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Abstract 

Friedreich's ataxia (FRDA) is caused by the reduced expression of the mitochondrial protein 

frataxin (FXN) due to an intronic GAA trinucleotide repeat expansion in the FXN gene. Although FRDA 

has no cure and few treatment options, there is research dedicated to finding an agent that can curb 

disease progression and address symptoms as neurobehavioral deficits, muscle endurance and heart 

contractile dysfunctions. Since oxidative stress and mitochondrial dysfunction are implicated in FRDA, 

we demonstrated the systemic delivery of catalysts activity of gold cluster superstructures (Au8-pXs) to 

improve cell response to mitochondrial reactive oxygen species (ROS) and thereby alleviate FRDA-

related pathology in mesenchymal stem cells of FRDA patients. We also found that systemic delivery of 

Au8-pXs induced significant amelioration of motor function and cardiac contractility of YG8sR mouse 

model that recapitulates the FRDA phenotypes. These effects were linked to long-term improvement of 

mitochondrial functions and antioxidant cell responses. We coupled these events with increased 

expression of frataxin, which is sustained by reduced autophagy. Overall, these results suggest a cascade 

of Au8-pXs-related signals that encourage further optimization of the use of Au8-pXs in experimental 

clinical strategies for the treatment of FRDA.   

 

Introduction 

Friedreich’s ataxia (FRDA) is a multisystemic autosomal recessive disorder caused by a GAA 

repeat expansion mutation within intron 1 of the frataxin (FXN) gene (1, 2). Unaffected individuals have 

5 to 40 GAA repeat sequences, whereas affected individuals have ~70 to more than 1000 GAA triplets 

(3). Long GAA repeats determines reduced expression of FXN, which is a highly conserved 

mitochondrial protein, involved in iron turnover, iron-sulfur cluster and heme biosynthesis (4, 5). 

Frataxin dysregulation is linked to dysfunction of the mitochondrial energy conversion and oxidative 



phosphorylation (OXPHOS) through iron accumulation and increased production of reactive oxygen 

species (ROS), such as hydroxyl (HO•) and hydrogen peroxide (H2O2), leading to oxidative stress 

especially in mitochondria (6-9). Cellular antioxidant response is regulated by Nuclear factor E2-related 

factor 2 (Nrf2), a transcription factor that regulates cellular antioxidant response, inducing the expression 

of ROS-response antioxidant genes, by binding to the antioxidant response element (ARE) on nuclear 

DNA, including an ARE site within the FXN gene (10-13). In FRDA patients and mouse models, Nrf2 

activity is compromised in response to oxidative insults, thus leading to reduced expression of 

antioxidant genes such as superoxide dismutase SOD-1 and -2 (12, 14, 15). Interestingly, Nrf2 expression 

correlates with frataxin gene expression (14). In addition to increased ROS production and loss of Nrf-

2, frataxin deficiency is also associated with down-regulation of PGC-1 a master regulator of 

mitochondrial biogenesis (15, 16). The downregulation of PGC-1 suggests early impairment of 

mitochondrial pathways as a potential mediator of mitochondrial loss and dysfunction in FRDA (17). 

Notably, another hallmark of FRDA is the imbalance of mitochondrial dynamics characterized by 

increased expression of the mitochondrial fusion protein mitofusin-1 (Mfn1) that triggers the formation 

of giant or larger disorganized mitochondria in rodent muscles (18) or in cultured cells (19-22). 

Autophagy is a key node for the regulation of ROS levels as well as for ROS-dependent cellular 

regulation. Autophagy comprises salvaging processes, commonly triggered by metabolic stress 

responses by which macromolecules and organelles such as mitochondria are targeted by autophagic 

vesicles to lysosomes for degradation and recycling of their constituents (23, 24). Among the plethora of 

signaling pathways regulating the interplay between ROS and autophagy, the mechanistic activation of 

Atg7-mediated conjugation of microtubule-associated protein 1 light chain 3 (LC3-I) to the membrane 

lipid phosphatidylethanolamine to form LC3-II interpret multiple cues, including oxidative stress, to 

integrate them with the control of energy management, anabolism, and cell growth (25, 26). 



 Several studies revealed that alterations in ROS and autophagy are implicated in FRDA (21). 

Indeed, imbalance of mitochondrial dynamics and autophagy has emerged as a common pathogenic 

element to several neurodegenerative diseases such as Parkinson’s disease, Charcot-Marie-Tooth, 

Alzheimer’s disease, Huntington’s disease or amyotrophic lateral sclerosis (27, 28). Pathologically, 

frataxin insufficiency leads to spinocerebellar neurodegeneration, ataxia, muscle weakness, 

cardiomyopathy, diabetes mellitus and skeletal deformities (29-32). The transgenic YG8sR mouse 

model, which exclusively expresses two disease-causing human FXN transgenes (hFXN) containing 

GAA expansions, develops progressive neurological degeneration with locomotor and coordination 

deficits and muscle weakness by 3 months age (33). In addition, the YG8sR mice represent one of the 

most suitable and representative animal models of FRDA. Since no cure or effective treatment for FRDA 

has been reported, attempts to identify novel strategies to at least delay the disease progression are 

needed. Metal chelating agents able to target the excess of Fe3+ have been tested (34) with unsatisfactory 

results. Alternative antioxidant strategies exploit the use of coenzyme Q10 or CoQ10 analogues and 

derivatives (such as idebenone and mitoquinone) and vitamin E (35-37). Results from trials with these 

compounds indicate only partial efficacy. Another therapeutic approach for FRDA is epigenetic 

modulation through heterochromatin acetylation by histone deacetylase inhibitor (HDACi) to increase 

the mRNA and protein levels of FXN (38). Gene and stem cell therapy in animal and cell models showed 

some beneficial effect (39, 40). More recently, researchers used synthetic DNA or RNA or genome 

editing approaches to block R-loop formation, thereby triggering FXN gene activation to levels similar 

to wild-type cells (41-43). Here, we report a potential therapeutic strategy for FRDA that exploits gold 

quantum cluster (Au8-pXs). Au8-pXs is a novel highly biocompatible material based on  gold quantum 

clusters, i.e. sub-nanometer structures made from few units to hundred gold atoms, which possess 

excellent ROS scavenger therapeutic potential (44, 45), probably related to their demonstrated catalytic 



activity (46). In our study, we examined the effect of Au8-pXs treatment on bone marrow-derived 

mesenchymal stem cells (BMSCs) from FRDA patients and found that Au8-pXs not only acts as an 

antioxidant to relieve the oxidative stress improving the mitochondrial function, but also rescue the 

autophagy flux and increases FXN protein levels, which would be the fundamental resolution for FRDA 

patients. Moreover, the intravenous delivery of Au8-pXs into YG8sR mice with advanced disease rescued 

many aspects of the FRDA phenotype including neuromotor and cardiac deficits, and mitochondrial 

response to oxidative stress. Treatment with Au8-pXs may represent a new strategy for FRDA treatment. 

 

Results  

ROS buffering effect of Au8-pXs. 

Luminescent superstructures based on quantum metal clusters have been recently studied for their 

peculiar emission properties, which, coupled with an extremely high biocompatibility, pushed their 

evaluation as optical probes for imaging (47). Moreover, considering noble metal clusters, preliminary 

assays indicated a remarkable anti-cytotoxic activity of these materials (45). We recently demonstrated 

that in the case of Au8 gold clusters superstructures (Au8-pXs), this effect was correlated to a ROS-

scavenging ability of the material (44), which could be linked to the reported catalytic effect of Au 

nanostructures on chemical and photochemical reactions involving oxygen (46, 48). We therefore 

investigated the possible ROS-specific interactions of Au8-pXs aiming at pointing out a preferential 

pathway for their therapeutic effect on FRDA. Figure 1A shows a sketch of the molecular structure of 

the Au8-pXs employed in this study, together with their UV/Vis absorption and photoluminescence 

profile in aqueous dispersion, respectively peaked at 380 nm and 520 nm. The superstructures have been 

synthesized according to the reported route as detailed in the Methods section (44). We investigated the 

interaction of Au8-pXs with singlet oxygen (1O2
*), superoxide (O2

•-) and hydrogen peroxide (H2O2) by 



titration experiments in solution using ROS-specific sensitization methods, which enable a controlled 

production of the species considered in the water dispersion. The relative concentration of ROS was 

monitored by means of cw optical probing techniques. In the case of singlet oxygen, we employed as 

probe the fluorescent compound SOSGTM, whose photoluminescence intensity is proportional to the 

amount of singlet oxygen in the environment (49). Figure 1B shows the variation of the singlet oxygen 

amount as a function of time measured in unsealed quartz cuvettes. In the reference SOSGTM dispersion, 

the slight increment of +25% mirrors the spontaneous formation of singlet oxygen in the aqueous 

environment. By adding Au8-pXs, none variation was observed, thus suggesting the occurrence of an 

interaction that reduces the final concentration of the ROS in the system. This speculation is confirmed 

by the experiment where the singlet oxygen amount is artificially increased by exploiting the conjugated 

dye Rose Bengal as photosensitizer (50) . Under controlled laser excitation of Rose Bengal molecules at 

473 nm, in absence of Au8-pXs the singlet oxygen concentration increases up to +300% in the time span 

considered, i.e. more than one order of magnitude than the value in the reference sample. Remarkably, 

in presence Au8-pXs the singlet oxygen concentration was instead progressively reduced to the level of 

a photosensitizer-free sample, and further decreased to reach a final value of +12%, i.e. lower than in the 

reference sample. By considering the mismatch between the energies of Au8-pXs absorption, the 

excitation wavelength employed to activate the Rose Bengal and its emission, we avoided the inefficient 

photosensitization due to parasitic laser absorption by Au8-pXs or to non-radiative energy transfer 

processes from Rose Bengal to Au8-pXs, which would limit the singlet oxygen production. This way, we 

demonstrated an effective scavenging of the toxic species after creations in the aqueous environment. 

 Similar results were observed for the superoxide species. In this case, the ROS is generated by 

exploiting the photolysis of H2O2 under cw UV excitation at 405 nm in the aqueous solution (51), while 

the superoxide amount has been monitored by means of the molecular optical probe MitoSOXTM red 



excited at 532 nm. As showed in Figure 1C, in absence of gold cluster superstructures, the progressive 

addition and photolysis of H2O2 rises the superoxide concentration until a saturation plateau that 

correspond to an increment of the ROS relative concertation of +450%. Conversely, in the same 

experiment performed in presence of Au8-pXs, only a negligible variation of as large as +20% is 

observed, thus demonstrating again an excellent scavenging of superoxide.  

A less effective, but still appreciable effect of Au8-pXs was observed also for the H2O2 species 

itself. The plot in Figure 1D shows the relative concentration of H2O2 monitored employing the diphenyl-

1-pyrenylphosphine (DPPP) as molecular optical probe (52) upon progressive addition of H2O2 to a water 

solution. Despite the scavenging was not as large as in the previous cases, the reduction of the final H2O2 

amount in presence of Au8-pXs by a factor 20% was clearly detectable. The obtained results indicate that 

Au8-pXs, in agreement with their intrinsic chemical inertness, can interact with all the principal ROS 

species. Given the completely different chemical properties of the ROS considered, this result is not 

surprising in principle. Moreover, this apparent non-specificity agrees with the literature, where Aun gold 

clusters are expected to be excellent catalyst (53) and not sacrificial agents, for different chemical and 

photochemical reactions (48). We then demonstrated the Au8-pXs catalytic activity for ROS degradation 

by means of cyclic voltammetry experiments. Figures 1E and F report the cyclic-voltammogram of a 

PBS:H2O2 solution in presence and absence of Au8-pXs, respectively. We chose PBS as electrolyte in 

order to mimic the cellular electrochemical environment. The observed low reactivity with H2O2 allows 

to accurately monitor any evolution of the circulating current due to the redox reactions involving the 

chemical species dispersed. Figure 1E reports the cyclic voltammetry of PBS on Au electrode, in the 

potential range between -0.5 V and 1.0 V vs SCE. In this range PBS was completely unaffected by the 

applied voltage and only small capacitive current was observed. When H2O2 was added, a Faradaic 

current appears related to the redox processes of the oxygen peroxides. The oxidation peak intensity 



decreased with the number of cycles, in agreement with the progressive transformation of all the H2O2 

in solution. This signal marks the oxidation of the H2O2 that evolve in the production of water and oxygen 

molecules (54). The dynamic of the H2O2 oxidation was then verified in presence of Au8-pXs. As showed, 

in Fig. 1F, the PBS:Au8-pXs mixture was again electrochemically inactive at any applied voltage, thus 

confirming the excellent chemical stability of the gold superstructures. The cyclic voltammogram in 

presence of H2O2 was significantly different from the previous case. No current variation was detectable 

in correspondence of H2O2 oxidation potential, thus demonstrating the huge catalytic effect of the gold 

clusters superstructures for the oxidation reaction that immediately depurate the liquid environment from 

the ROS species hindering its electrochemical signature. These findings were crucial for the evaluation 

of Au8-pXs as therapeutic agents. A non-sacrificial behavior means indeed that the anti-cytotoxic effect 

can be exploited for prolonged time until they are expelled from the biological system (vide infra), a 

process that cannot be extremely fast because of the small size << 10 nm, thus further supporting their 

evaluation as systemic drugs in animal models for FRDA treatment. 

 

Au8-pXs dependent modulation of the autophagy pathway increases mFXN levels. 

Frataxin downregulation as in FRDA causes ROS overload, iron-sulfur (Fe-S) cluster proteins 

impairment and iron accumulation (17, 55, 56) leading to defects in the stability, integrity and 

homeostasis of mitochondria (19, 57-60). Considering our previous findings in vitro pointing out the 

ROS scavenger ability of Au8-pXs in menadione-stressed cell lines (44), we sought to document this 

therapeutic potential in mesenchymal stem cells isolated from two healthy donors (BMSCsCTR1, 

BMSCsCTR2) and two age-matched FRDA patients (BMSCsFRDA#1, BMSCsFRDA#2). BMSCs expanded in 

vitro for three to five passages expressed high levels of CD90 (90.7%), CD73 (91.6%), CD105 (92.9%), 

and CD44 (91.3%) (Supplementary Figure 1). They did not display expression of hematopoietic surface 



antigens CD34 and CD45, thereby confirming the mesenchymal immunophenotype (61) (Supplementary 

Figure 1). The optimal concentration and loading time of Au8-pXs for BMSCs treatment was determined 

to be within the range of 5 to 10 μM for 24 hours, in line with our previous results (44) (Figure 2). 

Confocal images of BMSCs confirmed the uptake of clusters, detectable by their own fluorescence 

emission at 405nm laser excitation (Figure 2A and B). Thanks to their reduced dimensions, and whilst 

lacking targeting features, Au8-pXs partially enter mitochondria, as monitored by Mitotracker staining, 

indicating a widespread distribution of these clusters within different cell compartments (Figure 2B).  

Considering that FXN influences several distinct mitochondrial pathways (62), we next examined 

the pathophysiological consequences of frataxin deficiency in iron sulfur (Fe-S) cluster biogenesis and 

mitochondrial metabolism of BMSCsFRDA. FXN functions as an allosteric activator of the sulfur donor 

enzyme NFS1 and as a modulator of iron entrance into the multiprotein Fe-S cluster assembling system 

(63-65). This latter in presence of low FXN in unable to work at proper rate, resulting into decreased iron 

sulfur cluster biogenesis and activity of respiratory chain complexes, especially I, II and III (65). 

Overexpression of NFS1 was found in both BMSCsFRDA#1 and BMSCsFRDA#2 cells (Figure 2C and D), 

and the levels of NFS1 were comparable after Au8-pXs treatment (Figure 2C and D). Beyond the 

biochemical aspects of iron loading, mitochondrial homeostasis is also further hampered by FXN 

deficiency, with a dysregulation of dynamic processes such as biogenesis, fusion/fission, mitophagy and 

apoptosis (66, 67).  In keeping with this, BMSCsFRDA#1 and BMSCsFRDA#2 cells showed increased 

expression of mitofusin 1 (Mfn1) compared to the BMSCsCTR1 and BMSCsCTR2 cells (P=0.0002 and 

P=0.0035 for BMSCsFRDA#1 and BMSCsFRDA#2, respectively) , suggesting prevalence of mitochondrial 

fusion over fission (68) (Figure 2C and D). These findings are in agreement with previous reports that 

correlated a giant morphology to a dysfunctional mitochondrion in FRDA cell and animal models (18-

20, 22, 69, 70). We found that Au8-pX administration was able to determine a significant decrease of 



Mfn1 expression (Figure 2C and D) with no modifications of dynamin-related protein 1 (Drp1) for both 

BMSCsFRDA#1 and BMSCsFRDA#2.  

The reduced levels of Mfn1 of treated BMSCsFRDA#1 and BMSCsFRDA#2 may help to isolate 

segments of damaged mitochondria, promoting their clearance by macroautophagy (71). As lipidation of 

LC3 and its association with autophagosome membranes has been established as useful sign for 

autophagy, we detected LC3 by immunoblotting. Importantly, a significant increase in LC3-II/LC3-I 

ratio was detected in both BMSCsFRDA#1 (P=0.0004) and BMSCsFRDA#2 (P=0.0016) compared to 

BMSCsCTR1 and BMSCsCTR2 (Figure 2C and D). On the other hand, the LC3II/LC3I ratio of Au8-pX-

treated BMSCsFRDA#1 and BMSCsFRDA#2 cells was significantly lower than their base line conditions, at 

both 5 and 10 M Au8-pX dose (Figure 2C and D). Additionally, we found increased expression of Atg7, 

which is required for activation of LC3II and other ubiquitin-like substrates in the autophagy pathway 

(72), in Au8-pX-treated and untreated BMSCsFRDA#1 and BMSCsFRDA#2 compared to the BMSCsCTR1 and 

BMSCsCTR2 (Figure 2C and D). Although these positive results clearly indicate increased number of 

autophagosomes, nevertheless they do not always result in upregulation of the autophagic flux (73). 

Therefore, we measured protein levels of p62, a selective substrate of autophagy, as the activation of the 

autophagic flux leads to a decline in p62 expression, and vice versa (74, 75). As shown in Figure 2, a 

significant increase in p62 was detected in both BMSCsFRDA#1 and BMSCsFRDA#2 in comparison with 

respective BMSCsCTR, indicating impairment in the autophagic flux. Furthermore, p62 was significantly 

decreased in both Au8-pX-treated BMSCsFRDA#1 and BMSCsFRDA#2 cells, indicating a recovery of the 

autophagic flux. During unbalanced redox homeostasis, the p62 increases the availability and function 

of Nrf2 - a master regulator of antioxidant enzyme expression like glutathione peroxidase (GPx-1) (76-

78). A remarkable Au8-pX concentration-dependent increase of Nrf2 was observed in BMSCsFRDA#1 

(Figure 2C and D). Notably, Nrf2 was less expressed in untreated BMSCsFRDA#1 and BMSCsFRDA#2 cells 



(Figure 2C and D). Hence, we asked whether the recovery of the autophagic flux and Nrf2 may increase 

protein levels of frataxin (FXN). The FXN transcript is translated into a cytosolic precursor protein 

(pFXN) that is rapidly imported into mitochondria, where it is further processed from an intermediate 

form (iFXN) to a mature protein (mFXN), resident in the mitochondrial matrix (79). Very strikingly, we 

found that Au8-pX treatment increased in a dose dependent manner the expression of total FXN in 

BMSCsFRDA#1 and BMSCsFRDA#2 cells (Figure 2C and D). Relatively, mFXN expression was much more 

robust in BMSCsFRDA#1 cells and the response to Au8-pX treatment was stronger in these cells than in 

BMSCsFRDA#2 cells, where we also noted an unexpected increase of iFXN expression (Figure 2C and D). 

Overall, these results suggest Au8-pX treatment determines a recovery of the mitochondria fusion leading 

to a rescued autophagic flux with consequent increase in FXN protein.   

 

Recovery of the mitochondrial bioenergetic function in FRDA patient’s cells treated with 

Au8-pXs. 

BMSCs undergo extensive metabolic changes during proliferation and differentiation processes, 

notably dependent on mitochondria quality and energetic processes. As the bone marrow environment is 

also dramatically affected by iron overload and ROS that harm the mitochondrial morphology and 

function during the proliferation of BMSCs (80, 81), they likely represent a model of cells highly 

sensitive to FXN deficiency. MTT assays indicated that the viability of BMSCsFRDA#1 was decreased 

compared to both BMSCsCTR and BMSCsFRDA#2 (Supplementary Figure 1B) (24 hours: P=0.0002 and 

P<0.0001; 48 hours and 72 hours: P<0.0001 and P< 0.0001, respectively). To a lesser degree, 

BMSCsFRDA#2 displayed a slow growth becoming significant related to CTR at 72 hours (P=0.0001, 

Supplementary Figure 1B). These findings suggested that FXN deficiency somehow impairs 

BMSCsFRDA#1 proliferation possibly by reducing metabolic activity. We thus chose to use BMSCsFRDA#1, 



as the line most representative for cell vulnerability in FRDA, for further metabolic studies. Interestingly, 

BMSCsFRDA#1 largely benefited from Au8-pX uptake and, at both doses, cells grew faster than untreated 

cells starting from 12 hours of IncuCyte® living-cell analysis (12 hours: P<0.0001 for BMSCsFRDA#1 

5μM Au8-pXs and P=0.0009 for BMSCsFRDA#1 10μM; from 18 hours up to 48 hours P<0.0001for both 

Au8-pX treatments)(Figure 3A). Considering the diverse cellular adaptation depending on cluster 

molarity, we next assessed the in vitro released of ROS from BMSCsFRDA#1 treated with 5μM and 10 μM 

of Au8-pXs for 24 hours. In line with proliferation results, we observed significantly higher levels of 

ROS in untreated BMSCsFRDA compare to BMSCsCTR (P<0.0001), which was rescued by treatment with 

Au8-pX administration at both molarity (P<0.0001) (Figure 3B). Again, we detected a more effective 

ROS scavenger activity of 5μM Au8-pXs (P=0.0095) compared to 10μM condition, for whose 

BMSCsFRDA#1 apparently have a less immediate response (Figure 3B). For ROS evaluation, we measured 

the amount of H2O2 that, beyond reflecting the general redox state of cells, is the reactive oxygen species 

with the longest half-life and easiest to detect in vitro (82). However, it is important to highlight that 

there are other ROS, including superoxide, hydroxyl radical, singlet oxygen, that can be enzymatically 

converted to H2O2  (83). Among enzymes involved in antioxidant defenses, superoxide dismutases SOD1 

and SOD2 possess a preeminent role in scavenging the O2 radicals, especially mitochondrial SOD2 

converting superoxide to H2O2 that diffuses freely across mitochondrial membrane (84-86).  

  As a primary or secondary consequence of frataxin deficiency, hampered SOD signaling has 

been shown in FRDA patients as well as in ataxic animal models (87, 88), accompanied by inefficient 

response to oxidative stress and a dysfunctional mitochondrial electron transport chain. In keeping with 

this and the previous results showing the highly preferential buffering activity of Au8-pXs towards 

oxygen singlets and superoxide species, we sought for potential effects of these clusters on mitochondrial 

metabolism and respiration. First, we used Seahorse Oxygen flow for the assessment of electron transport 



chain (ECT) functions. We found that BMSCsFRDA#1 had reduced basal and maximal respiratory capacity 

compared to BMSCsCTR (P=0.0289 and P=0.0031, respectively) (Supplementary Figure 1C). Next, we 

investigated bioenergetics of BMSCsFRDA#1 treated with 5μM and 10 μM of Au8-pXs for 24 hours (Figure 

3C). Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) profiles showed an 

overall increase in Au8-pXs treated BMSCsFRDA#1, independently from the dose, which was most evident 

as basal and uncoupled (maximal) respiration (basal respiration: P=0.0471 for 5μM Au8-pXs, P=0.0105 

10μM Au8-pXs; maximal respiration: P<0.0001 for 5μM Au8-pXs, P=0.02 for 10μM Au8-pXs) (Figure 

3C and D). Extracellular acidification rate (ECAR, a measure of glycolysis) was also increased (Figure 

3C). In addition, Au8-pXs administration sustained an enhanced oligomycin inhibited respiration, which 

reflects the capacity for ATP production compared to BMSCsFRDA#1. This was significant using 10μM 

Au8-pXs condition (P=0.0363 compared to untreated BMSCsFRDA#1), whereas the 5μM treatment showed 

only a trend.  

Finally, we measured the mitochondrial membrane potential (MMP) as an indicator of 

mitochondrial integrity. MMP was detected with the lipophilic dye JC-1 by measuring a potential-

dependent shift in fluorescence from green to red, which reflected its aggregation in mitochondria (89) 

(Figure 3E). The increased ratio of red versus green fluorescence in BMSCsFRDA#1cells after Au8-pX 

treatment indicated more polarized mitochondria (Figure 3E). All these data indicate that Au8-pX 

treatment rescue the bioenergetic function of BMSCsFRDA#1 cells.  

 

Au8-pX engraftment in nervous and skeletal muscle systems of treated YG8sR mice 

To examine whether Au8-pXs were able to exert the ROS scavenging activity, and to trigger 

detoxifying pathways in a whole organism, we performed a single intravenous injection of Au8-pXs into 

YG8sR murine model of FRDA. YG8sR mice (n=10) were treated when they exhibited a substantial 



motor behaviour decline (12 months of age) (33, 90) and tested for 6 months after injection (18 months 

of age).  The Au8-pX dose was calculated considering the results obtained in vitro using 10 M, which 

corresponds to 70g/kg (2.45 g of Au8-pXs per 10,000 cells that have a total weight of 35 g). Animals 

of 20g weight were injected with single dose of 1.4 g of Au8-pXs. No signs of adverse reactions such as 

loss of body weight, cardiac or respiratory difficulties, or skin lesions were detected in treated mice, 

ruling out overt in vivo Au8-pXs toxicity. To verify the cluster circulation and the penetration into murine 

tissues, we injected YG8sR mice (n=6) with 10 M Au8-pXs into the tail vein. Animals were sacrificed 

after 30 days (n=3) or 180 days (n=3) and the gold content was evaluated by an inductively coupled 

plasma mass spectrometry (ICP-MS) (Supplementary Figure 2A). A group of n=6 untreated YG8sR mice 

was used for comparative analyses at the same time points. At 30 and 180 days, heart, brain cortex and 

cerebellum, basal ganglia (BGs), muscles, i.e. quadriceps (QAs), tibialis anterior (TAs), and soleus (SL), 

liver, lung, kidney and pancreas were harvested for gold element content quantification (Supplementary 

Figure 2A). Taking into account all the tissues, we found that Au8-pX distribution pattern was not 

dependent on time, except for the liver where gold cluster superstructures highly accumulated within the 

first 30 days and underwent a slow hepatic clearance through time (91) (P=0.0017, compared to 180 

days)(Supplementary Figure 2A). This finding suggested the long-term retention of Au8-pX within 

injected tissues that may be beneficial for single infusion-based treatments. Au8-pXs preferentially 

entered QAs, cerebellum, liver, cortex and TAs (Supplementary Figure 2B). Interestingly, Au8-pXs could 

penetrate the BBB and gain access to the brain (Supplementary Figure 2B). This result was further 

confirmed by in vivo detection of intravenously injected Au8-pXs by using intravital time-lapse laser 

confocal imaging. Vessels were visualized by a systemic administration of fluorescent antibody against 

CD31. In vivo images confirmed the migration of Au8-pXs through the brain vessel walls, demonstrating 

that Au8-pXs could pass the BBB and penetrate the surrounding tissues (Supplementary Figure 2B). 



 

Treatment with Au8-pXs improves neuromotor, muscle and cardiac functions in aged 

YG8sR mice.  

We then examined whether Au8-pX administration could rescue or protect YG8sR mice from the 

progressive neurobehavioral and muscular deficit characterizing FRDA disease phenotype (33, 92). 

Exhaustion and endurance time were evaluated by treadmill fatigue test, forcing mice to run with 

gradually increasing speed, while neuromuscular functions were assessed by forelimb grip strength test 

(Figure 4A). Functional measurements were performed in a blind to treatment assignment. Treadmill test 

results were expressed as total numbers of shocks received. We found that YG8sR mice were not able to 

sustain the exercise as demonstrated by the increased number of shocks, especially at medium and high 

speed test and over time (Figure 4B). Au8-pX-treated YG8sR mice were instead less prone to fatigue and 

displayed better treadmill performances, independently from the work intensity (Figure 4B). The number 

of shocks greatly reduced in Au8-pX treated YG8sR mice at 180 days for all the running speeds 

(P<0.0001 compared to YG8sR for low, medium and high intensity) (Figure 4B), with improvements 

observed  60 days after Au8-pX injection for medium and high intensity exercise (60 days: P= 0.0163, 

medium; P=0.0007, high. 90 days: P= 0.0258, medium; P=0.0054, high. 120 days: P= 0.0002, medium; 

P<0.0001, high) (Figure 4B).  

To gather further insights into neuromuscular functions, we performed forelimb grip strength test 

aiming at evaluating muscle properties, contractility and strength, at 60 and 180 days after Au8-pX 

injection (Figure 4C). At 180 days, we found a general forelimb muscle weakness (Figure 4C). However, 

maximal strengths did not change significantly between Au8-pXs-treated and untreated mice, suggesting 

that Au8-pXs effects might be more effective in improving endurance than strength (Figure 4C).  



Enhanced fatigue resistance likely results from improved cardiac functions (93). To this end, we 

performed echocardiographic analyses in 18 months-old untreated and Au8-pXs-treated YG8sR mice 

(Figure 4D and E). The investigator performing the cardiac measurements was blinded to the identity of 

the treatment group. Transthoracic echocardiac image outcomes revealed enhanced heart contractile 

functions in Au8-pXs-treated YG8sR mice, as demonstrated by increased left ventricular ejection fraction 

(EF) (P=0.0006) and fractional shortening (FS) (P=0.0352) compared to YG8sR mice (Figure 4D). Other 

measurements, such as cardiac chamber dimensions and functions (Figure 4E and Table S2), suggested 

no major myocardial remodelling (Figure 4E). However, cardiac index ratios confirmed again a left 

ventricular (LV) better performance of Au8-pXs-treated YG8sR mice. At a lesser extent, parameters 

describing the aortic valve (AV) functionality, such as peak pressure gradient and area, suggested more 

physiological hemodynamic conditions in Au8-pX-treated compared to untreated YG8sR mice.  

As observed in BMSCsFRDA#1 and BMSCsFRDA#2 cells, the QAs and hearts of Au8-pX-treated 

YG8sR mice showed reduced LC3II/LC3I ratio as well as increased p62 and decreased Atg7 protein 

expression compared with untreated group (Figure 4F and Supplementary Figure 3). Moreover, the Au8-

pX treatment did not affected the NFS1 and Nrf2 levels in QAs and hearts of YG8sR mice (Figure 4F 

and Supplementary Figure 3), in parallel to a decreased amount of PGC-1α and PPAR-γ proteins 

compared with untreated YG8sR mice (Figure 4F and Supplementary Figure 3). Importantly, these 

effects were coincident with increases in mFXN of QAs and hearts of Au8-pX-treated YG8sR mice 

(Figure 4F and Supplementary Figure 3). 

Subsequently, we investigated whether Au8-pX treatment modulates the activity of the 

peroxisome proliferator activated receptor gamma (PPAR-γ) coactivator 1α (PGC-1α) as critical 

regulators that links metabolic activity to relevant environmental stimuli in multiple pathways affected 

in FRDA (94-97). Indeed, a statistically significant decrease of PPAR-γ protein levels was observed in 



in QAs and hearts of Au8-pX-treated YG8sR mice (Figure 4F and Supplementary Figure 3). Importantly, 

PGC-1α level was significantly increase in QAs of Au8-pX-treated YG8sR mice (Figure 4F and 

Supplementary Figure 3). Despite skeletal muscle fibrosis is not considered an overt hallmark of YG8sR, 

in line with the mild and variable myopathic features of FRDA patients’ muscles,  morphometric analysis 

of QAs from Au8-pXs-treated YG8sR mice showed decreased levels of collagen deposition compared to 

untreated mice (0.522% ±0.192 vs. 2.256%± 0.999; P<0.0001) (Figure 4G) (31). Moreover, QA 

myofibers displayed a markedly smaller cross-sectional areas (CSAs) in the untreated YG8sR mice 

compared to those that received Au8-pXs (YG8sR CSA mean: 605.85 ± SD: 249.297 m2, n=1314; Au8-

pXs treated YG8sR CSA mean: 1554.295 ± SD:618.893 m2, n=1314) (P<0.0001, Figure 4G), indicating 

an unforeseen mechanism of myofiber atrophy rescue mediated by the Au8-pX presence. 

Pathophysiological signs of cardiac fibrosis and hypertrophy have been also shown to be positively 

affected by Au8-pX injection (Figure 4G). Azan Mallory staining of hearts showed only a mild 

accumulation of collagen and perivascular fibrosis in 18 months-old Au8-pX-treated YG8sR mice, 

whereas aged YG8R mice revealed disorganized cardiomyocytes, and prominent interstitial and 

perivascular myocardial fibrosis (0.214% ±0.091 vs. 3.323%± 0.412; P<0.0001) (Figure 4G). Fibrogenic 

markers as collagen VI, MMP9 and TRAF6 were significantly elevated in hearts of YG8R mice 

compared with Au8-pX-treated YG8sR mice (Figure 4H and Supplementary Figure 3). Likewise, these 

fibrotic players were elevated in untreated QAs of YG8R mice (Figure 4H and Supplementary Figure 3). 

The reduction of cardiac fibrosis is in line with the high left ventricular mass and volume ratio between 

Au8-pX-treated and untreated YG8R mice, which support the general improvement in both diastolic and 

systolic, function, and heart contractile properties of Au8-pX-treated YG8sR mice (Figure 4H and 

Supplementary Figure 3).   



Next, we explored whether increased muscle tone and resistance to fatigue underlined the 

maintenance of a functional mitochondrial network, whose content and shape contribute to muscle mass, 

homeostasis and metabolism (98-100). Electron microscopy images of YG8sR muscle showed a fusion 

network of swollen mitochondria with tubular morphology and increased number of large organelles 

(Figure 4I). Conversely, mitochondria in Au8-pXs-treated QA muscles exhibited small and rounded 

mitochondria with regular invagination of the inner membrane implying that the dysfunctional 

morphology of YG8sR mitochondria was restored (Figures 4I). We sought to test whether Au8-pXs 

treatment could alleviate FRDA pathology, with a particularly keen interest in ataxia. Balance and motor 

coordination impairments, occurring largely in YG8sR mouse, were evaluated by foot print test and 

rotarod (Figure 5A-C). The investigators performing these analyses were blinded to the identity of the 

treatment group. Motor coordination and locomotor activity in Au8-pX-treated and untreated YG8sR 

mice were assessed at 60, 120, and 180 days post injection (Figure 5A). At 180 days, Au8-pXs determined 

a rescue of gait alterations (P<0.0001for stride length and P=0.0373 for stride width), highlighted by the 

footprint pattern ascribable to a high balance and coordination (Figure 5B). Consistent with the 

amelioration in gait analysis, balance improvement was found in Au8-pXs treated YG8sR mice 180 days 

after injection, when rotarod test outcomes confirmed a significantly higher latency to fall compared to 

untreated mice (P=0.0158, Figure 5C). As both gait coordination and rotarod test give hints for 

determining a cerebellum dependent coordination of motor movements (101), we complemented these 

neuro-functional studies with western blot and immunofluorescence analysis with a focus on cerebellar 

tissue. To determine if the autophagy pathway is activated in degenerating Purkinje cells in YG8sR mice, 

we performed LC3/p62/Atg7 western blot analysis on cerebellar lysates from 18 months-old untreated 

and Au8-pXs treated YG8sR mice (Figure 5D). The cerebellum of Au8-pX-treated YG8sR mice showed 

reduced LC3II/LC3I ratio as well as increased p62 and Atg7 protein expression compared with untreated 



group (Figure 5D and Supplementary Figure 4). In addition, NFS1 and Nrf2 were significantly elevated 

in cerebellum of Au8-pX-treated YG8sR mice in association to increased amount of PGC-1α and PPAR-

γ proteins (Figure 5D and Supplementary Figure 4). Notably, these effects were coincident with increases 

of mFXN in cerebellum of Au8-pX-treated YG8sR mice (Figure 5D and Supplementary Figure 4). 

Altogether, these results indicate a recovery of autophagic flux and restoration of some of the antioxidant 

signaling events, offering a potential explanation for why FXN increases in cerebellum after Au8-pX 

treatment (102). Cerebellar Purkinje cells are enriched for FXN protein expression and have previously 

been shown to undergo notable damage in samples from FRDA patients and animal models (103, 104). 

We thus examined Purkinje cells with parvalbumin staining, a calcium binding protein, which regulates 

neuronal firing properties (105). Consistent with previous studies (17, 104), the number of parvalbumin 

positive Purkinje cells was reduced in YG8sR mice, whereas the number of these cells was blunted in 

Au8-pX-treated YG8sR mice (Figure 5E). Importantly, the Au8-pX treatment markedly reduced neuronal 

loss within the cerebellar dentate nucleus with amplification of the pool of calbindin positive Purkinje 

cell layer (Figure 5F). Moreover, cellular glutathione peroxidase (GPx-1) was reduced and predominately 

localized around vessels of microglia of Au8-pX treated mice (Figure 5F). All these histopathological 

findings, together with the motor-functional results, indicate that Au8-pX treatment is capable of blunting 

neurological disease in YG8sR mice. 

 

Treatment with Au8-pXs does not affect glucose intolerance in aged YG8sR mice.  

Diabetes mellitus and glucose intolerance are additional non-neurological symptoms affecting 

FRDA patients (106) that have been attributed to pancreas degeneration determined by senescence 

pathway and apoptotic processes occurring in insulin producing β-cells (107, 108). In addition, a high 

percentage of FRDA patients have muscle insulin resistance (109), which can be a complementary cause 



of hyperglycaemia, reduced glucose uptake and poor exercise performance. As YG8sR animal models 

resemble patients’ impaired glucose metabolism and pancreas degeneration (106), we performed fasting 

glucose (GTT) and insulin (ITT) tolerance to verify a role of Au8-pXs in increasing muscle insulin 

sensitiveness and endurance (Supplementary Figure 5). In GTT experiments, Au8-pXs-treated and 

untreated YG8sR mouse glycaemia was recorded before (as baseline) and up to one hour after 1mg/g 

glucose injection. Unexpectedly, baseline blood glucose concentrations from both groups kept within 

normal ranges (<200mg/dl) (REF) throughout 180 days of the in vivo experiments, indicating a condition 

probably preceding overt diabetes (Supplementary Figure 5A). However, glycaemic curves showed 

instead a trend towards elevated values after glucose injection (≥200mg/dl), especially 20 and 40 minutes 

later, suggesting a mild glucose intolerance in the YG8sR mice (Supplementary Figure 5A). There were 

no significant differences in GTT parameters between Au8-pXs-treated and untreated YG8sR mice, but 

at 180 days post Au8-pXs treatment the YG8sR mice showed a modest reduction of glucose intolerance 

compared to untreated YG8sR mice (Supplementary Figure 5A). Subsequent ITT showed that both Au8-

pXs-treated and untreated YG8sR mice have enhanced glucose utilisation after insulin injection (0.75 

U/kg), suggesting insulin hypersensitivity (Supplementary Figure 5B). Therefore, our findings are 

consistent with a mild glucose intolerance in YG8sR mice that do not appear to respond to the Au8-pXs 

treatment. 

 

Au8-pXs treatment restores physiological stress and redox pathways of YG8sR mice 

Encourage by in vitro findings, we next sought for mitochondrial functions and changes of 

oxidative stress and damage parameters in Au8-pXs treated YG8sR mouse tissues. Of note, we found an 

increased mRNA levels of genes coding for antioxidant proteins such as peroxyredoxin 

(Prdx2)(P<0.0001), glutathion-S-transferase (Gstm1)(P=0.0008) and Nrf2 (P=0.0102) in the dorsal root 



ganglia (DRG) of Au8-pXs treated YG8sR mice (Figure 6A), a tissue commonly presenting with severe 

injury in this tissue (110). Along with these results, there was a general but variable increase of 

antioxidant enzymes mRNAs in the CNS (cortex, cerebellum and BGs), suggesting priming of 

mobilization of defences against oxidative stress (Figure 6A). We next investigated the cumulative 

damaging effects of ROS, namely the lipid peroxidation and the DNA oxidative damage, in tissue 

samples of the CNS, skeletal muscles (TAs, QAs and SL) and hearts of Au8-pXs injected mice (Figure 

6B). Compared to control untreated samples, in total  and mitochondrial extracts of the CNS and skeletal 

muscles from the Au8-pXs-treated mice we detected a significant reduction of 4-Hydroxylnonenale (4-

HNE), a stable product of lipid peroxidation, and 8-oxo-deoxy-guanosine (8-oxodG), a stable product of 

ROS-dependent DNA damage (Figure 6B). YG8sR-treated hearts showed a slight decrease of both 

parameters, suggesting the occurrence of tissue specific abilities to mount antioxidant strategies that work 

at different rate and efficiency. Consistent with a reduced requirement and/or consumption of the 

antioxidant molecule GSH and improved detoxifying activity occurring in CNS and muscles of Au8-

pXs-treated mice, we found higher GSH level and GST activity accompanied to GSSG decrease (Figure 

6C). Since Nrf2 is a transcriptional inducer of SOD, a key enzyme in preventing ROS increase (111), we 

measured the activity of SOD1 and SOD2 in Au8-pXs-treated and untreated tissues (Figure 6D). While 

cytosolic SOD1 levels remained unchanged, we noticed an increased activity of mitochondrial SOD2 

(Figure 6D). We thus focused on the effects of Au8-pXs on mitochondria oxidative energy metabolism, 

and we measured the level of mitochondrial ATP and the efficiency of electron transport chain in Au8-

pXs-treated YG8sR mice (Figure 6E). In the CNS and skeletal muscle tissues examined, as well as in the 

heart, the efficiency of electron transport chain, using a combined complex I+III activity as surrogate, 

and the level of mitochondrial ATP were significantly increased in tissues of Au8-pXs-treated animals 

(Figure 6E). Overall, these data showed that injection of Au8-pXs ameliorates the pathology of frataxin 



loss in YG8sR mice by reducing oxidative damage and improving mitochondrial function. This rescue 

was significant in CNS and muscle tissues and consistent with neuromotor and cardiac functional 

improvement; however, Au8-pXs failed to determine such differences in the pancreas, and in fact glucose 

tolerance and insulin resistance remained similarly compromised in untreated and treated YG8R mice 

(Supplementary Figure 5). 

 

Discussion  

Currently, there is no effective therapy for FRDA and only limited treatment for the management 

of debilitating symptoms. Preclinical stem cell or gene therapies have been tested to increase the amount 

of FXN as the most effective therapeutic approach (39, 70, 112). Since the lack of mitochondrial FXN is 

the primary cause, reducing oxidative damage and alleviating mitochondrial dysfunction could be a valid 

alternative strategy. Clinical trials with compounds such as idebenone, MitoQ, CoQ10, and vitamin E, 

that exert protection from H2O2 oxidative damage, have had limited success suggesting that frataxin 

deficiency modified various mitochondrial and cellular regulatory mechanisms still not fully understood. 

Here we demonstrated that Au8-pXs possess broad catalytic effects against singlet oxygen, superoxide 

and hydrogen peroxide. Moreover, single dose systemic injection of Au8-pXs into aged affected YG8Rs 

mice ameliorates the FRDA pathology, including neurobehavioral deficits, muscle endurance and heart 

contractile dysfunctions. The key advantage of this treatment is the capacity of the Au8-pXs to migrate 

across the vessels and BBB and remain for prolonged time in several tissues including muscles, heart 

and cerebellum of YG8sR mouse. Importantly, the neurological phenotypic rescue observed in Au8-pXs-

treated YG8sR mice may be, in part, due to the expansion of the pool of cerebellar Purkinje cell layer. 

All these histopathological and motor-functional results indicate that Au8-pX treatment is capable of 

blunting the oxidative stress of YG8sR mice. Our findings showed that Au8-pXs buffer intra-



mitochondrial ROS by increasing SOD2 activity. This buffer activity prevents the oxidative damage on 

total DNA and membrane, allowing a higher efficacy of ETC and synthesis of ATP. Moreover, the 

buffered mitochondrial ROS allows to spare GSH for detoxification reactions, as demonstrated by the 

increased activity of GST, enhancing the protection from endogenous or exogenous oxidative stresses in 

treated tissues. This condition results in lower oxidative damages in whole cell membranes and nuclear 

DNA that are two components only indirectly touched by the oxidative mitochondrial damage induced 

by mutated FXN. These results are in line with our previous data reporting the ability of Au8-pXs to 

scavenge ROS (44). Thus, compared to other antioxidants treatments that specifically target 

mitochondria or cell membranes, the Au8-pXs seems to act as multi-target protective agents in both 

FRDA cells and YG8sR mouse.  

We showed that Au8-pX treatment of FRDA cell and YG8sR animal model determines the 

recovery of autophagy flux. These data may support that the excessive production of ROS in FRDA 

models could increase cell damage, while the role of autophagy could exhibit duality. In fact, initiated 

autophagy by oxidative stress could clear mitochondria and proteins damaged by ROS suggesting that 

autophagy, in turn, may contribute to reduce levels of ROS by different pathways such as p62 delivery 

and mitophagy pathways. In addition, increasing evidence supports the notion that autophagy is critical 

for the survival or death of cells suggesting a double-edged sword (113, 114). The physiological levels 

of autophagy are extremely important in maintaining cellular homeostasis through continuous turnover 

of nonfunctional proteins and organelles, whereas insufficient or excessive levels of autophagy may 

promote cell death due to breaking cellular homeostasis. However, the specific molecular mechanisms 

of this double role remain unclear. YG8sR muscles showed a tubular pattern that indicates fusion activity 

of the mitochondrial network. However, we found in BMSCsFRDA cells the induction of mitochondrial 

Mfn1 fusion protein associated with high OXPHOS activity and an increase in mitochondrial membrane 



potential. This response of mitochondrial physiology may result from  the mitochondrial network effort 

to buffer respiratory defects and oxidative stress (115, 116). Hyperfused mitochondria should protect 

cells from apoptotic cell death whereas the increased expression of the autophagy LC3II and Atg7 

markers with reduced p62 in BMSCsFRDA suggests that the reduction of frataxin impair autophagy flux 

in basal conditions. Notably, Au8-pXs treatment of BMSCsFRDA and YG8sR mouse determined the 

decrease of LC3II/LC3I and increase of p62 suggesting the recovery of the autophagic flux (117-119). 

Impaired autophagy could be critical in modulating Nrf2 degradation and activity. Therefore, Nrf2 

regulates the transcription and expression of autophagy genes that actively participate in protein 

degradation and ROS recovery.   

We observed increased expression of Nrf2 in Au8-pXs-treated BMSCsFRDA#1 and in cerebellum 

of Au8-pXs-treated YG8sR mouse. Activated Nrf2 binds the antioxidant-responsive element (ARE 

motif) located in the p62 promoter to promote the expression of p62 mRNA. P62, in turn, positively 

regulates the transcription of Nrf2 (120). p62 is also a substrate for lysosomal proteases. Hence, stimuli 

such as hypoxia and amino acid deprivation have been shown to induce autophagy, as well as p62 

degradation and, subsequently, decrease p62 intracellular levels (78). BMSCsFRDA showed impaired Nrf2 

activation and reduced p62 levels, thus increasing oxidative stress. Surprisingly, Nrf2 increase was 

associated to increased expression of mFXN in Au8-pXs-treated BMSCsFRDA#1 and in cerebellum of Au8-

pXs-treated YG8sR mouse. The FXN transcript is translated into a cytosolic precursor protein (pFXN) 

that is rapidly imported into mitochondria, where it is further processed from an intermediate form 

(iFXN) to a mature protein (mFXN) (79). The increased expression of mFXN should be able to potentiate 

the antioxidant responses of Au8-pXs. Of note, this later effect was coincident with a significant increase 

of PGC-1α and PPAR-γ protein levels in Au8-pXs-treated cerebellum tissue. PGC-1α and PPAR-γ have 

been associated to increased protein levels of FXN (16, 102). In contrast, the recovery of the autophagic 



flux in Au8-pXs-treated heart and QAs muscle tissues was not accompanied by increased Nrf2, PGC-1α, 

PPAR-γ and mFXN levels. This is intriguing and contrasts with the functional ameliorations observed in 

cardiac and muscle tissues. One possible explanation for such a difference is the diverse regulation of 

autophagy-mediated signaling pathway in different cell types and tissues such as heart, muscle and 

cerebellum. Overall, these data indicate a mechanistic pathway of Au8-pXs treatment based on the 

reduction of the oxidative damage coupled with the recovery of mitochondrial energetic metabolism and 

autophagy flux.   

Systemic delivery of Au8-pXs appears to have several advantages, for instance the ability to 

target different cell types within multiple tissues including nervous tissues. Although pancreas endocrine 

defects remain unchanged, we showed a significant improvement of the motor and heart function with 

amelioration of the FRDA hallmarks in Au8-pXs-treated nervous, skeletal muscle and cardiac tissues of 

YG8sR. Our observations that Au8-pX treatment can attenuate neurological disease in a mouse model of 

FRDA have important clinical implications. First, from a therapeutic perspective it predicts that Au8-pX 

agents may have therapeutic potential for FRDA leading to future challenges lie in identifying strategies 

by which the insights from the current work can be safely and practically translated into patients. Second, 

and perhaps of more immediate relevance, our work predicts that autophagy may in fact be detrimental 

to patients with FRDA. It will be important to perform further analyses to determine whether autophagy 

correlates with disease progression in FRDA patients. In summary, it is reasonable to suggest that a single 

infusion of Au8-pXs may represent a promising approach for non-genetic treatment of FRDA. 

 

 

 

 



MATERIALS AND METHODS 

Study design 

The primary aim of this study was to transfer the ROS scavenger activity of catalysts gold cluster 

superstructures Au8-pXs into FRDA pathology, whose degenerative phenotype is linked to oxidative 

stress activated signaling. In vitro, we used BMSCs derived from FRDA patients and age matched 

healthy donors to identify short term Au8-pX mechanisms of action, directly attributable to ROS 

buffering abilities. Considering that gold clusters superstructures did not act as sacrificial agents, we 

established the activation of a late/secondary response to Au8-pX injection into the YG8sR model of 

Fredrich’s ataxia. This effect was examined in murine tissues particularly affected by frataxin deficiency, 

such as central, peripheral nervous system, and heart, as well as in mildly damaged skeletal muscles and 

pancreas. FRDA patients (n=2) and healthy donors (n=2) were enrolled for bone marrow harvesting in 

the Unit of Neurology of the Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico in Milan, 

Italy. The study was approved by the Institutional Ethics Committee (02.04.2013, n. 792), and samples 

collected with informed consent in accordance with the guidelines of the Committee on the Use of 

Human Subjects in Research of the Policlinico Hospital of Milan. All the animal procedures were 

approved by the local Animal Ethics Committee of the Department of Molecular Biotechnology and 

Health Sciences of Turin and the Ministry of Health (PR 72833). Animals were maintained according to 

institutional animal welfare guidelines and legislation, and under veterinarian surveillance. The 

evaluation of Au8-pX effects, in vitro and in vivo, has been performed by Western blot and 

immunostaining analyses. Experiments involving cell cultures were replicated independently at least 

three times per experiment, while experiments involving murine tissues at least twice.  In vivo outcomes 

have been further supported by RT-PCR and biochemical analysis of Au8-pXs mediated rescue from 

oxidative stress and damages associated to FRDA degeneration, as well as by skeletal and cardiac muscle 



function measurements. To verify the cluster circulation and the penetration into murine tissues, 12 

months-old YG8sR mice (n=6) were injected with 10 M Au8-pXs into the tail vein. Age matched 

YG8sR mice (n=6) were used as controls. Animals were sacrificed after 30 days (n=3 per experimental 

group) or 180 days (n=3 per experimental group). For in vivo imaging 12 months old Au8-pXs treated 

and untreated YG8sR mice (n=3 mice per group) were used. For Au8-pX treatment, 12 months-old 

animals were randomly assigned to experimental groups (n=10 Au8-pXs treated YG8sR vs. n=10 

untreated YG8sR) on the day of injection.  Histology score and motor behavior test were performed in a 

blind manner. 

 

Statistical analysis 

Statistical analyses were performed using GraphPad prism software (version 8.4). P values and 

statistically significant differences were determined by two-sided Student’s t test, for comparison 

between two groups, or ordinary one-way ANOVA, for comparison among more than two groups. P 

values were corrected for multiple comparison by post hoc Bonferroni’s test. P values <0.05 were 

considered statistically significant (as detailed in the figure legends). 

 

Mouse strains 

The YG8sR Frataxin mice were obtained from Jackson Laboratory (#024113). This model better 

recapitulates the human FDRA phenotype (33). Specifically, beginning in adult age, these mice show 

motor coordination deficits, cardiac dysfunctions, and histological signs of cell damage in the brain, 

muscles, DRG. Animals appeared overall normal, could feed and reproduce normally, with signs of 

ataxia beginning after 8 months of age (33). Animals were maintained in a mixed C57/BL6: DBA genetic 

background. Primers used for genotyping are reported in Table S1. 



BMSCsFRDA labeling with Au8-pXs 

In keeping with previous results [Santiago-Gonzalez, 2016 #47], we set up the optimal conditions 

for the loading of BMSCsFRDA with Au8-pXs. The aim was to achieve the highest compatibility with cell 

viability and proliferation, as well as the strongest ROS buffering activity. For this purpose, we labeled 

the BMSCsFRDA for 24 hours with 5 or 10 M Au8-pXs, by directly adding the gold cluster solution into 

fresh DMEM/F12 medium supplemented with 10% FBS. Cells were then washed twice in PBS, in order 

to remove any floating debris and Au8-pXs that were not internalized and primed for further analyses.  

 

Staining of mitochondria 

10,000 Au8-pXs labeled and unlabeled BMSCs from FRDA patients were stained for 

mitochondria into 4-well chamber slides with MitoTrackerTM Red CMXRos (Thermo Fisher Scientific). 

Cells were treated with 50nM MitoTrackerTM Red CMXRos in cell culture medium without serum for 

30 minutes at 37C, and then fixed with 4% paraformaldehyde (PFA) (Thermo Fisher Scientific) for 10 

minutes. Leica SP8 confocal microscope was used to acquire images. Au8-pXs fluorescence was detected 

setting the emission range between 500 and 540 nm under 405 nm excitation. Each cell group was 

evaluated in five independent experiments. Colocalization of mitochondria and gold clusters 

superstructures was evaluated by EZColocalization plugin of Image J, identifying single cells through 

hand drawn ROIs. The result was represented as heatmap image between 0 and 250. 

 

Seahorse test and mitochondrial membrane potential analysis. 

Oxygen consumption rate (OCR) was measured using a Seahorse XFp Mito Stress Test kit 

(Agilent). BMSCsFRDA#1 were plated at density 10,000 cell/ well onto 8-well XFp microplates (Agilent) 

and grown overnight in DMEM/F12 medium culture supplemented with 5mM D-glucose (low glucose) 



(Sigma Aldrich), 2mM L-glutamine (Gibco- Thermo Fisher Scientific), 10% FBS and 0.1% gentamycin. 

Cells were then treated with 5 or 10M Au8-pXs for 24 hours.  Not treated BMSCsFRDA#1 were used for 

comparison. For Seahorse analysis, cells were preincubated in Seahorse fresh medium supplemented 

only with 2mM L-glutamine at pH7.4 for 1 hour at 37°C in a non-CO2 incubator. Mitochondrial 

respiration changes were measured basally and after the subsequent injections of 2.5 μM oligomycin 

(Sigma Aldrich), 0.5 μM FCCP (Sigma Aldrich) and 1μM Rotenone/Antimycin (R/A) (Sigma Aldrich). 

Before each injection 4 measurements of OCR were recorded. Data were normalized on total protein, 

quantified by DC protein assay (Bio-rad). Basal and maximal respiration, ATP production, proton leak, 

spare capacity and non-mitochondrial respiration were calculated e analyzed with the Seahorse wave 

Software (Agilent). Each condition was evaluated in duplicate or triplicate for three independent 

experiments. Mitochondrial membrane potential was measured with JC-1 dye (Abcam) according to 

manufacturer’s instruction. Briefly, 10,000 Au8-pXs labeled BMSCsFRDA#1, BMSCsFRDA#1, and 

BMSCsCTR seeded in a black wall 96-well plate were stained at 37°C for 30 minutes with 5μg/ml JC-1 

dye. Cells were then wash twice in warm PBS and emission of monomers and aggregates was detected 

through 530 ± 15 and 585 ± 20 nm filters with Glomax Discover plate reader. Data were represented as 

ratio between 590/530 fluorescence emission. Each condition was evaluated in five independent 

experiments. 

 

In vivo intra-arterially injection of Au8-pXs 

YG8sR mice were treated at 12 months of age, when signs of motor behavior deficit and poor 

endurance and fatigue occurred. N=10 YG8sR mice were randomly chosen for injection (Au8-pXs treated 

YG8sR). 1.4 g of Au8-pXs in 100 l PBS were mixed thoroughly and injected into the tail vein of YG8sR 

mice.  N=10 YG8sR mice, age matched, were considered as controls. 



 

Motor behaviour tests 

Endurance and muscle strength 

Resistance to physical exercise was tested with the treadmill apparatus, essentially as described 

(121, 122). Briefly, mice were placed on a transparent treadmill belt (Clevery Sys Inc), with a constant 

10% slope, and with a step-wise increasing rotation speed. The following program was used: speed 18 

cm/sec, from 0 to 10 minutes; speed 28 cm/sec, from 10 to 20 minutes, speed 38 cm/sec, from 20 to 25 

minutes, speed 42 cm/sec, from 25 to 30 minutes, and speed 46 cm/sec, from 30 to 35 minutes. Data 

were recorded at 38 cm/sec (low intensity), 42 cm/sec (medium intensity), and 46 cm/sec (high intensity). 

At each time point the number of accumulated shocks was recorded; in case of evident physical 

exhaustion before the end of the test, animals are removed from the apparatus and an arbitrary value was 

assigned based on the total traveled distance. First signs of decreased endurance performance were 

clearly noticeable by treadmill around the 11th month of age in YG8sR mice (B.I.). Mice were then treated 

with Au8-pXs and tested on treadmill after 20, 60, 90, 120 and 180 days from the injection. The grip 

strength meter (Salter Brecknell Model 12 Spring Balance) was used to assess the forelimb grip strength 

of Au8-pXs treated and untreated YG8sR. The peak force was measured in four trials with a rest period 

of 5 minutes between each trial.  Muscle strength was evaluated 60 and 180 days after Au8-pX injection. 

Balance coordination and gait analysis 

Motor coordination ability was assessed using a Ugo-Basile 7650 accelerating rotarod treadmill 

(123). N=4 trials were performed with the speed of the rotation gradually increasing from 4 to 40 rpm 

and each trial lasted approximately 3 to 5 minutes, separated by a rest period of 200 sec between each 

trial. The latency to fall was recorded and the maximum time on the rotarod was set at 400 sec. As for 

treadmill, rotarod test was performed B.I., and after 20, 60, 90, 120 and 180 days from the Au8-pX 



injection. To obtain the footprints, mouse paws were dipped in nontoxic water-based food dye (124). The 

mice were allowed to walk along a 40-cm long, 9.5-cm wide, gangway (with 7- cm-high side walls) with 

white paper lining the floor. All mice had one training run and were then given three trials. For each 

mouse, three steps from the middle portion of each run e were considered for stride length and width 

measurement. Foot print analysis was performed 60, 120 and 180 days after Au8-pX injection. 

 

Histology and immunofluorescence of murine tissues 

For histology and immunofluorescence staining, tissues were collected from Au8-PXs treated and 

untreated YG8sR, frozen in liquid nitrogen cooled isopentane for 30 seconds and cut in 8µm sections on 

cryostat (Leica Biosystems). For Azan Mallory staining of fibrosis, sections of QAs and hearts were 

stained, dried in increasing concentration of ethanol, clarified with xylene (Sigma Aldrich) and mounted 

with Vectamount (Vector Laboratories) (125). Images were captured with a Leica DM6000B optical 

microscope (Leica Biosystems). Percentage of fibrosis in QAs and hearts was quantified through 

Threshold color Plugin of ImageJ Software. QA myofiber area was quantified by manual counting of 

fiber number and analysed by ImageJ software as already described (125). 

Immunofluorescence staining were performed on cerebellum sections. Tissue was fixed in 4% 

PFA for 15 minutes at room temperature, then permeabilized with 0.5% Triton X-100 (Sigma Aldrich) 

for 10 minutes and blocked for 1 hour with 5% normal serum (FBS, horse serum or donkey serum) with 

0.1% Triton X-100. 0.1M glycine incubation for 15 minutes was performed to reduce background from 

unreacted aldehydes, when needed. Incubations with primary antibodies (dilution 1:100 in blocking 

solution) were performed at 4°C overnight with: anti-parvalbumin (Abcam), anti-Calbindin D (EMD, 

Millipore), anti NeuN (Chemicon International) and anti-Glutathione peroxidase (GPx-1) (Abcam).  

Appropriate Alexa Fluor conjugated secondary antibodies (Thermo Fisher Scientific) were incubated for 



1hour diluted 1:200 in PBS.  Staining for conjugated anti-GFAP Cy3 (Sigma Aldrich) was performed 

for 1 hour with 1:100 dilution in PBS, while NeuroTrace 647 (Thermo Fisher Scientific) staining was 

performed following manufacturer’s instructions. Nuclei were counterstained with DAPI (Thermo Fisher 

Scientific) and sections were mounted with Fluoromount-G Mounting Medium (Thermo Fisher 

Scientific). Images and z-stacks reconstructions were acquired with a SP8 confocal microscope (Leica 

Biosystems) 
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Figure legends 

 

Fig.1. Molecular structure and scavenger abilities of the Au8 gold clusters superstructures 

(Au8-pXs) 

(A) Absorption and photoluminescence (PL) spectrum of networked gold quantum clusters Au8-

pX in HPLC water dispersion. The inset is a sketch of the Au8-pX molecular structure. (B) Relative 

singlet oxygen (1O2
*) concentration as a function of time in HPLC water using rose bengal (RB, 5 M) 

as photosensitizer and SOSGTM (10 g mL-1) as molecular optical probe for 1O2
*. The relative increment 

is monitored in presence (dots) and in absence (crosses) of Au8-pX (175 M). Control experiments are 

performed without photosensitizer (triangles) and with SOSGTM alone (squares). (C) Relative superoxide 

(O2
•-) concentration as a function of time in PBS:H2O2 solution under UV excitation, using MitoSOXTM 

red (15 g mL-1) as optical probe for O2
•-. The relative increment is monitored in presence (dots) and in 

absence (crosses) of Au8-pX (175 M). (D) Relative hydrogen peroxide (H2O2) concentration as a 

function of time in PBS solution measured using diphenyl-1-pyrenylphosphine (DPPP, 1.5×10-5 M) as 

molecular optical probe for H2O2. The H2O2 concentration has been varied by progressively adding it to 

the solution. The effective relative increment of H2O2 is monitored in presence (dots) and in absence 

(crosses) of Au8-pX (50 M). (E-F) Cyclic voltammetry of a PBS (solid line) and a PBS: H2O2 solution 

(1:2 in volume, dots) in absence (E) and in presence (F) of Au8-pX (350 M).  

 

Fig.2. Au8-pX modulation of the autophagy pathway in FRDA derived BMSCs 

(A) Representative confocal images of mitochondria in BMSCs derived from FRDA#1 

(BMSCsFRDA#1) and FRDA#2 (BMSCsFRDA#2) patients stained with MitoTrackerTM Red CMXRos. Scale 

bars, 25 m. (B) Representative confocal images of BMSCs derived from FRDA#1 and #2 patients 



labeled with 10 M Au8-pXs for 24 hours and stained with MitoTrackerTM Red CMXRos. Au8-pXs were 

excited with 405nm UV/Vis and emitted fluorescence was collected between 500 and 540 nm. Scale 

bars, 10 m. Lower panel depicts heatmap images of colocalization (yellow) of mitochondrial staining 

and Au8-pXs through EZColocalization plugin of ImageJ software. Scale bars, 5 m. (C) Representative 

western blots of frataxin and FXN related proteins (Nrf2, NFS1), mitochondrial fusion (Mfn1) and fission 

(Drp1) proteins, and proteins related to the autophagic flux (LC3I, LC3II, p62, and Atg7) in Au8-pXs 

treated and untreated (nt) BMSCsFRDA. BMSCs from age matched healthy donors (CTR#1 and CTR#2) 

were evaluated as controls. Actin was used as loading control. (D) Representative western blot 

quantification of protein bands in Au8-pXs treated and untreated (nt) BMSCsFRDA and age matched 

BMSCsCTR. Data were expressed as means  SD of 2-4 independent experiments; * P<0.05, ** P<0.01, 

*** P<0.001, **** P<0.0001 (ordinary one-way ANOVA, Bonferroni’s test). 

 

Fig.3. Recovery of the mitochondrial bioenergetic function in FRDA derived BMSCs 

treated with Au8-pXs. 

(A) Incucytes evaluation of proliferative capacities in 5 and 10 M Au8-pXs treated 

BMSCsFRDA#1, BMSCsFRDA#1, and BMSC CTR. Recording of object count/mm2 was performed every 6 

hours from Au8-pX labeling of cells (hour 0) up to 48 hours. Data were expressed as means  SD of 3 

independent experiments. Statistical analysis was performed by ordinary two-way ANOVA, followed by 

post hoc Bonferroni’s test; * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. (B) Assessment of ROS 

in BMSCsFRDA#1 treated for 24 hours with 5 and 10 M Au8-pXs, untreated BMSCsFRDA#1, and 

BMSCsCTR. Data were expressed as means  SD of 3 independent experiments; ** P<0.01, **** 

P<0.0001 (ordinary one-way ANOVA, Bonferroni’s test). (C) Mitochondrial analysis of oxygen 

consumption rates (OCR) and extracellular acidification rates (ECAR) in Au8-pXs treated and untreated 



BMSCsFRDA#1 measured by XFp Extracellular Flux Analyzer Seahorse. Cells were subsequently treated 

with 2.5 M Oligomycin (Olig), 0.5 M FCCP and 1 M rotenone and antimycin (R/A). N=6 

measurements were recorded before each treatment. (D) OCR measures were used to calculate non-

mitochondrial respiration, basal and maximal respiratory capacity, as well as ATP production and spare 

respiratory capacity. (C-D) Data were expressed as means  SD of n=3 wells per cell group (3 

independent experiments); * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 (ordinary two-way 

ANOVA, Bonferroni’s test). (E) Mitochondrial membrane potential (MMP) evaluation by the lipophilic 

dye JC-1. Statistical analysis of red/green ratio (green: monomeric form; red: aggregate) of fluorescence 

variation. Data were expressed as means  SD of n=3 wells per cell group (3-5 independent experiments); 

* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 (ordinary one-way ANOVA, Bonferroni’s test). 

 

Fig.4. Au8-pX engraftment in skeletal and cardiac muscles of treated YG8sR mice 

(A) Schematic of Au8-pX intravenous injection into 12 months old YG8sR mice (Au8-pX YG8sR; 

n=10) and functional measurement evaluation time points. Untreated YG8sR mice (n=10) were 

examined at the same time points. (B) Treadmill performance of Au8-pX YG8sR (n=6) and YG8sR (n=4) 

mice for three different experimental conditions: low intensity (38cm/sec), medium intensity (42cm/sec), 

and high intensity (46 cm/sec). Results from the onset of pathological signs (B.I.) to the sacrifice day 

were displayed and expressed as averaged number of shocks  SD. (C) Outcomes from grip strength test 

60 and 180 days after Au8-pX injection (n=4 per group). Data were expressed as means  SD. (D-E) % 

of ejection fraction (EF) and fractional shortening (FS) was calculated from echocardiography images 

performed on Au8-pX YG8sR (n=6) and YG8sR (n=4) mice before the sacrifice. %EF and FS were 

expressed as means  SD. Other echocardiography measures were acquired ad expressed as ratio of Au8-

pX YG8sR and YG8sR values. (B to D) Statistical analyses were performed with ordinary two-way 



ANOVA followed by Bonferroni’s test; * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. (F) 

Representative western blots of frataxin and FXN related proteins (Nrf2, NFS1, PGC-1 and PPAR) 

and proteins related to the autophagic flux (LC3I, LC3II, p62, and Atg7) in QAs and hearts of Au8-pX 

YG8sR and YG8sR mice. Vinculin was used as loading control. Data were expressed as means  SD of 

2-4 independent experiments. (G)  Representative images of QAs and hearts from Au8-pX YG8sR and 

YG8sR mice stained with Azan Mallory for fibrosis detection. Scale bars, 200 m. Tissue fibrosis in 

QAs and hearts and QA myofiber area (m2) was quantified by Threshold color Plugin of ImageJ 

Software (n=50 images for each mouse). Data were represented as box and whisker plots: boxes indicate 

25th to 75th percentiles and whisker extending from the minimum to maximum values; lines indicate 

median. (H) Representative western blots of fibrotic markers in hearts of Au8-pX YG8sR and YG8sR 

mice. Vinculin was used as loading control. Data were expressed as means  SD of 2-4 independent 

experiments. (I) Electron microscopy images of thin sections from QAs of Au8-pX YG8sR and YG8sR 

mice. Scale bar, 2m. 

 

Fig.5. Au8-pX engraftment in nervous systems of treated YG8sR mice 

(A) Schematic of Au8-pXs intravenous injection into 12 months old YG8sR mice and functional 

measurement time points. (B) Stride length and width from foot print tests performed on Au8-pX YG8sR 

(n=5) and YG8sR (n=5) mice after 60, 120 and 180 days from Au8-pX injection. (C) Rotarod balance 

coordination of Au8-pXs injected YG8sR (n=5) and YG8sR (n=3) mice from the onset of pathological 

signs (B.I.) to the sacrifice day. (B-C) Data were expressed as means  SD; * P<0.05, ** P<0.01, *** 

P<0.001, **** P<0.0001 (ordinary two-way ANOVA, Bonferroni’s test). (D) Representative western 

blot of frataxin and FXN related proteins (Nrf2, NFS1, PGC-1 and PPAR), proteins related to the 

autophagic flux (LC3I, LC3II, p62, and Atg7) and Purkinje cells (Parvalbumin and Calbindin-D) in 



cerebellum lysates of Au8-pX YG8sR and YG8sR mice. Data were expressed as means  SD of 2-4 

independent experiments. (E) Representative confocal images of cerebella from Au8-pX YG8sR and 

YG8sR mice stained for Parvalbumin, Calbindin-D, NeuroT, and NeuN for neurons and Purkinje cells, 

GFAP for microglia, and glutathione peroxidase (GPx-1). Scale bars: 100m for Calbindin-D tile scan, 

inset magnification 10m; 20m for the other fluorescence staining in (E) and (F). 

 

Fig.6. Au8-pXs treatment restores stress and redox pathways of YG8sR mice 

(A) RT-qPCR for Prdx2, Gstm1 and Nrf2 from CNS (cerebellum, cortex, and BGs) and DRGs 

from of Au8-pX YG8sR and YG8sR mice. Data were expressed as means SD for n=3 independent 

experiments. All comparisons were performed for each gene with unpaired Student’s t-test (B) Total and 

mitochondrial extract analysis of lipid peroxidation and DNA oxidative damages from CNS, hearts and 

skeletal muscles (QAs, TAs, and SL) of Au8-pX YG8sR and YG8sR mice. (C) Glutathione (GSH), 

Glutathione-S transferase (GST), and oxidized glutathione (GSSG) measurements in total lysates of 

CNS, hearts and skeletal muscles from Au8-pX YG8sR and YG8sR mice. (D) Cytosolic and 

mitochondrial SOD measurements in CNS, hearts and skeletal muscles from Au8-pX YG8sR and YG8sR 

mice. (E) ATP production and electron transport chain (ETC) flux measurements in mitochondrial 

extracts of CNS, hearts and skeletal muscles from Au8-pX YG8sR and YG8sR mice. (B-E) Data were 

expressed as means SD for n=3 independent experiments. Statistical analyses were performed by 

ordinary two-way ANOVA followed by post hoc Bonferroni’s test. 
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Supplementary Materials 

Materials and methods 

Evaluation of Au8-pX interactions to reactive oxygen species 

Singlet Oxygen (1O2
*) Sensing 

The 1O2
*species is generated in solution by using the photosensitizer Rose Bengal (RB) under 

laser excitation at 532 nm (40 mW cm-2). As optical probe, we employ the SOSGTM fluorescent probe 

(Invitrogen-Thermo Fisher Scientific) under laser excitation at 473 nm (9 mW cm-2). The intensity of the 

SOSGTM PL signal that is proportional to the concentration of 1O
2 in solution is recorded as function of 

time as described above. 100 μg of SOSGTM have been added to 1 ml di methanol. The obtained solution 

is dilute five times with HPLC water. The final composition has been obtained by adding 1 ml of Au8-

pX (350 μM) in water or 1 ml of pure water H2O to obtain the same final concentration of SOSG. RB 

has been added when required in a concentration of 5 μM. 

Superoxide (O2•-) sensing 

The O2•- is generate by exploiting the photolysis of H2O2 under UV light at 405 nm (10 mW cm-

2) as described in ref. [Environ. Sci. Technol., vol. 41, no. 21, pp. 7486–7490, 2007). As optical probe 

we employ the MitoSOXTM red fluorescent probe (Invitrogen-Thermo Fisher Scientific) under laser 

excitation at 532 nm (10 mW cm-2). The intensity of the MitoSOXTM red PL signal that is proportional 

to the concentration of 1O
2 in solution is recorded upon progressive addition of H2O2. 50 μg of are 

dissolved in 5 ml of DSMO:H2O (10% in volume). For experiments, 1 ml of this solution is mixed with 

0.5 ml of pure water without or with Au8-pXs (120 μM). The H2O2 has been added to the solution as 10 

μL droplets of a H2O2:H2O solution (0.3% in volume). For quantitative relative comparison, the 

MitoSOXTM red integrated emission intensity has been normalized to the sample absorptance, corrected 

by the Au8-pXs absorption, and measured after addition of each droplet. 



Hydrogen peroxide (H2O2) sensing 

As optical probe, we employ the diphenyl-1-pyrenylphosphine (DPPP, Invitrogen-Thermo Fisher 

Scientific). DPPP become fluorescent once oxidized upon interaction with H2O2. The oxidized for show 

absorption in UV-Vis region and an emission peak at 380 nm. The DPPP fluorescence intensity 

proportional to the H2O2 concentration has been monitored upon laser excitation at 355 nm (95 mW cm-

2) upon progressive addition of H2O2. The DPPP is dissolved in ethanol at 100 μM concentration. For 

experiments, 1.5 ml of DPPP solution are mixed with 0.25 mL of a H2O2:water solution (0.003% in 

volume) with or without of Au8-pXs (85 μM). H2O2 has been added progressively as 10 μL droplets of 

the intial H2O2:water solution. 

Cyclic Voltammetry. All the measurements were performed using a potentiostat/galvanostat 

PARSTAT 2273 (Princeton Applied Research). Cyclic voltammetry is carried out at 50 mV/s in a cell 

composed by the Au pin as working electrode, Pt flag as counter electrode and SCE as reference 

electrode. All potentials are reported against SCE. To mimic the biological environment, the 

measurements were performed in PBS, phosphate-buffered saline, a water solution containing NaCl and 

Na2HPO4 salts in which the buffer keeps a constant pH around 7.4.  

 

Isolation and characterization of BMSCs from FRDA patients. 

FRDA  patients’ and healthy donors’ bone marrow (BM) was aspirated from the left posterior 

iliac crest with local anesthesia in a sterile fashion, eluted through 100μm cell strainer to remove bone 

spicules, and diluted 1:1(v/v) with DMEM (Gibco-Thermo Fisher Scientific) containing 10% of fetal 

bovine serum (FBS) (Gibco-Thermo Fisher Scientific) and 0.1% gentamicin (Gibco-Thermo Fisher 

Scientific). Mononuclear cell (MNC) fraction was separated by density gradient centrifugation. Briefly, 

5ml of diluted bone marrow was layered on top of 2.5ml of LymphoprepTM (STEM CELL 



Technologies) and centrifuged at 600 g for 20 minutes at room temperature. MNCs were carefully 

aspirated and collected into 15ml centrifuge tube with fresh cell culture medium. Total volume of 

suspended pellet was transferred to a 175 cm2 ventilated flask and incubated for 24 hours at 5% CO2 and 

37°C.  Medium was then removed, and cells were washed with phosphate buffered saline (PBS) to 

eliminate non-adherent cells. DMEM/F12 (Thermo Fisher Scientific) with 10% of FBS and 0.1% 

gentamicin was used for subsequent cultivation of BMSCs and replaced every 3days. At 90% confluence, 

BMSCs were treated with trypsin-EDTA (Gibco-Thermo Fisher Scientific), counted, and prepared for 

further analyses or in vitro culture. FACS analysis of BMSCs from FRDA patients (BMSCsFRDA#1, 

BMSCsFRDA#2) and a healthy donor (BMSCsCTR) was performed with the Cytomics FC500 (Beckman-

Coulter) machine for the expression of mesenchymal markers (CD44, CD73, CD105, and CD90) 

(Dominici et al. Cytotherapy 2006). Data analyzed with CXP 2.1 software. 105 cells were resuspended 

in phosphate buffered saline (PBS) and incubated with 10µl primary antibodies anti-CD44-FITC, anti-

CD73-APC, anti-CD105-PE, anti-CD90-APC, and anti-7AAD.  The 7-AAD was added to exclude non-

viable cells from the analysis. Anti-CD34-PERCP and anti-45-APC were used to exclude hematopoietic 

cells and leukocytes. All the antibodies were purchased from BD Biosciences-Pharmingen. The controls 

were isotype-matched human immunoglobulins. Incubation was performed at 4°C for 20 minutes. Cells 

were then washed in PBS with 1% heat-inactivated FCS and 0.1% sodium azide. Each analysis included 

at least 5-10x104 events for each gate. A light-scatter gate was set up to eliminate cell debris from the 

analysis. The percentage of positive cells was assessed after correction for the percentage reactive to an 

isotype control conjugated to relative fluorochromes. Cell proliferative capacity was assessed by MTT 

experiments, according to manufacturers’ instructions. Briefly, BMSCsFRDA#1, BMSCsFRDA#2, and 

BMSCsCTR were seeded in a 96-well plate at a density of 5000 cells/well, in triplicate. 50μg/ml MTT 

solution (Methylthiazolyldiphenyl-tetrazolium bromide) (Sigma Aldrich) was added to the samples and 



incubated for 4 hours at 37°C. The converted dye was then solubilized with DMSO (Sigma Aldrich) and 

the absorbance measured at 560nm with GloMax Discover plate reader (Promega). MTT assay was 

performed 24, 48 and 72 hours after seeding, for three independent experiments.  

IncuCytes proliferation assay and ROS detection  

Proliferation of BMSCsFRDA#1 labeled with Au8-pXs, BMSCsFRDA#1 and BMSCsCTR1 seeded into 

6-well plates were monitored by the analysis of object count/mm2 over time. Data were recorded every 

6 hours from Au8-pX loading (0 hours) up to 48 hours according to the IncuCyte (Sartorius) 

manufacturer’s instructions. For the evaluation of ROS produced in culture, cells were seeded into a 96-

well plate, as described for MTT test. The analysis was performed 24 hours after 5 or 10M Au8-pXs 

labeling by the means of ROS-Glo™ H2O2 Assay (Promega) and following the protocol for lytic 

procedure. As ROS are very sensitive to the in vitro environment and their accurate determination 

challenging, for this specific assay basal BMSCs medium was replaced with DMEM/F12 without phenol 

red and HEPES to diminish interferences in measurements. Relative luminescence units were measured 

by GloMax Discover plate reader. Both IncuCytes and ROS assays were performed in three independent 

experiments. 

 

Echocardiography 

Transthoracic echocardiography was performed with a small animal high-resolution imaging 

system (VeVo2100, VisualSonics, Inc, Toronto, Canada) equipped with a 22–55 MHz trasducer 

(MicroScan Transducers, MS500D). The mice, anesthetized by isoflurane (2%) inhalation and 

maintained by mask ventilation (isoflurane 1%), were placed in a shallow left lateral decubitus position, 

with strict thermoregulation (37 ± 1 °C) to optimize physiological conditions and reduce hemodynamic 

variability. Fur was removed from the chest by application of a cosmetic cream to gain a clear image. 



Echocardiographic parameters were measured at the level of the papillary muscles in the parasternal 

short-axis view (M mode). LV fractional shortening was calculated as follows: FS = ((LVEDD - 

LVESD)/ LVEDD) ×100, where LVFS indicates LV fractional shortening; LVEDD, LV end-diastolic 

diameter; and LVESD, LV end-systolic diameter. LV ejection fraction was calculated automatically by 

the echocardiography system. All measurements were averaged on 5 consecutive cardiac cycles per 

experiment and cardiac function was assessed when heart rate was 450–500 bpm. Complete list of the 

heart parameters measured is reported in Table S2. 

 

Glucose-tolerance and insulin-resistance tests 

To determine fasting blood glucose levels, 1 mg/g glucose solution (D-Glucose; Sigma-Aldrich) 

was injected intraperitoneally into the mice after 16 hours fasting period. Blood glucose was measured 

from the tail vein immediately prior to glucose administration and after 20, 40 and 60 minutes with a 

glucometer (ACCU-CHEK Aviva blood glucose meter; Roche). To test insulin-tolerance mice were 

fasted for 16 hours, blood glucose was first measured from the tail vein, then the mice received an 

intraperitoneal injection of insulin (0.75 U/kg; Sigma-Aldrich) and blood glucose was measured again at 

time-points of 20, 50 and 80 minutes after injection. Evaluation of glucose tolerance and insulin 

resistance were performed B.I., 60, and 120 days after Au8-pX injection. 

 

Real-Time qPCR 

For the quantitative analysis of mRNA expression, tissue fragments were freshly dissected from 

injected and the control (not injected) animals at the moment of sacrifice, immediately placed in Trizol 

Reagent (Roche) and extracted as indicated by the manufacturer. RNA quality, primer efficiency and 

correct product size were verified by RT-PCR and agarose gel electrophoresis. Real-Time qPCR was 



performed with LightCycler (Roche) using FastStart DNA MasterPLUS SYBR-Green I (Roche). 2l of 

cDNA was used in each reaction. All samples were done in triplicates. Specificity and absence of primer 

dimers was controlled by denaturation curves; for each mRNA examined only one denaturation peak was 

observed. GAPDH was used for normalization, calculated using LightCycler Software 3.5.3. Primer 

sequences are reported in Table S1. 

 

Biochemical Methods  

 Mitochondrial isolation 

Tissues were dissected and immediately frozen by immersion in liquid N2, then pulverized and 

stored at -80 C. To isolate mitochondrial fractions, tissue powders were washed twice in ice-cold PBS, 

lysed in 0.5 ml mitochondria lysis buffer (50 mM Tris, 100 mM KCl, 5 mM MgCl2, 1.8 mM ATP, 1 mM 

EDTA, pH 7.2), supplemented with protease inhibitor cocktail III (Calbiochem, La Jolla, CA, USA), 1 

mmol/l PMSF and 250 mM NaF. The samples were clarified by centrifugation at 650 g for 3 minutes at 

+4 °C: the supernatant was collected and centrifuged at 13,000 g for 5 minutes at +4 °C. The supernatant, 

corresponding to the cytosolic fraction, was transferred into a new series of tubes. The pellet, containing 

mitochondria, was washed once with lysis buffer and resuspended in 0.25 ml of a resuspension buffer 

composed of 250 mM sucrose, 15 mM K2HPO4, 2 mM MgCl2, 0.5 mM EDTA. A 50 μl aliquot was 

sonicated and used for the measurement of protein content or western blotting. To confirm the presence 

of mitochondrial proteins in the extracts, 10 μg of each sonicated sample were subjected to SDS-PAGE 

and probed with an anti-porin antibody (Abcam, Cambridge, UK). 

ROS measurement 

To measure total ROS, 100 µg proteins from tissue homogenates were re-suspended in 0.5 ml 

PBS, incubated for 30 minutes at 37°C with 5 μM of the fluorescent probe 5-(and-6)-chloromethyl-2',7'-



dichlorodihydro-fluorescein diacetate-acetoxymethyl ester (DCFDA-AM; Sigma Chemical Co.), 

centrifuged at 13,000 g at 37°C and re-suspended in 0.5 ml PBS. The fluorescence of each sample, 

considered an index of ROS levels, was read at 492 nm (λ excitation) and 517 nm (λ emission), using a 

HT Synergy 96-well micro-plate reader (Bio-Tek Instruments, Winooski, VT). The results were 

expressed as nmoles/mg tissue proteins. To measure mitochondrial ROS, 50 µg proteins from 

mitochondrial extracts were stained with 5μM of DCFDA-AM, as reported above. The results were 

expressed as nmoles/mg mitochondrial proteins. 

Lipoperoxidation and DNA oxidative damage 

The 4-OH-nonenale, an index of lipid peroxidation, was measured on 100 µg proteins from tissue 

homogenates or 50 µg proteins from mitochondrial extracts using the Lipid Peroxidation (4-HNE) Assay 

Kit (Abcam). Results were expressed as nmoles/mg total or mitochondrial proteins. To evaluate 8-oxo-

deoxy-guanosine, an index of DNA oxidative damage, we extracted 50 ng f DNA from tissue 

homogenates or 10 ng of DNA from mitochondrial extracts using the DNeasy Blood and Tissue Kit 

(Qiagen, Hilden, Germany). Samples were probed with the DNA/RNA Oxidative Damage ELISA Kit 

(Cayman Chemical, Ann Arbor, MI), as per manufacturer’s instructions. Results were expressed as 

nmoles/µg total or mitochondrial DNA. 

Glutathione and glutathione S transferase (GST) measurement 

100 µg proteins from tissue homogenates in 480 µl PBS, were precipitated by adding 120 µl of 

6.5% w/v 5-sulfosalicylic acid. Each sample was placed in ice for 1 h and centrifuged for 15 minutes at 

13,000 g (4°C). Total glutathione was measured in 20 µl of the lysate with the following reaction mix: 

20 µl stock buffer (143 mM NaH2PO4 and 63 mM EDTA, pH 7.4), 200 µl daily reagent (10 mM 

5,5’dithiobis-2-nitrobenzoic acid and 2 mM NADPH in stock buffer), 40 µl glutathione reductase (8.5 

U/ml). The content of oxidized glutathione (GSSG) was obtained after derivatization of GSH with 2-



vinylpyridine (2VP): 10 µl of 2VP was added to 200 µl of lysate, the mixture was shaken at room 

temperature for 1 hour. Glutathione was then measured in 40 µl of sample as described. The reaction was 

followed kinetically for 5 minutes using a Synergy HT Multi-Mode Microplate Reader (Bio-Tek 

Instruments), measuring the absorbance at 415 nm. Each measurement was made in triplicate and results 

were expressed as pmoles glutathione/min/mg tissue proteins. For each sample, reduced glutathione 

(GSH) was obtained by subtracting GSSG from total glutathione. GST activity was measured using the 

Glutathione S-transferase (GST) assay kit (Sigma Chemicals. Co), as per manufacturer’s instructions. 

Results were expressed as μmoles CDNB-GSH adducts/min/mg proteins. 

Superoxide dismutase (SOD) measurement 

The activity of cytosolic SOD1 and mitochondrial SOD2 was measured using 10 μg of cytosolic 

and mitochondrial proteins, after the cytosol-mitochondrial separation obtained as detailed above. 

Samples, re-suspended into 100 µl PBS, were incubated with 50 μM xanthine, 5 U/ml xanthine oxidase, 

1 μg/ml oxidized cytochrome c for 5 minutes at 37°C. The rate of cytochrome c reduction, which is 

inhibited by the presence of SOD, was monitored for 5 minutes by reading the absorbance at 550 nm 

with a Packard microplate reader EL340 (Bio-Tek Instruments). Results were expressed as μmoles 

reduced cytochrome c/min/mg cytosolic or mitochondrial proteins. 

Electron transport chain measurement 

To measure the electron flux from complex I to complex III, taken as index of the mitochondrial 

respiratory activity, 50 μg of proteins, derived from non-sonicated mitochondrial samples, were re-

suspended in 0.2 ml of buffer A (5 mM KH2PO4, 5 mM MgCl2, 5% w/v BSA) and transferred into a 96-

well plates. Then 0.1 ml of buffer B (25% w/v saponin, 50 mM KH2PO4, 5 mM MgCl2, 5% w/v BSA, 

0.12 mM cytochrome c-oxidized form, 0.2 mM NaN3) was added for 5 minutes at room temperature. 

The reaction was started with 0.15 mM NADH and was followed for 5 minutes, reading the absorbance 



at 550 nm by a Packard microplate reader EL340 (Bio-Tek Instruments, Winooski, VT, USA). The 

results were expressed as nmoles of cytochrome c reduced/min/mg mitochondrial protein. 

Mitochondrial ATP measurement 

The amount of ATP in mitochondrial extracts was measured with the ATP Bioluminescent Assay 

Kit (Sigma-Aldrich), as per manufacturer’s instruction. The results were expressed as nmoles/mg 

mitochondrial proteins. 

 

Western Blot 

Western Blot analysis was performed on 5 µM, 10 µM Au8-pXs treated and untreated 

BMSCsFRDA#1, BMSCsFRDA#2, age matched BMSCsCTR#1 and BMSCsCTR#2 and tissues from Au8-pXs 

treated and untreated YG8sR mice (cerebellum, quadriceps and hearts). Both cells and tissues were lysed 

in NP40 lysis buffer composed of 50mM Tris-HCl pH 8.8 (Eurobio Scientific), 1% IGEPAL CA-630 

(MP Biomedicals), 150 mM NaCl (VWR) supplemented with complete protease inhibitor cocktail and 

phosSTOP (Roche) on ice for 30 minutes followed by centrifugation at 15000g at 4°C to pellet cell 

debris. Supernatants were quantified according to Bradford protein assay using Coomassie Plus Protein 

Assay Reagent (Thermo Fisher Scientific) and Glomax Discover Microplate Reader; 40 µg of total 

protein extracts were loaded for each sample on polyacrylamide gels. Proteins were then transferred to 

nitrocellulose membranes (Bio-Rad) and blocked with 5% nonfat dry milk (Bio-Rad) diluted in TBS (50 

mM Tris-HCl, 150 mM NaCl pH 7.6) with 0.05% Tween 20 (Sigma-Adrich) for 1 hour at room 

temperature. Filters were incubated with primary antibodies overnight 4°C on mild shaking. List of 

antibody and dilutions used: anti-Frataxin (Abcam 1:500), anti-NFS1 (Santa Cruz Biotechnology 1:500), 

anti-NRF2 (Thermo Fisher Scientific 1:500), anti-LC3B (Sigma-Aldrich 1:500), anti-p62/SQSTM1 

(Sigma-Aldrich 1:500), anti-ATG7 (Sigma-Aldrich 1:500), anti-PGC1α (Santa Cruz Biotechnology 



1:500), anti-PPAR-γ (Abcam 1:500), anti-Calbindin D-28K (EMD-Millipore 1:500), anti-Parvalbumin 

(Abcam 1:500), anti-DRP1 (Abcam 1:500), anti-Mitofusin1 (Abcam 1:500), anti-TRAF6 (Santa Cruz 

Biotechnology 1:500), anti-MMP-9 (Santa Cruz Biotechnology 1:500), anti-Collagen VI (Abcam 1:500), 

anti-Actin (Sigma-Aldrich 1:800), anti-Vinculin (Thermo Fisher Scientific 1:800). IgG-horseradish 

peroxidase (HRP)-conjugated secondary antibodies (1:3000, DakoCytomation) were used for detection. 

Images were acquired with Odyssey Imaging System (Li-COR Biosciences). Densitometry band 

quantifications were performed using ImageJ software (http://rsbweb.nih.gov/ij/ ).  

 

Tissue preparation for TEM 

For ultrastructural studies s mall tissue fragments (less than 2 mm2) were dissected and transferred 

in a fixative solution containing 2.5% glutaraldehyde (GA) in 0.1M cacodylate buffer (pH 7.4) for 24 

hours and then transferred into 0.5% GA in cacodylate buffer. Samples were stored at +4 °C until used.  

Tissues were then post-foxed in 2% OsO4 in 0.1 M cacodylate buffer (pH 7.4) for 1 hour, dehydrated in 

a graded series of ethanol and embedded in Epon resin. Examination was done on semithin sections 

stained with lead citrate and uranyl acetate with a transmission electron microscope (EM 109; Zeiss). 

 

Detection of metal gold in Au8-pXs treated YG8sR tissues  

To verify the cluster circulation and the penetration into murine tissues, 12 months-old YG8sR 

mice (n=6) were injected with 10 M Au8-pXs into the tail vein.  Age matched YG8sR mice (n=6) were 

used as controls. Animals were sacrificed after 30 days (n=3 per experimental group) or 180 days (n=3 

per experimental group) and the gold content was evaluated by an inductively coupled plasma mass 

spectrometry (ICP-MS). Experiments were performed by investigators blinded to animal group 

assignment. Selected tissues were collected for analysis: heart, brain cortex and cerebellum, basal 



ganglia, muscles (i.e. quadriceps, tibialis anterior, and soleus), liver, lung, kidney and pancreas. An 

amount of approximatively 0.03 g of tissues was subjected to extractive mineralization using a Milestone 

Microwave Labsystem (Milestone, Sorisole (BG) – Italy) with a mixture of 8 ml of 65% aqueous nitric 

acid and 2 ml of 30% aqueous H2O2. The final volume was 12.5ml. The digestion took place in a Parr 

bomb (Milestone SK-10 High Pressure Rotor) at a temperature of 200 °C for 30 '. The microwave oven 

power was 1500 W. The ICP- MS analysis was performed with a Thermo iCAP Q instrument (Thermo 

Scientific, Rodano (MI) - Italy) with a quadrupolar analyzer. Argon was used for plasma at 15 ml/min 

and as atomizing gas at 1 L/min. RF power was 1.55 kW. Calibration was performed with Au from 

multielement standard solution for ICP (Sigma-Merck, Milan, Italy) in the range 0.3-100 ng/ml. Limit 

of quantification was 0.3 ng/ml.  

  

In vivo imaging  

12 months old Au8-pXs treated and untreated YG8sR mice (n=3 mice per group) were 

anesthetized by intraperitoneal injections of Pentobarbital (1 ml per 100 g body weight); depth of 

anaesthesia was tested by the absence of reflections after a painful stimulus. During surgery, the body 

temperature was maintained at 37°C with a thermostatically controlled warming pad (Harvard 

Apparatus). After shaving the skull and its fixation in a stereotactic frame (Stoelting Europe, Dublin, 

IRL), the scalp was lifted with forceps and opened by surgical scissors. Within the surgical area, the 

periosteum was removed from the surface of the skull to prepare the cranial window over the parietal 

cortex located between -2 mm and -6 mm in relation to the Bregma, and 1 mm to 5 mm lateral in relation 

to the sagittal suture. After surgery the cranial window was filled with sterile irrigation (e.g. sodium 

chloride 0,9%) and sealed by a 7 mm cover glass using the instant glue Roti-coll 1 (Carl Roth, Karlsruhe, 

GER). The in vivo imaging was performed with the Confocal Laser Leica SP8. To image cerebral blood 



vessels, tail vein was cannulated and injected with antibody against CD31 fluorescently labeled with 

FITC (Thermo Fisher Scientific). For imaging, the mouse skull was fixed in a head holder and the animal 

was placed on a heating plate under the microscope for one imaging session. The known maximum 

achievable depth for in vivo imaging in mouse using this approach is  200 μm.   

 

Supplementary Figure legends 

 

Supplementary Fig.1 

A) Bright field images and FACS analysis of BMSCs derived from FRDA patients. Scale bars, 

75m. BMSCs were tested for mesenchymal marker expression CD73, CD90 and CD105. 

B) Proliferation of BMSCsFRDA#1, BMSCsFRDA#2 and BMSCsCTR   was evaluated for 72 hours 

with MTT assay. 

C) Basal and maximal respiratory capacity, spare capacity and non-mitochondrial respiration 

was evaluated in BMSCsFRDA#1 and BMSCsCTR through XFp Seahorse Mito Stress Kit. 

B-C Means SD (n=3 independent experiments) * P< 0.05, ** P<0.01, *** P<0.001, **** 

P<0.0001 (ordinary two- way ANOVA- Bonferroni’s test). 

 

Supplementary Fig.2 

A) Evaluation of the gold content in Au8-pX YG8sR tissues through a coupled plasma mass 

spectrometry (ICP-MS) analysis. Au8-pX-injected YG8sR mice were sacrificed at early (30 days; n=3) 

and late (180 days; n=3) time points. Not injected YG8sR mice were used for comparative analysis for 

each time point (30 days, n=3; 180 days, n=3). Data were expressed as Means SD (ordinary two- way 

ANOVA- Bonferroni’s test). Gold content within SL fell below the detection limit of the instruments. 



B) Representative in vivo confocal image montage of Au8-pXs circulating in brain vessels of 

Au8-pX YG8sRs mice and migrating to surrounding tissues (in gray-pseudocolor). Vessels were stained 

by anti-CD31FITC antibody (in blue- pseudocolor). 

 

Supplementary Fig.3 

A, B) Western Blot quantifications of frataxin and FXN related proteins (Nrf2, NFS1, PGC-1 

and PPAR), proteins related to the autophagic flux (LC3I, LC3II, p62, and Atg7) and marker of fibrosis 

(ColVI, MMP9 and TRAF6) in Au8-pX YG8sR and YG8sR hearts (A) and QAs (B). Vinculin was used 

as loading control. Data were expressed as Means SD (n=2-4 independent experiments); * P< 0.05, ** 

P<0.01, *** P<0.001, **** P<0.0001 (ordinary one- way ANOVA- Bonferroni’s test). 

 

Supplementary Fig.4 

Western Blot quantifications of frataxin and FXN related proteins (Nrf2, NFS1, PGC-1 and 

PPAR), proteins related to the autophagic flux (LC3I, LC3II, p62, and Atg7) and Purkinje cells 

(Parvalbumin and Calbindin-D) in Au8-pX YG8sR and YG8sR cerebellum. Vinculin was used as loading 

control. Data were expressed as Means SD (n=2-4 independent experiments); * P< 0.05, ** P<0.01, 

*** P<0.001, **** P<0.0001 (ordinary one- way ANOVA- Bonferroni’s test). 

 

Supplementary Fig.5 

A) Glucose tolerance test:  blood glucose levels in Au8-pX YG8sR and YG8s mice fasted for 

16 hours after intraperitoneal administration of glucose. 

B) Insulin resistance test: blood glucose levels in Au8-pX YG8sR and YG8s mice fasted for 

16 hours after intraperitoneal injection of insulin. 



A-B Data were expressed as Means SD (n=5 mice per group); ordinary two-way ANOVA-

Bonferroni’s. 

 

Supplementary Tables 

 

Table S1. Primer list. 

 

Gene Name Primer Sequence Species Use 

Fxn fw CTTCCCTCTACCCTGCCTTC mouse Genotyping 

Fxn rv GGAGAACAGTGGACACAGTAACA mouse Genotyping 

Fxn fw GGGCAGATAAAGGAAGGAGATAC human Genotyping 

Fxn rv ACGATAGGGCAACACCAATAA human Genotyping 

Nrf2 fw TTTTCCATTCCCGAATTACAGT mouse RT-qPCR 

Nrf2 rv GGAGATCGATGAGTAAAAATGGT mouse RT-qPCR 

Prdx2 fw GGCAACGCGCAAATCGGAAAG mouse RT-qPCR 

Prdx2 rv TCCAGTGGGTAGAAAAAGAGGA mouse RT-qPCR 

Gstm1 fw CCTATGATACTGGGATACTGGAACG mouse RT-qPCR 

GStm1 rv GGAGCGTCACCCATGGTG mouse RT-qPCR 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table S2. Heart Parameters 

 

Heart Parameters Units 

AV Peak Pressure Aortic Valve -Peak Pressure mmHg 

AVA Aortic Valve -Area mm2 

LVOT CO 

Left Ventricular Outflow 

Tract -Cardiac Output l/min 

LVOT SV 

Left Ventricular Outflow 

Tract -Stroke Volume l 

MV Area (simplified) Mitral Valve Area mm 

RVOT 

Right Ventricular Outflow 

Tract mm 

RVOT SV 

Right Ventricular Outflow 

Tract -Stroke Volume mm 

RVOT CO 

Right Ventricular Outflow 

Tract -Cardiac Output mm 

IVS d 

Intraventricular Septum 

Thickness at end-diastole mm 

IVS s 

Intraventricular Septum 

Thickness at end-systole mm 

LVID d 

Left Ventricular internal 

dimension at end-diastole mm 



LVID s 

Left Ventricular Internal 

Dimension at end-systole mm 

LVPW d 

Left Ventricular Posterior 

Wall Thickness at end-

diastole mm 

LVPW s 

Left Ventricular Posterior 

Wall Thickness at end-systole mm 

LV Mass Left Ventricular Mass mg 

LV Vol d 

Left Ventricular Volume at 

end-diastole l 

LV Vol s 

Left Ventricular Volume at 

end-systole l 
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Supplementary Figure 4 



 

 

 

Supplementary Figure 5 

 

 

 


