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Protective Effects of Vitamin E against Oxidative Damage
Induced by Aβ1−40Cu(II) Complexes
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Abstract        β-amyloid peptide (Aβ) is considered to be responsible for the formation of senile plaques,
which is the hallmark of Alzheimer’s disease (AD). Oxidative stress, manifested by protein oxidation and
lipid peroxidation, among other alterations, is a characteristic of AD brain. A growing body of evidence has
been presented in support of Aβ1−40 forming an oligomeric complex that binds copper at a CuZn superoxide
dismutase-like binding site. Aβ1−40Cu(II) complexes generate neurotoxic hydrogen peroxide (H2O2) from O2

via Cu2+ reduction, though the precise reaction mechanism is unclear. The toxicity of Aβ1−40 or the Aβ1−40Cu(II)
complexes to cultured primary cortical neurons was partially attenuated when (+)-α-tocopherol (vitamin E)
as free radical antioxidant was added at a concentration of 100 μM. The data derived from lactate dehydro-
genase (LDH) release and the formation of H2O2 confirmed the results from the MTT assay. These findings
indicate that copper binding to Aβ1−40 can give rise to greater production of H2O2, which leads to a break-
down in the integrity of the plasma membrane and subsequent neuronal death. Groups treated with vitamin
E exhibited much slighter damage, suggesting that vitamin E plays a key role in protecting neuronal cells
from dysfunction or death.
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β-amyloid peptide (Aβ), a proteolytic product derived
from the larger amyloid precursor protein (APP), is the
major component of innumerable amyloid deposits in
Alzheimer’s disease (AD) [1−6]. Aβ peptides range in
length from 39 to 43 residues [6,7]. Among these peptides,
the 40-mer (Aβ1−40) and the 42-mer (Aβ1−42) are abundant
in suffered brains, and these two peptides are the main
constituents of the neuritic plaques in the parenchyma of
AD brain [6−8]. It is previously reported that Aβ is
strikingly precipitated by certain metals in vitro, in
particular Cu2+ [8,9]. Studies in mice and humans show
that copper level increases with normal aging in brain,
thus copper regulation may have a causal relationship with
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aging [10]. As a redox active metal, copper plays important
catalytic roles in many enzymes, such as CuZn superoxide
dismutase [11−13]. Redox chemistry arising from transition
metals such as copper is proposed to be the main chemical
origin of the radicals and reactive oxygen species (ROS)
implicated in the pathogenesis of AD [14,15], thus the
level of copper must be strictly regulated to prevent
aberrant ROS production resulting in cellular toxicity [16].

Recently, we reported that Cu2+ could bind to Aβ1−40 in
physiological conditions forming Aβ1−40Cu(II) complex
[18], which possesses the property of catalyzing the
O2-dependent production of H2O2 [12,18], through the
reduction of Cu2+ to Cu+ [16,17]. Moreover, a transition
on the secondary structure of the peptide has been
observed in the presence of copper [18,19], facilitating
the oligomerization of Aβ then deposits prevalent in AD.

This interaction of Aβ with copper mediates higher
cytotoxicity compared with Aβ or copper alone [17,20].
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Under this model, the aggregated peptide in concert with
bound copper ions, initiates free radical processes [21]
resulting in protein oxidation, lipid peroxidation, ROS
formation, and cellular dysfunction leading to subsequent
neuron death [16].

The polyunsaturated fatty acids of membrane lipids are
the main targets for peroxide radicals, and brain is
particularly vulnerable to lipid peroxidation for its high
lipid content and remarkably high proportion of
polyunsaturated fatty acids [22]. Vitamin E as a lipophilic
free radical scavenger that protects cells against oxidative
stress [23] can interact with redox chain reaction [24]
that damages cells, but its protective effects on primary
cultured neurons in vitro against neurotoxicity mediated
by Aβ1−40-copper ion interaction has not yet been reported
to our knowledge.

Here we report that, in the presence of vitamin E, which
is a generic term for a group of naturally occurring
tocopherol derivatives with biologic activity similar to that
of α-tocopherol [22], neurotoxicity mediated by Aβ1−40 or
Aβ1−40Cu(II) complexes is markedly abrogated. Further,
our results suggest that when vitamin E is present together
with Aβ1−40 or Aβ1−40Cu(II) complexes, the production of
H2O2 is partially eliminated, and the leakage of lactate
dehydrogenase (LDH) originated from the breakdown in
the integrity of the plasma membrane [25−27] dramatically
decreases. On the basis of these data, we conclude that
the oxidative stress hypothesis is well suited to explain
the toxic effect of Aβ1−40Cu(II) complexes in neuronal
cultures, and this fatal cytotoxicity could be rescued by
vitamin E, which may provide a therapeutic interdiction
in AD.

Materials and Methods

Chemicals

Dulbecco’s modified Eagle’s medium (DMEM),
newborn calf serum (NCS), horse serum (HS), penicillin-
streptomycin, NeurobasalTM-A medium, and B-27
supplement minus AO were obtained from Invitrogen
(Carlsbad, USA). Dimethyl sulfoxide (DMSO) was
purchased from Amresco (Solon, USA). Poly-L-lysine,
trypan blue, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), (+)-α-tocopherol (vitamin E), and Aβ1−40

were purchased from Sigma-Aldrich (St. Louis, USA).
The purity of the peptide is determined by HPLC [28],
and it has achieved 90% at least. Hydrogen peroxide

assay kit was purchased from Beyotime Institute of
Biotechnology (Haimen, China). Lactate dehydrogenase
assay kit was obtained from Jiancheng Bioengineering
Institute (Nanjing, China). Other chemical reagents
including absolute ethyl alcohol, CuCl2·2H2O, NaHCO3,
NaCl, and NaOH were obtained from Beijing Chemical
Industry (Beijing, China), unless otherwise mentioned. Prior
to use all buffers and stock solutions of metal ions were
filtered through a 0.22-μm filter (Millipore, Cork, Ireland)
to remove any particulate matter.

Peptide and Cu·Aβ1−40 complex preparation

Working solutions of peptide were prepared by taking
a known amount of Aβ1−40 and dissolving it in HFIP. The
peptide was incubated at 25 ºC for 1 h to remove any
preformed structure [29].  HFIP was removed by
evaporation. Known amounts of peptide were aliquoted
out, dissolved in deionized water to a concentration of
1 mg/ml. After being incubated for 5 d at 37 ºC, the stock
solution was diluted in NeurobasalTM-A medium to a final
concentration of 50 μM, aliquoted and stored at −20 ºC
[18]. The aliquots were diluted to final working concen-
trations before being added to culture medium. As for
Cu·Aβ1−40 complexes, CuCl2 was added to Aβ sample and
diluted to the required concentration from a 50 μM stock.
Samples were used immediately after being mixed or
incubated at 37 ºC for 15 min at least.

Preparation of vitamin E solution

For its extreme insolubility in water, vitamin E was
dissolved in the mixture of absolute ethyl alcohol and
dimethyl sulfoxide [30] at a ratio of 1:1 (V/V), and the
stock solution was then aliquoted and stored at −20 ºC.
When vitamin E was required, the aliquots were diluted to
the final working concentration desired in culture medium.
The working solution was allowed to take effect in the
medium for no longer than 2 d, because alcohol and di-
methyl sulfoxide may exert toxic influence upon neuronal
cells.

Primary neuronal culture

Cortical neuronal cultures were obtained according to
an existing protocol [18,29] with modification. Briefly,
cortices of new born Sprague-Dawley rats were removed,
dissected free of meninges and blood vessels, cut into
1−2 mm3 tissues, and dissociated in 0.125% (W/V) trypsin,
shaking every 5 min. Fifteen minutes later, 5% serum
was immediately added to terminate the dissociation. The
dissociated cells were triturated using a filter-plugged fine
pipette tip, pelleted, and resuspended in plating medium
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(DMEM with 10% NCS and 10% HS plus 1% penicillin-
streptomycin). Viable cells were counted manually using
a 1-mm2 grid (10×objective) stained with 0.4% trypan
blue. Afterwards, dissected cells were plated into poly-L-
lysine-coated 48-well culture plates or 25-cm2 cell culture
flasks (Corning, Corning, USA) at a density of 125,000
cells/cm2 in plating medium. All cultures were maintained
in an incubator set at 37 ºC with 5% CO2. After 2 h the
plating medium was replaced with fresh NeurobasalTM-A
medium plus B27 supplements, 100 U/ml penicillin, 100
μg/ml of streptomycin, and 0.5 mM L-glutamine. This
method resulted in cultures highly enriched for neurons
(>95% purity) with minimal astrocyte and microglial
content as determined by immunostaining of culture prepa-
rations using specific marker antibodies.

The neuronal cells were allowed to mature for 7 d in
culture before treatment using freshly prepared serum-
free NeurobasalTM-A medium plus B27 supplements minus
antioxidants [18]. Samples were freshly prepared at molar
ratio of peptide versus Cu2+ of 0:1, 1:1 and 2:1, respectively,
then coincubated at 20 ºC for 15 min, finally the mixtures
were added to neurons for 5 d. For treatment of neuronal
cultures, samples were diluted to the final concentration
of 5 μM in serum-free NeurobasalTM-A medium plus B27
supplements. Groups treated with vitamin E were cultured
in the same conditions. Cell viability and other properties
were then assayed.

Cell viability assay

Cell survival was monitored by phase contrast
microscopy, and cell viability was quantitated using MTT
assay as described previously [27,31,32]. Briefly, cells
were washed two times with 250 μl of D-Hanks buffer,
then placed in NeurobasalTM-A medium plus B27 lacking
antioxidants (250 μl), and 25 μl of MTT was added to
each well in a 48-well plate and incubated for 4 h at 37 ºC
with 5% CO2. After removal of the medium, blue formazan
formed was solubilized in DMSO and absorbance (570
nm) was determined using a spectrometer (Bio-Tek,
Winooski, USA), and background readings of MTT
incubated in cell-free medium were subtracted. The data
were normalized and calculated as a percentage of
untreated control values before analysis.

Hydrogen peroxide assay

The reactions were carried out using Hydrogen peroxide
assay kit. Firstly, the sample and schizolysis solution
supplied by the kit were mixed at a ratio of 1:1, then the
supernatants were gathered by centrifuging at 1100 g for
10 min for the following tests. All the operations were

carried out on ice. Finally, the test tubes containing 50 μl
of supernatants and 100 μl of test solutions were placed
at room temperature for 20 min and measured instantly
with a spectrometer at a wavelength of 560 nm. The
concentration of H2O2 released was calculated according
to standard concentration curve originated from standard
solutions upon the identical experiments.

Lactate dehydrogenase assay

LDH is a stable cytoplasmic enzyme presented in all
cells including neurons [25,27]. It is rapidly released into
the cell culture supernatant when the cell plasma membrane
is damaged. Therefore, the LDH level in the culture
medium is a dependable biochemical index for neuronal
plasma membrane damage. In this study, LDH release
from cytosol of damaged neurons into the medium
following Aβ1−40 or Aβ1−40Cu(II) complexes exposure was
detected using Lactate dehydrogenase assay kit, which
determined the LDH activity in the medium to enzymati-
cally convert the lactate and NAD+ to pyruvate and NADH.
The dinitrophenylhydrazine salt produced in the enzymatic
reaction was then reduced to red formazan in the presence
of pyruvate, thus allowing a colorimetric detection for
neuronal membrane integrity.

Statistical analysis

We diluted and measured each sample at least three
times performed in triplicate and used the averaged value
for analysis. Error bars represent SE of the mean of each
group analyzed. Data were evaluated statistically using
SPSS 11.0 software (Chicago, USA). Comparisons were
analyzed using one-way analysis of variance (ANOVA)
followed by post-hoc Student-Newman-Keuls methods
and/or Student’s t test. Minimum significance level was
set at P<0.01.

Results

Morphology on primary neuronal culture

Two hours after first plating, the plating medium was
replaced with fresh NeurobasalTM-A medium plus B27
supplements that designed for the long-term viability of
neurons in the central nervous system, and resulted in
cultures highly enriched for neurons. The neuronal cells
were allowed to mature for 7 d before treatment. Whereas
untreated group exhibited typical morphology of neurons:
abundant cell body, rich cytoplasm and big cell nucleus,
etc. [Fig. 1(A)]. The treatment of Aβ-copper complexes
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for 5 d exhibited greater neurotoxicity on neurons
compared with copper or Aβ alone (data not shown). These
changes included neuron loss, decreasing in light halo,
distortions of cell bodies, and a growing trend for the
neural network to decrease or even extinguish [Fig. 1
(B)].  Groups cultured with Aβ-copper complexes plus
vitamin E performed much slighter damage than groups
treated with Aβ-copper complexes, where much more
distinct neural network and holonomic cell body could be
observed [Fig. 1(C)].

Effect of vitamin E determined by MTT assay

It was shown in Fig. 2 that the cell viability of groups
exposed to either Aβ1−40 or Aβ1−40Cu(II) complexes deter-
mined by MTT assay was markedly decreased compared
to untreated group, suggesting their severe cytotoxicity
on neuronal cells. With respect to cytotoxicity comparison
between Aβ1−40 and Aβ1−40Cu(II) complexes, group with
addition of copper led to significantly greater toxicity than
those treated with Aβ1−40 alone using statistical comparison.
Additional treatment of vitamin E markedly blunted the
decrease of viability in groups exposed to either Aβ1−40 or
Aβ1−40Cu(II) complexes, but hardly any difference could
be detected between normal control groups and those
exclusively treated with vitamin E. These data indicated
that vitamin E could partly prevent neuronal cells from
death mediated by Aβ1−40- or Aβ1−40-copper ion complex-
induced cytotoxicity.

Hydrogen peroxide generation

The ability of Aβ peptides incubated with Cu2+ to
generate H2O2 has been reported previously [11,18]. Here
we tested the ability of control group, group treated with
copper, exposure to Aβ1−40, Aβ1−40Cu(II) or (Aβ1−40)2Cu
(II) respectively to generate H2O2. The results (data not
shown) confirmed our preceding studies [18], suggesting

the strongest redox activity of Aβ1−40Cu(II) among all the
treatments. The amount of H2O2 release induced by Aβ1−40

or Aβ1−40Cu(II) complexes was significantly greater than
those untreated (Fig. 3), and the capability of Aβ1−40 to
generate H2O2 was strengthened in the presence of Cu2+.
Further, we explored the protective effects of vitamin E
against H2O2 production induced by control group, and
those exposed to Aβ1−40 or Aβ1−40Cu(II) complexes.
According to comparison between parallel groups in which
vitamin E made an exclusive distinction, group treated
with vitamin E significantly lowered the production of

Fig. 1        Neurotoxicity of AβCu complexes and partial abolition by vitamin E
Light microscopic photomicrographs show the morphology of cortical neurons in cultures. Primary cortical neurons were grown at low density (1.25×105 cells/cm2) for
7 d, and the morphology of control group (A), exposed to 5 μM Aβ1−40Cu(II) (B) for 5 d, or incubated with 5 μM Aβ1−40Cu(II) plus 100 μM vitamin E (C) for 5 d was
recorded by photomicrographs. Magnification, 400×.

Fig. 2        Cell death caused by Aβ1−40, Aβ1−40Cu complexes, and
protective effects of vitamin E against toxicity
Primary neuronal cells were grown at low density (1.25×105 cells/cm2) for 7 d,
then neurons were exposed to 5 μM Aβ1−40 or 5 μM Aβ1−40Cu complexes for 5 d in
serum free medium, with addition of 100 μM vitamin E or not. The viability of
these cells following different treatments was determined by measuring the inhibition
of MTT reduction. Multiple comparisons on group exposed to 5 μM Aβ1−40, 5 μM
Aβ1−40Cu complexes versus control (*P<0.01) were done using one-way ANOVA
followed by post-hoc Student-Newman-Keuls method. Comparison of group
exposed to 5 μM Aβ1−40 versus 5 μM Aβ1−40Cu complexes (#P<0.01) or group
treated with vitamin E versus without vitamin E (aP<0.05, bP<0.01) was done
using Student’s t test. Data are shown as mean±SE. Each experiment was carried
out in triplicate.
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H2O2 compared with those without vitamin E in all the
groups tested.

Leakage of LDH

Increasing activity of LDH released from cells into
culture medium also reflects the damage of neurons [25,
27]. LDH activity in the supernatant of control groups,
group exposed to Aβ1−40 or Aβ1−40Cu(II) complexes was
assessed, and both groups treated with Aβ1−40 in the
presence of copper or Aβ1−40 alone had markedly increasing
release of LDH versus normal control groups (Fig. 4).
Groups treated with Aβ1−40Cu(II) complexes gave rise to
more LDH release compared with those with Aβ1−40.
Furthermore, our data implicated that both groups
exposed to Aβ1−40 or Aβ1−40Cu(II) complexes in the presence
of vitamin E had significantly lowered the leakage of LDH
from cells into medium compared to parallel groups
without vitamin E, but the comparison between control
groups and that plus vitamin E had not achieved statistically
significant difference (P>0.01).

Discussion

Mounting evidence demonstrates that aberrant metal
homeostasis is observed in AD patients [33], with
enhancing the formation of ROS and toxic Aβ oligomers
and facilitating the formation of amyloid deposits in AD

brain, which may contribute to AD pathogenesis [9,34].
Furthermore, copper released from synaptic activity has
been shown to induce parenchymal and cerebrovascular
amyloid in transgenic mice [35].

The levels of copper in the brain rise markedly with
aging [10,33], and it is proposed that the consequent
abnormal decoration of Aβ with Cu2+ [36] leads to two
principle abnormal reactions: redox activity leading to H2O2

production [11,18] and aggregation [9,34,37]. The role
of toxicity of Aβ in AD is strengthened by in vitro findings
showing that Aβ reduces Cu2+ to Cu+ in a catalytic manner
that converts O2 to H2O2 [10,11,17].

Amyloid-associated pathophysiology has been reported
to be involved in oxidative stress [1,4], and the ROS
induced by Aβ1−40Cu(II) complexes can directly undermine
the integrity of neuronal cell membrane [26], resulting in
the release of substantive bioactive substances into the
extracellular space, including enzymes such as LDH and
glutathione peroxidase [27].

In the present study, the primary cultured cortical neurons
were exposed to low concentrations of Aβ1−40Cu(II)
complexes or Aβ1−40 at 5 μM, yet morphologic damage
appeared via light microscopic photomicrograph compared
to control groups [Fig. 1(A)]. When compared in the same
dose, group treated with Aβ1−40Cu(II) complexes [Fig. 1
(B)] exhibited much greater destruction than that with
Aβ1−40 or copper alone (data not shown). In the parallel

Fig. 3        Production of H2O2 induced by Aβ 1−40, Aβ 1−40Cu
complexes, or parallel treated with vitamin E against toxicity
Primary cortical neurons were grown at low density (1.25×105 cells/cm2) for 7 d in
serum-free medium. On the 8th day, these cells were exposed to 5 μM Aβ1−40 or
5 μM Aβ1−40Cu for 5 d in the presence of 100 μM vitamin E or not. Production of
H2O2 was compared on group exposed to 5 μM Aβ1−40, 5 μM Aβ1−40Cu complexes
versus control (*P<0.01) using one-way ANOVA, while comparison of group
exposed to 5 μM Aβ1−40 versus 5 μM Aβ1−40Cu complexes (#P<0.01) or group
treated with vitamin E versus without vitamin E (bP<0.01) was done using
Student’s t test. Each experiment was carried out in triplicate. Data are shown as
mean±SE.

Fig. 4        Activity of LDH released by Aβ1−40, Aβ1−40Cu complexes,
or under the same dose treated with vitamin E against cyto-
toxicity
Primary cortical neurons were allowed to mature for 7 d in serum-free medium.
Then, 5 μM Aβ1−40 or 5 μM Aβ1−40Cu was added to the medium in the presence of
100 μM vitamin E or not for 5 d. Statistical comparisons between group treated
with Aβ1−40 versus group with Aβ1−40Cu complexes (#

 
P<0.01), or between group

treated with vitamin E versus without vitamin E (b
 
P<0.01) were done using

Student’s t test. Activity of LDH released was compared on group exposed to
5 μM Aβ1−40, 5 μM Aβ1−40Cu complexes versus control group (*P<0.01) using
one-way ANOVA followed by post-hoc Student-Newman-Keuls methods. Each
experiment was carried out in triplicate. Data are shown as mean±SE.
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treated group plus vitamin E, however, cellular damage
induced by Aβ-copper complexes was partially abrogated
[Fig. 1(C)]. All the phenomena observed were in good
correspondence to the decrease in viability as assessed
by MTT assay (Fig. 2).

We further explored the formation of H2O2 in groups
treated with copper, Aβ1−40, Aβ1−40Cu(II) or (Aβ1−40)2Cu
(II) respectively. Groups treated with Aβ1−40Cu(II) gave
rise to maximum H2O2 production among all the groups
involved (data not shown), which provided evidence for
our previous study [18] hypothesizing copper bound to
Aβ in a molar ratio of 1:1. Because groups treated with
copper or (Aβ1−40)2Cu(II) released less amount of H2O2

than that with Aβ 1−40 or  Aβ 1−40Cu(II) complexes
respectively, we chose groups that exposed to Aβ1−40 or
Aβ1−40Cu(II) complexes from the alternatives with addition
of vitamin E. As shown in Fig. 3, results indicated that
groups incubated with vitamin E obviously decreased the
formation of H2O2 compared to those parallel groups with
Aβ1−40 or Aβ1−40Cu(II) complexes.

With respect to the destruction in the integrity of
neuronal cell membrane induced by Aβ1−40 or Aβ1−40Cu(II)
complexes-mediated cytotoxicity, LDH activity in the
extracellular fluid of cells was detected [25,26]. According
to the data (Fig. 4), leakage of LDH in groups exposed to
AβCu2+ was greater than that observed in cells exposed
to Aβ, whereas groups treated with vitamin E in paralleled
groups exhibited much milder cytotoxicity to neuronal cells,
suggesting vitamin E may exert all its influence on
preventing cell membrane from breakdown.

The activity of LDH released into extracellular fluid and
the formation of H2O2 confirmed the results of the MTT
assay. These results favor the view that oxidative damage
is involved in the cytotoxicity induced by Aβ-copper ion
complexes [8,13], while vitamin E can partially reverse

the effects. Tissue damage and cell death caused by lipid
peroxidation can be prevented by vitamin E [38], but
possible molecular mechanisms underlying vitamin E-
mediated resistance of neurons to oxidative stress are not
fully understood. There is a phenolic hydroxyl group in
aromatic ring of vitamin E (Fig. 5) that provides a proton
to detoxify lipid peroxidation [24] by trapping the peroxyl
radicals [39], which is proposed to be the prerequisite of
a neuroprotective effect against oxidative challenges [40].

We assume that the blockage of the intracellular
production of hydrogen peroxide in the presence of vitamin
E is causally related to its neuroprotective effect. This
antioxidant is believed to be capable of suppressing lipid
peroxidation, which is further confirmed by the fact that
a decrease in the activity of LDH released from cells into
culture medium (Fig. 4). The abolition of lipid peroxidation
and free radicals results in the elevation of cell viability
[39]. In conclusion, we here present evidence that
Aβ 1−40Cu(II) complexes cause oxidative stress via the
initiation of intracellular peroxide accumulation followed
by the leakage of LDH released in primary cortical neuron
cultures. At molecular cellular level, Aβ1−40Cu(II) complexes
induce the cytotoxic peroxide and ultimately cause neuronal
cell death that can be prevented by vitamin E to a less
degree [33]. With respect to the mechanism involved, we
propose that vitamin E may have a dual activity by blocking
the immediate rise in peroxides and the subsequent lipid
peroxidation [38], and by suppressing the Aβ1−40Cu(II)
complexes-induced activation of oxidative stress.

Comparatively high copper level in AD brain forming
Aβ-copper complexes may trigger oxidative stress in
neuronal cells [8,10,41], resulting in long-lasting poten-
tially irreversible damage [5]. As discussed above, the
oxidative stress hypothesis is well suited to explain the
toxic effect of Aβ-copper ion complexes in neuronal

Fig. 5         Chemical structure of vitamin E (α-tocopherol, α-TOH)
Vitamin E as a natural antioxidant plays a vital role in the maintenance of tissue homeostasis and cellular defence against oxidative stress.
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