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Abstract: Parkinson’s disease (PD) is the second most common neurodegenerative disease after
Alzheimer’s disease affecting more than 1% of the population over 65 years old. The etiology of the
disease is unknown and there are only symptomatic managements available with no known disease-
modifying treatment. Aging, genes, and environmental factors contribute to PD development and
key players involved in the pathophysiology of the disease include oxidative stress, mitochondrial
dysfunction, autophagic-lysosomal imbalance, and neuroinflammation. Recent epidemiology studies
have shown that type-2 diabetes (T2DM) not only increased the risk for PD, but also is associated
with PD clinical severity. A higher rate of insulin resistance has been reported in PD patients
and is suggested to be a pathologic driver in this disease. Oral diabetic drugs including sodium-
glucose cotransporter 2 (SGLT2) inhibitors, glucagon-like peptide-1 (GLP-1) receptor agonists, and
dipeptidyl peptidase-4 (DPP-4) inhibitors have been shown to provide neuroprotective effects in
both PD patients and experimental models; additionally, antidiabetic drugs have been demonstrated
to lower incidence rates of PD in DM patients. Among these, the most recently developed drugs,
SGLT?2 inhibitors may provide neuroprotective effects through improving mitochondrial function
and antioxidative effects. In this article, we will discuss the involvement of mitochondrial-related
oxidative stress in the development of PD and potential benefits provided by antidiabetic agents
especially focusing on sglt2 inhibitors.
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1. Introduction

Parkinson’s disease (PD) is the most common progressive neurodegenerative move-
ment disorder with increasing prevalence among societies with a growing aging popula-
tion [1]. Beyond the cardinal motor symptoms, tremor, rigidity, bradykinesia/akinesia,
and postural instability, the life quality of PD patients is also compromised by non-motor
features including cognitive impairment, hyposmia, sleep disorders, depression, consti-
pation, and autonomic dysfunction [2,3]. Characteristic pathological hallmarks include
the dopaminergic neuronal loss notably in the substantia nigra pars compacta and the
accumulation of intraneuronal proteinaceous inclusions termed Lewy bodies which are
enriched in x-synuclein protein aggregates [4]. As the disease progress, loss of dopamin-
ergic neurons spread from the ventrolateral substantia nigra in the early-stage to become
widespread to several different brain regions. Meanwhile, the Lewy pathology is observed
initially in the olfactory system, then cholinergic, monoaminergic brainstem neurons, and
to the limbic and neocortical brain regions with disease progression according to Braak’s
pathological classification. Based on canonical understanding from modern neuroscience,
effective symptomatic treatment is available with dopaminergic replacement therapy as the
golden standard for PD. However, there is still no cure for the slowly progressive nature
of this degenerative disease and a better understanding of the pathophysiology of PD
may render clues for disease modification of this notorious disease. The exact etiology
underlying PD is not certain but relative contributions of age, genes, environmental factors,
and lifestyle are reported [5]. In the 1980s, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a mitochondrial complex I inhibitor, was found to induce parkinsonism in patients
exposed to synthetic heroin contaminated with this neurotoxin [6]. Since then, the role
of mitochondria in PD pathogenesis was highlighted. Supporting this, other pesticides,
herbicides, and heavy metals known to increase PD risk based on epidemiology stud-
ies were also found to cause mitochondrial dysfunction [7-9]. In animal models of PD,
neuronal death and neurobehavior deficits can be caused by mitochondrial dysfunction
and oxidative stress which were linked to intracellular calcium balancing, redox home-
ostasis, the autophagic-lysosomal system, and mitochondria-dependent apoptosis [10,11].
Although most PD cases are sporadic in nature (~95%), approximately 3% of the sporadic
and 30% of the familial PD cases are caused by monogenic mutations, functional studies of
these involved PD susceptible genes provide crucial information of PD pathogenesis [12].
Pathogenic mutations leading to autosomal recessive forms of PD have been reported in
PRKN (PARK?2), PINK1 (PARKS®), DJ-1 (PARK?), ATP13A2 (PARKY), and FBXO7 (PARK15),
PLA2G6 (PARK14), DNAJC6 (PARK19a,b) SYNJ1 (PARK20), and VPS13C (PARK23) while
the autosomal dominant PD genes involved include the SNCA (PARK1), LRRK2 (PARKS),
VPS35 (PARK17), and CHCHD? [13-15]. The above-mentioned genes and proteins they
encode are all now known to be involved in the mitochondrial quality control system,
mitophagy in particular, and the tightly related autophagic-lysosomal system [16,17]. Evi-
dence for further involvement of mitochondrial processes in sporadic PD was suggested by
Billingsley et al. that it is not only mitochondrial quality control and homeostasis, which
contributes to PD risk but also other key mitochondrial processes, such as the function of
mitochondrial ribosomes; this mirrors the biological complexity of mitochondrial disorders
and a proportion of the “missing heritability” of sporadic PD (about 23%) can be explained
by additive common genetic variation [18]. Participation of the autophagic-lysosomal sys-
tem in PD is also reported clinically as a higher incidence of PD is observed in the lysosomal
storage disorder Gaucher disease and the discovery of mutations in the glucocerebrosidase
(GBA) gene in the development of idiopathic PD [19]. Mitochondria produce most of the
intracellular energy adenosine triphosphate (ATP) from the electron transport chain (ETC)
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during the process of oxidative phosphorylation (OXPHOS) with reactive oxygen species
(ROS) as byproducts. In redox homeostasis, intracellular antioxidative mechanisms balance
the ROS produced in the mitochondria and do not induce cellular stress; however, under
excessive ROS production or decreased antioxidative effects, oxidative stress occurs leading
to oxidative damage of macromolecules such as DNA, proteins, and phospholipids.

In recent decades, an emerging body of evidence has connected PD and type 2 diabetes
mellitus (T2DM) [20]. In cohort studies and a meta-analysis covering different ethnics
including Caucasians, Asians, and Africans, pre-existent T2DM was reported not only
to be associated with increased risk of developing PD, but also with faster progression
rate and a more severe phenotype [21,22]. In addition, 50-80% of patients with PD have
abnormal glucose tolerance which can be further exacerbated by levodopa therapy and the
severity of hyperglycemia is related to nigrostriatal dopaminergic neurodegeneration in
experimental animals [23,24]. The disruption of the insulin signaling can lead to insulin
dysregulation, mitochondrial dysfunction, neuroinflammation, altered synaptic plasticity,
and eventually neurodegeneration [25]. Therefore, there may be a shared common patho-
genesis between PD and T2DM. Current investigation into the usage of established diabetes
drugs in the management of PD is now under trial including sodium-glucose cotransporter
2 (SGLT2) inhibitors, glucagon-like peptide-1 receptor agonists (GLP-1RA), and dipeptidyl
peptidase-4 (DPP-4) inhibitors. Among these, the recent star of T2DM control and cardio-
vascular diseases, the SGLT2 inhibitors, also called gliflozins, are a class of medications
that inhibits reabsorption of glucose via the SGLT2 in the kidney and therefore lower
blood sugar. Apart from blood sugar control, SGLT2 inhibitors have been shown to pro-
vide significant cardiovascular benefits, reduce body weight, and systolic/diastolic blood
pressure in T2DM patients. The glucose-lowering effect provided by SGLT2 inhibitors
decreases ROS production (both cytosolic and mitochondrial) and protects the integrity of
the mitochondprial function through decreasing AGEs generation, inhibiting NOX activity,
lowering HbAlc levels, stimulating antioxidative systems, elevating antioxidative enzyme
levels, and decreasing inflammation [26-29]. Improved mitochondrial functions by SGLT2
administration were demonstrated in the reduced mitochondrial ROS production, restored
mitochondrial membrane potential, increased ATP generation, equilibrium of mitochon-
drial morphology related proteins, and decreased cell death [30]. Here, in this review, we
will discuss the involvement of mitochondrial related oxidative stress in the development
of PD, the potential shared cellular mechanisms between T2DM and PD, and possible
benefits provided by antidiabetic agents for disease modification of PD especially focusing
on SGLT?2 inhibitors.

2. Mitochondria Biology and Oxidative Stress and Mitochondrial Dependent
Cell Death

Mitochondria are essential for life. Centered as the main cellular ATP generator
through the OXPHOS mechanism and positioned at the heart of cellular metabolism this
organelle is complex, dynamic, and communicative within the cellular society through
various signaling pathways. Paradoxically the mitochondria are also essential for cell
death, and when there is excessive mitochondrial regulation of cell death in neurons,
neurodegeneration may occur.

2.1. Mitochondrial Biology

The mitochondria are made up of two membranes encompassing two compartments:
the mitochondrial matrix, the mitochondrial inner membrane (MIM), the intermembrane
space (IMS), and the mitochondrial outer matrix (MOM). The MIM has many invaginations
termed cristae which harbor the ETC complexes (complex I to IV) and the F;Fy-ATP
synthase. The matrix is the site of multiple energy metabolism pathways whose metabolites
(nicotinamide adenine dinucleotide [NADH] and flavin adenine dinucleotide [FADH,])
are oxidized to generate electrons which are fed to the ETC complexes. These electrons
are then passed through the complexes until transferred from complex IV to the terminal
acceptor, oxygen, which is reduced to water. As electrons are transferred from the donor
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to the more electronegative acceptor, energy is released to enable the ETC complexes to
pump protons from the matrix across the MIM to the IMS. As MIM is impermeable to
protons, an electrochemical gradient is established across the MIM called the mitochondrial
membrane potential (AYm). The resulting proton gradient drives proton flow from the IMS
through the F;Fy-ATP synthase back to the matrix and adenosine diphosphate (ADP) is
phosphorylated to ATP. This coupling of oxidation electron transfer through the ETC and
the final phosphorylation of ADP is known as the OXPHOS [31]. Within each mitochondrial
matrix are 2-10 copies of genome independent from that of the nucleus, the mitochondrial
DNA (mtDNA). Each set of the genome encodes 37 genes for 13 polypeptides that are key
components of the OXPHOS system, a 16S rRNA (large ribosomal unit), a 125 rRNA (small
ribosomal unit), and 22 mitochondrial transfer RNAs [32].

2.2. Mitochondrial ROS

Although mitochondria generate most of the cellular ATP effectively, they are the
greatest consumer of cellular oxygen, which make them the main generators of ROS as
byproducts. Under physiological conditions, 0.2-2% of the electrons in the ETC leak out
during electron transmission [16], especially via the mitochondrial complexes I and III [16].
Leaked electrons are taken up by O, to form the primary ROS, superoxide anion radical
O,°~ which are rapidly dismutated to the more stable hydrogen peroxide (H,O;) by
manganese (Mn)-superoxide dismutase (Mn-SOD/SOD2) in the mitochondria. HyO; can
then be further detoxified to harmless water with the help of antioxidative enzymes such
as glutathione peroxidase (GPx). However, in the presence of transition metal cations such
as ferrous ion (Fe?") or Cuprous ion (Cu™*), HyO, can react with O,*~ to form the harmful
hydroxy radical (HO®) via the Fenton reaction [33,34]. Murphy et al. have well-reviewed
the topic on mitochondrial ROS production and showed that apart from the OXPHOS,
ROS are also produced in other sites of the mitochondria (matrix, IMS, and MOM) [35].
Equilibrium must be kept between ROS production and cellular antioxidative systems
(antioxidative enzymes and antioxidants) to prevent oxidative damage. Among these,
the main antioxidative defense enzymes for superoxides are the superoxide dismutases
(SODs), which dismutate O,°~ into HyO, and O, with the help of cofactors such as CuZn
and Mn [36]. Three isoforms of SODs exist—copper/zinc (Cu/Zn)-SOD (SOD1) is in
the cytoplasm and IMS, Mn-SOD (SOD?2) is located in the mitochondrial matrix, and
Cu/Zn-SOD (SOD3) is extracellularly located [37]. Mitochondrial H,O; is eliminated by
the scavenging of the NADPH-dependent glutathione (GSH) and thioredoxin-2 (Trx2)
antioxidative systems. Another H,O, scavenger, catalase, mainly present in the cytoplasm,
is found at very low amounts in brain and heart mitochondria, but more abundant in
liver mitochondria [38]. Disequilibrium between the generation of ROS and antioxidative
systems causes oxidative stress which brings about damage to macromolecules such as
proteins, lipids, and DNA. This may subsequently lead to cellular dysfunction or even
cell death [39].

2.3. Mitochondria Dynamics, Autophagy, and Mitochondria Mediated Intrinsic Apoptosis

Mitochondria are dynamic organelles and their functions rely on the constant mor-
phological alterations, motility, and positioning that support mitochondrial stability, abun-
dance, distribution, and quality for cells to cope with challenging environments [40]. These
organelles form a complex interconnected network and display a diverse range of morpho-
logical structures. Through small-scale fusion, they can share and complement membrane,
matrix protein, and possible mtDNA [41]. Other effects of mitochondrial fusion include
increased energy production, increased cellular proliferation, and protection against apop-
totic stress [42]. The three main proteins involved in the fusion of mammalian mitochondria
are the GTPases optic atrophy 1 (OPA1) and the two mitofusins (MFN1 and MFN2) [43].
On the contrary, the mitochondria are able to segment dysfunctional portions through
mitochondrial fission and enable the degradation of damaged daughter mitochondria via
autophagy, also termed mitophagy [44]. The central protein in mitochondrial division
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is another GTPase, the dynamin-related protein 1 (Drpl). Mitochondria being critical
for cell survival, it is essential for the organelle to maintain a healthy network through
mitochondrial quality control [45]. This is dependent upon a healthy lysosomal system for
mitophagy and mitochondrial-derived vesicles (the degradation of damaged mitochondrial
proteins via vesicle trafficking to the lysosome) [45]. In addition to morphological changes
and quality control, mitochondria are also dynamic in trafficking through the cell via
interaction with the MOM-localized GTPase-like proteins MIRO1/2 along microtubules
for distribution [46]. Another function of the mitochondria is to assist in spatio-temporal
organization of cellular calcium (Ca?*) homeostasis which signal many intracellular pro-
cesses in health and disease [47]. Ca®* uptake into the mitochondria is driven by A%,
generated via the ETC and Ca?* [47] enters the MOM through the voltage-dependent anion
channel (VDAC) and the MIM mainly through the mitochondrial Ca?* uniporter (MCU).
Ca?* exit is rapid and occurs via the Na*-Ca?* and the H*-Ca?* exchangers (NCLX and
HCX) [48]. When the mitochondria are under stress, initial defect can be compensated
for by mitochondrial dynamics via increased quality control, as well as additional signals
sent to other cellular organelles for survival such as through the mitochondrial uncoupled
protein response [49,50]. However, when stress is overwhelming, the mitochondria can also
send signals to induce mitochondrial-dependent intrinsic apoptosis. Mitochondrial outer
membrane permeabilization (MOMP) is the ultimate step in the various apoptotic signal
transduction pathways which converge on the mitochondria [51]. Mechanisms underlying
these mitochondrial-dependent apoptosis has also been implicated in the pathogenesis of
neurodegenerative diseases such as PD as well as T2DM [48,52,53]. Studies focused on
targeting mitochondpria in PD propose mitochondrial permeability transition pore (mPTP)
inhibition in numerous PD adjuvant drugs such as pramipexole, safinamide, ropinirole,
rasagiline, and minocycline [52]. One of the representative systems proposed to be re-
sponsible for the MOMP is the mPTP [51]. The mPTP is a non-specific channel located
in the MIM which can exhibit transient, moderate, or long-lasting openings [54,55]. In
the case of mitochondrial ROS and/or Ca?* overload, long-lasting opening of mPTP is
triggered. This allows a rapid and massive passage of ions and large molecules, which
can dissipate AY, ang result in cell death [53]. The precise molecular composition and
identity of the mPTP is highly controversial but candidates include the adenine nucleotide
translocase (ANT), the voltage dependent anion channel (VDAC), spastic paraplegia 7
(SPG?7), phosphate carrier (PiC) and components of the ATP synthase [54]. Another sig-
naling pathway of mitochondrial-dependent intrinsic apoptosis is through triggering of
proapoptotic BH3-only proteins with Bcl-2-associated X protein (BAX) and B-cell lym-
phoma 2 homologous antagonist killer (BAK) to cause MOMP, the release of proapoptotic
factor cytochrome c from the IMS, activation of apoptotic peptidase activating factor 1
(Apaf-1), subsequent activation of caspase cascades (initiator caspase 9, and terminal
executioner caspases 3 and 7) [55,56], and eventually cell death [57].

3. The Linkage between DM and PD

DM is characterized by defective glucose metabolism and is the most widespread
metabolic disorder. The disease affects over 400 million adults worldwide with a doubling
prevalence since 1980 related in part to the rise of overweight and obese in the popula-
tion [58]. As early as 60 years ago, Schwab et al. observed a connection between PD and DM
and suggested the presence of DM may contribute to the rapidity of progression and reduce
the chances of a favorable prognosis in PD [59]. Later on, a prospective study based on the
Finnish population associated for the first time T2DM with an increased risk of PD (odds
ratio = 1.85 [95% CI 1.23-2.80]), in 2007 [60]. Thereafter, investigations in Europe, the US,
and Asia substantiate these findings and recent cohorts evidence that pre-existing DM is a
risk for younger-onset PD and affect both motor progression and cognitive decline [61-63].
In idiopathic PD subjects, the presence of DM results in a greater rate of cognitive decline,
associated with higher white matter atrophy during a 3-year period of follow-up MRI
imaging and neuropsychological assessments [64]. Impaired glucose tolerance and hyper-
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glycemia were more commonly present in non-diabetic parkinsonian patients compared
with the age-matched control group [65]. The brain is an insulin-sensitive organ with in-
sulin receptors identified in several regions of the brain [66]. These insulin signal pathways
regulate important physiological effects including neuronal development, glucoregulation,
body weight, and cognitive processes [67]. Additionally, insulin mRNA was found in
the periventricular nucleus of the rat hypothalamus [68] and the finding that there is a
higher concentration of C-peptide in the postmortem brain than in the blood of human
cadavers further suggests that insulin is produced locally in the CNS [69,70]. As insulin
in the brain contributes to the control of nutrient homeostasis, cognition, memory, as well
as neuromodulatory and neuroprotective effects, alterations of these functional activities
may contribute to the manifestation of clinical entities, including central insulin resistance
and T2DM [67]. Central insulin resistance favors an adaptive increase in food intake with
resulting peripheral alteration of glucose homeostasis [71,72]. Resulting elevation of free
fatty acids signals the release of pro-inflammatory cytokines, which then activate insulin
inhibition signaling and the further promotion of insulin resistance [73]. Several studies
have also suggested that brain mitochondrial dysfunction may be one of the underlying
mechanisms contributing to brain insulin resistance and cognitive impairment in the obese
condition [74]. In conjunction, insulin receptors are found in the basal ganglia and sub-
stantia nigra and growing evidence suggests insulin plays an essential role in regulating
dopaminergic transmission and maintenance of synapse [75]. Additionally, patients with
PD show marked loss of insulin receptor mRNA in the substantia nigra with increased
insulin resistance compared with age-matched control [76]. A critical component of intact
insulin signaling is the phosphorylation of insulin receptor substrate-1 (IRS-1) on serine
residues which prevent insulin/IGF-1 binding to the insulin receptors and subsequent
activation of downstream effectors. Central insulin resistance in AD has proposed an
association with elevated levels of phosphorylated IRS-1 at serine residues 636 and 616 [77].
The finding that levels of IRS-1 pSer312 are elevated in blood of PD mice models and blood
neuron-derived extracellular vesicles of PD patients may indicate mechanisms of insulin
resistance in PD [78,79]. Taken together, therefore, the key DM feature, systemic insulin
resistance is also present in the brain of PD patients [80,81].

Indeed, in a non-diabetic PD cohort by Hogg et al. almost two-thirds of the individuals
were found to be insulin-resistant (HOMA-IR > 2.0 and/or HbAlc > 5.7), though often
with normal fasting glucose and glycated hemoglobin (HbA1lc) [82]. Most recently, Markaki
et al. report HbAlc levels outside the window of euglycemia (i.e., <31 and >41 mmol/mol)
were associated with faster motor symptom progression, independent of age and vascular
risk factors, and euglycemia indicates more favorable motor outcome in PD [83]. The cross-
talk between glycometabolic derangement and inflammatory response may be important
participants in PD motor and cognitive decline. In addition to aging, an increase in HbAlc
levels had been shown to be associated with central dopaminergic activity decline in
non-diabetic persons [84-86].

Linkage between (3-cell dysfunction and neurodegeneration during the aging process
has been shown by studies with the purpose to clarify the interrelationship between gly-
cometabolic derangement, mitochondrial dysfunction related oxidative stress, inflammatory
response, and PD via investigating dietary effect on PD risk [87-89]. In agreement with this,
the ketogenic diet containing very low carbohydrates was reported to be anti-inflammatory
and neuroprotective against mitochondrial complex I inhibitors in both MPTP and 6-OHDA
neurotoxic PD animal models [90,91]. Another study also suggested a dietary pattern
consisting of high intakes of vegetables, fruits, and fish is associated with a decreased risk of
PD in Japanese by measuring overall cumulative dietary pattern [92]. However, an inverse
relationship between dietary glycemic index and PD was reported from another study in
Japan which did not support a higher carbohydrate diet is related to PD [93].
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3.1. DM and PD Shared Common Pathogenesis- Mitochondrial Degeneration and
Oxidative Damage

Like other degenerative diseases, mitochondrial dysfunction and oxidative damages
also play a crucial role in the development of DM. The ROS generated from mitochondria
are the most important origin of oxidative stress in DM, although there are multiple sources
of oxidative stress in DM involving non-enzymatic (mostly glucose auto-oxidation and for-
mation of advanced glycation end products (AGEs)), enzymatic (including the polyol path-
way and the hexosamine biosynthetic pathway), and mitochondria [94]. Long-term high
blood sugar increases the ROS generating enzymes NADPH oxidases (NOX), some of which
are subcellular located on the mitochondria [95]. The resultant mitochondrial-induced ox-
idative stress causes further inhibition of mitochondrial respiratory chain enzymes, leading
to initiation of lipid peroxidation, inactivation of glyceraldehyde-3-phosphate dehydroge-
nase, and oxidative modifications of proteins [96]. Normalizing levels of mitochondrial
ROS decreases cellular oxidative damage and prevents glucose-induced activation of pro-
tein kinase C, formation of advanced glycation end-products, sorbitol accumulation, and
NF-kappa B (NF-«B) activation in cultured bovine aortic endothelial cells [97]. In addition,
DM-related increases in free fatty acid production and influx can lead to elevation of ROS
generation which further damages the mitochondria and causes deterioration of 3-cell
function [98,99]. It is suggested that perturbed insulin metabolism may both impair mito-
chondrial function and elevate ROS production, thus promoting increased oxidative stress
and initiating a vicious cycle of metabolic defects. Interestingly, apart from its antidiabetic
functions, metformin has antioxidative properties due to its weak mitochondrial complex I
inhibiting capability [100,101]. All these findings support that mitochondria integrity is
crucial in DM.

From a genetic point of view, variations of mtDNA can potentially alter mitochon-
drial function and thus be possible genetic etiology for DM and PD [89,102]. The human
mitochondrial genome is very compact and more than 90% of human mtDNA are com-
posed of coding sequences without containing introns but with a single major non-coding
region, called the D-loop region [103]. Due to the proximity of the mtDNA to ROS pro-
duced in situ by the mitochondria and lack of protective histones, human mtDNA is more
prone to mutations than the nuclear DNA [104]. These polymorphisms are mostly found
within the coding region of the mitochondrial genome [105]. For example, the pathogenic
mtDNA A3243G mutation in the tRNAM" (UUR) (MTTL1) gene is harbored by approxi-
mately 80% of cases of mitochondrial encephalomyopathy, lactic acidosis and stroke-like
episodes syndrome (MELAS), and also maternal inherited diabetes mellitus [106-111]. The
non-pathogenic mtDNA T16189C variant, a polymorphism located in the mitochondrial
D-loop region that regulate mtDNA replication is associated with increased oxidative
damage, altered antioxidative status in T2DM patients, metabolic syndrome, higher fasting
insulin concentration, insulin resistance index, and lacunar cerebral infarction in the Asian
population [112-116]. mtDNA haplogroups represent the major branch points to map
the evolutionary path of the human female lineage, based on the mitochondrial phylo-
genetic tree [117]. Our group has reported that the haplotype B4 (carrying the T16189C
variant) is associated with T2DM (odds ratio [OR], 1.54 [95% CI 1.18-2.02]; p < 0.001)
in the Chinese population, whereas subjects harboring haplogroup D4 have borderline
resistance against DM generation (0.68 [0.49-0.94]; p = 0.02) [112]. Additionally, we recently
reported an association between mitochondrial haplogroup F1 and risk of ischemic stroke
(OR 1.72:1.27-2.34, p = 0.001) in a patient study enrolling 830 Taiwanese ischemic stroke
patients and 966 normal controls [118]. In the same study, cytoplasmic hybrid (cybrid)
cells, fusion of mtDNA-depleted p° cells with platelets from donors harboring 20 of the
major haplogroups in the Asian population, were cultured. Tsai et al. demonstrated that
mitochondrial haplogroup F1 cybrids were associated with decreased oxygen consumption,
higher mitochondrial ROS production, and lower mitochondrial membrane potential [118].
All these data support the finding that mitochondrial dysfunction caused by mitochondrial
genetic variation is related to the risk of T2DM and the sequential elevated oxidative stress
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may lead to further neurological conditions. Similar to T2DM, alteration of mitochondrial
function caused by mtDNA variations have also been reported to be associated with PD
risks. Our group has reported that subjects harboring the mitochondrial haplogroup B5
have resistance against PD (odds ratio 0.50, 0.32-0.78; p = 0.002). Furthermore, a composite
mtDNA variant group consisting of A10398G and G8584A at the coding region was also
found to have resistance against PD [119]. Alike results were also reported later by another
group from a Chinese population that haplogroup B5 carriers were more resistant to PD
and subjects carrying haplogroup A5 were more susceptible to the disease [120]. Accord-
ingly, mitochondrial dysfunction related to mitochondrial genetic variation contributes to
the development of degenerative diseases including both T2DM and PD.

Thus, mitochondrial dysfunction and oxidative damage are shared by both neuron and
islet cell degeneration, and the usage of antioxidants or antidiabetic agents may potentially
provide protection and could halt the speed of declination [121].

3.2. The Usage of Anti-Diabetes Agents in Slowing PD Progression

As stated above, a tight linkage between PD and DM has been reported [63,122].
Repurposing existing antidiabetic drugs is emerging as potential candidates for the de-
velopment of promising therapeutic approaches for PD [123]. For example, traditional
glucose-lowering medication metformin was demonstrated to be associated with a lower
incidence of PD [124]. Neuroprotective effects of metformin on PD have also been demon-
strated in a large amount of animal and cellular studies through mechanisms including
inhibiting «-synuclein aggregation, reversing mitochondrial dysfunction, attenuating ox-
idative stress, modulating autophagy, and activation of the AMP-activated protein kinase
(AMPK) pathway [125-127]. Neuroprotective effects of glitazones, a class of peroxisome
proliferation-activated receptor gamma (PPARYy) agonist, have been shown in cellular and
animal studies. Rosiglitazone, a glitazone, arrested severe decline of striatal dopamine and
partial degeneration of the SNc through reverting PPAR-y overexpression in microglia,
countering the increase in CD11b immunoreactivity, and restoring tumor necrosis factor
o (TNF-«) expression down to control levels in a progressive MPTP /probenecid chronic
mouse model of PD [128]. Pioglitazone, another glitazone, was also shown to reduce
the expression of matrix metalloproteinases (MMP 3 and 9), which are known microglial
activators as well as a direct anti-inflammatory on microglia, in the substantia nigra of
6-hydroxydopamine (6-OHDA) rodent model of PD [129]. The use of glitazones has also
been shown to be associated with a 28% lower rate of PD compared to those prescribed
other antidiabetic agents in individuals with DM in a large population-based cohort study
from the UK [130]. Despite a definite conclusion needing further confirmation, a recent
exploratory meta-analysis supports the value of using glitazones in reducing PD incidence
in diabetic patients [131].

Another antidiabetic drug, the incretin hormone glucagon-like peptide-1 receptor
agonists (GLP-1RA), acts as an incretin mimetic and increases insulin secretion from the
pancreatic beta cells. Accumulating evidence suggests that the GLP-1 RAs can cross the
blood-brain barrier to influence several neuronal pathways, including inhibitory effects on
inflammation, promotion of mitochondrial biogenesis, neurotrophic effects, stimulation
of neurogenesis, and restoration of neuronal insulin signaling [132-134]. In different
preclinical models of PD, GLP-1 RAs showed neuroprotective effects, influencing motor
activity, dopaminergic neurons, cortical activity, and energy utilization in the brain [135].
Our group has also demonstrated the neuroprotective effects of liraglutide, in improving
mice neurobehavior and increasing neuronal survival in the substantia nigra through
affecting the mitochondrial morphology, enhancing autophagy flux, decreasing x-synuclein
aggregation, and decreasing oxidative stress in an acute MPTP mice PD model [136]. In an
open-label trial (NCT01174810), injections of exenatide improved overnight off-medication
motor symptoms and dementia in 44 PD patients.
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The other oral hypoglycemics, DPP-4 inhibitors (or gliptins) can enhance the bioavail-
ability of GLP-1 for the purpose of increasing incretin levels. For example, the DPP4
inhibitor sitagliptin could ameliorate rotenone-induced decrease of dopamine production
and improve motor function in a rotenone PD rat model, as discussed above [137]. Support-
ing this, treatment with DPP4 inhibitors confer beneficial effects on the baseline nigrostriatal
dopamine degeneration and long-term motor outcomes in diabetic patients with PD and
may extend its role into non-diabetic patients with PD [138]. Similar results have also been
reported by Brauer et al. that the use of DPP4 inhibitors and /or GLP-1 RA is associated
with a lower rate of PD compared to the use of other oral antidiabetic drugs [139].

4. SGLT2 Inhibitors and PD
4.1. SGLT? Inhibitors

SGLT?2 inhibitors, also called gliflozins, are a new class of medications that inhibits
the reabsorption of glucose in the kidney and therefore lower blood sugar by inhibit-
ing SGLT2. In 2013, canagliflozin became the first U.S. Food and Drug Administration
(FDA) approved gliflozin. The secondary-active glucose transporter, SGLT2, are predomi-
nately located on the brush border of epithelial cells in segments 1 and 2 of the proximal
convoluted tubule of the kidney and are responsible for more than 90% of the reabsorp-
tion of the glucose filtered at the glomerulus. Glucose molecules are absorbed across
the SGLT?2 against the concentration gradient across epithelial cells of the kidney using
energy provided by the sodium gradient across the brush-border membrane, which is
maintained by the Na* /K" ATPase [140]. By selectively blocking these glucose transporters,
SGLT2 inhibitors effectively block glucose reabsorption leading to enhanced glycosuria
and improved diabetes control independent of insulin [141] (Figure 1). In addition to
improving glycemic control, these drugs also reduce body weight and blood pressure
related to early natriuresis [142]. The benefits of SGLT2 inhibitors in cardiovascular and
renal outcomes have been reported in large outcome studies such as the EMPA-REG
OUTCOME trial [143], CANVAS (CANagliflozin cardiovascular Assessment Study) [144],
DECLARE-TIMI 58 [145], Comparative Effectiveness of Cardiovascular Outcomes (CVD
REAL) real-world study [146], and DAPA-HF trial [147]). These beneficial effects seem
to extend beyond improved glycemic control and underlying mechanisms are still being
extensively investigated. Proposed beneficial mechanisms of SGLT2 inhibitors include a
reduction in proinflammatory cytokines, a shift towards FFA and ketone bodies as the
metabolic substrate, reduced oxidative stress, reduced glomerular hyperfiltration, sup-
pression of advanced glycation end-product signaling, and increased hepatic glycogen
depletion with restoration of adequate catabolic periods [140,148]. Recent studies have also
demonstrated the involvement of SGLT2 inhibitor in restoring mitochondrial function and
activating the autophagy-lysosomal pathways [149], deficits in both these pathways have
been suggested to be pivotal in the development of neurodegenerative diseases such as PD.
This glucose transporter, SGLT2, has also been found in the hippocampus, cerebellum, and
at blood-brain barrier endothelial cells [150]. The particular anatomical distribution, along
with the pathophysiology similarities shared between PD and DM, paved the strategy of
using SGLT2 inhibitors for PD disease-modifying purposes.



Antioxidants 2021, 10, 1935

10 of 26

O
SGLT2 o
PCT inhibitors Pet o
/D:} ﬁ ,Jj) o o
Q Q o
_.«"" Tubular -~ Tubular A o
= epithelial cell o epithelial cell | __*, _
AL R S
! + ! KI
E NNa/keY E Na* Na'/k ¥ O E O O
| Ni/ATFI’asR Na+: K/ATTSN‘ y O O
[ 1 _ 1
I gy ™ 1 A B !
' (SGLT2] ! % |
| O<«6Lum2— »~ "'--—-”\O: «~N— 7 E
: Glucose: { )G'UCOSG:O
{1 ) B | B & o®

Basolateral
Capillary

Glucose resorption through
SGLT2 at segment 1 PCT

side:

Basolateral side:
Capillary

Apical side:o Q

Glomerular filtrate

Apical side:
Glomerular filtrate

Glucose excretion from
urine after SGLT2 inhibition

Figure 1. Resorption of filtered glucose in the proximal convoluted renal tubules. Filtered glucose in the kidneys is
reabsorbed via coordinated functions of Na*/K* ATPase and SGLT. Up to 90% of glucose resorption is through the SGLT2
located in the first segment of the proximal convoluted tubule. Addition of the SGLT2 inhibitors results in increased urinary

glucose excretion and therefore reduced serum glucose levels. (Abbreviations: SGLT, sodium-glucose cotransporters;

GLUT?2, Glucose transporter 2; PCT, proximal convoluted tubule).

4.2. Protective Mechanisms of SGLT2 Inhibitors on PD and DM: Antioxidative Activities and
Mitochondria Protection

As has been stated above, there is an increased risk of PD in DM patients and the
motor/non-motor symptoms are worse among PD patients with DM [151]. Through
excretion of filtered glucose at the proximal convoluted tubules, SGLT2 inhibitors attenuate
hyperglycemia-induced neuronal ETC overload and ROS production. With upsurge of
intracerebral glucose in hyperglycemic status, more fuel is given to the tricarboxylic acid
cycle (TCA) through glycolytic pathways in neurons, resulting in increased production of
electron donors, and amplified flux of electron donors toward OXPHOS [123]. Additionally,
surrounding astrocytes generate lactate from glycolysis which enter neurons, are converted
to pyruvate, and power the TCA cycle further [152]. The end result is ETC overload and
eventual increase in the proton gradient across the MIM which, in turn, impairs the normal
transportation of electrons through the mitochondrial complexes causing increased leakage
of electrons and the formation of ROS [35]. Of note, under hyperglycemic conditions, the
NADH/NAD ratio is high in the matrix, which favors the formation of O,°~ inside the
matrix [152]. Thus, oxidative stress related mitochondrial dysfunction can be partially
attenuated by effective antiglycemic effect provided by SGLT2 inhibitors in the CNS [148].
In addition, administration of SGLT2 inhibitors could elevate plasma levels of ketone bodies
which promotes oxidation of the mitochondrial coenzyme Q as an efficient energy source
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and could reduce the intracellular sodium overload to improve mitochondrial energetics

and oxidative defense [153] (Figure 2).
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Figure 2. SGLT2 inhibitors decrease ROS levels and maintain the integrity of the mitochondrial
network. Protective mechanisms provided by SGLT2 inhibitors is mainly through decreasing ROS
levels and protecting the integrity of the mitochondrial network. ROS level maintenance is kept
through the urinary excretion of glucose decreasing downhill stimulation of ROS production through
hyperglycemic related mechanisms, decreasing AGEs generation, inhibiting NOX acitivity, lower-
ing HbAlc levels, stimulating antioxidative systems, elevating antioxidative enzyme levels, and
decreasing inflammation. (Abbreviations: AGEs, Advanced Glycation End Products; CRP, C-reactive
protein; HbAlc, glycated hemoglobin; NOX, NADPH oxidases; ROS, reactive oxygen species; SGLT2,
sodium-glucose cotransporter 2; TNF-«, tumor necrosis factor-o; IL-6, interleukin-6).

Normalization of hyperglycemia provides further mitochondrial protection via the
induction of mitochondrial quality control through autophagy/mitophagy and lysoso-
mal degradation. Lean healthy adults possess regular metabolic adjustments between
anabolic (fed) and catabolic (fasted) cycling. In the nutrient-rich anabolic state, glucose is
the primary fuel, producing energy through glycolysis and the mitochondrial OXPHOS
system [149]. Nutrient-poor catabolic periods mostly occur in overnight fasting with de-
creased circulating glucose and insulin while elevated glucagon maintains physiological
glucose levels in the brain. In this catabolic period, general fuel outside of the brain is
switched from glucose to free fatty acid oxidation and low insulin leads to increased lipoly-
sis supplying free fatty acid for -oxidation. Low levels of insulin and circulating amino
acids induced by fasting inhibit the central regulator of cell metabolism the mammalian
target of rapamycin complex 1 (mTORC1) which enhances the autophagy/mitophagy
and lysosomal degradation to supply amino acids for gluconeogenesis. Different from
healthy people, T2DM patients have characteristic lower insulin, paradoxical glucagon,
high plasma glucose, and high free fatty acid. Metabolically, these patients are unable to
switch from the mainly glucose oxidation state (fed) to the mainly fatty acid oxidation state
(fasted) [154]. The inhibition of SGLT2 has been shown to partially restore this metabolic
flexibility due to the glucose disposal through the renal system, depletion of glycogen
in the liver, resulting in gluconeogenesis utilizing circulating amino acid, and inhibiting
mTORC1 [155]. As mitophagy is inhibited during fed state (activate mTORC1 for an-
abolic processes including mitochondrial biogenesis) and enhanced during fasting (inhibit
mTORC1 for catabolic autophagy/lysosomal processes including mitophagy), induction
of mitophagy potentially provides neuroprotection through augmenting the clearance
of damaged mitochondria in the central nervous system [156,157]. Nicely reviewed by
Esterline et al., the authors proposed that SGLT2 inhibitors induce periods of overnight
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gluconeogenesis which provides the catabolic state critical for quality control and renewal
of damaged cellular organelles [149] (Figure 3).

NAD*/ 4 PGC-lat b _
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Figure 3. Adjustments of mitochondrial bioenergetics and quality control in subjects under differ-
ent energy status. Healthy individuals maintain regular metabolic adjustments between anabolic
(fed) and catabolic (fasted) cycling. In the case of SGLT2 inhibition, fasting, CR, and long-term
exercise, the catabolic mediator AMPK is stimulated while mTORCI is inhibited. This increases in
NAD+/NADH ratio elevates SIRT1 and SIRT3 resulting in downstream elevated PGC-1x expres-
sion, increased mitochondrial biogenesis, enhanced cellular antioxidative mechanisms, mitophagy
activation, decreased O, demand, lowering but not dissipating A¥m, without disturbing OXPHOS
efficiency and ATP production. Together, mitochondrial quality control is enhanced and ROS levels
are reduced. In metabolic syndrome patients, hyperglycemia or/and dyslipidemia activate the major
anabolic regulator mMTORC1 while AMPK is inhibited. This results in increased ROS production,
reduced mitochondrial quality control leading to further increased cellular oxidative stress. (Ab-
breviations: AMPK, 5’-adenosine monophosphate (AMP)-activated protein kinase; ATP, adenosine
triphosphate; CoQ, Coenzyme Q; Cyt ¢, cytochrome c; CR, calorie restriction; IMS, intermembrane
space; MIM, mitochondrial inner membrane; A¥m, mitochondrial membrane potential; mTORC1,
mammalian target of rapamycin complex I; NAD+/NADH, ratio of oxidized and reduced forms
of nicotinamide adenine dinucleotide; OXPHOS, oxidative phosphorylation; PGC-1«, peroxisome
proliferator-activated receptor-gamma coactivator (PGC)-1alpha; SGLT2, sodium-glucose cotrans-
porters 2; SIRT1, Sirtuin-1).
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(a) Phloridzin

4.3. Protective Evidence of SGLT2 Inhibitors for Complications of Metabolic Syndromes

The SGLT2 inhibitors approved by the FDA, European Medicines Agency (EMA),
Japan Pharmaceuticals and Medical Devices Agency (PMDA), and similar bureau in other
countries include empagliflozin, dapagliflozin, canagliflozin, ertugliflozin, ipragliflozin,
tofogliflozin, luseogliflozin, and remogliflozin [158]. The general structure of this class
of drugs is relatively similar and falls into the C-glucoside classification of the SGLT2
inhibitors with a glucose sugar and an aromatic group in the 3-position at the anomeric
carbon [159,160]. Below, we will summarize the most studied SGLT2 inhibitors, including
the first found naturally occurring phloridzin as well as the pharmaceutical empagliflozin,
ipragliflozin, canagliflozin, and dapagliflozin (Figure 4).

(b) Empagliflozin (c) Ipragliflozin

{d) Canagliflozin

Figure 4. Chemical structure of the SGLT2 inhibitors discussed within this review: (a) Phloridzin (b) Empagliflozin (c)
Ipragliflozin (d) Canagliflozin (e) Dapagliflozin (Abbreviations: SGLT2, sodium-glucose cotransporter 2).

The first recognized SGLT2 inhibitor, phloridzin (a nonselective inhibitor of both
SGLT1 and SGLT2) was introduced in the 1950s [161]. This polyphenol is easily assessable
in apples, has antioxidative and anti-neuroinflammatory effects, and has been suggested to
be a potential candidate for mitochondrial-directed flavonoid therapy in neurodegener-
ative diseases [162,163]. Phlorizin has been demonstrated to protect against endothelial
dysfunction in T2DM by activating the phosphatidylinositol 3'-kinase (PI3K), Akt, and
endothelial nitric oxide synthase (eNOS) (PI3K/Akt/eNOS) signaling pathway [9]. Studies
also showed that phloridzin was able to restore the activities of antioxidative enzymes such
as catalase and glutathione peroxidase (GPx) in kidneys of diabetic rats [164].

The SGLT2 inhibitor empagliflozin is known for its cardiovascular- and reno-protective
effects [143]. This type of medication is demonstrated to reduce high glucose-induced
renal cell apoptosis and improve mitochondrial functions by reducing mitochondrial ROS
production, restoring mitochondrial membrane potential, increasing ATP generation, and
modulating mitochondrial morphology related proteins [30]. In murine myocardium
and cultured cardiomyocytes, Maejima demonstrated empagliflozin to play a protective
role by promoting mitophagy through binding with non-SGLT2 protein(s) localizing in
mitochondria [153]. Chronic empagliflozin administration effectively decreased renal ox-
idative stress, tissue inflammation, and improved insulin sensitivity in diabetic rats via
mechanisms including decreased methylglyoxal levels in diabetic neuropathy, reduced
AGE/RAGE signaling, improved *NO/cGMP signaling, upregulated redox regulated
enzyme mitochondrial aldehyde dehydrogenase (ALDH-2), and decreased epigenetic acti-
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vation of Nitric Oxide Synthase (NOS2) and IFNYy [28,165]. In diabetic rats, empagliflozin
reduced the mortality rate of post-acute myocardial infarction (MI) animals with modifica-
tion of cardiac metabolomes through SIRT3 upregulation which restores glucose oxidation,
increases ketone oxidation, and decreases fatty acid oxidation, enabling the maintenance
of the ATP level in the myocardium. In addition, antioxidative enzymes including SOD2
and catalase are enhanced [166]. Empagliflozin has also been shown to upregulate levels
of sestrin 2 which consequently increases downstream AMPK phosphorylation, inhibits
mTOR signaling, and enhances the primary endogenous antioxidant defense nuclear
factor erythroid 2-related factor 2 (Nrf2)/ heme oxygenase-1 (HO-1) pathway in cardiomy-
ocytes [167]. Through activation of STAT3 and downregulation of iNOS (a key contributing
molecule in nitrosative stress) and IL-6, empagliflozin provides antioxidative and anti-
inflammatory effects in a mice and rat cardiomyoblasts model [168]. In T2DM patients,
treatment of empagliflozin for 24 weeks enhanced leukocyte antioxidative enzymes expres-
sion (glutathione s-reductase and catalase) and elevated serum anti-inflammatory cytokine
interleukin 10 (IL-10) levels, with concomitant reduction of inflammatory markers, high
sensitive C-reactive protein (hs-CRP) and myeloperoxidase [169].

Ipragliflozin, the first SGLT2 inhibitor approved in Japan, alleviated mitochondrial
dysfunction via restoring the levels of mitochondrial fusion proteins Opal and Mfn2 and
decreased 8-hydroxydeoxyguanosine (8-OHdG), an oxidative DNA damage biomarker, in a
high-fat diet rat model [170]. Furthermore, ipragliflozin improved hyperlipidemia, hepatic
steatosis, renal glomerular hyperfiltration, albuminuria, and provided hepatic protection
with concomitantly reduced liver levels of oxidative stress biomarkers (thiobarbituric acid
reactive substances [TBARS], protein carbonyl) and plasma inflammatory markers (IL-6,
TNEF-a, monocyte chemotactic protein-1 [MCP-1], and CRP) in TIDM rats [171].

The SGLT?2 inhibitor, canagliflozin, has been shown to possess cardioprotective effects
through stimulating antioxidative and anti-inflammatory signaling mediated by inducible
nitric oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS) in cardiomy-
ocytes [172]. Yang et al. demonstrated canagliflozin treatment directly increased kidney and
subcutaneous adipocyte cellular energy expenditure by inducing mitochondrial biogenesis,
increasing mitochondrial oxidative phosphorylation, fatty acid oxidation, and thermoge-
nesis via AMPK-silent information regulator 1 (Sirtl)-peroxisome proliferator-activated
receptor y coactivator-loe (PGC-1«) signaling pathway in high-fat diet mice [173].

Dapagliflozin, the SGLT2 inhibitor shown to reduce cardiovascular death in DECLARE-
TIMI 58 and DAPA-HF clinical trials [145,147], was able to preserve the depolarized mi-
tochondrial membrane potential, alter mitochondrial morphology related protein levels
(Mfn-1, Mfn-2, and Fis-1), maintain cytosolic Ca?* homeostasis, and significantly improve
cellular oxidative damage, protein-thiol oxidation, and ADP/ATP ratio in cardiomyocytes
of insulin-resistant rats with metabolic syndrome [174]. Recently, increasing neuroprotec-
tive evidence provided by SGLT2 inhibitors in CNS is emerging. In the following section,
study results generated from models of neurodegenerative diseases will be elucidated.

4.4. Neuroprotection Provided by SGLT2 Inhibitors

As shown above, data concerning beneficial effects of SGLT2 inhibitors are expanding
in many organ systems, neuroprotective effects provided by sglt2 will be summarized
below and in Table 1. In the central nervous system, with amelioration of oxidative damage,
empagliflozin was also able to attenuate cognitive dysfunction in T2DM mice documented
by water maze [175]. Hierro-Bujalance, et al. also demonstrated empagliflozin to reduce
vascular damage, limit cortical thinning, reduce neuronal loss, reduce microglial burden
in the brain parenchyma, and improve cognitive impairment in a mixed murine model
of Alzheimer’s disease and T2DM (db/db mice and APP/PS1xdb/db mice) [176]. The
group also noted that empagliflozin could cause limited reduction of senile plaque density,
and both soluble and insoluble amyloid {3 levels in the cortex and hippocampus were
reduced [176]. Amin et al. supported this, demonstrating that empagliflozin decreased
cerebral infarct volume, suppressed neuroinflammation, oxidative stress, and reduced
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neuronal apoptosis in brain tissues of hyperglycemic I/R-injured rats [177]. Additionally,
Rania et al. showed the ameliorative effect of empagliflozin on neuronal apoptosis via
decreasing caspase 3 and HIF-1ot/VEGF signaling as well as decreasing infarct volume in a
cerebral ischemia/reperfusion (I/R) rat model induced via occlusion and reperfusion of
the bilateral common carotid arteries [178]. Arafa et al. suggested canagliflozin prevention
of scopolamine hydrobromide-induced memory impairment in rats via cholinergic and
monoamines system as observed through the number of arm entry and number of correct
alternation in Y maze task and performance in the water maze task [179]. Additionally,
dapagliflozin could prevent cognitive decline and preserve synaptic plasticity via attenuat-
ing mitochondrial dysfunction, neuronal apoptosis, brain insulin resistance, inflammation,
and apoptosis in obese rats induced by high-fat diet. In the same study, Sa-nguanmoo et al.
demonstrated treatment with combination of SGLT2 inhibitor (dapagliflozin) and DPP-4
inhibitor (vildagliptin) exerted greater antioxidative effects and improved brain insulin
sensitivity compared with single therapy [180]. Apart from the restoration of disturbed
DJ-1/Nrf2 pathway, upregulating glial cell line-derived neurotrophic factor (GDNF) and
its downstream PI3K/AKT/GSK-3( (Ser9) pathway which counteracts ROS-dependent
neuronal apoptosis, dapagliflozin also suppressed neuroinflammation via curbing the
activation of NF-kB pathway and TNF-« levels [181]. Erdogan demonstrated dapagliflozin
to decrease seizure activity in rats with pentylenetetrazol-induced seizures. This may be
connected to the glucose-lowering nature and reduced sodium transport across neuronal
membranes provided by the SGLT2 inhibitor which can confer a stabilizing effect against
excitability and unwanted depolarization [182]. Tsai et al. performed a meta-analysis to
evaluate the effect of SGLT2 inhibitors on risk of stroke and its subtypes. Five prospective
RCTs, involving 46,969 participants, on SGLT2 inhibitors with stroke events as the primary
endpoint in T2DM patients were subjected to the study (EMPA-REG, CANVAS, DECLARE-
TIMI 58, CREDENCE, and VERTIS CV). Results demonstrated that SGLT2 inhibitors have
a neutral effect on the risk of stroke and its subtypes (fatal stroke, non-fatal stroke, ischemic
stroke, or transient ischemic attack), but a potential protective effect against hemorrhagic
stroke was associated with SGLT2 inhibitors a significant 50% reduction compared with
placebo (RR = 0.49, 95% CI 0.30-0.82, p = 0.007) [183]. Based on the beneficial effects
provided by SGLT2 inhibitors, a randomized clinical trial using dapagliflozin on delaying
cognition decline in T2DM patients (NCT04304261) is expected to recruit 100 participants
since 11 March 2020, and study results are pending.

4.5. Potential Usage of SGLT?2 Inhibitor in PD Neuroprotective Strategy

With a growing body of research concerning the cellular protective effect provided
by SGLT2 inhibition, studies focusing on PD related models are still scarce. The presence
of phloridzin could scavenge rotenone evoked superoxide generation, decrease nuclear
DNA fragmentation, decrease lipid peroxidation, restore mitochondrial membrane poten-
tial, and reduce mitochondrial-dependent apoptosis, in a rotenone induced PD neuronal
cell model [184]. Administration of dapagliflozin to a rotenone-induced PD rat model
attenuated motor dysfunction, documented by the open-field and rotarod, with concurrent
diminished «-synuclein expression, improved dopamine secretion, alleviated oxidative
stress, and decreased dopaminergic neuronal loss [181]. As such, the study of SGLT2
inhibitors in the neurological system especially in association with PD is just beginning
and further studies focusing on the protective mechanism provided by this class of already
widely used medication will be expected to thrive.
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Table 1. Neuroprotective effect of SGLT2 inhibitors.

SGLT2 Inhibitor/ o1
Dose/Time Model Findings Ref.
Enhanced: BDNF in cerebral tissue,
Empagliflozin/ db/db mouse, obesity and Rgduged: cerebral oxidative stress, DNA [175]
0.03% y oxidative damage
) cq e 1. T2DM model . 8 . Lin et al.
empagliflozin diet/10 wks Function: Slowed progression of
cognitive impairment,
Empagliflozin/ APP/PS1xdb/db mice, Reducgd: brain atrophy, senile plaql.les,
. amyloid-p levels, Tau phosphorylation, [176]
10 mg/kg/day/ Mixed AD and . . . . .
hemorrhage density, microglia burden Hierro-Bujalance et al.
22 wks T2DM model . .
Function: Enhanced learning, memory
Empagliflozin/ Protects mice brain from severe
10 mg/kg/day/ T2DM db/db and' lean T2DM-induced ultrastructural [185]
control female mice . . Hayden et.al.
10 wks remodeling of the neurovascular unit
. . Reduced: cerebral infarct volume,
o Wistar rats hyperglycemic . . s
Empagliflozin/ neuroinflammation, oxidative stress,
10 mg/kg/ model + STZ (55 neuronal apoptosis [177]
5/ X8 . mg/kg)-induced . pop . Amin et al.
1 h and 24 h after reperfusion 1/R model Function: enhanced behavioral /
neurological functions
Enhanced: HIF-1«, VEGF
Empagliflozin,/ Wistar rats, transient Reduced: brain apoptotic cell
1 arf)d ‘(1;0 mg/kg/ bilateral common carotid death(|caspase-3), infarct volume [186]

1 h and 24 h after reperfusion

arteries occlusion induced
I/R model

Function: Reduced motor dysfunction,
neurological deficit * large dose with
better neuroprotective effect

Abdel-Latif et al.

f Oanmag}gﬁf;l/ Wistar rats, Scopolamine
& hydrobromide .
Vs. (C17H21NOA4-HBr) Jmemory dysfunction (Y maze task) [179]
Galantamine/ : Thippocampus M1 mAChR Arafa et al.
3mg /5 mL/ induced memory
1stand 13th day dysfunction model
Reduced: brain mt ROS production,
AY¥Ym change, mt swelling,
neuroinflammation ({p-NFkB, p65/
NF«kB p65 ratio), neuronal apoptosis
e ({Bax, Bcl2)
]1) I?Ja/glilﬂ/ogm// Enhanced: brain mitochondrial function,
vs g/ Kg/day Wistar rats, p-IR and p-Akt/PKB ser473 [180]

Vildagliptin/3 mg/kg/day/
4 wks

HFD model

Function:

Both drugs: Enhanced insulin sensitivity,
prevented cognitive decline.

Only dapagliflozin improved
hippocampal synaptic plasticity

* the combination of two drugs has better
effect than single therapies

Sa-Nguanmoo et al.

Dapagliflozin/
1 mg/kg/day/
3 wks

Wistar rats,
rotenone-induced
PD model

Reduced: brain mt ROS production,
a-synuclein expression,
neuroinflammation ({p-NF«B,
p65/NFkB p65 ratio, TNF-«), striatal
neuronal oxidative stress ({DJ-1, Nrf2,
HO-1, JGDNEF, PI3K/AKT/GSK-38),
neuronal apoptosis ({Bax, cleaved
caspase 3)

Preserved striatal dopaminergic neurons
Function: Improved neurodegenerative
aberrations/motor dysfunction

[181]
Arab et al.
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Table 1. Cont.

SGLT2 Inhibitor/ ..
Dose/Time Model Findings Ref.
Dapagliflozin Sprague-Dawley rats with | .\ o o ctivity (EEG SWP, RSS, TEMJ)  [182]
75 and 150 pentylenetetrazol- Dy .
- . higher dose more effective Erdogan et al.
mg/kg induced seizures
Clinical trial data
(a systematic review and
meta-analysis that * potential protective effect against
included 5 clinical trials) hemorrhagic stroke [183]
SGLT2 inhibitors EMPA-REG, CANVAS, * neutral effect on the risk of fatal stroke, Teai et al
DECLARE-TIMI 58, non-fatal stroke, ischemic stroke or ’
CREDENCE and transient ischemic attack)
VERTIS CV
dapagliflozin T2DM patients cognition decline NCT04304261

(Recruiting)

Abbreviation: SGLT2, sodium-glucose cotransporter 2; Ref., reference; BDNF, brain-derived neurotrophic factor; AD, Alzheimer’s disease;
T2DM, Type 2 diabetes mellitus; STZ, streptozotocin; STZ, streptozotocin; I/R, ischemia/reperfusion; HIF-1«, hypoxia-inducible factor
1 alpha; VEGEF, Vascular endothelial growth factor; mAChR, muscarinic acetylcholine receptor; HFD, high-fat diet; EEG, electroencephalog-
raphy; SWP, spike wave percentage; RSS, Racine’s scales scores; TEM], time to first myoclonic jerk. *, additional explanation.

5. Perspectives

Accumulating evidence has suggested that the T2DM medication SGLT2 inhibitors
provide antioxidative effects and mitochondrial protection in human disease models in-
cluding hepatic, renal, cardiac, and nervous conditions. Studies focused on the disease
modification effects of SGLT2 inhibitors in neurodegenerative diseases including PD are
still limited. Although effective symptomatic pharmaceutical managements are available,
neuroprotective or disease-modifying agents are still an unmet goal for PD. Owing to the
consistent evidence of the benefits of SGLT2 inhibitors on a broad spectrum of end points
in large randomized trials, potential neuroprotective effects using this antidiabetic drug
is expected. Further experiment data and clinical trials are mandatory in the future for
additional evidence to support mitochondrial protective drugs such as SGLT2 inhibitors to
be used alone or in combination with drugs of different mechanisms for the purpose of
neuroprotection in PD.
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Glossary

AD
ADP
AGEs
AMPK
APAF1
ATP
ATP13A2
BAK
BAX

C a2+
CoQ
CR
CVD
DJ-1
DPP-4
ETC
FADH,
FBXO7
GLP-1RA
GPX
GSH
HOe
IMS
LRRK2

MELAS

Mfn-1 and 2
MIM

A¥Ym

MOM
MOMP
MPTP
mtDNA

mTOR/mTORC1

nDNA
NADH
NF-xB
NOX
Nrf2
OPA1
OXPHOS
PD
PGC
PINK1
PPAR
ROS
rRNA
SGLT2
SOD
SIRT-1
TCA
TNEF-«
TRX

Alzheimer’s disease

Adenosine diphosphate

advanced glycation end products

5’-adenosine monophosphate (AMP)-activated protein kinase
Apoptotic peptidase-activating factor 1

Adenosine triphosphate

Atpase type 13 a2

Bcl2-antagonist/killer

Bcl-2-associated x protein

Calcium

Co-enzyme q

Caloric restriction

Cardiovascular diseases

Daisuke-junko-1

dipeptidyl peptidase-4

Electric transport chain

flavin adenine dinucleotide

F-box only protein 7

glucagon-like peptide-1

glutathione peroxidase

Glutathione

hydroxy radical

Intermembrane space

Leucine rich repeat kinase 2

mitochondrial encephalomyopathy, lactic acidosis and stroke-like
episodes syndrome

Mitofusins 1 and 2

Mitochondrial inner membrane

Mitochondrial membrane potential

Mitochondrial outer membrane

Mitochondrial outer membrane permeabilization
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
Mitochondrial DNA

Mammalian target of rapamycin/mammalian target of
rapamycin complex I

Nucleus DNA

nicotinamide adenine dinucleotide

Nuclear factor kappa-light-chain-enhancer of activated B cells
Nicotinamide adenine dinucleotide phosphate oxidase
nuclear factor erythroid 2-related factor 2

optic atrophy 1

Oxidative phosphorylation

Parkinson disease

Peroxisome proliferator-activated receptors (PPAR) vy coactivator
Phosphatase and tensin homologue (PTEN)-induced putative kinase 1
Peroxisome proliferator-activated receptor

Reactive oxygen species

Ribosomal rna

sodium-glucose cotransporter 2

Superoxide dismutase

Sirtuin-1

Tricarboxylic acid

tumor necrosis factor «

Thioredoxin
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