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Abstract Numerous studies have highlighted the potential of
aluminium as an aetiological factor for some neurodegenera-
tive disorders, particularly Alzheimer’s disease and
Parkinson’s disease. Our previous studies have shown that
aluminium can cause oxidative stress, reduce the activity of
some antioxidant enzymes, and enhance the dopaminergic
neurodegeneration induced by 6-hydroxydopamine in an ex-
perimental model of Parkinson’s disease in rats. We now re-
port a study on the effects caused by aluminium on mitochon-
drial bioenergetics following aluminium addition and after its
chronic administration to rats. To develop our study, we used a
high-resolution respirometry to test the mitochondrial respira-
tory capacities under the conditions of coupling, uncoupling,
and non-coupling. Our study showed alterations in leakiness,
a reduction in the maximum capacity of complex II-linked
respiratory pathway, a decline in the respiration efficiency,
and a decrease in the activities of complexes III and V in both
models studied. The observed effects also included both an
alteration in mitochondrial transmembrane potential and a

decrease in oxidative phosphorylation capacity when relative-
ly high concentrations of aluminium were added to the isolat-
ed mitochondria. These findings contribute to explain both the
ability of aluminium to generate oxidative stress and its sug-
gested potential to act as an etiological factor by promoting the
progression of neurodegenerative disorders such as
Parkinson’s disease.
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P ADP activated state
PD Parkinson’s disease
ROS Reactive oxygen species
SOD Superoxide dismutase
SUIT Substrate-uncoupler-inhibitor-titration
TCA Tricarboxylic acid cycle
TTP+ Tetraphenylphosphonium
Δψ Mitochondria transmembrane potential

* Ramón Soto-Otero
ramon.soto@usc.es

1 Laboratory of Neurochemistry, Department of Biochemistry and
Molecular Biology, Faculty of Medicine, University of Santiago de
Compostela, Santiago de Compostela, Spain

2 Laboratory of Histology, Department of Morphological Sciences,
Faculty of Medicine, University of Santiago de Compostela,
Santiago de Compostela, Spain

3 Present address: The Healing Foundation Centre, Faculty of Life
Sciences, University of Manchester, Oxford Road, Manchester M13
9PT, UK

4 Networking Research Center on Neurodegenerative Diseases
(CIBERNED), Instituto de Salud Carlos III, Madrid, Spain

Mol Neurobiol (2017) 54:563–570
DOI 10.1007/s12035-015-9650-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-015-9650-z&domain=pdf


Introduction

Aluminium (Al3+) is extensively used in daily life and in in-
dustrial processes providing a wide human exposition through
air, tap water, food and some medications [1]. Although Al3+

has not been related with any biological function, a recent
neurotoxicological study in humans has demonstrated that
its accumulation into the aged brain constitutes a pathological
risk [2]. Indeed, its presence at relatively high levels in the
brain of some patients affected by Parkinson’s disease (PD)
has been reported [3, 4]. Aluminium has been also related with
behavioural alterations [5], memory and learning deterioration
[6], osteomalacia [7], dialysis encephalopathy [8], amyotro-
phic lateral sclerosis [9] and parkinsonism [10]. Although its
role in Alzheimer’s disease is not clear, it has been implicated
in the development of neurofibrillar tangles [11, 12]. Also, the
neurotoxicity of this metal has been often associated to its
ability to promote the formation of reactive oxygen species
(ROS) [13–15], a fact that is difficult to understand bearing in
mind that Al3+ is a non-redox metal. Our previous work in an
experimental model of PD in rats demonstrated that Al3+

crosses the blood brain barrier and it is accumulate into the
rat brain [16]. Also, we highlighted its capacity to promote
brain oxidative stress and to alter the activity of some antiox-
idant enzymes (i.e. catalase, superoxide dismutase and gluta-
thione peroxidase) [17]. However, the precise molecular
mechanism by which Al3+ reduces the activity of these anti-
oxidant enzymes remains to be clarified. The development of
new therapies in PD is strongly limited by the complexity of
the neurodegenerative process itself, the lack of knowledge on
the aetiological factors and its multifactorial character. Now-
adays, the pharmacological treatments for PD have been de-
signed to alleviate the symptoms of this disease and not to stop
its development. Since metals have been considered as a phar-
macological target in relation to neurodegenerative disorders,
metal chelators have been proposed for the treatment of these
disorders [18, 19] and, in particular, for the treatment of PD
[20, 21].

Mitochondria play a central role as powerhouse of the cell,
but are also involved in the regulation of the cell cycle, the
redox signalling and as a main mechanism to trigger the apo-
ptosis [22]. It is well-known that mitochondria are the major
natural source of ROS due to the reported capacity of some
complexes (I, II and III) of the electron transport system (ETS)
to transfer electrons to oxygenmolecules and form superoxide
radical anions (O2

•−), which then are transformed to hydrogen
peroxide (H2O2) by the superoxide dismutase (SOD) [23].
Although it has been suggested that ROS produced by mito-
chondria may act as signalling molecules involved in the reg-
ulation of some cellular functions [24], it is also known that a
mitochondrial dysfunction caused by a complex I defect may
be an aetiological factor involved in the pathogenesis of PD
[25, 26]. Indeed, the mitochondrial toxins that are often used

to generate experimental models of PD commonly disrupt the
ETS capacity and in this way promote oxidative stress [27,
28]. Consequently, the mitochondrial impairment and the
foreseeable imbalance in the oxidative status of the cell are
considered as the two main factors involved in the onset and
development of PD [29]. Due to these facts, the evaluation of
mitochondrial bioenergetics represents a very valuable tool to
understand the interaction between this organelle and a xeno-
biotic such as Al3+ in order to clarify the consequences for the
cell. Previous studies have revealed that aluminium is capable
to affect the activity of the ETS complexes [30] and increase
ROS production [17, 30]. It has been also reported [31] the
ability of Al3+ to bind the mitochondrial inner membrane and
cause the opening of the membrane permeability transition
pore (mPTP). Moreover, in a biological environment, the in-
teraction between Al3+ and the superoxide radical anion is
able to form the pro-oxidant aluminium superoxide semi-
reduced radical ion and also to act as a catalyst of the iron-
driven oxidative stress (see [32] for a complete review). How-
ever, there are no studies analyzing the physiological respira-
tion rates of the mitochondria in conditions of coupling, non-
coupling and uncoupling in the presence of different sub-
strates. Consequently, the aim of this study is to assess the
effect of Al3+ on the bioenergetics of rat brain mitochondria
under the described conditions, using high-resolution respi-
rometry for the evaluation of mitochondrial respiratory capac-
ities. In order to clarify possible differences depending on how
the Al3+ is supplied, we performed a complete analysis using
both an in vitro and in vivo experimental model.

Materials and Methods

Animals and Reagents

Male Sprague–Dawley rats (Experimental Animal Breeding
Unit of the University of Santiago de Compostela, Santiago de
Compostela, Spain) weighing 200–250 g were housed in an
animal room under controlled temperature (21±1 °C) and a
12-h light–dark cycle (light on from 8 a.m. to 8 p.m.), with
free access to tap water and standard laboratory chow. All
experimental protocols were approved by the Ethical Commit-
tee of the University of Santiago de Compostela and
conformed to the European Community Council Directive
of November 24th, 1986 (86/609/EEC). Animals were
allowed to acclimatize and exposed to an enriched environ-
ment for at least 4 days before the experiment [33]. To perform
our in vitro experiments, a group of 12 rats was used during
the study. For in vivo experimentation, a group of six rats was
used as control and received a daily intraperitoneal (IP) saline
solution (NaCl 0.9 %) for 10 days; a second group of six rats
was treated with a daily IP dose of aluminium chloride in
saline (10 mg of Al3+/kg/day) for 10 days. The IP injections
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were performed in the animal’s lower left abdominal quadrant
every morning at the same hour by a trained person according
to an approved protocol by the Ethical Committee of the Uni-
versity of Santiago de Compostela. Injection solutions con-
taining aluminium were prepared by dissolving aluminium
chloride in saline, adjusting to pH 4.6 with sodium hydroxide
and waiting the equilibration time necessary to obtain a clear
solution [17]. The aluminium dosage regimen used was cho-
sen to guarantee the accumulation of the metal in the rat brain
[16]. Reagents were obtained from Sigma-Aldrich (St. Louis,
MI, USA) unless otherwise stated.

Isolation of Rat Brain Mitochondria

Animals were under food deprivation overnight, stunned with
carbon dioxide and sacrificed by decapitation. Forebrains of
the two animals were dissected and pooled together into 30 ml
of ice-cold isolation buffer (225 mM mannitol, 75 mM su-
crose, 5 mM HEPES, 3 mM EDTA and 1 mg/ml fatty acid-
free BSA; pH 7.4). After homogenization, mitochondria were
isolated by differential centrifugation as previously described
[34]. This procedure yields 8–10 mg of protein per rat brain as
was assessed by Bradford [35] with bovine serum albumin as
standard. Mitochondria prepared following this protocol re-
main active for 3–4 h, as proved by the unchanging value
obtained from flux control ratios. All the isolation procedure
was carried out at 4 °C in order to maintain the temperature
under control throughout the process.

Mitochondria Respiration

Respiratory assays were performed using high-resolution res-
pirometry in a two-chamber respirometer at 37 °C (Oroboros
Oxygraph-2k, Innsbruck, Austria) as previously described
[34]. Briefly, mitochondria were fuelled with different sub-
strates to analyze the respiration linked to complex I
(10 mM glutamate, 2 mM malate and 5 mM pyruvate), com-
plex II (after addition of 5 mM succinate and 0.1 mM rote-
none) or complex I + II (10 mM succinate, 10 mM glutamate,
2 mM malate and 5 mM pyruvate). For in vitro experiments,
and before the addition of substrates to avoid any interaction
with the metal, mitochondria were pre-incubated with Al3+ for
3 min followed by centrifugation at 12,000×g for 10 min and
reconstitution of the pellet in the respiration buffer to perform
the bioenergetics assay. A substrate-uncoupler-inhibitor-
titration (SUIT) protocol was applied to obtain OXPHOS,
LEAK and ETS respiratory rates for each sample. Sequential-
ly, after the addition of the corresponding substrate to fuel the
respiration, coupled respiration rate (OXPHOS) was moni-
tored with the addition of saturating ADP (2.5 mM);
uncoupled respiration under resting conditions (LEAK) was
achieved with the addition of oligomycin (4 μg/ml; EtOH)
and non-coupled respiration (ETSmax) was assessed using

FCCP (0.5 μM). Flux control ratios were used in first term
to determine the organelle integrity and functionality over
time to avoid the evaluation of samples without optimal
conditions.

Membrane Potential

Mitochondria were diluted to 0.3 mg/ml in 2.6 ml of a stan-
dard respiration medium and assessed as described by
Fasching and Gnaiger in 2009 [36]. The buffer was supplied
with 1 mM of TPP+ to evaluate the flux between the medium
and the mitochondrial matrix during the experiments. Mito-
chondrial transmembrane potential (Δψ) was estimated ac-
cording to the transmembrane distribution of TPP+ and
expressed as arbitrary units to facilitate comparisons.

Measurement of Respiratory Chain Complexes Activities

The activities of complexes I, II, IV and V were mea-
sured in isolated mitochondria using the ELISA kits for
rodents (Mitosciences®, Eugene, OR, USA), according
to manufacturer’s instructions. To perform the assays,
mitochondria were isolated as described above and sam-
ples were processed adding 1/10 volume of detergent,
incubated during 30 min and centrifuged for 20 min at
12,000×g. Subsequently, supernatants were collected and
stored at −20 °C until their used.

For the assessment of complex III activity, the reduction of
cytochrome c (15 μM) was monitored in the presence of co-
enzyme Q10 (100 μM) at 550 nm. To evaluate the chemical
rate of reduction, cytochrome c and coenzyme Q10 were added
to the assay medium containing 25 mM KH2PO4, 2 mM
KCN, 5 mM MgCl2 and 2 μg/ml rotenone at pH 7.2 and
recorded for 3 min. Then mitochondria (0.25 mg/ml) were
added and the increased in absorbance was measured for
5 min. Data are expressed as percentage of activity compared
to control.

Electron Microscopy

Mitochondria were pre-incubated with Al3+ or in respiration
buffer for 3 min followed by centrifugation at 13,000×g for
30 s, fixed by immersion for 45 min in 2.5 % glutaraldehyde
in 0.15 M sodium cacodylate buffer (pH 7.3), postfixed with
2 % OsO4 in the same buffer, dehydrated, embedded in
Spurr’s epoxy resin and sectioned. Sections were stained with
uranyl acetate and lead citrate and examined in a Zeiss 902
electron microscope (Carl Zeiss, Oberkochen, Germany) at
80 kV accelerating voltage and film magnification of ×20,
000 or ×12,000.
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Statistics

Statistical analyses were performed using Sigmaplot v. 11.0
(Systat Software Inc., Chicago, IL, USA). The criteria of nor-
mality and homogeneity of variance for ANOVAwere tested
for each variable with Shapiro-Wilk and Spearman tests, re-
spectively. If variances of different treatment groups were ho-
mogeneous, one-way ANOVA and, subsequently, Bonferroni
paired comparisons as a post hoc test were applied to deter-
mine the level of significance between groups. Data are
expressed as mean±SE and the statistical significance for all
tests was set at p<0.05.

Results

Animal Response and Mitochondrial Structure

To analyze the general physiological effects of aluminium in
the rats, both the weight and behaviour of the animals were
controlled along the treatment. Average weight evolution on
time of the animals treated in vivo is shown in Fig. 1a. In
animals injected IP with Al3+, a non-significant trend
(10 mg/kg/day) in the body-weight gain is observed
(Fig. 1a). However, these animals displayed no change in
behaviour or in the whole-brain wet tissue weight when com-
pared with control rats (data not shown).

Also, in order to evaluate the potential structural modifica-
tions derivative from the presence of aluminium, mitochon-
dria were studied by electronmicroscopy as shown in Fig. 1b–
g. Having into account that both cristae structure seem to
depend on the bioenergetic status of the organelle [37] and
the opening of mitochondrial permeability transition pore
could promote swelling, we analyzed the micrographs from
both models in active respiration state in the presence of sub-
strates for complex I or complex I+ II. The comparison of our
in vitro and in vivo treatment showed no differences in the
mitochondrial morphology caused by the presence of Al3+

when the respiration is fuelled with substrates linked to com-
plex I (10 mM glutamate, 2 mM malate and 5 mM pyruvate;
Fig. 1b–c). These organelles revealed a round or elongated
shape with both a continuous membranous structure and in-
ternal cristae extensively folded. However, when Al3+ is pres-
ent into the medium and the mitochondria are fueled with
complex I + II substrate (10 mM glutamate, 2 mM malate,
5 mM pyruvate and 5 mM succinate), cristae shows a less
dense matrix and tubular structure (Fig. 1f–g) in a clear oppo-
sition to the ‘orthodox’ conformation observed in the control
micrograph (Fig. 1e). However, we would like to highlight
that the external membrane still maintains the expected struc-
ture and that any of mitochondria showed a swelling pheno-
type (Fig. 1b–g).

Mitochondrial Bioenergetics

Bioenergetic studies were carried out using high-resolution
respirometry in both models studied (i.e. in vitro and in vivo)
in order to analyze the ability of Al3+ to alter mitochondrial
respiration. To select the concentration of Al3+ for in vitro
assays, a preliminary study was performed exposing the or-
ganelles to a wide range of Al3+ concentrations. The study
revealed a dose-dependent decrease in both OXPHOS and
ETSmax capacities (Table 1). We found that 50 nM is an
Al3+ concentration that significantly alters (p < 0.001)
OXPHOS respiration, and in consequence, we decided to ap-
ply it to perform our in vitro assays as an acute treatment for
the active respiratory state. Both experimental studies were

Fig. 1 a Effect of aluminium exposure on body weight gain (control,
filled circle; Al3+ treated with a daily IP dose of 10 mg Al3+/kg/day for
10 days, open circle). b–g Mitochondrial structure observed by electron
micrograph in both control and after exposition to Al3+. The fixation of
the organelles was performed during OXPHOS respiration fuelled by
substrates linked to CI (b–d) or CI + II (e–g). b Control group; c Al3+

50 nM added in vitro (50 nM); d Al3+ treated with a daily IP dose of
10 mg Al3+/kg/day for 10 days; e control group; f Al3+ added in vitro
(50 nM); g Al3+ treated with a daily IP dose of 10 mg Al3+/kg/day for
10 days
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carried out using a SUIT protocol that guarantee the analysis
of the control exerted by different metabolic pathways (CI-,
CII- or CI+ II-linked respiration) under the conditions of cou-
pling, uncoupling and non-coupling. As shown in Fig. 2, in
vitro OXPHOS respiration showed a significantly decrease for
complex I (−81 %, p<0.001) and complex I + II (−53 %,
p<0.001) respiratory capacities. Nevertheless, in vivo did
not show significant alterations neither in complex I (−15 %)
nor complex I + II (−18 %) OXPHOS capacities (Fig. 2).
Moreover, the assessment of the non-coupled state linked to
complex II revealed a decrease in the ETSmax activity (−42
and −44 %, p<0.001) in the presence of Al3+ for both in vitro

and in vivo, respectively. On the other hand, a decreased ca-
pacity for complex I + II ETSmax was found in vitro (−11 %,
p<0.005) but not in vivo (−7 %) (Fig. 2).

Flux control ratios were estimated to be used as coupling
control ratios in order to understand both the metabolic control
exerted by each respiratory pathway and the influence of Al3+

on it (Table 2). Under our experimental conditions, the control
coupling ratio P/E expresses the limitation of OXPHOS ca-
pacity by the phosphorylation system (i.e. ANT, Pi

translocator and ATP synthase). When P/E <1, the difference
between OXPHOS and ETSmax capacities represents a wide
mitochondrial respiratory capacity to modulate its response to
energetic demands. However, when P/E= 0 state that the
phosphorylation system does not exert any control on the
respiration, consequently, it cannot be modulated in this way
[38]. Our results for the P/E index (CI+ IIP/CI+CIIE) showed
a decreased in both models studied (i.e. −49 % in vitro and
−14 % in vivo; p<0.001; Table 2). In addition, the coupling
control ratio L/E (CI+ IIL/CI+CIIE) expresses both the leak-
iness and the efficiency of the mitochondrial coupling,
allowing us to describe the existence of a dyscoupling effect
due to a toxic action. In that sense, our data showed the exis-
tence of a differential effect depending on the experimental
conditions used (Table 2), with an increase in the L/E index for
in vitro experiments (47 %, p<0.001) and a decrease for in
vivo (−53 %, p<0.001).

Aluminium Alters Complex III, Complex V and Proton
Motive Force

The analysis of the proton motive force was assessed as a
change in Δψ estimated using a TPP+ electrode. Our results
showed a differential effect of the metal overΔψ, with a wide
decrease for in vitro experiments (−70 %, p<0.001) and no
effect for IP experiments (Fig. 3). Furthermore, the interaction
of Al3+ with the enzymes of the ETS is one of the main rea-
sons that could explain the decrease in respiration capacities.
To evaluate this possibility, we assessed individually the

Table 1 Respiratory parameters obtained when a SUIT protocol was
applied to isolated rat brain mitochondria after a pre-incubation with
different concentrations of Al3+ for 3 min (see Material and Methods
for details): OXPHOS and ETSmax capacities.

Group OXPHOS (pmol O2 s
−1 mg−1) ETSmax (pmol O2 s

−1 mg−1)
CI: GMP CI: GME

Control 388.66 ± 19.27 717.45± 10.98

5 nM 203.41 ± 19.36* 375.69± 2.30*

10 nM 137.45 ± 10.45* 306.93± 16.88*

50 nM 72.43 ± 7.34* 247.98± 17.28*

100 nM 21.94 ± 1.48* 238.41± 29.13*

1 μM 25.55 ± 2.93* 78.79 ± 13.55*

10 μM 28.76 ± 3.05* 87.30 ± 12.65*

100 μM 23.23 ± 0.97* 20.08 ± 2.64*

Data are means ± SE; n = 6. *Significant difference (at least p < 0.05)
tested by one-way ANOVA and Bonferroni post hoc

Fig. 2 Effects of Al3+ on mitochondrial respiratory capacities for in vitro
experiments (50 nM Al3+) and in vivo experimentation (daily IP dose of
10 mg Al3+/kg/day for 10 days). Mitochondrial coupling states are
differentiated as OXPHOS (saturating ADP, 1.5 mM) and ETSmax (non-
coupled). Data are means ± SE; n = 6. *Significant difference (at least
p< 0.05) tested by one-way ANOVA and Bonferroni post hoc

Table 2 Effects of Al3+ on flux control ratio (FCR) obtained for each
model studied using CI + IIE capacity to normalize. Data are means ± SE;
n= 6

Group FCR

CI+CIIP/CI +CIIE (P/E) CI +CIIL/CI +CIIE (L/E)

Control 0.722 ± 0.005 0.061 ± 0.005

In vitro 0.372 ± 0.002* 0.149 ± 0.001*

IP treatment 0.628 ± 0.004* 0.029 ± 0.001*

*Significant difference (at least p< 0.05) tested by one-way ANOVA and
Bonferroni post hoc
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enzyme activity of each complex in both models studied. Fig-
ure 4 shows altered activities for complex III (−23 %,
p<0.001) and complex V (−24 %, p<0.001) for in vitro ex-
periments. Moreover, when we supplied Al3+ in vivo, com-
plex III activity decreased −17 % (p<0.01) and complex V
activity decreased −13 % (p<0.001, Fig. 4). Finally, we also
evaluated the complex IV respiratory capacity to work out if
the Al3+ interaction with the ETS is up- or downstream Q-
junction. Nevertheless, our data did not reveal a significantly
inhibitory effect of Al3+ on complex IV activity (Fig. 4).

Discussion

The alteration of the mitochondrial homeostasis and the im-
balance between free radical species production and the activ-
ity of the antioxidant systems have been highlighted as rele-
vant factors involved in the development of neurodegenera-
tive disorders and ageing [39]. Indeed, the oxidative stress
production, the redox environment of the organelle and the
redox signalling regulate mitochondrial function itself [40].
It is well-known that metals may play important roles on the
redox environment due to both their catalytic capacity to pro-
mote ROS and their possible interaction with the clusters of
the ETS. For this reason, the study of a metal such as Al3+ and
its ability to alter mitochondrial respiration and redox environ-
ment gains importance for the development of new therapeu-
tic strategies. In the present study, we demonstrate that Al3+

alters brain mitochondrial respiration. However, the extent
and nature of this alteration seem to be differential depending
on the conditions of metal exposition.

Mitochondria require a membranous system with a highly
regulated permeability to generate the electrochemical poten-
tial that drives oxidative phosphorylation. During the in vitro
acute exposition of mitochondria to Al3+, our experiments
revealed a significant leakiness of the mitochondria membrane
as shown by both the dramatic increase in the L/E index and
the dacay inΔψ. Evidently, these facts suggest a dyscoupling
of the organelle. A similar alteration promoted by Al3+ has
been previously related with the opening of the mPTP [31]
and the consequent uncoupling in the oxidative phosphoryla-
tion, both facts followed by impairment in cellular ATP pro-
duction [41]. De Marchi et al. (2004) [42] also have attributed
the opening of the mPTP to the ROS generated by Al3+ and its
supposed ability to oxidise critical thiol groups in the pore-
forming structures of the membrane. In that last line, we have
previously reported that a similar treatment with Al3+ causes
brain oxidative stress and enhances the neurodegenerative
damage induced by 6-hydroxydopamine in the rat
nigrostriatal system [17]. However, our micrographs demon-
strate that Al3+ is not able to promote swelling in the mito-
chondria that could be related with the mPTP opening. We
only have observed some alterations in the structure of the
cristae that should be deeply analysed in future studies to
determine if the fluidity of the membrane and its dynamics
are compromised. Regarding to that, Van Rensburg et al. de-
scribed in 1992 [43] a similar effect in an Alzheimer’s disease
model in which the fluidity of the membrane was modified by
the presence of small amounts of Al3+, and they attributed this
observation to the binding of Al3+ to the phospholipids of the
membrane. Controversially, our physiological exposition to
Al3+ via chronic IP injection, on the one hand, did not show
any alteration in the Δψ and, on the other hand, revealed a
decrease in mitochondrial leakiness.We attribute these facts to
the difference in the concentration of Al3+ present in each of

Fig. 3 Effects of Al3+ on membrane potential for both in vitro
experiments (50 nM Al3+) and in vivo experimentation (daily IP dose
of 10 mg Al3+/kg/day for 10 days). Data are means ± SE; n = 6.
*Significant difference (at least p< 0.05) when compared with control
(one-way ANOVA and a Bonferroni post hoc)

Fig. 4 Effects of Al3+ on enzymatic activity of each of the electron
transport system complexes for both in vitro experiments (black; 50 nM
Al3+) and in vivo experimentation (grey; daily IP dose of 10 mg Al3+/kg/
day for 10 days). Data are means ± SE; n = 6. *Significant difference (at
least p < 0.05) when compared with control (one-way ANOVA and a
Bonferroni post hoc)
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both models and to the fact that the IP administration of Al3+

could favour the expression of natural chelants that can act
protecting the cell (e.g. ferritin, transferrin, etc.).

As it is well-known, OXPHOS respiration requires the in-
volvement of all mitochondria components (i.e. phosphoryla-
tion system, TCA, ETS and Δψ) to achieve a coupled respi-
ration. Our results appear to reveal that Al3+ alters OXPHOS
respiration by acting at least in two different points of the ETS,
one located upstream complex II and the other downstream. In
downstream complex II, our results showed a significant de-
crease in OXPHOS capacity for in vitro exposition to Al3+ and
only a decreasing trend for the in vivo IP treatment with Al3+.
In fact, the reduction on the enzymatic activity of complexes
III and V due to the interaction with the metal explains our
findings. We would like to highlight that the alterations in
complex III has been also related with the production of
ROS [44] and that could explain the oxidative stress that we
previously reported [17]. A similar decrease in the enzyme
activity for in vivo experiments has been also reported by
other authors, showing alterations in all the ETS complexes
activities, together with a decrease in the ATP turnover [30,
45]. Also, our P/E ratios for both in vitro and in vitro Al3+

exposition support the idea of an alteration in the phosphory-
lation system (i.e. ANT, Pi translocator and ATP synthase).
Evidently, the control exerted by ATP synthase results essen-
tial to achieve a coupled respiration and the here reported
decrease in the activity of this complex explains the respira-
tory deficiency. For this reason, our data demonstrated that
Al3+ causes a loss of mitochondrial capacity to control the
respiration through the phosphorylation system, a fact that
could jeopardise the cell bioenergetics. On the other hand,
the interaction of Al3+ upstream complex II is one of the main
reasons that might explain the decrease of respiratory capaci-
ties in the ETS. From that point of view, our results showed
that the presence of Al3+ in both models promotes a decrease
on complex II-linked ETSmax capacity. However, the enzy-
matic activity of complex II was unaffected by the presence
of Al3+. Nevertheless, other previous studies reported an al-
teration in the activity of complex II in the presence of Al3+

together with an increase in ROS production [30, 46]. Assum-
ing that Al3+ appears to cause inhibitory effects on biochem-
ical reactions involving the binding to other metals such as
Mg2+ and Ca2+ [47], a possible explanation to our here report-
ed reduction in the complex II-linked ETSmax capacity could
be an upstream inhibition of the aconitase activity or other
enzymes of the TCA that use Ca2+ as a cofactor, such as
glutamate dehydrogenase [48].

In conclusion, Al3+ disrupts mitochondrial bioenergetics
and promotes the dyscoupling of the organelle. Our data dem-
onstrate that both in vitro and in vivo treatments alter the
permeability and dynamic of the membranous systems, the
ETSmax linked to the complex II and promote a decrease in
the complexes III and V enzymatic activity. Indeed, the

alteration of these parameters decreases the respiratory effi-
ciency and the capacity of the mitochondria to modulate and
control the energy production through the phosphorylation
system. If we have in mind that the particular cellular archi-
tecture of the nigrostriatal dopaminergic neurons pushes the
energetic capacity of the cell close to the edge [49], we could
hypothesize that the lack of respiratory efficiency, the oxida-
tive stress and the decrease in antioxidant enzymes activity
[17] promote by Al3 +may contribute to the progression of
neurodegenerative disorders as Parkinson’s disease.
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