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Abstract

MPTP-mouse model constitutes a well-known model of neuroinflammation and mitochon-

drial failure occurring in Parkinson’s disease (PD). Although it has been extensively reported

that nitric oxide (NO•) plays a key role in the pathogenesis of PD, the relative roles of nitric

oxide synthase isoforms iNOS and nNOS in the nigrostriatal pathway remains, however,

unclear. Here, the participation of iNOS/nNOS isoforms in the mitochondrial dysfunction

was analyzed in iNOS and nNOS deficient mice. Our results showed that MPTP increased

iNOS activity in substantia nigra and striatum, whereas it sharply reduced complex I activity

and mitochondrial bioenergetics in all strains. In the presence of MPTP, mice lacking iNOS

showed similar restricted mitochondrial function than wild type or mice lacking nNOS. These

results suggest that iNOS-dependent elevated nitric oxide, a major pathological hallmark of

neuroinflammation in PD, does not contribute to mitochondrial impairment. Therefore, neu-

roinflammation and mitochondrial dysregulation seem to act in parallel in the MPTP model

of PD. Melatonin administration, with well-reported neuroprotective properties, counteracted

these effects, preventing from the drastic changes in mitochondrial oxygen consumption,

increased NOS activity and prevented reduced locomotor activity induced by MPTP. The

protective effects of melatonin on mitochondria are also independent of its anti-inflammatory

properties, but both effects are required for an effective anti-parkinsonian activity of the indo-

leamine as reported in this study.
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Introduction

The participation of factors such as oxidative/nitrosative stress, excitotoxicity, inflammation and

mitochondrial dysfunction in the pathogenesis of sporadic Parkinson’s disease (PD) may be

studied with the use of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neurotoxin. The

active glial metabolite of MPTP, 1-methyl-4-phenylpyridinium (MPP+), is taken up into the

dopaminergic neurons through the dopamine transporter, and accumulated in the mitochon-

dria of the substantia nigra pars compacta (SNpc) [1–5]. Within the mitochondria, MPP+ binds

to and inhibits complex I of the electron transport chain (ETC) [6], enhancing the production of

superoxide anion (O2•-) and other reactive oxygen species (ROS). These ROS produce a sus-

tained oxidative damage to the ETC, subsequent ATP reduction, and nigral cell death [7, 8].

MPP+ also induces microglia activation and iNOS expression in the substantia nigra of mice [9],

yielding large amounts of NO• that collaborate to neuronal death [10]. Moreover, NO• rapidly

reacts with O2•- forming reactive nitrogen species (RNS) including the highly toxic peroxynitrite

(ONOO−) that irreversibly damage the ETC complexes [11], further promoting neuronal death

[12]. Although it is yet unclear why the inflammatory reaction occurs in PD, published data sup-

port that the ROS produced in the mitochondria may induce this response [13–21]. Given the

role of neuroinflammation in the pathophysiology of PD, the effect of anti-inflammatory drugs

in both animal models and epidemiological studies is still controversial [22].

The presence of both constitutive (cNOS) and inducible (iNOS) NOS isoforms in the

nigrostriatal tissue has been proposed as responsible of neuronal damage in the striatum (ST)

and substantia nigra (SN), respectively, during experimental PD [9]. Previously, the induction

of iNOS has been reported in the SN but not in the ST of MPTP-treated mice, whereas the con-

stitutive nNOS enhanced in the latter [23], as well as in other studies iNOS mutant mice were

protected against MPTP toxicity [24]. These data further support a role for iNOS/nNOS iso-

forms in the pathogenesis of PD.

Previous reports showed that the indolamine melatonin (N-acetyl-5-methoxytrytamine,

aMT) prevents dopamine auto-oxidation [25] and exerts neuroprotective properties in differ-

ent types of neurodegeneration, including the MPTP model of PD [26–30]. These effects of

melatonin may be related to its antioxidant, anti-inflammatory, and anti-excitotoxic actions.

The antioxidant actions involve direct scavenging of both ROS and RNS [31–33], and indirect

up-regulation of antioxidant enzymes in multiple tissues including the brain [34, 35]. The

anti-inflammatory actions of aMT depend on the inhibition of the expression of iNOS and

other Nf-kB-dependent inflammatory mediators [36–39]. A correlation between i-mtNOS

expression and mitochondrial failure during inflammation has been also reported in other

models [37, 40, 41]. The anti-excitotoxic actions of melatonin are related to the inhibition of

the NMDA receptors and the subsequent nNOS activity in vitro and in rat striatum in vivo
[42–44].

A direct relationship between inflammation and mitochondrial damage exists in PD, even

before dopaminergic degeneration is observable in this disease. It has been previously de-

scribed that the induction of iNOS in SN increasing NO• levels in mitochondria after MPTP

administration to mice, and also increases nNOS activity and expression in ST, enhancing

NO• levels and excitotoxicity [9]. However, whether iNOS/nNOS expression may affect mito-

chondrial failure in MPTP-induced PD model remains unclear. In this study we used iNOS

and nNOS- Knockout mice in order to evaluate the role of these isoforms in mitochondrial

failure during sub-acute MPTP model of PD. Furthermore, we proposed that melatonin,

which inhibits the expression and activity of iNOS and nNOS as well as improves mitochon-

drial respiration in other models, could exert neuroprotective effects in these two events inde-

pendently of the presence/absence of the excess of NO• induced by MPTP.

NOS and mitochondrial pathways in PD
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Materials and methods

Animals and treatments

Three months old male mice from four strains were used for this study: iNOS deficient mice

(iNOS-/-, ref. B6.129P2-Nos2tm1Lau/J) and their respective controls (iNOS+/+, ref. C57/Bl/6);

and nNOS deficient mice (nNOS-/-, ref. B6;129S4-Nos1tm1Plh/J) and their respective wild-

type controls (nNOS+/+, ref. B6129SF2/J). All strains were obtained from Jackson Laboratory

(Sacramento, CA, USA). Mice were housed in clear plastic cages maintained at 22˚C ± 1˚C

and 40% humidity, with a 12 hr light/dark cycle with lights on at 08:00, at the University of

Granada’s facility. Mice were feed with tap water and a standard diet ad libitum. All the experi-

ments were performed according to protocols approved by the Institutional Animal Care and

Use Committee of the University of Granada (procedures CEEA-2010-273 and 462-CEEA-

2013) in accordance with the European Convention for the Protection of Vertebrate Animals

used for Experimental and Other Scientific Purposes (CETS # 123) and the Spanish law (R.D.

53/2013). Mice were divided into the following groups: 1- saline-injected control group; 2-

MPTP- injected group, and 3- group treated with MPTP and aMT (MPTP+aMT). The doses

were administrated in order to study the effects of both treatments in a sub-acute model of PD

as previously described [10]. MPTP was dissolved in saline buffer and administered subcutane-

ously (s.c) in four doses of 15 mg/kg (30 μl/injection) into mice at the first day with 2-h in-

tervals between them. After 24 hr, three additional injections of the same MPTP dose were

administrated with the same time interval. Melatonin was dissolved in 30 μL of 2.5% ethanol/

saline (v/v) solution and administered at a dose of 10 mg/kg by subcutaneous injection 1 hr

before the first dose of MPTP each day. Thirty-two hr after starting treatments, the animals

were euthanized using an over-dose of anesthesia (>1.5 mL equithesin/Kg body weight, i.p.)

followed by cervical dislocation [23, 45]. Their brains were removed, and fresh SN and ST

were dissected for subsequent mitochondria preparation. Fresh isolated mitochondria suspen-

sion was used for respiration analysis. Mitochondrial pellets stored at -80˚C were used for all

other assays.

Isolation of cytosol and pure mitochondria

Mitochondrial and cytosolic fractions of ST and SN were prepared as described elsewhere

[46], with minor modifications. All procedures were carried out at 4˚C. Briefly, ST and SN

were dissected, weighed, placed into ice-cold buffer (25 mM Tris, 0.5 mM DTT, 10 μg/mL

aprotinin, 10 μg/mL leupeptin, 10 μg/mL pepstatin, 1 mM PMSF, pH 7.6) and homogenized

(10%, w/v) at 700 rpm in a Teflon pestle. The homogenates were centrifuged at 1,000 g for 3

min. The supernatant was collected in a separate tube and the pellet was resuspended again

into ice-cold buffer. The supernatants of these two centrifugations were mixed and centrifuged

at 21,200 g for 10 min, yielding the crude mitochondrial and cytosolic fractions. The superna-

tants of this second centrifugation, which correspond to the crude cytosolic fraction, were fro-

zen at -80˚C. The crude mitochondrial pellets were suspended in 15% v/v Percoll prepared in

isolation buffer (0.32 M sucrose, 1 mM EDTA-K1, 10 mM Tris-HCl, pH 7.4), in a proportion

of 1 g original brain homogenate/10 mL Percoll. Then, this mixture was carefully layered onto

a discontinuous Percoll density gradient consisting in 1 mL of 23% (v/v) Percoll layered onto 1

mL of 40% (v/v) Percoll. The samples were centrifuged at 28,200 g for 12 min in an angle-fixed

rotor. The bands in the interface between 15% and 23% Percoll layers were aspirated with a

syringe, carefully diluted 1:1 with isolation medium, and centrifuged at 16,800 g for 10 min.

The pellet was washed in 1 mL isolation buffer to yield a highly pure mitochondrial prepara-

tion without contaminating organelles and broken mitochondria [40].
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Determination of melatonin by HPLC

Melatonin in SN and ST was determined by HPLC with fluorescence detection following a

method described elsewhere [47]. Frozen mitochondria from SN and ST samples were thawed

and sonicated in PBS, pH 7.4, and centrifuged at 3,000 g for 10 min at 4˚C. Aliquots of the

supernatants were frozen at -80˚C for protein determination or mixed (500 μL) with 1 mL

chloroform, shaken for 20 min, and centrifuged at 9,000 g for 10 min at 4˚C. The organic

phase was washed twice with 0.05 M Na2CO3 buffer, pH 10.25, and 500 μL of the samples was

evaporated to dryness in a SPD 2010 SpeedVac System (Fisher Scientific). The residue was

then dissolved in 100 μL of mobile phase (100 mM sodium phosphate, 0.1 mM EDTA, and

25% acetonitrile).

Melatonin content was then measured by HPLC (Shimadzu Europe GmbH, Duisburg, Ger-

many) with a 150 × 4.5 mm Waters Sunfire C18 5 μm column (Waters Chromatography, Bar-

celona, Spain). After stabilizing the column with the mobile phase, samples (20 μL) were

injected onto the HPLC system at a 1 mL/min flow rate, and the fluorescence of melatonin was

measured in a fluorescence detector (Shimadzu RF-10A XL fluorescence detector) with an

excitation and emission wavelength of 285 and 345 nm, respectively. Retention time was 8.9

min. A standard curve for melatonin was constructed with 17.9, 35.9, 71.9, 143.7, and 287.5

pg/mL, and the concentration of melatonin in the samples was calculated according to the

peak area. 5-Fluorotryptamine was used as an internal standard [48]. Melatonin levels were

expressed in pg/mg protein, measured by Bradford method [49].

Complex I (NADH:Ubiquinone oxidoreductase) assay

To prepare submitochondrial particles, mitochondrial pellets were frozen and thawed twice,

suspended in 160 μL of the incubation medium, and sonicated. Protein concentration in mito-

chondrial suspension was determined by Bradford method. Complex I activity (NADH CoQ

oxidoreductase) was measured in the presence of decylubiquinone and succinate as the rote-

none-sensitive decrease in NADH. Briefly, an aliquot of the submitochondrial suspension (0.5

mg protein/mL, final concentration) was added to the reaction mixture containing 0.25 M

sucrose, 50 mM KH2PO4, pH 7.4, 1 mM KCN, 10 μg/mL antimycin A, and 50 μM decylubi-

quinone. After pre-incubation for 3 min at 25˚C, the reaction was initiated by the addition of

NADH (100 μM, final concentration), and the rate of decrease in the absorbance was moni-

tored at 340 nm for 1.5 min. The incubation in the presence of 1 μM rotenone completely abol-

ished the NADH oxidase activity measured with this method, verifying that this activity

corresponds to complex I [50–52]. The activity of the complex I was expressed as nmol of

NADH oxidized/min/mgprot.

Assay of NOS activity

NOS catalyzes the reaction of L-arginine into L-citrulline and NO• in a 1:1 stoichiometric ratio

(ie the amount of L-citrulline produced = the amount of NO• produced). As such, measuring

L-[3H]citrulline derived from radioactively labelled L-[3H]arginine can be used to measure

NO• production. Therefore, we can state that an increase in NOS activity corresponds to an

increase in the production of NO•.

Samples from SN and ST were either stored at -80˚C for total protein determination by

Bradford [49] or used immediately for NOS activity assays, monitoring the conversion of L-

[3H]arginine to L-[3H]citrulline [53]. The final incubation volume was 100 μL and contained

10 μL of sample in 25 mM Tris buffer, 1 mM DTT, 30 μM H4-biopterin, 10 μM FAD, 10 μM

L-arginine, 50 nM L-[3H]arginine, 0.5 mg/mL BSA, 0.5 mM inosine, and 0.1 mM CaCl2 (final

concentrations), pH 7.6. The reaction was started by the addition of 10 μL NADPH (0.75 mM
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final concentration) and continued for 30 min at 37˚C. Control incubations were performed

in the absence of NADPH. To determine the Ca2+-independent iNOS activity, 10 mM EDTA

was added to the reaction medium. The reaction was stopped by the addition of 400 fiL cold

0.1 M Hepes containing 10 mM EGTA, 1 mM L-citrulline, pH 5.5. The reaction mixture was

decanted into a 2 mL column packed with Dowex-50W ion exchange resin (Na+ form) and

eluted with 1.2 mL distilled water. L-[3H]citrulline was quantified by liquid scintillation spec-

troscopy. The retention of L-[3H]arginine by the column was greater than 98%. Specific

enzyme activity determined by subtracting the control value, which usually amounted less

than 1% of the radioactivity added. NOS activity was expressed as pmol of L-[3H]citrulline/

min/mg protein.

Quantification of mtDNA damage

Real-time PCR was used to quantify mouse mitochondrial DNA (mtDNA) copy number by

relative comparison of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), that is encoded

by nuclear DNA (nDNA), to the mitochondrial locus for murine COX I gene, that is tran-

scribed by mitochondrial DNA (mtDNA). Mitochondrial DNA copy number is a critical com-

ponent of overall mitochondrial health and may provide insight into the processes that either

initiate or propagate mitochondrial dysfunction in disease. Primers and detection probe spe-

cific to COX I gene were designed by Spinazzola and colleagues using ABI Primer Express soft-

ware (35) (Fw: 5’-TGCTAGCCGCAGGCATTACT-3’; Rv: 5’-CGGGATCAAAGAAAGTTGTG
TTT-3’; mtDNA CO1 MGB-FAM detection probe 5’-TACTACTAACAGACCGCAACC-3’.

Primers and detection probe of the gene encoding mouse glyceraldehyde-3-phosphate dehy-

drogenase were used as nuclear gene standard references, according manufacturer’s instruc-

tions. Each PCR reaction was performed in triplicate in a two-step protocol as follows: one

cycle at 50˚C for 2 min, one cycle at 95˚C for 10 min, and then 40 cycles of 95˚C for 15 s and

60˚C for 1 min. [54]. The values mtDNA levels were normalized by nDNA and the data were

expressed in terms of percent relative to wild-type mice.

Measurement of mitochondrial oxygen consumption

Oxygen consumption was measured by high-resolution respirometry (Oxygraph-2K, ORO-

BOROS Instruments, Innsbruck, Austria) [25]. The oxygraph consists in a two-chamber respi-

rometer with a peltier thermostat and electromagnetic stirrers. The oxygraph was constructed

to minimize back-diffusion by using materials that are impermeable for oxygen [27]. The pro-

tocol developed to analyse the mitochondrial status by respirometry allowed us to evaluate the

effects of MPTP and the involvement of the two isoforms of NOS, constitutive and inducible,

in the mitochondrial failure occurring in the primarily affected tissues in Parkinson’s disease,

SN and ST. Fresh isolated mitochondria from SN and ST were incubated in potassium me-

dium containing 0.5 mM EGTA, 3 mM MgCl2.6H2O, 20 mM taurine, 10 mM KH2PO4,

20 mM HEPES, 200 mM sucrose, and 1g/l BSA, adjusted to pH 7.1 with KOH at 30˚C. The

medium had previously been equilibrated with air in each chamber completely open (set at 2

mL) at 30˚C and stirred at 750 rpm until a stable signal was obtained for calibration at air satu-

ration. A final concentration of 0.2–0.3 mg/mL of protein content in the respiratory buffer was

used for the measurements. A protocol was developed for the measurement of the different

mitochondrial chain respiratory states, as follows. After closing the chamber, an initial state 2

or routine was measured in the presence of 5 mM malate, glutamate and succinate, substrates

for the complexes I and II, which correspond to the basal respiration in absence of ADP. Active

respiration (state 3) was then initiating by adding 400 nmol ADP promoting a quick response

of the ETC coupled to the oxidative phosphorylation translated into a rapid increase of the
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oxygen consumption until all ADP has been phosphorylated to ATP. Then oxygen flux falls

sharply until oxygen consumption and concentration stabilize in a new plateau called mito-

chondrial respiratory state 4 or leak state, which corresponds to a non-phosphorylating resting

state, higher than state2 because the mitochondria has been activated by the addition of ADP.

In order to understand the role of complex I in the mitochondrial failure induced by the neu-

rotoxin after the stabilization of the oxygen flux in state 4, complex I activity was inhibited by

the addition of 0.5μM rotenone to the incubation media. The obtained states 2, 3 and leak cor-

respond now to the oxygen consumption through the complex II. The protocol was completed

within 20–30 min, time within all the oxygen in the chamber is used, and the data was obtained

at 0.2-s intervals using a computer-driven data acquisition system (Datlab, Innsbruck, Aus-

tria). The results were expressed as pmol oxygen consumed per minute and per mg of protein

at state 2, state 3 or leak state, or as respiratory control index (RCR), i.e., the state 3/Leak state

(state 4) respiration ratio. ADP/O ratio was calculated dividing the amount of ADP added by

the measured oxygen consumption during state 3 in ng atom oxygen.

Behavioral analysis

Animals were housed in 4-wall cages with red light during the night and monitored during 4

hr (from 00:00 to 04:00) with a video-tracking system (Smart v. 3.0.03, Panlab Harvard Appa-

ratus, Barcelona, Spain), which allowed the recording of activity and trajectories of mice. The

total travelled distance in 4hrs was measured using the Smart video-tracking software. A 100%

value was assigned to the distance travelled by control mice and compared to distances trav-

elled by mice treated either with MPTP only or MPTP with aMT.

Statistical analysis

Eight SN and ST (corresponding to four mice) were mixed and processed together as one sam-

ple to obtain a minimal amount of mitochondria for analytical purposes. Thus, the data repre-

sent the mean of six experiments (corresponding to 24 mice) performed in triplicate. One-way

ANOVA followed by Sidak’s multiple comparisons test was used for statistical purposes to

compare the effect of the treatments in each tissue separately. Two-way ANOVA followed by

Tukey multiple comparisons analysis was used to compare the effect of treatments between the

two tissues analyzed, SN and ST. A value of P< 0.05 was considered statistically significant.

Results

Melatonin concentration increased in mitochondria of SN and ST after its

systemic administration

To confirm whether melatonin administered to mice reached the SN and ST mitochondria, we

measured the melatonin levels in isolated pure mitochondria by HPLC (Fig 1). Within each

genotype, the basal content of melatonin in the SN and ST of saline-injected control was not

significantly different, except in ST of iNOS-/- mice (P<0.05). MPTP treatment alone increased

the mitochondrial melatonin content in the ST of both NOS deficient mice strains, from a

mean of 72.83 ± 6.74 pg/mg protein in control group to 88.13 ± 4.34 pg/mg prot after MPTP

treatment but this increase was only significant in ST from nNOS-/- mice. After melatonin

treatment, the concentration of melatonin within the mitochondria increased significantly

in both tissues compared to their respective saline-injected controls in all strains, and this

increase was proportionally greater in SN than in ST in all cases. The administration of melato-

nin increased 2-fold its concentration in the mitochondria from SN of the four mice strains

(from a mean of the four control groups of 86.51 ± 10.49 pg/mg protein in control group to
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172.49 ± 19.79 pg/mg protein after melatonin treatment, P< 0.0001 vs. control). However, the

levels of melatonin were proportionally less increased in mitochondria from ST where this

increase in melatonin concentration corresponds to a 162 ± 13% of the control level (from a

mean of 70.57 ± 4.94 pg/mg protein in control group to 114.92 ± 5.76 pg/mg protein after mel-

atonin treatment).

MPTP increased iNOS but not nNOS activity in SN and ST of mice, and

melatonin treatment prevented this effect

MPTP administration enhanced iNOS activity in SN (312.63 ± 14.6%; from 19.53 ± 2.1 to

60.93 ± 4.89 pmol of L-[3H]citrulline/min/mg protein) and ST (207.89 ± 12.6%; from 25.21 ±
2.8 to 52.18 ± 5.01 pmol of L-[3H]citrulline/min/mg protein) of iNOS+/+ mice (Fig 2A and

2B). MPTP also increased iNOS activity in SN of nNOS+/+ and nNOS-/- mice by 324.17% and

292.7% respectively (from 20.15 ± 2.5 to 65.32 ± 5.02 pmol of L-[3H]citrulline/min/mg protein

in nNOS+/+ and from 24.12 ± 2.47 to 70.6 ± 4.63 pmol of L-[3H]citrulline/min/mg protein in

nNOS-/-) and in ST in a lesser extent (202.01% in ST from nNOS+/+ and 247.78% in ST of

nNOS-/-; from 24.54 ± 3.02 to 49.59 ± 4.55 pmol of L-[3H]citrulline/min/mg protein and from

20.99 ± 1.87 to 52.01 ± 5.12 pmol of L-[3H]citrulline/min/mg protein, respectively) (Fig 2C

and 2D). MPTP, however, did not affect nNOS activity in any mice strain. In both tissues,

MPTP increased the total NOS activity due to the inducible component, iNOS, with no

changes in nNOS activity, suggesting that the excess of NO• produced in this model of PD

depends on enhanced iNOS activity. As expected, mice lacking iNOS or nNOS had not activity

of these isoforms, respectively. Our data also show the lack of any compensatory effect for each

other’s activity after knocking-out nNOS or iNOS as no increased activity can be seen in either

isoform in the SN or ST of saline-injected groups compared to the non-deficient mice. Melato-

nin administration counteracted the effect of MPTP on iNOS activity, without affecting

nNOS, preventing from the production of an excess of NO•, and consequently protecting the

brain nuclei from nitrosative stress.

Fig 1. The administration of melatonin increased its levels within the mitochondria of targeted

tissues, SN and ST. Graph shows changes in the melatonin levels of mitochondria from SN and ST of

iNOS+/+ (above left) and iNOS-/- (above right) and SN and ST of nNOS+/+ (down left) and nNOS-/- (down

right). Mean ± SD of 6 animals per group, triplicated; *P <0.05, **P <0.01, and ****P < 0.0001 vs. control;
ΦP < 0.05, ΦΦΦP < 0.001 and ΦΦΦΦP < 0.0001 vs. equivalent group in SN.

https://doi.org/10.1371/journal.pone.0183090.g001
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Complex I activity declined in SN and ST after MPTP treatment and

melatonin administration counteracted this effect

Basal activity of complex I was higher in SN than in ST in iNOS+/+ and iNOS-/- mice strains

(Fig 3A and 3B, P< 0.05 and P< 0.0001 respectively). Mice lacking nNOS isoform, however,

showed higher basal activity of complex I in ST than in SN nuclei (Fig 3D, P< 0.0001). In all

cases, the administration of MPTP significantly reduced the activity of complex I referred to

their respective control value (P< 0.0001 for SN of iNOS+/+, iNOS-/- and nNOS+/+ mice and

Fig 2. The MPTP treatment caused an increase in the activity of iNOS but not nNOS in SN and ST

whereas melatonin treatment restored the activity to control levels. The increase in NOS activity after

MPTP administration is abolished in mice lacking iNOS. The graphs show the changes in total NOS and iNOS

activities in ST and SN of control mice (left) vs. deficient mice (right) (Mean ± SD of 6 animals per group,

triplicated). ****P < 0.0001 vs. control; ####P < 0.0001 vs. MPTP.

https://doi.org/10.1371/journal.pone.0183090.g002

Fig 3. The treatment with MPTP induced a drastic decrease in the activity of the complex I in SN and

ST independently of the absence/presence of iNOS/nNOS. The administration of melatonin counteracted

this effect. The graphs show the changes in the activity of complex I in SN and ST of iNOS+/+ (above left) and

iNOS-/- (above right) and SN and ST of nNOS+/+ (down left) and nNOS-/- (down right). Mean ± SD of 6 animals

per group, triplicated; *P < 0.05, **P < 0.01, and ****P < 0.0001 vs. control; P < 0.05 ## and ####P < 0.0001

vs. MPTP; ΦΦP < 0.05 and ΦΦΦΦP < 0.0001 vs. basal complex I in SN.

https://doi.org/10.1371/journal.pone.0183090.g003
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P< 0.01 for SN in nNOS-/-). Considering the different basal activity of complex I among the

two tissues analyzed in most strains, the MPTP-dependent reduction in this activity was pro-

portionally greater in SN than in ST for all groups except for nNOS-/- mice (Fig 3D). The

absence of iNOS did not avoid the decrease in the activity of the complex I after MPTP treat-

ment. Although the absence of nNOS drastically reduced basal complex I activity in SN com-

pared to its wild-type (from 11.5 ± 0.85 nmol/min�mg protein in nNOS+/+ to 5.13 ± 1.15

nmol/min�mg protein in nNOS-/-), the decay in the percentage of its activity after MPTP treat-

ment was comparable to that in nNOS+/+ wild-type mice (61.40% vs. 58.53% respectively; from

5.13 ± 1.15 nmol/min�mg protein to 1.98 ± 0.63 nmol/min�mg protein in nNOS-/- and from

11.5 ± 0.85 nmol/min�mg protein to 4.77 ± 0.71 nmol/min�mg protein in nNOS+/+). In ST of

nNOS-/- mice, however, basal complex I activity was higher than in SN (P>0.0001) and MPTP

produced a greater drop in its activity relative to basal value (P>0.0001 in ST vs. P>0.01 in

SN). Melatonin administration to MPTP-treated mice recovered complex I activity, an effect

independent of the mice strain analyzed; that is, the presence or absence of iNOS/nNOS was

unrelated to the melatonin effect.

MPTP dramatically reduced mitochondrial oxygen consumption, an

effect prevented by melatonin administration

Typical changes in respiratory flux and oxygen concentration of isolated mitochondria from

SN of control and MPTP treated iNOS+/+ mice are illustrated in Fig 4. Starting from similar

values of basal respiration in state 2, MPTP treatment promoted a significant reduction of oxy-

gen consumption after activation of mitochondrial respiration by the addition of ADP. Inter-

estingly, not only the highest value in oxygen flux during state 3 is reduced in SN of MPTP-

treated mice, also the time that has been taken for the complete depletion of ADP is much lon-

ger, suggesting a slow and less efficient phosphorylation. This effect of MPTP is important and

it is not represented in classic state 3-leak state studies. After the inhibition of the complex I by

rotenone, the MPTP-dependent decrease on state 3 is prevented, suggesting that the effect of

the neurotoxin is targeting specifically the first complex of the ETC but not complex II.

Fig 5 shows the changes in states 3 and leak (state 4) obtained during mitochondrial respira-

tion in SN and ST. The most significant changes occur in MPTP-treated mice during state 3

before the inhibition of complex I by rotenone (CI+CII).This decrease in state 3 was propor-

tionally greater in SN than in ST compared to their respective saline-injected control groups

in all strains (mean inhibition of 52.28 ± 6.3% in SN, from 1804 ± 199 pmol/s�mg protein to

938 ± 27 pmol/s�mg protein compared to a 37.71 ± 9.04% inhibition in ST, from a mean of

1832 ± 201 pmol/s�mg protein to 1137 ± 262 pmol/s�mg protein after MPTP treatment) (Fig

5A). Compared to state 3, state 4 was less affected by MPTP or by rotenone inhibition, con-

firming that the ETC dysfunction after MPTP is due to damaged complex I. Interestingly,

MPTP treatment resulted in a smaller decrease of the state 3 referred to its saline-injected

control in the SN from iNOS-/- than in SN from iNOS+/+ (45.56% vs. 71.33% of reduction

respectively; from 1878.42 ± 62.58 pmol/s�mg protein to 1022.51 ± 33.8 pmol/s�mg protein

in iNOS-/- and from 1865.20 ± 169.39 pmol/s�mg protein to 534.75 ± 157.3 pmol/s�mg pro-

tein in iNOS+/+). Similar changes were found in the SN of nNOS-/- and nNOS+/+ (44.89% vs.

53.84% of reduction respectively; from 1374 ± 126.34 pmol/s�mg protein to 757.13 ± 59.01

pmol/s�mg protein in nNOS-/- and from 1552.29 ± 142.49 pmol/s�mg protein to 720.63 ± 135

pmol/s�mg protein in nNOS+/+). However, mice lacking nNOS showed a lesser reduction of

the active state after MPTP in the ST than nNOS+/+ mice (32.52% vs. 48.32% respectively;

from 1689.32 ± 227 pmol/s�mg protein to 1139.95 ± 48.21 pmol/s�mg protein in nNOS-/- and

from 1393.32 ± 122 pmol/s�mg protein to 719.95 ± 62.24 pmol/s�mg protein in nNOS+/+).
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Importantly, although depletion of iNOS does not prevent the reduction in the state 3, absence

of iNOS seems to increase both resting (state 4) and active (state 3) respiration, effect restricted

to mitochondria from the SN, suggesting a bigger role of this isoform in this tissue where

iNOS activity is more sharply increased. Melatonin treatment counteracted the harmful effects

of MPTP, restoring significantly the state 3 respiration in mitochondria from SN and ST of all

animal strains, and with minimal effects on leak state.

The respiratory control ratio (RCR), the ratio of state 3/Leak state, is the best indicator of

well-coupled isolated mitochondria. MPTP significantly reduced RCR ratio measured during

CI+II respiration in all cases, except in SN of iNOS-/- and ST of nNOS-/- (Table 1). The effects

of MPTP on RCR ratio calculated during CII respiration showed minimal effects and signifi-

cant changes were only found in nNOS+/+ mice.

The efficiency of oxidative phosphorylation can be measured as the ratio of nmoles of ADP

consumed per nanoatoms of oxygen consumed during ADP-stimulated respiration (ADP/O

ratio). Interestingly, we found that MPTP had a greater effect in ST than in SN reducing signif-

icantly ADP/O through CI+II in ST of all strains and in SN from nNOS-/- mice. The signifi-

cantly decreased respiratory control ratio (RCR) found in SN from wild-type mice, iNOS+/+

and nNOS+/+, did not result in a lesser oxidative phosphorylation efficiency in this tissue.

Again, MPTP had lower effects on the ADP/O ratio during CII respiration (Table 2).

In analysing the ability of melatonin to rescue the effect of MPTP, two comparisons were

made. Firstly, whether the MPTP+aMT treatment was significantly different from the MPTP

only treatment, where a significant increase would show melatonin ameliorating the toxic

effect of MPTP. And secondly, whether the MPTP+aMT treatment was significantly different

from the control group, where non-significance would show melatonin completely rescuing

these parameters to control levels.

In all cases where MTPT significantly decreases RCR and ADP/O ratio (ie. all except for the

RCR in SN of nNOS+/+ through CII and ADP/O in ST of iNOS+/+ through CII), melatonin

increases significantly these values, and in many occasions, to control levels. Therefore,

Fig 4. Oxygraph trace of mitochondrial respiration in SN control (above) and MPTP (down) from wild-type for iNOS mice. Oxygen

concentration (nmol/mL) and oxygen flux per mass (pmol/s*mg protein) were represented. Black arrows represent activation of respiration by

additions of ADP (400 nmol) before and after complex I inhibition by the addition of 2.5 μM of rotenone (white arrow). Changes in state 3 and 4 were

then evaluated.

https://doi.org/10.1371/journal.pone.0183090.g004

Fig 5. Mitochondrial oxygen consumption decreased sharply after MPTP administration in SN and ST

of all strains, an effect prevented by melatonin treatment. More significant changes were found in

respiration through complexes I+II. The graphs show the changes in oxygen consumption at state 3 and 4 in

SN (A) and ST (B) of iNOS+/+, iNOS -/-, nNOS+/+ and nNOS -/- mice respectively, through complexes I and II

(dark bars) and through complex II (white bars). Results are shown as the mean ± SD of 4 animals per group,

triplicated. *P < 0.05, **P < 0.01, ***P<0.001 and ****P < 0.0001 vs. saline-injected control; ##P < 0.01, and
####P < 0.0001 MPTP vs. MPTP+aMT; ΦP < 0.05, ΦΦP < 0.01, ΦΦΦP < 0.001 and ΦΦΦΦP < 0.0001 CII vs. CI

+II.

https://doi.org/10.1371/journal.pone.0183090.g005
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melatonin treatment rescues the coupling between the electron transport chain and the oxida-

tive phosphorylation as well as the efficiency of oxidative phosphorylation.

NOS isoforms and melatonin treatment have different effects on mtDNA

content

To evaluate the role of the presence/absence of constitutive and inducible NOS isoforms and

melatonin treatment on mtDNA in our MPTP model, mtDNA expression was measured by

RT-PCR. The ratio mtDNA/nDNA was used as an indicator of mitochondrial genomic

Table 1. Control respiratory index (RCR) in ST and SN mitochondria.

Substantia nigra Striatum

CI+CII CII CI+CII CII

Group Control MPTP +aMT Control MPTP +aMT Control MPTP +aMT Control MPTP +aMT

iNOS+/+ 2.37 ± 0.05 1.04 ±
0.05****

2.00 ±
0.09####, ****

1.06 ±
0.01

1.04 ±
0.01

1.08 ±
0.01

1.80 ±
0.07

1.46 ±
0.05***

1.83 ±
0.08####

1.09 ±
0.05

1.03 ±
0.04

1.11 ±
0.02

iNOS-/- 1.56 ±
0.1

1.40 ±
0.08

1.54 ±
0.09#

1.15 ± 0.11 1.13 ±
0.04

1.14 ±
0.07

1.88 ±
0.11

1.40 ±
0.09***

1.87 ±
0.08####

1.37 ±
0.08

1.22 ±
0.11

1.30 ±
0.07

nNOS+/+ 1.86 ±
0.09

1.10 ±
0.06****

1.57 ±
0.09###, ***

1.45 ±
0.05

1.11 ±
0.08****

1.18 ±
0.09****

1.73 ±
0.08

1.02 ±
0.06****

1.70 ±
0.09####

1.36 ±
0.04

1.16 ±
0.05**

1.28 ±
0.08

nNOS-/- 1.58 ±
0.1

1.30 ±
0.08***

1.60 ±
0.05####

1.04 ±
0.03

1.02 ±
0.02

1.05 ±
0.04

1.79 ±
0.12

1.59 ±
0.11

1.71 ±
0.10#

1.12 ±
0.09

1.11 ±
0.09

1.16 ±
0.08

Data are shown as the mean ± SEM.

**p < 0.01

***p<0.001 and

****p < 0.0001 vs. control
###p < 0.001 and
####p < 0.0001 vs. MPTP.

https://doi.org/10.1371/journal.pone.0183090.t001

Table 2. Values of the ADP:O ratio in ST and SN mitochondria.

Substantia nigra Striatum

CI+CII CII CI+CII CII

Group Control MPTP +aMT Control MPTP +aMT Control MPTP +aMT Control MPTP +aMT

iNOS+/+ 2.49 ± 0.21 2.01 ±
0.09

2.25 ±
0.38

1.34 ±
0.04

1.14 ±
0.05*

1.31 ±
0.06#

3.08 ±
0.15

2.43 ±
0.17****

2.83 ±
0.2#

1.58 ±
0.19

1.26 ±
0.08**

1.32 ±
0.05**

iNOS-/- 2.51 ±
0.2

2.62 ±
0.37

2.36 ±
0.39

1.10 ± 0.05 1.05 ±
0.15

1.13 ±
0.11

3.14 ±
0.08

2.33 ±
0.03****

3.05 ±
0.02####

1.49 ±
0.04

1.28 ±
0.13

1.37 ±
0.16

nNOS+/+ 3.17 ±
0.17

2.70 ±
0.31

2.88 ±
0.17

1.28 ±
0.11

1.20 ±
0.12

1.27 ±
0.1

2.66 ±
0.12

2.10 ±
0.14****

2.26 ±
0.05***

1.55 ±
0.08

1.36 ±
0.09

1.57 ±
0.04

2.46 ±
0.1

1.78 ±
0.18*

2.23 ±
0.38##

1.51 ±
0.04

1.07 ±
0.09****

1.39 ±
0.02###

2.61 ±
0.06

1.36 ±
0.18****

2.16 ±
0.13####, ****

1.17 ±
0.06

1.08 ±
0.02

1.57 ±
0.002####, ****

Data are shown as the mean ± SEM.

*p < 0.05

**p < 0.01

***p < 0.001 and

****p < 0.0001 vs. control
#p < 0.05
##p < 0.01
###p < 0.001 and
####p < 0.0001 vs. MPTP.

https://doi.org/10.1371/journal.pone.0183090.t002
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damage and/or biogenesis of the organelle (Fig 6). MPTP treatment induced a reduction in the

ratio mtDNA/nDNA compared to their saline-injected controls in all strains and in both ST

and SN, except in ST from iNOS-/- mice. Interestingly, the lack of iNOS could not prevent the

mitochondrial DNA depletion induced by MPTP in SN, where the most significant change

was found compared to the saline-injected control group (P<0.0001 in iNOS-/- vs. P<0.05 in

SN from wild-type and nNOS-/-). Melatonin administration showed a very different effect in

ST and SN of all mice strains. In ST, the effect of the indolamine was minimal and unable to

rescue the MPTP-dependent reduced mtDNA/nDNA ratio in each mouse strain. In contrast,

in SN, melatonin treatment promoted an increase in mitochondrial DNA levels reestablishing

control values, including SN from iNOS-/- where the most drastic changes were found com-

pared to saline-injected control group.

Melatonin prevented the bradykinesia induced by MPTP

Mice were housed in 4-wall cages with red light during the night and the motion was moni-

tored during 4 hr from 00:00 to 04:00 am. The results of the behavioral analysis based on the

video tracking recording of travelled distance and trajectories are shown in Figs 3A and 7B.

MPTP administration sharply reduced the normal locomotor activity of wild-type and mutant

mice. nNOS-/- mice were affected by MPTP in a lesser extent that the other three mice strains

as shown in Fig 7A. Mice lacking nNOS showed an additional 18% loss of motion vs. nNOS+/+

after MPTP administration referred to their respective saline-injected control. However, the

MPTP-induced decrease found in iNOS-/- mice occurs in a lesser extent compared to iNOS+/+.

Melatonin treatment significantly rescued the MPTP-dependent reduction in travelled dis-

tance (P<0.0001 in all cases) and maintained almost normal locomotor activity in the wild-

type mice strains. A typical recording video of the locomotor activity of a mouse from each

strain is shown in the attached video (S1 Movie).

Discussion

This report shows by the first time that the mitochondrial respiration impairment in the SN

and ST of MPTP-treated mice is independent of the iNOS induction in these tissues in a sub-

acute model of PD. Our results show that MPTP treatment increased the production of NO•

derived from increased activity of iNOS and hence unrelated to nNOS activity in SN and ST.

In spite of this specific iNOS-dependent production of NO•, depletion of iNOS or nNOS, failed

to rescue the drastic decrease in oxygen consumption induced by MPTP in all strains. This

dysfunction is reflected in lower values of state 3 and consequently, RCR and ADP/O. Oxygen

flux during state 3 was more affected in SN than in ST after MPTP treatment. However, SN

and ST showed a different scenario. Mice lacking iNOS showed a lesser reduction in all respi-

rometric parameters in the SN compared to iNOS+/+, suggesting a potential role of the isoform

Fig 6. Content of mtDNA was minimally affected by the presence/absence of NOS isoforms and

melatonin. The graph shows the mtDNA/nDNA ratio in ST and SN control (A), nNOS-/- (B) and iNOS-/- (C)

mice treated with MPTP and melatonin. Mean ± SD of 6 animals per group, triplicated; *P < 0.05, **P < 0.01

***P < 0.001 and ****P < 0.0001 vs. saline-injected control; #P < 0.05, ##P < 0.01, ###P < 0.001 and
####P < 0.0001 MPTP vs. MPTP+aMT; ΦΦΦP < 0.001 and ΦΦΦΦP < 0.0001 vs. equivalent group in SN.

https://doi.org/10.1371/journal.pone.0183090.g006
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in this tissue, where significantly higher levels of NO• are produced. On the other hand,

absence of nNOS resulted in smaller changes in oxygen flux in ST, although RCR and ADP/O

were equally affected compared to nNOS+/+ mice. This could indicate that ST is more sensitive

to changes in oxygen flux than SN. These data suggest a different role of nNOS and iNOS in

mitochondrial respiration failure in SN and ST. Thus, the parkinsonism-like effects of MPTP

on mitochondrial respiration here described probably depend on other effects of the neuro-

toxin. These MPTP-dependent effects could include the selective inhibition of complex I and

subsequent respiratory deficits and oxidative stress, rather than a consequence of iNOS/nNOS

induction.

Our results show that MPTP administration enhanced iNOS activity in SN and ST of wild-

type mice, without changes in nNOS. These findings suggest a direct role of iNOS, and not

nNOS, in the well-reported overproduction of NO• associated with typical parkinsonian

Fig 7. MPTP induced dramatic changes in mice locomotor activity, which were prevented by

melatonin. Graphs show the changes in trajectories (A) and travelled distance (B) of iNOS+/+, iNOS -/-,

nNOS+/+ and nNOS -/- mice respectively, during 4 hr at night, in control, MPTP and aMT treated groups.

Mean ± SD of 8 animals per group. ***P <0.001 and ****P <0.0001 vs. saline-injected control;
####P < 0.0001 vs. MPTP treatment.

https://doi.org/10.1371/journal.pone.0183090.g007
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inflammation [9, 55]. Elevated iNOS activity yields to an excess of NO• that induces dopaminer-

gic cell death by nitrosative/oxidizing damage and further respiratory deficiency [12, 23, 56].

The active form of the neurotoxin MPTP, MPP+, selectively inhibits mitochondrial complex

I, enhancing ROS generation by this respiratory complex [57, 58]. Administration of MPTP in

this model reduced complex I activity by 66% in SN and 26% in ST. However, this reduction

was comparable in wild-type and mice lacking iNOS or nNOS revealing that the absence of

iNOS does not influence the activity of the complex I in MPTP-treated mice. This finding may

be explained by a sustained NO•-independent inhibition of complex I by MPP+. Data from

septic mice showed that the inhibition of mitochondrial complex I activity was related to the

excess of NO• produced by iNOS due to the inflammatory process, and this inhibition disap-

peared in iNOS-deficient mice [40, 59]. A different scenario appears in MPTP-treated mice

where complex I remains inhibited in mice lacking iNOS.

Complex I together with complex III are the main loci involved in ROS production in the

mitochondria [60]. It has been previously shown that MPP+ increases the formation of ROS

within the mitochondria, leading to oxidative damage, reduced respiratory function, and dys-

regulation of mitochondrial dynamics and homeostasis [61–63]. Additionally, the SN contains

high levels of iron and it is highly sensitive to ROS which in turn, induce mitochondrial failure

and dopaminergic cell death [64]. In contrast, our respiration data revealed that mitochondrial

respiratory deficit occurs upon MPTP treatment regardless the presence/absence of iNOS and

the consequent excess of NO•. MPTP reduced the state 3 of mitochondrial respiration in all

strains, especially in SN. The time elapsed for the complete depletion of ADP was also longer

in the presence of MPTP, suggesting a slow and less efficient phosphorylation in parkinsonian

mice compared to saline-injected mice. The severe reduction of mitochondrial respiration was

also observed after acute and chronic administration of MPTP in other mouse models [65, 66].

Decreased state 3 values after MPTP treatment resulted in a lower RCR and ADP/O ratios

than in control groups, especially notorious when both complexes I and II are active. The

effects of lacking iNOS in mitochondrial respiration may reflect some side effect of NO• in

mitochondrial inner membrane such as protein nitration [67, 68], causing a minimal reduc-

tion in RCR ratio in iNOS-/- mice. Further studies in chronic models of PD may yield informa-

tion whether a sustained effect of NO• results in a major bioenergetic impairment.

It has been previously demonstrated that melatonin improves mitochondrial efficiency,

harnessing the activity of the four respiratory complexes, and reducing ROS generation in

healthy mitochondria [69]. Melatonin administration also counteracts the inhibition of com-

plex I induced by MPTP [26, 70], recovering the production of ATP and the cellular survival.

Here, we found that administered melatonin accumulates in the mitochondria of SN and ST,

and rescues decreased complex I activity induced by MPTP in all mouse strains used. Our data

revealed that the absence of iNOS does not influence the activity of the complex I in MPTP

mice.

Melatonin also lowers the expression of iNOS in MPTP-treated mice and cell models,

reducing the inflammatory response to the neurotoxin [23, 71]. Although we observed a

decrease in the activity of iNOS after melatonin treatment, the irrelevance of presence/absence

of this isoform in respiration failure suggests that complex I might be one of the first targets of

melatonin. Therefore, the recovery of mitochondrial complex I seems to involve a direct mech-

anism that is independent on its anti-inflammatory properties. We thus asked whether melato-

nin could support oxidative phosphorylation in brain mitochondria, and, if so, whether it may

rescue mitochondrial respiration depressed by MPP+-mediated complex I blockade. Consis-

tent with the effects on complex I, melatonin restored state 3, RCR, and ADP/O ratios, in

many occasions to control values, in both SN and ST of all mice strains treated with MPTP,

improving mitochondrial function. These effects also reflect the role of melatonin preventing
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the loss of the mitochondrial membrane potential that may trigger the permeability transition

pore [72]. Recently published, the beneficial effect of melatonin counteracting mitochondrial

impairment induced by MPTP in respiration was also shown in a zebrafish model of Parkin-

son’s disease. MPTP treated zebrafish embryos showed a reduced mitochondrial complex I

activity and diminished expression of mitochondrial degradation-related genes parkin/

PINK1/DJ-1, all leading to mitochondrial dysfunction. Interestingly, removal of MPTP treat-

ment did not slow down the progression of the disease and fish developed severe motor

defects. Melatonin, administered together with MPTP or once MPTP treatment was stopped,

prevented and recovered normal mitochondrial function and gene expression [28].

The MPTP treatment also induced a clear decrease in the mtDNA/nDNA ratio. The

impairment of mtDNA homeostasis plays an important role in the pathogenesis of neuronal

loss in parkinsonian patients and methods to assess the copy number of mtDNA have been

suggested to be used as biomarker for the etiology of PD [73]. However, the mechanism by

which mtDNA copy-number loss participates in brain aging and neurodegeneration remains

unclear. The mtDNA copy number increases with age in healthy individuals in spite of accu-

mulating deletions. In the substantia nigra of patients with PD, the mtDNA homeostasis is

impaired and mtDNA copy number does not increase resulting in depletion of the wild-type

mtDNA population [74]. Substantia nigra is shown to be especially vulnerable to mtDNA

copy-number impairment and inherited mtDNA-depletion disorders [75]. The reduction in

the mtDNA/nDNA ratio we observed may contribute to the respiratory deficiency found in

our model, thus participating in the cascade of neurodegeneration [74]. The absence of iNOS

or nNOS could not prevent the mitochondrial DNA depletion induced by MPTP. The effects

of melatonin were however restricted to the SN, restoring the control values in all mice strains,

further supporting that melatonin positively affects mitochondria function reducing their oxi-

dative damage. Moreover, interaction of melatonin with cytochrome c [76] and binding with

high affinity to complex I [77, 78], also collaborates in explaining the specific effects of the

indoleamine on mitochondrial function. Together, our data demonstrate that melatonin treat-

ment is able to maintain proper mitochondrial respiration function, protecting from the

impairment of the oxidative phosphorylation system caused by MPTP treatment.

In addition, the neuroprotective impact of melatonin treatment here reported was con-

firmed by behavioral improvement. The length of trajectories in MPTP-injected mice was sig-

nificantly shorter than saline-injected controls in the open field. Melatonin treated mice

performed better than the MPTP-parkinsonian mice (see video). The ameliorated locomotor

deficit induced by melatonin treatment has been also shown in chronic MPTP mouse model

of PD [79]. Of note, the attenuation of MPTP-induced motor loss by melatonin was smaller in

knockout than in wild-type mice but significantly increased with respect to MPTP-only treated

mice. These results suggest that mice lacking iNOS are less affected to the loss of motion pro-

moted by MPTP administration.

In summary, MPTP increases the production of the inflammation marker NO• by increas-

ing the activity of the iNOS isoform. Moreover, our data also exclude the participation of

nNOS on mitochondrial respiration failure in MPTP-treated mice, because the presence or

absence of nNOS did not modify mitochondrial respiration status either in SN or ST. In addi-

tion, the inhibition of mitochondrial complex I by MPTP seems to be independent of iNOS

activation and leads to a deep mitochondrial respiration dysfunction in all mouse strains. On

the other hand, melatonin blunts the MPTP toxicity and recovers mitochondria oxygen con-

sumption and locomotor activity.

Together, the data indicate that mitochondrial respiration impairment and iNOS-induced

high levels of NO• as a neuroinflammation marker, are running in parallel promoting neuro-

degeneration in the MPTP model of PD. The sub-acute MPTP-model of PD constitutes a
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scientific approach that allows to analyze the inflammatory reaction and the impairment in

mitochondrial oxygen consumption separately. This pathophysiological duality explains why

anti-inflammatory drugs are not effective against PD, because they may blunt inflammation

Fig 8. Scheme summarizing the main findings reported in this study. The glial metabolite of MPTP, MPP

+, enters into dopaminergic neurons in the SN and accumulates in the mitochondria. where it specifically binds

to and inhibits complex I of the ETC. This leads to mitochondrial respiration failure, reducing ETC-OXPHOS

coupling as well as the efficiency of the oxidative phosphorylation. MPP+ also promotes an increase in the

production of NO• by activation of the inducible isoform iNOS, whereas nNOS activity remains unchanged.

Depletion of either iNOS or nNOS did not prevent the decrease in oxygen consumption, suggesting that MPTP-

induced respiratory defects and consequent ROS production run independently of iNOS activation. The

interplay of these two MPTP-dependent consequences, respiration failure and NO• production, could generate a

positive feedback loop where inflammation and oxidative damage are prevalent and cause neurodegeneration.

This misbalance generates an excess of ROS by electron leak that, in combination with RNS, is known to

induce the expression of inflammatory cytokines and membrane oxidative damage. Melatonin that also

accumulates in the mitochondria, harnesses the activity of the respiratory complexes including the inhibition of

complex I induced by MPTP as a first action. Melatonin administration restored the coupling between the ETC

and OXPHOS, rescued mitochondrial respiration and reduced ROS production, by reducing electron leak and

directly scavenging free radicals. On the other hand, the indoleamine also inhibits iNOS activation, reducing NO•

production and consequently reducing inflammation that closes the cycle.

https://doi.org/10.1371/journal.pone.0183090.g008
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but not mitochondrial respiration deficits. Melatonin becomes a type of drug that meets this

double approach; the indoleamine recovers mitochondrial bioenergetics and blocks neuroin-

flammation. The accumulation of melatonin in the mitochondria after its administration may

favor its beneficial effects (Fig 8). More efficient strategies against PD should target simulta-

neously mitochondria and inflammation, and melatonin itselft may serve as template to design

new therapeutic drugs.
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Supervision: Ana López, Darı́o Acuña-Castroviejo.

Validation: Germaine Escames, Darı́o Acuña-Castroviejo.
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Castroviejo.
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