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ABSTRACT

Copper is a physiologically occurring trace element, the availability of which to wild small mam-
mals is constantly increasing. This research deals with the questions of how copper in doses
equivalent to those found in the natural environment from polluted areas (Cu I — 150 mg kg,
Cu IT — 600 mg kg?) influences homeostasis of small rodents. The following were used as indica-
tors: ratios of organs to body mass, blood parameters (haematocrit, haemoglobin), copper, iron
and zinc concentrations in selected tissues and in excrements. The bank vole was used as a
model species (n = 72). Haematocrit was assessed using a haematocrit reader, while haemoglo-
bin was determined with a spectrophotometer. The content of Cu, Fe and Zn was analyzed using
the flame method. Ratios of the liver and kidneys to body mass were significantly lower in ani-
mals exposed to 600 mg kg! Cu than in the control. Copper accumulated in the liver, kidneys,
brain and excrements of the Cu II animals of both sexes. It also influenced the iron and zinc
homeostasis by decreasing the iron concentration in the kidneys of both sexes, in the liver of
females and in male testes. Additionally, it caused a decline in iron excretion in females. Com-
pared to the control, the zinc concentration was significantly higher in the liver and brain of ani-
mals exposed to copper solutions as well as in the kidneys of copper treated males. Along with
an increase in copper, the zinc concentration in faeces decreased significantly. In conclusion,
copper pollution influences negatively the homeostasis of small mammals. Consequently it may
interfere with trophic chains, which could affect adversely the degree of biodiversity.
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INTRODUCTION

The human impact on nature is continually increasing, adding to the
contamination of the environment, one possible manifestation of which is the
growing copper availability to wild animals. Decreasing numbers of small
rodents have been observed in industrial regions (Katakv et al. 1994), which
might be attributed to the harmful effects of contamination. Vertebrates li-
ving in the wild are commonly used in environmental studies as monitoring
organisms that facilitate assessments of pollution in trophic chains (ZAKRZEW-
SKA et al. 2005, BaBINskA et al. 2008, MARTINIAKOVA et al. 2012). However,
such studies do not allow researchers to monitor exact amounts of certain
pollutants that are ingested by the model animal. Furthermore, it is impos-
sible to observe how a certain level of a pollutant influences homeostasis of
an organism, including the accumulation of this element in tissues, which
might be linked with its availability for the higher level organisms in a tro-
phic chain. Thus, the present research focused on the influence of copper
concentrations corresponding to those found in the natural environments
studied under laboratory conditions.

Copper and its alloys are used extensively in domestic and industrial
applications (STERN 2010). Therefore, the element may easily pemeate into
the natural environment and accumulate in plants and water, which makes
it available to herbivores. This metal is an essential trace element for living
organisms and is found in all organs, with the highest concentrations found
in the liver and brain (OzceLik, Uzun 2009). Copper is crucial for the functio-
ning of many cellular enzymes (TaPiErO et al. 2003), although is excess may
be toxic to a living organism. It has been documented in rodents that excess
copper interferes with reproductive abilities (Miska-ScHRAMM et al. 2014),
mainly due to its negative effect on the endocrine system (KocHMmaN et al.
1997, MarTIN et al. 2003). Moreover, copper as an oxidative stress factor may
affect adversely the liver function, which has been proven in rats (ZHANG et
al. 2000). Excess of copper in organisms may also interact with other essen-
tial elements, especially with iron and zinc.

Ceruloplasmin, the major copper-carrying protein in blood, or hepha-
estin, another copper-containing protein, both have a significant impact on
the metabolism of iron (ARREDONDO, NUNEZ 2005). Limited iron mobilization
caused by those proteins may decrease iron availability for new haemoglobin
synthesis and result in anaemia (REEVES et al. 2005). On the other hand, zinc
intake may induce the synthesis of intestinal metallothionein (a group of
proteins binding metals and xenobiotics, important in detoxification),
to which copper has higher affinity than to zinc and which will therefore
bind in enterocytes (ARREDONDO, NUNEZ 2005). These characteristics suggest
that copper deficiency may be reduced with high zinc intake. The following
question arises: what happens to a zinc level provided the copper intake was
raised? Taking into consideration the above information, the authors decided



619

to assess the accumulation of copper, iron and zinc in selected tissues and
excrements of rodents exposed to copper concentrations equivalent to those
found in the natural environment from polluted sites (Tanc et al. 1999). Mo-
reover, the influence of copper on blood parameters of the examined animals
was explored. The bank vole (Myodes glareolus) was used as a model species.
In its natural environment, this small rodent typically inhabits woodlands,
but can also be found in parks, hedgerows and croplands (TORRE, ARRIZABALAGA
2008). It occurs in Europe and Asia and is considered to be a pest species in
agriculture.

MATERIALS AND METHODS

Animals

The bank vole (Myodes glareolus Schreber, 1780) individuals originated
from a laboratory colony of the Institute of Environmental Sciences, Jagiello-
nian University, Krakow. The original stock was obtained in 1976 from the
Mammal Research Institute of the Polish Academy of Sciences (Bialowieza)
and has been maintained as an outbreed stock colony. The animals are ho-
used in polyethylene cages (40 cm x 25 cm x 15 cm) under a 14 h photope-
riod (7 am — 9 pm light, 9 pm — 7 am dark) at 21+1°C and 60% humidity.
Wood shavings changed once a week served as bedding material. Standard
pelleted chow for laboratory rodents (Labofeed H, Kcynia) and liquid in the
form of deionized water or solutions of copper were available ad libitum.

For the study, four-week-old individuals were randomly divided into
three experimental groups. The animals were treated with different metal
solutions or given deionized water for 12 weeks. At the age of 16 weeks, in-
dividuals body mass, (g): females 17.0-29.0, males 19.6-33.6 were euthanized
by cervical dislocation.

Experimental groups

C — control group given deionized water;

Cul - (150 mg kg' dose): copper sulphate (II) 5 hydrate (CuSO, - 5H,0)
AR purity grade (AVANTOR, Poland) at concentration of 150 mg
Cu

Cu II — (600 mg kg dose): copper sulphate (II) 5 hydrate (CuSO, - 5H,0)
AR purity grade (AVANTOR, Poland) at concentration of 600 mg
Cuz 1t

Hematocrit and the level of hemoglobin

Blood samples were collected directly from the heart, right after cervical
dislocation to two, one-end-closed capillaries. After 15 min of centrifugation
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at 1000 rpm haematocrit (Ht; %) was assessed with a haematocrit reader.
Haemoglobin (Hb) level was determinede on a spectrophotometer HemoCue

AB (Allgelholm, Sweden).

Chemical analysis

Livers, kidneys, brains, intestines and (in males) testes were dissected
from 12 individuals from each experimental group (together 36 males, 36
females), weighed and used for further chemical analyses. The accumulation
of copper, iron and zinc was assessed in these tissues, using the spectropho-
tometric method after wet digestion in a 4:1 HNO,:HCIO, solution (ZAKRZEW-
SKA et al. 2005). The content of Cu, Fe and Zn was analyzed on a PerkinEl-
mer Analyst 200 using the flame method. Simultaneously, blind reagent
samples and standard samples were tested (NBS Bovine Liver 1577b, salva-
ge: 97.2%-101%).

Statistical analysis

Means were compared using one-way analysis of variance (ANOVA) and
the significance of differences was determined by the post hoc Tukey test. All
results are presented as means +SE with ranges and p < 0.05 is taken to
indicate significance. All calculations were done using Statistica PL ver. 10.0.

Compliance with ethical standard

The experimental procedures for this study were approved by the Regio-
nal Committee on Animal Experimentation in Krakow (Protocol No.
36/2009), acting in compliance with the European Communities Council
Directive of 24 Nov. 1986 (86/609/EEC).

RESULTS

Ratios of organs to body mass in the bank vole females and males treated
with different copper doses are presented in Table 1. In both sexes, the liver
to body mass ratio was significantly higher in animals treated with 600 mg
kg of Cu than in the control. The kidneys to body weight ratio was signifi-
cantly higher in both sexes after administration of 150 mg kg solution than
in the control group. Moreover, both females and males from group Cu II had
a significantly lower kidney to body mass ratio than those from group Cu I.

The results summarized in Table 2 show that copper did not affect blood
parameters except for a decrease in haematocrit in males from group Cu II,
which was was significantly lower than in both the control and Cu I males
(Table 2).

As shown in Table 3, the highest copper concentration was found in ex-
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Table 1

The ratio of the weight of the liver, kidneys and testes to the mass of bank vole females

and males treated with different copper solutions

) Experimental group
Mass ratio Fo p
C Cul Cu Il "
Males
. 4.244+ 0.15 4.71 £ 0.15 4994+ 0.12
Liver to body mass 3.74—-536 | 3.73-5.25 | 4.29-5.63 7.29 <0.01
. 1.284 £ 0.03 1.624¢ + 0.05 1.43+ 0.05
Kidneys to body mass 11—146 139 — 1.98 195 1.71 14.01 <0.01
2.54 £ 0.08 2.93+0.14 2.83 £0.15
Testes tobody mass | 511 996 | 226-359 | 2.08- 364 259 NS
Females
. 4.32* + 0.2 5.13 £ 0.24 5.39¢ + 0.36
Liver to body mass 3.45-529 | 3.88-6.16 | 3.86—7.29 4.18 <0.05
. 1.224 £ 0.03 1.444° + 0.05 1.18% + 0.05
Kidneys to body mass | g 139 | 191164 | 0.89-1.43 9.06 <0.01
Means assigned the same superscripts differ significantly; a — p < 0.05, A — p < 0.01;
(means +SE, min. and max. values).
Table 2

Haematocrit and haemoglobin concentrations in blood of bank vole females and males treated

with different copper solutions and deionized water

Experimental group
F‘(Z 33) p
C Cul Cu IT :
Males
420+ 1 410+ 1 36 £ 1
0,
Ht (%) 35 . 50 30 - 42 30 - 42 5.12 <0.05
135+ 4 120 £ 4 127+ 7
Hb (/1) 115 - 153 101 - 152 88 - 158 223 NS
Females
41+ 2 38+1 37+2
0,
He (%) 30 - 49 28 - 46 27 - 43 1.96 NS
123+ 3 121+ 6 114+ 6
Hb (e/L) 102 - 136 78 - 166 80 - 141 0.76 NS

crements and livers of both males and females from group Cu II. The copper
concentration in tissues sampled from both sexes was also significantly high-
er in Cu II than in control and Cu I groups (Table 3). In excrements, copper
concentration was higher in Cu I animals than in the control. The kidneys
of Cu II females and males accumulated significantly more copper than both
Cu I and control animals. The highest copper accumulation in brains was
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Table 3

Copper concentration (ug g d.w.) in the liver, kidneys, brain, testes and excrements of bank
vole females and males treated with different copper solutions and deionized water

Cu concentration (ug g* d.w.)
F‘(Z 33) p
c | cul | Cu Il *
Males
. 14.94 £ 0.7 56.12°+ 8.7 | 825.8%+ 175.3
Liver 11.9-182 | 23.4-102.6 | 107.9 — 1886.6 20.31 <0.01
) 14.74 £ 1.03 27.15 + 3.3 85.948 + 15.8
Kidneys 104-221 | 131-548 | 247-2004 | 1673 <0.01
. 13.1¢+ 0.3 168+ 1.1 20.49 + 2.1
Brain 12.4 - 13.9 10.7 - 21.4 9.2 - 38 3.6 <0.05
64.4% £ 6.2 | 92255 £ 71.5 | 2214.145 & 384.1
Bixcrement 34.6-101.4 | 53131390 | 383.1-42525 | 297 <0.01
11.2+0.8 10.8 + 0.4 12,5+ 0.4
Testes 8.1-17.9 9.4 142 9.8-15 241 NS
Females
. 16.34 = 1.1 1215 £ 26.8 | 1638.54% + 237.2
Liver 103-9221 | 27.3-341.3 | 553.5—2893.6 | 539 <0.01
. 2464+ 2.5 24.35 + 3.3 73.148 + 11.3
Kidneys 14.1— 43.4 9.5 — 46.1 34.4 — 139.7 17.53 <0.01
. 13.140 4+ 0.3 15.65 & 0.5 18.248 £ 0.6
Brain 11.9-14.3 14-19.2 15.9 - 22.4 213 <0.01
7948 & 4 11344€ + 73 37225 + 291
Excrement 54- 101 8312 — 5009 2095 — 5009 172 <0.01

Means assigned the same superscripts differ significantly; a — p < 0.05, A,B — p < 0.01;
(means £SE, min. and max. values).

observed in animals from Cu II groups. In females, copper accumulation in
the brain was significantly higher in Cu II than in the other experimental
groups (Table 3); in males, however, the copper content was significantly
higher in Cu II groups than in the control. In males treated with 600 mg kg
Cu, the iron concentration in kidneys significantly decreased when compared
to the control (Table 4). There was also less iron accumulated in testes of
Cu I males compared to the control group. When compared to control fe-
males, copper causes a decrease in the iron concentration in the liver, kid-
neys and excrements of Cu II females. There was also significantly less iron
in livers of Cu II females than in Cu I. Iron concentration in kidneys and in
excrements was significantly higher in control females than in Cu I groups.

Zinc concentrations in male and female tissues are contained in Table 5.
Compared to the control, significantly higher zinc concentrations were ob-
served in the liver, kidneys and brain of Cu II males. Zinc accumulation was
also higher in the livers of Cu I males than in the control. On the other
hand, zinc concentration in the kidneys and brains of control males was lower
than in Cu I ones. Significantly smaller zinc concentration was observed
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Table 4
Iron concentration (ug g! d.m.) in the liver, kidneys, brain, testes and excrements of bank vole

females and males treated with different copper solutions and deionized water.

Fe concentration (ug g d.w.)
c [ cur | cunm Fam P
Males

Liver 12 140522—i 6464319 12492749—i 5316319 12339625—i 3292953 0.88 NS
Kidneys ;112?—2%3% 235451—i 42626 52? ais%ai 473 <0.05
Brain 141125—1133 9123f i1992 11‘210—i123 1.42 NS
Fxcrement ngo—i1g;5 587365—i 93754 5328—ilﬁ7 2.86 NS
Testes 13%2231228 ;(1)5:1 1i5g 00 . 1i72 9.46 <0.01

Females
Brain 111%1—i 11813 6111§ ?684 7182 i ?465 2.01 NS
Bxerement Tr sor | ovoam | mi_ses | W2 | <001

Means assigned the same superscripts differ significantly; a — p < 0.05, A,B — p < 0.01; (means
+SE, min. and max. values).

in excrements of Cu I males than in the control. Relative to the control fe-
males, the highest zinc concentration in the liver and brain tissues was ob-
served in group Cu II. The Cu I females had more zinc in the liver and brain
than the control females. Copper decreased the zinc concentration in faeces
of females; Cu I and Cu II females had less zinc in excrements than did the
control ones (Table 5).

DISCUSSION

Differences in the mass of organs between the treatment groups are of-
ten accompanied by differences in body mass between the examined groups,
making any interpretation of organ weight differences more difficult (BAILEY
et al. 2004, MicHAEL et al. 2007). Therefore, we have evaluated the organ
and body mass ratios to detect copper toxicity towards the target organ.
The weights of livers, kidneys and testes were taken into considera-
tion. The liver and, in somecases, the kidney are primary targets of repea-
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Table 5

Zinc concentration (ug g' d.m.) in the liver, kidneys, brain, testes and excrements of bank vole

females and males treated with different copper solutions and deionized water

Zn concentration (ug g' d.w.) »
c Cul Cull @) P
Males

Liver 7%6iin35 gi v f554 1102?? . 11656 13.74 <0.01
Kidneys Zjib_*gg oo 7857j a0 4.27 <0.05
Brain i?ii; 5ZGi i1672 5%5i iie?z 6.51 <0.01
Testes 1;28—i138 1:1338—i1§6 102 i 35203 1.04 NS

Females
Liver 18%61B 1i4;1 1132—A T§7 112i4ii1§2 28.90 <0.01
Kidneys 6277i14113 5g7flg7 329f124 oo NS
Brain ‘fg’ill : g"_iéé ggg_isf) 42.4 <0.01
Excrement 4352'?;3 29216 ;ZZA_:&;)E 12;33_:&219% 43.22 <0.01

Means assigned the same superscripts differ significantly; a — p < 0.05, A,B — p < 0.01; (means
+SE, min. and max. values).

ted-dose toxicity (ABURTO et al. 2001). Their cells can store significant amounts
of metal ions without any damage to the organism (LiNDER 2001). In extreme
cases, an excessive intake of elements leads to cell and organ damage and dis-
ruption of their functions (NikoLov et al. 2010), which may cause changes in
the ratios of these organs to body mass. Our research has shown that copper
caused a decrease in the liver and kidney to body mass ratios in both sexes.
This suggests that those are the organs most highly susceptible to excessive
amounts of copper in the organism. No such difference in the testes to body
mass ratio between the experimental groups was detected. However, CHATTO-
PADYAY and collaborators (2005) as well as Miska-ScHRAMM with colleagues
(2014) indicated direct harmful effects of copper on functions of rodents’ testes,
which, as emerges from the present results, may go undetected by the testes to
body mass ratio parameter. At the same time, no differences in the copper ac-
cumulation in testes between the experimental groups were found, which is
consistent with other research on wild rodents (JANCOVA et al. 2006). However,
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copper accumulated in the liver, kidneys and brain, especially in 600 mg kg'!
Cu treated animals of both sexes, and was also found in large quantities in
excrements.

SaNcHEZ-CHARDI and NADAL (2007) found that the liver accumulated much
more copper, zinc and iron than kidneys, which our research has confirmed
only in animals exposed to 600 mg kg! Cu. Compared to the control, there
was circa ten times as much copper in livers as in kidneys in 600 mg kg! Cu
treated males and about twenty-fold more copper in livers than in kidneys in
600 mg kg?' Cu treated females. Since the copper concentration in the liver
and kidneys did not increase in 150 mg kg! Cu treated bank voles nor in
50 mg kg! Cu treated laboratory mice (ALLEN et al. 2006), it might be sug-
gested that copper in lower concentrations can be effectively regulated by an
organism. Indeed, copper in significantly higher concentrations than in the
control was found in excrements of copper treated males and females.
The same was reported for goats (SoLAIMAN et al. 2006). Moreover, copper
excretion in females is much more effective than in males, indicating that
females possess better homeostasis regulation than males. The main role in
homeostatic regulation is played by metallothioneins, which protect an or-
ganism against metals and excessive quantities of physiologically occurring
elements (Suzuxki et al. 2002). Testes, being a male’s reproductive organ, also
seem to be protected from the excess of copper since no copper accumulation
in has been found in testes of copper treated males. This stands in contrast
to the brains, where copper accumulated in both sexes. A similar effect of
copper excess in brains was observed in pigs and rats (OzceLIK, UzuN 2009).
Excessively high copper levels may have caused degenerative changes in the
brain (LiNnDER 2001) and affected the whole organism. Copper induced degen-
erative changes with the appearance of concentric spaces around the nerve
fiber bundles in rats’ brains (TARIQ ZaIDI et al. 2002).

Copper excess also caused disorders in the zinc and iron homeostasis in
bank voles. A significant increase in the zinc concentration in livers and
brains of both sexes and in kidneys of males was determined in copper treated
animals. On the other hand, at higher copper availability, significantly less
zinc was excreted. The impact of copper on zinc homeostasis was also
observed in pigs and in fx mice (Gipp et al. 1973, ALLEN et al. 2006). In out
study, as the amount of copper increase, a decline in the iron concentration
in kidneys of bank vole females and males, in testes, and in livers and excre-
ments of females was observed. Like zinc, this element also seems to be
synergic with copper, which has already been confirmed in a study on pigs,
where individuals exposed to 250 mg kg! of copper had significant less iron
accumulated in the liver than those administrated 2 or 10 mg kg! Cu (Gipp
et al. 1973). On the other hand, BUrgau et al. (2003) found that with
declining copper concentrations, the iron concentration increases in rats,
while ProHAskA (1983) observed that the iron level in mice remains un-
changed at decreasing copper concentrations.
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Copper did not influence the blood parameters of bank voles, except for
a drop in the haematocrit level in males treated with 600 mg kg! Cu. Low
haematological levels in 600 mg kg! Cu treated males were probably caused
by some deficiency of ceruloplasmin and cytochrome c¢ oxidase, which are
copper-dependent enzymes required for iron metabolism (RAMIREZ-CARDENAS
et al. 2005). The absence of changes in haematocrit levels in females may be
explained by the suggested increased effectiveness of the homeostatic regula-
tion of copper in this sex.

The results presented above illustrate how the constantly growing cop-
per contamination of the environment influences homeostasis of small mam-
mals. Copper pollution, through harmful effects on organisms of rodents,
may play a role in the disruption of trophic chains and subsequently affect
biodiversity.

CONCLUSION

Pollution of the natural environment may lead to irreversible changes in
biodiversity, especially in developed countries. The results of our work show
that pollution due to excess copper alters homeostasis of the bank vole. The
documented changes may ultimately reduce wild populations of small ro-
dents. Therefore, our results should contribute to a debate on environmental
contamination and its consequences for living organisms.
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