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ABSTRACT

It is well known that the multifunctional DJ-1 protein plays an important role in
the antioxidative system, a common denominator for several diseases, from metabolic
syndrome (MetS) to neurodegenerative diseases such as Parkinson’s disease (PD).
Among several described functions, DJ-1 was proposed to act as a deglycase,
avoiding the accumulation of advanced glycation end products (AGEs), which are
known to be involved in diabetes complications, cancer, and neurodegenerative
diseases. However, the deglycase activity of DJ-1 has become a center of debate,
making further studies necessary to better understand the possible link between DJ-1
and AGE formation, as well as the interplay between DJ-1 and metabolism. Here, we
aimed to further explore the effects of DJ-1 loss in the murine metabolism across
multiple tissues and under different diet interventions, as well as the potential DJ-1
deglycase activity both in mice and PD patient’s fibroblasts. In brief, our results from
DJ-1 knockout (KO) mice revealed a skeletal muscle atrophy resulting from a selective
atrophy of the fast glycolytic type 2B fibers, and a resistance to diet-induced obesity
under high-fat high-sucrose (HFHS) diet when compared to wildtype (WT). In addition,
our metabolomics analysis identified the formation of three new glycerinyl-AGEs: a-
glycerinylarginine (a-GR), a-glycerinyllysine (a-GK), and glycerinyltrimethyllysine
(GTMK), specifically in the skeletal muscle from DJ-1 KO mice as well as in the
fibroblasts of Park7-related PD patients. Thus, our study sheds light on a protective
role of DJ-1 protein against AGE accumulation and skeletal muscle atrophy, while also
identifying two new AGEs, o-GR and a-GK, as potential biomarkers for Park7-related

PD patients.



INTRODUCTION

The multifaceted DJ-1 protein

DJ-1 protein and its regulation

First identified as an oncogene, the DJ-1 protein (Nagakubo et al., 1997) has
increasingly become a focus of interest since it was first associated with early-onset
Parkinson’s disease (PD) in 2003 (Bonifati, 2003). DJ-1 is encoded by the PARKY7
gene and it is nowadays known as a multifaceted antioxidative small protein present
in most organisms from bacteria to human (Bandyopadhyay & Cookson, 2004;
Bonifati, 2003; Lucas & Marin, 2007). Besides its association with cancer and early-
onset familial parkinsonism, several studies have also shown that DJ-1 is involved in
many other pathologies, such as stroke (Aleyasin et al., 2007; Yanagisawa et al., 2008)
and type 2 diabetes mellitus (T2DM) (Jain et al., 2012), as well as neurodegenerative
diseases such as sporadic PD (Bandopadhyay et al., 2004), Alzheimer’s disease (AD)
(Choi et al., 2006), Huntington’s disease (HD) (Sajjad et al., 2014), and amyotrophic
lateral sclerosis (ALS) (Lev et al., 2015). The exact mechanisms underlying these
associations are not completely understood yet, but most of them, if not all, seem to
have oxidative stress as a common denominator. However, to which extent the
oxidative stress is directly involved in the association between DJ-1 and these diseases

is also not clear as DJ-1 presents several other described functions.

Nevertheless, the activity and modulation of DJ-1 protein have been reported to
occur through oxidation and post translation modification (PTM) of its cysteine
residues, which are essential for DJ-1 functions and localization. Alongside a total of
189 amino acids, DJ-1 is also composed of three cysteine residues that are localized
at the amino acid numbers 46 (C46), 53 (C53), and 106 (C106), with each of them
presenting a different susceptibility to oxidation (Ariga et al., 2013). Among them, the
C106 residue was reported as the most sensitive against oxidative stress and easily
oxidised to SOH, SO2H, and SOsH, with SO2H and SOzH being considered as the
active and inactive forms of DJ-1, respectively (Canet-Avilés et al., 2004; Kinumi et al.,
2004; Taira et al., 2004).



Antioxidant function

The cellular redox homeostasis is an important and dynamic regulatory process
that ensures a balance between reducing and oxidizing reactions to controls cell
survival and biological responses in an oxygen environmental system. By activating a
coordinated antioxidant cellular response, this system balances the formation of
reactive oxygen species (ROS), which are primarily by-products of aerobic metabolism
in the mitochondria. However, the presence of supraphysiological levels of ROS in the
cells can lead to oxidative stress and damage in DNA and proteins, resulting in harmful

cellular consequences and several diseases.

In this context, DJ-1 plays a major role against oxidative stress by acting both
in a direct and indirect manner. As an example, by regulating specific transcription
factors, DJ-1 can indirectly regulate the two most important antioxidant systems, the
thioredoxin (Trx) and the glutathione (GSH) systems, to promote an optimal response
to oxidative stress stimulus (Fu et al., 2009; Im et al., 2012; Raninga et al., 2014; W.
Zhou & Freed, 2005). Moreover, DJ-1 also acts as antioxidant by regulating the activity
of other transcription factors such as p53 (Fan et al., 2008) and NF-kB (McNally et al.,
2011), which in turn regulate the expression of multiple genes involved in the response
to oxidative stress; by activating superoxide dismutase 1 (SOD1), (Girotto et al., 2014;
Wang et al., 2011), another important protein responsible for reducing free superoxide
radicals in the cells; and by being involved in mitochondrial integrity (Knippenberg et
al., 2013), which is essential for the mitochondria to play a crucial role in the cell

maintenance and survival.

All the numerous described functional properties for DJ-1, including chaperone
(Shendelman et al., 2004; W. Zhou et al., 2006), protease (J. Chen et al., 2010), and
transcriptional regulator (Clements et al., 2006; Fan et al., 2008; McNally et al., 2011)
contribute to its multifunctional role in the oxidative stress response. Indeed, it is
believed that the antioxidant function of DJ-1 relies mostly on the binding and
regulation of other proteins that are involved in cell survival, as for example the
apoptosis signal-regulating kinase 1 (ASK1) and the p38-regulated/activated protein
kinase (PRAK) (Waak et al., 2009; Im et al., 2010; Tang et al. 2014a). However,
although oxidative stress is a common denominator among chronic diseases, it is still
not clear to which extent this could be the underlying mechanism associated with the
link between DJ-1 and diseases.



Neurodegenerative diseases

The association of DJ-1 with neurodegenerative diseases, more specifically with
the autosomal recessive early-onset Parkinson’s disease (Bonifati, 2003), has brought
substantial attention to this protein and increased the number of studies involving DJ-
1 over the past years. As a result, it is now known that this highly conserved and
ubiquitously expressed DJ-1 protein plays an essential role as an antioxidative protein.
Besides early-onset familial parkinsonism, DJ-1 was also associated with multiple
system atrophy (MSA) and dementia with Lewy bodies (DLB), which are part of a group
of diverse neurodegenerative disorders characterized by abnormal a-synuclein
aggregation known as a-synucleinopathies. In these diseases, DJ-1 was reported to
have a higher immunoreactivity in the brainstem of DLB and MSA patients, as well as
in the cortex and cerebellum of the latter (Neumann et al., 2004; Rizzu et al., 2004).
Although the underlying mechanisms are not completely elucidated yet, previous
studies showed that DJ-1 can prevent the aggregation of a-synuclein through its
chaperone activity (Shendelman et al., 2004; W. Zhou et al., 2006; Zondler et al., 2014)
and regulation of heat shock protein 70 (W. Zhou & Freed, 2005), suggesting that this
higher DJ-1 immunoreactivity could also be part of a regulatory defense mechanism.

DJ-1 was also associated with tau pathologies such as AD, in which
hyperphosphorylated tau inclusions are known as major hallmarks (Neumann et al.,
2004; Rizzu et al., 2004), and neuromuscular diseases such as ALS. In AD, DJ-1 was
reported to be associated with neuronal and glial inclusions, which was suggested to
indicate either a defense mechanism possibly linked with its antioxidant role, or a
consequence of the disease resulting in DJ-1 being confined in the inclusions and not
able to exert its functions (Kumaran et al., 2007; Neumann et al., 2004; Rizzu et al.,
2004). In ALS patients, on the other hand, DJ-1 immunostaining signals presented a
tissue-related difference, with motor cortex and skeletal muscle sections having
stronger and lower signals, respectively, than their correspondent health controls
(Knippenberg et al., 2013).

The association of DJ-1 with several neurodegenerative diseases, which impact
a considerable part of the population, could be expect as DJ-1 is a conserved and
ubiquitous protein that exerts a variety of crucial functions for cell maintenance and
survival, as well as cell homeostasis. Thus, further understanding of DJ-1 functions,
especially in a tissue specific manner, can contribute to elucidate the pathophysiology
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of these diseases and in the search for biomarkers and new targets for drug
development.

Parkinson’s disease

Epidemiology

Considered the second most common age-related neurodegenerative disorder,
PD affects approximately 3% of the population aged 65 or over, with its incidence and
prevalence significantly increasing with aging (Pringsheim et al., 2014). Although
mortality is not increased in the first decade after disease onset, it eventually doubles
compared with the general population (Pinter et al., 2015). Nevertheless, the idea that
PD exclusively affects elderly people is a misconception, and studies have shown that
the onset of the disease can happen before 65 years old for almost 25% of the patients,
and before 50 years old for 5-10% of them (Savica et al., 2013; Twelves et al., 2003;
Van Den Eeden et al., 2003).

Although still not completely understood, both the incidence (number of new
cases of the disease) and prevalence (number of existing cases) have increased
rapidly in the past years, being considered as possibly the fastest growing neurological
condition worldwide (Dorsey et al., 2018; GBD 2016 Neurology Collaborators, 2019).
Importantly, incidence and prevalence seem to vary within subgroups defined by sex,
race, ethnicity, genotype, and environment. For example, PD is generally twice as
common in men than in women in most populations (Baldereschi et al., 2000; Van Den
Eeden et al., 2003), leading to several theories that might explain this male prevalence,
such as a protective effect of female sex hormones, a sex-associated genetic
mechanism, sex-specific differences in exposure to environmental risk factors, as well
as possible disparities in health care (Poewe et al., 2017). However, the complexity of
both PD and these factors make it difficult to dictate the relative contribution to the risk
of developing PD, resulting in controversial studies or insufficient data to exclude the

effect of one or another.

Likewise, environmental factors are also known to modify the risks of developing
PD, with its incidence significantly increasing in individuals exposed to traumatic brain
injury (Camacho-Soto et al., 2017; Mackay et al., 2019) or to certain environmental

5



pollution with toxins, such as pesticides (e.g., paraquat) or chemicals (e.g.,
trichloroethylene), which are known to be harmful to PD-related neurons and brain
circuits (Bloem et al., 2021). Curiously, the risk of developing sporadic PD seems to
be lower in smokers or caffeine users (Ascherio & Schwarzschild, 2016). However, as
previously mentioned, these associations are sometimes hard to interpret due to
conflicting results, as well as a scarce number of studies. In this context, the negative
association between PD risk and smoking, for example, could be false as smokers
may have higher dopamine levels, which could prevent them to drop below a critically
low dopamine threshold that is needed to manifest parkinsonism (Noyce et al., 2012;
Rossi et al., 2018). Thus, further investigation of the interplay between environmental
factors and lifestyle with risk of developing PD can contribute to better understanding
the underlying mechanisms associated with this disease and consequently a better
design of interventional studies aiming to delay or modify the course of PD.

Clinical diagnosis

Parkinson disease’s diagnosis is clinically based and, except in selective cases in
which genetic testing is performed, a definitive diagnosis is only stablished based on
post-mortem identification of hallmark neuropathological changes in the brain (Bloem
et al.,, 2021). The current criteria define PD as the presence of bradykinesia (i.e.
slowness of movement and speed) together with at least rigidity or rest tremor (Kalia
& Lang, 2015; Postuma et al., 2015; Tolosa et al., 2006) (Figure 1), which are part of
what is known as cardinal motor features (Poewe et al., 2017). Besides these features,
most PD patients also develop non-motor symptoms as for example sleep and mood
disorders, cognitive impairment, and pain (Chaudhuri & Schapira, 2009), with some of
these preceding the onset of classic motor symptoms and PD pathological hallmarks
by years and being generally considered the start point for the decreased quality of life
in these patients by adding considerably to overall burden. However, the manifestation
of these symptoms and the patterns of disease progression are highly variable among
patients, and even same symptoms such as resting tremor can have different impact
among patient’s quality of life depending on their occupation, for example. This
heterogeneity in causes, manifestation, and personal priorities points to the need of
more individual and targeted treatment approaches.
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Figure 1. Clinical symptoms of Parkinson’s disease. PD diagnosis occurs with the
onset of motor symptoms. Non-motor symptoms are present throughout all stages of
the disease at varying degrees and become increasingly prevalent over the disease
progression. Adapted from Poewe et al., 2017.

Although the development of classical motor features suggests that clinical
diagnosis may be straightforward, it is known that the earliest stages of PD can be
difficult to recognise, reflected by the long average delay of 10 years that typically
separates the person’s first noticeable symptom from the timing of diagnosis
(Gaenslen et al., 2011). Importantly, these delays are particularly common when
tremor is absent, which may happen in up to 20% of patients with PD, and in early-
onset PD patients (Ruiz-Lopez et al., 2019), highlighting the need for diagnostic tests
and biomarkers to enhance diagnostic confidence in early disease.



Pathophysiology and risk genes

The first neuropathology hallmark ever described for PD over a century ago was
the formation of Lewy bodies, which are mostly formed due to abnormal deposition and
aggregation of a-synuclein in the cytoplasm of certain neurons in several brain regions
(Braak et al., 2003). Moreover, PD is also mainly characterized by the loss of
dopaminergic neurons in the substantia nigra pars compacta (SNpc), which causes
striatal dopamine deficiency (Dijkstra et al., 2014). This loss of dopaminergic neurons
is initially restricted to the ventrolateral substantia nigra with relative sparing of other
midbrain dopaminergic neurons (Damier et al., 1999; Fearnley & Lees, 1991) in the
early stage of the disease, becoming widespread by the end-stage of the disease.
Although the causes are not yet completely understood, the pathophysiology of
Parkinson’s disease has shown to also be associated with a complex interplay among
mitochondria dysfunction, lysosomes and vesicle transport, synaptic transport issues,
and neuroinflammation (Kalia & Lang, 2015).

The projection of the dopaminergic neurons from the SNpc to the dorsal
striatum, also known as the nigro-striatal pathway, plays a central role in the control of
motor function. These neurons are responsible for the synthesis of the
neurotransmitter dopamine, which occurs through the transformation of tyrosine to L-
DOPA via the addition of a hydroxyl group, and subsequent removal of a carboxylic
acid group from the ethyl side chain linked to the amine group (Z. D. Zhou et al., 2023).
After its synthesis, dopamine is internalized into synaptic vesicles and stored until an
action potential prompts the release of dopamine in the synaptic cleft, resulting in
neuron communication through its binding to dopamine receptors on the postsynaptic
neuron (Z. D. Zhou et al., 2023). However, the degeneration of dopaminergic neurons
in this nigro-striatal pathway results in a decrease of dopamine synthesis and
transmission, and the consequent dysregulation of motor control, a hallmark of PD
(Bloem et al., 2021; Z. D. Zhou et al., 2023).

The extensive investigation in the field of PD’s pathology and the advancement
in the understanding of the contribution of dopaminergic neuron loss to the disease led
to the development of efficient treatments for managing the disease symptoms.
Moreover, the identification of genes associated with monogenic forms of PD, which
represent around 5-10% of PD cases, also provided crucial clues to mechanisms
underlying the neuropathology of PD. Genes such as Parkin RBR E3 ubiquitin-protein
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ligase (PRKN), PTEN-induced putative kinase 1 (PINK1), Leucine-rich repeat kinas 2
(LRRK2), Parkinsonism associated deglycase (PARKY), ubiquitin carboxy-terminal
hydrolase L1 (UCH-L1), B-glucocerebrosidase (GBA1), and synuclein alpha (SNCA),
are known to be involved in a set of molecular pathways including a-synuclein (a-syn)
proteostasis, mitochondrial function, oxidative stress, calcium homeostasis, axonal
transport and neuroinflammation, and to have different frequency and penetrance in
the PD pathology (Blauwendraat et al., 2020; Kalia & Lang, 2015).

The PARKY gene, for example, is known to account for approximately 1% of PD
cases (Taipa et al., 2016), while having a higher penetrance. Although the causal
mechanisms between PARK7/DJ-1 and PD are not yet fully understood, PD patients
are known to have increased oxidative stress in their brain (Dias et al., 2013). Indeed,
according with the literature, the nigral dopaminergic neurons have been suggested to
be particularly vulnerable to metabolic and oxidative stress due to several factors, as
for example their particularly long unmyelinated axons with large numbers of synapses,
which require great energy to be sustained (Bolam & Pissadaki, 2012; Pissadaki &
Bolam, 2013), and their increased levels of cytosolic dopamine and its metabolites that
can cause toxic oxidative stress (Lotharius & Brundin, 2002; Mosharov et al., 2009).
However, it is not clear if this oxidative stress occurs earlier or later than the neuron
degeneration, and further investigation of DJ-1 functions and associations with PD
could contribute to the understanding.

Over the past years, significant strides have been made in the understanding of
the neuropathology and progression of PD, as well as some important mechanisms
and perturbations underlying the disease and its symptoms. Overall, some of the
approaches for intervention in PD generally focus in targeting specific organelles, such
as mitochondria or lysosomes, and associated proteins, as for example GBA1 and
LRRK2, with unique downstream molecular influences that can be applied to specific
subgroups of PD patients (Vijiaratnam et al., 2021). Alongside that, there are also some
broader approaches that focus on targeting neuronal abnormalities that were shown to
be commonly altered in PD patients such as a-syn production, cell-to-cell transmission,

calcium signaling, and neuroinflammation (Vijiaratnam et al., 2021).

Although highly efficacious therapies such as levodopa (L-DOPA) treatment and
deep brain stimulation (DBS) have become available, understanding how to delay
disability and modify disease progression is still critical, since none of these treatments
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are curative and PD remains a progressive disorder that eventually causes severe
disability. Likewise, there is also a need for finding specific and sensitive biomarkers
that can be used to assess disease risk and progression, as well as contribute to early
diagnosis. In this context, previous studies have attempted to define diagnostic
markers for the earliest stages of the disease by trying to detect a-synuclein-related
pathology in skin punch biopsies (Mahlknecht et al., 2015). Moreover, the advance of
omics techniques has allowed the identification of small changes in protein, metabolite,
or RNA profiles in fluids and tissue from patients and healthy individuals (Delenclos et
al., 2016), making them a powerful tool in the search for biomarkers.

Metabolism

Among all its functions, DJ-1 was also shown to be involved in metabolism, a
set of basic and fundamental chemical reactions that occur physiologically to produce
energy from food. Although the complete mechanism is not yet elucidated, DJ-1 has
been proposed to be involved in the metabolism of different tissues, as for example
pancreatic islets (Jain et al., 2015), adipose tissue (Kim et al., 2014; Shi et al., 2015),
and skeletal muscle (Shi et al., 2015), which are all highly active metabolic organs.
However, investigating the effects of DJ-1 loss in the metabolism requires a systematic
analysis across different metabolically active tissues to better understand the
underlying mechanisms associated to the interplay of DJ-1 and metabolism. Currently,
most available studies focus on specific tissues, making it hard to understand the
extent of the DJ-1 function in the overall metabolism or its tissue-specific function.

Diabetes and obesity

Characterized by insulin resistance and dysfunction of insulin-producing beta
cells (Samuel et al., 2010; Shulman, 2014; Sun et al., 2011), type 2 diabetes mellitus
(T2DM) is considered the most common type of diabetes. This inadequate insulin
production due to islet dysfunction or beta cell loss, alongside reduced glucose uptake
in peripheral tissues, such as skeletal muscle, liver, and adipose tissue, result in what
is known by impaired glucose tolerance. Alongside obesity and other conditions, this
insulin resistance is part of what is also known as metabolic syndrome (MetS), a
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common and growing public health problem that has been associated with increased
risk of several chronic diseases worldwide, including stroke, heart diseases, diabetes,

and some neurodegenerative ones.

Importantly, increased oxidative stress is a common pathophysiological process
shared between MetS and diseases such as PD (Aviles-Olmos et al., 2013; Perry,
2004; Stark & Roden, 2007), reinforcing the need of further investigation of DJ-1
protein functions. Besides that, the link between DJ-1 and metabolism, as well as the
identification of other PD associated genes that are responsible for encoding proteins
that regulate lipid metabolism, as for example GBA1, show that lipids and metabolism
may play an important role in the pathophysiology of PD (Clark et al., 2007; Nichols et
al., 2009). As previously reviewed (Fanning et al., 2020), more recent studies have
suggested that PD may not be only a proteinopathy but also lipidopathy, increasing the
relevance of further understanding the interplay between metabolism and

neurodegenerative diseases.

Regarding the effects of DJ-1 loss in the metabolism, a previous study showed
that DJ-1 KO mice were more insulin sensitive and glucose tolerant compared to
controls in response to a high-fat diet (HFD), as well as resistant to diet-induced obesity
(Shi et al., 2015), suggesting an overall protective metabolic effect due to DJ-1 loss.
However, further investigation of the effects of DJ-1 in other tissues such as skeletal
muscle is still needed to better understand the potential protective or detrimental
effects of DJ-1 loss. According with the literature, skeletal muscle accounts for most of
the postprandial glucose uptake in humans and rodents (Merz & Thurmond, 2020),
making it an extremely important tissue to further understand its role in metabolism
under not just health but also pathological conditions such as T2DM and obesity, which
are closely related (Samuel et al., 2010; Shulman, 2014; Sun et al., 2011). Importantly,
DJ-1 was suggested to promote efficient fuel utilization through its role in ROS
signaling (Seyfarth et al., 2015; Shi et al., 2015), which was previously reported to be
beneficial at higher levels in the skeletal muscle since it was encountered in conditions
associated with increased life span, as for example exercise (Tiganis, 2011). However,
a more precise link of how DJ-1 modulates fuel utilization in the skeletal muscle
remains to be addressed, especially when considering the importance of skeletal

muscle for the overall systemic metabolism.
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Glycation and the formation of advanced glycation end products (AGESs)

As a physiological consequence of metabolism, the spontaneous age-
dependent posttranslational modification known as glycation can lead to the formation
of Shiff bases, Amadori products, and advanced glycation end products (AGEs)
(Rabbani et al., 2016; Richarme et al., 2015), with an ultimate impact in the structure
and function of several proteins (Richarme et al., 2018). The formation of AGEs, a
heterogeneous group of compounds, occurs physiologically in all tissues and body
fluids (J.-H. Chen et al., 2018), and has received increased attention since its
accumulation has been associated with chronic diseases such as diabetes mellitus,
cardiovascular and neurodegenerative diseases, as well as with cancer, skeletal
muscle atrophy and the aging process (Luevano-Contreras & Chapman-Novakofski,
2010). The most known mechanism of AGE formation, the Maillard reaction, occurs
when reducing sugars such as glucose react in a non-enzymatic way with amino acids
in proteins, with lipids, or with DNA (Luevano-Contreras & Chapman-Novakofski, 2010)
(Figure 2).

Parkinson’s
disease

Protein
Lipids

“_ Nucleicacid . \ ~  Amadori Vi
—> Schiff base —)/ Products \ —) [ AGEs \—

Alzheimer’s
disease

|— Diabetes

Cardiovascular

X . diseases
Non-enzymatic reaction

Figure 2. Advanced glycation end products (AGEs) formation. The formation of
AGEs occurs mainly through the Maillard reaction. Created based on de Vos et al.,
2016, licensed under the terms of the Crative Commons CC-BY.

In this classical pathway, the interaction between the carbonyl groups (C = O)
of reducing sugars with amino groups of proteins results in the formation of Shiff bases.
This reaction can happen within hours depending on the concentration of glucose and
can also be reversible if the concentration of glucose decreases. Next, Schiff base
goes into an intramolecular rearrangement that results in more stable compounds,

known as Amadori products. One very important example of an Amadori product is the
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glycated hemoglobin, which is widely used in clinics for long term control of blood
glucose levels in diabetic patients (Monnier & Sell, 2006). Lastly, Amadori products go
into a slow process of oxidation that results in reactive carbonyl compounds and
subsequently the formation of AGEs, as for example pentosidine and Ne-
carboxymethyl-lysine (CML) (Monnier & Sell, 2006).

The formation of AGEs can also occur through lipid peroxidation at both extra
and intracellular levels, and through the glycolysis pathway, which leads to intracellular
AGEs formation (Figure 3). During the intracellular glycolysis pathways, glucose is
altered into reactive carbonyl compounds such as methylglyoxal, which can then react
with proteins and result in AGEs formation (Lc et al., 2016).
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Figure 3. Pathways associated with AGEs formation. The AGEs formation can
occur through the Maillard reaction, lipid peroxidation, or glycolysis pathway. Adapted
from de Vos et al., 2016, licensed under the terms of the Crative Commons CC-BY.

Besides the previously described roles, DJ-1 was more recently proposed to
also act as a deglycase (Richarme et al., 2015), avoiding the formation of AGEs. By
acting on early glycation intermediates, DJ-1 seems to repair methylglyoxal (MGO)
(CH3-CO-CHO) and glyoxal (GO) (CHO-CHO)-glycated amino acids and proteins,
releasing lactate and glycolate, respectively (Richarme et al., 2018). However, DJ-1
deglycase activity has recently become center of debate, with studies claiming that this
apparent activity was rather due to TRIS buffer artifact (Pfaff et al., 2017a), since TRIS
can affect the MGO/hemithioacetal equilibrium, or due to a shift in equilibrium caused

by an actual DJ-1 glyoxalase activity, which removes the free MGO and results in
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subsequent decomposition of hemithioacetal and aminocarbinols (Andreeva et al.,
2019).

Nevertheless, the potential involvement of DJ-1 in AGE clearance requires
further attention as AGEs have been linked with several diseases, including PD.
According with a previous study, AGEs and a-synuclein are similarly distributed in very
early Lewy bodies in human brain with incidental Lewy body diseases, i.e. control
patients that show Lewy bodies in the substantia nigra (SN) (Munch et al., 2000). Since
the autopsy was performed before the possible development of clinical signs of PD,
these cases can be viewed as pre-Parkinson patients, suggesting that AGE-associated
Lewy bodies formation seem to reflect early rather than late changes of PD (Munch et
al., 2000). Moreover, AGEs have been suggested to be a major structural crosslinker
that can transform soluble neurofilament proteins into insoluble aggregates (Richarme
et al., 2018), indicating that the possible DJ-1 deglycase activity could represent one
of the mechanisms linked to Park7-related PD cases. However, further studies are
needed to explore to which extent they are associated.

As one can expect, the rate of AGEs formation in vivo can be influenced by
several factors, as for example the nature and concentration of the substrate groups,
the presence of glycating agents, the half-life of the proteins, and the oxidative stress
or redox balance of the environment (J.-H. Chen et al., 2018). Although the complete
mechanisms are not yet fully elucidated, the vast amount of data in the literature
support the association of AGEs accumulation with organ function decline (Luevano-
Contreras & Chapman-Novakofski, 2010). Thus, restoring redox homeostasis and
AGE clearance have been considered possible therapeutic strategies against both
metabolic and neurodegenerative diseases. However, without knowing both the
molecular basis and mechanisms of DJ-1 function, which have been associated with
both metabolic changes and PD, current therapeutic strategies for these disorders
remain untargeted and therefore mostly ineffective.
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AIMS

The first association between the PARK7 gene and early-onset familial
parkinsonism in 2003 raised attention to the DJ-1 protein, increasing the number of
studies and the knowledge about this protein. Since then, several studies have shown
that DJ-1 plays an important role in oxidative stress and MetS, such as diabetes and
obesity, which are associated with PD. However, the importance of DJ-1 in the
interplay between metabolism and PD, two very complex systems, is still controversial
and needs further investigation. Moreover, while DJ-1 deglycase activity has become
a center of debate recently, AGEs are known to have detrimental effects in the
physiological system and to be involved in several pathologies such as diabetes

complications and neurodegenerative diseases. Thus, in this thesis, we aimed to:

Explore the systemic effects of DJ-1 loss in the murine metabolism.
Investigate the deglycase activity of DJ-1 in vivo.
Identify potential future biomarkers for Park7-related PD cases.

> nh -

Validate the DJ-1 deglycase activity, and potential biomarkers, in Park7-
related Parkinson’s disease patients’ samples.
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MATERIAL AND METHODS

Animals, diet, and sample collection

DJ-1 KO mice were generated by gene trap insertion as previously described
elsewhere (Pham et al., 2010). Male mice were housed at 23°C under a 12hr light-dark
regimen with free access to water and food, either standard chow diet (#1310, Altromin,
Germany) or high-fat high-sucrose diet (58% kcal from fat and sucrose, Research
diets, D12331), for 12 weeks. Six months old mice were euthanized by cervical
dislocation ~3-4 hours after the start of the light phase (~9am-10am). Tissues were
immediately collected, snap frozen in liquid nitrogen, and stored at -80 °C until

subsequent use.

Animal experiments complied with the European directive 2010/63/EU of the
European Parliament and were approved by the local animal welfare authority in
Germany (District government of upper Bavaria No.55.2-1-54-2532-94-2012. Wildtype
and PARKY knockout mice on a C57BL6/J background (Park7_XE726_GT) were bred
and maintained at the animal facilities of Helmholtz Munich.

Indirect calorimetry and metabolic phenotyping

Total body fat and lean tissue mass were quantified by nuclear magnetic resonance
(EchoMRI). Food intake, locomotor activity, energy expenditure, and respiratory
exchange ratio (RER) were all monitored on a TSE system (Bad Homburg, Germany).

Immunofluorescence

Cryosections of gastrocnemius muscles were stained with rabbit polyclonal antibody
against laminin (L9595, Sigma-Aldrich, 1:100 dilution) and monoclonal anti-myosin
heavy chain (MyHC) antibodies produced in the laboratory of Stefano Schiaffino
(Schiaffino et al., 1989), and distributed by the Developmental Studies Hybridoma
Bank (DSHB, University of lowa): BA-D5 (IgG2b, supernatant, 1:100 dilution) specific
for MyHC-I, SC-71 (IgG1, supernatant, 1:100 dilution) specific for MyHC-2A, and BF-
F3 (IgM, purified antibody, 1:100 dilution) specific for MyHC-2B. Type 2X fibers are not
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recognized by these antibodies, and so appear black. Four different secondary
antibodies (Jackson ImmunoResearch) were used to selectively bind to each primary
antibody: goat anti-rabbit, conjugated with Alexa 647 fluorophore; goat anti-mouse
lgG1, conjugated with DyLight488 fluorophore (to bind to SC-71); goat anti-mouse
lgG2b, conjugated with DyLight405 fluorophore (to bind to BA-D5); goat anti-mouse
IgM, conjugated with Alexa594 fluorophore (to bind to BF-F3). Muscle cryosections,
8um thick, were incubated with M.O.M. IgG blocking solution (Vector Laboratories) for
1 hour at room temperature, then briefly rinsed once with phosphate-buffered saline
(PBS). A solution with all the primary antibodies in PBS containing 1% of bovine serum
albumin (BSA) was then prepared, and sections were incubated overnight at 4°C. After
3 washes of 5 minutes with PBS, sections were incubated for 30 minutes at 37°C with
a solution with the four different secondary antibodies, diluted in PBS containing 1% of
BSA and 5% of goat serum. After washing 3 times again with PBS for 5 minutes each
and a brief rinse in water, sections were mounted with a saturated solution of ethyl-
vinyl alcohol in PBS with 30% glycerol. A control incubation with no primary antibodies
was performed, as well as control incubations with each primary antibody and non-
specific secondary antibodies to exclude any possible cross-reaction. Pictures were
collected with an epifluorescence and stage-motorized Leica DM6 B microscope,
equipped with a Leica DFC 7000T camera. Single-color images were merged to obtain
a whole muscle reconstruction with Leica LASX software, and images were analyzed
with MATLAB using SMASH application (https://pubmed.ncbi.nlm.nih.gov/25937889/)

Reversed phase-ultrahigh-performance liquid chromatography (RP-

UHPLC)-tandem mass spectrometry

Gastrocnemius muscle samples were randomized and homogenized with 1.4 mm
ceramic beads in water (15 pL/mg) at 4 °C as previously described (Artati et al., 2022).
For metabolite extraction and protein precipitation, 500 yL methanol extraction solvent
containing recovery standard compounds was added to each 100 pL of tissue
homogenate. Supernatants were aliquoted and dried under nitrogen stream (TurboVap
96, Zymark, Hopkington, MA, USA), and stored at -80°C until the UPLC-MS/MS
measurements were performed. Two aliquots, one early and one late eluting

compound, were dedicated for analysis by UPLC-MS/MS in electrospray positive
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ionization and one for analysis by UPLC-MS/MS in negative ionization. Three types of
quality control samples were included in each plate: samples generated from a pool of
human ethylenediamine tetraacetic acid (EDTA) plasma, pooled sample generated
from a small portion of each experimental sample served as technical replicate
throughout the data set and extracted water samples served as process blanks. Prior
to UPLC-MS/MS analysis, the dried samples were reconstituted in acidic or basic LC-
MS-compatible solvents, each of which contained eight or more isotopically labeled
standard compounds at fixed concentrations to ensure injection and chromatographic
consistency. The UPLC-MS/MS platform utilized a Waters (Milford, MA, USA) Acquity
UPLC with Waters UPLC BEH C18-2.1 mm x 100 mm, 1.7 pym columns, a Thermo
Scientific (Waltham, MA, USA) Q Exactive high resolution/accurate mass spectrometer
interfaced with a heated electrospray ionization (HESI-II) source, and N Orbitrap mass
analyzer operated at 35,000 mass resolution. One aliquot of the extracts was
reconstituted in acidic positive ion conditions, chromatographically optimized for more
hydrophilic compounds (for early eluting compounds). In this method, the extracts were
gradient eluted from the C18 column using water and methanol containing 0.05%
perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA). Another aliquot that was
also analyzed using acidic positive ion conditions but was chromatographically
optimized for more hydrophobic compounds (for later eluting compounds), was
gradient eluted from the same C18 column using methanol, acetonitrile, and water;
containing 0.05% PFPA and 0.01% FA and was operated at an overall higher organic
content. The basic negative ion condition extracts were gradient eluted from a separate
C18 column using water and methanol containing 6.5 mM ammonium bicarbonate at
pH 8. The MS analysis alternated between MS and data dependent MS2 scans using
dynamic exclusion and a scan range of 80—1000 m/z. Metabolites were identified by
automated comparison of the ion features in the experimental samples to a reference
library of chemical standard entries that included retention time, molecular weight
(m/z), preferred adducts, and in-source fragments as well as associated MS spectra
and curation by visual inspection for quality control using proprietary software
developed by Metabolon Inc. Only fully annotated metabolites were included for further
evaluation. Data were normalized according to raw area counts, and then each
metabolite scaled by setting the median equal to 1. Features with >40% missing values
were removed and remaining missing values (7%) were imputed with k-nearest

neighbors algorithm. Biochemicals labelled with an asterisk (*) indicate compounds
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that have not been officially confirmed with a standard, but we are confident in its
identity.

Hydrophilic interaction liquid chromatography (HILIC)-tandem mass

spectrometry

Mouse gastrocnemius muscle, brain, liver, and plasma samples were analyzed. A total
of 200mg of 1Tmm zirconium beads was added to a 2.0mL impact resistant tube and
placed on dry ice to pre-chill the tube. Tissue samples were then weighed, placed into
the tube, and 1.0mL of cold 80:20 methanol (Honeywell-Burdick & Jackson LC230-
4):.water (Fisher Chemical W6-4) was added. Tissue samples were homogenized by
three 15 second homogenization cycles at 6,400Hz in a Precellys 24 tissue
homogenizer (Bertin Corp). Liver and brain samples underwent one homogenization
cycle and muscle samples underwent two, with a one-minute cooling step on dry ice
in between. After homogenization, samples were placed in the -20°C freezer for 30
minutes to allow for precipitation of protein. Samples were vortexed, transferred to a
1.5mL Eppendorf tube, and centrifuged at 14,000rpm at 4°C for 10 minutes. The
supernatant was taken to a clean tube and immediately dried in vacuo using a Thermo
Savant vacuum concentrator operated at 35°C. Once dry, samples were resuspended
in a normalized volume of 80:20 methanol:water to result in a final concentration of
55ug/uL for muscle and liver samples and 61ug/uL for brain samples. Plasma samples
were prepared by adding 160uL of cold methanol to 40uL of plasma. Samples were
vortexed for 30 seconds and then placed in the -20°C freezer for 30 minutes.
Thereafter, samples were centrifuged at 14,000rpm at 4°C for 10 minutes and the
supernatant was transferred and immediately dried in vacuo using a Thermo Savant
vacuum concentrator operated at 35°C. Plasma samples were resuspended in 80:20
methanol:water. Tissue and plasma samples were transferred to LC-MS vials
containing a 200 pl glass inserts and were kept at 4°C in the autosampler compartment

until they were injected for analysis.

For tissue samples and plasma samples, 2ul and 1pul respectively, were injected on a
Thermo QExactive orbitrap mass spectrometer coupled to a Thermo Vanquish UPLC
system. Samples were randomized to alternate WT and KO conditions. To analyze

polar molecules, chromatographic separation was achieved using a Millipore
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(Sequant) Zic-pHILIC 2.1x150mm Sum column maintained at 25°C with a flow rate of
0.3mL/min. A 19-minute linear gradient starting from 90:10 acetonitrile (Honeywell-
Burdick & Jackson LC015-4):20mM ammonium bicarbonate (Fluka 1066-33-7) to
45:55 acetonitrile:20mM ammonium bicarbonate was used to elute compounds. The
Thermo Q-Exactive orbitrap mass spectrometer was operated in positive and negative
ion modes using a heated electrospray ionization (HESI) source at 35,000
resolution,100ms ion trap time for MS1 and 17,500 resolution, 50ms ion trap time for
MS2 collection. We collected data over a mass range of m/z 67-1000. We used an
auxiliary gas flow rate of 20 units, sheath gas flow rate of 40 units, sweep gas flow rate
of 2 units, spray voltage of 3.5 and 2.5 kV for positive and negative ion modes
(respectively), capillary inlet temperature of 275°C, auxiliary gas heater temperature of
350°C and an S-lens RF level of 45. All MS1 ions were isolated using a 1.0 m/z window
for MS2 collection and fragmented using a normalized collision energy of 35. These
fragmented ions were placed on dynamic exclusion for 30 seconds before being
allowed to be fragmented again. For analysis, we imported collected data into the
mzMine 2.20 software suite. Pure standards were used for identification of metabolites
through manual inspection of spectral peaks and matching of retention time and MS1
accurate mass, with confirmation of identification through comparison to MS/MS

fragmentation patterns.

Amide-AGE determination and validation by LC-MS/MS

Materials

L-arginine (298%) and L-lysine (=298%) were purchased from Sigma-Aldrich (Steinheim,
Germany). N-g-glycerinyllysine was purchased from Iris Biotech GmbH (Marktredwitz,
Germany). Milli-Q purified water was from a Milli-Q Integral Water Purification System
(18.2 MQ, Millipore, Germany). Acetonitrile, methanol, and 2-propanol (all hypergrade
for LC-MS) were purchased from Merck (Darmstadt, Germany). Formic acid (98%, for
mass spectrometry) was obtained from Honeywell Fluka (North Carolina, USA).
Ammonium formate solution 10 M in water (BioUltra grade) was supplied by Sigma
Aldrich (Steinheim, Germany). The API-TOF Reference Mass Solution Kit and ESI-L
Low Concentration Tuning Mix were purchased from Agilent Technologies
(Waldbronn, Germany).
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Model system preparation

For preparation of reference '*C3H4Os-modified amino acids, model systems were
prepared from amino acids, namely arginine and lysine, and D-glucose-'3Cs. Aqueous
stock solutions (0.2 M) of glucose and each amino acid were mixed 1:1 (v/v),
respectively. Glucose and amino acid standard solutions in Milli-Q purified water (0.1
M) were prepared as control samples. Samples were heated in closed glass vials for
2 h at 100 °C according to the protocol recently described (Berger et al., 2022).
Glycation products without isotopic tags were prepared analogously using regular D-

(+)-glucose.

Sample preparation

Skeletal muscle samples were weighed in pre-cooled NucleoSpin Bead Tubes
(Macherey-Nagel, Dduren, Germany) and homogenized in ice-cold 70:30
methanol:water (15 pL/mg tissue) by the addition of grinding beads at 7,200 rpm for 4
min using a Precellys Evolution Homogenizer (Bertin Corp., Rockville, Maryland, USA).
Homogenates were transferred and empty extraction tubes and washed with 100 pL
70:30 methanol:water. Protein was precipitated from the homogenates by addition of
pure methanol (75:25 methanol:water). Homogenates were cleared by centrifugation
at 13,000 rpm at 4 °C for 15 min. The supernatant was evaporated to dryness and
resuspended in 80:20 acetonitrile:water (2 yL/mg tissue). After centrifugation at 13,000
rom and 4 °C for 15 min, the supernatant was transferred to LC-MS vials for mass

spectrometric analysis.

Fibroblast samples were handled on dry ice during all procedures. For
homogenization, 960 mg of glass beads (diameter 0.5 mm, PeqglLab) and 2 g of
ceramic beads (diameter 1.4 mm, Peqlab) were added to each sample. Cell
suspensions were homogenized at 5,500 rpm for 13.3 min using a Precellys Evolution
Homogenizer (Bertin Corp., Rockville, Maryland, USA). Homogenates were cleared by
centrifugation at 20,000 x g and 4 °C for 15 min. The supernatant was evaporated to
dryness and resuspended in 70 pL Milli-Q purified water. To ensure conditions were
above limit of detection four replicates per individual were pooled. After centrifugation
at 20,000 x g and 4 °C for 10 min, the supernatant was transferred to LC-MS vials for
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mass spectrometric analysis. To normalize metabolomics data to cell number,
fluorometric determination of DNA levels was performed using small aliquots of the
homogenates as descried before (Muschet et al., 2016). The remaining homogenates
were used for the extraction of metabolites.

LC-MS/MS analysis

Prior to measurement, model systems were diluted 1:10 (v/v) with 80:20
acetonitrile:water. Fibroblast and muscle extracts were measured undiluted. Samples
were randomized, and analyzed by a UHPLC (1290 Infinity Il, Agilent, Waldbronn,
Germany) coupled to a drift tube ion mobility (DTIMS) quadrupole time-of-flight (QToF)
mass spectrometer (6560B, Agilent, Waldbronn, Germany). For hydrophilic interaction
liquid chromatography (HILIC), a ZIC-cHILIC column (100 x 2.1 mm, 3 ym, 100A,
zwitterionic, Merck, Darmstadt, Germany) was used. Samples were injected via partial-
loop injection (10 pL). The flow rate was set to 0.5 mL/min and the column temperature
was maintained at 40 °C. HILIC separation was run in gradient mode. Initial conditions
were set to 0.01% eluent A (acetonitrile:water, 5:95 (v/v), 5 mM ammonium formate,
0.1% formic acid) and 99.9% eluent B (acetonitrile:water, 95:5 (v/v), 5 mM ammonium
formate, 0.1% formic acid). After 2 min, eluent B was decreased to 56% over the next
11 minutes. Eluent B reached 30% within 1 min and finally 10% after additional 0.1
min. This composition was maintained to the end of the run. The gradient was
completed after 18.1 min. The MS was operated in positive electrospray ionization
(ESI) mode within a mass range of 50-1700 m/z using QToF-only mode. External
calibration and system tuning was performed using an ESI-L Low Concentration
Tuning Mix solution prior to analysis and each MS spectrum was automatically
recalibrated by continuously delivered API-TOF Reference Mass solution (purine m/z
121.0509 and HP-921 at m/z 922.0098) during analysis. The settings of the ion source
were: capillary voltage 4000 V, nozzle voltage to 10 V, dry gas temperature 250 °C,
dry gas flow 12 L/min, nebulizer pressure 40 psi, sheath gas temperature 250 °C,
sheath gas flow rate 11 L/min (both gasses nitrogen). Mass spectra were acquired with
a scan rate of 8 Hz in data-dependent mode and the three highest MS' ions per
precursor scan were fragmented using a normalized collision energy of 20 eV. Raw
data were post-processed using GeneData Expressionist Refiner MS 13.5 (GeneData
GmbH, Basel, Switzerland) applying chemical noise subtraction, intensity cutoff filter,
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chromatographic peak picking, isotope clustering, and retention time alignment.
Further processing was performed in R software (version 4.1.3).

Consensus Spectra Computation

Consensus MS/MS spectra were computed with the R package MSnBase using the
consensusSpectrum() function (Gatto & Lilley, 2012). We retained mass peaks present
in a minimal proportion of 5% of spectra in the final consensus spectra. For peak
aggregation, a maximum m/z merge distance of 0.005 Da was applied, and intensities

of merged peaks were summed.

Sequence alignments of human fibroblasts

Genomic DNA was isolated from fibroblasts using the DNeasy Blood & Tissue Kit
(Qiagen) according to the manufacturer’s instructions. To verify the PARKY insertion
mutation of Patient 1, exon 1 of PARK7 was PCR amplified using the intron/exon
overlapping primers hPARK7_Ex1_for: 5§—TTTTTAAGGCTTGTAAACATATAAC-3’
and hPARK7_Ex1_rev: 5~-GACTTACCCCAGCTCGC-3'. Polymerase chain reaction
(PCR) products of around 130 bp were cloned into the pCRII-TOPO vector according
to the manufacturer’s instructions. Inserted sequences were verified by Sanger
sequencing using standard M13 forward and reverse vector primers. To verify the
PARKY deletion mutation of Patient 2, exon 7 of PARK7 was PCR amplified from
genomic DNA using the intronic primers hPARK7_Ex7 for1: 5'-
CTGAAGGAGCAAGGAACTGGA-3 and hPARK7_EX7_rev1: 5'-
GGAATGCTGGGTGCTATTACCT-3’ as previously described (Mencke et al., 2022).
The resulting PCR products of around 1860 bp were purified by PCR Purification Kit
(Macherey Nagel) and Sanger sequenced using the nested primers
hPARK7_Ex7_for2: 5-GCCCATTAGGATGTCACCTTT-3' and hPARK7_EX7_rev2: 5'-
GCAGTTCGCTGCTCTAGTCTT-3" as previously described (Mencke et al., 2022).
Sequences were analyzed by the software SnapGene and sequence alignment
performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).
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Western blot of PARK7 in human cells

HEK293 cells overexpressing recombinant PARK7 from a pLX304-hPARK7 E176G
plasmid were generated as previously described (Tokarz et al., 2020). Aliquots of
1 x 108 fibroblasts were suspended in 100 uL lysis buffer (20 mM Tris-HCL, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, pH 7.5) supplemented with
phosphatase inhibitor PhosSTOP and protease inhibitor COmplete (Roche) and lysed
by sonication in a sonication bath (3 cycles with 10 sec in sonication bath and 20 sec
on ice). Total protein content was determined by Bradford assay (Bio-Rad) using BSA
as reference protein (Bradford, 1976). 20 ug of fibroblast lysate or 5 ug of HEK293
lysate were subjected to SDS-PAGE on a precast 4-15% TGX Tris-Glycine Stain-Free
Gel (Bio-Rad). Separated proteins were transferred within 30 min at constant voltage
of 20 V to an Immobilon FL PVDF membrane (Millipore) using the Semi-Dry Transblot
instrument (Bio-Rad). After blocking the membrane in 5% milk powder in Tris-Buffered
Saline (TBS), the membrane was simultaneously incubated for 2h at room
temperature (RT) with the primary monoclonal antibodies rabbit-anti-DJ-1 (D29ES)
XP® (Cell Signaling #5933) and mouse-anti-beta-tubulin TUB2.1 (Sigma #15201),
both at a dilution of 1:1000 in 2.5% milk powder in TBS-T (0.1% Tween-20). After
thorough washing with TBS-T (0.1% Tween-20), the blot was incubated overnight at
4°C with the secondary antibodies goat anti rabbit-HRP (Sigma #A6154) and goat anti
mouse-HRP (Dianova #115-035-068) at a dilution of 1:20000 each in 2.5% milk powder
in TBS-T (0.1% Tween-20). After several washing steps, enhanced
chemiluminescence (ECL) signals were generated using the Pierce ECL 2 Western
Blotting Substrate (Pierce) according to the manufacturer’s instructions and detected
using a Fusion FX6 Edge (Vilber Lourmat).

Fibroblast cell culture

Fibroblasts derived from human skin from patients and controls kindly donated
by Prof. Dr. Vicenzo Bonifati (Department of Clinical Genetics, Erasmus MC, University
Medical Center Rotterdam, Rotterdam, The Netherlands) were maintained in high
glucose (4.5 g/L glucose, Gibco) DMEM (Dulbecco’s Modified Eagle Medium)
supplemented with 10% fetal bovine serum (FBS Superior, Biochrom) and 100
units/mL of penicillin and 100 pg/mL streptomycin (Gibco) at 37 °C and 5% CO2 in a
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humidified atmosphere. Cells were frequently monitored to be free of mycoplasma
contamination using the MycoAlert™ mycoplasma detection kit (Lonza) and the

MycoAlert™ assay control set (Lonza).

For expression and mutation verification analyses, cells were harvested by
trypsinization, washed once in warm PBS, and counted by using the Cellometer Auto
T4 Plus (PegLab). Cells were pelleted into aliquots containing 1 x 10° cells and stored
at -80 °C until further use.

For amide-AGE determination by LC-MS/MS, 7 x 10° cells were seeded into culture
dishes (diameter 10 cm) with either 12 mL of DMEM high glucose (4.5 g/L glucose,
Gibco) or 12 mL of DMEM low glucose (1 g/L glucose, Gibco) supplemented with FBS
and penicillin/streptomycin as described above. Cells were grown for 3-5 days to reach
confluence of ~80%. For harvesting, cells were washed twice with 13 mL of warm PBS
before their metabolism was quenched by adding 3 mL of ice-cold extraction solvent
(80/20 (v/v) methanol/water). Cells were then scraped off the culture dishes using
rubber tipped cell scrapers (Sarstedt) and together with extraction solvent collected in
7 mL PeqglLab tubes (cells and solvent of two 10 cm dishes were pooled in one tube)
and stored at -80 °C until further use.

Statistical analyses

Sample sizes for mouse experiments were 5-7 per genotype. Data were analyzed by
two-tailed unpaired Student’s t-test or two-way ANOVA, followed by Bonferroni’s
multiple comparisons test, as appropriate, using GraphPad Prism version 9. To
statistically assess differences in metabolite intensities among experimental
conditions, t-tests (unpaired, two-sided) were performed using the t.test() function from
the stats R package. Data was subjected to log transformation and missing value
imputation, if any, with a random number between minimum values across samples.
The p values were corrected for multiple testing using the Benjamini-Hochberg method
as implemented in the R function p.adjust(). Differences between two groups were

considered statistically significant for p < 0.05.
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MetaboAnalyst

Enrichment analysis of altered metabolites was performed using MetaboAnalyst 4.0
(Chong et al., 2019) with default parameters and Kyoto Encyclopedia of Genes and
Genomes (KEGG) IDs. Quantitative Enrichment Analysis was performed via the
Enrichment Analysis module using the pathway based KEGG metabolite set library (84
metabolite sets based on human metabolic pathways).
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RESULTS

Experiments performed in DJ-1 animal model

DJ-1 loss results in resistance to diet-induced obesity, decreased fat free

mass and muscle atrophy in male mice

To investigate the effects of DJ-1 loss in whole body metabolism under a chronic
metabolic stress, we used littermates DJ-1 knockout (KO) and wild type (WT) mice fed
with a high-fat high-sucrose (HFHS) diet for 12 weeks. At the end of this period, WT
mice exhibited a significantly higher bodyweight (BW) compared to DJ-1 KO mice fed
with the same diet (Figure 4A). This difference in BW was accompanied by the
expected gain of total fat mass (Figure 4B) and higher epididymal white adipose tissue
(eWAT) mass (Figure 4C) only in WT mice, indicating that DJ-1 KO mice were
resistant to diet-induced obesity (DIO). Moreover, echoMRI analysis also showed that
DJ-1 KO mice presented reduced fat free mass (Figure 4D), suggesting potential
differences in muscle mass. To start exploring the effects of DJ-1 loss in the skeletal
muscle, we measured the mass of gastrocnemius muscle from WT and DJ-1 KO mice
under HFHS diet. Indeed, we found a significant decrease in the mass of
gastrocnemius muscles from DJ-1 KO mice compared to WT (Figure 4E), revealing

the presence of a skeletal muscle atrophy phenotype in the absence of DJ-1 protein.
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Figure 4. Metabolic phenotyping of DJ-1 KO and WT mice under HFHS diet. (A)
bodyweight, (B) fat mass, (C) epididymal white adipose tissue (eWAT) mass, (D) fat
free mass, and (E) muscle mass of gastrocnemius from WT and DJ-1 KO mice under
high-fat high-sucrose (HFHS) diet. Mean + sem; n = 6 per group. Statistical analysis
performed by unpaired t test. * adj.p < 0.05, ** adj.p < 0.01, **** adj.p < 0.0001.
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Next, to investigate the possible underlying mechanisms linked to this metabolic
phenotype, we used indirect calorimetry analysis to monitor and compare metabolic
parameters between both genotypes. Surprisingly, the resistance to the diet-induced
weight gain of DJ-1 KO mice on HFHS diet could not be accounted for by changes in
either energy expenditure (Figure 5A), daily food intake (Figure 5B), source of utilized

fuels (Figure 5C), or locomotor activity (Figure 5D).
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Figure 5. Indirect calorimetry analysis from WT and DJ-1 KO mice under HFHS
diet. Measurements from TSE system metabolic cages of (A) Energy expenditure, (B)
food intake, (C) respiratory exchange ratio (RER), and (D) locomotor activity of WT
and DJ-1 KO mice under HFHS diet. Mean + SEM; n = 5-6 per group. Statistical
analysis performed by two-way ANOVA.

Taken together, our data from metabolic phenotyping of WT and DJ-1 KO male
mice under chronic metabolic stress suggested that DJ-1 loss results in intrinsic
differences in muscle metabolism, which could be driving the overall changes in the

systemic metabolism.
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Loss of DJ-1 causes selective atrophy of fast glycolytic type 2B muscle

fibers

To further explore the atrophy phenotype, we performed histological analysis of
gastrocnemius tissue sections from WT and DJ-1 KO mice under HFHS diet. For that,
samples were stained with laminin to outline the individual myofibers and with anti-
myosin antibodies specific for type 1 slow (blue), fast type 2A (green), and fast type 2B
(red) myosin heavy chains (Figure 6A). Fast type 2X fibers were not stained and
appear black. As a result, we identified a decrease in fiber size from DJ-1 KO
gastrocnemius muscle compared to control (Figure 6B, left), in agreement with our
previous observation of skeletal muscle atrophy phenotype due to DJ-1 loss. More
specifically, by analyzing the fiber size according with the fiber type, we observed that
the muscle atrophy of KO mice was restricted to the highly glycolytic fast type 2B
myofibers (Figure 6B, right), suggesting that DJ-1 expression and function were more
related to glycolytic rather than to oxidative metabolism.

31



1-2A -2X -2B - Laminin

B
Fiber size Fiber size
5000+ 5000- i
*k O WT
[ | .
40004 * 4000+ e T
% 3000; 1‘ € 30004 . . %
2 2
% 20004 |1 % 20001 . 1
O O ,
1000 1000 i |
oll, 0 ’ ; -
WT KO 1 2A 2X 2B

Figure 6. Histological analysis of gastrocnemius muscle from WT and DJ-1 KO.
(A) Transverse sections of gastrocnemius from WT and KO mice under HFHS diet
stained with anti-myosin antibodies specific for slow type 1 (blue), fast type 2A (green)
and fast type 2B (red) myosin heavy chains. Fast type 2X fibers are unstained and
appear black. Scale bar is 100 um. (B) Total fiber size in WT and KO muscles under
HFHS diet (left), and fiber size according to fiber type (right). Mean £+ SEM; n = 6-7 per
group. Statistical analysis performed by unpaired t test and unpaired t test with post
hoc Holm-Sidak test. ** p < 0.01. CSA, cross sectional area; 1, type 1 slow (blue); 2A,
fast type 2A (green); 2X, fast type 2X fibers (black); and 2B, fast type 2B (red) myosin

heavy chains.
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Muscle atrophy in DJ-1 KO mice is linked to increased glycation stress

To explore potential molecular signatures in the skeletal muscle linked to DJ-1
loss, we performed untargeted metabolomics by using reversed phase-ultrahigh-
performance liquid chromatography-tandem mass spectrometry (RP-UHPLC-MS/MS)
in gastrocnemius tissues from WT and DJ-1 KO mice after 12 weeks under HFHS diet
(Figure 7A). Interestingly, principal component analysis (PCA) showed a very distinct
metabolic separation when comparing both genotypes (Figure 7B). Among
approximately 360 detected amino acids, carbohydrates, cofactors, lipids, nucleotides,
and peptides, random forest analysis identified 97 genotype-associated metabolites,

from which 89 were increased and 8 were decreased in DJ-1 KO muscles (Figure 7C).
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Figure 7. Metabolomics analysis of gastrocnemius from WT and DJ-1 KO under
HFHS diet. (A) Scheme of experimental design. Figure elements modified from
SMART (Servier Medical Art), licensed under a Creative Common Attribution 3.0

Generic License. http://smart.servier.com/. (B) Principal component analysis of the

entire metabolomics data set. (C) Heatmap of 97 metabolites selected by random

forest shown for individual samples. Scale bar indicates Z-score.

Compared to control, overall untargeted metabolomics analysis showed that
skeletal muscle from DJ-1 KO mice had a higher expression of metabolites related to
protein degradation (Figure 8A), such as 1-methylhistidine; redox homeostasis
(Figure 8B), including S-adenosylmethionine (SAM), spermidine, and glutathione
(GSH); as well as arginine (R) and lysine (K) metabolites, such as trimethyllysine
(TMK), and carboxymethyllysine (CML), a major AGE (Figure 8C). Together, our
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results showed that muscles from DJ-1 KO were under increased glycation stress,
oxidative damage, and activation of protein degradation, likely causing the selective

atrophy of highly glycolytic type 2B myofibers.
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DJ-1 loss leads to specific AGE accumulation in mice skeletal muscle

To further understand to which extent the metabolic signature was diet-
dependent, as well as to validate the previous findings, we established a second
mouse cohort in which WT and DJ-1 KO mice were under chow or HFHS diet for 12
weeks. To also explore tissue-specificity, we collected plasma and other highly
metabolic relevant tissues such as liver and brain to perform a second untargeted
metabolomics analysis alongside gastrocnemius samples. This time, to increase the
coverage of identified metabolites and include both polar and nonpolar analytes, we
chose to use hydrophilic interaction liquid chromatography (HILIC)-tandem MS/MS
method (Figure 9).

 WT
3 )
g gl HRHS diet
£ o\ Park7 KO h Mol Metabolite
® D extraction
¥ gl HFHS diet
o y

wT Li LC-MS/MS
ver
’{Jlﬁ Chow diet ' ¢

quk? KO _— Data analysis
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d Littermates

Figure 9. Metabolomics experimental design across different tissues and under
different diets. Scheme of experimental design from metabolomics performed in
gastrocnemius, brain, liver, and plasma under both HFHS and chow diet. Figure
elements modified from SMART (Servier Medical Art), licensed under a Creative
Common Attribution 3.0 Generic License. http://smart.servier.com/.

As an initial validation of our previous findings, we could again observe the
increased AGEs associated metabolites, such as TMK, lysine (K), and arginine (R), in
the skeletal muscle of DJ-1 KO under HFHS diet (Figure 10A). Importantly, these
metabolites were also increased under chow diet (Figure 10B), suggesting that AGEs

accumulation was linked to DJ-1 loss rather than the diet. Moreover, we found three
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unknown metabolites that had a 7-10 foldchange accumulation in DJ-1 KO compared
to WT under both diets (Figure 10).
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Figure 10. Volcano plots of metabolomes of gastrocnemius muscle from WT and
DJ-1 KO mice under different diets. Volcano plots of metabolomes for WT and DJ-
1 KO gastrocnemius under (A) high-fat high-sucrose diet (HFHS) and (B) chow diet.
Statistical analysis performed by t-test. AGE related metabolites arginine (R), lysine
(K), trimethyllysine (TMK), and carboxymethyllysine (CML) are indicated in blue.

Unknown identified metabolites are indicated in red.

After intensive analysis of their MS/MS fragmentation pattern, we could predict
their chemical structure and identify these so far undescribed metabolites also as
AGEs:  o-glycerinylarginine  (a-GR),  a/e-glycerinyllysine  (a/e-GK),  and
glycerinyltrimethyllysine (GTMK) (Figures 11A,B).
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Figure 11. Accumulation of glycerinyl-AGEs in gastrocnemius muscle of DJ-1
KO mice. (A) Volcano plots of METABOLOMES for WT and DJ-1 KO gastrocnemius
under HFHS (left) and chow diet (right). Statistical analysis performed by t-test.
Glycerinyl-AGEs N-a-glycerinylarginine (a-GR), N-a-glycerinyllysine (a-GK), and N-a-
glycerinyltrimethyllysine (a-GTMK) are indicated in red, while related metabolites
arginine (R), lysine (K), trimethyllysine (TMK), and carboxymethyllysine (CML) are
indicated in blue. (B) MS/MS fragmentation pattern and elucidation of the chemical

structures of detected glycerinyl-AGEs.

By exploring a possible tissue-specificity, we noticed that the accumulation of
these metabolites, as well as the other previously identified AGEs associate
metabolites, were specific to the skeletal muscle of DJ-1 KO mice, as they were not
observed in liver, plasma, or brain under neither HFHS (Figure 12A) nor chow diet
(Figure 12B). Together, our data support the idea of a basic link between AGEs
accumulation and DJ-1 loss and reveal the accumulation of three new identified AGEs

specifically in the skeletal muscle of DJ-1 KO mice.
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Figure 12. Volcano plots of metabolomes from WT and DJ-1 KO across different
tissues and under different diets. VVolcano plots of METABOLOMES for WT and DJ-
1 KO gastrocnemius, liver, plasma, and brain under (A) high-fat high-sucrose diet
(HFHS) and (B) chow diet. Statistical analysis performed by t-test. Glycerinyl-AGEs N-
a-glycerinylarginine (a-GR), N-a-glycerinyllysine (a-GK), and N-a-
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glycerinyltrimethyllysine (a-GTMK) are indicated in red, while related metabolites
arginine (R), lysine (K), trimethyllysine (TMK), carboxymethyllysine (CML) are

indicated in blue.

To confirm the chemical structure of the newly identified AGEs, we ordered
commercially synthesized authentic a-GR and a-GK chemical standards, as well as
the commercially available e-GK. Unfortunately, due to a challenging chemical
synthesis, we could not order a commercially synthesized authentic GTMK standard.
Nevertheless, by spiking the chemical standards in the MS together with our samples,
we could confirm the initial predicted structure and confirm that the modification was at

the a-amino group of the arginine and lysine (Figures 13A,B).
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Figure 13. Structural validation of a-GR and a-GK. Additional verification of the

glycation sites based on retention time and MS/MS comparison with authentic

chemical standards for (A) N-a-glycerinylarginine (a-GR) and (B) N-a-glycerinyllysine
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(a-GK). Experimental spectra are shown in blue (top) and reference spectra in black
(bottom).

Analysis performed in fibroblasts from Parkinson’s disease (PD)

patients

Glycerinyl-AGEs a-GR and a-GK are specific biomarkers for PARKY7-

related early-onset PD

To investigate the translational potential of these newly identified AGEs, we
decided to explore the accumulation of these metabolites in samples from Parkinson’s
disease (PD) patients. For that, we used skin fibroblasts from two Park7-related PD
patients, one male and one female, that had different mutations in the Park7 gene and

were around 28-29 years old at the time of disease onset (Figures 14A,B).
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Figure 14. Sequence alignments and confirmation of fibroblast samples from
PARK7-related PD patients. (A) Sequence alignments and electropherograms of
fibroblast DNA from two PARK?Y variants with respective controls. (Left) Female patient
(PD 1) carries a4bp insertion in exon 1 (c.20_21ins AGAG, indicated by the red dashed
box) leading to frameshift and premature stop codon, whereas the female control
(control 1) has a wildtype allele at the same position. ATG start codon is indicated by
green text; premature stop codon TAA is indicated by red text. (Right) Male patient (PD
2) carries a 3bp loss in exon 7 (p.P158del) indicated by the red arrow, whereas the
male control (control 2) has a wildtype allele at the same position. (B) Western blot
showing representative PARKY7 (DJ-1) protein levels in control and patient fibroblasts.
HEK293 cells transfected with V5-tagged PARK7 cDNA construct were included as a

positive control.

Considering possible influences from the in vitro condition in the results,
patients’ skin fibroblasts were cultured under both high (4.5 g/L) and low (1.0 g/L)
glucose medium before harvesting and sending for MS analysis. Based on our results,
a-GR, a-GK, and &-GK were detected in both PD patients’ fibroblasts, while they were
not detected in any of the control samples (Figure 15), showing that these previously
unknown AGEs were also accumulated in Park7-related PD. We did not observe major

differences when comparing the high and low glucose conditions.
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Figure 15. Glycerinyl-AGEs a-GR and a-GK measurement in PARK?7-related
early-onset PD patient fibroblasts. Glycerinyl-AGEs N-a-glycerinylarginine (a-GR),
N-a-glycerinyllysine (a-GK), and N-g-glycerinyllysine (e-GK) in fibroblasts from control
and PARK7-related PD patients cultured under low (1.0 g/L) or high (4.5 g/L) glucose
medium. Mean + SD; n = 3.

Next, to start exploring whether the accumulation of these AGEs was specific to
PARKY7 mutation or had a broader link to PD cases, we repeated the previous
experiment with five additional patients’ skin fibroblast samples, which included three
idiopathic samples and two with mutations in GBA1 (glucosylceramidase beta 1). As a
positive control from the previous experiment, we also included the previous two Park7-
related PD in the experimental design. This time, however, we performed the
experiment only under high glucose medium. After MS measurement and data
analysis, we could detect again a-GR, a-GK, and -GK in both Park7 PD samples, but
not in the other PD samples or their respective controls (Figure 16), reinforcing that
the accumulation of these compounds is specific to DJ-1 loss and suggesting that
these glycerinyl-AGEs o-GR and a-GK could have potential as specific biomarkers for

Park7-related early-onset PD.
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Figure 16. Glycerinyl-AGEs o-GR and a-GK measurement in PD patients’
fibroblast samples. Glycerinyl-AGEs in fibroblasts from control and PARK7-related,
idiopathic, and GBA1-related PD patients cultured under high (4.5 g/L) glucose (mean
+ SD; n =5). GBAT1, glucosylceramidase beta 1.
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DISCUSSION

Since its discovery in 1997 as a novel oncogene (Nagakubo et al., 1997), DJ-1
protein has shown to be ubiquitously expressed across different tissues and play
multifunctional roles, being associated with both overall metabolic changes and PD.
Although DJ-1 KO mice do not show the typical age-dependent degeneration of
dopaminergic neurons of PD, they exhibit increased susceptibility to a variety of
oxidative insults and phenotypic differences that can be induced by chronic metabolic
stress (Kim et al., 2014; Shi et al., 2015). In this study, we aimed to further investigate
the effects of DJ-1 loss in the systemic metabolism, alongside its potential deglycase
activity, since AGEs have been already linked with ageing, diabetes complications, and
neurodegenerative diseases. Our results demonstrated in vivo the detrimental effects
of DJ-1 loss in skeletal muscle mass, likely driving the resistance to diet-induced weight
gain, and in AGEs detoxification. Interestingly, AGEs were accumulated specifically in
the skeletal muscle from DJ-1 KO mice, under either chow or HFHS diet, indicating a
basic link between DJ-1 loss and AGEs accumulation. Moreover, our metabolomics
analysis allowed us to identify three new AGEs structures, which were also
accumulated in skin fibroblasts from Park7-related PD patients, showing that this DJ-

1 function associated with AGEs formation is also preserved in humans.

Regarding the metabolic phenotyping of DJ-1 male mice, our results showed
that DJ-1 deficiency mitigated the expected HFHS diet-induced weight gain (Figure
4A), significantly reducing fat mass (Figures 4B), eWAT accumulation (Figures 4C),
and fat free mass (Figures 4D). Although this resistance to diet-induced obesity (DIO)
was not observed in the male mice, a previous study using high-fat diet (HFD) reported
a similar phenotype in female DJ-1 KO mice (Shi et al., 2015). In this study, authors
reported an increased oxygen consumption in female mice associated with a higher
energy expenditure, claiming that the maintenance of cellular metabolic homeostasis
by DJ-1 in the murine skeletal muscle is linked to modulation of ROS levels (Shi et al.,
2015). However, in accordance with their data from male mice, our analysis from
metabolic cages also showed no differences in energy expenditure (Figures 5A), food
intake (Figures 5B), RER (Figures 5C), and activity (Figures 5D) between WT and
DJ-1 KO male mice, pointing out to possible sex differences in the interplay between
DJ-1 and metabolism. Moreover, our observations of decreased fat free mass (Figure
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4D) together with the skeletal muscle atrophy phenotype (Figure 4E) clearly indicate
a detrimental rather than beneficial effect of DJ-1 loss under chronic metabolic stress.

Our results clearly support that DJ-1 deficiency results in resistance to diet-
induced obesity, as previously reported (Shi et al., 2015). However, this phenotype is
still conflicting with the literature as other studies did not observe significant differences
in the BW when comparing WT and DJ-1 KO after 12-14 weeks of HFD intervention
(Kim et al., 2014; Seyfarth et al., 2015). This discrepancy in results could be, for
example, due to differences in the DJ-1 KO model that was used, i.e. deletion of exons
3-5 (Shietal., 2015) or gene trap inserted between exon 6-7 (Kim et al., 2014; Seyfarth
et al., 2015), which was similar to the one used in our study; or in the composition of
the diet used, for example between HFHS or HFD (Kim et al., 2014; Seyfarth et al.,
2015; Shi et al., 2015). Nevertheless, all studies showed that DJ-1 interplays with
metabolism, especially in high metabolic tissues such as liver, adipose tissue, and
skeletal muscle.

Here, our data suggested that intrinsic changes in the skeletal muscle could be
driving the resistance to diet-induced weight gain. Importantly, weight loss and
sarcopenia, an excessive loss of skeletal muscle mass and muscle strength, have
become a progressive public health concern among some chronic disease patients.
However, although DJ-1 protein has shown a clear importance for the overall and the
skeletal muscle metabolism, the association among loss of skeletal muscle mass,
nutritional overload, and neurodegenerative diseases remain to be further addressed,
likely due to the complexity of these multifactorial systems. Additional studies trying to
rescue this metabolic phenotype with re-expression of DJ-1 specifically in the skeletal
muscle will bring valuable information to the literature. Moreover, evaluating the
progression of the metabolic changes at different time points would also contribute to
have a better understanding of the possible underlying mechanisms associated
between alterations in skeletal muscle metabolism and overall bodyweight and fat
mass accumulation, which could for example contribute for drug development for
cancer cachexia, diabetes, obesity, and neurodegenerative and neuromuscular

diseases.

Our results showed that global DJ-1 loss resulted in a selective decrease of fiber
size from the highly glycolytic fast type 2B myofibers (Figure 6), leading to reduced
gastrocnemius mass (Figure 4E). These fast glycolytic type 2B fibers present high
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glycolytic rates and increased reliance on anaerobic adenosine triphosphate (ATP)
production compared to more oxidative fast type 2X, 2A and slow type 1 myofibers
(Smith et al., 2023), being considered the ones with the highest mechanical energy
produced per unit of time among rodents (Schiaffino & Reggiani, 2011). Interestingly,
previous study has also shown that skeletal muscle from DJ-1 KO mice have increased
expression of mMRNA levels of genes associated with glycolysis when compared to
control (Shi et al., 2015), suggesting that DJ-1 have an important role associated to
glycolysis metabolism. Together, our results from skeletal muscle analysis suggested
that DJ-1 is more related to glycolytic rather than oxidative metabolism. However,
further investigation such as data integration of single fiber proteomics and
metabolomics analysis from DJ-1 KO skeletal muscle can contribute for better
understanding the importance and the mechanisms associated with DJ-1 functions in

glycolytic and oxidative metabolisms.

According to our whole tissue metabolomics analysis, skeletal muscle from DJ-
1 KO mice showed higher glycolytic by-products alongside markers of protein
degradation and glycation oxidative stress (Figures 7,8). The increased levels of TMK,
fructosyllysine and CML, a major AGE, indicated that AGEs accumulation could be
related to the observed skeletal muscle atrophy phenotype. Indeed, AGEs formation,
an important example of glycation reaction, have already been associated with skeletal
muscle atrophy, and was recognized as a risk factor for lowering motor function and
muscle function (Yabuuchi et al., 2020). Its accumulation has been linked with muscle
wasting in mouse and human myoblast, where it seems to reduce myotube diameter
and negatively regulate myogenesis, and with muscle atrophy and muscle dysfunction
in diabetic skeletal muscles of mice and patients (Chiu et al., 2016). Interestingly, a
fiber type shift towards a faster profile in soleus skeletal muscle from diabetic mice
without insulin treatment was suggested to decrease insulin sensitivity in this muscle
and to increase AGE accumulation (Snow et al., 2009), indicating a possible correlation
among fiber type composition, insulin sensitivity and AGEs accumulation. Likewise,
DJ-1 deficiency was also reported to promote a similar shift in fiber type in soleus
skeletal muscle, inducing an adaptation to enhance glycolytic capacity (Shi et al.,
2015). Based on our metabolomics results, the absence of DJ-1 leads to higher
glycolytic by-products and AGEs accumulation in gastrocnemius skeletal muscle, a
fast-twitch type muscle with a mix of type I, [IA and IIB fibers, suggesting an increase

in glycolysis and consequently in glycating events. However, further analysis is needed
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to understand whether DJ-1 directly regulates glycolysis or also promotes a shift from
oxidative to glycolytic fibers in gastrocnemius muscle when absent. Experiments
comparing metabolomics analysis between soleus and extensor digitorum longus
(EDL) muscles from DJ-1 KO mice, as well as their fiber type composition, will
contribute to clarify how DJ-1 loss leads to increased glycolysis.

Our finding of AGEs accumulation in skeletal muscles from DJ-1 KO mice under
both chow and HFHS diet (Figure 10) indicated a genotype rather than diet-dependent
association. This result is supported by recent studies in Escherichia coli that proposed
DJ-1 and its protein family to function as protein deglycases (Advedissian et al., 2016;
Richarme et al., 2015), repairing cysteines, arginines and lysines from glycation by
glyoxal and methylglyoxal, and thus playing an important role in preventing protein
glycation and in the process of AGEs clearance (Advedissian et al., 2016). However,
as mentioned before, whether DJ-1 shows deglycase activity is a current topic of
debate (Andreeva et al., 2019; Mazza et al., 2022; Pfaff et al., 2017b, 2017a; Richarme,
2017; Richarme et al., 2015; Richarme & Dairou, 2017). Contradictory work has
suggested that DJ-1 instead functions as a minor glyoxalase (Choi et al., 2023; Gao et
al., 2023; Lee et al.,, 2012), detoxifying the potent glycating agent methylglyoxal
through its conversion into lactate rather than repairing glycation damage on proteins.
Most recently, DJ-1 was proposed to act as a detoxification enzyme for 1,3-
bisphosphoglycerate, a reactive glycolytic intermediate formed spontaneously that
avidly reacts with amino groups (Heremans et al., 2022), claiming that DJ-1 prevents
damage caused by a metabolite from glycolysis. Nevertheless, although the latter
supports our hypothesis for a specific protection function of DJ-1 related to glycolysis,
the identification of increased levels of glycerinyl-modified arginine and lysine
metabolites (a-GR, a-GK, and a-GTMK), of the common Amadori products
fructosyllysine, and of the major AGE species CML in atrophic muscles from DJ-1 KO
mice in our data (Figure 11) corroborates with the potential deglycase activity for DJ-
1. Together, these competing theories point not only to a clear relationship between
DJ-1 and glycotoxins, but also to the need for taking differences among models and
tissues into further consideration to understand the DJ-1 detoxification role of AGEs
under health and pathological conditions.

Interestingly, compared to plasma and other tissues such as brain and liver, our
results showed that the accumulation of these three new identified metabolites were

50



specific to the murine skeletal muscle, both under HFHS (Figure 12A) or chow diet
(Figure 12B). We believe that due to high dependence on glucose metabolism and
relatively high rates of glycolysis in mouse glycolytic muscles (Schiaffino & Reggiani,
2011; Smith et al., 2023), the occurrence of non-enzymatic glycation in this site may
be greater than in other cell types, and thus the effects of DJ-1 loss more apparent.
Moreover, circulating AGEs, especially in plasma, do not necessary represent the
amount of AGEs formation as the accumulation of AGEs in blood is also influenced by
liver metabolism and clearance of the kidney, and fluctuate over time (Miyata et al.,
1997; Sebekova et al., 2002; Yagmur et al., 2006). However, our results contrast with
a recent study that showed accumulation of a broad range of glycerinyl- and
phosphoglycyrinyl-modified proteins and amino acids in PARK7 knockout cell lines and
mouse brains (Heremans et al., 2022), including glutamate, glutathione, glutamine,
glycerophosphoethanolamine, and lysine, which was modified only at the €-amino
group. Differences in detection could be due to analytical considerations, like variances
in sample preparation (protein precipitation vs. liquid-liquid extraction), separation
technique (HILIC vs. RP), and MS mode (positive vs. negative ionization), which can
all lead to recognizable selectivity for glycerinyl-modified compound detection and
should be carefully considered. Thus, our results also underscore the importance of
aligning analytical methods with proper biological context for successful identification

of clinically relevant molecular signatures.

Based on the structure of the new identified AGEs, our data indicated that a-GR
and a-GK (Figure 13) may originate from modifications and subsequent degradation
of N-terminal arginine and lysine residues in muscle proteins or reaction with free
amino acids to form ‘glycation free adducts’ (Rabbani et al., 2016), thus supporting a
protective role of DJ-1 in the first stages of glycation (Salahuddin et al., 2014). In
proteins, only N-terminal amino acids contain a free a-amino group accessible for
potential modification, therefore each detected N-a-glycerinyl-AGE requires a protein
with the corresponding amino acid at its N-terminus to be modified and degraded.
Indeed, protein glycation is known to occur predominantly on N-terminal residues in
biological systems (Rabbani et al., 2016). Interestingly, in vivo turnover of most
proteins is regulated by the N-end rule (Varshavsky, 2011), and approximately 25% of
skeletal muscle proteins are known to undergo covalent N-terminal arginylation prior
to their degradation, either by the ubiquitin-proteasome system (Solomon et al., 1998)
or by macroautophagy (Yoo et al., 2018). Moreover, besides protein N-termini, arginine
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and lysine side chains are known to be especially prone to modification via glycation
reactions (Rabbani et al., 2016). Thus, the elucidated structures proposed for the three
new identified AGEs, besides high confidence confirmation, are in accordance with the
literature and biological functions.

Our results from DJ-1 KO mice supports a DJ-1 deglycase activity and reveals
an important protection function related to skeletal muscle atrophy, likely due to AGEs
accumulation. Importantly, AGEs association with muscle atrophy was suggested to
occur through AGE receptor (RAGE)-mediated AMPK-down-regulation of the Akt
signaling pathway (Chiu et al., 2016). Interestingly, RAGE KO mice were also found to
be resistant to HFD-induced obesity and insulin resistance, despite the normal food
intake (Monden et al., 2013; Song et al., 2014). However, although we aimed to further
explore the mechanisms through which AGE could be exerting their biological effect,
we were not able to detect RAGE expression even in WT skeletal muscle, neither by
western blot nor gPCR (data not shown). Importantly, the antibody worked in lung
samples that were used as a positive control, as was suggested by the manufacturer.
This initial apparent limitation could be due to RAGE being expressed in skeletal
muscle only during muscle development and under stress conditions, as previously
reported. Based on that, we could hypothesize that AGE may be acting through
another AGE receptor or directly through their cross-link with proteins, which alters
their structure and functions. Nevertheless, further investigation is still necessary to
better understand the underlying mechanisms linked to skeletal muscle damage and
AGE accumulation and to contribute to the development of future target treatments. As
an example, Ala-Cl, a thiazolium derivative that cleaves preformed AGEs and breaks
crosslinks, demonstrated to be a potential therapeutic candidate to effectively improve
diabetic myopathy, muscle atrophy and muscle regenerative capacity by reducing
AGEs accumulation (Chiu et al., 2016).

It is well known that AGEs have already been linked with neurodegenerative
diseases such as PD. As mentioned before, pathological hallmarks of PD, including
PARKT7-linked early-onset PD cases (Narendra et al., 2019; Taipa et al., 2016), involve
neuronal aggregation of misfolded a-synuclein into insoluble Lewy bodies and
progressive degeneration of dopaminergic neurons, especially of the substantia nigra
and locus coeruleus. While the exact cause of PD is not yet fully understood, non-
enzymatic glycation of proteins is known to stimulate their aggregation, including a-
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synuclein (Atieh et al., 2021; Vicente Miranda et al., 2017). Likewise, PARKY7 has been
implicated in reducing the aggregation of glycated a-synuclein (Atieh et al., 2021; N.
Sharma et al.,, 2019), supporting the notion that glycation stress is a potential
pathophysiological trigger for PD, and many other age-associated neurodegenerative
diseases (S. Schmidt et al., 2022; Vicente Miranda & Outeiro, 2010). However, due to
the limitation of the DJ-1 KO animal model, as well as PINK1 and parkin, regarding the
lack of nigrostriatal pathology (Dawson et al., 2010), it is necessary for further studies
to use other models such as in vitro dopaminergic cells to understand the effects of
AGE in neurodegeneration of this cell population and consequently its link to PD
pathology.

By using fibroblast samples from patients with different PARK7 mutation
(Figure 14), our analysis was able to detect the accumulation of the new AGEs a-GR
and a-GK in skin fibroblasts from both Park7-related PD patients in comparison to their
health controls (Figure 15). However, different from a previous study (A. Sharma et
al., 2020), we could not observe any difference between the male and the female
patients. Yet, a higher sample size is needed to further explore possible sex differences
related to the accumulation of these compounds. Furthermore, these metabolites were
not detected in other sporadic forms of PD or GBA1-related PD (Figure 16),
corroborating with a specificity between the accumulation of these metabolites and
PARK7-related cases. Taken together, our results show how loss of PARK7 can
manifest differently when comparing mice and human patients, and even lead to
heterogeneous clinical profile among different PARK7-related early-onset PD patients,
as neither PARKY7-related PD patient reported any clinically relevant muscle problems,
and while PD 1 reported cataracts (likewise reported in her affected sibling), PD 2
reported no vision problems. Equally important, it also shows how valuable the tool of
using animal model studies can be for detecting possible biomarkers and advancing
the understanding of the pathophysiology from neurodegenerative diseases. However,
more studies with a higher patient sample size are necessary to further explore the

specificity and applicability of these molecules as biomarkers.

Previous studies reported that patients at risk for developing PD showed
increased plasma oxidative stress along with significantly reduced lymphocyte PARK7
expression (Katunina et al., 2023), suggesting that a-GR and a-GK may be useful
biomarkers to already identify at-risk patients before neurological symptoms arise. It
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remains to be clarified whether they can be used to monitor disease onset and
progression in pre-symptomatic or early-stage PD, or effects of therapeutics in PARK7-
related PD patients. Importantly, although PARK7 mutations are rare and account for
less than 1% of early-onset PD cases (Taipa et al., 2016), its function can be lost even
in individuals without mutations, for example by oxidative stress and aging (Heremans
et al., 2022; Meulener et al., 2006). Thus, it will also be important to clarify whether a-
GR and a-GK can discriminate between PARKY7 deficiency and other glyoxylase
deficiencies (Vander Jagt & Hunsaker, 2003). Further studies, including
measurements of other relevant cell types like neurons and glial cells (Lind-Holm
Mogensen et al., 2023), samples from related monogenic (Imberechts et al., 2022) and
broader profiling of sporadic forms of PD, along with investigations of less invasive
matrices like urine, are needed to clarify the full extent of their diagnostic potential.

Similar to more established biomarkers, like glycated hemoglobin (Makita et al.,
1992) and other glycated plasma proteins (Greifenhagen et al., 2016), a-GR and a-GK
could also become general indicators for glycation and carbonyl stress in aging and a
range of age-associated metabolic (diabetes, renal failure, cardiovascular disease)
and neurodegenerative diseases (Pamplona et al., 2008; Rabbani & Thornalley, 2012).
These non-enzymatic glycations are sometimes increased in diabetes mellitus patients
(Ahmed & Thornalley, 2007) as a consequence of poorly control of blood glucose
levels, and high hemoglobin glycated levels are well known to be associated with
diabetes complications, including for example muscle atrophy and cataract formation
(Stevens, 1998).
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CONCLUSION

DJ-1 protein has shown to play important roles both in metabolism and PD,
which are known to have oxidative stress as a common denominator. More than that,
DJ-1 is a multifunctional anti-oxidative stress protein that has been proposed to act as
deglycase, avoiding the detrimental accumulation of AGEs. It is well known that the
formation of AGEs occurs through non-enzymatic modifications of proteins or lipids
after exposure to glycating agents such as free reducing sugars (glucose, fructose,
and ribose) and methylglyoxal (MGO), with the latter arising as glycolytic by-products
and being responsible for approximately 65% of cellular glycation events together with
glyoxal (Advedissian et al., 2016; de Vos et al.,, 2016; Kalapos, 2013; Luevano-
Contreras & Chapman-Novakofski, 2010; Thornalley et al., 1999; Maillard 1912).
Interestingly, our results showed that DJ-1 loss leads to AGE accumulation in the
skeletal muscle, likely causing the observed selective atrophy in the fast glycolytic type
2B fibers, supporting the idea of a protective function associated with glycolysis and
glycation in this highly glycolytic site. Moreover, our results also suggested that these
intrinsic changes in the skeletal muscle could be driving the observed resistance to
diet-induced obesity.

Taken together, our study sheds light on a higher physiological relevance of DJ-
1 protein in the murine skeletal muscle and human fibroblasts, likely associated with
glycolysis. Moreover, it further supports its role as a deglycase, as we could identify a
genotype-dependent AGE accumulation both in mouse and human samples, alongside
three new AGEs (a-GR, a-GK, and a-GTMK), which to the best of our knowledge have
not been described so far. Here, we showed that this DJ-1 function associated with
AGEs accumulation in highly glycolytic tissues was preserved from mouse to human,
and we present a-GR and a-GK as potential candidates for future biomarkers for
Park7-related PD cases, which could have value in the future for clinical
advancements. Moreover, our approach also highlights the importance of
understanding the limitations of disease models and of complementing the
physiological differences from both animal and patient samples to better understand
the relevant functions of an important, ubiquitous and multifunction protein such as DJ-
1 for translational studies.

In brief, we performed a systematic and untargeted metabolomics analysis
across different metabolic active tissues and under different diets to have a better
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overview of the effects of DJ-1 loss in the metabolism and AGEs formation. Our results
contributed to the advancement of DJ-1 physiology knowledge, as well as identified
and elucidated the structures of new AGEs accumulated also in PARK7-PD patients’
fibroblast samples. As it is well known, the pathophysiology of neurodegenerative
diseases, as well as metabolic syndromes, are part of a complex mechanism system
that still needs to be further explored for the advancement of knowledge and
therapeutic treatments. More studies will contribute to the advancement of our work,
including in vitro studies investigating the role of AGEs in dopaminergic
neurodegeneration, and whether these AGEs are also present in other diseases, such

as diabetes and neuromuscular diseases.
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