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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disease manifesting both motor and 

non-motor symptoms. The motor features are generally ascribed to the selective loss of dopamine 

neurons within the substantia nigra pars compacta. While the precise etiology of PD remains 

elusive, multiple genetic and environmental elements have emerged as contributing factors. 

The discovery of MPTP-induced parkinsonism directed intense inquiry towards mitochondrial 

pathways, with a specific focus on mitochondrial complex I. Consisting of more than 40 subunits, 

complex I is the first enzyme of the electron transport chain that is required for mitochondrial ATP 

production. In this review, we present a critical analysis of studies assessing the prevalence and 

specificity of mitochondrial complex I deficiency in PD. In addition, we take the novel view of 

incorporating the features of genetically-defined bona fide complex I disorders and the prevalence 

of nigral involvement in such cases. Through this innovative bi-directional view, we consider both 

complex I changes in a disease of the substantia nigra and nigral changes in diseases of complex I. 

We assess the strength of association between nigral cell loss and complex I deficits, as well as the 

oft under-appreciated heterogeneity of complex I deficiency disorders and the variability of the PD 

data.

Keywords

Mitochondrial complex I; MPTP; NDUFAF2; Parkinson’s disease; PINK1

1. Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder (de Lau 

and Breteler, 2006). First formally described by James Parkinson in 1817 as “shaking palsy” 

(Parkinson, 1817), PD is typically characterized by both motor and non-motor symptoms 
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[reviewed in (Berardelli et al., 2013; Chaudhuri et al., 2006; Titova and Chaudhuri, 2018)]. 

The motor symptoms are thought to be driven primarily by the severe and near-selective 

loss of the dopaminergic (DA) neurons of the substantia nigra pars compacta (SNpc) in the 

ventral midbrain. In late-stage PD, as much as 95% of these neurons may be lost (Burke and 

O’Malley, 2013; Cheng et al., 2010). In the majority of cases, some surviving DA neurons 

are characterized by Lewy body inclusions in the cytoplasm and neurites, with α-synuclein 

as the major protein component of these structures (Dickson et al., 2009). In fact, it is 

now recognized that Lewy pathology can be found throughout the peripheral and central 

nervous system (Braak and Del Tredici, 2009). In spite of this widespread dysfunction 

across multiple neurologic systems, the SNpc clearly manifests an unparalleled degree of 

neuronal loss in the PD brain (Giguere et al., 2018). Revealing the molecular mechanisms 

that underlie this selective neurodegeneration has been, perhaps, the greatest mystery in this 

devastating disease.

Mitochondria are dynamic organelles that play important roles in cellular physiology. 

Their maintenance, biogenesis, and quality control are vital for maintaining cell health 

in aging and have emerged as critical areas of investigation in PD [reviewed in (Bose 

and Beal, 2016; Chen et al., 2019; Park et al., 2018)]. There are two broad aspects 

of mitochondrial quality control linked to PD. First, the autosomal recessive PD gene 

products Parkin and PINK1 coordinate one form of mitophagy that enables the selective 

degradation of aged, dysfunctional, or damaged mitochondria. The role of PINK1/Parkin 

in mitophagy and mitochondrial dynamics have been well summarized recently in other 

venues [reviewed in detail in (de Vries and Przedborski, 2013; Pickles et al., 2018; 

Pickrell and Youle, 2015)]. Mitochondrial DNA (mtDNA) maintenance is another process 

that contributes to mitochondrial quality. Unlike nuclear DNA, the human mitochondrial 

genome is not enshrouded by protective histones and is thus prone to increased rates 

of mtDNA mutagenesis (Alexeyev et al., 2013; van der Wijst and Rots, 2015). The 

mtDNA encodes subunits of the oxidative phosphorylation pathway (OXPHOS) and a 

portion of the genes essential for mitochondrial translation (Anderson et al., 1981; Andrews 

et al., 1999). Mutations in nuclear genes encoding the mitochondrial DNA polymerase 

gamma (Pol γ) and the mitochondrial DNA helicase Twinkle cause reduced fidelity during 

mtDNA replication, resulting in increased rates of mtDNA mutation, and thus diminish the 

mitochondrial quality [reviewed in (Peter and Falkenberg, 2020; Rahman and Copeland, 

2019)]. The second link between broad mitochondrial quality control and PD stems from 

the observation that a subset of these patients develop severe nigral neurodegeneration 

(Betts-Henderson et al., 2009; Chen et al., 2020; Mehta et al., 2016; Tzoulis et al., 2016). 

Only a fraction exhibit parkinsonian motor symptoms or Lewy body pathology (Breen et 

al., 2020; Palin et al., 2013; Reeve et al., 2013; Tzoulis et al., 2013). Thus, failures of 

mitochondrial quality control, either through loss of function (failed mitophagy) or toxic 

gain of function (increased mtDNA mutagenesis), have been associated with PD. However, 

these organelle-wide problems speak to a generalized relationship between mitochondrial 

dysfunction and PD and do not directly address the primary thesis of this review. This article 

will instead focus on the specific question: Does mitochondrial complex I activity have a 

special relationship with the long-term survival of DA neurons of the human substantia nigra 

(SN)?
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Mitochondrial complex I (E.C. 1.6.5.3) (CI), the first enzyme of the electron transport 

chain (ETC), is a proton-pumping NADH: ubiquinone oxidoreductase. Structural analyses 

of the holoenzyme have revealed an L-shaped structure that consists of a hydrophilic arm 

protruding into the mitochondrial matrix and a hydrophobic arm embedded in the inner 

mitochondrial membrane (Hirst, 2013; Vinothkumar et al., 2014). The NADH-binding site 

and the prosthetic groups [one flavin mono-nucleotide and eight iron-sulfur (Fe-S) clusters] 

are located in the matrix arm and are required for the transfer of electrons from NADH 

to ubiquinone. The ubiquinone-binding center is present at the interface of the matrix and 

the membrane arms (Berrisford et al., 2016; Wirth et al., 2016) and pharmacologically 

sensitive to selective inhibition by rotenone. The hydrophobic membrane arm coordinates 

ubiquinone reduction with proton-pumping, where four protons are translocated per two 

electrons transferred from NADH to ubiquinone (Galkin et al., 2006; Wikström, 1984). 

Although CI is conserved from bacteria to humans, the bacterial enzyme consists of only 14 

subunits. Called the “core” subunits, they have corresponding orthologs in all eukaryotic CI 

and are thought to constitute the minimal requirement for its enzymatic activity (Letts and 

Sazanov, 2015). Mammalian CI is composed of 30 additional “accessory/non-core” subunits, 

24 of which are conserved across eukaryotic lineages (Cardol, 2011; Kmita and Zickermann, 

2013). These accessory subunits surround the core subunits and are especially concentrated 

in the membrane arm of CI (Wirth et al., 2016). Although the exact role of the accessory 

subunits remains poorly understood, they have been hypothesized to regulate enzymatic 

activity or promote holoenzyme stability (Kmita and Zickermann, 2013; Stroud et al., 2016). 

Amongst the 44 subunits of mammalian CI, seven core hydrophobic subunits are encoded by 

the mitochondrial genome and the rest are encoded by the nuclear genome. Thus, eukaryotic 

CI biogenesis requires the coordination of both the nuclear and mitochondrial genomes 

(Guerrero-Castillo et al., 2017).

The first indication that mitochondrial dysfunction could be connected to the development 

of PD came in 1982 at the Santa Clara Valley Medical Center, in San Jose, California. A 42-

year-old drug user was admitted to the clinic exhibiting certain motor symptoms associated 

with atypical PD, such as lead-pipe and cogwheel rigidity, alongside features of catatonic 

schizophrenia (Langston, 2017; Lewin, 1984). This diagnosis was initially baffling to the 

clinicians due to the young age of the patient. Soon after, more patients exhibiting similar 

symptoms were identified and all were linked to the recent use of a new synthetic designer 

drug. MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is a by-product of poor MPPP 

(1-methyl-4-phenyl-4-propionoxy-piperidine) synthesis. A mixture of MPPP contaminated 

with MPTP was intravenously self-administered by the recreational drug users, leading to 

the development of a rapid onset akinesia within two weeks of usage (Langston et al., 1983). 

Similarly, a chemist working on MPTP production for 7 years also developed PD at 37 

years of age due to either accidental cutaneous exposure or vapor inhalation (Langston and 

Ballard, 1983). Later analyses revealed that MPTP is a neurotoxin that is converted to MPP+ 

(1-methyl-4-phenylpyridinium) by glial monoamine oxidase (Heikkila et al., 1984c). MPP+, 

a weak mitochondrial CI inhibitor, is released into the extracellular matrix and actively taken 

up by the DA neurons via the dopamine transporter protein where it is further concentrated 

into mitochondria via cation transporters to levels sufficient to inhibit CI (Bezard et al., 

1999; Gainetdinov et al., 1997; Mizuno et al., 1988, 1987; Przedborski et al., 2004; Ramsay 
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et al., 1986). MPTP-induced inhibition of mitochondrial CI and subsequent DA neuronal 

loss has been reproduced in mammalian models such as primates and mice (Burns et 

al., 1983; Heikkila et al., 1984a, 1984b; Kolata, 1983; Mizuno et al., 1987; Tolwani et 

al., 1999). More recently, a similar model was developed using the selective CI inhibitor, 

rotenone, albeit with some experimental variability (Betarbet et al., 2000; Cannon et al., 

2009; Zeng et al., 2018). These findings inspired a new era of inquiry in PD research 

towards mitochondrial dysfunction, with a particular focus on CI activity.

2. Mitochondrial complex I activity in brain samples of idiopathic PD 

patients

The investigation of mitochondrial respiratory chain complexes from idiopathic PD (iPD) 

brain tissue was first reported by two groups in 1989 (Mizuno et al., 1989; Schapira et 

al., 1989) and was subsequently followed by various studies by multiple research teams 

(Table 1, Fig. 1). In these first studies, tissues from neuropathologically-confirmed PD 

patients were compared to age-matched controls. One of the first analyses investigated the 

steady-state protein levels of CI subunits in brain tissues by immunoblotting (Table 1A). 

A decreased abundance of CI subunits in striatal mitochondria was observed in four out of 

five PD patients (Mizuno et al., 1989). In contrast, one study showing one representative 

result from a single patient found no difference in the steady-state levels of CI subunits in 

the SN homogenates (Schapira et al., 1990a). As these studies utilized antisera against the 

holoenzyme, which is immunoreactive towards multiple CI subunits, the exact assignment of 

each subunit to a specific immunoreactive band could not be achieved. Interestingly, a recent 

study also failed to find any changes in multiple OXPHOS subunits, including a CI subunit, 

detected with a cocktail antibody in prefrontal cortex homogenates of 40 PD compared to 

23 controls (Gatt et al., 2016). The lack of a systematic approach to assess the abundance 

of individual CI subunits in brain tissues of PD patients using antibodies specific to each 

subunit, alongside comparison to other respiratory complex subunits, limits the ability to 

understand CI-specific changes from these studies.

Immunohistochemical staining is another method that has been employed to assess CI levels 

in the brain with interesting results (Table 1B). An initial study of eight PD patients revealed 

a 2.6-fold increase in the number of nigral neurons with weak or barely detectable CI 

immunoreactivity, compared to seven controls (Hattori et al., 1991). On the other hand, 

the immunohistochemical analyses of other respiratory complexes such as complex III 

(CIII) and complex IV (CIV) remained unaffected. However, complex II (CII) staining was 

diminished in three of the eight patients, implying that five of eight PD subjects exhibited 

a selective decrease in CI abundance in the SN. In contrast, CI immunohistochemical 

staining was intense in substantia nigra pars reticulata, red nucleus, and oculomotor nucleus, 

indicating that the decreased CI abundance was unique to the SNpc. One caveat of this 

study is that while immunohistochemical staining is a valuable method to determine 

CI localization, it is a poor indicator of absolute quantity. Recently, three additional 

studies have employed immunohistochemistry to detect the abundance of CI in iPD brain. 

Decreased immunohistochemical staining of CI subunits NDUFB8 and NDUFA13 was 

detected in individual SN neurons of 10 iPD patients compared to 10 age-matched controls 
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(Grunewald et al., 2016). In addition, combined CI + CII or CI + CIV deficiencies were 

also observed in some SN neurons. The second study conducted a broader investigation 

and observed decreased CI immunohistochemical staining in multiple brain regions of 17 

iPD patients, compared to seven controls. CI immunoreactivity was specifically decreased 

in the SNpc, prefrontal cortex, hippocampus, putamen, pons, Purkinje cells in the cerebellar 

cortex, and principal neurons of the dentate nucleus, whereas mild CIV decreases were 

additionally observed in the SNpc alone (Flones et al., 2018). In contrast, a recent analysis 

reported a lack of significant differences in CI or CIV immunohistochemical staining in 

the SN neurons of nine PD compared to 10 controls (Reeve et al., 2018). Together, these 

results indicate that not all iPD cases display isolated CI deficiency in the SN. In addition, 

decreased CI immunoreactivity is not unique to the SN as it has been observed in multiple 

brain regions of iPD patients, even though neurodegeneration was selectively observed only 

in the SN.

Compared to immunohistochemical analyses, the quantitative measure of specific enzymatic 

activities allows for a more definitive assessment of isolated mitochondrial CI deficiency. 

This activity is often determined as a function of NADH oxidation in the presence of 

an electron acceptor, such as decylubiquinone or co-enzyme Q1 (CoQ1) (CI activity) or 

cytochrome c (CI + III activity), and is ideally calculated as a function of rotenone-sensitive 

activity (Table 1C). In the first study reporting enzymatic activities from PD patient brain, 

rotenone-sensitive CI + III activity was decreased by ~39% in the SN averaged across 

nine PD patients, and rotenone-sensitive CI activity was decreased by ~31% in the SN of 

five PD patients, whereas the succinate: cytochrome c oxidoreductase (CII + III) activity 

remained comparable to the non-PD controls (Schapira et al., 1989). The observation of 

a specific decrease (31–42%) in CI activity of iPD nigral tissue has been reproduced in a 

total of 47 PD patients across multiple studies conducted by the Schapira and Reichmann 

groups (Janetzky et al., 1994; Mann et al., 1992a, 1994; Schapira et al., 1990a, 1990b). 

One outlier, however, is a study of two PD patients that exhibited no significant differences 

in the activities of any of the respiratory enzymes (Mizuno et al., 1990). It should be 

noted that there was no clear mention of the use of rotenone in the enzymatic assays to 

determine CI-specific NADH dehydrogenase activity, potentially undermining the accuracy 

of the measurements if a CI inhibitor was not used. In conclusion, in the majority of studies, 

a decrease in rotenone-sensitive CI activity has been observed in the SN of iPD patients.

Similar biochemical studies on other brain regions of PD patient tissue have been conducted 

to determine if the decreased CI activity is a SN-specific feature (Table 1C). Some studies 

reported no alterations in the activities of respiratory chain complexes in the frontal lobe, 

striatum, caudate nucleus, medial globus, lateral globus pallidum, anterior prefrontal cortex, 

cerebellum, tegmentum, SN pars reticulata, and putamen (Cooper et al., 1995; Flones et al., 

2018; Janetzky et al., 1994; Keeney et al., 2006; Mann et al., 1992a; Mizuno et al., 1990; 

Mythri et al., 2011; Schapira et al., 1990b). In contrast, two separate studies have revealed 

a significant decrease in rotenone-sensitive CI activity of frontal cortex mitochondrial 

preparations, with a ~30% deficit in seven PD versus four controls (Keeney et al., 2006), 

and a ~60% decrease for seven PD versus nine controls (Navarro et al., 2009). In addition to 

corroborating a decrease in prefrontal cortex tissue, one study reported decreased rotenone-

sensitive CI activity in the striatum (eight PD and eight controls) and the cerebellum (nine 
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PD and seven controls) (Flones et al., 2018). In contrast to the traditional enzymatic activity 

assays described above, one study utilized a unique “dipstick” assay to quantify CI activity 

in prefrontal and somatosensory cortex tissues. This assay relies upon the immunocapture 

of CI from tissue homogenates and then tests the ability of the immunocaptured enzyme 

to oxidize NADH using nitroblue tetrazolium (NBT) as an electron acceptor. However, 

no decrease in prefrontal cortex CI activity was observed by dipstick assay in 35 PD 

patients compared to 23 age-matched controls (Gatt et al., 2016). Because this assay 

normalizes NADH dehydrogenase activity to the abundance of the immunocaptured CI, it 

may introduce an inherent bias that fails to account for a decrease in holoenzyme abundance 

in tissue homogenates, as was described above by immunocytochemistry to be affected 

in PD. Although no change in the accumulation of the CI subunit NDUFB8 (40 iPD vs 

23 controls) was observed in the prefrontal cortex by SDS-PAGE immunoblotting, this 

study still does not fully account for holoenzyme levels. In conclusion, the prevalence of 

a widespread CI deficiency in non-SN brain tissues remains inconclusive due to mixed 

results. One possible reason for variations in CI activities between studies is the extent of 

post-mortem delay (time ranging from death to autopsy and freezing of tissues). An initial 

study showed a ~9.5% decrease in CI activity per hour of post-mortem interval (Mizuno et 

al., 1990). Unfortunately, there is a wide variation in post-mortem interval in the various 

reports ranging from 16–19 h in some studies (Janetzky et al., 1994; Mann et al., 1992a; 

Schapira et al., 1990a,b) to as high as 120 h in others (Flones et al., 2018).

The majority of biochemical studies using post-mortem tissue analyses support the 

observation of a selective decrement in CI activity in the SNpc of PD patients (Table 1, 

Fig. 1). MPTP-driven parkinsonism and the CI defects of the SN may appear to favor 

the hypothesis of CI deficiency directing the development of PD. However, an important 

point of consideration while interpreting these results is that significant DA neuronal loss 

has already occurred in the SN of PD patients at the time of post-mortem analysis (Burke 

and O’Malley, 2013). Therefore, we cannot rule out that a decrease in CI activity is a 

consequence of neuronal loss and gliosis in the affected tissue. Furthermore, these two 

observations do not prove causality - MPTP may cause both CI inhibition and parkinsonism, 

but that may not be related to the etiology of sporadic/idiopathic PD. Consideration of 

further evidence is warranted and described below.

3. Mitochondrial complex I deficiency in peripheral tissues of PD patients

The study of post-mortem brain tissues, specifically the SNpc, can provide a focused 

analysis of mitochondrial respiratory function at the site of the greatest PD neuropathology. 

However, there are also multiple disadvantages associated with such efforts. Tissues 

are typically obtained from patients who have died at advanced stages of disease that 

are characterized by an extraordinarily high degree of neuronal loss with concomitant 

reactive gliosis in the regions of interest. The biochemical status of CI activity across 

tissue homogenates in these samples may not reflect the nature of CI in the SN 

neurons at the initiation of the disease. Thus, it is possible that post-mortem work may 

not reveal mechanisms of pathogenesis but rather the progression or the consequences 

of decades of disease. Additionally, patients at advanced stages have already been 

subjected to prolonged treatments with Levodopa/Carbidopa, dopamine agonists, and/or 
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other medications potentially confounding results. Given that there are no non-invasive 

technologies that allow for the quantification of CI activity in intact brain, this is as close as 

we can come to understanding the state of CI activity in the iPD patient brain. To circumvent 

these limitations, studies have been conducted to determine whether CI deficits in iPD 

patients would extend into peripheral tissues. A plethora of studies of ETC complexes have 

been conducted in platelets, lymphocytes, skeletal muscle, and skin fibroblasts from iPD 

patients and healthy controls (Table 2, Fig. 1).

In 1989, Parker et al., conducted the first analysis of platelet mitochondria from 10 PD 

patients and eight controls and observed a ~54% decrease in PD platelet CI activity (Parker 

et al., 1989) (Table 2A). This level of CI deficiency has been subsequently reproduced in 

platelet homogenates of 10 PD patients from an Indian population (Varghese et al., 2009). 

However, both studies determined NADH dehydrogenase activity without assessing the 

sensitivity to a CI inhibitor such as rotenone, which may make these measurements less 

meaningful. Rotenone-sensitive CI activity can be as high as 80% or as little as <50% of 

total NADH dehydrogenase activity depending upon cell- or tissue-type (based upon our 

experience). In subsequent studies conducted on platelet mitochondria and homogenates, 

conflicting data have been obtained with regards to rotenone-sensitive CI activity. Five 

studies from four different research groups considering samples from 98 PD patients 

observed a 16–51% decrease in isolated CI activity or combined with CII and CIV 

deficiency, with no significant correlation between CI deficiency and age at onset, duration 

of disease, or severity of disease (Benecke et al., 1993; Gu et al., 1998; Haas et al., 1995; 

Krige et al., 1992; Yoshino et al., 1992). However, a significant CI defect could not be 

reproduced in other studies from six research groups, conducted on samples from 89 total 

PD patients (Blake et al., 1997; Bravi et al., 1992; Bronstein et al., 2015; Hanagasi et 

al., 2009; Mann et al., 1992b; Taylor et al., 1994). Similar conflicting results have been 

reported from studies conducted on lymphocytes (Table 2B). While three groups reported 

a significant decrease in rotenone-sensitive CI or CI + III and CIV activities (Barroso et 

al., 1993; Muftuoglu et al., 2004; Shinde and Pasupathy, 2006), two other groups observed 

comparable rotenone-sensitive CI activities in PD and control lymphocytes (Martin et al., 

1996; Yoshino et al., 1992). Thus far, none of this work has indicated a consistent decrease 

in platelet or lymphocyte CI activity.

One possible reason for the discrepancies in the observance and degree of CI deficiency 

could be the differences in the methods used for collecting platelets and their subsequent 

processing to yield tissue homogenates or purified mitochondria. Even considering only 

those studies that used isolated mitochondria for enzymatic analyses, there is still no 

consistent CI deficiency observed in iPD patient platelets. Three main methods have been 

utilized for mitochondrial isolation: Percoll gradient, sucrose gradient ultracentrifugation, or 

differential centrifugation. Parker et al., 1989 conducted plateletpheresis and mitochondrial 

enrichment via Percoll gradient separation by employing a protocol that required two 

days of processing (Krige et al., 1992; Parker et al., 1988, 1989), yielding ~54% CI 

deficiency in iPD platelet mitochondria. Although it is possible that this time-consuming 

protocol could cause a greater destabilization of mitochondrial complexes resulting in 

an amplification of a modest CI defect (Parker et al., 1989), another study employing 

a similar methodology (18 iPD versus 18 controls) showed only a ~24% decrease in 
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rotenone-sensitive CI activity with a concomitant ~20% decrease in CII + III activities in PD 

platelet mitochondria (Haas et al., 1995). A third study altogether failed to reproduce any 

CI deficiency in platelet mitochondria from 23 iPD patients versus 23 controls (Bronstein 

et al., 2015). Mitochondrial purification by other methodologies have likewise yielded 

inconsistent evidence of CI deficiency in iPD. Mitochondrial isolation from frozen platelets 

via sucrose gradient ultracentrifugation resulted in a statistically significant 51% decrease 

in piericidin A-sensitive CI deficiency (Benecke et al., 1993), similar to mitochondrial 

isolation by Percoll gradient (Parker et al., 1989). On the other hand, a rapid three hour 

protocol employing differential centrifugation to isolate platelet mitochondria displayed only 

a modest 16% decrease in rotenone-sensitive CI activity normalized to citrate synthase 

activity, even though the control activities were comparable to Parker et al., 1989 (Krige et 

al., 1992). This 16–25% decrease in CI activity with mitochondria isolated by differential 

centrifugation has been reproduced by the same group (Gu et al., 1998), whereas analyses 

by another group employing this method has yielded no difference (Hanagasi et al., 2009). 

Similar conflicting data has been obtained from total platelet homogenates, as well (Mann et 

al., 1992a; Varghese et al., 2009; Yoshino et al., 1992). These examples highlight the high 

degree of variability in the measures of platelet CI enzymatic activity from patient samples, 

even when employing comparable methodologies.

Other sources of variability could be the lack of consistent normalization to control for total 

mitochondrial content such as with citrate synthase activity or other variable (Table 2), or 

the frequent utilization of the less accurate NADH: cytochrome c oxidoreductase assay (CI + 

III) instead of a more consistent employment of the direct rotenone-sensitive NADH: CoQ1 

oxidoreductase (CI) activity. In addition, substantial differences in activities amongst the 

control subjects have also been noted, suggesting a high degree of innate sample-to-sample 

variability within protocols (Hanagasi et al., 2009; Krige et al., 1992; Mann et al., 1992a; 

Yoshino et al., 1992).

To determine the onset of a putative CI defect during the development of PD, limited but 

informative studies have been conducted on platelets obtained from early vs late stage iPD 

patients. For instance, 18 iPD patients with early stage of PD (~two years post-diagnosis) 

already displayed a ~23% decrease in rotenone-sensitive CI activity (Haas et al., 1995). 

A separate study followed five patients with early stage iPD, beginning one year after 

diagnosis. A decline in platelet CI and CIV activities after one year was observed for 

patients in the early stages of disease, whereas no correlation between level of CI defect 

and duration of disease was observed for patients three years after diagnosis (Benecke et al., 

1993). Considering the overall discrepancies in iPD platelet CI activity, more studies with 

larger cohorts is needed to address whether a platelet CI defect is a general feature of iPD.

Another concern in assessing CI defects in iPD patients is the contribution of medications 

to perceived mitochondrial deficiency. For instance, drugs such as Levodopa/Carbidopa 

have been implicated in CI deficiency in rat brain mitochondria (Przedborski et al., 1993, 

1995). However, no such correlation has been thus far observed between Levodopa dose 

and platelet respiratory chain activities in PD patients (Benecke et al., 1993; Bravi et al., 

1992; Krige et al., 1992). Furthermore, there was no correlation in CI deficiency between 

untreated and treated patients (Bravi et al., 1992; Krige et al., 1992). Indeed, patients 
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who were never treated or had a history of medications that were stopped one month 

before the study still displayed a ~25% decrease in platelet CI activity (Haas et al., 1995). 

There is one thoughtful study that followed 11 patients before medication, one month after 

Levodopa/Carbidopa, and a second month after treatment with Levodopa/Carbidopa plus the 

monoamine oxidase inhibitor selegiline (Shults et al., 1995). However, none of the patients 

displayed respiratory chain defects in platelets and no significant changes were observed 

before or after medication. In lymphocytes, one study with 16 untreated PD patients reported 

a ~25% significant decrease in rotenone-sensitive CI + III activity (Barroso et al., 1993), 

whereas a second study with 36 untreated patients with ~2.6 years of disease duration 

observed no differences in rotenone-sensitive CI or CI + III activities compared to controls 

(Martin et al., 1996). These limited studies imply that drug treatment is unlikely to impact 

respiratory chain function in platelet/lymphocyte mitochondria, and additionally highlight 

the variable evidence of a CI defect in the first place.

As the pathological consequences of CI inhibitors drove the interest in mitochondrial 

function in iPD, the primary focus has been on assessing CI enzymatic activity. However, 

one study employed a different technique for quantifying CI levels. This new assay was 

based upon the binding capacity of [3H]dihydrorotenone ([3H]DHR), a rotenone analog, 

to CI in isolated platelets (Blandini et al., 1998). Comparison between 16 iPD and 16 

controls revealed no difference in the specific binding of [3H]DHR or in the level of 

binding competition with 1 mM MPP+. Interestingly, a positive correlation was observed 

between the percentage of MPP+ competition with [3H]DHR-specific binding and daily 

Levodopa intake in PD patients, raising the question of Levodopa’s role in changing the 

MPP+-sensitivity of platelets. Overall, these results indicate an equivalent abundance of the 

holoenzyme in iPD and control platelets.

Another peripheral tissue that has been extensively targeted for analysis is the skeletal 

muscle (Table 2C), likely due to the enriched population of mitochondria that can be 

isolated form this source. The specific muscle tissues utilized for analysis have been the 

vastus lateralis, iliopsoas, biceps brachii, or deltoid muscle (Bindoff et al., 1989, 1991; 

Blin et al., 1994; Nakagawa-Hattori et al., 1992; Shoffner et al., 1992). Similar to platelet 

mitochondria, highly variable information has been obtained from these enzymatic activity 

assays, although one meta-analysis study reported a significant decrease in muscle CI 

activity of PD patients across nine studies (Holper et al., 2019). Six research groups 

observed 26–71% decreases in rotenone-sensitive CI or CI + III activities across a total 

of 83 PD patients and 148 controls (Bindoff et al., 1989, 1991; Blin et al., 1994; Cardellach 

et al., 1993; Nakagawa-Hattori et al., 1992; Shoffner et al., 1992; Wiedemann et al., 1999; 

Winkler-Stuck et al., 2005), whereas four groups found no significant differences in a 

total of 41 PD subjects and 79 controls (Anderson et al., 1993; DiDonato et al., 1993; 

Mann et al., 1992a; Manneschi et al., 1994; Taylor et al., 1994). Interestingly, one study 

that immunoblotted skeletal muscle mitochondria using antisera against the CI holoenzyme 

showed decreased accumulation of CI subunits in two out of three PD patients (Bindoff et 

al., 1991). This finding is reminiscent of results from striatal iPD mitochondria (Mizuno et 

al., 1989), and may suggest a possible frequent decrease in CI subunit levels in iPD tissues. 

Amongst iPD subjects that did manifest a CI deficiency, a higher incidence of combined 

CII, CIII, or CIV deficiencies was reported in PD skeletal muscle (Bindoff et al., 1991; Blin 
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et al., 1994; Cardellach et al., 1993; Shoffner et al., 1992). Such degree of combined CI 

deficiency was not observed in platelets. In one study, CII + III deficiency in skeletal muscle 

of three patients and CIV deficiency in one patient was reported even in the absence of a 

CI defect (Manneschi et al., 1994). These disparate findings are perhaps consistent with a 

general mitochondrial defect in iPD, but importantly, do not endorse a unique loss of CI 

activity.

Only a limited number of studies have been conducted on patient skin fibroblasts (Table 

2D). One methodology employed was the assessment of maximal and rotenone-sensitive 

oxygen consumption rates as an indirect measure for CI-dependent respiration. Interestingly, 

the oxygen consumption rates were found to be decreased in PD patient fibroblasts, 

compared to controls, in two out of three studies (Ambrosi et al., 2014; Wiedemann et 

al., 1999; Winkler-Stuck et al., 2004). A second methodology measured the flux control 

coefficients to quantify the relative flux changes in a pathway due to small changes in 

enzymatic activities. A higher flux control coefficient for CI is indicative of an increased 

dependence of the flux through ETC on CI activity, implying decreased enzymatic activity. 

Increased CI and CIV flux coefficients, based on titrations with complex-specific inhibitors, 

were reported in iPD fibroblasts and skeletal muscle (Wiedemann et al., 1999; Winkler-

Stuck et al., 2004, 2005). Very few studies have tested ETC activities on skin fibroblasts 

of PD patients. In a study of 20 iPD patients, no significant difference was observed in 

rotenone-sensitive CI or CI + III activities (del Hoyo et al., 2010). In a recent analysis of 100 

sporadic PD patient fibroblasts compared to 50 age-matched controls, no overall difference 

in ATP levels or mitochondrial membrane potential was observed. However, a subset of 

12 patients with marked decrease (>2 standard deviation below average) were selected for 

further testing of specific ETC function. This subset displayed decreased accumulation of 

CI and CIV subunits by SDS-PAGE immunoblotting (five PD vs five controls), along with 

decreased CI and CIV activity (six PD vs six controls) (Carling et al., 2020). A caveat of the 

CI activity assay employed here is that it did not consider rotenone sensitivity. Additionally, 

although these analyses indicate a possible decrease in CI function in skin fibroblasts, they 

also imply a coincident CIV defect even in cases selected specifically with a bias towards 

mitochondrial dysfunction, and thus speak against a unique CI deficiency. In general, the 

characterization of iPD fibroblasts has been limited by the small number of studies and 

the lack of direct measurements of rotenone-sensitive NADH dehydrogenase activity. In 

addition, fibroblasts are traditionally cultured and maintained in concentrations of high 

glucose, passaged many times and/or immortalized, all of which could introduce inherent 

metabolic changes in the cell lines that may not reflect the actual status of mitochondrial 

function in the patient. Thus, we have intentionally focused our attention more heavily on 

primary tissue analyses from brain, skeletal, and acutely isolated platelets to explore the 

co-occurrence of CI in PD.

In summary, the presence of a CI-specific deficiency in the peripheral tissues of iPD patients 

remains inconclusive (Fig. 1). One direction of enquiry currently lacking in the biochemical 

analyses of patient tissues (brain and peripheral) is the assessment of CI assembly. Keeney 

et al., 2006 have suggested CI mis-assembly in frontal cortex mitochondria of PD patients, 

although that conclusion was drawn from the decreased levels of one CI subunit assessed 

by SDS-PAGE immunoblotting (Keeney et al., 2006). Another study found no differences 
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in CI assembly in the prefrontal cortex (11 PD vs 11 controls), the striatum (six PD vs 

six controls), and the cerebellum (eight PD vs two controls) (Table 1A) (Flones et al., 

2018). A systematic and direct approach to assess the extent of holoenzyme assembly and 

accumulation of assembly intermediates, using techniques such as one-/two-dimensional 

Blue-Native PAGE followed by in-gel activities and/or immunoblotting (Schagger, 1995), 

is required to confirm instances of CI assembly defect. Such methodologies would increase 

the sensitivity of tissue analyses as even a mild accumulation of assembly intermediates, 

indicative of an assembly defect, has been previously observed to allow for a normal range 

of CI activities in certain patient tissues such as fibroblasts (Friederich et al., 2017).

4. Complex I deficiency and mitochondrial encephalomyopathy

Isolated or combined CI deficiency contributes to the majority of genetic OXPHOS 

disorders and is caused by mutations in either CI subunits or biogenesis factors. CI 

deficiency can result in a wide range of clinical disorders, the most frequent being Leigh 

syndrome, leukoencephalopathy, MELAS (Mitochondrial Encephalopathy, Lactic Acidosis, 

and Stroke-like syndrome), hypertrophic cardiomyopathy, and exercise intolerance (Giachin 

et al., 2016; Pagniez-Mammeri et al., 2012a, 2012b). Pathogenic CI mutations have been 

identified in seven mitochondrially-encoded subunits, 20 of the 37 nuclear-encoded subunits, 

and 13 of the 16 biogenesis factors (Fassone and Rahman, 2012; Fiedorczuk and Sazanov, 

2018; Formosa et al., 2015; Friederich et al., 2017; Giachin et al., 2016; Koopman et al., 

2016; Pagniez-Mammeri et al., 2012a, 2012b; Rodenburg, 2016; Sanchez-Caballero et al., 

2016a, 2016b). While CI disorders can have a wide spectrum of symptomology and severity, 

an important distinction has been noted for patients carrying mitochondrial mutations 

compared to those carrying nuclear mutations (Distelmaier et al., 2009). The mitochondrial 

mutations result in a more heterogenous range of symptoms due to the heteroplasmic nature 

of mtDNA mutations. Such disorders have a wide variability in terms of age of onset, 

severity of clinical symptoms, and affected tissues/organs. On the other hand, patients with 

nuclear mutations typically present more consistent clinical phenotypes. The majority of 

these cases display symptoms within the first year of life with rapid deterioration triggered 

by respiratory or gastrointestinal infections. However, some mild heterogeneity does exist in 

CI disorders caused by nuclear mutations as well, such as the lack of correlation between the 

mutant genes, the manifested clinical phenotypes, or the affected tissues within each patient 

(Distelmaier et al., 2009; Friederich et al., 2017). The severity of CI deficiency in genetic 

CI disorders can range widely from 8 to 75%, depending upon the patient, the nature of 

mutation, and the type of tissues tested within the same patient (Distelmaier et al., 2009, 

Calvo et al., 2010).

If idiopathic reductions in CI activity play a cardinal role in the development of PD, then it 

is reasonable to expect that PD neuropathology would consequently be observed in genetic 

CI disorders. Although certain mtDNA polymorphisms and missense mutations have been 

associated with increased risk for PD, there is no consistent evidence for mtDNA mutations 

leading to the development of PD (Chen et al., 2019; Martin-Jimenez et al., 2020). Similarly, 

the spontaneous loss of SNpc DA neurons is not a universal, or even common, occurrence 

following pathogenic mutations of nuclear CI genes. The majority of CI disorders are 

characterized by features of Leigh syndrome or leukoencephalopathy with isolated or 
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combined lesions in the brainstem and the basal ganglia, including both grey and white 

matter involvement. MELAS is predominantly characterized by grey matter involvement 

with neuronal loss in the basal ganglia, thalamus, cerebellum, and brain stem (Filosto et al., 

2007). Some CI disorders were also reported to have lesions in the cerebellum, spinal cord, 

corpus callosum, and occasional SN involvement (Fassone and Rahman, 2012; Lebre et al., 

2011). Therefore, these disorders where CI activity is reduced patient-wide do not resemble 

the selective and discrete neuropathology associated with iPD. Moreover, most CI disorders 

have disease onset within 12 months of birth. The majority of patients do not survive infancy 

or childhood, with only a limited number of patients surviving into adulthood (Fassone and 

Rahman, 2012).

Only one nuclear-encoded CI subunit, NDUFV2, has been associated with PD. Located 

in the matrix arm of CI, NDUFV2 is a highly conserved 24 kDa core subunit that binds 

a 2Fe-2S cluster and is required for electron relay and/or enzyme stability (Birrell et 

al., 2013; Sazanov and Hinchliffe, 2006). Furthermore, NDUFV2 is implicated in many 

other neurological diseases including Leigh syndrome, bipolar disorder, schizophrenia, and 

encephalomyopathy (Benit et al., 2003; Cameron et al., 2015; Liu et al., 2011; Washizuka 

et al., 2004, 2006). From a study of 126 PD patients and 112 controls, a homozygous 

mutation in NDUFV2 leading to an A29V substitution was associated with a 2.4-fold 

greater risk of developing PD (Hattori et al., 1998). In a second study, the K209R 

variant was observed in both familial and sporadic PD cases (Nishioka et al., 2010). 

Unfortunately, neither of the studies included detailed analyses of CI enzymatic activity 

or assembly to determine the consequence of the NDUFV2 mutations on CI function in 

patient tissues. Furthermore, reconstruction of the conserved lysine-to-arginine substitution 

in the unicellular alga Chlamydomonas reinhardtii failed to reveal any relevant defects in 

respiratory growth, CI activity, or assembly (Subrahmanian et al., 2020). Therefore, the 

precise biochemical consequence of these mutations on mitochondrial function and the 

development of PD is unknown.

The contribution of reduced CI activity to the development of parkinsonism has been 

investigated in mice with a homozygous deletion of Ndufs4 (encoding the 18 kDa CI soluble 

subunit). Loss of NDUFS4 in mouse embryos bestowed a complete lack of CI activity in 

mesencephalic neuronal cultures without leading to the expected selective neuronal death of 

DA neurons in SN or nigral cultures (Choi et al., 2008, 2011). Instead, mice with conditional 

knockout of Ndufs4 in neurons and glia developed Leigh syndrome-like neuropathology 

(Quintana et al., 2010). In fact, conditional Ndufs4 knockout in DA neurons of adult 

mice exhibited decreased dopamine levels in neurons (35% decrease in striatum by 24 

months) without significant DA neuronal loss or motor deficits (Choi et al., 2017; Kim et 

al., 2015). Furthermore, a lack of CI was expected to negate the neurotoxic effects of CI 

inhibitors. In fact, Ndufs4−/− DA neurons exhibited the same susceptibility to MPP+- and 

rotenone-induced toxicity, calling into question CI as the common target of their toxicity 

(Choi et al., 2008, 2011; Kim et al., 2015). Further analyses suggested that rotenone-induced 

DA neuronal death, observed despite the absence of CI activity, was caused by microtubule 

depolymerization (Choi et al., 2011). Similarly, MPP+ has also been demonstrated to be 

an inhibitor of α-ketoglutarate dehydrogenase activity (Mizuno et al., 1988), a microtubule 

depolymerizing agent (Cappelletti et al., 2001, 2005), and a destabilizer of the D-loop 
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structure in mtDNA (Umeda et al., 2000). Thus, despite the wide acceptance that these 

toxins inhibit CI activity, there is compelling evidence that their neurotoxicity towards DA 

neurons may involve targets other than CI. This interpretation is perhaps consistent with the 

poor correlation between genetic CI deficiencies and the spontaneous degeneration of the 

SNpc in humans, as described above.

5. The strange case of NDUFAF2

While virtually all cases of CI-related disorders do not support the co-occurrence of selective 

SNpc neurodegeneration, one rare mitochondrial encephalopathy partly challenges this 

norm. NDUFAF2 was identified as a potential CI assembly factor, from whole genome 

subtraction analysis of fungal organisms with the presence or absence of CI encoded by their 

genomes (Ogilvie et al., 2005). Human NDUFAF2 is a ~20 kDa mitochondrially-localized 

protein, which is 17% identical and 34% similar to the NDUFA12 soluble subunit of 

CI (Ogilvie et al., 2005). So far, 12 patients with autosomal recessive NDUFAF2 loss-of-

function mutations have been reported (Barghuti et al., 2008; Calvo et al., 2010; Ghaloul-

Gonzalez et al., 2016; Herzer et al., 2010; Hoefs et al., 2009; Janssen et al., 2009; Koene 

et al., 2012; Lesch et al., 2011; Ogilvie et al., 2005). Decreased CI activity in the skeletal 

muscle or fibroblasts was confirmed in seven patients (Herzer et al., 2010; Janssen et al., 

2009; Koene et al., 2012), which is expected as NDUFAF2 has been implicated in both CI 

assembly (Adjobo-Hermans et al., 2020; Guerrero-Castillo et al., 2017; Ogilvie et al., 2005; 

Vogel et al., 2007) and activity (Schlehe et al., 2013). In 11 out of the 12 cases, the loss of 

NDUFAF2 was due to homozygous or hemizygous mutations that lead to the termination 

of NDUFAF2 synthesis [resulting in the variations: M1L, W3X, Y38X, W74X, I35SfsX17, 

A73GfsX5, R45X], or homozygous deletions in the NDUFAF2 gene / 450 kb deletion of 

a region including the NDUFAF2 gene (Barghuti et al., 2008; Calvo et al., 2010; Fassone 

and Rahman, 2012; Ghaloul-Gonzalez et al., 2016; Herzer et al., 2010; Hoefs et al., 2009; 

Janssen et al., 2009; Koene et al., 2012; Ogilvie et al., 2005).

Amongst the 11 patients that were studied closely, all exhibited early-onset encephalopathies 

with a lifespan ranging from nine to 24 months for ten patients and 13 years for one patient 

(Barghuti et al., 2008; Calvo et al., 2010; Fassone and Rahman, 2012; Ghaloul-Gonzalez 

et al., 2016; Herzer et al., 2010; Hoefs et al., 2009; Janssen et al., 2009; Koene et al., 

2012; Ogilvie et al., 2005). Six patients were characterized with the neuropathology of 

Leigh syndrome, a disorder that also commonly includes SN involvement (Calvo et al., 

2010; Ghaloul-Gonzalez et al., 2016; Herzer et al., 2010; Hoefs et al., 2009). Detailed 

neuroimaging studies have been reported for three out of six patients with Leigh syndrome. 

Bilateral symmetrical lesions of the midbrain and/or basal ganglia, characteristic of Leigh 

Syndrome, were reported for these three patients (Ghaloul-Gonzalez et al., 2016; Herzer 

et al., 2010; Hoefs et al., 2009). Additionally, two patients exhibited SN involvement, out 

of which one patient exhibited depigmentation of the SN, typical of DA neuronal loss 

(Ghaloul-Gonzalez et al., 2016; Herzer et al., 2010). The neuro-imaging of three other 

patients was distinctive from Leigh syndrome, with initial sparing of cortical and subcortical 

white matter and the involvement of SN, medial lemniscus, medial longitudinal fasciculus, 

mamillothalamic tracts, and spinothalamic tracts (Barghuti et al., 2008; Ogilvie et al., 2005). 

Six patients (three with Leigh syndrome neuropathology and three without) also exhibited 
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motor symptoms (Barghuti et al., 2008; Calvo et al., 2010; Herzer et al., 2010; Hoefs et al., 

2009; Ogilvie et al., 2005).

In spite of the numerous examples of CI-related mutations failing to produce parkinsonian 

symptoms or selective neurodegeneration of the SNpc, NDUFAF2 loss-of-function is one 

intriguing example where mitochondrial encephalopathy has been observed with a frequent 

involvement of SN loss, even in the absence of distinct Leigh syndrome neuropathology, 

along with broad motor symptomology. One possibility for this unique manifestation of SN 

injury is that loss of NDUFAF2 affects the mitochondrial respiratory chain in a specific 

manner that introduces a pathologic gain-of-function (e.g. generation of reactive oxygen 

species) that mimics mitochondrial dysfunction in iPD. A second possibility is a yet-to-be 

identified non-CI related function for NDUFAF2,the loss of which is more related to nigral 

degeneration than the partial decrements in CI activity. Far more work on this enigmatic 

mitochondrial chaperone is warranted.

6. Role of PINK1 in complex I function

While the majority of PD cases are idiopathic in nature, familial forms of PD (fPD) have 

been identified with autosomal dominant or autosomal recessive mutations across multiple 

genes. Most of the established fPD genes are not directly involved in CI function, nor 

even broadly associated with energy metabolism. Autosomal recessive mutations in the gene 

encoding the mitochondrial kinase PINK1 (PTEN-induced kinase 1) are causal for early 

onset fPD (Valente et al., 2004). Interestingly, one notable function of PINK1 involves a 

partnership with another autosomal recessive fPD gene product, the ubiquitin E3 ligase 

Parkin, to control the degradation of damaged mitochondria and thus maintain mitochondrial 

quality control (Narendra et al., 2008, 2012, 2010; Narendra and Youle, 2011). However, in 

the unique case of PINK1 there are data directly linking its function to CI biology.

In the elucidation of PINK1′s role in mitochondrial function Drosophila, zebrafish, and 

mice are three major model systems that have been rigorously employed. There are slight 

variations in each model’s response to loss of PINK1. However, one commonly observed 

feature of PINK1 loss across these model systems is impaired mitochondrial respiration. 

While a more generalized mitochondrial defect in Pink1-null mouse brain has also been 

suggested (Gautier et al., 2008), selective decreases in CI activity were first reported 

in mouse brain tissue and Drosophila brain-enriched and muscle-enriched mitochondrial 

homogenates (Morais et al., 2009). Similarly, decreased rotenone-sensitive CI activity was 

also observed in PINK1-mutant PD patient fibroblasts (Hoepken et al., 2007; Piccoli et al., 

2008a, 2008b) and engineered Pink1-null mice fibroblasts transfected with common human 

PINK1 variants such as G309D, W437X, and K218A (Morais et al., 2009), suggesting that 

PINK1 function is required for normal mitochondrial CI activity.

The putative selective role of PINK1 in CI function was bolstered by the novel expression 

of alternative ETC enzymes in Pink1-null flies. The S. cerevisiae alternative NADH 

dehydrogenase Ndi1p, a monomeric rotenone-insensitive enzyme capable of bypassing the 

need for CI in animal models, was able to alleviate the pink1 mutant phenotypes (Vilain et 

al., 2012). Partial rescue was observed for flight incapacity, degeneration of flight muscles, 
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abnormal mitochondrial morphology, and ATP levels. Indeed, pink1 mutants complemented 

with Ndi1p were capable of normal synaptic transmission at high frequency and the 

mitochondria at synaptic boutons showed improved membrane polarization. In contrast, 

expression of C. intestinalis alternative oxidase, a protein which bypasses CIII and CIV 

function, failed to rescue any of the pink1 phenotypes. These results are consistent with the 

perspective of a selective role for PINK1 in CI, as first suggested by Morais et al., 2009. It 

should be noted that PINK1-null zebrafish uniquely exhibit a significant CIII deficiency, in 

addition to a CI defect (Flinn et al., 2014). However, rescue with alternative ETC enzymes 

has not been conducted to dissect the role of PINK1-related CI and CIII deficiency in this 

model system.

The hypothesis for a selective role for PINK1 in CI function was further supported by 

the identification that knockdown of ND42 in Drosophila cells, encoding the CI soluble 

subunit NDUFA10, phenocopied pink1 knockdown in Drosophila cells (Pogson et al., 

2014). Overexpression of ND42 was able to partially rescue pink1 locomotor defects and 

mitochondrial integrity, while knockdown of SICILY (encoding a CI chaperone required 

for NDUFA10 stability) also phenocopied pink1 mutants. Indeed, overexpression of either 

ND42 or SICILY was capable of fully rescuing the CI enzymatic defect in pink1 Drosophila 
mutants. A comparative phospho-proteomic analysis of WT and Pink1-null mouse brain 

and liver tissues revealed a lack of NDUFA10 phosphorylation at Ser250 upon loss of 

PINK1, implying a PINK1-dependent phosphorylation of NDUFA10 (Morais et al., 2014). 

The relevance of NDUFA10 phosphorylation was further supported by the capacity of 

a phosphomimetic S250D variant of NDUFA10, but not the S250A variant, to restore 

mitochondrial membrane potential and rotenone-sensitive CI activity in Pink1−/− mouse 

embryonic fibroblasts (MEFs) and Pink1−/− MEFs expressing PD-related PINK1 variants 

or a kinase-inactive PINK1 variant. Interestingly, conflicting results have been reported 

regarding NDUFA10 S250A rescue of pink1 Drosophila mutants, wherein one group 

observed a lack of CI rescue in Pink1−/− mutants by the S250A variant (Morais et al., 

2014), whereas another observed WT levels of CI activity with the S250A variant (Pogson 

et al., 2014). While a role for direct phosphorylation of NDUFA10 by PINK1 kinase activity 

is indicated by this work, it is yet to be demonstrated. At this stage, we cannot rule out the 

possibility that NDUFA10 is instead phosphorylated by a different kinase whose activity is 

dependent on PINK1. Nonetheless, the totality of these data from multiple groups and model 

systems supports a unique role for the fPD gene product PINK1 in the normal maintenance 

of CI activity.

The loss of Parkin, encoded by the PARK2 gene, has yielded intriguing results with respect 

to CI deficiency. Mutations in PARK2 lead to autosomal recessive early-onset parkinsonism 

characterized by nigral degeneration, in many cases without the development of Lewy 

bodies (Johansen et al., 2018; Kitada et al., 1998). This manifestation would be ideal for the 

study of mitochondrial CI as a putative cause of nigral degeneration without an α-synuclein 

component. However, the few CI analyses conducted on PARK2 patients are limited to 

peripheral tissues. While one study of immortalized lymphocytes failed to observe any 

differences in NADH dehydrogenase activity of immunocaptured CI (Ming et al., 2020), 

another study of 10 PARK2 patients reported a decrease in rotenone-sensitive CI activity in 

leukocytes (Muftuoglu et al., 2004). In addition, studies from three independent groups on 
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Parkin-deficient patient fibroblasts, encompassing nine patients compared to nine controls, 

observed a decrease in rotenone-sensitive CI activity (Ferretta et al., 2014; Mortiboys et al., 

2008, 2013; Pacelli et al., 2011). This CI defect was reproduced in parkin-deficient zebrafish 

embryos (Flinn et al., 2009), but could not be recapitulated in PARK2-null mice striatum, 

midbrain, and cortex mitochondria (Damiano et al., 2014). The inability to reproduce CI 

deficiency as a consequence of Parkin loss across model systems highlights the necessity 

of comprehensive studies on CI function in post-mortem nigral tissues and other primary 

tissues from Parkin-deficient fPD patients to determine if CI deficiency correlates with 

Parkin function.

While the minimal studies of patient fibroblasts with mutations in other PD-related genes, 

such as LRRK2 and PARK7 (DJ-1), may imply a CI defect (Di Nottia et al., 2017; 

Grunewald et al., 2014), direct CI activity measurements from fPD patient tissues are 

lacking. If CI deficiency is an underlying feature of nigral cell loss, it is reasonable to 

expect a CI defect in primary tissues such as SN, muscle, and platelets of patients with 

genetic defects in known PD genes. However, such detailed analyses of rotenone-sensitive 

CI activity and assembly in post-mortem brain and peripheral tissues from fPD patients 

is currently lacking in the field. A systematic comparative analysis of CI activities in 

different primary tissues such as SN neurons, platelets, and skeletal muscle of fPD patients 

with mutations in each PD-related gene will be essential to determine the contribution 

of CI function in the etiology of all types of PD. This methodical undertaking needs to 

be bolstered with uniformly employed considerations including early- vs late-onset PD, 

disease stage and severity, tissue preparation, mitochondrial isolation, and standardized 

rotenone-sensitive CI activity assays. Furthermore, a study of CI function and cell survival in 

patient-derived iPSCs, before and after differentiation into cortical and DA neurons, would 

provide valuable information regarding the importance of CI dysfunction in DA neuronal 

loss. Once a consistent correlation between CI deficiency and specific nigral cell loss has 

been established, future investigations can be directed towards understanding its upstream 

and/or downstream effects such as changes in mitochondrial biogenesis, CI enzyme or 

subunit turnover/stability, and post-translational modifications of CI that may contribute 

towards a bioenergetic deficit and the unique vulnerability of DA neurons in PD.

7. Conclusion

Invaluable discoveries of new mitochondrial pathways in both health and disease have 

been driven by the seminal observation of parkinsonism caused by human exposure to 

the mitochondrial CI inhibitor, MPP+ (Langston et al., 1983). What remains enigmatic 

is whether iPD, or even rare forms of fPD, are caused by selective deficiencies in this 

enzyme (Fig. 2). While an oft-relied upon tool for inducing experimental parkinsonism, the 

observation of MPP+-induced nigral neuronal loss in mice lacking CI (Choi et al., 2008) 

raises questions about the nature of even the oldest established relationship between CI 

and DA neuron loss. Additionally, environmental exposure to non-CI inhibitors, such as 

paraquat (Bastias-Candia et al., 2019; Zeng et al., 2018), is also known to cause PD further 

divorcing CI inhibition from PD epidemiology. The fact that parkinsonism/unique nigral 

involvement is the exception, not the rule, in isolated CI genetic disorders further clouds 

the issue. The historical landscape of the PD field consistently endorses an involvement of 
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mitochondrial dysfunction, but only through the prism of broad defects not always confined 

to or even involving CI. A recent example of this was just reported, where a mutation in a 

gene encoding a CIII subunit was associated with an autosomal dominant parkinsonism with 

polyneuropathy (Lin et al., 2020). This further highlights the more generalized link between 

mitochondrial dysfunction and nigral cell loss, but without a unique or requisite change in 

CI activity.

Post-mortem studies have suggested a CI deficiency in the SN of iPD patients, the site 

of the most severe neuropathology (Figs. 1 and 2). A meta-analysis of these studies has 

endorsed the correlation between PD and CI deficiency in the SN (Holper et al., 2019). 

A central question moving forward is whether this association is causal in nature, or a 

consequence of the severity of the disease in this brain region. If it were causal in nature, it 

is reasonable to expect that a CI defect would be observed in other tissues, as well. There 

are conflicting results regarding CI deficiency in other brain regions and peripheral tissues 

of PD patients (Fig. 1), which may be indicative of a consequence of severe neuronal loss 

and not pathogenesis. It is also to be noted that subjects with known mutations in CI-related 

genes typically do not suffer from selective nigral pathology but do display profoundly 

heterogenous phenotypes and do not always manifest comparable CI deficiency in every 

tissue. This adds an additional layer of complexity in ascertaining whether CI deficiency 

could be a driving factor in nigral neurodegeneration. A detailed analysis of ETC complex 

function in idiopathic, sporadic, and familial PD, compared to CI-deficient patient tissues 

is required to understand the degree of CI deficiency in PD in comparison to bona fide CI 

disorders. Specifically, it would be informative to analyze the postmortem SNpc CI activity 

and degree of neuronal loss in patients with isolated CI disorders. In addition, a systematic 

study of CI disorder patient-derived iPSCs and DA neuronal cell culture would be beneficial 

to determine the unique vulnerability of nigral neurons to CI dysfunction. Another avenue 

for future consideration of the CI hypothesis is to assess whether sub-clinical CI mutations 

increase the risk for PD. While patients with autosomal recessive CI mutations may fail to 

display classic parkinsonism, it would be valuable to explore whether heterozygous carriers 

of these mutations exhibit a selective increased risk for PD, or other neurodegenerative 

diseases.

8. Thinking beyond Parkinson’s disease

Interestingly, mitochondrial ETC deficits have been observed in other neurodegenerative 

disorders. Broad mitochondrial dysfunction (Monzio Compagnoni et al., 2020; Wang et 

al., 2020), including CI deficits (Adav et al., 2019; Holper et al., 2019; Kim et al., 2001; 

Manczak et al., 2004), have been associated with Alzheimer’s disease. Selective disruption 

of CI activity has been linked to TDP-43 dependent toxicity implicated in Amyotrophic 

Lateral Sclerosis (Wang et al., 2019). In a study led by the Heiman lab at MIT, we recently 

showed that alterations in CI transcript levels were over-represented amongst disease-linked 

changes in Huntington’s disease (HD) patients and multiple HD mouse models (Lee et 

al., 2020). Furthermore, cell-type specific profiling revealed these changes to be unique 

within the neurons most affected in HD, thereby corresponding to tissue-specific changes 

in CI activity. These findings, and others, may indicate a critical role for intact CI activity 

in healthy aging of the human brain, whereby genetic or environmental challenges to CI 
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function may broadly affect the risk for adult-onset neurodegenerative diseases. Certainly, 

the basic and translational value of a full understanding of this large and intricate protein 

complex continues to grow.
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MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MPP+ 1-methyl-4-phenylpyridinium

OXPHOS oxidative phosphorylation

PD Parkinson’s disease

PINK1 PTEN-induced kinase 1

SN substantia nigra
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Fig. 1. 
A lack of definitive CI deficiency in a majority of primary tissues from iPD patients. The pie 

charts represent the approximate percentage of independent studies that report a significant 

decrease in CI function (green) versus no significant differences (orange) in iPD patient 

tissues compared to the control subjects, or not determined (ND). Charts are segregated by 

tissue and assay method. The number of studies (CI-impairment vs no deficit) for a) SN, b) 

other brain regions, c) platelets/lymphocytes, d) skin fibroblasts, and e) skeletal muscle are 

as follows. CI enzymatic activities: a) 5 vs 1, b) 3 vs 8, c) 10 vs 10, d) 1 vs 1, e) 7 vs 5; 

immunohistochemistry: a) 3 vs 1, b) 1 vs 0, c) ND, d) ND, e) ND; SDS-PAGE/BN-PAGE 

immunoblotting: a) 0 vs 1, b) 2 vs 2, c) ND, d) 1 vs 0, e) 1 vs 0; CI-linked oxygen 

consumption rate (OCR): a) ND, b) 1 vs 0, c) 0 vs 1, d) 1 vs 2, e) 1 vs 6. The number 

of subjects tested in each study is highly variable and the details are provided in Tables 

1 and 2. “ * ” indicates pie charts generated from only one available study. Created with 

Biorender.com.
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Fig. 2. 
The role of CI activity in selective nigral vulnerability and PD remains elusive. Evidences 

that support or refute a possible role for CI dysfunction in the etiology of PD as discussed 

in this manuscript are depicted here. Phenotypes that overlap with CI dysfunction and PD 

are shown in the central circle. Further empirical evidence is necessary to determine if CI 

dysfunction occurs upstream or downstream of the pathways that lead to the development 

of PD, and how important it may be to the manifestation of disease. Created with 

Biorender.com.

Subrahmanian and LaVoie Page 31

Brain Res. Author manuscript; available in PMC 2022 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://Biorender.com


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Subrahmanian and LaVoie Page 32

Ta
b

le
 1

A
 s

um
m

ar
y 

of
 a

ss
es

sm
en

ts
 o

f 
m

ito
ch

on
dr

ia
l E

T
C

 c
om

pl
ex

es
 in

 d
if

fe
re

nt
 b

ra
in

 r
eg

io
ns

 o
f 

PD
 p

at
ie

nt
s.

 C
: c

on
tr

ol
; P

D
: P

ar
ki

ns
on

’s
 d

is
ea

se
; S

N
: s

ub
st

an
tia

 

ni
gr

a;
 S

N
pc

: S
N

 p
ar

s 
co

m
pa

ct
a;

 S
N

pr
: S

N
 p

ar
s 

re
tic

ul
at

a;
 N

.D
.: 

no
t d

et
er

m
in

ed
; N

.S
.: 

no
 s

ta
tis

tic
al

ly
 s

ig
ni

fi
ca

nt
 c

ha
ng

es
 o

bs
er

ve
d 

be
tw

ee
n 

PD
 a

nd
 

co
nt

ro
l s

ub
je

ct
s.

 (
A

) 
A

bu
nd

an
ce

 o
f 

C
I 

su
bu

ni
ts

 te
st

ed
 b

y 
SD

S-
PA

G
E

 im
m

un
ob

lo
tti

ng
. (

B
) 

L
ev

el
s 

of
 C

I 
as

se
ss

ed
 b

y 
im

m
un

os
ta

in
in

g 
us

in
g 

C
I 

an
tib

od
ie

s.
 

(C
) 

E
nz

ym
at

ic
 a

ct
iv

iti
es

 d
et

er
m

in
ed

 s
pe

ct
ro

ph
ot

om
et

ri
ca

lly
 u

si
ng

 ti
ss

ue
 h

om
og

en
at

es
 o

r 
pu

ri
fi

ed
 m

ito
ch

on
dr

ia
. C

I:
 N

A
D

H
: C

oQ
1 

ox
id

or
ed

uc
ta

se
 

ac
tiv

ity
; C

I 
+

 I
II

: N
A

D
H

: c
yt

oc
hr

om
e 

c 
ox

id
or

ed
uc

ta
se

 a
ct

iv
ity

; C
II

 +
 I

II
: s

uc
ci

na
te

: c
yt

oc
hr

om
e 

c 
ox

id
or

ed
uc

ta
se

 a
ct

iv
ity

; C
II

: s
uc

ci
na

te
: u

bi
qu

in
on

e 

ox
id

or
ed

uc
ta

se
 a

ct
iv

ity
; C

II
I:

 u
bi

qu
in

ol
: c

yt
oc

hr
om

e 
c 

ox
id

or
ed

uc
ta

se
 a

ct
iv

ity
; C

IV
: c

yt
oc

hr
om

e 
c 

ox
id

as
e 

ac
tiv

ity
. C

S:
 c

itr
at

e 
sy

nt
ha

se
 a

ct
iv

ity
; “

x/
C

S”
 

re
fe

rs
 to

 a
ct

iv
ity

 x
 (

C
I,

 C
II

, C
II

I,
 o

r 
C

IV
) 

no
rm

al
iz

ed
 to

 c
itr

at
e 

sy
nt

ha
se

 a
ct

iv
ity

. A
ct

iv
iti

es
 d

et
er

m
in

ed
 b

y 
se

ns
iti

vi
ty

 to
 c

om
pl

ex
-s

pe
ci

fi
c 

in
hi

bi
to

rs
 s

uc
h 

as
 r

ot
en

on
e 

or
 a

nt
im

yc
in

 A
 a

re
 d

en
ot

ed
 in

 “
bl

ue
” 

fo
nt

; O
C

R
: o

xy
ge

n 
co

ns
um

pt
io

n 
ra

te
; T

he
 d

ip
st

ic
k 

as
sa

y,
 r

ef
er

s 
to

 a
 m

et
ho

d 
of

 a
ss

es
si

ng
 C

I 
ac

tiv
ity

 b
y 

fi
rs

t i
m

m
un

oc
ap

tu
ri

ng
 th

e 
C

I 
ho

lo
en

zy
m

e 
fo

llo
w

ed
 b

y 
as

se
ss

in
g 

th
e 

N
A

D
H

 d
eh

yd
ro

ge
na

se
 a

ct
iv

ity
 b

y 
N

B
T

 s
ta

in
in

g.
 T

he
 s

tu
di

es
 a

re
 g

ro
up

ed
 b

as
ed

 o
n 

th
e 

pr
es

en
ce

 (
lig

ht
 g

re
en

 c
el

ls
) 

vs
 a

bs
en

ce
 (

lig
ht

 r
ed

 c
el

ls
) 

of
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

e 
in

 C
I 

be
tw

ee
n 

co
nt

ro
l a

nd
 P

D
.

Ta
bl

e 
1A

. C
om

pl
ex

 I
 a

bu
nd

an
ce

 d
et

er
m

in
ed

 b
y 

im
m

un
ob

lo
tt

in
g

St
ud

y
So

ur
ce

N
o.

 o
f 

ca
se

s
R

es
ul

ts

M
iz

un
o 

et
 a

l.,
 1

98
9

St
ri

at
al

 a
nd

 f
ro

nt
al

 lo
be

 
m

ito
ch

on
dr

ia
4 

C
, 5

 P
D

D
ec

re
as

ed
 s

te
ad

y-
st

at
e 

le
ve

ls
 o

f 
C

I 
su

bu
ni

ts
 in

 4
 o

ut
 o

f 
5 

PD
 p

at
ie

nt
s 

in
 s

tr
ia

ta
l m

ito
ch

on
dr

ia
 

bu
t n

o 
ch

an
ge

s 
in

 C
II

I 
or

 C
IV

 s
ub

un
its

; N
.S

. f
or

 C
I,

 C
II

I,
 C

IV
 s

ub
un

it 
le

ve
ls

 in
 f

ro
nt

al
 lo

be
 

m
ito

ch
on

dr
ia

;

K
ee

ne
y 

et
 a

l.,
 2

00
6

Fr
on

ta
l c

or
te

x 
m

ito
ch

on
dr

ia
10

 C
, 1

0 
PD

11
%

 in
cr

ea
se

 in
 2

0 
kD

a 
N

D
6 

pr
ot

ei
n,

 3
3%

 d
ec

re
as

e 
in

 8
 k

D
a 

su
bu

ni
t o

f 
C

I.
 T

he
 C

I 
an

tib
od

y 
re

co
gn

iz
es

 m
ul

tip
le

 s
ub

un
its

.

Sc
ha

pi
ra

 e
t a

l.,
 1

99
0a

SN
 h

om
og

en
at

es
1 

C
, 1

 P
D

N
.S

. f
or

 a
cc

um
ul

at
io

n 
of

 C
I 

su
bu

ni
ts

 a
s 

de
te

ct
ed

 b
y 

an
ti-

C
I 

an
tis

er
a.

G
at

t e
t a

l.,
 2

01
6

Pr
ef

ro
nt

al
 c

or
te

x 
ho

m
og

en
at

es
23

 C
, 4

0 
PD

N
.S

. f
or

 C
I,

 C
II

, C
II

I,
 C

IV
, C

V
 s

ub
un

it 
le

ve
ls

 n
or

m
al

iz
ed

 to
 h

is
to

ne
 H

3 
le

ve
ls

, a
ss

ay
ed

 u
si

ng
 a

n 
O

X
PH

O
S 

co
ck

ta
il 

an
tib

od
y.

Fl
on

es
 e

t a
l.,

 2
01

8

Pr
ef

ro
nt

al
 c

or
te

x 
ho

m
og

en
at

es
11

C
, 1

1 
PD

N
.S

. f
or

 a
ve

ra
ge

 a
ss

em
bl

ed
 c

om
pl

ex
 d

et
ec

te
d 

by
 B

N
-P

A
G

E
 im

m
un

ob
lo

tti
ng

 a
na

ly
se

s.
St

ri
at

um
 h

om
og

en
at

es
6C

, 6
 P

D

C
er

eb
el

lu
m

 h
om

og
en

at
es

2C
, 8

 P
D

Ta
bl

e 
1B

. L
ev

el
s 

of
 c

om
pl

ex
 I

 a
ss

es
se

d 
by

 im
m

un
oh

is
to

ch
em

ic
al

 a
na

ly
se

s

St
ud

y
So

ur
ce

N
o.

 o
f 

ca
se

s
R

es
ul

ts

H
at

to
ri

 e
t a

l.,
 1

99
1

SN
 m

ed
ia

l, 
ce

nt
ra

l, 
la

te
ra

l 
ne

ur
on

s
7 

C
, 8

 P
D

C
I 

im
m

un
os

ta
in

in
g 

w
ith

 w
ea

k 
or

 n
o 

st
ai

ni
ng

 in
 3

5.
6 

+
/−

 1
7.

6%
 o

f 
ni

gr
al

 n
eu

ro
ns

 f
or

 P
D

 
co

m
pa

re
d 

to
 1

3.
6 

+
/−

 4
.2

%
 in

 c
on

tr
ol

. C
II

I,
 C

IV
 s

ta
in

ed
 in

te
ns

el
y.

 C
II

 h
ad

 1
0–

50
%

 w
ea

k 
st

ai
ni

ng
 in

 3
 P

D
 p

at
ie

nt
s.

 N
.S

. f
or

 C
I,

 C
II

, C
II

I,
 C

IV
 im

m
un

os
ta

in
in

g 
in

 s
tr

ia
ta

l n
eu

ro
ns

 a
nd

 
ne

ur
op

ils
.

Pa
lin

 e
t a

l.,
 2

01
3

M
es

en
ce

ph
al

ic
 n

uc
le

i
2 

C
, 6

 p
at

ie
nt

s 
w

ith
 m

ut
at

io
ns

O
ut

 o
f 

6 
pa

tie
nt

s:
 2

 w
ith

 T
w

in
kl

e 
m

ut
at

io
ns

, 4
 w

ith
 P

O
L

G
 m

ut
at

io
ns

 -
 2

 e
xh

ib
it 

PD
. V

er
y 

lo
w

 C
I 

im
m

un
or

ea
ct

iv
ity

 in
 S

N
 o

f 
al

l 6
 p

at
ie

nt
s 

w
ith

 th
re

e 
in

de
pe

nd
en

t C
I 

an
tib

od
ie

s.
 S

N
 n

eu
ro

pi
l a

nd
 

m
es

en
ce

ph
al

ic
 n

eu
ro

pi
l h

ad
 m

in
or

 lo
ss

 o
f 

C
I 

im
m

un
or

ea
ct

iv
ity

. C
II

 im
m

un
or

ea
ct

iv
ity

 in
 S

N
 a

nd
 

oc
ul

om
ot

or
 n

uc
le

us
 w

as
 m

or
e 

in
te

ns
e 

in
 P

O
L

G
-P

D
, b

ut
 N

.S
. f

or
 C

II
I 

an
d 

C
IV

 im
m

un
os

ta
in

in
g.

Brain Res. Author manuscript; available in PMC 2022 September 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Subrahmanian and LaVoie Page 33

R
ee

ve
 e

t a
l.,

 2
01

3
SN

 n
eu

ro
ns

8 
C

, 5
 p

at
ie

nt
s 

w
ith

 P
O

L
G

 
m

ut
at

io
ns

A
ll 

pa
tie

nt
s 

ha
d 

SN
 n

eu
ro

na
l l

os
s,

 2
/5

 p
at

ie
nt

s 
sh

ow
ed

 L
B

 p
at

ho
lo

gy
, o

nl
y 

on
e 

pa
tie

nt
 

ex
hi

bi
te

d 
pa

rk
in

so
ni

an
 s

ym
pt

om
s.

 N
.S

. f
or

 C
II

, p
or

in
 im

m
un

or
ea

ct
iv

ity
; N

eu
ro

ns
 w

ith
 w

ea
k 

C
I 

an
d 

C
IV

 im
m

un
os

ta
in

in
g 

si
gn

if
ic

an
tly

 in
cr

ea
se

d 
in

 p
at

ie
nt

s 
w

ith
 P

O
L

G
 m

ut
at

io
ns

; C
II

I,
 C

V
 

im
m

un
or

ea
ct

iv
ity

 N
.D

.

G
ru

ne
w

al
d 

et
 a

l.,
 2

01
6

SN
 n

eu
ro

ns
10

 C
, 1

0 
PD

D
ec

re
as

ed
 C

I 
an

d 
C

II
 im

m
un

or
ea

ct
iv

ity
 q

ua
nt

if
ie

d 
re

la
tiv

e 
to

 p
or

in
 o

r 
G

R
P7

5.
 4

9%
 o

f 
PD

 h
ad

 
co

m
bi

ne
d 

de
fi

ci
en

cy
 in

 C
I 

an
d 

C
II

 im
m

un
or

ea
ct

iv
ity

; 2
5%

 o
f 

pa
tie

nt
 n

eu
ro

ns
 la

ck
ed

 b
ot

h 
C

I 
an

d 
C

IV
 im

m
un

or
ea

ct
iv

ity
. A

 d
ec

re
as

e 
in

 C
I 

an
d 

C
IV

 im
m

un
or

ea
ct

iv
ity

 in
 c

on
tr

ol
s 

w
ith

 a
n 

in
cr

ea
se

 
in

 a
ge

 a
ls

o 
no

te
d.

Fl
on

es
 e

t a
l.,

 2
01

8

Pr
ef

ro
nt

al
 c

or
te

x,
 H

ip
po

ca
m

pu
s,

 
Pu

ta
m

en
, P

on
s,

 S
N

pc
3 

C
, 3

 P
D

C
I 

im
m

un
os

ta
in

in
g 

de
cr

ea
se

d 
in

 a
ll 

ar
ea

s;
 C

IV
 d

ec
re

as
ed

 in
 S

N
pc

 a
lo

ne
. P

os
iti

ve
 f

ra
ct

io
na

l 
cy

to
pl

as
m

ic
 a

re
a 

qu
an

tif
ic

at
io

n 
co

nf
ir

m
ed

 d
ec

re
as

ed
 C

I 
st

ai
ni

ng
 in

 a
ll 

ar
ea

s,
 N

.S
. f

or
 C

II
-C

V
 

st
ai

ni
ng

.

Py
ra

m
id

al
 n

eu
ro

ns
 o

f 
pr

ef
ro

nt
al

 
co

rt
ex

, p
yr

am
id

al
 n

eu
ro

ns
 

of
 h

ip
po

ca
m

pu
s 

C
A

 r
eg

io
n,

 
pu

ta
m

en
 n

eu
ro

ns
, P

ur
ki

nj
e 

ce
lls

 
of

 c
er

eb
el

la
r 

co
rt

ex
, p

ri
nc

ip
al

 
ne

ur
on

s 
of

 th
e 

de
nt

at
e 

nu
cl

eu
s.

7 
C

, 1
7 

PD
C

I 
im

m
un

os
ta

in
in

g 
in

 P
D

 p
at

ie
nt

s 
ra

ng
ed

 f
ro

m
 4

4–
56

.6
%

 c
om

pa
re

d 
to

 8
3.

8–
96

.1
%

 in
 c

on
tr

ol
s.

 
N

.S
. f

or
 C

II
 a

nd
 p

or
in

.

SN
pc

6 
C

, 8
 P

D
Si

gn
if

ic
an

tly
 h

ig
he

r 
nu

m
be

r 
of

 C
I 

ne
ga

tiv
e 

an
d 

in
te

rm
ed

ia
te

 n
eu

ro
ns

.

pr
in

ci
pa

l n
eu

ro
ns

 o
f 

re
d 

nu
cl

eu
s,

 
ba

si
s 

po
nt

is
.

7C
, 1

7 
PD

N
.S

. f
or

 C
I 

im
m

un
os

ta
in

in
g

R
ee

ve
 e

t a
l.,

 2
01

7
SN

 n
eu

ro
ns

7 
C

, 3
 P

D
N

.S
. f

or
 C

I 
an

d 
C

IV
 im

m
un

os
ta

in
in

g 
in

 th
e 

so
m

a.

Ta
bl

e 
1C

. E
nz

ym
at

ic
 a

ct
iv

it
ie

s 
co

nd
uc

te
d 

on
 b

ra
in

 t
is

su
e

St
ud

y
So

ur
ce

N
o.

 o
f 

ca
se

s
R

es
ul

ts

Sc
ha

pi
ra

 e
t a

l.,
 1

98
9;

 
Sc

ha
pi

ra
 e

t a
l.,

 1
99

0a
SN

 h
om

og
en

at
es

9 
C

, 9
 P

D
~3

9%
 d

ec
re

as
e 

in
 C

I+
II

I 
ac

tiv
ity

; ~
31

%
 d

ec
re

as
e 

in
 C

I 
ac

tiv
ity

 f
or

 n
=

5.
 N

.S
 f

or
 C

II
+

II
I 

an
d 

C
S 

ac
tiv

ity
; C

IV
 N

.D
.

Sc
ha

pi
ra

 e
t a

l.,
 1

99
0b

SN
 b

ra
in

 h
om

og
en

at
es

6 
C

, 7
 P

D
~4

2%
 d

ec
re

as
e 

in
 C

I 
ac

tiv
ity

; N
.S

. f
or

 C
II

+
II

I,
 C

IV
, o

r 
C

S 
ac

tiv
iti

es
.

C
au

da
te

 n
uc

le
us

, m
ed

ia
l 

an
d 

la
te

ra
l g

lo
bu

s 
pa

lli
du

s,
 

ce
re

br
al

 c
or

te
x,

 a
nd

 c
er

eb
el

lu
m

 
ho

m
og

en
at

es
.

5 
C

, 4
 P

D
N

.S
. f

or
 C

I 
ac

tiv
ity

, C
II

+
II

I,
 C

IV
, o

r 
C

S 
ac

tiv
iti

es

M
an

n 
et

 a
l.,

 1
99

2a

SN
 h

om
og

en
at

es
22

 C
, 1

7 
PD

~3
6%

 d
ec

re
as

e 
in

 C
I 

ac
tiv

ity
; ~

30
%

 d
ec

re
as

e 
in

 C
I/

C
S 

ac
tiv

ity
; N

.S
. f

or
 C

II
+

II
I 

an
d 

C
IV

 
ac

tiv
iti

es
 b

ef
or

e 
an

d 
af

te
r 

C
S 

no
rm

al
iz

at
io

n.

Te
gm

en
tu

m
 h

om
og

en
at

e
10

 C
, 1

0 
PD

N
.S

. f
or

 C
I,

 C
II

+
II

I,
 C

IV
, a

nd
 C

S 
ac

tiv
iti

es
.

C
er

eb
el

lu
m

 h
om

og
en

at
e

16
 C

, 1
6 

PD
N

.S
. f

or
 C

I 
ac

tiv
ity

, C
II

+
II

I,
 C

IV
, a

nd
 C

S 
ac

tiv
iti

es

M
an

n 
et

 a
l.,

 1
99

4
SN

 h
om

og
en

at
es

22
 C

, 1
7 

PD
 f

ro
m

 M
an

n 
et

 a
l.,

 
19

92
a 

+
 n

ew
 7

 C
, 7

 P
D

~3
5%

 d
ec

re
as

e 
in

 C
I/

C
S 

ac
tiv

ity
 in

 n
ew

 P
D

 s
am

pl
es

. T
og

et
he

r 
w

ith
 M

an
n 

et
 a

l.,
 1

99
2a

: ~
38

%
 

de
cr

ea
se

 in
 C

I 
ac

tiv
ity

 w
he

n 
no

rm
al

iz
ed

 to
 p

ro
te

in
 a

m
ou

nt
 a

nd
 ~

31
%

 d
ec

re
as

e 
in

 C
I/

C
S 

ac
tiv

ity
. 

O
th

er
 E

T
C

 a
ct

iv
iti

es
 N

.D
.

Ja
ne

tz
ky

 e
t a

l.,
 1

99
4

SN
pc

 h
om

og
en

at
es

7 
C

, 7
 P

D
N

.S
. f

or
 C

I+
II

I 
ac

tiv
ity

 b
ut

 ~
33

%
 d

ec
re

as
e 

in
 C

I+
II

I/
C

S 
ac

tiv
ity

. N
.S

. f
or

 C
S 

ac
tiv

ity
 a

nd
 

ac
on

ita
se

 a
ct

iv
ity

. O
th

er
 E

T
C

 a
ct

iv
iti

es
 N

.D
.

SN
pr

 h
om

og
en

at
es

2 
C

, 2
 P

D
N

.S
. f

or
 a

bs
ol

ut
e 

C
I+

II
I 

or
 C

I+
II

I/
C

S 
ac

tiv
ity

C
or

te
x,

 p
ut

am
en

 h
om

og
en

at
es

3 
C

, 3
 P

D
N

.S
. f

or
 a

bs
ol

ut
e 

C
I+

II
I 

or
 C

I+
II

I/
C

S 
ac

tiv
ity

Brain Res. Author manuscript; available in PMC 2022 September 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Subrahmanian and LaVoie Page 34

Pa
rk

er
 e

t a
l.,

 2
00

8
Fr

on
ta

l c
or

te
x:

 h
om

og
en

at
es

, 
cr

ud
e 

m
ito

ch
on

dr
ia

l p
el

le
t, 

an
d 

pu
ri

fi
ed

 m
ito

ch
on

dr
ia

4 
C

, 5
 P

D
St

at
is

tic
al

 d
if

fe
re

nc
e 

in
 C

I 
ac

tiv
ity

 o
bs

er
ve

d 
on

ly
 in

 p
ur

if
ie

d 
m

ito
ch

on
dr

ia
: ~

50
%

 d
ec

re
as

e 
in

 C
I 

ac
tiv

ity
, ~

40
%

 d
ec

re
as

e 
in

 C
I+

II
I 

ac
tiv

iti
ty

. N
.S

. f
or

 C
II

, C
II

I,
 a

nd
 C

IV
 a

ct
iv

iti
es

.

N
av

ar
ro

 e
t a

l.,
 2

00
9

Fr
on

ta
l c

or
te

x 
m

ito
ch

on
dr

ia
9 

C
, 7

 P
D

~5
9%

 d
ec

re
as

e 
in

 C
I+

II
I 

ac
tiv

ity
; N

.S
. f

or
 C

II
+

II
I,

 C
IV

 a
ct

iv
iti

es
; D

ec
re

as
e 

in
 C

I-
lin

ke
d 

O
C

R
; 

~4
9%

 in
cr

ea
se

 in
 m

ito
ch

on
dr

ia
l m

as
s 

of
 P

D
 ti

ss
ue

 a
s 

ca
lc

ul
at

ed
 b

y 
C

IV
 a

ct
iv

ity
 in

 m
ito

ch
on

dr
ia

 
vs

 h
om

og
en

at
es

.

Fl
on

es
 e

t a
l.,

 2
01

8

Pr
ef

ro
nt

al
 c

or
te

x 
ho

m
og

en
at

e
6 

C
, 7

 P
D

~4
9%

 d
ec

re
as

e 
in

 C
I/

C
S 

ac
tiv

ity
. C

II
, C

II
I,

 C
IV

 a
ct

iv
iti

es
 N

.D
.

St
ri

at
um

 h
om

og
en

at
e

8 
C

, 8
 P

D
~3

7%
 d

ec
re

as
e 

in
 C

I/
C

S 
ac

tiv
ity

.

C
er

eb
el

lu
m

 h
om

og
en

at
e

7 
C

, 9
 P

D
N

.S
. f

or
 C

I/
C

S 
ac

tiv
ity

,

M
iz

un
o 

et
 a

l.,
 1

99
0a

Fr
on

ta
l l

ob
e 

m
ito

ch
on

dr
ia

5 
C

, 5
 P

D
N

.S
. f

or
 C

I,
 C

II
, C

II
I,

 o
r 

C
IV

 a
ct

iv
iti

es
.

St
ri

at
al

 m
ito

ch
on

dr
ia

5 
C

, 5
 P

D
N

.S
. f

or
 C

I,
 C

II
, o

r 
C

IV
 a

ct
iv

iti
es

; ~
 3

5%
 d

ec
re

as
e 

in
 C

II
I 

ac
tiv

ity
.

SN
 m

ito
ch

on
dr

ia
2 

C
, 2

 P
D

N
.S

. f
or

 C
I,

 C
II

, C
II

I,
 o

r 
C

IV
 a

ct
iv

iti
es

.

C
oo

pe
r 

et
 a

l.,
 1

99
5

Po
st

er
io

r 
pu

ta
m

en
 h

om
og

en
at

es
12

 C
, 1

2 
PD

N
.S

. f
or

 C
I,

 C
II

+
II

I,
 o

r 
C

IV
 a

ct
iv

iti
es

, b
ef

or
e 

an
d 

af
te

r 
C

S 
no

rm
al

iz
at

io
n;

 C
S 

ac
tiv

ity
 in

cr
ea

se
d 

by
 2

0%
.

K
ee

ne
y 

et
 a

l.,
 2

00
6

Fr
on

ta
l c

or
te

x 
m

ito
ch

on
dr

ia
6 

C
, 1

0 
PD

N
.S

. f
or

 C
I 

ac
tiv

ity
 n

or
m

al
iz

ed
 to

 m
ito

ch
on

dr
ia

l p
ro

te
in

 a
m

ou
nt

s.
 F

or
 4

 C
, 7

 P
D

, w
he

n 
no

rm
al

iz
ed

 to
 p

or
in

 le
ve

ls
 b

y 
im

m
un

ob
lo

tti
ng

, s
ig

ni
fi

ca
nt

 d
ec

re
as

e 
of

 3
0%

 o
bs

er
ve

d 
fo

r 
C

I 
ac

tiv
ity

. O
th

er
 E

T
C

 a
ct

iv
iti

es
 N

.D
.

M
yt

hr
i e

t a
l.,

 2
01

1
Fr

on
ta

l c
or

te
x,

 c
au

da
te

 n
uc

le
us

, 
pu

ta
m

en
 m

ito
ch

on
dr

ia
9 

C
, 6

 P
D

N
.S

. f
or

 C
I 

ac
tiv

ity
; O

th
er

 E
T

C
 a

ct
iv

iti
es

 N
.D

.

G
at

t e
t a

l.,
 2

01
6

Pr
ef

ro
nt

al
 c

or
te

x 
B

A
9 

ho
m

og
en

at
e

23
 C

, 3
5 

PD

N
.S

. f
or

 C
I 

ac
tiv

ity
 a

ss
es

se
d 

by
 d

ip
st

ic
k 

as
sa

y.
 O

th
er

 E
T

C
 a

ct
iv

iti
es

 n
ot

 a
ss

es
se

d.
So

m
at

os
en

so
ry

 c
or

te
x 

B
A

1,
 

B
A

2,
 B

A
3 

ho
m

og
en

at
e

15
 C

, 1
5 

PD

Brain Res. Author manuscript; available in PMC 2022 September 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Subrahmanian and LaVoie Page 35

Ta
b

le
 2

A
 s

um
m

ar
y 

of
 b

io
ch

em
ic

al
 a

ss
ay

s 
co

nd
uc

te
d 

on
 p

er
ip

he
ra

l t
is

su
es

 f
ro

m
 P

D
 p

at
ie

nt
s.

 T
he

 d
if

fe
re

nt
 p

er
ip

he
ra

l t
is

su
es

 a
ss

ay
ed

 a
re

 (
A

) 
pl

at
el

et
s,

 (
B

) 

ly
m

ph
oc

yt
es

, (
C

) 
sk

el
et

al
 m

us
cl

e,
 a

nd
 (

D
) 

sk
in

 f
ib

ro
bl

as
ts

. C
: c

on
tr

ol
; S

C
: s

po
us

al
 c

on
tr

ol
 to

 a
cc

ou
nt

 f
or

 e
nv

ir
on

m
en

ta
l c

on
di

tio
ns

; P
D

: P
ar

ki
ns

on
’s

 

di
se

as
e;

 P
D

S:
 s

po
ra

di
c 

PD
; P

D
F:

 p
at

ie
nt

s 
w

ith
 f

ir
st

 d
eg

re
e 

re
la

tiv
es

 w
ith

 P
D

; D
A

: d
op

am
in

er
gi

c;
 N

.D
.: 

no
t d

es
cr

ib
ed

; N
.S

.: 
no

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 

di
ff

er
en

ce
 b

et
w

ee
n 

PD
 a

nd
 c

on
tr

ol
 s

ub
je

ct
s;

 C
I:

 N
A

D
H

: C
oQ

1 
ox

id
or

ed
uc

ta
se

 a
ct

iv
ity

; C
I 

+
 I

II
: N

A
D

H
: c

yt
oc

hr
om

e 
c 

ox
id

or
ed

uc
ta

se
 a

ct
iv

ity
; C

II
 +

 

II
I:

 s
uc

ci
na

te
: c

yt
oc

hr
om

e 
c 

ox
id

or
ed

uc
ta

se
 a

ct
iv

ity
; C

IV
: c

yt
oc

hr
om

e 
c 

ox
id

as
e 

ac
tiv

ity
; C

S:
 c

itr
at

e 
sy

nt
ha

se
 a

ct
iv

ity
; T

he
 c

ol
or

 “
bl

ue
” 

de
no

te
s 

th
at

 th
e 

ac
tiv

iti
es

 w
er

e 
de

te
rm

in
ed

 w
ith

 a
 c

om
pl

ex
-s

pe
ci

fi
c 

in
hi

bi
to

r 
(r

ot
en

on
e 

fo
r 

C
I,

 a
nt

im
yc

in
 A

 f
or

 C
II

I)
; “

x/
C

S”
 r

ef
er

s 
to

 a
ct

iv
ity

 x
 (

C
I,

 C
II

, C
II

I,
 o

r 
C

IV
) 

no
rm

al
iz

ed
 to

 c
itr

at
e 

sy
nt

ha
se

 a
ct

iv
ity

. L
-d

op
a:

 L
ev

od
op

a;
 O

C
R

: o
xy

ge
n 

co
ns

um
pt

io
n 

ra
te

; [
3 H

] 
D

H
R

: [
3 H

]d
ih

yd
ro

ro
te

no
ne

; T
he

 s
ym

bo
l (

#)
 d

en
ot

es
 th

at
 

th
er

e 
w

as
 n

o 
co

rr
el

at
io

n 
be

tw
ee

n 
ac

tiv
ity

 le
ve

ls
 a

nd
 a

ge
 a

t o
ns

et
 o

f 
di

se
as

e,
 s

ev
er

ity
 o

f 
di

se
as

e,
 d

ur
at

io
n 

of
 d

is
ea

se
, a

nd
/o

r 
tr

ea
tm

en
t. 

T
he

 s
tu

di
es

 a
re

 

gr
ou

pe
d 

ba
se

d 
on

 th
e 

pr
es

en
ce

 (
lig

ht
 g

re
en

 c
el

ls
) 

vs
 a

bs
en

ce
 (

lig
ht

 r
ed

 c
el

ls
) 

of
 s

ig
ni

fi
ca

nt
 d

if
fe

re
nc

e 
in

 C
I 

be
tw

ee
n 

co
nt

ro
l a

nd
 P

D
.

Ta
bl

e 
2A

. A
ss

es
sm

en
t 

of
 E

T
C

 f
un

ct
io

n 
in

 p
la

te
le

ts

St
ud

y
So

ur
ce

N
o.

 o
f 

ca
se

s
M

ed
ic

at
io

ns
 fo

r 
P

D
R

es
ul

ts

Pa
rk

er
 e

t a
l.,

 1
98

9
M

ito
ch

on
dr

ia
 (

Pe
rc

ol
l 

gr
ad

ie
nt

)
8 

C
, 1

0 
PD

8 
on

 L
-d

op
a 

an
d 

ot
he

r 
dr

ug
s;

 2
 

un
tr

ea
te

d
~5

4%
 d

ec
re

as
e 

in
 C

I 
ac

tiv
ity

. N
.S

. f
or

 C
II

+
II

I 
an

d 
C

IV
.

K
ri

ge
 e

t a
l.,

 1
99

2
M

ito
ch

on
dr

ia
 (

di
ff

er
en

tia
l 

ce
nt

ri
fu

ga
tio

n)
15

 C
, 2

5 
PD

21
 o

n 
L

-d
op

a;
 4

 u
nt

re
at

ed
~1

6%
 d

ec
re

as
e 

in
 C

I/
C

S 
ac

tiv
ity

; N
.S

. f
or

 C
II

+
II

I,
 C

IV
, a

nd
 C

S;
 

(#
)

Y
os

hi
no

 e
t a

l.,
 1

99
2

H
om

og
en

at
es

17
 C

, 2
0 

PD
17

 o
n 

L
-d

op
a;

 1
2 

on
 tr

ih
ex

yp
he

nd
yl

; 
6 

on
 b

ro
m

oc
ri

pt
in

e
~2

6%
 d

ec
re

as
e 

in
 C

I 
ac

tiv
ity

; ~
19

%
 d

ec
re

as
e 

in
 C

II
; N

.S
. f

or
 

C
II

I 
an

d 
C

IV
; (

#)

B
en

ec
ke

 e
t a

l.,
 1

99
3

M
ito

ch
on

dr
ia

 (
su

cr
os

e 
gr

ad
ie

nt
 u

ltr
ac

en
tr

if
ug

at
io

n)
44

 C
, 2

7 
PD

24
 o

n 
L

-d
op

a/
C

ar
bi

do
pa

, s
el

eg
el

in
e/

br
om

oc
ri

pt
in

e,
 c

ab
er

go
lin

e 
or

 
lis

ur
id

e;
 3

 u
nt

re
at

ed

~5
1%

 s
ta

tis
tic

al
ly

 s
ig

ni
fi

ca
nt

 d
ec

re
as

e 
in

 p
ie

ri
ci

di
nA

 -
 s

en
si

tiv
e 

C
I 

ac
tiv

ity
; ~

30
%

 d
ec

re
as

e 
in

 C
IV

. N
.S

. f
or

 C
II

I.
 5

 e
ar

ly
-s

ta
ge

 
PD

 m
ea

su
re

d 
af

te
r 

on
e 

ye
ar

: C
I 

an
d 

C
IV

 a
ct

iv
iti

es
 d

ec
re

as
ed

 
af

te
r 

on
e 

ye
ar

. N
.S

. f
or

 p
at

ie
nt

s 
>

3 
ye

ar
s 

af
te

r 
di

ag
no

si
s;

 (
#)

H
aa

s 
et

 a
l.,

 1
99

5

M
ito

ch
on

dr
ia

l (
Pe

rc
ol

l 
gr

ad
ie

nt
 u

ltr
ac

en
tr

if
ug

at
io

n)
; 

N
o 

m
ed

ic
at

io
ns

 f
or

 a
t l

ea
st

 
on

e 
m

on
th

 b
ef

or
e 

te
st

in
g

18
 C

, 1
3 

SC
, 1

8 
PD

1 
on

 tr
ih

ex
yl

ph
en

id
yl

; 1
 o

n 
am

an
ta

di
ne

; 2
 o

n 
L

-d
op

a/
C

ar
bi

do
pa

; 
5 

on
 s

el
eg

ili
ne

; S
om

e 
su

bj
ec

ts
 a

ls
o 

re
ce

iv
ed

 o
th

er
 d

ru
gs

~2
3%

 d
ec

re
as

e 
in

 P
D

 C
I/

C
S,

 ~
20

%
 d

ec
re

as
e 

in
 C

II
+

II
I/

C
S.

 
N

.S
. f

or
 C

IV
 a

nd
 C

S.
 N

o 
co

rr
el

at
io

n 
be

tw
ee

n 
ac

tiv
iti

es
 a

nd
 

m
ed

ic
at

io
ns

.

13
C

, 1
3 

SC
, 1

3 
PD

C
om

pa
re

d 
to

 a
ge

/s
ex

-m
at

ch
ed

 c
on

tr
ol

s 
(C

):
~ 

32
%

 d
ec

re
as

e 
in

 
C

I 
an

d 
~2

8%
 d

ec
re

as
e 

in
 C

II
+

II
I 

ac
tiv

iti
es

; N
.S

. f
or

 C
I/

C
S,

 
C

II
+

II
I/

C
S 

an
d 

C
IV

/C
S.

 C
om

pa
re

d 
to

 S
C

: ~
29

%
 d

ec
re

as
e 

in
 C

I 
ac

tiv
ity

, N
.S

. f
or

 C
I/

C
S,

 C
II

+
II

I,
 C

IV
.

G
u 

et
 a

l.,
 1

99
8

M
ito

ch
on

di
ra

 (
di

ff
er

en
tia

l 
ce

nt
ri

fu
ga

tio
n)

8 
C

, 8
 P

D
A

ll 
re

ce
iv

in
g 

L
-d

op
a

~2
4%

 d
ec

re
as

e 
in

 C
I/

C
S;

 N
.S

. f
or

 C
II

+
II

I/
C

S 
an

d 
C

IV
/C

S.
 4

 P
D

 
w

ith
 w

or
st

 C
I 

ac
tiv

iti
es

 c
ho

se
n 

to
 b

e 
st

ud
ie

d 
ov

er
 ti

m
e:

 a
ft

er
 1

 
an

d 
2 

m
on

th
s,

 C
I/

C
S 

re
ta

in
ed

 s
im

ila
r 

de
fi

ci
en

cy
.

V
ar

gh
es

e 
et

 a
l.,

 2
00

9
H

om
og

en
at

es
30

 C
, 1

0 
PD

1 
un

de
r 

do
pa

m
in

e 
re

pl
ac

em
en

t 
th

er
ap

y;
 o

th
er

s,
 N

.D
.

~5
0%

 d
ec

re
as

e 
in

 N
A

D
H

: C
oQ

0 
ox

id
or

ed
uc

ta
se

 a
ct

iv
ity

 a
ss

es
se

d 
w

ith
ou

t t
es

tin
g 

fo
r 

ro
te

no
ne

 s
en

si
tiv

ity
; N

.S
. f

or
 C

II
; C

II
I,

 C
IV

: 
N

.D
.

B
ra

vi
 e

t a
l.,

 1
99

2
M

ito
ch

on
dr

ia
 (

di
ff

er
en

tia
l 

ce
nt

ri
fu

ga
tio

n)
; M

ed
ic

at
io

ns
 

13
 C

, 1
7 

PD
8 

on
 L

-d
op

a/
C

ar
bi

do
pa

 (
4 

w
ith

 
se

le
ge

lin
e)

, 2
 o

n 
se

le
ge

lin
e 

(w
ith

 
lis

ur
id

e 
or

 a
m

an
ta

di
ne

),
 7

 u
nt

re
at

ed
.

N
.S

 f
or

 C
I,

 C
II

+
II

II
, C

IV
 a

ct
iv

iti
es

, a
nd

 C
I-

lin
ke

d 
O

C
R

; (
#)

Brain Res. Author manuscript; available in PMC 2022 September 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Subrahmanian and LaVoie Page 36

st
op

pe
d 

fo
r 

m
in

im
um

 8
 h

 
be

fo
re

 o
bt

ai
ni

ng
 p

la
te

le
ts

M
an

n 
et

 a
l.,

 1
99

2a
Pl

at
el

et
 h

om
og

en
at

es
15

 C
, 1

4 
PD

12
 o

n 
L

-d
op

a.
N

.S
. f

or
 C

I,
 C

II
+

II
I,

 C
IV

 a
ct

iv
iti

es
, b

ef
or

e 
an

d 
af

te
r 

C
S 

no
rm

al
iz

at
io

n.

Ta
yl

or
 e

t a
l.,

 1
99

4
M

ito
ch

on
dr

ia
 (

di
ff

er
en

tia
l 

ce
nt

ri
fu

ga
tio

n)
15

 C
, 7

 P
D

A
ll 

on
 s

el
eg

el
in

e 
an

d 
L

-d
op

a;
N

.S
. f

or
 C

I,
 C

II
+

II
I,

 C
IV

 a
ct

iv
iti

es
; (

#)

Sh
ul

ts
 e

t a
l.,

 1
99

5
M

ito
ch

on
di

ra
 (

di
ff

er
en

tia
l 

ce
nt

ri
fu

ga
tio

n)
11

 P
D

, 0
 C

T
hr

ee
 m

ea
su

re
s:

 B
ef

or
e 

m
ed

ic
at

io
n,

 
1 

m
on

th
 a

ft
er

 C
ar

bi
do

pa
/L

-d
op

a,
 a

nd
 

1 
m

on
th

 a
ft

er
 C

ar
bi

op
a/

L
-d

op
a 

+
 

se
le

gi
lin

e.

N
.S

. f
or

 C
I,

 C
II

+
II

I,
 C

IV
, a

nd
 C

S 
ac

tiv
iti

es
 b

ef
or

e 
or

 a
ft

er
 

m
ed

ic
at

io
ns

.

B
la

ke
 e

t a
l.,

 1
99

7
M

ito
ch

on
dr

ia
 (

Pe
rc

ol
l 

gr
ad

ie
nt

 c
en

tr
if

ug
at

io
n)

9 
C

, 1
3 

PD

2 
un

tr
ea

te
d;

 1
1 

on
 C

ar
bi

do
pa

/L
-d

op
a,

 
w

ith
 o

r 
w

ith
ou

t s
el

eg
ili

ne
, w

ith
 

or
 w

ith
ou

t d
op

am
in

e 
ag

on
is

t o
r 

an
tic

ho
lin

er
gi

c 
m

ed
ic

at
io

n 
- 

5 
ha

d 
di

sc
on

tin
ue

d 
dr

ug
s 

10
 d

ay
s 

be
fo

re
 

st
ud

y.

N
.S

, f
or

 C
I,

 C
II

I,
 C

IV
 a

ct
iv

iti
es

 b
ef

or
e 

an
d 

af
te

r 
C

S 
no

rm
al

iz
at

io
n;

 (
#)

B
la

nd
in

i e
t a

l.,
 1

99
8

W
as

he
d 

pl
at

el
et

s
16

 S
C

, 1
6 

PD
A

ll 
re

ce
iv

in
g 

L
-d

op
a.

Pl
at

el
et

 [
3 H

]D
H

R
 b

in
di

ng
 a

ss
ay

: N
.S

. f
or

 s
pe

ci
fi

c 
bi

nd
in

g 
of

 
[3 H

]D
H

R
; N

.S
. f

or
 p

er
ce

nt
ag

e 
of

 [
3 H

]D
H

R
 b

in
di

ng
 in

hi
bi

tio
n 

by
 

1 
m

M
 M

PP
+
; a

 c
or

re
la

tio
n 

w
as

 f
ou

nd
 in

 %
 M

PP
+
 in

hi
bi

tio
n 

of
 

D
H

R
 s

pe
ci

fi
c 

bi
nd

in
g 

an
d 

L
-d

op
a 

do
sa

ge
; (

#)

H
an

ag
as

i e
t a

l.,
 2

00
9

M
ito

ch
on

dr
ia

 (
di

ff
er

en
tia

l 
ce

nt
ri

fu
ga

tio
n)

17
C

, 1
7 

PD
F,

 1
5 

PD
S

A
ll 

re
ce

iv
in

g 
L

-d
op

a 
an

d/
or

 D
A

 d
ru

g 
tr

ea
tm

en
t.

N
.S

. f
or

 C
I,

 C
II

+
II

I,
 C

IV
, b

ef
or

e 
an

d 
af

te
r 

C
S 

no
rm

al
iz

at
io

n;
 (

#)

B
ro

ns
te

in
 e

t a
l.,

 2
01

5

M
ito

ch
on

dr
ia

 (
Pe

rc
ol

l 
gr

ad
ie

nt
 u

ltr
ac

en
tr

if
ug

at
io

n)
; 

N
o 

m
ed

ic
at

io
ns

 a
t l

ea
st

 1
2 

h 
be

fo
re

 te
st

in
g

23
 C

, 2
3 

PD
N

.D
.

N
.S

. f
or

 C
I 

an
d 

C
I+

II
I 

ac
tiv

iti
es

, b
ef

or
e 

an
d 

af
te

r 
C

S 
no

rm
al

iz
at

io
n;

 C
IV

N
.D

.; 
N

o 
co

rr
el

at
io

n 
be

tw
ee

n 
C

I/
C

S 
ac

tiv
ity

 
an

d 
pe

st
ic

id
e 

ex
po

su
re

. I
nv

er
se

 c
or

re
la

tio
n 

fo
r 

C
I 

in
hi

bi
to

rs
 a

nd
 

di
th

io
ca

rb
am

at
es

 w
ith

 C
I+

II
I 

ac
tiv

ity
.

Ta
bl

e 
2B

. A
ss

es
sm

en
t 

of
 c

om
pl

ex
 I

 f
un

ct
io

n 
in

 ly
m

ph
oc

yt
es

St
ud

y
So

ur
ce

N
o.

 o
f 

ca
se

s
M

ed
ic

at
io

ns
 fo

r 
P

D
R

es
ul

ts

B
ar

ro
so

 e
t a

l.,
 1

99
3

H
om

og
en

at
es

15
 C

, 1
6 

PD
N

ot
 tr

ea
te

d
~2

5%
 d

ec
re

as
e 

C
I+

II
I;

 ~
45

%
 d

ec
re

as
e 

in
 C

IV
; N

.S
. f

or
 C

II
+

II
I 

ac
tiv

ity
.

Sh
in

de
 e

t a
l.,

 2
00

6
H

om
og

en
at

es
30

 C
, 4

0 
PD

A
ll 

on
 L

-d
op

a
~1

2%
 d

ec
re

as
e 

in
 C

I+
II

I,
 ~

26
%

 d
ec

re
as

e 
in

 C
IV

, N
.S

. f
or

 C
II

 
C

II
+

II
I,

 C
S 

ac
tiv

iti
es

.

M
üf

tü
og

lu
 e

t a
l.,

 2
00

3
L

eu
ko

cy
te

 m
ito

ch
on

dr
ia

17
 C

, 1
0 

Pa
rk

in
 P

D
, 2

0 
iP

D
A

ll 
on

 L
-d

op
a,

 s
el

eg
ili

ne
, a

nd
/o

r 
pe

rg
ol

id
e.

~ 
62

%
 a

nd
 ~

64
%

 d
ec

re
as

e 
in

 C
I 

in
 P

ar
ki

n 
PD

 a
nd

 iP
D

, 
re

sp
ec

tiv
el

y;
 ~

 6
0%

 d
ec

re
as

e 
in

 C
IV

 a
ct

iv
ity

 f
or

 iP
D

, N
.S

. f
or

 
C

IV
 a

ct
iv

ity
 in

 P
ar

ki
n 

PD
; (

#)

Y
os

hi
no

 e
t a

l.,
 1

99
2

H
om

og
en

at
es

17
 C

, 2
0 

PD
17

 o
n 

L
-d

op
a;

 1
2 

on
 tr

ih
ex

yp
he

nd
yl

; 
6 

on
 b

ro
m

oc
ri

pt
in

e.
N

.S
. f

or
 C

I,
 C

II
I,

 a
nd

 C
IV

 a
ct

iv
iti

es
; ~

13
.2

%
 d

ec
re

as
e 

in
 C

II
 

ac
tiv

ity
; (

#)

M
ar

tin
 e

t a
l.,

 1
99

6
M

ito
ch

on
dr

ia
 (

di
ff

er
en

tia
l 

ce
nt

ri
fu

ga
tio

n)
30

 C
 a

nd
 3

6 
PD

; ~
2.

6 
ye

ar
s 

of
 P

D
 d

ur
at

io
n

N
ot

 tr
ea

te
d

N
.S

. f
or

 C
I,

 C
I+

II
I,

 C
II

, C
II

+
II

I,
 C

IV
, n

or
m

al
iz

ed
 to

 p
ro

te
in

 
co

nt
en

t o
r 

C
S 

ac
tiv

ity
; (

#)

M
in

g 
et

 a
l.,

 2
02

0
Im

m
or

ta
liz

ed
 ly

m
ph

oc
yt

e 
m

ito
ch

on
dr

ia
3 

C
, 3

 P
D

S,
 3

 P
ar

ki
n 

PD
N

.D
.

N
.S

. f
or

 im
m

un
oc

ap
tu

re
d 

C
I 

ac
tiv

ity

Ta
bl

e 
2C

. A
ss

es
sm

en
t 

of
 c

om
pl

ex
 I

 f
un

ct
io

n 
in

 s
ke

le
ta

l m
us

cl
e

Brain Res. Author manuscript; available in PMC 2022 September 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Subrahmanian and LaVoie Page 37

St
ud

y
So

ur
ce

N
o.

 o
f 

ca
se

s
M

ed
ic

at
io

ns
 fo

r 
P

D
R

es
ul

ts

B
in

do
ff

 e
t a

l.,
 1

98
9;

 
B

in
do

ff
 e

t a
l.,

 1
99

1
V

as
tu

s 
la

te
ra

lis
 m

ito
ch

on
dr

ia
7 

C
, 5

 P
D

1 
un

tr
ea

te
d;

 1
 o

n 
si

ne
m

et
; 1

 
on

 s
in

em
et

, o
rp

he
na

dr
in

e;
 1

 o
n 

m
ad

op
ar

, b
ro

m
oc

ri
pt

in
e,

 d
ia

ze
pa

m
; 1

 
on

 s
in

em
et

, b
en

zh
ex

ol
, t

ri
az

ol
am

.

In
 5

 C
, 4

 P
D

; ~
40

%
 d

ec
re

as
e 

in
 C

I 
ac

tiv
ity

, ~
49

%
 C

II
 a

ct
iv

ity
; 

~4
0%

 d
ec

re
as

e 
in

 C
IV

 a
ct

iv
ity

; C
II

I 
N

.D
; I

n 
7 

C
, 5

 P
D

: C
I-

lin
ke

d 
re

sp
ir

at
io

n 
de

cr
ea

se
d.

SD
S-

PA
G

E
 im

m
un

ob
lo

t u
si

ng
 a

nt
ib

od
y 

ag
ai

ns
t C

I 
ho

lo
en

zy
m

e:
 

2 
ou

t o
f 

3 
pa

tie
nt

s 
sh

ow
 d

ec
re

as
ed

 a
cc

um
ul

at
io

n 
of

 s
ub

un
its

N
ak

ag
aw

a-
H

at
to

ri
 e

t 
al

., 
19

92
ili

ps
oa

s 
or

 q
ua

dr
ic

ep
s 

m
ito

ch
on

dr
ia

.
6 

C
, 4

 P
D

N
.D

.
~4

8%
 d

ec
re

as
e 

in
 C

I 
ac

tiv
ity

. N
.S

. f
or

 C
II

, C
II

I,
 C

IV
 a

ct
iv

iti
es

Sh
of

fn
er

 e
t a

l.,
 1

99
2

Q
ua

dr
ic

ep
s 

m
ito

ch
on

dr
ia

16
 C

, 6
 P

D
A

ll 
re

ce
iv

ed
 L

-d
op

a/
C

ar
bi

do
pa

 +
 

co
m

bi
na

tio
ns

 o
f 

ot
he

r 
m

ed
ic

at
io

ns
.

5 
ou

t o
f 

6 
PD

 h
ad

 d
ec

re
as

ed
 C

I 
an

d 
C

I+
II

I 
ac

tiv
iti

es
; O

ne
 p

at
ie

nt
 

ha
d 

C
I,

 C
II

+
II

I,
 C

IV
 d

ef
ic

ie
nc

y;
 o

ne
 p

at
ie

nt
 h

ad
 d

ec
re

as
ed

 
ac

tiv
iti

es
 f

or
 C

I,
 C

II
, C

I+
II

I;
 o

ne
 p

at
ie

nt
 h

ad
 d

ec
re

as
ed

 C
I 

an
d 

C
II

+
II

I.
 A

n 
as

so
ci

at
io

n 
be

tw
ee

n 
th

e 
se

ve
ri

ty
 o

f 
C

I 
de

fe
ct

 a
nd

 th
e 

le
ve

l o
f 

di
sa

bi
lit

y 
st

ag
es

 o
bs

er
ve

d.
 N

o 
co

rr
el

at
io

n 
of

 C
I 

ac
tiv

ity
 

w
ith

 a
ge

 o
bs

er
ve

d.

C
ar

de
lla

ch
 e

t a
l.,

 1
99

3
L

ef
t v

as
tu

s 
la

te
ra

lis
 

m
ito

ch
on

dr
ia

10
 C

, 8
 P

D
6 

on
 L

-d
op

a/
C

ar
bi

do
pa

; 1
 o

n 
se

le
gi

lin
e;

 1
 o

n 
am

an
ta

di
ne

.
~ 

25
%

 d
ec

re
as

e 
in

 C
I 

ac
tiv

ity
; ~

68
%

 d
ec

re
as

e 
in

 C
IV

 a
ct

iv
ity

; 
N

.S
. f

or
 C

II
, C

II
I,

 C
V

 a
ct

iv
ite

s,
 a

nd
 C

I-
lin

ke
d 

O
C

R
; (

#)

B
lin

 e
t a

l.,
 1

99
4

B
ic

ep
s 

br
ac

hi
i o

r 
de

lto
id

 
m

us
cl

e 
m

ito
ch

on
dr

ia
43

 C
, 2

7 
PD

6 
un

tr
ea

te
d;

 2
1 

on
 L

-d
op

a.
C

I 
ac

tiv
ity

: ~
71

%
 d

ec
re

as
e 

in
 tr

ea
te

d 
pa

tie
nt

s,
 ~

67
%

 d
ec

re
as

e 
in

 
un

tr
ea

te
d 

pa
tie

nt
s.

 ~
34

%
 d

ec
re

as
e 

in
 C

II
I 

ac
tiv

ity
 f

or
 o

nl
y 

tr
ea

te
d 

pa
tie

nt
s;

 N
.S

. f
or

 C
II

 a
nd

 C
IV

; (
#)

W
ie

de
m

an
n 

et
 a

l.,
 1

99
9

M
ito

ch
on

dr
ia

 f
ro

m
 s

ap
on

in
-

pe
rm

ea
bi

liz
ed

 M
.v

as
tu

s 
la

te
ra

lis
 f

ib
er

s
32

 C
, 1

5 
PD

N
.D

.
~3

0%
 d

ec
re

as
e 

in
 C

I+
II

I/
C

S;
 N

.S
. f

or
 C

II
+

II
I/

C
S,

 C
IV

/C
S;

 
~5

0%
 in

cr
ea

se
 in

 C
S 

ac
tiv

ity
; F

lu
x 

co
nt

ro
l c

oe
ff

ic
ie

nt
 o

f 
C

I 
an

d 
C

IV
 in

cr
ea

se
d.

 N
.S

. f
or

 C
I-

lin
ke

d 
re

sp
ir

at
io

n.

W
in

kl
er

-S
tu

ck
 e

t a
l.,

 
20

05
H

om
og

en
at

es
36

 C
, 1

9 
PD

15
 P

D
 o

n 
L

-d
op

a

~3
3%

 a
nd

 ~
30

%
 d

ec
re

as
e 

in
 C

I/
C

S 
an

d 
C

I+
II

I/
C

S 
ac

tiv
iti

es
, 

re
sp

ec
tiv

el
y;

 ~
30

%
 d

ec
re

as
e 

fo
r 

C
IV

/C
S;

 N
.S

. f
or

 C
II

+
II

I/
C

S;
 

In
cr

ea
se

d 
C

I 
an

d 
C

IV
 f

lu
x 

co
nt

ro
l c

oe
ff

ic
ie

nt
s.

 N
o 

de
cr

ea
se

 in
 

C
I-

lin
ke

d 
re

sp
ir

at
io

n.

M
an

n 
et

 a
l.,

 1
99

2a
L

ef
t v

as
tu

s 
la

te
ra

lis
 

m
ito

ch
on

dr
ia

6 
C

, 9
 P

D
5 

un
tr

ea
te

d;
 4

 o
n 

L
-d

op
a.

N
.S

. f
or

 C
I,

 C
II

+
II

I,
 C

IV
 a

ct
iv

iti
es

. N
.S

. f
or

 C
I-

lin
ke

d 
O

C
R

 (
6 

C
, 

9 
PD

);
 N

o 
di

ff
er

en
ce

 in
 a

ct
iv

iti
es

 in
 tr

ea
te

d 
vs

 u
nt

re
at

ed
 P

D
.

A
nd

er
so

n 
et

 a
l.,

 1
99

3
Q

ua
dr

ic
ep

s 
m

ito
ch

on
dr

ia
6 

C
, 7

 P
D

6 
on

 L
-d

op
a 

or
 C

ar
bi

do
pa

 a
nd

 o
th

er
 

dr
ug

s;
 1

 u
nt

re
at

ed
.

N
.S

. f
or

 C
I+

II
I,

 C
II

+
II

I 
or

 C
IV

 a
ct

iv
iti

es
, a

nd
 C

I-
lin

ke
d 

O
C

R
; (

#)

D
iD

on
at

o 
et

 a
l.,

 1
99

3
L

ef
t q

ua
dr

ic
ep

s 
ho

m
og

en
at

es
 

an
d 

m
ito

ch
on

dr
ia

6C
, 6

 P
D

 (
m

ito
ch

on
dr

ia
),

 8
 

C
, 1

6 
PD

 (
ho

m
og

en
at

es
)

2 
un

tr
ea

te
d;

 r
es

t o
n 

L
-d

op
a.

N
.S

. f
or

 C
I,

 C
II

, C
II

+
II

I,
 o

r 
C

IV
 a

ct
iv

iti
es

 in
 m

us
cl

e 
ho

m
og

en
at

es
 a

nd
 m

ito
ch

on
dr

ia
; (

#)

M
an

ne
sc

hi
 e

t a
l.,

 1
99

4
L

ef
t q

ua
dr

ic
ep

s 
m

ito
ch

on
dr

ia
53

 C
, 6

 P
D

 o
ut

 o
f 

w
hi

ch
 2

 
PD

F
N

.D
.

N
.S

 f
or

 C
I/

C
S,

 C
II

+
II

I/
C

S,
 C

IV
/C

S 
ac

tiv
iti

es
.

Ta
yl

or
 e

t a
l.,

 1
99

4
L

ef
t v

as
tu

s 
la

te
ra

lis
 

m
ito

ch
on

dr
ia

6 
C

, 3
 P

D
2 

un
tr

ea
te

d;
 1

 o
n 

se
le

ge
lin

e 
an

d 
L

-
do

pa
.

N
.S

. f
or

 C
I,

 C
II

+
II

I,
 C

IV
 a

ct
iv

iti
es

; N
.S

. f
or

 C
I-

lin
ke

d 
O

C
R

 (
5 

C
, 

3 
PD

).

Ta
bl

e 
2D

. A
ss

es
sm

en
t 

of
 c

om
pl

ex
 I

 f
un

ct
io

n 
in

 s
ki

n 
fi

br
ob

la
st

s

St
ud

y
So

ur
ce

N
o.

 o
f 

ca
se

s
M

ed
ic

at
io

ns
 fo

r 
P

D
R

es
ul

ts

W
ie

de
m

an
n 

et
 a

l.,
 1

99
9

D
ig

ito
ni

n-
pe

rm
ea

bi
liz

ed
 s

ki
n 

fi
br

ob
la

st
s

14
 C

, 1
4 

PD
N

.D
.

N
.S

 f
or

 C
I-

lin
ke

d 
O

C
R

. I
nc

re
as

ed
 C

I 
an

d 
C

IV
 f

lu
x 

co
nt

ro
l 

co
ef

fi
ci

en
t. 

E
nz

ym
at

ic
 a

ct
iv

iti
es

 N
.D

.

Brain Res. Author manuscript; available in PMC 2022 September 29.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Subrahmanian and LaVoie Page 38

A
m

br
os

i e
t a

l.,
 2

01
4

C
ul

tu
re

d 
fi

br
ob

la
st

s
7 

C
, 1

1 
PD

S
N

.D
.

M
ax

im
al

 r
es

pi
ra

tio
n 

an
d 

ro
te

no
ne

-s
en

si
tiv

e 
re

sp
ir

at
io

n 
w

er
e 

de
cr

ea
se

d.
 E

nz
ym

at
ic

 a
ct

iv
iti

es
 N

.D
.

W
in

kl
er

-S
tu

ck
 e

t a
l.,

 
20

04
C

ul
tu

re
d 

fi
br

ob
la

st
s

13
 C

, 1
8 

PD
15

 P
D

 o
n 

L
-d

op
a

In
cr

ea
se

d 
C

I 
an

d 
C

IV
 f

lu
x 

co
nt

ro
l c

oe
ff

ic
ie

nt
; N

.S
. f

or
 

C
II

+
II

I/
C

S 
an

d 
C

IV
/C

S 
ac

tiv
ity

; C
I/

C
S 

in
cr

ea
se

d 
by

 ~
 5

4%
. N

.S
. 

fo
r 

O
C

R
.

C
ar

lin
g 

et
 a

l.,
 2

02
0

C
ul

tu
re

d 
fi

br
ob

la
st

s

50
 C

, 1
00

 P
D

S

N
.D

.

N
.S

. f
or

 A
T

P 
le

ve
ls

, m
ito

ch
on

dr
ia

l m
em

br
an

e 
po

te
nt

ia
l; 

(#
)

5 
C

, 5
 P

D
S

5 
PD

S 
pa

tie
nt

s 
se

le
ct

ed
 f

or
 m

os
t s

ev
er

e 
A

T
P 

de
fe

ct
: D

ec
re

as
ed

 
N

D
U

FB
8 

(C
I 

su
bu

ni
t)

 a
nd

 C
O

X
2 

(C
IV

 s
ub

un
it)

 d
et

er
m

in
ed

 b
y 

SD
S-

PA
G

E
 im

m
un

ob
lo

t.

6 
C

, 6
 P

D
S

75
%

 d
ec

re
as

e 
in

 im
m

un
oc

ap
tu

re
d 

C
I 

ac
tiv

ity
; 3

7%
 d

ec
re

as
e 

in
 

C
IV

 a
ct

iv
ity

.

de
l H

oy
o 

et
 a

l.,
 2

01
0

C
ul

tu
re

d 
fi

br
ob

la
st

s
19

 C
, 2

0 
PD

18
 P

D
 tr

ea
te

d 
w

ith
 L

-d
op

a,
 d

op
am

in
e 

ag
on

is
ts

, s
el

eg
ili

ne
, r

as
ag

ili
ne

, 
an

tic
ho

lin
er

gi
cs

, a
nd

/o
r 

am
an

ta
di

ne
.

N
.S

. f
or

 C
I,

 C
II

, C
II

I,
 C

IV
, C

I+
II

I,
 C

II
+

II
I 

ac
tiv

iti
es

 n
or

m
al

iz
ed

 
to

 e
ith

er
 p

ro
te

in
 a

m
ou

nt
 o

r 
C

S 
ac

tiv
ity

; ~
20

%
 d

ec
re

as
e 

in
 C

V
 

ac
tiv

ity
 n

or
m

al
iz

ed
 to

 p
ro

te
in

 o
r 

C
S 

ac
tiv

ity
;

Brain Res. Author manuscript; available in PMC 2022 September 29.


	Abstract
	Introduction
	Mitochondrial complex I activity in brain samples of idiopathic PD patients
	Mitochondrial complex I deficiency in peripheral tissues of PD patients
	Complex I deficiency and mitochondrial encephalomyopathy
	The strange case of NDUFAF2
	Role of PINK1 in complex I function
	Conclusion
	Thinking beyond Parkinson’s disease
	References
	Fig. 1.
	Fig. 2.
	Table 1
	Table 2

