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A B S T R A C T

Mitochondria play a pivotal role in cellular energy-generating processes and are considered master regulators of
cell life and death fate. Mitochondrial function integrates signalling networks in several metabolic pathways
controlling neurogenesis and neuroplasticity. Indeed, dysfunctional mitochondria and mitochondrial-dependent
activation of intracellular stress cascades are critical initiating events in many human neurodegenerative or
neurodevelopmental diseases including Down syndrome (DS). It is well established that trisomy of human
chromosome 21 can cause DS. DS is associated with neurodevelopmental delay, intellectual disability and early
neurodegeneration. Recently, molecular mechanisms responsible for mitochondrial damage and energy deficits
have been identified and characterized in several DS-derived human cells and animal models of DS. Therefore,
therapeutic strategies targeting mitochondria could have great potential for new treatment regimens in DS. The
purpose of this review is to highlight recent studies concerning mitochondrial impairment in DS, focusing on
alterations of the molecular pathways controlling mitochondrial function. We will also discuss the effects and
molecular mechanisms of naturally occurring and chemically synthetized drugs that exert neuroprotective ef-
fects through modulation of mitochondrial function and attenuation of oxidative stress. These compounds might
represent novel therapeutic tools for the modulation of energy deficits in DS.

1. Introduction

Down syndrome (DS) is the most common chromosomal defect
leading to intellectual disability. The majority of DS individuals (95%)
have a free trisomy of human chromosome 21 (Hsa21) i.e. a full extra

copy of Hsa21 in all cell types. Triplication of part of Hsa21 or mosaic
DS, i.e. the presence of a mixture of cell types some with a normal set of
chromosomes or trisomy 21, are rare forms (3–4%) [1].

From a clinical point of view, DS is a neurodevelopmental disorder
characterized by specific patterns of learning and short-term memory
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difficulties that lead to delay in many areas of development, including
acquisition of language, motor skills and reading. These cognitive im-
pairments are associated with mild to severe mental retardation, with
IQ of patients between 25 and 50 [2]. Other clinical features of DS are
characterized by atypical craniofacial profiles, congenital malforma-
tions, which include heart and gastro-enteric defects, immune dis-
orders, increased susceptibility to infection, lymphoblastic and myeloid
leukaemia, diabetes mellitus and obesity [3,4]. Most individuals with
DS currently reach the age of sixty years. However, in the middle age,
they develop neurochemical features of Alzheimer's disease (AD) and
early aging. Accordingly, DS has been enclosed among the progeroid
and neurodegenerative diseases [5].

A great number of genetic and molecular studies have been carried
out in trisomic cellular and animal models of DS with the aim to
identify mechanisms responsible for the clinical phenotype (aneu-
ploidy-phenotype correlation) and intellectual disability. A part of the
long arm of chromosome 21 represents the “Down syndrome critical
region (DSCR)”. Overexpression of genes in the DSCR, and the con-
sequent down- or up-regulation of their targets, have long been pro-
posed to mediate the majority of DS phenotypic features [6]. These
include the dual-specificity tyrosine (Y)-phosphorylation regulated ki-
nase 1 A (DYRK1A), a major modulatory protein for brain development
[7]; the regulator of calcineurin 1 (RCAN1), which controls cell growth
and immune responses [8]; the cystathionine beta-synthase, a key en-
zyme in the homocysteine/folate/transulfuration pathways [9], and
superoxide dismutase 1 (SOD1), which is involved in the regulation of
redox homeostasis [10]. The overexpression of chromosome 21-en-
coded microRNAs (miRNAs), in particular miR-155, a multifunctional
microRNA involved in a plethora of biological and pathological pro-
cesses [11], may contribute to the neurochemical anomalies, mi-
tochondrial deficits, and overall pathophysiology observed in DS in-
dividuals, as well [12,13]. The relevance of genes comprised in the
DSCR (including DYRK1A and RCAN1) has been recently questioned
[14] and the trisomy of a very restricted DSCR, containing no known
genes, has been proposed as a candidate for typical DS features [15].

Several studies have shown that alterations of mitochondrial
structure and function associated with an impairment of reactive
oxygen species (ROS) homeostasis are critically linked to DS patho-
genesis and are inherent features of the etiology of intellectual dis-
ability. This has been demonstrated in DS and in other neurodevelop-
mental diseases, including Rett's syndrome and autism (for refs. see
[16,17]), and in neurodegenerative diseases, including Alzheimer's and
Parkinson's diseases (for refs. see [18]). Indeed, neural developmental
processes including cellular proliferation and differentiation, axonal
and dendritic growth, and generation of synaptic spine and pre-synaptic
compartments are strongly supported by mitochondrial ATP production
and redox homeostasis in brain mitochondria [19]. Deficits in energy
metabolism due to mitochondrial dysfunctions negatively affect neu-
ronal function, survival and central nervous system (CNS) development
and occur as an early event in intellectual disability-linked diseases and
several forms of dementia [16,20–22]. In this line, targeting mi-
tochondria represents a potential therapeutic strategy to correct DS
clinical phenotypes associated with mitochondrial energy deficits.

Herein, we will first review signalling pathways controlling mi-
tochondrial functions in physiological/pathological conditions, as a
prerequisite to discuss our recent studies and those available in the
literature on the molecular basis of mitochondrial dysfunctions and the
origin of oxidative stress in DS. Finally, we propose the use of chemi-
cally synthesized drugs, as well as bioactive natural products targeting
mitochondria and mitochondrial signalling pathways as therapeutic
tools to advance treatment of some clinical signs of DS, which, as yet,
remains untreated.

2. Integral pathways controlling mitochondrial functions

The mitochondria are highly complex, metabolically active and

motile organelles that play an important role in the maintenance of
cellular energy production and redox homeostasis. Optimal mitochon-
drial efficiency is fundamental to cell life, and therefore, alterations in
mitochondrial function might lead to irreversible cellular damage and
loss of function, culminating in the development of several diseases
including neurodegenerative and neurodevelopmental diseases, as well
as the aging process [16]. Mitochondria represent the main site of
oxidative phosphorylation (OXPHOS), and are key regulatory orga-
nelles in many cell processes [23,24]. Investigating the molecular me-
chanisms for mitochondrial dysfunction is of major significance to de-
termine the biology of aging and neurodegenerative disorders including
DS. In this section, we will provide recent insight in the pathways
controlling mitochondrial function, whose impairments are particularly
harmful for the CNS.

2.1. Regulation of mitochondrial bioenergetics

In most catabolic tissues, mitochondria represent the main source of
energy production required for cell growth and other important bio-
chemical processes, consuming about 90% of mammalian oxygen to
generate ATP via OXPHOS [25]. Mitochondria are also involved in
catabolism of major macromolecules into smaller important metabo-
lites such as pyruvate, fatty acids and amino acids, which are subse-
quently converted by ß-oxidation and Krebs cycle, into NADH and/or
FADH2. The oxidation reaction involves the donation of electrons to the
mitochondrial electron transport chain in the mitochondrial inner
membrane [26].

The exchange of electrons between complex I (and/or II) to complex
IV in the mitochondrial respiratory chain stimulates the translocation of
protons from the matrix to the inter-membrane space. This produces an
electrochemical proton gradient required for F1-Fo ATP synthase (i.e.
complex V) activity and ATP synthesis. Specific adenine nucleotide
translocators (ANTs) facilitate the exchange of mitochondrial ATP into
the cytosol. Specific mitochondrial “shuttle” systems, which facilitate
the transport of NADH, have also been identified [27].

Given the importance of mitochondria in cellular energy produc-
tion, mitochondrial bioenergetics is regulated by several cellular ef-
fectors including specific kinases and transcription factors. Changes to
the cellular AMP/ATP ratio are known to activate AMP-activated pro-
tein kinase (AMPK). Once activated, AMPK enhances phosphorylation
reactions that culminate in the activation of catabolic pathways asso-
ciated with ATP synthesis, and inhibition of anabolic pathways that
utilize ATP (for review see [28]). Recently, it has been shown that
AMPK influences energy metabolism via activation of the nuclear sir-
tuin 1 (Sirt1) [29,30] and subsequent alteration to downstream Sirt1
targets, such as the peroxisome proliferator-activated receptor-y coac-
tivator l alpha (PGC-1α), and the transcription factors, forkhead box O1
(FOXO1) and O3 (FOXO3).

2.2. Control of mitochondrial biogenesis

Mitochondrial function is strictly dependent on the efficiency of
mitochondrial biogenesis, which is an important biological process as-
sociated with the maintenance and survival of pre-existing mitochon-
dria. It includes the synthesis of nuclear DNA- and mitochondrial DNA
(mtDNA)-encoded proteins, together with membrane biosynthesis,
mtDNA replication and the import into mitochondria of nuclear-en-
coded proteins (for review see [31]).

Mitochondrial biogenesis is spatiotemporally coordinated in re-
sponse to cell demand, such as cell division, differentiation and aging,
or to environmental stresses including cold exposure, caloric restriction,
exercise and oxidative stress. Coordinate expression of the two genomes
is achieved thanks to a regulatory circuit that integrates signalling
pathways and cellular energy demand to the activation of nuclear-en-
coded transcriptional complexes. Several transcriptional factors that
regulate the nuclear genome are implicated in modulating the genomic
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expression of mitochondrial proteins. These include, but are not limited
to, the nuclear respiratory factor 1 and 2 (NRF-1 and NRF-2), which
were the first transcription factors to be identified [32]. NRF-1/ 2
regulate the expression of several proteins of the five respiratory
complexes, mitochondrial import and heme biosynthesis [31,33].
Moreover, both NRFs activate the expression of the mitochondrial
transcription factors TFAM, TFB1M and TFB2M [34]. As TFAM and
TFBs are required for basal transcription of mammalian mtDNA [35],
their regulation through NRF transcriptional activity is responsible for
nucleo-mitochondrial interactions.

Additional transcriptional factors, belonging to subclasses of the
nuclear hormone receptor superfamily, are involved in the control of
mitochondrial biogenesis. These include the Peroxisome Proliferator-
Activated Receptors (PPARs), activated by several fatty-acid ligands.
PPARs are master regulators of whole body and liver metabolism and
stimulate the expression of mitochondrial β-oxidation genes (reviewed
in [36]). Estrogen-related receptors (ERRs) ERR-α, ERR-β and ERR-γ
are also involved in mitochondrial biogenesis. Functional genomics
analysis has revealed that the ERRs bind to hundreds of genes involved
in mitochondrial functions [37], such as oxidative phosphorylation,
fatty acid oxidation, Krebs cycle and mitochondrial fission/fusion.
Other nuclear transcription factors including CREB [38], myocyte en-
hancer factor-2 [39], the GLI-Kruppel class of zinc finger protein YY1
[40,41] and c-Myc [42] have been demonstrated to bind mitochondrial
gene promoters and control mitochondrial biogenesis in response to
different signalling pathways.

The common denominator to most nuclear transcription factors
regulating mitochondrial gene expression is that their transcriptional
activity is potentiated by PCG-1α, PCG-1β and PRC. It has become clear
that PGC-1α and β control any aspect of mitochondria function and
biogenesis [43] through their ability to bind and potentiate the tran-
scriptional activity of NRFs, ERRs, PPARs and YY1 [31,44]. PGC-1
coactivators act as inducible nuclear receptor “boosters” to maintain
energy demands under different environmental conditions [44]. For
instance, the transcriptional activity of PCG-1 family is controlled by
environmental signals regulating pathways of gluconeogenesis, ther-
mogenesis, muscle differentiation and cell growth [43–45]. Numerous
studies suggest that PCG-1α and β mediate the response to increased
metabolic demands during starvation, exercise or cold by promoting the
activity of the same pool of transcription factors [46,47]. Among the
PCG-1 family of coactivators, the role of PCG-1α, in connecting cellular
bioenergetics to mitochondriogenesis, is well established. Indeed, sev-
eral signalling pathways are thought to converge upon PCG-1α [48].
For example, calcium-dependent phosphatase calcineurin controls PCG-
1α expression at the transcriptional level in muscle, providing a link
between increased contractile activity and the increase in mitochondria
content [49]. On the other hand, the AMPK/Sirt1/PCG-1α pathway is
thought to play a crucial role in metabolic programs that are activated
during caloric restriction and exercise [30,50].

2.3. Mitochondrial dynamics for quality control of mitochondria

De-novo mitochondrial biogenesis and clearance are strictly co-
ordinated events for proper mitochondrial homeostasis. These orga-
nelles are indeed essential, but potentially also highly toxic; thus, their
quality must be well controlled to avoid activation of cell death pro-
cesses. Mitochondria quality control (MQC) is achieved by activation of
several interdependent surveillance mechanisms [51]. Mitochondrial
proteases are involved in proteolytic activities comprising removal of
damaged, misfolded and surplus proteins, as well as regulatory pro-
cessing, maturation cleavage and assembly of polypeptides (for a
comprehensive review please see [52]).

Additionally, the maintenance of mitochondrial dynamics by fis-
sion/fusion mechanisms allows segregation of damaged organelle
components via the fission process and exchange of mitochondrial
content via the fusion process. This led to the introduction of the

paradigm of asymmetrical mitochondrial fission as a central event in
MQC [53]. Asymmetrical fission might be indeed considered the initial
step of a highly regulated process that maintains functional mitochon-
drial network by sequestering and eliminating damaged organelle
components. Photo-labelling experiments have demonstrated that mi-
tochondria undergo continuous cycles of fission/fusion and that two
distinct sets of mitochondria, with different transmembrane potential,
are created in the cell [54]. Following asymmetrical division, the
daughter mitochondrion with the higher transmembrane potential
proceeds to fusion, while in the one with the lower transmembrane
potential, inner and outer membrane fusion proteins might be degraded
as a result of depolarization [55]. Thus, if transmembrane potential is
not recovered, this latter daughter mitochondrion will be less likely
involved in a fusion event and might become a solitary mitochondrion
targeted for degradation through autophagy [54]. Partly damaged mi-
tochondria, with moderate drop in transmembrane potential, might still
maintain a certain possibility to be reincorporated into the mitochon-
drial network. In this view, fusion represents a selective mechanism by
which partly impaired mitochondria are rescued by diluting damaged
organelle components in the network.

Mitochondria contain a unique residual genome (about 16 kilo-
bases), which encodes 13 proteins required for the maintenance of
mitochondrial respiratory chain function [56]. This autonomous DNA
has lower repair efficiency compared to nuclear DNA, leading to a
greater risk of mutations in mtDNA. Therefore, mitochondrial fusion/
fission represents an effective quality control process to maintain
homogeneous mitochondrial population [57].

Mitochondrial outer membrane fusion is modulated by dynamin-
related GTPases, mitofusin 1 (Mfn-1) and mitofusin 2 (Mfn-2), while
optic atrophy 1 (OPA1) is responsible for inner membrane fusion
[53,58,59]. Apart from its role in fusion, OPA1 governs normal cristae
morphology, and assembling of electron transport chain complexes, and
thus cooperates in maintaining proper mitochondria function [60,61].

Mitochondrial fission relies on the GTPase dynamin-related protein
1 (Drp1), a functionally inert cytoplasmic protein that is translocated to
the outer mitochondrial membrane when the fission process is com-
menced [62]. When located in the outer mitochondrial membrane,
Drp1 polymerizes into spirals and constricts, in a GTP-dependent
manner, both inner and outer membranes promoting fission. Drp1 binds
to outer mitochondrial membrane through interaction with four mi-
tochondrial receptors: Fis1, Mff, MID49 and MID51 [63–65]. Different
conditions, such as apoptosis, cell division, mitophagy and mitochon-
dria remodelling, promote specific Drp1-dependent post-translational
modifications, such as phosphorylation/dephosphorylation, S-ni-
trosylation, ubiquitination and SUMOylation/deSUMOylation (re-
viewed in [66]) to stimulate its translocation from cytosol to mi-
tochondria. The activity of Drp1 appears to be regulated by post-
translational modification operated by several enzymes including cal-
cium/calmodulin-dependent protein kinase 1a, protein kinase A or
Ca2+ calcineurin [67]. Mutations in Drp1 and fission protein 1 can lead
to non-uniform mtDNA distribution, reduced ATP production, increased
ROS production, and increased vulnerability of cells to apoptotic cell
death [68,69].

2.4. microRNA regulation of mitochondrial functions

In the course of the last two decades, the discovery of miRNAs has
established a new paradigm for the regulation of gene expression of
most fundamental biological pathways in eukaryotic cells. miRNAs also
provide a multi-level regulatory system particularly relevant for op-
timal brain function, and offer a great range of novel targets [70]. Small
non-coding regulatory RNAs act on the expression of genes at a post-
transcriptional level. Best-known regulation occurs through imperfect
base pairing, most commonly in the 3’ untranslated region (UTR) of key
mRNAs, where together with Argonaute proteins (AGO) miRNAs act as
effectors to recruit factors and lead mostly to translational repression,
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mRNA deadenylation and mRNA decay. Of the four AGO proteins
known in human, only AGO2 exhibits endonucleolytic activity that can
slice perfectly matched mRNAs.

miRNA are abundantly expressed in the CNS, and their dysregula-
tion is observed in DS [70,71] as in other neurodegenerative disorders,
such as Friedreich ataxia, Huntington's disease and Alzheimer's diseases
[72,73], suggesting their notable involvement in the mechanisms of
neurodegeneration (reviewed in [72]). The idea that some miRNAs
could consist of new vectors to fine-tune mitochondrial activity with the
rest of the cellular machinery is of considerable interest.

It is well established that miRNAs may localize and function in the
cytosol where they associate with targets, such as nuclear-encoded
mitochondrial mRNAs. A few miRNAs are known to regulate important
mitochondrial factors, such as miR-141, which is involved in the reg-
ulation of the mitochondrial phosphate carrier (Slc25a3) [74]. Im-
portantly, for the understanding of axonal regulation, miR-338 exerts
its modulation on COXIV [75] and ATP5G1 [76], leading to a locally
marked effect on axonal radical levels, as well as on axonal growth. ATP
synthase has also been reported as a target for two other miRNAs: miR-
101-3p and miR-127-5p, whose activity is responsible for over 50%
reduction in ATP synthase activity [77,78] while some miRNAs, such as
miR-210 and miR-155 are well established key regulators of mi-
tochondrial activity and biogenesis [13,79].

Following transcription, miRNAs are also known to expand their
action in mitochondria by targeting mitochondrially-encoded mRNAs
[80,81], known as “mitomiRs” [80]. Initially, the Henrion-Caude's team
reported the mitochondrial localization of those specific miRNAs and
AGO2 protein [80], suggesting that miRNA-mediated processes may
directly regulate mitochondrial homeostasis and function [82]. The
view that mitomiRs could indeed exert a mitochondrial regulatory
function on gene expression has been further established by various
experimental approaches and in different mammalian species. A typical
example is provided by miR-494, a mitomiR, which is common to
several species [80,83], and that was shown to regulate mitochondrial
biogenesis, notably through the downregulation of the mitochondrial
transcription factor, TFAM [84]. Das et al. observed that nuclear miR-
181c translocates into the mitochondria to selectively regulate mi-
tochondrial complex IV expression through targeting of mt-COX1 [81].
Taken together, these observations provide renewed insight to our
understanding of mitochondrial dynamics, and the role of miRNAs in
mitochondria.

3. Mitochondrial energy metabolism and oxidative imbalance in
Down syndrome

Impaired mitochondrial energy metabolism and altered homeostasis
of radical species are implicated in the DS pathogenesis, and are criti-
cally linked to several phenotypical features of DS, such as defective
neurogenesis and neural plasticity leading to cognitive impairment
[85], accelerated aging and early neurodegenerative processes [86].

Mitochondrial phenotype in DS is characterized by a reduced effi-
ciency to produce ATP through OXPHOS, a decreased respiratory ca-
pacity and ability to generate mitochondrial membrane potential, as
well as impaired mitochondrial dynamics. Interestingly, these mi-
tochondrial defects are present in all DS cell types analyzed so far
ranging from peripheral to CNS cells [87–91]. Therefore, mitochondrial
dysfunction is in most cases proposed to be an inherent feature of the
syndrome [16,86]. However, in one study, impaired mitochondrial
function was considered as an adaptive response to protect against in-
jury and maintain optimal cellular functions [92].

In this section, we will highlight and discuss the molecular de-
terminants responsible for impaired ATP synthesis, alterations in mi-
tochondrial biogenesis, structure and dynamics, and the origin of oxi-
dative stress in DS (see Fig. 1).

3.1. Dysfunction of mitochondrial oxidative phosphorylation machinery in
DS

Mitochondrial OXPHOS machinery consists of five assembled com-
plexes organized across the inner mitochondrial membranes in a super
molecular organization to form the mitochondrial respiratory chain
(MRC). Some mitochondrial transporters such as ANTs, which export
ATP from mitochondria exchanging the cytosolic ADP, and adenylate
kinase (AK), to catalyze the interconversion of adenylate nucleotides,
are metabolically interconnected with the MRC contributing to the
synthesis of ATP from mitochondria [89]. In DS the OXPHOS apparatus
is selectively affected at the molecular level. Indeed, down-regulation of
genes encoding for MRC subunits (complexes I, III and V) and the in-
crease of certain enzymes of Krebs cycle (i.e. aconitase and NADP-
linked isocitrate dehydrogenase) have been reported in the heart of DS
fetuses and brain regions of subjects with DS [93,94]. Analysis of mi-
tochondrial function performed by our group showed that fibroblasts
and lymphoblastoid cells from DS subjects have multilevel deficits in
the OXPHOS machinery, including the mitochondrial respiratory chain
complex I, the ATP synthase, the ADP/ATP translocator, and the AK
enzyme, leading to cell energy deficit, and increase in free radical
production from mitochondria [89–91]. A severe bioenergetic deficit
was also found in neural progenitor cells (NPCs) in which a deficit in
cell proliferation was observed in hippocampal tissue derived from
Ts65Dn mice, a commonly used DS murine model [85,95]. Despite an
apparent increase in glycolytic compensation, as revealed by the in-
crease in the basal levels of L-lactate in NPCs, a significant depression of
the whole cellular ATP content was reported. The drop in ATP cellular
content could account for reduced NPCs proliferation. The bioenergetic
impairment of the MRC complex activity (in particular complex I and
ATP synthase), can affect both respiration-mediated and general mi-
tochondrial ATP production.

Our group previously demonstrated that the bioenergetic deficit
correlates with alteration of cAMP/PKA signalling pathway due to de-
creased basal levels of cAMP and reduced protein kinase A (PKA) ac-
tivity. It should be noted that a down-regulation of PKA activity and
cAMP signalling also occurs in the hippocampus of Ts65Dn mice [96].
Depression of cAMP-dependent PKA activity leading to reduced cAMP-
dependent phosphorylation of the NDUFS4 subunit of complex I, and

Fig. 1. Overview of the molecular targets and signalling pathways deregulated in DS and
associated with mitochondrial dysfunction and oxidative stress. The scheme shows cer-
tain Hsa21-genes overexpressed in DS and the molecular determinants iperactivated (↑)
or inhibited (↓) as the result of their overexpression. These alterations, leading to dys-
function of mitochondrial oxidative phosphorylation, impairment of mitochondrial bio-
genesis and oxidative stress, contribute to DS phenotype (indicated in the gray box). For
the references relative to the alterations indicated in the figure see the chapter
“Mitochondrial energy metabolism and oxidative imbalance in Down syndrome”.
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the consequent decrease in the complex I activity [90,91]. MRC com-
plex I represents the rate-limiting step for ATP synthesis and respira-
tion, and responsible for the control of mitochondrial bioenergetics,
therefore its deficit is considered deleterious for the bioenergetic
function of mitochondria [97]. Recently, we further showed that AMPK,
the key cell energy sensor and central regulator of cellular metabolism
in eukaryotes [98] as described above, failed to be activated despite the
strong reduction of cell energy in DS cells [95], and could be involved
in the bioenergetic impairment of DS.

Gene expression imbalance of some Hsa21 genes were considered
relevant for OXPHOS alteration; these include the ATP5O and ATP5J
subunits of ATP synthase and NDUFV3 subunit of MRC complex I [99],
RCAN1 a key regulatory in protein calcineurin/NFAT pathway [100],
and DRK1A which regulate CREB/PKA signalling pathways [101] could
also play important roles in affecting mitochondrial activity.

3.2. Alterations of mitochondrial biogenesis, structure and dynamics in DS

The decline of OXPHOS efficiency in DS could be linked to the se-
vere impairment of mitochondrial biogenesis found to occur both in
CNS cells, such as NPCs from the hippocampus of Ts65Dn mice [95],
and in skin fibroblasts [88]. The entire mitochondrial biogenic system
was found to be compromised in Ts65Dn cells, including a reduced
content in mtDNA as well as reduced protein levels of PGC-1α, NRF-1
and TFAM [95]. The expression and activity of PGC-1α, the master
regulator of mitochondrial biogenesis, was down-regulated in DS cells
[88,95,102]. Overexpression of the chromosome 21 gene RCAN1,
which negatively regulates PGC-1α [103], could account for lower
PGC-1α protein levels. In addition, miR-155, which is also encoded by
chromosome 21 and overexpressed in DS brain, targets the mitochon-
drial transcription factor TFAM [13] reducing its protein level and
concurring to reduced mitochondrial biogenesis. Post-translational
modifications of PGC-1α, such as direct phosphorylation by AMPK
[104] and deacetylation by Sirt 1 [105] seem to be affected in DS cells
[95,102]. Altogether, these pathway alterations concurred with the
impairment of PGC-1α activity and correlate with the defective mi-
tochondrial biogenesis.

Furthermore, PGC-1α regulates the expression of the mitofusin Mnf-
2; thus, in DS fibroblasts, PGC-1α down-regulation causes a reduced
Mnf-2 expression with a decrease in mitochondrial fusion [102]. Sev-
eral alterations in mitochondrial morphology and dynamics have been
observed both in vivo in DS mouse models and in vitro in human cell
culture studies. Ultrastructural abnormalities in cerebellar neurons
derived from the Ts16 mice, have been early reported, including irre-
gular shaped mitochondria [106]. Electron microscopy of DS human
fetal fibroblasts also showed that a large number of mitochondria have
an irregular shape, evident breaks, predominantly within the inner
membranes, and changes in the pattern of cristae with an increased
number of shorter mitochondria, and a smaller mitochondrial volume
[102]. Morphological alterations were also observed in primary cul-
tures of DS astrocytes and neurons, with increased mitochondrial
fragmentation and breaking of mitochondrial network [92]. Alteration
in mitochondrial dynamics strongly influences the proliferation of adult
neurons, which has been associated with the maintenance of neuronal
function, differentiation and survival (for refs. see [107]). Therefore,
we postulate that alterations in mitochondrial structure and dynamics
could account for impairment of neural function in DS.

3.3. Origin of oxidative stress in DS: contribution of mitochondrial
dysfunction

The accumulation of oxidative stress is an essential part of the pa-
thobiology of DS and an early event in DS phenotype [108]. Oxidative
stress is generated by an imbalance in cellular redox status, due to ei-
ther overproduction of radical species, and/or decreased antioxidant
response as well as insufficient clearance of the oxidized proteins [109].

Recently, the role of iron metabolism deregulation into DS redox
homeostasis alteration has been reviewed and discussed [110].

Oxidative stress in DS is partly due to an imbalance between the
Hsa21-encoded SOD1 and glutathione peroxidase (GPX) activities.
Increased SOD1 expression and activity have been reported in DS
[111,112]; catalase (CAT) and GPX are expressed at lower levels in DS
[113], and this may account for reduced antioxidant defenses reported
in DS patients. An increase in the oxidized glutathione/reduced glu-
tathione (GSH) ratio and elevated peroxide production have been pre-
viously observed in human fibroblast cultures from DS fetuses and
correlated with reduced endogenous antioxidant capacity [114]. As
well, the Hsa21 amyloid-β precursor protein (APP) is believed to be
another player involved in the origin of oxidative stress and in brain
damage of DS patients [86].

However, the association between oxidative stress and mitochon-
drial dysfunction is relevant, given the pivotal role of mitochondria not
only as the major cellular site for free radical generation, but also as
targets of ROS [115]. Upregulation in ROS generation and mitochon-
drial dysfunction has been identified in DS cells during early develop-
ment and commencing of embryonic life [116]. Indeed, markers of
oxidative stress are already present in the amniotic fluid of trisomic
fetuses during pregnancy [117]. In addition, primary cultured astro-
cytes and neurons from Ts1CJe mouse model of DS showed increased
ROS levels, that was associated with mitochondrial dysfunction [111].

Oxidative stress and metabolic mitochondrial deficits have been
observed in different DS-derived primary cells, including fetal and adult
fibroblasts [89–91], cortical neurons, astrocytes, and pancreatic β cells
[92]. These alterations are related to the presence of increased basal
levels of ROS, deficits in electron transport chain components [90,91],
and a downregulation of mitochondrial activity [92]. Moreover, com-
plex I represents a key target for alterations in ROS homeostasis in Ts16
neurons [118,119]. Accordingly, we previously demonstrated that the
reduced catalytic activity of complex I is the primary cause for in-
creased mitochondrial ROS in DS human peripheral cells [90,91], thus
providing additional support for the mitochondrial origin of oxidative
stress in DS.

4. Mitochondrial dysfunctions in some DS-associated diseases

Down syndrome is often associated with some congenital defects or
diseases, including among others, autism spectrum disorders, AD,
congenital cardiomyopathy and early aging, in which mitochondrial
dysfunctions occurred early in the pathogenesis of these diseases.
Piccoli and co-authors have even suggested that changes to the bioe-
nergetic background in trisomy 21 fetuses may represent an important
factor associated with a more severe phenotype [88]. In this section, the
implication of mitochondrial dysfunctions in the pathogenesis of some
DS-related diseases (see Fig. 2) is reviewed and discussed.

4.1. Autism spectrum disorder

A subset of DS children develop autism spectrum disorder (ASD),
characterized by deficits in social communication and interaction, as
well as repetitive and restricted behavior [120]. ASD is associated with
intellectual disability, reduced motor coordination, attention difficul-
ties, and other selected health issues, such as epilepsy, sleep disorders
and gastrointestinal problems [121–124]. ASD is recognized as a
complex genetic condition that plays an important role in its etiology
[125]. Both de-novo and inherited genetic factors involve more than 15
loci. Therefore, abnormalities in gene-gene and gene-environment in-
teractions, contribute to the development of ASD [126]. Increased ex-
posure to environmental factors is likely to account for the increased
incidence of ASD due to epigenetic-dependent gene regulation altera-
tions [127]. Mitochondrial dysfunctions in ASD have been of major
focus in the last few years, and an increasing body of evidence suggests
a role in the etiology of ASD. It has been estimated that 50–80% of
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children with autism exhibit mitochondrial dysfunction [128,129].
Moreover, a higher prevalence of mitochondrial dysfunction has been
reported in individuals with ASD [124]. Indeed, subjects affected by
ASD show abnormal levels of metabolites associated with mitochon-
drial function such as serum lactate and pyruvate [124,130], as well as
altered N-acetylaspartate, mitochondrial aspartate/glutamate carrier 1
and calcium homeostasis [130–132].

Furthermore, reduced activity of enzymes in the MRC
[124,134,135] and Krebs cycle [136,137] have been reported to be
depressed in different brain areas and in muscle tissue [124]. In addi-
tion, increased amount of mitochondrial fission proteins and decreased
amount of fusion proteins that control mitochondrial dynamics have
been reported in the temporal lobe of ASD children [134]. Interestingly,
a recent work showed that ASD lymphoblastoid cell lines exhibited
greater ATP-linked respiration, and mitochondrial activity compared to
cells from siblings [138]. Consistently, reduced intracellular glu-
tathione redox capacity and increased UCP2 gene expression has been
reported in ASD children compared to controls. The authors found
evidence of mitochondrial over-activity and greater susceptibility to
oxidative stress in ASD [138]. A mitochondrial over-activity in some
children with autism has also been reported in other studies [133,139].

In addition, two variants of interest in the MT-ND5 gene known to
disrupt mitochondrial complex I function have been reported following
analysis of mtDNA sequence collected from whole-exome sequencing in
10 multiplex families. Other variants of interest in mitochondrial ATP6
and nuclear NDUFS4 genes were also identified [140]. The NDUFS4
gene, which encodes for a subunit of the MRC complex I regulates
cAMP/PKA pathway activation and is associated with increased com-
plex I activity [141,142]. Particularly, reduced phosphorylation level of
the complex I subunit NDUFS4 in both fibroblast and lymphoblastoid
cells from a DS subject has been associated with reduced complex I
activity [91].

4.2. Cardiovascular diseases

Congenital heart defects have been reported in over 50% of new-
borns with Hsa21 trisomy. Similarly, many studies have established the
critical role of mitochondrial dysfunctions and oxidative stress in a wide
range of cardiovascular diseases including congenital heart defects [for
refs. see [143,144]]. Changes to mitochondrial dynamics can lead to
alterations in the proliferation of vascular smooth muscle cells, im-
paired cardiac development and differentiation, de-regulated stem cell
differentiation, cardiomyocyte hypertrophy, increased vulnerability to
myocardial ischemia-reperfusion injury, and congestive heart failure

[145,146].
Reduced OPA1, in parallel to an increase in small mitochondria, has

been reported in in vivo models of heart failure [147]. The constitutive
processing of OPA1 results in the conversion of the uncleaved long
OPA1 (L-OPA) to a cleaved short OPA1 (S-OPA) form [148]. Ac-
celerated OPA1 proteolysis triggers mitochondrial fragmentation and
alters cardiac metabolism causing dilated cardiomyopathy and heart
failure [149]. ROS-dependent apoptosis is associated with changes in
mitochondrial cAMP/PKA signalling. This causes degradation/proteo-
lysis of Sirt3, a mitochondrial sirtuin, which ultimately enhances
acetylation and proteolytic processing of OPA1 [135].

Dysfunctional mitochondria segregated by fission are removed
through autophagy/mitophagy [53,149]. The major checkpoint of mi-
tochondrial autophagy is the mammalian target of rapamycin, AMPK
which also enhances Sirt1 activity and downstream PGC-1α, thus pro-
moting mitochondrial biogenesis [29,150,151]. Interestingly, dysfunc-
tional AMPK signals are thought to underlie several cardiovascular
pathologies [152], thus confirming also the involvement of the dereg-
ulation of mitochondrial biogenesis in these pathologies [153].

Oxidative stress is a major cause of heart diseases. The majority of
ROS in the heart are generated by uncoupling of MRC complexes I and
III [154]. However, other mechanisms such as monoamine oxidases
[155], NADPH oxidase [156], xanthine oxidoreductase [157], or NOS
generate ROS and participate to oxidative damage in heart tissue. Mi-
tochondria are highly vulnerable to increased oxidative stress that they
generate. In particular, mtDNA does not have protective histones and
an efficient repair system [158]. The important role of mtDNA in car-
diac disorders is also evidenced by the fact that congenital heart disease
is frequently associated with mtDNA mutations [159]. In heart diseases,
the increase of ROS generation together with reduced endogenous an-
tioxidant function [160] resulted in further accumulation of impaired
mitochondria. Damaged mitochondria can be isolated from the existing
mitochondrial network through fission and are removed by autophagy.
Therefore, impaired autophagy is likely to be a contributing factor to
cardiovascular disorders [161].

4.3. Alzheimer's disease

Individuals with DS over 55 years of age have high risk to develop
amyloid neuropathology and AD-like symptoms. This is believed to be
due to overexpression of the Hsa21 APP gene and potentially associated
with increased risk of dementia [5,162]. Since mitochondrial dysfunc-
tions and oxidative stress play a central role in AD pathogenesis [163],
it is likely that the entity of mitochondrial impairment is a risk factor to

Fig. 2. Summary of mitochondrial alterations in DS
and DS-related diseases. For references of the indicated
mitochondrial alterations see: heart diseases
[145–149,154]; autism spectrum disorders
[124,128–130,133–139]; Down syndrome
[16,85,86,89–96,102]; aging [181,185–187]; Alzhei-
mer's disease [164,169,170,172–176].
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early development of this deleterious neurodegenerative disease within
DS population.

AD is an age-related progressive neurodegenerative disorder char-
acterized by progressive neuronal loss, and the presence of neurofi-
brillary tangles and senile plaques in the brain. The neurodegenerative
processes are characterized by deposition of amyloid β-peptide (Aβ)
[164], and neurofibrillary degeneration, associated with abnormal
formation of intracellular tangles containing phosphorylated tau pro-
tein [165]. Although the majority of AD cases are sporadic, less than
10% of AD cases are due to genetic mutations in three genes including
APP, presenilin 1, and presenilin 2, which regulate Aβ processing.

The “mitochondrial cascade hypothesis” suggests that mitochon-
drial dysfunction is a primary major event in the pathogenesis of AD
[166]. Studies have shown that, as well as extracellular localization, Aβ
is also found in different subcellular compartments including mi-
tochondria [167,168] where its accumulation proceeds prior to extra-
cellular deposition. Aβ is associated with a decrease in enzymatic ac-
tivity of respiratory chain complexes, and a reduction in the rate of
oxygen consumption [169]. Reduced OXPHOS, pyruvate dehy-
drogenase, and cytochrome c oxidase activities, and increased oxidative
stress and lipid peroxidation have also been reported in an AD mouse
model [170]. Another study showed the interaction of APP with the
inner mitochondrial membrane proapoptotic protein, Apoptosin, which
is involved in the heme biosynthesis. This protein was found to be
upregulated in brain samples collected from AD patients and has been
shown to regulate intrinsic caspase-dependent apoptosis [171].

Expression levels of PGC-1 α, NRF-1, NRF-2, and TFAM were sig-
nificantly decreased in both AD hippocampal tissue and APPswe M17
cells [172], suggesting that alterations in mitochondrial biogenesis may
also contribute to mitochondrial abnormalities in AD. Abnormal mi-
tochondrial dynamics, such as increased fission and decreased fusion,
associated with unusual changes in mitochondria structure have been
reported in AD. It has been demonstrated that the Drp1 protein inter-
acts with Aβ and phosphorylates tau, leading to mitochondrial frag-
mentation and impaired axonal transport of mitochondria, culminating
in neuronal damage and cognitive decline [173]. Moreover, a reduction
in mitochondrial fusion proteins (OPA1, Mfn1, and Mfn2) and an in-
crease in Fis1 levels has also been reported [173].

Another mechanism of mitochondrial dysfunction has been related
to the interaction of Aβ with various components of the mitochondrial
permeability transition pore (mPTP). In fact, studies have shown that,
in APP transgenic mice, Aβ acts to upregulate VDAC1, a component of
the mPTP, to stimulate blockade of mPTP [174]. Moreover, the inter-
action between Aβ and CypD, a mitochondrial matrix protein, causes
the opening of mPTP, leading to reduced mitochondrial membrane
potential, increased oxidative stress, apoptosis, and deficits in axonal
mitochondrial transport [175].

Mitochondrial dysfunction in AD induces an increase in ROS pro-
duction by defective mitochondria. The increased oxidative stress has
been shown to further damage mitochondrial components such as
mtDNA and critical mitochondrial enzymes. A three-fold increase in
oxidative damage in mtDNA has been reported in the AD brain
[175–177].

4.4. Aging

DS individuals are more vulnerable to accelerated aging, which may
involve mitochondrial dysfunction and intracellular ROS accumulation.
The “free-radical theory of aging”, which was first proposed by Harman
[178], suggests that the aging process and the development of age-re-
lated degenerative diseases are due to increased free-radical damage to
cells and tissues. This is likely due to an imbalance between the for-
mation of ROS and the body's endogenous antioxidant defense me-
chanisms. This essential process culminates in the production of su-
peroxide anion radicals by complexes I and III [179]. Under normal
physiological conditions, ROS serve as important immune mediators

during inflammation, and are involved in the maintenance of synaptic
plasticity, learning and memory processes. However, excessive levels of
free radicals can induce oxidative damage to macromolecules, and thus
altering and impairing vital cellular processes.

Impairments in cellular bioenergetics and disruption to cellular
redox homeostasis have been shown to increase in the CNS with ad-
vanced age. For instance, an age-related increase in protein nitration
and oxidation, parallel to a decline in endogenous antioxidant compo-
nents has been documented in the hippocampus and frontal cortex of
post-mortem human brains between 0.01 and 80 years old [180]. Si-
milarly, antioxidant enzymes and GSH levels were reduced in the aged
brain [181]. This effect was also reported in several animal models.
Recently, we demonstrated reduced mitochondrial bioenergetics
(oxygen consumption and mitochondrial complex activities) in phy-
siologically aged female Wistar rats (24 months old) compared with
young animals (3 months old) [182]. Age-related mitochondrial im-
pairments have been also correlated to reduced locomotor function in
Rhesus monkeys [183]. Importantly, treatment with Ginkgo biloba
extract (EGb 761), which has demonstrated potent antioxidant prop-
erties, attenuated oxidative stress and age-related mitochondrial im-
pairments in another study [184].

Reduced threshold concentration of Ca2+ which facilitates the
opening of mPTP has also been reported in mitochondria isolated from
18 month-old rats compared to young (3 months old) rats [185]. Si-
milarly, senescence accelerated mice strains, which are a useful model
to study aging, display impairments in the brain antioxidant system
including reduced GSH level, down-regulation of SOD and catalase
activity (MnSOD and Cu/Zn-SOD), and age-related impairments in
learning and memory [186,187].

Therefore, it is likely that increased ROS generation can induce
oxidative insult leading to mitochondrial dysfunction and cell death via
apoptosis and energy restriction. However, whether increased free ra-
dical production represents the main cause of mitochondrial dysfunc-
tion or occurs in response to irregular respiratory function remains
unclear. Indeed, additional sources of endogenous ROS production can
contribute to ROS-induced toxicity. The distribution of mitochondria is
an important regulator of spatial and temporal demands of neuronal
energy in the adult brain [188,189]. Thus, alteration in mitochondrial
dynamics represents another facet in the pathobiology of age-related
diseases associated with synaptic/neuronal degeneration.

A recent study observed that exogenous cAMP increased the activity
of Sirt3, a sirtuin protein involved in age-related diseases [190], that
finely regulates mitochondrial function [191], and increases lifespan in
mice. The authors suggest that Sirt3 may be affected by mitochondrial
proteases under reduction by cAMP levels [192]. Consistently, we have
shown that oxidative stress reduces mitochondrial cAMP levels leading
to activation of mitochondrial proteases and reduced Sirt3 activity
[135]. It should be recalled that analysis of cAMP/PKA pathway in skin
fibroblasts from Down syndrome subjects, that present in early aging,
showed reduced cAMP levels and PKA activity compared to normal
cells [91] suggesting a role of cAMP signalling in the aging process.

5. Targeting mitochondrial dysfunctions in Down syndrome:
challenges and pitfalls

Mitochondria, for their unique structure and functions, represent
primary or secondary targets of various drugs used for pharma-
cotherapy in many diseases, including neurodegenerative disorders,
cancer, cardiovascular diseases, diabetes and obesity (for refs. see
[193]); all these diseases are associated with mitochondrial dysfunction
but also, to a various extent, to DS phenotypes. Mitochondrial drugs
and their targets, which include those affecting mitochondrial electron
transport chain complexes, intermediates of mitochondrial metabolism,
mitochondrial transporters and mtDNA, are widely reviewed in [193].
Targeting of signalling pathways controlling mitochondrial functions
offers a great potential for new therapeutic approaches aimed to
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attenuate mitochondrial dysfunction.
Herein, we will focus on several bioactive compounds, which have

demonstrated beneficial protective effects on mitochondrial signalling
pathways. These agents can reduce mitochondrial impairment and ROS
overproduction in DS, and are likely to be promising therapeutic tools
to improve DS phenotype (Fig. 3 and Table 1).

5.1. Polyphenols

Plant-derived polyphenols are interesting candidates for the man-
agement of DS, for their multimodal action in pathways altered in DS.
Polyphenols have been shown to modulate: i) gene expression of dif-
ferent genes (in particular for DS, DYRK1A and RCAN1), and several
miRNAs; ii) lipid oxidation; iii) homocysteine metabolism; iv) signal-
ling pathways which regulate mitochondrial functions and v) redox
homeostasis (for Ref. [194]). Polyphenols are naturally-occurring sec-
ondary metabolites of plants largely found in fruits, vegetables and
cereals [195] whose regular consumption is inversely associated to the
developmental risk of chronic human diseases. Polyphenols have been

shown to protect against different diseases such as cancer, neurode-
generative, neurologic, cardiovascular and metabolic pathologies
[196,197]. Two polyphenols, epigallocatechin-3 gallate (EGCG) and
resveratrol (RSV) are of particular interest in DS.

EGCG is a polyphenol belonging to the class of flavonoids and is the
main and most bioactive polyphenol present in the Camellia sinensis
(green tea) leaves extract [198]. It has been shown to be a multipotent
therapeutic agent with beneficial neuroprotective effects [199]. EGCG
has been reported to be about ten time more effective as a free radical
scavenger than vitamin E and C, which rely on the presence of more
steric structures than EGCG to stabilize the phenoxy radical structure
[194]. EGCG can readily cross the blood-brain barrier, making it an
attractive compound for therapy. Abd El Mohsen and colleagues [200]
and Zhang and colleagues [201] reported that after oral administration
of EGCG for a period of 5 days in mice, the polyphenol could be de-
tected in brain tissue samples.

The strong antioxidant properties, the capability to counteract mi-
tochondrial dysfunctions and to target several signalling pathways
controlling neural function, make EGCG a potent disease-modifying

Fig. 3. Overview of bioactive drugs and their molecular targets
shown to reverse mitochondrial impairment, oxidative stress, and
some DS clinical phenotypes. The scheme reports identified pro-
teins and pathways traced back to the levels of normal cells by
reactivation (↑) or inhibition (↓) as results of treatment with EGCG,
resveratrol, metformin, CoQ10, antioxidants and melatonin. The
resulting effects of the treatments positively modulate mitochon-
dria and improve DS phenotype. For references see the chapter
“Targeting mitochondrial dysfunctions in Down syndrome: chal-
lenges and pitfalls” and Table 1.

Table 1
Therapeutic use of bioactive drugs targeting mitochondrial dysfunctions in Down syndrome.

Drugs Dose Therapeutic actions Refs.

in vitro in vivo Involving mitochondria Others

EGCG 20 μM 10 mg/kg/die Mitochondrial ROS scavenging;
Aβ-induced mitochondrial apoptosis;
Rescue of MRC complex I and V activities;
Activation of mitochondrial biogenesis;
Promotion of ATP synthesis;
Rescue of mitochondrial membrane potential

Modulation of homocysteine metabolism;
Reduction of glutamate cytotoxicity

[87,91,95,194,203–205,209,210]

RSV 10 μM n.t. Activation of mitochondrial biogenesis;
Promotion of ATP synthesis;
Promotion of respiratory chain activity

Reduction of Aβ peptides;
Reduction of tau phosphorylation

[95,194,211]

Metformin 0.05 mM n.t. Promotion of mitochondrial network;
Activation of mitochondrial bioenergetics;
Activation of mitochondrial biogenesis

Control of blood sugar level [102]

0.5 mM
CoQ10 n.t. 4 mg/kg/die Activation of mitochondrial OXPHOS apparatus;

Promotion of ATP synthesis;
Mitochondrial ROS scavenging

Modulation of DNA repair mechanisms [215–217,220]

Melatonin n.t. 100 mg/L/die ROS scavenging;
Reduction of oxidative damage

Regulation of sleep and wake cycles [223–225]

Drugs tested in DS able to target mitochondria are indicated. Therapeutic actions relevant for DS not involving mitochondria are indicated with “Others”. n.t., not tested in DS.
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agent for DS and neurodegenerative diseases [202]. Extensive studies
carried out in several mouse and cell models of DS and neurological
diseases, have shown that EGCG can act by a number of mechanisms: i)
controlling mitochondrial homeostasis and ROS scavenging [203]; ii)
protecting against β-amyloid-induced mitochondrial apoptosis [55]; iii)
protecting against glutamate cytotoxicity [204] and iv) activating mi-
tochondrial bioenergetics and biogenesis [91,95,205]. AMPK is a target
of EGCG. Indeed neural hippocampal progenitors cells from Ts65Dn
mouse model of DS treated with 20 μM EGCG showed AMPK activation,
which correlated with an increased mitochondrial ATP synthesis and
attenuation of deficit in hippocampal neural progenitor cell prolifera-
tion [95]. Several reports have shown that EGCG modulates Sirt1 ac-
tivity (for refs. see [196]). Sirt1 is a master regulator in maintaining
genomic integrity and stability as well as a key modulatory target in
aging and neurodegeneration [206]. EGCG works synergistically with
AMPK, influencing the phosphorylation/acetylation status and the ac-
tivity of the PGC-1α [207]. In a recent paper, we reported that 20 μM
EGCG promoted respiratory chain function, mitochondrial biogenesis,
and neural progenitor cell proliferation in Ts65Dn mice by up-reg-
ulating AMPK/Sirt1/ PGC-1α axis [95]. We also reported that stimu-
lation of complex I activity occurred as result of 20 μM EGCG treatment
in fibroblasts of DS patients [91]. In this case, EGCG modulates the
levels of the key signalling molecule, cAMP [208] and increases the
activity of cAMP-dependent PKA which enhances phosphorylation of
the NDUFS4 subunit of mitochondrial complex I. This in turn facilitates
the rescue of complex I activity and a reduction of ROS production from
the impaired complex I [91]. EGCG can also inhibit kinase activity of
DRK1A, which is hyperactivated in DS and possibly responsible for the
impairment in brain development and cognitive deficit in DS [209].
Very relevant for DS subjects suffering of recurrent sleep apnea disturb
is a study reporting that oral supplements of EGCG reduces the neural
susceptibility to intermittent hypoxia during sleep due to oxidative
stress and neuroinflammation in rodents [210].

Recently, two clinical studies were performed in order to demon-
strate the safety and the efficacy of EGCG in DS. A double-blind, ran-
domized, placebo-controlled, phase 2 trial demonstrated that EGCG
(9 mg/kg per day) supplementation for 12 months potentiates the effect
of the cognitive training in young adults with DS [211]. Recently, in a
case study, we reported the safety and the positive effect of dietary
supplementation of EGCG (10 mg/kg per day) plus fish oil omega-3 in a
DS child in which, following the treatment, we observed a rescue of the
mitochondrial dysfunction and improvement of some behavioral defi-
cits [87].

Apart from EGCG, the efficacy of resveratrol (RSV) has also been
recently tested in DS. RSV is a polyphenol belonging to the class of
stilbenoids. It is found in grapes, red fruits, peanuts, and some plants
such as Polygonum cuspidatum. We previously showed that 10 μM RSV
was able to attenuate deficits in mitochondrial bioenergetics and bio-
genesis in NPCs from Ts65Dn mice by targeting PGC-1α/Sirt1/AMPK
axis, and leading to the rescue of impaired neurogenesis in vitro. It
should also be noted that RSV does not interact with DRK1A but down-
regulates the chromosome 21-encoded miR-155 [212], which controls
TFAM and regulates mitochondrial biogenesis [13]. Thus, the normal-
ization of miR155 by RSV could be a very interesting strategy to pre-
vent the impairment of mitochondrial biogenesis and other metabolic
alterations found in DS.

The major pitfall for supplementation with polyphenols is re-
presented by the absence of correlation between the dose of poly-
phenols and their bioavailability in the human body, due to their rapid
metabolism and extensive modifications occurring during absorption.
Moreover, the polyphenols are found in lower concentrations in food
compared to their effective dose in humans. In this perspective, dif-
ferent strategies have been adopted to enhance the delivery and bioa-
vailability of polyphenol extracts, such as combination with other
polyphenols, combination with other nutrients, encapsulation, pro-
drugs, polyphenol analogues, and alternative methods to oral

administration [194]. In addition, prior to clinical translation, the dose-
response relationship should be considered in view of a recent study
reporting that when the dosage was increased from 10 to 50 mg/kg per
day, EGCG supplementation is harmful to skeletal DS phenotypes and
fails to improve behavioral deficits in Ts65Dn mouse model of DS
[213].

5.2. Metformin

Recently, metformin has been also proposed as a potential ther-
apeutic strategy in DS for its ability to counteract impairment of mi-
tochondrial network and correct mitochondrial alterations [102].
Metformin is normally used as therapy for type 2 diabetes controlling
blood sugar level. Izzo and co-worker demonstrated, in fibroblasts of
subjects with DS, that treatment with metformin treatment enhances
PGC-1α expression and increases mitochondrial biogenesis. Ad-
ditionally, metformin promotes mitochondrial network organization,
inducing the expression of the fusion-inducing genes Mnf-2 and OPA1.

However, recent studies revealed that chronic use of metformin
increased the risk of developing AD by inducing mitochondrial dys-
function and aggregation of Aβ and tau proteins in the brain cortex
[214,215]. Thus, caution should be warranted for application of met-
formin as chronic therapy in DS, since the syndrome is already tightly
associated with high risk to develop AD in the middle age.

5.3. Coenzyme Q10, antioxidants and melatonin

Other supplementations such as coenzyme Q10 (CoQ10) and some
vitamins and antioxidants were discussed as possible therapies for DS
phenotype due to their ability to target mitochondrial dysfunctions
[216,217]. CoQ10 is a bioenergetic enzyme cofactor central to mi-
tochondrial OXPHOS apparatus. It is responsible for electron transfer
from complexes I and II to complex III. It also provides potent anti-
oxidant protection for the OXPHOS complex machinery, and is a potent
ROS scavenger [218]. CoQ10 has been administered in patients with
Friedreich's ataxia Huntington's and Parkinson's diseases with favorable
results in decreasing disease progression [219]. In DS, a recent study
comparing forty-three young DS children and forty-three controls re-
vealed a significant decrease of plasma CoQ10 levels, which positively
correlated with a decrease of IQ score [220]. In addition, a clinical trial
aimed at assessing the impact of CoQ10 supplementation following a
prolonged treatment regimen (4 mg/kg CoQ10 per day) in DS patients
revealed a potential role of CoQ10 in modulating DNA repair me-
chanisms [221].

Antioxidants supplementation, including α-tocopherol, ascorbic
acid and alpha-lipoic acid, was very effective to protect against oxida-
tive imbalance and reverse cognitive impairment of mouse models of
DS [222]. However, clinical trials performed on both children and
young adults with DS have revealed that standard antioxidant supple-
mentations could not replicate the favorable pre-clinical therapeutic
effects in humans [223].

Melatonin, a hormone involved in the regulation of sleep and wake
cycles was found to be lowered in the serum of children with DS with
respect to controls [224]. Due to its strong antioxidant abilities, mela-
tonin was tested in mouse models of DS and was shown to reduce
oxidative damage, improve cognitive performance, and reduce age-re-
lated degeneration of basal forebrain cholinergic neurons [225,226].
These results make melatonin an interesting antioxidant supplementa-
tion to be tested in DS patients.

5.4. microRNA

Evidence that miRNAs are associated with regulation of the re-
spiratory chain and ROS generation suggests the potential role of
mitomiRs as novel therapeutic targets in DS [227]. While the ther-
apeutic potential of miRNAs is promising, it is necessary to first to know
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the transient or long-lasting regulatory effects of mitomiRs, and de-
livery mechanisms of mitomiRs to mitochondria.

6. Concluding remarks

In this review we have analyzed the molecular determinants for
mitochondrial dysfunctions and the resulting cellular ROS accumula-
tion in DS (Fig. 1). Many mitochondrial alterations in DS are shared
with those found in other neurodegenerative diseases, aging, heart
defects, and other disorders associated with DS clinical phenotype (see
Fig. 2). We collected evidences demonstrating that mitochondrial al-
terations principally affect the brain, which is highly vulnerable to
energy deficit and susceptible to oxidative stress [19,228]. Therefore,
we strongly propose that mitochondrial dysfunction may be a major
etiological mechanism in intellectual disability and cognitive decline,
which represent key hallmarks of DS.

Therapeutic intervention aimed at improving mitochondrial func-
tion and reducing oxidative stress could be more effective during early
childhood to prevent neurobehavioral outcomes [229]. We also believe
that long-time treatment should be performed in DS, since short-time
intervention in neonatal life failed to remain effective in adulthood
[230,231]. Therefore, natural bioactive compounds, such as poly-
phenols extracts, due to their long-term safety profile and efficacy could
be strongly recommended as therapeutic interventions in DS [194,211].
We also suggest that combinations of therapeutic agents may better
improve outcomes in this complex disease.

In conclusion, we are fully aware that further work should be done
prior to confirming the efficacy of the proposed therapeutics in the DS
population. However, available evidence suggests that improving mi-
tochondrial function whilst a challenge, may ameliorate cognitive im-
pairment and many other clinical outcomes associated with DS, leading
to a better general health and improved quality of life of DS individuals.
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