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A B S T R A C T

Wilson disease (WD) is characterized by a disrupted copper homeostasis resulting in dramatically increased
copper levels, mainly in liver and brain. While copper damage to mitochondria is an established feature in WD
livers, much less is known about such detrimental copper effects in other organs. We therefore assessed the
mitochondrial sensitivity to copper in a tissue specific manner, namely of isolated rat liver, kidney, heart, and
brain mitochondria. Brain mitochondria presented with exceptional copper sensitivity, as evidenced by a
comparatively early membrane potential loss, profound structural changes already at low copper dose, and a
dose-dependent reduced capacity to produce ATP. This sensitivity was likely due to a copper-dependent attack
on free protein thiols and due to a decreased copper reactive defense system, as further evidenced in neuro-
blastoma SHSY5Y cells. In contrast, an increased production of reactive oxygen species was found to be a late-
stage event, only occurring in destroyed mitochondria. We therefore propose mitochondrial protein thiols as
major targets of mitochondrial copper toxicity.

1. Introduction

The transition metal copper is essential for higher eukaryote's life in
its function as cofactor of vital enzymes like the mitochondrial cyto-
chrome c oxidase. Despite their copper need, however, cellular copper
overload is highly detrimental to mitochondria. This is best exemplified
in Wilson disease (WD), a rare genetic disorder characterized by mu-
tations in the ATP7B gene encoding a copper excreting ATPase (Bull
et al., 1993; Sternlieb and Feldmann, 1976; Tanzi et al., 1993). ATP7B
is primarily expressed in the liver and ATP7B mutations cause a pro-
gressive hepatic copper burden that prominently attacks liver mi-
tochondria (Zischka and Lichtmannegger, 2014). Early on, copper

increasingly affects the mitochondrial structure, attacks mitochondrial
proteins that are essentially involved in bioenergetic functions, leads to
a concomitant decrease in their ATP production capacity, and upon
overload culminates in mitochondrial destruction in hepatocytes
(Lichtmannegger et al., 2016; Zischka et al., 2011). Such copper-in-
duced mitochondrial dysfunction and destruction provokes hepatic
failure that causes death, as demonstrated in Atp7b−/− rats, a stringent
animal model for severe hepatic WD (Lichtmannegger et al., 2016;
Zischka et al., 2011).

In comparison to this massive liver affection, heart abnormalities
are rare and renal damage may only be a late, end-stage clinical event
in WD (Ala et al., 2007; Bearn et al., 1957; Walshe, 2007). However, the
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brain is severely affected in WD as well (Litwin et al., 2013; Lorincz,
2010). But, in contrast to the liver phenotype of WD, copper toxicity in
the brain is much less understood. This is largely due to the lack of
suitable animal models that mirror the brain phenotype in WD patients.
Massive elevations in brain copper have been reported in WD patients
(Litwin et al., 2013), especially in the lentiform nucleus, a collective
name for putamen and globus pallidus (Cumings, 1948). The heavy
metal accumulation in the brain is associated with neurological im-
pairments, as WD patients present with tremor, Parkinsonism, gait
disturbances, dysarthria or seizures (Ala et al., 2007). The current
consensus holds that the deleterious brain effects in WD are secondary
to liver affection. Originating from excessive liver copper load and/or
from dying hepatocytes, a copper spill-over into the bloodstream may
impact on the brain (Pfeiffer, 2007; Roberts and Schilsky, 2008). In-
deed, several reports have demonstrated improvements of neurological
symptoms upon liver transplantation (Catana and Medici, 2012;
Schumacher et al., 2001; Weiss et al., 2013), suggesting that restoration
of a physiological copper excretion via the liver transplant may also
reduce excess brain copper.

From these findings one can hypothesize that mitochondria in other
tissues than liver may also be key targets for excessive copper amounts,
especially in brain. Kidney, heart or brain may vary from liver in their
copper uptake, storage, distribution, and excretion pathways.
Nevertheless, different sensitivities or damage extents of their re-
spective mitochondria in response to an increasing copper burden may
add to a tissue specific affection in WD. This is plausible, because the
molecular composition of mitochondria, e.g., their respective pro-
teomes, is tissue specific (Fernández-Vizarra et al., 2011; Mootha et al.,
2003; Wang et al., 2011). As copper primarily attacks sensitive mi-
tochondrial proteins (Banci et al., 2011; Hosseini et al., 2014; Zischka
et al., 2011), a tissue specific mitochondrial vulnerability may conse-
quently arise.

We therefore evaluated the sensitivity of mitochondria isolated in
parallel from these tissues to comparatively increasing copper chal-
lenges and report here that brain mitochondria are especially vulner-
able to copper.

2. Materials and methods

2.1. Animals

Heterozygous LPP rats were provided by Jimo Borjigin (University
of Michigan, USA). Animals were housed under the guidelines for the
care and use of laboratory animals at the Helmholtz Center Munich.

2.2. Cell culture

The human neuroblastoma SHSY5Y and glioblastoma U87MG cell
lines were from ATCC (Wesel, Germany) and were cultured in minimum
essential medium (MEM) with 1.9mM GlutaMAX™ containing 5.5 mM
glucose supplemented with 10% FCS (Biochrom, Germany), 1% non-
essential amino acids, 1% sodium pyruvate and 1% antibiotic-anti-
mycotic (Life Technologies, Germany). The cells were maintained at
37 °C in a humidified atmosphere with 5% CO2. For copper challenge
experiments, cells were incubated for 48 h with 0.25 μmol (corresponds
to 500 μM) or 0.67 μmol (corresponds to 1340 μM) copper histidine
(CuHis)/1×105 cells, respectively, comparable to copper concentra-
tions found in brains of Wilson disease patients (ranging from 297 μM
to 1092 μM) (Lai and Blass, 1984). Differentiation of SHSY5Y and
U87MG was performed as previously described (Das et al., 2008;
Encinas et al., 2000) and copper challenge experiments were done as
above.

2.3. Mitochondrial preparation

Mitochondria from heterozygous LPP rat liver, kidney, heart and
brain were isolated as recently reported (Schulz et al., 2015). Briefly,
rat organs were rinsed with ice-cold 0.9% NaCl, placed in ice-cold
isolation buffer containing BSA (0.3 M sucrose, 5 mM TES, 0.2 mM
EGTA, 0.1% BSA (w/v), pH 7.2), and cleared from surrounding tissue
and blood. Liver, kidney and brain were homogenized using a Teflon-
glass homogenizer with 5–10 strokes at 800 rpm. Rat heart was minced
and manually homogenized in a rough glass-in-glass homogenizer with
5 strokes. All tissue homogenates were centrifuged twice at 800×g for
clearance of cell debris and nuclei. From the supernatant liver, kidney
and heart mitochondria were pelleted at 9000×g, but brain mi-
tochondria at 20000×g, as they are mostly contaminated with low
density myelin. The resulting crude mitochondrial fractions were fur-
ther purified by density gradient centrifugation at 9000 ×g using an
18/30/60% Percoll™ gradient system for rat liver and kidney mi-
tochondria. Brain and heart mitochondria were resuspended in the 18%
Percoll™ solution and placed over a 30/60% gradient and centrifuged at
29000×g. The purified organelles were washed and resuspended in
isolation buffer without BSA. These tissue specific isolations did result
in highly comparable mitochondrial populations with respect to purity
(Fig. 1A control, Fig. 3 GSH) and integrity (Fig. 2A control).

Mitochondria from U87MG and SHSY5Y cells were isolated by a
pump-controlled cell rupture system (PCC) as described (Schmitt et al.,
2013). Briefly, cell suspensions were pumped 3 times through the PCC
(clearance: 6 μm, flow rate: 1400 μl/min) and the homogenate was
centrifuged at 800 ×g (10min, 4 °C) for clearing of cell debris and

Fig. 1. Isolated mitochondria from rat liver, kidney, heart and brain reveal organ-specific features in response to calcium. (A) Electron micrographs of mitochondria
isolated in parallel from rat liver, kidney, heart and brain tissues show comparable high purities and intact inner and outer membranes but organ-specific structural
features. A 100 μM Ca2+ challenge for 90min results in mitoplast formation in liver, kidney and heart mitochondria, i.e., enlarged inner membrane vesicles with
highly electron-transmissive matrices and disrupted or depleted outer membranes. Such mitoplast formations are mostly absent in equally treated brain mi-
tochondria. Scale bars equal 500 nm. (B) Extent of swelling under calcium challenge is similar between liver, kidney and heart mitochondria, but significantly
reduced in brain mitochondria (N=3, n=3). ***p < .001 compared to liver, kidney and heart.
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nuclei. Subsequently, mitochondria were pelleted at 9000×g.

2.4. Functional analysis of isolated mitochondria

Intracellular copper is typically in the monovalent state (“cuprous”
Cu1+), in contrast to an extracellular bivalent state (“cupric” Cu2+)
(Kim et al., 2008; Knöpfel and Solioz, 2002). In order to mimic in-
tracellular copper exposure, we challenged mitochondria isolated from
respective organs or from cell culture with pre-mixed solutions of Cu2+

and glutathione (GSH), the major intracellular reductant. Cu2+ causes
stoichiometric oxidation of GSH to GSSG (Ciriolo et al., 1990). The
resulting Cu1+ forms complexes with the remaining GSH to give Cu1+-
[GSH]2 complexes (2 Cu2++6 GSH➔ 2 Cu1+-[GSH]2+GSSG) (Brose
et al., 2014; Speisky et al., 2009). Thus, at ratios of copper/GSH below
3:10 (corresponding to 300 μM copper and 1mM GSH), cuprous copper
(Cu1+) largely predominates in these complexes, with cupric Cu2+ well
below 1% as determined by EPR spectroscopy (Ciriolo et al., 1990). As
GSH is also a physiological copper binding molecule (Banci et al., 2010)
this setting therefore mimics intracellularly increased but GSH bound
Cu1+ levels. At strongly elevated copper, e.g., at a copper/GSH ratio of
5:10, GSH becomes limiting, causing incomplete Cu2+ reduction and
incomplete GSH complexation. Such a setting therefore mimics condi-
tions of severe copper overload.

The mitochondrial permeability transition (MPT, “swelling”) was
monitored in mitochondrial suspensions at OD540 nm (Synergy 2,
BioTek, USA) in the presence of 5mM succinate/2 μM rotenone for
90min (Bernardi et al., 1992; Zischka et al., 2008). OD540 nm values
after 90min of either untreated or Ca2+-treated (100 μM, positive

control) mitochondria from the respective tissue were set to 100% or
0%, respectively. Copper-dependent toxicity was analyzed in the pre-
sence of 1mM GSH (Valko et al., 2006) and increasing copper/GSH
ratios of 0:10 to 5:10.

Mitochondrial membrane potential (MMP) was monitored by
Rhodamine 123 (Rh123) fluorescence (Schulz et al., 2013; Zamzami
et al., 2000) for 100min in the presence of succinate/rotenone. Addi-
tion of the protonophore carbonylcyanide-p-(trifluoromethoxy) phenyl-
hydrazone (FCCP, 1 μM) after 90min served as internal control (Kessler
et al., 1976). Quantitative analyses of MMP loss were done as recently
described (Schulz et al., 2013).

Hydrogen peroxide production of isolated mitochondria was de-
termined by horseradish peroxidase-catalysed oxidation of Amplex red
to fluorescent resorufin as previously described (Einer et al., 2017;
Zhou et al., 1997).

Aconitase activity was measured as previously described (Schulz
et al., 2006). Briefly, freeze/thawed mitochondrial suspensions were
assayed in the presence of the reaction buffer (50mM Tris-HCl, 60mM
sodium citrate, 1 mM MnCl2, 0.2 mM NADP+, 4 units of NADP+ iso-
citrate dehydrogenase, pH 7.5) and NADPH formation was monitored at
340 nm for 60min at 37 °C.

ATP production was measured by the ATP Bioluminescence Assay
Kit (Roche, Germany) according to the manufacturer instructions.
Mitochondrial suspensions were pre-incubated for 10min with in-
creasing copper/GSH ratios before the addition of ADP.

Fig. 2. Brain mitochondria are highly sensitive to
copper challenges. (A) Isolated rat liver, kidney and
heart mitochondria lose their membrane potential
(Δψm) at copper/GSH ratios of 3:10 and 5:10 but
exhibit a stable Δψm at lower metal concentrations
for at least 90min. In contrast, brain mitochondria
lose their membrane potential at lower copper/GSH
ratios (2:10) (N=3, n=3). *p < .05; **p < .01;
***p < .001 compared to control conditions. (B - D)
At copper/GSH ratios up to 2:10, liver, kidney and
heart mitochondria show no OD540 nm loss within
90min. In contrast, brain mitochondria reveal a
higher sensitivity to copper as shown by OD540 nm

loss at copper/GSH ratio of 1:10 (N=3, n= 3). For
the sake of comparability, 100% OD values are the
respective maxima of the mitochondrial suspension,
whereas 0% values were set as the lowest OD540 nm

values derived from 100 μM Ca2+ treatments
(Fig. 1B).
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2.5. Mitochondrial glutathione and thiol status

GSH/GSSG levels were determined according to (Rahman et al.,
2006) with slight modifications. Mitochondrial suspensions from rat
liver and brain were mixed with equal volumes of 10% metaphosphoric
acid to precipitate proteins and subsequently neutralized by trietha-
nolamine. Total GSH content was assayed without further processing.
For GSSG determination, samples were further processed by masking
GSH with 9% 2-vinylpyridine. Samples were assayed in the presence of
the reaction buffer (0.1 M potassium phosphate, 0.3mM NADPH,
20 units of glutathione reductase, pH 7.4) and 0.2mM 5,5′-dithiobis-(2-
nitrobenzoic acid) (DTNB). The formation of TNB was quantified at
412 nm.

Mitochondrial thiol levels were measured as previously described
(Ellman and Lysko, 1979). Briefly, mitochondrial suspensions were
incubated in the presence or absence of 2.5mM DTT (10min, RT) or at
copper/GSH ratios of 1:5 (100 μM copper/500 μM GSH), 2:10 (200 μM
copper/1mM GSH) or 4:20 (400 μM copper/2mM GSH) for 30min at
RT, i.e. with increasing absolute Cu1+ amounts but at equal “redox
ratio” to GSH. Samples were washed twice and accessible free thiols
were subsequently quantified by DTNB at 412 nm.

Oxidation of mitochondrial protein thiols was examined by absence
of fluorescent labeling using BODIPY FL (Thermo Fisher Scientific,
USA). Freshly isolated mitochondria were treated with increasing
copper/GSH ratios for 30min. Proteins were labeled with 0.3 nmol
BODIPY FL/μg mitochondrial protein and separated by SDS-PAGE
without thiol-reducing agents (Zischka et al., 2011). Fluorescence was
detected using a FUSION FX7 detection system (Vilber Lourmat, Ger-
many).

2.6. Functional analysis of mitochondria at the cellular level

The mitochondrial membrane potential was assessed using DiOC6

(Thermo Fisher Scientific, USA) and mitochondrial ROS production was
monitored by MitoSOX™ (Thermo Fisher Scientific, USA). 1× 105 cells
were either stained with 20 nM DiOC6 or 5 μM MitoSOX in PBS for
15min at 37 °C and fluorescence was detected at 530 nm (DiOC6) or
580 nm (MitoSOX), respectively.

2.7. Electron microscopy

Electron microscopy of isolated mitochondria and cells was done as
previously described (Schulz et al., 2013; Zischka et al., 2008) on a
1200EX electron microscope (JEOL, Japan) at 80 kv. Pictures were
taken with a KeenView II digital camera (Olympus, Germany) in a
blinded way and processed by the iTEM software package (analySIS
FIVE, Olympus, Germany). Mitochondrial shape and structure were
analyzed identically for all samples using ImageJ. Mitochondria were
considered “roundish”, when the ratio maximum vs. minimum dia-
meter was<1.5; otherwise, mitochondria were deemed “elliptical”.

2.8. Miscellaneous

Copper in cell suspensions was analyzed by ICP-OES (Ciros Vision,
SPECTRO Analytical Instruments, Kleve, Germany) as previously de-
scribed (Zischka et al., 2011). Protein concentrations were determined
by the Bradford assay (Bradford, 1976). Cellular GSH levels were de-
termined as described for mitochondrial GSH determination. For im-
munoblotting, proteins were transferred to a PDVF membrane and
probed with antibodies against 4-hydroxynonenal (1:1000, ab46545,
Abcam, UK), citrate synthase (1:1000, 16131-1-AP, Proteintech, USA)
and metallothionein (1:1000, ab12228, Abcam, UK). Interference of
copper/GSH with fluorescent/luminescent probes was tested negative
for all experimental settings.

2.9. Statistics

Throughout this manuscript “N” designates the number of animals
(biological replicates) and “n” the number of technical replicates. Data
are mean values with standard deviation (SD). Statistical significance
was analyzed using 1-way ANOVA with Dunnett's multiple comparisons
test (GraphPad Prism 7; GraphPad Software Inc., USA). The differences
were considered significant with *p < 0.05, **p < 0.01,
***p < 0.001.

3. Results

3.1. Brain mitochondria reveal structural peculiarities and a distinct
sensitivity to calcium

In order to directly compare tissue specific sensitivities to poten-
tially damaging insults, mitochondria were isolated from rat liver,
kidney, heart, and brain in parallel from the same animals, respectively.
Fig. 1A (upper panel) depicts the comparable structural integrity of
these isolated mitochondrial populations that typically appeared in the
“condensed” state (i.e., with an intact outer membrane, well-defined
cristae and electron-dense matrices (Hackenbrock, 1966)). Despite this
overall comparability, however, liver mitochondria had a prominent
electron-dense matrix, heart mitochondria presented with highly reg-
ular and parallel oriented cristae. Kidney mitochondria showed abun-
dant rounded cristae and brain mitochondria had a comparatively
slightly reduced size (Fig. 1A).

These tissue specific mitochondrial structural features may be the
manifestation of their different molecular compositions (Mootha et al.,
2003). Consequently, impacts that directly attack mitochondrial struc-
tures may cause differing, potentially tissue specific, mitochondrial
damage. As validation for this supposition, we subjected the diverse
mitochondrial populations to a 100 μM Ca2+ challenge, the prototype
inducer of the mitochondrial permeability transition (MPT) (Hunter
and Haworth, 1979). As expected, Ca2+ caused massive “swelling” and
mitoplast formation in liver (Zischka et al., 2008), kidney and heart
mitochondria (Fig. 1A, lower panel). Enlarged inner membrane vesicles
with electron-transmissive matrices and disrupted or depleted outer
membranes resulted with liver mitochondria most homogeneously af-
fected (Fig. 1A, lower panel). In contrast, however, Ca2+-treated brain
mitochondria did not present with such typical mitoplast formations
(Fig. 1A, lower panel). Heterogeneous mixtures of mitochondria with
either electron-transmissive matrices and rather organized cristae, or
with uniform greyish numerous small intra-mitochondrial structures
were observed (Fig. 1A, lower panel). In accord with these ultra-
structural findings, brain mitochondria showed a significantly less
pronounced decrease in OD540 nm upon a Ca2+ challenge compared to
mitochondria from other tissues (Fig. 1B), in agreement with an earlier
report (Berman et al., 2000). Thus, mitochondria may react differently
to directly imposed challenges, validating the need to test detrimental
impacts on mitochondria in a tissue specific manner.

3.2. Brain mitochondria are highly susceptible to copper

Mitochondria are a prime site for copper utilization, but are also a
known key target of detrimental copper overload in liver (Zischka and
Lichtmannegger, 2014). In order to assess whether mitochondria from
other tissues are equally vulnerable to copper, we compared rat liver,
kidney, heart and brain mitochondria freshly isolated in parallel for
their copper sensitivity.

As the mitochondrial membrane potential (Δψm, MMP) is a highly
sensitive parameter of organelle damage, we first assessed the effect of
an increasing copper/GSH ratio on MMP (Fig. 2A). As described in the
method section, at low copper/GSH ratios copper is mainly present as
cuprous Cu1+. In contrast, at a high copper/GSH ratio of 5:10 cupric
Cu2+ prevails. Control incubations of mitochondrial populations in
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buffer only, demonstrated a highly stable MMP (>90min) in mi-
tochondria from all tissues (Controls, Fig. 2A), validating their func-
tional integrity upon isolation. In contrast, Cu2+ (copper/GSH ratio of
5:10) dissipated the MMP in all mitochondrial populations within
minutes (Fig. 2A). Thus, Cu2+ is highly detrimental to mitochondria in
general. Upon exposure to cuprous Cu1+ bound to GSH (copper/GSH
ratio of 2:10), however, mitochondria from liver, kidney and heart but
not from brain exhibited a stable MMP for at least 90 min. Brain mi-
tochondria demonstrated a faster MMP loss, already at 80min, in
contrast to the other mitochondrial populations (Fig. 2A).

Elevated copper sensitivity in brain mitochondrial suspensions was
also observed by a strong OD540nm decrease, already at a copper/GSH
ratio of 1:10 (Fig. 2E), a comparatively low Cu1+ challenge. In fact,
liver and kidney mitochondria required at least a threefold higher total
copper dose (copper/GSH ratio of 3:10) for a distinct OD540 nm decrease
(Fig. 2B, C). Of note, heart mitochondria appeared highly stable and
only showed an OD540 nm loss at a copper/GSH ratio of 5:10 (Fig. 2D).

This exceptional vulnerability of brain mitochondria to copper
could further be visualized by ultra-structural analyses (Fig. 3). Mi-
tochondria were treated with Cu1+ (copper/GSH ratio of 2:10) for 30
and 90min, fixed and subsequently examined by electron microscopy.
Liver and kidney mitochondria demonstrated a time-dependent in-
crease in matrix density and cristae dilatation, most prominently upon a
90min Cu1+ challenge (Fig. 3). On the contrary, heart mitochondria
were remarkably stable and appeared largely unaltered. In strong
contrast, brain mitochondria showed the most distinct structural al-
terations, already upon a 30min Cu1+ challenge, without worsening

upon a 90min Cu1+ challenge (Fig. 3). Thus, the Cu1+-evoked damage
to brain mitochondria occurred and terminated comparatively fast.
Cu1+-treated brain mitochondria appeared uniformly greyish with
strongly thinned cristae, demonstrating massive structural alterations in
comparison to GSH-treated controls (Fig. 3).

3.3. Fenton-chemistry based toxicity is rather a consequence than the cause
of mitochondrial impairments by copper

Copper is a redox-active trace element, characterized by its ability
to shift between the oxidized Cu2+ and the reduced Cu1+state (Kim
et al., 2008). While the primary toxin in WD is excess copper, a matter
of constant debate is, which of its adverse effects are causative for he-
patocyte death. One major hypothesis has been that aqueous free
copper could catalyze the formation of highly detrimental reactive
oxygen species (ROS) via Fenton- and Haber-Weiss-based chemistry
(Stohs and Bagchi, 1995). However, a Fenton-chemistry-based copper
toxicity as prime deleterious mechanism in WD has been challenged by
thorough calculations demonstrating the lack of free, i.e., unbound
copper in cells (Rae et al., 1999). Driven by this discussion, we ana-
lyzed, whether an enhanced ROS emergence or damage is present in
copper challenged mitochondria that could account for the observed
structural and functional impairments (Figs. 2, 3). For the sake of
conciseness, we restricted ourselves to the study of the most vulnerable
brain and liver mitochondria here.

First, we measured hydrogen peroxide (H2O2) emergence from re-
spiring copper-challenged mitochondria (Fig. 4A). Brain mitochondria

Fig. 3. Time-dependent mitochondrial structure changes by copper. Cuprous Cu1+ induces structural alterations in liver mitochondria reminiscent of observations in
liver mitochondria in WD patients and WD animal models. Kidney mitochondria appear with heterogeneous structural alterations but heart mitochondria remain
rather unchanged. The most prominent structural alterations appear in brain mitochondria upon copper challenge. Scale bars equal 500 nm.
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did produce slightly higher ROS amounts than liver mitochondria at
Cu/GSH ratios from 1:10 to 3:10. However, in comparison to the re-
spective controls, these elevations were very low and non-significant for
both mitochondrial populations (Fig. 4A). In contrast, a significant and
massive ROS emergence in both mitochondrial populations was ap-
parent by incubation with cupric copper (copper/GSH ratio of 5:10).
Thus, only excessive copper exposures that readily destroy mitochon-
dria (Fig. 4D) are paralleled by significant mitochondrial ROS emer-
gence.

Second, we analyzed copper-challenged mitochondria for oxidative
damage using the redox-sensitive mitochondrial aconitase activity as
surrogate (Fig. 4B). No reduced activities in both mitochondrial popu-
lations were apparent at Cu/GSH ratios below 5:10, but a significant
aconitase activity decrease occurred in the presence of Cu2+ (copper/
GSH ratio of 5:10, Fig. 4B).

Third, we assessed the formation of 4-hydroxynonenal (4-HNE)-
protein adducts as indicator for ROS-initiated lipid peroxidation
(Fig. 4C). In brain mitochondria, a slight pattern change of 4-HNE
protein adducts appeared at copper/GSH ratio of 3:10, but both mi-
tochondrial populations only showed an unambiguously changed pro-
tein pattern at the highest copper/GSH ratio (5:10, Fig. 4C).

Finally, we incubated liver and brain mitochondria with the highest
copper/GSH ratio (5:10) and analyzed the structural consequences by
electron microscopy (Fig. 4D). Compared to control conditions,

incubation of liver and brain mitochondria with a copper/GSH ratio of
5:10 for 30min led to a destruction of the organelles. This destruction
was characterized by a disruption of the outer mitochondrial membrane
and the loss of cristae structure.

Taken together, these results demonstrated that substantial mi-
tochondrial ROS emergence or oxidative damage only occurred at a
very high copper/GSH ratio of 5:10, a condition that readily destroyed
both mitochondrial populations. Consequently, such pronounced
emergence/damage is a late-stage event of mitochondrial copper toxi-
city in liver and brain mitochondria that does not, however, account for
the observed mitochondrial impairments (MMP loss, OD540 nm de-
crease, structural damage) at lower copper/GSH ratios.

3.3.1. Mitochondrial protein thiols are primary targets of copper toxicity
We have previously demonstrated that mitochondrial protein thiols

are crucial targets of copper toxicity in liver mitochondria (Zischka
et al., 2011). Therefore, we determined the amount of accessible free
thiols of the most copper-sensitive mitochondria, i.e., from liver and
brain (Fig. 5A). Mitochondria were treated with copper/GSH ratios of
1:5, 2:10 or 4:20 for 30min and accessible free thiols were measured
using 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB). Free thiols of liver
and brain mitochondria were depleted by copper/GSH in a dose-de-
pendent manner (Fig. 5A). A significant reduction was present at a ratio
of 2:10 (corresponds to 200 μM copper/1mM GSH), which became

Fig. 4. Massive oxidative stress occurs upon copper induced mitochondrial destruction. (A) The rate of hydrogen peroxide (H2O2) production in mitochondria from
liver and brain is significantly increased upon challenge with a high copper/GSH ratio of 5:10, a condition that readily destroys mitochondria (N=3, n=3);
***p < .001. (B) The mitochondrial aconitase activity is not affected in both, rat liver and brain mitochondria, by copper/GSH ratios up to 3:10 but significantly
decreased at the highest copper/GSH ratio (N=3–4, n=6–8); ***p < .001. (C) Lipid peroxidation, determined by 4-hydroxynonenal (4-HNE) adduct formation,
was increased at the highest copper/GSH ratio but stable at lower ratios in both, liver and brain mitochondria (N=3). (D) The highest copper/GSH ratio (5:10) leads
to a massive destruction of liver and brain mitochondria compared to control conditions. Scale bars equal 500 nm.
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even more prominent at a ratio of 4:20 (corresponds to 400 μM copper/
2mM GSH) in isolated organelles from both organs. This finding was
further validated by BODIPY FL labeling of accessible protein thiols
(Fig. 5C). Here, mitochondria from liver and brain revealed a drama-
tically decreased overall fluorescence intensity when treated with the
highest copper/GSH ratio (5:10). Lower copper/GSH ratios resulted in a
band-specific decrease in fluorescence. Thus, protein thiols are a pro-
minent target in both, liver and brain mitochondria.

Why are brain mitochondria more affected by copper than liver
mitochondria? To answer this question, we determined the level of
glutathione, the major intracellular protective compound against thiol-
oxidative protein damage (Fig. 5B). Here, brain mitochondria revealed
a significantly reduced level of total as well as reduced GSH compared
to liver mitochondria. Thus, while copper attacks protein thiols in both
mitochondrial populations, a significantly lower protective GSH
amount may explain a higher susceptibility to copper in brain vs. liver
mitochondria.

3.4. Copper impairs the ATP production capacity of brain mitochondria

What are the functional consequences of copper toxicity in liver and
brain mitochondria? While liver mitochondrial ATP production capa-
city is stable at a copper/GSH ratio of 1:10 compared to control con-
ditions, higher ratios resulted in a significant decrease and total loss of

ATP production (Fig. 6A). In contrast, brain mitochondria revealed a
striking sensitivity to copper challenges, as their ATP production ca-
pacity significantly decreased already at low copper challenges
(copper/GSH ratio of 1:10, Fig. 6A).

3.5. SHSY5Y mitochondria are more susceptible than U87MG
mitochondria to copper damage

In the above sections we have analyzed mitochondria from total rat
brain homogenates. Due to their origin from different cell types in
brain, an overall picture was achieved. In more detail, we further
analyzed mitochondrial copper sensitivity in two brain derived cell
types, the neuroblastoma cell line SHSY5Y and the glioblastoma cell
line U87MG as frequently employed surrogates for neurons and glial
cells, respectively. Isolated mitochondria from SHSY5Y cells revealed a
Cu1+ dose-dependent decrease in ATP production capacity when in-
cubated with copper/GSH (ratio 1:10) and a significantly reduced ATP
production at the highest copper concentration tested (Fig. 6B). In
comparison, organelles from U87MG cells were not affected by such
copper challenges (Fig. 6B). To further characterize this different re-
sponse of SHSY5Y vs. U87MG mitochondria to copper, we treated iso-
lated mitochondria from both cell lines with copper/GSH and labeled
free protein thiols with BODIPY FL (Fig. 6C). Treatment of SHSY5Y
mitochondria with copper/GSH resulted in a dose-dependent decrease

Fig. 5. Free protein thiols are primary targets of copper toxicity in rat liver and brain mitochondria. (A) Free thiols from liver and brain mitochondria are oxidized by
copper/GSH in a dose-dependent fashion (N=5–6); *p < .05, **p < .01, ***p < .001. (B) Rat brain mitochondria reveal a significantly lower total GSH content
compared to rat liver mitochondria (N=5, n= 10). (C) Fluorescent labeling of free protein thiols with BODIPY FL reveals decreased fluorescence intensity of distinct
bands with increasing copper/GSH ratios in both, liver and brain mitochondria. Citrate synthase (CS) served as loading control (N=3).

S. Borchard et al. Toxicology in Vitro 51 (2018) 11–22

17



in BODIPY FL-labeled protein fluorescence (Fig. 6C). In contrast, a
decrease in fluorescence in U87MG mitochondria was only present at
the highest copper concentration (Fig. 6C). Thus, neuroblastomal but
not glioblastomal mitochondria are highly sensitive to copper and their
free protein thiols are a sensitive target to metal challenges.

3.6. Limited defense mechanisms against copper aggravate mitochondrial
impairment in SHSY5Y cells

As isolated mitochondria from SHSY5Y cells were highly sensitive to
copper compared to U87MG cells, we aimed to test their copper sen-
sitivity in a cellular context. Both cell lines were treated with 0.25 or
0.67 μmol copper histidine (CuHis)/1×105 cells for 48 h. Cells were
analyzed by electron microscopy for mitochondrial shape alterations
and mitochondria were categorized as “roundish” or “elliptical”
(Fig. 7A, B). No significant differences were detected in mitochondrial
shape in either SHSY5Y or U87MG cells in absence or presence of
CuHis. In addition, there were also no changes in mitochondrial number
or size for both cell lines (data not shown).

To further analyze the impact of copper on mitochondria from
SHSY5Y and U87MG cells, we defined four distinct categories of mi-
tochondrial structure (Fig. 7C). Stage I mitochondria display an intact
inner and outer membrane as well as a distinct cristae structure. In
contrast, stage II mitochondria are characterized by shortened cristae,
whereas stage III mitochondria show even more dissipated cristae as
well as membranous deposits. Finally, stage IV mitochondria display a
destroyed outer membrane and a complete loss of cristae structure. In
the presence of copper histidine, the mitochondrial structure in SHSY5Y
cells was massively altered. The amount of stage I mitochondria dose-
dependently decreased, whereas the amount of stage II mitochondria

was stable at a CuHis dose of 0.25 μmol/1×105 cells, but significantly
decreased at the higher CuHis dose. Accordingly, the number of stage
III and IV mitochondria was dose-dependently increased in copper-
treated SHSY5Y cells (Fig. 7D, Supplement Fig. 1).

These structural abnormalities resulted in functional consequences,
mainly a decreased mitochondrial membrane potential (Supplement
Fig. 2). The relevance of these findings was further validated by dif-
ferentiating SHSY5Y and U87MG cells (Supplement Fig. 2). SHSY5Y
and U87MG cells are neuroblastoma and glioblastoma cells and thus are
only surrogates for adult neurons and glia cells. They differ for example
in their proliferation behavior, protein expression pattern and mor-
phology from primary neurons and glia (Das et al., 2008; Shipley et al.,
2016). Upon differentiation with retinoic acid, however, these cells
resemble adult neurons and glial cells with respect to morphological
features (e.g., extended long, branched processes) and the upregulation
of proteins characteristic for adult neurons (e.g., MAP2, GAP-43, NeuN)
(Encinas et al., 2000; Shipley et al., 2016) or astrocytes (e.g., GFAP,
S100B) (Das et al., 2008; Xing et al., 2017), respectively. Consequently,
we validated their differentiation by an increased abundance of MAP2
for SHSY5Y cells and GFAP for U87MG cells (data not shown). In full
agreement with our observations in undifferentiated cells, we observed
a dose-dependent decrease of the mitochondrial membrane potential
upon copper challenge in differentiated SHSY5Y cells, but a slight in-
crease in differentiated U87MG cells, indicative of mitochondrial hy-
perpolarization (Supplement Fig. 2). Moreover, whereas a slight decline
in mitochondria-originating ROS was observed in differentiated and
undifferentiated SHSY5Y cells, the converse tendency was found in
differentiated and undifferentiated U87MG cells (Supplement Fig. 2).
Thus, especially SHSY5Y cells, whether differentiated or un-
differentiated are affected by increasing copper amounts at the

Fig. 6. Copper exposure significantly lowers mi-
tochondrial ATP production capacity. (A) In rat liver
mitochondria, ATP production capacity is un-
changed at copper/GSH ratio of 1:10, but sig-
nificantly decreased at copper/GSH ratios ranging
from 2:10 up to 5:10 compared to GSH alone. In
comparison, brain mitochondria reveal a sig-
nificantly decreased ATP production capacity even at
the lowest copper/GSH ratio of 1:10 (N=3, n=6);
***p < .001 compared to the respective control
(copper/GSH ratio 0:10). (B) Treatment of isolated
mitochondria from SHSY5Y (neuroblastoma) cells
with copper/GSH leads to a dose-dependent decrease
in ATP production, whereas ATP production of
U87MG (glioblastoma) mitochondria is not affected
by copper treatment (N=3–4; n= 6–8);
***p < .001 compared to control conditions. (C)
Protein thiols of isolated mitochondria from SHSY5Y
and U87MG cells were labeled with BODIPY FL.
SHSY5Y mitochondria reveal a dose-dependent de-
crease of overall fluorescence, whereas U87MG mi-
tochondria show a loss of fluorescence signal only at
the highest copper concentration. Citrate synthase
(CS) served as loading control (N= 3).
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mitochondrial level.
In contrast to copper-induced mitochondrial structure changes in

SHSY5Y cells, mitochondria from U87MG cells (Fig. 7E, Supplement
Fig. 1) appeared largely unaffected at the 0.25 μmol CuHis dose and
only slightly changed towards decreased stage I and II mitochondria
and increased stage III and IV mitochondria at the high copper con-
centration.

Taking these results together, in contrast to U87MG mitochondria,
SHSY5Y mitochondria demonstrated a pronounced copper sensitivity at
isolated and in situ level, whether these cells were differentiated or left
undifferentiated. We therefore conclude that neuronal mitochondria
are exceptionally copper-sensitive.

In order to shed light on the different mitochondrial copper sensi-
tivities in a cellular context, we analyzed metallothionein 1/2 (MT1/2)

and glutathione levels in both cell lines. Metallothionein 1/2, the major
endogenous copper-scavenging protein, was not detected in SHSY5Y
cells, either undifferentiated (Fig. 8A) or differentiated by retinoic acid
(data not shown) even after a copper challenge for 48 h, but was
abundantly present in glial U87MG cells (Fig. 8A). Moreover, SHSY5Y
revealed a significantly lower amount of GSH compared U87MG cells
(Fig. 8A).

To exclude a higher uptake of copper by SHSY5Y cells as potential
reason for the higher copper susceptibility of SHSY5Y mitochondria, we
measured the copper levels in both cells lines after incubation for 48 h
(Fig. 8B). Surprisingly, U87MG cells accumulated significantly more
copper (around 10-times) compared to SHSY5Y cells when incubated
with 0.67 μmol CuHis/1×105 cells. Thus, despite a lower copper ac-
cumulation, SHSY5Y cells were highly vulnerable to copper. This is

Fig. 7. Mitochondria from SHSY5Y cells are highly susceptible to copper. Mitochondrial shape is not influenced by exposure of copper histidine (CuHis) to SHSY5Y
(A) and U87MG (B) cells for 48 h. (C) For further analysis, mitochondria were divided into 4 stages defined by cristae structure, membrane integrity and matrix
density. (D) SHSY5Y cells display a dose-dependent increase in stage III and IV mitochondria when incubated for 48 h with CuHis. (E) In U87MG cells, an increase of
stage IV mitochondria is only present at the highest CuHis dose.
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most plausibly because, in contrast to U87MG cells, SHSY5Y cells have
significantly lower levels of the two major cellular anti-copper defense
molecules, metallothionein and GSH.

4. Discussion

Wilson disease (WD) is characterized by a disrupted copper home-
ostasis resulting in dramatically increased copper levels, mainly in liver
and brain. Liver mitochondria were identified as pivotal targets of ex-
cessive copper burdens in hepatocytes of WD patients (Lichtmannegger
et al., 2016; Sternlieb, 1968; Sternlieb, 1978) and WD animal models
(Lichtmannegger et al., 2016; Roberts et al., 2008; Zischka et al., 2011).
In WD animal livers, a decline in the mitochondrial capacity to produce
ATP has been shown to parallel the mitochondrial copper load coin-
ciding with progressive disease states (Lichtmannegger et al., 2016).
Most notably, treatments that reduce the mitochondrial copper load
avoid hepatocyte death despite still severely augmented copper bur-
dens, e.g., in the cytosol (Lichtmannegger et al., 2016; Zischka et al.,
2011). Thus, it is the mitochondrial compartment that decisively con-
tributes to the hepatocyte's faith in WD.

While copper induced mitochondrial impairments can be con-
sidered as well established feature in WD livers, much less is known
about such detrimental copper effects in other organs. Here, especially
the brain is of high interest, as it is severely affected by copper in WD
(Członkowska and Schilsky, 2017; Lorincz, 2010). Already in 1961,
neurotoxicity of copper in cat brains was demonstrated (Vogel and
Evans, 1961). Furthermore, using explanted brain tissues ranging from
mice to monkey, neuronal copper intoxications were demonstrated to
cause massively increased oxygen consumption. The authors attributed
this accelerated respiration to a strong uncoupling of affected neuronal
mitochondria and concluded that in the brain, mitochondria are highly
vulnerable to copper (Vogel and Kemper, 1963). While these early
studies clearly indicated an important role of mitochondrial impairment
in copper induced brain damage, unfortunately, further studies along
this line are largely missing.

We therefore aimed to test the direct sensitivity of mitochondria
from different tissues to copper. While liver, kidney, heart, and brain
surely differ in their cellular copper homoeostasis, the present study is a
“bottom-up” approach addressing the question, if mitochondria from
these tissues would be confronted with equal copper challenges, would
they be damaged equally or differently? Indeed, it is reasonable to as-
sume a tissue specific mitochondrial copper sensitivity, as these orga-
nelles markedly differ in their structure (Fig. 1A), their molecular
composition (Fernández-Vizarra et al., 2011; Mootha et al., 2003; Wang

et al., 2011), and their sensitivities to applied challenges, as exemplified
by calcium (Fig. 1B).

We report here an especially high sensitivity of brain mitochondria
to cuprous copper (Cu1+). Brain mitochondria presented with a com-
paratively early MMP loss (Fig. 2A), profound structural changes al-
ready at low Cu1+ (Figs. 2E, 3), and a Cu1+ dose-dependent reduced
capacity to produce ATP (Fig. 6A).

Of note, especially in brain mitochondria, OD540nm changes were
observed at lower Cu/GSH ratios than a beginning loss of membrane
potential (Fig. 2). Typically, OD540nm changes are used to assess large
amplitude mitochondrial swelling, e.g. induced by calcium that initiates
the mitochondrial permeability transition (Zischka et al., 2008). Such
swelling is slightly preceded/paralleled by a membrane potential loss
(Schulz et al., 2013). However, the OD540nm of a mitochondrial sus-
pension is a summation parameter, which is directly dependent on their
light refractive properties (Nicholls and Ferguson, 1992). Consequently,
substantial alterations in mitochondrial structure, other than the mi-
tochondrial permeability transition, are detected as well. Indeed, brain
mitochondria, in strong contrast to the other mitochondrial popula-
tions, showed the most distinct structural alterations, already upon a
30min Cu1+ challenge (Fig. 3). They appeared uniformly greyish with
strongly thinned cristae. It further appears that the thinned cristae are
nevertheless able to sustain an intact membrane potential, thereby
plausibly explaining that a change in OD540nm was assessed already at a
Cu/GSH ratio of 1:10 but a membrane potential loss at 2:10, again
indicating an exceptional vulnerability of brain mitochondria to copper.

These structural and functional impairments could not be explained
by a Fenton-reaction-based chemistry of copper. Indeed, clear cut mi-
tochondrial oxidative damage, assessed by a reduced aconitase activity
(Fig. 4B) and lipid peroxidation derived protein adducts (Fig. 4C), was
only observed at high dosed copper (Cu2+) challenges. Such conditions,
however, readily destroy mitochondria as evidenced by electron mi-
croscopy (Fig. 4D), and are also paralleled by a burst of mitochondria
derived ROS (Fig. 4A). Thus, liver and brain mitochondria produce
significant ROS AFTER their disintegration by excess copper. Several
explanations can account for this finding. First, copper-caused disin-
tegration of the highly organized electron transport chain (Korshunov
et al., 1997) may lead to electron leakage causing massive ROS (espe-
cially at complexes I and III (Murphy, 2009)). Second, copper damage
to the respiratory chain complex IV may drastically impair its well-or-
dered reduction of oxygen to water thereby generating ROS. Third, the
high presence of either Cu2+ or loosely bound Cu1+ may react in a
Fenton-chemistry based manner to generate highly detrimental hy-
droxyl radicals. While further studies have to determine which

Fig. 8. The high susceptibility of SHSY5Y mi-
tochondrial to copper is attributable to limited de-
fense mechanisms. (A) Immunoblotting against me-
tallothionein 1/2 (MT1/2) shows absence of the
copper-binding protein in SHSY5Y cells. In contrast,
MT1/2 is present in U87MG cells. Citrate synthase
served as loading control. For both cell lines, 1× 105

cells per lane were applied to a SDS-PAGE (N=3).
Additionally, the total GSH content of untreated
SHSY5Y cells is lower compared to U87MG cells
(N= 3, n=3); **p < .01. (B) U87MG cells accu-
mulate significantly more copper in 48 h compared
to SHSY5Y cells (N= 3, n=3).
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explanation holds, vicious cycles appear plausible under such excessive
conditions causing an exploding emergence of ROS. Most importantly,
however, these data demonstrate that damage - specially to brain mi-
tochondria - by cuprous Cu1+, is an early event as reflected by MMP
loss and structural alterations, whereas increased mitochondrial ROS
appear to be a secondary consequence rather than a cause of organelle
impairment.

On the contrary, we observed a Cu1+ dose-dependent decrease in
free protein thiols in liver and brain mitochondria, already apparent at
low Cu1+ challenges (Fig. 6). In agreement with suggestions that
copper may specifically attack susceptible proteins at their thiol groups
(Nakamura, 1972). Furthermore, this is in line with our earlier identi-
fication of mitochondrial membrane proteins that were sensitive to
copper induced modifications of their cysteine residues (Zischka et al.,
2011). This suggested mechanism of copper-mediated protein impair-
ment resembles “classical” protein damage by direct attack of target
amino acid residues (e.g., cysteine and methionine) (Davies, 2016).
Conformational changes and/or protein activity losses may occur
(Mirzaei and Regnier, 2006), which are especially critical for proteins
of the mitochondrial oxidative phosphorylation.

Why are brain mitochondria so vulnerable to such a mode of attack?
A first answer is, because their content of protective GSH was found to
be significantly lower than in liver mitochondria (Fig. 5B). This result
was further validated at cellular level in SHSY5Y cells versus U87MG
cells. In agreement with earlier reports (Arciello et al., 2005), we
identified SHSY5Y mitochondria to be highly susceptible to copper in
structural as well as functional aspects (Figs. 6, 7). In line with our
findings on isolated brain mitochondria, we observed an early loss of
free protein thiols in SHSY5Y mitochondria resulting in a decreased
ATP production capacity. Importantly, we traced their high sensitivity
to a decreased defense mechanism against copper as shown by the
absence of metallothionein and reduced levels of intracellular GSH
compared to U87MG cells (Fig. 8). In fact, previous reports have si-
milarly described the absence of metallothionein isotypes 1 and 2 in
neurons (Aschner, 1996; Thirumoorthy et al., 2011; West et al., 2008).
Metallothionein is responsible for copper handling and storage, thereby
diminishing the redox activity of free copper within cells. Thus, the lack
of MT1/2 as well as the reduced protection against oxidative protein
damage by GSH could explain the high susceptibility of SHSY5Y mi-
tochondria to copper. From these data, it is tempting to speculate that
astrocytes in WD patients' brains should be capable of buffering high
amounts of copper quite longstanding, but overload of their storage
capacity may lead to copper release that impairs neuronal function.
This would provide a plausible explanation as to why neuronal symp-
toms are rather late occurring features in WD. While future studies have
to validate this, it is interesting to note that despite a massively higher
copper uptake in U87MG cells (Fig. 8B), it was the SHSY5Y cells that
presented with mitochondrial damage (Figs. 6B, 7).

In conclusion, we identified SHSY5Y mitochondria to be highly
susceptible to copper toxicity. We linked this high sensitivity to a de-
creased copper defense system in SHSY5Y cells and propose a copper-
dependent attack on mitochondrial free protein thiols as the major
mechanism of mitochondrial copper toxicity. In contrast, increased
production of reactive oxygen species was only a late-stage event, oc-
curring in severely damaged mitochondria.
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