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Multimodal assessment of mitochondrial 
function in Parkinson's disease

Thomas Payne,1 Toby Burgess,1 Stephen Bradley,1 Sarah Roscoe,1 Matilde Sassani,1,2

Mark J. Dunning,3 Dena Hernandez,4 Sonja Scholz,5,6 Alisdair McNeill,1 Rosie Taylor,7

Li Su,1,8 Iain Wilkinson,9,† Thomas Jenkins,1,10 Heather Mortiboys1

and Oliver Bandmann1,11

†Deceased.

The heterogenous aetiology of Parkinson's disease is increasingly recognized; both mitochondrial and lysosomal dys-

function have been implicated. Powerful, clinically applicable tools are required to enable mechanistic stratification 

for future precision medicine approaches. The aim of this study was to characterize bioenergetic dysfunction in 

Parkinson's disease by applying a multimodal approach, combining standardized clinical assessment with midbrain 

and putaminal 31-phosphorus magnetic resonance spectroscopy (31P-MRS) and deep phenotyping of mitochondrial 

and lysosomal function in peripheral tissue in patients with recent-onset Parkinson's disease and control subjects.

Sixty participants (35 patients with Parkinson's disease and 25 healthy controls) underwent 31P-MRS for quantifica-

tion of energy-rich metabolites [ATP, inorganic phosphate (Pi) and phosphocreatine] in putamen and midbrain. In 

parallel, skin biopsies were obtained from all research participants to establish fibroblast cell lines for subsequent 

quantification of total intracellular ATP and mitochondrial membrane potential (MMP) as well as mitochondrial 

and lysosomal morphology, using high content live cell imaging.

Lower MMP correlated with higher intracellular ATP (r = −0.55, P = 0.0016), higher mitochondrial counts (r = −0.72, P <  

0.0001) and higher lysosomal counts (r = −0.62, P = 0.0002) in Parkinson's disease patient-derived fibroblasts only, 

consistent with impaired mitophagy and mitochondrial uncoupling. 31P-MRS-derived posterior putaminal Pi/ATP 

ratio variance was considerably greater in Parkinson's disease than in healthy controls (F-tests, P = 0.0036). 

Furthermore, elevated 31P-MRS-derived putaminal, but not midbrain Pi/ATP ratios (indicative of impaired oxidative 

phosphorylation) correlated with both greater mitochondrial (r = 0.37, P = 0.0319) and lysosomal counts (r = 0.48, P =  

0.0044) as well as lower MMP in both short (r = −0.52, P = 0.0016) and long (r = −0.47, P = 0.0052) mitochondria in 

Parkinson's disease. Higher 31P-MRS midbrain phosphocreatine correlated with greater risk of rapid disease progres-

sion (r = 0.47, P = 0.0384).

Our data suggest that impaired oxidative phosphorylation in the striatal dopaminergic nerve terminals exceeds mito-

chondrial dysfunction in the midbrain of patients with early Parkinson's disease. Our data further support the hy-

pothesis of a prominent link between impaired mitophagy and impaired striatal energy homeostasis as a key 

event in early Parkinson's disease.
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Introduction

Parkinson's disease is the second most common neurodegenera-

tive disorder and increasing in global prevalence.1 A key challenge 

in developing disease-modifying therapies is the inherent clinical 

and pathogenic heterogeneity in Parkinson's disease. There is 

therefore a great need to develop tools for the mechanistic stratifi-

cation in individual patients to develop precision medicine ap-

proaches for future clinical trials.2

There is strong evidence for mitochondrial and lysosomal dys-

function in Parkinson's disease.3–6 Abnormal mitochondrial and 

lysosomal function and morphology have been demonstrated in 

the peripheral tissue of both genetic and sporadic Parkinson's dis-

ease.7–9 Impaired mitophagy has also been implicated in both genetic 

and sporadic Parkinson's disease.10,11 Previously, we undertook deep 

mechanistic phenotyping of peripheral tissue in a large cohort of 

sporadic Parkinson's disease and identified distinct subgroups with 

mitochondrial or lysosomal dysfunction. Mitochondrial dysfunction 

was rescued in patient tissue with prominent mitochondrial 

dysfunction, using the putative neuroprotective compound urso-

deoxycholic acid (UDCA).12 This demonstrates the potential of mech-

anistic stratification and compound testing in peripheral tissue of 

individual patients to facilitate precision medicine approaches. 

However, translation to clinical practice is challenging since obtain-

ing tissue fibroblasts is an invasive procedure, labour-intensive and 

has conceptual limitations.
31Phosphorus magnetic resonance spectroscopy (31P-MRS) allows 

the non-invasive in vivo quantification of key bioenergetic metabolites 

such as adenosine triphosphate (ATP) and phosphocreatine (PCr), 

enabling the indirect assessment of oxidative phosphorylation.13

31P-MRS may therefore be a suitable non-invasive tool to identify 

those patients with Parkinson’s disease most likely to benefit from 

putative mitochondrial rescue compounds.

In this study, we undertook multimodal assessment of mito-

chondrial dysfunction in Parkinson's disease, combining midbrain 

and putaminal 31P-MRS with mechanistic phenotyping in periph-

eral tissue to comprehensively assess cellular bioenergetics in 

Parkinson's disease.

We show that mitochondrial and lysosomal function varied 

markedly in patients with Parkinson's disease and controls. 

Elevated putaminal inorganic phosphate (Pi)/ATP ratios (reflecting 

impaired oxidative phosphorylation) correlated strongly with 

fibroblast-derived indices suggestive of mitophagy in Parkinson's 

disease only. In contrast, midbrain-derived Pi/ATP ratios did not 

correlate with mitophagy indicators in peripheral tissue. Our study 

provides further evidence for early bioenergetic and autophagy im-

pairment at the Parkinson's disease synapse.14

We also identified an inverse correlation between midbrain 

phosphocreatine levels and predicted rapid disease progression 

in Parkinson's disease, which may facilitate enrichment of future 

clinical trials for fast versus slow progressors.15

Materials and methods

Recruitment

Thirty-five participants with recent onset Parkinson's disease (≤3 

years since diagnosis) and 25 healthy control subjects with similar 

age and sex distribution were recruited from movement disorder 

clinics at Sheffield Teaching Hospitals NHS Foundation Trust and 

through the Parkinson's UK Research Network. The clinical diagno-

sis was made by a movement disorders specialist according to the 

Queen Square Brain Bank Criteria.16 Exclusion criteria were contra-

indications to either MRI or skin biopsy (e.g. through ferromagnetic 

implants or therapeutic anticoagulation) or evidence of significant 

cognitive impairment (Mini-Mental State Examination score 

<25).17 All participants provided written informed consent. The 

study received local Research Ethics Committee approval (REC 18/ 

NW/0328).

Clinical assessment

A detailed clinical history, neurological examination and assess-

ment with the following clinical rating scales were undertaken: 

Modified Hoehn and Yahr Staging, Movement Disorders Society- 

Unified Parkinson's Disease Rating Scale Part 3 (MDS-UPDRS-III) 

and Movement Disorders Society Non-Motor Symptom Scale 

(MDS-NMSS).18–21

A predictive disease progression score was calculated in all pa-

tients with Parkinson's disease based on a validated prognostic 

model, which estimates the risk of an unfavourable outcome as de-

fined by the presence of either postural instability or dementia at 

5 years.15

Genetic analysis

All participants supplied an EDTA blood sample for genetic analysis 

to known pathogenic mutations in monogenic Parkinson's disease 
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genes (e.g. PINK1, PARK2, LRRK2) and any variants of GBA1 asso-

ciated with increased risk of Parkinson's disease using the 

NeuroChip platform.22 All detected variants were searched in 

dbSNP (https://www.ncbi.nlm.nih.gov/snp/) and then classified ac-

cording to published guidelines.23 As any statistical comparisons 

between genotypes is not feasible with these numbers, data pre-

sented do not differentiate the genotypes of Parkinson's disease.

Fibroblast cell line assessment

Skin biopsies were obtained using a 3 mm punch biopsy needle 

from the upper forearm and fibroblast lines were established ac-

cording to previously reported protocols.24 Assays were performed 

under two conditions; glucose containing media (1000 mg/l) or 

glucose-free media containing 5 mM galactose. Two participants 

were unable to have fibroblast cell lines established due to 

COVID-19 restrictions impacting research practice at the time of re-

cruitment. One further control fibroblast cell line was excluded 

from analysis due to recurrent cell line infections. Therefore, a total 

of 57 cell lines (Parkinson's disease n = 34, controls n = 23) were 

available for analysis.

Mitochondrial membrane potential (MMP) and total intracellular 

ATP levels were assessed as previously described.7 Mitochondrial 

and lysosomal morphology was quantified by staining live fibroblasts 

with 80 nM tetramethlyrhodamine (TMRM), 1 µM LysoTracker® (Life 

Technologies) and 1 µM Hoescht for 1 h prior to imaging, using either 

the InCell Analyzer 2000 high-content imager (GE Healthcare) or Opera 

Phenix (Perkin Elmer) imaging systems, as previously described.25

Raw images were segmented, analysed and parameters quanti-

fied using the InCell Developer software (GE Healthcare) or 

Harmony software (Perkin Elmer). A custom imaging protocol was 

used for the segmentation of nuclei, lysosomes and mitochondria 

to generate total counts for each and morphology parameters, simi-

lar to custom imaging protocols previously published.12 The mito-

chondrial population was further subdivided into long and short 

mitochondria for the assessment of MMP in these subpopulations 

using a form factor measurement defined as (Pm2) / (4πAm), where 

Pm is the length of mitochondrial outline and Am is the area of mito-

chondrion. Short mitochondria are more likely to be destined for 

mitophagy; this is particularly true in shorter mitochondria with 

low MMP.26 Analysis outputs were consistent across imagers and 

software, enabling combination of groups in the final analysis.

31P magnetic resonance spectroscopy

Acquisition

31P-MRS scans were obtained using a Philips Ingenia 3 T system 

(Philips Healthcare) and a transmit-receive dual-tuned 1H/31P bird-

cage quadrature head-coil (Rapid Biomedical). Two-dimensional 

chemical shift imaging (CSI) with image-selected in vivo spectros-

copy was used for spectral spatial localization. Two separate CSI se-

quences were obtained focused on the midbrain and the putamen. 

Acquisition parameters for the midbrain CSI were: repetition time  

= 4000 ms, echo time = 0.22 ms, number of signal averages = 8, 

sampling points = 2048, spectral bandwidth = 3000 Hz, flip angle =  

90°, slice thickness = 20 mm, field of view  = 210 mm2, acquired vox-

el sizes of 40 × 40 × 20 mm3 and, following k-space filtering and zero 

filling using a reconstruction matrix of 14 × 14, reconstructed voxel 

size = 15 × 15 × 20 mm3. The putamen CSI acquisition parameters 

differed only in number of signal averages = 10 and reconstructed 

voxel size = 17.5 × 17.5 × 20 mm3 using a reconstruction matrix of 

12 × 12. All CSI sequences used adiabatic pulses, with a second 

order pencil-beam shim and WALTZ-4 broadband heteronuclear 

decoupling with nuclear Overhauser effect.

Alignment of CSI sequences was guided by a T2-weighted 

spin-echo image: repetition time = 3000 ms, echo time = 80 ms, 

flip angle = 90°, slice thickness = 4 mm, field of view = 230 mm2, ac-

quisition voxel 0.55 × 0.65 × 4.0 mm3, reconstruction matrix = 432 ×  

432 mm2, reconstructed voxel size = 0.53 × 0.53 × 4.0 mm3. A 3D T1 

inversion-recovery volumetric image was obtained and aligned to 

each CSI acquisition to allow co-localization and correction for par-

tial volume effects: repetition time = 8.3 ms, echo time = 3.8 ms, 

field of view = 240 mm2, flip angle = 8°, inversion time = 1000 ms, 

slice thickness = 1 mm, acquired voxel size = 1.2 × 1.2 × 1.5 mm, 

reconstruction matrix = 256 × 256 mm2, reconstructed voxel 

size = 0.94 × 0.94 × 1 mm3. Details of spectral localization and vox-

els of interest are shown in Fig. 1.

Spectroscopic data processing

All spectroscopic data were anonymized at acquisition and ana-

lysed blinded to participant status. Spectra were processed in the 

time domain using jMRUI software V5.2 (http://www.jmrui.eu) 

and signal fitting was performed using the advanced method for ac-

curate, robust and efficient spectral fitting (AMARES) algorithm to 

determine the relative area under each peak.27,28 In each partici-

pant, six voxels were selected representing left midbrain, right mid-

brain, left posterior putamen, right posterior putamen, left anterior 

putamen and right anterior putamen for subsequent analysis.

Manual preprocessing included zero and first-order phasing 

for purely absorptive line shapes with no apodization performed. 

All spectra were frequency shifted to 0 parts per million for 

phosphocreatine.

A total of 13 resonances were fitted with assumed Lorentzian line 

shapes, with γ-ATP and α-ATP having doublet peaks with amplitudes 

and line-widths constrained to a 1:1 ratio to each other and β-ATP 

having triplet peaks with amplitudes constrained in a ratio of 

0.5:1:0.5 and line-widths constrained to a ratio of 1:1:1. Coupling con-

stants for ATP multiplets were set at 18 Hz, as used in previous litera-

ture and soft constraints limited ATP line-widths to 5–35 Hz.29,30

Additional soft constraints were used to control line-widths for 

phosphocreatine (5–20 Hz) and all other remaining resonances to 

5–30 Hz.31,32 All amplitudes were normalized to the total phosphorus 

signal detected within the respective voxel prior to any statistical 

analyses. The three multiplets of ATP were summed to calculate total 

ATP. All spectra were visually inspected for quality of fit and spurious 

signals were excluded, according to recently published consensus 

criteria.33 Example spectra pre- and post-analysis are shown in 

Fig. 1. In addition to reporting normalized amplitudes of phospho-

creatine, inorganic phosphate and ATP normalized to total phos-

phorus, a further analysis was performed focusing on the ratio of 

the raw amplitudes of Pi/ATP in each participant.

T1-weighted images were segmented using Statistical 

Parametric Mapping software (SPM12, https://www.fil.ion.ucl.ac. 

uk/spm/software/spm12/) and co-registered to the voxel of interest 

using Gannett (http://www.gabamrs.com/) and MATLAB and 

Statistics Toolbox Release R2020a (The MathWorks, Inc., Natick, 

Massachusetts, USA). Each MRS voxel was segmented into grey 

matter, white matter and CSF. To represent partial volume effects 

in the midbrain the brain proportion (grey matter plus white matter 

divided by total voxel volume) was calculated for midbrain voxels, 

there is a small proportion of segmented grey matter in the mid-

brain and therefore CSF is most likely to affect MRS signal in these 

MRS voxels. To represent partial volume effects in the putamen, the 
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grey matter proportion was calculated, given essentially no CSF in 

these voxels the proportion of grey matter is most likely to influ-

ence MRS signal as observed in quantitative proton MRS.33,34

Sixty 31P-MRS datasets were obtained from the putamen and 59 

from the midbrain. Midbrain 31P-MRS values from one control were 

excluded from further analysis due to a spuriously low, non- 

physiological phosphocreatine level.

Statistical analysis

Primary 31P-MRS parameters of interest were determined a priori as 

total levels of ATP, Pi and phosphocreatine as the mean of the 

midbrain voxels, the posterior putamen voxels and the anterior pu-

tamen voxels, normalized to total phosphorus. To detect group dif-

ferences, 31P-MRS parameters of interest were entered as the 

response variable into a linear regression model, with the predictor 

variables specified as disease group, age and sex. This decision was 

based on previous work, which showed differences between sexes 

in Parkinson's disease with respect to ATP and phosphocreatine 

measurements and changes in pH and phosphocreatine with age 

in the healthy brain.35,36 31P-MRS parameters of interest and partial 

volume measures were assessed graphically and by correlation ana-

lysis. There were no significant correlations between 31P-MRS para-

meters and partial volume measures; therefore, partial volume was 

Figure 1 31P-MRS allows quantification of energy-rich metabolites in vivo. (A) Sagittal, (B) coronal and (C) axial images demonstrating spectroscopic 
grid (14 × 14) positioning for the midbrain voxels. Analysed voxels are highlighted in yellow and placement is performed to capture a voxel from the 
right and left side. Analysis focused on the mean values of the right and left voxels for each of the midbrain, posterior putamen and anterior putamen 
voxels. Voxel placement ensures the substantia nigra will be included within the voxel of interest. (D) Sagittal, (E) coronal and (F) axial images dem-
onstrating spectroscopic grid (12 × 12) positioning for the putaminal voxels. Analysed voxels are highlighted in yellow and placement is performed to 
capture a voxel from the right and left side for both the anterior and posterior putamen. (G) An example spectrum obtained from the midbrain of a 
healthy control. This spectrum has been phased and apodized to aid visualization with phosphocreatine frequency shifted to 0 ppm, for quantification 
spectra are not apodized. (H) An example output of peak fitting following AMARES analysis. Thirteen resonances are fitted: 1 = phosphocholine; 2 =  

phosphoethanolamine; 3 = Pi (inorganic phosphate); 4 = glycerophopshocholine; 5 = glycerophosphoethanolamine; 6 = phosphocreatine; 7 and 8 =  

γ-ATP; 9 and 10 = α-ATP; 11–13 = β-ATP. Phosphocholine and phosphoethanolamine form the phosphomonoesters (PME). Glycerophosphocholine 
and glycerophosphoethanolamine form the phopshodiesters (PDE). PME and PDE are only quantified to facilitate normalization of each amplitude 
to the total phosphorus signal detected in the spectra and were not used in any statistical analysis.
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not included in subsequent linear regression models to limit the 

number of covariates respective to sample size (data not shown).

All data for each fibroblast line were normalized to the controls on 

each plate. Key primary fibroblast parameters of interest specified a 

priori were intracellular ATP, MMP (in all mitochondria, long mitochon-

dria only and short mitochondria only), mitochondrial count per cell 

and lysosome count. Group differences were assessed using t-tests.

All primary 31P-MRS metabolite concentrations and fibroblast- 

derived parameters were normally distributed in healthy controls, 

as assessed with the visual inspection of Q-Q plots. In both 

Parkinson's disease and healthy control groups, there were no signifi-

cant correlations between either age or sex with 31P-MRS metabolite 

levels or fibroblast assay parameters of interest (data not shown).

Differences in variances for all 31P-MRS and fibroblast assay 

parameters between groups were analysed using the F-test of 

equality of variances. Graphical displays and Pearson's correlation 

coefficient was used to assess relationships between each 31P-MRS 

parameter and continuous clinical variables of interest. The same 

analysis was also undertaken to investigate correlations between 

all fibroblast-derived parameters with each other. For both of these 

analyses, all P-values were adjusted for multiple comparisons 

using the Benjamini-Hochberg method.37

To assess associations between 31P-MRS and fibroblast data in a 

common domain, all relevant 31P-MRS parameters and each indi-

vidual biological fibroblast assay repeat were first transformed to 

z-scores. First each parameter in the healthy control data was 

transformed to a z-score with mean of 0 and standard deviation 

(SD) of 1. Z-scores for patients were then calculated with reference 

to healthy control population distribution.

For fibroblast data, and for each media condition, each biological 

repeat was combined into a composite z-score with equal weight-

ing given to each individual repeat using the below equation.38

zxc =

􏽐n
i=0 zx

�����������

n + 2rsum
√ (1)

where zxc is the composite score, zx is the z-scored component and 

rsum is the sum of the Pearson correlation coefficients between each 

and every individual n components.

Each media condition z-score was then combined using the 

same method to generate a single composite z-score for each fibro-

blast assay parameter that summarizes data from both media con-

ditions. Composite z-scores were also generated using the same 

above method to reflect 31P-MRS parameters as either the compos-

ite of all four putaminal voxels or a composite of both midbrain 

voxels. The further exploratory analysis of composite z-scored 

putaminal Pi/ATP ratio was also calculated using this method.

Pearson's correlation coefficient was used to assess relation-

ships between composite z-scores derived from 31P-MRS and com-

posite z-scores of fibroblast assay parameters within each disease 

group. Given the exploratory nature of these relationships, these 

correlation analyses were not corrected for multiple comparisons. 

Any significant correlations identified in either group between 
31P-MRS and fibroblast assay parameters were further assessed in 

a sensitivity analysis with linear regression with the additional cov-

ariates of age and sex entered to confirm whether the relationship 

remained significant. These sensitivity analyses were only reported 

if the observed relationship lost significance. Correlations were fur-

ther compared between groups using Fisher's z-transformation to 

investigate if correlations between 31P-MRS and fibroblast assay 

parameters differed significantly between groups.

All statistical analyses were completed in R version 4.1.0.

Results

Demographic characteristics are summarized in Table 1. Groups 

were well matched, with no significant differences between age, 

sex or family history of Parkinson's disease between patients and 

controls. There were two cases of familial Parkinson's disease, a 

50-year-old female homozygous for a parkin (PRKN) mutation 

(c.337-376del) and a 28-year-old female heterozygous for the 

G51D SNCA mutation.39,40 No other PARK gene mutations or GBA 

Parkinson's disease risk variants were detected in the Parkinson's 

disease patients’ cohort. Neither pathogenic mutations in PARK 

genes nor GBA Parkinson's disease risk variants were detected in 

the control cohort.

Mitochondrial and lysosomal function differs 
markedly in fibroblasts of patients with Parkinson's 
disease and controls

Fibroblast assay results performed in glucose-containing media are 

summarized in Table 2. Seven of 34 patients had intracellular ATP 

values outside 2 SDs from the healthy control mean (F-test P =  

0.0056) (Fig. 2A). Fourteen of 34 patients had MMP values outside 

Table 1 Demographic and clinical features of the study cohort

Control  

(n = 25)

Parkinson's  

disease (n = 35)

P-value

Sex

Male, n (%) 12 (48) 19 (54) 0.8272a

Female, n (%) 13 (52) 16 (46)

Age

Minimum 28 28 0.839b

Maximum 81 82

Mean ± SD 60.64 ± 10.96 60.06 ± 10.74

Family history of Parkinson’s disase in a first-degree relative

Yes, n (%) 6 (24) 4 (11) 0.535a

No, n (%) 19 (76) 31 (89)

Disease duration (months)

Minimum NA 2

Maximum NA 32

Mean ± SD NA 13.71 ± 7.50

Modified Hoehn and Yahr

Minimum NA 1

Maximum NA 3

Mean ± SD NA 2.01 ± 0.39

MDS-UPDRS Part III scores

Minimum NA 14

Maximum NA 54

Mean ± SD NA 32.60 ± 9.89

Non-Motor Symptom Scale

Minimum NA 3

Maximum NA 119

Mean ± SD NA 40.09 ± 31.99

Total Levodopa equivalent daily dosage (mg)

Minimum NA 0

Maximum NA 1000

Mean ± SD NA 370.43 ± 218.44

Predictive Risk Score

Minimum NA 0.03

Maximum NA 0.91

Mean ± SD NA 0.40 ± 0.25

MDS-UPDRS = Movement Disorders Society-Unified Parkinson's Disease Rating 

Scale; NA = not applicable; SD = standard deviation. 
aChi-squared test. 
bIndependent samples t-test with Welch's correction.
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2 SDs of the healthy control mean (F-test P < 0.0001) (Fig. 2B); this 

was the case for both the MMP in long (8/34 patients, F-test 

P = 0.0007; Fig. 2C) and short mitochondria (9/34 patients, F-test 

P = 0.0003; Fig. 2D). Fifteen of 34 patients had mitochondria counts 

per cell outside 2  SDs (F-test P < 0.0001; Fig. 2E) and 6/34 patients 

had lysosomal counts outside 2 SDs (F-test P < 0.0001, Fig. 2F). 

Overall, the results of all parameters were similar between glucose 

and galactose media conditions, hence the combined z-score ac-

counting for data in both media types was used for further analysis 

(Supplementary Table 1 and Supplementary Fig. 1).

We observed that control fibroblasts and patient fibroblast lines 

with low MMP in glucose remained largely similar across glucose 

and galactose media. However, in patient lines with a high MMP 

in glucose we observed the MMP to greatly reduce in galactose. 

Owing to the bidirectional nature of the data and proportion of pa-

tient lines falling into these categories, further formal statistical 

testing of this observation was not appropriate (data not shown).

MMP inversely correlated with both intracellular ATP 

(r = −0.552, P = 0.0018) (Fig. 3A) and mitochondrial counts 

(r = −0.723, P < 0.0001, Fig. 3B), in Parkinson's disease, but not in con-

trols (r = −0.044, P = 0.918 and r = −0.379, P = 0.0895, respectively). 

Lysosomal counts correlated inversely with MMP in Parkinson's dis-

ease only (r = −0.623, P = 0.0003, Fig. 3C) but not in controls (r = −0.205, 

P = 0.432). Lysosomal counts directly correlated with mitochondrial 

counts in Parkinson's disease only (r = 0.7, P < 0.0001, Fig. 3D), but 

not in controls (r = 0.43, P = 0.0603). In Parkinson's disease, this correl-

ation was similar but marginally larger in short mitochondria 

(r = −0.73, P < 0.0001) than long mitochondria (r = −0.65, P < 0.001, 

Fig. 3E)

In Parkinson's disease, the association of lower MMP with a 

higher count for both mitochondria and lysosome would be in 

keeping with fragmentation of mitochondria with low MMP, the 

first step in the induction of mitophagy.41,42 Intracellular ATP dir-

ectly correlated with mitochondrial counts in both Parkinson's dis-

ease (r = 0.719, P < 0.0001) and healthy controls (r = 0.548, P = 0.0137, 

Fig. 3F). Given the relationships described above between low MMP 

and high ATP in Parkinson's disease only, the mechanisms under-

lying the correlation of high ATP and high mitochondrial count may 

be fundamentally different in Parkinson's disease compared to 

healthy controls. The paradoxical rise in ATP with low MMP and 

high mitochondrial counts in Parkinson's disease patient cells 

may reflect mitochondrial biogenesis in response to mitochondrial 

uncoupling, as previously observed in other models or activation of 

other metabolic pathways to compensate for dysfunctional mito-

chondria.43 In healthy controls the correlation between higher 

ATP and higher mitochondrial counts may simply reflect a greater 

overall functioning mitochondrial network, which is supported by 

the lack of correlations seen in controls between MMP and the other 

parameters to indicate any dysfunction otherwise.

Overall, these data support the hypothesis that the initiation 

step in sensing dysfunctional mitochondria and subsequent frag-

mentation of the network is intact in Parkinson's disease, hence 

the higher number of mitochondria with low MMP. However, the 

next steps in the process of effectively targeting those mitochon-

dria to be degraded via engulfment in the autophagosome and ul-

timate fusion with lysosome are not functioning effectively, 

therefore the dysfunctional mitochondria are not recycled and ac-

cumulate within the cell.

Putaminal Pi/ATP ratios correlate with lower MMP 
and higher lysosome counts in Parkinson's disease

Degeneration of the dopaminergic nigrostriatal axon terminals is 

more pronounced than degeneration of the nigral dopaminergic 

neurons in early Parkinson's disease and there is strong experi-

mental evidence for early impairment of both bioenergetics and au-

tophagy at the Parkinson's disease synapse.14,44–47 We therefore 

hypothesized that impaired oxidative phosphorylation in the puta-

men (as reflected by elevated 31P-MRS-derived Pi/ATP ratios) would 

correlate more closely with peripheral indices of impaired mito-

chondrial function and autophagy than in the midbrain in our early 

Parkinson's disease cohort.13

As predicted, 31P-MRS-derived putaminal Pi/ATP ratios directly 

correlated with fibroblast-derived mitochondrial counts in 

Parkinson's disease only, but not in controls (r = 0.369, P = 0.0319 

and r = −0.326, P = 0.13, respectively) (Fig. 4A). 31P-MRS-derived pu-

taminal Pi/ATP ratios were inversely correlated with MMP in both 

short and long mitochondria in Parkinson's disease patient tissue, 

but not in controls (short mitochondria: patients r = −0.522, 

P = 0.0016; controls r = −0.345, P = 0.107, Fig. 4B; long mitochondria: 

patients r = −0.469, P = 0.0052; controls r = −0.249, P = 0.252, Fig. 4C). 

Furthermore, 31P-MRS-derived putaminal Pi/ATP ratios directly 

correlated with lysosome counts in Parkinson's disease (r = 0.476, 

P = 0.0044, Fig. 4D), but not in controls (r = −0.073, P = 0.741). The 

specific association of elevated 31P-MRS-derived putaminal (rather 

than midbrain) Pi/ATP ratios with reduced MMP and greater lyso-

some counts in peripheral tissue would be in keeping with promin-

ent abnormal oxidative phosphorylation and impaired mitophagy 

at the Parkinson's disease synapse.

Individual correlation analysis for both 31P-MRS-derived puta-

minal ATP and Pi were also consistent with the above data, further 

supporting the assumption that the increased Pi levels were likely 

to result from increased ATP hydrolysis or impaired ATP synthesis 

rather than due to a different mechanism (Supplementary Fig. 2).

In contrast, 31P-MRS-derived midbrain Pi/ATP ratios did not 

show any correlations with either mitochondrial counts (patients 

r = 0.018, P = 0.919; controls r = 0.023, P = 0.920, Fig. 4E), short mito-

chondria MMP (patients r = 0.016, P = 0.930; controls r = 0.245, 

Table 2 Fibroblast assay summary results

Fibroblast assay parameters Control (n = 23) Parkinson's disease (n = 34) F-test T-test

Intracellular ATP 99.164 ± 13.864 105.928 ± 24.845 P = 0.0056 P = 0.1946

MMP 99.902 ± 9.114 104.64 ± 23.127 P < 0.0001 P = 0.2869

Short mitochondria MMP 100.458 ± 10.019 102.678 ± 22.102 P = 0.0003 P = 0.6102

Long mitochondria MMP 100.108 ± 10.438 104.444 ± 21.702 P = 0.0007 P = 0.3194

Mitochondria per cell 99.810 ± 6.236 102.268 ± 15.571 P < 0.0001 P = 0.4120

Lysosomes per cell 98.505 ± 20.522 112.592 ± 51.366 P < 0.0001 P = 0.1570

Mean and standard deviation and F-test shown for all fibroblast data in glucose-containing media. All values displayed are normalized to the mean control values obtained in 

these conditions. Group differences in fibroblast parameters assessed with t-tests. MMP = mitochondrial membrane potential.
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P = 0.271, Fig. 4F) or long mitochondria MMP (patients r = 0.124, 

P = 0.484; controls r = 0.308, P = 0.164, Fig. 4G) in either group with 

the exception of Pi/ATP ratios directly correlating with lysosome 

counts in Parkinson's disease only (patients r = 0.345, P = 0.0457; 

controls r = 0.183, P = 0.414, Fig. 4H).

There were no significant correlations between 31P-MRS-derived 

putaminal phosphocreatine and any fibroblast-derived measure, 

nor between 31P-MRS-derived midbrain ATP, phosphocreatine 

and Pi with any fibroblast-derived parameters (data not shown).

The variance of the Pi/ATP ratio was markedly increased in the pos-

terior putamen in patients with Parkinson's disease compared to con-

trol subjects (Fig. 5A, F-test P = 0.0036) with 7/35 patients having Pi/ATP 

ratios outside 2 SDs. Nine of 35 patients had levels of Pi that fell outside 

2 SDs in the posterior putamen, this included all seven participants 

with Pi/ATP outside 2 SDs (Fig. 5B, F-test P = 0.0042). There was no dif-

ference in variance in total ATP in the posterior putamen between 

groups, with only 3/35 patients being outside 2 SDs (Fig. 5C, F-test P  

= 0.5624). This may indicate impaired oxidative phosphorylation in 

the posterior putamen in those participants with particularly elevated 

Pi/ATP ratios. The levels of all 31P-MRS parameters were similar in the 

anterior putamen compared to the posterior putamen, although the 

differences in variance were less marked. This may be due to the pos-

terior putamen being more profoundly affected in early Parkinson's 

disease than the anterior putamen (Supplementary Table 2).48

In contrast to the posterior putamen, the variance in the Pi/ATP 

midbrain ratio was similar in patients with Parkinson's disease and 

controls (Fig. 5D, F-test P = 0.1708), as were the total levels of Pi in 

the midbrain (Fig. 5E, F-test P = 0.3673). However, 10/34 patients still 

exhibited ATP midbrain values outside two control group SDs from 

the healthy control mean (Fig. 5F, F-test P = 0.0030). This may indi-

cate that some participants with Parkinson's disease have altered 

bioenergetics in the midbrain, although this may be less marked 

than that of the putamen, which demonstrates clear differences 

in variance of the Pi/ATP ratio, which is more specific for impaired 

oxidative phosphorylation. The observation of elevated Pi/ATP 

ratios in the posterior putamen only, and not in the midbrain, 

supports the hypothesis of the ‘dying back’ hypothesis of nigros-

triatal neurons in Parkinson's disease.47,49

Higher 31P-MRS-derived phosphocreatine values 
correlate with higher risk of fast Parkinson's disease 
progression

We finally determined whether any of the 31P-MRS derived 

imaging parameters correlated with clinical parameters. Higher 
31P-MRS-derived midbrain phosphocreatine correlated with a higher 

predicted risk of adverse outcome in disease progression, defined 

as the presence of either postural instability or dementia at 5 years 

Figure 2 Considerably greater variance of mitochondrial and lysosomal function in fibroblasts derived from patient with Parkinson's disease. 
(A) Intracellular ATP, F-test P = 0.0056; (B) MMP, F-test P < 0.0001; (C) long mitochondria MMP only, F-test P = 0.0007; (D) short mitochondria MMP, 
F-test P = 0.0003; (E) mitochondria count per cell, F-test P < 0.0001; (F) lysosomal count per cell, F-test P < 0.0001. Mean (purple diamond) ± standard de-
viation (SD) presented. Blue dashed lines denote 2 SDs from the control mean values. The parkin (PRKN−/−) mutant patient is depicted with a green 
diamond, the SNCA-G51D mutant patient is depicted with a purple square. All fibroblast assays repeated in triplicate. Data presented are from experi-
ments performed in glucose-containing media and all data from each participant are normalized to mean control values per repeat. Variances between 
groups were tested with the F-test of equality of variances and statistical significance is displayed on each panel. Control: n = 23, Parkinson's disease: 
n = 34. *P < 0.05, **P < 0.01, ***P < 0.001. MMP = mitochondrial membrane potential; PD = Parkinson’s disease.
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(r = 0.47, adjusted P = 0.0384) this correlation with phosphocreatine 

was not present in either the posterior or anterior putamen (r =  

−0.087, adjusted P = 0.621 and r = −0.061, adjusted P = 0.729, respect-

ively). There were no correlations between 31P-MRS-derived Pi/ATP 

ratio, ATP or Pi with predicted risk of adverse outcome in either the 

midbrain, posterior putamen or anterior putamen (data not shown). 

There were no correlations between 31P-MRS-derived Pi/ATP ratio, 

ATP, Pi or phosphocreatine in either the midbrain, posterior putamen 

or anterior putamen and both the MDS-UPDRS III score and 

MDS-NMSS score.

Discussion

Many of the molecular hallmarks occurring in nigral dopaminergic 

neurons have also been reported in fibroblasts from patients with 

the sporadic or monogenic forms of Parkinson's disease.50 Our 

group had previously undertaken detailed characterization of mito-

chondrial dysfunction and morphology in fibroblasts from both fa-

milial and sporadic Parkinson's disease and also undertaken the 

first screen of an entire compound library in patient-derived tis-

sue.7,8,12,51 This study is now the first to combine cellular measures 

of mitochondrial and lysosomal function and morphology in fibro-

blasts derived from patients with Parkinson's disease with 
31P-MRS-derived quantification of bioenergetic dysfunction in the 

CNS in vivo. Multimodal, in-depth characterization of pathogenic 

mechanisms leading to Parkinson's disease is also likely to be par-

ticularly pertinent in early Parkinson's disease to facilitate mech-

anistically defined disease stratification for future clinical trials.52

31P-MRS could be considered as a potential biomarker to identify 

a broad phenotype of bioenergetic dysfunction in Parkinson's 

disease regardless of the aetiology (genetic versus sporadic) or 

any—as yet speculative—mechanistically defined subtypes of 

Parkinson's disease. 31P-MRS Pi/ATP ratios may therefore help to 

stratify participants for future neuroprotective clinical trials target-

ing bioenergetic dysfunction.

Phenotypes observed in fibroblasts may not correspond to func-

tional impairments observed in neurons derived from the same pa-

tients with Parkinson's disease. However, our previous studies 

demonstrated consistent changes between fibroblasts and tyrosine 

Figure 3 Analysis of mitochondrial and lysosomal function suggests impaired mitophagy and uncoupling in Parkinson's disease patient fibroblasts. 
Fibroblast measures of mitochondrial and lysosome function/morphology; correlations between measures for both Parkinson's disease and controls 
assess using Pearson's correlation coefficient. (A) Intracellular ATP and MMP (control r = −0.044, P = 0.918; Parkinson's disease r = −0.552, P = 0.0018); 
(B) MMP and mitochondria per cell (control r = −0.379, P = 0.0895; Parkinson's disease r = −0.723, P < 0.0001); (C) MMP and lysosomes per cell (control 
r = −0.205, P = 0.432; Parkinson's disease r = −0.623, P = 0.0003); (D) mitochondria per cell and lysosomes per cell (control r = 0.43, P = 0.0603; 
Parkinson's disease r = 0.7, P < 0.0001). (E) Long mitochondria MMP (peach) and short mitochondria MMP (turquoise) and lysosomes per cell in patients 
only (Parkinson's disease long mitochondria MMP r = −0.65, P < 0.0001; Parkinson's disease short mitochondria MMP r = −0.73, P < 0.0001). 
(F) Intracellular ATP and mitochondria per cell (control r = 0.548, P = 0.0137; Parkinson's disease r = 0.719, P < 0.0001). All fibroblast assays repeated 
in triplicate. Data presented are from experiments performed in glucose-containing media and all data from each participant are normalized to 
mean control values per repeat. The parkin (PRKN−/−) mutant patient is depicted with a green diamond, the SNCA-G51D mutant patient is depicted 
with a purple square. Control (blue) n = 23, Parkinson's disease (red) n = 34. The P-values reported are adjusted for multiple comparisons using the 
Benjamini-Hochberg method. *P < 0.05, **P < 0.01, ***P < 0.001. MMP = mitochondrial membrane potential; PD = Parkinson’s disease.
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hydroxylase-positive neurons derived from these fibroblasts for 

ATP, MMP and the number of lysosomes, with all changes being 

considerably more marked in neurons.12

We observed a striking increase in variance in virtually all inves-

tigated parameters in patients compared to controls. This increased 

variance is difficult to interpret but suggests that multiple distinct 

molecular mechanisms may underlie the changes observed in indi-

vidual patients with Parkinson's disease. Mitochondrial function 

may be in compensatory ‘metabolic overdrive’ in patients with 

high levels of energy-rich metabolites to address increased energy 

demands of the cell secondary to activation of other mechanisms 

with high energy demands such as DNA repair or increased lyso-

somal activity due to protein aggregation. In contrast, reduced le-

vels of energy-rich metabolites may suggest that mitochondrial 

dysfunction may play more of a central role in the pathogenesis of 

Parkinson's disease in these patients. We previously identified 

marked lowering of complex I and complex IV activity in fibroblasts 

of patients with ATP levels ≥ 2 SD below the mean.12

There are some methodological limitations that need to be ac-

knowledged. In our fibroblast measurements, the mitochondrial 

and lysosomal count parameters can only be an estimation and 

proxy for the actual counts. There are multiple reasons for this. 

The fluorescent dyes used in this study, to enable multiplexing of 

the assay, were TMRM and LysoTracker™, both of which rely on 

the organelle to be somewhat functional (a membrane potential 

for mitochondria and an acidic pH for LysoTracker™). Although 

these dyes will capture most organelles, some will be missed using 

these live imaging fluorescence dyes. In addition, the counts are 

based on the high content imaging analysis, which is not an accur-

ate measure of organelle area or volume, hence can only be an ap-

proximation of the organelle content in fibroblasts. More in-depth 

studies could be undertaken in a smaller proportion of cell lines, 

however, this would be logistically unfeasible in the whole cohort.

We identified several biologically and pathologically plausible 

relationships between mitochondrial and lysosomal phenotyping 

in peripheral tissue and putaminal 31P-MRS measures of bioener-

getic dysfunction indicative of impaired mitophagy in Parkinson's 

disease.

Impaired mitophagy may be due to impairment of PINK1- 

dependent recruitment of parkin from the cytoplasm to damaged 

mitochondria in a membrane potential-dependent manner.53

PINK1 protein levels are decreased in both LRRK2-G2019S and spor-

adic Parkinson's disease fibroblasts after valinomycin-induced 

mitochondrial depolarization.54 Alternatively, downstream me-

chanisms may be impaired. A previous post-mortem study in 

Lewy body disease demonstrated an accumulation of phosphory-

lated ubiquitin that co-localized with markers of mitochondria 

and lysosomes, suggesting impaired mitophagy downstream of 

the initial signalling of mitochondria for degradation via ubiquitina-

tion.10 Our results are also in keeping with the previous observation 

of impaired mitophagy flux and increased mitochondrial content in 

a small series of sporadic Parkinson's disease fibroblast lines.55

Our patient cohort included two rare monogenic cases of 

Parkinson's disease with homozygous mutations in the parkin 

gene (PRKN) or the G51D mutation in the alpha-synuclein gene 

(SNCA), respectively. Extensive genotyping for known pathogenic 

mutations in other monogenic Parkinson's disease genes and any 

variants of GBA1 associated with increased risk of Parkinson's dis-

ease was otherwise negative. The frequency of familial cases with-

in our cohort is therefore similar to the general observation that 

genetic causes of Parkinson's disease can be identified in 5–10% of 

cases of Parkinson's disease in a white Caucasian population.56

None of the results reported above changed in significance if these 

two familial cases were excluded (data not shown). We acknow-

ledge that some of our controls also had a positive family history 

for Parkinson's disease. However, this was purely chance—controls 

were selected based on their age and, as far as possible, to achieve a 

similar gender split to the patient cohort.

Interestingly, the data for all parameters from the peripheral 

fibroblasts were largely the same pattern if the cells were grown in 

galactose or glucose-containing media. Galactose media forces the 

cells to rely more heavily on oxidative phosphorylation for energy 

generation and in cells from patients with classical mitochondrial 

diseases, is often used to reveal a mitochondrial-driven deficit in 

energy status. The results in this study suggest that the metabolic ab-

normalities are present in both culture conditions. Upon closer inves-

tigation of MMP specifically, the response of patient fibroblasts to 

galactose was more variable than in controls. In addition, patient 

fibroblast lines with high MMP in glucose had a reduced MMP in gal-

actose media with a galactose:glucose ratio of <1. This could indicate 

that these patient fibroblasts are unable to maintain high MMP with-

out additional metabolic pathways, revealing the mitochondrial def-

icit. However, little change in MMP was observed in patient fibroblasts 

with low MMP in glucose, suggesting less metabolic flexibility in cell 

lines with already impaired oxidative phosphorylation. Although 

longer periods of galactose treatment are possible to potentially un-

mask mitochondrial defects further, this can subsequently impair 

cell viability. We chose a 72-h period of galactose treatment to balance 

cell viability and exposing mitochondrial deficits whilst avoiding the 

confounding effect of cell death upon our assays. However, taking 

this into consideration, our data may reflect that there are underlying 

metabolic and mitochondrial deficits, which in the fibroblasts are at 

the baseline of what the cell type can deal with, as fibroblasts are rela-

tively metabolically flexible and can use multiple substrates to main-

tain the broad mitochondrial parameters, which were measured in 

this study.57,58 However, it would be interesting and important to in-

vestigate whether this would also be the case in neurons, which are 

generally metabolically less flexible.

Mitochondrial uncoupling can paradoxically lead to greater con-

centrations of ATP and increased mitochondrial biogenesis.46

Mitochondrial uncoupling also induces mitophagy.41,43 The observed 

correlation of higher intracellular ATP levels with lower MMP in fibro-

blasts from patients with sporadic Parkinson's disease in our study 

combined with the indices of mitophagy discussed above, are in keep-

ing with previous reports of increased mitophagy and mitochondrial 

uncoupling in LRRK2 Parkinson's disease fibroblasts and provide 

further support for shared mechanisms in sporadic and familial 

Parkinson's disease.55,59 We previously demonstrated that an in-

crease in the number of lysosomes in fibroblasts of patients with 

Parkinson's disease closely correlates with lysosomal dysfunction, 

reflected by decreased cathepsin D activity.12 Further work is 

required to fully investigate mitophagy rates in these patient cells.

Mitophagy may represent a promising therapeutic target for neu-

roprotection.60 Therapies still in pre-clinical testing include inhibi-

tors of deubiquitinating enzymes (DUBs). DUBs regulate substrate 

ubiquitination by E3-ubiquitin ligases such as parkin. DUB inhibitors 

would therefore lead to an increase in ubiquitination and increased 

mitophagy. So far, inhibition of DUBs has primarily been investigated 

as a therapeutic target for on PRKN or PINK1-related Parkinson's dis-

ease but may also be beneficial in a carefully stratified population of 

sporadic Parkinson's disease.61 Deferiprone, an iron chelator that in-

duces mitophagy and has shown promise in many preclinical models 

of Parkinson's disease, is currently in a large multicentre clinical trial 

(FAIRPARK-II, NCT02655315).62
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The increase in variance across many 31P-MRS measures of 

bioenergetic dysfunction is markedly similar to the increased 

variance for the fibroblast-derived bioenergetics measures of cellu-

lar function and likely to reflect the heterogenous aetiology of 

Parkinson's disease.12 Previous 31P-MRS data have been conflicting. 

Hattingen et al.29 reported reduced concentrations of ATP in the 

midbrain and reduced ATP and phosphocreatine in the putamen. 

Hu et al.63 identified elevated ratios of Pi/ATP in the temporoparietal 

region in Parkinson's disease. However, others have found no 

differences in Parkinson's disease compared to healthy controls 

in either the striatum or temporoparietal cortex.64 The conflicting 

data may represent significant methodological differences in 
31P-MRS acquisition parameters, sample size and clinical hetero-

geneity, including severity and disease duration of Parkinson's dis-

ease in the patients included in these studies.

The relationships identified in Parkinson's disease between per-

ipheral tissue and 31P-MRS were specific to the putamen and not 

identified in the midbrain. Nigral dopaminergic neurons have an 

Figure 4 Putaminal, but not midbrain Pi/ATP ratios correlate with indices of mitophagy in Parkinson's disease patient-derived fibroblasts. All 31P-MRS 
data are expressed as composite z-scored data of all putaminal voxels. All fibroblast assay data are expressed as a composite z-score of triplicate re-
peats in both glucose-containing and galactose-containing media. Pearson's correlation coefficient was used for all analyses. The parkin (PRKN−/−) mu-
tant patient is depicted with a green diamond, the SNCA-G51D mutant patient is depicted with a purple square. (A) Putaminal Pi/ATP ratio and 
mitochondria per cell (control r = −0.326, P = 0.13; Parkinson's disease r = 0.369, P = 0.0319). (B) Putaminal Pi/ATP ratio and MMP in short mitochondria 
only (control r = −0.345, P = 0.107; Parkinson's disease r = −0.522, P = 0.0016). (C) Putaminal Pi/ATP ratio and MMP in long mitochondria only (control r =  

−0.249, P = 0.252; Parkinson's disease r = −0.469, P = 0.0052). (D) Putaminal Pi/ATP ratio and lysosomes per cell (control r = −0.073, P = 0.741; Parkinson's 
disease r = 0.476, P = 0.0044). (E) Midbrain Pi/ATP ratio and mitochondria per cell (control r = 0.023, P = 0.92; Parkinson's disease r = 0.018, P = 0.919). 
(F) Midbrain Pi/ATP ratio and MMP in short mitochondria only (controls r = 0.245, P = 0.271; Parkinson's disease r = 0.016, P = 0.93). (G) Midbrain 
Pi/ATP ratio and MMP in long mitochondria only (controls r = 0.308, P = 0.164; Parkinson's disease r = 0.124, P = 0.484). (H) Midbrain Pi/ATP ratio and ly-
sosomes per cell (controls r = 0.183, P = 0.414; Parkinson's disease r = 0.345, P = 0.0457). Putamen data: controls n = 23, Parkinson's disease n = 34. 
Midbrain data: controls n = 22, Parkinson's disease n = 34. MMP = mitochondrial membrane potential; PD = Parkinson’s disease.
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exceptionally extensive axonal arbour with long, thin, unmyeli-

nated neurons and are thought to be particularly vulnerable to im-

paired energy supply and cellular stressors, such as oxidative 

stress.44,45,65 There is strong evidence from post-mortem and im-

aging studies in Parkinson's disease that the loss of dopaminergic 

striatal terminals exceeds the extent of dopaminergic neuronal 

cell loss considerably, especially in the premotor and early phases 

of clinically manifest Parkinson's disease.44,46 Synaptic terminals 

have a particularly high energy demand, making them more vul-

nerable to mitochondrial dysfunction and oxidative stress.66

Recently, a rodent model of Parkinson's disease demonstrated 

that striatal synaptic dysfunction was preceded by early mitochon-

drial dysfunction and followed by autophagic decline with accumu-

lation of autophagic vesicles and damaged mitochondria prior to 

loss of dopaminergic synapses and neuronal cell death.47 Our 

data are consistent with these observations and suggest that mito-

chondrial dysfunction and impaired mitophagy may be more 

prominent in the dopaminergic striatal nerve endings than the 

neuronal cell bodies in the midbrain. The possibility of retrograde 

axonal degeneration offers alternative routes to neuroprotection 

as targeting the early pathogenic processes that initiate axonal de-

generation may ultimately prevent neuronal cell body loss, or even 

allow the restoration of the axonal arbour.44,65,46

The observed correlation between higher 31P-MRS-derived 

midbrain phosphocreatine and predicted risk of rapid disease 

progression (as defined by the presence of postural instability or de-

mentia at 5 years) should be interpreted with caution and awaits con-

firmation in larger longitudinal studies. In the Velseboer et al.15 study, 

the predictive model was developed and validated in patient cohorts 

who were assessed at a mean of 0.3 years from diagnosis, but symp-

tom duration at baseline was significantly longer. In the development 

cohort, motor symptom duration was a mean (SD) of 1.6 (0.9) years 

and in the validation cohort, mean motor symptom duration was 

2.2 (1.8) years.15 Our cohort was a mean of 13.7 months from diagno-

sis and whilst we do not have data on symptom duration in our 

cohort, in other UK-based studies, the interval between motor symp-

tom onset and diagnosis has been estimated to be ∼12 months.67

Hence we anticipate that Parkinson’s disease stage in our cohort is 

likely to be broadly comparable to the original validation cohort. 

The creatine-phosphocreatine system is a key high-energy buffer in 

the CNS and ensures an adequate supply of ATP from the breakdown 

of phosphocreatine to creatine and Pi by creatine kinase (CK) during 

metabolic activity.68 Elevated midbrain phosphocreatine may reflect 

excessive synthesis of phosphocreatine in a compensatory attempt 

to overcome a bioenergetic deficit, dysfunctional utilization, or 

both. Ubiquitous mitochondrial CK (found in all tissues) is coupled 

to oxidative phosphorylation, but brain-specific cytoplasmic CK is as-

sociated with glycolysis.68 The observation of greater risk of rapid 

progression in Parkinson's disease could therefore be related to 

changes in either mitochondrial function or glucose homeostasis.

Figure 5 Increased variance of putaminal, but not midbrain Pi/ATP in Parkinson's disease. 31P-MRS in Parkinson's disease compared to controls. All 
31P-MRS values are normalized to total phosphorus signal detected in the spectra. (A) Mean posterior putamen Pi/ATP ratio, F-test P = 0.0036; (B) mean 
posterior putamen Pi, F-test P = 0.0042; (C) mean posterior putamen ATP, F-test P = 0.5624. (D) Mean midbrain inorganic phosphate (Pi)/ATP ratio, F-test 
P = 0.1708; (E) mean midbrain Pi, F-test P = 0.3674; (F) mean midbrain ATP, F-test P = 0.0030. Mean (purple diamond) ± standard deviation (SD). Variances 
between groups were tested with the F-test of equality of variances and statistical significance is displayed on each panel. Blue dashed lines denote 2  
SDs from the control mean values. The parkin (PRKN−/−) mutant patient is depicted with a green diamond, the SNCA-G51D mutant patient is depicted 
with a purple square. Midbrain data: controls n = 24, Parkinson's disease n = 35. Putamen data: controls n = 25, Parkinson's disease n = 35. *P < 0.05, **P <  

0.01. Pi = inorganic phosphate; ns = not significant.
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Our study has several limitations. Correlation analyses are lim-

ited as they can only imply an association between different mea-

surements and are not able to identify the specific biological 

mechanism that results in the correlation observed. However, the 

strengths and clear numerical differences of the correlations be-

tween Parkinson's disease and healthy controls, also observed in 

the figures, support a clear disease-specific relationship, as dis-

cussed above. Changes in 31P-MRS bioenergetic parameters, such 

as ATP and Pi, are not specific to oxidative phosphorylation as gly-

colysis also contributes to ATP production, particularly in resting 

protocols. Furthermore, the patient-derived tissue assessed in 

this study was non-neuronal, which limits direct correlations 

with 31P-MRS imaging-based results derived from brain tissue.

Nonetheless, our results suggest that a combination of these 

two approaches—31P-MRS and assessment of mitochondrial func-

tion in peripheral tissue—provide complementary perspectives 

and convergent evidence on bioenergetic pathways and related 

mechanisms in Parkinson's disease.

Conclusion

In conclusion, we have undertaken the first multimodal assessment 

of mitochondrial function in Parkinson's disease, combining 
31P-MRS quantification of energy-rich metabolites in the striatum 

and midbrain with in-depth characterization of mitochondrial func-

tion and morphology in peripheral tissue. Our data suggest that im-

paired bioenergetics in the striatal dopaminergic nerve terminals 

exceeds that observed in the midbrain of patients with early 

Parkinson's disease. Our data further support the hypothesis of a 

prominent link between impaired mitophagy and impaired striatal 

energy homeostasis as a key event in early Parkinson's disease. We 

propose that the combination of central and peripheral measures of 

mitochondrial function may be more promising for future mechan-

istic disease stratification than the application of a single biomarker. 

This would be particularly relevant to future clinical trials wishing to 

stratify for mitochondrial dysfunction, the rescue of which may halt 

retrograde axonal degeneration in Parkinson's disease and restore 

the synaptic arbour of nigrostriatal neurons, at least partially.

Data availability

The data that support the findings of this study are available from 

the corresponding author, upon reasonable request.

Acknowledgements

We thank all trial participants for their participation in this study.

Funding

This research was supported by the Michael J. Fox Foundation (MJFF, 

MJFF-007009). This research was also supported and co-funded by 

the National Institute for Health Research (NIHR) Sheffield 

Biomedical Research Centre (NIHR203321) and the NIHR Sheffield 

Clinical Research Facility. The views expressed are those of the 

author(s) and not necessarily those of the NIHR or the Department 

of Health and Social Care.

Competing interests

The authors report no competing interests.

Supplementary material

Supplementary material is available at Brain online.

References

1. Dorsey ER, Constantinescu R, Thompson JP, et al. Projected 

number of people with Parkinson disease in the most populous 

nations, 2005 through 2030. Neurology. 2007;68:384-386.

2. Vijiaratnam N, Simuni T, Bandmann O, Morris HR, Foltynie T. 

Progress towards therapies for disease modification in 

Parkinson's disease. Lancet Neurol. 2021;20:559-572.

3. Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden 

CD. Mitochondrial complex I deficiency in Parkinson’s disease. 

J Neurochem. 1990;54:823-827.

4. Parker WD  Jr, Parks JK, Swerdlow RH. Complex I deficiency in 

Parkinson's disease frontal cortex. Brain Res. 2008;1189:215-218.

5. Gegg ME, Burke D, Heales SJ, et al. Glucocerebrosidase deficiency 

in substantia nigra of Parkinson disease brains. Ann Neurol. 

2012;72:455-463.

6. Murphy KE, Gysbers AM, Abbott SK, et al. Reduced glucocerebro-

sidase is associated with increased alpha-synuclein in sporadic 

Parkinson's disease. Brain. 2014;137(Pt 3):834-848.

7. Mortiboys H, Thomas KJ, Koopman WJ, et al. Mitochondrial 

function and morphology are impaired in parkin-mutant fibro-

blasts. Ann Neurol. 2008;64:555-565.

8. Mortiboys H, Johansen KK, Aasly JO, Bandmann O. Mitochondrial 

impairment in patients with Parkinson disease with the G2019S 

mutation in LRRK2. Neurology. 2010;75:2017-2020.

9. Rakovic A, Grunewald A, Kottwitz J, et al. Mutations in PINK1 

and Parkin impair ubiquitination of Mitofusins in human fibro-

blasts. PLoS One. 2011;6:e16746.

10. Hou X, Fiesel FC, Truban D, et al. Age- and disease-dependent in-

crease of the mitophagy marker phospho-ubiquitin in normal 

aging and Lewy body disease. Autophagy. 2018;14:1404-1418.

11. Nguyen TN, Padman BS, Lazarou M. Deciphering the molecular sig-

nals of PINK1/parkin mitophagy. Trends Cell Biol. 2016;26:733-744.

12. Carling PJ, Mortiboys H, Green C, et al. Deep phenotyping of per-

ipheral tissue facilitates mechanistic disease stratification in 

sporadic Parkinson's disease. Prog Neurobiol. 2020;187:101772.

13. Iles RA, Stevens AN, Griffiths JR, Morris PG. Phosphorylation sta-

tus of liver by 31P-n.m.r. spectroscopy, and its implications for 

metabolic control. A comparison of 31P–n.m.r. spectroscopy 

(in vivo and in vitro) with chemical and enzymic determina-

tions of ATP, ADP and Pi. Biochem J. 1985;229:141-151.

14. Prieto GA, Cotman CW. Early bioenergetic and autophagy im-

pairments at the Parkinson’s disease synapse. Brain. 2022;145: 

1877-1879.

15. Velseboer DC, de Bie RM, Wieske L, et al. Development and ex-

ternal validation of a prognostic model in newly diagnosed 

Parkinson disease. Neurology. 2016;86:986-993.

16. Gibb WR, Lees AJ. The relevance of the Lewy body to the patho-

genesis of idiopathic Parkinson’s disease. J Neurol Neurosurg 

Psychiatry. 1988;51:745-752.

17. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”: A 

practical method for grading the cognitive state of patients for 

the clinician. J Psychiatr Res. 1975;12:189-198.

18. Goetz CG, Tilley BC, Shaftman SR, et al. Movement Disorder 

Society-sponsored revision of the Unified Parkinson’s Disease 

Rating Scale (MDS-UPDRS): Scale presentation and clinimetric 

testing results. Mov Disord. 2008;23:2129-2170.

19. Jankovic J, McDermott M, Carter J, et al. Variable expression of 

Parkinson’s disease: A base-line analysis of the DATATOP co-

hort. The Parkinson study group. Neurology. 1990;40:1529-1534.

278 | BRAIN 2024: 147; 267–280                                                                                                                                    T. Payne et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
4
7
/1

/2
6
7
/7

4
5
9
7
5
8
 b

y
 g

u
e
s
t o

n
 0

5
 J

a
n
u
a
ry

 2
0
2
4

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad364#supplementary-data


20. Chaudhuri KR, Martinez-Martin P, Brown RG, et al. The metric 

properties of a novel non-motor symptoms scale for 

Parkinson’s disease: Results from an international pilot study. 

Mov Disord. 2007;22:1901-1911.

21. Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE. 

Systematic review of levodopa dose equivalency reporting in 

Parkinson's disease. Mov Disord. 2010;25:2649-2653.

22. Blauwendraat C, Faghri F, Pihlstrom L, et al. Neurochip, an up-

dated version of the NeuroX genotyping platform to rapidly 

screen for variants associated with neurological diseases. 

Neurobiol Aging. 2017;57:247.e9-247 e13.

23. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the 

interpretation of sequence variants: A joint consensus recom-

mendation of the American College of Medical Genetics and 

Genomics and the Association for Molecular Pathology. Genet 

Med. 2015;17:405-424.

24. Allen SP, Rajan S, Duffy L, et al. Superoxide dismutase 1 muta-

tion in a cellular model of amyotrophic lateral sclerosis shifts 

energy generation from oxidative phosphorylation to glycoly-

sis. Neurobiol Aging. 2014;35:1499-1509.

25. Schwartzentruber A, Boschian C, Lopes FM, et al. Oxidative 

switch drives mitophagy defects in dopaminergic parkin mu-

tant patient neurons. Sci Rep. 2020;10:15485.

26. Kleele T, Rey T, Winter J, et al. Distinct fission signatures predict 

mitochondrial degradation or biogenesis. Nature. 2021;593:435-439.

27. Stefan D, Cesare FD, Andrasescu A, et al. Quantitation of mag-

netic resonance spectroscopy signals: The jMRUI software 

package. Meas Sci Technol. 2009;20:104035.

28. Vanhamme L, van den Boogaart A, Van Huffel S. Improved 

method for accurate and efficient quantification of MRS data 

with use of prior knowledge. J Magn Reson. 1997;129:35-43.

29. Hattingen E, Magerkurth J, Pilatus U, et al. Phosphorus and pro-

ton magnetic resonance spectroscopy demonstrates mitochon-

drial dysfunction in early and advanced Parkinson's disease. 

Brain. 2009;132(Pt 12):3285-3297.

30. Rijpma A, van der Graaf M, Meulenbroek O, Olde Rikkert MGM, 

Heerschap A. Altered brain high-energy phosphate metabolism 

in mild Alzheimer’s disease: A 3-dimensional (31)P MR spectro-

scopic imaging study. Neuroimage Clinical. 2018;18:254-261.

31. De Graaf RA. Spectral quantification. In: De Graaf RA, ed. In vivo 

NMR spectroscopy: Principles and Techniques. 2nd ed. John Wiley & 

Sons, Ltd; 2007:445-477.

32. Sassani M, Alix JJ, McDermott CJ, et al. Magnetic resonance spec-

troscopy reveals mitochondrial dysfunction in amyotrophic lat-

eral sclerosis. Brain. 2020;143:3603-3618.

33. Wilson M, Andronesi O, Barker PB, et al. Methodological consen-

sus on clinical proton MRS of the brain: Review and recommen-

dations. Magn Reson Med. 2019;82:527-550.

34. Tal A, Kirov II, Grossman RI, Gonen O. The role of gray and white 

matter segmentation in quantitative proton MR spectroscopic 

imaging. NMR Biomed. 2012;25:1392-1400.

35. Weiduschat N, Mao X, Beal MF, Nirenberg MJ, Shungu DC, 

Henchcliffe C. Sex differences in cerebral energy metabolism 

in Parkinson's disease: A phosphorus magnetic resonance spec-

troscopic imaging study. Parkinsonism Relat Disord. 2014;20: 

545-548.

36. Forester BP, Berlow YA, Harper DG, et al. Age-related changes in 

brain energetics and phospholipid metabolism. NMR Biomed. 

2010;23:242-350.

37. Benjamini Y, Hochberg Y. Controlling the false discovery rate: A 

practical and powerful approach to multiple testing. J R Stat Soc 

Series B Stat Methodol. 1995;57:289-300.

38. Evans LD. A two-score composite program for combining stand-

ard scores. Behav Res Methods Instrum Comput. 1996;28:209-213.

39. Lesage S, Anheim M, Letournel F, et al. G51d alpha-synuclein 

mutation causes a novel parkinsonian-pyramidal syndrome. 

Ann Neurol. 2013;73:459-471.

40. Pankratz N, Kissell DK, Pauciulo MW, et al. Parkin dosage muta-

tions have greater pathogenicity in familial PD than simple se-

quence mutations. Neurology. 2009;73:279-286.

41. Lyamzaev KG, Tokarchuk AV, Panteleeva AA, Mulkidjanian AY, 

Skulachev VP, Chernyak BV. Induction of autophagy by depolar-

ization of mitochondria. Autophagy. 2018;14:921-924.

42. Ivankovic D, Chau KY, Schapira AH, Gegg ME. Mitochondrial 

and lysosomal biogenesis are activated following PINK1/parkin- 

mediated mitophagy. J Neurochem. 2016;136:388-402.

43. Diano S, Matthews RT, Patrylo P, et al. Uncoupling protein 2 pre-

vents neuronal death including that occurring during seizures: 

A mechanism for preconditioning. Endocrinology. 2003;144: 

5014-5021.

44. Tagliaferro P, Burke RE. Retrograde axonal degeneration in 

Parkinson disease. J Parkinsons Dis. 2016;6:1-15.

45. Mishra AK, Dixit A. Dopaminergic axons: Key recitalists in 

Parkinson’s disease. Neurochem Res. 2022;47:234-248.

46. O’Keeffe GW, Sullivan AM. Evidence for dopaminergic axonal 

degeneration as an early pathological process in Parkinson’s 

disease. Parkinsonism Relat Disord. 2018;56:9-15.

47. Merino-Galán L, Jimenez-Urbieta H, Zamarbide M, et al. Striatal 

synaptic bioenergetic and autophagic decline in premotor ex-

perimental parkinsonism. Brain. 2022;145:2092-2107.

48. Kish SJ, Shannak K, Hornykiewicz O. Uneven pattern of dopa-

mine loss in the Striatum of patients with idiopathic 

Parkinson’s disease. N Engl J Med. 1988;318:876-880.

49. Imbriani P, Schirinzi T, Meringolo M, Mercuri NB, Pisani A. 

Centrality of early synaptopathy in Parkinson’s disease. Front 

Neurol. 2018;9:103.

50. González-Casacuberta I, Juárez-Flores D-L, Ezquerra M, et al. 

Mitochondrial and autophagic alterations in skin fibroblasts 

from Parkinson disease patients with Parkin mutations. Aging 

(Albany NY). 2019;11:3750-3767.

51. Mortiboys H, Aasly J, Bandmann O. Ursocholanic acid rescues 

mitochondrial function in common forms of familial 

Parkinson’s disease. Brain. 2013;136(Pt 10):3038-3050.

52. Kordower JH, Olanow CW, Dodiya HB, et al. Disease duration 

and the integrity of the nigrostriatal system in Parkinson’s dis-

ease. Brain. 2013;136(Pt 8):2419-2431.

53. Matsuda N, Sato S, Shiba K, et al. PINK1 Stabilized by mitochon-

drial depolarization recruits Parkin to damaged mitochondria 

and activates latent Parkin for mitophagy. J Cell Biol. 2010;189: 

211-221.

54. Smith GA, Jansson J, Rocha EM, Osborn T, Hallett PJ, Isacson O. 

Fibroblast biomarkers of sporadic Parkinson’s disease and 

LRRK2 kinase inhibition. Mol Neurobiol. 2016;53:5161-5177.

55. Yakhine-Diop SMS, Niso-Santano M, Rodriguez-Arribas M, et al. 

Impaired mitophagy and protein acetylation levels in fibro-

blasts from Parkinson’s disease patients. Mol Neurobiol. 2019; 

56:2466-2481.

56. Tan MMX, Malek N, Lawton MA, et al. Genetic analysis of 

Mendelian mutations in a large UK population-based 

Parkinson’s disease study. Brain. 2019;142:2828-2844.

57. Gerou M, Hall B, Woof R, et al. Amyotrophic lateral sclerosis al-

ters the metabolic aging profile in patient derived fibroblasts. 

Neurobiol Aging. 2021;105:64-77.

58. Allen SP, Al Sultan A, Kabucho Kibirige E, et al. A Y374X TDP43 

truncation leads to an altered metabolic profile in amyotroph-

ic lateral sclerosis fibroblasts driven by pyruvate and TCA cy-

cle intermediate alterations. Front Aging Neurosci. 2023;15: 

1151848.

Mitochondrial function in PD                                                                                                         BRAIN 2024: 147; 267–280 | 279

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
4
7
/1

/2
6
7
/7

4
5
9
7
5
8
 b

y
 g

u
e
s
t o

n
 0

5
 J

a
n
u
a
ry

 2
0
2
4



59. Papkovskaia TD, Chau K-Y, Inesta-Vaquera F, et al. G2019s 

leucine-rich repeat kinase 2 causes uncoupling protein-mediated 

mitochondrial depolarization. Hum Mol Genet. 2012;21:4201-4213.

60. Jiao L, Du X, Li Y, Jiao Q, Jiang H. Role of Mitophagy in neurode-

generative Diseases and potential tagarts for Therapy. Mol Biol 

Rep. 2022;49:10749-10760.

61. Bingol B, Tea JS, Phu L, et al. The mitochondrial deubiquitinase 

USP30 opposes parkin-mediated mitophagy. Nature. 2014;510: 

370-375.

62. Devos D, Cabantchik ZI, Moreau C, et al. Conservative iron che-

lation for neurodegenerative diseases such as Parkinson’s dis-

ease and amyotrophic lateral sclerosis. J Neural Transm 

(Vienna). 2020;127:189-203.

63. Hu MT, Taylor-Robinson SD, Chaudhuri KR, et al. Cortical 

dysfunction in non-demented Parkinson’s disease patients: A 

combined 31P-MRS and 18FDG-PET study. Brain. 2000;123:340-352.

64. Weiduschat N, Mao X, Beal MF, Nirenberg MJ, Shungu DC, 

Henchcliffe C. Usefulness of proton and phosphorus MR spec-

troscopic imaging for early diagnosis of Parkinson’s disease. J 

Neuroimaging. 2015;25:105-110.

65. Pissadaki EK, Bolam JP. The energy cost of action potential 

propagation in dopamine neurons: Clues to susceptibility in 

Parkinson’s disease. Front Comput Neurosci. 2013;7:13.

66. Imbriani P, Martella G, Bonsi P, Pisani A. Oxidative stress and 

synaptic dysfunction in rodent models of Parkinson’s disease. 

Neurobiol Dis. 2022;173:105851.

67. Breen DP, Evans JR, Farrell K, Brayne C, Barker RA. Determinants 

of delayed diagnosis in Parkinson’s disease. J Neurol. 2013;260: 

1978-1981.

68. Andres RH, Ducray AD, Schlattner U, Wallimann T, Widmer HR. 

Functions and effects of creatine in the central nervous system. 

Brain Res Bull. 2008;76:329-343.

280 | BRAIN 2024: 147; 267–280                                                                                                                                    T. Payne et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
4
7
/1

/2
6
7
/7

4
5
9
7
5
8
 b

y
 g

u
e
s
t o

n
 0

5
 J

a
n
u
a
ry

 2
0
2
4


	Multimodal assessment of mitochondrialfunction in Parkinson's disease
	Introduction
	Materials and methods
	Recruitment
	Clinical assessment
	Genetic analysis
	Fibroblast cell line assessment
	31P magnetic resonance spectroscopy
	Acquisition
	Spectroscopic data processing

	Statistical analysis

	Results
	Mitochondrial and lysosomal function differs markedly in fibroblasts of patients with Parkinson's disease and controls
	Putaminal Pi/ATP ratios correlate with lower MMP and higher lysosome counts in Parkinson's disease
	Higher 31P-MRS-derived phosphocreatine values correlate with higher risk of fast Parkinson's disease progression

	Discussion
	Conclusion
	Data availability
	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References


