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Abstract

Down syndrome, most frequently triggered by trisomy 2 1, remains one of complicated
Trisomy 21, Multiomics approach, — neurodevelopmental disorder, affecting development from the Prenatal stage through
Redox imbalance, Brain  adulthood. While its heredity basis has been known for long periods, Down syndrome
inflammation, Interferon response,  persists to be underinvestigated in multiple physiological and clinical aspects. This
Gut floral imbalance, Immune  review supplies a comprehensive, multiomics analysis that moves beyond the

Keywords

dysfunction standard chromosomal perspective awareness of the syndrome. By re-examining the
historical trajectory of Down syndrome, from its early medical description to detection
of trisomy 21, we emphasize how research progress has defined modern diagnostic
Article History and treatment strategies. Upcoming genomic and epigenetic evidence highlights that
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Down syndrome pathology is not only the result of an additional chromosome 21 but
shows wider dosage alterations, disturbed regulatory network, and global epigenetic
drift. These modifications impacted mitochondrial performance, immune monitoring,
biochemical pathways, and neurodevelopment, leading to the condition’s wide
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phenotypic range. Specific alterations are given to mosaic and segmented trisomy
types, which offers distinct possibilities to clarify genotype. Despite progress,
significance gaps remain, including limited understanding of cortical formation,
immune imbalance, nutritional factors and age associated risks. By gathering insights
from genome wide analysis, protein profiling, metabolite analysis and clinical
research, this review highlights how holistic biology can reframe the upcoming periods
of Down syndrome. Ultimately, we argue for a unified multi-omics framework that
can inform targeted diagnostic, early stage strategy and advanced, therapeutic
approaches for individuals with Down syndrome.

1. Introduction 21 cause by full or partial copy of chromosome 21,

Down syndrome, the most common disease caused
majorly by Trisomy 21 in humans occurs roughly
about one out of every 675 births (Hendrix et al.,
2021). Down syndrome is originally a genetic
disorder and mainly consist of three main forms
helping in recognition of symptom differences in
DS patients. First one and most common is Trisomy

it causes many problems like slow growth and
hearing problems (Donovan et al., 2024). Next is
mosaic DS in which some cells got extra
chromosome 21 others stay normal and last one is
translocation Down syndrome which shows binding
of extra chromosome 21 piece to another
chromosome (Danopoulos et al., 2024). People

https://fmhr.net

| Mahmood et al., 2025 |

Page 1729


mailto:shahid.mahmood@uog.edu.pk
https://doi.org/10.5281/zenodo.18160590

Volume 3, Issue 10, 2025

Frontier in

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

having Down syndrome are at greater risk of getting
dementia usually at the age of 40 due to Alzheimer's
disease caused by pathological changes which leads
to cognitive abnormalities (Dekker et al., 2021).
1.1. Symptoms

People with Down syndrome usually shows physical
symptoms including short eye opening, shortened
neck, flattened face usually short from mid, and
long tongue (Olagunju & Masud, 2021). Down
syndrome patients also get cardiovascular problems
including heart disorders, sleeping issues, obesity,
and hypertension (Dimopoulos et al., 2023).

2. Historical Evolution of Down Syndrome
The initial medical depiction of Down syndrome
was presented by Esquirol and Gridley in 1838.
They linked the disorder with neurological system
impairment and attempted to provide care for
affected individuals (Alldred et al., 2021). In 1866,
Langdon Down explicitly categorized the disorder
according to distinctive anatomical features, putting
forward the label “Mongolian family" which was
subsequently disapproved however, it was essential
for preliminary medical classification. (Akhtar &
Bokhari, 2023).

Afterward, Fraser and Mitchell studied 62 patients
indicating rapid physiological decline, limited life
duration and early death, naming this pattern
"general decay" although the root cause still
remained undiscovered. (Maure-Blesa et al., 2025).
In 1959, a significant discovery took place when
Lejeune, Gautier and Turpin recognized Trisomy 21
as the underlying genetic reason of Down syndrome
confirming it as a chromosomal abnormality which
facilitates current genomic research (Bertini &

Raimondo, 2024).

2.1.  Epidemiological Trends

Down syndrome patients have different type of
pathological issues including very low survival rate,
heart disorders, late growth, abnormal digestion

and high cancer rates on which research is ongoing
regionally and globally (Shimada, 2021).

2.2. Global Prevalence

Down syndrome patients show very high death rate
in children and teenagers under 20, especially
among females in underdeveloped countries (Ye et
al., 2025). The main cause of death rate in children
is respiratory issues along with low immunity and in
older people it is dementia (Chen et al., 2022).

2.3. Regional Prevalence

In Pakistan, babies born with Down syndrome are
about 1 out of every 300 and their death rate is too
high (Siddiqui et al., 2021). The main reasons of
high death rate in Pakistan are under development,
financial issues, lack of care, unawareness and social
discrimination against infected Individuals (Batool
et al., 2024). One major cause is congenital heart
disorders leading to 13% death in children and 23%
death in adults due to late diagnosis. So, proper and
on time treatment is important (Haider et al., 2024).
Down syndrome research is still ongoing and it is
under reviewed due to lack of financial resources,
public unawareness, carelessness, late diagnosis and
limited analysis. Overtime, research has recognized
death rate and other causes among DS patients but
many other aspects still remain under-addressed and
require further study as explained in Fig. 01 (Bai et
al., 2024).
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Fig. 01: Historical progression of Down syndrome

3. Major Gaps in DS study

3.1. Biological gaps

Down syndrome has been in-depth studied but
many aspects remained poorly understood
including limited data access, incomplete
mechanism understanding, limited structural and
neurological knowledge, cellular composition, lack
of trans-locational research and limitation of models
that are very important for DS diagnosis (Risgaard
etal., 2022).

3.2. Clinical Gaps

There is vast list of clinical gaps in Down syndrome
study which should be studied to overcome this
disease efficiently. It includes incomplete
understanding of cortical development which is
important for studying psychiatric behavior in
patients as well as understanding sensory
development difficulties, sleep problems, proper
diet plan and also the feeding strategies (Hielscher
et al., 2023).

3.3. Nutritional Gaps in Down syndrome
Individuals with Down syndrome have major
biochemical differences in comparison to normal

individuals. This includes insufficient work on
minerals, limited knowledge of micronutrient levels
and dietary supplements in children and adults
(Barisic et al., 2023).

4. Beyond  Trisomy  21:  Integrative
perspective

Although broad level researches have been done on
different perspectives of Down syndrome but there
is not a unified version of these studies. This review
aims to provide sequential multi-dimensional
approach to understand Down syndrome on
clinical, molecular and cellular level (Abukhaled et
al., 2024). As vast knowledge of neurological
patterns involved in Down syndrome patients has
been discovered but some aspects like full impact of
mosaicism and immune imbalance remained poorly
understood. This article aims to cover those gaps
(Hamadelseed et al., 2023). Moreover, a broader
study on trisomy 21 has been discovered but
detailed sequencing data is still missing. This article
aims to study in depth biological mechanism of
Down syndrome in an integrated manner (Rastogi

et al., 2024).
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4.1. Genomic Dosage Imbalance

Down syndrome is caused by an extra Copy of
chromosome 21 but it involves more complexity
then we think, because chromosome 21 genes alone
cannot show different phenotypic expressions
rather they need high genetic activity. Gene dosage
hypothesis which states that gene copying is directly
proportional to gene expression, explains this
concept (Hunter et al, 2023). Gene Dosage
Imbalance refers to Increase in gene expression due
to triplication of chromosome 21 genes that
increases gene activity disturbing development
pathways (Chapman et al., 2024).

4.2. Effect of gene dosage Imbalance

Gene dosage imbalance not only shows gene
expression on chromosome 21 rather it effects
thousands of other genes not only by over
expression but it also changes expressions of
proteins and microRNAs. It also effects isoforms of
genes in RNA splicing causing alternations and it is
a major cause of cognitive, neurological imbalance
and different phenotypic expressions showing
differences in psychological behavior in DS patients
(Muskens et al., 2021). Gene dosage imbalance also
effects cellular activity causing severe changes and
alterations in chromatin sequence that disturbs cell
mechanism, even it causes DNA damage that leads
to serious issues. However, some genes are observed
that help to retain normal cellular activity (Liu et al.,
2024). DS patients show dis-functioning of cells by
causing change in redox and oxidation stages.
Specifically, lipid peroxidation helps in signal
integration. It also acts in alteration of neuron
activity which causes difference in cognitive
behavior. Moreover, gene dysregulation also causes
behavioral differences in DS individuals (Buczyniska

et al., 2023).

4.3, Effect of gene dosage imbalance across
different age groups

Gene dosage imbalance leads to vast phenotypic
differences in DS patients of different age groups.
Infants show feeding difficulties, heart, vision,

hearing issues and thyroid problems. Children are
associated usually with low immunity, slow learning,
vision and hearing issues. Adults are affected mainly
with early aging, chronic problems and less social

skills development (Bull et al., 2022).

4.4. Mosaicism in Down syndrome
Mosaicism occurs when there is trisomic genetic
difference only in one cell. It occurs in individuals
less than 1% only, so its genes are individual specific
and show different expressions in different
individuals. Thus, number of trisomic cells are
inversely proportional to cognitive ability of the
patient. More the defective cells, lesser will be the
IQ level (Moncada Arita et al., 2022). Mosaic Down
Syndrome consists of trisomic and disomic cells that
help naturally in research of Down syndrome.
Trisomic cells are more reactive then disomic cells
because they cause chromosomal instability, health
and age issues causing early death (Rafferty et al.,
2021).

There is variation in tissues of trisomic cells that
lead to difference in phenotypic characters like the
lymphocytes of trisomic cells shows hearts defects
while the mucosa is strongly linked with cognitive
effects making it individual specific (Brown et al.,
2025). The risk of Alzheimer's disease in mosaic
syndrome patients is unique and vary person to
person but studies shows that mDS have low
chances of getting disease than a trisomic patient of
DS. Mosaic Down syndrome (mDS) can be detected
by karyotype or single nucleotide polymorphism
microarray analyses. There is more need of
understanding clinical dimensions to get proper

data for DS (Xicota et al., 2024).

4.5. Partial Trisomy in DS

Partial Trisomy occurs when a segment of
chromosome 21 is duplicated regardless of copying
of full chromosome. It helps in understanding
relationship between phenotype and genotype of
Down syndrome. Studies shows that person with 3
copies of Partial trisomy can get affected with Down
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syndrome while others show mild effects (Pelleri et
al., 2022). After many experiments, it is believed
that there's specific critical region in chromosome
21 that express the traits of Down syndrome. Partial
trisomy has helped a lot in recognizing Down
syndrome’s critical region which becomes the
roadmap for understanding Down syndrome traits.
This makes its diagnosis very easy (Murray et al.,

2023).

Partial  trisomy rarely shows  imbalanced
translocations by addition or deletion of
chromosomes thus altering the phenotypic

expressions i.e. by addition of a chromosome part in
case of Partial trisomy causes ketotic hypoglycemia.
Its research is still ongoing to understand clinical
dimensions and phenotypic expressions of Down

syndrome. (Drachmann et al., 2021).

4.6.
Down syndrome shows complexity but not only due

Epigenomic drift

to chromosome 21, it also involves genetic effects.
Chromosome 21 contains DNA methyl transferase
(DNMT3L) which helps in making new DNA marks
when it is over copied, it changes the methylation
patterns of other genes giving a wide genomic effect
that is called epigenetic drift. It affects according to
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age and may show hypo-methylation or hyper-
2021).

syndrome shows phenotypic variability because of

methylation (Naumova et al., Down
tissue specific gene dosage effects that means there
is difference in gene number on different tissues in
random order which makes the path of phenotypic
differences in DS individuals The epigenetic
changes in methylation also causes clinical variation
including immunity and heart problems that vary in
newborns, males and females (Mouat et al., 2023)

Aging signs in Down syndrome patients occurs
before birth and are detectable using epigenetic
clocks to diagnose it but this aspect still needs wide
range study to get more efficient work. Down
syndrome affects many tissues and organs causing
immunity problems, improper physical
development, heart, brain, blood diseases and aging
following phenotypic variability (Xu et al., 2022).
Down syndrome is beyond the triplication of
chromosome 21 including epigenetic drifts and
genomic mechanisms but its research is still limited
as there's need of models and organs like stem cells
to understand the clinical, neurological and other
vast aspects. A multi-omics integration (Fig. 02) is
strictly needed to cover all the gaps for future

improvement (Ghosh et al., 2023).
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Fig. 02: Down syndrome multi-omics integration
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5. Alteration of Cellular and molecular
pathway

The pathway activation of interferon in Down
syndrome is overexpressed, which leads to constant
inflammatory response. Cells with trisomy 21 shows
uninterrupted  activation of interferon-alpha,
interferon-gamma, tumor necrosis factor-alpha, and
immune compliment pathways. Mediator cyclic
dependent kinase-8 and cyclic dependent kinase can
cause excessive activation and if their activity was
suppressed by Cortistatin A, it lessens the activity of
interferon genes, alters RNA splicing, enhance lipid
metabolism and normalizes mitochondrial activity
(Cozzolino et al., 2024).

Persons with trisomy 21 have increased level of
some inflimmatory cytokines (Interleukin-6,
Interleukin-16, Interleukin-17C/D, monocyte
chemoattractantprotein-1,  Interferon  gamma
induced protein-10) and down regulated level of
others (Tumor necrosis factor-beta, Interleukin-
12/Interleukin-23p40). There cellular metabolites
also alter, some of the amino acids are decreases
(like glycine, serine, histidine, tyrosine) and some
also increases (like sphingosine, hydroxyeicosatetra
enoic acid, kynurenine, bile acids). These
modification influence Interferonsy signaling,
heme metabolism and energy production,
demonstrating a complicated immune system and
metabolic Dysregulation. Blocking mediator kinase
may help in normalizing cellular function

(Gillenwater et al., 2024).

5.1. Transcriptomic Alterations

Having an additional chromosome 21 may enhance
the performance of many genes especially crucial
ones like Amyloid precursor protein, Dual-
specificity ~ Tyrosine-Y-phosphorylation-regulated
kinase 1A, and Regulator of calcineurinl, which
influence proper cell functions (De Toma et al.,
2021).

Extra APP gene may increase the chance of early
Alzheimer’s disease, DYRKIA gene also affects brain
growth, learning skills, and retention of
information, similarly extra RCAN1 gene may cause

inflammatory response and chance of cancer. Other
genes like High mobility group nucleosome binding
protein-1 (HMGNI1) and Myxo virus resistance
protein-1 (MX1) also alters inflammatory response,
mitochondria, calcium regulation, cardiac cells
resulting in leukemia, chronic inflammation and
heart complications in Down syndrome (Venegas-
Zamora et al., 2022). In general, this gene alteration
can cause stress, uneven protein levels and disturb
cell processes can lead to inflammatory processes
and many common Down syndrome features

(Krivega et al., 2022).

5.2.  Proteomic and Metabolomics Signatures
In Down syndrome extra copy of chromosome 21 is
associated with mitochondrial inefficiency, body’s
inflaimmatory response and oxidative damage
(Slivsek et al., 2025). Mitochondria in Down
syndrome cells produces less ATP, lower energy
production, disturbed membrane activity and
abnormal structures which increase reactive oxygen
and harmful nitrogen molecule that can destroy
proteins, lipids, DNA, and RNA (Ganguly &
Kadam, 2023). Antioxidant defenses including
catalase, glutathione peroxidase, vitamin C and
vitamin E and glutathione are often inadequate to
reduce this stress (Ma et al., 2024).

6. Immune Landscape

Individual with Down syndrome have altered
immune system, they usually have increased level of
cytokines, overactive T-lymphocytes, unusual B-
lymphocytes responses and autoantibodies. These
changers are different in everyone. Some shows
higher cytokines level, some shows few and some
shows normal level of cytokines. More T cells turn
into memory-type and B cells decreases, while
plasma blasts and unusual B cells communicates to
self-attacking antibodies increase (Bordon, 2023).

6.1. Hypo- and Hyperactive Immunity
Paradox

People with DS, have a different immune system
that is both less active and hyperactive. They are
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more probably to get infections and develop self-
attacking immune disease like thyroid problems,
typel diabetes gut disease and hair loss (Malle et al.,
2023). Their immune system shows multiple
alteration, fewer naive B cells and memory B cells,
weaker regulatory T cells, overactive Cluster of
differentiation 4 positive (CD4+) T cells, and more
plasma blasts that can damage the body’s own cells
(Szczawinska-Poptonyk et al., 2024). Blood tests
show higher amount of molecules that cause
inflammation like interferons which triggers long-
term inflammation and self-attacking immune

response (Rachubinski et al., 2024).

6.2. Autoimmune Risk & Early Immune
Aging

People with Down syndrome have a different
immune system that makes them more prone to get
infection immune system disorders like thyroid
issues, typel diabetes and gluten intolerance
(Lambert et al., 2022). Their T cells regularly switch
from naive to memory types and some become
hyperactive. B cells also influenced, most are
declined but some unusual types like plasma blasts
and Cluster of differentiation 1lc positive
(CD11c+) B cells, boost and make self-attacking
antibodies. These alterations along with the
symptoms of early aging, cause a mix of less active
and overactive immunity. Gluten intolerance, high
cytokine level and disturbed B and T cell function
describes why individuals with Down syndrome face
both infection risk and self-attacking immune issue

(Ramba & Bogunovic, 2024).

6.3. Interferon Hyper activation and Immune
Signaling Dysregulation

Individuals with Down syndrome have a different
immune system because they have extra copies of
some genes that make interferon’s-detecting
proteins on chromosome 21 Interferon alpha
receptor subunit 1 (IFNARI1), Interferon alpha
receptor subunits 2 (IFNAR?2), Interferon gamma
receptor subunit 2 (IFNGR2), Interleukin-10

receptor subunit beta (IL-IORB) (Chung et al.,
2021).

They make their body defense cells like T cells, B
cells, monocytes, and fibroblasts and easily affected
by interferons. Their cells are often in slightly
activated state, with increased activity in the Janus
Kinase-signal ~ transducer and  activator  of
transcription (JAK-STAT) pathway and interferon’s
responsive genes. This can help initially fight
infection but also creates problems, their cell
generates proteins Ubiquitin specific peptidase 18
(USP18) that stops interferon’s response later
making it difficult to fight against viral infection
that just has started. Because of this individual with
Down syndrome can get more intense viral
infection and are also more likely have body-
attacking immune problem or inflimmatory
problems (Notarangelo & Bosticardo, 2022).

7. Neurodevelopmental impacts
7.1. Prevalence of co-occurring
neurodevelopmental disorders

Babies with DS have autism, only about 1 in 10
affected. Mostly boys have both conditions and tend
to have tummy problems like constipation, feeding
issues and also have a higher ratio of scoliosis. They
mostly have fewer heart disorders rather than the
infants with only Down syndrome. Thyroid issues,
celiac disease and cognitive disorders are about the
same in both. Infants with both DS and autism have
unique medical profile, so they benefit from more

modified health monitoring (Spinazzi et al., 2023).

7.2. Cognitive and behavioral phenotype
Magnetic resonance imaging (MRI) studies show
that the people with Down syndrome have
distinguished difference in the size and the shape of
brain. These shapes and sizes are totally different
from the individuals not having trisomy 21. These
distinct pattern of brain development can be seen
on regular MRI scans (Levman et al., 2024).
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7.3. Dissociative  Seizures with Unusual
Features

Dissociative seizures (DS) may look like epileptic
seizures with eyes rolling upward, which may cause
misdiagnosis. Video-EEG (Electroencephalography)
helps the doctors to distinguish DS from epilepsy,
and it is very crucial for checking mood and
emotional problems of patients (Bao et al., 2025).

7.4. Early Detection of growth delay

Research studies shows that countries with low and
middle income found few tools to check the
development delay in infants under five. Some tools
worked well but here more research is needed to
adapt and test of these tools for different cultures,
so that delay can be found and treated early (Faruk
et al., 2020).

8. Systemic Impacts
8.1. Cardiovascular: congenital heart defects,
developmental biology

In Down Syndrome, about 50% of the individuals
develop congenital heart defects (CHD), which is
caused by an extra copy of chromosome 21 and
environmental factors like maternal folic acid intake
(Asim & Agarwal, 2021).

Early research indicates that congenital heart disease
(CHD) comes from the combined effects of several
genes, not only a gene on chromosome 21 but also
occur a gene on other chromosomes, such as
regulatory RNAs like mRNAs. CHD is due to
upregulation of some chromosome 21 genes,
including Run-related transcriptional factor 1
(RUNX1), which falsify extracellular matrix
proteins, united with effects from other genes and
regulatory RNAs, interrupting heart development
(Mollo et al., 2023).

Recent stem cell and mouse model studies recognize
High mobility group nucleosome binding protein
(HMGN1), which is an epigenetic control factor in
trisomy 21, serve as key contributor. HMGNI1 in
Down  syndrome interrupt the  normal
developmental identity of atrioventricular canal
cardiomyocytes, promoting septal defects which can

be saved by decreasing its dosage (Ranade et al.,

2025).

8.2. Endocrine: thyroid dysfunction, obesity,
metabolic regulation

Down syndrome, caused by trisomy 21, is identified
not only by its neurological features but also by its
metabolic complications like obesity,  thyroid
dysfunction, and diabetes. Upcoming research
point out interaction among Inflammation and
changed food intake may provide these disorders,
focusing potential targets to better health and
quality of life (Moreau et al., 2021).

Infants with DS show greater metabolic rates with
changed thyroid hormone levels and sensitivity
closely linked to glucose and lipid abnormalities,
pointing as a vital role of thyroid regulation in their
metabolic disturbance. Immune defects contribute
to Type 1 diabetes, while inflimmation and gene
like Regulator of calcineurin 1 (RCAN1) and Dual-
specificity  tyrosine-phosphorylation  regulated
kinase 1A (DYRK1A) increase vulnerability to Type
2 diabetes (Calcaterra et al., 2023).

8.3. Gastrointestinal: celiac disease,
Hirschsprung disease, gut microbiome role

8.3.1. Feeding and Gastrointestinal Disorders in
Down Syndrome

Patients with Down syndrome (DS) often face
feeding difficulties and gastrointestinal (GI)
problems. Research studies show these problems
including Anatomical anomalies (duodenal atresia,
Hirschsprung’s disease), liver and immune infection
(cholestasis, celiac disease), and functional issues
(reflux, constipation, obesity) which influence the
quality of life badly. Advance detection, nutritional
support, observing for deficiencies and infections
and also patients care improves quality of life (Ravel

et al., 2020).

8.3.2. Disrupted Gut-Brain Communication in
DS

DS is linked to coexisting condition, like congenital
heart disease and gastrointestinal (GI) issues. About
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50% of individual with Down syndrome have a
disorder of gut brain interaction, especially
functional constipation is common, often linked to
hypotonia, hirschsprung's disease and celiac issues
that influence the quality of life. Better management
of Gastrointestinal (GI) issues is needed (Park,

2023).

8.3.3. Celiac disease

Celiac disease modifies about 1% of the individuals
but is sometimes missed because symptoms differ
greatly, Individuals with autoimmune diseases,
Irritable bowel syndrome (IBS)-like symptoms,
certain genetic syndromes, or Immunoglobulin A
(IgA)-related condition should undergo serology as
the first step, followed by biopsies during endoscopy
when these at risk patients are evaluated (Hom et al.,

2024).

8.3.4. Hirschsprung disease

Individuals with Hirschsprung disease also with the
presence of Down syndrome (DS) are often detected
later, prolonged hospitalization, deal with
difficulties, and have higher risk of death, emphasize
the importance of early care and close monitoring

(Saberi et al., 2022)

8.4.  Transient myeloproliferative disorder
Infants with severe anemia, high white blood cells,
enlarged liver and spleen, but with no physical signs
of Down syndrome. Genetic test results showed
trisomy 21 in the blood cells and also have GATA
binding protein 1 mutation which shows (TMD)
transient myeloproliferative disorder (Zacny et al.,
2025).

Some infants often show red bumps and blisters on
the face. Most of the cases get better with their own
with gentle care. So, care is very important to cure it

(Zhang & Zhao, 2024).

8.5. Leukemia Risk in Down Syndrome

Acute lymphoblastic leukemia is the major cause of
cancer in infants with DS. Recent studies show it
has unique gene changes, sometimes influencing

FMS-like tyrosine kinase (FLT3) genes (Li et al.,
2023).

This review focuses attention on current
knowledge, clinical challenges, and key questions
for future research (Baruchel et al., 2023).

8.6. Reproductive & Musculoskeletal: fertility
patterns, bone mineral deficits

8.6.1. Fertility in the Down syndrome
Individuals with Down syndrome are long-lived, so
fertility has become an essential issue. Research
shows that men have sperm issues while women
tend to early menopause. Pregnancy is at higher
risks in women with DS, so counselling and close
monitoring is very important for it. More research
is still required for this issue (Marqui & Borges,
2024).

8.6.2. Sensory Neuron Development and
Skeletal Deficits in Down Syndrome

Individuals with trisomy 21 have low bone density
and skeletal abnormalities caused by impaired
communication between bone and sensory neuron.
Research on mouse shows that mechanical loading
on bone strengthen them but response is limited.
More studies are required to find best method to

support bone health in DS (Thomas, 2025).

9. Unveiling Underlying Mechanisms and
Therapeutic Opportunities

People with Down syndrome have different
alternations in their body system like in their eyes,
brain and skin (Alasmari et al., 2025). As people
with Down syndrome in the latter half of the
twentieth century start living longer and get
Alzheimer disease earlier and in large amounts then
other people (Bhattacharyya et al., 2025). Immune
system problems in Down syndrome, involving
interferon related gene and due to aging, which can
make them get more infections and may affect how

severe COVID-19 is (Chen et al., 2021).
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9.1. Neuroimmune Axis in Down Syndrome
The human gut has a diverse microbial community
of approximately 100 trillion microorganisms in
them, like archaea, fungi, bacteria and viruses.
Metabolic and genetic abilities are strong of these
microbes so they affect every aspect of human health
like development, immunity, aging and disease
(Zhuang et al., 2024).

It explores the link between gut microbes and
systematic health and makes spotlight how it helps
to maintain the microbial balance for restore
through non- digestible fibre, beneficial bacteria,
nutritional interventions and lifestyle modifications

(Oter-Quintana et al., 2025).

9.2. Alterations in Down Syndrome

Research shows that people with Down syndrome
have unusual diet plans. They usually eat too little
fruits, vegetables, whole grain cereals and dairy
products and take more sweets and meat. It's
necessary to refine eating habits and eat healthy
food not unhealthy ones (Gruszka & Whodarek,
2024). Youth with Down syndrome have high
overweight and obesity risk. Normal weight rules are
not perfect for controlling their weight so specialists

give guidance to families and doctors (Ptomey et al.,

2023).

9.3. Microglial ~ Activation and  Brain
Inflammation

Mitochondrial problems and extra Human
chromosome 21 (HSA21) gene effects in Down
syndrome are increased cellular damage which
triggers  microglial  activation and  brain
inflammation.

These inflammations help to decline cognitive and
brain damage like Alzheimer's disease (Zuo, 2025).
Research shows that dementia and vaccine in
cognitive problems are focus comes on innate
immunity and brain inflammation and the same
process in Down syndrome increases early

neurodegeneration (Wang et al., 2025).

9.4. Blood brain barrier dysfunction

Alzheimer disease and Human immuno-deficiency
virus (HIV) the crucial element in both diseases
involves the aggregation of protein and
neuroinflammation seems to breakdown the blood
brain barrier. It shows Blood Brain Barrier (BBB)
dysfunction in both conditions is important which

increases cognitive decline (Zhang et al., 2025).

In multiple sclerosis, harmful substances in blood
increase due to imbalance of gut bacteria and active
brain cells which affect blood brain barrier. On
other side, nanoparticles are designed to cross blood
brain barriers more efficiently, where size, shape and
surface helping them reach the brain (Naijera-

Maldonado, 2025).

10. Gut brain microbiome interaction

Gut flora connect orally taken traditional medicines
and metabolites may affect mental health and
cognitive consequences (Hao et al., 2025). Chronic
stress affects the gut brain axis but beneficial
bacteria and stool transplant like procedure restore
the balance of gut microbiota, improve barrier
honesty and reduce brain inflammation (Neves et
al., 2025).

Gut microbiota play specific role in health by
affecting metabolism, immunity, stress response and
behavior making gut brain axis. Healthy gut
microbiome and its collaboration with bulk and
other byproduct help balance brain function and
reduce stress impact (Feng et al., 2025).

10.1. Diversity and functional role of gut
microbes

A healthy gut microbe is very important and when
it gets disturbed, may impact the process linked to
Down syndrome development (Ternak et al., 2023).
Gut microbiome and mRNA regulate each other
and this interaction affects immunity, chemical
processes and inflammation (Zur et al., 2025). Gut
and oral microbiota become imbalance in Down
syndrome which affect immunity, digestion and
inflammation and increase the risk of oral problems
(Botero et al., 2024).
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10.2.  Pathways linking the gut and brain

Gut and brain are linked two ways communication
process via the neurological, hormonal,
immunological pathways. Probiotic, prebiotics and
symbiotic are modify gut microbiota which impact
the communication network. Through this
modulation  cognitive function and mood
regulation becomes better and get protection from
neurodegenerative  disorders. This mediation
supports the immune balance and improves long
term digestive issues (Kezer et al., 2025).

Gut microbiota works as functional organ and
metabolizes substance to change their activity.
Traditional Chinese medicine improves gut balance
by promoting beneficial bacteria and bile acids
metabolites are regulated. These gut changes
influence mental health and physiological
functions. Additionally, Omega-3 fatty acids help
regulate mood by reducing inflammation and
modulate neurochemical pathway like kynurenine

(badno et al., 2025).

10.3.  Impact of gut microbiota

Changes in gut microflora can contribute to stress,
despair, dysbiosis and other neurological disorders
(Gupt et al., 2024). Gut bacteria produce various
metabolites which impact directly on brain function
and behavior. These metabolites regulate neural
signaling, neuroinflammation and changes in them
linked to stress, depression and neurodegenerative
disease (Srivastava & Gupta, 2025).

When a child faces stress in early life, it can disturb
gut microbes changing its overall functioning. From
this disruption alter synthesis of microbial
metabolite, neurotransmitter and key metabolites
pathway. Research suggests that early life stress and
gut microbiome association can impact on stress,

anxiety and posttraumatic disorders (Borrego-Ruiz

& Borrego, 2025).

10.4.  Nutritional and Microbial interventions

The goal of clinical interventions should promote
swallowing safety and feeding abilities. Children
with low weight or who have feeding problems to

improve their nutritional status for deep analysis of
fundamental factors are necessary (Nordstrem et al.,
2020).

In Down syndrome patient periodontal disease risk
is higher due to local and systematic factors. Early
monitoring of oral health is necessary which help to
plan nutritional and microbial interventions.
Nutrition and immune status in systematic factors
influencing patient sensitivity and disease
advancement (Si et al., 2025).

11. New treatment and future ideas
Correction of eating habits are necessary.
Individuals with trisomy 21 should take a healthy
diet including specific nutrients that supports
mental and health issues related with DS. (Gruszka
& Wiodarek, 2024). For future early diagnosis,
proper counseling and comprehensive long term
care support provide to Down syndrome individual
for improving their health and quality of life (Tu et
al., 2025).

11.1. Gene and chromosome therapy

In future, there is a potential of Clustered regularly
interspaced short palindromic repeats (CRISPR-
Cas) gene- editing technology in treatment of Down
syndrome including silence chromosome 21 or
correcting Down syndrome associated gene
(Gondek et al., 2025). Emerging therapies and
genetic studies provide better healthcare and
targeted interventions for Down syndrome in
future. International developments like CRISPR
and  neurodevelopmental imaging use in
development countries improve care for Down
syndrome patient (Ahmed & Tamim, 2025). On
chromosome 21, the App gene become overactive
which produce Alzheimer problems. Therefore,
specific targeting genes are important for the future
treatment. All of this shows that gene- editing and
chromosome level treatment become an important

part for the nextgeneration therapies of Down

syndrome (Hamadelseed & Skutella, 2025).
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11.2. Treatment

Researchers for Down syndrome works on precision
medicine, aiming by using biomarkers make
personalized treatment for each patient to improve
their health care and well-being across lifespan
(Waugh et al., 2025). At the International summit
on food defense (ISFDS) summit, scientist came
together to discuss latest research and therapies to
improve physical fitness for Down syndrome and
create practical guidelines for their future uses
(Oreskovic et al., 2025).

Study highlights that better counseling and support
is compulsory for parents when they do screening
and diagnosis in Down syndrome, especially in
parental care (de Graaf & Skotko, 2025). Investing
in treatment for Down syndrome related Alzheimer
helps people live longer, decline unhealthy years
and lower the need for support which shows the
benefit of medicine for Down syndrome patients

(Weden et al., 2025).

11.3.  Stem cells

Mesenchymal stem cell therapy (MSC) must be
beneficial for the patient of Down syndrome in
improving mental, behavioral and body related
problems. After 6 month of mesenchymal stem cell
therapy on two children improved language,
attention, social skills and reduce inflammation.
Therapy was safe and has no side effect. MSC
therapy may be helpful for regulating the immune
system and can become a useful treatment for Down
syndrome. Large scale trials are needed to verify
these results and recognized course of therapy

(Vinski et al., 2025).

12. Clinical Management and personalized
medicine

Patients with Down syndrome have exclusive health
problems but still there is lack of proper guideline
for such patients (Tsou et al., 2020). Acute leukemia
associated with Down syndrome can be overcome
with particular DNA/RNA testing followed by
meticulous personalized therapeutic support,
preventing the risk of death and increasing chances

of survival. Due to lack of suitable standard
treatment, there is dire need of personalized
medicine (Verma et al., 2023).

12.1. Phenotypic variability and Individualized
care

Diverse phenotypes have been observed in persons
with Down syndrome. Keeping in view the fact,
initiatives have been taken to maximize person’s
basic strengths with this disorder. For monitoring
and management of associated health issues and

specific problems, proper guidelines and care

directions have been provided (Bull, 2020).

12.2. Biomarkers for early detection of
comorbidities

Treatment of dementia in patients with DS is hard
as they already face slow deterioration of thinking
capacity and everyday skills along with neurological
and psychiatric signs (Montoliu-Gaya et al., 2021).
12.3. Nutritional,

Neurocognitive management strategies

Occupational and

Children that have Down syndrome require
balanced, varied and specific diet according to their
needs. It’s crucial to pay close attention to the
consumption of specific nutrients due to their
metabolic dysfunction and health problems (Zur et
al., 2025).

Rehabilitation  therapists often  focus on
deterioration in daily tasks for people that are
suffering from both Down syndrome and cognitive
impairment. It is crucial that care options are
provided in a cooperative way to assist active
involvement in significant daily tasks for these
individuals and supports the requirements of their

nonprofessional caregiver (Raj et al., 2020).

13. Psychosocial and Educational dimensions
The active contribution of individuals suffering
from Down syndrome is significantly jammed by
physiological or cognitive elements, the assistance
and perceptions of guardians and the lack of
availability of customized programs (Souto et al.,
2024). Findings show the absence of transparency
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and uniformity regarding the duties and obligations
of instructors and therapeutic assistants that are

helping learners with Down syndrome (Boundy et

al., 2023).

14. Future Directions

Areas for future research should emphasize on
raising understanding and engagement among the
health-based and general population tackling health
disparities and setting up reliable research models to
further specify the distinct disease processes and
affecting multiple system features of Down
syndrome (Maure-Blesa et al., 2025). It has
increasingly been recognized by researchers that
study of Down syndrome at gene level is not enough
rather than epigenetic study in multi-omics is
needed to understand underlying mechanism to
develop precise treatments (Waugh et al., 2025).

15. Conclusion:

Down syndrome is a multifaceted disorder that
outreaches trisomy 21 encompassing inherited,
epigenetic,  immunological and  metabolic
dysfunctions that clarify its wider phenotypic
diversity. These genetic changes lead to core medical
problems such as inborn heart defects, thyroid
dysfunction, metabolic impairments,
gastrointestinal abnormalities, aberrant immune
pathway, probability of leukemia and early
manifestation of Alzheimer's disease. Regardless of
ongoing scientific development key limitations
remain in preliminary detection, treatment and
local medical resources. To pursue further progress,
the field must implement multi-omics strategy,
refine cell-based and growth related models and

review diversity in greater depth.
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