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Alzheimer’s disease (AD) is the most common neurodegenerative disorder

with the majority of patients classified as sporadic AD (sAD), in which

etiopathogenesis remains unresolved. Though sAD is argued to be a polygenic

disorder, apolipoprotein E (APOE) ε4, was found three decades ago to pose the

strongest genetic risk for sAD. Currently, the only clinically approved disease-

modifying drugs for AD are aducanumab (Aduhelm) and lecanemab (Leqembi).

All other AD treatment options are purely symptomatic with modest benefits.

Similarly, attention-deficit hyperactivity disorder (ADHD), is one of the most

common neurodevelopmental mental disorders in children and adolescents,

acknowledged to persist in adulthood in over 60% of the patients. Moreover,

for ADHD whose etiopathogenesis is not completely understood, a large

proportion of patients respond well to treatment (first-line psychostimulants,

e.g., methylphenidate/MPH), however, no disease-modifying therapy exists.

Interestingly, cognitive impairments, executive, and memory deficits seem to

be common in ADHD, but also in early stages of mild cognitive impairment

(MCI), and dementia, including sAD. Therefore, one of many hypotheses is that

ADHD and sAD might have similar origins or that they intercalate with one

another, as shown recently that ADHD may be considered a risk factor for sAD.

Intriguingly, several overlaps have been shown between the two disorders, e.g.,

inflammatory activation, oxidative stress, glucose and insulin pathways, wingless-

INT/mammalian target of rapamycin (Wnt/mTOR) signaling, and altered lipid

metabolism. Indeed, Wnt/mTOR activities were found to be modified by MPH

in several ADHD studies. Wnt/mTOR was also found to play a role in sAD

and in animal models of the disorder. Moreover, MPH treatment in the MCI

phase was shown to be successful for apathy including some improvement in

cognition, according to a recent meta-analysis. In several AD animal models,

ADHD-like behavioral phenotypes have been observed indicating a possible

interconnection between ADHD and AD. In this concept paper, we will discuss
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the various evidence in human and animal models supporting the hypothesis in

which ADHD might increase the risk for sAD, with common involvement of the

Wnt/mTOR-pathway leading to lifespan alteration at the neuronal levels.

KEYWORDS

Alzheimer’s disease, Wnt/mTOR, cognitive impairment, glucose/insulin, oxidative
stress, methylphenidate, attention-deficit hyperactivity disorder (ADHD), mild cognitive
impairment (MCI)

1. Introduction

The orchestration of brain development, maturation, plasticity,
repair, and survival is highly complex, in which any imbalance in
one or more of these processes may induce disruptions manifested
at different stages of life, from the neurodevelopmental disorders
at the early stages to neurodegeneration of the brain in late stage
(Feltes et al., 2015). These opposite ends of the timeline may appear
unrelated, as in the case of attention-deficit hyperactivity disorder
(ADHD) and Alzheimer’s disease (AD), which represent mental
disorders affecting the early and late ends of lifespan, respectively.
However, literature data indicates there are some overlaps between
ADHD and AD (Kakuszi et al., 2020; Zhang et al., 2022). In
this article, we will lay down the current evidence proposing the
involvement of important pathways, participating in many of the
above lifelong processes in the brain, i.e., the wingless-INT (Wnt),
and the mammalian target of rapamycin (mTOR) (Wnt/mTOR)
pathway, as a common link between ADHD and AD, and a target
for a drug that can therefore act therapeutically in both diseases
(Kovacs et al., 2014; Lee, 2015; Noelanders and Vleminckx, 2017;
Palomer et al., 2019; Marchetti et al., 2020; Ishikawa and Ishikawa,
2022).

Before delving deep into our hypothesis, some comparisons
between ADHD and AD are presented in Table 1. ADHD is the
most common neurodevelopmental mental disorder in children
and adolescents that presents as inattentiveness, hyperactivity,
impulsivity, and emotional dysregulation (Faraone et al., 2015).
Though considered a childhood disorder, in about 60% of the cases
it persists into adulthood (Franke et al., 2018; Di Lorenzo et al.,
2021; Song et al., 2021). ADHD is characterized by high heritability
(77–88%) (Faraone and Larsson, 2019), however, current evidence
suggests that the development of the disease is driven by complex
interactions of composite polygenic and multiple environmental
factors that undermine developmental processes resulting in altered
brain connectivity and structure (Castellanos and Tannock, 2002;
Faraone et al., 2015). On the other hand, AD is the most common
neurodegenerative disorder that poses a substantial socioeconomic
burden on society (Sontheimer et al., 2021; Velandia et al., 2022).
A fully penetrant autosomal dominant inheritance of amyloid
precursor protein (APP), presenilin-1 (PS1), or presenilin-2 (PS2)
mutations drives the development of the disease in a small fraction
of patients [0.5–1%; familial AD (fAD)], however for the remaining
99% classified as sporadic AD (sAD), the etiopathogenesis remains
unresolved (Reitz et al., 2020). Although, sAD seems to be a
polygenic disorder, the most prominent locus, apolipoprotein E
(APOE), found already three decades ago, was confirmed to have

the strongest genetic risk for sAD in the most recent and largest
genome-wide association meta-analysis study (meta-GWAS), with
APOE ε4 as the risk allele4 (de Rojas et al., 2021; Wightman
et al., 2021; Bellenguez et al., 2022). At first glance, no common
mechanism seems to link these two diseases together. However,
several recent overviews have discussed their complementary
phenomena (Feltes et al., 2015; Callahan et al., 2017), and possible
genetic overlaps (Garcia-Argibay et al., 2022; Leffa et al., 2022).

In the current paper, we present our hypothesis of the
Wnt/mTOR pathway playing a role both in ADHD and sAD
pathophysiology, which may explain the recent findings of ADHD
as a risk for sAD (Tzeng et al., 2019; Dobrosavljevic et al.,
2021; Zhang et al., 2022). Furthermore, we discuss the possible
therapeutic potentials of the psychostimulant methylphenidate
(MPH) which, by affecting the Wnt/mTOR pathway, might be
beneficial in both disorders.

2. Current knowledge of Alzheimer’s
disease pathology, insulin
resistance, and diabetes mellitus

Alzheimer’s disease is a neurodegenerative disorder and the
most common form of dementia with an estimated number of 55
million people currently suffering from AD worldwide, predicted
to reach 78 million in 2030 and 139 million in 2050 (Alzheimer’s
Disease International, 2022). The well-known neuropathological
hallmarks of AD are an accumulation of misfolded proteins,
amyloid β (Aβ) in the forms of extracellular plaques and
hyperphosphorylated Tau protein in the form of neurofibrillary
tangles, accompanied by synaptic loss (Sanabria-Castro et al., 2017;
Table 1). Less common early onset disease (predominantly fAD)
is associated with autosomal dominant missense gene mutations
in PS1 and PS2 or APP. On the contrary, the most common,
late-onset or sAD form (>95% of all AD cases) is of unknown
origin, and is considered polygenic (de Rojas et al., 2020; Wightman
et al., 2021; Bellenguez et al., 2022; Table 1). Though the sAD
etiopathogenesis is still unclear, several hypotheses in addition to
the most prominent, the amyloid hypothesis (Hampel et al., 2021),
have been suggested. Recently, sAD has been acknowledged as a
metabolic disease with characteristic neurodegenerative processes
possibly being caused by brain insulin resistance (BIR) and
metabolic dysfunction in the brain (De Felice et al., 2014; Bloom
et al., 2018; Kellar and Craft, 2020; Alves et al., 2021). Current
epidemiological and environmental studies suggest that type 2
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TABLE 1 Current knowledge in attention-deficit hyperactivity disorder (ADHD) and Alzheimer’s disease (AD)- A comparison.

ADHD AD

Definition Neurodevelopmental mental disorder American Psychiatric
Association (2013)

–

– Neurodegenerative mental
disorder

American Psychiatric Association
(2013)

Demographics Prevalence ca 5% world-wide in child
and adolescent

Sayal et al. (2018) Prevalence ca 0.7% old dementia
world-wide in old aged individuals

GBD 2019 Dementia Forecasting
Collaborators (2022)

Persisting into adulthood ca 60% of
pediatric ADHD

Fayyad et al. (2017);
Franke et al. (2018)

–

Childhood: male to female 3:1
Adulthood: male to female 1.6:1

Willcutt (2012); Sayal
et al. (2018)

–
Old age: male to female 1:1.67

Podcasy and Epperson (2016)

Genetics n.a. 1% Familial AD (APP, PS1 and
PS2)

Serretti et al. (2007)

Heritability (h2) ca 70% and polygenic Demontis et al. (2019,
2023); Faraone and
Larsson (2019)

Heritability (h2) ca 58–70% and
polygenic including APOEε4 as
risk allele

Sims et al. (2020); de Rojas et al.
(2021); Wightman et al. (2021)

Main clinical
phenotypes

Inattention, hyperactivity, impulsivity American Psychiatric
Association (2013)

–

– Cognitive decline American Psychiatric Association
(2013)

Executive dysfunction Pineda et al. (1998);
Willcutt et al. (2005)

Executive dysfunction Swanberg et al. (2004); Baudic
et al. (2006)

Comorbidity Depression
Anxiety
ASD
Bipolar in adulthood
Sleep disorder

Jensen and Steinhausen
(2015); Wajszilber et al.
(2018); Mayer et al.
(2021); Sandstrom et al.
(2021); Schiweck et al.
(2021)

Depression
Anxiety
–
–
Sleep disorder

Zhao et al. (2016); Kuring et al.
(2020)

T2DM
Metabolic syndrome
Hypertension

Chen et al. (2018);
Landau and
Pinhas-Hamiel (2019);
Wang et al. (2021); Ai
et al. (2022)

T2DM
Metabolic syndrome
Hypertension

Wang et al. (2018); Qin J. et al.
(2021); Zuin et al. (2021); Antal
et al. (2022)

Treatment Only reducing symptoms:
psychostimulants (e.g.,
methylphenidate,
dexmethylphenidate, amphetamine,
dexamphetamine,
lisdexamphetamine),
non-psychostimulants (e.g.,
atomoxetine, guanfacine)

Banaschewski et al.
(2018)

Only reducing symptoms:
acetylcholinesterase (AchE)
inhibitors and memantine

National Institute on Aging (2021)

n.a. Possible disease-modifying:
aducanumab

National Institute on Aging (2021)

Affected brain
regions

Cerebral cortex (forebrain)
Basal ganglia
Amygdala
Hippocampus

Hoogman et al. (2017) Cerebral cortex (medial and
superior frontal gyrus)
Putamen
Amygdala
Hippocampus

Li et al. (2012, 2015); Lupton et al.
(2016); Roe et al. (2021); Planche
et al. (2022)

Current hypothesis
to etiopathology

Neuronal maturation delays Shaw et al. (2007);
Hoogman et al. (2017)

–

– Pathological Amyloid-β Hampel et al. (2021)

Dopaminergic deficit theory Gonon (2009) –

– Pathological Tau forms and
neurofibrillary tangles

Hasani et al. (2021)

– Cholinergic neuronal damage Lyness et al. (2003)

– APOE cascade hypothesis Martens et al. (2022)

Excitatory/inhibitory imbalance
theory

Selten et al. (2018) Excitatory/inhibitory imbalance
theory

Shu et al. (2022); van den Berg
et al. (2022); Wood et al. (2022)

Oxidative stress and mitochondria
dysfunction

Corona (2020) Oxidative stress and mitochondria
dysfunction

Mittal et al. (2022)

Neuroinflammation Misiak et al. (2022) Neuroinflammation Kinney et al. (2018)

Energy metabolism- cerebral glucose
hypometabolism

Zametkin et al. (1990) Energy metabolism- cerebral
glucose hypometabolism; brain
insulin resistance

Kellar and Craft (2020); Strom
et al. (2022)

APOE, apolipoprotein E; ASD, autism spectrum disorder; n.a., not available; –, not relevant; T2DM, Type 2 diabetes mellitus.
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diabetes mellitus (T2DM) increases the risk of developing sAD
(Xue et al., 2019; Rebelos et al., 2021). Recently, a polygenic
risk score (PRS) for T2DM was found to predict the conversion
of amnestic mild cognitive impairment (MCI) to sAD, with
shared genes highly expressed in cortical neurons; neuronal
development and generation, cell junction and projection, and
phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt) and
mitogen-activated protein kinase (MAPK) signaling pathway (Yang
et al., 2022). There are many shared pathological findings in the
brain of sAD and T2DM patients that should not be overlooked.
These include impaired glucose metabolism, impaired insulin
signaling, the accumulation of advanced glycation end products,
mitochondrial dysfunction, increased inflammation and elevated
oxidative stress, which altogether support the hypothesis of sAD
as a specific form of metabolic brain disorder (Kubis-Kubiak et al.,
2019; Austad et al., 2022; Pakdin et al., 2022).

Brain insulin resistance is characterized by a reduced response
to insulin signaling downstream of the insulin receptor (IR)
in the brain, consequently leading to metabolic alteration,
neurodegeneration, and cognitive impairment (Kullmann et al.,
2017; Kellar and Craft, 2020). 18F-fluorodeoxyglucose-positron
emission tomography (FDG-PET), revealed that individuals with
reduced FDG-PET brain metabolism are prone to a much faster
cognitive decline and brain atrophy compared to individuals
without significantly impaired FDG-PET uptake (Ou et al.,
2019), indicating the importance of glucose hypometabolism
and BIR in sAD development. In postmortem studies, sAD
patients demonstrate decreased brain insulin levels, diminished
levels of IR protein and mRNA, as well as altered levels of
components downstream of the IR signaling cascade (Frölich
et al., 1998; Bartl et al., 2013a; Riederer et al., 2017). BIR
has been analyzed in the hippocampal fields CA1–CA3, the
dentate gyrus, and the subiculum, which develop marked AD
pathology starting in the early phase of the disease, and in the
cerebellar cortex, which develops limited pathology seen only
in the late phase of AD (Talbot et al., 2012). The markedly
reduced insulin signaling downstream of the IR→IR substrate-
1 (IRS-1)→ PI3K signaling pathway was found postmortem in
the hippocampal and cerebellar cortex in sAD patients without
diabetes (Talbot et al., 2012). The major finding was the elevated
Serine phosphorylation of IRS-1 on epitopes pS616 and pS636
in the hippocampal and cerebellar cortex, which is a feature
of insulin resistance in peripheral tissues (Talbot et al., 2012;
Yarchoan et al., 2014).

The state of BIR, clinically defined as failure of insulin
(delivered into the brain via the intranasal route to bypass
the blood-brain barrier) to elicit a neuroimaging (FDG-PET or
functional magnetic resonance imaging) or neurophysiological
(e.g., electroencephalography) appears to be an early and common
feature in human AD patients (Heni et al., 2015; Kullmann et al.,
2016; Kellar and Craft, 2020). BIR can lead to energy misbalance
manifesting as mitochondrial dysfunction and an increase in
oxidative stress (Reddy, 2014). This may shed new light on the
previously proposed hypotheses of sAD, which have emphasized
the involvement of oxidative stress and mitochondria dysfunction
as well as neuroinflammation in the disease etiopathogenesis
(Munch et al., 1998; Bachiller et al., 2018; Monterey et al., 2021).
As the mitochondria are the power suppliers of the cell, their
damage observed in sAD can be deleterious for neurons, astrocytes,

and microglia. The decrease in functionality and changes in
the morphology of mitochondria is observed postmortem in the
brains of AD patients (Moreira, 2012; Macdonald et al., 2018).
Altogether, different studies found a decrease in complex I, III,
and IV, as well as the decreased expression of subunits from all
complexes in the entorhinal cortex of AD patients postmortem
(Kim et al., 2000; Armand-Ugon et al., 2017; Macdonald et al.,
2018; Holper et al., 2019). All of the above leads to impaired
oxidative phosphorylation, decreased production of ATP, and an
increase in oxidative stress, features well documented in AD (Wang
et al., 2014; Flannery and Trushina, 2019). Additionally, changes
in the mitochondrial turnover (fusion and fission) were detected,
causing the irregular distribution and function of mitochondria in
neurons and microglia (Wilkins et al., 2017). BIR and consequent
mitochondrial dysfunction lead to energy deprivation and oxidative
stress, causing neuronal damage and activation of astrocytes and
microglial cells (Wilkins et al., 2017). Dysregulated microglial
and astrocyte function and alterations in their morphology have
been related to inflammatory changes observed in sAD (Damani
et al., 2011; Mosher and Wyss-Coray, 2014; Monterey et al.,
2021). Moreover, aged astrocytes and microglia show altered
responses to extracellular ATP signals compared to young cells
(Damani et al., 2011; Monterey et al., 2021). Degenerated neurons
appear to be surrounded by activated astrocytes and microglia
in aging and neurodegenerative diseases (Bachiller et al., 2018;
Monterey et al., 2021). Eventually, damaged astrocytes and
microglia also undergo metabolic reprogramming due to glucose
deprivation, shifting their glucose preference to fatty acids for
energy production. This profound metabolic change can be directly
linked to oxidative stress and inflammation (Flowers et al., 2017;
Monterey et al., 2021).

So far, the anti-Aβ antibodies aducanumab and lecanemab
are the only clinically approved disease-modifying drugs for the
treatment of AD. Both were recently granted accelerated approval
by the U.S. Food and Drug Administration (U.S. Food & Drugs
Administration, 2021, 2023). This procedure allows for earlier
approval of drugs to treat serious conditions and highlights the
unmet medical need for AD treatment options. Thus, there is still
the demand for further effective therapies for sAD and involvement
of BIR, together with the integration of all of these changes found
in sAD, might be crucial in developing novel prevention and
treatment strategies.

3. Attention-deficit hyperactivity
disorder current genetic and
etiology hypothesis

As indicated in the introduction, ADHD is a highly
heritable neurodevelopmental disorder (Faraone and Larsson,
2019), currently known to be associated with a polygenetic
predisposition. In the most recent GWAS, including a total of
38′691 ADHD patients and 186′843 controls, 27 genome-wide
significant loci were found to associate with ADHD risk (Demontis
et al., 2023). As found previously using neuroimaging meta-
analysis (Hoogman et al., 2017), frontal cortex and midbrain
dopaminergic neurons were highly associated with ADHD genes
(Demontis et al., 2023). Indeed, ADHD was found to be highly
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polygenic, with around seven thousand gene variants explaining
90% of the single nucleotide polymorphism (SNP) heritability
(h2) (Demontis et al., 2023). Moreover, gene enrichment analysis
found enrichment in genes upregulated during early embryonic
brain development as well as genes of cognition-related phenotypes
(Demontis et al., 2023). As found in the previous GWAS results
(Demontis et al., 2019), as well as in the current large meta-
GWAS, several genes (e.g., DUSP6, SEMA6D, ST3GAL3, FOXP1
and FOXP2, and SORCS3) linked to the Wnt pathways (canonical
and non-canonical) were found to be associated with ADHD
(Demontis et al., 2023). Interestingly, some of these genes were
also found to associate with dementia or/and with pathological
hallmarks of sAD (Liao et al., 2018; Balabanski et al., 2021; Blue
et al., 2021; Tang et al., 2021).

Although the etiopathology of the disorder is still unknown,
several hypotheses have been suggested (Table 1), proposing
factors leading to neurodevelopmental delays observed in
ADHD patients (Shaw et al., 2007; Hoogman et al., 2017).
As psychostimulants (first-line ADHD treatment; e.g., MPH,
amphetamine) (Banaschewski et al., 2018), demonstrate large effect
sizes, the dopaminergic deficit theory has been studied for many
years (Gonon, 2009). However, the paradoxical calming effects of
psychostimulants in ADHD have still not been fully understood
(Robbins and Sahakian, 1979; Harris et al., 2022). Recently,
the excitatory/inhibitory imbalance theory has gained interest
(Selten et al., 2018), in which GABAergic and parvalbumin-
interneurons are hypothesized to play a role in some of the
circuits (Bakhtiari et al., 2012; Morello et al., 2020; Sousa et al.,
2022). Two hypotheses, extensively studied, are the involvement
of oxidative stress (Corona, 2020), particularly mitochondrial
dysfunction, and the neuroinflammatory hypothesis (Corona,
2020; Misiak et al., 2022). Both may be a result of long-lasting
alterations in neurodevelopmental processes, but may also be one
of the etiopathogenic factors. Partially linked with mitochondrial
dysfunction, the energy metabolism imbalance in ADHD has
been discussed as a possible source of neurodevelopmental delays
(Cannon Homaei et al., 2022; Foschiera et al., 2022; Radtke
et al., 2022). Cerebral glucose hypometabolism has been found
in childhood-onset adult ADHD patients (Zametkin et al.,
1990), however, this may also be a consequence of deficits in
impulse control leading to metabolic syndrome (di Girolamo
et al., 2022). Indeed, a recent meta-analysis found a bidirectional
association between ADHD and T2DM (Ai et al., 2022), pointing
to long-lasting BIR effects. Interestingly, some significant genetic
correlations with insulin-related phenotypes were found for
ADHD and AD that provide the foundations for the hypothesis
of insulinopathies in the brains of such disorders (Fanelli et al.,
2022). Lastly, the involvement of Wnt/mTOR pathways in ADHD
has been hypothesized (Yde Ohki et al., 2020), with evidence
at the genetic, molecular, and pharmacological levels. This
hypothesis will be discussed in more detail in the Wnt/mTOR
chapter.

In summary, although an effective treatment exists for ADHD,
the long-term effects of drug treatment, the consequences of
persistent ADHD in adult patients, as well as the etiopathology
of the disorder are not fully understood. Nevertheless, metabolic
and Wnt/mTOR pathway alterations may be a common factor in
ADHD and AD, and a potential target for preventive measures
in both diseases.

4. Epidemiological evidence for
attention-deficit hyperactivity
disorder risk for dementia

Epidemiological studies on the link between ADHD and
dementia face several prominent methodological challenges – e.g.,
the required duration of the follow-up in prospective cohorts from
childhood to very old age and substantial spatiotemporal variability
in diagnostic criteria and therapeutic guidelines (particularly for
ADHD). Nevertheless, although there are only a handful of
studies investigating the association between ADHD and AD in
humans, some evidence point to a possible link suggesting that
ADHD might increase the risk for AD. Earlier clinical research
on the frequency of ADHD in the aging population suggested that
attentional deficits in geriatric subjects with cognitive impairment
might not necessarily imply the existence of an underlying
neurodegenerative disorder (Ivanchak et al., 2011). However, recent
epidemiological and genetic studies indicate that ADHD is a
potential risk factor for sAD and MCI (Fluegge and Fluegge,
2018; Tzeng et al., 2019; Dobrosavljevic et al., 2021). A recent
multi-generation nationwide cohort study from Sweden provided
strong evidence that ADHD is associated with AD (and other
dementias) across generations (Zhang et al., 2022), indicating that
elucidation of the overlapping molecular pathways in models of
ADHD and AD may uncover relevant etiopathogenic mechanisms
and reveal novel drug targets. Literature data on factors that
might reduce this risk indicates that adjustment for psychiatric
disorders (depression, anxiety, substance use disorder, and bipolar
disorder) substantially attenuated the associations (Dobrosavljevic
et al., 2021). Conversely, there is inconsistency regarding metabolic
disorders like T2DM, obesity, and hypertension reported to have
both a limited impact (Dobrosavljevic et al., 2021) and a strong
risk-increasing effect (Fluegge and Fluegge, 2018). A recent study
(Kakuszi et al., 2020), provided findings consistent with the “last
in, first out” hypothesis, which refers to a mirroring pattern of
brain development and aging, i.e., relatively late-developing brain
regions with age become the early degenerating ones, indicating
that, in addition to delayed neurodevelopment, ADHD may also be
associated with a premature age-related deterioration. On the other
hand, in a very small longitudinal study of 6 ADHD adults with
an average of 135 months of follow-up data, no memory decline
was observed, however, this might be due to the small sample
size and the effect of medication (3/6 participants were taking
MPH and 5/6 were taking unspecified antidepressants) not taken
into account (Callahan et al., 2021). The same group conducted
cognitive and neuroimaging assessments of adults (age 50–85 years)
with ADHD (n = 40), MCI = (n = 29), and controls (N = 37)
(Callahan et al., 2022). In the study, the authors reported memory
impairment in both ADHD and MCI groups, however, the first was
due to an encoding deficit (frontal lobe thinning) while the second
was due to a storage deficit (smaller hippocampi). The authors
concluded that the resembling phenotype was caused by distinct
pathophysiological factors (Callahan et al., 2022). However, some
limitations should be taken into account—namely the significant
age differences between ADHD and MCI (mean age was 64
and 73.7, respectively), as well as sex differences with a greater
proportion of females in the MCI group (72.4% in comparison with
52.5% in the ADHD group), which might play a role in the current
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findings. Mendonca et al. (2021) reported in a cross-sectional study
of older patients with ADHD (n = 26), MCI (n = 40) and controls
(n = 41), that ADHD individuals have poorer performance than
controls in episodic memory and executive function. These findings
were comparable between MCI and ADHD for all domains,
which, for clinicians, may result in misdiagnosis (Mendonca et al.,
2021). Then again, the study by Leffa et al. (2022) in which
212 cognitively healthy controls were followed up for 6 years,
including baseline and longitudinal AD biomarkers assessment
(e.g., amyloid-β PET, MRI, cognitive assessments etc.), showed
an association between higher ADHD-PRS and cognitive decline.
Interestingly, a combined effect of brain Aβ deposits and a high
ADHD-PRS [that predicted longitudinal increases in cerebrospinal
fluid (CSF) phosphorylated-Tau131] score demonstrated a larger
effect on cognitive dysfunction than each did individually.

The current epidemiological and clinical association studies on
ADHD, MCI, and AD, provide some evidence that those suffering
from ADHD may be at an increased risk for the development
of MCI and, thereafter, AD, possibly mediated by a common
mechanism. However, there is still a great need for studies that
may elucidate common pathways and provide an explanation for
the temporal pattern of occurrence of ADHD, MCI, and AD in
long-lasting longitudinal prospective cohorts.

5. Wnt/mTOR pathways evidence in
Alzheimer’s disease and
attention-deficit hyperactivity
disorder

Recent evidence suggests the dysregulation of the Wnt/mTOR
signaling pathways as a potential common mechanism in the
etiopathogenesis of both ADHD and AD (Boonen et al., 2009;
Inestrosa and Varela-Nallar, 2014; Tramutola et al., 2015; Tapia-
Rojas and Inestrosa, 2018; Yde Ohki et al., 2020; Perluigi et al.,
2021; Nagu et al., 2022; Narvaes and Furini, 2022). Based on the
involvement of β-catenin, Wnt signaling can be generally divided
into the canonical (β-catenin-dependent) and non-canonical (β-
catenin-independent) pathway, activated by binding of different
Wnt proteins to their receptors (Wan et al., 2014), which all
play an important role in modulation of physiological processes
crucial for both developing and mature brain (Jia et al., 2019).
During development, Wnt signaling regulates the balance between
the proliferation and differentiation of neuronal progenitor and
precursor cells (Noelanders and Vleminckx, 2017). In the mature
brain, it affects neuronal stem cell proliferation and differentiation
(Bengoa-Vergniory and Kypta, 2015). The Wnt pathway has a
positive developmental role in the maturation of dendrites and
dendritic spines (Hussaini et al., 2014) and an additional role in
neurotransmission. Interestingly, recent results also demonstrate
that at least some of the effects of Wnt on axonal and dendritic
growth may be mediated by APP (Liu et al., 2021). The mTOR
pathway plays a key role in maintaining energy homeostasis by
regulating nutrient availability and cellular stress information,
both intracellularly and extracellularly (Mannaa et al., 2013). Both
signaling pathways have some common effectors, like glycogen
synthase kinase-3β (GSK3β), which independently participates

in both signaling cascades regulating different cellular processes
(Kaidanovich-Beilin and Woodgett, 2011). In addition, Wnt
ligands can regulate mTOR and insulin signaling pathways (Ackers
and Malgor, 2018). The involvement of the aforementioned
pathways in ADHD and AD is discussed in the following text (see
overview Figure 1).

5.1. Canonical Wnt pathway

A pivotal role of Wnt signaling in physiological processes
implies that its imbalance may be significant in the pathophysiology
of both neurodevelopmental disorders including ADHD (Yde
Ohki et al., 2020) and neurodegenerative disorders such as
AD (Boonen et al., 2009; Inestrosa and Varela-Nallar, 2014).
Therefore, the downstream components of Wnt signaling might
be important candidates in both disorders. In the Wnt canonical
signaling, activation of the pathway occurs by the binding of Wnt
glycoproteins to Frizzled receptors and the lipoprotein receptor-
related protein 5 (LRP5) or LRP6 co-receptor, which determine
the downstream signaling cascade by the intracellular level and
phosphorylation status of β-catenin, modulated by GSK3β (Liu
et al., 2002; Jia et al., 2019). In the presence of Dickkopf-1 (Dkk1), a
Wnt-inhibitor, GSK3β phosphorylates β-catenin and thus targets
it for rapid ubiquitin-dependent degradation by a “destruction
complex,” consequently resulting in a low cellular level of β-
catenin (Wu and Pan, 2010). On the other hand, activation of
Wnt signaling leads to inhibition of GSK3β, disassembly of the β-
catenin-containing “destruction complex,” and release of β-catenin,
which consequently accumulates and stabilizes in the cytosol, and
is then translocated into the nucleus triggering expression of target
genes crucial for neuronal survival, neurogenesis, and synaptic
plasticity (Jia et al., 2019).

Increased activity of GSK3β has been found in the brain of
sAD patients (Llorens-Martin et al., 2014) and increased activation
of GSK3β is inversely associated with a significant decrease in
β-catenin levels in the prefrontal cortex of AD patients (Folke
et al., 2019). Decreased β-catenin levels are unable to suppress
the transcription of the β-site APP cleaving enzyme (BACE1),
consequently promoting Aβ production and aggregation (Parr
et al., 2015), while accumulation of Aβ stimulates the activation
of the endogenous Wnt pathway inhibitor, Dkk1, contributing
to the decreased β-catenin-dependent triggering of various genes’
expression (Caricasole et al., 2004). Furthermore, since GSK3β

is the main kinase involved in the phosphorylation of the Tau
protein (Hernandez et al., 2013), a convincing body of evidence
indicates that hyperactivity of GSK3β is linked to pathological
Tau hyperphosphorylation (Llorens-Martin et al., 2014), thus
supporting a link between dysfunctional Wnt/β-catenin signaling
with the two major AD hallmarks (Jia et al., 2019). Several AD
susceptibility genes are linked to aberrant Wnt signaling, such as
APOE ε4, a major genetic risk factor for late-onset sAD, which
inhibits canonical Wnt signaling in cell lines (Caruso et al., 2006).
Liu et al. (2021) recently reported a direct interaction between
Wnt (Wnt3a and Wnt5a) with the cysteine-rich domain in the
extracellular portion of APP, a genetic risk factor for fAD. Binding
of Wnt3a promoted APP stability, while Wnt5a reduced APP
by stimulating lysosomal degradation (Liu et al., 2021). It was
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FIGURE 1

Overview of the Wnt/β-catenin/mTOR signaling pathway hypothesized to be involved in attention-deficit hyperactivity disorder (ADHD) and
Alzheimer’s disease (AD) over the lifespan. The two pathways work in a concomitant manner with some common molecules, including energy
metabolism and insulin signaling. In the short term, disruption in the pathways may influence growth, differentiation, and synaptic plasticity, while in
the long-term, accumulation of p-Tau and amyloid plaques may lead to cell death and decreased neurogenesis. Aβ, amyloid β; Akt, protein kinase B;
AMP, adenosine monophosphate; AMPK, adenosine monophosphate-activated protein kinase; APC, adenomatous polyposis coli; APOE,
apolipoprotein; APP, amyloid precursor protein; ATP, adenosine triphosphate; DKK1, Dickkopf WNT signaling pathway inhibitor 1; GDP, guanosine
diphosphate; GSK3β, glycogen synthase kinase-3β; GTP, guanosine-5′-triphosphate; IDE, insulin-degrading enzyme; LRP, LDL receptor related
protein; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase; Tau, tubulin
associated unit; TCF/LEF, T cell factor/lymphoid enhancer factor family; TSC1/2, tuberous sclerosis proteins 1 and 2; Wnt, wingless-INT. The figure
was created using BioRender (https://biorender.com/).

shown that both Frizzled1 and Frizzled7 are downregulated in
early human AD stages, as well as in the hAPPNLGF/NLGF mouse
model (depicting a knock-in of the hAPP Swedish mutation of a
fAD), and concomitantly increase Sirtuin2-induced deacetylation
(Palomer et al., 2022). Inhibiting Sirt2 in vivo and in vitro rescued
Frizzled expression and synaptic loss (Palomer et al., 2022). The
Wnt pathway plays an important role in the regulation of brain
insulin signaling. Activation of Wnt upregulates brain-derived
insulin in the hypothalamus (Lee et al., 2016) and restores insulin
sensitivity in insulin-resistant neurons (Tian et al., 2021). In the rat
model of sAD induced by intracerebroventricular streptozotocin
(STZ-icv), dysregulation of the IR-PI3K-Akt signaling pathway
is associated with increased activity of GSK3β (Barilar et al.,
2015). In the STZ-icv mice, increased activity of GSK3β in
the hippocampus was accompanied with increased β-catenin (Qi
et al., 2021) and decreased Wnt3a and β-catenin (Salem et al.,
2021). Furthermore, a recent study modeling sAD using induced
pluripotent stem cell (iPSC)-derived cortical neurons from sAD
patients and controls, and comparing them to postmortem brain
samples from sAD and controls, found at the transcriptomic
level, after mapping the findings to the Kyoto Encyclopedia
of Genes and Genomes (KEGG) AD map, that pathways of
the PI3K and the Wnt-mediated activation of Disheveled, a
key component of Wnt signaling, are altered (Verheijen et al.,
2022). This provides further support for the involvement of the
IR and Wnt pathways in sAD even at an early stage of sAD

as iPSC-derived neurons usually represent less mature aging
neurons.

Dysregulation in the canonical Wnt signaling pathway in
ADHD and its alteration after MPH therapy was confirmed
by various researchers as reviewed elsewhere (Yde Ohki et al.,
2020). In a mouse model overexpressing the thyroid hormone-
responsive protein with defining characteristics of ADHD, a
proteomic analysis of the hippocampus found an altered network
of proteins involved in Wnt signaling; catenin β1 was found
to be upregulated, and hippocampal gene expression of Wnt
ligands, inhibitors, receptors, and co-receptors: i.e., significant
reductions of the Wnt7a gene, as well as upregulation of Wnt
inhibitors Dkk4 and Igfbp5 and enhanced Lrp6 expression was
found (Custodio et al., 2023). In humans, a significant association
was found between sex-specific genetic variations of LRP5 or
LRP6 co-receptors and child and adolescent ADHD (Grünblatt
et al., 2019). As already mentioned in the previous chapter, in a
large meta-GWAS, several genes (e.g., DUSP6, SEMA6D, ST3GAL3,
FOXP1 and FOXP2, and SORCS3) linked to the Wnt-pathways
(canonical and non-canonical) were found to be associated with
ADHD, further supporting a role of this pathway (Demontis et al.,
2023). In a study of Chinese families with a child diagnosed
with ADHD, analysis of whole-genome sequencing data showed
an increased frequency of single nucleotide variants in several
ADHD-susceptible genes, including LRP6 (Li et al., 2022). Recent
comprehensive analysis of mononuclear blood transcriptomic data
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of 270 ADHD and 279 controls, revealed enrichment of genes
involved in the β-catenin-T-cell factors (TCF) complex assembly,
AD as well as insulin signaling pathways (Cabana-Dominguez
et al., 2022). Interestingly, the FZD1 gene was significantly down-
regulated in ADHD patients compared to controls, similarly to
the reported reduction in sAD [internal communication with
Cabana-Dominguez et al. (2022)]. Finally, it was also found that
MPH enhances neuronal differentiation and reduces proliferation
in human SH-SY5Y-cells through activation of the Wnt/β-catenin
pathway (Grünblatt et al., 2018). On the other hand, differential
regulation by prolonged MPH treatment was found in GSK3β

signaling responses in different brain regions (Mines and Jope,
2012; Mines et al., 2013).

5.2. mTOR pathway

The serine/threonine kinase mTOR is present in two
structurally and functionally distinct protein complexes referred
to as mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2). mTORC1 integrates signals from multiple growth
factors, nutrients, and energy supply, to promote cell growth when
energy is sufficient, and catabolism in the absence of nutrients. The
mTOR pathway has been found to hold a central role in a variety
of cell processes, ranging from promoting protein synthesis to
determining the extent of autophagy, and is consequently largely
implicated in disease; dysregulation of the pathway has been
confirmed in the aging process, cancer, and metabolic disorders
like diabetes (Saxton and Sabatini, 2017). mTORC1 is composed
of mTOR, the scaffolding protein raptor (regulatory associated
protein of TOR), the GTPase β-subunit-like protein (GβL/mLST8)
and deptor (Dowling et al., 2010). mTORC2 mainly controls cell
proliferation and survival and is comprised of mTOR, Rictor,
GβL, Proline Rich 5 (PRR5/Protor), deptor, and mammalian
stress-activated protein kinase interacting protein (SIN1) (Zou
et al., 2020). mTOR is involved in many signaling pathways in the
body and coordinates or interacts with several upstream signal
components, including insulin, growth factors, 5-AMP-activated
protein kinase (AMPK), PI3K/Akt, and GSK3 (Cai et al., 2015).
Due to its extensive presence in different cellular processes, changes
in the function of the mTOR pathway activity significantly alter
cell homeostasis. On the one hand, decreases in protein synthesis
rates driven by inhibition of the mTOR pathway governing
mRNA translation may allow for improved cellular proteostasis,
whereas increases in the activity of the autophagy-lysosomal
pathway due to mTOR inhibition leads to degradation of damaged
organelles and macromolecules (Johnson et al., 2015). Indeed,
diminished activation of the PI3K/Akt/mTOR pathway was
found to augment longevity in mice. Likewise, increased insulin
sensitivity in centenarians has been associated with decreased
mTOR activity (Sharp and Bartke, 2005). Therefore, longevity
appears to be associated with the reduced activity of insulin
or insulin-like growth factor (IGF)-mediated PI3K/Akt/mTOR
pathway, suggesting that these signaling cascades may be important
targets for pharmacological manipulation (Blagosklonny, 2006).
However, since insulin and IGF-1 activate mTOR through the PI3K
pathway, ultimately regulating cell growth and proliferation in
neuronal progenitor cells and neuronal differentiation (Han et al.,

2008), as well as synaptic plasticity, glucose, and lipid metabolism,
and protein homeostasis (Bedse et al., 2015), chronic inhibition
of the pathway is bound to result in deleterious effects, including
carcinogenesis and metabolic dysfunction (Ali et al., 2022).
Therefore, finely balanced activation of mTOR is of equal interest,
e.g., in the context of neurodegeneration, intact mTOR signaling is
vital for long-lasting forms of synaptic plasticity and hippocampal
memory consolidation and maintenance, by supporting protein
synthesis in dendrites and their synapses (Querfurth and Lee,
2021).

Abnormal regulation of the mTOR-pathway is seen in the brain
of individuals affected by AD as well as various tissues of patients
with T2DM (Mannaa et al., 2013). Although many antidiabetic
drugs can affect the mTOR pathway (and introduce bias), current
evidence supports the hypothesis that its hyperactivation plays
the role in the etiopathogenesis of the disease (Jia et al., 2014;
Ong et al., 2016; Ali et al., 2017; Guillen and Benito, 2018).
Furthermore, increased levels of pIRS1Ser636 and pGSK3βSer9, and
hyperactivation of the Akt/mTOR/p70S6K pathway was reported
in neuronal-derived extracellular vesicles from patients with Down
syndrome (Perluigi et al., 2022) with an increased risk of AD
(Zigman and Lott, 2007). Hyperactivation of the mTOR pathway
in the brain of AD patients was shown in a number of studies
(Uddin et al., 2020), however on the contrary, reduced mTOR
signaling was also reported in patients as well as animal models
and cell cultures (Lafay-Chebassier et al., 2005). In sAD, neuronal
resistance to insulin and IGF-1 is promoted by the over-activation
of the PI3K/mTOR axis via a negative feedback mechanism
that inhibits IRS1 (Tramutola et al., 2015). Moreover, neuronal
insulin resistance is also associated with neuroinflammation via the
tumor necrosis factor-α (TNFα) /c-Jun N-terminal kinases (JNK)
pathway, which, in AD, is activated by Aβ oligomers and misfolded
Tau that consequently alter the IRS1/mTOR signaling pathway
(Liang et al., 2019).

Animal models provide further evidence of the ambiguous
role of mTOR activation/inhibition in neurodegeneration and AD.
Brain gene expression of several components of the mTOR complex
was found to be downregulated in both transgenic (3xTg-AD)
and non-transgenic (STZ-icv rat and mice) AD models (Chen
et al., 2012; Qin G. et al., 2021). Downregulation of mTOR
signaling was found to mediate impairment in synaptic plasticity
of the Tg2576 mouse model and increasing mTOR signaling was
found to be protective against Aβ-related impairment in long-term
potentiation (Ma et al., 2010). In pre-symptomatic and middle-aged
APPSwe/PS11E9 (APP/PS1) mice, generation of reactive oxygen
species was found to lead to oxidative modification of Akt1 in
the synapse resulting in reduction of Akt1-mTOR signaling and
deficiency in activity-dependent protein translation; moreover, a
similar attenuation of synaptoneurosomal protein translation was
found in postmortem AD brains (Ahmad et al., 2017). In cell
cultures, STZ-injured oligodendrocytes showed significantly lower
expression of PI3K, Akt, p-Akt, mTOR, and p-mTOR proteins than
the control group (Liu et al., 2020).

Conversely, inhibition of mTOR was studied for the mitigation
of AD symptoms in different AD models. Improvement of
cognitive functions and reduction of cortical Aβ levels were found
in hAPP(J20) mice after rapamycin (canonical mTOR inhibitor)
treatment, along with restoration of neurovascular coupling (Van
Skike et al., 2021). Increased hippocampal expression of p-mTOR
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was reported in the STZ-icv model of AD (El Sayed et al., 2021),
while mTOR inhibition by everolimus showed improvements in
cognition, as well as lowered TNFα levels in the brain accompanied
by increases of insulin and IGF-1 levels and correction of STZ-
icv-induced alterations of mRNA expression of PI3K/Akt/mTOR
pathway genes (Bansal et al., 2021).

The mTOR pathway’s ubiquitous presence in cell processes
implies a role in other disorders, including ADHD. Large-scale
computational analysis of the S-nitrosylation proteome pointed to
the mTORC1 signaling pathway as one of the shared molecular
mechanisms between the autism spectrum disorder (ASD) animal
model (InsG3680) and P301S AD mouse model (Mencer et al.,
2021). As ADHD is the most common comorbidity in ASD
patients (Hours et al., 2022), and ADHD is associated with sAD
and any dementia across generations (Zhang et al., 2022), the
mTOR pathway may be one of special interest in linking these
two disorders. A meta-analysis of GWAS data by Rovira et al.
(2020) identified nine new loci indicating a common genetic
basis for ADHD in childhood and persistent ADHD in adults,
among which was also the FRAT1/FRAT2 gene regulating the
Wnt signaling pathway. In a multi-step analysis aimed to identify
and characterize modules of co-expressed genes associated with
ADHD using data from peripheral blood mononuclear cells,
both RICTOR and MTOR genes were found to be significantly
upregulated in ADHD patients compared to controls further
internal discussion with authors regarding data presented in
Cabana-Dominguez et al. (2022). In addition, it has been shown
by Schmitz et al. (2019) that the Akt-mTOR pathway was affected
by MPH treatment in PC12 cells. Short-term MPH treatment
decreased pAkt(Thr308)/Akt, p-mTOR/mTOR, and pS6K/S6K
ratios, as well as pFoxO1 levels, although long-term treatment
increased pAkt(Thr308)/Akt, pmTOR/mTOR and pGSK-3β/GSK-
3β ratios (Schmitz et al., 2019). A study of ADHD-susceptible
variants by Li et al. (2022) identified genes corresponding to
single-nucleotide variants labeled as possibly or probably damaging
including CACNA1H, PKD1, DYNC2H1, LRP6, and RGS11. The
CACNA1H gene encodes for the α1-subunit of the T-type low
voltage-dependent calcium (Ca2+) channel Cav3.2 (Leresche and
Lambert, 2017), and mTORC1 pathway regulation may be driven
by intracellular Ca2+ levels (Li et al., 2016). Other than ADHD,
voltage-gated calcium channels have also been implicated in
other neuropsychiatric disorders, like schizophrenia, ASD, anxiety,
etc. (Nanou and Catterall, 2018; Andrade et al., 2019). Only
a few studies investigated the mTOR pathway in ADHD, but
both the mTOR and Wnt pathways are implicated in cellular
metabolism and energy balance, and emerging data suggests a
positive association between ADHD, obesity, and T2DM (Landau
and Pinhas-Hamiel, 2019).

Therefore, a growing body of evidence points to a harmful
vicious cycle in which impaired Wnt/mTOR-signaling is
intertwined with the major AD and ADHD pathophysiology
hallmarks at the protein and gene level for each of the pathways
and individual diseases, respectively. However, searching for the
alterations of those Wnt/mTOR signaling-related parameters
found both in AD and ADHD, might reveal a common point of
weakness in their respective etiopathogenesis and thus not only
help clarify the overlap of sAD and ADHD pathophysiology at
the molecular level but also offer possible shared target(s) for
disease-modifying drug intervention in their therapy. Elucidation

of the Wnt/mTOR signaling dysfunction underlying ADHD-
AD overlapping pathophysiology is very important also as a
contribution to understanding its role in the pathophysiology of
other neurodegenerative disorders like Parkinson’s disease (Huang
et al., 2022; Serafino and Cozzolino, 2023).

6. Evidence of the link between
attention-deficit hyperactivity
disorder and Alzheimer’s disease in
the context of animal model
phenotypic traits

Although most animal models of ADHD and AD do
not fulfill all the validation criteria [face, construct, and
predictive validity (Willner, 1986)], they are invaluable in
elucidating pathomechanism in these disorders. The face validity
criteria of both models seem to be satisfied as they relatively
faithfully reflect the key symptoms of ADHD (inattention,
hyperactivity, and impulsivity) and AD (progressive cognitive
deficits). Nevertheless, both models frequently also demonstrate
additional phenotypic traits that may or may not reflect the
comorbidity/complex presentation in humans. The construct
validity of the models is often challenging to determine considering
that the etiopathogenesis of ADHD and AD is still not fully
understood. In this regard, some pathological and molecular
correlates suggest some models may be valid, e.g., most
animal models of AD demonstrate accumulation of Aβ and
tau hyperphosphorylation. Additionally, a low attentive, low
vigilance, and high response disinhibition model of ADHD
shows improved vigilance and reduced probability of false alarms
upon administration of an agonist of the dopamine D4 receptor
(Hayward et al., 2016) associated with adult ADHD (Franke et al.,
2012). However, the models also seem to present with features that
do not reflect the natural course of AD and ADHD in humans,
e.g., Tg2576 animals -fAD model, overexpress a mutant form of
APP with a Swedish mutation (KM670/671NL) throughout their
life (representing at best ∼1% of familial AD cases) and do not
show signs of neuronal loss and neurofibrillary tangles (Irizarry
et al., 1997). Similar to that, dopamine transporter (DAT)-knockout
mice (ADHD model), show solid face and predictive validity,
however, DAT seems to be increased, and not decreased in ADHD
patients (Rahi and Kumar, 2021). Finally, ADHD and AD models
demonstrate variable positive and negative predictive validity as
many drugs that work in animal models (McKean et al., 2021;
Dougnon and Matsui, 2022; Kantak, 2022), unfortunately, show
little benefits in humans, while some drugs that are successfully
used in patients, fail to improve symptoms in some animal models.

Regardless of the aforementioned limitations, animal models
sometimes offer unexpected insight into diseases with shared
molecular pathobiology offering the opportunity for a better
understanding of genetic and environmental risk factors and co-
morbidities, as well as the development of new working models and
identification of novel (shared) drug targets. Here we propose that a
careful evaluation of ADHD and AD models, particularly from the
perspective of face validity, provides evidence for potentially shared
pathomechanisms and risk factors.
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6.1. Evidence for Alzheimer’s disease-like
behavioral traits in animal models of
attention-deficit hyperactivity disorder

As the etiopathogenesis of ADHD remains largely unknown
(construct validity), most animal models focus on replicating
the symptomatology (face validity), which classically consists of
hyperactivity, impulsivity, and inattention (Sontag et al., 2010), i.e.,
executive dysfunction.

A link between ADHD and AD may be found in the
dysfunction of working memory as one of the core executive
functions (Roth and Saykin, 2004; Diamond, 2013). In 2000,
Baddeley suggested the working memory’s “episodic buffer” as
a stage in long-term episodic learning (Baddeley, 2000). A key
component of AD symptomatology is the loss of long-term episodic
memory (Salkovic-Petrisic et al., 2021), which seems to arise
from a deficit in the encoding of new memories (Germano and
Kinsella, 2005), implicating a working memory deficit antecedent
to long-term memory dysfunction [confirming the “hypothesis
1” by Callahan et al. (2017)]. However, longitudinal studies are
necessary. Even though they are sorely lacking in animal models,
there is some evidence that the above is precisely the case in at
least two different models of ADHD: Sprague–Dawley rats selected
for high impulsivity, and the spontaneously hypertensive rat (SHR)
model.

In Dellu-Hagedorn et al. (2004) divided 3-month-old Sprague–
Dawley rats by impulsivity–at this point, no differences in
working memory among groups could be observed (radial arm
maze). At middle age (15 months), the difference in impulsivity
between groups was retained, but impulsivity decreased overall.
In the working memory assessment, the highly impulsive group
performed worse in the training phase up until the last day, when
it reached the non-impulsive group’s performance. Two years later,
Dellu-Hagedorn again divided 3-month-old rats by impulsivity and
reproduced these results (Dellu-Hagedorn, 2006). While rats in
the hyperactive group made more errors in training, after 6 days
they managed to reach the same level of performance as the
hypoactive group, indicating a surmountable working memory
deficit among the hyperactive animals in this scenario. Another
ADHD model, the SHR (Sagvolden and Johansen, 2012), has
originally been developed as a model for studying hypertension
in 1963 by selectively breeding Wistar-Kyoto rats (Okamoto and
Aoki, 1963). The increased locomotor activity of these animals
seems to be highly age-dependent, peaking in a juvenile phase
around 8 weeks of age (van den Bergh et al., 2006), and again
in an older age of 45 weeks (Hendley et al., 1985). Most ADHD
research using this model, therefore, focuses on this juvenile period,
when no cognitive deficits seem to be present (Langen and Dost,
2011). Young, 7–8-week-old male SHR rats exhibiting increased
locomotor activity do not seem to show cognitive impairments
in the novel object recognition test (Langen and Dost, 2011).
It seems that, in older SHR rats, the hyperactive (in terms of
increased locomotor activity) phenotype diminishes as cognitive
deficits begin to appear, and spatial memory dysfunction has been
observed in 3-month-old SHR rats (Sontag et al., 2013). Another
study examining 3- and 7-month-old SHR rats links these deficits
to brain IR dysfunction, a phenomenon linked to AD (Grünblatt
et al., 2015). A third study working with older (26–30 weeks)
SHR rats describes a similar phenotype accompanied by vascular

dysfunction in the hippocampus (Johnson et al., 2020), another
neuropathology commonly found in AD (Govindpani et al., 2019).
While there is also evidence of neuropathology less specific to AD
in particular, such as neuroinflammation (Tayebati et al., 2016;
Cohen et al., 2019) and increased oxidative stress (Corona, 2020),
parenchymal Aβ formation, a hallmark of AD, has also been
observed in this model at 20–44 weeks of age with conventional
histology and immunohistochemistry, showing an age-dependent
increase in parenchymal β-amyloid load (Schreiber et al., 2014).

The aforementioned cognitive deficits developing at a later age
provide face validity to the hypothesis that, with age, an ADHD
model may serve as a sAD model, and the neuropathological
markers found therein thought to be closely related to AD,
lend construct validity. Unfortunately, there is little data on
therapies in older ADHD model animals to provide a statement on
predictive validity.

6.2. Evidence for attention-deficit
hyperactivity disorder-like behavioral
traits in animal models of Alzheimer’s
disease

Accumulating evidence suggests that animal models of AD
demonstrate some phenotypic traits resembling ADHD. van
Swinderen (2007) has shown that mutations in genes involved
in short and long-term memory formation (van Swinderen
et al., 2009), and memory consolidation (van Swinderen and
Brembs, 2010) all result in deficits in attention-like processes
in Drosophila melanogaster. Furthermore, the attention deficits
were accompanied by well-defined behavioral hyperactivity and
phenotypic alterations were successfully alleviated by MPH
treatment (van Swinderen and Brembs, 2010) providing evidence
for both face and predictive validity (in the context of ADHD-
like symptoms). The results from Zhang et al. (2015) illustrate the
presence of phenotypic traits of ADHD in AD even more clearly
as they observed clear ADHD-like behavior in flies generated as
a model of AD. Zhang et al. (2015) generated flies with inducible
expression of low levels of human APP and BACE1 to overcome
methodological problems associated with the overexpression of
AD-associated transgenes. Unexpectedly, inducing low levels of
human APP and BACE1 resulted in a phenotype resembling
ADHD with: (i) a marked increase in overall motor activity;
(ii) male predominance; (iii) carbohydrate-induced aggravation of
symptoms; (iv) the phenotype mitigated with age; (v) delayed,
but a steep reduction in nocturnal activity; (all strongly indicative
of high face validity of the model for ADHD) and; (vi) a
reversible reduction in hyperactivity by dextroamphetamine (with
the absence of the effect in non-ADHD-like fly controls)—strongly
indicative of good predictive validity of the model (Zhang et al.,
2015). The construct validity of the proposed model for ADHD
remains to be explored, however, based on strong evidence in
support of both face and predictive validity, the authors proposed
its use for elucidation of the etiopathogenesis of ADHD. The
presence of ADHD-like symptoms has also been reported in other,
more complex, animal models of AD. For example, Tg2576 mice
demonstrate locomotor hyperactivity (Gorman and Yellon, 2010;
Bardgett et al., 2011) and increased exploratory behavior (Babic
Perhoc et al., 2019) providing some evidence for face validity.
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Locomotor hyperactivity has also been reported in other transgenic
models of AD—e.g., Swedish-APP (Bedrosian et al., 2011), 3xTg-
AD (only in male mice) (Pietropaolo et al., 2008; Sterniczuk et al.,
2010), Swedish APP on a 129 genetic background (Rustay et al.,
2010), TgCRND8 (Walker et al., 2011), APP+PS1 (Arendash et al.,
2001), and APP23 (Van Dam et al., 2003) models. Unfortunately,
data on ADHD predictive validity in AD models is scarce as most
studies utilizing ADHD drugs in AD models focused on cognitive
rather than ADHD symptoms. Nevertheless, some reports suggest
that treatments that show beneficial effects in ADHD models [e.g.,
an H3 antagonist ciproxifan (Fox et al., 2002)] also attenuate
hyperactive behavior in some models of AD (Bardgett et al., 2011).

Pronounced locomotor hyperactivity of AD animal models
has been reported by different groups, as it was recognized as
an important confounder precluding valid behavioral analysis.
For example, Jankowsky et al. generated a tetracycline-responsive
transgenic APP mouse model to study the effects of Aβ

production arrest expected from the treatment with inhibitors of
secretases. However, mice overexpressing APP throughout their
development demonstrated severe locomotor hyperactivity (with
100% penetrance), incompatible with cognitive testing (Jankowsky
et al., 2005). Interestingly, the same model has been used to
elucidate the effects of the APP overexpression onset on behavioral
phenotype, showing that overexpression during early postnatal
development resulted in the most pronounced hyperactivity
(Rodgers et al., 2012). In contrast, delaying the overexpression
of APP until adulthood resulted in a substantial attenuation of
the hyperlocomotor phenotype (Rodgers et al., 2012). The latter
provides indirect evidence that ADHD and AD may represent
two points along a single pathophysiological continuum [i.e.,
“hypothesis 1” proposed by Callahan et al. (2017)] and suggests
that similar noxious stimuli may result in the development of either
ADHD or AD depending on the developmental period during
which they occur.

Behavioral alterations in the non-transgenic STZ-icv rat
model of sAD provide additional evidence in support of the
overlapping phenotype of ADHD and AD in animal models with
the advantage of the absence of altered gene expression during
brain development (as is often the case with transgenic models).
In the STZ-icv model, a complex phenotype characterized by a
combination of ADHD and AD-like symptoms develops after
icv administration of a diabetogenic compound (streptozotocin)
in the period in which neural circuits are already fully formed
(excluding the possibility of purely neurodevelopmental origin).
The STZ-icv model is characterized by a chronic and progressive
cognitive decline (Knezovic et al., 2015) (AD face validity)
accompanied by neuropathological and metabolic hallmarks of
AD [i.e., BIR state (Grünblatt et al., 2007), neuroinflammation
(Knezovic et al., 2017), accumulation of Aβ (Salkovic-Petrisic et al.,
2011), hyperphosphorylated Tau (Li et al., 2020), mitochondrial
dysfunction (Correia et al., 2011), oxidative stress (Sharma and
Gupta, 2001), and glucose hypometabolism (Knezovic et al.,
2018)] (AD construct validity) (Salkovic-Petrisic et al., 2021).
Interestingly, apart from symptoms and molecular alterations
resembling AD, the STZ-icv model also develops attentional
deficits and locomotor hyperactivity (ADHD face validity). The
development of the hyperlocomotor phenotype was first observed
by Mayer and Hoyer during the initial behavioral characterization
of the STZ-icv model (Mayer et al., 1990), and it was later (similarly

as was the case with the transgenic AD models) recognized as an
important confounder for behavioral analyses (Homolak et al.,
2021). The STZ-icv rats also demonstrate several common features
of ADHD: pronounced circadian dysrhythmia [present already
in the very early (24–48 h) post-induction period preliminary
data—Supplementary Figure 1A; (WASAD Congress, 2021)],
increased stress response (Virag et al., 2021), increased social
interaction preference [commonly reported in ADHD models—e.g.
(Hopkins et al., 2009; Robinson et al., 2012; Gauthier et al., 2015)]
(preliminary data—Supplementary Figure 1B), dysfunctional
attention dynamics and hesitancy/impulsivity (unpublished
preliminary results see Supplementary Figures 1C–F).

In summary, although a more thorough exploration of the
pre-cognitive ADHD-like behavioral phenotype of the STZ-icv
model is needed, it seems that non-transgenic models of AD
may also recapitulate the behavioral aspect of the hypothesized
ADHD-AD continuum (Callahan et al., 2017). Experiments testing
ADHD predictive validity (mainly the ability of ADHD drugs
to counteract ADHD-like symptoms) utilizing the early ADHD-
like pre-cognitive stage of the disease in the STZ-icv model may
provide critical information to support or reject the hypothesis.
Such experiments, planned to be performed in our lab in the near
future, will hopefully elucidate this open question. Furthermore, if
such experiments confirm the efficacy of ADHD drugs in treating
ADHD-like symptoms in the pre-cognitive stage of the disease,
they may also provide a platform for testing the hypothesis that a
timely introduction of ADHD therapy may delay or even prevent
neurodegeneration and cognitive decline in the context of the
proposed ADHD-AD pathophysiological continuum.

Altogether, data from both ADHD and AD animal models
support the hypothesis of overlapping pathophysiology and the
existence of the ADHD-AD continuum. In both cases, the strongest
evidence comes from the experiments reporting a complex
ADHD/AD phenotype (face validity), however, the data on
construct and predictive validity are still scarce. One of the reasons,
for the paucity of construct and predictive validity evidence, may
be a time-period restricted use of ADHD and AD models and
consequent failure to acknowledge the overlapping symptoms and
identify them as a rationale to explore molecular patterns of AD in
ADHD and vice versa (construct validity), and test ADHD drugs
in AD models and vice versa (predictive validity). The animal
models of ADHD are mostly examined when the animals are
relatively young to faithfully mimic human disease that usually
presents at a relatively young age in most patients. Accordingly,
most researchers use old animals to model the AD-like phenotype
in rodents. Consequently, most research on ADHD models is done
at a time point in which cognitive deficits are not yet evident, and
most animal studies with AD models fail to acknowledge a potential
early ADHD-like stage of the disease. The evidence supporting
this hypothesis comes from relatively rare longitudinal studies on
ADHD models with behavioral follow-up after dissipation of the
hyperactive phenotype (Dellu-Hagedorn, 2006), and the studies
on AD that focus on the developmental/early aspect of AD-like
pathophysiology that resembles ADHD e.g., overexpression of APP
during brain development (Rodgers et al., 2012). A more mindful
and less time-restricted approach to behavioral and molecular
patterns in models of ADHD and AD may provide additional
evidence in support of the overlapping phenotype and motivate
researchers to conduct experiments designed to address the lack
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of construct and predictive validity evidence for the ADHD-
AD continuum. Finally, animal research addressing the ADHD-
AD continuum hypothesis will inevitably have to deal with the
impact of sex on the etiopathogenesis and the progression of the

disease actively explored both in the context of ADHD (Ramtekkar
et al., 2010; Cortese et al., 2016; Greven et al., 2018) and sAD
(Li and Singh, 2014; Toro et al., 2019). In childhood, a great
number of females are undiagnosed for ADHD until reaching

TABLE 2 Wnt/mTOR pathway and behavioral alterations in rodent models of attention-deficit hyperactivity disorder (ADHD) and
Alzheimer’s disease (AD).

Animal model Wnt/mTOR alterations ADHD-like behavioral alterations AD-like behavioral
alterations

AD models

TgCRND8/APP J20 ↑DKK, GSK-3α/β, ↓Wnt, β-catenin (Rosi et al.,
2010)
↑DKK, ↓β-catenin (Tong et al., 2022)

locomotor hyperactivity (Walker et al., 2011)
circadian dysrhythmia, hyperarousal (Colby-Milley
et al., 2015)

+

APP/PS1 ↑GSK3β, ↓β-catenin (Xiang et al., 2021)
↓Wnt4 (Yan et al., 2022)
↓Wnt3a, β-catenin, ↑GSK3β (Zhu et al., 2018)
↓mTOR (Ahmad et al., 2017)
↓mTOR (Francois et al., 2014)
↑DKK-1 (Rosi et al., 2010)

locomotor hyperactivity (Arendash et al., 2001) +

APP23 ↓β-catenin, ↑GSK3β (cells isolated from APP23
mice) (He and Shen, 2009)

locomotor hyperactivity (Van Dam et al., 2003) +

Tg2576 ↓mTOR (Ma et al., 2010)
↑DKK-1 (Rosi et al., 2010)

locomotor hyperactivity (Gorman and Yellon, 2010;
Rustay et al., 2010; Bardgett et al., 2011; Bedrosian
et al., 2011)
increased exploratory behavior (Babic Perhoc et al.,
2019)

+

3xTg ↓mTOR (Chen et al., 2012)
↓active β-catenin, β-catenin mRNA, ↑inactive
β-catenin, GSK3β mRNA, GSK3β activity (Huang
et al., 2018)

locomotor hyperactivity (Pietropaolo et al., 2008;
Sterniczuk et al., 2010)
increased locomotor and exploratory activity (Chen
et al., 2013)

+

P301S ↑mTOR (Mencer et al., 2021)
↑non-canonical Wnt (Amal et al., 2019)
↑DKK-1 (Rosi et al., 2010)

increased locomotor activity and exploration
(Scattoni et al., 2010; Takeuchi et al., 2011)

+

5xFAD ↓mTOR, ↓β-catenin, ↑GSK3β (Avrahami et al.,
2013)

locomotor hyperactivity (Oblak et al., 2021; Sil et al.,
2022)

+

STZ-icv mice ↓mTOR (STZ icv 3 months) (Qin G. et al., 2021)
↑mTOR (STZ icv 3 weeks) (El Sayed et al., 2021)
↑β-catenin, ↑GSK3β (STZ 3 mg/kg bilateral
hippocampal injection) (Qi et al., 2021)
↓β-catenin, ↓Wnt3a; ↑GSK3β, ↑mTOR (Salem et al.,
2021)

decreased locomotor activity and exploration (Qi
et al., 2021)
increased locomotor activity and exploration (Chen
et al., 2013)

+

STZ-icv rats ↑GSK3β (Barilar et al., 2015)
↓mTOR (Chen et al., 2012)

locomotor hyperactivity (Mayer et al., 1990;
Homolak et al., 2021), Supplementary Figure 1
(WASAD Congress, 2021)
increased stress response (Virag et al., 2021)
circadian dysrhythmia [Supplementary Figure 1
(WASAD Congress, 2021)]

+

ADHD models

SHR ↑GSK3β activity, ↓β-catenin (Cheng et al., 2015)
↑GSK3β (Grünblatt et al., 2015)

+ spatial, object, and aversive
memory deficits (Sontag
et al., 2013; Grünblatt et al.,
2015; Johnson et al., 2020)

THRSP OE ↑β-catenin, Dkk4, Igfbp5, Lrp6;↓Wnt7a (Custodio
et al., 2023)

+ recognition memory deficits
(Custodio et al., 2018)

Neonatal MSG ↓Wnt3a, β-catenin, ↑GSK3β mRNA (Abu-Elfotuh
et al., 2022)

+ spatial memory deficits
(Abu-Elfotuh et al., 2022)

Standardly present cognitive alterations in animal models of AD and ADHD-like traits in animal models of ADHD were marked with a “+”. APP, amyloid precursor protein; APP23, B6-
Tg/Thy1APP23Sdz; APP/PS1, APP/PS1 double transgenic; DKK, Dickkopf; 5xFAD, APP/PS1, Tg6799, Tg-5xFAD [APP K670_M671delinsNL (Swedish), APP I716V (Florida), APP V717I
(London), PSEN1 M146L (A > C), PSEN1 L286V]; GSK3, glycogen synthase kinase 3; mTOR, mammalian target of rapamycin; Igfbp, insulin-like growth factor-binding protein; Lrp, low-
density lipoprotein receptor-related protein; MSG, monosodium glutamate; P301S, Tau PS19Tg (MAPT P301S mutation); PS1, presenilin 1; SHR, spontaneously hypertensive rat; STZ-icv,
streptozotocin intracerebroventricular; Tg, transgenic; 3xTg, 3xTg-AD, the Laferla mouse [APP K670_M671delinsNL (Swedish), MAPT P301L, PSEN1 M146V]; Tg2576, hsiao mice, App-Swe,
App-sw, APP(sw), APPSwe; TgCRND8, APP(swe/ind) CRND8; THRSP OE, thyroid hormone-responsive gene overexpression.
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adulthood which leads to the male prominence that disappears
in adult ADHD. Nevertheless, the latter must be acknowledged
in a broader context since the exact causes driving the apparent
sexual dimorphism of both diseases are yet to be understood and
it is possible that at least some of the factors are more cultural
and not biological. For example, there is evidence that female
children are underdiagnosed in the community setting resulting
in biased and overemphasized estimates pertaining to male
predominance (Ramtekkar et al., 2010). Furthermore, regardless
of the female predominance of sAD, some animal models of the
disease demonstrate the male predominance of some ADHD-like
phenotypic traits. For example, female 3xTg mice demonstrate less
circadian dysrhythmia in comparison with male transgenic animals
(Wu et al., 2018).

Summarizing the aforementioned, the analysis of behavioral
traits and phenotypes in animal models of ADHD and AD
provides additional evidence in favor of the hypothesis of shared
etiopathogenesis. Furthermore, considering molecular similarities,
primarily related to Wnt and mTOR pathways (described in detail
in chapters 5.1 and 5.2), data from animal models support the
existence of a common pathophysiological phenomenon involved
in the development of both AD and ADHD (Table 2). As studies
indicate that manifestation of primary phenotypic characteristics
(ADHD predominant—e.g., animal models of ADHD when tested
at a young age, some AD models when tested before the
development of cognitive deficits; AD-predominant—e.g., animal
models of AD in the late phase, some ADHD animal models
after locomotor hyperactivity subsides) is dependent on age.
Therefore, molecular alterations ensue, longitudinal studies with
animal models of both diseases focused on the temporal association
of molecular and behavioral alterations will be necessary to fully
entangle the association between ADHD and AD.

7. Methylphenidate in
attention-deficit hyperactivity
disorder and Alzheimer’s disease
and the link to Wnt/mTOR

Unlike for AD, pharmacological interventions for ADHD have
shown a high level of efficacy supported by decades of clinical
use and thousands of research studies (Banaschewski et al., 2018;
Cortese et al., 2018). In child and adolescent, the efficacy lowering
total symptoms following meta-analysis of total 22 studies with
1,603 patients treated with MPH vs. 1,251 placebo controls was
estimated to be 0.77 (Faraone and Buitelaar, 2010). For MPH
immediate release, the long-term effects of MPH following meta-
analysis of seven studies (444 patients) resulted in efficacy of 0.96
and 1.12 for inattention and hyperactivity/impulsivity, respectively
(Maia et al., 2017). Moreover, in a recent meta-analysis of 31 studies
(804 children), dose-dependent effect of MPH on neurocognitive
functioning in children with ADHD showed beneficial effects on all
neurocognitive functions (d = 0.20–0.73) with linear dosing effects
(Vertessen et al., 2022). In adults with ADHD, meta-analysis in
eight studies (2,036 patients) found that MPH treatment efficacy of
up to 0.58, with increase efficacy of 0.12 for every 10 mg increment
of MPH (Castells et al., 2011). MPH is the first-line treatment for

ADHD in children and adolescents according to the NICE and the
German guidelines (Banaschewski et al., 2018; Cortese et al., 2018).
Safety and efficacy have also been demonstrated in adults with
ADHD (Castells et al., 2011; Cortese et al., 2018; Solmi et al.,
2020), however, despite evidence based guidelines, only half of
the European countries have approved the use of MPH for the
management of adult ADHD (Chappuy et al., 2020). In AD, MPH
has been used as a treatment for apathy (Ruthirakuhan et al., 2018;
Kishi et al., 2020; Mintzer et al., 2021), and although it was shown to
be a safe and efficacious medication, this use is still off-label. Indeed,
in a very small meta-analysis of three double-blind, randomized,
placebo-controlled trials (RCTs) investigating MPH treatment of
apathy as a primary or secondary outcome in people with AD
(n = 145), it was shown that MPH treatment is associated with small
improvements (in apathy scores) in AD patients (Ruthirakuhan
et al., 2018). Interestingly, a slight improvement in cognition
measured using mini-mental state examination (MMSE) was
observed as well (mean difference of 1.98, CI 1.06–2.91), however,
due to a low number of studies, no conclusion could be made.
In another meta-analysis including modafinil as a psychostimulant
treatment of apathy in AD patients (3 MPH and 1 modafinil
study, n = 156), an increase in cognitive scores (MMSE) was found
alongside improvement of apathy (Kishi et al., 2020). In the recently
published RCT with a 6 month follow-up (n = 301), MPH improved
apathy scores compared to placebo, with improved Alzheimer’s
Disease Cooperative Study Clinical Global Impression at 6 months
(Mintzer et al., 2021). However, there was no apparent difference in
comparison with the placebo group in cognitive performance nor
the quality of life (Mintzer et al., 2021). The absence of the effects
on cognition in some AD trials may be due to timing, as a small
RCT with MCI patients (n = 15) demonstrated a beneficial effect of
MPH on memory tests (Press et al., 2021). The latter might be due
to the neurogenic capacity still available in MCI compared to AD
patients.

Despite its well-known clinical efficacy, the exact molecular
mechanisms responsible for the beneficial effects of MPH in ADHD
remain elusive (Yde Ohki et al., 2020). The effects of MPH are
usually attributed to its ability to block the reuptake of dopamine,
noradrenaline, and (in low affinity) serotonin to potentiate the
effects of monoamines in the synaptic cleft (Quintero et al., 2022).
Nevertheless, accumulating evidence suggests that the ability of
MPH to stimulate cortical maturation [responsible for its long-
term effects (Shaw et al., 2009; Walhovd et al., 2020)] may be
mediated by a separate mechanism not related to the inhibition of
monoamine transporters (Bartl et al., 2010, 2013b, 2017; Grünblatt
et al., 2018; Yde Ohki et al., 2020). It has been reported that MPH
can inhibit proliferation and enhance neuronal differentiation both
in vitro (Bartl et al., 2013b; Grünblatt et al., 2018) and in vivo
(Lee et al., 2012; Oakes et al., 2019) via an unknown molecular
mechanism. One possible molecular pathway hypothesized to be
responsible for these effects is the Wnt pathway (Yde Ohki et al.,
2020). MPH was demonstrated to activate Wnt signaling in three
distinct neuronal cell lines (murine stem cells, rat PC12, and human
SH-SY5Y cells), independently of its action on the dopamine
transporter (considering that the selective dopamine transporter
inhibitor GBR-12909 exerted opposite effects) (Grünblatt et al.,
2018). The ability of MPH to activate Wnt in vitro (Grünblatt
et al., 2018) is in line with the reports from in vivo studies
where the ability of low-dose MPH to promote cell proliferation
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and survival was associated with increased activity of the Wnt-
signaling pathway (Mines and Jope, 2012; Sadasivan et al., 2012;
Dela Pena et al., 2013; Oakes et al., 2019; Yde Ohki et al., 2020).
The signaling pathway revolving around the mTOR pathway
with complementary biological functions to Wnt was proposed
as another potential mediator of the effects of MPH on cortical
maturation (Yde Ohki et al., 2020). Although mechanisms by which
MPH regulates the mTORC1 signaling pathway remain elusive, its
ability to modulate the activity of its components (e.g., Akt, GSK3β,
p70S6K, 4E-BP1, CREB) has been demonstrated both in vitro
(Schmitz et al., 2019) and in vivo (Warren et al., 2011).

Briefly, MPH is beneficial in treating childhood ADHD while
showing beneficial effects in early AD patients, which, following
the current evidence, might be also due to its influence on the
Wnt/mTOR-pathway. However, longitudinal clinical studies will be
required to confirm this hypothesis.

8. Conclusion

Following the aforementioned evidence regarding ADHD-
AD being a continuum, with several overlapping pathways and
mechanisms, it would be of high urgency to move into research
over the lifespan in humans and animal models, as well as at
the molecular and cellular levels modeling both disorders in vitro
using e.g., iPSC-derived neural cells (2D and 3D). Moreover, the
common Wnt/mTOR pathways that have been altered both in
ADHD and AD, and the fact that some drug treatments may
influence them, should be studied more in-depth, to explore the
possibilities of prevention and/or rescue in these two frequent
neurological disorders. Although out of scope of the current
hypothesis paper, it should be noted that neurodevelopmental
disorders in general also were argued to be linked to sAD (Folsom
and Fatemi, 2013; Delhaye and Bardoni, 2021; Ebstein et al.,
2021) while neurodegenerative disease with cognitive decline have
some overlap to ADHD (Golimstok et al., 2011; Gehricke et al.,
2017; Prentice et al., 2021). In particular, keeping in mind all the
above and the recent literature proposing normalization of altered
Wnt/mTOR signaling as a novel mechanism of action for MPH
used as ADHD-treatment, the accumulated evidence provide a
convincing argument and an encouragement to explore the idea
that a timely introduction of ADHD therapy may delay/prevent
neurodegeneration and cognitive decline in AD.

Data availability statement

The original contributions presented in this study are included
in this article/Supplementary material, further inquiries can be
directed to the corresponding author.

Author contributions

EG, JH, PR, CT, and MS-P contributed to the conception and
substantiation of the hypothesis. AB, VD, AK, and JO collected
the literature evidence on animal modeling. PR, SW, EG, CT,
and MS-P collected the literature evidence on clinical aspects. EG
wrote the first draft of the manuscript. EG, JH, AB, VD, AK,
JO, CT, and MS-P wrote sections of the manuscript. All authors
contributed to the manuscript revision, read, and approved the
submitted version.

Funding

The presented research was funded by the Croatian Science
Foundation (IP-2018-01-8938) and co-financed by the Scientific
Centre of Excellence for Basic, Clinical, and Translational
Neuroscience (project “Experimental and clinical research of
hypoxic-ischemic damage in perinatal and adult brain”; GA
KK01.1.1.01.0007 funded by the European Union through the
European Regional Development Fund).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.2023.
1104985/full#supplementary-material

References

Abu-Elfotuh, K., Abdel-Sattar, S. A., Abbas, A. N., Mahran, Y. F., Alshanwani,
A. R., Hamdan, A. M. E., et al. (2022). The protective effect of thymoquinone or/and
thymol against monosodium glutamate-induced attention-deficit/hyperactivity
disorder (ADHD)-like behavior in rats: Modulation of Nrf2/HO-1, TLR4/NF-
kappaB/NLRP3/caspase-1 and Wnt/beta-Catenin signaling pathways in rat model.
Biomed. Pharmacother. 155:113799. doi: 10.1016/j.biopha.2022.113799

Ackers, I., and Malgor, R. (2018). Interrelationship of canonical and non-canonical
Wnt signalling pathways in chronic metabolic diseases. Diab Vasc Dis Res 15, 3–13.
doi: 10.1177/1479164117738442

Ahmad, F., Singh, K., Das, D., Gowaikar, R., Shaw, E., Ramachandran, A., et al.
(2017). Reactive oxygen species-mediated loss of synaptic Akt1 signaling leads to

Frontiers in Neuroscience 14 frontiersin.org

https://doi.org/10.3389/fnins.2023.1104985
https://www.frontiersin.org/articles/10.3389/fnins.2023.1104985/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2023.1104985/full#supplementary-material
https://doi.org/10.1016/j.biopha.2022.113799
https://doi.org/10.1177/1479164117738442
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1104985 February 10, 2023 Time: 15:49 # 15

Grünblatt et al. 10.3389/fnins.2023.1104985

deficient activity-dependent protein translation early in Alzheimer’s disease. Antioxid.
Redox. Signal. 27, 1269–1280. doi: 10.1089/ars.2016.6860

Ai, Y., Zhao, J., Liu, H., Li, J., and Zhu, T. (2022). The relationship between
diabetes mellitus and attention deficit hyperactivity disorder: A systematic review and
meta-analysis. Front. Pediatr. 10:936813. doi: 10.3389/fped.2022.936813

Ali, E. S., Mitra, K., Akter, S., Ramproshad, S., Mondal, B., Khan, I. N., et al. (2022).
Recent advances and limitations of mTOR inhibitors in the treatment of cancer. Cancer
Cell Int. 22:284. doi: 10.1186/s12935-022-02706-8

Ali, M., Bukhari, S. A., Ali, M., and Lee, H. W. (2017). Upstream signalling of
mTORC1 and its hyperactivation in type 2 diabetes (T2D). BMB Rep. 50, 601–609.

Alves, S. S., Silva-Junior, R., Servilha-Menezes, G., Homolak, J., Salkovic-Petrisic,
M., and Garcia-Cairasco, N. (2021). Insulin resistance as a common link between
current Alzheimer’s disease hypotheses. J. Alzheimers Dis. 82, 71–105. doi: 10.3233/
JAD-210234

Alzheimer’s Disease International (2022). Dementia statistics [Online]. Alzheimer’s
disease international. Available online at: https://www.alz.co.uk/research/statistics
(accessed October 24, 2022).

Amal, H., Gong, G., Gjoneska, E., Lewis, S. M., Wishnok, J. S., Tsai, L. H., et al.
(2019). S-nitrosylation of E3 ubiquitin-protein ligase RNF213 alters non-canonical
Wnt/Ca+2 signaling in the P301S mouse model of tauopathy. Transl. Psychiatry 9:44.
doi: 10.1038/s41398-019-0388-7

American Psychiatric Association (2013). Diagnostic and statistical manual of
mental disorders: DSM-5. Washington, DC: American Psychiatric Association.

Andrade, A., Brennecke, A., Mallat, S., Brown, J., Gomez-Rivadeneira, J., Czepiel,
N., et al. (2019). Genetic associations between voltage-gated calcium channels and
psychiatric disorders. Int. J. Mol. Sci. 20:3537. doi: 10.3390/ijms20143537

Antal, B., McMahon, L. P., Sultan, S. F., Lithen, A., Wexler, D. J., Dickerson, B.,
et al. (2022). Type 2 diabetes mellitus accelerates brain aging and cognitive decline:
Complementary findings from UK Biobank and meta-analyses. Elife 11:e73138. doi:
10.7554/eLife.73138

Arendash, G. W., King, D. L., Gordon, M. N., Morgan, D., Hatcher, J. M., Hope,
C. E., et al. (2001). Progressive, age-related behavioral impairments in transgenic mice
carrying both mutant amyloid precursor protein and presenilin-1 transgenes. Brain
Res. 891, 42–53. doi: 10.1016/S0006-8993(00)03186-3

Armand-Ugon, M., Ansoleaga, B., Berjaoui, S., and Ferrer, I. (2017). Reduced
mitochondrial activity is early and steady in the entorhinal cortex but it is mainly
unmodified in the frontal cortex in Alzheimer’s disease. Curr. Alzheimer Res. 14,
1327–1334. doi: 10.2174/1567205014666170505095921

Austad, S. N., Ballinger, S., Buford, T. W., Carter, C. S., Smith, D. L. Jr., Darley-
Usmar, V., et al. (2022). Targeting whole body metabolism and mitochondrial
bioenergetics in the drug development for Alzheimer’s disease. Acta Pharm. Sin. B 12,
511–531. doi: 10.1016/j.apsb.2021.06.014

Avrahami, L., Farfara, D., Shaham-Kol, M., Vassar, R., Frenkel, D., and Eldar-
Finkelman, H. (2013). Inhibition of glycogen synthase kinase-3 ameliorates beta-
amyloid pathology and restores lysosomal acidification and mammalian target of
rapamycin activity in the Alzheimer disease mouse model: In vivo and in vitro studies.
J. Biol. Chem. 288, 1295–1306. doi: 10.1074/jbc.M112.409250

Babic Perhoc, A., Osmanovic Barilar, J., Knezovic, A., Farkas, V., Bagaric, R.,
Svarc, A., et al. (2019). Cognitive, behavioral and metabolic effects of oral galactose
treatment in the transgenic Tg2576 mice. Neuropharmacology 148, 50–67. doi: 10.
1016/j.neuropharm.2018.12.018

Bachiller, S., Jimenez-Ferrer, I., Paulus, A., Yang, Y., Swanberg, M., Deierborg,
T., et al. (2018). Microglia in neurological diseases: A road map to brain-disease
dependent-inflammatory response. Front. Cell. Neurosci. 12:488. doi: 10.3389/fncel.
2018.00488

Baddeley, A. (2000). The episodic buffer: A new component of working memory?
Trends Cogn. Sci. 4, 417–423.

Bakhtiari, R., Mohammadi Sephavand, N., Nili Ahmadabadi, M., Nadjar Araabi, B.,
and Esteky, H. (2012). Computational model of excitatory/inhibitory ratio imbalance
role in attention deficit disorders. J. Comput. Neurosci. 33, 389–404. doi: 10.1007/
s10827-012-0391-y

Balabanski, L., Serbezov, D., Atanasoska, M., Karachanak-Yankova, S., Hadjidekova,
S., Nikolova, D., et al. (2021). Rare genetic variants prioritize molecular pathways for
semaphorin interactions in Alzheimer’s disease patients. Biotechnol. Biotechnol. Equip.
35, 1256–1262. doi: 10.1080/13102818.2021.1964382

Banaschewski, T., Hohmann, S., and Millenet, S. (2018). Aufmerksamkeitsdefizit-
/hyperaktivitätsstörung (ADHS) im kindes- jugend- und erwachsenenalter. Duesseldorf:
AWMF.

Bansal, S., Agrawal, M., Mahendiratta, S., Kumar, S., Arora, S., Joshi, R., et al. (2021).
Everolimus: A potential therapeutic agent targeting PI3K/Akt pathway in brain insulin
system dysfunction and associated neurobehavioral deficits. Fundam. Clin. Pharmacol.
35, 1018–1031. doi: 10.1111/fcp.12677

Bardgett, M. E., Davis, N. N., Schultheis, P. J., and Griffith, M. S. (2011). Ciproxifan,
an H3 receptor antagonist, alleviates hyperactivity and cognitive deficits in the APP

Tg2576 mouse model of Alzheimer’s disease. Neurobiol. Learn. Mem. 95, 64–72. doi:
10.1016/j.nlm.2010.10.008

Barilar, J. O., Knezovic, A., Grünblatt, E., Riederer, P., and Salkovic-Petrisic, M.
(2015). Nine-month follow-up of the insulin receptor signalling cascade in the brain of
streptozotocin rat model of sporadic Alzheimer’s disease. J. Neural Transm. (Vienna)
122, 565–576. doi: 10.1007/s00702-014-1323-y

Bartl, J., Link, P., Schlosser, C., Gerlach, M., Schmitt, A., Walitza, S., et al. (2010).
Effects of methylphenidate: The cellular point of view. Atten. Defic. Hyperact. Disord.
2, 225–232. doi: 10.1007/s12402-010-0039-6

Bartl, J., Monoranu, C. M., Wagner, A. K., Kolter, J., Riederer, P., and Grünblatt,
E. (2013a). Alzheimer’s disease and type 2 diabetes: Two diseases, one common link?
World J. Biol. Psychiatry 14, 233–240. doi: 10.3109/15622975.2011.650204

Bartl, J., Mori, T., Riederer, P., Ozawa, H., and Grünblatt, E. (2013b).
Methylphenidate enhances neural stem cell differentiation. J. Mol. Psychiatry 1:5.
doi: 10.1186/2049-9256-1-5

Bartl, J., Palazzesi, F., Parrinello, M., Hommers, L., Riederer, P., Walitza, S., et al.
(2017). The impact of methylphenidate and its enantiomers on dopamine synthesis
and metabolism in vitro. Prog. Neuropsychopharmacol. Biol. Psychiatry 79(Pt B),
281–288. doi: 10.1016/j.pnpbp.2017.07.002

Baudic, S., Barba, G. D., Thibaudet, M. C., Smagghe, A., Remy, P., and Traykov, L.
(2006). Executive function deficits in early Alzheimer’s disease and their relations with
episodic memory. Arch. Clin. Neuropsychol. 21, 15–21. doi: 10.1016/j.acn.2005.07.002

Bedrosian, T. A., Herring, K. L., Weil, Z. M., and Nelson, R. J. (2011). Altered
temporal patterns of anxiety in aged and amyloid precursor protein (APP) transgenic
mice. Proc. Natl. Acad. Sci. U.S.A. 108, 11686–11691. doi: 10.1073/pnas.1103098108

Bedse, G., Di Domenico, F., Serviddio, G., and Cassano, T. (2015). Aberrant insulin
signaling in Alzheimer’s disease: Current knowledge. Front. Neurosci. 9:204. doi: 10.
3389/fnins.2015.00204

Bellenguez, C., Kucukali, F., Jansen, I. E., Kleineidam, L., Moreno-Grau, S., Amin,
N., et al. (2022). New insights into the genetic etiology of Alzheimer’s disease and
related dementias. Nat. Genet. 54, 412–436. doi: 10.1038/s41588-022-01024-z

Bengoa-Vergniory, N., and Kypta, R. M. (2015). Canonical and noncanonical Wnt
signaling in neural stem/progenitor cells. Cell. Mol. Life Sci. 72, 4157–4172. doi: 10.
1007/s00018-015-2028-6

Blagosklonny, M. V. (2006). Aging and immortality: Quasi-programmed senescence
and its pharmacologic inhibition. Cell Cycle 5, 2087–2102. doi: 10.4161/cc.5.18.3288

Bloom, G. S., Lazo, J. S., and Norambuena, A. (2018). Reduced brain insulin
signaling: A seminal process in Alzheimer’s disease pathogenesis. Neuropharmacology
136(Pt B), 192–195. doi: 10.1016/j.neuropharm.2017.09.016

Blue, E. E., Thornton, T. A., Kooperberg, C., Liu, S., Wactawski-Wende, J., Manson,
J., et al. (2021). Non-coding variants in MYH11, FZD3, and SORCS3 are associated
with dementia in women. Alzheimers Dement. 17, 215–225. doi: 10.1002/alz.12181

Boonen, R. A., van Tijn, P., and Zivkovic, D. (2009). Wnt signaling in Alzheimer’s
disease: Up or down, that is the question. Ageing Res. Rev. 8, 71–82. doi: 10.1016/j.arr.
2008.11.003

Cabana-Dominguez, J., Soler Artigas, M., Arribas, L., Alemany, S., Vilar-Ribo, L.,
Llonga, N., et al. (2022). Comprehensive analysis of omics data identifies relevant gene
networks for Attention-Deficit/Hyperactivity Disorder (ADHD). Transl. Psychiatry
12:409. doi: 10.1038/s41398-022-02182-8

Cai, Z., Chen, G., He, W., Xiao, M., and Yan, L. J. (2015). Activation of mTOR: A
culprit of Alzheimer’s disease? Neuropsychiatr. Dis. Treat. 11, 1015–1030. doi: 10.2147/
NDT.S75717

Callahan, B. L., Bierstone, D., Stuss, D. T., and Black, S. E. (2017). Adult ADHD:
Risk factor for dementia or phenotypic mimic? Front. Aging Neurosci. 9:260. doi:
10.3389/fnagi.2017.00260

Callahan, B. L., Ramakrishnan, N., Shammi, P., Bierstone, D., Taylor, R., Ozzoude,
M., et al. (2022). Cognitive and neuroimaging profiles of older adults with attention
deficit/hyperactivity disorder presenting to a memory clinic. J. Atten. Disord. 26,
1118–1129. doi: 10.1177/10870547211060546

Callahan, B. L., Shammi, P., Taylor, R., Ramakrishnan, N., and Black, S. E. (2021).
Longitudinal cognitive performance of older adults with ADHD presenting to a
cognitive neurology clinic: A case series of change up to 21 years. Front. Aging
Neurosci. 13:726374. doi: 10.3389/fnagi.2021.726374

Cannon Homaei, S., Barone, H., Kleppe, R., Betari, N., Reif, A., and
Haavik, J. (2022). ADHD symptoms in neurometabolic diseases: Underlying
mechanisms and clinical implications. Neurosci. Biobehav. Rev. 132, 838–856. doi:
10.1016/j.neubiorev.2021.11.012

Caricasole, A., Copani, A., Caraci, F., Aronica, E., Rozemuller, A. J., Caruso, A.,
et al. (2004). Induction of Dickkopf-1, a negative modulator of the Wnt pathway, is
associated with neuronal degeneration in Alzheimer’s brain. J. Neurosci. 24, 6021–
6027. doi: 10.1523/JNEUROSCI.1381-04.2004

Caruso, A., Motolese, M., Iacovelli, L., Caraci, F., Copani, A., Nicoletti, F., et al.
(2006). Inhibition of the canonical Wnt signaling pathway by apolipoprotein E4 in
PC12 cells. J. Neurochem. 98, 364–371. doi: 10.1111/j.1471-4159.2006.03867.x

Frontiers in Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fnins.2023.1104985
https://doi.org/10.1089/ars.2016.6860
https://doi.org/10.3389/fped.2022.936813
https://doi.org/10.1186/s12935-022-02706-8
https://doi.org/10.3233/JAD-210234
https://doi.org/10.3233/JAD-210234
https://www.alz.co.uk/research/statistics
https://doi.org/10.1038/s41398-019-0388-7
https://doi.org/10.3390/ijms20143537
https://doi.org/10.7554/eLife.73138
https://doi.org/10.7554/eLife.73138
https://doi.org/10.1016/S0006-8993(00)03186-3
https://doi.org/10.2174/1567205014666170505095921
https://doi.org/10.1016/j.apsb.2021.06.014
https://doi.org/10.1074/jbc.M112.409250
https://doi.org/10.1016/j.neuropharm.2018.12.018
https://doi.org/10.1016/j.neuropharm.2018.12.018
https://doi.org/10.3389/fncel.2018.00488
https://doi.org/10.3389/fncel.2018.00488
https://doi.org/10.1007/s10827-012-0391-y
https://doi.org/10.1007/s10827-012-0391-y
https://doi.org/10.1080/13102818.2021.1964382
https://doi.org/10.1111/fcp.12677
https://doi.org/10.1016/j.nlm.2010.10.008
https://doi.org/10.1016/j.nlm.2010.10.008
https://doi.org/10.1007/s00702-014-1323-y
https://doi.org/10.1007/s12402-010-0039-6
https://doi.org/10.3109/15622975.2011.650204
https://doi.org/10.1186/2049-9256-1-5
https://doi.org/10.1016/j.pnpbp.2017.07.002
https://doi.org/10.1016/j.acn.2005.07.002
https://doi.org/10.1073/pnas.1103098108
https://doi.org/10.3389/fnins.2015.00204
https://doi.org/10.3389/fnins.2015.00204
https://doi.org/10.1038/s41588-022-01024-z
https://doi.org/10.1007/s00018-015-2028-6
https://doi.org/10.1007/s00018-015-2028-6
https://doi.org/10.4161/cc.5.18.3288
https://doi.org/10.1016/j.neuropharm.2017.09.016
https://doi.org/10.1002/alz.12181
https://doi.org/10.1016/j.arr.2008.11.003
https://doi.org/10.1016/j.arr.2008.11.003
https://doi.org/10.1038/s41398-022-02182-8
https://doi.org/10.2147/NDT.S75717
https://doi.org/10.2147/NDT.S75717
https://doi.org/10.3389/fnagi.2017.00260
https://doi.org/10.3389/fnagi.2017.00260
https://doi.org/10.1177/10870547211060546
https://doi.org/10.3389/fnagi.2021.726374
https://doi.org/10.1016/j.neubiorev.2021.11.012
https://doi.org/10.1016/j.neubiorev.2021.11.012
https://doi.org/10.1523/JNEUROSCI.1381-04.2004
https://doi.org/10.1111/j.1471-4159.2006.03867.x
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1104985 February 10, 2023 Time: 15:49 # 16

Grünblatt et al. 10.3389/fnins.2023.1104985

Castellanos, F. X., and Tannock, R. (2002). Neuroscience of attention-
deficit/hyperactivity disorder: The search for endophenotypes. Nat. Rev. Neurosci. 3,
617–628. doi: 10.1038/nrn896

Castells, X., Ramos-Quiroga, J. A., Rigau, D., Bosch, R., Nogueira, M., Vidal, X.,
et al. (2011). Efficacy of methylphenidate for adults with attention-deficit hyperactivity
disorder: A meta-regression analysis. CNS Drugs 25, 157–169. doi: 10.2165/11539440-
000000000-00000

Chappuy, M., Boulanger, A., Nourredine, M., Fourneret, P., and Rolland, B. (2020).
Disparate regulatory status of methylphenidate for adults with ADHD across Europe.
Lancet Psychiatry 7, e1–e2. doi: 10.1016/S2215-0366(19)30482-1

Chen, Q., Hartman, C. A., Haavik, J., Harro, J., Klungsoyr, K., Hegvik, T. A.,
et al. (2018). Common psychiatric and metabolic comorbidity of adult attention-
deficit/hyperactivity disorder: A population-based cross-sectional study. PLoS One
13:e0204516. doi: 10.1371/journal.pone.0204516

Chen, Y., Liang, Z., Blanchard, J., Dai, C. L., Sun, S., Lee, M. H., et al. (2013). A non-
transgenic mouse model (icv-STZ mouse) of Alzheimer’s disease: Similarities to and
differences from the transgenic model (3xTg-AD mouse). Mol. Neurobiol. 47, 711–725.
doi: 10.1007/s12035-012-8375-5

Chen, Y., Tian, Z., Liang, Z., Sun, S., Dai, C. L., Lee, M. H., et al. (2012). Brain
gene expression of a sporadic (icv-STZ Mouse) and a familial mouse model (3xTg-AD
mouse) of Alzheimer’s disease. PLoS One 7:e51432. doi: 10.1371/journal.pone.0051432

Cheng, P. W., Chen, Y. Y., Cheng, W. H., Lu, P. J., Chen, H. H., Chen, B. R.,
et al. (2015). Wnt signaling regulates blood pressure by downregulating a GSK-3beta-
mediated pathway to enhance insulin signaling in the central nervous system. Diabetes
64, 3413–3424. doi: 10.2337/db14-1439

Cohen, E. M., Mohammed, S., Kavurma, M., Nedoboy, P. E., Cartland, S., Farnham,
M. M. J., et al. (2019). Microglia in the RVLM of SHR have reduced P2Y12R and
CX3CR1 expression, shorter processes, and lower cell density. Auton. Neurosci. 216,
9–16. doi: 10.1016/j.autneu.2018.12.002

Colby-Milley, J., Cavanagh, C., Jego, S., Breitner, J. C., Quirion, R., and Adamantidis,
A. (2015). Sleep-wake cycle dysfunction in the TgCRND8 mouse model of Alzheimer’s
disease: From early to advanced pathological stages. PLoS One 10:e0130177. doi:
10.1371/journal.pone.0130177

Congress, W. (2021). Abstracts of the WASAD Congress, 2021: An international
congress of the world association for stress related and anxiety disorders, held on 20-
22 September 2021 in Vienna, Austria. J. Neural Transm. (Vienna) 128, 1767–1812.
doi: 10.1007/s00702-021-02422-z

Corona, J. C. (2020). Role of oxidative stress and neuroinflammation in
attention-deficit/hyperactivity disorder. Antioxidants (Basel) 9:1039. doi: 10.3390/
antiox9111039

Correia, S. C., Santos, R. X., Perry, G., Zhu, X., Moreira, P. I., and Smith, M. A.
(2011). Insulin-resistant brain state: The culprit in sporadic Alzheimer’s disease?
Ageing Res. Rev. 10, 264–273. doi: 10.1016/j.arr.2011.01.001

Cortese, S., Adamo, N., Del Giovane, C., Mohr-Jensen, C., Hayes, A. J., Carucci, S.,
et al. (2018). Comparative efficacy and tolerability of medications for attention-deficit
hyperactivity disorder in children, adolescents, and adults: A systematic review and
network meta-analysis. Lancet Psychiatry 5, 727–738. doi: 10.1016/S2215-0366(18)
30269-4

Cortese, S., Faraone, S. V., Bernardi, S., Wang, S., and Blanco, C. (2016). Gender
differences in adult attention-deficit/hyperactivity disorder: Results from the national
epidemiologic survey on alcohol and related conditions (NESARC). J. Clin. Psychiatry
77, e421–e428. doi: 10.4088/JCP.14m09630

Custodio, R. J. P., Botanas, C. J., de la Pena, J. B., Dela Pena, I. J., Kim, M., Sayson,
L. V., et al. (2018). Overexpression of the thyroid hormone-responsive (THRSP)
Gene in the striatum leads to the development of inattentive-like phenotype in mice.
Neuroscience 390, 141–150. doi: 10.1016/j.neuroscience.2018.08.008

Custodio, R. J. P., Kim, H. J., Kim, J., Ortiu D. M., Kim, M., Buctot, D. et al.
(2023). Hippocampal dentate gyri proteomics reveals Wnt signaling involvement
in the behavioral impairment in the THRSP-overexpressing ADHD mouse model.
Commun. Biol. 6. doi: 10.1038/s42003-022-04387-5

Damani, M. R., Zhao, L., Fontainhas, A. M., Amaral, J., Fariss, R. N., and Wong,
W. T. (2011). Age-related alterations in the dynamic behavior of microglia. Aging Cell
10, 263–276. doi: 10.1111/j.1474-9726.2010.00660.x

De Felice, F. G., Lourenco, M. V., and Ferreira, S. T. (2014). How does brain insulin
resistance develop in Alzheimer’s disease? Alzheimers Dement. 10(1 Suppl), S26–S32.
doi: 10.1016/j.jalz.2013.12.004

de Rojas, I., Moreno-Grau, S., Tesi, N., Grenier-Boley, B., Andrade, V., Jansen, I.,
et al. (2020). Common variants in Alzheimer’s disease: Novel association of six genetic
variants with AD and risk stratification by polygenic risk scores. medRxiv [Preprint].
doi: 10.1101/19012021

de Rojas, I., Moreno-Grau, S., Tesi, N., Grenier-Boley, B., Andrade, V., Jansen,
I. E., et al. (2021). Common variants in Alzheimer’s disease and risk stratification by
polygenic risk scores. Nat. Commun. 12:3417. doi: 10.1038/s41467-021-22491-8

Dela Pena, I., Jeon, S. J., Lee, E., Ryu, J. H., Shin, C. Y., Noh, M., et al. (2013).
Neuronal development genes are key elements mediating the reinforcing effects of
methamphetamine, amphetamine, and methylphenidate. Psychopharmacology (Berl)
230, 399–413. doi: 10.1007/s00213-013-3168-8

Delhaye, S., and Bardoni, B. (2021). Role of phosphodiesterases in the
pathophysiology of neurodevelopmental disorders. Mol. Psychiatry 26, 4570–4582.
doi: 10.1038/s41380-020-00997-9

Dellu-Hagedorn, F. (2006). Relationship between impulsivity, hyperactivity and
working memory: A differential analysis in the rat. Behav. Brain Funct. 2:10. doi:
10.1186/1744-9081-2-10

Dellu-Hagedorn, F., Trunet, S., and Simon, H. (2004). Impulsivity in youth predicts
early age-related cognitive deficits in rats. Neurobiol. Aging 25, 525–537. doi: 10.1016/
j.neurobiolaging.2003.06.006

Demontis, D., Walters, G. B., Athanasiadis, G., Walters, R., Therrien. K., Nielsen,
T. T., et al. (2023). Genome-wide analyses of ADHD identify 27 risk loci, refine the
genetic architecture and implicate several cognitive domains. Nat. Genet. [Epub ahead
of print]. doi: 10.1038/s41588-022-01285-8

Demontis, D., Walters, R. K., Martin, J., Mattheisen, M., Als, T. D., Agerbo, E.,
et al. (2019). Discovery of the first genome-wide significant risk loci for attention
deficit/hyperactivity disorder. Nat. Genet. 51, 63–75. doi: 10.1038/s41588-018-0269-7

di Girolamo, G., Bracco, I. F., Portigliatti Pomeri, A., Puglisi, S., and Oliva, F. (2022).
Prevalence of metabolic syndrome and insulin resistance in a sample of adult ADHD
outpatients. Front. Psychiatry 13:891479. doi: 10.3389/fpsyt.2022.891479

Di Lorenzo, R., Balducci, J., Poppi, C., Arcolin, E., Cutino, A., Ferri, P., et al. (2021).
Children and adolescents with ADHD followed up to adulthood: A systematic review
of long-term outcomes. Acta Neuropsychiatr. 33, 283–298. doi: 10.1017/neu.2021.23

Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135–168. doi:
10.1146/annurev-psych-113011-143750

Dobrosavljevic, M., Zhang, L., Garcia-Argibay, M., Du Rietz, E., Andershed, H.,
Chang, Z., et al. (2021). Attention-deficit/hyperactivity disorder as a risk factor for
dementia and mild cognitive impairment: A population-based register study. Eur.
Psychiatry 65, 1–19. doi: 10.1192/j.eurpsy.2021.2261

Dougnon, G., and Matsui, H. (2022). Modelling autism spectrum disorder (ASD)
and attention-deficit/hyperactivity disorder (ADHD) using mice and zebrafish. Int. J.
Mol. Sci. 23:7550. doi: 10.3390/ijms23147550

Dowling, R. J., Topisirovic, I., Fonseca, B. D., and Sonenberg, N. (2010). Dissecting
the role of mTOR: Lessons from mTOR inhibitors. Biochim. Biophys. Acta 1804,
433–439. doi: 10.1016/j.bbapap.2009.12.001

Ebstein, F., Kury, S., Papendorf, J. J., and Kruger, E. (2021). Neurodevelopmental
disorders (n.d.) caused by genomic alterations of the ubiquitin-proteasome system
(UPS): The possible contribution of immune dysregulation to disease pathogenesis.
Front. Mol. Neurosci. 14:733012. doi: 10.3389/fnmol.2021.733012

El Sayed, N. S., Kandil, E. A., and Ghoneum, M. H. (2021). Enhancement of
insulin/PI3K/Akt signaling pathway and modulation of gut microbiome by probiotics
fermentation technology, a kefir grain product, in sporadic Alzheimer’s disease model
in mice. Front. Pharmacol. 12:666502. doi: 10.3389/fphar.2021.666502

Fanelli, G., Franke, B., De Witte, W., Ruisch, I. H., Haavik, J., van Gils, V., et al.
(2022). Insulinopathies of the brain? Genetic overlap between somatic insulin-related
and neuropsychiatric disorders. Transl. Psychiatry 12:59. doi: 10.1038/s41398-022-
01817-0

Faraone, S. V., and Buitelaar, J. (2010). Comparing the efficacy of stimulants for
ADHD in children and adolescents using meta-analysis. Eur. Child Adolesc. Psychiatry
19, 353–364. doi: 10.1007/s00787-009-0054-3

Faraone, S. V., and Larsson, H. (2019). Genetics of attention deficit hyperactivity
disorder. Mol. Psychiatry 24, 562–575. doi: 10.1038/s41380-018-0070-0

Faraone, S. V., Asherson, P., Banaschewski, T., Biederman, J., Buitelaar, J. K., Ramos-
Quiroga, J. A., et al. (2015). Attention-deficit/hyperactivity disorder. Nat. Rev. Dis.
Primers 1:15020. doi: 10.1038/nrdp.2015.20

Fayyad, J., Sampson, N. A., Hwang, I., Adamowski, T., Aguilar-Gaxiola, S., Al-
Hamzawi, A., et al. (2017). The descriptive epidemiology of DSM-IV Adult ADHD in
the World Health Organization World Mental Health Surveys. Atten. Defic. Hyperact.
Disord. 9, 47–65. doi: 10.1007/s12402-016-0208-3

Feltes, B. C., de Faria Poloni, J., and Bonatto, D. (2015). Development and aging:
Two opposite but complementary phenomena. Interdiscip. Top. Gerontol. 40, 74–84.
doi: 10.1159/000364932

Flannery, P. J., and Trushina, E. (2019). Mitochondrial dysfunction in Alzheimer’s
disease and progress in mitochondria-targeted therapeutics. Curr. Behav. Neurosci.
Rep. 6, 88–102. doi: 10.1007/s40473-019-00179-0

Flowers, A., Bell-Temin, H., Jalloh, A., Stevens, S. M. Jr., and Bickford, P. C.
(2017). Proteomic anaysis of aged microglia: Shifts in transcription, bioenergetics, and
nutrient response. J. Neuroinflammation 14, 96. doi: 10.1186/s12974-017-0840-7

Frontiers in Neuroscience 16 frontiersin.org

https://doi.org/10.3389/fnins.2023.1104985
https://doi.org/10.1038/nrn896
https://doi.org/10.2165/11539440-000000000-00000
https://doi.org/10.2165/11539440-000000000-00000
https://doi.org/10.1016/S2215-0366(19)30482-1
https://doi.org/10.1371/journal.pone.0204516
https://doi.org/10.1007/s12035-012-8375-5
https://doi.org/10.1371/journal.pone.0051432
https://doi.org/10.2337/db14-1439
https://doi.org/10.1016/j.autneu.2018.12.002
https://doi.org/10.1371/journal.pone.0130177
https://doi.org/10.1371/journal.pone.0130177
https://doi.org/10.1007/s00702-021-02422-z
https://doi.org/10.3390/antiox9111039
https://doi.org/10.3390/antiox9111039
https://doi.org/10.1016/j.arr.2011.01.001
https://doi.org/10.1016/S2215-0366(18)30269-4
https://doi.org/10.1016/S2215-0366(18)30269-4
https://doi.org/10.4088/JCP.14m09630
https://doi.org/10.1016/j.neuroscience.2018.08.008
https://doi.org/10.1038/s42003-022-04387-5
https://doi.org/10.1111/j.1474-9726.2010.00660.x
https://doi.org/10.1016/j.jalz.2013.12.004
https://doi.org/10.1101/19012021
https://doi.org/10.1038/s41467-021-22491-8
https://doi.org/10.1007/s00213-013-3168-8
https://doi.org/10.1038/s41380-020-00997-9
https://doi.org/10.1186/1744-9081-2-10
https://doi.org/10.1186/1744-9081-2-10
https://doi.org/10.1016/j.neurobiolaging.2003.06.006
https://doi.org/10.1016/j.neurobiolaging.2003.06.006
https://doi.org/10.1038/s41588-022-01285-8
https://doi.org/10.1038/s41588-018-0269-7
https://doi.org/10.3389/fpsyt.2022.891479
https://doi.org/10.1017/neu.2021.23
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1192/j.eurpsy.2021.2261
https://doi.org/10.3390/ijms23147550
https://doi.org/10.1016/j.bbapap.2009.12.001
https://doi.org/10.3389/fnmol.2021.733012
https://doi.org/10.3389/fphar.2021.666502
https://doi.org/10.1038/s41398-022-01817-0
https://doi.org/10.1038/s41398-022-01817-0
https://doi.org/10.1007/s00787-009-0054-3
https://doi.org/10.1038/s41380-018-0070-0
https://doi.org/10.1038/nrdp.2015.20
https://doi.org/10.1007/s12402-016-0208-3
https://doi.org/10.1159/000364932
https://doi.org/10.1007/s40473-019-00179-0
https://doi.org/10.1186/s12974-017-0840-7
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1104985 February 10, 2023 Time: 15:49 # 17

Grünblatt et al. 10.3389/fnins.2023.1104985

Fluegge, K., and Fluegge, K. (2018). Antecedent ADHD, dementia, and metabolic
dysregulation: A U.S. based cohort analysis. Neurochem. Int. 112, 255–258. doi: 10.
1016/j.neuint.2017.08.005

Folke, J., Pakkenberg, B., and Brudek, T. (2019). Impaired Wnt signaling in the
prefrontal cortex of Alzheimer’s disease. Mol. Neurobiol. 56, 873–891. doi: 10.1007/
s12035-018-1103-z

Folsom, T. D., and Fatemi, S. H. (2013). The involvement of reelin in
neurodevelopmental disorders. Neuropharmacology 68, 122–135. doi: 10.1016/j.
neuropharm.2012.08.015

Foschiera, L. N., Schmitz, F., and Wyse, A. T. S. (2022). Evidence of methylphenidate
effect on mitochondria, redox homeostasis, and inflammatory aspects: Insights from
animal studies. Prog. Neuropsychopharmacol. Biol. Psychiatry 116:110518. doi: 10.
1016/j.pnpbp.2022.110518

Fox, G. B., Pan, J. B., Esbenshade, T. A., Bennani, Y. L., Black, L. A., Faghih, R.,
et al. (2002). Effects of histamine H3 receptor ligands GT-2331 and ciproxifan in a
repeated acquisition avoidance response in the spontaneously hypertensive rat pup.
Behav. Brain Res. 131, 151–161. doi: 10.1016/S0166-4328(01)00379-5

Francois, A., Rioux Bilan, A., Quellard, N., Fernandez, B., Janet, T., Chassaing,
D., et al. (2014). Longitudinal follow-up of autophagy and inflammation in brain of
APPswePS1dE9 transgenic mice. J. Neuroinflammation 11:139. doi: 10.1186/s12974-
014-0139-x

Franke, B., Faraone, S. V., Asherson, P., Buitelaar, J., Bau, C. H., Ramos-Quiroga,
J. A., et al. (2012). The genetics of attention deficit/hyperactivity disorder in adults, a
review. Mol. Psychiatry 17, 960–987. doi: 10.1038/mp.2011.138

Franke, B., Michelini, G., Asherson, P., Banaschewski, T., Bilbow, A., Buitelaar,
J. K., et al. (2018). Live fast, die young? A review on the developmental trajectories of
ADHD across the lifespan. Eur. Neuropsychopharmacol. 28, 1059–1088. doi: 10.1016/
j.euroneuro.2018.08.001

Frölich, L., Blum-Degen, D., Bernstein, H. G., Engelsberger, S., Humrich, J.,
Laufer, S., et al. (1998). Brain insulin and insulin receptors in aging and sporadic
Alzheimer’s disease. J. Neural Transm. (Vienna) 105, 423–438. doi: 10.1007/s00702005
0068

Garcia-Argibay, M., du Rietz, E., Lu, Y., Martin, J., Haan, E., Lehto, K., et al. (2022).
The role of ADHD genetic risk in mid-to-late life somatic health conditions. Transl.
Psychiatry 12, 152. doi: 10.1038/s41398-022-01919-9

Gauthier, A. C., DeAngeli, N. E., and Bucci, D. J. (2015). Cross-fostering
differentially affects ADHD-related behaviors in spontaneously hypertensive rats. Dev.
Psychobiol. 57, 226–236. doi: 10.1002/dev.21286

GBD 2019 Dementia Forecasting Collaborators (2022). Estimation of the global
prevalence of dementia in 2019 and forecasted prevalence in 2050: An analysis for
the Global Burden of Disease Study 2019. Lancet Public Health 7, e105–e125. doi:
10.1016/S2468-2667(21)00249-8

Gehricke, J. G., Kruggel, F., Thampipop, T., Alejo, S. D., Tatos, E., Fallon, J.,
et al. (2017). The brain anatomy of attention-deficit/hyperactivity disorder in young
adults – A magnetic resonance imaging study. PLoS One 12:e0175433. doi: 10.1371/
journal.pone.0175433

Germano, C., and Kinsella, G. J. (2005). Working memory and learning in early
Alzheimer’s disease. Neuropsychol. Rev. 15, 1–10. doi: 10.1007/s11065-005-3583-7

Golimstok, A., Rojas, J. I., Romano, M., Zurru, M. C., Doctorovich, D., and
Cristiano, E. (2011). Previous adult attention-deficit and hyperactivity disorder
symptoms and risk of dementia with Lewy bodies: A case-control study. Eur. J. Neurol.
18, 78–84. doi: 10.1111/j.1468-1331.2010.03064.x

Gonon, F. (2009). The dopaminergic hypothesis of attention-deficit/hyperactivity
disorder needs re-examining. Trends Neurosci. 32, 2–8. doi: 10.1016/j.tins.2008.09.010

Gorman, M. R., and Yellon, S. (2010). Lifespan daily locomotor activity rhythms in
a mouse model of amyloid-induced neuropathology. Chronobiol. Int. 27, 1159–1177.
doi: 10.3109/07420528.2010.485711

Govindpani, K., McNamara, L. G., Smith, N. R., Vinnakota, C., Waldvogel, H. J.,
Faull, R. L., et al. (2019). Vascular dysfunction in Alzheimer’s disease: A prelude to
the pathological process or a consequence of it? J. Clin. Med. 8:651. doi: 10.3390/
jcm8050651

Greven, C. U., Richards, J. S., and Buitelaar, J. K. (2018). “Sex differences in ADHD,”
in Oxford textbook of attention deficit hyperactivity disorder, eds T. Banaschewski, D.
Coghill, and A. Zuddas (Oxford: Oxford University Press).

Grünblatt, E., Bartl, J., and Walitza, S. (2018). Methylphenidate enhances
neuronal differentiation and reduces proliferation concomitant to activation of Wnt
signal transduction pathways. Transl. Psychiatry 8:51. doi: 10.1038/s41398-018-0
096-8

Grünblatt, E., Bartl, J., Iuhos, D. I., Knezovic, A., Trkulja, V., Riederer, P., et al.
(2015). Characterization of cognitive deficits in spontaneously hypertensive rats,
accompanied by brain insulin receptor dysfunction. J. Mol. Psychiatry 3:6. doi: 10.
1186/s40303-015-0012-6

Grünblatt, E., Nemoda, Z., Werling, A. M., Roth, A., Angyal, N., Tarnok, Z., et al.
(2019). The involvement of the canonical Wnt-signaling receptor LRP5 and LRP6 gene

variants with ADHD and sexual dimorphism: Association study and meta-analysis.
Am. J. Med. Genet. Part B 180, 365–376. doi: 10.1002/ajmg.b.32695

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

Guillen, C., and Benito, M. (2018). mTORC1 overactivation as a key aging factor
in the progression to Type 2 diabetes mellitus. Front. Endocrinol. (Lausanne) 9:621.
doi: 10.3389/fendo.2018.00621

Hampel, H., Hardy, J., Blennow, K., Chen, C., Perry, G., Kim, S. H., et al. (2021).
The amyloid-beta pathway in Alzheimer’s disease. Mol. Psychiatry 26, 5481–5503.
doi: 10.1038/s41380-021-01249-0

Han, J., Wang, B., Xiao, Z., Gao, Y., Zhao, Y., Zhang, J., et al. (2008). Mammalian
target of rapamycin (mTOR) is involved in the neuronal differentiation of neural
progenitors induced by insulin. Mol. Cell Neurosci. 39, 118–124. doi: 10.1016/j.mcn.
2008.06.003

Harris, S. S., Green, S. M., Kumar, M., and Urs, N. M. (2022). A role for cortical
dopamine in the paradoxical calming effects of psychostimulants. Sci. Rep. 12:3129.
doi: 10.1038/s41598-022-07029-2

Hasani, S. A., Mayeli, M., Salehi, M. A., and Barzegar Parizi, R. (2021). A systematic
review of the association between amyloid-beta and tau pathology with functional
connectivity alterations in the Alzheimer dementia spectrum utilizing PET Scan and
rsfMRI. Dement. Geriatr. Cogn. Dis. Extra 11, 78–90. doi: 10.1159/000516164

Hayward, A., Tomlinson, A., and Neill, J. C. (2016). Low attentive and high
impulsive rats: A translational animal model of ADHD and disorders of attention and
impulse control. Pharmacol. Ther. 158, 41–51. doi: 10.1016/j.pharmthera.2015.11.010

He, P., and Shen, Y. (2009). Interruption of β-catenin signaling reduces neurogenesis
in Alzheimer’s disease. J. Neurosci. 29, 6545–6557. doi: 10.1523/jneurosci.0421-09.
2009

Hendley, E. D., Wessel, D. J., Atwater, D. G., Gellis, J., Whitehorn, D., and Low,
W. C. (1985). Age, sex and strain differences in activity and habituation in SHR and
WKY Rats. Physiol. Behav. 34, 379–383. doi: 10.1016/0031-9384(85)90199-4

Heni, M., Kullmann, S., Preissl, H., Fritsche, A., and Haring, H. U. (2015). Impaired
insulin action in the human brain: Causes and metabolic consequences. Nat. Rev.
Endocrinol. 11, 701–711. doi: 10.1038/nrendo.2015.173

Hernandez, F., Lucas, J. J., and Avila, J. (2013). GSK3 and tau: Two convergence
points in Alzheimer’s disease. J. Alzheimers Dis. 33(Suppl. 1), S141–S144. doi: 10.3233/
JAD-2012-129025

Holper, L., Ben-Shachar, D., and Mann, J. J. (2019). Multivariate meta-analyses
of mitochondrial complex I and IV in major depressive disorder, bipolar disorder,
schizophrenia, Alzheimer disease, and Parkinson disease. Neuropsychopharmacology
44, 837–849. doi: 10.1038/s41386-018-0090-0

Homolak, J., Perhoc, A. B., Knezovic, A., Osmanovic Barilar, J., and Salkovic-
Petrisic, M. (2021). Additional methodological considerations regarding optimization
of the dose of intracerebroventricular streptozotocin A response to: “Optimization of
intracerebroventricular streptozotocin dose for the induction of neuroinflammation
and memory impairments in rats” by Ghosh et al., Metab Brain Dis 2020 July 21.
Metab. Brain Dis. 36, 97–102. doi: 10.1007/s11011-020-00637-9

Hoogman, M., Bralten, J., Hibar, D. P., Mennes, M., Zwiers, M. P., Schweren, L. S. J.,
et al. (2017). Subcortical brain volume differences in participants with attention deficit
hyperactivity disorder in children and adults: A cross-sectional mega-analysis. Lancet
Psychiatry 4, 310–319. doi: 10.1016/S2215-0366(17)30049-4

Hopkins, M. E., Sharma, M., Evans, G. C., and Bucci, D. J. (2009). Voluntary
physical exercise alters attentional orienting and social behavior in a rat model of
attention-deficit/hyperactivity disorder. Behav. Neurosci. 123, 599–606. doi: 10.1037/
a0015632

Hours, C., Recasens, C., and Baleyte, J. M. (2022). ASD and ADHD comorbidity:
What are we talking about? Front. Psychiatry 13:837424. doi: 10.3389/fpsyt.2022.
837424

Huang, M., Liang, Y., Chen, H., Xu, B., Chai, C., and Xing, P. (2018). The role
of fluoxetine in activating Wnt/beta-catenin signaling and repressing beta-amyloid
production in an Alzheimer mouse model. Front. Aging Neurosci. 10:164. doi: 10.3389/
fnagi.2018.00164

Huang, Y. L., Zhang, J. N., Hou, T. Z., Gu, L., Yang, H. M., and Zhang, H. (2022).
Inhibition of Wnt/beta-catenin signaling attenuates axonal degeneration in models of
Parkinson’s disease. Neurochem. Int. 159, 105389. doi: 10.1016/j.neuint.2022.105389

Hussaini, S. M., Choi, C. I., Cho, C. H., Kim, H. J., Jun, H., and Jang, M. H.
(2014). Wnt signaling in neuropsychiatric disorders: Ties with adult hippocampal
neurogenesis and behavior. Neurosci. Biobehav. Rev. 47, 369–383. doi: 10.1016/j.
neubiorev.2014.09.005

Inestrosa, N. C., and Varela-Nallar, L. (2014). Wnt signaling in the nervous system
and in Alzheimer’s disease. J. Mol. Cell Biol. 6, 64–74. doi: 10.1093/jmcb/mjt051

Irizarry, M. C., McNamara, M., Fedorchak, K., Hsiao, K., and Hyman, B. T.
(1997). APPSw transgenic mice develop age-related A beta deposits and neuropil

Frontiers in Neuroscience 17 frontiersin.org

https://doi.org/10.3389/fnins.2023.1104985
https://doi.org/10.1016/j.neuint.2017.08.005
https://doi.org/10.1016/j.neuint.2017.08.005
https://doi.org/10.1007/s12035-018-1103-z
https://doi.org/10.1007/s12035-018-1103-z
https://doi.org/10.1016/j.neuropharm.2012.08.015
https://doi.org/10.1016/j.neuropharm.2012.08.015
https://doi.org/10.1016/j.pnpbp.2022.110518
https://doi.org/10.1016/j.pnpbp.2022.110518
https://doi.org/10.1016/S0166-4328(01)00379-5
https://doi.org/10.1186/s12974-014-0139-x
https://doi.org/10.1186/s12974-014-0139-x
https://doi.org/10.1038/mp.2011.138
https://doi.org/10.1016/j.euroneuro.2018.08.001
https://doi.org/10.1016/j.euroneuro.2018.08.001
https://doi.org/10.1007/s007020050068
https://doi.org/10.1007/s007020050068
https://doi.org/10.1038/s41398-022-01919-9
https://doi.org/10.1002/dev.21286
https://doi.org/10.1016/S2468-2667(21)00249-8
https://doi.org/10.1016/S2468-2667(21)00249-8
https://doi.org/10.1371/journal.pone.0175433
https://doi.org/10.1371/journal.pone.0175433
https://doi.org/10.1007/s11065-005-3583-7
https://doi.org/10.1111/j.1468-1331.2010.03064.x
https://doi.org/10.1016/j.tins.2008.09.010
https://doi.org/10.3109/07420528.2010.485711
https://doi.org/10.3390/jcm8050651
https://doi.org/10.3390/jcm8050651
https://doi.org/10.1038/s41398-018-0096-8
https://doi.org/10.1038/s41398-018-0096-8
https://doi.org/10.1186/s40303-015-0012-6
https://doi.org/10.1186/s40303-015-0012-6
https://doi.org/10.1002/ajmg.b.32695
https://doi.org/10.1111/j.1471-4159.2006.04368.x
https://doi.org/10.1111/j.1471-4159.2006.04368.x
https://doi.org/10.3389/fendo.2018.00621
https://doi.org/10.1038/s41380-021-01249-0
https://doi.org/10.1016/j.mcn.2008.06.003
https://doi.org/10.1016/j.mcn.2008.06.003
https://doi.org/10.1038/s41598-022-07029-2
https://doi.org/10.1159/000516164
https://doi.org/10.1016/j.pharmthera.2015.11.010
https://doi.org/10.1523/jneurosci.0421-09.2009
https://doi.org/10.1523/jneurosci.0421-09.2009
https://doi.org/10.1016/0031-9384(85)90199-4
https://doi.org/10.1038/nrendo.2015.173
https://doi.org/10.3233/JAD-2012-129025
https://doi.org/10.3233/JAD-2012-129025
https://doi.org/10.1038/s41386-018-0090-0
https://doi.org/10.1007/s11011-020-00637-9
https://doi.org/10.1016/S2215-0366(17)30049-4
https://doi.org/10.1037/a0015632
https://doi.org/10.1037/a0015632
https://doi.org/10.3389/fpsyt.2022.837424
https://doi.org/10.3389/fpsyt.2022.837424
https://doi.org/10.3389/fnagi.2018.00164
https://doi.org/10.3389/fnagi.2018.00164
https://doi.org/10.1016/j.neuint.2022.105389
https://doi.org/10.1016/j.neubiorev.2014.09.005
https://doi.org/10.1016/j.neubiorev.2014.09.005
https://doi.org/10.1093/jmcb/mjt051
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1104985 February 10, 2023 Time: 15:49 # 18

Grünblatt et al. 10.3389/fnins.2023.1104985

abnormalities, but no neuronal loss in CA1. J. Neuropathol. Exp. Neurol. 56, 965–973.
doi: 10.1097/00005072-199709000-00002

Ishikawa, S., and Ishikawa, F. (2022). “To G0 or Not to G0: Cell cycle
paradox in senescence and brain aging,” in Aging mechanisms I : Longevity,
metabolism, and brain aging, ed. N. Mori (Singapore: Springer Nature Singapore),
97–113.

Ivanchak, N., Abner, E. L., Carr, S. A., Freeman, S. J., Seybert, A., Ranseen,
J., et al. (2011). Attention-deficit/hyperactivity disorder in childhood is associated
with cognitive test profiles in the geriatric population but not with mild cognitive
impairment or Alzheimer’s disease. J. Aging Res. 2011, 729801. doi: 10.4061/2011/
729801

Jankowsky, J. L., Slunt, H. H., Gonzales, V., Savonenko, A. V., Wen, J. C., Jenkins,
N. A., et al. (2005). Persistent amyloidosis following suppression of Abeta production
in a transgenic model of Alzheimer disease. PLoS Med. 2:e355. doi: 10.1371/journal.
pmed.0020355

Jensen, C. M., and Steinhausen, H. C. (2015). Comorbid mental disorders in
children and adolescents with attention-deficit/hyperactivity disorder in a large
nationwide study. Atten. Defic. Hyperact. Disord. 7, 27–38. doi: 10.1007/s12402-014-
0142-1

Jia, G., Aroor, A. R., Martinez-Lemus, L. A., and Sowers, J. R. (2014). Overnutrition,
mTOR signaling, and cardiovascular diseases. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 307, R1198–R1206. doi: 10.1152/ajpregu.00262.2014

Jia, L., Pina-Crespo, J., and Li, Y. (2019). Restoring Wnt/beta-catenin signaling
is a promising therapeutic strategy for Alzheimer’s disease. Mol. Brain 12:104. doi:
10.1186/s13041-019-0525-5

Johnson, A. C., Miller, J. E., and Cipolla, M. J. (2020). Memory impairment in
spontaneously hypertensive rats is associated with hippocampal hypoperfusion and
hippocampal vascular dysfunction. J. Cereb. Blood Flow Metab. 40, 845–859. doi:
10.1177/0271678X19848510

Johnson, S. C., Sangesland, M., Kaeberlein, M., and Rabinovitch, P. S. (2015).
Modulating mTOR in aging and health. Interdiscip. Top. Gerontol. 40, 107–127. doi:
10.1159/000364974

Kaidanovich-Beilin, O., and Woodgett, J. R. (2011). GSK-3: Functional insights from
cell biology and animal models. Front. Mol. Neurosci. 4:40. doi: 10.3389/fnmol.2011.
00040

Kakuszi, B., Szuromi, B., Bitter, I., and Czobor, P. (2020). Attention deficit
hyperactivity disorder: Last in, first out – Delayed brain maturation with an accelerated
decline? Eur. Neuropsychopharmacol. 34, 65–75. doi: 10.1016/j.euroneuro.2020.03.011

Kantak, K. M. (2022). Rodent models of attention-deficit hyperactivity disorder: An
updated framework for model validation and therapeutic drug discovery. Pharmacol.
Biochem. Behav. 216:173378. doi: 10.1016/j.pbb.2022.173378

Kellar, D., and Craft, S. (2020). Brain insulin resistance in Alzheimer’s disease
and related disorders: Mechanisms and therapeutic approaches. Lancet Neurol. 19,
758–766. doi: 10.1016/S1474-4422(20)30231-3

Kim, S. H., Vlkolinsky, R., Cairns, N., and Lubec, G. (2000). Decreased levels of
complex III core protein 1 and complex V beta chain in brains from patients with
Alzheimer’s disease and down syndrome. Cell Mol. Life Sci. 57, 1810–1816. doi: 10.
1007/pl00000661

Kinney, J. W., Bemiller, S. M., Murtishaw, A. S., Leisgang, A. M., Salazar, A. M.,
and Lamb, B. T. (2018). Inflammation as a central mechanism in Alzheimer’s disease.
Alzheimers Dement. (N. Y.) 4, 575–590. doi: 10.1016/j.trci.2018.06.014

Kishi, T., Sakuma, K., and Iwata, N. (2020). Efficacy and safety of psychostimulants
for Alzheimer’s disease: A systematic review and meta-analysis. Pharmacopsychiatry
53, 109–114. doi: 10.1055/a-1076-8228

Knezovic, A., Loncar, A., Homolak, J., Smailovic, U., Osmanovic Barilar, J., Ganoci,
L., et al. (2017). Rat brain glucose transporter-2, insulin receptor and glial expression
are acute targets of intracerebroventricular streptozotocin: Risk factors for sporadic
Alzheimer’s disease? J. Neural Transm. (Vienna) 124, 695–708. doi: 10.1007/s00702-
017-1727-6

Knezovic, A., Osmanovic Barilar, J., Babic, A., Bagaric, R., Farkas, V., Riederer,
P., et al. (2018). Glucagon-like peptide-1 mediates effects of oral galactose in
streptozotocin-induced rat model of sporadic Alzheimer’s disease. Neuropharmacology
135, 48–62. doi: 10.1016/j.neuropharm.2018.02.027

Knezovic, A., Osmanovic-Barilar, J., Curlin, M., Hof, P. R., Simic, G., Riederer, P.,
et al. (2015). Staging of cognitive deficits and neuropathological and ultrastructural
changes in streptozotocin-induced rat model of Alzheimer’s disease. J. Neural Transm.
(Vienna) 122, 577–592. doi: 10.1007/s00702-015-1394-4

Kovacs, G. G., Adle-Biassette, H., Milenkovic, I., Cipriani, S., van Scheppingen, J.,
and Aronica, E. (2014). Linking pathways in the developing and aging brain with
neurodegeneration. Neuroscience 269, 152–172. doi: 10.1016/j.neuroscience.2014.0
3.045

Kubis-Kubiak, A. M., Rorbach-Dolata, A., and Piwowar, A. (2019). Crucial players
in Alzheimer’s disease and diabetes mellitus: Friends or foes? Mech. Ageing Dev. 181,
7–21. doi: 10.1016/j.mad.2019.03.008

Kullmann, S., Fritsche, A., Wagner, R., Schwab, S., Haring, H. U., Preissl, H., et al.
(2017). Hypothalamic insulin responsiveness is associated with pancreatic insulin
secretion in humans. Physiol. Behav. 176, 134–138. doi: 10.1016/j.physbeh.2017.03.036

Kullmann, S., Heni, M., Hallschmid, M., Fritsche, A., Preissl, H., and Haring, H. U.
(2016). Brain insulin resistance at the crossroads of metabolic and cognitive disorders
in humans. Physiol. Rev. 96, 1169–1209. doi: 10.1152/physrev.00032.2015

Kuring, J. K., Mathias, J. L., and Ward, L. (2020). Risk of dementia in persons
who have previously experienced clinically-significant depression, anxiety, or PTSD:
A systematic review and meta-analysis. J. Affect. Disord. 274, 247–261. doi: 10.1016/j.
jad.2020.05.020

Lafay-Chebassier, C., Paccalin, M., Page, G., Barc-Pain, S., Perault-Pochat, M. C.,
Gil, R., et al. (2005). mTOR/p70S6k signalling alteration by Abeta exposure as well as
in APP-PS1 transgenic models and in patients with Alzheimer’s disease. J. Neurochem.
94, 215–225. doi: 10.1111/j.1471-4159.2005.03187.x

Landau, Z., and Pinhas-Hamiel, O. (2019). Attention deficit/hyperactivity, the
metabolic syndrome, and type 2 diabetes. Curr. Diab. Rep. 19:46. doi: 10.1007/s11892-
019-1174-x

Langen, B., and Dost, R. (2011). Comparison of SHR, WKY and Wistar rats in
different behavioural animal models: effect of dopamine D1 and alpha2 agonists. Atten.
Defic. Hyperact. Disord. 3, 1–12. doi: 10.1007/s12402-010-0034-y

Lee, D. Y. (2015). Roles of mTOR signaling in brain development. Exp. Neurobiol.
24, 177–185. doi: 10.5607/en.2015.24.3.177

Lee, J., Kim, K., Yu, S. W., and Kim, E. K. (2016). Wnt3a upregulates brain-derived
insulin by increasing NeuroD1 via Wnt/beta-catenin signaling in the hypothalamus.
Mol. Brain 9:24. doi: 10.1186/s13041-016-0207-5

Lee, T. H., Lee, C. H., Kim, I. H., Yan, B. C., Park, J. H., Kwon, S. H., et al.
(2012). Effects of ADHD therapeutic agents, methylphenidate and atomoxetine, on
hippocampal neurogenesis in the adolescent mouse dentate gyrus. Neurosci. Lett. 524,
84–88. doi: 10.1016/j.neulet.2012.07.029

Leffa, D. T., Ferrari-Souza, J. P., Bellaver, B., Tissot, C., Ferreira, P. C. L., Brum, W. S.,
et al. (2022). Genetic risk for attention-deficit/hyperactivity disorder predicts cognitive
decline and development of Alzheimer’s disease pathophysiology in cognitively
unimpaired older adults. medRxiv [Preprint]. doi: 10.1101/2022.04.05.22273464

Leresche, N., and Lambert, R. C. (2017). T-type calcium channels in synaptic
plasticity. Channels (Austin) 11, 121–139. doi: 10.1080/19336950.2016.1238992

Li, H. J., Hou, X. H., Liu, H. H., Yue, C. L., He, Y., and Zuo, X. N. (2015). Toward
systems neuroscience in mild cognitive impairment and Alzheimer’s disease: A meta-
analysis of 75 fMRI studies. Hum. Brain Mapp. 36, 1217–1232. doi: 10.1002/hbm.
22689

Li, J., Pan, P., Huang, R., and Shang, H. (2012). A meta-analysis of voxel-based
morphometry studies of white matter volume alterations in Alzheimer’s disease.
Neurosci. Biobehav. Rev. 36, 757–763. doi: 10.1016/j.neubiorev.2011.12.001

Li, Q., Meng, Y., Wang, J., Xie, Y., Li, T., and Sun, W. (2022). A systematic screening
of ADHD-susceptible variants from 25 chinese parents-offspring trios. Front. Genet.
13:878036. doi: 10.3389/fgene.2022.878036

Li, R. J., Xu, J., Fu, C., Zhang, J., Zheng, Y. G., Jia, H., et al. (2016). Regulation of
mTORC1 by lysosomal calcium and calmodulin. Elife 5:e19360. doi: 10.7554/eLife.
19360

Li, R., and Singh, M. (2014). Sex differences in cognitive impairment and Alzheimer’s
disease. Front. Neuroendocrinol. 35:385–403. doi: 10.1016/j.yfrne.2014.01.002

Li, Y., Xu, P., Shan, J., Sun, W., Ji, X., Chi, T., et al. (2020). Interaction between
hyperphosphorylated tau and pyroptosis in forskolin and streptozotocin induced AD
models. Biomed. Pharmacother. 121:109618. doi: 10.1016/j.biopha.2019.109618

Liang, H., Nie, J., Van Skike, C. E., Valentine, J. M., and Orr, M. E. (2019).
Mammalian target of rapamycin at the crossroad between Alzheimer’s disease and
diabetes. Adv. Exp. Med. Biol. 1128, 185–225. doi: 10.1007/978-981-13-3540-2_10

Liao, W., Zheng, Y., Fang, W., Liao, S., Xiong, Y., Li, Y., et al. (2018). Dual specificity
phosphatase 6 protects neural stem cells from beta-amyloid-induced cytotoxicity
through ERK1/2 Inactivation. Biomolecules 8:181. doi: 10.3390/biom8040181

Liu, C., Li, Y., Semenov, M., Han, C., Baeg, G. H., Tan, Y., et al. (2002). Control
of beta-catenin phosphorylation/degradation by a dual-kinase mechanism. Cell 108,
837–847. doi: 10.1016/s0092-8674(02)00685-2

Liu, T., Zhang, T., Nicolas, M., Boussicault, L., Rice, H., Soldano, A., et al. (2021).
The amyloid precursor protein is a conserved Wnt receptor. Elife 10:e69199. doi:
10.7554/eLife.69199

Liu, Z., Qin, G., Mana, L., Huang, S., Wang, Y., and Wang, P. (2020). Shenzhiling
oral liquid protects STZ-injured oligodendrocyte through PI3K/Akt-mTOR pathway.
Evid. Based Complement. Alternat. Med. 2020, 4527283. doi: 10.1155/2020/452
7283

Llorens-Martin, M., Jurado, J., Hernandez, F., and Avila, J. (2014). GSK-3beta, a
pivotal kinase in Alzheimer disease. Front. Mol. Neurosci. 7:46. doi: 10.3389/fnmol.
2014.00046

Frontiers in Neuroscience 18 frontiersin.org

https://doi.org/10.3389/fnins.2023.1104985
https://doi.org/10.1097/00005072-199709000-00002
https://doi.org/10.4061/2011/729801
https://doi.org/10.4061/2011/729801
https://doi.org/10.1371/journal.pmed.0020355
https://doi.org/10.1371/journal.pmed.0020355
https://doi.org/10.1007/s12402-014-0142-1
https://doi.org/10.1007/s12402-014-0142-1
https://doi.org/10.1152/ajpregu.00262.2014
https://doi.org/10.1186/s13041-019-0525-5
https://doi.org/10.1186/s13041-019-0525-5
https://doi.org/10.1177/0271678X19848510
https://doi.org/10.1177/0271678X19848510
https://doi.org/10.1159/000364974
https://doi.org/10.1159/000364974
https://doi.org/10.3389/fnmol.2011.00040
https://doi.org/10.3389/fnmol.2011.00040
https://doi.org/10.1016/j.euroneuro.2020.03.011
https://doi.org/10.1016/j.pbb.2022.173378
https://doi.org/10.1016/S1474-4422(20)30231-3
https://doi.org/10.1007/pl00000661
https://doi.org/10.1007/pl00000661
https://doi.org/10.1016/j.trci.2018.06.014
https://doi.org/10.1055/a-1076-8228
https://doi.org/10.1007/s00702-017-1727-6
https://doi.org/10.1007/s00702-017-1727-6
https://doi.org/10.1016/j.neuropharm.2018.02.027
https://doi.org/10.1007/s00702-015-1394-4
https://doi.org/10.1016/j.neuroscience.2014.03.045
https://doi.org/10.1016/j.neuroscience.2014.03.045
https://doi.org/10.1016/j.mad.2019.03.008
https://doi.org/10.1016/j.physbeh.2017.03.036
https://doi.org/10.1152/physrev.00032.2015
https://doi.org/10.1016/j.jad.2020.05.020
https://doi.org/10.1016/j.jad.2020.05.020
https://doi.org/10.1111/j.1471-4159.2005.03187.x
https://doi.org/10.1007/s11892-019-1174-x
https://doi.org/10.1007/s11892-019-1174-x
https://doi.org/10.1007/s12402-010-0034-y
https://doi.org/10.5607/en.2015.24.3.177
https://doi.org/10.1186/s13041-016-0207-5
https://doi.org/10.1016/j.neulet.2012.07.029
https://doi.org/10.1101/2022.04.05.22273464
https://doi.org/10.1080/19336950.2016.1238992
https://doi.org/10.1002/hbm.22689
https://doi.org/10.1002/hbm.22689
https://doi.org/10.1016/j.neubiorev.2011.12.001
https://doi.org/10.3389/fgene.2022.878036
https://doi.org/10.7554/eLife.19360
https://doi.org/10.7554/eLife.19360
https://doi.org/10.1016/j.yfrne.2014.01.002
https://doi.org/10.1016/j.biopha.2019.109618
https://doi.org/10.1007/978-981-13-3540-2_10
https://doi.org/10.3390/biom8040181
https://doi.org/10.1016/s0092-8674(02)00685-2
https://doi.org/10.7554/eLife.69199
https://doi.org/10.7554/eLife.69199
https://doi.org/10.1155/2020/4527283
https://doi.org/10.1155/2020/4527283
https://doi.org/10.3389/fnmol.2014.00046
https://doi.org/10.3389/fnmol.2014.00046
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1104985 February 10, 2023 Time: 15:49 # 19

Grünblatt et al. 10.3389/fnins.2023.1104985

Lupton, M. K., Strike, L., Hansell, N. K., Wen, W., Mather, K. A., Armstrong,
N. J., et al. (2016). The effect of increased genetic risk for Alzheimer’s disease
on hippocampal and amygdala volume. Neurobiol. Aging 40, 68–77. doi: 10.1016/j.
neurobiolaging.2015.12.023

Lyness, S. A., Zarow, C., and Chui, H. C. (2003). Neuron loss in key cholinergic and
aminergic nuclei in Alzheimer disease: A meta-analysis. Neurobiol. Aging 24, 1–23.
doi: 10.1016/s0197-4580(02)00057-x

Ma, T., Hoeffer, C. A., Capetillo-Zarate, E., Yu, F., Wong, H., Lin, M. T., et al. (2010).
Dysregulation of the mTOR pathway mediates impairment of synaptic plasticity in a
mouse model of Alzheimer’s disease. PLoS One 5:e12845. doi: 10.1371/journal.pone.
0012845

Macdonald, R., Barnes, K., Hastings, C., and Mortiboys, H. (2018). Mitochondrial
abnormalities in Parkinson’s disease and Alzheimer’s disease: Can mitochondria be
targeted therapeutically? Biochem. Soc. Trans. 46, 891–909. doi: 10.1042/BST20170501

Maia, C. R., Cortese, S., Caye, A., Deakin, T. K., Polanczyk, G. V., Polanczyk,
C. A., et al. (2017). Long-term efficacy of methylphenidate immediate-release
for the treatment of childhood ADHD. J. Atten. Disord. 21, 3–13. doi: 10.1177/
1087054714559643

Mannaa, M., Kramer, S., Boschmann, M., and Gollasch, M. (2013). mTOR and
regulation of energy homeostasis in humans. J. Mol. Med. (Berl) 91, 1167–1175.
doi: 10.1007/s00109-013-1057-6

Marchetti, B., Tirolo, C., L’Episcopo, F., Caniglia, S., Testa, N., Smith, J. A., et al.
(2020). Parkinson’s disease, aging and adult neurogenesis: Wnt/beta-catenin signalling
as the key to unlock the mystery of endogenous brain repair. Aging Cell 19:e13101.
doi: 10.1111/acel.13101

Martens, Y. A., Zhao, N., Liu, C. C., Kanekiyo, T., Yang, A. J., Goate, A. M., et al.
(2022). ApoE Cascade Hypothesis in the pathogenesis of Alzheimer’s disease and
related dementias. Neuron 110, 1304–1317. doi: 10.1016/j.neuron.2022.03.004

Mayer, G., Nitsch, R., and Hoyer, S. (1990). Effects of changes in peripheral and
cerebral glucose metabolism on locomotor activity, learning and memory in adult male
rats. Brain Res. 532, 95–100. doi: 10.1016/0006-8993(90)91747-5

Mayer, J. S., Bernhard, A., Fann, N., Boxhoorn, S., Hartman, C. A., Reif, A.,
et al. (2021). Cognitive mechanisms underlying depressive disorders in ADHD: A
systematic review. Neurosci. Biobehav. Rev. 121, 307–345. doi: 10.1016/j.neubiorev.
2020.12.018

McKean, N. E., Handley, R. R., and Snell, R. G. (2021). A review of the current
mammalian models of Alzheimer’s disease and challenges that need to be overcome.
Int. J. Mol. Sci. 22:13168. doi: 10.3390/ijms222313168

Mencer, S., Kartawy, M., Lendenfeld, F., Soluh, H., Tripathi, M. K., Khaliulin, I.,
et al. (2021). Proteomics of autism and Alzheimer’s mouse models reveal common
alterations in mTOR signaling pathway. Transl. Psychiatry 11:480. doi: 10.1038/
s41398-021-01578-2

Mendonca, F., Sudo, F. K., Santiago-Bravo, G., Oliveira, N., Assuncao,
N., Rodrigues, F., et al. (2021). Mild cognitive impairment or attention-
deficit/hyperactivity disorder in older adults? A cross sectional study. Front.
Psychiatry 12:737357. doi: 10.3389/fpsyt.2021.737357

Mines, M. A., and Jope, R. S. (2012). Brain region differences in regulation of Akt
and GSK3 by chronic stimulant administration in mice. Cell Signal. 24, 1398–1405.
doi: 10.1016/j.cellsig.2012.03.001

Mines, M. A., Beurel, E., and Jope, R. S. (2013). Examination of methylphenidate-
mediated behavior regulation by glycogen synthase kinase-3 in mice. Eur. J.
Pharmacol. 698, 252–258. doi: 10.1016/j.ejphar.2012.10.018

Mintzer, J., Lanctot, K. L., Scherer, R. W., Rosenberg, P. B., Herrmann, N., van Dyck,
C. H., et al. (2021). Effect of methylphenidate on apathy in patients with Alzheimer
disease: The ADMET 2 randomized clinical trial. JAMA Neurol. 78, 1324–1332. doi:
10.1001/jamaneurol.2021.3356

Misiak, B., Wojta-Kempa, M., Samochowiec, J., Schiweck, C., Aichholzer, M.,
Reif, A., et al. (2022). Peripheral blood inflammatory markers in patients with
attention deficit/hyperactivity disorder (ADHD): A systematic review and meta-
analysis. Prog. Neuropsychopharmacol. Biol. Psychiatry 118, 110581. doi: 10.1016/j.
pnpbp.2022.110581

Mittal, A., Sharma, R., Sardana, S., Goyal, P. K., Piplani, M., and Pandey, A. (2022).
A systematic review of updated mechanistic insights towards Alzheimer’s disease. CNS
Neurol. Disord. Drug Targets. doi: 10.2174/1871527321666220510144127

Monterey, M. D., Wei, H., Wu, X., and Wu, J. Q. (2021). The many faces of astrocytes
in Alzheimer’s disease. Front. Neurol. 12:619626. doi: 10.3389/fneur.2021.619626

Moreira, P. I. (2012). Alzheimer’s disease and diabetes: an integrative view of the
role of mitochondria, oxidative stress, and insulin. J. Alzheimers Dis. 30(Suppl. 2),
S199–S215. doi: 10.3233/JAD-2011-111127

Morello, F., Voikar, V., Parkkinen, P., Panhelainen, A., Rosenholm, M., Makkonen,
A., et al. (2020). ADHD-like behaviors caused by inactivation of a transcription factor
controlling the balance of inhibitory and excitatory neuron development in the mouse
anterior brainstem. Transl. Psychiatry 10:357. doi: 10.1038/s41398-020-01033-8

Mosher, K. I., and Wyss-Coray, T. (2014). Microglial dysfunction in brain aging and
Alzheimer’s disease. Biochem. Pharmacol. 88, 594–604. doi: 10.1016/j.bcp.2014.01.008

Munch, G., Schinzel, R., Loske, C., Wong, A., Durany, N., Li, J. J., et al. (1998).
Alzheimer’s disease–synergistic effects of glucose deficit, oxidative stress and advanced
glycation endproducts. J. Neural Transm. (Vienna) 105, 439–461. doi: 10.1007/
s007020050069

Nagu, P., Sharma, V., Behl, T., Pathan, A. K. A., and Mehta, V. (2022). Molecular
insights to the wnt signaling during Alzheimer’s disorder: A potential target for
therapeutic interventions. J Mol. Neurosci. 72, 679–690. doi: 10.1007/s12031-021-
01940-5

Nanou, E., and Catterall, W. A. (2018). Calcium channels, synaptic plasticity, and
neuropsychiatric disease. Neuron 98, 466–481. doi: 10.1016/j.neuron.2018.03.017

Narvaes, R. F., and Furini, C. R. G. (2022). Role of Wnt signaling in synaptic
plasticity and memory. Neurobiol. Learn. Mem. 187, 107558. doi: 10.1016/j.nlm.2021.
107558

National Institute on Aging (2021). Treatment of Alzheimer’s disease: How
is Alzheimer’s disease treated?. NIH National Institute on Aging. Available
online at: https://www.nia.nih.gov/health/how-alzheimers-disease-treated#:
~{}:text=Aducanumab%20is%20the%20only%20disease,brain%20lesions%
20associated%20with%20Alzheimer’s (accessed September 23, 2022).

Noelanders, R., and Vleminckx, K. (2017). How Wnt signaling builds the
brain: Bridging development and disease. Neuroscientist 23, 314–329. doi: 10.1177/
1073858416667270

Oakes, H. V., DeVee, C. E., Farmer, B., Allen, S. A., Hall, A. N., Ensley, T.,
et al. (2019). Neurogenesis within the hippocampus after chronic methylphenidate
exposure. J. Neural Transm. (Vienna) 126, 201–209. doi: 10.1007/s00702-018-1
949-2

Oblak, A. L., Lin, P. B., Kotredes, K. P., Pandey, R. S., Garceau, D., Williams,
H. M., et al. (2021). Comprehensive evaluation of the 5XFAD mouse model for
preclinical testing applications: A model-AD study. Front. Aging Neurosci. 13:713726.
doi: 10.3389/fnagi.2021.713726

Okamoto, K., and Aoki, K. (1963). Development of a strain of spontaneously
hypertensive rats. Jpn. Circ. J. 27, 282–293. doi: 10.1253/jcj.27.282

Ong, P. S., Wang, L. Z., Dai, X., Tseng, S. H., Loo, S. J., and Sethi, G. (2016). Judicious
toggling of mTOR activity to combat insulin resistance and cancer: Current evidence
and perspectives. Front. Pharmacol. 7:395. doi: 10.3389/fphar.2016.00395

Ou, Y. N., Xu, W., Li, J. Q., Guo, Y., Cui, M., Chen, K. L., et al. (2019). FDG-PET as
an independent biomarker for Alzheimer’s biological diagnosis: A longitudinal study.
Alzheimers Res. Ther. 11:57. doi: 10.1186/s13195-019-0512-1

Pakdin, M., Toutounchian, S., Namazi, S., Arabpour, Z., Pouladi, A., Afsahi,
S., et al. (2022). Type 2 diabetes mellitus and Alzheimer’s disease: A review
of the potential links. Curr. Diabetes Rev. 18:e051121197760. doi: 10.2174/
1573399818666211105122545

Palomer, E., Buechler, J., and Salinas, P. C. (2019). Wnt signaling deregulation in
the aging and Alzheimer’s brain. Front. Cell Neurosci. 13:227. doi: 10.3389/fncel.2019.
00227

Palomer, E., Martin-Flores, N., Jolly, S., Pascual-Vargas, P., Benvegnu, S., Podpolny,
M., et al. (2022). Epigenetic repression of Wnt receptors in AD: A role for Sirtuin2-
induced H4K16ac deacetylation of Frizzled1 and Frizzled7 promoters. Mol. Psychiatry
27, 3024–3033. doi: 10.1038/s41380-022-01492-z

Parr, C., Mirzaei, N., Christian, M., and Sastre, M. (2015). Activation of the
Wnt/beta-catenin pathway represses the transcription of the beta-amyloid precursor
protein cleaving enzyme (BACE1) via binding of T-cell factor-4 to BACE1 promoter.
FASEB J. 29, 623–635. doi: 10.1096/fj.14-253211

Perluigi, M., Di Domenico, F., Barone, E., and Butterfield, D. A. (2021). mTOR in
Alzheimer disease and its earlier stages: Links to oxidative damage in the progression
of this dementing disorder. Free Radic. Biol. Med. 169, 382–396. doi: 10.1016/j.
freeradbiomed.2021.04.025

Perluigi, M., Picca, A., Montanari, E., Calvani, R., Marini, F., Matassa, R., et al.
(2022). Aberrant crosstalk between insulin signaling and mTOR in young Down
syndrome individuals revealed by neuronal-derived extracellular vesicles. Alzheimers
Dement. 18, 1498–1510. doi: 10.1002/alz.12499

Pietropaolo, S., Feldon, J., and Yee, B. K. (2008). Age-dependent phenotypic
characteristics of a triple transgenic mouse model of Alzheimer disease. Behav.
Neurosci. 122, 733–747. doi: 10.1037/a0012520

Pineda, D., Ardila, A., Rosselli, M., Cadavid, C., Mancheno, S., and Mejia, S. (1998).
Executive dysfunctions in children with attention deficit hyperactivity disorder. Int. J.
Neurosci. 96, 177–196. doi: 10.3109/00207459808986466

Planche, V., Manjon, J. V., Mansencal, B., Lanuza, E., Tourdias, T., Catheline,
G., et al. (2022). Structural progression of Alzheimer’s disease over decades:
The MRI staging scheme. Brain Commun. 4:fcac109. doi: 10.1093/braincomms/fca
c109

Frontiers in Neuroscience 19 frontiersin.org

https://doi.org/10.3389/fnins.2023.1104985
https://doi.org/10.1016/j.neurobiolaging.2015.12.023
https://doi.org/10.1016/j.neurobiolaging.2015.12.023
https://doi.org/10.1016/s0197-4580(02)00057-x
https://doi.org/10.1371/journal.pone.0012845
https://doi.org/10.1371/journal.pone.0012845
https://doi.org/10.1042/BST20170501
https://doi.org/10.1177/1087054714559643
https://doi.org/10.1177/1087054714559643
https://doi.org/10.1007/s00109-013-1057-6
https://doi.org/10.1111/acel.13101
https://doi.org/10.1016/j.neuron.2022.03.004
https://doi.org/10.1016/0006-8993(90)91747-5
https://doi.org/10.1016/j.neubiorev.2020.12.018
https://doi.org/10.1016/j.neubiorev.2020.12.018
https://doi.org/10.3390/ijms222313168
https://doi.org/10.1038/s41398-021-01578-2
https://doi.org/10.1038/s41398-021-01578-2
https://doi.org/10.3389/fpsyt.2021.737357
https://doi.org/10.1016/j.cellsig.2012.03.001
https://doi.org/10.1016/j.ejphar.2012.10.018
https://doi.org/10.1001/jamaneurol.2021.3356
https://doi.org/10.1001/jamaneurol.2021.3356
https://doi.org/10.1016/j.pnpbp.2022.110581
https://doi.org/10.1016/j.pnpbp.2022.110581
https://doi.org/10.2174/1871527321666220510144127
https://doi.org/10.3389/fneur.2021.619626
https://doi.org/10.3233/JAD-2011-111127
https://doi.org/10.1038/s41398-020-01033-8
https://doi.org/10.1016/j.bcp.2014.01.008
https://doi.org/10.1007/s007020050069
https://doi.org/10.1007/s007020050069
https://doi.org/10.1007/s12031-021-01940-5
https://doi.org/10.1007/s12031-021-01940-5
https://doi.org/10.1016/j.neuron.2018.03.017
https://doi.org/10.1016/j.nlm.2021.107558
https://doi.org/10.1016/j.nlm.2021.107558
https://www.nia.nih.gov/health/how-alzheimers-disease-treated#:~{}:text=Aducanumab%20is%20the%20only%20disease,brain%20lesions%20associated%20with%20Alzheimer's
https://www.nia.nih.gov/health/how-alzheimers-disease-treated#:~{}:text=Aducanumab%20is%20the%20only%20disease,brain%20lesions%20associated%20with%20Alzheimer's
https://www.nia.nih.gov/health/how-alzheimers-disease-treated#:~{}:text=Aducanumab%20is%20the%20only%20disease,brain%20lesions%20associated%20with%20Alzheimer's
https://doi.org/10.1177/1073858416667270
https://doi.org/10.1177/1073858416667270
https://doi.org/10.1007/s00702-018-1949-2
https://doi.org/10.1007/s00702-018-1949-2
https://doi.org/10.3389/fnagi.2021.713726
https://doi.org/10.1253/jcj.27.282
https://doi.org/10.3389/fphar.2016.00395
https://doi.org/10.1186/s13195-019-0512-1
https://doi.org/10.2174/1573399818666211105122545
https://doi.org/10.2174/1573399818666211105122545
https://doi.org/10.3389/fncel.2019.00227
https://doi.org/10.3389/fncel.2019.00227
https://doi.org/10.1038/s41380-022-01492-z
https://doi.org/10.1096/fj.14-253211
https://doi.org/10.1016/j.freeradbiomed.2021.04.025
https://doi.org/10.1016/j.freeradbiomed.2021.04.025
https://doi.org/10.1002/alz.12499
https://doi.org/10.1037/a0012520
https://doi.org/10.3109/00207459808986466
https://doi.org/10.1093/braincomms/fcac109
https://doi.org/10.1093/braincomms/fcac109
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1104985 February 10, 2023 Time: 15:49 # 20

Grünblatt et al. 10.3389/fnins.2023.1104985

Podcasy, J. L., and Epperson, C. N. (2016). Considering sex and gender
in Alzheimer disease and other dementias. Dialogues Clin. Neurosci. 18,
437–446.

Prentice, J. L., Schaeffer, M. J., Wall, A. K., and Callahan, B. L. (2021). A
systematic review and comparison of neurocognitive features of late-life attention-
deficit/hyperactivity disorder and dementia with lewy bodies. J. Geriatr. Psychiatry
Neurol. 34, 466–481. doi: 10.1177/0891988720944251

Press, Y., Punchik, B., Kagan, E., Berzak, A., Freud, T., and Dwolatzky, T. (2021).
Methylphenidate for mild cognitive impairment: An exploratory 3-day, randomized,
double-blind, placebo-controlled trial. Front. Med. (Lausanne) 8:594228. doi: 10.3389/
fmed.2021.594228

Qi, C. C., Chen, X. X., Gao, X. R., Xu, J. X., Liu, S., and Ge, J. F. (2021).
Impaired learning and memory ability induced by a bilaterally hippocampal injection
of streptozotocin in mice: Involved with the adaptive changes of synaptic plasticity.
Front. Aging Neurosci. 13:633495. doi: 10.3389/fnagi.2021.633495

Qin, G., Wang, Y., Liu, Z., Mana, L., Huang, S., and Wang, P. (2021). Shenzhiling
oral solution promotes myelin repair through PI3K/Akt-mTOR pathway in STZ-
induced SAD mice. 3 Biotech 11:361. doi: 10.1007/s13205-021-02900-x

Qin, J., He, Z., Wu, L., Wang, W., Lin, Q., Lin, Y., et al. (2021). Prevalence of
mild cognitive impairment in patients with hypertension: A systematic review and
meta-analysis. Hypertens. Res. 44, 1251–1260. doi: 10.1038/s41440-021-00704-3

Querfurth, H., and Lee, H. K. (2021). Mammalian/mechanistic target of rapamycin
(mTOR) complexes in neurodegeneration. Mol. Neurodegener. 16, 44. doi: 10.1186/
s13024-021-00428-5

Quintero, J., Gutierrez-Casares, J. R., and Alamo, C. (2022). Molecular
characterisation of the mechanism of action of stimulant drugs lisdexamfetamine and
methylphenidate on ADHD neurobiology: A review. Neurol. Ther. 11, 1489–1517.
doi: 10.1007/s40120-022-00392-2

Radtke, F., Palladino, V. S., McNeill, R. V., Chiocchetti, A. G., Haslinger, D., Leyh,
M., et al. (2022). ADHD-associated PARK2 copy number variants: A pilot study on
gene expression and effects of supplementary deprivation in patient-derived cell lines.
Am. J. Med. Genet. B Neuropsychiatr. Genet. 189, 257–270. doi: 10.1002/ajmg.b.32918

Rahi, V., and Kumar, P. (2021). Animal models of attention-deficit hyperactivity
disorder (ADHD). Int. J. Dev. Neurosci. 81, 107–124. doi: 10.1002/jdn.10089

Ramtekkar, U. P., Reiersen, A. M., Todorov, A. A., and Todd, R. D. (2010). Sex and
age differences in attention-deficit/hyperactivity disorder symptoms and diagnoses:
Implications for DSM-V and ICD-11. J. Am. Acad. Child Adolesc. Psychiatry 49,
217–228.e1–e3.

Rebelos, E., Bucci, M., Karjalainen, T., Oikonen, V., Bertoldo, A., Hannukainen,
J. C., et al. (2021). Insulin resistance is associated with enhanced brain glucose uptake
during euglycemic hyperinsulinemia: A large-scale PET cohort. Diabetes Care 44,
788–794. doi: 10.2337/dc20-1549

Reddy, P. H. (2014). Inhibitors of mitochondrial fission as a therapeutic strategy for
diseases with oxidative stress and mitochondrial dysfunction. J. Alzheimers Dis. 40,
245–256. doi: 10.3233/JAD-132060

Reitz, C., Rogaeva, E., and Beecham, G. W. (2020). Late-onset vs nonmendelian
early-onset Alzheimer disease: A distinction without a difference? Neurol. Genet.
6:e512. doi: 10.1212/NXG.0000000000000512

Riederer, P., Korczyn, A. D., Ali, S. S., Bajenaru, O., Choi, M. S., Chopp, M., et al.
(2017). The diabetic brain and cognition. J. Neural Transm. (Vienna) 124, 1431–1454.
doi: 10.1007/s00702-017-1763-2

Robbins, T. W., and Sahakian, B. J. (1979). “Paradoxical” effects of psychomotor
stimulant drugs in hyperactive children from the standpoint of behavioural
pharmacology. Neuropharmacology 18, 931–950. doi: 10.1016/0028-3908(79)90157-6

Robinson, A. M., Eggleston, R. L., and Bucci, D. J. (2012). Physical exercise and
catecholamine reuptake inhibitors affect orienting behavior and social interaction in
a rat model of attention-deficit/hyperactivity disorder. Behav. Neurosci. 126, 762–771.
doi: 10.1037/a0030488

Rodgers, S. P., Born, H. A., Das, P., and Jankowsky, J. L. (2012). Transgenic APP
expression during postnatal development causes persistent locomotor hyperactivity in
the adult. Mol. Neurodegener. 7:28. doi: 10.1186/1750-1326-7-28

Roe, J. M., Vidal-Pineiro, D., Sorensen, O., Brandmaier, A. M., Duzel, S., Gonzalez,
H. A., et al. (2021). Asymmetric thinning of the cerebral cortex across the adult lifespan
is accelerated in Alzheimer’s disease. Nat. Commun. 12:721. doi: 10.1038/s41467-021-
21057-y

Rosi, M. C., Luccarini, I., Grossi, C., Fiorentini, A., Spillantini, M. G., Prisco,
A., et al. (2010). Increased Dickkopf-1 expression in transgenic mouse models of
neurodegenerative disease. J. Neurochem. 112, 1539–1551. doi: 10.1111/j.1471-4159.
2009.06566.x

Roth, R. M., and Saykin, A. J. (2004). Executive dysfunction in attention-
deficit/hyperactivity disorder: Cognitive and neuroimaging findings. Psychiatr. Clin.
North Am. 27, 83–96, ix. doi: 10.1016/S0193-953X(03)00112-6

Rovira, P., Demontis, D., Sanchez-Mora, C., Zayats, T., Klein, M., Mota, N. R.,
et al. (2020). Shared genetic background between children and adults with attention

deficit/hyperactivity disorder. Neuropsychopharmacology 45, 1617–1626. doi: 10.1038/
s41386-020-0664-5

Rustay, N. R., Cronin, E. A., Curzon, P., Markosyan, S., Bitner, R. S., Ellis, T. A.,
et al. (2010). Mice expressing the Swedish APP mutation on a 129 genetic background
demonstrate consistent behavioral deficits and pathological markers of Alzheimer’s
disease. Brain Res. 1311, 136–147. doi: 10.1016/j.brainres.2009.11.040

Ruthirakuhan, M. T., Herrmann, N., Abraham, E. H., Chan, S., and Lanctot, K. L.
(2018). Pharmacological interventions for apathy in Alzheimer’s disease. Cochrane
Database Syst. Rev. 5:CD012197. doi: 10.1002/14651858.CD012197.pub2

Sadasivan, S., Pond, B. B., Pani, A. K., Qu, C., Jiao, Y., and Smeyne, R. J. (2012).
Methylphenidate exposure induces dopamine neuron loss and activation of microglia
in the basal ganglia of mice. PLoS One 7:e33693. doi: 10.1371/journal.pone.003
3693

Sagvolden, T., and Johansen, E. B. (2012). Rat models of ADHD. Curr. Top. Behav.
Neurosci. 9, 301–315. doi: 10.1007/7854_2011_126

Salem, M. A., Budzynska, B., Kowalczyk, J., El Sayed, N. S., and Mansour, S. M.
(2021). Tadalafil and bergapten mitigate streptozotocin-induced sporadic Alzheimer’s
disease in mice via modulating neuroinflammation, PI3K/Akt, Wnt/beta-catenin,
AMPK/mTOR signaling pathways. Toxicol. Appl. Pharmacol. 429, 115697. doi: 10.
1016/j.taap.2021.115697

Salkovic-Petrisic, M., Osmanovic-Barilar, J., Bruckner, M. K., Hoyer, S., Arendt, T.,
and Riederer, P. (2011). Cerebral amyloid angiopathy in streptozotocin rat model of
sporadic Alzheimer’s disease: A long-term follow up study. J. Neural Transm. (Vienna)
118, 765–772. doi: 10.1007/s00702-011-0651-4

Salkovic-Petrisic, M., Perhoc, A. B., Homolak, J., Knezovic, A., Osmanovic Barilar, J.,
and Riederer, P. (2021). “Experimental approach to Alzheimer’s disease with emphasis
on insulin resistance in the brain,” in Handbook of neurotoxicity, ed. R. M. Kostrzewa
(Cham: Springer International Publishing), 1–52. doi: 10.1016/j.pharmthera.2022.
108277

Sanabria-Castro, A., Alvarado-Echeverria, I., and Monge-Bonilla, C. (2017).
Molecular Pathogenesis of Alzheimer’s disease: An update. Ann. Neurosci. 24, 46–54.
doi: 10.1159/000464422

Sandstrom, A., Perroud, N., Alda, M., Uher, R., and Pavlova, B. (2021). Prevalence of
attention-deficit/hyperactivity disorder in people with mood disorders: A systematic
review and meta-analysis. Acta Psychiatr. Scand. 143, 380–391. doi: 10.1111/acps.
13283

Saxton, R. A., and Sabatini, D. M. (2017). mTOR signaling in growth, metabolism,
and disease. Cell 168, 960–976. doi: 10.1016/j.cell.2017.02.004

Sayal, K., Prasad, V., Daley, D., Ford, T., and Coghill, D. (2018). ADHD in children
and young people: prevalence, care pathways, and service provision. Lancet Psychiatry
5, 175–186. doi: 10.1016/S2215-0366(17)30167-0

Scattoni, M. L., Gasparini, L., Alleva, E., Goedert, M., Calamandrei, G., and
Spillantini, M. G. (2010). Early behavioural markers of disease in P301S tau transgenic
mice. Behav. Brain Res. 208, 250–257. doi: 10.1016/j.bbr.2009.12.002

Schiweck, C., Arteaga-Henriquez, G., Aichholzer, M., Edwin Thanarajah, S., Vargas-
Caceres, S., Matura, S., et al. (2021). Comorbidity of ADHD and adult bipolar disorder:
A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 124, 100–123. doi:
10.1016/j.neubiorev.2021.01.017

Schmitz, F., Chao, M. V., and Wyse, A. T. S. (2019). Methylphenidate alters Akt-
mTOR signaling in rat pheochromocytoma cells. Int. J. Dev. Neurosci. 73, 10–18.
doi: 10.1016/j.ijdevneu.2018.12.004

Schreiber, S., Drukarch, B., Garz, C., Niklass, S., Stanaszek, L., Kropf, S., et al. (2014).
Interplay between age, cerebral small vessel disease, parenchymal amyloid-beta, and
tau pathology: Longitudinal studies in hypertensive stroke-prone rats. J. Alzheimers
Dis. 42(Suppl. 3), S205–S215. doi: 10.3233/JAD-132618

Selten, M., van Bokhoven, H., and Nadif Kasri, N. (2018). Inhibitory control of
the excitatory/inhibitory balance in psychiatric disorders. F1000Research 7:23. doi:
10.12688/f1000research.12155.1

Serafino, A., and Cozzolino, M. (2023). The Wnt/beta-catenin signaling: A
multifunctional target for neuroprotective and regenerative strategies in Parkinson’s
disease. Neural Regen. Res. 18, 306–308. doi: 10.4103/1673-5374.343908

Serretti, A., Olgiati, P., and De Ronchi, D. (2007). Genetics of Alzheimer’s disease.
A rapidly evolving field. J. Alzheimers Dis. 12, 73–92. doi: 10.3233/jad-2007-12108

Sharma, M., and Gupta, Y. K. (2001). Intracerebroventricular injection of
streptozotocin in rats produces both oxidative stress in the brain and cognitive
impairment. Life Sci. 68, 1021–1029. doi: 10.1016/S0024-3205(00)01005-5

Sharp, Z. D., and Bartke, A. (2005). Evidence for down-regulation of
phosphoinositide 3-kinase/Akt/mammalian target of rapamycin (PI3K/Akt/mTOR)-
dependent translation regulatory signaling pathways in Ames dwarf mice. J. Gerontol.
A Biol. Sci. Med. Sci. 60, 293–300. doi: 10.1093/gerona/60.3.293

Shaw, P., Eckstrand, K., Sharp, W., Blumenthal, J., Lerch, J. P., Greenstein, D.,
et al. (2007). Attention-deficit/hyperactivity disorder is characterized by a delay in
cortical maturation. Proc. Natl. Acad. Sci. U.S.A. 104, 19649–19654. doi: 10.1073/pnas.
0707741104

Frontiers in Neuroscience 20 frontiersin.org

https://doi.org/10.3389/fnins.2023.1104985
https://doi.org/10.1177/0891988720944251
https://doi.org/10.3389/fmed.2021.594228
https://doi.org/10.3389/fmed.2021.594228
https://doi.org/10.3389/fnagi.2021.633495
https://doi.org/10.1007/s13205-021-02900-x
https://doi.org/10.1038/s41440-021-00704-3
https://doi.org/10.1186/s13024-021-00428-5
https://doi.org/10.1186/s13024-021-00428-5
https://doi.org/10.1007/s40120-022-00392-2
https://doi.org/10.1002/ajmg.b.32918
https://doi.org/10.1002/jdn.10089
https://doi.org/10.2337/dc20-1549
https://doi.org/10.3233/JAD-132060
https://doi.org/10.1212/NXG.0000000000000512
https://doi.org/10.1007/s00702-017-1763-2
https://doi.org/10.1016/0028-3908(79)90157-6
https://doi.org/10.1037/a0030488
https://doi.org/10.1186/1750-1326-7-28
https://doi.org/10.1038/s41467-021-21057-y
https://doi.org/10.1038/s41467-021-21057-y
https://doi.org/10.1111/j.1471-4159.2009.06566.x
https://doi.org/10.1111/j.1471-4159.2009.06566.x
https://doi.org/10.1016/S0193-953X(03)00112-6
https://doi.org/10.1038/s41386-020-0664-5
https://doi.org/10.1038/s41386-020-0664-5
https://doi.org/10.1016/j.brainres.2009.11.040
https://doi.org/10.1002/14651858.CD012197.pub2
https://doi.org/10.1371/journal.pone.0033693
https://doi.org/10.1371/journal.pone.0033693
https://doi.org/10.1007/7854_2011_126
https://doi.org/10.1016/j.taap.2021.115697
https://doi.org/10.1016/j.taap.2021.115697
https://doi.org/10.1007/s00702-011-0651-4
https://doi.org/10.1016/j.pharmthera.2022.108277
https://doi.org/10.1016/j.pharmthera.2022.108277
https://doi.org/10.1159/000464422
https://doi.org/10.1111/acps.13283
https://doi.org/10.1111/acps.13283
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1016/S2215-0366(17)30167-0
https://doi.org/10.1016/j.bbr.2009.12.002
https://doi.org/10.1016/j.neubiorev.2021.01.017
https://doi.org/10.1016/j.neubiorev.2021.01.017
https://doi.org/10.1016/j.ijdevneu.2018.12.004
https://doi.org/10.3233/JAD-132618
https://doi.org/10.12688/f1000research.12155.1
https://doi.org/10.12688/f1000research.12155.1
https://doi.org/10.4103/1673-5374.343908
https://doi.org/10.3233/jad-2007-12108
https://doi.org/10.1016/S0024-3205(00)01005-5
https://doi.org/10.1093/gerona/60.3.293
https://doi.org/10.1073/pnas.0707741104
https://doi.org/10.1073/pnas.0707741104
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1104985 February 10, 2023 Time: 15:49 # 21

Grünblatt et al. 10.3389/fnins.2023.1104985

Shaw, P., Sharp, W. S., Morrison, M., Eckstrand, K., Greenstein, D. K., Clasen,
L. S., et al. (2009). Psychostimulant treatment and the developing cortex in attention
deficit hyperactivity disorder. Am. J. Psychiatry 166, 58–63. doi: 10.1176/appi.ajp.2008.
08050781

Shu, S., Xu, S. Y., Ye, L., Liu, Y., Cao, X., Jia, J. Q., et al. (2022). Prefrontal
parvalbumin interneurons deficits mediate early emotional dysfunction in Alzheimer’s
disease. Neuropsychopharmacology. 48, 391–401. doi: 10.1038/s41386-022-01435-w

Sil, A., Erfani, A., Lamb, N., Copland, R., Riedel, G., and Platt, B. (2022). Sex
differences in behavior and molecular pathology in the 5XFAD model. J. Alzheimers
Dis. 85, 755–778. doi: 10.3233/JAD-210523

Sims, R., Hill, M., and Williams, J. (2020). The multiplex model of the genetics of
Alzheimer’s disease. Nat. Neurosci. 23, 311–322. doi: 10.1038/s41593-020-0599-5

Solmi, M., Fornaro, M., Ostinelli, E. G., Zangani, C., Croatto, G., Monaco,
F., et al. (2020). Safety of 80 antidepressants, antipsychotics, anti-attention-
deficit/hyperactivity medications and mood stabilizers in children and adolescents
with psychiatric disorders: A large scale systematic meta-review of 78 adverse effects.
World Psychiatry 19, 214–232. doi: 10.1002/wps.20765

Song, P., Zha, M., Yang, Q., Zhang, Y., Li, X., and Rudan, I. (2021). The prevalence
of adult attention-deficit hyperactivity disorder: A global systematic review and
meta-analysis. J. Glob. Health 11:04009. doi: 10.7189/jogh.11.04009

Sontag, T. A., Fuermaier, A. B., Hauser, J., Kaunzinger, I., Tucha, O., and Lange,
K. W. (2013). Spatial memory in spontaneously hypertensive rats (SHR). PLoS One
8:e74660. doi: 10.1371/journal.pone.0074660

Sontag, T. A., Tucha, O., Walitza, S., and Lange, K. W. (2010). Animal models
of attention deficit/hyperactivity disorder (ADHD): A critical review. Atten. Defic.
Hyperact. Disord. 2, 1–20. doi: 10.1007/s12402-010-0019-x

Sontheimer, N., Konnopka, A., and Konig, H. H. (2021). The excess costs of
dementia: A systematic review and meta-analysis. J. Alzheimers Dis. 83, 333–354.
doi: 10.3233/JAD-210174

Sousa, B., Martins, J., Castelo-Branco, M., and Goncalves, J. (2022). Transcranial
direct current stimulation as an approach to mitigate neurodevelopmental
disorders affecting excitation/inhibition balance: Focus on autism spectrum disorder,
schizophrenia, and attention deficit/hyperactivity disorder. J. Clin. Med. 11:2839. doi:
10.3390/jcm11102839

Sterniczuk, R., Dyck, R. H., Laferla, F. M., and Antle, M. C. (2010). Characterization
of the 3xTg-AD mouse model of Alzheimer’s disease: part 1. Circadian changes. Brain
Res. 1348, 139–148. doi: 10.1016/j.brainres.2010.05.013

Strom, A., Iaccarino, L., Edwards, L., Lesman-Segev, O. H., Soleimani-Meigooni,
D. N., Pham, J., et al. (2022). Cortical hypometabolism reflects local atrophy and tau
pathology in symptomatic Alzheimer’s disease. Brain 145, 713–728. doi: 10.1093/brain/
awab294

Swanberg, M. M., Tractenberg, R. E., Mohs, R., Thal, L. J., and Cummings, J. L.
(2004). Executive dysfunction in Alzheimer disease. Arch. Neurol. 61, 556–560. doi:
10.1001/archneur.61.4.556

Takeuchi, H., Iba, M., Inoue, H., Higuchi, M., Takao, K., Tsukita, K., et al. (2011).
P301S mutant human tau transgenic mice manifest early symptoms of human
tauopathies with dementia and altered sensorimotor gating. PLoS One 6:e21050. doi:
10.1371/journal.pone.0021050

Talbot, K., Wang, H. Y., Kazi, H., Han, L. Y., Bakshi, K. P., Stucky, A., et al. (2012).
Demonstrated brain insulin resistance in Alzheimer’s disease patients is associated
with IGF-1 resistance, IRS-1 dysregulation, and cognitive decline. J. Clin. Invest. 122,
1316–1338. doi: 10.1172/JCI59903

Tang, X., Lebrilla, C., Jin, L.-W., Maezawa, I., Harvey, D., and Zivkovic, A. (2021).
Brain-region-specific, glycosylation-related transcriptomic alterations in Alzheimer’s
disease. Alzheimers Dement. 17(Suppl. 3), e051117. doi: 10.1002/alz.051117

Tapia-Rojas, C., and Inestrosa, N. C. (2018). Loss of canonical Wnt signaling is
involved in the pathogenesis of Alzheimer’s disease. Neural Regen. Res. 13, 1705–1710.
doi: 10.4103/1673-5374.238606

Tayebati, S. K., Tomassoni, D., and Amenta, F. (2016). Neuroinflammatory markers
in spontaneously hypertensive rat brain: An immunohistochemical study. CNS Neurol.
Disord. Drug Targets 15, 995–1000. doi: 10.2174/1871527315666160527155014

Tian, S., Tan, S., Jia, W., Zhao, J., and Sun, X. (2021). Activation of Wnt/beta-
catenin signaling restores insulin sensitivity in insulin resistant neurons through
transcriptional regulation of IRS-1. J. Neurochem. 157, 467–478. doi: 10.1111/jnc.
15277

Tong, X. K., Royea, J., and Hamel, E. (2022). Simvastatin rescues memory and
granule cell maturation through the Wnt/beta-catenin signaling pathway in a mouse
model of Alzheimer’s disease. Cell Death Dis. 13:325. doi: 10.1038/s41419-022-04784-y

Toro, C. A., Zhang, L., Cao, J., and Cai, D. (2019). Sex differences in Alzheimer’s
disease: Understanding the molecular impact. Brain Res. 1719, 194–207. doi: 10.1016/
j.brainres.2019.05.031

Tramutola, A., Triplett, J. C., Di Domenico, F., Niedowicz, D. M., Murphy, M. P.,
Coccia, R., et al. (2015). Alteration of mTOR signaling occurs early in the progression
of Alzheimer disease (AD): Analysis of brain from subjects with pre-clinical AD,

amnestic mild cognitive impairment and late-stage AD. J. Neurochem. 133, 739–749.
doi: 10.1111/jnc.13037

Tzeng, N. S., Chung, C. H., Lin, F. H., Yeh, C. B., Huang, S. Y., Lu, R. B., et al.
(2019). Risk of dementia in adults with ADHD: A nationwide, population-based
cohort study in taiwan. J. Atten. Disord. 23, 995–1006. doi: 10.1177/108705471771
4057

U.S. Food & Drugs Administration, (2021). Aducanumab (marketed as
Aduhelm) information [Online]. FDA. Available online at: https://www.fda.gov/
drugs/postmarket-drug-safety-information-patients-and-providers/aducanumab-
marketed-aduhelm-information (accessed September 23, 2022).

U.S. Food & Drugs Administration (2023). FDA grants accelerated
approval for Alzheimer’s disease treatment [Online]. FDA. Available online at:
https://www.fda.gov/news-events/press-announcements/fda-grants-accelerated-
approval-alzheimers-disease-treatment (accessed January 24, 2023).

Uddin, M. S., Rahman, M. A., Kabir, M. T., Behl, T., Mathew, B., Perveen, A., et al.
(2020). Multifarious roles of mTOR signaling in cognitive aging and cerebrovascular
dysfunction of Alzheimer’s disease. IUBMB Life 72, 1843–1855. doi: 10.1002/iub.
2324

Van Dam, D., D’Hooge, R., Staufenbiel, M., Van Ginneken, C., Van Meir, F., and
De Deyn, P. P. (2003). Age-dependent cognitive decline in the APP23 model precedes
amyloid deposition. Eur. J. Neurosci. 17, 388–396. doi: 10.1046/j.1460-9568.2003.02
444.x

van den Berg, M., Adhikari, M. H., Verschuuren, M., Pintelon, I., Vasilkovska,
T., Van Audekerke, J., et al. (2022). Altered basal forebrain function during
whole-brain network activity at pre- and early-plaque stages of Alzheimer’s disease
in TgF344-AD rats. Alzheimers Res. Ther. 14:148. doi: 10.1186/s13195-022-01
089-2

van den Bergh, F. S., Bloemarts, E., Chan, J. S., Groenink, L., Olivier, B., and
Oosting, R. S. (2006). Spontaneously hypertensive rats do not predict symptoms
of attention-deficit hyperactivity disorder. Pharmacol. Biochem. Behav. 83, 380–390.
doi: 10.1016/j.pbb.2006.02.018

Van Skike, C. E., Hussong, S. A., Hernandez, S. F., Banh, A. Q., DeRosa, N.,
and Galvan, V. (2021). mTOR attenuation with rapamycin reverses neurovascular
uncoupling and memory deficits in mice modeling Alzheimer’s disease. J. Neurosci.
41, 4305–4320. doi: 10.1523/JNEUROSCI.2144-20.2021

van Swinderen, B. (2007). Attention-like processes in Drosophila require
short-term memory genes. Science 315, 1590–1593. doi: 10.1126/science.113
7931

van Swinderen, B., and Brembs, B. (2010). Attention-like deficit and hyperactivity in
a Drosophila memory mutant. J. Neurosci. 30, 1003–1014. doi: 10.1523/JNEUROSCI.
4516-09.2010

van Swinderen, B., McCartney, A., Kauffman, S., Flores, K., Agrawal, K., Wagner,
J., et al. (2009). Shared visual attention and memory systems in the Drosophila brain.
PLoS One 4:e5989. doi: 10.1371/journal.pone.0005989

Velandia, P. P., Miller-Petrie, M. K., Chen, C., Chakrabarti, S., Chapin, A.,
Hay, S., et al. (2022). Global and regional spending on dementia care from 2000-
2019 and expected future health spending scenarios from 2020-2050: An economic
modelling exercise. EClinicalMedicine 45:101337. doi: 10.1016/j.eclinm.2022.10
1337

Verheijen, M. C. T., Krauskopf, J., Caiment, F., Nazaruk, M., Wen, Q. F., van
Herwijnen, M. H. M., et al. (2022). iPSC-derived cortical neurons to study sporadic
Alzheimer disease: A transcriptome comparison with post-mortem brain samples.
Toxicol. Lett. 356, 89–99. doi: 10.1016/j.toxlet.2021.12.009

Vertessen, K., Luman, M., Staff, A., Bet, P., de Vries, R., Twisk, J., et al. (2022). Meta-
analysis: Dose-dependent effects of methylphenidate on neurocognitive functioning
in children with attention-deficit/hyperactivity disorder. J. Am. Acad. Child Adolesc.
Psychiatry 61, 626–646. doi: 10.1016/j.jaac.2021.08.023

Virag, D., Homolak, J., Kodvanj, I., Babic Perhoc, A., Knezovic, A., Osmanovic
Barilar, J., et al. (2021). Repurposing a digital kitchen scale for neuroscience research:
A complete hardware and software cookbook for PASTA. Sci. Rep. 11:2963. doi: 10.
1038/s41598-021-82710-6

Wajszilber, D., Santiseban, J. A., and Gruber, R. (2018). Sleep disorders in patients
with ADHD: Impact and management challenges. Nat. Sci. Sleep 10, 453–480. doi:
10.2147/NSS.S163074

Walhovd, K. B., Amlien, I., Schrantee, A., Rohani, D. A., Groote, I., Bjornerud,
A., et al. (2020). Methylphenidate effects on cortical thickness in children and adults
with attention-deficit/hyperactivity disorder: A randomized clinical trial. AJNR Am. J.
Neuroradiol. 41, 758–765. doi: 10.3174/ajnr.A6560

Walker, J. M., Fowler, S. W., Miller, D. K., Sun, A. Y., Weisman, G. A., Wood, W. G.,
et al. (2011). Spatial learning and memory impairment and increased locomotion in
a transgenic amyloid precursor protein mouse model of Alzheimer’s disease. Behav.
Brain Res. 222, 169–175. doi: 10.1016/j.bbr.2011.03.049

Wan, W., Xia, S., Kalionis, B., Liu, L., and Li, Y. (2014). The role of Wnt signaling in
the development of Alzheimer’s disease: A potential therapeutic target? Biomed. Res.
Int. 2014:301575. doi: 10.1155/2014/301575

Frontiers in Neuroscience 21 frontiersin.org

https://doi.org/10.3389/fnins.2023.1104985
https://doi.org/10.1176/appi.ajp.2008.08050781
https://doi.org/10.1176/appi.ajp.2008.08050781
https://doi.org/10.1038/s41386-022-01435-w
https://doi.org/10.3233/JAD-210523
https://doi.org/10.1038/s41593-020-0599-5
https://doi.org/10.1002/wps.20765
https://doi.org/10.7189/jogh.11.04009
https://doi.org/10.1371/journal.pone.0074660
https://doi.org/10.1007/s12402-010-0019-x
https://doi.org/10.3233/JAD-210174
https://doi.org/10.3390/jcm11102839
https://doi.org/10.3390/jcm11102839
https://doi.org/10.1016/j.brainres.2010.05.013
https://doi.org/10.1093/brain/awab294
https://doi.org/10.1093/brain/awab294
https://doi.org/10.1001/archneur.61.4.556
https://doi.org/10.1001/archneur.61.4.556
https://doi.org/10.1371/journal.pone.0021050
https://doi.org/10.1371/journal.pone.0021050
https://doi.org/10.1172/JCI59903
https://doi.org/10.1002/alz.051117
https://doi.org/10.4103/1673-5374.238606
https://doi.org/10.2174/1871527315666160527155014
https://doi.org/10.1111/jnc.15277
https://doi.org/10.1111/jnc.15277
https://doi.org/10.1038/s41419-022-04784-y
https://doi.org/10.1016/j.brainres.2019.05.031
https://doi.org/10.1016/j.brainres.2019.05.031
https://doi.org/10.1111/jnc.13037
https://doi.org/10.1177/1087054717714057
https://doi.org/10.1177/1087054717714057
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/aducanumab-marketed-aduhelm-information
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/aducanumab-marketed-aduhelm-information
https://www.fda.gov/drugs/postmarket-drug-safety-information-patients-and-providers/aducanumab-marketed-aduhelm-information
https://www.fda.gov/news-events/press-announcements/fda-grants-accelerated-approval-alzheimers-disease-treatment
https://www.fda.gov/news-events/press-announcements/fda-grants-accelerated-approval-alzheimers-disease-treatment
https://doi.org/10.1002/iub.2324
https://doi.org/10.1002/iub.2324
https://doi.org/10.1046/j.1460-9568.2003.02444.x
https://doi.org/10.1046/j.1460-9568.2003.02444.x
https://doi.org/10.1186/s13195-022-01089-2
https://doi.org/10.1186/s13195-022-01089-2
https://doi.org/10.1016/j.pbb.2006.02.018
https://doi.org/10.1523/JNEUROSCI.2144-20.2021
https://doi.org/10.1126/science.1137931
https://doi.org/10.1126/science.1137931
https://doi.org/10.1523/JNEUROSCI.4516-09.2010
https://doi.org/10.1523/JNEUROSCI.4516-09.2010
https://doi.org/10.1371/journal.pone.0005989
https://doi.org/10.1016/j.eclinm.2022.101337
https://doi.org/10.1016/j.eclinm.2022.101337
https://doi.org/10.1016/j.toxlet.2021.12.009
https://doi.org/10.1016/j.jaac.2021.08.023
https://doi.org/10.1038/s41598-021-82710-6
https://doi.org/10.1038/s41598-021-82710-6
https://doi.org/10.2147/NSS.S163074
https://doi.org/10.2147/NSS.S163074
https://doi.org/10.3174/ajnr.A6560
https://doi.org/10.1016/j.bbr.2011.03.049
https://doi.org/10.1155/2014/301575
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1104985 February 10, 2023 Time: 15:49 # 22

Grünblatt et al. 10.3389/fnins.2023.1104985

Wang, H., Laszlo, K. D., Gissler, M., Li, F., Zhang, J., Yu, Y., et al. (2021). Maternal
hypertensive disorders and neurodevelopmental disorders in offspring: A population-
based cohort in two Nordic countries. Eur. J. Epidemiol. 36, 519–530. doi: 10.1007/
s10654-021-00756-2

Wang, J. H., Wu, Y. J., Tee, B. L., and Lo, R. Y. (2018). Medical comorbidity
in Alzheimer’s disease: A nested case-control study. J. Alzheimers Dis. 63, 773–781.
doi: 10.3233/JAD-170786

Wang, X., Wang, W., Li, L., Perry, G., Lee, H. G., and Zhu, X. (2014). Oxidative
stress and mitochondrial dysfunction in Alzheimer’s disease. Biochim. Biophys. Acta
1842, 1240–1247. doi: 10.1016/j.bbadis.2013.10.015

Warren, B. L., Iniguez, S. D., Alcantara, L. F., Wright, K. N., Parise, E. M.,
Weakley, S. K., et al. (2011). Juvenile administration of concomitant methylphenidate
and fluoxetine alters behavioral reactivity to reward- and mood-related stimuli and
disrupts ventral tegmental area gene expression in adulthood. J. Neurosci. 31, 10347–
10358. doi: 10.1523/JNEUROSCI.1470-11.2011

Wightman, D. P., Jansen, I. E., Savage, J. E., Shadrin, A. A., Bahrami, S., Holland, D.,
et al. (2021). A genome-wide association study with 1,126,563 individuals identifies
new risk loci for Alzheimer’s disease. Nat. Genet. 53, 1276–1282. doi: 10.1038/s41588-
021-00921-z

Wilkins, H. M., Weidling, I. W., Ji, Y., and Swerdlow, R. H. (2017). Mitochondria-
derived damage-associated molecular patterns in neurodegeneration. Front. Immunol.
8:508. doi: 10.3389/fimmu.2017.00508

Willcutt, E. G. (2012). The prevalence of DSM-IV attention-deficit/hyperactivity
disorder: A meta-analytic review. Neurotherapeutics 9, 490–499. doi: 10.1007/s13311-
012-0135-8

Willcutt, E. G., Doyle, A. E., Nigg, J. T., Faraone, S. V., and Pennington, B. F. (2005).
Validity of the executive function theory of attention-deficit/hyperactivity disorder: A
meta-analytic review. Biol. Psychiatry 57, 1336–1346. doi: 10.1016/j.biopsych.2005.0
2.006

Willner, P. (1986). Validation criteria for animal models of human mental disorders:
Learned helplessness as a paradigm case. Prog. Neuropsychopharmacol. Biol. Psychiatry
10, 677–690. doi: 10.1016/0278-5846(86)90051-5

Wood, O. W. G., Yeung, J. H. Y., Faull, R. L. M., and Kwakowsky, A. (2022). EAAT2
as a therapeutic research target in Alzheimer’s disease: A systematic review. Front.
Neurosci. 16:952096. doi: 10.3389/fnins.2022.952096

Wu, D., and Pan, W. (2010). GSK3: A multifaceted kinase in Wnt signaling. Trends
Biochem. Sci. 35, 161–168. doi: 10.1016/j.tibs.2009.10.002

Wu, M., Zhou, F., Cao, X., Yang, J., Bai, Y., Yan, X., et al. (2018). Abnormal circadian
locomotor rhythms and Per gene expression in six-month-old triple transgenic mice
model of Alzheimer’s disease. Neurosci. Lett. 676, 13–18. doi: 10.1016/j.neulet.2018.0
4.008

Xiang, J., Ran, L. Y., Zeng, X. X., He, W. W., Xu, Y., Cao, K., et al. (2021). LiCl
attenuates impaired learning and memory of APP/PS1 mice, which in mechanism
involves alpha7 nAChRs and Wnt/beta-catenin pathway. J. Cell Mol. Med. 25, 10698–
10710. doi: 10.1111/jcmm.17006

Xue, M., Xu, W., Ou, Y. N., Cao, X. P., Tan, M. S., Tan, L., et al. (2019). Diabetes
mellitus and risks of cognitive impairment and dementia: A systematic review and
meta-analysis of 144 prospective studies. Ageing Res. Rev. 55:100944. doi: 10.1016/j.
arr.2019.100944

Yan, H., Yan, Y., Gao, Y., Zhang, N., Kumar, G., Fang, Q., et al. (2022).
Transcriptome analysis of fasudil treatment in the APPswe/PSEN1dE9 transgenic
(APP/PS1) mice model of Alzheimer’s disease. Sci. Rep. 12:6625. doi: 10.1038/s41598-
022-10554-9

Yang, J., Wang, Z., Fu, Y., Xu, J., Zhang, Y., Qin, W., et al. (2022). Prediction value
of the genetic risk of type 2 diabetes on the amnestic mild cognitive impairment
conversion to Alzheimer’s disease. Front. Aging Neurosci. 14:964463. doi: 10.3389/
fnagi.2022.964463

Yarchoan, M., Toledo, J. B., Lee, E. B., Arvanitakis, Z., Kazi, H., Han, L. Y., et al.
(2014). Abnormal serine phosphorylation of insulin receptor substrate 1 is associated
with tau pathology in Alzheimer’s disease and tauopathies. Acta Neuropathol. 128,
679–689. doi: 10.1007/s00401-014-1328-5

Yde Ohki, C. M., Grossmann, L., Alber, E., Dwivedi, T., Berger, G., Werling,
A. M., et al. (2020). The stress-Wnt-signaling axis: A hypothesis for attention-deficit
hyperactivity disorder and therapy approaches. Transl. Psychiatry 10:315. doi: 10.1038/
s41398-020-00999-9

Zametkin, A. J., Nordahl, T. E., Gross, M., King, A. C., Semple, W. E., Rumsey, J.,
et al. (1990). Cerebral glucose metabolism in adults with hyperactivity of childhood
onset. N. Engl. J. Med. 323, 1361–1366. doi: 10.1056/NEJM199011153232001

Zhang, L., Du Rietz, E., Kuja-Halkola, R., Dobrosavljevic, M., Johnell, K., Pedersen,
N. L., et al. (2022). Attention-deficit/hyperactivity disorder and Alzheimer’s disease
and any dementia: A multi-generation cohort study in Sweden. Alzheimers Dement.
18, 1155–1163. doi: 10.1002/alz.12462

Zhang, Q., Du, G., John, V., Kapahi, P., and Bredesen, D. E. (2015).
Alzheimer’s model develops early ADHD syndrome. J. Neurol. Neurophysiol. 6,
1–6.

Zhao, Q. F., Tan, L., Wang, H. F., Jiang, T., Tan, M. S., Tan, L., et al. (2016). The
prevalence of neuropsychiatric symptoms in Alzheimer’s disease: Systematic review
and meta-analysis. J. Affect. Disord. 190, 264–271. doi: 10.1016/j.jad.2015.09.069

Zhu, L., Chi, T., Zhao, X., Yang, L., Song, S., Lu, Q., et al. (2018). Xanthoceraside
modulates neurogenesis to ameliorate cognitive impairment in APP/PS1 transgenic
mice. J. Physiol. Sci. 68, 555–565. doi: 10.1007/s12576-017-0561-9

Zigman, W. B., and Lott, I. T. (2007). Alzheimer’s disease in Down syndrome:
neurobiology and risk. Ment. Retard. Dev. Disabil. Res. Rev. 13, 237–246. doi: 10.1002/
mrdd.20163

Zou, Z., Tao, T., Li, H., and Zhu, X. (2020). mTOR signaling pathway and mTOR
inhibitors in cancer: progress and challenges. Cell Biosci. 10:31.

Zuin, M., Roncon, L., Passaro, A., Cervellati, C., and Zuliani, G. (2021). Metabolic
syndrome and the risk of late onset Alzheimer’s disease: An updated review and meta-
analysis. Nutr. Metab. Cardiovasc. Dis. 31, 2244–2252. doi: 10.1016/j.numecd.2021.0
3.020

Frontiers in Neuroscience 22 frontiersin.org

https://doi.org/10.3389/fnins.2023.1104985
https://doi.org/10.1007/s10654-021-00756-2
https://doi.org/10.1007/s10654-021-00756-2
https://doi.org/10.3233/JAD-170786
https://doi.org/10.1016/j.bbadis.2013.10.015
https://doi.org/10.1523/JNEUROSCI.1470-11.2011
https://doi.org/10.1038/s41588-021-00921-z
https://doi.org/10.1038/s41588-021-00921-z
https://doi.org/10.3389/fimmu.2017.00508
https://doi.org/10.1007/s13311-012-0135-8
https://doi.org/10.1007/s13311-012-0135-8
https://doi.org/10.1016/j.biopsych.2005.02.006
https://doi.org/10.1016/j.biopsych.2005.02.006
https://doi.org/10.1016/0278-5846(86)90051-5
https://doi.org/10.3389/fnins.2022.952096
https://doi.org/10.1016/j.tibs.2009.10.002
https://doi.org/10.1016/j.neulet.2018.04.008
https://doi.org/10.1016/j.neulet.2018.04.008
https://doi.org/10.1111/jcmm.17006
https://doi.org/10.1016/j.arr.2019.100944
https://doi.org/10.1016/j.arr.2019.100944
https://doi.org/10.1038/s41598-022-10554-9
https://doi.org/10.1038/s41598-022-10554-9
https://doi.org/10.3389/fnagi.2022.964463
https://doi.org/10.3389/fnagi.2022.964463
https://doi.org/10.1007/s00401-014-1328-5
https://doi.org/10.1038/s41398-020-00999-9
https://doi.org/10.1038/s41398-020-00999-9
https://doi.org/10.1056/NEJM199011153232001
https://doi.org/10.1002/alz.12462
https://doi.org/10.1016/j.jad.2015.09.069
https://doi.org/10.1007/s12576-017-0561-9
https://doi.org/10.1002/mrdd.20163
https://doi.org/10.1002/mrdd.20163
https://doi.org/10.1016/j.numecd.2021.03.020
https://doi.org/10.1016/j.numecd.2021.03.020
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	From attention-deficit hyperactivity disorder to sporadic Alzheimer's disease—Wnt/mTOR pathways hypothesis
	1. Introduction
	2. Current knowledge of Alzheimer's disease pathology, insulin resistance, and diabetes mellitus
	3. Attention-deficit hyperactivity disorder current genetic and etiology hypothesis
	4. Epidemiological evidence for attention-deficit hyperactivity disorder risk for dementia
	5. Wnt/mTOR pathways evidence in Alzheimer's disease and attention-deficit hyperactivity disorder
	5.1. Canonical Wnt pathway
	5.2. mTOR pathway

	6. Evidence of the link between attention-deficit hyperactivity disorder and Alzheimer's disease in the context of animal model phenotypic traits
	6.1. Evidence for Alzheimer's disease-like behavioral traits in animal models of attention-deficit hyperactivity disorder
	6.2. Evidence for attention-deficit hyperactivity disorder-like behavioral traits in animal models of Alzheimer's disease

	7. Methylphenidate in attention-deficit hyperactivity disorder and Alzheimer's disease and the link to Wnt/mTOR
	8. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


