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Summary

Inflammatory conditions and oxidative stress have a crucial role in Down

syndrome (DS). Emerging studies have also reported an altered lipid pro-

file in the early stages of DS. Our previous works demonstrate that citrate

pathway activation is required for oxygen radical production during

inflammation. Here, we find up-regulation of the citrate pathway and

down-regulation of carnitine/acylcarnitine carrier and carnitine palmitoyl-

transferase 1 genes in cells from children with DS. Interestingly, when the

citrate pathway is inhibited, we observe a reduction in oxygen radicals as

well as in lipid peroxidation levels. Our preliminary findings provide evi-

dence for a citrate pathway dysregulation, which could be related to some

phenotypic traits of people with DS.

Keywords: ATP citrate lyase; citrate pathway; Down syndrome; inflamma-

tion; mitochondrial citrate carrier; oxidative stress.

Introduction

Down syndrome (DS) is a human genetic disorder and the

prevailing cause of intellectual disability due to partial or

complete chromosome 21 (HSA21) triplication.1,2 People

with DS show an increased risk for various health condi-

tions, such as cardiovascular diseases, gastrointestinal tract

abnormalities, obesity, diabetes mellitus and an extremely

high and early incidence of Alzheimer disease.1,2 Early

events, such as the over-expression of APP3 and

S100B4 – located on HSA21 – and the resultant over-

expression of the pluripotent neuroinflammatory cytokine

interleukin-14 are induced by neuroinflammatory changes

in fetuses with DS. These observations highlight the rela-

tionships between DS and chronic inflammatory diseases.

A particular finding in DS is the occurrence of perma-

nent oxidative stress.5 One hypothesis is the increased

intracellular activity of the cytosolic copper/zinc

superoxide dismutase (SOD1), whose gene is located on

HSA21. Although SOD1 over-expression is considered

responsible for the persistent oxidative stress, it cannot be

excluded that other mechanisms, currently unknown, may

contribute to trigger the pro-oxidant and pro-inflammatory

status in DS. Recently, we identified a new pathway – re-

ferred to as ‘the citrate pathway’ – induced in the inflam-

matory status and involving the citrate, the mitochondrial

citrate carrier (CIC) and ATP-citrate lyase (ACLY).6–8

The citrate is an important intermediate metabolite

and a signal molecule regulating energy metabolism and

the functional state of cells.9 After its synthesis in mito-

chondria from acetyl-CoA and oxaloacetate, citrate

becomes a substrate in the tricarboxylic acid cycle, and its

subsequent complete oxidation provides the major source

of cellular ATP production. Alternatively, it can be trans-

ported outside the mitochondria by the CIC, a member

of the mitochondrial carrier family encoded by the

Abbreviations: ACLY, ATP-citrate lyase; CAC, carnitine/acylcarnitine carrier; CIC, citrate carrier; CPT1, carnitine palmitoyl-trans-
ferase 1; DS, Down syndrome; HCA, hydroxycitric acid; HSA21, human chromosome 21; NO, nitric oxide; PBMCs, peripheral
blood mononuclear cells; PPARa, peroxisome-proliferator-activated receptor a; ROS, reactive oxygen species; SOD1, copper/zinc
superoxide dismutase; TCA, tricarboxylic acid
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SLC25A1 gene. In the cytosol, citrate is cleaved by ACLY

to acetyl-CoA. In turn, acetyl-CoA is converted to malo-

nyl-CoA by acetyl-CoA carboxylase enzyme and chan-

nelled into lipogenesis.10 Cytosolic malonyl-CoA inhibits

fatty acid oxidation by allosteric inhibition of carnitine

palmitoyl-transferase 1 (CPT1), hence controlling cellular

fatty acid metabolism. In addition, acetyl-CoA could be

used for the cholesterol and isoprenoid synthesis and

nuclear histone acetylation in mammalian cells. The sec-

ond metabolic product, oxaloacetate, generated from the

cleavage of citrate, is reduced to malate by cytosolic

malate dehydrogenase and converted to pyruvate by malic

enzyme in a reaction that generates cytosolic NADPH

plus H+ (necessary for fatty acid and sterol synthesis).9

The citrate level inside the cells exerts crucial functions as

a key regulator of energy metabolism by inducing (i.e.

lipogenesis, fructose-1,6-biphosphatase) or inhibiting (i.e.

glycolysis, pyruvate kinase) metabolic pathways.9

Considering that (i) citrate is a lipogenic substrate, (ii)

dyslipidaemia is an important feature in DS that often leads

to overweight and obesity,11 (iii) people with DS show

increased oxidative stress and a chronic inflammatory con-

dition, and (iv) obesity itself is an inflammatory condition,

we asked whether and to what extent the citrate pathway

may be involved in the oxidative stress in DS. Hence, the

main aim of this work is to evaluate the contribution of the

citrate pathway to oxidative stress by determining the level

of the citrate and the expression of SLC25A1 and ACLY

genes in individuals with and without DS and by quantifying

the amount of pro-inflammatory molecules in the presence

or absence of a citrate pathway inhibitor. Moreover, the

expression pattern of lipid catabolism proteins – CPT1, car-

nitine/acylcarnitine carrier (CAC) and peroxisome-prolif-

erator-activated receptor a (PPARa) – is determined and

compared with that of anabolic lipid pathway.

Materials and methods

Cell culture and treatment

Samples of heparinized blood from 10 children with DS

aged between 3 and 5 years and of 10 age-matched control

children were supplied by the Department of Translational

Medical Sciences, Federico II University of Naples. The par-

ents of all children gave written informed consent before

participation. Peripheral blood mononuclear cells (PBMCs)

were isolated from freshly drawn peripheral venous blood

by Ficoll-Paque (Sigma-Aldrich, St Louis, MO) density cen-

trifugation at 400 g for 40 min at room temperature (25°).
Epstein–Barr virus-immortalized lymphoblastoid cells

of six children ranging from 3 to 5 years old with DS and

of six age-matched controls were provided by the Depart-

ment of Translational Medical Sciences, Federico II

University of Naples after informed consent was granted

by their attending parent or guardian.

Lymphoblastoid cells were grown in RPMI-1640 medium

with 20% fetal bovine serum supplemented with 2 mM

L-glutamine, 100 U penicillin, 160 mg/l gentamicin sulphate

and 100 lg/ml streptomycin at 37° in 5% CO2. Where indi-

cated, lymphoblastoid cells were treated for 24 hr with

500 lM hydroxycitric acid (HCA, Sigma-Aldrich), 50 nM

PMA (Sigma-Aldrich), zymosan (Sigma-Aldrich), 1 mM

NADPH (Sigma-Aldrich), 5 mM sodium malate (Sigma-

Aldrich) or 5 lM SB-204990 [(+)-(3R*,5S*)-3-carboxy-11-
(2,4-dichlorophenyl)-3,5-dihydroxyundecanoic acid, a gift

from GlaxoSmithKline, Brentford, UK]. Opsonized zymosan

was prepared as reported previously.12

Cytosolic extracts

Cell lysis was carried out in hypotonic buffer (20 mM

Tris–HCl, pH 7�4, 10 mM NaCl, 0�5% Nonidet P40,

3 mM MgCl2). Then, cytoplasmic fractions were isolated

from each sample by centrifugation at 4° for 10 min at

600 g. Cytosolic extracts were deproteinized using per-

chloric acid 6 M, then potassium hydroxide 6 M was

added to neutralize the solution. Deproteinized extracts

were analysed for citrate levels.

Quantification of cytosolic citrate in PBMCs

One hundred microlitres of each sample was mixed with

630 ll of D2O and 70 ll of 4�8 mM 4,4-dimethyl-4-sila-

pentane-1-sulphonic acid and placed in a 5 mm nuclear

magnetic resonance (NMR) tube. 4,4-Dimethyl-4-silapen-

tane-1-sulphonic acid was used as both chemical shift ref-

erence and internal standard for quantitative analysis. All

samples were at pH 7�4. The NMR spectra were acquired

on a Varian Unity Inova 500 MHz spectrometer. The

spectrometer was equipped with a 5-mm triple resonance

pulsed field z-axis gradient probe, operating at

499�96 MHz for 1H.

The temperature during all experiments was kept at

25°. No sample rotation was applied. The 1D 1H NMR

spectra were acquired using the water suppression

sequence. Two hundred and fifty-six scans were acquired

with a spectral width of 5995 Hz and an acquisition

time of 4 seconds. A recycle delay of 1 second was

selected. VNMRJ (Agilent Technologies, Santa Clara, CA,

USA) 2.1B software was used to acquire all the spectra.

Spectra were processed using NMR SUITE 8�0 (Chenomx

Inc., Edmonton, Alberta, Canada). 1D spectra were

Fourier transformed with FT size of 132 k and a 1 Hz

line-broadening, phased and a polynomial baseline cor-

rection was applied over the whole spectral range. The

PROFILER module was used to identify metabolites by fit-

ting the compound signatures from the spectral Che-

nomx NMR Suite library. Metabolite concentrations

were calculated by determining the heights of the signa-

tures best fitting the experimental signals.
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Real-time PCR, SDS–PAGE and Western blotting

Total RNAwas extracted and reverse transcribed as reported.13

Real-time PCR was performed as previously described14 by

using ACLY (Hs00982738_m1), CIC (Hs00761590), SREBP1

(Hs01088691), CAC (Hs00386383), CPT1A (Hs00912671),

PPARa (Hs00231882) and b-actin (4326315E) taqMan human

assays (Life Technologies, Paisley, UK). For immunoblotting

analysis, PBMCs and lymphoblastoid cells were rinsed with

ice-cold PBS and lysed using RIPA buffer. Thirty micrograms

of total proteins were heated at 100° for 5 min, separated

on 10–12% SDS–polyacrylamide gels and transferred to

nitrocellulose membranes. The membranes were then

blocked for 1 hr in a PBS solution containing 2% bovine

serum albumin and 0�1% Tween-20, and then treated at

room temperature with anti-ACLY (Aviva Systems Biol-

ogy, San Diego, CA), anti-CIC,15 anti-CAC,16 anti-

CPT1A (Aviva Systems Biology) anti-PPARa (Santa Cruz

Biotechnology, Santa Cruz, CA), anti-SREBP1 (Santa

Cruz Biotechnology), or anti-b-actin (Santa Cruz

Biotechnology) antibodies. The immunoreaction was

detected as described previously.17

Quantification of cytosolic citrate in lymphoblastoid cells

Cytosolic citrate levels were determined with the citrate

assay kit (Biovision, Mountain View, CA) as per manu-

facturer’s protocol. Briefly, triplicate samples of lym-

phoblastoid cells from children with DS or age-matched

controls were collected by centrifugation at 4° and

washed twice in chilled water.

Reactive oxygen species, nitric oxide and lipid peroxida-
tion detection

For reactive oxygen species (ROS) analysis, lymphoblas-

toid cells were incubated with 10 lM 6-carboxy-20,70-
dichlorodihydrofluorescein diacetate (Life Technologies)

for 30 min. The fluorescence was revealed by a GloMax

plate reader (Promega, Madison, WI, USA). Where indi-

cated, superoxide anion production was measured using

N,N0-dimethyl-9,90-biacridinium dinitrate (Lucigenin;

Abcam, Cambridge, UK) as described by Banskota et al.18

The chemiluminescent signal was also detected by Glo-

Max plate reader (Promega). Nitric oxide was measured

using 4-amino-5-methylamino-20,70-difluorofluorescein
diacetate (Life Technologies). Lipid peroxidation was

detected by the Lipid Peroxidation Fluorometric Assay

Kit (Biovision) as per manufacturer’s protocol. Briefly,

1 9 106 cells were homogenized on ice in 300 ll of the
malondialdehyde lysis buffer and then centrifuged

(13 000 g, 10 min) to remove insoluble material. The

supernatant from each homogenized sample was used to

fluorometrically quantify malondialdehyde (Ex/Em = 532/

553 nm) on a GloMax plate reader.

Statistical analysis

Statistical significance of difference was determined using

one-way analysis of variance. Results are presented as

means � SD of, at least, four independent experiments.

Differences were considered as significant (P < 0�05), very
significant (P < 0�01) and highly significant (P < 0�001).

Results

Citrate levels, ACLY and SLC25A1 gene expression in
PBMCs from children with DS

Previous studies reported that a persistent oxidant insult

such as an inflammatory condition are present early in

DS.5,19 However, not all mechanisms are clearly known.

Recently, we identified ‘the citrate pathway’ – a new

metabolic pathway involving the citrate metabolite, CIC

and ACLY enzymes – triggered during inflammation.6–8

Based on these findings we investigated whether the

citrate pathway can contribute to the altered oxidative

status observed in individuals with DS. First, we moni-

tored the cytosolic levels of citrate in PBMCs from DS

and control participants. The Chenomx Profiler was used

to identify the citrate metabolite. To determine the

amount of the identified metabolite, we carried out a rel-

ative quantification based on fitting the height of the

citrate signature that best matched the peak heights in

the spectra. Figure 1(a) shows that the citrate levels in

PBMCs from children with DS were more than twice as

high as the control values.

Next we evaluated whether higher levels of citrate are

related to the expression of two main proteins involved in

the citrate pathway, ACLY, which cleaves the citrate into

acetyl-CoA and oxaloacetate, and CIC, which transports

citrate outside mitochondria. The expression profile of these

genes revealed a 10-fold and a fourfold increase of ACLY

and CIC mRNAs (Fig. 1b,c), respectively, and a significant

rise of both ACLY and CIC protein levels in DS when com-

pared with PBMC of age-matched controls (Fig. 1d,e).

Uncropped blot images are shown in the Supplementary

material (Fig. S1). This result clearly indicates that the up-

regulation of ACLY and SLC25A1 genes is strictly consistent

with high citrate levels of children with DS.

Expression pattern of the citrate pathway in DS cells

To shed more light on the relationship between the

citrate pathway and DS, we carried out further experi-

ments in immortalized lymphoblastoid cells from children

with DS and age-matched controls. First, we measured

the amount of the cytosolic citrate and found a great

increase of this metabolite in lymphoblasts from children

with DS than in lymphoblasts from healthy donors

(Fig. 2).
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By real-time PCR and Western blotting, we also anal-

ysed the expression pattern of SLC25A1 and ACLY

genes. We observed a strong increase in ACLY mRNA

and protein levels (Fig. 3a,b). CIC mRNA levels

increased by about 100% (Fig. 3a) and a parallel rise

in CIC protein was found in DS compared with nor-

mal lymphoblasts (Fig. 3b,c). It is noteworthy that the

up-regulation of these genes is consistent with the lipo-

genic dysregulation found in DS from the earliest stages

of life.11 To better highlight the metabolic dysregula-

tion, the expression of the lipogenic sterol regulatory

element binding protein 1 (SREBP1) – the major player

in lipogenesis gene regulation – was quantified.20 As

expected, SREBP1 displayed an up-regulation in DS

compared with control lymphoblastoid cells (Fig. 3a,b).

Uncropped blots of a replicate experiment are depicted

in the Supplementary material (Fig. S2). Altogether,

these data indicate an activation of the citrate pathway

in immortalized lymphoblastoid cells from children

with DS.

Expression of CPTI, CAC and PPARa in DS
lymphoblastoid cells

To better understand the metabolic condition of our cel-

lular model, we evaluated the expression of three genes

involved in lipid catabolism: the carnitine-palmitoyltrans-

ferase 1 (CPT1), a component of the carnitine shuttle,
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Figure 1. Citrate pathway in peripheral blood mononuclear cells (PBMCs) from children with Down syndrome (DS). (a) Cytosolic citrate levels

from PBMCs of three age-matched control children (black bars) and three (3–5 years old) children with DS (grey bars) were assessed. The

amount of citrate was normalized to total proteins in each sample. (b) and (c) Total RNA extracted from PBMCs of three age-matched controls

(black bars) and three (3–5 years old) children with DS (grey bars) was used to quantify ATP-citrate lyase (ACLY) and citrate carrier (CIC) and

mRNAs, respectively. (d) ACLY, CIC and b-actin proteins from PBMCs of 10 age-matched controls (C1–C10) and 10 (3–5 years old) children

with DS (DS1–DS10) were detected by specific antibodies. Western blotting data are representative of four independent experiments. (e) The

intensity of immunolabelled protein bands depicted in (d) was quantified by densitometric scanning. Quantification represents the average of fold

change for ACLY and CIC proteins in DS relative to control PBMCs. In (a), (b), (c) and (e), means � SD of four replicate independent experi-

ments are shown; where indicated differences between samples and relative controls (*P < 0�05, ***P < 0�001) were significant.
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that controls the fatty acid catabolism,21 the SLC25A20

encoding for the carnitine/acylcarnitine carrier (CAC),

another component of the carnitine shuttle, which cataly-

ses the import of acyl-units – as acyl-carnitine – into the

mitochondria where they are subjected to b-oxidation21,22

and PPARa, a well-known transcriptional factor that

binds to the promoter of many genes involved in lipid

catabolic pathways.23 As displayed in Fig. 4(a), CAC,

CPT1 and PPARa mRNAs exhibited significant down-

regulation of about 70%, 50% and 60%, respectively, in

DS compared with control cells. Consistently, a CAC,

CPT1 and PPARa protein reduction was also observed

(Fig. 4b).

Our findings reveal a dysregulation of lipid catabolism

in line with citrate pathway activation in DS lymphoblas-

toid cells.

Pro-oxidant and pro-inflammatory species derived
from the citrate pathway activity in DS cells

In keeping with the high activation of the citrate pathway

(Figs 2–4) – strongly induced during inflammation24–26

– in the next set of experiments we evaluated the produc-

tion of pro-oxidant and pro-inflammatory species con-

tributing to occurrence of oxidative stress in children with

DS. As we have previously reported that the citrate pathway

activity is tightly related to oxygen radical production in

immune cells,9 we assessed ROS and NO production.

Consistent with high citrate levels, an 80% and 20%

increase in intracellular ROS and NO, respectively, was

found in DS cells when compared with control lym-

phoblasts (Fig. 5a,b).
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The generation of ROS and an altered redox status are

common biochemical aspects in many pathological condi-

tions. High oxygen radical levels can react with the

polyunsaturated fatty acids of lipid membranes and

induce lipid peroxidation. Therefore, we also focused on

lipid damage in DS cells. A significant increase of about

40% in lipid peroxidation was observed in DS compared

with control lymphoblasts (Fig. 5c), suggesting a similar

trend between citrate pathway activity and cellular oxida-

tive status. As we found an increase of ROS in DS cells,

in another set of experiments we measured the ability of

NADP-oxidase to produce superoxide anion radicals. To

this end, DS cells were stimulated with PMA or opso-

nized zymosan and then superoxide anion radicals were

measured by lucigenin assay. Figure 5(d,e) displays a

significant increase in superoxide anions upon both treat-

ments.

To check whether ROS and NO in DS cells were

related to citrate pathway activation, we tested the effect

of the citrate pathway inhibition on redox status of cells.

We treated DS cells with 500 lM HCA, a natural and

potent ACLY inhibitor,27 and 5 lM SB-204990, a specific

and more efficiently transported across cell membrane

ACLY inhibitor.28,29 Twenty-four hours after HCA

administration or SB-204990, a significant reduction in

ROS and NO levels compared with control cells was

observed (Fig. 6a,b), although both ACLY inhibitors did

not completely abolish ROS increase (Fig. 6a). To shed

more light on the citrate pathway contribution to the

redox status in DS, we treated DS cells with HCA
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together with NADPH or malate. NADPH is produced by

malic enzyme from cytosolic oxaloacetate-derived malate.

Both NADPH and malate are downstream metabolites of

the citrate pathway and necessary to produce ROS and

NO by NADPH oxidase and induced NO synthase,

respectively. As shown in (Fig. 6c,d), when the citrate

pathway was inhibited, the addition of NADPH or malate

was sufficient to increase ROS as well as NO levels of DS

cells. Interestingly, lipid peroxidation was also lower in

HCA- or SB-204990-treated cells than in untreated DS

cells (Fig. 6e). These data show that the citrate pathway

up-regulation could be responsible, at least in part, for

the oxidative stress in children with DS.

Discussion

The pro-oxidant status is a well-known hallmark of peo-

ple with DS. Although an important role is played by the

imbalance in the SOD1/catalase activity,30,31 other mecha-

nisms could be involved. In the current study we demon-

strate for the first time that a new player, the citrate

pathway, is linked to the persistent oxidative insult

detected in DS. In DS cells we observe an increase of the

cytosolic citrate levels compared with age-matched

controls. Citrate, beyond the metabolic role of supplying

acetyl-units needed for lipid biosynthesis, can be chan-

nelled in the inflammatory pathway in DS. NADPH pro-

duced by oxaloacetate – derived from the citrate

cleavage – is used for ROS and NO synthesis by

NADPH-oxidase and induced NO synthase, respectively.10

Hence, our data show that a certain amount of cellular

ROS and NO increase derives from high levels of cytoso-

lic citrate transported outside mitochondria by the CIC

and cleaved by ACLY enzyme. The mechanism by which

the citrate levels are higher in individuals with DS than in

age-matched controls is not known. It could be hypothe-

sized that the generation of oxidative stress in DS is a

complex process induced not only by the over-expression

of some genes located on HSA21 and imbalance of

SOD1/catalase activity, but also by molecular signals, such

as citrate – a key metabolic regulator – produced by

impairment of metabolic pathways.9,32

The citrate pathway involvement in DS is demonstrated

by hydroxycitrate inhibitor, a natural molecule, or SB-

204990, which partially reduced oxidative stress in DS

cells (Fig. 7). Addition of metabolites downstream of the

citrate pathway – such as malate or NADPH – abolishes

the antioxidant effect of HCA. Hence, in addition to the
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Figure 6. Effect of ATP-citrate lyase (ACLY) inhibition in lymphoblasts from children with Down syndrome (DS). (a) Reactive oxygen species

(ROS), (b) nitric oxide (NO) and (e) lipid peroxidation levels from lympoblastoid cells taken from six children with DS and either untreated

(black bars) or treated with 500 lM hydroxycitric acid (HCA) (grey bars) or 5 lM SB-204990 (white bars) were measured. (c) ROS and NO (d)

levels from lympoblastoid cells taken from six children with DS and untreated (black bars) or treated with 500 lM HCA alone (grey bars) or in

the presence of NADPH (white bars) or malate (dark grey bars) were measured. In (a), (b), (c), (d) and (e), means � SD of four replicate inde-

pendent experiments are shown; where indicated differences between samples and relative controls (*P < 0�05, **P < 0�01) were significant.
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well-known nutrients (a-tocopherol, a-lipoic acid and

ascorbic acid), used to scavenge oxygen-derived free radi-

cals and modulate some of the DS complications,33 and

epigallocatechin-3-gallate, found to protect DS cells by

improving mitochondrial function,34 hydroxycitrate could

be proposed to reduce oxidative stress in individuals with

DS. Furthermore, elevated ROS and NO levels are also

accompanied by a lipid peroxidation increase. Observed

lipid peroxidation rise may be a consequence of both dys-

lipidaemia and oxidative stress leading to production of

lipid peroxyl and lipid alkoxyl radicals. These increased

toxic species can induce deleterious signalling cascades,

promoting impairment of enzymatic activities.

Another outcome of our experiments concerns the

deregulation of some lipid metabolism genes. Beyond the

SLC25A1, ACLY and SREBP1 up-regulation, we also

found that three genes involved in lipid

catabolism – CPT1, SLC25A20 and PPARa – are signifi-

cantly down-regulated in DS cells. These findings are in

line with the reported dysfunction of mitochondrial

energy production in DS, due to impairment of complex

I, ATP synthase, ATP/ADP carrier and adenylate kinase.35

To explain these results, it could be hypothesized that

SREBP1 activation in fetuses36 up-regulates the citrate

pathway by binding to ACLY and SCL25A1 promoter

responsive elements.20,37 As a consequence of CIC and

ACLY activity, increased cytosolic citrate levels can con-

tribute to the ROS and NO overproduction found in DS.

At the same time, cytosolic citrate is channelled into the

lipogenic pathway and leads to high levels of malonyl-

CoA, which inhibits the lipid catabolism.

Although the main goal of this work concerns the rela-

tionship between citrate pathway activation and some fea-

tures of DS, the expression pattern of six genes involved

in the lipid metabolism (three catabolic genes: CPT1,

SLC25A20 and PPARa; and three anabolic genes:

SLC25A1, ACLY and SREBP1) highlights that a lipid dys-

regulation occurs and is already present in very young

children (3–5 years old) with DS long before adulthood.

In conclusion, our preliminary data clearly demonstrate

a link between citrate pathway activation and oxidative

stress in DS. These results could be a starting point to

study cellular mechanisms underlying multiplex features

very common in individuals with DS and not yet

explained, such as the relationship among oxidative stress,

dyslipidaemia and obesity. Identification of a new meta-

bolic pathway related to the cell dysfunctions found in

DS may help to find therapeutic strategies to manage

some aspects of the DS phenotype. However, further dee-

per investigations extended to a higher number of partici-

pants are needed to better understand the role of the

citrate pathway in DS.
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Figure 7. Role of the citrate pathway in Down syndrome (DS). In the nuclei, peroxisome-proliferator-activated receptor a (PPARa) down-regu-
lates SLC25A20 and carnitine palmitoyl-transferase 1 (CPT1) genes blocking mitochondrial b-oxidation. At the same time, sterol regulatory ele-

ment binding protein 1 (SREBP1) binds to SRE-responsive elements and activates SLC25A1 and ATP-citrate lyase (ACLY citrate pathway genes.

As a consequence, cytosolic citrate increases, leading to an increase of ROS, NO and lipid peroxidation levels. When ACLY is inhibited by

hydroxycitric acid (HCA) or SB-204990, a partial reduction of the oxidative stress is observed.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Uncropped blots of Fig. 1(d) are depicted.

ATP-citrate lyase (ACLY), citrate carrier (CIC) and b-
actin proteins from the peripheral blood mononuclear

cells of 10 age-matched control children (C1–C10) and

10 (3- to 5-year-old) children with Down Syndrome

(DS1–DS10) were detected by specific antibodies.

Figure S2. Uncropped replicates of Fig. 3(b) are

shown. ATP-citrate lyase (ACLY), citrate carrier (CIC),

SREBP1 and b-actin from the lympoblastoid cells of six

age-matched control children (C) and six children with

Down syndrome (DS) were detected by specific

antibodies.
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