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Abstract: MPP* is the active metabolite of MPTP, a molecule structurally similar to the herbicide
Paraquat, known to injure the dopaminergic neurons of the nigrostriatal system in Parkinson’s
disease models. Within the cells, MPP* accumulates in mitochondria where it inhibits complex I
of the electron transport chain, resulting in ATP depletion and neuronal impairment/death. So far,
MPP* is recognized as a valuable tool to mimic dopaminergic degeneration in various cell lines.
However, despite a large number of studies, a detailed characterization of mitochondrial respiration in
neuronal cells upon MPP™ treatment is still missing. By using high-resolution respirometry, we deeply
investigated oxygen consumption related to each respiratory state in differentiated neuroblastoma
cells exposed to the neurotoxin. Our results indicated the presence of extended mitochondrial damage
at the inner membrane level, supported by increased LEAK respiration, and a drastic drop in oxygen
flow devoted to ADP phosphorylation in respirometry measurements. Furthermore, prior to complex
I inhibition, an enhancement of complex II activity was observed, suggesting the occurrence of some
compensatory effect. Overall our findings provide a mechanistic insight on the mitochondrial toxicity
mediated by MPP*, relevant for the standardization of studies that employ this neurotoxin as a
disease model.
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1. Introduction

Parkinson’s disease (PD) is a progressive age-related neurodegenerative disorder (ND) whose
symptoms include motor system faults, such as resting tremors, rigidity and bradykinesia, and cognitive
dysfunctions. These symptoms are the result of dopaminergic (DAergic) neurons loss within the
substantia nigra pars compacta in the ventral midbrain and their terminal in the striatum, which lead
consequently to striatal dopamine (DA) depletion [1]. The appearance of big spherical intraneuronal
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inclusions in the brainstem and cortex, called Lewy bodies (LBs) that contain protein aggregates in which
a-synuclein (o-syn) is the main structural component, is one of the most common histopathological
PD features [2]. Neuroinflammation is another important hallmark of the disease. In this context,
the glial compartment—astrocytes and microglia—are pivotal in PD onset and progression. Notably,
depending on the signals released in the microenvironment, glia may have a dual role, either beneficial
or detrimental for DAergic neurons and neural stem cells exposed to harmful stimuli [3].

As for the other NDs, the cause(s) of PD are ill-defined and currently, there is no cure to stop or
reverse PD progression [4]. The transplantation of relevant cell types represents a promising therapeutic
strategy. On the other hand, new cell-free approaches, such as those based on extracellular vesicles,
are emerging as innovative nanotherapeutics [5,6]. In this context, the definition at the molecular level
of toxicity mechanisms in PD is crucial to support the development of potential therapeutic avenues.

To date, about 90 genes were linked to familial PD onset [7]. Despite this, the etiology of the
vast majority (up to 90%) of so-called “idiopathic” cases is multifactorial, recognized to arise from a
combination of polygenic inheritance and environmental exposures [8,9]. Notably, a wide panel of
environmental factors including neurotoxicants, commonly used as herbicides or pesticides, have long
been recognized as critical risk factors for PD [10].

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is a molecule structurally similar to
the herbicide Paraquat and was the first neurotoxicant shown to induce in humans a profound
parkinsonian syndrome [11,12]. MPTP injures, in a selective manner, the dopaminergic neurons
in the nigrostriatal system, and when tested in various animal species, including non-human
primates, it showed the ability to recapitulate most PD-like symptoms [13,14]: i.e., the long exposure
to low MPTP doses promotes the increase of oxidative stress, a-syn fibrillization, and loss of
mitochondrial functionality [15-17]. Since MPTP is a highly lipophilic compound, it rapidly crosses
the blood-brain barrier and after systemic exposure, the toxin levels are already detectable in the
brain within minutes. By itself, MPTP is not a toxic substance, however, once in the brain, it is
metabolized to 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP) by the enzyme monoamine oxidase
B (MAO-B) in non-dopaminergic cells (i.e., the astrocytes) [18]. Next, MPDP is oxidized to the active
1-methyl-4-phenylpyridinium (MPP*) which is then released into the extracellular space, where it is
taken up by the dopamine transporter (DAT) and is concentrated within the dopaminergic neurons,
causing the specific loss of nigrostriatal neurons [19-21].

Within the cells, MPP* exerts its toxicity gathering in mitochondria, where it blocks the activity
of NADH-ubiquinone oxidoreductase (complex I) of the mitochondrial electron transport system
(ETS), leading to ATP depletion and reactive oxygen species (ROS) production [22-24]. Moreover,
the prolonged exposure to the toxin causes a drastic inhibition of mtDNA-encoded respiratory subunits
synthesis [25]. Despite these events having long been thought to be strictly related to DAergic neuronal
loss in PD, another report suggests that neuronal death induced by MPP* is independent from complex
I inhibition [26].

Neuroblastoma SH-SY5Y cells exposed to MPP* are one of the most used in vitro models in PD
research. These cells, deriving from the SK-N-SH line, show a moderate activity of tyrosine hydroxylase
(TH) and dopamine-f3-hydroxylase, conferring to the line a catecholaminergic phenotype [27,28].
SH-SY5Y cells may be differentiated in order to induce a “more-neuronal” phenotype: the addition of
retinoic acid (RA) to the cell culture medium, in a concentration ranging from 5 to 20 uM, represents
the best approach [29]. The differentiation time may vary from 1 to 21 days during which cells switch
toward a neuronal and DAergic phenotype [29]. All these variations found in protocols for SH-SY5Y
culture and differentiation possibly contribute to the different functional outcomes [30]: for instance,
in specific circumstances, differentiation treatment increases susceptibility to neurotoxins exposure [31],
while in others no change or even a decrease was observed [32].

The large use of this in vitro model, however, was not accompanied in the years by a detailed
characterization of the mitochondrial respiration. By delivering MPP* to differentiated SH-SY5Y cells,
in this work, we performed an in-depth analysis of oxygen flows corresponding to each respiratory
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state using high-resolution respirometry (HRR). Beyond an expected slight decrease in complex I
activity, an accentuated raise of the dissipative component of respiration was observed, indicating the
presence of extended damage in the inner mitochondrial membrane (IMM). Moreover, we uncovered a
previously unknown compensatory effect of succinate dehydrogenase (complex II) as a response to
the partial block of complex I activity exerted by toxin treatment. Overall, our findings depict a more
intricate mechanism of MPP* mitochondrial toxicity.

2. Results

2.1. MPP* Toxicity Assessment in Differentiated SH-SY5Y Cells

Neuroblastoma SH-SY5Y cells were differentiated with RA and serum reduction for nine
days prior to MPP* treatment, using the protocol schematized in Figure 1A. The differentiation
induced morphological changes as highlighted in the brightfield and immunofluorescence images.
In comparison with undifferentiated cells, RA-differentiated SH-SY5Y displayed thin and branching
neurites usually resulting in a network formation (Figure 1B,C) [33]. Moreover, immunofluorescence
analysis on RA-treated cells showed a decreased expression of the non-differentiated cell marker
nestin (Figure 1D,F for quantification) and a higher expression of TH (Figure 1E,G for quantification),
which plays a central role in DA synthesis [31]. In order to evaluate MPP* mitochondrial toxicity on a
DAergic model, RA-differentiated SH-SY5Y cells were exposed to increasing toxin concentration and
cell viability was determined after 24 h, performing a dose-response curve. As shown in Figure 1H,
cell viability varied from 89% to 64% ranging from 1 to 3 mM of MPP*. Based on this result, we selected
the lowest MPP* dose for further experiments assuming that, in this condition, any mitochondrial
impairment is not ascribed to a consistent cell death but rather to the direct organelle damage caused
by the neurotoxin.
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Figure 1. Phenotypic characterization of undifferentiated vs. differentiated SH-SY5Y cells and MPP*
dose-response curve. (A) Timeline of the differentiation protocol. (B,C) Brightfield images showing
morphological differences between undifferentiated cells on day zero (B) and differentiated cells at day
nine (C); RA, retinoic acid. (D,E) Immunofluorescence images showing the different expression of nestin
(red) and TH (green) in undifferentiated (D) and differentiated (E) cells. (F,G) Relative quantification of
nestin (F) and TH (G) in undifferentiated and differentiated cells. (H) Dose-response curve for selected
MPP* concentrations on differentiated SH-SY5Y cells. * p < 0.05 and *** p < 0.001.
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2.2. MPP* Drastically Reduces Oxygen Consumption Associated with the Main Respiratory States

The oxygen consumption profile of RA-differentiated SH-SY5Y cells was analyzed by HRR
using a specific substrate-uncoupler-inhibitor titration (SUIT) protocol. This protocol allows the
investigation of the main respiratory states exploiting both endogenous and externally added substrates,
that reached mitochondria after cell permeabilization [34]. In Figure 2A, a representative trace of oxygen
consumption of untreated cells (control) illustrates the SUIT protocol. Briefly, the physiological oxygen
consumption, corresponding to ROUTINE state, was measured in intact cells. Then, endogenous
substrates (including ADP) were forced to leave the cells by permeabilization of the plasma membrane.
Therefore, the remaining oxygen consumption was related to the non-phosphorylating or LEAK state.
The OXPHOS state, indicating the oxygen flow sustained by the mitochondrial respiratory chain,
was achieved in the presence of pyruvate, malate, glutamate, succinate, and ADD, the last in saturating
concentration. Next, the maximal respiratory ETS capacity was obtained at the optimal uncoupler
concentration. Finally, the specific inhibition of complex I and III with rotenone and antimycin
respectively, allowed for the determination of the residual respiration or ROX [34,35].
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Figure 2. Oxygen consumption in differentiated SH-SY5Y cells. (A) The representative curve of
mitochondprial respiratory function of untreated RA-differentiated SH-SY5Y cells assayed in MiR05
respiration medium at 37 °C. The respiratory states ROUTINE, LEAK, OXPHOS, ETS, and ROX
were analyzed after the addition of specific substrates and inhibitors. P, pyruvate; M, malate; Dig,
digitonin; G, glutamate; S, succinate; Rot, rotenone; Ama, antimycin. (B) Quantitative analysis of the
oxygen consumption rate expressed as pmol/second per million cells of control and MPP* treated cells
calculated for ROUTINE, LEAK, OXPHOS, ETS. Data are shown as mean with standard deviation,
with ** p < 0.001.

Oxygen consumption, corresponding to each respiratory state in cells treated with 1 mM MPP*
for 24 h, was monitored and compared to the control. The obtained values were corrected for the
ROX and are reported in Figure 2B (see Supplementary Materials Table S1 for raw data). As shown,
a dramatic reduction of oxygen flow was detected in ROUTINE (-70%, p = 0.0004, n = 5), OXPHOS
(=70%, p = 0.0003, n = 5) and ETS (-62.7%, p < 0.0001, n = 5). Prior to a very moderate cell death,
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as previously observed in the same condition, these results indicate that MPP™ severely affects the
respiratory capacity of mitochondria.

2.3. MPP™ Increases the Dissipative Ratio of Oxygen Flux

The oxygen consumption depends on a sum of different factors, including obviously ETS activity
but also mitochondrial mass and biogenesis, all features subjected to change upon MPP* exposure.
For instance, MPP™ increases autophagy and mitochondria degradation in SH-SY5Y cells [36,37],
affects organelle morphology, mass and protein expression in RA-differentiated SH-SY5Y [25], and the
mitochondrial dynamic in vivo [38].

Flux control ratios (FCRs), instead, express respiratory states independently of mitochondrial
content since they are obtained by normalizing each flux for the maximum flux [34,35,39]. In Figure 3A
(see also Supplementary Materials Table 52), ROUTINE, LEAK, and OXPHOS respiration are indicated
as the ratio of maximal ETS capacity. As shown in the left panel, MPP* treatment affected specifically
the LEAK state: a significant increase (+63%) was observed in treated cells (0.19 + 0.05 in control
vs. 0.31 + 0.09 in treated cells, p = 0.046, n = 5), while no significant differences were detected for
ROUTINE and OXPHOS respiration between the samples. Since the LEAK state represents the amount
of dissipative flux, this result suggests the presence of some injury at the IMM level which impinges on
the proton gradient maintenance and, in turn, on ATP production [40]. As reported in the right panel,
the phosphorylation-related flux is severely affected in ROUTINE (=71.9%, p = 0.0009, n = 4) and in a
less dramatic manner in OXPHOS (-18.3%, p = 0.0039, n = 4). Accordingly, the respiratory reserve
(RR), consisting of the extra ATP produced by oxidative phosphorylation in case of an increased energy
demand [41,42] was found more than halved in MPP* treated cells (Figure 3B, —=55%, p = 0.0002, n = 4)
(see also Supplementary Materials Table S3).
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Figure 3. MPP™ effect on mitochondrial respiration. (A) Oxygen consumption measured in different
respiratory states in the presence or not of MPP*, expressed as the total or ATP-related flux. Data are
displayed as the flux control ratio (FCR) of the maximal ETS capacity. (B) Oxygen flux related to the
respiratory reserve of cells in the presence or not of MPP*. All data are shown as means with standard
deviation; * p < 0.05 and *** p < 0.001.

Taken together, these results suggest that neurotoxin affects IMM integrity decreasing substantially
the phosphorylation processes.

2.4. MPP* Reduces Coupling Efficiency in Each Respiratory State

Coupling efficiency represents another important parameter to evaluate MPP* effect on
mitochondrial respiration. It indicates the ratio of oxygen flux coupled to ADP phosphorylation in a
specific respiratory state [35].

Figure 4A shows the coupling degree of the ROUTINE state. In control cells, about 63% of oxygen
consumption is coupled with the phosphorylation process, while only 28% of the flux is coupled in
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MPP™ treated cells (—62.9%, p = 0.0026, n = 4). Similarly, the coupling efficiency of OXPHOS and ETS
was significantly decreased upon neurotoxin exposure, even if in a less dramatic manner. In particular,
phosphorylation-related oxygen flux decreased from 78% (control cells) to 65% (MPP* treated) in
OXPHOS (-16.7%, p = 0.0488, n = 4) and from 80% to 68% in ETS (—15%, p = 0.0426, n = 5) as reported
in Figure 4B,C.
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Figure 4. Coupling efficiency of different respiratory states. Rate of oxygen flux during ROUTINE (A),
OXPHOS (B), and ETS (C) coupled with the ADP phosphorylation. Data are shown as the percentage
of the reference state and expressed as means with standard deviation; * p < 0.05 and ** p < 0.01.

Overall, the observed reduction of coupling degree in all respiratory states confirms the strong
impact of MPP* on the phosphorylating flows previously described.

2.5. Activity of Complex II Is Increased Upon Complex I Inhibition

Since NADH-ubiquinone oxidoreductase is a specific target of MPP* [22], HRR was used to
evaluate the contribution of this specific complex to the OXPHOS respiration. This was achieved
in the presence of pyruvate, malate, glutamate, and ADP but not of succinate, which conversely
stimulates complex II. Figure 5A shows both the oxygen consumption level and the corresponding
FCRs. As occurred for the other respiratory states, the oxygen level of OXPHOS sustained by complex I
was found substantially lowered after MPP* addition (—63.1%, p = 0.0002, n = 5). Similarly, a moderate
decline of FCR was observed (-18%, p = 0.0003, n = 4). Accordingly, the degree of ATP-coupled
respiration sustained exclusively by complex I was found significantly reduced (Figure 5B), varying
from 69% of the control to 53% of MPP* treated cells (—23%, p = 0.043, n = 4).

After total OXPHOS stimulation and ETS measurement, complex I was inhibited by using rotenone.
With ETS calculated in the presence of all substrates (including succinate), the measurement was
related to the specific contribution of complex II to ETS. Despite a general reduction of oxygen flux in
the presence of MPP* (-38.3%, p = 0.0156, n = 5, Table S1), Figure 5C indicates a significant increase
(+81%) in the FCR compared to control (p = 0.0084, n = 4, Table S2) suggesting the existence of
some compensatory mechanism(s) put in place by succinate dehydrogenase as a response to complex
I inhibition.

To further investigate this aspect and clarify whether a direct link between complex II and the
toxin exists, the activity of succinate dehydrogenase was specifically assayed with a distinct HRR
protocol aimed to evaluate the electron flow into the Q-junction occurring independently from complex
L It is indeed known that, when complex I is stimulated (as occurred in the protocol in Figure 2A),
oxaloacetate rapidly accumulates within mitochondria, acting as a potent inhibitor of complex II,
already at low doses [39,43].

Figure 6A shows a representative oxygen consumption curve of untreated differentiated SH-SY5Y
cells, along with the protocol used for complex II stimulation. Briefly, cells were permeabilized in the
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presence of pyruvate and malate but complex I was immediately inhibited by rotenone, thus avoiding
oxaloacetate accumulation. Next, the addition of ADP did not induce any response, as demonstrated by
the oxygen flow curve kept around zero (Figure 6A). Then, complex Il was activated by succinate. As a
counter-proof, the addition of the succinate dehydrogenase inhibitor malonic acid brought the oxygen
curve back to zero. The complex II-linked oxygen flows were analyzed for control and MPP* treated
cells, normalizing values for the convergent complex I + complex II electron supply flows [35,39].
The results are displayed in Figure 6B as substrate control factor (SCF). As reported, no significant
difference in complex II activity was observed between samples (0.49 + 0.03 in control vs. 0.52 + 0.01 in
treated cells, p = 0.442, n = 3). These data indicate that the enhancement of succinate dehydrogenase
activity, previously observed in MPP* treated cells (Figure 5C) likely depends on the inhibition of
complex I activity, rather than from the toxin itself.
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Figure 5. Specific contribution of complex I and complex II to different respiratory states. (A) Quantitative
analysis of the oxygen consumption rate and the relative FCR of OXPHOS state sustained by complex
I. Data were obtained by measuring OXPHOS respiration in the absence of succinate. (B) Rate of
oxygen flux OXPHOS respiration sustained by complex I coupled with the ADP phosphorylation.
(C) Quantitative analysis of the oxygen consumption rate and the relative FCR of ETS sustained by
complex II. Data were obtained by measuring ETS after inhibition of complex I activity with rotenone.
Data are shown as percentage of the reference state and expressed as means with standard deviation;
*p <0.05,** p <0.01, and *** p < 0.001.
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Figure 6. Activity of complex II assayed by HRR. (A) Representative curve of mitochondrial respiratory
function of untreated RA-differentiated SH-SY5Y cells assayed in MiR05 respiration medium at 37 °C.
The respiratory states ROUTINE, LEAK, and OXPHOS driven by complex II were obtained after the
addition of specific substrates and inhibitors. P, pyruvate; M, malate; Dig, digitonin; Rot, rotenone;
S, succinate; Mal, malonic acid. (B) Quantitative analysis of the oxygen consumption rate of control or
MPP™ treated cells of OXPHOS sustained by complex II. Data are expressed as the percentage of the
total OXPHOS and shown as SCRs (mean with standard deviation).
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3. Discussion

Mitochondrial dysfunction is an important hallmark of PD, together with protein aggregation
and oxidative stress. These features, however, are common to all NDs and are strictly interconnected.
Protein aggregates interact with the cytosolic surface of mitochondria and impair metabolic exchanges
with the organelle. A oligomers in Alzheimer’s disease [44,45], SOD1 mutants in Amyotrophic
Lateral Sclerosis (ALS) [46—48], and o-syn in PD [49], all associate with the Voltage-Dependent Anion
Channels (VDAC) isoform 1, reducing dramatically the mitochondria synthesized ATP availability [50].
VDACs are the most abundant mitochondrial porin, evolutionarily conserved from yeast to humans,
playing a fundamental role for organelle physiology [51-53]. It has been recently demonstrated that a
reduction of VDACI function affects mtDNA synthesis and, in turn, the expression of mitochondrial
genes encoding for essential subunits of ETS enzymes [54]. Also, in PD models, VDAC1 favors x-syn
translocation within mitochondria [55] where it is believed responsible for the impairment of complex
Iand IV activity [56,57]. Therefore, ETS damage represents a key event in mitochondrial dysfunction
onset in PD.

Although, in a different way, the lipophilic cation MPP* accumulates in mitochondria and
inhibits the electron flow from complex I to coenzyme Q, contributing to ATP depletion and ROS
increase [17,24,58]. For this reason, MPP* is widely used for the induction of a PD-like phenotype
in different in vitro models, such as the RA-differentiated SH-SY5Y cell line used herein, as a valid
alternative to neuronal cells treatment with a-syn oligomers and fibrils, or to genetic models. Thus,
it is crucial to understand the precise changes in mitochondrial respiration upon the MPP* treatment.
To this end, here we applied HRR technology highly sensitive and capable to deeply analyze oxygen
consumption levels associated with each respiratory state and to ETS complexes.

We found that the treatment with 1 mM MPP* on RA-differentiated cells resulted in a slight
decrease of cell viability (~10%) in front of a drop of oxygen consumption associated with the main
respiratory states, up to 70%. These data indicate that MPP* exerts a specific mitochondrial toxicity,
possibly depending on a reduction of both mitochondrial functionality and organelle mass [22,33,34].
Focusing on the specific differences within mitochondria, we performed a rigorous analysis of FCRs
from which at least two intriguing results came out.

First, a significant increase of the dissipative flux, the LEAK state, was observed in cells upon
MPP* exposure. The LEAK state depends mainly on the IMM integrity and on proton and electron
leaking. In the case of IMM injury, protons by-pass ATP synthases, promoting a decrease in ATP
production, and electrons escape the ETS pathway, as they are addressed to other substrates, increasing
thus ROS formation [59]. The rise in LEAK respiration indicates the presence of extensive IMM damage
in MPP* treated cells and this explains data in the literature about ATP depletion and oxidative
stress induction [37,60]. Accordingly, oxygen flows devoted to ATP synthesis (the so-called net
respiration) were found significantly decreased, drastically in ROUTINE and in a moderate manner
during OXPHOS. This result was strengthened by a similar reduction in the coupling degree measured
in all respiratory states.

Second, in the presence of MPP* the contribution of complex I to the OXPHOS respiration was
remarkable reduced, as expected. At the same time, a significant increase in complex II activity during
ETS was detected, indicating a compensatory mechanism put in place by complex I as a response to the
partial inhibition of NADH-ubiquinone oxidoreductase and/or to the toxin. However, the same effect
was not as strong as when the complex II activity was tested in association with the complete inhibition
of complex I. Nonetheless, this result is not so surprising. It is known that a reduction of complex I
activity, as found in MPP™ treated cells, negatively impacts on malate dehydrogenase (MDH) activity,
asaresultof NAD™ to NADH redox shift, affecting in turn oxaloacetate synthesis [39]. Since oxaloacetate
is a potent inhibitor/modulator of succinate dehydrogenase, especially in nervous tissues [43], it is
reasonable to speculate that complex II is less subjected to oxaloacetate inhibition in MPP* treated cells,
due to the low activity of complex I. Notably, the main difference in the SUIT protocols applied here
consists in the use of saturating rotenone concentration at different stages. Accordingly, in Figure 2A,
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rotenone was added after complex I stimulation, allowing oxaloacetate to accumulate, whereas in
Figure 6A complex I was directly inhibited, in order to avoid any eventual increase of oxaloacetate
concentration. Therefore, the higher activity of complex II observed in the Parkinson’s-like phenotype,
i.e., where complex I is only partially inhibited by MPP* (as in Figure 5C) and not completely with the
saturating rotenone concentration (as technically required for Figure 6 experiments), likely represents
a response to complex I inhibition, rather than a direct effect of the neurotoxin. Other studies showed
results in agreement with those found here. For example, Calabria and colleagues have found a
compensatory effect ascribed to complex II, as well as an increase in LEAK respiration in NSC-34 cells
expressing the SOD1 G93A mutant, a model of ALS [61]. Notably, this was explained as a response to
the decreased activity of complex I, exerted by the SOD1 mutant [61]. Taken together, these findings
depict the existence of a common rescue mechanism put in place by complex II in response to different
stimuli (toxins, protein aggregates) affecting complex I activity. Furthermore, these effects can be
only partially ascribed to the direct complex I impairment promoted by MPP™. In fact, it is known
that cells use LEAK respiration as a protective strategy under certain circumstances. IMM contains a
group of transporters called uncoupling proteins (UCPs), whose function is to partially dissipate the
mitochondrial membrane potential in the form of heat [62,63]. The inhibition of complex I increases
oxygen radical formation that is counteracted by the dissipation of a part of hyperpolarized IMM
potential, a process known as “mild uncoupling”, with the final aim to neutralize the ROS effect [64].
Not coincidentally, a time- and dose-dependent induction of UCP2, 4, and 5 expression in neuronal cells
was observed after exposure to MPP* [65]. Notably, UCP4 overexpression exerts a neuroprotective
effect on SH-SY5Y upon MPP* treatment and stimulates complex II activity by its direct interaction,
thus promoting an ATP level increase [66—68]. A cartoon depicting our proposed model is displayed in
Figure 7.

2H*+1/202 H0

electron leaking J_

oxaloacetate

MDH proton leaking E

_________________________________________________________________________________________________

Figure 7. Proposed mechanism of MPP* toxicity at the IMM level. MPP* promotes the impairment of
complex I activity. Electrons are then addressed towards other substrates, increasing ROS production
(electron leaking). The reduced activity of complex I affects MDH activity as well as the accumulation
of the Krebs cycle intermediates and complex II inhibitor oxaloacetate. In this perspective, the activity
of complex II raises since it is less subjected to oxaloacetate inhibition. MPP* also induces UCPs gene
expression. The increased activity of UCP proteins dissipates partially the proton gradients (proton
leaking), a mechanism called “mild uncoupling” and aimed to counteract ROS damage. Original figure
(created with https://smart.servier.com tools).

In any case, although moderate, the MPP* dose regimen here applied in SH-SH5Y cells
was higher compared to those generally used in the highly vulnerable primary dopaminergic
neurons, that are severely injured upon exposure to <50 uM MPP* or to the false neurotransmitter
6-hydroxydopamine [69]. Therefore, further studies are needed to disclose the herein described
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mitochondrial effects of MPP* on primary mesencephalic neuronal cultures, that will be relevant for
dopaminergic neuron physiopathology.

In conclusion, by using high-resolution respirometry tools we have identified and explained
the bioenergetics fault and recovery found in MPP* treated cells, where mitochondria complex I
was inhibited. By a precise analysis, we demonstrated the relevance of complex II in this recovery
mechanism. These results are relevant to understand the mitochondria dysfunction in PD, and possibly
in other NDs.

4. Materials and Methods

4.1. Cell Culture and Differentiation

The neuroblastoma cell line SH-SY5Y was purchased from ICLC (Interlab Cell Line Collection,
accession number ICLC HTL95013; obtained from depositor European Collection of Authenticated Cell
Cultures (ECACC)) and maintained in MEM/F12 medium supplemented with 10% fetal bovine serum,
2 mM L-glutamine and 1% penicillin/streptomycin. For cell differentiation, the protocol was adapted
from [31,70]. Briefly, MEM/F12 was replaced with DMEM/F12 and 10 uM all-trans RA (Sigma Aldrich,
St. Louis, MO, USA) was added. The medium was changed every three days, lowering the serum
amount to reach the final concentration of 0.5% by the seventh day. Cells were seeded at a density of
3 % 10° cells/cm? in 6, 24, or 96 well plates.

4.2. Immunofluorescence

Cells seeded on poly-L-lysine coated glass coverslips (Sigma Aldrich) were fixed after treatment
with 4% paraformaldehyde and stained with primary mouse anti-nestin antibody (sc-23927, Santa Cruz,
1:50) and with rabbit anti-TH (Tyrosine hydroxylase) antibody (AB152, Sigma-Aldrich, 1:250). Nuclei
were stained with DAPI (Merck, Kenilworth, NJ, USA). Donkey anti-mouse Alexa Fluor 546 or donkey
anti-rabbit Alexa Fluor 488 secondary antibodies were used (Thermo Fisher, Waltham, MA, USA).
Fluorescence intensity was quantified using Image]J software. Values are indicated as normalized
corrected total cell fluorescence (CTCF) expressed as arbitrary units (A.U.).

4.3. MPP* Treatment and Cell Viability

Treatment with MPP* (Sigma Aldrich) was performed on day 10 of the differentiation protocol.
Cells seeded in 96-well black microplates were treated for 24 h with the reported final concentrations
of neurotoxin. The dose-response curve was performed using the following doses: 1, 1.5, 2, 2.5,
and 3 mM. Cell viability was determined using the Celltitre-Blue Cell Viability Assay (Promega,
Madison, WI, USA) according to the manufacturers’ recommendations. Fluorescence intensity was
measured using the microplate reader Varioskan (Thermo Scientific, Waltham, MA, USA).

4.4. High-Resolution Respirometry (HRR) Analysis

Mitochondrial respiration capacity of RA-differentiated SH-SY5Y was analyzed by HRR using the
two-chamber system O2k-FluoRespirometer (Oroboros Instruments, Innsbruck, Austria). Cells were
harvested, counted, and resuspended in the mitochondrial respiration buffer Mir05 (Oroboros
Instrument). All the experiments were performed at 37 °C under constant stirring of 750 rpm. Oxygen
consumption in the various respiratory states was determined using a SUIT modified protocol [31] and
the contribution of specific mitochondrial complexes to respiratory capacity was investigated.

ROUTINE respiration was measured in intact cells. Permeabilization of the plasma membrane was
achieved by using the mild detergent digitonin (Sigma Aldrich) at the final concentration of 4.07 pM.
This concentration was previously determined in order to allow the access of substrates across the plasma
membranes but without compromising mitochondrial membranes integrity. LEAK was measured after
plasma membrane permeabilization and in the presence of previously added pyruvate and malate.
A total of 5 mM pyruvate (P), 2 mM malate (M), and 10 mM glutamate (G) (Sigma Aldrich) were added



Int. ]. Mol. Sci. 2020, 21, 7809 110f15

in order to activate complex I. OXPHOS capacity was recorded at saturating concentrations of 2.5 mM
ADP (Sigma Aldrich) after the addition of 10 mM succinate (S) (Sigma Aldrich). The simultaneous
presence of all substrates in the cuvette allowed the determination of the total OXPHOS activity.
The uncoupled maximal ETS capacity was determined by titration with the uncoupler carbonyl cyanide
3-chlorophenylhydrazone, CCCP (Sigma Aldrich, 0.5 uM) up to the complete dissipation of the proton
gradient. The residual oxygen consumption (ROX) respiration was achieved by addition of rotenone
and antimycin (Sigma Aldrich, 2 and 2.5 pM respectively).

4.5. Complex 11 Activity Analysis

Independent activity of complex II (succinate dehydrogenase) was measured by HRR with a
specific protocol modified from [39]. Permeabilized cells were treated with 2 pM rotenone in the
presence of pyruvate and malate (5 and 2 mM respectively) [39]. Activity of complex II (OXPHOS
sustained by complex II) was achieved by stimulation with 10 mM succinate in the presence of
saturating ADP concentrations (2.5 mM). As counter-proof, the complex II inhibitor malonic acid
(Sigma Aldrich, 5 mM) was added at the end of the experiment. In parallel, a control experiment
performed without rotenone was carried out to achieve the total OXPHOS respiration. This state was
used as a reference for normalization.

4.6. Data Analysis

Instrumental and chemical background fluxes were opportunely calibrated as a function of oxygen
concentration using DatLab software (Oroboros Instruments). Rate of oxygen consumption in the
respiratory states ROUTINE, LEAK, OXPHOS, maximal ETS capacity was corrected for the ROX.
The oxygen respiratory flux was expressed as pmol/s per million cells or as FCRs calculated for each
state relative to the maximal uncoupled ETS capacity (used in this work as the reference state) [34,35].
Oxygen flux coupled to ATP synthesis was determined by correcting each state for the LEAK respiration
and expressed as FCRs [34,35]. Coupling efficiencies were calculated by correcting each state for LEAK
respiration and expressing it as a ratio of the total capacity in that specific state, as indicated [34,35].
The activity of complex II was calculated as SCFs normalizing the oxygen flux linked to complex II for
the convergent flux of complex I + complex II, both measured during OXPHOS stimulation [39].

4.7. Statistical Analysis

All data are expressed as means with standard deviation. At least three independent experiments
were performed. Data were statistically analyzed by t-test using GraphPad Prism software. The following
values * p < 0.05, ** p < 0.01, *** p < 0.001 were taken as significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/21/
7809/s1. Table S1. Oxygen flux calculated for each respiratory state corrected for the ROX respiration in untreated
(CTRL) and MPP+ treated cells; Table S2. FCR calculated for each respiratory state as ETS percentage in untreated
(CTRL) and MPP+ treated cells; Table S3. FCR calculated for net and coupling respiration and E-R capacity factor.
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PD Parkinson’s disease

ND Neurodegenerative disease

DA Dopamine

LBs Lewy’s bodies

MPTP  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MPP*  1-methyl-4-phenylpyridinium ion

ETS Electron transport system

HRR  High-resolution respirometry

RA Retinoic acid

TH Tyrosine hydroxylase

SUIT  Substrate-uncoupler-inhibitor titration
FCR Flux control ratio

SCF Substrate control factor

IMM  Inner mitochondrial membrane

12 0f 15

OMM  Outer mitochondrial membrane
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