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Abstract The present study was to evaluate the hepatotoxic-
ity effects in mice exposed to copper (Cu) used as dietary
supplements for 95 days. Cu-treated mice showed increased
body weight, and no toxic symptoms were observed at the
beginning, but the tendency gradually changed with progress
of experiment. In the liver, beneficial metals [Cu, iron (Fe),
zinc (Zn), manganese (Mn), and molybdenum (Mo)] were
analyzed by flame atomic absorption spectrometry. The con-
tent of Cu maintained at the same level during the experi-
ments, but not resulting in the imbalance of Fe, Zn, Mn, and
Mo being distributed. The activities of alkaline phosphatase
(AKP) and super oxidation dismutase (SOD) showed signif-
icantly improvement during the first 30 days in Cu-
supplemented group (P<0.01) but declined rapidly from
30th to 60th days, and later, they stabilized and were not
statistically significant compared with control (P>0.05). No
statistically significant correlation of ceruloplasmin (CPL)
activity was appreciated during the experiment. The histopath-
ological and ultrastructural abnormalities changes were ob-
served in the liver of mice including vacuolar degeneration,
necrosis, karyorrhexis, and endolysis. Many hepatocytes
showed increased collagenic fibers, appearance of triglyceride
droplets, and swollen mitochondria due to oral route of
copper, which may lead to lipid peroxidation and free radicals.
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In conclusion, our study showed that exposure to copper
influenced behavioral pattern and body weight, affected sev-
eral enzymatic activities, and led to the physiological and
considerable structural changes in the liver of mice. The
public should pay more attention to avoid being exposed to
copper.
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Introduction

Studies showed that metal contamination in the environments
is closely associated with accelerated economic growth in the
past decades [1]. China has been able to maintain an annual
GDP growth of over 8 % in the past few years [2]. The rapid
growth of the economy in China has been coupled with
increasing environmental pollution. The ratio of pollution
haze days in central and eastern regions of China was about
10 % in 2013. Air quality in China is notoriously poor and
recently has become an issue associated with increasing social
unrest. Some researchers have recently reported that long-
term exposure to an additional 100 pg/m® of total suspended
particulates (TSPs) is associated with a reduction in life ex-
pectancy at birth of about 3.0 years [3]. It is estimated that
350,000-500,000 people died prematurely every year because
of air pollution [4, 5]. Rapid urbanization and industrialization
are accompanied by a burst of production and usage of
chemicals including metals. Heavy metals contaminate the
environment and enter the food chain. Alarmingly, high metal
concentrations are observed in the sediments, water, and or-
ganisms collected from the heavily industrialized areas and
coastal and estuarine ecosystems in China, which draw world-
wide attention [1, 6-8]. Elevated levels of metal contamina-
tion in China’s environment can increase the threat to human
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and animals’ health because of toxicity, bioaccumulation, and
biomagnification in the food chain. It will significantly influ-
ence the oxidative stress biomarkers when the metal is over a
critical concentration [9]. The contents of these metals in
vegetables and meat foodstuffs may vary depending on the
general (varieties, maturity, genetics, and age) and environ-
mental (soils, geographical locations, season, water source,
and use of fertilizers) conditions of plants and animals and on
methods of handling and processing [10].

Concentration of trace elements must be maintained within
narrow limits to safeguard the functional and structural integ-
rity of tissues and animals’ growth, health, and fertility [11].
They are given special attention due to their toxic effect in the
body when their concentrations exceed limits of safe expo-
sure. As a cofactor for important enzymes, copper (Cu) is an
essential element for all living organisms [12]. However,
various biological functions can be impaired when Cu intakes
are deficient. In contract, it can be toxic mainly because it can
exist in two oxidation states and catalyze production of oxy-
gen radicals when taken in high doses [13, 14]. Cu excess also
alters gene expression, affecting the synthesis of cholesterol as
well as the expression of enzymes involved in fatty acid
metabolism and bile acid synthesis [15]. Potential risks asso-
ciated with high chronic Cu intake from environment, foods,
and water has been a concern to health researchers and regu-
lators. However, to date, except for liver content, there are no
good indicators for identifying individuals with excess liver
copper.

These previous studies led us to investigate Cu-induced
liver toxicity in mice, especially involving hepatic trace ele-
ment levels and morphological characteristic of hepatocytes.
The changes in contents of trace amounts (Cu), histopatholo-
gy, and ultrastructure of the liver were observed. Evaluation
also included levels of alkaline phosphatase (AKP), super
oxidation dismutase (SOD), and ceruloplasmin (CPL) in
plasma.

Materials and Methods
Design and Copper Dosing

All experiments were carried out humanely and with respect
for alleviation of suffering following protocols approved by
the Institutional Animal Care and Use Committee of Lanzhou
Institute of Husbandry and Pharmaceutics Sciences of Chi-
nese Academy of Agricultural Sciences (animal use permit:
SCXK20008-0003). Mice were obtained from the Experi-
mental Animal Center of Lanzhou University, China.

One hundred Kunming mice (20 days old) were randomly
divided into two groups, 50 in each group; all of them were
housed and maintained under specific pathogen-free condi-
tions in temperature-controlled rooms (25 °C) with 24-h light

cycles. Food and non-ionic water were consumed ad libitum.
The experiment lasted for 95 days. During 0-30, 31-60, 61—
80, and 81-95 experimental days, mice diet was supplement-
ed with copper at 4.5 mg/kg dry matter (DM) in control and
15.93, 31.86, 63.72, and 127.44 mg/kg DM in high-copper
group (H—Cu). Surviving animals were weighed regularly,
and visual observations for mortality, behavioral pattern,
changes in physical appearance, injury, pain, and signs of
illness were conducted daily during the period.

Colorimetric Examination for AKP, SOD, and CPL in Plasma

On the 30th, 60th, 80th, and 95th day of the experiment,
respectively, ten mice in each group were selected randomly.
Blood samples were collected via decapitation from each
group. Plasma was separated and stored at —80 °C before
analysis. The colorimetric assays detected quantify AKP,
SOD, and CPL with kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufacturer’s
instruction by ultraviolet spectrophotometer (UV-2100,
Shimadzu Corporation, Japan).

Cu, Zinc, Iron, Manganese, and Molybdenum Content Assay

The livers were immediately excised, blotted, and then rinsed
with ice-cold 0.9 % NaCl solution. One biopsy was snap-
frozen at —80 °C and analyzed for total copper. The contents of
Cu in liver tissue were detected using flame atomic absorption
spectrometry (FAAS) (ZEEnit 700; Analytik Jena, Germany).
The samples of liver organs were cut into small pieces and
dried at 110 °C for 12 h in baking oven; then, 1.0 g of samples
was placed in PTFE digestion tubes, and 12 mL diacid mix-
ture (HNO5:HCI, 3:9) was added to each digestion tubes. The
optimal operating condition was developed as described in our
previous publication [16].

Histopathology and Ultrastructure

The second liver specimen was fixed in 10 % buffered neutral
formalin and was processed for paraffin wax sectioning. Sec-
tions were stained with hematoxylin and eosin for light mi-
croscopy [17]. For electron microscopy, liver organ specimens
were fixed with 2.5 % glutaraldehyde as previously described
[18, 19]. Ultrathin sections were stained with 4 % uranyl
acetate and lead citrate for transmission electron microscope
evaluation.

Statistical Analyses
The SPSS procedures (version 17.0; SPSS, Inc., Chicago,
USA) were used for all statistical analyses of data. We per-

formed initial descriptive statistics, including mean and stan-
dard deviation (SD). Significance of differences between two
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groups was evaluated using Student’s # test. The P values were
two-tailed, and two significant levels were P=0.05 and 0.01.

Results
Behavior, Symptoms, and Body Weight Statistical Analysis

The toxic effect of Cu on the appearance and general behav-
ioral pattern of mice was observed during the period. No toxic
symptoms or mortality was observed at the beginning of the
experiment (0-20 days), but the behavioral patterns displayed
significant changes in behavior with progress of experiment,
such as panicky frenzy, biting each other, and death in exper-
imental group. The body weight was calculated and shown in
Fig. 1. The body weight of mice between Cu-treated and
control groups shown statistically significant differences
(P<0.05) during the period of 45-60 days; copper-treated
mice showed increased body weight. All animals exhibited a
normal increment in body weight without a drastic difference
during the other experiments (P>0.05).

Determination of the Concentrations of Cu, Zinc, Iron,
Manganese, and Molybdenum in Liver Tissue

The contents of Cu, its main antagonists [zinc (Zn), iron (Fe),
and molybdenum (Mo)], and manganese (Mn) during exper-
iment periods (n=10) in liver of both groups were analyzed
(Figs. 2 and 3). Element contents in the body of livestock and
poultry mainly come from the diet and water. The change of
Cu in diet had an obvious effect on the elements in the liver
and blood. When the concentration of Cu in diet increased
from 15.93 to 31.86 mg/kg DM during 60 days, the accumu-
lation of Cu in the liver was in saturation compared to control
(P<0.05 and P<0.01). The results revealed that the Cu con-
tent in the liver appeared to be in a dose- and time-dependent
fashion during 60 days. While the Cu level in diet constantly
rose up from 63.72 to 127.44 mg/kg DM, the level of Cu was
rapidly reduced in the liver (Fig. 2).

7 -e- Control
- H-Cu

251

20 4

Body weight (g)

15

0d 10d 20d 30d 45d 60d 70d 80d 95d

Fig. 1 Body weight of mice receiving control or supplemented high-
copper diet. During the period of 45-60 days, body weight increased in
the copper-treated group. During 0-30, 31-60, 61-80, and 81-95 exper-
imental days, mice diet was supplemented with copper at 4.5 mg/kg DM
in control and 15.93, 31.86, 63.72, and 127.44 mg/kg DM in high-copper
group (H-Cu). Double asterisks indicate significance at 0.01 probability
level. Asterisk indicates significance at 0.05 probability level
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Fig. 2 The Cu content in the liver of mice. During 0-30, 31-60, 61-80,
and 81-95 experimental days, mice diet was supplemented with copper at
4.5 mg/kg DM in control and 15.93,31.86, 63.72, and 127.44 mg/kg DM
in high-copper group (H—Cu). Double asterisks indicate significance at
0.01 probability level. Asterisk indicates significance at 0.05 probability
level

There were no statistically significant differences in liver
composition in any of the Zn, Mn, and Mo analyzed during
experiments (P>0.05) (Fig. 3), but the mean concentration of
Fe in the liver of Cu-supplemented group increased rapidly
from beginning to 30th day, and it was statistically significant
compared with that of control (Fig. 3, P<0.05); then, it de-
clined, but this change was not statistically significant (Fig. 3,
P>0.05).

AKP, SOD, and CPL Expression

The animals from the Cu-supplemented group showed signif-
icantly improvement of the activities of AKP and SOD during
the first 30 days (Fig. 4, P<0.01), but the mean activities
declined rapidly from 30th to 60th day; later, they stabilized
and were not statistically significant compared with those of
control (Fig. 4, P>0.05). No statistically significant correla-
tions of activity of CPL were appreciated between Cu- and
non-supplemented groups (Fig. 4).

Histopathology and Ultrastructure

Histology of the liver in Cu-treated mice was shown in
Fig. Sa—f. Histology of the liver in control mice showed intact
structure with regular morphology. The gallbladder was fill-
ing, and intestinal tympanites in several mice in Cu-
supplemented group (Fig. 5a) were observed. The cloudy
swelling, necrosis, and cytoplasm crack of liver cells emerged
obviously in Cu-supplemented group, and the form of nucleus
was vague (Fig. 5b—f). The pathological changes appeared in
the liver cells around portal areas, and then, the areas and
degree of damages were extended to all liver lobules with
improvement of copper concentration in the diet. Taken to-
gether, all these results revealed that Cu poisoning could
induce liver apoptosis.

Electron microscopy showed normal liver ultrastructure in
the control group (Fig. 6a). Cells in control group distinctly
exhibited normal chromatin. The plentiful organoid and ribo-
some were observed in smooth endoplasmic reticulum (SER).
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Fig. 3 The Zn, Fe, Mn, and Mo 80 -
contents in the liver of mice.

During 0-30, 31-60, 61-80, and 60 -
81-95 experimental days, mice -
diet was supplemented with B 40 4
copper at 4.5 mg/kg DM in

control and 15.93, 31.86, 63.72, 20 1
and 127.44 mg/kg DM in high-
copper group (H—Cu). Double
asterisks indicate significance at
0.01 probability level. Asterisk
indicates significance at 0.05 41
probability level

yg/g

Cu-supplemented group had extensive liver tissue damage.
Cells in Cu-supplemented group displayed dissolution of cy-
toplasm, increasing collagenic fibers, appearance of triglycer-
ide droplets, decreasing cell organelle, and markedly swollen
mitochondria with degeneration (Fig. 6b—f).

Discussion

Longer Cu exposure time was used in the present study, which
would provide a further foundation for the environmental risk
assessment of Cu chronic toxicity under natural conditions.
The metal trace elements are involved in the basic biochem-
istry of aerobic life because these atoms participate as a part of
the active center of vital proteins, hormone systems, and
enzymes. Adequate intake and balance of trace elements are
required for proper functioning of metabolic processes includ-
ing immune response and reproduction. Cu is an essential
trace element required for enzyme systems, iron metabolism,
connective tissue metabolism, and mobilization, plus integrity
of the central nervous and immune systems. Concerning Cu
atoms, they are a half part of the binuclear center of cyto-
chrome oxidase that accommodates and reacts with O,. More-
over, Cu redox changes is the basis of the dismutation

Fig.4 The activity of AKP, CPL,
and SOD in the plasma of mice.
During 0-30, 31-60, 61-80, and
81-95 experimental days, mice
diet was supplemented with
copper at 4.5 mg/kg DM in
control and 15.93, 31.86, 63.72,
and 127.44 mg/kg DM in high-
copper group (H—Cu)

AKP (King's unit/100mL)

Control
£ E=d H-Cu

Control

E= H-Cu

EE Control
B4 H-Cu

ug/g

EE Control
ER H-Cu

EE Control
EA H-Cu

chemistry catalyzed by Cu, Zn—superoxide dismutase in
which two superoxide radicals (O, ) yield hydrogen peroxide
(H,0,), and O,. Cu levels in the liver are often used to
diagnose Cu deficiencies or excesses because it is a better
indicator of Cu status than blood levels, and Cu levels in the
liver are also affected by the amount of Cu in the diet [20].

In this study, a model of Cu poisoning was established to
study the effects of dietary Cu on liver damage in mice.
Surviving animals were weighed, and visual observations
for mortality, behavioral pattern, and changes in physical
appearance were conducted regularly during the period. No
toxic symptoms or mortality was observed at the beginning of
the experiment (0—20 days), but the behavioral patterns
displayed significant changes in behavior with progress of
experiment, such as panicky frenzy, biting each other, and
death in experimental group. Although the Cu-treated mice
showed increased body weight during the period of 45—
60 days, after that, the tendency decreased gradually. Longer
Cu exposure time may influence the behavioral pattern,
growth, and development of animals.

Our results revealed that Cu content in the liver increased
gradually along with the doses of Cu-supplemented diets from
15.93 to 31.86 mg/kg DM during 60 days. The accumulation
of Cu in the liver was in saturation compared to that of control

EE Control
o E3 H-Cu

B3 Control
50 1 £ H-Cu 607

30d 60d 80d 95d
CPL (U/L)

SOD (U/mL)
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Fig. 5 Histology (hematoxylin
and eosin staining) of liver in Cu-
supplemented group; b x 100, ¢ x
200, d x 200, e x 200, f x 200
diseased liver in the Cu-
supplemented group,
respectively. a The gallbladder
was filling, and intestinal
tympanites were present. b Liver
cells were in vacuolar
degeneration and necrosis. ¢ Liver
cells were in extensive vacuolar
degeneration. d Liver cells were
in necrosis and karyorrhexis. e
Liver cells were in vacuolar
degeneration. f Liver cells were in
areas of coagulative necrosis. CV'
central vein

(P<0.05 and P<0.01). The results revealed that the Cu con-
tent in the liver appeared to be in a dose- and time-dependent
fashion during 60 days. While the Cu level in the diet con-
stantly rose up from 63.72 to 127.44 mg/kg DM, the Cu level
in the liver was rapidly reduced. Cu absorption is negatively
affected by antagonistic elements in the diet such as Mo, Fe,
and Zn and can be further exaggerated when Mo, Fe, and Zn
levels are elevated. There were basically no statistically sig-
nificant differences in liver composition in any of the Mo, Fe,
and Zn analyzed during experiments. Mn can exert serious
neurotoxic effects on both human beings and experimental
animals at higher concentrations [21]. The cellular, intracellu-
lar, and molecular mechanisms underlying the Mn-induced
neurotoxicity are both dose- and time-dependent [22]. Our
results illustrated that a high level of Cu in diets led to
accumulation in the liver of mice, but not resulting in the
imbalance of trace elements.

@ Springer

AKP is an important enzyme that regulates a number of
essential functions in all living organisms [23]. This enzyme
plays an important role in phagotrophy and sterilization ability
of macrophages. AKP activity can reflect the growth perfor-
mance of animals, improving AKP activity that is helpful for
improving average daily gain [24]. AKP activity can be used
as areliable index in the assessment of immune status [25] and
also can enhance the non-specific immunity function. It is
widely recognized that elevated levels of free radicals derived
from oxygen (ROS) are related to the pathogenesis of various
human diseases. Although copper ions activate signaling cas-
cades of the antiapoptotic PI3K/Akt pathway that are known
to protect cells against oxidative stress-induced apoptosis
[26], many studies have reported that Cu overload leads to
oxidative stress and subsequent oxidative damage to proteins,
lipids, and nucleic acids [27, 28]. Organisms have developed
antioxidant defense mechanisms to compensate for oxidative



Evaluation of Bioaccumulation and Toxic Effects of Copper

Fig. 6 Transmission electron
microscopy of Cu-supplemented
group liver cells. a The structure
of normal liver cell (x13,000). b
Cytoplasm dissolution (x8,300).
¢, d The collagenic fibers were
increased in liver cell (¢ % 6,600;
d x 13,000). e The mitochondria
were swelling in liver cell
(x16,000). f Triglyceride droplets
appeared in liver cell (x13,000).
MI mitochondria, NU nucleus
APO apoptosis

damage caused by exposure to metals. Prominent among
antioxidant defense system of the organism is SOD which
catalyzes the dismutation of the superoxide anion to molecular
oxygen and hydrogen peroxide [22, 29] and involved in
protective mechanisms in tissue injury following oxidation
and phagocytosis. In the present study, the animals of the
Cu-supplemented group showed significantly improvement

on the activities of AKP and SOD during the first 30 days
(P<0.01), but the mean activities declined rapidly from 30th
to 60th day along with increasing long-term exposure to
dietary Cu and later stabilized. This study indicated that the
total antioxidative capability and immune status of mice plas-
ma in the Cu diet-fed group were gradually increased during
the first 30 days. After that, the tendency was not significant,
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but most likely impaired. The vast majority of serum Cu is
transported bound to CPL, which is synthesized by hepato-
cytes. CPL carries Cu from the liver to numerous tissues [30].
Cu is a cofactor of CPL which exhibits an anti-inflammatory
activity and also plays a critical role in the prevention of
oxidative damage resulting from infections and inflammation
[31]. Alterations in CPL levels are currently regarded as one of
the mechanisms underlying the development of a number of
neurodegenerative disorders [32]. This study indicated that
plasma CPL activity was not changed by increasing the die-
tary Cu levels.

In the present work, the histopathological and ultrastruc-
tural abnormality changes were observed in the liver of mice
including vacuolar degeneration, necrosis, karyorrhexis, and
endolysis. Many hepatocytes showed increased collagenic
fibers, appearance of triglyceride droplets, and swollen mito-
chondria due to oral route of Cu, which may lead to lipid
peroxidation and free radicals. Free radical may propagate
damage in the endoplasmic reticulum and oxidation of the
membrane component of the liver cells consistent with ultra-
structural changes observed in the present work. Oxidation
has been shown to be associated with apoptosis (programmed
cell death) [33]. Cell death can result from naturally occurring
apoptosis (physiological apoptosis) or from irreparable cell
injury (pathological apoptosis) [34]. Apoptosis is a common
feature of hepatotoxicity induced by many chemicals, or it
may occur concurrently with necrosis as in hepatotoxicity
[35]. Cu deposition occurs in the hepatic parenchymal cells,
brain, periphery of the iris, and kidney [30]. Initially, Cu
accumulates in the liver; thus, hepatic presentations are com-
mon. It is reported that a high concentration of Cu resulted in
the derangement of lipid and lipoprotein metabolism [36].
Mitochondria is an important target organelle that is easily
influenced by heavy metal toxicity. In this study, markedly
swollen mitochondria with degenerated or missing cristae
were observed in the liver cells by electron microscopy.

In conclusion, our study showed that exposure to copper
influenced the behavioral pattern, reduced several enzymatic
activities, and led to the physiological and considerable struc-
tural changes in the liver of mice. Air pollution may have a
great harmful effect to human health. The state and the public
should pay more attention to this problem, especially in China.
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