
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2.2.2. Pathohistological examination

Histological examination of the kidneys showed two types of changes: degenerative-affecting
epithelial cells in some proximal tubules of pigs, and proliferative changes in the interstitium. The
major renal histopathological changes were mainly in the epithelium of proximal tubules (Figures 2
and 3). Dystrophy (moderate to marked degenerative changes, Figure 2C), swelling, vacuolization and
lipidosi, were the main changes in the tubular epithelial cells. The majority of glomeruli exhibited mild
or moderate exudates in Bowman’s capsular spaces as well as hypercellularity of vascular loops. In
addition vascular changes expresed as a hyperaemia of blood vessels, moderate to marked
haemorrhages of some renal cortical regions occurred occasionally (Figures 2A and 3). In the
interstitium of some renal cortical regions, there was limited proliferation of connective tissue
(Figure 2D) and focal infiltration of mononuclear inflammatory cells which was sometimes
accompanied by small granulomas.

Figure 2. Major renal histopathological changes. Hemorrhages in cortex (A), Fatty change
(B), Dystrophy and vacuolar degeneration in the epithelium of proximal tubules™ cells (C),
and Focal interstitial nephritis (D).
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Figure 3. Summary of pathohistological findings (PH) of renal tissues and incidence of
toxic elements in kidney from slaughtered pigs (n = 90). Necrosis of proximal tubule cells
(1), hypercellularity of vascular loop (2), vascular changes (3), exudat in Bowman’s space
(4), focal interstitial nephritis (5), dystrophy of proximal tubule cells (6), swelling of
proximal tubule cells (7), renal hemorrhages (8), fatty changes of proximal tubules cells
(9). N-number of pathohistological findings of renal tissues and co-incidence of toxic
elements in kidney.
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Lipidosis of proximal tubule cells, renal hemorrhages, and swelling of proximal tubule cells were
seen in 41 (45.5%), 34 (37.7%) and 31 (34.4%) kidneys of slaughtered pigs, respectively. Twenty
seven (30%) of the examined pigs kidneys had a dystrophy of proximal tubules cells, while exudate in
Bowman's space as well as focal interstitial fibrosis were seen in 20 (22.2%) kidneys of slaughtered
pigs. Vascular changes expresed as a hyperaemia of blood vessels was seen in 12 (13.3%) kidneys,
while hypercellularity of vascular loops, necrosis of proximal tubule cells and renal adenoma occurred
in a lesser degree. From a total of 56 analyzed kidneys samples in which the presence of toxic elements
was found in 11 samples were determinet co-occurrence of Cd and Hg, while in only one samples is
determined co-occurrence of Cd and As (Figure 3).

The kidney is clearly the major target organ of chronic Cd and Hg toxicity [35-38] Accumulated
evidence also indicates that kidney is a target organ for As toxicity. Since kidney is the major organ for
As elimination and most of the As is rapidly eliminated through the kidney [39,40], renal cells are,
thus, exposed to a major portion of the absorbed As dose. After absorption, most of the toxic elements
are accumulated in the liver where it induces the production of metallothioneins (MT) a family of low-
molecular-weight metal-binding proteins that aid in the intracellular processing of metal ions [41,42].
Metallothioneins exist in most tissues, have a high cysteine content, and hence may be similar to metal
chelators in providing heavy metal tolerance and regulating Hg distribution and retention [43-45].
Intracellular metallothionein has also been demonstrated to protect against metal-induced
hematotoxicity and immunotoxicity [46]. Metallothionein has been utilized as a sublethal cellular
indicator in fish for Hg exposure [47]. When the synthesis of MT becomes insufficient for binding all
Cd ions in the liver, Cd not bound to MT produce hepatocyte injury and a Cd—MT complex is released
into the bloodstream. The complex in the plasma is then filtered through the glomeruli in the kidney
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and taken up by the proximal tubular cells [48,49]. Moreover, under certain conditions [e.g., cell-cell
interactions], metal-induced synthesis of metallothionein may also have an immunosuppressive effect
on T-cell function [50].

The toxic effects of mercury on the kidney are well characterized and include acute tubular necrosis
and reduced glomerular filtration rate. In small doses, the S3 segment in the cortico-medullary area is
the primary target site. As the dose of mercury is increased, the injury spreads to involve the S1 and S2
segments of the proximal tubules [51]. A more recent study has shown that Cd nephrotoxicity is also
associated with alterations in the localization of the tight junction protein claudin-2 in the proximal
tubule [52]. Additional studies have shown that N-cadherin and its associated proteins may be involved
in the nephrotoxic responses to other metals such as Hg [36,53] and bismuth (Bi) [54].

The biochemical mode of action for Hg toxicity has been postulated to involve interaction of Hg
with thiol groups of proteins (R-S-Hg+; R-S-Hg-S-R; R<S2>Hg) [55] via either binding or
precipitation of SH groups [56]. Hg has a relatively large thiol association constant, thereby enabling
this reaction [57]. Despite the thermodynamic stability of metal-SH complexes, they are generally
kinetically labile, and hence are rapidly mobile in most biological systems [58]. Although mercuric
ions bind only about 1% of the SH groups on the surface of red blood cells, this binding action is
substantial enough to inhibit sugar transport and energy production [59].

Consistent with its thiol binding properties, Hg has been shown to preferentially distribute in the
lysosomal fraction of rat cells [57] and interact with phospholipid membranes (specifically
phosphatidylserine and phosphatidylcholine) [57,60,61]. Furthermore, while Hg can inhibit enzymes
with SH groups, and interact with membrane proteins, it can also substitute for zinc in certain zinc-
activated enzymes (e.g., carboxypeptidase) [62] or replace metallothionein-bound Zn, Cu, and Cd. The
ability of Hg to interact with phospholipids and specific enzyme systems may help explain the cell
degeneration, apoptosis and necrosis, and overall toxicity observed in immune system cells. The effects
of I-Hg on transduction at cellular membrane channels have been investigated through studies of Hg?".
In a study on the effects of inorganic Hg on cell membranes, Liang et al. [63] found that Hg?* induced
channelopathies in guinea pig sensory cells by impairing K+ channels and changing the permeability of
the cell membrane. Leong et al. [64], for example, found that Hg2+ ions suppressed neuronal somata
sprouting, thus inhibiting neurite growth in snails. It has been reported that inorganic and organic
mercury block voltage-activated Ca?* channels in nerve terminals and disrupt ligand-gated ion
channels [65,66]. These and other experimental animal studies demonstrate a wide range of biological
effects from exposure to different species of Hg [67—70].

Enlarged kidneys are indicative of renal inflammation and proliferative lesions following chronic
exposure to Cd [71] or As [72]. The increased kidney injury from Cd and As co-exposure might be due
to increased oxidative stress. It has been proposed that both Cd [73-77] and As [76,77] may produce
oxidative stress as a cellular mechanism of toxicity. Other recent studies have shown that alterations in
the activity of focal adhesion kinase may play a key role in the malignant transformation of cells by
arsenic [78,79]. In this regard, Cd and As co-exposure produces significantly more lipid peroxidation
in liver and kidney than either inorganic given alone [80].

In regard to aetiology of porcine nephropathy, the production of multiple toxins as is sometimes the
environmental situation, presents a problem that has not been sufficiently investigated. Co-incidence of
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pathohistological findings of renal tissues and toxic elements in kidneys from slaughtered pigs are
summarized in Figure 3.

3. Experimental Section
3.1. Sampling

A total of 90 kidneys from healthy slaughtered swine from three different regions of Serbia were
sampled during a six month period. The slaughtered pigs had an average weight of about 105 kg and
age of about six months. Sampling in the slaughterhouses consisted of collecting one kidney per pig,
from five pigs per farm. All samples were packed in plastic bags, kept in a small freezer (+4 <C) during
transport, and immediately transported to the laboratory. Visible fat, connective tissue and major blood
vessels were excised and the samples were then homogenized. Sub-samples (10 g approximately) were
taken and frozen at —18 <C until analysis.

3.2. Digestions

Kidney samples for instrumental analysis were prepared using the method of acid microwave
digestion. Samples underwent digestion in a microwave digestion unit (Milestone TC) with
temperature control. Heavy metal contents (Pb and Cd) were determined using GF-AAS technique,
atomic absorption spectrophotometer-Varian Spectra 220, equipped with Varian-GTA 110 graphite
furnace. Mercury (Hg) concentrations in samples were analyzed by hydride generation atomic
absorption spectrophotometry at 253.7 nm (HG-AAS, cold vapour technique), using Varian Spectra
A220-atomic absorption spectrometer equipped with a Varian VGA-77 hydride generator. Total
arsenic (As) content was measured by hydride generation atomic absorption spectroscopy HG-AAS, in
flame at 197.3 nm, on the same instrument configuration as mentioned above.

3.3. Quality Assurance

Appropriate quality assurance procedures were carried out to ensure reliability of the results.
Samples were carefully handled to avoid contamination. Glassware was properly cleaned, and the
reagents were of analytical grade. Double distilled deionised water was used throughout the study.
Reagents blank determinations were used to correct the instrument readings. Recoveries for all analytes
ranged from 95% to 102% and the variation coefficient ranged between 4% and 9%. Quality control
procedures included the analysis of a standard reference material (BCR N0.186).

3.4. Microscopic Examination
Kidney samples were fixed in 10% neutral buffered formalin and absolute alcohol for 5 to 7 days,

processed using standard histological techniques, and stained with hematoxylin and eosin (HE) for
light microscopic examination.
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3.5. Statistical Analysis

Differences in the mean levels of toxic elements contamination across the three groups of positive
samples was determined by analysis of variance and then by a Student’s t-test. Additional posttests
were applied to evaluate differences among groups with statistically significant variation among
means. Differences with p values smaller than 0.05 were considered statistically significant.

4. Conclusions

It could be concluded that the presence of toxic elements in swine kidneys and consequently, the
human exposure to relevant Provisional Maximum Tolerable Daily Intakes (PMTDIs), Provisional
Tolerate Weekly Intakes (PTWIs) and Tolerable Daily Intake (TDIs) of the four toxic elements under
study are below that those reported by the FAO/WHO, who have set a limit for toxic element intake
based on body weight for an average adult (60 kg body weight) [24,25,81]. Thus, the consumption of
average amounts of pork meat and meat byproducts which include internal organs (liver, kidneys,
heart, and lungs) does not pose a health risk for the consumer. The present study provides data on the
prevalence of toxic elements in pigs intended for food which were raised in different regions of Serbia
and also provides an assessment on the consumer’s exposure to the toxic elements. Despite the limited
number of samples examined in the present study, it is important to notice that even the low levels of
toxic elements concentration found in food, may contribute to the toxic elements daily intake. The
findings of this study suggests that regular surveys for toxic elements should be done on all food
commodities in order to evaluate the possibility of health risks associated with toxic elements
exposure, to assure food safety and to protect the consumers from food that might negatively affect
their health. Regular surveys and monitoring programmes for toxic elements contents in foodstuffs
have been performed for decades by several countries.

In addition to toxicological assessment it is clearly evident from the studies of many authors and
the findings of this study that interactions between toxic elements are very important in toxicology. The
kidneys are target organ for As, Cd, Hg toxicity. Long-term, even low-level, exposure to this metal
leads to kidney damage characterized by tubular dysfunction. Future research should focus on the
interactions between these elements in humans exposed to toxic elements occupationally and
environmentally.

Acknowledgements

This work was supported by the Institute of Meat Hygiene and Technology, Belgrade, Serbia. The
authors thank the Institute for the financial support.



Int. J. Environ. Res. Public Health 2009, 6 3137

References

10.
11.

12.

13.

14.

15.

16.

17.

18.

Satarug, S.; Baker, J.R.; Urbenjapol, S.; Haswell-Elkins, M.R.; Reilly, P.E.B.; Williams, D.J. A
global perspective on cadmium pollution and toxicity in non-occupationally exposed population.
Toxicol. Lett. 2003, 137, 65-83.

Zaidi, M.1.; Asrar, A.; Mansoor, A.; Farooqui, M.A. The heavy metal concentrations along
roadside trees of Quetta and its effects on public health. J. Appl. Sci. 2005, 5, 708-711.

D’Mello, J.P.F. Food Safety: Contaminants and Toxins; CABI Publishing: Wallingford, Oxon,
Cambridge, MA, UK, 2003; p. 480.

Jarup, L. Hazards of heavy metal contamination. Br. Med. Bull. 2003, 68, 167-182.

Sathawara, N.G.; Parikh, D.J.; Agarwal, Y.K. Essential heavy metals in environmental samples
from western India. Bull. Environ. Contam. Toxicol. 2004, 73, 756—761.

Caggiano R.; Macchiato M.F.; Ragosta, M. Heavy metals in ryegrass species versus metal
concentrations in atmospheric particulates in an industrial area of southern Italy. Environ. Monit.
Assess. 2004, 102, 67-84.

Diamond G.L.; Zalups, R.K. Understanding renal toxicity of heavy metals. Toxicol. Pathol. 1998,
26, 92-103.

Lewis, M.; Worobey, J.; Ramsay, D.S.; McCormack, M.K. Prenatal exposure to heavy metals:
Effects on childhood cognitive skills and health status. Am. Acad. Ped. 1992, 89, 1010-1015.
Cadmium. Environmental Health Criteria. WHO: Geneva, Switzerland, 1992; Vol. 134.

Lead. Environmental Health Criteria, WHO: Geneva, Switzerland, 1995; Vol. 165.

Steenland, K.; Boffetta, P. Lead and cancer in humans: Where are we now? Am. J. Ind. Med.
2000, 38, 295-299.

Dolk, H.; Vrijheid, M. The impact of environmental pollution on congenital anomalies. Brit. Med.
Bull. 2003, 68, 25-45.

Schwartz, J. Air pollution and daily mortality: A review and meta-analysis. Environ. Res. 1994,
64, 26-35.

Engel, R.R.; Hopenhayn-Rich, C.; Receveur, O.; Simith, H. Vascular effects of chronic arsenic
exposure: A review. Epidemiol. Rev. 1994, 16, 184-209.

Tsuda, T.; Babazono, A.; Yamamoto, E.; Krumatani, N.; Mino, Y.; Ogawa, T.; Kishi, Y.;
Aoyama, H. Ingested arsenic and internal cancer: A historical cohort study followed for 33 year.
Am. J. Epidemiol. 1995, 141, 198-209.

Jarup, L.; Berglung, M.; Elinder, C.G.; Norduerg, G.; Vahter, M. Health effects of cadmium
exposure a review of the literature and a risk estimate. Scamlintivittn J. Work. Environ. Health
1998, 24, 1-51.

Basu, A.; Mahata, J.; Gupta, S.; Giri, A.K. Genetic toxicology of a paradoxical human carcinogen,
arsenic: A review. Mutaliini Res. 2001, 448, 171-194.

Beryllium, Cadmium, Mercury and Exposures in the Glass Manufacturing Industry. 1ARC
Monographs on the Evaluation of Carcinogenic Risk of Chemicals to Humans; International
Agency for Research on Cancer: Lyon, France, 1993; Vol. 58, p. 444.



Int. J. Environ. Res. Public Health 2009, 6 3138

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Pitot, C.H.; Dragon, P.Y. Chemical carcinogenesis. In Casarett and Doull’s Toxicology, 5th ed.,
International Edition; McGraw Hill: New York, NY, USA, 1996; pp. 201-260.

Abou-Arab, A.A.K. Heavy metal contents in Egyptian meat and the role of detergent washing on
their levels. Food Chem Toxicol. 2001, 39, 593-599.

Lazarus, M.; Vickovic, I. Sostarié¢, B.; Blanug, M. Heavy metal levels in tissues of Red Deer
(Cervus elaphus) from Eastern Croatia. Arh Hig Rada Toksikol. 2005, 56, 233-240.

Villar, T.d.C.; Elaine, J.; Kaligayahan, P.; Flavier, M.E. Lead and cadmium levls in edible internal
organs and blood of poultry chicken. J. Appl. Sci. 2005, 5, 1250-1253.

UNEP (United Nations Environment Programme). Draft final review of scientific information on
cadmium, 2008. Available online: http://www.chem.unep.ch/Pb_and_Cd/SR/Draft_final_reviews/
Cd_Review/Final_UNEP.

Joint FAO/WHO Expert Committee on Food Additives (JECFA). Evaluation of Certain Food
Additives and Contaminants. Fifty third report of the Joint FAO/WHO Expert Committee on Food
Additives. WHO Technical Report Series no. 896. World Health Organization: Geneva,
Switzerland, 2000.

Joint FAO/WHO Expert Committee on Food Additives (JECFA). Evaluation of certain food
additives and contaminants. Fiftyfifth report of the Joint FAO/WHO Expert Committee on Food
Additives. WHO Technical Report Series no. 901. World Health Organization: Geneva,
Switzerland, 2001.

Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum levels for
certain contaminants in foodstuffs, Official Journal of the European Union, L364/5. European
Parliament and of the Council: Brussels, Belgium, 2006.

Karavoltsos, S.; Sakellari, A.; Dimopoulos, M.; Dasenakis, M.; Scoullos, M. Cadmium content in
foodstuffs from the Greek market. Food Addit. Contam. 2002, 19, 954-962.

Milacic, R.; Kralj, B. Determination of Zn, Cu, Cd, Pb, Ni and Cr in some Slovenian foodstuffs.
Eur. Food Res. Technol. 2003, 217, 211-214.

EEA (European Environmental Agency). Trends in metals and persistent organic pollutants. In
Hazardous Substances in the European Marine Environment; Green, N., Bjerkeng, B., Hylland,
K., Ruus, A., Rygg, B., Eds.; Norwegian Institute for Water Research: Copenhagen, Denmark,
2003; pp. 1-85.

European Food Safety Authority (EFSA). Scientific opinion of the Panel on Contaminants in the
Food Chain Mercury as undesirable substance in animal feed. EFSA J. 2008, 654, 2—74.

Brz&ka, M.M.; Moniuszko-Jakoniuk, J. The influence of calcium content in diet on cumulation
and toxicity of cadmium in the organism. Arch. Toxicol. 1998, 72, 63-73.

Brz&ka, M.M.; Moniuszko-Jakoniuk, J. Interactions between cadmium and zinc in the organism.
Fd. Chem. Toxicol. 2001, 39, 967-980.

Scoullos, M.; Vonekeman, G.H.; Thornton, I. EUPHEMET-Towards an integrated EU policy for
heavy metals. EC-DG Research: Brussels, Belgium, 2001.

Satarug, S.; Haswell-Elkins, M.R.; Moore, M.R. Safe levels of cadmium intake to prevent renal
toxicity in human subjects. Br. J. Nutr. 2000, 84, 791-802.



Int. J. Environ. Res. Public Health 2009, 6 3139

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Goering, P.L.; Waalkes, M.P.; Klaassen, C.D. Toxicology of cadmium. In Toxicology of Metals:
Biochemical Aspects. Handbook of Experimental Pharmacology; Goyer, R.A., Cherian, M.G.,
Eds.; Springer: New York, NY, USA, 1995; Vol. 115, pp. 189-213.

Jiang, J.; McCool, B.A.; Parrish, A.R. Cadmium- and mercury-induced intercellular adhesion
molecule-1 expression in immortalized proximal tubule cells: Evidence for a role of decreased
transforming growth factor-betal. Toxicol. Appl. Pharmacol. 2002, 179, 13-20.

Prozialeck, W.C.; Lamar, P.C. Cadmium nephrotoxicity is associated with a loss of N-cadherin-
mediated adhesion and alterations in epithelial polarity in the proximal tubule. Toxicol. Sci. 2005,
84, S327.

Edwards, J.R.; Lamar, P.C.; Diamantakos, E.; Peuler, J.D.; Liu, J.; Waalkes, M. Cadmium-
induced disruption of proximal tubule cell adhesion is associated with redistribution of cell
adhesion molecules and loss of epithelial polarity. Toxicol. Sci. 2006, 90, S414.

Agency for Toxic Substances and Disease Registry (ATSDR), 1998: Toxicological profiles for
arsenic, update.

Goering, P.L.; Aposhian, H.V.; Mass, M.J.; Cebrian, M.; Beck, B.D.; Waalkes, M.P. The enigma
of arsenic carcinogenesis: Role of metabolism. Toxicol. Sci. 1999, 49, 5-14.

Bucheli, T.D.; Fent, K. Induction of cytochrome P450 as a biomarker for environmental
contamination in aquatic ecosystems. Crit. Rev. Environ. Sci. Technol. 1995, 25, 201-268.
Yasutake, A.; Nakano, A.; Hirayama, K. Induction by mercury compounds of brain
metallothionein in rats: HgO exposure induces long-lived brain metallothionein. Arch. Toxicol.
1998, 72, 187-191.

Yoshida, M.; Satoh, H.; Sumi, Y. Effect of ethanol pretreatment on mercury distribution in organs
of fetal guinea pigs following in utero exposure to mercury vapor. Toxicology 1997, 119,
193-201.

Yoshida, M.; Satoh, M.; Yasutake, A.; Shimada, A.; Sumi, Y.; Tohyama, C. Distribution and
retention of mercury in metallothionein-null mice after exposure to mercury vapor. Toxicology
1999, 139, 129-136.

Klaassen, C.D.; Liu, J. Induction of metallothionein as an adaptive mechanism affecting the
magnitude and progression of toxicological injury. Environ. Health Perspect. 1998, 106,
297-300.

Liu, J.; Liu, Y.; Habeebu, S.S.; Klaassen, C.D. Metallothionein-null mice are highly susceptible to
the hematotoxic and immunotoxic effects of chronic CdCI2 exposure. Toxicol. Appl. Pharmacol.
1999, 159, 98-108.

George, S.G.; Langston, W.J. Metallothionein as an indicator of water quality—Assessment of the
bioavailability of cadmium, copper, mercury and zinc in aquatic animals at the cellular level. In
Water Quality and Stress Indicators in Marine and Freshwater Ecosystems: Linking Levels of
Organization; Sutcliffe, D.W., Ed.; Freshwater Biological Association: Ambleside, UK, 1994,
pp. 138-153.

Chan; H.M.; Zhu, L.F.; Zhong, R.; Grand, D.; Goyer, R.A.; Cherian, M.G. Nephrotoxicity in rats
following liver transplantation from cadmium-exposed rats. Toxicol. Appl. Pharmacol. 1993, 123,
89-96.



Int. J. Environ. Res. Public Health 2009, 6 3140

49.

50.

5l.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Sudo, J.; Hayashi, T.; Kimura, S.; Kakuno, K.; Terui, J.; Takashima, K. Mechanism of
nephrotoxicity induced by repeated administration of cadmium chloride in rats. J. Toxicol.
Environ. Health 1996, 48, 333-348.

Youn, J.; Lynes, M.A. Metallothionein-induced suppression of cytotoxic T lymphocyte function:
An important immunoregulatory control. Toxicol Sci. 1999, 52, 199-208.

Conner, E.A.; Fowler, B.A. Mechanisms of metal-induced nephrotoxicity. In Toxicology of the
Kidney, 2nd ed.; Hook, J.B., Goldstein, R.S., Eds.; Raven Press: New York, NY, USA, 1993,
pp. 437-457.

Jacquillet, G.; Barbier, O.; Cougnon, M.; Tauc, M.; Namorado, M.C.; Martin, D. Zinc protects
renal function during cadmium intoxication in the rat. Am. J. Physiol. Renal Physiol. 2006, 290,
F127-F137.

Jiang, J.; Dean, D.; Burghardt, R.C.; Parrish, A.R. Disruption of cadherin/catenin expression,
localization, and interactions during HgCI2-induced nephrotoxicity. Toxicol. Sci. 2004, 80,
170-182.

Leussink, B.T.; Litvinov, S.V.; de Heer, E.; Slikkerveer, A.; van der VVoet, G.B.; Bruijn, J.A. Loss
of homotypic epithelial cell adhesion by selective N-cadherin displacement in bismuth
nephrotoxicity. Toxicol. Appl. Pharmacol. 2001, 175, 54-59.

Corbett, J.R. The Biochemical Mode of Action of Pesticides; Academic Press: London, UK, 1974;
pp. 253-255.

Olinescu, R.; Smith, T.L.; Hertoghe, J. The Body’s Battle against Pollution; Nova: Commack,
NY, USA, 1998; pp. 97-223.

Massaro, E.J. Tissue uptake and subcellular distribution of mercury. In Handbook of Human
Toxicology; Massaro, E.J., Ed.; CRC Press: Boca Raton, FL, USA, 1997; pp. 285-301.

Wang, W.; Ballatori, N. Endogenous glutathione conjugates: Occurrence and biological functions.
Pharmacol. Rev. 1998, 50, 335-354.

Crosby, D.G. Environmental Toxicology and Chemistry; Oxford University Press: New York, NY,
USA, 1998; pp. 212-213.

Christie, N.T.; Costa, M. In vitro assessment of the toxicity of metal compounds IV. Disposition
of metals in cells: Interactions with membranes, glutathione, metallothionein, and DNA. Biol.
Trace Elem. Res. 1984, 6, 139-158.

Bhattacharya, S. Mechanisms of signal transduction in the stress response of hepatocytes. In
International Review of Cytology; Jeon, K.W., Ed.; Academic Press: San Diego, CA, USA, 1998;
Vol. 184, pp. 109-156.

O’Flaherty, E.J. Physiologically based models of metal kinetics. Crit. Rev. Toxicol. 1998, 28,
271-317.

Liang, G.; Jalebark, L.; Ulfendahl, M.; Moore, E.J. Mercury (Hg®") suppression of potassium
currents of outer hair cells. Neurotoxicol. Teratol. 2003, 25, 349-3509.

Leong, C.C.; Syed, N.I.; Lorscheider, F.L. Retrograde degeneration of neurite membrane structural
integrity of nerve growth cones following in vitro exposure to mercury. NeuroReport 2001, 12,
733-737.



Int. J. Environ. Res. Public Health 2009, 6 3141

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Denny, M.F.; Atchison, W.D. Mercurial-induced alterations in neuronal divalent cation
homeostasis. Neurotoxicology 1996, 17, 47-62.

Sirois, J.E.; Atchison, W.D. Effects of mercurials on ligand- and voltage-gated ion channels: A
review. Neurotoxicology 1996, 17, 63-84.

Castoldi, A.F.; Coccini, T.; Ceccatelli, S.; Manzo, L. Neurotoxicity and molecular effects of
methylmercury. Brain Res. Bull. 2001, 55, 197-203.

Shafer, T.J.; Meacham, C.A.; Barone, S., Jr. Effects of prolonged exposure to nanomolar
concentrations of methylmercury on voltagesensitive sodium and calcium currents in PC12 cells.
Brain Res. Dev. Brain Res. 2002, 136, 151-164.

Yoshida, M.; Satoh, M.; Shimada, A.; Yamamoto, E.; Yasutake, A.; Tohyama, C. Maternal-to-
fetus transfer of mercury in metallothionein- null pregnant mice after exposure to mercury vapor.
Toxicology, 2002, 175, 215-222.

Gopal, K.V. Neurotoxic effects of mercury on auditory cortex networks growing on
microelectrode arrays: A preliminary analysis. Neurotoxicol. Teratol. 2003, 25, 69-76.

Liu, J.; Liu, Y-P.; Habeebu, S.M.; Klaassen, C.D. Susceptibility of MT-null mice to chronic
CdCl2-induced nephrotoxicity indicates that renal injury is not mediated by the CAMT complex.
Toxicol. Sci. 1998, 46, 197-203.

Liu, J.; Liu, Y.-P.; Goyer, R.A.; Achanzar W.; Waalkes, M.P. Metallothionein-I:1l null mice are
more sensitive than wild-type mice to the hepatotoxic and nephrotoxic effects of chronic oral or
injected inorganic arsenicals. Toxicol. Sci. 2000, 55, 460-467.

Stohs, S.J.; Bagchi, D. Oxidative mechanisms in the toxicity of metal ions. Free Radic. Biol. Med.
1995, 18, 321-336.

Shaikh, Z.A.; Vu, T.T.; Zaman, K. Oxidative stress as a mechanism of chronic cadmium-induced
hepatotoxicity and renal toxicity and protection by antioxidants. Toxicol. Appl. Pharmacol. 1999,
154, 256-263.

Sabolic I. Common mechanisms in nephropathy induced by toxic metals. Nephron Physiol. 2006,
104, 107-114.

Yamanaka, K.; Hasegawa, A.; Sawunura, R.; Okada, S. Cellular response to oxidative damage in
lung induced by the administration of dimethylarsenic acid, a major metabolite of inorganic
arsenics, in mice. Toxicol. Appl. Pharmacol. 1991, 108, 205-213.

Barchowsky, A.; Dudek, E.J.; Treadwell, M.D.; Wetterhahn, K.E. Arsenic induces oxidant stress
and NF-kB in cultured aortic endothelial cells. Free Radic. Biol. Med. 1996, 21, 783-790.

Liu, J.; Waalkes, M. Focal adhesion kinase as a potential target in arsenic toxicity. Toxicol Sci.
2005, 84, 212-213.

Yancy, S.L.; Shelden, E.A.; Gilmont, R.R.; Welsh, M.J. Sodium arsenite exposure alters cell
migration, focal adhesion localization and decreases tyrosine phosphorylation of focal adhesion
kinase in H9C2 myoblasts. Toxicol Sci. 2005, 84, 278-286.

Diaz-Barriga, F.; Llamas, E.; de Jesus Mejia, J.; Carrizales, L.; Santoyo, M.E.; Vega-Vega, L.;
Yanez, L. Arsenic—cadmium interaction in rats. Toxicology 1990, 64, 191-203.



Int. J. Environ. Res. Public Health 2009, 6 3142

81. WHO-IPCS (World Health Organization—International Programme on Chemical Safety).
Elemental mercury and inorganic mercury compounds: Human health aspects. Concise
linternational Chemical Assessment Document 50. Geneva, Switzerland, 2003.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



