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Copper-induced cell death and the protective role
of glutathione: the implication of impaired protein
folding rather than oxidative stress†

Christian Martı́n Saporito-Magriñá, a Rosario Natalia Musacco-Sebio, a

Geoffroy Andrieux, bcd Lucas Kook,b Manuel Tomás Orrego, e

Marı́a Victoria Tuttolomondo, f Martı́n Federico Desimone, f

Melanie Boerries, bcdg Christoph Borner ‡bh and Marisa Gabriela Repetto ‡*ai

Copper (Cu) is a bioelement essential for a myriad of enzymatic reactions, which when present in high

concentration leads to cytotoxicity. Whereas Cu toxicity is usually assumed to originate from the metal’s

ability to enhance lipid peroxidation, the role of oxidative stress has remained uncertain since no

antioxidant therapy has ever been effective. Here we show that Cu overload induces cell death

independently of the metal’s ability to oxidize the intracellular milieu. In fact, cells neither lose control of

their thiol homeostasis until briefly before the onset of cell death, nor trigger a consistent antioxidant

response. As expected, glutathione (GSH) protects the cell from Cu-mediated cytotoxicity but,

surprisingly, fully independent of its reactive thiol. Moreover, the oxidation state of extracellular Cu is

irrelevant as cells accumulate the metal as cuprous ions. We provide evidence that cell death is driven

by the interaction of cuprous ions with proteins which impairs protein folding and promotes

aggregation. Consequently, cells mostly react to Cu by mounting a heat shock response and trying to

restore protein homeostasis. The protective role of GSH is based on the binding of cuprous ions, thus

preventing the metal interaction with proteins. Due to the high intracellular content of GSH, it is

depleted near the Cu entry site, and hence Cu can interact with proteins and cause aggregation and

cytotoxicity immediately below the plasma membrane.

Significance to metallomics
Copper (Cu)-mediated damage takes place in Wilson’s disease, and has lately drawn attention due to its controversial involvement in neurologic disorders such
as Alzheimer’s and Parkinson’s diseases and cancer. Nonetheless, the cytotoxic mechanism of Cu remains poorly understood. Whereas these pathologies share
alterations in cellular redox homeostasis, antioxidant therapies have not provided encouraging results. Here we describe the main mechanism driving cell
death due to Cu ions and explain the lack of effectiveness of antioxidant therapies in Cu-related disorders. These insights contribute to better understand the
role of Cu in various diseases in order to develop more effective treatment strategies.
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Introduction

Copper (Cu) is an essential trace element in mammalian cells
since it is a component of the active site of many enzymes with
diverse actions. Under physiological conditions, Cu ions enter
cells mainly as Cu(I) by the transmembrane copper transporter
1 (Ctr1)1 but also as Cu(II) by the divalent metal transporter 1
(DMT1).2 Once in the cytosol, the chaperone antioxidant protein 1
(Atox1) carries the metal to the pump copper-transporting P-type
ATPase (ATP7A/B), where it is incorporated into the trans-Golgi
network for excretion.3 Besides Atox1, additional chaperones dis-
tribute Cu to the corresponding sites where it is required, ensuring
in this manner that free Cu ions are virtually inexistent under
physiological conditions.4

Wilson’s disease (WD) is an inherited disorder characterized
by a defective liver Cu-efflux pathway, thus entailing an increased
hepatic Cu-content over 20-fold the normal values (50–55 mg g�1

organ).5 Thereby, intracellular Cu accumulation in this pathology
triggers cell death.6 However, the mechanism of cytotoxicity of Cu
ions is yet unclear. Furthermore, the underlying cytotoxic mechan-
isms of several neurodegenerative disorders such as Alzheimer’s
disease7–10 or Parkinson’s disease11–13 have been proposed to
involve imbalances in Cu homeostasis.

The cytotoxicity of Cu is often attributed to the capacity of
Cu(I) to react with hydrogen peroxide (H2O2), yielding the highly
reactive hydroxyl radical (HO�).14,15 This radical enhances lipid
peroxidation and unselectively causes oxidative damage to
biomolecules.16 However, the low selectivity of available methods
to measure such short-lived reactive species in biological environ-
ments has so far made it difficult to provide experimental evidence
for the intracellular formation of this radical.

Different authors have shown a decrease in GSH content
upon Cu-overload in cells17 and in rat liver and brain after
acute18,19 and chronic exposure to the metal.20–24 However, as
the oxidative mechanism of intracellular Cu ions is not fully
elucidated, the decreased GSH content could be explained
independently of the Cu-oxidizing features, for instance by
the presence of dead cells or by a metabolic event preceding
cell death. On the other hand, the many reports showing
oxidative damage associated with Cu imbalance-related disor-
ders may overshadow the actual role of oxidative stress in the
cytotoxic mechanism of Cu ions in metal-overloaded cells. In
fact, no antioxidant therapy has ever been able to improve the
health condition in these disorders.25–28 Likely, the redox
imbalance induced by Cu overload might have a foremost role
in cell signalling, rather than being a driving force of cell death.

The present study was performed to gain a deeper insight
into the cytotoxic mechanism of Cu ions and address the
relevance of the concomitant oxidative stress. We demonstrate
that while Cu overload may enhance intracellular oxidant
production, no antioxidant response is observed, and thiol
(–SH) homeostasis is not altered in yet living cells. Nonetheless,
GSH does protect cells from Cu-induced cytotoxicity, but
instead of undergoing oxidation at the –SH group, the peptide
binds Cu(I) to prevent the interaction of the metal with protein
targets which would otherwise trigger their misfolding and

aggregation. Cu-induced cell death is necrotic, although
caspases may be activated as a secondary event.

Experimental
Chemicals

Chemicals were purchased from Sigma-Aldrich Chemical Co.
(St. Louis, MO). Other reagents were of analytical grade.

Cell culture, copper exposure and preparation of cell extracts

Murine embryonic fibroblasts immortalized with the SV40 T
antigen (SV40MEFs), murine hepatoma Hepa1–6 cells, human
bronchial epithelial BEAS-2B cells, human colon cancer HCT116
cells, human cervix carcinoma epithelial HeLa cells and murine
primary hepatocytes were seeded in 6-well plates as 100 000 cells
per well in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% fetal calf serum (FCS) and 1% penicillin/streptomycin. Copper
exposure was achieved by diluting a CuSO4 stock aqueous solution
in the culture medium to obtain the desired final concentration of
Cu(II). To prepare cellular extracts, the cells were trypsinized and
washed in phosphate buffer solution (PBS). After treatment with
lysis buffer (20 mM Tris–HCl, 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, phosphatase inhibitors commercial mix, protease
inhibitor cocktail), debris was spin down and the supernatant (cell
lysate) was transferred to a new tube.

Cell death analysis

Cells were harvested and washed with PBS followed by incuba-
tion with annexin-V-FITC for 15 min. Just before measuring,
7-aminoactinomycin-D (7AAD) was added to the sample. The
sample was then measured by flow cytometry (FACS) and four
populations could be distinguished: unstained (live cells),
7AAD positive/annexin-V negative (necrotic cells), 7AAD nega-
tive/annexin-V positive (apoptotic cells), and 7AAD positive/
annexin-V positive (necrotic or late apoptotic cells).29 Annexin-V-
FITC (green) fluorescence was detected by FL-1, and 7AAD fluores-
cence (red) by FL-3 for 7AAD. Data were acquired with a flow
cytometer (FACScalibur, BD Biosciences) and analysed with FlowJo
software (Treestar).

Reactive oxygen species (ROS) production

The culture medium was replaced by 10 mM 20,70-dichloro-
fluorescin diacetate (DCFH-DA) (in DMEM). After 45 min incuba-
tion (37 1C), the cells were washed in PBS, then trypsinized, and
the cell suspension was washed twice at 1200 rpm for 5 min in PBS
in FACS tubes. The cells were resuspended in 0.2 mL PBS and
analysed by flow cytometry (FACScalibur, BD Biosciences). The
fluorescence detected by FL-1 was recorded and data were analysed
with FlowJo software (Treestar).30

SDS-PAGE and western blot analysis

After resolving the proteins by SDS-PAGE at 200 V for 1 h, they
were transferred to a PVDF membrane (400 mA, 60 min) and
incubated with antibodies against caspase-3 (1 : 1000) overnight
at 4 1C to monitor apoptosis activation. After binding the
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secondary antibody (HRP-conjugate 1 : 5000, 1 h at room tem-
perature), the proteins were detected by chemiluminescent
autoradiography using a commercial kit, according to the
manufacturer’s instructions (Amersham, GE Healthcare Sciences).
After each antibody-incubation, the PVDF membrane was three
times washed for 5 min with PBS 1%, Tween (PBST), and 3% BSA.
b-Actin was used as a load control.31

Caspase-3 activity

The caspase-3 assay is based in the cleavage of acetyl Asp-Glu-
Val-Asp 7-amido-4-methylcoumarin (Ac-DEVD-AMC) by the
active enzyme resulting in the release of the fluorescent
7-amino-4-methylcoumarin (AMC).32 The excitation and emis-
sion wavelengths of AMC are 360 nm and 460 nm respectively.
A cell lysate was used for the essay and the reaction medium
consisted of 20 mM Tris, 150 mM NaCl, 5 mM EDTA, 5 mM
sodium pyrophosphate, 1 mM EGTA, 20 mM sodium phosphate
monobasic, 3 mM sodium b-glycerophosphate and 10 mM sodium
fluoride (pH = 7.4). The protease inhibitor (cocktail, Sigma-
Aldrich), MG132 (proteasome inhibitor) and phosphatase inhibi-
tors were added freshly when necessary. 1% dithiotheitrol (DTT)
was added to ensure a reduced environment. Fluorescence was
recorded for 30 min in a plate reader (Tecan). Results were
expressed as relative to the control (%).

Thiol (–SH) group content

The total thiol group content (total –SH) and GSH were deter-
mined spectrophotometrically at 412 nm (Tecan) by the for-
mation of the yellow compound 5-thionitrobenzoate (TNB)
from 5,50-dithiobis(2-nitrobenzoic acid) (DTNB).33 For the
determination of total –SH groups, whole cell lysates were
employed for the reaction with DTNB. For GSH, the super-
natant obtained from a deproteinized (with 0.2 M perchloric
acid) cell lysate was neutralized with PBS and then employed
for the reaction with DTNB. The determinations were carried
out immediately after cell lysis and the samples were kept in ice
at all times.

RNA microarrays

BEAS-2B and HCT116 cells were incubated with 800 mM and
1400 mM Cu(II) in the culture medium respectively for different
times. At the end of the incubation the cells were harvested for
RNA isolation and microarray studies were performed.

To reveal differentially regulated genes in BEAS-2B exposed
to Cu overload, we used a linear modelling based approach
(limma R/Bioconductor package CITE). Briefly, normalized
RNA intensities from duplicated samples at 2, 4, 6, 12 and
18 h following Cu overload were compared to the initial
condition at 0 h. We assessed significantly regulated genes
using an adjusted P value (Benjamini Hochberg) of 0.05. We
applied the exact same procedure to get the differentially
regulated genes in HCT116 exposed to Cu overload.

The data discussed in this publication have been deposited
in NCBI’s Gene Expression Omnibus34 and are accessible
through GEO Series accession number GSE109375 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109375).

Cu content in cells

Cu intake by cells was assessed by atomic absorption35 in a
Buck spectrophotometer; model 210 VGP (BuckScientific, East
Norwalk, Connecticut, USA). Cell lysate (0.3 mL) was miner-
alized in an equal part of 35% hydrogen peroxide and 65%
ultrapure nitric acid (HNO3) (1 : 1) at 60 1C for 90 min. The
mixture was then dried at 85 1C overnight. The ashes were
dissolved in 0.3 mL 0.1% HNO3. The atomic absorption of this
solution was determined for Cu content in a graphite furnace.
The volume of injection was 10 mL. No matrix modifiers were
employed. The conditions for Cu determination were: wave-
length, 324.7 nm; slit 0.7 nm; current 2 mA, background
correction by a deuterium lamp, argon as a protective gas and
the peak area as the absorbance measurement. Results were
expressed as nmol Cu per mg of protein. Protein content was
determined by Bradford’s assay.36

Cupric ion concentration

The effect of different –SH on the Cu oxidation state was also
determined by electron paramagnetic resonance (EPR). The
decrease of the signal intensity peaks of Cu(II) in Tris–NaCl buffer
(pH 7.4) at 3150.0 G after the addition of different –SH group
concentrations was measured as Cu(II) reduction. EPR spectra were
recorded at 20 1C using an X-band EPR spectrometer Bruker ECS
106 (Brucker Instruments, Inc., Berlin, Germany). The spectro-
meter settings were: center field 3200.00 G, sweep width 800.00 G,
microwave power 10.0 mW, modulation frequency 50 KHz, mod-
ulation amplitude 1.00 G, conversion time 5.15 ms, time constant
5.12 ms, resolution 1024 points.

Cuprous ion concentration

Cu(I) formation from Cu(II) under reducing conditions was
assessed by the selective reaction of the former with bicincho-
ninic acid (Pierce BCA ProteinAssay, Thermo Fisher Scientific).
The absorbance at 595 nm was read (Tecan).

Turbidity assay

Tris–HCl 10 mM was used as the reaction medium and stock
solutions of 10 mM CuSO4�5H2O, FeCl3�6H2O, ZnSO4�7H2O,
NiSO4�6H2O, MgSO4�7H2O, CoCl2�6H2O, MnSO4�H2O, CaCl2

and CrCl3�6H2O were used so as to attain the desired final
concentrations in the wells. 1.5 mg mL�1 bovine serum albumin
(BSA) was added to the well just before starting the measurement.
All the solutions were adjusted to pH 7.4. Samples were incubated
and analyzed in a Varioskan Flash 96-well plate reader (Thermo
Fisher Scientific) at 37 1C. The absorbance at 405 nm was
monitored every 20 s, shaking for 5 s before each measurement
during 60 min. No turbidity was detected in the control experi-
ments with buffer only, protein only or metal ions in the absence
of protein. Turbidity assays were run at least four times for each
condition.37

Data analysis

All the results, except for the microarray analyses, are expressed
as mean � standard error of the mean (SEM). Statistical
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analyses were carried out with Graphpad InStat following the
recommended software settings for the present experiments
(Anova with Tukey’s post-test). Differences were considered
statistically significant at p o 0.05. p o 0.05, p o 0.01 and
p o 0.001 which were represented as *, ** and ***, respectively,
when comparing each condition with the corresponding group.

Results
Cell viability and cell death kinetics after Cu(II) exposure

Several cell lines were studied in order to establish a correlation
between the cell sensitivity to Cu overload and oxidative stress-
related parameters. Intracellular Cu accumulation may occur
due to either decreased efflux of metal ions, e.g. in WD, or due
to enhanced entrance. The fixed concentration of Cu(II) in the
extracellular medium served to set the lag phase before the
onset of cell death. As shown in Fig. 1A, when SV40MEF, Hela,
BEAS-2B, Hepa1–6 and HCT116 cells were exposed to Cu(II)
concentrations (600–2400 mM Cu(II)) for 24 h, they all suc-
cumbed to cell death at different metal concentrations. We
then chose the Cu(II) concentration which induced 60–80% cell
death for each cell line (600 mM for Hela, 600 mM for SV40MEFs,
800 mM for BEAS-2B, 1000 mM for Hepa1–6 and 1400 mM for
HCT116) and performed a time kinetic for 0–24 h. As shown in
Fig. 1B, the death-kinetics were similar among all cell lines with
a lag phase of about 8 h. We therefore used this 8 h lag phase to
study the molecular mechanism which might be responsible
for the initiation of cell death such as Cu content, the genera-
tion of reactive oxygen species, total cellular thiol (–SH) and
GSH content and the transcriptional profile of antioxidant
enzymes.

Cell death does not correlate with intracellular Cu
accumulation and reactive oxygen species production

We measured the intracellular accumulation of Cu by atomic
absorption spectrometry. In all cell lines, a similar kinetic of Cu
accumulation was observed (Fig. 2A), irrespective of their
sensitivity to cell death (compared to Fig. 1A). To measure
reactive oxygen species (ROS) production we used dichloro-
fluorescein (DCFH) as a sensitive but fairly unselective probe
for all sorts of oxidant species. Whereas all cells exposed to
Cu(II) do show an enhanced DCFH oxidation (Fig. 2B), the rate
of DCFH oxidation over a time period of 7 h did not correlate
with cell death sensitivity to Cu overload (Fig. 1A). Noticeably,
the SV40MEFs showed markedly enhanced ROS production
after 3 h of Cu treatment, while in the remaining cells ROS
mildly increased after 5–7 h. Therefore, while Cu may enhance
oxidant species production, it does not seem to be the main
event driving cell death.

Microarray analysis of oxidative stress related genes

We envisaged that if the cellular uptake of Cu triggered ROS
production, in particular HO� through the Fenton reaction, the
cells would respond to this oxidative stress by transcriptionally
upregulating antioxidant enzymes. In order to investigate this,

we performed a transcriptome analysis of BEAS-2B cells treated
with 800 mM Cu(II) for 2–18 h and assessed the fold change of
enzymes involved in the maintenance of redox homeostasis.
In detail, this analysis did not reveal any major induction of
antioxidant enzymes (Fig. 2C). In fact, the H2O2 sink enzymes
glutathione peroxidase 8 (GPX8), catalase (CAT) and peroxire-
doxin 6 (PRDX6) were even transcriptionally downregulated.
Therefore, the reaction between H2O2 and Cu(I) is unlikely to
drive cell death as cells do not attempt to lower the intracellular
concentration of H2O2. These results were corroborated in
HCT116 cells (see ESI†).

Total –SH and GSH content does not change in response to Cu
treatment

An altered intracellular redox homeostasis involves a change in
the ratios of reduced and oxidized –SH groups, especially in
GSH/GSSG.38 Additionally, GSH homeostasis is tightly linked to
the metabolic state of the cell, therefore its content should be
quantified before the onset of cell death. Indeed, GSH is rapidly
depleted in dying cells.39 Interestingly, our results during the
first 7 h of Cu treatment (prior to the onset of cell death)
revealed that the cellular content of either total –SH groups
(Fig. 2D) or GSH did not significantly change in any of the cell
lines tested (Fig. 2E).

We found that Cu(II) could be rapidly reduced to Cu(I) in vitro
by the –SH groups of N-acetylcysteine (NAC), cysteine (Cys) and
even GSH (Fig. 2F and G). This result implies that despite the
Cu overload, cytosolic Cu is most likely present as Cu(I) because
of the high content of reduced GSH in the cells.

GSH but not N-acetylcysteine (NAC) is able to protect cells from
Cu toxicity

In order to study the role of intracellular –SH groups in the
cytotoxicity of Cu ions, the cells were supplemented with NAC.
This molecule is employed by cells as a precursor of GSH,
enhancing in this manner the intracellular content of this
antioxidant.40 As shown in Fig. 3A, 1–4 mM of NAC was unable
to prevent the death of SV40MEFs treated with 600 mM Cu(II) for

Fig. 1 Cell death induced by Cu overload. (A) Cell viability in different cell
lines after 24 h incubation with Cu(II). Error bars represent SEM. n = 3.
(B) Cell death kinetics in different cell lines incubated with Cu(II). The Cu(II)
concentration in the incubation medium for each cell line is as follows:
SV40MEFs, 600 mM Cu(II); HeLa, 600 mM Cu(II); BEAS-2B, 800 mM Cu(II);
Hepa1–6, 1000 mM Cu(II); HCT116, 1400 mM Cu(II). Error bars represent
SEM. n = 3.
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24 h, indicating that Cu induced cellular death is not mediated
by oxidative stress. Moreover, as the co-treatment with NAC
converts Cu(II) into Cu(I) the oxidation state of extracellular Cu
seems to be irrelevant for the cytotoxic effect. Therefore, as
pointed out above, intracellular Cu(I) most likely kills the cell
independent of oxidative stress so that refilling the cytosol with
GSH is not important for cell survival. Nonetheless, the addi-
tion of either GSH or even GSSG clearly prevented cell death.
Noticeably, the addition of GSSG enhanced cell survival roughly

twice as efficiently as GSH (Fig. 3A). Due to their peptide nature,
GSH and GSSG are unable to passively diffuse through the
plasma membrane. Considering that no active uptake of GSH
into the cytosol has been reported and the unaltered intra-
cellular GSH content observed here, the similar concentration
of exogenous GSH employed to the intracellular concentration
of this molecule would hamper the diffusion through facili-
tated transport. Therefore, their protective effect must be
exerted in the extracellular space, most likely by binding Cu

Fig. 2 Redox homeostasis in Cu overloaded cells. In (A–E), cells were exposed to the Cu(II) concentration which killed nearly 50% of the cells at 24 h:
SV40MEFs, 600 mM Cu(II); HeLa, 600 mM Cu(II); BEAS-2B, 800 mM Cu(II); Hepa1–6, 1000 mM Cu(II); HCT116, 1400 mM Cu(II). (A) Cu content in different cell
lines incubated with Cu(II). Error bars represent SEM. n = 3. (B) DCFH oxidation by different cell lines incubated with Cu(II). Error bars represent SEM. n = 3.
(C) Effect of Cu accumulation on the transcriptional profile of antioxidant enzymes in BEAS-2B cells. The concentration of Cu(II) was 800 mM, for the
times given. Values correspond to the log 2 fold change. Non-significantly changed values were shown in white. n = 2. (D) Effect of Cu(II) on the total
cellular –SH content. Error bars represent SEM. n = 15 for BEAS-2B, n = 9 for HCT 116 and SV40MEFs, n = 6 for HeLa and Hepa1–6. (E) Effect of Cu(II) on
the intracellular GSH content. Error bars represent SEM. n = 15 for BEAS-2B, n = 9 for HCT 116 and SV40MEFs, n = 6 for HeLa and Hepa1–6. (F) In vitro
oxidation of –SH groups on 100 mM GSH, NAC and Cys by Cu(II). Error bars represent SEM. n = 6. (G) In vitro reduction of 10 mM Cu(II) by increasing
concentrations of GSH, NAC and Cys, assessed by EPR. The intensity on the Y axis corresponds to the characteristic peak observed at E3150 G in the
Cu(II) spectrum. Error bars represent SEM. n = 3. The embedded graph corresponds to the in vitro reduction of Cu(II) by 100 mM GSH, NAC and Cys,
assessed by the reaction between Cu(I) and BCA. Error bars represent SEM. n = 3.
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ions and hindering their access to the cytosol. It is worth
mentioning that the ratio GSSG/GSH in cytosol41 is extremely
low so despite the fact that the GSSG molecule binds Cu(II), this
is not relevant in the intracellular protection against Cu. The
formation of Cu-complexes with GSH has been previously
reported. However, there is no consensus about which part of
the GSH molecule is coordinated to the metal.42 Given the high
intracellular concentration of GSH (1–10 mM), this molecule is
expected to perform intracellularly in a very similar manner. In
addition, Cu(II) triggered the induction of metallothioneins
(Fig. 3B), which are known to actively bind and inactivate
metals.43

Replenishment of GSH depleted cells with –SH groups does not
prevent Cu cytotoxicity

To further study the involvement of GSH and –SH groups in the
cytoprotective effect against Cu, we depleted BEAS-2B cells of
GSH with buthionine sulfoximine (BSO), which inhibits the
enzyme g-glutamylcysteine synthetase, the rate limiting step in
GSH synthesis. Fig. 3C shows that total cellular –SH and GSH

diminished after BSO treatment. Concomitantly, the cell viabi-
lity drastically dropped when the cells were co-treated with BSO
and various concentrations of Cu for 24 h (Fig. 3D). Interest-
ingly, replenishment of these cells with –SH groups by the
addition of 4 mM NAC did not prevent the increased cytotoxi-
city of the BSO/Cu co-treatment. While NAC can reduce Cu(II) to
Cu(I), it may not bind Cu(I) as strongly as GSH, and thus
replenishment of GSH-depleted cells with –SH groups from
NAC cannot provide the protection to the same level as GSH. It
is worth noticing that the GSH content was nearly ten times
greater than the Cu content immediately at the onset of cell
death (Fig. 3E) and GSH at mM concentrations buffers free
Cu(I) ions to sub-femtomolar concentrations.44,45

Microarray analysis reveals that Cu induces genes involved in
heat shock (HSR), unfolded protein responses (UPR),
ubiquitin/proteasomal degradation and autophagy

We next asked how GSH would protect the cell from Cu
cytotoxicity if it were not through its antioxidant function.
A closer look at the transcriptome profile in Cu overloaded

Fig. 3 GSH protection in Cu-overloaded cells. (A) Effect of the exogenous addition of GSH, GSSG or NAC on the cell viability of SV40MEF cells exposed
to 600 mM Cu(II) for 24 h. Different concentrations of GSH, GSSG or NAC were added simultaneously with Cu(II). Error bars represent SEM. n = 9. (B)
Metallothionein induction in BEAS-2B cells after exposure to 800 mM Cu(II). Values correspond to the log 2 fold change. Non-significantly changed values
were shown in white. n = 2. (C) Total –SH groups and GSH content in BEAS-2B cells incubated with 1 mM BSO for 24 h. Error bars represent SEM. n = 3.
***, p o 0.001. (D) Effect of GSH depletion by BSO and subsequent replenishment of –SH groups by addition of 4 mM NAC on cell viability in BEAS-2B
cells incubated with Cu(II) for 24 h. Cells were depleted from GSH by incubation with 1 mM BSO for 24 h previous to the addition of Cu(II). BSO 1 mM was
kept at all times during the incubation with Cu(II). Error bars represent SEM. n = 9 for the control, BSO and BSO + NAC and n = 6 for NAC. (E) Relative Cu
to GSH content at the beginning of the incubation and immediately before the onset of cell death. The Cu(II) concentration for each cell line in (E) is as
follows: SV40MEFs, 600 mM Cu(II); HeLa, 600 mM Cu(II); BEAS-2B, 800 mM Cu(II); Hepa1–6, 1000 mM Cu(II); HCT116, 1400 mM Cu(II). Values after �
represent SEM. n = 3 for Cu content values; for GSH content, n = 15 for BEAS-2B, n = 9 for HCT 116 and SV40MEFs, n = 6 for HeLa and Hepa1–6.
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BEAS-2B cells revealed a consistent and strong activation of the
heat shock response (HSR) (Fig. 4A). This response arises from
increased levels of improperly folded proteins in the cytosol. An
enhanced unfolded protein response (UPR), although milder
than the HSR, which originates due to an increased protein
load in the endoplasmic reticulum (ER),46 was also observed
(Fig. 4A). However, there was a remarkable lack of mitochondrial
UPR (mtUPR) (Fig. 4A), which is induced by increased loads of
mitochondrial unfolded proteins.47 Our findings indicate that Cu
overload affects proteostasis especially in cellular compartments
which seem to be involved in the efflux pathway of Cu ions such as
the cytosol and the ER. In agreement with impaired proteostasis
we observed the induction of ubiquitin in our microarray analysis
after Cu treatment, pointing towards increased proteasomal degra-
dation of improperly folded proteins (Fig. 4B). Additionally, the
autophagic regulators LC3 and GABARAPL148 were induced,
suggesting that increased autophagy may be used to remove
and further degrade misfolded and aggregated protein com-
plexes from the cytosol. These results were corroborated in
HCT116 cells (see ESI†).

Cu induces protein aggregation in a time and concentration
dependent manner

In agreement with our findings so far, Cu(II) was able to directly
induce the aggregation of bovine serum albumin (BSA) in vitro
in a time and concentration dependent manner (Fig. 4C).

This aggregation may be due to covalently cross-linked multi-
mers because of the ability of Cu(II) to oxidize –SH groups on
different molecules.37 However, such a reaction is not critical
for Cu cytotoxicity as previously shown (Fig. 3A). Protein oxidation
by Cu(II) would mask the aggregation due to direct protein–metal
interactions. Nonetheless, BSA possesses only one available
reduced –SH group, ruling out the possibility for covalently linked
multimer formation. Additionally, it must be mentioned that BSA
is a stable protein which does not easily aggregate in contrast to
highly disordered intracellular proteins such as a-synuclein. In
comparison to other metals, Cu(II) was the most efficient in
promoting protein aggregation followed by zinc(II) (Zn(II))
(Fig. 4D). Interestingly, iron(III) (Fe)(III) did not induce protein
aggregation. A similar behaviour of metals has been previously
reported with g-D-crystallin.37

Zn, but not Fe, potentiates Cu-induced cytotoxicity

Zn and Fe possess different mechanisms of toxicity. Fe participates
in the Fenton reaction yielding highly reactive hydroxyl radicals
while Zn is unable to do so. We therefore tested if Fe(II) or Zn(II)
could potentiate Cu(II)-induced cell death of SV40MEF cells due to
the depletion of common metabolic systems. As shown in Fig. 4E
and F, while Fe(II) had no effect on Cu(II) toxicity, Zn(II) dramati-
cally potentiated cell death. Although Zn is redox inactive, it shares
the folding impairing feature of Cu.49 This strongly suggests that
Cu ions have a direct impact on protein homeostasis which is

Fig. 4 Effect of Cu overload on cellular proteostasis. (A) Effect of Cu accumulation on the transcriptional profile of HSR, mtUPR and UPR related genes in
BEAS-2B cells. (B) Effect of Cu accumulation on the transcriptional profile of autophagy and proteasomal degradation related genes in BEAS-2B cells. The
concentration of Cu(II) in (A) and (B) was 800 mM, for the times given. Values in tables correspond to the log 2 fold change. Non-significantly changed
values were shown in white. n = 2. (C) Optical density (O.D.) measured at 405 nm of BSA aggregates induced by different concentrations of Cu(II). n = 5.
(D) O.D. measured at 405 nm of BSA aggregates induced by different metals. The concentration was 800 mM for each metal. n = 5. (E) Cell viability of
SV40MEFs incubated with 800 mM Cu(II) and Fe2+ for 24 h. Cu(II) and Fe(II) were added simultaneously at the beginning of the experiment. Error bars
represent SEM. n = 3. (F) Cell viability of SV40MEFs incubated with 800 mM Cu(II) and Zn2+ for 24 h. Cu(II) and Zn(II) were added simultaneously at the
beginning of the experiment. Error bars represent SEM. n = 12.
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tightly linked to the survival of the cell. It will be critical to identify
which proteins are being mainly affected by the Cu(I) overload in
order to characterize their binding equilibria with the metal.

Both GSH and GSSG prevent Cu-induced protein aggregation

As shown in Fig. 4C, the incubation of BSA with Cu(II) quickly
led to the formation of protein aggregates. However, as shown
above, Cu is mainly present as Cu(I) after it is taken up by cells.
In the presence of NAC, which reduced Cu(II) to Cu(I), protein
aggregation still took place but at a slower rate (Fig. 5B).
Probably, Cu(II) induced protein aggregation more rapidly than
Cu(I) due to the more polarizing feature of the higher oxidation
state of the metal but NAC might also weakly bind Cu(I),
hindering its interaction with the protein. We then tested if
GSH could effectively prevent Cu(II)/Cu(I)-induced protein
aggregation (Fig. 5A). As Cu(II) and GSH cannot coexist, the
spontaneous reduction of Cu(II) by GSH to Cu(I) will take place.
Remarkably, both GSH (Fig. 5A) and GSSG (Fig. 5B) were able to
fully prevent Cu(II)/Cu(I)-induced aggregation of BSA in vitro.
The mechanisms though seem different because GSH will first
reduce Cu(II) to Cu(I) and then bind the reduced form of the
metal, while GSSG is able to directly bind Cu ions. This
indicates that in addition to its known role as an antioxidant,
GSH is also able to prevent Cu-induced protein aggregation.

Caspase activation and PARP cleavage

Sustained protein misfolding and aggregation has been shown
to trigger cell death by apoptosis or necrosis. Apoptosis is
characterized by the activation of caspases, in particular effector
caspase-3. The treatment of SV40MEF cells with 600 mM Cu led to a

time-dependent increase in caspase-3 activity (Fig. 6A) and
procaspase-3 processing into its active p17 form (cleaved
caspase-3) (Fig. 6B). Concomitantly, PARP, one of the major
caspase-3 substrates, was effectively cleaved (Fig. 6B). As a con-
sequence, a high percentage of Cu-treated cells displayed annexin-
V-FITC staining without plasma membrane permeabilization
(7AAD co-staining) (Fig. 6D). Some cells however stained positive
for both markers (annexin-V and 7AAD) indicating that they
underwent necrosis or secondary necrosis after apoptosis. More-
over, although a cellular treatment with the pan-caspase inhibitor
zVAD.fmk abrogated Cu-induced caspase-3 activation (Fig. 6C) it
did not protect the cells from dying (Fig. 6D). Therefore, the
activation of caspases was most likely a secondary event to cell
death. Indeed, the morphology of the dead cells was more necrotic
rather than apoptotic (Fig. 6E). Moreover, among the cells studied,
caspase activation occurred solely in SV40MEFs. This is likely
related to the cell transformation of these cells by the SV40 TAg,
which may itself influence the kind of cell death signalling seen in
these cells.

Discussion

Cu uptake is necessary for cell survival, as these ions are
involved in numerous important biological reactions. However,
due to its chemical properties, involving both pro-oxidant and
pro-aggregating reactions, the accumulation of Cu ions may
become highly cytotoxic. Unravelling the events mediating
Cu-induced cytotoxicity is critical to understand the cell death
mechanism in WD and also to determine the participation of
this metal in less understood scenarios such as Alzheimer’s
disease and Parkinson’s disease (Fig. 7).

The accumulation of Cu ions may take place when the efflux
of the metal from the cell is impaired, as observed in WD.
In this manner, Cu sinks would gradually saturate, culminating
in an increase of free Cu ions. In this work, we employed high
extracellular concentrations of Cu(II) in order to attain an
increased intracellular steady-state of Cu ions. It is worth
mentioning that the nearly 20-fold increase of the intracellular
Cu content observed here (Fig. 2A) is similar to that in WD
model cells with defective Cu extrusion pathways exposed to
low concentrations of Cu ions.50

The intracellular accumulation of Cu ions enhances the
production of oxidant species. However, the lack of a transcrip-
tionally mediated antioxidant response against the built up Cu
(Fig. 2C) along with the high content of intracellular GSH
(Fig. 2E) suggests that oxidative stress is not the critical event
leading to cell death. These parameters were determined prior
to the onset of cell death as they are tightly linked to cell
metabolism, thus the presence of dead cells might influence
the result. The enhanced production of oxidant species induced
by Cu-overload is probably involved in intracellular signaling51

rather than being a driving force of cell death. In contrast, the
transcriptional response in Cu-overloaded cells is mainly directed
to restore protein homeostasis (Fig. 4A). In line with this observa-
tion, Cu(II) and Cu(I) were both able to promote protein

Fig. 5 Protective role of GSH against Cu induced protein aggregation.
(A) Inhibition of Cu(II)-induced aggregation of BSA by addition of GSH. The
concentrations of the reagents were 800 mM for Cu(II) and 2 mM for GSH.
(B) Inhibition of Cu(II) induced aggregation of BSA by addition of GSSG and
NAC. The concentrations of the reagents were 800 mM for Cu(II), 2 mM for
GSH and 2 mM for NAC. In the group BSA + GSSG + NAC + Cu(II), the
reagent NAC was mixed with Cu(II) and then with GSSG to ensure the
reduction of the metal.
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aggregation in vitro (Fig. 4C) and the co-incubation of Cu(II) with
the pro-aggregating metal Zn(II) (Fig. 4F) potentiated cell death
induced by Cu ions whereas the pro-oxidizing metal Fe(II) did not.
Regarding the pro-aggregating features of Cu(II), it must be men-
tioned that the content of intracellular reduced –SH groups is well
above that of Cu ions (Fig. 3E), thus maintaining the metal as
Cu(I). Nonetheless, Cu(I) also induced protein aggregation. There-
fore, the influx of Cu(I)/Cu(II) allows the undesirable metal contact
with proteins which impairs protein folding resulting in cytotoxi-
city, since Cu(I) in cells is mostly in contact with the desirable
metal sites in proteins for its function.

Most interestingly, GSH, which is a critical molecule in the
control of oxidant stimuli, does protect the cells from Cu ions,
but independently of the antioxidant properties of the –SH
group of the tripeptide. Rather than as an antioxidant, the –SH
group in GSH may act as a key Cu(I) binding ligand that
prevents Cu(I) access to the undesirable metal sites in proteins
which induces protein aggregation. Interestingly, both GSH
and GSSG may bind Cu ions but with different mechanisms
because GSH reduces Cu(II) and then may bind yielded Cu(I)
while GSSG is able to directly bind Cu ions. In the case of NAC,
as it does not strongly bind Cu(I), it is unable to protect the cell
from the metal overload (Fig. 3A). It is worth mentioning that
the replenishment of –SH groups by addition of NAC after BSO
treatment would still hinder the activity of GSH dependent
enzymes. Nonetheless, the lack of transcriptionally activated
enzymes involved in GSH usage indicates that such reactions
are not critical for cell survival. Altogether, our findings suggest
two mechanisms by which GSH protects cells from Cu cytotoxi-
city. GSH prevents protein misfolding caused by the direct
interaction with Cu ions while it also may participate in

antioxidant pathways. The relevance of each mechanism in
Cu cytotoxicity depends on additional stimuli which boost
either pro-aggregating or pro-oxidizing reactions.

The molecular events leading to Cu cytoxicity are not homo-
geneously spread throughout the cell. In fact, they are concen-
trated in the cytosol and, to a lesser extent, in the endoplasmic
reticulum, whereas mitochondria are largely unaffected (Fig. 4A).
Considering GSH content is at least ten fold (Fig. 3E) greater than
that of intracellular Cu(I) before the onset of cell death, the
increment in free Cu(I) available to react with intracellular targets
cannot be achieved upon complete titration of intracellular GSH.
Indeed, the HSR and UPR start before the first two hours of Cu(II)
exposure when the Cu content has barely increased (Fig. 4A).
Therefore, we speculate that such reactions are also not homo-
geneously distributed in the cytosol since GSH would inactivate
Cu(I). We rather think that these reactions take place immediately
below the membrane site of entrance of the metal ions, where the
competition between entering free Cu(I) with either GSH/Atox1,
and the incorporation in the trafficking pathways, or with proteins
impairing protein folding, or with H2O2, leading to oxidative stress,
occurs. Thus, the relative concentration of such agents near the
influx site will determine the nature of cell death due to Cu ions
and the relevance of the therapies applied. In unstressed cells, the
role of oxidative stress induced by Cu overload, while present,
seems minor. Nonetheless, in specific cells with higher intracel-
lular H2O2 steady-state concentrations, the cytotoxicity of Cu ions
may shift from impaired proteostasis to oxidative modifications
and ensuing cell death. Altogether, these results explain why
antioxidant therapies are largely ineffective in Cu imbalance
related disorders such as WD, whereas chelating agents remain
the first line therapy.

Fig. 6 Role of apoptosis in the cytotoxicity of Cu. (A) Caspase 3/7 activity assessed as DEVDase activity in SV40MEF cells incubated with 600 mM Cu(II). Error bars
represent SEM. n = 2. (B) Caspase 3 and PARP cleavage in SV40MEF cells incubated with 600 mM Cu(II). n = 3. (C) Caspase activity inhibition by 1 mg mL�1 zVAD.fmk
in SV40MEF cells incubated with 600 mM Cu(II) for 24 h. Error bars represent SEM. n = 3. ***, p o 0.001. (D) Annexin-V/7AAD staining assessed by flow cytometry in
SV40MEF cells incubated with 600 mM Cu(II) for 24 h in the presence and absence of 1 mg mL�1 zVAD.fmk. n = 3. (E) Cell morphology assessed by light microscopy
in SV40MEF cells incubated with 600 mM Cu(II) for 24 h. 1 mg mL�1 Stau (Staurosporine) was used as a positive control for apoptosis.
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Noticeably, increased Cu content has been reported in tumors52

and this may affect protein homeostasis. In fact, cancer cells are
especially sensitive to proteasome inhibitors.53 While this study
highlights the lack of correlation between the sensitivity to Cu ions
and oxidative stress in a set of cell lines, the mechanism proposed
could be in principle extrapolated to other cell types undergoing
Cu overload. Likely, future studies may unravel differences in the
cytotoxic mechanism of Cu downstream of the main event driving
cell death presented here, due to the spectrum of proteins
expressed in each cell and the corresponding chemistry of their
direct interaction with Cu ions.

Finally, future implications must be considered since, aside
from a mild Cu overload, a second hit impacting on the overall
GSH content such as malnutrition,54 specific stages of
development,55 cell differentiation56 or even aging cells57 would
entail an additional load for the protein folding machinery due
to the direct interaction of Cu(I) with proteins, thus triggering
or worsening on-going aggregopathies.

Conclusions

Cu overload in cells leads to cell death, independently of the
ability of Cu ions to enhance oxidant production. In fact, Cu

accumulation does not alter –SH group homeostasis of yet
living cells. Moreover, the metal directly interacts with proteins
and elicits cellular responses to restore protein homeostasis.
While the antioxidant GSH is a major protective molecule
against the toxicity of these ions, the nature of this function
is not only based on its redox chemistry but rather on its ability
to form an inactive complex with Cu(I), thus preventing the
interaction of the metal ions with proteins and the ensuing
misfolding or aggregation.
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