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Abstract. Aging is a major risk factor for Parkinson’s disease (PD). Genetic mutations account for a small percentage of cases
and the majority appears to be sporadic, with yet unclear causes. However, various environmental factors have been linked to
an increased risk of developing PD and, therefore, understanding the complex interplay between genetic and environmental
factors is crucial for developing effective disease-modifying therapies. Several studies identified a connection between type 2
diabetes (T2DM) and PD. T2DM is characterized by insulin resistance and failure of 3-cells to compensate, leading to hyper-
glycemia and serious comorbidities. Both PD and T2DM share misregulated processes, including mitochondrial dysfunction,
oxidative stress, chronic inflammation, altered proteostasis, protein aggregation, and misregulation of glucose metabolism.
Chronic or recurring hyperglycemia is a T2DM hallmark and can lead to increased methylglyoxal (MGO) production, which
is responsible for protein glycation. Glycation of alpha-synuclein (aSyn), a central player in PD pathogenesis, accelerates
the deleterious aSyn effects. Interestingly, MGO blood plasma levels and aSyn glycation are significantly elevated in T2DM
patients, suggesting a molecular mechanism underlying the T2DM - PD link. Compared to high constant glucose levels,
glycemic variability (fluctuations in blood glucose levels), can be more detrimental for diabetic patients, causing oxidative
stress, inflammation, and endothelial damage. Accordingly, it is imperative for future research to prioritize the exploration of
glucose variability’s influence on PD development and progression. This involves moving beyond the binary classification
of patients as diabetic or non-diabetic, aiming to pave the way for the development of enhanced therapeutic interventions.
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the typical Mendelian inheritance pattern and are usu-
ally referred to as genetic PD. However, the majority
of cases is sporadic and little is known about the
interplay between environmental and genetic factors
that trigger, facilitate and aggravate PD pathogenesis
[3, 4]. A number of risk factors including rural liv-
ing, farming, head injury, constipation and well-water
consumption have been correlated with an increased
risk to develop PD [5-7]. Therefore, deciphering the
complex architecture of genetic and environmental
factors that increase the risk for PD development is
essential in order to enable the development of effec-
tive disease-modifying therapies.

TYPE 2 DIABETES MELLITUS: AN
ESTABLISHED RISK FACTOR FOR PD

Diabetes is a widespread and highly heterogenous
group of metabolic disorders. The most prominent
types of diabetes are type 1 (T1DM) and type 2
diabetes (T2DM). T2DM is characterized by long-
term insulin resistance and/or insulin action and the
failure of B-cells to compensate for this. It con-
stitutes 90-95% of all DM cases [8]. In contrast,
T1DM is an autoimmune disease that involves the
destruction of insulin-producing pancreatic $-cells.
Hyperglycemia is a characteristic feature of both
T1DM and T2DM. Strikingly, due to the tremen-
dous impact of metabolic alterations at an organismal
level, diabetes is associated with several comorbidi-
ties including retinopathy, neuropathy, hypertension
and vascular complications [9-12].

Epidemiological studies recently provided
unequivocal evidence for a connection between
diabetes and PD. In fact, several prospective and
retrospective studies have assessed the prevalence
of T2DM in PD patients, the risk of developing PD
in T2DM patients, and the impact of T2DM on PD
severity and progression [13-20].

Nevertheless, a connection between T2DM and
PD has been debated for several years. Interestingly,
case-control studies showed no increased risk for
developing PD in diabetic individuals [21]. How-
ever, case-control studies are more typically suffering
from selection- and survival bias as well as reverse
causality. In contrast, meta-analyses reported a 27—
38% increase in risk of PD among diabetic patients
and a 4% increase for prediabetic patients [21-25].
The odds ratio for T2DM patients to also develop
PD is highest in studies involving older participants,
suggesting also an age association [26]. In addition,

clinical studies reveal that PD patients with comorbid
T2DM frequently experience more severe forms of
PD after T2DM onset [22, 27-29]. However, whether
this association truly represents a causal link is still
matter of debate.

WHAT ABOUT TYPE 1 DIABETES?

Since T1DM is far less frequent when compared
to T2DM, data on the association between T1DM
and PD are much sparser, and still controversial.
For example, a GWAS study revealed an association
between type 1 diabetes and PD [30]. Two epidemi-
ological studies in Denmark and Sweden found no
increased risk for PD in TIDM patients [31, 32]. In
contrast, a study using data of 1.8 million individu-
als in Austria confirmed the relation between T1DM
and PD (2.3, CI 1.9-2.7 for DM1) [33]. This sug-
gests additional studies will be necessary to clarify a
putative connection between T1DM and PD.

IMBALANCED FASTING GLUCOSE
LEVELS IN DIABETES

Lifestyle and genetic susceptibility affect onset
and pathology of both T2DM and PD. Strikingly,
accumulating evidence suggests that the two dis-
eases share pathological mechanisms and influence
the onset and progression of each other.

Based on our understanding of various disease pro-
cesses, and frequent comorbidities, it is clear that we
need to engage multidisciplinary teams of physicians
and healthcare providers in order to treat different
conditions. This is particularly true in the context
of PD and T2DM. Importantly, we propose to not
simply use the binary discrimination diabetic/non-
diabetic, as this may compromise our understanding
of the underlying molecular mechanisms involved in
T2DM and PD.

Traditionally, T2DM or pre-T2DM is diagnosed
based on either glycated hemoglobin (HbAlc) or
single-time-point measurements of blood glucose
concentration. Glycated HbAlc levels allow us to
evaluate the glycemic control of the previous 3
months. One-time measurements of capillary blood
glucose levels provide information on the levels at the
time of measurement. Importantly, advances in con-
tinuous glucose monitoring devices in the last years
enable continuous measurements of blood glucose
levels and trends, providing insight into an indi-
vidual’s glycemic variability, i.e., swings in blood
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glucose levels throughout the day, with both hypo-
glycemic episodes and also peaks of high glucose
levels, in the case of certain meals [34]. While
a certain degree of glycemic variability is a nor-
mal physiological phenomenon, glycemic variability
seems to be increased in prediabetic and diabetic
individuals [35]. It is well established now that
the blood sugar levels of many people are more
dynamic and show higher peaks than expected. A
study with 80 adults without diabetes diagnosis
used continuous blood glucose monitoring and found
that 9% of individuals experienced daily episodes
with blood glucose levels in the diabetic range
[36]. Another study characterized glucose fluctua-
tions and distinguishes three types of “glucotype”
with increasing variability (low, moderate, severe).
Interestingly, 25% of normoglycemic individuals
experienced severe glycemic variability with predi-
abetic and diabetic glucose levels [37].

GLYCEMIC VARIABILITY CAN HAVE
MORE DELETERIOUS EFFECTS THAN
CONSTANT HIGH GLUCOSE LEVELS

Apart from the harmful consequences of hyper-
glycemia for diabetic patients, it has been known for
several years that strong fluctuations in glucose levels
present an additional burden (see model in Fig. 2).
Fluctuations in glucose over a period of 24 hours
causes more endothelial damage than higher constant
glucose levels [38]. Compared to constantly high
glucose levels, glycemic variability leads to more
oxidative stress, inflammation and apoptosis, and is
linked to the development and severity of diabetic
complications [39—41]. HbAlc levels do not provide
information about glucose oscillations and individu-
als with very similar HbAlc can have significantly
different diurnal glucose variation.

HYPERGLYCEMIA AND GLYCATION:
ONE POSSIBLE CONNECTION BETWEEN
PD AND DIABETES

Given the clinical associations between DM and
PD, it is important to determine the molecular mech-
anisms underlying this link. Both PD and DM are
chronic disorders that are mainly experienced by peo-
ple in the second part of their lives. Furthermore, both
conditions are of multifactorial origin, with a variety
of genetic variants and environmental factors acting
in combination. In addition, PD and DM share sev-

eral misregulated processes and pathways, including
mitochondrial dysfunction, oxidative stress, chronic
inflammation, altered proteostasis, protein aggrega-
tion, and misregulation of glucose metabolism [42].
Interestingly, some mouse lines in use as DM mod-
els show pathological characteristics that resemble
early PD features [43], and antidiabetic drugs are now
being tested in PD [44].

Insulin, secreted by the pancreatic 3 cells, acti-
vates insulin receptor substrates via insulin receptors
(IRs), and acts to maintain blood glucose levels sta-
ble. Since insulin does not increase cellular glucose
uptake in the brain, the brain was long assumed to
be glucose-insensitive. However, more recent stud-
ies revealed that insulin plays an important role in
neuronal survival and brain function, and that sev-
eral insulin receptors are expressed in various brain
regions [45, 46]. Insulin resistance is a pathological
condition in which cells fail to properly sense and
respond to insulin. While insulin resistance is a cen-
tral problem in DM, it has also been described in the
brains of PD patients [47].

Both T2DM and PD are associated with the accu-
mulation of misfolded proteins that form amyloid
aggregates. The majority of DM patients display
amyloids of “islet amyloid polypeptide” (IAPP) in
the insulin-secreting pancreatic cells, causing cellu-
lar dysfunctions and ultimately death [48, 49]. In vitro
experiments suggest that aSyn and IAPP can cross-
seed each other aggregation and amyloid formation
[50].

Mitochondrial dysfunction is an early event in PD
pathogenesis, and a variety of familial PD-related
genes are involved in mitochondrial function [51]. In
addition, many PD-causing toxins, including those
that are currently used to model parkinsonism in the
laboratory, act on mitochondria [52].

While many pathological pathways have been
connected to connect PD and DM, chronic or recur-
ring hyperglycemia is a central hallmark of T2DM
and is thought to account for most of the T2DM
associated complications. Neurons are particularly
sensitive to high glucose levels and hyperglycemia
leads to a variety of direct neurotoxic effects [53].
In addition to its direct effects, higher glucose
levels also lead to increased production of reac-
tive oxoaldehydes including methylglyoxal (MGO),
a glycolytic by-product that forms primarily from
glyceraldehyde-3-phosphate and dihydroxyacetone
phosphate (see Fig. 1) [54]. MGO is a dicarbonyl
that reacts with lysine, arginine, the proteins N-
terminus and thiol groups of cysteines in a series
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of chemical reactions known as glycation. While a
plethora of sugars and metabolites resulting from
sugar metabolism can cause glycation in physiologi-
cal contexts, MGO is the most reactive molecule [55,
56]. In physiological glucose concentrations, cells are
protected from MGO by the glyoxalase system. Gly-
oxalase 1 and 2 react with MGO in the presence of
reduced glutathione, forming lactate [57]. Interest-
ingly, MGO plasma levels are significantly elevated
in T2DM patients [58]. Consistently, patients with
diabetic nephropathy, a major diabetic complication,
have twice as high MGO plasma levels as healthy
controls [59-62].

On average, MGO levels are elevated in diabetic
individuals, and several studies suggest that MGO
levels may discriminate patients with and without
certain diabetes complications. Even though pre-
cise measurements of MGO are challenging, [63]
diabetes-affected individuals with pain in the foot
have higher MGO levels, compared to either healthy
controls or diabetes-affected individuals with no pain
[64]. Higher MGO levels correlate with cardiovas-
cular damage in TIDM and T2DM patients [65].
Likewise, higher MGO levels correlate with dia-
betic polyneuropathy and nephropathy, both frequent
T2DM complications [61, 66]. To date, no consen-
sus on how glycemic variability should be measured
and classified has been reached [67]. To our knowl-
edge, so far only one study reported that increased
long-term variability of fasting plasma glucose is
associated with an increased risk to develop PD in
non-diabetic individuals [68].

Accumulating evidence suggests now that glyca-
tion provides a molecular link between PD and T2DM
[69]. Lewy bodies, the pathognomonic proteinaceous
inclusions found in most post mortem PD brains,
show elevated levels of AGEs [70]. In addition, it
was shown that AGE levels are elevated in sev-
eral brain regions of cases with PD-related changes
[71]. Using an in vitro mouse model we showed
that MGO can glycate alpha-synuclein (aSyn) in the
brain [72]. Glycation leads to reduced membrane
binding and clearance through a reduction in «SN
ubiquitination and SUMOylation. Glycation of aSyn
may lead to the loss of function of glyceraldehyde
3-phosphate dehydrogenase, an enzyme involved in
glycolysis and implicated in neurodegenerative dis-
orders [73]. Numerous studies have demonstrated
that glycation of aSyn has significant impacts on the
aggregation behavior of aSyn and reduces fibril for-
mation [74-77]. Additionally, glycated aSyn shows
minimal incorporation into fibrils [78].

Interestingly, glycation accelerates the formation
of toxic aSyn oligomers, as observed in cell and
animal models [74, 78]. Since aSyn is a long-lived
protein, rich in lysine residues (15 residues), it is
prone to glycation in various sites. Interestingly,
we found that the aSyn N-Terminus is particularly
susceptible to glycation [74]. Importantly, DJ-1, a
protein with a proposed deglycase activity [79], is
associated with a recessive form of PD, suggesting
a loss of function might be at play, but additional
studies will be necessary to establish this connection.

Thus, for all of the above, we posit that
hyperglycemia-induced glycation is one of several
mechanisms that may contribute to the increased risk
of PD in DM patients.

DIABETES AND PD: CONNECTED BY
TIME

The suggested effects induced by glycemic vari-
ability are generally all of relatively low intensity.
However, it is important to note that PD is a pro-
gressive condition with a long pre-motor phase, with
manifestations that tend not to be specific for PD. The
pre-motor phase can last for several years, or even
decades and, during this phase, dopaminergic cell
loss is likely to progress until the midbrain circuits
are no longer able to function properly, leading to the
typical cardinal motor features of PD. Strikingly, it is
estimated that, by the time a patient experiences the
characteristic motor symptoms, 40%—60% of neu-
rons in the substantia nigra have already been lost
[80, 81]. Consequently, efficiently targeting neurode-
generation in the pre-motor phase is a major goal
of ongoing research. Thus, although the pathologi-
cal mechanisms associated with aSyn glycation may,
alone, have only mild detrimental effects, we need
to consider these can accumulate over several years
and decades, thereby tipping the proteostasis network
and, thereby, contribute to the pathology.

CONCLUSIONS

The frequency and severity of glycemic variation in
healthy, pre-diabetic, and diabetic individuals argues
for studies that not only distinguish patients based on
mean glucose levels and/or diabetes diagnosis but,
instead, relate blood glucose variability or glucotypes
to PD. This research will advance the understanding
of lifestyle-related factors that contribute to the devel-
opment of PD, and how we might be able to intervene
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Fig. 1. MGO is formed as a side-product of glycolysis. The spontaneous degradation of glyceraldehyde-3-phosphate (GA3P) and dihydrox-

yacetonephosphate (DHAP) generates MGO. The glyoxalase system, a set of enzymes, is responsible for detoxification of MGO, forming
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Fig. 2. Oscillations of glucose levels and diabetic complications. Strong oscillations of glucose levels—glycemic variability—throughout
the day contribute to diabetic complications, and possibly increase susceptibility to PD.

to reduce the risk. One challenge in PD care is that the those using artificial intelligence to integrate differ-
typical motor features and, consequently, diagnosis, ent modalities of datasets that capture the biological
usually appear many years or even decades after dis- complexity of PD, will enable the combined assess-
ease onset. Therefore, novel approaches, including ment of risk factors, including glucotypes, thereby
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facilitating the identification of individuals at high
risk for PD development and providing strategies to
slow down disease progression [82, 83].
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