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Individuals with Down syndrome exhibit various changes in the human body
systems, including alterations in the ocular, neurological, and dermatological
systems. Especially, preclinical and clinical studies have determined Down
syndrome patients to possess reduced intellectual and cognition abilities,
which neurobehavioral effects are associated with altered molecular markers
in the brain. For instance, neuroinflammation and increased brain oxidative stress
are reported in animals models of Down syndrome, and the reversal of those
markers lead to positive effects. Dopaminergic and serotonergic neurons are
altered in individuals with Down syndrome, with dopamine and serotonin
secretion reduced and their transporters upregulated. Hence, blocking
reuptake of dopamine and serotonin might improve Down syndrome
behavioral impairments. Norepinephrine loss was observed in a mouse model
of Down syndrome, and treatment with a B2 adrenergic receptor agonist
improved behavioral symptoms. Moreover, targeting certain glutamatergic
receptors, particularly in the hippocampus, might correct the glutamatergic
dysfunction and altered behaviors. Inverse agonists or antagonists of
GABAergic receptors suppress GABA's inhibitory role, an effect associated
with improved cognition behaviors in models of Down syndrome. Reports
also suggest partial involvement of the histaminergic system in the
impairment of memory function observed in Down syndrome. Finally,
cholinergic system alteration has been reported, but the therapeutic role of its
modulation needs further investigation. This review collects and reports multi-
Omics Studies on Down syndrome, the crucial roles of inflammation, oxidative
stress independently as well as role of oxidative stress in pregnancies with Down
Syndrome and biomarkers of maternal diagnosis of Down syndrome. This review
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further explained the role of neurotransmitter pathways in Down syndrome
pathogenesis, prognosis and therapeutic intervention for Down syndrome and
future directions for interventions.

KEYWORDS

Down syndrome, neurobehaviors, neurotransmitters, inflammation, oxidative stress,

multi-omics

1 Introduction

Down syndrome is a genetic disorder caused by an additional
chromosome, either a full or partial copy of chromosome 21
(trisomy 21) which results in distinct neurobiological traits,
neurobehavioral changes, and clinical features (Antonarakis et al.,
2020). Genetic factors are critical determinants of fetus growth and
its malformations as well as of the chromosomal abnormality
(Antonarakis et al., 2020), which typically occurs during meiosis
(Ataman et al,, 2012). Individuals with Down syndrome share a
number of common characteristics such as craniofacial
abnormalities, periodontal disease (Ghaffarpour et al, 2024),
learning impairments, and early-life hypotonia (Antonarakis
et al.,, 2004). Some individuals present with variable phenotypes,
including leukemia (both acute megakaryoblast leukemia and acute
lymphoblastic leukemia), along with atrioventricular septal defects
in the heart (Asim et al., 2015). Physical characteristics of individuals
with Down syndrome include weak muscular tone, a small chin,
slanted eye, a single palm crease, a flat nasal bridge, and a small
upper jaw mouth and wide tongue (Sinet et al., 1994). Posterior
cortical atrophy was reportedly manifested in a Down syndrome
individuals with Alzheimer’s disease (Rodriguez-Baz et al., 2025).

All individuals with Down syndrome have varying degrees of
hypotonia and developmental delay. A recent study found that
intellectual and developmental disabilities were compromised in
individuals with Down syndrome (Carvalho et al., 2025). Ongoing
study elaborated that traditional cognitive dual tasks and everyday
tasks, such as talking and typing on a cell phone, had a greater
impact on individuals with Down syndrome than on the control
group. With the rising prevalence of multitasking in daily life,
including dual-task activities in rehabilitation programs could
help enhance functional mobility in this population. A study
conducted between December 2020 and February 2023 on the
children (3-17 years of age) having anorectal malformations
(ARM) and Hirschsprung’s disease (HD) both with and without
Down syndrome reported that Children with ARM and HD with
Down syndrome underwent lower score than without Down
syndrome on motor development, adaptive skills, feeding, toilet
training, sleep and social development (Rajasegaran et al., 2024).
Motor development, especially standing position and walking
ability, is delayed in children with Down syndrome (Malak et al.,
2015). Their poor language and communication abilities are
primarily caused by speech delay, poor articulation brought on
by their small oral cavity, and a lack of language comprehension
(Agarwal Gupta and Kabra, 2014). This study further explained
despite such comparative setbacks, these patients are typically
cheerful, kind, loving, and outgoing while a few of them enjoy
listening to music. The distinctive physical characteristics of Down
syndrome allow skilled medical professionals to easily make the
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clinical diagnosis; hence, patients are typically identified at birth or
soon after. However, findings of a prior study explained that certain
ethnic groupings, older patients, premature newborns, and
mosaicism may present diagnostic challenges (Kazemi et al,
2016); furthermore, every person with Down syndrome has
unique medical requirements. Presenting a prenatal diagnosis of
Down syndrome should be done in person or over the phone at a
predetermined time, with parents reportedly appreciating the
compassionate way in which medical doctors can communicate
such diagnoses (Skotko et al, 2009). Study under discussion
emphasize in connecting parents with nearby Down syndrome
support groups and other resources, doctors should accurately
inform them about medical issues linked to Down syndrome.
Recently reported study explained that awareness of the
neurobehavioral changes or neurobiological alterations, such as
neuroinflammation or impairment of neurotransmitters, that
occur in the brains of Down syndrome individuals is important
to avoid misattribution to intellectual disability (Baumer and
O’Neill, 2022).

2 Multi-omics studies on
Down syndrome

As it is evident that Down syndrome is a genetic disorder
characterized by presence of an extra chromosome, trisomy 21,
single-cell multi-omics map of haematopoietic stem cells human
fetal showed that these alterations in chromatin organization leading
to change in gene expression dynamics and oxidative stress create an
environment that is suitable or favorable to hematological changes
like pre-leukemia and post-leukemia (Marderstein et al., 2024).
Genetic alterations in Down syndrome have been associated with
changes in protein expression, although the underlying mechanisms
remain largely unknown. Postmortem brain analyses employing
multi-omics approaches have demonstrated that the hippocampus
and cortex share transcriptomic signatures at both the gene and
transcript levels, as well as proteomic dysregulation (Rastogi, 2021).
To gain further insight into the pathophysiology of Down syndrome
in humans, studies using mouse models have incorporated
additional omics strategies, such as metabolomics, including
lipidomics and elementomics (notably metallomics), which are
anticipated to contribute significantly to the understanding of its
molecular underpinnings. However, no proteins were found to
exhibit differential expression in the Ts1Cje mouse brain during
neonatal and postnatal stages based on 2D-electrophoresis
(Ishihara et al., 2014).
elementomics, with metallomics showed that disruptions in the

proteomics Omics analysis  of

balance of intrinsic metals such as zinc, copper, and iron may
contribute to cognitive impairments in individuals with Down
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syndrome, as intersectin 1, located in the trisomic region of Down
syndrome, is thought to play a role in iron uptake. In fact, elevated
levels of non-protein-bound iron in the serum and the iron-binding
protein lactotransferrin in the brain have been observed in
individuals with Down syndrome (Manna et al., 2016). Based on
the multi-omics study the identification of the noninvasive prenatal
testing made a tremendous progress to diagnose the Down
syndrome in the uterus, fetal structural abnormalities, genetic
diseases, and pregnancy-related diseases before birth thus could
offer evidence for intrauterine treatment or selectively termination
of pregnancy. Among these biomarkers of abnormalities studied in
multi-omics study, cell-free DNA, allows for a definitive diagnosis in
early pregnancy for fetal diseases, including Down syndrome and
other common aneuploidies (Wang et al., 2022). The association
between mitochondrial DNA damage (mitochondrial DNA is
different from nuclear DNA as mitochondrial DNA also plays a
role in regulating cell metabolism, growth, and apoptosis) and Down
syndrome has been reinforced by evidence from brain tissue analysis
in individuals with Down syndrome (Coskun and Busciglio, 2012)
making it a potential target in this condition (Izzo et al., 2018). Other
than mitochondrial DNA damage, some useful pharmacological
activators of Peroxisome Proliferator-Activated Receptors y
coactivator 1 alpha pathway, including thiazolidinediones,
and bezafibrates, which
peroxisome proliferator-activated receptors and can be evaluated

pioglitazones, selectively stimulate
for restoring mitochondrial functions of the DNA in Down
syndrome (Landreth et al., 2008).

While research on Alzheimer’s disease gives us important
background information on the function of inflammation in
brain disease, the triplication of numerous inflammatory-
associated genes in Down syndrome clearly generates a distinct
inflammatory milieu deserving of more study (Wilcock, 2012). For
exhibit
neuroinflammatory phenotypes that change throughout their

example, individuals with Down syndrome early
lives (Flores-Aguilar et al., 2020). This finding is important for
identifying features specific to each stage of the disease and for
innovating potential anti-inflammatory compounds to prevent
dementia in this population (Flores-Aguilar et al., 2020). Extant
data indicates that understanding inflammation in Down syndrome
will be crucial for advancing research on the state of the brain
molecular mechanisms in neurodegenerative diseases, and the
inflammatory pathways typically are involved in such diseases
(Wilcock, 2012).

neurodegenerative

associated ~ with
that
individuals with Down syndrome could benefit from regular

Down syndrome is

disease so reported data suggest
exercise, physical activity, and controlled antioxidant supplements
to enhance cognitive abilities (Muchova et al,, 2014). Notably,
oxidative stress is established to be involved in the etiology of
Down syndrome, despite the remarkable cellular defenses
(Muchovd et al, 2014).

Individuals with Down syndrome experience systemic oxidative

intended to combat its toxicity
stress as indicated by increased activity of several key antioxidant
enzymes, decreased whole-blood glutathione level, and elevated
plasma uric acid level. These findings are likely related to redox
imbalance and represent an antioxidant compensation (Garlet et al.,
2013). This review discusses the involvement of inflammatory and
oxidative stress pathways as well as the role of neurotransmitters in
the pathophysiology of Down syndrome.
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FIGURE 1

Sequence of events in the impaired metabolic-inflammation axis
implicated in Down syndrome. HSPA 72, Heat shock protein A 72.
Figure was created with BioRender.com.

3 Role of inflammation in
Down syndrome

A direct association between inflammation and Down syndrome
has not been demonstrated, although an indirect relation is
supported by interlinking immunity (Ram and Chinen, 2011),
metabolic syndrome (Dierssen et al,, 2020) and oxidative stress
along with Alzheimer’s disease (Hajjo et al., 2022; Ekundayo et al.,
2024). A study conducted on Ts65Dn mice, a partial trisomy model
of Down syndrome, observed elevation of leptin, galectin-3, and heat
shock protein A 72 (HSPA 72) (Fructuoso et al., 2018), which are
linked with autoimmunity (de Oliveira et al., 2015). Moreover,
increased leptin, glucose, and thyroid hormone imbalance have
been reported in Egyptian children with Down syndrome (Yahia
et al,, 2012). Previous studies on adolescents with Down syndrome
measured the hematological, biochemical and cardiometabolic
variables including serum levels of complement factor 3 and 4,
along with C-reactive protein in the UP&DOWN studies (Castro-
Pifero et al, 2014). The idea that Down syndrome involves
impairment of metabolic-inflammation axes is widely accepted
and seems logical. The supporting findings for this concept are
illustrated in Figure 1.

In Ts65Dn mice, two pathways, metabolic-inflammation
pathways, have been identified (Fructuoso et al., 2018). The
first involves hyperglycemia; this begins with increased food
intake due to increased leptin resistance due to increase leptin
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levels, which in turn block insulin secretion, leading to the onset
of hyperglycemia. The second is an indirect pathway for
activation of inflammation that also originates with increased
leptin, as leptin causes immune system activation by increasing
the levels of galectin-3 and HSPA 72, which in turn activate
inflammation. These conceptual pathways are based on
previously reported data (Fructuoso et al., 2018).

Involvement of the immune system is also supported by
human data. Compared to euploid individuals, young people
with Down syndrome exhibit higher levels of cytokines,
(Veloso et al, 2025),
inflammatory protein-beta (Flores-Aguilar et al,

chemokines and macrophage
2020).
Additionally, conditioned media of mixed cortical primary
cultures from second trimester fetuses with Down syndrome
feature was associated with increased cytokine expression
(Flores-Aguilar et al., 2020). However, children with Down
syndrome exhibit a significant drop in serum level of all
examined cytokines, with clear distinctions between male and
female children (Tarani et al, 2020) while this study also
examined how neurotrophins and immune system pathways
are disrupted in prepubertal children with Down syndrome
(Tarani et al., 2020), while young adults with Down syndrome
exhibit increased numbers of rod-like microglia (Flores-Aguilar
et al., 2020). In the Ts65Dn mouse model, neuroinflammation
can be inhibited by a moderate dose of resolvin E1, with 4 weeks
of administration resulting in a significant decrease in memory
loss, lower serum levels of pro-inflammatory cytokines, and
decreased hippocampal microglial activation (Hamlett et al,
2020). Additionally, chronic consumption of extra virgin olive
oil in the same mouse model has also been discovered to improve
neuroinflammation, synapse function deficiencies, and memory
dysfunction (Li et al., 2024).

Among individuals with Down syndrome who are 50 years of
age or older, neuroinflammatory processes have been reported in
many brain regions, which could be linked to the early aging process
of B-amyloid plaque formation (de Oliveira et al, 2023);
postmortem studies on both Down syndrome and Alzheimer’s
patients have identified accumulation of extracellular amyloid-(
(AP) protein plaques in brain and blood vessels (Hartley et al,
2015). Crucially, however, compared to people with sporadic
Alzheimer’s disease, those with Down syndrome exhibit a
different neuroinflammatory profile (Wilcock et al, 2015).
Reported data demonstrate that T cell activation can be managed
not only with broad immunosuppressants like Jak inhibitors, but
also through a more targeted approach using IL-6 inhibition in
Down syndrome (Malle et al, 2023). Interestingly, the protein
products of chromosome 21 genes that result in
neuroinflammatory reactions observed during brain development
of fetuses with Down syndrome can potentially hasten the
neuropathogenesis of Alzheimer’s (Wilcock and Griffin, 2013).
Likewise, a newly-published study that links inflammatory
processes with neuron-derived exosome release reported that
exosomal Alzheimer’s disease biomarkers may be impacted by
the increased neuroinflammatory state observed in individuals
with Down syndrome (Hamlett et al, 2018). These findings
suggest a critical role of neuroinflammation in the cognitive
behavior deterioration that is co-morbid in both Alzheimer’s
disease and Down syndrome.
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4 Role of oxidative stress in
Down syndrome

Oxidative stress is caused by an imbalance between pro-oxidants
and antioxidant enzymes (Ahmad et al., 2016) and leads to many
diseases, including Alzheimer’s disease (Butterfield and Halliwell,
2019). Studies have shown commonalities between Alzheimer’s
disease and Down syndrome, such as presence of AP protein in
the brain and blood vessels (Hartley et al., 2015). Moreover, AB
accumulation was observed in Down syndrome (Wiseman et al.,
2018). In addition, chromosome 21 anomalies that affect Cu/Zn-
superoxide dismutase and BACH1 (a transcriptional inhibitor of
hemoglobin oxygenase 1 [HO-1]), are implicated in both diseases
(Halliwell and Gutteridge, 2015). Interference with the function of
HO-1, a crucial cellular antioxidant that breaks down the pro-
oxidant free heme (Halliwell and Gutteridge, 2015) can lead to
oxidative stress (Perluigi et al.,, 2014; Di Domenico et al.,, 2015).
Other proteins encoded on chromosome 21 have been implicated in
the formation of hyperphosphorylated Tau tangles (Di Domenico
et al,, 2018) and AP plaques, creating a cycle of neural damage in
Down syndrome. Notably, a review highlighted that t has been
proposed that individuals with Down syndrome experience
abnormal oxidative stress, potentially due to increased activity of
Cu/Zn superoxide dismutase (SOD1) (Gardiner, 2010); which
causes an excess of the reactive oxygen species (ROS) and
hydrogen peroxide (H,O,) an important precursor of hydroxyl
radical (Campos and Casado, 2015). When the production of
reactive oxygen and nitrogen species (RONS) surpasses the
capacity of antioxidant defense systems to eliminate them, an
imbalance between RONS generation and antioxidant protection
can lead to oxidative/nitrosative damage to cellular components
(DNA, proteins, lipids, and sugars), a condition known as oxidative/
nitrosative stress which is also suggests oxidative stress as a potential
significant factor in the pathophysiology of Down syndrome (Roizen
and Patterson, 2003; Campos and Casado, 2015).

4.1 Role of oxidative stress in pregnancies
and Down syndrome

Observations of oxidative damage in aborted fetuses with Down
syndrome (Busciglio and Yankner, 1995) and in amniotic fluid
obtained from mothers carrying a Down syndrome fetus
(Perluigi et al.,, 2011) strengthen the idea that oxidative stress is
involved in the manifestation of Down syndrome. Earlier study
reported that not only depression, anxiety and anger but also
posttraumatic stress in the mother will change the neurobiology
of prenate (Thomson, 2007). Evidence of oxidative DNA damage
has also been demonstrated in the form of increased lipid
peroxidation and isoprostane 8,12-iso-iPF2a-VI in urine from
children and amniotic fluid from fetuses with Down syndrome
(Pallardé et al., 2006; Perrone et al., 2007). However, another
investigation found the elevations of these lipid peroxidation
markers in the blood of live individuals with Down syndrome to
not be associated with either SOD1 or glutathione peroxidase
(Strydom et al., 2009). Nonetheless, proteomic analysis has also
confirmed oxidative damage to diverse proteins in amniotic fluid,
such as transferrin, ceruloplasmin, apolipoprotein A-I, retinol-
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Involvement of oxidative stress in the pathogenesis and progression of Down syndrome. BACH1, Transcription factor BTB domain and CNC
homology 1; mTOR, Mammalian target of rapamycin; AGE-RAGE, Advanced glycation end product-Receptors of advanced glycation end product. Figure

was created with BioRender.com.

binding protein 4, collagen al(V), and complement C9 (Perluigi
et al,, 2011). Hence, in the light of above-mentioned literature, it is
strongly suggested that oxidative damage is involved in the
manifestation and progression of Down syndrome. Maternal
oxidative stress during the pregnancy and its impact on the
alteration of neurobiology can be assessed by using markers of
oxidative stress process which is ischemia-modified albumin (IMA).
Albumin produced during ischemia is often a result of oxidative
stress, and the measurement of serum IMA levels has been
introduced as a biomarker for several pregnancy-related
conditions, including asphyxia (Dursun et al, 2012), acute
coronary syndrome (Chawla et al, 2006) and diabetic
ketoacidosis in children (Ayar et al, 2019). Serum measurement
of IMA during pregnancy can predict maternal oxidative stress
which can damage different proteins and ultimately development of
Down syndrome. One of the oxidative stress protein deficiencies like
alpha-1-antitrypsin has been reported to involved in the
pathogenesis of Down syndrome half of century ago (Arnaud
et al, 1976). These oxidatively damaged and modified proteins
have been metabolism,

implicated in modified glucose
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mammalian target of rapamycin (mTOR) signaling, insulin
resistance leading to proteostasis (Di Domenico et al, 2015;
Barone et al, 2017; Di Domenico et al, 2018), and impaired
brain function due to neuronal damage. Notably, activation of
mTOR signaling and consequent inhibition of autophagy leads to
the deposition of non-degrading moieties like amyloid protein,
which further
activation of advance glycation and receptors of advance
glycation end products (AGE-RAGE), which in turn leads to
further induction of mTOR signaling. Microtubule instability

increases oxidative stress in cells

through

ensues, which impacts mitochondrial trafficking and ultimately
causes presynaptic energy shortages. The subsequent loss of ion
gradients in presynaptic membranes results in deteriorative Ca**-
related changes, which are secondary to the loss of mitochondrial
anterograde transport down axons (Reed et al., 2009; Di Domenico
et al,, 2017; Di Domenico et al., 2018). A visual summary of these
adverse events related to oxidative damage is given in Figure 2.
As illustrated in Figure 2, abnormalities in chromosome
21 ultimately lead to the inhibition of antioxidants and increased
levels of pro-oxidants. The resultant modified proteome and
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production of hyperphosphorylated Tau in turn activates the
oxidative stress pathway ladder involving AGE-RAGE, which
activates m-TOR and the proteostasis network. Both of those
then inhibit autophagy and allow deposition of amyloid protein,
leading to neuronal damage and progression, culminating in the
manifestation of Down syndrome. Deposition of amyloid protein is
observed in Down syndrome individuals in a manner similar to
Alzheimer’s disease patients (Busciglio and Yankner, 1995; Reed
et al., 2009; Perluigi et al., 2011; Hartley et al., 2015; Barone et al.,
2017; Di Domenico et al., 2017).

With regard to oxidative stress pathways, it has been
demonstrated that Down syndrome individuals have higher levels
of thio-barbituric acid reactive substances, uric acid, and superoxide
dismutase and catalase activity than corresponding controls (Garcez
et al,, 2005), and these oxidative stress parameters can trigger
inflammation (Ramos-Gonzalez et al., 2021), as can increased
ROS production (Hussain et al., 2016). The potential of prenatal
antioxidant therapy to prevent or postpone the emergence of
oxidative stress disorders in the Down syndrome population is
supported by the observation of early-pregnancy oxidative stress
in infants with Down syndrome (Perrone et al., 2007), and also that
amyloid-P deposition in Down syndrome is preceded by neuronal
oxidative stress (Nunomura et al., 2000). In addition, a review study
described a possible direct correlation of the role of damaged
mitochondria in Down syndrome pathology with normal aging,
as the onset of dementia in Down syndrome individuals resembles
Alzheimer’s disease (Perluigi and Butterfield, 2012). Another study
reported the potential role for the application of oxidative stress
markers in the prenatal screening of T21 with the highest screening
utility of plasma asprosin (Buczynska et al, 2021). Other than
measuring the levels of asprosin study under discussion also
measured other oxidative stress markers in the prenatal screening
of trisomy 21. The DNA/RNA oxidative stress damage products
(OSDPs), advanced glycation end (AGE) products, ischemia-
(IMA),

vitamin D concentrations were measured in both maternal

modified albumin alfa-1-antitrypsin, asprosin, and
plasma and amniotic fluid in trisomy 21 (T21) and euploid
pregnancies. The data of these investigations indicated increased
levels of DNA/RNA oxidative stress damage products and asprosin
with simultaneous decreased levels of vitamin D and A1AT in the
study group. These findings support the crucial contributions of
oxidative stress pathways to the pathogenesis of Down syndrome
and accordingly suggest those pathways can be therapeutically
targeted to attenuate associated symptoms.

To bring this all together, current review makes a narrative
statement that oxidative stress is not the cause of Down syndrome,
oxidative stress (OS) is demonstrably involved in complications of
the Down syndrome through activation of various pathways like the
AGE-RAGE and mTOR pathways and consequent inhibition of
autophagy. Furthermore, in addition to being the major abnormality
in the pathogenesis of Down syndrome, trisomy 21 is also involved
in the upregulation of pro-oxidative stress pathways and creating an
imbalance between pro-oxidants and antioxidants through excess
expression of Cu/Zn-superoxide dismutase. Screening of DNA/RNA
OSDPs, advanced glycation end (AGE) products, ischemia-modified
albumin (IMA), alfa-1-antitrypsin, asprosin, and vitamin D
concentrations in maternal plasma and amniotic fluid can play a
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potential role in the diagnosis of oxidative stress in pregnancy and
minimizing the neurobiological changes of the fetus.

5 Down syndrome and
neurotransmitters

A previous review (Das et al., 2014) highlighted the importance
of addressing cognitive impairments in Down syndrome through
the modulation of neurotransmitters. This can be done, for example,
by elevating serotonin or norepinephrine levels, or by blocking the
receptors of gamma-aminobutyric acid (GABA) or N-methyl-D-
aspartic acid (NMDA. Here, we examine the pathological or
pharmacological involvements of neurotransmitters, including
dopamine and histamine, in cognition and other neurobehavioral
symptoms in Down syndrome. The neurotransmitters discussed in
this review include the dopamine, glutamate, GABA, serotonin,
histamine adrenergic, and cholinergic systems (Figure 3).

5.1 Implications of the dopaminergic system
in Down syndrome

The health outcomes of individuals with Down syndrome are
influenced by dopamine neurotransmission. A marked decrease in
dopamine concentration in the frontal cortex has been reported in
fetal Down syndrome (Whittle et al, 2007), indicating that
dysregulation of dopamine homeostasis occurs very early. A
summary diagram of this dysregulation is presented in Figure 4.
Concerning dopamine receptors, it has been determined that
polymorphisms in dopamine receptor 4 are not linked to Down
syndrome (Das Bhowmik et al., 2008), and therefore dopamine
transporter 1 and vesicular monoamine transporter are more likely
to be implicated in Down syndrome pathogenesis. Future
pharmacological studies are warranted to explore the therapeutic
effects of blocking dopamine transporter 1 on Down syndrome
symptoms and associated behavioral manifestations. This strategy is
expected to be associated with normalized extracellular dopamine

frontiersin.org


http://BioRender.com
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1592277

Alasmari et al.

10.3389/fphar.2025.1592277

Healthy

Down syndrome

Tyrosin Tyrosin |
l Presynaptic Dopaminergic Neurons 1 |
L-DOPA L-DOPA
Dopamine (DA) Dopamine (DA)

Normal
neurobehavior

DA
Receptor

.o
Impaired e
memory,
b ®

learning, and
dementia-like ‘Iﬂm m

behaviors

DA
Receptor

Postsynaptic

FIGURE 4

Alteration of the dopaminergic system in Down syndrome individuals. Neuronal dopamine impairment results in part from upregulation of
dopamine transporter 1 and downregulation of vesicular monoamine transporter 2. The dopamine release from presynaptic neurons is decreased,
possibly due to neurofibrillary degeneration and loss of pigmented dopaminergic nerve cells. In combination, these effects result in reduced extracellular
dopamine concentrations, an effect associated with dysregulated memory and learning as well as dementia-like behaviors. DA, dopamine; DAT,
dopamine transporter; VMAT, Vesicular monoamine transporter. Figure was created with BioRender.com.

concentrations in the brain unless the dopaminergic neurons have
been damaged.

For instance, Ts1Cje model mice show enhanced flow via
cerebral dopamine metabolism along with locomotor
hyperactivity and sociability driven by ambient cues while in
addition to this the striatum and ventral forebrain of this mouse
also exhibit higher extracellular dopamine concentrations
(Shimohata et al., 2017). Another study discovered the non-
canonical Notch ligand Delta-like 1 to be downregulated in
dopaminergic neurons, which could lead to elevated ROS
levels and neuronal dopamine buildup, in part by upregulating
dopamine transporter 1 (Sun et al., 2022). The authors concluded
that, in individuals with Down syndrome, mitochondrial
malfunction and oxidative stress may be related to
dysregulated dopamine homeostasis (Sun et al., 2022). In one
Down syndrome case, it was reported that dopaminergic neurons
exhibited

downregulation of vesicular monoamine transporter 2, and

upregulation of dopamine transporter 1,
defective neurite formation (Pham et al., 2018). In addition,
individuals with Down syndrome show reduced dopamine
release from dopaminergic neurons (Pham et al, 2018).
Collectively, these findings indicate that synapse dopamine
levels might be reduced in the brains of Down syndrome
which

dopaminergic system as a beneficial therapeutic strategy,

individuals, in turn suggests stimulation of the
increasing dopamine neurotransmission and extracellular

concentrations and potentially ameliorating Down syndrome
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symptoms, including dementia. This hypothesis is further
supported by the observation of neurofibrillary degeneration,
loss of pigmented dopaminergic nerve cells, and significant
atrophy in ten middle-aged individuals with Down syndrome
(Mann et al., 1987).

5.2 Implications of the glutamatergic system
in Down syndrome

The glutamatergic system has been implicated in Down
syndrome, with potential roles of excitatory neurotransmitters
in its pathogenesis. Compared to control samples, platelets and
fibroblasts from individuals with Down syndrome exhibit marked
decreases in glutamate uptake (Begni et al., 2003), which alteration
was attributed to beta-amyloid aggregation, mitochondrial
dysfunction, and amyloid precursor protein overexpression
(Begni et al.,, 2003). Ts65Dn model mice show glutamatergic
synaptic loss in the prefrontal cortex (Thomazeau et al., 2023),
and a review has summarized how glutamate (specifically NDMA)
receptor blockers can help attenuate memory impairment in
individuals with Down syndrome (CS Costa, 2014). Likewise,
in a segmental trisomy mouse model of Down syndrome,
glutamate deficiency was linked to
hippocampal NMDA receptor 1 mRNA and protein expression,
which in turn related to impaired neurobehavioral characteristics;
in addition, the hippocampal glutamate concentration was

downregulation of
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noticeably decreased (Kaur et al., 2014). However, in fetal Down
syndrome, no association was observed between frontal cortex
area and altered levels of arginine, aspartate, glutamine, or
glutamate within the frontal cortex (Whittle et al., 2007).
Extant findings also support a role of ionotropic glutamate
receptors (iGluRs) in Down syndrome-associated synaptopathy,
with a detailed profile of phosphopattern changes in the
glutamatergic synapse having been reported for Ts65Dn model
mice (Gémez de Salazar et al., 2018). The kinase/phosphatase
profiles and observed modification of iGluR phosphoresidues in
Ts65Dn hippocampi suggest possible new therapeutic targets for
the management of glutamatergic dysfunctions in Down
syndrome (Gomez de Salazar et al., 2018).

Pre-clinical research applying memantine, an NMDA receptor
blocker, yielded encouraging therapeutic results (Lockrow et al.,
2011a), with long-term therapy enhancing recognition and spatial
memory function abilities in Ts65Dn mice, although not to the same
extent as normosomic littermate controls (Lockrow et al.,, 2011a). In
a human study, memantine was not found to significantly enhance
cognition in Down syndrome individuals as compared to controls
(Islam et al., 2024); however, memantine showed promise in mice,
but not in humans. Two other studies in Ts65Dn mice have reported
promising results. In one, performance abnormalities on a fear
conditioning test were restored by acute treatment with
memantine (Costa et al., 2008), while in the other, memantine
was found to pharmacologically correct the long-term synaptic
depression observed in hippocampus slices (Scott-McKean and
Costa, 2011). These findings provide clear support for the
importance of NMDA receptors in modulating neurobiological
impairments and clinical outcomes in Down syndrome; however,
further investigation is still required regarding the therapeutic
activity of NMDA antagonists such as memantine compared to
other available treatments.

(mGluRs) also have
demonstrated alteration of expression in Down syndrome

Metabotropic glutamate receptors
individuals. For example, elevated prenatal mGluR5 expression
was observed in white matter astrocytes, which continued into
the postnatal period (Iyer et al, 2014). Likewise, elevated
mGIuR5 expression was found in astrocytes around amyloid
plaques in adult Down syndrome individuals with extensive
neurodegeneration linked to Alzheimer’s disease (Iyer et al,
2014). These results reflect regulation of mGIuR5 in the human
hippocampal region during development, and point to an early-
development role for this receptor in Down syndrome astrocytes, as
well as a possible role in the pathophysiology of markers linked to
Alzheimer’s disease (Iyer et al., 2014). In addition, in adult brains
with Down syndrome, overabundance of immunoreactivity to the
AMPA receptor subunit GluR1 has been reported (Arai et al., 1996),
and mGluR5 upregulation was observed in postmortem frontal lobe
tissues (Oka and Takashima, 1999). Such alterations to the
glutamatergic system, along with other neurotransmitter systems,
are proposed to result in synaptic modifications and cognitive
abnormalities, particularly modifications relating to glutamatergic
receptors (Rodriguez Ortiz et al,, 2019). Taken together, these data
indicate that targeting glutamatergic receptors, particularly in the
hippocampus, might be a beneficial therapeutic strategy for
attenuating memory and learning disabilities in individuals with
Down syndrome.
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5.3 Implications of the GABAergic system in
Down syndrome

GABA receptors, as regulators of the signaling pathway, are
important modulators of memory and learning functioning in
individuals with Down syndrome. Interestingly, examination of
the al-3 and y2 subunits revealed the al, a3, and y2 subunits to
have considerably altered expression profiles in growing Down
syndrome hippocampi, with the a3 subunit being most impacted;
specifically, all fetal hippocampus subfields and developmental
periods showed a preferential downregulation of a3 subunits, an
effect linked to higher levels of amyloid precursor protein in the
hippocampus (Milenkovic et al., 2018). Similarly, numerous studies
in trisomic animal models of Down syndrome have demonstrated
aberrant GABAergic transmission to be a major determinant of
synaptic and memory impairments (Contestabile et al., 2017). One
mechanism is through perturbation of GABAergic neuron genesis,
an alteration that occurs during brain development and continues
into maturity (Contestabile et al., 2017). Study under discussion
mentioned that the failure of the CLEMATIS trial and the limited
positive results from other clinical studies may be attributed to the
inefficacy of the drugs (despite strong preclinical data), the limited
predictive value of the Ts65Dn mouse model could also have
contributed. BP27832 (Clematis) was a randomized, double-blind,
placebo-controlled, multi-country phase II study to investigate the
efficacy and safety of basmisanil in adults (18-30 years) and
adolescents (12-17 years) with Down syndrome. Regardless of
the negative outcome of the Clematis study, the insights gained
on outcome measures, the feasibility of conducting international
trials in Down syndrome, relationships with advocacy groups, and
interactions with health authorities offer valuable information to
support future clinical trials in Down syndrome and other
populations with intellectual disabilities (Goeldner et al., 2022).
In a rodent model of Down syndrome, long-term fluoxetine
treatment in adulthood was found to correct the hippocampus
synaptic plasticity and spatial memory while normalizing GABA
release; hence, increased GABA release is associated with impaired
cognitive properties (Begenisic et al., 2014). Changes in Gamma-
Aminobutyric Acid receptor (GABAAR) subunit composition
specific in humans with Down syndrome and lacking in Ts65Dn
mice would lead to therapeutic failure (Bhattacharyya et al., 2009). A
review article reported in 2015 explained the possible therapies to
improve the intellectual disability in Down syndrome and
emphaszie that sooner the initiation of the therpay better will be
therapeutic outcome (Stagni et al., 2015). Another study concluded
that he scientific evidence available on the pharmacological
treatment of co-morbid psychiatric disorders in Down syndrome
is limited to case reports and case series with very few randomized
(Palumbo 2018) and if
pharmacological interventions are failed to treat psychiatric

controlled trials and McDougle,
disorder in Down syndrome then electroconvulsive therapy
should be recommended.

Correspondingly, GABA receptor antagonists have been shown
to enhance cognition abilities in an animal model (Fernandez et al.,
2007). Indeed, modulation of the GABAergic system, including
GABAergic receptors, is strongly involved in the attenuation of
dementia related to Down syndrome. For example, reported study
(Braudeau et al., 2011) stated that learning and memory abilities of
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Ts65Dn mice can be restored by treatment with a subtype-selective
inverse agonist that interacts with the benzodiazepine binding site
on the GABA-A receptor. Furthermore, study under discussion
explained that non-convulsant a5-selective GABA-A inverse
agonists may help Down syndrome indiduals who struggle with
memory and learning. Additionally, long-term treatment of Ts65Dn
mice with a promnesiant GABA-A alpha5-selective inverse agonist
has been demonstrated to correct the expression of immediate early
genes and boost their expression during memory processing, while
pharmacological targeting of the same receptor with a5IA improved
memory and learning dysfunction. Furthermore, short-term
treatment of the same mouse model with pentylenetetrazole, a
GABA-A receptor antagonist, has shown a long-lasting pro-
cognitive effect (Colas et al, 2013), while long-term treatment
can correct the spatial cognition (Rueda et al,, 2008). A partial
inverse agonist that acts at the a5-subunit-containing GABA-A
receptor is undergoing clinical trials in individuals with Down
syndrome. Such receptors allow for the essential control of
cognitive processes in part through efficient modulation of tonic
inhibition (Rudolph and Mohler, 2014). Meanwhile, GABA receptor
inhibition is associated with long-term potentiation, normalization
of NMDA receptor-mediated currents, and subsequent restoration
(Kleschevnikov et al., 2004). Further research remains needed
concerning the interaction of the GABAergic system with other
systems of neurotransmitters, such as the NMDA glutamatergic
receptor, in both clinical and pre-clinical phases of Down syndrome.

5.4 Implications of the serotonergic system
in Down syndrome

The serotonergic system exhibits alterations similar to the
dopaminergic system in individuals with Down syndrome. For
example, fetal Down syndrome brains showed reductions of both
dopamine and serotonin in the frontal cortex region (Whittle et al.,
2007). Likewise, post-mortem tissue samples from the caudate
nucleus and temporal cortex of individuals with Down syndrome
exhibit age-dependent serotonin reductions of 60% and 40%,
respectively. These reductions were accompanied by a
corresponding drop in 5-hydroxyindol-3-acetic acid, a metabolite
of serotonin (Seidl et al., 1999). Furthermore, post-mortem brain
samples exhibit marked elevation of serotonin transporter
expression in the frontal cortex, but not the cerebellum
(Gulesserian et al,, 2000). It has also been reported that, in
comparison to controls, people with Down syndrome have 60%
less serotonin in their platelets, accompanied by a lower Vinax and a
higher Km for serotonin uptake (Bayer and McCoy, 1974). Such
reduction of platelet serotonin content in individuals with Down
syndrome is attributed to decreased inward sodium transport
(McCoy et al.,, 1974).

Conversely, obsessive, depressive, and apathetic behaviors in
Down syndrome individuals can be treated with selective serotonin
reuptake inhibitor antidepressants, with patients receiving treatment
demonstrating improvements in objective metrics, including
workplace productivity as reported by caregivers (Geldmacher
et al, 1997). These findings are further supported by a
retrospective study that found a 12-week course of selective

serotonin reuptake inhibitor medication to be effective for most
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Down syndrome individuals, with some able to tolerate long-term
use (Thom et al., 2021). It is important to note that the selective
serotonin reuptake inhibitor fluoxetine reportedly restores impaired
neurogenesis in the hippocampal region of the Ts65Dn mouse
model (Clark et al, 2006). Additionally, when a selective
serotonin uptake inhibitor was used to treat a individuals with
Down syndrome, improvements in appetite and gross motor
capabilities were observed (Tamasaki et al., 2016), indicating that
acute regression in adolescence is not merely a general comorbidity
of depression or limbic encephalitis, but rather a process directly
linked to the serotonergic and cholinergic system abnormalities that
are intrinsic to Down syndrome brains (Tamasaki et al.,, 2016).
Together, extant data supports that selective serotonin uptake
inhibitors might be potential therapeutic compounds for
attenuating the behavioral symptoms associated with Down
syndrome. Interestingly, a case report found that an increase in
dietary serotonin can lower self-harming behavior in adults with
Down syndrome both on the first day and after 6 months (Gedye,
1990). These findings confirm serotonin uptake proteins as having
major roles in mitigating the behavioral symptoms associated with
neurological disorders such as Down syndrome. Maintaining
optimal serotonin levels in the synaptic clefts should be a goal
when managing Down syndrome and associated behavioral
manifestations.

5.5 Implications of the adrenergic system in
Down syndrome

Norepinephrine, a partial agonist of the p1-adrenergic receptor
(Conceigao et al., 2021; Yuan et al., 2025), is highly implicated in the
pathogenesis of Down syndrome, and numerous pre-clinical studies
indicate that enhancing the norepinephrinergic system may be a
viable treatment approach for Down syndrome and Alzheimer’s
disease (Ponnusamy et al., 2019). For example, treatment of Ts65Dn
mice with I-threo-3,4-dihydroxyphenylserine, a norepinephrine
precursor that penetrates the blood-brain barrier, has been
shown to recover two forms of contextual learning, fear
conditioning and nest building (Salehi et al, 2009), while
formoterol, a long-acting P2 adrenergic agonist, enhances
cognitive performance and fosters dendritic complexity (Dang
2014).

norepinephrine and p-adrenergic receptor agonists in Alzheimer’s

et al, The potential disease-modifying effects of
disease and Down syndrome can be explained by the reciprocal link
between the inflammatory and norepinephrine-ergic systems
(Ponnusamy et al., 2019). One possible connection between the
central norepinephrine-ergic system and neuroinflammatory
mechanisms in Alzheimer’s disease lies in the fact that both
norepinephrine and the 2 adrenergic receptor agonist
isoprenaline activate the B2 adrenergic receptor, which in turn
promotes amyloid B peptide uptake and degradation by murine
2010).

neurotransmission might be a key player in Down syndrome

microglia (Kong et al, Therefore, norepinephrine
pathogenesis.

Ts65Dn mice have substantial impairments in synaptic
transmission of the central B-noradrenergic system, which are
unique to particular regions of the brain (Dierssen et al., 1997)

while central B-noradrenergic receptors in the cerebral cortex
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exhibit a small decrease in affinity, moreover, another study
(Lockrow et al, 2011b) observed a gradual decline in the
norepinephrine  phenotype in locus coeruleus neurons.
Subsequent research suggested that noradrenergic degeneration
the

neuroinflammation, and cholinergic dysfunction experienced by

may  contribute  to worsening ~ memory  loss,
individuals with Down syndrome, presenting a potential avenue
for future clinical research and treatment. Norepinephrine
stimulation has been suggested to prevent memory loss in
Ts65Dn mice (Fortress et al., 2015), and treatment with a
prodrug for norepinephrine can improve learning failure (Salehi
et al, 2009). Likewise, in young-adult rats and elderly rhesus
monkeys, the norepinephrine reuptake inhibitor atomoxetine
enhances memory and other aspects of executive function
(Callahan et al., 2019). However, little is known about the
therapeutic effects of norepinephrine reuptake inhibitors on
Down syndrome pathogenesis. Researchers are encouraged to test
the effectiveness of norepinephrine reuptake inhibitors on
neurobiological and neurobehavioral impairments associated with

Down syndrome.

5.6 Implications of the cholinergic system in
Down syndrome

The cholinergic system also has reported involvement in the
pathogenesis of Down syndrome and can be pharmacologically
targeted to attenuate impairments associated with Down
syndrome. It has been reported that individuals with Down
syndrome have a normal complement of cholinergic neurons
in their brains from birth (Kish et al., 1989). Previous findings
imply that memory problems in Ts65Dn mice may be caused by
a reduction in the reactivity of hippocampal acetylcholine
release (Chang and Gold, 2008). Remarkably some intriguing
results were highlighted in a prior review, indicating that adding
more choline, a precursor of acetylcholine, to the mother’s
prenatal diet could be a safe and efficient method of
enhancing cognitive, affective, and neural functioning in
children with Down syndrome (Strupp et al, 2016). A
previous study further explained that higher maternal choline
intake would be beneficial for all pregnancies, this type of advice
might be recommended to all pregnant women (Strupp et al,,
2016). This would provide a very early intervention for those
who have Down syndrome, even children born to women who
are not aware they are carrying a fetus with the disorder.
Notably, of Ts65Dn with the
acetylcholinesterase  inhibitor completely
corrected memory deficits in the four-month-old group, but

treatment mice

physostigmine

not in older animals (Chang and Gold, 2008), further supporting
importance of early intervention.

Individuals with Down syndrome also exhibit elevated
acetylcholinesterase activity in lymphocytes, an effect linked to a
significant rise in inflammatory cytokines, including interleukins
and tumor necrosis factors (Rodrigues et al, 2014). Thus, it is
suggested that cross-talk between cholinergic system dysfunction
and neuroinflammation might contribute to Down syndrome
pathogenesis. Further evidence in favor of this theory is provided
by a study on Down syndrome and dementia patients that found the
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median survival time for individuals using cholinesterase inhibitors
to be noticeably longer than for individuals not on medication (Eady
et al., 2018). It is suggested that successive evaluations of the
condition status will show an early impact on preserving
cognitive function.

Donepezil, an acetylcholinesterase inhibitor, has been
suggested in a clinical investigation to enhance language
ability in individuals with Down syndrome who do not have
dementia; however, larger-scale research is required to validate
this finding (Johnson et al., 2003). In children and adolescents
with Down syndrome, clinical research found no difference
between donepezil and a placebo (Kishnani et al., 2010),
consistent with a mouse study that reported no benefit of
donepezil therapy for spatial cognition (Rueda et al., 2008).
Meanwhile, altered brain expression of nicotinic acetylcholine
receptor (nAChR) subunits has been reported in individuals with
published
(Engidawork et al., 2001), and agonists that target alpha 7-

Down syndrome, summarized in a chapter
nAChR may have positive therapeutic benefits, as suggested in
an animal model of Down syndrome (Deutsch et al., 2014).
Notably, Down syndrome features increased production of the
amyloidogenic AP1-42 peptide, which binds to a7nAChR or the
lipid milieu associated with that receptor, setting off a chain of
events that leads to cytotoxicity and the formation of amyloid
plaques (Deutsch et al., 2015). Therefore, nAChR subunit
expression and functions throughout the brain may merit
research in the near future to assess their therapeutic roles in
modulating neurobehavioral and neurological impairments in

Down syndrome.

5.7 Role of the histaminergic system in
Down syndrome

The histaminergic system has also been investigated in the
context of Down syndrome. A reduction of histamine-releasing
factor protein has been reported in the brains of individuals with
Alzheimer’s disease and Down syndrome, which the authors
linked to the impaired memory function in Down syndrome
and Alzheimer’s disease (Kim et al., 2001). Reduced histamine in
the frontal
corroborated in a second study that associated the effect with

cortex of Down syndrome individuals was
decreased activity of histidine decarboxylase, an enzyme
responsible for histamine synthesis (Schneider et al., 1997).
Study under discussion further explained that both Down
syndrome and  Alzheimer’s disease feature  similar
neurobiological alterations of the histaminergic system and
histaminergic deficits in the brain. In addition, histamine-N-
methyl transferase is markedly reduced in the frontal cortex of
Down syndrome individuals; decreasing its expression may
provide a compensatory mechanism to reduce histamine
degradation (Kim et al, 2002). Hence, the histaminergic
system may be involved in the impairments of memory and
attentional behavior observed in Down syndrome or Alzheimer’s
disease. Future research should investigate the effects of
the the

neurobehavioral and molecular changes in individuals with

increasing histamine synthesis in brain on

Down syndrome.
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6 Future therapeutic options

In addition to neurotransmitter pathways target to reduce the
complexity of Down syndrome, study also reported that by altering
the expression of dual-specificity tyrosine phosphorylation-regulated
kinase 1A (DYRK1A) (involved in neurodevelopment) at the level of
RNA, it is proposed that antisense oligonucleotides could provide a
highly specific and effective treatment option addressing the intellectual
disability and cognitive issues for those with Down syndrome, which
further improve their overall quality of life (Murphy et al., 2024). The
dose dependent inhibition of DYRKIA is an attractive target for the
management of Down syndrome related neurological effects. A list of
these inhibitors includes epigallocatechin gallate obtained from green tea,
and harmine, which is a p-carboline alkaloid (Jarhad et al., 2018), while
some synthetic DYRK1A inhibitors are summarized in published study
(Liu et al., 2022). Some study emphasized the CRISPR/Cas systems and
genome editing technologies play a crucial role in revolutionizing the
treatment of neurodegenerative diseases, providing hope for more
effective therapeutic approaches and, ultimately, better patient
outcomes (Mishra et al, 2025). Recent advances in combining
artificial intelligence with digital biomarkers suggest the possibility of
identifying pre-symptomatic indicators of neurodegenerative diseases.
Eye tracking techniques by using artificial intelligence and machine
learning helped to differentiate PD patients and normal individuals
(Chudzik et al,, 2024). A previous study findings demonstrate that eye
tracking biomarkers can reliably indicate PD motor and cognitive
performance scores, offering a non-invasive method for early disease
detection (Brien et al., 2023). These potential therapeutic options suggest
that artificial intelligence with digital biomarkers can be utilized for the
diagnosis of neurodegenerative disease.

7 Conclusion and future directions

Oxidative stress and inflammations are not the ultimate causes of
pathogenesis in Down syndrome, as the disease stems from extra copies
of genes on chromosome 21. However, oxidative stress secondary to
trisomy 21, including duplication of the gene encoding Cu/Zn-
superoxide dismutase, contributes to Down syndrome symptoms
and complicates its prognosis through activation of pathways such
as AGE-RAGE and mTOR and inhibition of autophagy. Inflammation
worsens disease prognosis in a similar fashion due to increased levels of
galectin-3 and HSPA 72, which activate inflammation and the immune
system. Marked loss of monoaminergic neurons (dopamine, serotonin,
norepinephrine, and histamine) is observed in the brains of Down
syndrome animal models at pre-clinical and clinical stages. Therefore,
increasing the synaptic contents of these monoamines or enhancing
their neuronal biosynthesis might be beneficial therapeutic strategies by
which to attenuate the dementia associated with Down syndrome.
Studies also suggest inhibiting the reuptake of certain monoamines as
another potential therapeutic strategy. Antagonists of glutamatergic and
GABAergic receptors have also demonstrated the ability to improve
cognition in Down syndrome. Finally, the cholinergic system is likewise
implicated in Down syndrome pathogenesis, but the effects of its
modulation need more investigation. Indeed, detailed investigation
remains necessary on the role of each neurotransmitter system in
the neurobiological and neurobehavioral changes observed at different
age stages, including infancy, childhood, adolescence, and adulthood.
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Finally, the networks and interactions of proteins and signaling
pathways that regulate neurotransmitters should be explored in the
context of Down syndrome. This will add novel data for drug discovery
and development at both clinical and pre-clinical phases. Our review
article concentrates mainly only on neurotransmitter, inflammatory,
and oxidative stress pathways, however, other essential mechanisms
such as genetic factors, epigenetic alterations, or other molecular
pathways might be involved in Down syndrome and future studies
should also evaluate these mechanisms. Research on Down syndrome
may still be in preclinical or early clinical phases, lack of sufficient
clinical data might affect the translational therapeutic practices.
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