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Abstract

Trisomy of chromosome 21 causes Down syndrome (DS) and affects around
1 in 700 live births in the USA and 11.2 in 10,000 live births in Europe. For
about a century, the birth of individuals with DS was associated with ad-
vanced maternal age and now the cases of late motherhood are becoming
more common. DS is the most common genetic disorder that causes intel-
lectual disability; and advancements in science in developed countries have
made it possible for people affected by this syndrome to live longer, but an
extended life span has brought with it Alzheimer’s disease (AD), which
exacerbates the cognitive decline in these individuals. The onset of AD oc-
curs much earlier in DS individuals than in the general population. AD is a
severe progressive neurodegenerative disease, which induces decreasing
memory capacity and cognition. Several important genes related to AD are
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overexpressed in DS due to the extra chromosome. The production of hor-
mones that are very important to the development of the central nervous
system, such as thyroid hormones, is affected by DS. Patients with AD have
been reported to present changes in the homeostasis of thyroid hormones.
In order to understand AD in DS and try to find ways to improve the qua-
lity of life of these individuals, the understanding of these three conditions,
DS, AD, and TH homeostasis, is central to finding better treatments and
improving patient well-being.
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INTRODUCTION

Reports of Down syndrome (DS) date back to 1500 BC and are evidenced
by paintings found in the Oxtotitlan cave located near Chilapa, Mexico. Indi-
viduals with DS were venerated in Olmec culture since they were thought to
be descendants of humans and jaguar (PUESCHEL, 1998). The first clinical
description of a child with DS was made by Jean-Etienne Dominique Esquirol
in 1838, but a more consistent clinical description, by Langdon Down, would
take almost another thirty years. And it wasn’t until 1959 that the existence
of the extra copy of chromosome 21 (HSA21) was found in these individuals
(HEAD et al., 2016).

DS is the genetic manifestation of trisomy of chromosome 21, that causes
behavioral alterations and intellectual disabilities throughout the lifespan;
other medical issues appear in high frequency, such as endocrinopathies, heart
defects, pneumonia, feeding problems as duodenal atresia, constipation, con-
genital hearing loss (BULL; COMMITTEE ON GENETICS, 2011; WHOOTEN
et al., 2018). In the United States, the frequency of DS is approximately 1 in
750 and 1 in 691 live births (ROPER; REEVES, 2006; PARKER et al., 2010, DE
GRAAF et al., 2015, 2017), while in Europe the frequency is 11.2 for every
10,000 births (GLIVETIC et al., 2015).

One of the causes linked to DS is the biological age of the mother and a
marked decrease in the telomere length of the woman who gives birth to a child
with DS. This shortening of the telomere is due to external factors, such as
tobacco consumption (RAY et al., 2016). At the age of 20, the risk of genetic
abnormalities is 0.5%. The risk doubles at 35 years of age, and increases to
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2% at the age of 37, reaching 5% in a woman’s early 40s and 10% at 44. The
main anomaly is DS, but there are also Edwards and Patau syndromes, among
others.

Therefore, several countries show trends over two decades in the number
of DS fetuses conceived, which is increased proportionally to the rising age of
a pregnancy (ROIZEN; PATTERSON, 2003).

DS life expectancy increased from a median age of 4 in the 1950s to 58
in 2010 and presents an important public health challenge, since the survival
of children born with this condition depends on special medical care to dis-
eases, which appear in later life, social and educational treatment and this care
is required for life (GLIVETIC et al., 2015; DE GRAAF et al., 2017). Individuals
with DS have high rates of thyroid dysfunction (TD), among them congenital
hypothyroidism (CH), subclinical hypothyroidism (SCH), Hashimoto’s autoim-
mune disease (HD) and Graves’ disease (GD) (BULL; COMMITTEE ON GE-
NETICS, 2011; WHOOTEN et al., 2018). Patients with DS are more vulnerable
to both hypothyroidism and Alzheimer’s disease (AD), which may be associated
with an increase in the concentration of thyroid-stimulating hormone (TSH),
which indicates that TSH might be neurotoxic (BHAUMIK et al., 1991). Ele-
vated TSH levels in the presence of normal circulating T4 and T3 can indicate
Subclinical hypothyroidism or borderline hypothyroidism (BHAUMIK et al.,
1991; BEGIN et al., 2008). In this way, studying conditions, such as AD, which
appears throughout the life of these individuals, is fundamental for the even-
tual improvement of their quality of life.

Cognitive deficiency, a hallmark of the trisomy 21 patient, is present at
all stages of life and worsens with age. The degree can vary from one person
to another, depending on the penetrance of the syndrome. The worsening of
cognitive impairment has already been described in middle age, and this al-
teration was later shown to be due to the early onset of AD (PAGANO; CAS-
TELLO, 2012; HEAD et al., 2016). Adults with DS invariably develop senile
plaques composed of the B-amyloid peptide (AB), which are not differentiated
from sporadic AD upon histopathological examination and are at high risk for
early development of dementia (HEAD et al., 2016).

In addition, the DS patient may present changes in the thyroid (hypothy-
roidism) and carbohydrate (type 2 diabetes) metabolism (PAGANO; CAS-
TELLO, 2012). Hypothyroidism is found in a high percentage in trisomy 21,
so thyroid function evaluation is part of the follow-up guidelines for children
and adults who have the chromosome 21 trisomy (VIRJI-BABUL et al., 2007).
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ALZHEIMER'S DISEASE

Between 2000 and 2010, there was a 68% increase in AD cases, a sig-
nificant number for a relatively short period (ALZHEIMER’S ASSOCIATION,
2013).

AD is a severe and non-reversible progressive neurodegenerative disease,
which begins years before its clinical manifestation. This disease causes the
dysfunction and deterioration of the neurons in the cortical region, inducing
the loss of memory and the progressive decline of cognition, as well as reduced
brain volume (CORREIA et al., 2012; SULLIVAN; YOUNG-PEARSE, 2017). AD
can be genetic in origin, affecting 1% of people between 30 and 60 years of
age and this type is known as early-onset (occurring in an early stage of life);
there is also sporadic AD, which affects more than 40% of people over 85 years
of age (REITZ et al., 2011).

Histopathology of AD presents:

* Deposit of extracellular amyloid plaques and formation of senile pla-
ques, which are derived from amyloid B peptides. The most common
type of amyloid B peptides produced in AD is AB42, which is more
toxic and has higher aggregation potential (HEAD et al., 2016).

* Neurofibrillary tangles, which are intracytoplasmic aggregates and
paired helical filaments, composed of hyperphosphorylated and inso-
luble tau microtubulin protein groups (KUMAR et al., 2015).

* Neurodegeneration and loss of synapses, which are caused by oxida-
tive stress, changes in calcium homeostasis, caused by dysfunctional
mitochondria (WANG et al., 2014) and disruptions of homeostasis of
glucose-energy and lipid metabolism (SATO; MORISHITA, 2015).

The mutation in the genes coding for amyloid precursor protein (APP),
apolipoprotein (ApoE), and presenilin 1 and 2 (PSEN1 and PSEN2) are usually
associated with the onset of AD (KIM et al., 1999).

Metabolic degeneration may also be associated with AD, since insulin has
targets in some regions of the central nervous system (CNS), such as the hip-
pocampus and frontal cortex, insulin mediating a variety of effects, including
cognition and memory (SALAMEH et al., 2016).

The treatments that currently exist for AD are only palliative, since the
disease does not have a cure. Two classes of drugs, acetylcholinesterase in-
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hibitors and N-methyl-D-aspartate (NMDA) receptor modulators, are drugs
that maximize neurotransmitter productivity and are either temporary or of
medium impact on their effects (SULLIVAN; YOUNG-PEARSON, 2017). There-
fore, finding new treatments for AD is fundamental, since the number of indi-
viduals suffering from this disease has grown rapidly.

ALZHEIMER'S DISEASE IN DOWN SYNDROME

The increased risk for AD in the DS population has become an important
concern, since the life expectancy for people with DS has increased over the
past 30 years. The excessive production of amyloid plaques and neurofibrillary
tangles occurs due to the overexpression of the gene encoding for the APB
which is located on chromosome 21 (LOTT; HEAT, 2019).

DS patients may develop AD about 2 to 3 decades before the general
population. Thus, approximately 5%-15% of DS patients between 40-49 years
of age and more than 30% of those between 50-59 years of age have a sig-
nificant decline in cognitive function, presenting dementia; at 65 years of
age, about 68%-80% of DS patients develop dementia and more than 50%
will develop AD in their lifetimes (PENNINGTON et al., 2003; ALZHEIMER’S
ASSOCIATION, 2018).

In DS, the APP gene is tripled since it is located on chromosome 21. More-
over, other genes encoded by chromosome 21 are more associated with cogni-
tive worsening than APP (CARMONA-IRAGUI et al., 2019). Therefore, DS is a
genetic example of increased production of AB, making this group interesting
for the study of AD (ANNUS et al., 2016). B-secretase has been identified as
beta-site APP cleaving enzyme or BACE1 and its activity increases with age,
which may increase AB accumulation, since, in this syndrome, APP is also
overexpressed up to 1.5 fold compared to individuals without trisomy 21
(HEAD et al., 2016). Another gene located on chromosome 21 is BACE2, which
has great homology with BACE1 and also cleaves APP (HEAD et al., 2016).

The appearance of senile plaques and neurofibrillary tangles can occur
very early in the life of people with DS, for example, the appearance of amy-
loid-beta (AB) -peptide accumulation can be observed with immunohistochem-
istry technics in the hippocampus of dead DS patients as early as 8 to 12 years
of age (LEVERENZ; RASKIND, 1998). However, the age of onset of dementia
varies from one individual to another, which may point to other factors besides
the tripling of APP (MOK et al., 2013). Several genes present on chromosome
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21 are indicated as modulators of AD onset in DS. but other studies will be
needed to determine their role and importance (HEAD et al., 2016). It is esti-
mated that more than 550 genes are expressed on chromosome 21 and that
more than 160 of these genes encode known proteins (ALLDRED et al., 2015;
STURGEON; GARDINER, 2011). APE which is overexpressed in DS and AD,
are related to the inhibition of cell proliferation (CATALDO et al., 2000; WU
et al., 2016), as well as BACE2, one of the isoforms that cleaves the amyloid
precursor protein (MOK et al., 2013; VASSAR et al., 2014).

Oxidative stress is an important feature in DS and may contribute to the
damage caused in the nervous tissue, which can lead to AD. Genes related to
oxidative stress are also located on chromosome 21, such as CuZn superoxide
dismutase (SOD1), transcription factor Ets-2, S100B, and carbonyl reductase,
that are part of the most relevant contributors for oxidative stress (PERLUIGI
etal., 2014). Bach1 protein also seems to be present in high levels in the brains
of individuals with DS, indicating repression of HO-1 (heme oxygenase-1)
transcription, which increases oxidative stress in trisomy 21 (DI DOMENICO
etal., 2015).

Other studies have already shown that dual-specificity tyrosine phosphor-
ylation-regulated kinase 1A (DyrklA) and the regulator of calcineurin 1
(RCAN1), which are two genes also found on chromosome 21, are related to
the early onset of AD in individuals with DS. Dyrk1A interacts directly with
RCAN1, phosphorylating it, which enhances the ability of RCAN1 to reduce
calcineurin phosphorylation (Caln), leading to reduced nuclear factor of acti-
vated T cells and increasing the phosphorylation of the tau protein, which is
related to AD (JUNG et al., 2011; SUN et al., 2011). This suggests a correlation
between Caln-NFAT signaling and Tau hyperphosphorylation and might ex-
plain a variety of pathological features associated with DS (JUNG et al., 2011).

THYROID HORMONES AND ENERGY HOMEOSTASIS
IN THE BRAIN

The brain is an important target organ for the action of thyroid hormones
(TH), including 3,5,3-triiodothyronine (T3), the most active form, and thyroxine
(T4), TH poorly active precursor (FLAMANT et al., 2017). During brain matu-
ration, THs influence the processes of development, differentiation, myelina-
tion, cytoskeletal stabilization and signaling of neurons and glia (MENDES-
DE-AGUIAR et al., 2008). The genes involved in this process are regulated for

Sindrome de Down: prevaléncia da doenca
de Alzheimer e o papel dos horménios tireoidianos

Cadernos de Pés-Craduagdo em Disturbios do Desenvolvimento
S&o Paulo, v. 20, n. 1, p. 116-131, jan./jun. 2020
http://dx.doi.org/10.5935/cadernosdisturbios.v20n1p116-131

121



122

THs that act mainly in the nucleus, where chromatin-associated thyroid hor-
mone receptors (TR) are present (BERNAL, 2007). The transport of maternal
THs for fetus across the placenta has an important role around 16-20 weeks
of gestational age, when there is not fetal thyroid function, but there are TR
in the fetal brain, and on this, maternal TH production increases by approxi-
mately 50% (MOOG et al., 2015). Several studies observed that children of
mothers with hypothyroidism show a lower IQ and problems with selective
attention and memory, and their performance was strongly correlated with
maternal TSH levels during pregnancy (ROVET, 2014). A study with 416
women with TD did not show an increase in the risk of TD on maternal age
over 30 (DIEGUEZ et al., 2015). In another study developed in Denmark, but
now about smoking in pregnancy, the conclusion was that smoking increased
the risk of hyperthyroidism and decreased the risk of hypothyroidism (ANDER-
SEN et al., 2014).

T4, T3, and rT3 enter the brain via specific transporters (FRIESEMA,
2005). The monocarboxylate transporter (MCT) family of transporters has up
to 14 members, some of which are involved in transporting important sub-
strates to the brain. In humans, MCT8 appears to have greater importance in
the CNS and might be involved in neuronal thyroid hormone transport mech-
anisms, thus, the lack of MCT8 results in great neuronal damage (HEUER,
2007). The T4-binding protein, transthyretin (TTR), has been implicated in
the transport of TH through the cerebral circulation and its blood-brain bar-
rier and may be involved in the delivery of cerebrospinal fluid thyroid hormone
to the brain (PATEL et al., 2011).

Once transported into the cell, T4 is converted into T3 by type 2 deiodin-
ases mainly present in glial cells, astrocytes, and ependymal cells, although
the main target of this hormone is the neurons that have specific receptors for
THs (MORTE; BERNAL, 2014). The actions of THs are based on the interaction
of T3 with receptors located in specific regions of the DNA, known as TH re-
sponsive elements (TREs), located in the regulatory region of the T4 or T3
target genes. The interaction of the TH/nuclear receptor (TR) complex with
TREs leads to the activation or inhibition of specific gene transcription and the
synthesis of the proteins they encode (HARVEY; WILLIAMS, 2002).

It has been observed that in TD in adults, particularly in hypothyroidism,
there are deficits in cognitive functions that are reversible with hormone re-
placement (DE SOUZA et al., 2016; ZHANG et al., 2012). However, magnetic
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resonance imaging studies correlate hyperthyroidism with decreased hippo-
campus and amygdala volumes and the onset of dementia (DE JONG et al.,
2006), while other studies have associated prolonged use of T4 with the onset
of AD, once TH can regulate the generation of APP isoforms (HARPER; ROE,
2010).

Davis et al. (2008) found that tissue from biopsies of patients with AD
showed a decrease in T3 levels with no change in T4 concentration in the
prefrontal lobe, suggesting the involvement of deiodinases in the pathology
and clinical presentation of the disease.

At the cellular level, THs down-regulate the transcription of the APP
Knockout mice for TH receptors show an increase in APP messenger RNA
(CONTRERAS-JURADO; PASCUAL, 2012). Treatment with T4 caused a de-
crease in cognitive impairment and improvement in behavioral tests that eval-
uate memory in animal models of AD; this might occur by the decrease of free
radicals and inhibition of neuronal apoptosis (FU et al., 2010).

The metabolic abnormalities that arise in the mitochondria in AD are the
result of the oxidative damage that upregulates genes related to mitochon-
drial metabolism and apoptosis (LIN; BEAL, 2006; BUTTERFIELD; HALLI-
WELL, 2019). Thus, at the beginning of AD, the use of glucose is reduced by
45%, and this parameter is aggravated at an advanced stage of the disease
(BERGER, 2016). The metabolism of glucose is supposed to be affected by a
decrease in the activity of mitochondria, characterized by an alteration in the
activity of some enzymes, among which the following stand out: pyruvate
dehydrogenase, dehydrogenase isocitrate and o-ketoglutarate dehydrogenase.
Glucose consumption is decreased before the onset of signs and symptoms of
the pathology (CORREIA et al., 2012).

The change in glucose homeostasis has also been reported as one of the
possible causes of AD. A high glucose concentration can be toxic to the neu-
rons, causing osmotic insults and oxidative stress. In addition, continuous
maintenance of chronic high glucose concentration leads to the formation of
advanced glycation endoproducts (AGEs), which potentiate toxic effects in
neurons. AGEs, in turn, interact with free radicals and create oxidative dam-
age, which can lead to neuronal damage. These metabolites can still react with
the microglia, making it deleterious. Such a condition is involved in the patho-
physiology of neurodegenerative diseases, including AD (UMEGAKI, 2012; LIU
et al., 2015).
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In this context, insulin signaling in the CNS prevents the pathogenic bind-
ing of AP oligomers. The agonist of PPAR-gamma, an insulin sensitizer with
anti-inflammatory functions, may present relevant roles in AD with a protec-
tive neural effect (KAPADIA et al., 2008). In patients in the initial phase of AD,
one study showed that the use of nasal insulin had some benefit, improving
memory and attention, without affecting plasma glucose (REGER et al., 2006).
However, other studies have shown that insulin accelerates AD-related pathol-
ogy, since it affects AR metabolism and tau phosphorylation. Moreover, insulin
resistance alters the synthesis of several proteins, including those related to
the pathophysiology of AD (UMEGAKI, 2012).

CONCLUSION

DS is present in a significant number of individuals in the population with
similarities with late-onset AD. These individuals, due to advancements in
medicine and follow-up with specialists, are living longer, increasing the prev-
alence of AD as the life expectancy of patients with trisomy 21 rises. Chromo-
some 21 is responsible for the expression of genes classically related to AD
(APB BACE2) and also for the expression of genes related to oxidative stress
(SOD-1, RCAN1), which leads to damage to the CNS and may result in AD.
Different gene expressions led to responding differently to conventional treat-
ment. Genetic studies are necessary to develop new drugs for these approaches.
Analogs to TH can play a part in these approaches.

TH, important to the development of the nervous system and maintenance
of this tissue throughout life, may also be involved in the development of AD
in patients with DS. It has been shown that hypothyroidism is common in DS
and that it is aggravated in patients that also present AD. In conclusion, the
study of these three conditions is important to understanding the reduced
cognition in DS individuals in an effort to improve their quality of life.

Despite close similarities with late-onset AD, individuals with DS respond
differently to treatment, and a targeted approach to drug development is thus
necessary. Genetic and preclinical studies offer opportunities for treatment
development, and potential therapies have been identified using these ap-
proaches.
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Sindrome de Down: prevaléncia da doenca de
Alzheimer e o papel dos hormonios tireoidianos

Resumo

A trissomia do cromossomo 21 causa a sindrome de Down (SD) e afeta
cerca de um em 700 nascidos vivos nos Estados Unidos e 11,2 em dez mil
nascidos vivos na Europa. Por quase um século, o nascimento de individuos
com SD esteve associado a idade materna avangada, e agora os casos de
maternidade tardia estdo se tornando mais comuns. A SD é o disturbio
genético mais comum que causa incapacidade intelectual, e os avancos da
ciéncia nos paises desenvolvidos possibilitaram que as pessoas afetadas por
essa sindrome vivessem mais, mas uma vida ttil prolongada trouxe consigo
a doenca de Alzheimer (DA), que agrava a declinio cognitivo nesses indivi-
duos. O inicio da DA ocorre muito mais cedo em individuos com SD do que
na populagdo em geral. A DA é uma doenga neurodegenerativa progressiva
grave, que induz a diminuicdo da capacidade de memoria e cognicéo. Varios
genes importantes relacionados a DA sdo superexpressos na SD por causa
do cromossomo extra. A producdo de horménios que sdo muito importantes
para o desenvolvimento do sistema nervoso central, como os hormonios da
tireoide, é afetada pela SD. Foi relatado que pacientes com DA apresentam
alteracoes na homeostase dos hormoénios da tireoide. Para compreender a
DA na SD e tentar encontrar maneiras de melhorar a qualidade de vida
desses individuos, o entendimento dessas trés condi¢des, SD, DA e homeos-
tase do HT, é central para a obtencdo de tratamentos eficazes que garantam
o bem-estar do paciente.

Palavras-chave

Sindrome de Down. Doenga de Alzheimer. Hormonio tireoidiano.

Sindrome de Down: prevalencia de la enfermedad
de Alzheimer y el papel de la hormona tiroidea

Resumen

La trisomia del cromosoma 21 causa el sindrome de Down (SD) y afecta a
aproximadamente uno de cada 700 nacidos vivos en los EE. UU. y a 11,2
de cada 10.000 nacidos vivos en Europa. Durante aproximadamente un
siglo, el nacimiento de personas con SD se asocié con la edad materna
avanzada y ahora los casos de maternidad tardia son cada vez mas comunes.
El SD es el trastorno genético mas comun que causa discapacidad intelectual
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y los avances en la ciencia en los paises desarrollados han hecho posible
que las personas afectadas por este sindrome vivan mas tiempo, pero un
periodo de vida prolongado ha traido consigo la enfermedad de Alzheimer
(EA), que exacerba la deterioro cognitivo en estos individuos. La aparicién
de ED ocurre mucho antes en individuos con SD que en la poblacién gene-
ral. EA es una enfermedad neurodegenerativa progresiva severa, que indu-
ce la disminucion de la capacidad de memoria y cognicién. Varios genes
importantes relacionados con EA estan sobreexpresados en SD debido al
cromosoma extra. La SD afecta la produccion de hormonas que son muy
importantes para el desarrollo del sistema nervioso central, como las hor-
monas tiroideas. Se ha informado que los pacientes con EA presentan cam-
bios en la homeostasis de las hormonas tiroideas. Para comprender la EA
en el SD y tratar de encontrar formas de mejorar la calidad de vida de estas
personas, la comprensién de estas tres condiciones, SD, EA y la homeosta-
sis HT, es fundamental para encontrar mejores tratamientos y mejorar el
bienestar del paciente.

Palabras clave

Sindrome de Down. Enfermedad de Alzheimer. Hormona tiroidea.
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