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Abstract

:

Down syndrome (DS), a major genetic cause of intellectual disability, is characterized by numerous neurodevelopmental defects. Previous in vitro studies highlighted a relationship between bioenergetic dysfunction and reduced neurogenesis in progenitor cells from the Ts65Dn mouse model of DS, suggesting a critical role of mitochondrial dysfunction in neurodevelopmental alterations in DS. Recent in vivo studies in Ts65Dn mice showed that neonatal supplementation (Days P3–P15) with the polyphenol 7,8-dihydroxyflavone (7,8-DHF) fully restored hippocampal neurogenesis. The current study was aimed to establish whether brain mitochondrial bioenergetic defects are already present in Ts65Dn pups and whether early treatment with 7,8-DHF positively impacts on mitochondrial function. In the brain and cerebellum of P3 and P15 Ts65Dn pups we found a strong impairment in the oxidative phosphorylation apparatus, resulting in a deficit in mitochondrial ATP production and ATP content. Administration of 7,8-DHF (dose: 5 mg/kg/day) during Days P3–P15 fully restored bioenergetic dysfunction in Ts65Dn mice, reduced the levels of oxygen radicals and reinstated the hippocampal levels of PGC-1α. No pharmacotherapy is available for DS. From current findings, 7,8-DHF emerges as a treatment with a good translational potential for improving mitochondrial bioenergetics and, thus, mitochondria-linked neurodevelopmental alterations in DS.
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1. Introduction


Triplication of human chromosome 21 (Hsa21) causes Down syndrome (DS), which represents the most frequent genetic abnormality leading to intellectual disability. DS presents neuropathological phenotypes that are already detectable during foetal life and infancy and bring about alterations in brain development [1]. The brains from subjects with DS show structural and functional abnormalities, including reduced volume, lower neuronal density and abnormal synaptic plasticity [2]. Multiple and complex molecular mechanisms trigger brain development alterations in DS and there are currently no therapies to recover the neurocognitive impairment occurring in DS.



During embryonic development, neural stem cells proliferate and differentiate into neurons in a process called neurogenesis [3]. Notably, in the hippocampus, neurogenesis is not limited to the prenatal period, but continues throughout life as an adaptive response regulating brain plasticity and memory [4]. Reduced neurogenesis is one of the major neurodevelopmental defects leading to cognitive disability in DS [5]. Results obtained using different model systems, including brain biopsies from DS subjects, DS mouse models and neural progenitor cells (NPCs) derived from the hippocampus of mouse models of DS, showed a reduction in hippocampal proliferation potency, impaired neuronal maturation and reduced connectivity in the neonatal period. This stage of life, together with the prenatal period, represents a critical window for therapeutic interventions aimed at improving the neurodevelopmental alterations of DS [6,7,8,9].



Neuronal developmental processes, including cell proliferation and differentiation, axonal and dendritic growth, and formation of dendritic spines, are strongly dependent on the energy produced by brain mitochondria through oxidative phosphorylation (OXPHOS) [10]. Indeed, defects in energy metabolism negatively compromise neuronal development, survival and function [11] and represent early events in several neurodevelopmental intellectual disability-linked diseases [12,13,14], including DS (for reviews, see [15,16,17]).



Several in vitro studies from our and other research groups have shown alterations in the mitochondrial structure, bioenergetics and biogenesis associated with unbalanced redox homeostasis in human peripheral cell lines with Hsa21 trisomy, such as foetal fibroblasts and lymphoblastoid cells [18,19,20,21]. In cultured NPCs isolated from the hippocampus of the Ts65Dn mouse model of DS, we also highlighted a causal correlation between bioenergetic dysfunction and reduced in vitro neurogenesis, both reversed by the polyphenols resveratrol and epigallocatechin 3-gallate (EGCG) [22,23].



In a pilot study in young children with DS aged 1 to 8 years, we have recently explored the safety profiles and the efficacy of EGCG in restoring the deficit of mitochondrial complex I and V activities [24].



Polyphenols are phytochemical bioactive compounds known for exerting numerous beneficial effects in the brain, both in health and disease [25,26,27]. In the literature, the capability of polyphenols to activate mitochondria through modulation of the signalling pathways regulating mitochondrial functions has been proven (for references, see [28]). They also modulate the activity and the expression of the key Hsa21 genes involved in DS pathogenesis, such as dual specificity tyrosine-phosphorylation-regulated kinase 1A (DYRK1A), regulator of calcineurin 1 (RCAN1), amyloid precursor protein (APP) and some miRNAs, such as the miR-155, as well as no-Hsa21-encoded key regulatory proteins for brain development, such as the tropomyosin-related kinase B (TrkB) and the brain-derived neurotrophic factor (BDNF) [29]. Therefore, polyphenols have been proposed as potential phyto-drugs for the management of some DS-associated clinical manifestations (for references, see [15,16,28]), as well as for prenatal intervention [30]. Indeed, some of them have been tested for their ability to activate neurogenesis in vivo in DS mouse models [31,32,33,34]. In particular, the flavonoid 7,8-dihydroxyflavone (7,8-DHF), which exerts important positive effects in numerous mouse models of brains disorders, including DS [29], when supplied to Ts65Dn mice during neonatal life (postnatal days P3-P15), fully restored hippocampal neurogenesis, the total number of granule neurons and dendritic spine density [33].



In vivo preclinical data on brain mitochondrial bioenergetics, which represents the main source of ATP in the central nervous system during development and neurogenesis [35], are still lacking in DS. Moreover, the effects of the flavonoid 7,8-DHF on mitochondrial function in DS remain to be elucidated. To fill this gap, in the current study we sought to establish whether mitochondrial bioenergetics is already compromised during neonatal life in Ts65Dn mice, a widely used model of DS, and explored the possibility that the polyphenol 7,8-DHF is capable of modulating mitochondrial OXPHOS.




2. Materials and Methods


2.1. Experimental Subjects and Treatment


Ts65Dn mice were obtained by crossing B6EiC3Sn a/A-Ts(17^16) 65Dn females (JAX line 1924) with C57BL/6JEiJ × C3H/HeSnJ (B6EiC3Sn) F1 hybrid males (JAX line 1875; euploid males). These mice were supplied by Jackson Laboratories (Bar Harbor, ME, USA). We used here mice of the first breeding generation, in order to maintain the original genetic background. Genotyping was carried out as previously described [33]. The day of birth was considered as postnatal (P) day zero (P0). The animals’ health and well-being were checked by the veterinary service. The animals were kept in a room with a 12:12 h light/dark cycle. Water and food were available ad libitum.



Experiments were carried out in compliance with the European Communities Council Directive of 24 November 1986 (86/609/EEC) for the use of experimental animals and after approval by Italian Ministry of Public Health (205/2019-PR). In this study, we sought to minimize animal discomfort and the number of used animals.



All pups that survived during the period from P0 to P3 entered this study. A first cohort of P3 pups of either sex (euploid mice: n = 5; Ts65Dn mice: n = 5) was used for evaluation of mitochondrial function. A second cohort of mice of either sex were daily subcutaneously injected with 7,8-DHF (5.0 mg/kg dissolved in vehicle) or the vehicle (PBS with 1% DMSO) from P3 to P15 and were used for evaluation of the effect of treatment with 7,8-DHF on mitochondrial function (euploid mice treated with vehicle: n = 5; Ts65Dn mice treated with vehicle: n = 5; euploid mice treated with 7,8-DHF: n = 5; Ts65Dn mice treated with 7,8-DHF: n = 5) and for Western blotting analysis (euploid mice treated with vehicle: n = 9; Ts65Dn mice treated with vehicle: n = 8; euploid mice treated with 7,8-DHF: n = 5; Ts65Dn mice treated with 7,8-DHF: n = 7). The dose of 5.0 mg/kg of 7,8-DHF was chosen because it is able to fully restore hippocampal neurogenesis [33].




2.2. Brain Tissue Dissection and Mitochondria Isolation


The animals were sacrificed, their brains were dissected, and brain hemispheres and cerebella were cryopreserved and stored at −80 °C until assayed, as described in [36].




2.3. Measurements of Mitochondrial ATP Production


The rate of OXPHOS-dependent ATP synthesis was measured, as previously described [13], in mitochondria isolated from both hemispheres and cerebella (0.5–0.3 mg protein, respectively).




2.4. Measurement of Mouse Brain ATP Levels


Perchloric acid extracts from P3 and P15 mouse brain hemispheres (approx. 70 and 150 mg, respectively) were obtained as reported in [13]. ATP tissue level was measured as displayed in [17].




2.5. Measurement of Mitochondrial Respiratory Chain Complex (MRC) Activities


Measurements of MRC activities were performed by isolating mitochondrial membrane-enriched fractions from brain mitochondria as in [13]. The activity assays were carried out, as previously described [13], by performing the three following sequential measurements: (i) rotenone-sensitive complex I (as NADH decylubiquinone reductase activity) followed by the oligomycin-sensitive ATPase activity of complex V; (ii) malonate-sensitive complex II activity; and (iii) the activity of complex IV trigged by the reduced cytochrome c followed by the antimycin-sensitive complex III.




2.6. Detection of Reactive Oxygen Species (ROS) Levels


ROS levels were detected by incubating the probe 2′,7′-dichlorofluorescin diacetate (DCFH-DA, 20 μM) for 30 min at 37 °C, with the supernatants (200 μL) obtained from the centrifugation of homogenates of mouse brain hemispheres (5500× g for 3 min). The fluorescence of DCF (λex-em = 488–530 nm), deriving from DCFH-DA oxidation, was expressed as arbitrary fluorescence units/mg of sample protein and then converted into % of untreated euploid values, as in [14].




2.7. Western Blotting


Total proteins were extracted from hippocampal homogenates of P15 mice, obtained as previously described [37], and the levels of the following proteins were quantified: PGC1-α (primary antibody: rabbit polyclonal 1:1000, Millipore, ab3242; secondary antibody: HRP-conjugated anti-rabbit 1:10,000, Jackson Immunoresearch, 111-035-003) and α-Tubulin (primary antibody: mouse monoclonal 1:1000, Sigma-Aldrich, Milano, Italy, Clone B-5-1-2, T5168; secondary antibody: HRP-conjugated anti-mouse 1:10,000, Jackson Immunoresearch, 115-035-003). We carried out densitometric analysis of the digitized images with a ChemiDoc XRS+ system equipped with Image Lab software (Bio-Rad Laboratories, Hercules, CA, USA). The intensity of each band was expressed as the ratio of the intensity of the corresponding α-Tubulin band.




2.8. Statistical Analysis


Data are reported as the mean ± standard error of the mean (SE). Data were analysed with IBM SPSS 22.0 software. For each measure, we first checked the data distribution, using the Shapiro–Wilk test, and homogeneity of variance, using Levene’s test. If the data were normally distributed and the variance was homogeneous, statistical analysis was then carried out using either a one-way ANOVA or a two-way ANOVA with genotype (euploid or Ts65Dn genotype) and treatment (treatment with vehicle or treatment with 7,8-DHF) as factors. Subsequently, post-hoc multiple comparisons were performed with Tukey’s test. In the case that data were not normally distributed and the variance was not homogeneous, data were transformed to achieve normality. Based on the “Box plot” tool of SPSS Descriptive Statistics, from each analysis, the extremes, i.e., values that were larger than 3 times the IQ range x ≥ Q3 + 3 × (IQ); x ≤ Q1 − 3 × (IQ), were excluded. The legends of figures report the number of mice included in (and excluded from, if any) individual analyses. A probability level of p ≤ 0.05 was considered to be statistically significant.





3. Results


3.1. Brain Mitochondrial Bioenergetics in Ts65Dn Pups


To establish whether mitochondrial bioenergetics is already compromised during neonatal life stages in the Ts65Dn mouse model of DS, we first carried out a functional analysis of the mitochondrial bioenergetic efficiency in the brain of neonate mice. For this purpose, we measured the ATP production via OXPHOS in mitochondria isolated from cryopreserved brain hemispheres from Ts65Dn mice aged 3 (P3) and 15 (P15) days, compared with age-matched euploid mice (Figure 1).



To better dissect the efficiency of the OXPHOS process and disclose the relative contribution of each mitochondrial respiratory chain (MRC) complex composing OXPHOS machinery, the mitochondrial ATP production was evaluated by supplying the respiratory substrates of either complex I, glutamate plus malate (GLU/MAL), complex II, succinate (SUCC), or complex IV, ascorbate plus N,N,N′,N′-tetramethyl-p-phenylenediamine (ASC/TMPD).



The rate of mitochondrial ATP synthesis was strongly reduced in brain mitochondria from both P3 (Figure 1A) and P15 (Figure 1B) Ts65Dn mice compared to their euploid controls, when either GLU/MAL or SUCC were used as the energy substrates. Conversely, no significant differences between Ts65Dn and euploid mice were found in complex IV-dependent mitochondrial ATP production, regardless of neonatal age. Interestingly, the level of ATP measured in the brain hemispheres was significantly lower in P15 Ts65Dn mice, compared to the euploid controls (Figure 1C), but was not significantly decreased in the brain of P3 Ts65Dn mice, which is suggestive of a tentative compensatory event for energy deficit at very early life stages.



In accordance with the results obtained by monitoring mitochondrial ATP production by OXPHOS, and in line with the dysregulated MRC complex levels found in 1–9-month-old Ts65Dn mice [38], functional analyses of all five MRC complexes revealed a significant reduction in the activities of complex I (Figure 2A,B) and ATP synthase (complex V) (Figure 2C) in both P3 and P15 Ts65Dn mice compared to their euploid controls.




3.2. Effect of Early Treatment with 7,8-DHF on Mitochondrial Bioenergetics


Hippocampal neurogenesis and dendritic spine growth are strictly dependent on mitochondrial energy [10,39]. Given the proven efficacy of neonatal treatment with 7,8-DHF in restoring both these processes [33], we evaluated the effect of 7,8-DHF on mitochondrial energy efficiency. For this purpose, we monitored ATP production via OXPHOS in mitochondria isolated from the hemispheres of Ts65Dn and euploid mice aged 15 days subcutaneously administered with either 7,8-DHF (5 mg/kg/day) or the vehicle, during postnatal period P3–P15. We found that, in Ts65Dn mice, treatment with 7,8-DHF triggered complete recovery in the rate of complex I- and II-dependent mitochondrial ATP synthesis (Figure 3A).



The cerebellum belongs to the brain regions whose development is severely compromised in DS [40,41]. Therefore, we sought to establish whether early mitochondrial energy deficits are also present in this region and whether treatment with 7,8-DHF impacts on cerebellar mitochondrial function. In P15 Ts65Dn mice we found defects in mitochondrial bioenergetics similar to those observed in the cerebral hemispheres, suggesting widespread impairment of mitochondrial function in the developing brain (Figure 3B,D,E). Importantly, treatment with 7,8-DHF caused the rescue of mitochondrial energy deficit to values comparable to euploid mice also in mitochondria isolated from the cerebellum of Ts65Dn mice (Figure 3B). Treatment with 7,8-DHF fully rescued the activity of the defective MRC complex I (Figure 3C,D) and ATP synthase activity (Figure 3E) in both hemispheres and cerebella of Ts65Dn mice and increased the ATP brain levels to euploid values (Figure 3F).



Mitochondria are the main cell producers of ROS [42,43] and their defective function could contribute to the alteration of redox homeostasis and oxidative stress already reported in DS. Here, we assessed ROS levels in the hemispheres of P15 euploid and Ts65Dn mice and the effect of neonatal treatment with 7,8-DHF (Figure 3G). Although we found no significant difference in the basal ROS levels, regardless of their origin, between euploid and Ts65Dn mice, the ROS content underwent a significant reduction in treated Ts65Dn mice compared to both Ts65Dn and euploid mice treated with the vehicle. In contrast, treatment with 7,8-DHF did not change the baseline ROS levels in euploid mice, thus suggesting a greater antioxidant response to 7,8-DHF in Ts65Dn mice.




3.3. Effect of Early Treatment with 7,8-DHF on PGC-1α Levels


The gene peroxisome proliferator activated receptor gamma coactivator 1 alpha (PGC-1α or PPARGC1A) is a key modulator of mitochondrial biogenesis and bioenergetics [44,45]. Various Hsa21 genes negatively regulate PGC-1α expression and function (see [17,46]), which may account for a reduction in mitochondrial biogenesis and OXPHOS defects. Previous evidence showed that the PGC-1α levels are reduced in hippocampal NPCs derived from the Ts65Dn mouse [22], suggesting that this defect is an important determinant of abnormal mitochondrial biogenesis and bioenergetics. Therefore, we sought to establish whether the beneficial effects of treatment with 7,8-DHF on the mitochondrial function of Ts65Dn mice were associated with changes in the PGC-1α levels. We found that in untreated Ts65Dn mice aged 15 days the hippocampal levels of PGC-1α were reduced in comparison with those of euploid mice (Figure 4B). In Ts65Dn mice treated with 7,8-DHF from P3 to P15 the levels of PGC-1α became significantly higher in comparison with those of untreated Ts65Dn mice and similar to those of vehicle-treated euploid mice (Figure 4B). In euploid mice, treatment had no effect on PGC-1α levels. These results suggest that the beneficial effect of treatment with 7,8-DHF on the mitochondrial function of Ts65Dn mice are mechanistically linked to an increase in PGC-1α levels.





4. Discussion


4.1. Early Alterations in Mitochondrial Function in Ts65Dn Mice


Our study provides novel evidence that the brain of neonate Ts65Dn mice exhibits defective functional activities of MRC complexes, i.e., complex I and ATP synthase, similar to the fibroblasts and lymphoblastoid cells from DS subjects [17,18,19] as well as Ts65Dn-derived hippocampal NPCs [21,22] and brain cortex of Ts16 mice [47]. This confirms that the Ts65Dn mouse, the first viable trisomy model [48], is a valid model for DS because it exhibits the mitochondrial phenotypic features of the syndrome very early during brain development, similarly to the DS condition. The level of ATP measured in the mouse brain was significantly lower in P15 mice, compared to euploid controls, thus suggesting that the inefficient mitochondrial ATP production found in Ts65Dn mice is an early event that translates into an alteration of the whole brain energy status. Interestingly, the mitochondrial energy deficit in P3 Ts65Dn mice was not associated with a decrease in the brain ATP content, suggesting that tentative compensatory events might occur early, such as an enhancement of glycolysis, as detected in foetal human Hsa21 fibroblasts [17].



Oxidative stress linked to mitochondrial deficits and an increase in the production of ROS have been previously detected in different DS-derived primary cells, including human foetal and adult fibroblasts [17,18,49], cortical neurons and astrocytes [50]. In particular, complex I was identified as a key determinant of alterations in ROS homeostasis in Ts16 neurons [51,52]. Accordingly, we previously demonstrated that the reduced catalytic activity of complex I is the primary cause for increased mitochondrial ROS in DS human peripheral cells [18,49].



The current finding that the brain hemispheres of neonate Ts65Dn mice exhibit no change in ROS level fits with similar evidence in NPCs from the Ts65Dn hippocampus [21] but is in contrast with data from human skin Hsa21 fibroblasts [18], although all these models exhibit MRC complex I impairment. These observations strongly suggest, firstly, that dysfunction of MRC complexes is an inherent feature of DS and not a consequence of ROS overproduction and, secondly, that ROS-preserving mechanisms might be activated in the DS brain, although the latter issue remains to be investigated.




4.2. Early Treatment with 7,8-DHF Restores Brain Mitochondrial Bioenergetics


This study demonstrates that the compromised and inefficient brain mitochondrial bioenergetics in neonate Ts65Dn mice can be rescued by neonatal treatment with the polyphenol 7,8-DHF. Recent data support an action of 7,8-DHF on mitochondrial dynamics in the brain and other tissues. In particular, 7,8-DHF reduces the gain in body weight, through an enhancement of mitochondrial biogenesis in skeletal muscle [53], inhibits doxorubicin-induced cardiotoxicity via enhancing mitochondrial oxidative phosphorylation [54], protects against ischemic cardiac damage through a selective action on mitochondrial dynamics [55], protects the brain from traumatic injury by normalizing the levels of molecules involved in mitochondrial biogenesis [56], and ameliorates hippocampal mitochondrial function and biogenesis in a model of HIV-associated neurocognitive disorder [57].



The flavonoids EGCG and resveratrol have been shown to counteract defective bioenergetics and biogenesis of mitochondria in cultures of NPCs derived from the hippocampus of the Ts65Dn mouse [22]. The current study shows that Ts65Dn pups treated with the flavonoid 7,8-DHF underwent restoration of brain mitochondrial bioenergetics. This knowledge expands the gamut of flavonoids that could be used as potential mitoprotective therapy for DS. The choice of the optimum therapy could be based on a comparative analysis of the bioavailability, extent and duration of the effects in the brain and other organs. It seems worthwhile to mention the fact that we tested here the effects of 7,8-DHF in vivo. Although systems in culture are very useful in view of their simplified condition, it cannot be taken for granted that the effects observed in vitro are replicated in vivo. The current study shows that Ts65Dn pups treated with the flavonoid 7,8-DHF underwent restoration of brain mitochondrial bioenergetics, indicating an effect on mitochondrial function in the in vivo condition.



Since neurons have a limited glycolytic capacity, approximately 10% only of their ATP is produced through glycolysis [58]. Therefore, mitochondrial bioenergetics is crucial for ATP-dependent processes that enable neurons to function and respond adaptively to environmental challenges. The current study shows that neonatal treatment with 7,8-DHF restores mitochondrial function in the brain of Ts65Dn mice. The process of brain maturation largely takes place in the period that spans from birth to puberty. This implies the necessity of an adequate metabolic rate in order to satisfy the demands inherent to maturation processes. We previously found that treatment with 7,8-DHF from P3 to P15 restored neurogenesis impairment and dendritic spine development in Ts65Dn mice [33]. The current finding that treatment with 7,8-DHF during this time window restores brain mitochondrial function suggests that a treatment-induced improvement in the metabolic rate may play an important contribution to these effects. Importantly, administration of 7,8-DHF during foetal and neonatal life stages does not cause adverse effects on the general growth of Ts65Dn mice [33,59], suggesting the safety of this flavonoid even at early life stages. Thus, 7,8-DHF may represent a possible therapeutic tool for improving mitochondrial bioenergetic efficiency, thereby supporting brain development in children with DS.




4.3. Early Treatment with 7,8-DHF Restores PGC-1α Levels in Ts65Dn Mice


Neuronal development and differentiation are largely modulated by the brain derived neurotrophic factor (BDNF). Its binding to its cognate receptor, the tropomyosin-related kinase receptor B (TrkB), triggers activation of several signalling events, including the phosphoinositide 3-kinase (PI3K)/Akt, Ras/extracellular signal-regulated kinase (ERK) and phospholipase C(PLCγ)/protein kinase C (PKC) pathways [29]. BDNF is down expressed in the brains of Hsa21 foetuses and Ts65Dn mice [60,61], which suggests substantial contribution of BDNF deficiency in DS-linked brain developmental alterations. The flavonoid 7,8-DHF is considered a BDNF mimetic because it is known to specifically bind to the TrkB receptor, mimicking the effects of BDNF, its natural ligand [27]. Thus, the effects of 7,8-DHF on DS-linked developmental alterations may be attributed to activation of TrkB signalling.



Current results showed that treatment with 7,8 DHF increased the levels of PGC-1α in Ts65Dn mice. Regarding the modulation of PGC-1α expression, it has been shown that it can be induced by metabolic challenges, such as exercise, ROS and the cyclic AMP response element binding protein (CREB) [58]. There is evidence that BDNF enhances PGC-1α expression and mitochondrial biogenesis through the activation of mitogen-activated protein kinases (MAPKs) and CREB [62]. The binding of 7,8-DHF to the TrkB receptor activates, similarly to BDNF, various intracellular signalling pathways, including the RAS–ERK–pCREB pathway [29]. We previously found that administration of 7,8-DHF in the time window P3-P15 increased the phosphorylation of ERK1/2 in Ts65Dn mice [33]; here, we found that 7,8-DHF can act as a natural activator of PGC-1α and is able to counteract mitochondrial energy dysfunctions. Taken together these results suggest that treatment with 7,8-DHF increases the PGC-1α levels through the RAS–ERK–pCREB pathway, thereby ameliorating mitochondrial activity. This conclusion is in line with evidence that activation of TrkB by its agonist 7,8-DHF initiates the CREB/PGC-1α cascade to provoke mitochondrial biogenesis and cellular respiration in skeletal muscle [53]. However, further mechanisms responsible for the effect of 7,8-DHF on restoration of brain mitochondrial bioenergetics, including an activation of mitophagy, mitochondrial remodelling and a consequent activation of mitochondrial biogenesis [63], cannot be excluded and merit to be deeply investigated.





5. Conclusions


Our results suggest that early treatment with 7,8-DHF may represent a therapeutic strategy with a good translational potential for improving the mitochondrial bioenergetic deficit that represents an inherent condition associated with neurodevelopmental alterations in DS. Likewise, we think that any therapeutic treatment aimed at improving mitochondrial energy efficiency should be encouraged and started at early life stages in order to prevent or at least mitigate the neurological alterations of DS. Prolonged treatment with polyphenols is likely to be necessary for DS, given the loss in adulthood of the short-time effects of neonatal treatment [29,61]. Yet, natural bioactive compounds, such as polyphenols, due to their multi-target action and the long-time safe profile [28], remain to be considered with interest as therapeutic interventions in DS and, possibly, other neurodevelopmental disorders.
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Figure 1. Aberrant mitochondrial bioenergetics in the Ts65Dn mouse brain. (A,B) The rate of mitochondrial ATP production (vo) was measured in mitochondria isolated from the brain hemispheres of P3 (A) and P15 (B) Ts65Dn mice and euploid mice, in the presence of the respiratory substrates glutamate plus malate (GLU/MAL; 5 mM each), succinate (SUCC; 5 mM) or ascorbate plus TMPD (ASC/TMPD; 5 mM and 0.5 mM, respectively), and expressed as nmoles ATP produced/min/mg protein. (C) ATP levels were assayed spectrophotometrically in neutralized perchloric acid extracts of P3 and P15 cryopreserved brain hemispheres of Ts65Dn and euploid mice and are expressed as % of euploid controls. Data are the mean ± SD of two independent measurements (n = 5 mice for each experimental group). Group differences were evaluated with Tukey’s test. ** p < 0.01: Ts65Dn vs. euploid counterparts. 
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Figure 2. Reduced catalytic efficiency of MRC complex I and ATP synthase in Ts65Dn mouse brain. The activities of complex I, complex II, complex III, complex IV, (A,B) and complex V (C) were measured, as described in the Materials and Methods, in mitochondrial membrane-enriched fractions from cryopreserved P3 and P15 brain hemispheres of Ts65Dn mice and euploid mice. Rate values are the mean ± SD obtained in two independent measurements (n = 4 mice for each experimental group). Group differences were evaluated with Tukey’s test. ** p < 0.01: Ts65Dn vs. euploid counterparts. 
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Figure 3. Neonatal treatment with 7,8-DHF improves the bioenergetic status in Ts65Dn mice. (A,B) Rate of ATP production was measured spectrophotometrically, as described in Figure 1, in isolated mitochondria from cryopreserved brain hemispheres (A) and cerebella (B) in the presence of the MRC respiratory substrates: glutamate plus malate (GLU/MAL), succinate (SUCC) or ascorbate plus TMPD (ASC/TMPD). Values are the mean ± SD of two independent measurements in 4 mice for each experimental group: vehicle-injected Ts65Dn mice (Ts65Dn + veh), 7,8-DHF-injected Ts65Dn mice (Ts65Dn + 7,8-DHF), vehicle-injected euploid mice (euploid + veh) and 7,8-DHF-injected euploid mice (euploid + 7,8-DHF). (C–E) Activity assays of complex I (CI), complex II (CII), complex III (CIII), complex IV (CIV) (C,D) and complex V (ATPase, CV) (E) were performed in mitochondrial membrane-enriched fractions from cryopreserved brain hemispheres and cerebella of vehicle-injected Ts65Dn mice (Ts65Dn + veh), 7,8-DHF-injected Ts65Dn mice (Ts65Dn + veh), vehicle-injected euploid mice (euploid + veh) and 7,8-DHF-injected euploid mice (euploid + 7,8-DHF). Rate values are the mean ± SD of two independent measurements in 4 mice for each experimental group, expressed as nmoles/min/mg protein. (F) Measurements of ATP brain levels were performed spectrofluorimetrically, as described in the Materials and Methods, in neutralized perchloric acid extracts of cryopreserved brain hemispheres of vehicle-injected Ts65Dn mice (Ts65Dn + veh), 7,8-DHF-injected Ts65Dn mice (Ts65Dn + veh), vehicle-injected euploid mice (euploid + veh) and 7,8-DHF-injected euploid mice (euploid + 7,8-DHF). Data are the mean ± SD of two independent measurements in 5 mice for each experimental group and expressed as nmoles ATP/g brain tissue. Significant differences between groups were calculated with one-way ANOVA and Tukey’s test. αα p < 0.01 Ts65Dn + veh vs euploid + veh; ** p < 0.01: Ts65Dn + 7,8-DHF vs Ts65Dn + veh vehicle. (G) ROS levels were detected as described in the Materials and Methods in cerebral hemisphere homogenates of vehicle-injected Ts65Dn mice (Ts65Dn + veh), 7,8-DHF-injected Ts65Dn mice (Ts65Dn + veh), vehicle-injected euploid mice (euploid + veh) and 7,8-DHF-injected euploid mice. Data are reported as the mean ± SD of 4 mice for each experimental group. ** = p < 0.01 Ts65Dn + 7,8-DHF vs. Ts65Dn + veh; α = p < 0.05 Ts65Dn + 7,8-DHF vs. euploid + veh by ANOVA with a post-hoc Turkey’s test. 
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Figure 4. Outcome of treatment with 7,8-DHF in the neonatal period on PGC-1α expression in the hippocampal formation of Ts65Dn and euploid mice aged 15 days. Western blot analysis of PGC-1α expression in the hippocampus of P15 Ts65Dn and euploid mice treated either with vehicle (untreated mice) or 7,8-DHF (treated mice) during the postnatal days P3–P15. (A) Representative western blot images showing immunoreactivity for PGC-1α and the housekeeping gene α-Tubulin. (B) Levels of PGC-1α in the four experimental groups (untreated euploid and Ts65Dn mice and treated euploid and Ts65Dn mice). Values were normalized to α-Tubulin. Protein levels (mean ± SE) are expressed as a percentage of the values of untreated euploid mice. The scatterplots over each column represent the values of individual cases for each group. The following number of mice were analysed. Untreated euploid mice: n = 9; untreated Ts65Dn mice: n = 8; 7,8-DHF-treated euploid mice: n = 5; 7,8-DHF-treated Ts65Dn mice: n = 7. Two untreated euploid mice (yielding n = 7), one untreated Ts65Dn mouse (yielding n = 7), one 7,8-DHF-treated euploid mouse (yielding n = 4) and one 7,8-DHF-treated Ts65Dn mouse (yielding n = 6) were excluded from analysis based on the SPSS Box plot tool, as described in the Statistics section. *** p < 0.001 (Tukey’s test after two-way ANOVA). Abbreviations: 7,8-DHF, 7,8-dihydroxyflavone; α-Tub, α-Tubulin; Eu, euploid; Veh, vehicle. 
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