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SUMMARY
PARK2 (parkin) mutations cause early-onset Parkinson’s disease (PD). Parkin is an ubiquitin E3 ligase that participates in several cellular

functions, including mitochondrial homeostasis. However, the specific metabolomic changes caused by parkin depletion remain un-

known. Here, we used isogenic human induced pluripotent stem cells (iPSCs) with and without PARK2 knockout (KO) to investigate

the effect of parkin loss of function by comparative metabolomics supplemented with ultrastructural and functional analyses. PARK2

KO neurons displayed increased tricarboxylic acid (TCA) cycle activity, perturbed mitochondrial ultrastructure, ATP depletion, and dys-

regulation of glycolysis and carnitine metabolism. These perturbations were combined with increased oxidative stress and a decreased

anti-oxidative response. Key findings for PARK2 KO cells were confirmed using patient-specific iPSC-derived neurons. Overall, our

data describe a unique metabolomic profile associated with parkin dysfunction and show that combining metabolomics with an

iPSC-derived dopaminergic neuronal model of PD is a valuable approach to obtain novel insight into the disease pathogenesis.
INTRODUCTION

The pathological hallmark of Parkinson’s disease (PD) is the

marked loss of dopaminergic neurons in the substantia ni-

gra pars compacta (SNc), causing dopamine depletion in

the striatum (Caviness, 2014). Although the multifactorial

etiology of PD and the pathological mechanisms underly-

ing the neuronal degeneration remain largely undeter-

mined, various PD-related genetic-environmental interac-

tions are thought to contribute to the pathogenesis of the

disease. Mitochondrial dysfunction associated with oxida-

tive stress and energy failure is increasingly thought to be

implicated in PD (Dias et al., 2013; Schapira, 2009).

Mutations in a number of genes have been found to

cause monogenic forms of PD with both recessive (e.g.,

PARK2, PINK1, DJ-1) and autosomal dominant transmis-

sion (e.g., LRRK2, SNCA) (Bonifati et al., 2003; Lucking

et al., 2000). Loss-of-function mutations of the PARK2

gene, encoding the cytosolic E3 ubiquitin protein ligase

parkin, account for a large proportion of familial early-

onset PD cases. Even though monogenic (often familial)

forms of PD are not frequent (less than 5% of all PD cases),

elucidation of their molecular mechanisms could help

identify causes of the more common sporadic forms of
1510 Stem Cell Reports j Vol. 16 j 1510–1526 j June 8, 2021 j ª 2021 The A
This is an open access article under the CC BY-NC-ND license (http://creativ
the disease (Reed et al., 2019). The protein parkin is

thought to play an essential role in the regulation of mito-

chondrial homeostasis and dynamics. Increased expression

of the PARK2 gene transcript confers protection from stress-

induced cell death (Dias et al., 2013). Furthermore, loss of

parkin increases susceptibility to stress and death in pri-

mary cells (Anandhan et al., 2017; Schapira, 2009). It is

thus believed that PARK2-genetic causes of PD likely

involve a loss-of-function phenotype that leads to the clin-

ical presentation of the disease (Lesage and Brice, 2009).

Mitochondria are the powerhouses of the cell and play an

important role in various metabolic pathways. Apart from

their crucial role in cellular energy metabolism (ATP pro-

duction via oxidative phosphorylation [OXPHOS]), mito-

chondria are powerful organelles that regulate reactive ox-

ygen species (ROS) production, NAD+/NADH ratio, and

programmed cell death (Anandhan et al., 2017; Zorov

et al., 2014). Disturbances in mitochondrial function

have been suggested to contribute to neurodegeneration

(Chan, 2020). Evidence of mitochondrial impairment in

PD comes from mitochondrial toxin-induced models of

the disease (Martinez and Greenamyre, 2012), and from

the examination of mitochondria in postmortem tissue

from patients with idiopathic PD (Parker et al., 2008;
uthor(s).
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Comparative metabolic profiling of isogenic PARK2 KO and control neurons
(A and B) (A) 2D and (B) 3D PCA score plots showing a significant separation between PARK2 KO neurons and control neurons (k-mean
clustering algorithm, 95% confidence region). The observations are coded according to class membership: green, PARK2 KO neurons; red,
control neurons.

(legend continued on next page)
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Schapira, 2008). Disease-causing mutations in genes en-

coding for proteins with a mitochondrial function

(PARK2, PINK1, DJ-1, HTRA2) have also been identified,

further supporting the conclusion that mitochondrial

dysfunction is a hallmark of PD (Bjorkblom et al., 2014;

Fitzgerald et al., 2012; Pickrell and Youle, 2015). Our recent

studies of induced pluripotent stem cell (iPSC)-derived

dopaminergic neurons with PARK2 knockout (KO) have re-

ported abnormal mitochondrial morphology and function

associated with increased oxidative stress and autophagic-

lysosmal perturbations (Bogetofte et al., 2019b; Okarmus

et al., 2020). In mammalian cells it has been shown that

dissipation of mitochondrial membrane potential (MMP)

leads to recruitment of parkin to mitochondria, followed

by their elimination by selective autophagy (mitophagy)

(Bertolin et al., 2013). Impairment ofmechanisms involved

in removal of damagedmitochondriamay lead to increased

generation of ROS and irrevocable apoptotic cell death,

which has been reported for dopaminergic neurons in PD

(Hou et al., 2019).

The emergence ofmetabolomic technologies enables sys-

tematic measurement of low-molecular-weight com-

pounds to provide an overview of alterations in metabolic

pathways induced by a given perturbation, which could be

a gene mutation or infliction of a sporadic disease condi-

tion (Forcisi et al., 2015). Metabolomics is therefore useful

for studying neurodegenerative disorders as it can reveal

disease pathomechanisms and identify potential bio-

markers (Andersen et al., 2017). Studies of cerebrospinal

fluid (CSF) from patients with PD have identified PD-spe-

cific alterations in several metabolic pathways, including

polyamine metabolism; the purine, pyruvate, and kynure-

nine pathways; and redox markers (Andersen et al., 2017;

Havelund et al., 2017; Stoessel et al., 2018). Although there

is growing interest in the use of metabolomics in PD

research, many of these studies do not corroborate each

other, possibly due to low sample numbers, clinical hetero-

geneity, and different analytical approaches (Forcisi et al.,

2015).

To our knowledge, no previous studies exist on the me-

tabolomic profile of human iPSC-derived neuronswith par-

kin deficiency. In the present study, we have aimed at

demonstrating disease-relevant cellular effects of parkin

dysfunction in dopaminergic neurons. To improve our un-

derstanding of the parkin-mediated PD phenotype, we

describe here the metabolic profile of a PARK2 KO iPSC

line compared with its healthy control. We report a meta-
(C) Heatmap of detected metabolomics dataset in the PARK2 KO neu
(blue) relative levels of metabolite variation. Individual compounds
algorithm) with the dendrogram being scaled to represent the distan
Created using MetaboAnalyst.
See also Table S1.
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bolic signature consisting of 92 compounds of which 51

metabolites significantly distinguish the PARK2 KO neu-

rons from healthy controls. Our study identifies systemic,

metabolic pathway alterations that may be caused by pri-

mary mitochondrial changes and suggests how distur-

bances in mitochondrial homeostasis contribute to PD.

These findings, which were confirmed in patient-specific

iPSC neurons, represent a significant contribution to our

understanding of PD pathogenesis and also suggest that

PD could be considered a metabolic disorder.
RESULTS

Metabolomic profiling of PARK2 KO neurons by LC-

MS

To gain new insight into the role of parkin dysfunction in

PD, we applied liquid chromatography-mass spectrometry

(LC-MS) metabolomic analysis to compare PARK2 KO neu-

ronswith healthy controls. Neuronswere generated using a

previously described robust differentiation protocol (Boge-

tofte et al., 2019a, 2019b; Okarmus et al., 2020).

Differentiated cells were collected, and the metabolites

were extracted for LC-MS analysis. Of the 92 structurally

annotated metabolites, 51 compounds significantly differ-

entiated PARK2 KO neurons from controls (q value <0.05)

(Table S1). Principal component analysis (PCA) was used

to investigate general interrelationships between the

groups, including clustering and outliers among the sam-

ples. PCA score plots revealed a clear separation of metabo-

lomes between PARK2 KO neurons and control neurons

(Figures 1A and 1B). A clustered analysis heatmap was

generated to group related compounds and illustrate the

differential profiles (Figure 1C). Following hierarchical

cluster analysis, Metabolite Set Enrichment Analysis

(MSEA) was performed on detected metabolites to identify

which pathways were affected by the distinguishing me-

tabolites (Figure 2A). In parallel, we also utilized theMetab-

olomic Pathway Analysis (MetPA) module of MetaboAna-

lyst, which combines results from the pathway

enrichment analysis with the pathway topology analysis.

A graphical list of the pathways identified and their relative

impacts is shown in Figure 2B. The most important path-

ways (false discovery rate <0.05; impact values >0.1)

included (1) tricarboxylic acid (TCA) cycle; (2) lactate-pyru-

vate metabolism; (3) glycolysis-gluconeogenesis meta-

bolism; (4) glutathione metabolism; (5) carnitine and
rons and control neurons. The heatmap depicts high (red) and low
(vertical axis) are separated using hierarchical clustering (Ward’s
ce between each branch (distance measure: Pearson’s correlation).



Figure 2. Metabolite-associated pathways
(A) Summary plot for the metabolite set
enrichment analysis (MSEA) ranked by Holm p
value and showing top 50 perturbed pathways
(generated by MetaboAnalyst software pack-
age). Color intensity (white to red) reflects
increasing statistical significance.
(B) Metabolic pathway analysis (MetPA). All
the matched pathways are displayed as cir-
cles. The color and size of each circle are
based on p value and pathway impact value,
respectively. The most impacted pathways
with high statistical significance scores are
indicated as follows: (i) TCA cycle; (ii)
lactate-pyruvate metabolism; (iii) glycolysis-
gluconeogenesis metabolism; (iv) gluta-
thione metabolism; (v) carnitine and acetyl
groups; (vi) alanine, aspartate, and gluta-
mate metabolism; (vii) glyoxylate and di-
carboxylate metabolism. Created using Me-
taboAnalyst.
acetyl groups; (6) alanine, aspartate, and glutamate meta-

bolism; and (7) glyoxylate and dicarboxylate metabolism.

Taken together, these results demonstrate the capacity of

LC-MS to identify a large number of metabolites and meta-

bolic pathways implicated in PD, providing a valuable

resource for further investigation.

Increased TCA cycle activity in PARK2 KO neurons

TCA, also known as the Krebs cycle, forms a major meta-

bolic hub and is involved in many disease states involving
energy imbalance (Chinopoulos, 2013). Using LC-MS me-

tabolomic analysis, we detected seven out of eight TCA cy-

cle intermediates: citrate, isocitrate, a-ketoglutarate, succi-

nate, fumarate, malate, and oxaloacetate. The levels of all

the detected TCA cycle intermediates, except oxaloacetate,

were significantly elevated in the PARK2 KO neurons. The

upregulation is presented as fold change compared with

healthy control neurons (Figure 3A), and relative abun-

dance was also depicted (Figure 3B). Moreover, we found

no difference in glutamine but a significant increase in
Stem Cell Reports j Vol. 16 j 1510–1526 j June 8, 2021 1513
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glutamate levels for PARK2 KO neurons (Figure 3C), indi-

cating that the conversion of glutamine to a-ketoglutarate

via glutamate could serve as the entry of glutamine-derived

carbons into the TCA cycle. To investigate the relative

contribution of glucose to the TCA cycle we utilized the

uniformly labeled glucose ([U-13C]glucose). This method

enables the observation of [U-13C]glucose conversion to

downstream metabolites and determination the fraction

of specific metabolites derived from consumed glucose

(Figure 4A). Analysis of the labeling patterns during 2 h

of incubation with 13C-labeled glucose showed an increase

in the percentage of total labeling of citrate, a-ketogluta-

rate, succinate, and fumarate (Figures 4B–4E), consistent

with the previously observed accumulation of TCA cycle

intermediates (Figures 3A and 3B). Similarly, the labeling

of lactate and glutamate was higher for PARK2 KO neurons

compared with controls (Figures 4F and 4G). The mass of

the individual labeled glucose carbons (the individual iso-

topic distribution for each isotopomer) of key metabolites

is presented in Figure S1. Overall, these findings suggest

that parkin deficiency promotes the metabolic flux of the

TCA cycle, in which both glucose- and glutamine-derived

carbons contribute to the observed accumulation of TCA

intermediates.

Mitochondrial membrane potential, mitochondrial

ultrastructure, and ATP levels are perturbed in PARK2

KO neurons

To study the role of parkin in mitochondrial maintenance

and function, mitochondrial membrane potential (MMP)

wasmonitored in PARK2KO and control neurons using tet-

ramethylrhodamine ethyl ester (TMRE), while FCCP treat-

ment served as a negative control. When neurons were

loaded with TMRE and examined by fluorescence micro-

scopy, the PARK2KOneurons appeared to have diminished

MMP (Figure 4H). We verified this by a fluorescence plate

reader-based quantification of the TMRE signal, which

showed similarly reduced MMP (Figure 4I). In addition to

the functional mitochondrial analyses, comparative trans-

mission electron microscopy (TEM) revealed clear changes

in mitochondrial morphology in the PARK2 KO neurons.

Mitochondria in control neurons displayed a typical oval

profile with well-organized cristae, whereas mitochondria

of PARK2 KO neurons were swollen and exhibited aberrant

cristae, disorganized inner membrane, and non-dense ma-
Figure 3. Metabolomic profile of the TCA cycle
(A) Table listing fold change for detected TCA intermediates in meta
(B) Graphical overview of TCA cycle indicating increased levels of
fumarate, malate, and oxaloacetate) in the PARK2 KO neurons.
(C) The levels of glutamine and glutamate in PARK2 KO neurons comp
Data presented as mean ± SEM, data from three independent diff
**p < 0.01; ***p < 0.001; and ns, not significant, Student’s t test.
trix (Figure 4J). Based on thesemorphological observations,

mitochondria were categorized into two groups: normal

(with well-organized cristae) and abnormal (swollen with

irregular cristae). Although quantification of mitochon-

drial number relative to cytoplasm showed no significant

differences in total mitochondria per cell between PARK2

KO and control neurons, there was a significant difference

in the number of abnormal mitochondria (Figure 4K).

Since changes to the organization of the mitochondrial in-

ternal membrane are known to regulate mitochondrial res-

piratory function (Errea et al., 2015), the complexity of

mitochondrial cristae was analyzed using the ratio between

the mitochondrial cristae perimeter and the external

perimeter. This ratio was significantly decreased in PARK2

KO neurons compared with control (Figure 4L), indicating

loss of cristae complexity. Reduction in MMP and disrup-

tion of mitochondrial ultrastructure, including cristae

complexity in the PARK2 KO neurons, may suggest distur-

bances in the electron transport chain, which is crucial for

ATP production (Nsiah-Sefaa and McKenzie, 2016). There-

fore, to test energy production in the generated neurons,

we measured the cellular ATP content at steady state. This

was significantly decreased in neurons carrying PARK2

KO compared with control neurons (Figure 4M), indicating

an energy deficiency. Moreover, we have previously exam-

ined the mitochondrial respiration of PARK2 KO neurons

and demonstrated that both the basal oxygen consump-

tion rate (OCR) and ATP production were reduced when

respiring on lactate. Upon incubation with glucose, the

OCR of PARK2 KO neurons was similar to that of controls,

but the basal extracellular acidification rate (ECAR), an in-

dicator of glycolysis, was reduced (Bogetofte et al., 2019b).

Dysregulation of glucose metabolism and lactate

accumulation in PARK2 KO neurons

The detected TCA perturbations and ATP depletion corre-

lated well with our earlier findings of decreased levels of a

number of proteins of importance for energy metabolism

(Bogetofte et al., 2019b). This prompted us to perform a

joint protein-metabolite pathway analysis. Particularly in

the glycolytic pathway, we found a high occurrence of

both proteins and metabolites that were significantly dys-

regulated, including two important glycolytic enzymes,

pyruvate dehydrogenase kinase (PKM) and lactate dehy-

drogenase (LDH), which were significantly reduced in the
bolomics analysis.
its intermediates (citrate, isocitrate, a-ketoglutarate, succinate,

ared with healthy controls and their conversion to a-ketoglutarate.
erentiations, significant differences are indicated by *p < 0.05;
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Figure 4. TCA cycle, MMP, mitochondrial ultrastructure, and cellular ATP levels are perturbed in PARK2 KO neurons
(A) [U-13C]Glucose pathway showing labeling patterns of downstream metabolites. White circles represent 12C-unlabeled carbons, purple
circles depict 13C-labeled carbons from pyruvate decarboxylation, whereas blue circles display 13C-labeled carbons from pyruvate
carboxylation. a-KG, a-ketoglutarate; OAA, oxaloacetate. Created using BioRender.
(B–G) Percentage of total labeling (expressed as the sum of the individual isotopomers normalized to the m + 0) of (B) citrate, (C)
a-ketoglutarate, (D) succinate, (E) fumarate, (F) lactate, and (G) glutamate in PARK2 KO and control neurons incubated for 0.5, 1, and 2 h
with 24.2 mM [U-13C]glucose. Data are presented as mean ± SEM, data from three independent differentiations, significant differences are
indicated by *p < 0.05, **p < 0.01, ***p < 0.001, multiple t test followed by Holm-Sidak’s test for multiple comparisons. The data of these
metabolites for the individual 13C-labeled carbons are compiled in Figure S1.
(H) Differentiated neurons were loaded with mitochondrial membrane indicator TMRE (50 nM). Changes in fluorescence were measured
without (left) and with (right) application of the membrane potential uncoupler, FCCP (negative control). Scale bar: 10 mm.

(legend continued on next page)
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PARK2 KO neurons (Figure S2). When we compared the

levels of glycolytic intermediates detected by themetabolo-

mic analysis, we found that glucose levels were signifi-

cantly decreased in the PARK2 KO neuronal cultures (Fig-

ure 5A). Further intermediates of the glycolysis pathway

that were detected by LC-MS were D-glucose-6-phosphate,

fructose-1,6-bisphosphate, and the end product pyruvate.

Although no difference in the level of D-glucose-6-phos-

phate was found (Figure 5B), we detected a significant in-

crease in the level of fructose-1,6-bisphosphate, an allo-

steric activator of glycolysis, in the PARK2 KO neurons

(Figure 5C). Importantly, the abundance of pyruvate was

reduced in the PARK2 KO neurons alongside a highly

elevated level of lactate. As lactate is a downstream by-

product of pyruvate in the anaerobic glycolysis, this sug-

gests perturbations in the glycolytic pathway and upregula-

tion of lactate (Figures 5D–5F). To confirm our observa-

tions, we also determined lactate enzymatically.

Consistent with our metabolomic measurements, we

found that both intra- and extracellular lactate levels

were significantly increased in the PARK2 KO neuronal cul-

tures compared with controls (Figure 5G). Finally, we deter-

mined glucose uptake by measuring the uptake of the fluo-

rescent glucose analogue, 2-deoxy-D-glucose(2-DG). No

significant difference in glucose uptake was found between

the two neuronal populations (Figure 5H), indicating that

glucose uptake was not responsible for driving the glyco-

lytic changes observed for the PARK2 KO neurons.

Accumulation of short- and long-chain carnitines in

PARK2 KO neurons

To further investigate changes in energy-related metabolic

pathways, we examined carnitine homeostasis. The carni-

tine shuttle (Figure 5I) represents a mechanism by which

long-chain fatty acids, impermeable to the mitochondrial

membranes, are transported into the mitochondrial matrix

for b-oxidation and energy production (Longo et al., 2016).

The level of free L-carnitine,which is required formitochon-

drial entry of long-chain fatty acids, was significantly

reduced in the PARK2 KO neurons compared with isogenic

controls (Figure 5J). In contrast, there was a marked eleva-

tion in short- and long-chain acylcarnitines (Figures 5K
(I) Graph presenting TMRE intensity from plate reader analysis. Dat
significant differences are indicated by *p < 0.05, ***p < 0.001, o
comparisons.
(J) TEM pictures presenting mitochondria in control and PARK2 KO n
(K) Quantification of mitochondria/cytoplasm ratios showing the rel
neurons.
(L) The ratio between the internal cristae perimeter and the external
(M) Total cellular ATP level determined using a luciferase assay kit in PA
independent differentiations, significant differences are indicated by *
Holm-Sidak’s test for multiple comparisons (K) or Student’s t test (L,
and 5L).More specifically, we found an increase inC3-carni-

tine (propionyl-L-carnitine) and C4-carnitine (O-butanoyl-

L-carnitine) as well as unsaturated fatty acid carnitine

conjugate profile, palmitoyl-L-carnitine (C16), suggesting

decreased lipid b-oxidation in PARK2-deficient neurons.

PARK2 KO neurons display differential oxidative

stress-associated metabolic parameters

LC-MS metabolomic profiling suggested that oxidative

stress may also be linked to neuronal complications associ-

ated with PD. Although the levels of reduced glutathione

(GSH) were not significantly changed in the PARK2 KO neu-

rons (Figure 6A), the level of oxidized glutathione (GSSG)

was increased (Figure 6B). Accordingly, PARK2 KO neurons

showed a marked decrease in the GSH/GSSG ratio (Fig-

ure 6C), suggesting elevated oxidative stress. In addition,

the NAD+/NADH ratio, which plays a role in preventing

cellular oxidative damage, was imbalanced in the PARK2

KOneurons (Figure 6D); this was verifiedwith a biolumines-

cence assay (Figure 6E). In linewith the present findings, our

previously reported proteomic analysis identified decreased

levels of proteins related to superoxide radical degradation

and metabolism of ROS, including superoxide dismutase

(SOD) 1, catalase, and DJ-1 (Figure 6F) (Bogetofte et al.,

2019b). As imbalance in energy metabolism combined

with defective oxidative stress defense is associated with

increased ROS production (Dias et al., 2013), we evaluated

ROS levels in the PARK2 KO neurons and healthy controls.

Basal cytosolic ROS production was significantly higher in

the PARK2 KO neurons than in the control cells (Figure 6G),

which was also reported in our recent study (Okarmus et al.,

2020). Overall, we found that oxidative stress was aggra-

vated in the PARK2 KO neurons.

Metabolomic analysis of patient-specific iPSC-derived

neurons supports the key findings identified in PARK2

KO neurons

In order to validate the parkin-induced metabolic distur-

bances observed for our isogenic cell lines, we performed

a separate series of metabolomic experiments using a set

of PARK2 and control patient iPSC lines. The utilized cell

lines (Figure S3, Table S2) were differentiated and
a presented as mean ± SEM, data from independent experiments,
ne-way ANOVA followed by Dunnett’s post hoc test for multiple

eurons. Scale bar: 500 nm.
ative abundance of total and abnormal mitochondria in PARK2 KO

perimeter.
RK2 KO neurons. Data are presented as mean ± SEM, data from three
p < 0.05,; **p < 0.01; ns, not significant; multiple t test followed by
M).
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characterized according to well-established protocols (Grü-

newald et al., 2010; Haenseler et al., 2017; Lang et al.,

2019). In agreement with data obtained for the isogenic

iPSC lines, we found mitochondrial and energy-related

changes in the form of elevated levels of citrate, succinate,

malate, and glutamate (Figures 7A–7D) and reduced levels

of pyruvate and L-carnitine (Figures 7E and 7F). The

changes associated with oxidative stress were expressed

by a decrease in the GSH/GSSG ratio and NAD+ abundance

(Figures 7G and 7H). Data for the individual cell lines are

compiled in Figure S4. Overall, these results indicate that

the observed parkin-induced metabolic changes are not

specific to the isogenic PARK2 KO and control cells, but

are reproducible in PARK2 patient-derived neurons.
DISCUSSION

Metabolomic analysis is a powerful tool for investigating

global changes in cellular metabolism. Several metabolomic

studies have been performed on plasma, CSF, or blood sam-

ples from PD patients with the aim of identifying potential

biomarkers (LeWitt, 2012; Trezzi et al., 2017). To our knowl-

edge, no data have previously been generated on themetab-

olomic profile of human iPSC-derived neurons with parkin

deficiency. We report here that loss of parkin function in-

duces metabolic dysregulation. We show that PARK2 muta-

tion in human iPSC-derived neurons affected their general

metabolome, likely caused by alteredmitochondrial and en-

ergy homeostasis combined with increased oxidative stress

and decreased anti-oxidative response. Interestingly, our re-

sults are consistentwith data obtainedbymetabolomic anal-

ysis of serum from PARK2 patients (Okuzumi et al., 2019),

showing significantly higher levels of fatty acid metabolites

and oxidized lipids, and significantly lower levels of antioxi-

dants, similar to thoseof idiopathicPDpatients.Considering

the alterations in commonmetabolic pathways observed for

PARK2 iPSC-derived neurons, serum from PARK2 and idio-

pathic PD subjects, parkin dysfunction may play important

roles in the pathomechanism of both conditions.
Figure 5. PARK2 KO neurons display disturbances in glucose, lact
(A–F) Abundance as measured by LC-MS of (A) glucose and further i
sphosphate in PARK2 KO and control neurons. Comparison of the lev
pyruvate in the PARK2 KO neurons compared with healthy controls.
(G and H) Levels of (G) intracellular and extracellular lactate and (H) g
assays. Data are presented as mean ± SEM, data from three independen
**p < 0.01; ***p < 0.001; ns, not significant, Student’s t test (A–F and
comparisons (G). See also Figure S2.
(I) Schematic representation of the carnitine shuttle.
(J–L) Levels of (J) free L-carnitine, (K) short-chain, and (L) long-chain
LC-MS. Data are presented as mean ± SEM, data from three independen
**p < 0.01, and ***p < 0.001, Student’s t test (J) or multiple t test
Energymetabolism in the central nervous system is antic-

ipated to be essential for neuronal health; therefore,

impaired energy metabolism plays an important role in

the pathogenesis of PD (Blaszczyk, 2018). Most of the

cellular energy in healthy cells is produced by OXPHOS

from the energy precursors produced in the TCA cycle in

mitochondria (Bratic and Trifunovic, 2010). Interestingly,

our results showed accumulation of metabolites associated

with the TCA cycle in the PARK2 KO neurons. As the rate

of the TCA cycle is regulated primarily by the concentration

of ATP and NADH (Fernie et al., 2004), this accumulation of

TCA intermediates in PARK2 KO neurons might be a conse-

quence of the detected low ATP and high NADH levels. Al-

terations in levels of TCA cycle metabolites have been re-

ported previously in relation to PD. For instance, an

increased malate concentration was found in plasma (Will-

kommen et al., 2018), and an increased citrate concentra-

tion in the CSF (Nagesh Babu et al., 2018) of PD patients.

In contrast, decreased levels of several TCA metabolites (cit-

rate, malate, succinate, and isocitrate) have also been de-

tected inbrains fromPDpatients (Gibson et al., 2003). These

inconsistencies may be due to the different types of samples

being analyzed (neuronal cell cultures, biofluids, brain tis-

sues) or technical variations in sample matrix, sampling,

storage, and measurement methods. Moreover, similarly to

our results, an increase in concentrations of TCA intermedi-

ates was reported in samples from patients with mitochon-

drial disorders (Delaney et al., 2017). Even if existing litera-

ture is slightly divergent, these data point overall to TCA

dysregulation resulting inmitochondrial and energy pertur-

bations involved in PD. Data on 13C-labeled glucose

confirmed our other results and indicated that TCAmetabo-

lites are mainly labeled as m + 2 and m + 3, through both

pyruvate decarboxylation and carboxylation. Overall, our

findings show that both glucose- and glutamine/gluta-

mate-derived carbons contribute to the observed accumula-

tion of TCA intermediates.

Given the perturbed TCA cycle observed in the PARK2

KO neurons, we further investigated mitochondrial func-

tion and found reduced levels of ATP, a critical parameter
ate, and carnitine metabolism
ntermediates: (B) D-glucose-6-phosphate and (C) fructose-1,6-bi-
els of (D) pyruvate, (E) lactate, and (F) ratio between lactate and

lucose uptake in PARK2 KO neurons measured using bioluminescent
t differentiations, significant differences are indicated by *p < 0.05;
H) or two-way ANOVA followed by Tukey’s post hoc test for multiple

acylcarnitines in the PARK2 KO and control neurons as measured by
t differentiations, significant differences are indicated by *p < 0.05,
followed by Holm-Sidak’s test for multiple comparisons (K and L).
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Figure 6. Increased oxidative stress and decreased oxidative stress defense in PARK2 KO neurons
(A–C) Levels of (A) GSH, (B) GSSG, and (C) the GSH/GSSG ratio revealed by metabolomic analysis.
(D) NAD+/NADH ratio measured by metabolomics and (E) verified using a bioluminescence assay.
(F) Table listing the earlier identified proteins related to oxidative stress defense with the ratio of proteins levels in PARK2 KO neurons
compared with controls (Bogetofte et al., 2019b).
(G) Levels of cellular ROS production. Data are presented as mean ± SEM, data from three independent differentiations, significant dif-
ferences are indicated by *p < 0.05; **p < 0.01; ns, not significant; Student’s t test.
of cellular energy status. These data were strengthened by

the observation of aberrant mitochondrial cristae ultra-

structure and reduced MMP in the PARK2 KO neurons.

In line with our observations, Imaizumi et al. (2012) re-

ported an abnormal mitochondrial morphology for

PARK2 iPSC-derived neurons. They detected accumulation

of mitochondria with a highly electron-dense matrix and

swollen cristae. The inner membrane structures are crucial

for ATP production due to maintaining MMP, which pro-

vides the driving force for ATP synthesis (Dimroth et al.,
1520 Stem Cell Reports j Vol. 16 j 1510–1526 j June 8, 2021
2000). A few other studies, including our own, of PD pa-

tient iPSC-derived neurons with PARK2 mutation have

also reported aberrant mitochondrial morphology and

function (Bogetofte et al., 2019b; Chung et al., 2016;

Ren et al., 2015), and several prior studies have addressed

changes in energy metabolism associated with PD. The

fall in ATP has been reported in different experimental

PD models, such as MPTP mouse model (Meredith and Ra-

demacher, 2011) or skin fibroblasts isolated from PD pa-

tients (Haylett et al., 2016).



Figure 7. Validation of PARK2 KO metabolic changes using patient-specific iPSC-derived neurons
(A–F) Data from PARK2 patient iPSC-derived neurons that validate the phenotype of PARK2 KO cells by displaying mitochondrial and
energy-related alterations in form of elevated levels of (A) citrate, (B) succinate, (C) malate, and (D) glutamate, and reduced levels of (E)
pyruvate, (F) L-carnitine.
(G and H) The changes associated with oxidative stress are indicated by a decrease in (G) the GSH/GSSG ratio and (H) NAD+ abundance.
Data are presented as mean ± SEM, pooled data from independent cell lines, significant differences are indicated by *p < 0.05, **p < 0.01,
***p < 0.001, Student’s t test.
See Figures S3 and S4 and Table S2 for additional data.
The altered energy and mitochondrial metabolism

described in the present study verifies and complements

our earlier study in which we reported mitochondria-spe-

cific proteomic and phospho-proteomic changes caused

by PARK2 KO. We found several mitochondrial protein

changes combined with disturbances in mitochondrial

morphology and the mitochondrial respiration function,

among others. In addition, we previously reported changes

inmitochondrial respiration and demonstrated that PARK2

KO neurons have a significantly decreased ability to respire

using lactate as a substrate (Bogetofte et al., 2019b).

Glycolysis is a process in which glucose is converted into

pyruvate or lactate depending on whether it occurs under

aerobic or anaerobic conditions. The regulation of glycolysis

is complex and occurs at multiple stages (Berg et al., 2002).

In the present study, we detected dysregulation of glucose

metabolism in PARK2 KO neurons at various levels of the

glycolytic pathway.We found a significant decrease in levels

of both glucose (the initial substrate of glycolysis) and pyru-

vate (the end product of aerobic glycolysis), which was not

driven by changes in glucose uptake. This, together with the

reduced levels of enzymes involved in the glycolytic regula-

tion, detected by proteomic analysis, is indicative of a

decrease in glycolytic capacity in PARK2 KO neurons. These
results are in line with our previous data showing that

PARK2 KO causes a significant decrease in the basal ECAR

(glucose as a substrate), which strongly indicates a decrease

in anaerobic glycolysis (Bogetofte et al., 2019b). Fructose-

1,6-bisphosphate, the level of which was elevated in

PARK2 KO cells, is one of the most significant regulators of

glycolysis. This phosphorylated fructose sugar is an interme-

diate of the glycolysis pathway and provides feedforward

stimulation as an allosteric activator of two key enzymes

of glycolysis: phosphofructokinase (PFK) and pyruvate ki-

nase (PK) (Jurica et al., 1998). Increased level of fructose-

1,6-bisphosphate may represent a compensatory mecha-

nism since levels of both key enzymes were significantly

reduced in the PARK2 KO neurons.

In the present study, we found increased lactate and

decreased pyruvate levels for PARK2 KO neurons

compared with healthy controls. This can be explained

by the fact that pyruvate enters the TCA cycle via carbox-

ylation and decarboxylation and is metabolized into

lactate by LDH. Further, the significantly elevated ratio

between lactate and pyruvate in PARK2 KO neurons

can be an indicator of alterations in protein degradation

(Crie and Wildenthal, 1980) as well as decreased lactate

clearance (Andersen et al., 2013). In addition, a buildup
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of lactic acid can cause suppression of glycolytic enzymes

(Leite et al., 2011), which to some extent may explain

their low level in PARK2 KO neurons. An increase in

lactate levels may be a result of mitochondrial dysfunc-

tion promoting the conversion of pyruvate to lactate,

which has been reported for mice (Ross et al., 2010).

However, our recent paper showed that the basal OCR

was significantly reduced in PARK2 KO neurons respiring

on lactate, which is indicative of impaired lactate-sup-

ported respiration (Bogetofte et al., 2019b). It is worth

considering that the changed lactate-pyruvate ratio

found for PARK2 KO neurons may be caused by buildup

of astrocyte-derived lactate. This assumption is meaning-

ful since there is evidence that astrocyte-derived lactate is

an important energy source of the human brain that also

may serve as a neuroprotective factor in pathological

conditions (Jourdain et al., 2016). Overall, the present

metabolomic findings are consistent with our previously

reported proteomic data, suggesting impaired glycolysis

and disturbances in lactate metabolism (Bogetofte

et al., 2019b). In general, our data show that the combi-

nation of proteomics and metabolomics represents a

very valuable platform for better understanding of en-

ergy metabolism and disease mechanisms.

Carnitine also plays a critical role in energy production

due to transporting long-chain fatty acids into the mito-

chondria where they can be oxidized (Sharma and Black,

2009). The reduction in L-carnitine level and the elevation

in some short- and long-chain acylcarnitines in the PARK2

KO neurons reflect an underling disturbance of mitochon-

drial fatty acid b-oxidation, suggesting an impaired lipid-

handling capacity (Longo et al., 2016). The observed accu-

mulationof short- and long-chain fatty acid carnitine conju-

gates and decreased L-carnitine also suggest defects in the

carnitine shuttle and hence impaired mitochondrial import

of fatty acids. These defects may lead to detrimental effects

on ATP production as the import of long-chain fatty acids

into the mitochondria is rate limiting for lipid b-oxidation

(Mihalik et al., 2010). Increased levels of saturated chain

acylcarnitines have been reported in patients with meta-

bolic disorders (Mihalik et al., 2010), although another study

showed the opposite: a reduction in acylcarnitines (Saiki

et al., 2017). Further studies are warranted in this matter

due to the conflicting literature, but all these results demon-

strate energy dysregulation of fatty acid oxidation.

It has been suggested that fatty acid metabolism plays

a role in the maintenance and survival of nigrostriatal

dopaminergic neurons, and thus alterations in lipid

biology may lead to PD (Bousquet et al., 2011). Consis-

tent with this hypothesis, our metabolomic analysis of

PARK2 KO iPSC-derived dopaminergic neurons revealed

a decrease in lysolipid levels and an increase in fatty

acid-carnitines. Moreover, significantly elevated levels
1522 Stem Cell Reports j Vol. 16 j 1510–1526 j June 8, 2021
of fatty acids have been described in serum samples

from PARK2 patients (Okuzumi et al., 2019). Indeed, par-

kin has been reported to regulate systemic lipid homeo-

stasis and fat uptake via ubiquitin-mediated stabilization

of the lipid transporter CD36 (Kim et al., 2011), suggest-

ing an important role of disturbed lipid homeostasis in

PD.

Oxidative stress is a condition associated with an

increased rate of cellular damage and is manifested by

the excessive production of ROS with insufficient or

defective antioxidant defense systems (Nita and Grzybow-

ski, 2016). Oxidative stress causes profound alterations in

various biological structures, including cellular mem-

branes, lipids, proteins, and nucleic acids (Therond,

2006). We have found substantially decreased levels of

several antioxidant enzymes (Bogetofte et al., 2019b) as

well as increased mitochondrial ROS levels in the PARK2

KO neurons. These results are in accordance with existing

literature indicating generally increased oxidative stress in

the peripheral blood of PD patients (Chen et al., 2009).

GSH is a vital cellular protective antioxidant, and the

cellular ratio of GSH to GSSG is often used as a marker

of cellular toxicity (Sentellas et al., 2014). The reduced

glutathione redox ratio (GSH/GSSG) in PARK2 KO neu-

rons is consistent with the concept of oxidative stress be-

ing a major component of the pathogenesis of nigral cell

death in PD (Dias et al., 2013; Sentellas et al., 2014; Zitka

et al., 2012). NAD+ and NADH are fundamental molecules

in metabolism and redox signaling (Chen et al., 2009). We

found perturbed balance between NAD+ and NADH mol-

ecules, pointing to a significantly lower level of NAD+

than NADH in the PARK2 KO neurons. The consequence

of NAD+/NADH redox imbalance is initially reductive

stress, which eventually leads to oxidative stress and

oxidative damage to macromolecules such as DNA, lipids,

and proteins (Yan, 2018). In line with our findings, loss of

redox homeostasis has previously been associated with

many pathological conditions, including PD (Wu et al.,

2017).

In conclusion, in this study we sought to obtain a

comprehensive description of the metabolomic changes

in a PARK2 KO iPSC model of PD. Taken together, our re-

sults suggest that mitochondrial defects and subsequent

changes in energy metabolism and oxidative stress com-

bined with inefficient oxidative stress defense mechanisms

may be associated with cellular dysregulation in PD and

could represent a potential therapeutic target.
EXPERIMENTAL PROCEDURES

All detailed experimental procedures are available in the supple-

mental information.



In vitropropagation and differentiation of neural stem

cells
Isogenic PARK2 KO and healthy control neural stem cell (NSC) cell

lines were provided by XCell Science Inc. (Novato, CA). NSCs were

characterized and propagated according to standard protocols.

Dopaminergic differentiation was achieved by culturing NSCs in

DOPA Induction andMaturationMedium (XCell Science Inc., No-

vato, CA) according to the manufacturer’s instructions for at least

25 days from NSC stage (39 days from iPSC stage) (Figures S5 and

S6). See supplemental information for further details.
Mass spectrometry-based metabolomics
Sample collection and metabolite extraction were performed in a

polar, ice-cold solvent (50% methanol [Sigma], 30% acetonitrile

[Sigma], 20% water [Merck Millipore]) as described in the supple-

mental information. The samples were analyzed by LC-MS analysis

using an Agilent Zorbax Eclipse Plus C18 column and a Discovery

HSF5 high-performance liquid chromatography column. The ac-

quired raw data were converted to mzXML format and properly

pre-processed prior to statistical analysis. Generated compound lists

were uploaded to MetaboAnalyst.ca. See supplemental information

for detailed procedures.
MMP, ATP, lactate, glucose uptake, NAD+/NADH, ROS

evaluation
MMPwas investigatedusing theTMREMitochondrialMembranePo-

tential Assay Kit (Abcam). Intracellular ATP level at steady state was

measured using ATPlite Assay Kit (PerkinElmer). Lactate level was

measured using Lactate-Glo Assay Kit (Promega). Glucose uptake

was assessed using Glucose Uptake-Glo Assay Kit (Promega). NAD+

and NADH levels were measured using NAD/NADH-Glo Assay Kit

(Promega). ROS level was measured using ROS-Glo Assay Kit (Prom-

ega). The assays were performed according to the manufacturer’s in-

structions. See supplemental information for detailed procedures.
TEM
Cells were seeded on 13-mm Thermanox plastic coverslips (Nunc)

coated with poly-L-ornithin/laminin. Ultra-thin (50–70 nm) sec-

tions were prepared, contrasted with 2% uranyl acetate (Poly-

Science) and lead citrate, and examined using a Philips CM100

transmission electron microscope equipped with a Morada cam-

era. See supplemental information for further details.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 7.0 soft-

ware. To analyze the data, two-tailed unpaired Student’s t test, mul-

tiple t test, and one- or two-way ANOVA with multiple comparison

test were applied. Datawere considered statistically significant at p <

0.05 (*), p < 0.01 (**), and p < 0.001 (***). Data are presented asmean

± standard error of the mean (SEM). Metabolomic fold change data

were analyzed in MetaboAnalyst software using Student’s t test.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.04.022.
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