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The incidence of type 2 diabetes mellitus (T2DM) has increased in our society in recent decades as the population
ages, and this trend is not expected to revert. This is the same for the incidence of the main neurodegenerative
disorders, including the two most common ones, which are, Alzheimer’s and Parkinson’s disease. Currently, no
pharmacological therapies have been developed to revert or cure any of these pathologies. Interestingly, in
recent years, an increased number of studies have shown a high co-morbidity between T2DM and neuro-
degeneration, as well as some common molecular pathways that are affected in both types of diseases. For
example, while the etiopathology of T2DM and neurodegenerative disorders is highly complex, mitochondrial
dysfunction has been broadly described in the early steps of both diseases; accordingly, this dysfunction has
emerged as a plausible molecular link between them. In fact, the prominent role played by mitochondria in the
mammalian metabolism of glucose places the physiology of the organelle in a central position to regulate many
cellular processes that are affected in both T2DM and neurodegenerative disorders. In this collaborative review,
we critically describe the relationship between T2DM and neurodegeneration; making a special emphasis on the
mitochondrial mechanisms that could link these diseases. A better understanding of the role of mitochondria on
the etiopathology of T2DM and neurodegeneration could pave the way for the development of new pharma-
cological therapies focused on the regulation of the physiology of the organelle. These therapies could, ulti-
mately, contribute to increase healthspan.

1. Introduction

Type 2 Diabetes Mellitus (T2DM) is predicted to affect 366 million
adults worldwide by 2030, according to the International Diabetes
Federation. Increased prevalence of obesity, and an aging population,
seem to be main contributors to this rise in T2DM cases that is antici-
pated for the coming decades. Another contributor to the increased
prevalence of T2DM cases could be the improvement of the treatments
for some of the symptoms of the diseases, which increases the life ex-
pectancy of the patients. In fact, in recent years, interventions to prevent

and treat typical micro- and macro-vascular complications associated
with T2DM have improved; in turn, many patients are living longer with
this condition. However, this increased life expectancy has exposed new
complications associated with the disease, including dementia [1]. One
of the mechanisms underlying this increased incidence of cognitive
disorders in T2DM could involve insulin resistance (IR), hyperglycemia,
and mitochondrial dysfunction. IR, defined as a limited or impaired
response to insulin signaling, has been broadly described in T2DM [2],
and it could be involved in the development of Alzheimer’s disease, and
Parkinson’s disease (AD and PD; respectively) [3,4]. In fact, the
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deleterious effects of IR and hyperglycemia (two key molecular features
of T2DM) on neurons, linking T2DM and neurodegeneration, have
already been demonstrated [5]; and mitochondria could play an
important role in this process.

The literature suggests that T2DM could be a risk factor for the
development of both AD and PD [6-8]. On one hand, AD is the most
common type of dementia, and it is estimated to affect 46 million in-
dividuals worldwide [8]. While the exact etiopathology of AD remains
unknown, an increased presence of neurofibrillary tangles and accu-
mulation of hyperphosphorylated tau and amyloid p (AB) deposits have
been broadly detected in the brains of AD patients [4,9]. A progressive
increase in IR and insulin deficiency in the central nervous system (CNS)
are also found in AD patients [4], once again linking T2DM and neu-
rodegeneration. In fact, AD has been described by some authors as “Type
3 Diabetes Mellitus” [10]. On the other hand, PD is the most common
movement disorder worldwide, in which between 80 % and 90 % of PD
cases have a sporadic origin. Some environmental factors such as
exposure to toxic pesticides, frequent use of p-blockers, and brain injury
have been proposed as risk factors for the development of PD and related
parkinsonism [6]. The loss of dopaminergic neurons in the substantia
nigra and the increased presence of aggregated a-synuclein (aSyn) are
commonly present in PD [11]. Interestingly, using familial models of PD
in Drosophila either fed a hypercaloric diet or knocked down for genes
involved in insulin signaling to mimic T2DM; it has been demonstrated
that T2DM symptoms are exacerbated in PD mutants. These symptoms
include mitochondrial dysfunction and consequently, increased dopa-
minergic neuronal apoptosis, among others [12]. Moreover, IR has also
been demonstrated in PD [13].

In this bibliographical review, we aim to present and discuss the
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literature regarding the crosslink between T2DM and neurodegenerative
disorders, focusing on the mitochondrial connection between these
diseases (Graphical Abstract). While this crosslink has been already
described, a better understanding of the molecular mechanisms driving
mitochondria to dysfunction and failure under these pathological con-
ditions could unravel new pharmacological targets against T2DM, and
neurodegenerative disorders.

2. Mitochondrial physiology in health and disease

Mitochondria are ancient endosymbiotic organelles [14], containing
their own circular, double-stranded DNA (mtDNA) [15], which encodes
13 polypeptides that are mostly part of the electron transfer chain (ETC)
[15,16]. Mitochondria play a crucial role in the regulation of many
physiological processes, probably the best described of these processes is
bioenergetics. In fact, the mitochondrial ETC is the site of oxidative
phosphorylation (OXPHOS), which is key in glucose metabolism and the
biggest net producer of ATP in mammalian cells [17]. Moreover, these
organelles have intricated and delicate mechanisms to regulate many of
the crucial metabolic processes closely related to bioenergetics, other
than OXPHOS. Protein and calcium homeostasis are examples of this
[18-24].

Mitochondrial dysfunction, which is multifaceted and complex, has
been broadly described in many human diseases. These pathologies
range from cancer to COVID [25,26]. As mentioned above, mitochon-
drial dysfunction has also been broadly described in T2DM, and in both
AD and PD [27-29] (Fig. 1). The molecular mechanisms underlying
mitochondrial dysfunction, and the consequences of this dysfunction in
human pathologies, are multiple. For example, when mitochondria are
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Fig. 1. Mitochondrial dysfunction is present in the intersection between neurodegenerative diseases and T2DM. Many epidemiological and molecular studies have already
demonstrated the close relationship between T2DM and the main neurodegenerative disorders, which are, AD and PD. While the mechanisms that link these pa-
thologies still remain unknown, the presence of mitochondrial dysfunction (including, for example, dysregulated bioenergetics, and mitophagy) has been broadly
demonstrated in both types of disease. The study of the mechanisms that drive mitochondria to dysfunction in this intersection could provide the scientific com-
munity with further pharmacological targets to prevent or treat both neurodegenerative diseases and T2DM. The most representative and best characterized clinical
features of AD, PD, and T2DM are listed in the side panels of this figure. Mitochondrial dysfunction could, at least partially, be involved in the onset and development
of these clinical features, connecting the two main neurodegenerative disorders and T2DM. Specifically, the changes stated in the central part of the figure are
different components of mitochondrial physiology that have been described in all these pathologies. Image was created using BioRender.com and an institutional

license to Rutgers University.
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dysfunctional, energy production often declines [19-21], while reactive
oxygen species (ROS) generation and apoptosis increase, in a deleterious
loop [30,31]. ROS are well-known byproducts of OXPHOS [32-34],
produced next to the location of the mtDNA. This makes the mtDNA
highly susceptible to oxidative damage [8], thus increasing the proba-
bility of mutations and further mitochondria dysfunction [31], espe-
cially considering that mtDNA lacks mechanisms to properly repair
mutations [35]. Accordingly, some authors have proposed that changes
in mtDNA levels and integrity could serve as biological markers for
mitochondrial dysfunction. In fact, increased mtDNA is associated with
inflammation, and it is present in the brain of T2DM patients; while
decreased mtDNA often indicates reduced mitochondrial bioenergetics,
and it is present in brains from AD patients [8]. Increased ROS has also
been described as a consequence of neuronal IR, inducing a rise in the
aggregation of aSyn in dopaminergic neurons [7]. Moreover, insulin,
which could directly regulate the ETC [3], has a powerful effect in the
modulation of the activity of the insulin-like growth factor-1 (IGF-1), a
protein which protects astrocytes and neurons from increased oxidative
stress [36]. In astrocytes, decline of IGF-1 receptor (IGFR) signaling has
also been found to be associated with decreased glucose internalization
and metabolism, therefore playing an active role in mitochondrial ho-
meostasis [31]. Furthermore, knock-out (KO) mice for astrocyte-specific
IGFR showed an elevated ROS production and increased susceptibility to
oxidative stress [31].

Dysregulated mitophagy is also commonly present in T2DM and
neurodegeneration [29,37]. Mitophagy facilitates the elimination of
dysfunctional mitochondria through ubiquitin-mediated pathways, such
as the PINK1/Parkin axis [38]. Under non-pathological conditions,
mitophagy reduces the accumulation of AD-related amyloids, such as Af
and hyperphosphorylated Tau, this in turn promotes proper brain en-
ergy metabolism [39]. However, dysregulated mitophagy has been
described in AD and PD. Accordingly, urolithin A-induced mitophagy,
can restore memory impairment in C. elegans [40]. Furthermore,
delayed mitophagy has been described in axons from individuals with
familial and sporadic PD [41]. However, some other authors showed
increased defective mitophagy in pharmacological models of the same
disease [28,42]. Further studies need to be conducted in this field to
better clarify these points. The status of mitophagy is closely related to
mitochondrial dynamics [28,29,42], which is mostly maintained by the
equilibrium between fission and fusion. Fission is the process of division
of mitochondria into two similar organelles, and it is mainly mediated
by Drpl [43]. Mitochondrial fusion, which is mediated by inner mem-
brane protein OPA1, and outer membrane GTPases Mnfl and Mfn2; is
the process in which two different mitochondria merge [44,45]. Fusion
allows for the exchange of small soluble molecules, including mtDNA
[46]; while fission contributes to removal of dysfunctional mitochondria
and to ensure proper ATP production in response to stress [47]. Dysre-
gulated mitophagy and mitochondrial dynamics are well-known con-
tributors to increased apoptotic cell death in human pathologies,
including AD and PD.

3. T2DM and PD

PD is the most common movement disorder, it occurs in approxi-
mately 1-2 % of adults over the age of 60, and 3.5 % of adults 85 and
older [48], an increasing burden as society ages. While approximately
20 % of PD cases have a genetic etiology, induced by relatively
well-known mutations [49], most of the cases are sporadic and their
causes remain insufficiently understood. At the cellular level, one of the
hallmarks of PD is the increased aggregation and deposition of aSyn, and
the consequent increased apoptosis of dopaminergic neurons in specific
areas of the brain [50,51]. A connection between T2DM and the
development of PD has been already proposed. For example, using
Drosophila and mice models of T2DM created by high-sugar and high-fat
diets respectively, T2DM has emerged as a risk factor for the develop-
ment of PD, since increased neuronal dopaminergic dysfunction was
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present in both models, when compared to the control samples [12].
Moreover, the relationship between the levels of insulin and the activity
of the neuronal dopaminergic transporter (DAT) has been demonstrated
in the striatum of rats [52]. Specifically, decreased expression and ac-
tivity of DAT, and decreased expression of Dy-dopaminergic receptors,
was present in obesogenic rats, compared to the control animals.

In humans, increased incidence of PD in T2DM patients has been
shown in a cohort study containing data collected from T2DM patients
admitted for hospital care [53]. In this study, De Pablo-Fernandez et al.,
showed that PD patients with pre-existing T2DM experienced a rapid
progression and a more severe phenotype of PD. Similar findings
regarding increased risk for developing PD in T2DM patients (which was
quantified at 36 %) was corroborated by another group of researchers
who conducted their studies on a Danish population [54]. Moreover,
Athauda et al., showed that individuals with both T2DM and PD exhibit
greater dependency, compared to those with PD alone. Specifically,
significantly increased motor and non-motor symptoms, and a faster
progression of PD, was observed in individuals with PD and T2DM,
compared to those individuals only suffering from PD [55]. Lastly,
another example of the association between T2DM and PD is shown in a
study aimed at better understanding the connection between IR and
brain volume, an indicator for diagnosing and monitoring of the pro-
gression of various disorders of the CNS, including PD. The authors
showed that, when compared to controls, PD patients had increased IR
[56].

While the association between PD and T2DM seems clear, the spe-
cific molecular mechanisms underlying this association still remain far
from being completely understood. However, multiple researchers have
already provided scientific evidence for the important role of mito-
chondrial dysfunction in these mechanisms (Table 1). For example,
dysregulated bioenergetics and mitochondrial ultrastructure alterations
have been demonstrated in skeletal muscle from mice in which IR was
triggered by a high-fat and high-glucose diet. The authors of this study
stated that these deleterious effects were probably mediated by
increased oxidative stress [57]. Moreover, hyperglycemia has been
linked to unbalanced generation of ROS and increased damage to
mtDNA, as well as to the activation of pro-inflammatory mediators and
neurodegenerative markers in retinal ganglion cells [58]. Furthermore,
using Drosophila models of PD (by inactivation of the DJ-1p gene, the

Table 1
The important role played by mitochondrial dysfunction in the intersection
between T2DM and PD has already been demonstrated by different authors.

Mitochondrial link Model References

Increased neuronal apoptosis Human samples 51
Dysregulated bioenergetics and mitochondrial Mice 57
ultrastructure as a consequence of increased
oxidative stress

Unbalanced generation of ROS and increased Human cell lines 58
mtDNA damage

Mitochondrial dysfunction is similar in PD and ~ Drosophila 12
T2DM models

Increased ROS generation and mitochondrial Mice 7
depolarization

Dysregulated cellular energy metabolism Human samples 6

Dysregulated mitophagy Mice 60

Treatment with insulin improves mitochondrial =~ Rats 3
physiology

Streptozotocin-dependent increased ROS Mice, human cell 63
generation lines

Protective effects of glucagon-like peptide 1 Rats 64
could be exerted via its antioxidant properties

Protective effects of metformin could be exerted ~ Mice 68
via its antioxidant properties Human cell lines, 12

Drosophila

This role is exerted at different levels. The table synthesizes some of the studies
mentioned in this review, including the model in which they were conducted
and the specific mitochondrial targets that were assayed.
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ortholog of human DJ-1), and T2DM (by feeding the animals with a
high-sugar diet) similar effects were observed at the mitochondrial level
in both models [12]; this suggest a common mitochondrial pathway that
links the two diseases, which was further supported by another study
conducted in mice. Specifically, Ekstran et al., fed MitoPark mice (a
well-known model of PD [59]) for two months either with a regular diet
or with a high-fat diet. The authors reported increased aberrant
expression of aSyn in neurons from both control and MitoPark mice
under T2DM-mimicking conditions. Moreover, in the same study, the
authors modeled IR in differentiated dopaminergic neurons by
pulse-stimulation with insulin. Using this method, they found that IR
increased aggregated aSyn. Their findings suggest that the mechanisms
underlying these observations include increased ROS generation and
mitochondrial depolarization, in a molecular pathway mediated by the
polo-like kinase-2 protein [7]. Lastly, a study conducted using fibro-
blasts obtained from healthy individuals and PD patients, which were
grown under low and high-glucose conditions, showed increased levels
of organic acids related to glucose metabolism, such as lactic acid, in
fibroblasts from PD patients, especially under high-glucose conditions
[6]. Activation of anaerobic glycolysis, usually as a consequence of
decreased OXPHOS, results in the accumulation of these organic acids.
Moreover, the authors showed that amino acids and fatty acids related to
the tricarboxylic acid cycle (TCA), as well as to $-oxidation of fatty acids,
were increased in samples obtained from PD patients under high-glucose
conditions, compared to control conditions. These findings suggest that,
while mitochondrial physiology is dysregulated in PD, pre-diabetogenic
conditions could contribute to increase this dysfunction.

The study of the status of the dopaminergic neurons in models of
T2DM and PD has also been addressed. For example, Su et al., using
diabetic mice treated with MPTP, showed an increased loss of tyrosine
hydroxylase positive neurons in the substantia nigra pars compacta of
the mice modeling T2DM, which intensified the MPTP-induced brady-
kinesia [60]. Accordingly, dopaminergic neurons were more susceptible
to hyperglycemic damage. The authors also showed that hyperglycemia
significantly inhibited the PINK1/Parkin-dependent mitophagy in the
midbrain of diabetic mice, which further contributed to mitochondrial
dysfunction, connecting all these processes. MPTP is a drug commonly
used to mimic PD because it induces an oxidative imbalance in dopa-
minergic neurons, ultimately leading to mitochondrial dysfunction and
increased apoptosis [61]. Moreover, Iravanpour et al., studied the effects
of the treatment with low doses of intranasal insulin for 14 days in rats
injected with 6-hydroxydopamine (another pharmacological tool to
model PD in animals [42]). Specifically, they addressed mitochondrial
physiology and dopaminergic cell death, as well as motor performance
in the animals. Their results showed that treatment with intranasal in-
sulin did not only reduced motor dysfunction and dopaminergic cell
death, but it also improved mitochondrial function, promoting mito-
chondrial biogenesis and fission [3]. Based on these findings, they
proposed intranasal insulin as a plausible treatment for PD, further
linking T2DM and PD, and placing mitochondria at a central point in
that intersection. Furthermore, in the midbrains of mice in which T2DM
was modeled by treatment with streptozotocin (a well-known diabeto-
genic), Parikh et al., showed upregulated thioredoxin-interacting pro-
tein (TXNIP, a protein involved in insulin regulation [62], and in
increasing ROS generation [63]), as well as inhibition of autophagy.
Additionally, they found an increased loss of dopaminergic neurons in
the same animals [62]. The authors corroborated the upregulation of
TXNIP, as well as decreased autophagy flux and increased ROS, in PC12
cells grew on a high-glucose medium. Lastly, using rats and pharmaco-
logical models of T2DM and PD, Elbassuoni et al., showed the delete-
rious effects of pre-existing T2DM in the severity of PD, which was
evident by a significantly decreased number of striatal dopaminergic
neurons in the brains of the animals [64]. In the same manuscript, the
authors addressed the role of glucagon-like peptide 1 in their models,
and they showed that the positive effects of this peptide in the striatal
neurons could be exerted via its antioxidant properties, and therefore its
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positive effects against oxidative stress, rather than its direct hypogly-
cemic effect [64].

Another link between T2DM and PD could be found in the studies
regarding the effects of metformin, an oral hypoglycemic agent
commonly used in the treatment of T2DM, in PD. In many of these
studies, mitochondrial physiology also arises as a crucial component of
these effects. Metformin is an stimulator of AMP-activated protein ki-
nase (AMPK), thus modulating cellular energy metabolism, including
mitochondrial physiology [65,66]. Accordingly, the close relationship
between the status of AMPK and mitochondrial physiology has already
been demonstrated [65,67]. Using mice treated with MPTP and pro-
benecid (an uricosuric agent known to increase the concentration of
MPTP in murine brain by reducing the renal clearance of the drug [68]),
Lu et al., showed that oral administration of metformin (5 mg/mL in
drinking water for five weeks, starting on the third day of the treatment)
protects dopaminergic neurons in the substantia nigra pars compacta, in
a mechanism mediated by the enhancement of the AMPK-mediated
autophagy and ROS clearance. Accordingly, metformin raised the
striatal dopaminergic levels, considerably improved the MPTP-induced
motor damage, and repressed the MPTP-induced microglial over-
activation induced-inflammation [69]. Moreover, Catalan-Garcia et al.,
using SH-SY5Y cells knocked down for DJ-1, showed that the treatment
with metformin increases cell viability. In the same study, using T2DM
model Drosophila, the authors demonstrated that metformin decreased
oxidative stress and suppressed impaired locomotor activity [12],
further linking T2DM and PD, and showing the crucial role of mito-
chondrial physiology in this link.

4. T2DM and AD

AD is the most common type of dementia, and according to the “2020
AD facts and figures”, the number of AD patients (> 65 years) might
increase to 13.8 million by 2050 in the USA, alone. The etiopathology of
the vast majority of the cases of AD is still poorly understood, only a
small subset of the cases has a clearly defined genetic origin (familial
AD) [70]. Specifically, familial AD is a relatively uncommon autosomal
dominant condition with an early onset [71], caused by mutations in
some specific genes, such as those that code for the presenilin (PSEN)
and the amyloid precursor protein (APP) [72,73]. The origins of spo-
radic AD remain unclear, but the development of the disease seems to be
a consequence of a combination of environmental and genetic factors
[74]. Probably one of the best-described pathological hallmarks of both
familial and sporadic AD is the increased presence of Ap plaques, and
neurofibrillary tangles composed of hyperphosphorylated tau, in the
brains of patients [75]. Whether A accumulates in mitochondria is still
debatable. However, it is known that the increased presence of aggre-
gated AP and hyperphosphorylated tau in the brains of patients has
deleterious effects on neuronal mitochondrial physiology, ultimately
leading to increased cell death [76,77].

T2DM is a well-known risk factor for the development of dementia,
including AD [78-80]; and shared pathobiological links between T2DM
and AD have already been proposed at both molecular and epidemio-
logical levels. For example, in the 90s, the Rotterdam Study found that
the presence of T2DM almost doubled the risk of dementia and AD in
aging individuals [80]. Moreover, in a longitudinal study that included
1138 subjects, Luchsinger et al., explored the relationship between the
presence of a range of vascular risk factors and AD. The authors found
that T2DM and smoking were the strongest risk factors to developing
AD. They also concluded that the risk of AD associated with T2DM was
stronger than previously reported, independently of any other vascular
conditions [81]. Furthermore, a systematic analysis of longitudinal
population-based studies found a 50-100 % increased risk for the onset
of AD in diabetic patients, with no evident relation to ethnic origins
[82]. This increased risk of AD in T2DM patients was corroborated by
another manuscript, in which Kopf et al., also reported that studies
conducted with a larger population size, early detection of T2DM, and
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strict identification of dementia subtypes, are more likely to indicate a
relationship between the two diseases [83]. Additionally, Xu et al.,
performed a community-based cohort study that lasted nine years and
that included 1173 dementia- and T2DM-free individuals aged 75 years
and older. The authors concluded that individuals with borderline dia-
betes (also known as pre-diabetes), a condition in which glucose toler-
ance is already impaired, showed a significantly increased risk of
developing dementia, including AD [84]. Decreased glucose tolerance,
which is not only reported in T2DM but also in AD [85], is usually
associated to chronic hyperglycemia, a condition in which increased
oxidative and nitrosative stress are present, deleteriously affecting the
generation of ATP and further compromising mitochondrial physiology
[86]. Lastly, not only has T2DM been proposed as a risk for developing
AD, but also vice versa. In fact, in a cohort study conducted with patients
in Minnesota, Janson et al., reported elevated occurrence of both T2DM
and impaired fasting glucose in patients with AD [87].

At the molecular level, it has been demonstrated that treatment of
rodents with streptozotocin increases the hyperphosphorylation of tau
[88], as well as the aggregation of Ap [89], further supporting a mo-
lecular link between AD and T2DM. Moreover, similarly to what was
observed in PD, mitochondrial dysfunction has emerged as an important
component in this intersection between these two diseases (Table 2). For
example, using mice in which T2DM was modeled by treatment with
streptozotocin, Ruegsegger et al., found decreased ATP generation in the
cerebrum, hypothalamus, and hippocampus of the animals; as well as
dysregulation of mitochondrial dynamics, and increased tau phosphor-
ylation [90]. The authors also reported that intranasal administration of
insulin in healthy mice increased mitochondrial ATP generation, and it
improved neuronal development and neurotransmission. Moreover,
using control and transgenic mice models of AD which were maintained
under control or high-glucose diet for seven months to model T2DM,
Carvalho et al., showed similar brain mitochondrial dysfunction in both
AD and T2DM models [91]. Specifically, the authors described a com-
parable degree of compromised OXPHOS activity and calcium dysho-
meostasis; as well as alterations in the ultrastructure of the organelle.
Control mice, which were maintained in high-glucose diet, also showed
increased levels of aggregated Ap in their brains. The authors concluded
that the metabolic alterations associated to T2DM could contribute to
the development of AD-like pathologic features, which supports the
hypothesis that mitochondria could serve as a fundamental link between
these two pathologies.

To further address the molecular pathways linking T2DM and AD,
some authors focused their efforts in the study of the regulation of in-
sulin in these diseases. Mitochondrial dysfunction also emerged here as a
link between the two pathologies. For example, Talbot et al., using post-
mortem brains obtained from AD patients at different stages of the
disease, showed decreased response to insulin signaling pathways in
these brains. In fact, the authors noted that these signaling pathways

Table 2
The important role played by mitochondrial dysfunction in the intersection
between T2DM and AD has already been demonstrated by different authors.

Mitochondrial link Model References
Dysregulated ATP generation Mice 89
Compromised OXPHOS, calcium Mice 90
dyshomeostasis, and altered mitochondrial
ultrastructure
Increased ROS generation and oxidative stress ~ Human samples 91
Dysregulated MAPK signaling pathway Murine cell lines, 92, 94

human samples
Increased mitochondrial-mediated apoptosis Human cell lines 102
Positive results of treatment with resveratrol, Human samples, 104, 106,
probably exerted via its antioxidant effects  rats 107

This role is exerted at different levels. The table synthesizes some of the studies
mentioned in this review, including the model in which they were conducted
and the specific mitochondrial targets that were assayed.
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were progressively more dysregulated as the samples were obtained
from patients with more advanced AD, regardless of the presence of
T2DM. The study also showed that Af could indirectly trigger IR, and
rise oxidative stress as AD advances, and therefore the degree of IR in-
creases, suggesting a molecular loop between these processes [92].
Moreover, Gasparini et al., showed that insulin can modulate both the
trafficking of Ap and the activity of APP, via regulation of the
mitogen-activated protein kinase (MAPK) signaling pathway [93].
MAPK is involved in the downregulation of the IGF-1, which has been
reported in the temporal cortex from AD patients [94]. The authors of
this study also reported the involvement of the FoxO signaling pathway
in this molecular pathway. Lastly, Wang et al., showed that the increased
levels and activity of p38MAPK correlate with the duration and the
severity of AD [95]. The MAPK signaling pathway is closely related to
the status of mitochondrial physiology [67], and the regulatory role of
p38MAPK in mitochondrial physiology, including fission and ROS gen-
eration, has been already demonstrated [96,97]. Moreover, short-term
activation of FoxO by increased oxidative stress induces transcription
of some of main mitochondrial antioxidant enzymes [98]. However, if
oxidative stress persists, long-term activation of the FoxO signaling
pathway could contribute to hyperglycemia and hyperinsulinemia,
further increasing oxidative stress and apoptosis, in a deleterious cycle
[99,100].

Hyperglycemia-induced vascular dysfunction is a crucial component
of AD; in fact, AD has been defined as a vascular disorder with neuro-
degenerative implications (a “vascognopathy™) [101,102]. Accordingly,
epidemiological studies have consistently demonstrated that nearly all
the risk factors associated with AD are related to vascular health, and
linked to cerebral hypoperfusion. The deleterious effects of high-glucose
in blood vessels and in the endothelium can be mediated by several
different molecular mechanisms; in some of this mitochondrial
dysfunction has been already reported. For example, the activation of
the polyol pathway due to hyperglycemia results in changes in plasma
osmolarity, promoting tau post-transcriptional modifications, and ulti-
mately, apoptosis [103]. This alternative metabolic pathway bypasses
glycolysis by directly converting glucose into fructose, producing sor-
bitol as an intermediate metabolite [104]. Moreover, Wong et al.,
showed that treatment with resveratrol of individuals with T2DM,
improved both their neurovascular status and their multi-tasking per-
formance [105]. Resveratrol, a glucose and lipid regulator, has multiple
functions in the mammalian cells, including a potent antioxidant effect
[106]. Using a pharmacological model of T2DM in rats, the positive
effects of resveratrol on cognition, as well as in reducing oxidative stress
and preventing increased apoptosis, were corroborated by two research
studies [107,108]. All these findings support the idea that mitochondrial
dysfunction is present at the different levels in which AD and T2DM
converge.

5. Other neurodegenerative diseases

While the number of studies that link mitochondrial dysfunction,
T2DM, and neurodegenerative disorders other than AD and PD is not
very high; the role of dysregulated glucose metabolism, which is closely
related to T2DM and mitochondrial dysfunction, has already been
addressed in many of these disorders (Table 3). Here, we critically re-
view articles in which this relationship has been studied.

5.1. Amyotrophic lateral sclerosis (ALS)

ALS has been typically defined as a neurodegenerative disorder
characterized by the loss of motor neurons and the onset of cognitive
impairment, even though in the past decade the etiopathology of ALS
has emerged as a much more complex system, and pleiotropic symptoms
has been now broadly described. Various authors have already sug-
gested a potential link between ALS, mitochondrial dysfunction, and
dysregulated glucose metabolism, which is a hallmark of T2DM. For
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Table 3

The important role played by mitochondrial dysfunction in the intersection
between T2DM and other neurodegenerative disorders (different from PD and
AD) has already been demonstrated by different authors.

Disease = Mitochondrial link Model References
ALS Positive effects of trimetazidine viaa  Mice 111
mechanism that could involve
preventing dysregulated
mitochondrial metabolism
Mitochondrial dysfunction Mathematical 112
(including impaired OXPHOS, model
increased oxidative stress, etc.)
Decreased ETC activity and Human samples 112
increased levels of mtDNA
MCI Increased oxidative stress Cybrids 118
Mitophagy dysregulation Human samples 119
MS Increased oxidative stress Human samples 124,125
Deficient ATP levels in the axons, Mice 129
and increased oxidative stress and
calcium dysregulation
Unbalanced TCA cycle and glycolysis =~ Human samples, 129
mice
MELAS Decreased activity of the ETC Human samples 135
complexes
HD ROS-mediated mitochondrial Human cell lines 142, 143
dysfunction

This role is exerted at different levels. The table synthesizes some of the studies
mentioned in this review, including the model in which they were conducted
and the specific mitochondrial targets that were assayed.

example, Scaricamazza et al., using mice models of ALS, have investi-
gated the potential therapeutic effects of trimetazidine; an anti-ischemic
drug with potent effects in the metabolism of long-chain fatty acids,
therefore affecting glucose metabolism [109]. Trimetazidine also pro-
motes myogenesis and neuromuscular communication, via a mechanism
mediated by the positive effects of the drug on mitochondrial meta-
bolism [110]. Specifically, the authors of this study administered tri-
metazidine orally to SOD1%%*A mice (which expresses a mutated form on
SOD1 commonly linked to ALS and mitochondrial dysfunction [111]),
starting from the onset of the disease. The authors reported that trime-
tazidine reduced the loss of motor neurons, therefore delaying paresis;
and it improved muscle performance [112]. This treatment also
improved glucose metabolism and decreased neuroinflammation in both
the spinal cord and peripheral nerves, ultimately extending the overall
survival of the mice. The authors concluded that the effects of trimeta-
zidine in this mice model could be mediated by the positive impact of the
drug on mitochondrial function. In fact, trimetazidine was also able to
reverse the switch from glycolysis to OXPHOS, therefore regulating
glucose metabolism; and to improve overall mitochondrial function in
skeletal muscle and spinal cord in their mice model of ALS.
Additionally, using mathematical approaches, Burlando et al.,
created a three-loop model of ALS in which mitochondrial dysfunction
and dysregulated glucose metabolism played a crucial role. The first
loop, triggered by the misfolded mutant SOD1 in motor neurons, con-
sisted of OXPHOS impairment, AMPK overactivation, increased 6-phos-
phofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFK3), and a shift
from pentose phosphate pathway (PPP) to glycolysis. Consequently,
mitochondrial dysfunction was further triggered, increasing oxidative
stress, in a deleterious loop. This increased oxidative stress triggered the
second loop, consisting in the activation of the excitotoxic glutamatergic
cascade, which increased the levels of cytosolic calcium, expression
levels of PFK3, and further swift from PPP to glycolysis. The increased
levels of cytosolic calcium and their deleterious effects in mitochondrial
physiology, including OXPHOS, closed the third loop [113]. Based on
their model, the authors proposed that decreasing the levels and activity
of PFK3 could represent a valid pharmacological strategy in ALS. Further
evidence of the relationship between ALS, mitochondrial dysfunction,
and dysregulated glucose metabolism, was provided by Wiedermann
et al., using spinal cords obtained from healthy individuals and ALS
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patients. Their results show a significant rise in mtDNA content in ALS
patients, which was interpreted by the authors as a compensatory effect
to counteract the increased mitochondrial dysfunction observed in the
same samples. In fact, the activity of the ETC complexes I, III, and IV was
significantly decreased in spinal cord from ALS patients, which suggests
compromised energy metabolism in the affected motor neurons.
Increased oxidative stress, and mitochondrial morphological irregu-
laritires (including swelling) were found in the spinal cords of these
patients [114].

5.2. Mild cognitive impairment (MCI)

MCI is identified as an intermediate stage of cognitive impairment,
which could be interpreted in some cases as a transitional phase from
cognitive changes of aging to dementia [115]. Amnesic MCI, one of the
types of this disease, has been often defined as a precursor of AD [116].
In individuals 50 years and older, the prevalence of MCI has been esti-
mated at around 15 % [117]; this prevalence is higher in men than in
women of similar age groups, and it decreases as the educational level
increases [117]. Patients with T2DM are at higher risk for developing
MCI. In fact, in T2DM patients aged 35-81, the prevalence of MCI is
about 45 % [118]. As stated above, MCI seems to be prevalent in men;
however, in T2DM patients, the prevalence of MCI is higher in women
[118]. Interestingly, mitochondrial dysfunction has already been
described as a component of the etiopathology of MCI, via a mechanism
including increased oxidative stress [119].

Some authors have studied the molecular mechanisms that link MCI
and T2DM. For example, a proteomics analysis of platelets from patients
with T2DM and MCI (T2DM-MCI), and T2DM but not MCI (T2DM-
nMCI), showed significant changes in the levels of proteins involved in
insulin regulation. Moreover, the levels of optineurin, an autophagy
receptor involved in the PINK1-mediated mitophagy and in the clear-
ance of Ap and tau, were increased in both hippocampus and platelets of
the T2DM-MCI patients; and glycolysis was also increased in the same
patients [120]. T2DM-MCI patients also showed elevated platelet ratio
of glycogen synthase kinase 3 (rGSKf-3) rGSKB-3 and Af1_42/AB1-40
ratio. Changes in rGSK-3f-3 have been previously correlated to cognitive
decline in T2DM patients [121].

5.3. Multiple sclerosis (MS)

MS is a chronic neurodegenerative disorder characterized by
demyelination in the brain and spinal cord, and the consequent axonal
degeneration and neuroinflammation [122]. In fact, patients with MS
have significant higher plasmatic concentration of different proin-
flammatory cytokines, whose levels correlate with MS duration,
inflammation stage, and number of relapses [123]. At the cellular level,
active MS lesions are characterized by the migration of the macrophages
to the outside of the lesion, while the center is demyelinated; inactive
lesions are characterized by total demyelination, with microglia and
macrophages no longer present [124]. Demyelinated axons show
increased energy demands, probably in an attempt to maintain electrical
conductance. Interestingly, IR and increased oxidative stress seem to be
linked with increased disability in MS patients [125,126]. Moreover,
approximately half of MS patients developed cognitive impairment,
which has been associated with hyperinsulinemia [127].

To address the status of glucose metabolism in MS, the concentra-
tions of sorbitol, fructose, and lactate (involved in extra-mitochondrial
glucose metabolism), were assayed in human cerebrospinal fluid ob-
tained from healthy individuals and MS patients. Increased levels of
these metabolites were found in MS patients, and this elevation was
shown to be associated with worsening of neurological symptoms [128].
Impaired extra-mitochondrial metabolism could be a compensatory ef-
fect against dysregulated mitochondrial physiology, which is a key
contributor to glucose metabolism dysregulation in MS [129]. Further-
more, using mice models of the disease, Tai et al., showed that
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neuroinflammation in the neuronal cord is in the basis of deficient levels
of ATP in the axons. They also showed that insufficient ATP production
precedes oxidative stress and calcium dyshomeostasis, in a deleterious
cycle [130]. The authors reported that the decreased levels of ATP
observed in these samples are not merely a consequence of impaired
ETC, but also of an imbalance of the enzymes involved in the TCA.
Moreover, using brain tissue, Nijland et al., reported increased expres-
sion levels of glycolytic enzymes in MS patients, while the expression
levels of the enzymes involved in the TCA were increased in active MS
lesions, but not in inactive lesions [131]. For example, aligning with the
study from Tai et al., these researchers found that the TCA enzyme
a-KGDH was significantly reduced in demyelinated axons. Down-
regulation of the TCA has also been demonstrated in the peripheral
nervous system of T2DM models [132,133], further linking these dis-
eases. The authors also demonstrated that demyelinated axons may rely
on astrocytes to supply lactate to axons [130].

5.4. Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
episodes (MELAS)

MELAS is a rare mitochondrial disorder that predominantly affects
children and young adults [134]. It causes multiple symptoms, which
might not been present in all the patients, including seizures, dementia,
hyperglycemia, myalgia, etc. [135]. As these symptoms progress over
time, they can potentially lead to chronic complications including
glucose intolerance, hearing loss, and hypertrophic cardiomyopathy.
The 3243 A>G mutation, located within the mitochondrial tRNA Leu
(UUR) gene, is a particularly prevalent cause of MELAS, with approxi-
mately 80 % of cases being attributed to this mutation [135].

Increased lactic acid generation is a crucial component of MELAS,
which further contributes to mitochondrial dysfunction. In fact, mito-
chondrial dysfunction, including decreased activity of all the complexes
of the ETC, has been demonstrated in the muscle of MELAS patients,
even though the percentage of mutated mtDNA does not seem to underly
this effect [136]. While the bibliography regarding this disease is scarce,
probably due to the very low number of MELAS patients, increased
presence of T2DM has been described in clinical data obtained from
some MELAS patients [137,138]. However, T2DM seems to follow an
heterogenous pattern in these patients. For example, impaired insulin
secretion is not affected in all the individuals suffering from this disease
[139,140].

5.5. Huntington’s disease (HD)

HD is an autosomal-dominant neurodegenerative disease caused by
an abnormal increased number of CAG repeats in the gene coding the
Huntingtin protein (Htt) [141]. This results in the aggregation of Htt and
the subsequent increased cell toxicity and death, mostly in the
medium-spiny GABAergic neurons in the striatum [142]. ROS-mediated
mitochondrial dysfunction, including increased damage to mtDNA, has
been broadly described in HD [143,144]. Additionally, through the use
of mice models of the disease, it has been suggested that mitochondrial
dysfunction could be the basis for higher rates of T2DM observed in HD
patients [145]. However, the exact mechanisms linking these diseases
are still not fully understood, although some models have been pro-
posed. For example, Htt could increase adiposity as a consequence of
mitochondrial dysfunction, a well-known risk for developing T2DM
[146,147]. Moreover, the hypothalamus-pituitary-gonadal axis, the
hypothalamus-pituitary-adrenal (HPA) axis, and the mechanisms in
charge of the production of testosterone are all deleteriously affected in
HD [148,149]. The impact of HD on the HPA axis, specifically on signal
molecules like cortisol, could also contribute to the increased levels of
T2DM observed in these patients. However, this link is debatable, since
the timing and duration of the release of cortisol in the body are also
critical factors to developing T2DM [150,151].

The exact relationship between HD and T2DM remains particularly
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poorly described. For example, in murine models of HD, increased
presence of insulin receptor substrate-2 (Irs-2, a crucial downstream
protein in the insulin signaling pathway) has been shown to be an
accelerator of the progression of HD at different levels. In fact, mito-
chondrial dysfunction, neuronal damage, and overall organism motor
function were deleteriously affected by increased Irs-2 [145]. However,
in the same study and in other study also conducted in mice, decreased
Irs-2 expression induced hyperglycemia and T2DM [145,152]. More-
over, Fain et al., showed that R6/2 mice (a well-known model of HD) fed
a sugar- and fat-rich diet, failed to develop T2DM [153]. In fact, in this
study, only one mouse showed increased IR, although the effect seemed
to have been mitigated by increased insulin secretion. Another study
conducted by Luesse et al., on the same mice model, but with animals fed
a regular diet with six hours starvation periods, showed a greater
co-morbidity between HD and TDM2, but even in this case, only 26 % of
the mice developed T2DM [154]. Nonetheless, the correlation between
the two disease is consistently observed in humans [155,156]. This
discrepancy may be explained by the limitations of the R6/2 mice model
to adequately replicate human HD. In fact, the limitations of the use of
mice models in neuroscience have already been broadly described
[157].

6. Conclusions, perspectives, and future directions

Neurodegenerative disorders and T2DM are highly prevalent dis-
eases among the aging population, and they are expected to be more
common in the coming decades as society ages, and new pharmaco-
logical approaches for symptomatic treatment emerge. The scientific
literature that we comprehensively present in this bibliographical re-
view demonstrates the crucial role that mitochondrial dysfunction plays
in the intersection between neurodegeneration and T2DM. A better
understanding of the regulation of the organelle under these patholog-
ical conditions, especially in senescent cells in the CNS, could provide us
with valid and innovative therapeutic options to increase healthspan.

Specifically, the scientific manuscripts that we review here show that
T2DM patients are significantly more prone to develop AD. It also shows
that patients with T2DM and pre-existing PD often experience a more
severe and rapidly progressing PD. In both cases, mitochondrial
dysfunction seems to be in the intersection between T2DM and neuro-
degeneration. This dysfunction could contribute to the onset or the
progression of the diseases via intricate mechanisms that seem to
involve IR and the dysregulation of glucose levels. Specifically, reduced
ATP generation and increased oxidative stress, with the consequent rise
in cytotoxicity, have been broadly demonstrated in all these pathologies.
Furthermore, mitochondrial dysfunction has been broadly described in
the pathogenesis of other major neurodegenerative disorders, such as
ALS, HD, MS, and MCI. The role of T2DM on the onset and/or devel-
opment of these diseases has also been suggested.

7. Plausible new pharmacological approaches based on
targeting mitochondrial dysfunction

Considering the crucial role played by mitochondrial dysfunction in
the intersection between T2DM and neurodegeneration, targeting this
dysfunction could constitute a promising therapeutic avenue against
these pathologies. In fact, two of the leading drugs which have been
tested on T2DM and neurodegeneration (metformin and resveratrol, see
above for more details) exert, at least partially, positive effects on T2DM
and neurodegeneration by regulating mitochondrial physiology (Fig. 2).
As mentioned before, both T2DM and neurodegenerative diseases have a
serious deleterious impact on human healthspan.

While a better understanding of mitochondrial physiology under
pathological conditions, especially in senescent cells in the CNS, is
needed before developing new and valid pharmacological therapies,
some possibilities in this field are already found in the literature. For
example, novel compounds designed to revert mitochondrial
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Fig. 2. Mitochondrial physiology is crucially involved in the molecular and cellular pathways affected by metformin and resveratrol. Metformin and resveratrol are
two of the leading drugs that are currently being studied in patients suffering from T2DM and PD or AD. As described in this review, the positive effects of these drugs
at the cellular and molecular level are exerted, at least partially, by their protective effect on mitochondrial physiology. Image was created using BioRender.com and

an institutional license to Rutgers University.

dysfunction could prevent IR and hyperglycemia, which are two of the
main mechanisms described in T2DM and discussed in this review. Both
are also closely related to mitochondrial dysfunction [158,159]. In fact,
the onset of IR in liver, skeletal muscle, and adipose tissue has been
hypothesized to be closely related to reduced OXPHOS and mitochon-
drial biogenesis, as well as to increased oxidative stress and metabolic
imbalance [160-164]. IR can in turn lead to hyperglycemia, which is
highly correlated with elevated levels of oxidative stress, including
increased damage to mtDNA and disrupted mitophagy [58,165-167].
All these could be prevented or reverted with the use of
mitochondrial-addressed therapies, which have the potential to signifi-
cantly improve healthspan in both T2DM and neurodegeneration. These
therapies could work at different levels, from OXPHOS modulators and
antioxidants; to mitochondrial translation regulators, and modulators of
mitochondrial dynamics and mitophagy. Restoring mitochondrial
physiology at any of these points has the potential to contribute to revert
mitochondrial dysfunction, and hopefully, some of the clinical features
of T2DM and neurodegenerative disorders.

Author’s Contributions

Discussing the mainmanuscripts, in a journal club-type format; and
writing this review was themain focus of a graduate-level class taught
during the Fall semester of 2023,similarly to what we did in the previous
semesters 22,25,167. All the students listed as authors in thismanuscript
contributed equally to this work during the semester. However, the-
students listed as first authors, voluntarily extended their work into
theSpring semester of 2024, participating in the final writing and re-
view, andaddressing the comments from the reviewers. E.R.S. and R.T.
D.C. are researchersat Dr. Solesio’s laboratory, they read and edited the
final draft of thereview, and contributed to respond to the comments
from the reviewers. M.E.S.was the professor; she contributed to the se-
lection of the manuscripts that thestudents discussed, structured the
review, coordinated the writing process, andreviewed the manuscript

before submission and re-submission. All authors haveread and agreed
to the published version of the manuscript.

Funding

This publication fees of this review were covered by the StartUp
funds from Rutgers University to MES. The salary of MES was partially
covered by the NSF (2327684). This class was part of the broader im-
pacts of an NSF funded grant to MES (2327684).

CRediT authorship contribution statement

S Aiman Nadeem: Writing — original draft, Conceptualization.
Fatmanur Kilic: Writing — original draft, Conceptualization. Sachin
Muppavaram: Writing — original draft, Conceptualization. Sheida
Kavehmoghaddam: Writing - original draft, Conceptualization.
Nikhila Mandava: Writing — original draft, Conceptualization. Jose E
Castro Voldolosa: Conceptualization. Akhila Kasturi: Writing — orig-
inal draft, Conceptualization. Isabella R Baduini: Writing — original
draft, Conceptualization. Sai A Jonnalagadda: Writing — original draft,
Conceptualization. Samuel Hsiao: Writing — original draft, Conceptu-
alization. Maria E. Solesio Torregrosa: Writing — review & editing,
Writing — original draft, Supervision, Resources, Methodology, Funding
acquisition, Conceptualization. Lisa H Do: Writing — original draft,
Conceptualization. Renata T Da Costa: Writing — review & editing,
Conceptualization. Chris-Ann Bryan: Writing - original draft,
Conceptualization. Ernest R Scoma: Writing — review & editing,
Conceptualization. Dileep Annapureddy: Writing — original draft,
Conceptualization. Nasira Tamajal: Writing — original draft, Concep-
tualization. Marietta A Rowan: Writing — original draft, Conceptuali-
zation. Christina N Suoto: Writing — original draft, Conceptualization.
Juan J Nizama: Writing — original draft, Conceptualization. Aleece
Siner: Writing — original draft, Conceptualization. Bryan Ramirez:
Writing — original draft, Conceptualization.


http://BioRender.com

LR. Baduini et al.

Declaration of Competing Interest

Nothing to declare

Data Availability

No data was used for the research described in the article.

Acknowledgements

We thank Mr. Mitch Maleki, Esq., for editing the manuscript. The
figures were created using BioRender (institutional license to Rutgers
University).

References

[1]

[2]

[3

=

[4

=

[5

—

[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

M.W. Strachan, R.M. Reynolds, R.E. Marioni, J.F. Price, Cognitive function,
dementia and type 2 diabetes mellitus in the elderly (https://doi.org:), Nat. Rev.
Endocrinol. 7 (2011) 108-114, https://doi.org/10.1038/nrendo.2010.228.

M.C. Petersen, G.I. Shulman, Mechanisms of insulin action and insulin resistance
(https://doi.org:), Physiol. Rev. 98 (2018) 2133-2223, https://doi.org/10.1152/
physrev.00063.2017.

F. Iravanpour, et al., Intranasal insulin improves mitochondrial function and
attenuates motor deficits in a rat 6-OHDA model of Parkinson’s disease (https://
doi.org:), CNS Neurosci. Ther. 27 (2021) 308-319, https://doi.org/10.1111/
cns.13609.

L. Caberlotto, et al., Cross-disease analysis of Alzheimer’s disease and type-2
Diabetes highlights the role of autophagy in the pathophysiology of two highly
comorbid diseases (https://doi.org:), Sci. Rep. 9 (2019) 3965, https://doi.org/
10.1038/541598-019-39828-5.

A. Kleinridders, et al., Insulin resistance in brain alters dopamine turnover and
causes behavioral disorders (https://doi.org:), Proc. Natl. Acad. Sci. USA 112
(2015) 3463-3468, https://doi.org/10.1073/pnas.1500877112.

D.L. Juarez-Flores, et al., Disrupted Mitochondrial and Metabolic Plasticity
Underlie Comorbidity between Age-Related and Degenerative Disorders as
Parkinson Disease and Type 2 Diabetes Mellitus (https://doi.org:), Antioxid.
(Basel) 9 (2020), https://doi.org/10.3390/antiox9111063.

C.T. Hong, et al., Insulin Resistance Promotes Parkinson’s Disease through
Aberrant Expression of alpha-Synuclein, Mitochondrial Dysfunction, and
Deregulation of the Polo-Like Kinase 2 Signaling (https://doi.org:), Cells 9
(2020), https://doi.org/10.3390/cells9030740.

E.B. Thubron, et al., Regional mitochondrial DNA and cell-type changes in post-
mortem brains of non-diabetic Alzheimer’s disease are not present in diabetic
Alzheimer’s disease (https://doi.org:), Sci. Rep. 9 (2019) 11386, https://doi.org/
10.1038/541598-019-47783-4.

C.X. Gong, K. Igbal, Hyperphosphorylation of microtubule-associated protein tau:
a promising therapeutic target for Alzheimer disease (https://doi.org:), Curr. Med
Chem. 15 (2008) 2321-2328, https://doi.org/10.2174/092986708785909111.
S.M. de la Monte, J.R. Wands, Alzheimer’s disease is type 3 diabetes-evidence
reviewed (https://doi.org:), J. Diabetes Sci. Technol. 2 (2008) 1101-1113,
https://doi.org/10.1177/193229680800200619.

D.E. Mor, et al., Metformin rescues Parkinson’s disease phenotypes caused by
hyperactive mitochondria (https://doi.org:), Proc. Natl. Acad. Sci. USA 117
(2020) 26438-26447, https://doi.org/10.1073/pnas.2009838117.

F.J. Sanz, et al., Exploring the link between Parkinson’s disease and type 2
diabetes mellitus in Drosophila (https://doi.org:), FASEB J. 36 (2022) €22432,
https://doi.org/10.1096/£].202200286R.

D. Athauda, T. Foltynie, Insulin resistance and Parkinson’s disease: A new target
for disease modification? (https://doi.org:), Prog. Neurobiol. 145-146 (2016)
98-120, https://doi.org/10.1016/j.pneurobio.2016.10.001.

L. Sagan, On the origin of mitosing cells (https://doi.org:), J. Theor. Biol. 14
(1967) 255-274, https://doi.org/10.1016/0022-5193(67)90079-3.

S. Anderson, et al., Sequence and organization of the human mitochondrial
genome (https://doi.org:), Nature 290 (1981) 457-465, https://doi.org/
10.1038/290457a0.

L.N. Shokolenko, M.F. Alexeyev, Mitochondrial DNA: a disposable genome?
(https://doi.org:), Biochim Biophys. Acta 1852 (2015) 1805-1809, https://doi.
org/10.1016/j.bbadis.2015.05.016.

D. Nolfi-Donegan, A. Braganza, S. Shiva, Mitochondrial electron transport chain:
Oxidative phosphorylation, oxidant production, and methods of measurement
(https://doi.org:), Redox Biol. 37 (2020) 101674, https://doi.org/10.1016/j.
redox.2020.101674.

R.T. Da Costa, et al., Mitochondrial inorganic polyphosphate is required to
maintain proteostasis within the organelle (https://doi.org:), Front Cell Dev. Biol.
12 (2024) 1423208, https://doi.org/10.3389/fcell.2024.1423208.

V. Hambardikar, et al., Enzymatic depletion of mitochondrial inorganic
polyphosphate (polyP) increases the generation of reactive oxygen species (ROS)
and the activity of the pentose phosphate pathway (PPP) in mammalian cells
(https://doi.org:), Antioxidants 11 (2022), https://doi.org/10.3390/
antiox11040685.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Pharmacological Research 209 (2024) 107439

M. Guitart-Mampel, et al., Mitochondrial Inorganic Polyphosphate (polyP) is a
potent regulator of mammalian bioenergetics in SH-SY5Y cells: a proteomics and
metabolomics study (https://doi.org:), Front Cell Dev. Biol. 10 (2022) 833127,
https://doi.org/10.3389/fcell.2022.833127.

M.E. Solesio, et al., Depletion of mitochondrial inorganic polyphosphate (polyP)
in mammalian cells causes metabolic shift from oxidative phosphorylation to
glycolysis (https://doi.org:), Biochem J. 478 (2021) 1631-1646, https://doi.org/
10.1042/BCJ20200975.

S. Patro, et al., ATP Synthase and Mitochondrial Bioenergetics Dysfunction in
Alzheimer’s Disease (https://doi.org:), Int J. Mol. Sci. 22 (2021), https://doi.org/
10.3390/ijms222011185.

B. McIntyre, M.E. Solesio, Mitochondrial inorganic polyphosphate (polyP): the
missing link of mammalian bioenergetics (https://doi.org:), Neural Regen. Res 16
(2021) 2227-2228, https://doi.org/10.4103/1673-5374.310687.

M.E. Solesio, et al., Inorganic polyphosphate is required for sustained free
mitochondrial calcium elevation, following calcium uptake (https://doi.org:
https://doi.org:), Cell Calcium 86 (2020) 102127, https://doi.org/10.1016/j.
ceca.2019.102127.

C.A. Denaro, et al., COVID-19 and neurodegeneration: the mitochondrial
connection (https://doi.org:), Aging Cell 21 (2022) 13727, https://doi.org/
10.1111/acel.13727.

D.C. Wallace, Mitochondria and cancer (https://doi.org:), Nat. Rev. Cancer 12
(2012) 685-698, https://doi.org/10.1038/nrc3365.

M.E. Solesio, et al., Carbonic anhydrase inhibition selectively prevents amyloid
beta neurovascular mitochondrial toxicity (https://doi.org:), Aging Cell 17
(2018) 12787, https://doi.org/10.1111/acel.12787.

M.E. Solesio, S. Saez-Atienzar, J. Jordan, M.F. Galindo, Characterization of
mitophagy in the 6-hydoxydopamine Parkinson’s disease model (https://doi.org:
), Toxicol. Sci. 129 (2012) 411-420, https://doi.org/10.1093/toxsci/kfs218.
M.F. Galindo, M.E. Solesio, S. Atienzar-Aroca, M.J. Zamora, J. Jordan Bueso,
Mitochondrial dynamics and mitophagy in the 6-hydroxydopamine preclinical
model of Parkinson’s disease (https://doi.org:), Park. Dis. 2012 (2012) 131058,
https://doi.org/10.1155/2012/131058.

M. Catalan-Garcia, et al., Mitochondrial dysfunction: a common hallmark
underlying comorbidity between sIBM and other degenerative and age-related
diseases (https://doi.org:), J. Clin. Med 9 (2020), https://doi.org/10.3390/
jem9051446.

S. Logan, et al., Insulin-like growth factor receptor signaling regulates working
memory, mitochondrial metabolism, and amyloid-beta uptake in astrocytes.
(https://doi.org:), Mol. Metab. 9 (2018) 141-155, https://doi.org/10.1016/j.
molmet.2018.01.013.

A. Boveris, B. Chance, The mitochondrial generation of hydrogen peroxide.
General properties and effect of hyperbaric oxygen (https://doi.org:), Biochem J.
134 (1973) 707-716, https://doi.org/10.1042/bj1340707.

S. Kovag, et al., Nrf2 regulates ROS production by mitochondria and NADPH
oxidase (https://doi.org:), Biochim Biophys. Acta 1850 (2015) 794-801, https://
doi.org/10.1016/j.bbagen.2014.11.021.

34 M.P. Murphy, How mitochondria produce reactive oxygen species, Biochem J. 417
(1) (2009) 1-13, https://doi.org/10.1042/BJ20081386.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

T. Silzer, et al., Circulating mitochondrial DNA: New indices of type 2 diabetes-
related cognitive impairment in Mexican Americans (https://doi.org:), PLoS One
14 (2019) e0213527, https://doi.org/10.1371/journal.pone.0213527.

L. Genis, et al., Astrocytes require insulin-like growth factor I to protect neurons
against oxidative injury (https://doi.org:), F1000Res 3 (2014) 28, https://doi.
org/10.12688/f1000research.3-28.v2.

Z. Shan, W.H. Fa, C.R. Tian, C.S. Yuan, N. Jie, Mitophagy and mitochondrial
dynamics in type 2 diabetes mellitus treatment (https://doi.org:), Aging (Albany
NY) 14 (2022) 2902-2919, https://doi.org/10.18632/aging.203969.

S.M. Jin, R.J. Youle, PINK1- and Parkin-mediated mitophagy at a glance (https://
doi.org:), J. Cell Sci. 125 (2012) 795-799, https://doi.org/10.1242/jcs.093849.
E.F. Fang, et al., Mitophagy inhibits amyloid-beta and tau pathology and reverses
cognitive deficits in models of Alzheimer’s disease. (https://doi.org:), Nat.
Neurosci. 22 (2019) 401-412, https://doi.org/10.1038/541593-018-0332-9.

D. Ryu, et al., Urolithin A induces mitophagy and prolongs lifespan in C. elegans
and increases muscle function in rodents (https://doi.org:), Nat. Med 22 (2016)
879-888, https://doi.org/10.1038/nm.4132.

C.H. Hsieh, et al., Functional Impairment in Miro Degradation and Mitophagy Is a
Shared Feature in Familial and Sporadic Parkinson’s Disease (https://doi.org:),
Cell Stem Cell 19 (2016) 709-724, https://doi.org/10.1016/].stem.2016.08.002.
M.E. Solesio, et al., The mitochondria-targeted anti-oxidant MitoQ reduces
aspects of mitochondrial fission in the 6-OHDA cell model of Parkinson’s disease
(https://doi.org:), Biochim Biophys. Acta 1832 (2013) 174-182, https://doi.org/
10.1016/j.bbadis.2012.07.009.

Y. Hu, et al., Metformin protects against diabetes-induced cognitive dysfunction
by inhibiting mitochondrial fission protein DRP1 (https://doi.org:), Front Pharm.
13 (2022) 832707, https://doi.org/10.3389/fphar.2022.832707.

S. Cipolat, O. Martins de Brito, B. Dal Zilio, L. Scorrano, OPA1 requires mitofusin
1 to promote mitochondrial fusion (https://doi.org:), Proc. Natl. Acad. Sci. USA
101 (2004) 15927-15932, https://doi.org/10.1073/pnas.0407043101.

N. Ishihara, Y. Eura, K. Mihara, Mitofusin 1 and 2 play distinct roles in
mitochondrial fusion reactions via GTPase activity (https://doi.org:), J. Cell Sci.
117 (2004) 6535-6546, https://doi.org/10.1242/jcs.01565.

L. Yang, et al., Mitochondrial fusion provides an ’initial metabolic
complementation’ controlled by mtDNA (https://doi.org:), Cell Mol. Life Sci. 72
(2015) 2585-2598, https://doi.org/10.1007/s00018-015-1863-9.


https://doi.org/10.1038/nrendo.2010.228
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1111/cns.13609
https://doi.org/10.1111/cns.13609
https://doi.org/10.1038/s41598-019-39828-5
https://doi.org/10.1038/s41598-019-39828-5
https://doi.org/10.1073/pnas.1500877112
https://doi.org/10.3390/antiox9111063
https://doi.org/10.3390/cells9030740
https://doi.org/10.1038/s41598-019-47783-4
https://doi.org/10.1038/s41598-019-47783-4
https://doi.org/10.2174/092986708785909111
https://doi.org/10.1177/193229680800200619
https://doi.org/10.1073/pnas.2009838117
https://doi.org/10.1096/fj.202200286R
https://doi.org/10.1016/j.pneurobio.2016.10.001
https://doi.org/10.1016/0022-5193(67)90079-3
https://doi.org/10.1038/290457a0
https://doi.org/10.1038/290457a0
https://doi.org/10.1016/j.bbadis.2015.05.016
https://doi.org/10.1016/j.bbadis.2015.05.016
https://doi.org/10.1016/j.redox.2020.101674
https://doi.org/10.1016/j.redox.2020.101674
https://doi.org/10.3389/fcell.2024.1423208
https://doi.org/10.3390/antiox11040685
https://doi.org/10.3390/antiox11040685
https://doi.org/10.3389/fcell.2022.833127
https://doi.org/10.1042/BCJ20200975
https://doi.org/10.1042/BCJ20200975
https://doi.org/10.3390/ijms222011185
https://doi.org/10.3390/ijms222011185
https://doi.org/10.4103/1673-5374.310687
https://doi.org/10.1016/j.ceca.2019.102127
https://doi.org/10.1016/j.ceca.2019.102127
https://doi.org/10.1111/acel.13727
https://doi.org/10.1111/acel.13727
https://doi.org/10.1038/nrc3365
https://doi.org/10.1111/acel.12787
https://doi.org/10.1093/toxsci/kfs218
https://doi.org/10.1155/2012/131058
https://doi.org/10.3390/jcm9051446
https://doi.org/10.3390/jcm9051446
https://doi.org/10.1016/j.molmet.2018.01.013
https://doi.org/10.1016/j.molmet.2018.01.013
https://doi.org/10.1042/bj1340707
https://doi.org/10.1016/j.bbagen.2014.11.021
https://doi.org/10.1016/j.bbagen.2014.11.021
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1371/journal.pone.0213527
https://doi.org/10.12688/f1000research.3-28.v2
https://doi.org/10.12688/f1000research.3-28.v2
https://doi.org/10.18632/aging.203969
https://doi.org/10.1242/jcs.093849
https://doi.org/10.1038/s41593-018-0332-9
https://doi.org/10.1038/nm.4132
https://doi.org/10.1016/j.stem.2016.08.002
https://doi.org/10.1016/j.bbadis.2012.07.009
https://doi.org/10.1016/j.bbadis.2012.07.009
https://doi.org/10.3389/fphar.2022.832707
https://doi.org/10.1073/pnas.0407043101
https://doi.org/10.1242/jcs.01565
https://doi.org/10.1007/s00018-015-1863-9

LR. Baduini et al.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Q. Wang, et al., Metformin Suppresses diabetes-accelerated atherosclerosis via
the inhibition of Drpl-mediated mitochondrial fission (https://doi.org:), Diabetes
66 (2017) 193-205, https://doi.org/10.2337/db16-0915.

P. Rizek, N. Kumar, M.S. Jog, An update on the diagnosis and treatment of
Parkinson disease (https://doi.org:), CMAJ 188 (2016) 1157-1165, https://doi.
org/10.1503/cmaj.151179.

C. Klein, A. Westenberger, Genetics of Parkinson’s disease (https://doi.org:), Cold
Spring Harb. Perspect. Med 2 (2012) a008888, https://doi.org/10.1101/
cshperspect.a008888.

V. Dias, E. Junn, M.M. Mouradian, The role of oxidative stress in Parkinson’s
disease (https://doi.org:), J. Park. Dis. 3 (2013) 461-491, https://doi.org/
10.3233/JPD-130230.

P. Anglade, S. Vyas, E.C. Hirsch, Y. Agid, Apoptosis in dopaminergic neurons of
the human substantia nigra during normal aging, Histol. Histopathol. 12 (1997)
603-610.

K.T. Jones, et al., Effects of diet and insulin on dopamine transporter activity and
expression in rat caudate-putamen, nucleus accumbens, and midbrain (https://
doi.org:), J. Neurochem 140 (2017) 728-740, https://doi.org/10.1111/
jnc.13930.

E. De Pablo-Fernandez, R. Goldacre, J. Pakpoor, A.J. Noyce, T.T. Warner,
Association between diabetes and subsequent Parkinson disease: A record-linkage
cohort study (https://doi.org:), Neurology 91 (2018) e139-e142, https://doi.org/
10.1212/WNL.0000000000005771.

E. Schernhammer, J. Hansen, K. Rugbjerg, L. Wermuth, B. Ritz, Diabetes and the
risk of developing Parkinson’s disease in Denmark (https://doi.org:), Diabetes
Care 34 (2011) 1102-1108, https://doi.org/10.2337/dc10-1333.

D. Athauda, et al., The impact of type 2 diabetes in parkinson’s disease (https://
doi.org:), Mov. Disord. 37 (2022) 1612-1623, https://doi.org/10.1002/
mds.29122.

H. He, et al., Progressive brain changes in Parkinson’s disease: A meta-analysis of
structural magnetic resonance imaging studies (https://doi.org:), Brain Res 1740
(2020) 146847, https://doi.org/10.1016/].brainres.2020.146847.

C. Bonnard, et al., Mitochondrial dysfunction results from oxidative stress in the
skeletal muscle of diet-induced insulin-resistant mice (https://doi.org:), J. Clin.
Invest 118, 789-800 (2008), https://doi.org/10.1172/JCI32601.

S. Pal, G.N. Rao, A. Pal, High glucose-induced ROS accumulation is a critical
regulator of ERK1/2-Akt-tuberin-mTOR signalling in RGC-5 cells (https://doi.org:
), Life Sci. 256 (2020) 117914, https://doi.org/10.1016/.1fs.2020.117914.

M.L Ekstrand, D. Galter, The MitoPark Mouse - an animal model of Parkinson’s
disease with impaired respiratory chain function in dopamine neurons (https://
doi.org:), Park. Relat. Disord. 15 (Suppl 3) (2009) S185-S188, https://doi.org/
10.1016/S1353-8020(09)70811-9.

C.J. Su, et al., Thioredoxin-Interacting Protein (TXNIP) Regulates Parkin/PINK1-
mediated mitophagy in dopaminergic neurons under high-glucose conditions:
implications for molecular links between Parkinson’s disease and diabetes
(https://doi.org:), Neurosci. Bull. 36 (2020) 346-358, https://doi.org/10.1007/
$12264-019-00459-5.

A. Nicotra, S. Parvez, Apoptotic molecules and MPTP-induced cell death (https://
doi.org:), Neurotoxicol Teratol. 24 (2002) 599-605, https://doi.org/10.1016/
50892-0362(02)00213-, (1) (https://doi.org:).

H. Parikh, et al., TXNIP regulates peripheral glucose metabolism in humans
(https://doi.org:), PLoS Med 4 (2007) €158, https://doi.org/10.1371/journal.
pmed.0040158.

N. Qayyum, M. Haseeb, M.S. Kim, S. Choi, Role of Thioredoxin-Interacting
Protein in Diseases and Its Therapeutic Outlook (https://doi.org:), Int J. Mol. Sci.
22 (2021), https://doi.org/10.3390/1jms22052754.

E.A. Elbassuoni, R.F. Ahmed, Mechanism of the neuroprotective effect of GLP-1 in
a rat model of Parkinson’s with pre-existing diabetes (https://doi.org:),
Neurochem Int 131 (2019) 104583, https://doi.org/10.1016/j.
neuint.2019.104583.

R.T. Da Costa, M.E. Solesio, Could mammalian inorganic polyphosphate be a
crucial signaling molecule in neurological disorders? (https://doi.org:), Neural
Regen. Res 19 (2024) 701-702, https://doi.org/10.4103/1673-5374.382242,
28776086.

66 G. Rena, D.G. Hardie, E.R. Pearson, The mechanisms of action of metformin,
Diabetologia 60 (9) (2017), https://doi.org/10.1007/500125-017-4342-z.

[67]

[68]

[69]

[70]

[71]

[72]

S. Herzig, R.J. Shaw, AMPK: guardian of metabolism and mitochondrial
homeostasis (https://doi.org:), Nat. Rev. Mol. Cell Biol. 19 (2018) 121-135,
https://doi.org/10.1038/nrm.2017.95.

D. Alvarez-Fischer, et al., Probenecid potentiates MPTP/MPP-+ toxicity by
interference with cellular energy metabolism (https://doi.org:), J. Neurochem
127 (2013) 782-792, https://doi.org/10.1111/jnc.12343.

M. Lu, et al., Metformin prevents dopaminergic neuron death in MPTP/P-induced
mouse model of Parkinson’s disease via autophagy and mitochondrial ROS
clearance (https://doi.org:), Int J. Neuropsychopharmacol. 19 (2016), https://
doi.org/10.1093/ijnp/pyw047.

L.M. Bekris, C.E. Yu, T.D. Bird, D.W. Tsuang, Genetics of Alzheimer disease
(https://doi.org:), J. Geriatr. Psychiatry Neurol. 23 (2010) 213-227, https://doi.
org/10.1177/0891988710383571.

2021 Alzheimer’s disease facts and figures, https://doi.org: Alzheimers Dement
17 (2021) 327-406, https://doi.org/10.1002/alz.12328.

A. Goate, et al., Segregation of a missense mutation in the amyloid precursor
protein gene with familial Alzheimer’s disease (https://doi.org:), Nature 349
(1991) 704-706, https://doi.org/10.1038/349704a0.

10

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Pharmacological Research 209 (2024) 107439

E. Levy-Lahad, et al., Candidate gene for the chromosome 1 familial Alzheimer’s
disease locus (https://doi.org:), Science 269 (1995) 973-977, https://doi.org/
10.1126/science.7638622.

U. Sehar, P. Rawat, A.P. Reddy, J. Kopel, P.H. Reddy, Amyloid Beta in Aging and
Alzheimer’s Disease (https://doi.org:), Int J. Mol. Sci. 23 (2022), https://doi.org/
10.3390/ijms232112924.

J.P. Guo, T. Arai, J. Miklossy, P.L. McGeer, Abeta and tau form soluble complexes
that may promote self aggregation of both into the insoluble forms observed in
Alzheimer’s disease (https://doi.org:), Proc. Natl. Acad. Sci. USA 103 (2006)
1953-1958, https://doi.org/10.1073/pnas.0509386103.

J.X. Chen, S.D. Yan, Amyloid-beta-induced mitochondrial dysfunction (https://
doi.org:), J. Alzheimers Dis. 12 (2007) 177-184, https://doi.org/10.3233/jad-
2007-12208.

E.M. Mandelkow, K. Stamer, R. Vogel, E. Thies, E. Mandelkow, Clogging of axons
by tau, inhibition of axonal traffic and starvation of synapses (https://doi.org:),
Neurobiol. Aging 24 (2003) 1079-1085, https://doi.org/10.1016/j.
neurobiolaging.2003.04.007.

A. Akomolafe, et al., Diabetes mellitus and risk of developing Alzheimer disease:
results from the Framingham Study (https://doi.org:), Arch. Neurol. 63 (2006)
1551-1555, https://doi.org/10.1001/archneur.63.11.1551.

W.A. Kukull, et al., Dementia and Alzheimer disease incidence: a prospective
cohort study (https://doi.org:), Arch. Neurol. 59 (2002) 1737-1746, https://doi.
org/10.1001/archneur.59.11.1737.

A. Ott, et al., Diabetes mellitus and the risk of dementia: the Rotterdam Study
(https://doi.org:), Neurology 53 (1999) 1937-1942, https://doi.org/10.1212/
wnl.53.9.1937.

J.A. Luchsinger, et al., Aggregation of vascular risk factors and risk of incident
Alzheimer disease (https://doi.org:), Neurology 65 (2005) 545-551, https://doi.
0rg/10.1212/01.wnl.0000172914.08967.dc.

G.J. Biessels, S. Staekenborg, E. Brunner, C. Brayne, P. Scheltens, Risk of
dementia in diabetes mellitus: a systematic review (https://doi.org:), Lancet
Neurol. 5 (2006) 64-74, https://doi.org/10.1016/51474-4422(05)70284-2.

D. Kopf, L. Frolich, Risk of incident Alzheimer’s disease in diabetic patients: a
systematic review of prospective trials (https://doi.org:), J. Alzheimers Dis. 16
(2009) 677-685, https://doi.org/10.3233/JAD-2009-1011.

W. Xu, C. Qiu, B. Winblad, L. Fratiglioni, The effect of borderline diabetes on the
risk of dementia and Alzheimer’s disease (https://doi.org:), Diabetes 56 (2007)
211-216, https://doi.org/10.2337/db06-0879.

L. Xie, et al., Alzheimer’s beta-amyloid peptides compete for insulin binding to
the insulin receptor (https://doi.org:), J. Neurosci. 22 (2002) RC221, https://doi.
org/10.1523/JNEUROSCI.22-10-j0001.2002.

R. Mastrocola, et al., Oxidative and nitrosative stress in brain mitochondria of
diabetic rats (https://doi.org:), J. Endocrinol. 187 (2005) 37-44, https://doi.org/
10.1677/joe.1.06269.

J. Janson, et al., Increased risk of type 2 diabetes in Alzheimer disease (https://
doi.org:), Diabetes 53 (2004) 474-481, https://doi.org/10.2337/
diabetes.53.2.474.

E. Grunblatt, M. Salkovic-Petrisic, J. Osmanovic, P. Riederer, S. Hoyer, Brain
insulin system dysfunction in streptozotocin intracerebroventricularly treated
rats generates hyperphosphorylated tau protein (https://doi.org:), J. Neurochem
101 (2007) 757-770, https://doi.org/10.1111/j.1471-4159.2006.04368.x.

M. Salkovic-Petrisic, et al., Cerebral amyloid angiopathy in streptozotocin rat
model of sporadic Alzheimer’s disease: a long-term follow up study (https://doi.
org:), J. Neural Transm. (Vienna) 118 (2011) 765-772, https://doi.org/10.1007/
s00702-011-0651-4.

G.N. Ruegsegger, et al., Insulin deficiency and intranasal insulin alter brain
mitochondrial function: a potential factor for dementia in diabetes (https://doi.
org:), FASEB J. 33 (2019) 4458-4472, https://doi.org/10.1096/1j.201802043R.
C. Carvalho, et al., Metabolic alterations induced by sucrose intake and
Alzheimer’s disease promote similar brain mitochondrial abnormalities (https://
doi.org:), Diabetes 61 (2012) 1234-1242, https://doi.org/10.2337/db11-1186.
K. Talbot, et al., Demonstrated brain insulin resistance in Alzheimer’s disease
patients is associated with IGF-1 resistance, IRS-1 dysregulation, and cognitive
decline (https://doi.org:), J. Clin. Invest 122 (2012) 1316-1338, https://doi.org/
10.1172/JCI59903.

L. Gasparini, et al., Stimulation of beta-amyloid precursor protein trafficking by
insulin reduces intraneuronal beta-amyloid and requires mitogen-activated
protein kinase signaling (https://doi.org:), J. Neurosci. 21 (2001) 2561-2570,
https://doi.org/10.1523/JNEUROSCI.21-08-02561.2001.

K. Kang, et al., Down-regulation of insulin like growth factor 1 involved in
Alzheimer’s disease via MAPK, Ras, and FoxO signaling pathways, Oxid. Med.
Cell. Longev. 2022 (2022).

S. Wang, et al., Peripheral expression of MAPK pathways in Alzheimer’s and
Parkinson’s diseases, J. Clin. Neurosci. 21 (2014) 810-814.

C. Gui, et al., p38 MAPK-DRP1 signaling is involved in mitochondrial dysfunction
and cell death in mutant A53T alpha-synuclein model of Parkinson’s disease
(https://doi.org:), Toxicol. Appl. Pharm. 388 (2020) 114874, https://doi.org/
10.1016/j.taap.2019.114874.

A. Kulisz, N. Chen, N.S. Chandel, Z. Shao, P.T. Schumacker, Mitochondrial ROS
initiate phosphorylation of p38 MAP kinase during hypoxia in cardiomyocytes
(https://doi.org:), Am. J. Physiol. Lung Cell Mol. Physiol. 282 (2002)
L1324-11329, https://doi.org/10.1152/ajplung.00326.2001.

G.J. Kops, et al., Forkhead transcription factor FOXO3a protects quiescent cells
from oxidative stress (https://doi.org:), Nature 419 (2002) 316-321, https://doi.
org/10.1038/nature01036.


https://doi.org/10.2337/db16-0915
https://doi.org/10.1503/cmaj.151179
https://doi.org/10.1503/cmaj.151179
https://doi.org/10.1101/cshperspect.a008888
https://doi.org/10.1101/cshperspect.a008888
https://doi.org/10.3233/JPD-130230
https://doi.org/10.3233/JPD-130230
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref51
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref51
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref51
https://doi.org/10.1111/jnc.13930
https://doi.org/10.1111/jnc.13930
https://doi.org/10.1212/WNL.0000000000005771
https://doi.org/10.1212/WNL.0000000000005771
https://doi.org/10.2337/dc10-1333
https://doi.org/10.1002/mds.29122
https://doi.org/10.1002/mds.29122
https://doi.org/10.1016/j.brainres.2020.146847
https://doi.org/10.1172/JCI32601
https://doi.org/10.1016/j.lfs.2020.117914
https://doi.org/10.1016/S1353-8020(09)70811-9
https://doi.org/10.1016/S1353-8020(09)70811-9
https://doi.org/10.1007/s12264-019-00459-5
https://doi.org/10.1007/s12264-019-00459-5
https://doi.org/10.1016/s0892-0362(02)00213-
https://doi.org/10.1016/s0892-0362(02)00213-
http://1
https://doi.org/10.1371/journal.pmed.0040158
https://doi.org/10.1371/journal.pmed.0040158
https://doi.org/10.3390/ijms22052754
https://doi.org/10.1016/j.neuint.2019.104583
https://doi.org/10.1016/j.neuint.2019.104583
https://doi.org/10.4103/1673-5374.382242
https://doi.org/10.1007/s00125-017-4342-z
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1111/jnc.12343
https://doi.org/10.1093/ijnp/pyw047
https://doi.org/10.1093/ijnp/pyw047
https://doi.org/10.1177/0891988710383571
https://doi.org/10.1177/0891988710383571
https://doi.org/10.1002/alz.12328
https://doi.org/10.1038/349704a0
https://doi.org/10.1126/science.7638622
https://doi.org/10.1126/science.7638622
https://doi.org/10.3390/ijms232112924
https://doi.org/10.3390/ijms232112924
https://doi.org/10.1073/pnas.0509386103
https://doi.org/10.3233/jad-2007-12208
https://doi.org/10.3233/jad-2007-12208
https://doi.org/10.1016/j.neurobiolaging.2003.04.007
https://doi.org/10.1016/j.neurobiolaging.2003.04.007
https://doi.org/10.1001/archneur.63.11.1551
https://doi.org/10.1001/archneur.59.11.1737
https://doi.org/10.1001/archneur.59.11.1737
https://doi.org/10.1212/wnl.53.9.1937
https://doi.org/10.1212/wnl.53.9.1937
https://doi.org/10.1212/01.wnl.0000172914.08967.dc
https://doi.org/10.1212/01.wnl.0000172914.08967.dc
https://doi.org/10.1016/S1474-4422(05)70284-2
https://doi.org/10.3233/JAD-2009-1011
https://doi.org/10.2337/db06-0879
https://doi.org/10.1523/JNEUROSCI.22-10-j0001.2002
https://doi.org/10.1523/JNEUROSCI.22-10-j0001.2002
https://doi.org/10.1677/joe.1.06269
https://doi.org/10.1677/joe.1.06269
https://doi.org/10.2337/diabetes.53.2.474
https://doi.org/10.2337/diabetes.53.2.474
https://doi.org/10.1111/j.1471-4159.2006.04368.x
https://doi.org/10.1007/s00702-011-0651-4
https://doi.org/10.1007/s00702-011-0651-4
https://doi.org/10.1096/fj.201802043R
https://doi.org/10.2337/db11-1186
https://doi.org/10.1172/JCI59903
https://doi.org/10.1172/JCI59903
https://doi.org/10.1523/JNEUROSCI.21-08-02561.2001
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref94
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref94
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref94
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref95
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref95
https://doi.org/10.1016/j.taap.2019.114874
https://doi.org/10.1016/j.taap.2019.114874
https://doi.org/10.1152/ajplung.00326.2001
https://doi.org/10.1038/nature01036
https://doi.org/10.1038/nature01036

LR. Baduini et al.

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

D. Cao, H. Lu, T.L. Lewis, L. Li, Intake of sucrose-sweetened water induces insulin
resistance and exacerbates memory deficits and amyloidosis in a transgenic
mouse model of Alzheimer disease (https://doi.org:), J. Biol. Chem. 282 (2007)
36275-36282, https://doi.org/10.1074/jbc.M703561200.

S.C. Martinez, et al., Inhibition of Foxol protects pancreatic islet beta-cells
against fatty acid and endoplasmic reticulum stress-induced apoptosis (https://
doi.org:), Diabetes 57 (2008) 846-859, https://doi.org/10.2337/db07-0595.
J.C. de la Torre, Alzheimer’s disease is a vasocognopathy: a new term to describe
its nature (https://doi.org:), Neurol. Res 26 (2004) 517-524, https://doi.org/
10.1179/016164104225016254.

R.M. Parodi-Rullan, S. Javadov, S. Fossati, Dissecting the Crosstalk between
endothelial mitochondrial damage, vascular inflammation, and
neurodegeneration in cerebral amyloid angiopathy and Alzheimer’s disease
(https://doi.org:), Cells 10 (2021), https://doi.org/10.3390/cells10112903.

M. Olivera Santa-Catalina, et al., JNK signaling pathway regulates sorbitol-
induced Tau proteolysis and apoptosis in SH-SY5Y cells by targeting caspase-3
(https://doi.org:), Arch. Biochem Biophys. 636 (2017) 42-49, https://doi.org/
10.1016/j.abb.2017.11.004.

J. Jeffery, H. Jornvall, Enzyme relationships in a sorbitol pathway that bypasses
glycolysis and pentose phosphates in glucose metabolism (https://doi.org:), Proc.
Natl. Acad. Sci. USA 80 (1983) 901-905, https://doi.org/10.1073/pnas.80.4.901.
R.H. Wong, D. Raederstorff, P.R. Howe, Acute Resveratrol Consumption Improves
Neurovascular Coupling Capacity in Adults with Type 2 Diabetes Mellitus
(https://doi.org:), Nutrients 8 (2016), https://doi.org/10.3390/nu8070425.

X. Meng, J. Zhou, C.N. Zhao, R.Y. Gan, H.B. Li, Health benefits and molecular
mechanisms of resveratrol: a narrative review (https://doi.org:), Foods 9 (2020),
https://doi.org/10.3390/foods9030340.

X. Tian, et al., Resveratrol limits diabetes-associated cognitive decline in rats by
preventing oxidative stress and inflammation and modulating hippocampal
structural synaptic plasticity (https://doi.org:), Brain Res 1650 (2016) 1-9,
https://doi.org/10.1016/j.brainres.2016.08.032.

Z. Tian, et al., Resveratrol Improves Cognitive Impairment by Regulating
Apoptosis and Synaptic Plasticity in Streptozotocin-Induced Diabetic Rats
(https://doi.org:), Cell Physiol. Biochem 40 (2016) 1670-1677, https://doi.org/
10.1159/000453216.

P.F. Kantor, A. Lucien, R. Kozak, G.D. Lopaschuk, The antianginal drug
trimetazidine shifts cardiac energy metabolism from fatty acid oxidation to
glucose oxidation by inhibiting mitochondrial long-chain 3-ketoacyl coenzyme A
thiolase (https://doi.org:), Circ. Res 86 (2000) 580-588, https://doi.org/
10.1161/01.res.86.5.580.

F. Molinari, et al., The mitochondrial metabolic reprogramming agent
trimetazidine as an ’exercise mimetic’ in cachectic C26-bearing mice (https://doi.
org:), J. Cachex-.-. Sarcopenia Muscle 8 (2017) 954-973, https://doi.org/
10.1002/jcsm.12226.

J. Li, M. Song, S. Moh, H. Kim, D.H. Kim, Cytoplasmic Restriction of Mutated
SOD1 Impairs the DNA Repair Process in Spinal Cord Neurons (https://doi.org:),
Cells 8 (2019), https://doi.org/10.3390/cells8121502.

S. Scaricamazza, et al., Repurposing of Trimetazidine for amyotrophic lateral
sclerosis: a study in SOD1(G93A) mice (https://doi.org:), Br. J. Pharm. 179
(2022) 1732-1752, https://doi.org/10.1111/bph.15738.

B. Burlando, et al., A multistationary loop model of ALS unveils critical molecular
interactions involving mitochondria and glucose metabolism (https://doi.org:),
PLoS One 15 (2020) e0244234, https://doi.org/10.1371/journal.pone.0244234.
F.R. Wiedemann, G. Manfredi, C. Mawrin, M.F. Beal, E.A. Schon, Mitochondrial
DNA and respiratory chain function in spinal cords of ALS patients (https://doi.
org:), J. Neurochem 80 (2002) 616-625, https://doi.org/10.1046/7.0022-
3042.2001.00731.x.

R.C. Petersen, et al., Mild cognitive impairment: a concept in evolution (https://
doi.org:), J. Intern Med 275 (2014) 214-228, https://doi.org/10.1111/
joim.12190.

H.R. Griffith, et al., Amnestic mild cognitive impairment: diagnostic outcomes
and clinical prediction over a two-year time period (https://doi.org:), J. Int
Neuropsychol. Soc. 12 (2006) 166-175, https://doi.org/10.1017/
$1355617706060267.

W. Bali, et al., Worldwide prevalence of mild cognitive impairment among
community dwellers aged 50 years and older: a meta-analysis and systematic
review of epidemiology studies (https://doi.org:), Age Ageing 51 (2022), https://
doi.org/10.1093/ageing/afac173.

Y. You, et al., The prevalence of mild cognitive impairment in type 2 diabetes
mellitus patients: a systematic review and meta-analysis (https://doi.org:), Acta
Diabetol. 58 (2021) 671-685, https://doi.org/10.1007/500592-020-01648-9.

X. Gan, et al., Oxidative stress-mediated activation of extracellular signal-
regulated kinase contributes to mild cognitive impairment-related mitochondrial
dysfunction (https://doi.org:), Free Radic. Biol. Med 75 (2014) 230-240, https://
doi.org/10.1016/j.freeradbiomed.2014.07.02, (1) (https://doi.org:).

H. Yu, et al., Platelet biomarkers identifying mild cognitive impairment in type 2
diabetes patients (https://doi.org:), Aging Cell 20 (2021) €13469, https://doi.
org/10.1111/acel.13469.

Y. Gao, et al., GSK-3beta activation mediates apolipoprotein E4-associated
cognitive impairment in type 2 diabetes mellitus: A multicenter, cross-sectional
study (https://doi.org:), J. Diabetes 16 (2024) 13470, https://doi.org/10.1111/
1753-0407.1347, (0) (https://doi.org:).

H. Lassmann, J. van Horssen, D. Mahad, Progressive multiple sclerosis: pathology
and pathogenesis (https://doi.org:), Nat. Rev. Neurol. 8 (2012) 647-656, https://
doi.org/10.1038/nrneurol.2012.168.

11

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]
[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

Pharmacological Research 209 (2024) 107439

M. Stampanoni Bassi, et al., IL-6 in the cerebrospinal fluid signals disease activity
in multiple sclerosis (https://doi.org:), Front Cell Neurosci. 14 (2020) 120,
https://doi.org/10.3389/fncel.2020.00120.

L.E. Jonkman, et al., Can MS lesion stages be distinguished with MRI? a
postmortem MRI and histopathology study (https://doi.org:), J. Neurol. 262
(2015) 1074-1080, https://doi.org/10.1007/s00415-015-7689-4.

A. Ruiz-Arguelles, M.A. Mendez-Huerta, C.D. Lozano, G.J. Ruiz-Arguelles,
Metabolomic profile of insulin resistance in patients with multiple sclerosis is
associated to the severity of the disease (https://doi.org:), Mult. Scler. Relat.
Disord. 25 (2018) 316-321, https://doi.org/10.1016/j.msard.2018.08.014.

S.R. Oliveira, et al., Disability in patients with multiple sclerosis: influence of
insulin resistance, adiposity, and oxidative stress (https://doi.org:), Nutrition 30
(2014) 268-273, https://doi.org/10.1016/j.nut.2013.08.001.

H. Ayromlou, et al., Insulin resistance is associated with cognitive dysfunction in
multiple sclerosis patients: a cross-sectional study, J. Neuroendocr. 35 (2023)
€13288 https://doi.org:10.1111/jne.13288.

W.T. Regenold, P. Phatak, M.J. Makley, R.D. Stone, M.A. Kling, Cerebrospinal
fluid evidence of increased extra-mitochondrial glucose metabolism implicates
mitochondrial dysfunction in multiple sclerosis disease progression (https://doi.
org:), J. Neurol. Sci. 275 (2008) 106-112, https://doi.org/10.1016/].
jns.2008.07.032.

R. Dutta, et al., Mitochondrial dysfunction as a cause of axonal degeneration in
multiple sclerosis patients (https://doi.org:), Ann. Neurol. 59 (2006) 478-489,
https://doi.org/10.1002/ana.20736.

Y.H. Tai, et al., Targeting the TCA cycle can ameliorate widespread axonal energy
deficiency in neuroinflammatory lesions (https://doi.org:), Nat. Metab. 5 (2023)
1364-1381, https://doi.org/10.1038/542255-023-00838-3.

P.G. Nijland, et al., Differential expression of glucose-metabolizing enzymes in
multiple sclerosis lesions (https://doi.org:), Acta Neuropathol. Commun. 3 (2015)
79, https://doi.org/10.1186/s40478-015-0261-8.

L.M. Hinder, A. Vivekanandan-Giri, L.L. McLean, S. Pennathur, E.L. Feldman,
Decreased glycolytic and tricarboxylic acid cycle intermediates coincide with
peripheral nervous system oxidative stress in a murine model of type 2 diabetes
(https://doi.org:), J. Endocrinol. 216 (2013) 1-11, https://doi.org/10.1530/JOE-
12-0356.

W. Lin, et al., Metabolomics and correlation network analyses of core biomarkers
in type 2 diabetes (https://doi.org:), Amino Acids 52 (2020) 1307-1317, https://
doi.org/10.1007/5s00726-020-02891-8.

Pia, S. & Lui, F. in StatPearls (2024).

E. Ciafaloni, et al., MELAS: clinical features, biochemistry, and molecular genetics
(https://doi.org:), Ann. Neurol. 31 (1992) 391-398, https://doi.org/10.1002/
ana.410310408.

H.C. Fan, H.F. Lee, C.T. Yue, C.S. Chi, Clinical Characteristics of Mitochondrial
Encephalomyopathy, Lactic Acidosis, and Stroke-Like Episodes (https://doi.org:),
Life (Basel) 11 (2021), https://doi.org/10.3390/life11111111.

M.L. Yee, et al., Mitochondrial disease: an uncommon but important cause of
diabetes mellitus (https://doi.org:), Endocrinol. Diabetes Metab. Case Rep. 2018
(2018), https://doi.org/10.1530/EDM-18-0091.

C.Y. Yang, et al., MELAS syndrome associated with diabetes mellitus and
hyperthyroidism: a case report from Taiwan (https://doi.org:), Clin. Endocrinol.
(Oxf. ) 43 (1995) 235-239, https://doi.org/10.1111/j.1365-2265.1995.tb01922.
X.

T. Kadowaki, et al., A subtype of diabetes mellitus associated with a mutation of
mitochondrial DNA (https://doi.org:), N. Engl. J. Med 330 (1994) 962-968,
https://doi.org/10.1056/NEJM199404073301403.

J.M. van den Ouweland, et al., Mutation in mitochondrial tRNA(Leu)(UUR) gene
in a large pedigree with maternally transmitted type II diabetes mellitus and
deafness. (https://doi.org:), Nat. Genet 1 (1992) 368-371, https://doi.org/
10.1038/ng0892-368.

L. Mangiarini, et al., Exon 1 of the HD gene with an expanded CAG repeat is
sufficient to cause a progressive neurological phenotype in transgenic mice
(https://doi.org:), Cell 87 (1996) 493-506, https://doi.org/10.1016/50092-8674
(00)81369-0.

R.J. Ferrante, et al., Selective sparing of a class of striatal neurons in Huntington’s
disease (https://doi.org:), Science 230 (1985) 561-563, https://doi.org/10.1126/
science.2931802.

A. Siddiqui, et al., Mitochondrial DNA damage is associated with reduced
mitochondrial bioenergetics in Huntington’s disease (https://doi.org:), Free
Radic. Biol. Med 53 (2012) 1478-1488, https://doi.org/10.1016/j.
freeradbiomed.2012.06.008.

M.E. Solesio, S. Saez-Atienzar, J. Jordan, M.F. Galindo, 3-Nitropropionic acid
induces autophagy by forming mitochondrial permeability transition pores rather
than activating the mitochondrial fission pathway. (https://doi.org:), Br. J.
Pharm. 168 (2013) 63-75, https://doi.org/10.1111/j.1476-5381.2012.01994.x.
M. Sadagurski, et al., IRS2 increases mitochondrial dysfunction and oxidative
stress in a mouse model of Huntington disease, J. Clin. Invest 121 (2011)
4070-4081, https://doi.org:10.1172/JCI46305.

J.A. Luchsinger, et al., Relation of diabetes to mild cognitive impairment (https://
doi.org:), Arch. Neurol. 64 (2007) 570-575, https://doi.org/10.1001/
archneur.64.4.570.

E. Dickson, R. Soylu-Kucharz, A. Petersen, M. Bjorkqvist, Hypothalamic
expression of huntingtin causes distinct metabolic changes in Huntington’s
disease mice (https://doi.org:), Mol. Metab. 57 (2022) 101439, https://doi.org/
10.1016/j.molmet.2022.101439.

M. Markianos, M. Panas, N. Kalfakis, D. Vassilopoulos, Plasma testosterone in
male patients with Huntington’s disease: relations to severity of illness and


https://doi.org/10.1074/jbc.M703561200
https://doi.org/10.2337/db07-0595
https://doi.org/10.1179/016164104225016254
https://doi.org/10.1179/016164104225016254
https://doi.org/10.3390/cells10112903
https://doi.org/10.1016/j.abb.2017.11.004
https://doi.org/10.1016/j.abb.2017.11.004
https://doi.org/10.1073/pnas.80.4.901
https://doi.org/10.3390/nu8070425
https://doi.org/10.3390/foods9030340
https://doi.org/10.1016/j.brainres.2016.08.032
https://doi.org/10.1159/000453216
https://doi.org/10.1159/000453216
https://doi.org/10.1161/01.res.86.5.580
https://doi.org/10.1161/01.res.86.5.580
https://doi.org/10.1002/jcsm.12226
https://doi.org/10.1002/jcsm.12226
https://doi.org/10.3390/cells8121502
https://doi.org/10.1111/bph.15738
https://doi.org/10.1371/journal.pone.0244234
https://doi.org/10.1046/j.0022-3042.2001.00731.x
https://doi.org/10.1046/j.0022-3042.2001.00731.x
https://doi.org/10.1111/joim.12190
https://doi.org/10.1111/joim.12190
https://doi.org/10.1017/S1355617706060267
https://doi.org/10.1017/S1355617706060267
https://doi.org/10.1093/ageing/afac173
https://doi.org/10.1093/ageing/afac173
https://doi.org/10.1007/s00592-020-01648-9
https://doi.org/10.1016/j.freeradbiomed.2014.07.02
https://doi.org/10.1016/j.freeradbiomed.2014.07.02
http://1
https://doi.org/10.1111/acel.13469
https://doi.org/10.1111/acel.13469
https://doi.org/10.1111/1753-0407.1347
https://doi.org/10.1111/1753-0407.1347
http://0
https://doi.org/10.1038/nrneurol.2012.168
https://doi.org/10.1038/nrneurol.2012.168
https://doi.org/10.3389/fncel.2020.00120
https://doi.org/10.1007/s00415-015-7689-4
https://doi.org/10.1016/j.msard.2018.08.014
https://doi.org/10.1016/j.nut.2013.08.001
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref127
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref127
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref127
https://doi.org/10.1016/j.jns.2008.07.032
https://doi.org/10.1016/j.jns.2008.07.032
https://doi.org/10.1002/ana.20736
https://doi.org/10.1038/s42255-023-00838-3
https://doi.org/10.1186/s40478-015-0261-8
https://doi.org/10.1530/JOE-12-0356
https://doi.org/10.1530/JOE-12-0356
https://doi.org/10.1007/s00726-020-02891-8
https://doi.org/10.1007/s00726-020-02891-8
https://doi.org/10.1002/ana.410310408
https://doi.org/10.1002/ana.410310408
https://doi.org/10.3390/life11111111
https://doi.org/10.1530/EDM-18-0091
https://doi.org/10.1111/j.1365-2265.1995.tb01922.x
https://doi.org/10.1111/j.1365-2265.1995.tb01922.x
https://doi.org/10.1056/NEJM199404073301403
https://doi.org/10.1038/ng0892-368
https://doi.org/10.1038/ng0892-368
https://doi.org/10.1016/s0092-8674(00)81369-0
https://doi.org/10.1016/s0092-8674(00)81369-0
https://doi.org/10.1126/science.2931802
https://doi.org/10.1126/science.2931802
https://doi.org/10.1016/j.freeradbiomed.2012.06.008
https://doi.org/10.1016/j.freeradbiomed.2012.06.008
https://doi.org/10.1111/j.1476-5381.2012.01994.x
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref144
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref144
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref144
https://doi.org/10.1001/archneur.64.4.570
https://doi.org/10.1001/archneur.64.4.570
https://doi.org/10.1016/j.molmet.2022.101439
https://doi.org/10.1016/j.molmet.2022.101439

LR. Baduini et al.

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

dementia (https://doi.org:), Ann. Neurol. 57 (2005) 520-525, https://doi.org/
10.1002/ana.20428.

K. Selvaraj, et al., Deterioration of neuroregenerative plasticity in association
with testicular atrophy and dysregulation of the hypothalamic-pituitary-gonadal
(HPG) axis in Huntington’s disease: A putative role of the huntingtin gene in
steroidogenesis (https://doi.org:), J. Steroid Biochem Mol. Biol. 197 (2020)
105526, https://doi.org/10.1016/j.jsbmb.2019.105526.

Y. Diz-Chaves, et al., Stressing diabetes? The hidden links between insulinotropic
peptides and the HPA axis (https://doi.org:), J. Endocrinol. 230 (2016) R77-R94,
https://doi.org/10.1530/JOE-16-0118.

J.J. Joseph, S.H. Golden, Cortisol dysregulation: the bidirectional link between
stress, depression, and type 2 diabetes mellitus (https://doi.org:), Ann. N. Y Acad.
Sci. 1391 (2017) 20-34, https://doi.org/10.1111/nyas.13217.

N. Kubota, et al., Disruption of insulin receptor substrate 2 causes type 2 diabetes
because of liver insulin resistance and lack of compensatory beta-cell hyperplasia
(https://doi.org:), Diabetes 49 (2000) 1880-1889, https://doi.org/10.2337/
diabetes.49.11.1880.

J.N. Fain, N.A. Del Mar, C.A. Meade, A. Reiner, D. Goldowitz, Abnormalities in
the functioning of adipocytes from R6/2 mice that are transgenic for the
Huntington’s disease mutation (https://doi.org:), Hum. Mol. Genet 10 (2001)
145-152, https://doi.org/10.1093/hmg/10.2.145.

H.G. Luesse, et al., Evaluation of R6/2 HD transgenic mice for therapeutic studies
in Huntington’s disease: behavioral testing and impact of diabetes mellitus
(https://doi.org:), Behav. Brain Res 126 (2001) 185-195, https://doi.org/
10.1016/s0166-4328(01)00261-3.

F.B. Hu, Sedentary lifestyle and risk of obesity and type 2 diabetes (https://doi.
org:), Lipids 38 (2003) 103-108, https://doi.org/10.1007/511745-003-1038-4.
L.A. Farrer, Diabetes mellitus in Huntington disease (https://doi.org:), Clin. Genet
27 (1985) 62-67, https://doi.org/10.1111/j.1399-0004.1985.tb00185.x.

M. Jucker, The benefits and limitations of animal models for translational
research in neurodegenerative diseases (https://doi.org:), Nat. Med 16 (2010)
1210-1214, https://doi.org/10.1038/nm.2224.

12

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

Pharmacological Research 209 (2024) 107439

J.A. Kim, Y. Wei, J.R. Sowers, Role of mitochondrial dysfunction in insulin
resistance (https://doi.org:), Circ. Res 102 (2008) 401-414, https://doi.org/
10.1161/CIRCRESAHA.107.165472.

A.P. Rolo, C.M. Palmeira, Diabetes and mitochondrial function: role of
hyperglycemia and oxidative stress, Toxicol. Appl. Pharm. 212 (2006) 167-178,
https://doi.org:10.1016/j.taap.2006.01.003.

J.K. Kim, J.K. Wi, J.H. Youn, Metabolic impairment precedes insulin resistance in
skeletal muscle during high-fat feeding in rats, Diabetes 45 (1996) 651-658,
https://doi.org:10.2337/diab.45.5.651.

P. Ritz, G. Berrut, Mitochondrial function, energy expenditure, aging and insulin
resistance (https://doi.org:), Diabetes Metab. 31 (Spec No 2) (2005), https://doi.
0rg/10.1016/51262-3636(05)73654-5.

M. Mogensen, et al., Mitochondrial respiration is decreased in skeletal muscle of
patients with type 2 diabetes, Diabetes 56 (2007) 1592-1599, https://doi.org:
10.2337/db06-0981.

M. Frisard, E. Ravussin, Energy metabolism and oxidative stress: impact on the
metabolic syndrome and the aging process, Endocrine 29 (2006) 27-32, https://
doi.org:10.1385/END0:29:1:27.

S. Hurrle, W.H. Hsu, The etiology of oxidative stress in insulin resistance, Biomed.
J. 40 (2017) 257-262, https://doi.org:10.1016/j.bj.2017.06.007.

T. Yu, J.L. Robotham, Y. Yoon, Increased production of reactive oxygen species in
hyperglycemic conditions requires dynamic change of mitochondrial
morphology, Proc. Natl. Acad. Sci. USA 103 (2006) 2653-2658, https://doi.org:
10.1073/pnas.0511154103.

K. Aoyagi, et al., Imeglimin mitigates the accumulation of dysfunctional
mitochondria to restore insulin secretion and suppress apoptosis of pancreatic
beta-cells from db/db mice, Sci. Rep. 14 (2024) 6178, https://doi.org:10.1038/
$41598-024-56769-w.

E.A. Borden, et al., Is there a link between inorganic polyphosphate (polyP),
mitochondria, and neurodegeneration? Pharm. Res 163 (2021) 105211 https://
doi.org:10.1016/j.phrs.2020.105211.


https://doi.org/10.1002/ana.20428
https://doi.org/10.1002/ana.20428
https://doi.org/10.1016/j.jsbmb.2019.105526
https://doi.org/10.1530/JOE-16-0118
https://doi.org/10.1111/nyas.13217
https://doi.org/10.2337/diabetes.49.11.1880
https://doi.org/10.2337/diabetes.49.11.1880
https://doi.org/10.1093/hmg/10.2.145
https://doi.org/10.1016/s0166-4328(01)00261-3
https://doi.org/10.1016/s0166-4328(01)00261-3
https://doi.org/10.1007/s11745-003-1038-4
https://doi.org/10.1111/j.1399-0004.1985.tb00185.x
https://doi.org/10.1038/nm.2224
https://doi.org/10.1161/CIRCRESAHA.107.165472
https://doi.org/10.1161/CIRCRESAHA.107.165472
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref158
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref158
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref158
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref159
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref159
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref159
https://doi.org/10.1016/s1262-3636(05)73654-5
https://doi.org/10.1016/s1262-3636(05)73654-5
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref161
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref161
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref161
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref162
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref162
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref162
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref163
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref163
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref164
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref164
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref164
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref164
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref165
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref165
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref165
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref165
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref166
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref166
http://refhub.elsevier.com/S1043-6618(24)00384-0/sbref166

	Type 2 diabetes mellitus and neurodegenerative disorders: The mitochondrial connection
	1 Introduction
	2 Mitochondrial physiology in health and disease
	3 T2DM and PD
	4 T2DM and AD
	5 Other neurodegenerative diseases
	5.1 Amyotrophic lateral sclerosis (ALS)
	5.2 Mild cognitive impairment (MCI)
	5.3 Multiple sclerosis (MS)
	5.4 Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS)
	5.5 Huntington’s disease (HD)

	6 Conclusions, perspectives, and future directions
	7 Plausible new pharmacological approaches based on targeting mitochondrial dysfunction
	Author’s Contributions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgements
	References


