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Short title: Mitochondrial energy deficit in Down syndrome 

Synopsis

A central role for mitochondrial dysfunctions has been proposed in the pathogenesis of Down 

syndrome (DS), a multifactorial disorder caused by trisomy of human chromosome 21.  

To explore whether and how abnormalities in mitochondrial energy metabolism are involved in DS 

pathogenesis, we investigated the catalytic properties, gene expression and protein levels of certain 

proteins involved in mitochondrial ATP synthesis such as ATPase, ADP/ATP translocator (ANT) 

and adenylate kinase (AK) in human skin fibroblasts from subjects with DS (DS-HSF) comparing 

them with euploid fibroblasts.  

In DS-HSF, we found a strong impairment of mitochondrial ATP synthesis due to a reduction in the 

catalytic efficiency of each of the investigated proteins. This impairment occurred in spite of 

unchanged gene expression and an increase in ANT and AK protein content, whereas the amount of 

ATPase subunits was selectively reduced. Interestingly, exposure of DS-HSF to dibutyryl-cAMP, a 

permanent derivative of cAMP, stimulated ANT, AK and ATPase activities whereas H89, a specific 

PKA inhibitor, suppressed this cAMP-dependent activation, indicating an involvement of 

cAMP/PKA-mediated signalling pathway in ATPase, ANT and AK deficit. Consistently, DS-HSF 

showed decreased basal levels of cAMP and reduced PKA activity. 

Despite the impairment of mitochondrial energy apparatus, no changes in cellular energy status but 

increased basal levels of L-lactate were found in DS-HSF which partially offset for mitochondrial 

energy deficit by increasing glycolysis and mitochondrial mass. 

These results give new insight into the molecular basis for mitochondrial dysfunction in DS and 

might provide a molecular explanation for some clinical features of the syndrome.  

Keywords: Down syndrome, mitochondria, ATPase, adenine nucleotide translocator, adenylate 

kinase, cAMP levels. 

Abbreviations: AA, antimycin A; AK, adenylate kinase; ANT, adenine nucleotide translocator; 

Ap5A, diadenosine pentaphosphate; ASC, ascorbate; ATP-ds, ATP detecting system; CAT, 

carboxyatractyloside; Cox II, cytochrome c oxidase II; DS, Down syndrome; DS-HSF, human skin 

fibroblasts with trisomic karyotype; DS-HSF+DIG, digitonin-permeabilized human skin fibroblasts 

with trisomic karyotype; db-cAMP, dibutyryl-cAMP; FCCP, carbonylcyanide p-

trifluoromethoxyphenylhydrazone; G6P-DH, glucose-6-phosphate dehydrogenase; HK, hexokinase; 
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HSF, human skin fibroblasts; KCN, cyanide; mGDH, mitochondrial glutamate dehydrogenase; 

MYXO, myxothiazol; NAO, nonyl acridine orange; N-HSF, human skin fibroblasts with normal 

karyotype; N-HSF+DIG, digitonin-permeabilized human skin fibroblasts with normal karyotype; 

OLIGO, oligomycin; OXPHOS, oxidative phosphorylation; PKA, protein kinase A; RCI, 

respiratory control index; ROT, rotenone; SUCC, succinate.

INTRODUCTION

Trisomy of human chromosome 21 is the most frequent aneuploidy in live births. The clinical entity 

of trisomy 21 is known as Down syndrome (DS) which affects all major organ systems including 

the bone, immune, central nervous, muscular and cardiovascular systems [for refs see 1 and 2]. DS 

is also characterized by premature aging and dementia with neurological features that mimic those 

found in Alzheimer's disease [3]. Despite a widespread interest in Down syndrome and a vast 

number of cytogenetic and molecular studies, both the aetiology and the mechanism by which this 

aneuploidy produces the clinical phenotype and the phenotypic variations are largely unknown. 

Some studies have indicated the over-expression of genes located on chromosome 21 as the main 

cause of the complex metabolic derangement in DS [4]. However, other studies have shown how 

individual loci were not by themselves responsible for specific anatomical, physiological and 

functional features of the syndrome [5, 6].  

A central role for defective mitochondrial functions has been proposed in DS pathogenesis [7], as in 

other neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s diseases [8-

10]. Evidence for mitochondrial impairment has been described in various DS cell cultures and 

tissues. In particular, most studies have analysed gene expression and protein levels of some 

mitochondrial proteins: down-regulation of genes encoding certain mitochondrial proteins involved 

in oxidative phosphorylation (OXPHOS) and ATP synthesis have been found in heart of DS 

foetuses and in amniocytes [11, 12] and increased protein levels of some Krebs cycle enzymes such 

as aconitase and NADP-linked isocitrate dehydrogenase have been reported in DS brain [13]. 

However, little is still known about alterations in mitochondria at a functional level: a reduction in 

some mitochondrial enzyme activities has been reported in platelets from DS patients [14], 

mitochondrial membrane potential, oxidoreductase activity and mitochondrial morphology are 

claimed to be altered in DS astrocytes [15] and alteration in mtDNA repair systems has been shown 

in DS fibroblasts [16]. Although these data are indicative of widespread mitochondrial 

dysfunctions, the cause of defective mitochondria is still unclear and it remains to be investigated 

whether and how alterations in pathways/biomolecules of the mitochondrial energy metabolism are 

involved in the pathogenesis of the syndrome. 

In this study, we selectively examined in DS-HSF certain mitochondrial proteins, connected 

metabolically, that play a role in providing ATP, such as ATPase which catalyses ATP synthesis 

inside mitochondria, adenine nucleotide translocator (ANT) which causes ATP export from 

mitochondria in exchange for cytosolic ADP, and adenylate kinase (AK) which catalyses the 

interconversion of adenylate nucleotides. 

We made use of human skin fibroblasts (HSF) from both foetal and adult subjects with 

chromosome 21 trisomy (DS-HSF) comparing them with euploid fibroblasts (N-HSF) as a suitable 

cellular model system to explore whether abnormalities in mitochondrial energy metabolism are 

inherent properties of DS cells; in addition, there is evidence that this peripheral tissue expresses 

pathophysiological mechanisms relevant for brain dysfunction [17, 18]. 

We found that both foetal and adult DS-HSF show a drastic reduction in catalytic efficiency for 

each of the analysed proteins. With the exception of the significant reduction in the amount of 

ATPase subunits, DS-HSF showed increased levels of ANT and AK but also of other mitochondrial 

proteins, due to an increase in mitochondrial mass. Furthermore, despite the deficit of 

mitochondrial ATP production, DS-HSF show no significant change in cellular energy status but 

increased basal levels of L-lactate, the end product of anaerobic glycolysis, probably as a 
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compensatory event, together with an increase in mitochondrial mass, to partially offset 

mitochondrial energy deficit in DS-HFS. 

EXPERIMENTAL 

Cell culture  

Five normal and five DS human skin fibroblast cell lines were obtained from the Galliera Genetic 

Bank (Galliera Hospitals, Genova, Italy). Three DS and three normal fibroblast cultures were 

established from fetuses spontaneously aborted at a gestational age between 14 and 19 weeks. Two 

samples each of normal and DS fibroblast cultures were established from donors with trisomic (age 

19 and 22 years) and normal (age 30 and 36 years) karyotype. DS and matched normal cell strains 

were processed and studied in parallel.

The cells were cultured at 37°C in humidified CO2/95% air in RPMI 1640 medium (GIBCO/BRL) 

supplemented with 15% heat-inactivated fetal bovine serum (GIBCO/BRL), 2 mM L-glutamine, 

penicillin (100 U/ml) and streptomycin (100 µg/ml). Cells were subjected to a 1:2 split every 6 

days. Cell protein assay was carried out according to [19]. Comparison of the functional features of 

normal and DS fibroblasts was made with sub-confluent cultures using a comparable number of 

culture passages (5-15), in which the growth rate of DS fibroblasts was comparable with that of 

normal cells; doubling time was about 18 h and 24 h for fetal and non-fetal fibroblasts, respectively.

Permeabilization of cultured HSF with digitonin  

HSF were trypsinized, washed with PBS and suspended in ice-cold sucrose medium consisting of 

0.25 M sucrose, 10 mM TRIS-HCl (pH 7.2), 1 mM EGTA, plus 0.01 % digitonin (w/v), as in [20]. 

After 10 min incubation at ice temperature, cells were centrifuged (150 g for 5 min at 4°C), washed 

twice with sucrose medium devoid of digitonin, and used for polarographic and spectrophotometric 

measurements. 

Controls were carried out to ensure that plasma membrane permeabilization efficiency with 0.01% 

digitonin was comparable in both N- and DS-HSF, as shown by measuring  the release of L-lactate 

dehydrogenase in the supernatant after digitonin treatment, as described in [20]. The 

permeabilization efficiency of HSF was also tested by using the trypan blue dye exclusion test 

resulting 98-100% in both N- and DS-HSF. Moreover, we confirm that no rupture of the outer 

mitochondrial membrane occurred in permeabilized HSF: both DS- and N-HSF showed almost 

100% outer membrane integrity, assessed as in [21]. 

Measurement of oxygen consumption in permeabilized HSF 

Oxygen consumption measurements were carried out at 37°C using a Gilson 5/6 oxygraph with a 

Clark electrode. Digitonin-permeabilized fibroblasts (1 mg) were incubated in 1.5 ml of the 

respiration medium (210 mM mannitol, 70 mM sucrose, 20 mM TRIS-HCl, 5 mM 

KH2PO4/K2HPO4 , pH 7.4, 3 mM MgCl2, and 5 mg/ml BSA) with  succinate (SUCC; 5 mM) plus 3 

µM rotenone (ROT) in the presence (state 3 respiration) or absence (state 4 respiration) of either 

ADP (0.5 mM) or carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP; 1.25 µM).

Measurement of ANT and AK-dependent  mitochondrial ATP efflux  

The measurement of ADP/ATP exchange rate via ANT was determined, as described previously in 

[22], in digitonin-permeabilized fibroblasts incubated at 37°C in 2 ml of the respiration medium

described above in the presence of the ATP detecting system (ATP-ds) consisting of glucose (2.5 

mM), hexokinase (HK) (2 e.u.), glucose 6-phosphate dehydrogenase (G6P-DH) (1 e.u.) and NADP
+
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(0.25 mM) in the presence of succinate (5 mM) as energy source plus 10 µM diadenosine 

pentaphosphate (Ap5A), used to specifically inhibit AK [23]. NADPH formation in the 

extramitochondrial phase, which reveals ATP appearance due to externally added ADP (0.5 mM), 

was monitored as an increase in absorbance at 340 nm. Great care was taken to use enough 

HK/G6P-DH coupled enzymes to ensure a non-limiting ADP-regenerating system for the 

measurement of ATP efflux.  

Control experiments were carried out as in [22, 24] to ensure that under these experimental 

conditions OXPHOS-dependent ATP efflux due to externally added ADP was mediated by ANT 

(see Supplementary data). 

The AK activity in digitonin-permeabilized fibroblasts was monitored photometrically at 340 nm in 

the direction of ATP production by using ADP (0.5 mM) as a substrate in the presence of the ATP-

ds described above plus 1 µM CAT and 5 µM OLIGO used to block ANT and ATP synthase, 

respectively [22].

It should be noted that the activity of AK that we measured in proliferative permeabilized 

fibroblasts is thought to be due essentially to the mitochondrial AK isoenzyme since the 

cytoplasmatic AK isoforms are not expressed in proliferating cells [25].

Measurement of ATPase activity 

Measurements of ATPase activity were carried out in mitochondrial membrane-enriched fractions 

from cultured HSF. Aliquots of trypsinized HSF cells were washed with ice-cold phosphate-

buffered saline, frozen in liquid nitrogen and kept at -80°C until use. For isolation of mitochondrial 

membrane-enriched fractions, the pellets were thawed at 2-4°C, suspended in 1 ml of 10 mM TRIS-

HCl (pH 7.5), 1mg/ml BSA, and exposed to ultrasound energy for 15 s at 0°C. The ultrasound-

treated cells were centrifuged (10 min at 600 g and 4°C). The supernatant was centrifuged again (10 

min at 14000 g and 4°C) and the resulting supernatant was carefully removed. The pellet was 

suspended in 1 ml of the respiration medium and ATPase was measured at 37 °C by monitoring the 

OLIGO-sensitive ATP hydrolase activity, essentially as in [26].  

Quantitative real-time PCR  

For gene expression measurements, total RNA from normal and DS-HSF cell lines was extracted 

using the RNeasy plus mini kit (Qiagen). 5 µg of total DNA were retrotranscribed by using the 

reverse transcription Archive Kit (Applied Biosystems™), according to the manufacturer’s 

instructions. The real-time RT-PCR reactions were performed on an Applied Biosystems™ 

7900HT, as described by the manufacturer. The reaction mixtures contain 2x TM Master Mix 

Buffer, PDAR System Target 20x FAM (TaqMan® Gene Expression Assays), 1 µl cDNA template 

and water. Cycle threshold (Ct) values were obtained graphically, automatically by the instrument, 

for each gene tested. The glyceraldehyde 3P-dehydrogenase and -actin housekeeping genes were 

used as internal standards. Reactions without cDNA were included as a negative control. The 

relative gene expression for each experiment was calculated using one of five human normal skin 

fibroblast cell lines as calibrator. 

For a quantitative analysis of mtDNA content, total genomic DNA was extracted from normal and 

DS-HSF cell lines using the NucleoSpin kit (Macherey-Nagel) and real-time PCR reactions were 

performed on an Applied Biosystems™ 7900HT using the SYBR-Green PCR Master Mix 

(Qiagen). Primers for two mtDNA sequences, D-loop and cytochrome c oxidase II (Cox II), and a 

nuclear DNA sequence -actin were used as described in [27]. The reaction mixtures contain 15 ng 

total genomic DNA, 1X SYBR-Green PCR Master Mix 3.5 mM MgCl2 and 0.3 M each primer 

(Operon Biotechnologies GmbH). Triplicate reactions were performed for each marker in a 96-well 

plate using a two-step amplification program of initial denaturation at 95°C for 15 min, followed by 

35 cycles of 94°C for 20 s and 61°C for 30 s. Standard curves were generated from each 

experimental plate using serial 5-fold dilutions of genomic DNA. 
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Immunoblot analysis 

Cell extracts (0.05 mg protein) were loaded onto a 10% SDS-polyacrylamide gel, separated and 

transferred to a polyvinylidene difluoride membrane which was probed with the following primary 

antibodies: monoclonal  subunit of F1ATPase (1:250, MitoSciences); monoclonal  subunit of 

F1ATPase (1:400, Santa Cruz); polyclonal d subunit of FoATPase (1:250, Abnova); polyclonal AK2 

(1:200, Abgent), polyclonal mGDH (1:1000, provided by Dr. F. Rothe, Institut für Medizinische 

Neurobiologie, University of Magdeburg, Magdeburg, Germany); polyclonal ANT (1:400, Santa 

Cruz); monoclonal porin (1:1000, MitoSciences). Immunoblot analysis was performed essentially 

as described in [28] using horseradish peroxidase-conjugated anti-mouse or anti-rabbit antibodies 

and enhanced chemiluminescence Western blotting reagents (Amersham, Pharmacia Biotech). 

Protein levels were normalized using the constitutively expressed -actin protein using antibody to 

-actin (1:500, Sigma Aldrich). 

Densitometry values for immunoreactive bands were quantified and protein levels were calculated 

as a percentage of those in normal fibroblasts taken as 100 in arbitrary units after normalization 

based on the amount of actin in each lane on the same filter. 

Determination of mitochondrial mass 

Mitochondrial mass was determined by using the fluorescent dye 10-n-Nonyl-Acridine Orange 

(NAO; Molecular probes) [29]. Sub-confluent cells were trypsinized and resuspended in 0.5 ml 

culture medium (5 x 10
5
 cell/ml) supplemented with 25 mM HEPES, pH 7.5 and containing 5 M

NAO. After incubation for 10 min at 37°C, cells were spun down, washed with ice-cold medium 

and transferred immediately to a tube on ice for analysis of the fluorescence intensity by flow 

cytometry. In each measurement, a minimum of 20,000 cells were analyzed. Data were acquired 

and analyzed on the FL2 channel using CellQuest software (Becton Dickinson). 

PKA assay and measurement of cellular cAMP levels 

The activity of Protein Kinase A (PKA) was measured in cell extracts with cAMP-dependent PKA 

Assay System (Stressgen), as recommended by the manufacturer. PKA activity was 5-10-fold 

stimulated by incubation cell extract with 5 µM dibutyryl-cAMP (db-cAMP) for 5 min at 37°C.  

Intracellular cAMP concentration were measured in cell extracts with cAMP EIA Kit from 

Stressgen, following the manufacturer's instructions.  

Measurement of cellular adenine nucleotide levels 

HSF were trypsinized, washed with PBS and centrifuged at 2000 g for 5 min at 4°C. The cellular 

pellet was subjected to perchloric acid extraction. The amounts of intracellular phosphorylated 

adenine nucleosides (ATP, ADP, AMP) were determined enzymatically in neutralized extracts as 

described in [30, 31]. The cellular energy charge ( ) was calculated from the formula: 

([ATP]+1/2[ADP])/([ATP]+[ADP]+[AMP]) [32]. 

Measurement of L-lactate levels 

Cells were plated in 5-cm diameter dishes and grown until sub-confluence. 16 h after the culture 

medium change, the extracellular L-lactate concentration was measured in culture medium by using 

the L-lactate dehydrogenase method that gives a reliable estimate of L-lactate production inside the 

cells [33].

Statistical analysis 
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Statistical evaluation of the differential analysis was performed by one way ANOVA and Student’s 

t-test. The threshold for statistical significance was set to 0.01. 

RESULTS

ATP-related mitochondrial metabolism in DS fibroblasts: reduced efficiency of OXPHOS  

To investigate whether and how mitochondrial ATP-related metabolism can change in DS 

fibroblasts, we analysed certain bioenergetic parameters of mitochondria inside cells by comparing 

trisomic fibroblasts from both spontaneously aborted fetuses and adult donors permeabilized with 

0.01 % digitonin (DS-HSF+DIG) with respective normal-permeabilized fibroblasts (N-HSF+DIG). No 

differences in permeabilization efficiency and mitochondrial membrane integrity were found 

between DS-HSF+DIG and N-HSF+DIG (see Experimental section). 

We firstly checked whether changes in oxidative phosphorylation capacity can occur in DS 

fibroblasts. To do this, we measured mitochondrial respiration inside DS-HSF+DIG compared with 

N-HSF+DIG using succinate as an energy substrate. As shown in a typical experiment (Fig. 1A, 

panels a and b), and in a series of experiments carried out comparing the different DS cell lines with 

the respective normal cells (Fig. 1B), the ADP-stimulated respiration rate (state 3 respiration) 

decreased 1.3 (± 0.2)-fold in DS-HSF+DIG compared to N-HSF+DIG, whereas the respiration in the 

presence of the uncoupler FCCP was equal to the control, indicative of a similar electron flux 

through Complex II-Complex IV of the respiratory chain.  

In spite of a decrease in state 3, a 1.3 (± 0.1)-fold increase in state 4 of respiration was found in DS-

HSF (Fig. 1B); consistently, the difference between respiration measured in the absence of ADP 

under non-phosphorylating conditions (+OLIGO) and the residual extra-mitochondrial respiration 

(+ MYXO), which is indicative of the proton leak [34, 35], was found to be 1.4 ± 0.1-fold greater in 

DS-HSF+DIG compared to N-HSF+DIG (see inset of Fig. 1B, panel b).

Respiratory control index (RCI), measured in the presence and absence of ADP or FCCP, was 

found to be statistically significantly lower in DS-HSF+DIG (2 ± 0.2 and 1.4 ± 0.2–fold, respectively) 

than in respective N-HSF+DIG (Fig. 1C), indicating a pronounced decrease in ATP synthesis coupled 

to substrate oxidation in DS-HSF mitochondria. 

No significant differences in these functional features (see panels a of Fig. 1B and 1C) and in all 

those analyzed below were found among DS (as well as among normal) fibroblasts from fetuses and 

adult donors. 

ATP-related mitochondrial metabolism in DS fibroblasts: impairment of mitochondrial ATP 

synthesis machinery

The reduced efficiency of externally added ADP to stimulate the rate of oxygen consumption in

DS-HSF mitochondria (Fig. 1) is an indicator of altered OXPHOS capacity which might influence 

mitochondrial energy production in situ. Thus, to probe further into mitochondrial ATP-related 

energy production in DS-HSF, we resorted to spectroscopic measurements that allow for the 

continuous monitoring of ATP synthesised by mitochondria and exported outside cells arising from 

externally added ADP under conditions in which OXPHOS can occur [30, 22]. To do this, either 

DS-HSF+DIG or N-HSF+DIG were incubated in the presence of the ATP detecting system (ATP-ds) 

and the appearance of ATP outside cells arising from externally added ADP was monitored as an 

increase in absorbance at 340 nm due to NADPH formation (see panel a of Fig. 2A). 

Since in mitochondria ATP efflux can occur with the contribution of both ATPase/ANT activities 

(in OXPHOS) and AK (which itself, catalyzing the reversible high-energy phosphoryl transfer 

reaction between adenine nucleosides, can provide ATP from externally added ADP), we used 

experimental conditions designed to monitor the two pathways separately.
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Thus, to selectively measure ATP synthesised via OXPHOS both N-HSF+DIG and DS-HSF+DIG were 

treated with Ap5A to inhibit AK [23] (Fig. 2A, panel b): a lower rate of ATP appearance was found 

in DS-HSF+DIG (40% lower than N-HSF+DIG), and the addition of CAT plus OLIGO to both N-

HSF+DIG and DS-HSF+DIG almost completely blocked the appearance of ATP.  

In the same experiment, when AK-related ATP synthesis was selectively monitored in the presence 

of CAT plus OLIGO to block OXPHOS (Fig. 2A, panel c), a reduction of about 40% in the rate of 

ATP synthesis was again found in DS-HSF+DIG compared with N-HSF+DIG. As expected, the 

addition of Ap5A to both samples almost completely inhibited the synthesis of ATP.  

To ascertain which is the step limiting the rate of ATP synthesis via OXPHOS under our conditions, 

the application of control strength analysis, performed as in [22, 24], showed that the rate of 

OXPHOS-dependent ATP production in both N- and DS-HSF reflected that of ADP/ATP exchange 

mediated by ANT which was found to be impaired in DS-HSF (see Supplementary data).  

To gain further insight into the mechanism leading to an ANT deficit in DS-HSF, in a typical 

experiment (Fig. 2B, panel a), and in a series of experiments carried out comparing the five 

different DS cell lines with respective normal cells (Table 1), we measured the dependence of the 

rate of ATP efflux on increasing ADP concentrations in DS-HSF+DIG compared with N-HSF+DIG.

Lineweaver-Burk analysis of data showed a 40% reduction in activity for ANT-mediated ATP 

efflux in DS-HSF compared to N-HSF, whereas no significant changes were found in the affinity of

ANT for the substrate ADP, suggestive of the onset of a non-competitive type of inhibition.  

Similarly, kinetic analysis of AK-related ATP synthesis (Fig. 2B, panel b, Table 1) showed a 

significant reduction in AK activity in DS-HSF compared to N-HSF in spite of unchanged affinity 

of the enzyme for the substrate ADP. 

To verify whether and how alteration to mitochondrial ATPase also occurred in DS-HSF, a direct 

enzymatic assay of the activity of this protein, estimated as OLIGO-sensitive ATP hydrolase, was 

carried out in mitochondrial membrane-enriched fraction from DS-HSF and N-HSF (Fig. 3). In a 

typical experiment, we found a substantial reduction in the rate of ATP hydrolase reaction in DS-

HSF with respect to control cells (Fig. 3A). Kinetic analysis (Fig. 3B) revealed a 40% reduction in 

ATPase activity in DS-HSF compared to N-HSF which was statistically significant (p<0.01) 

whereas no changes in the affinity of ATPase for the substrate ATP were found (Table 1). 

Taken together, these results show a strong impairment of mitochondrial capacity to generate ATP 

in DS-HSF as a result of a deficit of catalytic efficiency of metabolically-related proteins, such as 

ANT, ATPase and AK, which play a critical role in supporting energy transfer between ATP-

generating and ATP-consuming processes. 

Gene expression and protein levels of ATPase ANT and AK in DS fibroblasts: unchanged 

gene expression and changes in protein content 

Since the reduction in ATPase ANT and AK activities found in DS-HFS could also be the result of 

changes in their gene expression and/or in the protein content, we investigated both the gene 

expression and protein levels of certain protein subunits from ATPase, AK2, the AK isoform 

expressed in the mitochondrial intermembrane space [25], and ANT2, the ANT isoform mainly 

expressed in fibroblasts [36]. As a control, the levels of gene and protein expression of glutamate 

dehydrogenase (mGDH), a matrix mitochondrial enzyme, were also measured.  

When gene expression was analyzed by real-time RT-PCR in DS and normal samples (Fig 4A), no 

significant differences in ATP5A (encoding the  subunit of F1ATPase), ATP5B (encoding the 

subunit of F1ATPase), AK2 (encoding  isoform 2 of AK), SLC25A5 (encoding isoform 2 of ANT)

and GLUD1 (encoding mGDH) gene expression were found in DS-HSF compared with N-HSF (p > 

0.02).

When protein levels were analyzed by immunoblotting analysis in HSF homogenates obtained from 

DS and normal samples (Fig 4B, panel a), densitometric analysis revealed a decrease in all ATPase 

subunits analysed i.e. the  and  subunit of F1ATPase (16 % ± 4 and 15% ± 5) and subunit d of 

FoATPase (20% ± 4) (Fig. 4B, panel b). Surprisingly, in spite of the strong reduction in their 
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activities (see Fig. 3), the amount of both AK2 and ANT2 proteins was found to increase (30% ± 3 

and 27% ± 2.6%, respectively) in DS-HSF. A similar increase in the mitochondrial matrix enzyme 

mGDH, and the structural mitochondrial protein porin content was also found in DS-HSF compared 

with normal cells.  

These results indicate a shared pattern of increase in levels of all mitochondrial proteins tested in 

DS samples with the exception of the ATPase subunits. However, if we compare the mitochondrial 

protein/porin ratios for DS-HSF and N-HSF, the decrease in the level of ATPase subunits is more 

significant (about 35%), whereas no changes were obtained for the other mitochondrial proteins, 

thus indicating a selective down-regulation of the ATPase protein in DS cells.

Interestingly, the treatment of DS-HSF cultures with a cocktail of protease inhibitors did completely 

rescue the protein level of all ATPase subunits analyzed (Fig. 4C).

Involvement of cAMP/PKA pathway in ATPase, ANT and AK deficit 

If proteolytic degradation events of ATPase protein could explain the deficit of ATPase activity 

found in DS-HSF, to give some insight into the cause of ANT and AK impairment, despite no 

reduction in their protein levels, we tested the hypothesis that changes in signalling pathways, such 

as cAMP/protein kinase A (PKA) could be involved in ANT, AK and ATPase deficit found in DS-

HSF. In this regard, it has been shown that the Ts65Dn mouse model of DS exhibits altered 

signalling pathways which involve, among others, cAMP-dependent PKA activity as a result of 

decreased basal levels of cAMP [37]. We measured the cellular pool of cAMP as well as PKA 

activity in HSF revealing a significant decrease in DS-HSF for both the basal level of cAMP (about 

30 % that found in N-HSF, Fig. 5A) and PKA activity (about 60 % that measured in N-HSF, Fig. 

5B). Furthermore, PKA activity was found to be activated by short-time incubation with db-cAMP, 

a permanent derivative of cAMP, in DS-HSF as well as normal cells. 

Interestingly, exposure of DS-HSF to db-cAMP completely prevented the deficit of ANT and AK 

activities and partially that of ATPase activity in DS-HSF. The involvement of the PKA pathway in 

the cAMP-dependent  activation of the investigated proteins was further demonstrated by the ability 

of H89, a specific inhibitor of PKA [38], to prevent activation of ATPase, ANT and AK activities 

when incubated with the cells, before adding db-cAMP (Fig. 5C).

As for ATPase, when DS-HSF cultures were treated with both protease inhibitors and db-cAMP, 

the rescue of ATPase activity was almost complete (Fig. 5C, panel a) suggesting an involvement of 

both the events i.e. selective ATPase degradation and cAMP/PKA-dependent pathway in regulating 

ATPase activity in DS-HSF.  

Increase in mitochondrial mass in DS fibroblasts 

To ascertain whether the almost general increase in the amount of mitochondrial proteins found in 

DS-HSF was due to an increase in mitochondrial mass, we used the fluorescent dye nonyl acridine 

orange (NAO) to label mitochondria, and mitochondrial mass was monitored by flow cytometry 

(Fig. 6). As a control, the effect of the uncoupler FCCP (1.25 M) was determined, resulting in a 

transmembrane potential-independent staining of mitochondria (data not shown). As shown in a 

typical experiment (Fig. 6, panel a), the relative NAO intensity was found to increase as compared 

with normal cells in a statistically significant manner (25 % ± 1; p < 0.01) in five different DS and 

N samples (Fig. 6, panel b), thus indicating that an increase in mitochondrial mass occurs in DS-

HSF.

To confirm this, we measured mtDNA content of both DS- and N-HSF by real-time PCR analysis. 

As shown in Fig. 6B, the mtDNA content was 2-fold higher in DS cells than that measured in 

normal HSF. This increase in mtDNA content was consistent with the increase in mitochondrial 

mass found in DS-HSF, as revealed by NAO staining.

Cell energy status in DS fibroblasts 
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To investigate whether the impairment of mitochondrial ATP production found in DS-HSF could 

influence cell energy status, we measured the cellular adenine nucleotide pool (ATP, ADP and 

AMP) in both DS and normal HSF (Table 2). ATP, ADP and AMP were only slightly reduced in 

DS-HSF compared with normal cells. Therefore, the cell energy charge, a sensitive indicator of cell 

energy status [32], does not significantly change in DS as compared to normal cells. 

In order to understand how cellular ATP content is only slightly reduced in DS-HSF in spite of the 

strong impairment of mitochondrial ATP synthesis machinery (see Figs. 1-3), we investigated 

whether pathways alternative to OXPHOS contribute to energy demand in DS-HSF. Given that 

glycolytic substrate-level phosphorylation is the major alternative pathway providing ATP, and that 

its final step is the cytosolic conversion of pyruvate to L-lactate, we measured both ATP and L-

lactate content in DS-HSF and N-HSF (Fig. 7).

Consistently with a strong impairment of mitochondrial ATP production in DS, the cellular level of 

ATP was drastically lower in DS-HSF than in normal cells when fibroblasts were grown in a 

galactose medium in the absence of glucose (Fig 7A), a condition in which ATP is essentially 

produced by mitochondrial OXPHOS [39]. Thus, without glucose, DS-HSF show to be strongly 

defective in ATP production. Conversely, in a glucose cultivation medium in the presence of 5 µM 

OLIGO, already found to completely inhibit OXPHOS-dependent ATP synthesis (see Fig 2A), the 

ATP level in DS cells was higher than in control.

Consistently with a compensatory enhancement of glycolysis, levels of L-lactate were found to be 

higher in DS-HSF (45% ± 3) with respect to N-HSF under basal conditions (i.e. without OLIGO) 

(Fig. 7B). In the presence of OLIGO, as expected, the L-lactate pool in N-HSF was found to 

increase by 40% compared with that measured in the absence of OLIGO, whereas in DS cells L-

lactate production increased in the presence of OLIGO by only about 15% of that found in the 

absence of the ATPase inhibitor. 

These results show that a significant shift from oxidative phosphorylation to glycolytic substrate-

level phosphorylation occurs in DS cells to meet the cellular demand for ATP. 

DISCUSSION 

In the present study, we dissect in some detail certain individual steps involved in mitochondrial 

ATP production in human skin fibroblasts with chromosome 21 trisomy, providing new insight into 

the molecular basis for mitochondrial dysfunction in Down syndrome. 

Since foetal fibroblasts and fibroblasts established from donors with DS show comparable 

alterations in the mitochondrial features investigated, we argue that the energy competent 

modification of DS fibroblasts is an inherent feature of these cells per se and likely to be already 

established before birth.

We report here a detailed functional study which gives direct evidence of a deficit of mitochondrial 

ATP synthesis machinery and provide new information on cell energy status in DS fibroblasts. We 

show for the first time that DS cells had a decreased efficiency of the mitochondrial energy 

production apparatus, selectively involving the ADP/ATP translocator, ATP synthase, and 

adenylate kinase (Figs. 1-3).

The reduction in respiratory control index of mitochondria within cells in DS-HSF gives an 

indication of alterations of catalytic oxidative phosphorylation capacity [36], whereas the 

respiratory capacity was unaffected in DS-HSF, as shown by the FCCP-stimulated succinate 

respiration comparable to control fibroblasts (Fig. 1). Another indication of non optimal efficiency 

of OXPHOS is an increase in respiration of DS fibroblasts when in situ mitochondria were in non 

phosphorylating condition, (Fig. 1B), suggestive of a greater proton leak across the inner 

mitochondrial membrane [40].  
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We confirmed the decrease in ATP synthesis coupled to substrate oxidation by experiments in 

which we directly measured ATP export outside mitochondria following external addition of ADP 

to permeabilized HSF under conditions in which oxidative phosphorylation can occur: we found a 

drastic decrease in the rate of ATP efflux in DS-HSF (Fig. 2A, panel b).  

Kinetic analysis of ANT-dependent ATP efflux, AK activity and ATP hydrolase-catalyzed reaction 

revealed a severe reduction in transport efficiency of ANT and in the catalytic efficiency of both 

ATPase and AK in spite of unchanged affinity for their substrates, providing further insight into the 

mechanism by which mitochondrial ATP synthesis is impaired in DS-HSF. 

The deficit of ANT as well as of AK activity in DS fibroblasts is particularly interesting because it 

occurred even though both the proteins were not only not differentially expressed (Fig. 4A), but up-

regulated at the protein level (Fig. 4B); thus, we assume that the impairment of their activity could 

be caused by post-translational modification. 

In the case of ATPase, the decrease in ATPase subunits found completely rescued in DS-HSF after 

treatment with protease inhibitors, revealed an enhanced specific proteolytic cleavage of the 

enzyme complex. 

We hereby give indications aiming to account for the deficit of AK, ANT and ATPase activities 

found in DS fibroblasts. In agreement with the decrease in both cellular cAMP level and PKA 

activity found in DS-HSF (Fig. 5A and 5B), we showed that ANT, AK and ATPase activities were 

restored by short-term incubation with db-cAMP, which strongly increases PKA activity, this 

cAMP promoting effect being completely suppressed by the PKA inhibitor H89 (Fig 5C). Thus, in 

DS-HSF, the effect of cAMP on mitochondrial protein activities involves PKA. The cAMP/PKA-

dependent restoring of ANT, AK and ATPase deficit is consistent with a recent study reporting that 

cAMP regulates mitochondrial ATP production through PKA-mediated cAMP-dependent 

phosphorylation of mitochondrial proteins involved in mitochondrial ATP synthesis [41]. Further 

studies are in progress to clarify this aspect.  

Our results strongly suggest that in DS cells the decrease in PKA activity as a result of decreased 

basal levels of cAMP, could cause alterations in cAMP-dependent PKA signalling pathway and 

then post-translational cAMP/PKA mediated alteration of the catalytic activity of the analyzed 

mitochondrial proteins.  

We also found that DS-HSF displayed a significantly enhanced mitochondrial mass and mtDNA 

(Fig. 6). An increase in mitochondrial mass and mtDNA copy number of cells has also been 

observed in fibroblasts during replicative cell senescence associated with a decline in mitochondrial 

respiratory function [42]. Consistently, our results showed an increase in mitochondrial mass in DS 

fibroblasts with impaired mitochondrial energy system. Thus, the increase in mitochondrial mass in 

DS-HSF could be one of the factors involved in feedback compensation, due to the deficit of 

mitochondrial functions in DS cells. However, the increase in mitochondrial mass did not fully 

compensate for the impairment of mitochondrial ATP synthesis machinery which remained 40-45% 

lower in DS cells although mitochondrial mass was found to increase by 25% in DS-HSF compared 

to N-HSF to compensate for an impairment which would otherwise be more striking.  

In spite of a reduced ability of DS cells to synthesize ATP by oxidative phosphorylation, ATP 

levels in DS cells were only slightly reduced in DS-HSF compared with normal cells and the 

cellular energy charge, a regulator parameter of the adenylate pool controlling the energy 

metabolism, was not significantly different in DS fibroblasts compared with normal cells (Table 2).  

An answer to the question as to how ATP production is maintained essentially constant in DS cells 

is given by the D-glucose to galactose switch assay, which disables glycolysis, and by L-lactate 

measurements. A strict requirement for extracellular glucose to maintain intracellular ATP levels, 

an oligomycin-insensitive cellular ATP production and an increase in basal levels of L-lactate in DS 

fibroblasts (Fig. 7) demonstrates that DS cells, in which OXPHOS is physiologically impaired, rely 

mainly on glycolytic ATP production for their energy demands.  
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In conclusion, our study identifies new molecular targets for mitochondrial dysfunction in DS 

which could play a role in DS pathogenesis: DS cells show an impairment of OXPHOS capacity 

involving ATPase, ANT and AK deficit, events which might be ascribed to post-translational 

activities. A novel feature is shown here for DS fibroblasts, in that they partially compensate for 

mitochondrial energy deficit by increasing glycolysis and mitochondrial mass, thus partly offsetting 

potential energy damage for the cell. 

As for the implications of our results for Down syndrome, the identification of molecular targets 

responsible for OXPHOS deficiency in DS cells might provide a molecular explanation for some 

clinical phenotypic features of the syndrome. Indeed, mitochondrial or nuclear genetic defects 

involving enzymes of OXPHOS machinery are characterized by clinical manifestations including 

developmental delay, hypotonia, ophthalmoplegia, muscle weakness cardiomyopathy and 

lactacidosis, [43], clinical signs present, albeit with a variable severity, also in DS subjects [44]. 
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Table 1 

Kinetic parameters of  ANT, AK and ATPase in DS-HSF. 

Enzymes N-HSF             

(n=5)

            DS-HSF

               (n=5)

Vmax 

(nmol/min / mg protein)
Km

(µM)
Vmax 

(nmol/min / mg protein)
Km

(µM)

ANT
a
 28 ± 4     5 ± 3 16 ± 4*   6 ± 2 

AK
a
 85 ± 5 58 ± 4 50 ± 4* 60 ± 3 

ATPase
b
 50 ± 5 17 ± 2 30 ± 5* 18 ± 1 

a
The enzyme activities were measured in digitonin-permeabilized fibroblasts (1 mg protein) under 

experimental conditions described in the legend of Fig. 2A.
b
The enzyme activity was measured in mitochondrial membrane-enriched fractions (0.1 mg 

protein) under experimental conditions described in the legend of Fig. 3A. 

Values represent the means ± SEM of three experiments on cell cultures from the five different 

controls and the five different DS cell lines. *Statistically significantly different with p < 0.01 

when comparing N and DS samples.  
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Table 2

Adenine nucleotide content in DS-HSF. 

 ATP ADP AMP 
a

Cell type Nucleotide content (nmol/mg cell protein)  

N-HSF (n=5) 12.5  ± 0.45 2.3  ± 0.14 2.7  ± 0.12 0.78 ± 0.02 

DS-HSF (n=5) 10.5* ± 0.40 2.0* ± 0.16 2.3* ± 0.10 0.78 ± 0.01 
a

=([ATP]+1/2[ADP])/([ATP]+[ADP]+[AMP]). 

The values are the means ± SEM of three experiments on cell cultures from the five 

different controls and the five different DS cell lines. *Statistically significantly 

different with p<0.01 when comparing N and DS samples.  
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Figure legends

Fig. 1. Respiratory capacity of DS-HSF. (A) N-HSF+DIG (panel a) and DS-HSF+DIG, (panel b) (1 

mg protein each) were incubated at 37°C in 1.5 ml of respiration medium and oxygen consumption 

was measured polarographically as a function of time. Where indicated, 5 mM SUCC, 0.5 mM 

ADP, 5 µM OLIGO, 1.25 µM FCCP and 2.5 µM AA were added. The rate of oxygen consumption 

is expressed as ng-atoms O/min x mg protein. (B) The rate of oxygen consumption was measured in 

either state 4 (in the presence of 5 mM SUCC) or state 3 respiration (in the presence of 5 mM 

SUCC plus 0.5 mM ADP or 1.25 µM FCCP). Panel a reports the means (± SEM) of three different 

experiments on each normal (foetal,  and adult, ) and corresponding trisomic (foetal,  and adult, 

) cell line. Panel b reports the statistical analysis (± SEM) of experiments performed on all five 

normal and corresponding five trisomic cell lines. The inset shows the rate of oxygen consumption 

measured in both N- and DS+DIG in the presence of either oligomycin (12 µg/mg of protein) 

(+OLIGO) or myxothiazol (3 µg/mg of protein) (+MYXO) and the difference between oxygen 

consumption of HSF in the presence of OLIGO and that measured in the presence of MYXO 

(OLIGO-MYXO). (C) RCI, measured ± ADP or ± FCCP,  is reported as the means (± SEM) of 

three different experiments on each normal (foetal,  and adult, ) and trisomic (foetal,  adult, )

cell line (panel a) and as statistical analysis performed on all five normal and the corresponding 

five trisomic cell lines (panel b).

Significant differences between N and DS samples are indicated with asterisks (* = p< 0.01; ** = 

p< 0.001). 

Fig. 2. ATP efflux due to externally added ADP in HSF. (A) Scheme (panel a) represents the 

ATP detecting system. For details see text; IMS, inter membrane space; IM, mitochondrial inner 

membrane; OM, mitochondrial outer membrane. Both N-HSF+DIG and DS-HSF+DIG (1 mg protein 

each) were incubated at 37°C in 2 ml of respiration medium in the presence of the ATP-ds plus 5 

mM SUCC with either 1 µM CAT plus 5 µM OLIGO (panel b) or 10 µM Ap5A (panel c); where 

indicated, ADP (0.5 mM) was added. Numbers along curves are rates of absorbance increase at 340 

nm measured as tangents to the initial slopes and expressed as nmol NADP
+
 reduced/min/mg 

cellular protein. (B) Lineweaver-Burk analysis of ANT- and AK-dependent ATP efflux. ADP was 

added at the indicated concentrations to either N-HSF+DIG or DS-HSF+DIG (1 mg protein, each) and 

the inverse of the rate of ANT-dependent ATP efflux (panel a) and of AK-dependent ATP 

synthesis (panel b) were plotted versus the inverse of the ADP concentration.

Fig. 3. ATPase activity in HSF mitochondria. (A) ATPase-dependent ATP hydrolysis was 

measured on mitochondrial membrane-enriched fractions obtained from both N-HSF and DS-HSF 

(0.1 mg protein each) incubated at 37°C in 1 ml of respiration medium. Where indicated, 0.2 mM 

NADH, 8 µM ROT, 3 mM KCN were added. At the arrow, the reaction started by addition of a 

mixture (MIX) containing 2 mM PEP, 0.5 mM ATP and the coupled enzymes PK-L-LDH (2 e.u.). 

Where indicated, 5 µM OLIGO was added. Numbers along curves are rates of absorbance decrease 

at 340 nm, measured as tangents to the initial slopes and expressed as nmol NADH oxidised/min x 

mg mitochondrial protein. (B) Lineweaver-Burk analysis of ATPase-catalysed ATP hydrolysis. 

ATP was added at the indicated concentrations to mitochondrial membrane-enriched fractions of N-

HSF and DS-HSF (0.1 mg protein, each) and the inverse of the rate of ATP hydrolysis was plotted 

versus the inverse of ATP concentration. 

Fig. 4. Gene expression and protein levels of ATPase subunits, ANT2 and AK2 in HSF. (A)

Gene expression of ATP5A, encoding the  subunit of F1-ATPase, ATP5B, encoding the  subunit 

of F1-ATPase, AK2, encoding AK isoform 2, SLC25A5, encoding ANT isoform 2 and GLUD1

encoding the mitochondrial matrix enzyme mGDH, were measured by real-time RT-PCR in DS- 

and N-HSF. Gene levels were expressed in arbitrary units (A.U.) after normalization with -actin 
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using one human normal skin fibroblast cell line as calibrator. The values are reported as the means 

(± SEM) of experiments performed on five  normal and five trisomic cell lines. (B) Protein levels of 

 and  subunits of F1-ATPase, subunit d of Fo-ATPase, AK isoform 2 (AK2) and ANT isoform 2 

(ANT2) were measured by immunoblot analysis (panel a) of cell extracts (0.05 mg protein) of DS- 

and N-HSF using the respective antibodies; protein levels of mGDH and porin, as mitochondrial 

protein markers and actin as cytosolic protein marker were also measured. For each protein, values 

are reported, after densitometric analysis and normalization with -actin, (panel b) as the means (± 

SEM) of experiments performed on five normal and five trisomic cell lines. For each cell line, the 

measurements were performed in triplicate. The data are expressed as a percentage of those in 

normal cells. Significant differences between N and DS samples are indicated with asterisks (* = p<

0.01). (C) Where indicated, HSF were treated for 48 h with the protease inhibitor cocktail (SIGMA) 

at a dilution of 1:400 (+PI). Protein levels of  and  subunits of F1-ATPase and subunit d of Fo-

ATPase were measured in cell extracts (0.05 mg protein) of DS- and N-HSF by immunoblot 

analysis using the respective antibodies (panel a). For each protein, values are reported, after 

densitometric analysis and normalization with -actin, as a percentage of those in normal cells 

(panel b).

Fig. 5. Cellular levels of cAMP, PKA activity and effect of db-cAMP and H89 on ATPase, 

ANT and AK activities in DS-HFS. (A) Cellular levels of cAMP were determined in fibroblasts as 

described in Experimental section. (B) PKA activity was measured in cell lysate as described in 

Experimental section and reported as percentage of normal cells. Significant differences between N 

and DS samples are indicated with asterisks (** = p< 0.001). 

(C) Where indicated, DS-HSF were incubated for 2 h in the presence of 100 µM db-cAMP 

(+cAMP), or preincubated 2h with H89 (50 M) before adding db-cAMP (H89+cAMP).

ATPase (panel a), ANT (panel b) and AK (panel c) activities were determined as described in 

Experimental section and expressed as a percentage of those in normal cells. For ATPase activity 

measurement, cells were treated for 48 h with the protease inhibitor cocktail (SIGMA) at a dilution 

of 1:400 (+PI) or treated with both PI and db-cAMP (+PI+cAMP). Variation among treated and 

non-treated normal cells was less than 10 %. The data represent means (± SEM) for experiments 

performed on five normal and five trisomic cell lines. Significant differences between DS-treated 

and non-treated samples are indicated with asterisks (* = p< 0.01; ** = p< 0.001).

Fig 6. Mitochondrial mass and mtDNA content in HFS.  (A) Cells were stained with NAO and 

the mitochondrial mass was measured by flow cytometry (panel a). The area under the continuous 

curve represents the population of normal cells, and the area under the dashed curve represents the 

population of DS cells. The mean values (± SEM) of mitochondrial mass, expressed as percentage 

of NAO fluorescence in normal cells, obtained from three different experiments on five normal and 

five DS cell lines are reported in panel b. (B) mtDNA content was assayed using real-time PCR. 

Two mtDNA markers (D-loop and Cox II) and a nuclear DNA marker ( -actin) were used. The 

relative amplification of mtDNA markers in DS fibroblasts versus normal cells was calculated upon 

normalization to the reference -actin as described in Materials and Methods. Values are the mean ±

S.E. of three independent experiments on five normal and five DS cell lines. 

Significant differences between N and DS samples are indicated with asterisks (** = p< 0.001). 

Fig. 7. Steady state levels of ATP and L-lactate in HSF: effect of glucose withdrawal and 

oligomycin. (A) Cells were cultured for 48 h in a medium without glucose and supplemented with 

either 10 mM galactose (Gal) or 10 mM glucose (Glu). Where indicated, cells were incubated for 16 

h with 5 µM OLIGO (+OLIGO). Cellular ATP content was measured as detailed in Experimental 

section and reported as a percentage of that in normal cells grown in the presence of 10 mM 

glucose. (B) Cells were incubated for 16 h in the absence (-OLIGO) or in the presence of 5 µM 

OLIGO (+OLIGO). The level of L-lactate was measured in culture medium (see Experimental 

section) and reported as a percentage of that in normal cells.  
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The data represent means (± SEM) for experiments performed on five normal and five trisomic cell 

lines. For each cell line the measurements were performed in triplicate. All samples were 

statistically significantly different (* = p< 0.01; ** = p< 0.001) when comparing N with the 

respective DS samples.  
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