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Abstract: Disorders of copper metabolism are associated with neurological dysfunction including Wilson’s disease
(WD). WD is a autosomal recessive disorder caused by mutations in the ATP7B gene resulting in the inability of
the hepatocytes to remove excess copper. Gradual copper accumulation causes damage to liver, brain and other
organs manifesting in liver disease, neurological and psychiatric symptoms. Also scond copper-neurometaboic dis-
order: Menkes disease charaterized with mutated ATP7A gene, is ralated with abnormally neuroal transmission
and synaptogenesis. Parkinson’s disease and Alzheimer’s disease both are refered to some degree of copper/
iron metabolism changes. The precise mechanisms by which excess copper causes neurological damage remain
to be elucidated. In this study, we aimed to investigate the influence of excessive amounts of Cu?* on the oxidative
damage response and survival of primary astrocytes from newborn rats. Primary cultured rat astrocytes were di-
vided into three groups: 30 umol/L CuCl,, 100 ymol/L CuCl, and control. At 12, 24, 48, 96 and 120 hours of CuCl,
intervention, cell viability, intracellular reduced glutathione level and glutathion reductase activity, and nitric oxide
secretion were determined. It was found that 30 umol/L CuCl, might stimulate the exaltation and the compensatory
proliferation of astrocytes. The survival rate of astrocytes in the 100 umol/L CuCl, group was significantly decreased
relative to the 30 pmol/L CuCl, group. At 24 hours of CuCl, intervention, intracellular reduced glutathione level and
glutathion reductase activity were significantly decreased in the 100 pymol/L CuCl, group compared to the control
group. At 120 hours of CuCl, intervention, nitric oxide secretion in the 100 pmol/L CuCl, group was significantly
greater than in the control group. Under pathological conditions, excessive amounts of Cu?* greatly damaged the
growth and proliferation of astrocytes, reduced the anti-oxidative capacity of astrocytes by reducing intracellular glu-
tathione level and glutathion reductase activity, worsened oxidative stress, and activated inflammation pathway by
increasing nitric oxide secretion. By the way, all these findings might provide potential molecular therapeutic targets
for the neurodegenerative diseases related Cu?* Metabolic Disorders, e.g., Wilson’s disease, Parkinson’s disease
and Alzheimer’s disease.
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Introduction

Copper is a metal that possesses oxidative-
reductive property and exists in vivo in two
forms Cu?* and Cu* [1]. It is one of the essential
trace metals for living organisms. Copper can
match with some ligands in the living organism
and participate in the interaction between cat-
ions through oxidation-reduction reaction. Co-
pper is essential for brain cells as a cofactor
and for structural components of various en-
zymes that are involved in redox reactions and
participate in important biochemical pathways
such as the respiratory chain, the antioxidative
defense and iron metabolism [2]. It is associ-

ated with oxidase activity electron transfer and
mitochondrial reactive oxygen species produc-
tion. Therefore, copper homeostasis is impor-
tant for cell survival. However, excess of copper
is harmful, since copper in redox-active form in
cells can catalyze the production of hydroxyl
radicals in a Fenton-like reaction, thereby induc-
ing oxidative stress and cell damage. There is
strong evidence that copper plays a key role in
many diseases, including disorders of copper
metabolism. An example of a disease that leads
to copper deficiency in brain is Menkes disease,
while copper overload in brain is observed in
Wilson’s disease (WD). Alterations of copper
homeostasis in brain have also been connect-
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ed with neurodegenerative diseases such as
Alzheimer’s disease (AD) and Parkinson’s dis-
ease (PD) and epilepsy [3-5].

Wilson'’s disease is an autosomal recessive dis-
ease that is caused by mutations in the ATP7B
gene, resulting in abnormal biliary excretion of
copper and finally excessive amounts of copper
in some tissues and organs, like hepatocytes,
brain, kidney, and cornea. The copper absorbed
by the brain mainly accumulates in the basal
ganglia, discus lentiformis and cerebral cortex,
causing the degeneration and loss of neurons
and astrocytes with clinical psychological and
extrapyramidal symptoms [6, 7].

Astrocyte proliferation in the brain of patients
with Wilson’s disease has been well document-
ed. Astrocytes being in close contact to both
neurons and to endothelial cells of brain capil-
laries are considered the first brain parenchy-
mal cells that encounter metal ions that cross
the blood-brain barrier and play an important
role in metal metabolismin the brain. Astrocytes
are considered as key regulators of the homeo-
stasis of the redox-active metals iron and cop-
per in the brain [8]. Astrocytes absorb more
copper than the neurons cultured in vitro [9]. It
is presumed that astrocytes protect neurons
against copper toxicity by reducing excessive
amounts of copper through rapid absorption. In
addition, astrocytes contain high levels of
metallothionein and glutathione (GSH) [10],
indicating that astrocytes exhibit stronger ca-
pacity against metal toxicity and metal-induced
oxidative stress damage.

The ability of astrocytes to efficiently take up,
store and export copper suggests that these
cells have an important function as regulators
of the copper homeostasis in brain. However,
the fate of astrocytes once exposed to copper
remains unclear. To elucidate the effects of
copper on astrocytes, we treated primary cul-
tured rat astrocytes using CuCl, at micromolar
concentrations, observed cell growth and sur-
vival, determined intracellular GSH level, gluta-
thione reductase (GR) activity and nitric oxide
(NO) level.

Materials and methods
Reagents and instruments

Fetal bovine serum and high glucose Dulbecco’s
modified Eagle’s medium (DMEM) were from
Gibco (New York, NY, USA); rabbit anti-rat glial
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fibrillary acidic protein (GFAP) antibody, goat
anti-rabbit IgG antibody, Cy3 dye, and NO detec-
tion kit from the Sigma (St. Louis, MO, USA);
GSH level and GR activity detection kits from
Beyotime Institute of Biotechnology, Beijing,
China; CO, incubator (NAPCO model 5410 in-
cubator) from Precision Scientific (Chicago, IL,
USA); thermostatic water bath machine from
Beijing Medical Equipment Co., Ltd., (Beijing,
China); BX-40 inverted microscope from Oly-
mpus (Tokyo, Japan); low speed centrifuge from
Beckman Coulter Inc., (Brea, CA, USA); double
distilled water machine from Millipore (Nepe-
an, Ontario, Canada); LS-B50L high-pressure
steam sterilizer from Shanghai Huaxian Medi-
cal Nuclear Instrument Co., Ltd., (Shanghai, Ch-
ina); thermostatic oscillator from Hualida Ex-
perimental Equipment Co., Ltd., (Shanghai, Ch-
ina).

Primary culture, purification and identification
of astrocytes

Sprague-Dawley rats at 2-3 days of age were
sacrificed by dislocation. Under sterile condi-
tions, cerebral cortex was harvested. Under the
microscope, the cerebral pia mater and blood
vessels were removed and then cerebral cortex
was chopped into small pieces, triturated into a
cell suspension, and then centrifuged at 250 x
g for 10 minutes. The resulting precipitates
were re-suspended with high glucose DMEM
containing 10% FBS, filtered with a 200-mesh
screen, seeded onto a poly-L-lysine plastic cul-
ture flask and stained with trypan blue. Cells at
a density of 1 x 10%/mL were incubated at
37°Cin a 5% CO, incubator. The culture medi-
um was refreshed once every 3 days. After pri-
mary culture for 10 days, the cells were dissoci-
ated into two layers using a thermostatic
oscillator at 37°C. Cells in the lower chamber
were the purified astrocytes. The cells were
identified by GFAP immunohistochemical stain-
ing. Cells at a density of 1 x 10*/mL were seed-
ed in a 6-well plate. After 30 minutes, when
cells completely adhered to the flask wall, 1 mL
of culture medium was added to each well,
cells were fixed with 4% paraformaldehyde,
treated with Trition at room temperature for 30
minutes, blocked with 7% goat serum, treated
with rabbit anti-rat GFAP antibody (primary anti-
body) at 4°C overnight, incubated with Cy3
dye-labeled goat anti-rabbit IgG (secondary
antibody) at room temperature for 2 hours,
and stained with 4’,6-diamidino-2-phenylindole
(DAPI) for 20 minutes. There were three PBS
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Figure 1. Immunofluorescence images of primary
cultured newborn rat astrocytes (x 200). Astrocytes
cover the whole coverslip and present with a large
spherical appearance with many neurites and con-
nections between neurites. A. Cy3 (red)-labeled
GFAP-immunoreactive cells; B. DAPI (blue)-stained
nuclei; C. Double labeling of the same field.

washes between each above step. After glycer-
ol mounting, cells were observed under the flu-
orescence microscope. GFAP-positive cells we-
re counted. Cells from 10 visual fields per cov-
erslip, a total of 10 coverslips, were included in
the later experiments.

Determination of cell survival rate by cell
counting Kit-8 (CCK-8) assay

The purified primary cultured cells were seeded
in a 96-well plate, with 1 x10* cells/100 uL per
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well. Then the 96-well plate was incubated at
37°Cin a 5% CO, incubator for 2 hours. When
the cells adhered to the wall completely, CuCl,
solution was added to a final concentration of
0, 30, and 100 pmol/L. Seven parallel wells
were designated for each group. At 24, 48, 72,
96 and 120 hours of CuCl, intervention, cells
were collected and treated with DMEM (10 pL
per well) and CCK-8 solution (100 uL per well)
for additional 2 hours. Optical density at 450
nm was determined using an ELISA reader.
Survival rate of astrocytes (%) = optical densi-
ty experimental group/optical density control
group x 100%.

Detection of intracellular GSH level

According to the method initially proposed by
Tietze [11], intracellular GSH level was deter-
mined as follows. Astrocytes were cultured with
100 pmol/L CuCl, solution for 12, 24, 48, 72,
and 96 hours, fully lysed with cell lysis solution,
centrifuged at 14,000 x g for 10 minutes. The
supernatant was used for experiments.

Using 5,5'-dithiobis-(2-nitrobenzoic acid) (DT-
NB) reaction, oxidized glutathione (GSSG) and
total GSH level were determined using optical
density at 412 nm. The concentration of total
protein in cell lysates was determined using the
BCA assay. Intracellular GSH level (nmol/mg
protein) = total GSH level-GSSG x 2.

Detection of GR activity

GR utilizes the H* provided by NADPH to convert
GSSG to reduced GSH, thus NADPH reduces.
According to method of determining GSH level,
cells were lysed and the supernatant was col-
lected. Following a modification of the method
provided by Gutterer et al. [12], optical density
of NADPH at 340 nm was measured, and GR
activity was calculated. Approximately 100 pL
of supernatant was collected from the 96-well
plate and then 80 uL of NADPH, followed by
180 pL of GSSG, was added. After reaction at
room temperature for 20 minutes, the final con-
centration in the resultant mixture was 1
mmol/L EDTA, 1 mmol/L GSSG, 0.2 mmol/L
NADPH, and 100 mmol/L KPi (pH = 7.0). The
optical density of the mixture at 340 nm was
reduced. The concentration of total protein in
cell lysates was determined using the BCA
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Figure 2. A. Changes in survival rate of astrocytes in
each group. Compared with the control group, sur-
vival rate of astrocytes in the 30 umol/L CuCl, group
did not change significantly, while that in the 100
pmol/L CuCl, group was significantly decreased. *P
< 0.05, **P < 0.01, vs. control group. 22P < 0.01, vs.
30 pmol/L CuCl, group. B. Change in survival rate of
astrocytes after 30 pmol/L CuCl, intervention for dif-
ferent time periods. Compared with treatment for 24
hours, cell survival rate was significantly increased
after treatment for 72, 96 and 120 hours. *P < 0.05,
**P < 0.01, vs. treatment for 24 hours.

assay and expressed in nmol of reduced NA-
DPH [nmol NADPH-min-1- (mg protein)-1].

Determination of NO level

NO in vivo exists primarily in two forms as nitrite
and nitrate and its concentration can be indi-
rectly determined. According to Griess Reaction
method [13], astrocytes were cultured with 100
pmol/L CuCI2 solution for 12, 24, 48, 72 and 96
hours. After removal of cell culture medium, 50
pL of Griess Reagent R1 and Griess Reagent
R2 were added to each well. After reaction at
room temperature for 10 minutes, optical den-
sity of NO at 540 nm was read. NO level was
indirectly detected by measuring the NO, level
in the supernatant.

Statistical analysis

All measurement data were expressed as the
mean * SD. One-way analysis of variance was
used for comparison between different time
points in the same group and t-test for compari-
son between groups. A level of P < 0.05 was
considered statistically significant.
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Results

Primary culture of newborn rat astrocytes and
its purity identification by GFAP

Immunohistochemical staining (Figure 1A Cy3
(red)-labeled GFAP-immunoreactive cells; Fi-
gure 1B DAPI (blue)-stained nuclei; Figure 1C
double labeling of the same field): Newborn rat
astrocytes were immunohistochemically sta-
ined for GFAP with red cytoplasm and blue
nuclei. GFAP-immunoreactive cells accounted
for 97% of all astrocytes.

Effects of copper on survival rate of astrocytes

Astrocytes were treated with two different con-
centrations of CuCl, to investigate the survival
rate of astrocytes using the CCK-8 assay. As
shown in Figure 2A, there was no significant
difference in cell survival rate between 30
pmol/L CuCl, and 100 pymol/L CuCl, groups at
24 or 48 hours. At 72 hours, cells in the 30
pmol/L CuCl, and control groups tended to
grow. The cell survival rate in the 100 ymol/L
CuCl, group was 93%, 90% and 87% of that in
the control group at 72, 96 and 120 hours,
respectively. After 96 and 120 hours of treat-
ment, cell growth in the control group was
slightly decreased, while cells in the 30 ymol/L
CuCl, group still grew and tended to be stable.
After 72 hours, cell survival rate in the 100
pmol/L CuCl, group was significantly lower than
that in the control and 30 pmol/L CuCl, groups.
According to the survival rate-time curve (Figure
2B), the survival rate of cells in the 30 umol/L
CuCl, group at 72 hours was significantly in-
creased compared to that at 24 hours, indicat-
ing that low concentration of CuCl, can promote
the proliferation of astrocytes.

Copper attenuated the anti-oxidative capacity
of astrocytes

Intracellular GR activity and GSH level were
reduced. To investigate whether copper-caused
reduction in survival rate of astrocytes and cell
function damage are related to oxidative stress,
we incubated astrocytes using 100 pmol/L
CuCl, and determined intracellular GSH level
and GR activity. At 24 hours, GR activity in the
100 pmol/L CuCl, group was 76% of that in the
control group (P < 0.01) (Figure 3A). After 24
hours, intracellular GSH level in the 100 pmol/L
CuCl, group was significantly lower than that in
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Figure 3. A. Effect of 100 pmol/L CuCl, on glutathi-
one reductase (GR) activity. After intervention with
100 umol/L CuCl, for 24 hours, GR activity was obvi-
ously decreased. **P < 0.01, vs. control group. B. Ef-
fect of 100 pmol/L CuCl, on glutathione (GSH) level
in the astrocyte. After intervention with 200 ymol/L
CuCl, for 24 hours, GSH level in the astrocyte was
significantly decreased compared with the control
group. *P < 0.05, **P < 0.01, vs. control group. C.
Effect of 100 umol/L CuCl, on nitric oxide (NO) level
in the astrocyte. After intervention with 100 ymol/L
CuCl, for 120 hours, NO level was significantly in-
creased. *P < 0.05, vs. control group.

the control group (P < 0.05) (Figure 3B). Prior to
decrease in survival rate of astrocytes, GR
activity and GSH level had begun to decrease
significantly, indicating that damage to the anti-
oxidative capacity of astrocytes occurred earli-
er than cell destruction.

Copper promoted NO secretion by astrocytes

With the prolongation of time taken for 100
umol/L CuCl, intervention, no obvious change
in NO level was found. But after 120 hours, NO
level was significantly increased (P < 0.05)
(Figure 3C). This suggests that long-time inter-
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vention by excessive amounts of copper in-
creased intracellular NO level.

Discussion

Normal brain copper concentration in the extra-
cellular fluid ranges between 0.2-1.7 umol/L,
but in the synaptic cleft, the peak concentra-
tion can attain at 200 pymol/L [14-15]. It is
reported that the copper concentration in the
brain of patients with Wilson’s disease is 10-15
times that in the normal individuals. Studies
regarding neurodegenerative diseases, such as
Wilson’s disease and Alzheimer’s disease, have
demonstrated that excessive amounts of cop-
per are closely related to the pathological
mechanisms underlying these diseases and
cause the degeneration and loss of neurons in
the brain [15].

In the present study, we treated primary cul-
tured rat astrocytes using 30 and 100 umol/L
CuCl, and investigated whether CuCl, influ-
enced the survival rate of astrocytes at differ-
ent time periods. CCK-8, used in this study, is a
water-soluble, highly sensitive reagent used for
determining the number of viable cells. Results
from this study showed that in the initial 48
hours, both 30 and 100 umol/L CuCl, did not
influence the growth of astrocytes. After 72
hours, cell survival rate in the 100 ymol/L CuCl,
group was decreased, and over time, cell injury
significantly worsened. These results suggest
that long-term 100 pmol/L CuCl, intervention
influences the survival of astrocytes, while no
obvious astrocyte injury was observed during
the 12 hours of 30 ymol/L CuCl, intervention
period. While the astrocytes in the control
group showed a decreased growth tendency,
the growth of astrocytes in the 30 umol/L CuCl,
group was active, indicating that 30 pmol/L
CuCl, might stimulate the exaltation and the
compensatory proliferation of astrocytes. Pr-
oliferation of reactive astrocytes leads to strong
molecular motion, which plays an important
role in the response to central nervous system
injury. Astrocytes are a group of glial cells in the
brain and are found throughout the interspace
between neurons and their neuritis. They sup-
port and maintain the normal function of the
central nervous system, including regulating
blood flow, providing energy for neuronal me-
tabolism, maintaining extracellular ion homeo-
stasis and body fluid balance, modulating syn-
aptic transmission and plasticity, and serving

Am J Transl Res 2016;8(2):1273-1280
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as transporters [16]. Also, astrocytes produce a
response to cellular injury in the brain, and
defend the brain against oxidative stress and
toxins. Activated astrocytes encounter abnor-
mal products, such as excessive amounts of
reactive oxygen species or inflammatory cyto-
kines, which play harmful effects in injuries or
diseases [16, 17]. Studies have demonstrated
that astrocyte dysfunction plays an important
role in the occurrence and development of neu-
rodegenerative diseases [18, 19]. Our results
show that prolonged exposure to excessive
copper leads to the death of these cells sug-
gesting one mechanisms underlying neurologi-
cal dysfunction in WD [20].

Results from this study showed that after astro-
cytes were cultured with 100 pmol/L CuCl, for
24 hours, intracellular GR activity was dec-
reased and simultaneously GSH level was de-
creased. Reduced GSH level attenuates the
anti-oxidative capacity of astrocytes, which fur-
ther worsens mitochondrial injury. ATP is neces-
sary for GSH synthesis, so deficiency of mito-
chondrial energy supply possibly influences
GSH circulation [28]. Therefore, intracellular GR
activity and GSH level are closely related to
mitochondrial function and cell ability against
oxidative stress injury. In addition, astrocytes
also release compounds to prevent against
copper-mediated deactivation/degradation of
extracellular GSH [29]. There is evidence that
neurons resist hydrogen peroxide-induced inju-
ry via the GSH system [30]. Neurons maintain
intracellular GSH level based on the extracellu-
lar GSH secreted by astrocytes. Pope et al. [29]
reported that astrocytes protect against cop-
per-catalyzed loss of extracellular GSH via two
mechanisms: (1) cleaning and (or) chelating
extracellular copper; (2) secreting anti-oxida-
tive molecules. It has been confirmed that as-
trocyte can intake extracellular copper. When
astrocytes are deficient, free copper ions that
added in the conditioned culture medium are
reduced, indicating that astrocyte conditioned
culture medium contains some molecules th-
at competitively bind to copper ions, such as
amino acids, prion protein [31], amyloid precur-
sor protein [32] and ceruloplasmin [33]. Wang
et al. [34] found that reaction of astrocyte-
released pyruvate with hydrogen peroxide pre-
vents the formation of hydroxyl radicals and
protects neurons against the neurotoxicity pro-
duced by copper-catalyzed oxidative stress.
Astrocytes protect neurons against reactive
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oxygen species injury by interacting with neu-
rons via many pathways. The anti-oxidative
capacity of astrocytes is attenuated once intra-
cellular GSH concentration is decreased, lead-
ing to apoptosis or necrosis, thus astrocytes
are not able to protect neurons and maintain
neuronal function.

In spite of poorly understood mechanisms
underlying copper toxicity, oxidative stress has
been proven to be a key factor of central ner-
vous system injury. Oxidative stress is mediat-
ed by free radicals (mainly hydroxy radicals)
produced during electron transfer which occurs
when copper alters its potency. Copper can
directly inhibit protein function, for example,
lactate dehydrogenase, because it can catalyze
the generation of hydroxyl radicals [22]. Copper
can also cause oxidative damage of astrocytes,
which can be protected against by high density
lipoprotein, and 250 pmol/L copper ions can
deactivate cells [23, 24].

Mammalian central nervous system is suscep-
tible to reactive oxygen species injury. Com-
pared with neurons, astrocytes contain a larger
number of anti-oxidative systems, for example
GSH-GSSG system [25], which plays an impor-
tant anti-oxidative stress role in the central ner-
vous system. Intracellular GSH exists in its
reduced form. Copper is considered the most
efficient trace metal that catalyzes GSH oxida-
tion [26], which is related to neurodegenerative
disease with GSH loss. Approximately 90% of
intracellular GSH locates in the cytoplasm, and
the remaining part in the mitochondrion. GSH
loss may cause mitochondrial injury [27]. It has
been proven that excessive amounts of copper
can cause oxidative stress, leading to mito-
chondrial dysfunctions, including mitochondrial
membrane permeability transition, decrease in
membrane potential, reduced enzyme activity,
and ATP exhaust [15].

Decreased GSH level in the neurons is highly
vulnerable to NO injury [35]. It has been con-
firmed that NO can induce mitochondrial mem-
brane permeability transition, cause mitochon-
drial function damage [36] and then lead to the
occurrence of neuroinflammation. Copper can
increase NO level [37] through up-regulating
inducible nitric oxide synthase expression and
then influences mitochondrial membrane per-
meability transition. NO binds to excessive re-
active oxygen species in the brain to form per-
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oxynitrite anions, and the later decomposes
and produces highly toxic hydroxy radicals that
cause injury to the adjacent cells. These were
similar to our results that, after in vitro cultured
astrocytes were treated with 100 umol/L CuCl,
for 120 hours, NO level was increased to 133%
of that in the control group (P < 0.01). NO level
increase occurred after reductions of GSH level
and GR activity in the astrocytes and was
accompanied by decrease in survival rate of
astrocytes. These indicate that the mechanism
underlying astrocyte anti-oxidation is unbal-
anced, and oxidative stress damage to astro-
cytes is further worsened.

A better understanding of the mechanism
underlying Cu?* overload-caused astrocyte inju-
ry and prevention will provide implications for
the potentially adjunct treatment of neurode-
generative diseases, such as Wilson’s disease,
Parkinson’s disease and Alzheimer’s disease
[38-40].
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