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executive function deficits and in some 
cases dementia (5,9).

Unlike the full mutation alleles, which 
undergo repeat-mediated gene silencing 
(10,11), premutation alleles are active 
and FMR1 mRNA levels are normal or 
elevated (12–14). Several mechanisms 
have been put forward to explain how 
premutation alleles might trigger neuro-
degeneration, including a gain-of-function 
(toxicity) RNA (15,16), sequestration of 
factors important for cell function by 
the “excess” of FMR1 transcript (17,18) 
and translation of aberrant and toxic 
polyGFMR1 protein (19). While bioener-
getics deficits— evidenced as mitochon-
drial dysfunction, abnormal mitochondrial 
morphology and/or  dynamics—have 
been observed in  samples from carriers 

emotional and neurocognitive issues (2–5), 
primary ovarian insufficiency (6) and 
later in life the neurodegenerative 
disorder fragile X-associated tremor/
ataxia syndrome (FXTAS) (1), char-
acterized by progressive gait ataxia, 
intention tremor (7,8), cognitive and 
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signs of apoptosis as judged by trypan 
blue staining (98 ± 2 % viability for both 
controls and premutation), index of loss 
of membrane integrity. Cell morphol-
ogy did not show any obvious differ-
ence in term of shrinkage (hallmark of 
apoptosis) in fibroblasts from carriers 
compared with controls (not shown). For 
outcomes evaluation, cells (1 × 106) were 
centrifuged at 200 ɡ for 5 min and cell 
pellet homogenized and resuspended 
in 20 mmol/L HEPES, pH 7.4 for enzy-
matic activities, or RIPA (50 mmol/L 
Tris-HCl, 150 mmol/L NaCl, 2 mmol/L 
EDTA, 0.5% CA-630 octylphenoxypolye-
thoxyethanol, 0.1% sodium dodecyl 
sulfate (SDS), 0.012% deoxycholate, 0.5% 
Triton X-100, pH 7.4) for Western blot-
ting. Both solutions were supplemented 
with protease and phosphatase inhib-
itors. Protein concentration was deter-
mined with a Pierce BCA protein assay 
kit (Life Technologies) according to the 
manufacturer’s instructions. Measure-
ments were performed on a Tecan In-
finite M200 microplate reader equipped 
with the Magellan data analysis software 
(Tecan).

Antioxidants Treatment
Cells (1 × 106) were grown at 37°C in 

5% CO2 for 24 h. After 48 h fresh media 
were added to the cells with the follow-
ing antioxidants: Trolox (a water-soluble 
vitamin E analog, 1 mmol/L), quercetin 
(10 μmol/L), epigallocatechin gallate 
(EGCG, 10 μmol/L), ethanol (31–37); 
0.1%) and dimethyl sulfoxide (DMSO, 0. 
1%), as hydroxyl radical quenchers; the 
cell-permeable superoxide dismutase 
(SOD) mimetic Mn3+tetrakis (4-benzoic 
acid) porphyrin (MnTBAP, 50 μmol/L), 
to quench superoxide anion and prevent 
the formation of the highly reactive 
peroxynitrite (product of superoxide 
anion and nitric oxide); L-ascorbic acid 
(1 mmol/L), to increase the reducing 
capacity of the cells to counteract oxi-
dative conditions and reduce sulfenic 
acid in Cys-containing proteins; the cell 
permeable glutathione precursor N- 
acetyl-L-cysteine (NAC) (1 mmol/L) 
to increase the synthesis of glutathione 

MATERIALS AnD METHoDS

Subjects
The study was carried out at the 

MIND Institute and approved by the 
Institutional Review Board (IRB) ethics 
committee at UC Davis Medical Cen-
ter. Skin biopsies were obtained from 
31 premutation carriers aged 8 to 67 
years (mean ± SD: 41 ± 18 years) who 
were recruited through the Fragile X 
Treatment and Research Center at the 
MIND Institute at University of Califor-
nia, Davis, and who signed consent and 
participated in our genotype–phenotype 
study of families with fragile X between 
the years 2013 and 2015. Fibroblasts 
from 25 age- and sex-matched controls, 
aged 7 to 63 years (mean ± SD: 32 ± 17 y) 
were either obtained from the Coriell 
Institute (n = 5; Camden, NJ) or from 
skin biopsies obtained from volunteers 
recruited at the MIND Institute upon 
signing an informed consent (n = 20). 
Eight of the premutation carriers were 
diagnosed with FXTAS at various 
stages ranging from 1 to 3 (named as 
 premutation-symptomatic or PS; Table 1). 
The CGG repeat number (mean ± SD: 
104 ± 35 and 29 ± 5 respectively for 
premutation and controls) in all in-
dividuals included in this study was 
measured from dried blood spots using 
Southern Blot and polymerase chain re-
action (PCR) analysis (30). The average 
CGG repeats of the mutant allele in het-
erozygous carriers (females only because 
FMR1 is an X-linked gene) was 88 ± 21 
(mean ± SD), significantly different from 
that of hemizygous carriers (males only; 
117 ± 39; p = 0.009).

Cell Culture Conditions
Fibroblasts for this study were  

obtained from skin biopsies and cultured 
as previously described (21). Cell counts 
and viability were quantified upon  
addition of Trypan Blue with the use of 
a TC20 automated cell counter (Bio-Rad). 
Doubling times of, respectively, 48 ± 9 
and 35 ± 7 h (p = 0.07) were recorded 
for controls and premutation fibroblasts. 
Fibroblasts from carriers did not show 

as well as in Knock-in (KI) mouse models 
of the premutation (20–25), our own re-
ports have shown bioenergetic deficits 
accompanied by increased oxidative stress 
biomarkers in post- mortem brain samples 
(24) and fibroblasts from carriers (21,24). 
The mitochondrial dysfunction in fibro-
blasts from carriers was accompanied by 
lower content of Mn-superoxide dismutase 
(MnSOD) (24) and higher nitrative damage 
to the mitochondrial ATPase β-subunit 
(24). These mitochondrial deficits preceded 
the occurrence of ubiquitin-positive intra-
nuclear inclusions (considered a hallmark 
of FXTAS (26)), and correlated with both 
CGG repeat expansion and severity of the 
phenotype (21,24,27).

Currently, it is not clear how mito-
chondrial dysfunction and/or oxidative 
stress might influence the onset, sever-
ity or trajectory of the clinical presen-
tation of the premutation. However, a 
shift in the balance between oxidative/
nitrative stress and antioxidant de-
fenses might trigger a feed-forward 
cycle of more mitochondrial damage 
(Figure 1A), with the potential to be 
compounded by environmental  
exposures (1,28).

We hypothesized that the mitochondrial 
dysfunction observed in premutation  
carriers could result in increased oxida-
tive/nitrative stress, opening the door 
for the potential use of antioxidant treat-
ments to minimize mitochondrial dam-
age. Direct beneficial effects would be 
expected, particularly to the brain, which 
is essentially fueled by mitochondrial 
ATP. To explore this hypothesis, the 
redox biology status in primary dermal 
fibroblasts from premutation carriers 
(Table 1) was evaluated along with the 
mechanisms by which its modulation 
via antioxidant treatments may be pro-
tective. To date, no systematic study has 
investigated these issues in premutation 
carriers, although mitochondria and  
antioxidant defense cross-talk likely 
contributes to the neuronal damage 
observed in other neurodegenerative/
neurological diseases including Alzhei-
mer’s, Parkinson′s, autism and bipolar 
disorders (29).
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Figure 1. Redox biology pathways in premutation carriers. (A) Increases in mitochondria-derived superoxide anion production can lead 
to the formation of the highly reactive species resulting in biomolecule damage. In parallel, hyperactivation of the polyol pathway—
usually associated with mitochondrial dysfunction—leads to excessive accumulation of sorbitol and fructose contributing to increases 
in cytosolic [NADH]/[NAD+] ratios reducing the glucose flux via glycolysis and pentose phosphate pathway. This scenario impacts the 
mitochondrial [NADH]/[NAD+] leading to the generation of “reactive aldehydes” and oxidatively modified proteins or advanced glyca-
tion end-products. (B) Electron paramagnetic detection of free radicals in fibroblasts. Aliquots of cells from control and two premutation 
donors supplemented with deferoxamine, DMSO and DMPO were taken within 10–15 min after the addition of the spin trap. A weak 
EPR background signal was detected with cell culture media alone (a), which was higher upon addition of control cells (b). This latter 
signal was constituted by a quartet with an intensity ratio of 1:2:2:1 and hyperfine splitting constants aN = aHβ = 14.9 G for N and Hβ con-
sistent with the detection of DMPO-hydroxyl radical adduct, further confirmed by spectra simulation. Cells from two premutation carriers 
exhibited EPR spectra similar to that of controls constituted solely by hydroxyl radical (c) or by a combination of hydroxyl and a second 
adduct at a ratio of 19 to 1 (d). This secondary adduct (aN = 16.4 G and aHβ = 23.3 G) indicated the presence of DMPO-methyl adduct 
which resulted from the quenching of methyl radical (formed from the reaction between hydroxyl radical and DMSO) by DMPO. Lower 
panel: Representative EPR spectra of a cell line from a carrier with and without the addition of FCCP. (C) Representative Western blot 
image of 3-nitrotyrosine content in tubulin and actin of fibroblasts from controls, asymptomatic (PA) and FXTAS-affected or symptomatic 
(PS) premutation carriers. Intensity of nitrated actin and tubulin (expressed as arbitrary units of densitometry, AUD) were normalized by 
their respective total protein. ANOVA followed by Bonferroni was performed when comparing controls, PA and PS. *p < 0.05 versus con-
trols. (D) Representative Western blot image and correspondent densitometry of MDA-protein adducts from controls and FXTAS-affected 
(PS) and unaffected (PA) carriers. ANOVA followed by Bonferroni’s post hoc test was used for the statistical analysis. *p < 0.005 versus 
controls. (E) Mitochondrial DNA copy number and deletions in control and premutation fibroblasts and correlations between these  
outcomes. P values were obtained with ANOVA followed by Bonferroni’s post hoc test. For correlations: Pearson′s r value = –0.500  
and –0.244 (p = 0.034 and 0.230) for controls and premutation respectively.
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and improve the activity of the glutathi-
one peroxidase-reductase system; and 
the glutathione peroxidase analog Eb-
selen (1 μmol/L) to improve the capacity 
to catabolize organic hydroperoxides. 
DMSO, ethanol, ascorbic acid and NAC 
were dissolved in cell culture media, all 
other chemicals were dissolved in DMSO 
(final concentration in media = 0.1% 
V/V). For these experiments and cell 
density, the concentration of DMSO was 
equivalent to 0.2 nmol × (cell)−1.

Complex I, Complex IV and Citrate 
Synthase Activities

Measurements of specific activities 
were carried out spectrophotometrically 
in a Tecan Infinite M200 microplate 
reader equipped with the Magellan soft-
ware as previously described. (24,38). 
Details on the evaluation of Complex I, 
Complex IV and citrate synthase activi-
ties are included in the Supplementary 
Methods.

Western Blotting
Cells were lysed in RIPA buffer and 

proteins were denatured in NuPAGE 
sample buffer (Life Technologies) plus 50 
mmol/L dithiothreitol at 70°C for 10 min 
as described (38). Primary antibodies 
were: anti-COXIV (MitoSciences, Eugene, 
OR; 1:1,000 dilution), anti-COX17,  
anti-cytochrome c, anti-GFER, anti-MIA40, 
anti-NDUFB7, anti-VDAC (all from  
Proteintech; 1:1,000 dilution), anti- 
nitrotyrosine (Abcam; 1:500 dilution) 
and anti-malondialdehyde (Alpha Di-
agnostic Inc.; 1:500 dilution). To confirm 
specificity of the nitration staining, mem-
branes were stripped with the New Blot 
IR stripping buffer (LI-COR) for 30 min 
at 30°C, washed three times in distilled 
water and treated with 100 mmol/L 
dithionite in 50 mmol/L sodium borate 
buffer (pH 9) for 2 h at room tempera-
ture to reduce the nitro group into an 
amino group, preventing the antibody 
from binding with the nitrated moiety. 
Anti-β-actin (Sigma-Aldrich; 1:30,000 di-
lution) and anti-α-tubulin (Cell Signaling 
Technologies; 1:1,500 dilution) antibodies 
were used as loading controls. Secondary 

Table 1. Characteristics of the donors of fibroblasts utilized in this study.

ID Age (y) CGG Sex Outcome

CONTROLS
C1 7 26 M mtDNA
C2 8 30 M CS, EPR, Metabol, mtDNA
C3 10 30 M CS, Metabol, mtDNA, VDAC
C4 12 34 M ACT, MDRS, OE, Metabol, mtDNA
C5 16 21 M NT, MDA, mtDNA
C6 18 23 M ACT, MDRS, Metabol, mtDNA
C7 20 29 M ACT, mtDNA
C8 23 29, 30 F NT, MDA, mtDNA
C9 24 30 M NT, MDA, mtDNA
C10 25 29 M NT, MDA, mtDNA
C11 26.3 30, 37 F mtDNA
C12 29 30 M NT, MDA, mtDNA
C13 29.1 29 M ACT, MDRS, mtDNA
C14 33.7 23, 30 F mtDNA
C15 34 N/A M mtDNA
C16 34 29 F CS, mtDNA, VDAC
C17 36 30 M ACT, MDRS, mtDNA, VDAC
C18 39 N/A F CS, Metabol
C19 40 N/A F CS, Metabol, mtDNA
C20 41.2 43 M ACT, mtDNA
C21 46 N/A F ACT, Metabol
C22 59 21 M mtDNA
C23 61 30 M NT, MDA, mtDNA
C24 62 30 M NT, MDA, mtDNA
C25 63 22 M mtDNA

ASYMPTOMATIC PREMUTATION
PA1 8.4 150, 180 M ACT, CS, EPR, Metabol, mtDNA, VDAC
PA2 8.4 157, 180 M ACT, CS, EPR, Metabol, mtDNA, VDAC
PA3 9.7 31, 63 F mtDNA
PA4 17.1 170 M ACT, MDRS
PA5 17.3 16, 67 F mtDNA
PA6 23.4 77 M ACT, MDRS, OE
PA7 24 31, 93 F mtDNA
PA8 24 30, 79 F mtDNA
PA9 25 72 M ACT, NT, MDA, mtDNA
PA10 33.1 30, 137 F NT, MDA, mtDNA
PA11 33.5 133 M VDAC
PA12 37 43, 78 F CS, VDAC, Metabol, mtDNA
PA13 38.4 33, 60 F NT, MDA, mtDNA
PA14 40.8 127 M MDRS, mtDNA
PA15 40.8 150 M NT, MDA
PA16 43 106 F mtDNA
PA17 49.3 31, 86 F NT, MDA, mtDNA
PA18 49.9 20, 98 F VDAC, mtDNA
PA19 52 29, 81 F mtDNA
 PA20 54 133 M ACT, MDRS, mtDNA, VDAC
PA21 55.4 30, 69 F mtDNA
PA22 55.6 104 M mtDNA
PA23 56 81 M ACT, MDRS, mtDNA

SYMPTOMATIC PREMUTATION
PS1 (Stage N/A) 54 133 M MDRS
PS2 (Stage N/A) 56 81 M MDRS

Continued on the next page
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Metabolites were identified by match-
ing the ion chromatographic retention 
index, accurate mass and mass spectral 
fragmentation signatures with reference 
library entries created from authentic 
standard metabolites under the identi-
cal analytical procedure as the exper-
imental samples. Details on data ac-
quisition chromatographic parameters, 
data processing and statistical analysis 
are reported in the Supplementary 
Methods.

overexpression of MIA40
Plasmids pCMV6-hMIA40 (Human 

MIA40 expressing vector, OE) and 
pCMV6-EV (empty or noncoding vec-
tor control, EV) were purchased from 
Origene (Rockville). Fibroblasts from a 
control and a carrier were cultured in 
regular medium. On d 1, 4 × 106 cells 
were seeded into each of two 6-cm 
dishes (one EV and one OE). On d 2, 
cells at 90% confluency were ready for 
transfection. For the transfection, 8 μg 
of plasmid DNA (EV or OE) in 250 μL 
Opti-MEM (Reduced Serum Medium, 
Life Technologies) was mixed with  
12 μL of Lipofectamine 2000 (Life Tech-
nologies) in 250 μL of Opti-MEM. Me-
dium was removed from the cells and 
replaced with the DNA-Lipofectamine 
mixture-supplemented medium and 
incubated at 37°C. After 14 h of incuba-
tion, the transfection medium was re-
placed by regular medium. After 48 h, 
cell viability was assessed and cell ho-
mogenates prepared to test for MIA40 
expression levels and Complex I and 
citrate synthase activities. Transfection 
experiments were run four different 
times and in biological duplicates.

Confocal Microscopy
Cells (1 × 105) were seeded on sterile 

coverslips and stained with 0.5 μmol/L 
MitoTracker Red CMXRos (Molecular 
Probes Inc.) as previously described 
(41). Images of fixed cells were obtained 
with an Olympus FV1000 laser scanning 
confocal microscope (excitation and 
emission wavelengths 594 and 660 nm, 
respectively) at 60 × magnification.

with a single scan using the following 
instrument parameters: receiver gain = 
70 db; modulation amplitude = 0.5 G; 
modulation frequency = 100 kHz;  
resolution = 1,024 points; center field = 
3,368 G; sweep width = 100 G; time  
constant = 1,310.72 ms; sweep time =  
335.54 s; and microwave power = 20 mW. 
Analyses of radical products were done 
using the Bruker Xepr software to de-
termine area and peak height of signals 
and the identification of adducts was 
performed with the simulation software 
Xepr (version 2.6b87, Bruker).

Mitochondrial DnA Copy number  
and Deletions

The mtDNA copy number estimated 
by evaluating the mtDNA/nDNA gene 
ratio was determined using qPCR as  
described (39). The mtDNA copy number 
in each cell was expressed as the ratio 
between a mitochondrial gene (ND1) and 
the single-copy nuclear PK whereas  
deletions were calculated as the gene ratios 
of ND4 over ND1. Other experimental 
details were given in the Supplementary 
Methods.

Metabolomics of Cultured  
Fibroblasts

Metabolomics analysis was carried out 
as described in detail previously (40). 

antibodies were IRDye 800CW goat 
anti-rabbit antibody (LI-COR; 1:10,000 
dilution) or 680 goat anti-mouse antibody 
(LI-COR; 1:10,000 dilution). Proteins 
were visualized by Odyssey infrared 
imaging system (LI-COR) scanning at 
700 and 800 nm. Quantification of the net 
intensities for all bands was carried out 
with the use of the Carestream software 
(Carestream).

Electron Paramagnetic Resonance 
(EPR) Conditions

Primary fibroblasts (5 × 105 cells) from 
two controls and three premutation carri-
ers were plated in a T75 flask and grown 
overnight as stated above. The next day, 
cells were washed with PBS and 3 mL of 
RPMI 1640 medium (without phenol red) 
supplemented with 15% FBS, 2 mmol/L 
glutamine, 1 mmol/L sodium pyruvate, 
0.1% DMSO, 5 μmol/L deferoxamine 
mesylate and 90 mmol/L DMPO (Dojindo 
Molecular Technologies). Cells were in-
cubated at 37°C in a 5% CO2 atmosphere. 
After 5–15 min, a 150-μL aliquot of the 
supernatant was transferred to a sealed 
bottom glass Pasteur pipette and placed 
into the cavity of an Elexsys 3500 EPR 
spectrometer (Bruker). The scans were 
taken at room temperature. After the first 
aliquot, all others were taken every hour 
up to 2 h. The spectra were obtained 

Table 1. Continued.

PS3 (Stage 3) 59.1 33,107 F ACT, NT, MDA, mtDNA
PS4 (Stage 1) 61.8 110,130 M ACT, NT, MDA, mtDNA
PS5 (Stage 4) 62.5 105 M VDAC, NT, MDA, mtDNA
PS6 (Stage 3) 63.0 102 F mtDNA
PS7 (Stage 1) 63.1 60 M ACT, VDAC, NT, MDA, mtDNA
PS8 (Stage N/A) 67 79 M MDRS

All samples were tested for polarography and citrate synthase activities. Other outcomes 
evaluated in each of the samples are indicated in the last column, for not all samples 
were available on a timely manner or their yield was limiting for some of the analyses. 
Western blots for voltage-dependent anion channel (VDAC), malondialdehyde 
crosslinked to Lys-containing proteins (MDA); nitrotyrosine (NT); citrate synthase activity 
before and after antioxidants treatment (CS); MDRS indicates the Western blots 
performed for selected proteins (namely, COX17, NDUFB7, MIA40, GFER and cytochrome 
c); overexpression of MIA40 (OE); identification and detection of oxygen-centered free 
radicals performed by electron paramagnetic resonance with the addition of spin trap 
(EPR); metabolomics studies (Metabol); mtDNA indicates evaluation of mtDNA copy 
number and deletions; Complex I, IV and citrate synthase activities (ACT). Abbreviations: 
N/A = not available.
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 glycated proteins (threonic and isothre-
onic acids). A decrease in the pentose 
phosphate shunt was supported by in-
creased threitol levels as it is observed 
in individuals with ribose-5-phosphate 
isomerase deficiency (OMIM: 608611).

Following the worsening of clinical 
symptoms, only cells from FXTAS- 
affected carriers showed significantly 
higher Tyr nitration (nitrotyrosine or 
NT) of the cytoskeleton proteins tubulin 
and β-actin (Figure 1C) and increased 
malondialdehyde (MDA) crosslinked 
to Lys-containing proteins (Figure 1D). 
Taken together, these results are consis-
tent with higher oxidative-nitrative dam-
age in FXTAS-affected carriers compared 
with controls and unaffected carriers.

Increased Mitochondrial Damage  
in FXTAS-Affected Carriers

To assess mitochondria-specific  
oxidative damage, the mitochondrial 
DNA copy number (mtDNA CN) and 

that the DMPO-hydroxyl signal recorded 
in <15 min reflected either the decay 
of the DMPO-superoxide (t0.5 < 1 min) 
to the DMPO-hydroxyl adduct or di-
rect trapping of hydroxyl radical by 
DMPO. In contrast, the DMPO-methyl 
adduct originates from the trapping 
of hydroxyl radical (produced by the 
metal-catalyzed H2O2 cleavage and sub-
sequent trapping by DMSO) by DMPO 
(Supplementary Figure 1).  Double in-
tegrals to estimate the total area of the 
signal—which is proportional to the 
free radicals’ concentration—indicated 
that premutation cells exhibited a 2.4- 
and four-fold higher area than controls 
(Figures 1B, c and 1B, d). About 70% of 
these signals were sensitive to the mi-
tochondrial uncoupler carbonilcyanide 
p- triflouromethoxyphenylhydrazone 
(Figure 1B, lower panel), which decreases 
both membrane potential and ROS pro-
duction by mitochondria (42) suggesting 
a major mitochondrial contribution to 
the total cellular free radical pool.

Increased Biomarkers of Cellular 
oxidative Stress-Mediated Damage 
in Premutation with Cytoskeletal 
Protein nitration in FXTAS-Affected 
Carriers only

By using a metabolomics approach, a 
total of 143 metabolites were identified 
in fibroblasts from carriers of the premu-
tation and matched controls. From these, 
44 metabolites were identified by the fold 
change analysis (See Materials and Meth-
ods and Supplementary Methods). A sub-
set of metabolites (n = 6; 13.6% of the 
total number of metabolites with different 
abundance) was identified as being mark-
ers of oxidative stress-mediated damage 
to both carbohydrates and proteins 
(Table 2). Among them, increased levels 
of metabolites derived from oxidation of 
carbohydrates (hexuronic acid from glu-
cose) and proteins (aminomalonate) were 
detected by untargeted metabolomics in 
cells from premutation versus controls 
(Table 2). Interestingly, a hyperactivation 
of the polyol pathway was inferred by 
the increased levels of sorbitol (Table 2 
and Figure 1A) as well as by products of 

Statistical Analysis
Experiments were run in triplicates  

for each cell line (unless otherwise  
indicated). Data were expressed as 
mean ± SEM and statistical analysis was 
performed with Student t test when 
comparing two groups and ANOVA 
followed by Bonferroni’s post hoc test 
when comparing 3 or more groups. For 
proportions, the chi-square test was used 
without the Yates correction. For metab-
olomics, metabolite identification was 
performed as described in the  
Supplementary Methods.

All supplementary materials are available 
online at www.molmed.org.

RESULTS

Increased Mitochondrial RoS 
Production in FMR1 Premutation

Primary dermal fibroblasts from 
premutation carriers were analyzed for 
reactive oxygen species production by 
using electron paramagnetic spectros-
copy (EPR). Direct detection of some free 
radicals (for example, superoxide anion 
and hydroxyl radical) is very difficult 
due to their relatively low concentra-
tions (<nmol/L), high reactivity and 
short half-life. To evaluate and identify 
 oxygen-centered free radicals in these 
cells, we utilize the spin trapping tech-
nique. With this approach, the target free 
radical reacts with a spin trap (in our 
case 5,5′-dimethyl-1-pyrroline-N-oxide or 
DMPO) forming a stable, distinguishable 
free radical adduct whose spectrum then 
can be detected by EPR. Identification 
of radicals is performed by calculating 
hyperfine-splitting constants as well as 
by determining the peak numbers and 
intensity ratios, whereas amount of  
radicals is estimated by the double  
integration of the spectrum.

Cells from premutation carriers  
exhibited EPR spectra similar to that of 
controls (Figure 1B, a, b), but with a sig-
nificantly higher intensity, constituted by 
one (DMPO-hydroxyl; Figure 1B, c) or two 
(DMPO-hydroxyl and DMPO-methyl at 
a 19:1; Figure 1B, d)  signals. It is likely 

Table 2. Metabolites related to increased 
oxidative stress in fibroblasts from 
premutation carriers.

Compound Fold change p value

Hexuronic acid 1.4 0.020
Threitol 1.3 0.016
Sorbitol 1.2 0.042
Threonic acid 1.2 0.060
Aminomalonate 1.1 0.078
Isothreonic acid 1.1 0.021

A total of 143 metabolites detected by 
metabolomics were identified in samples 
from carriers of the premutation and 
matched controls. By using univariate 
analysis, 44 metabolites were identified by 
fold change analysis (See Materials and 
Methods). From these, the 6 metabolites 
identified as markers of oxidative stress-
mediated damage to carbohydrates and 
proteins and relevant for this study are 
shown. Fold changes were expressed as 
LOG2 of the ratio of average values of 
premutation over controls. The p values 
were obtained through the Student t test 
(if the metabolites followed a normal 
distribution) or Kruskall-Wallis (if the 
metabolites followed a distribution other 
than normal).
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of them showed a detrimental effect 
(PA12). A consistent damaging effect of 
ethanol (tested as a putative hydroxyl 
radical scavenger (31–37)) on citrate syn-
thase activity was observed for all cells 
from carriers (Figure 3).

Treatments with DMSO, Ebselen, 
Trolox, quercetin and epigallocatechin 
gallate (EGCG) did not improve the re-
covery of VDAC and COXIV relative to 
untreated cells (Figure 3B). The only cell 
line (PA12, Figure 3B, C) that showed 
improvements with all treatments for 
VDAC only was the same one that re-
sponded negatively with NAC suggest-
ing that these treatments are both  
carrier- and outcome-specifics. These 
cells were from a FXTAS-free female 
carrier (PA12; Table 1) whereas those 
unresponsive to the treatments were 
from carriers either affected with FXTAS 
(PS5 and PS7) or older and FXTAS free 
but with relatively longer CGGs (PA20 
and PA18; Table 1). Considering that 
FMR1 is an X-linked gene, we cannot 
exclude that the X-chromosome activation 
ratio might have played a role at improv-
ing the mitochondrial outcomes in this 
female donor over that of others tested in 
which all were males except PA18.

DISCUSSIon
The molecular consequence of the 

premutation is usually an increase in 
FMR1 mRNA levels with “toxic” long re-
peat tracks (13) and a reduction in FMRP 
levels that are a function of increasing 
CGG repeats. Several reports favor a 
pathogenic mechanism that involves the 
effects of the premutation mRNA. These 
mRNA repeat tracks may lead to seques-
tration of proteins that bind to the repeat, 
thus losing their potential to function 
properly (reviewed in (19)). Also, these 
long repeat tracks may cause repeat 
associated non-AUG (RAN) translation, 
leading to a toxic polygutamine or poly-
alanine products (43). Although we are 
not aware of any study on the influence 
of AGG interruptions on mitochondrial 
dysfunction, it is known that AGG inter-
ruptions change the secondary structure 
of premutation mRNA transcripts (44,45) 

lower Complex activities or both,  
citrate synthase activity was evaluated 
(Figure 2C). While no differences were 
obtained in these outcomes between  
diagnostic groups’ means, the incidence 
of activities < 95%CI was 57% and 75% 
for asymptomatic and FXTAS-affected 
carriers, respectively (χ2 test p = 0.007).

In an attempt to rescue mitochondrial 
function, the redox-sensitive import 
receptor MIA40 was overexpressed in 
fibroblasts from controls and premuta-
tion individuals (Figure 2D). Confocal 
microscopy analysis of control fibroblasts 
confirmed increases in mitochondrial 
MIA40 expression (1.7- to 1.9-fold in  
coding vector versus empty vector; 
Figure 2E). Overexpression of MIA40 re-
sulted in significant increases in cell  
viability (premutation only; Figure 2F) and 
Complex I activity (control and premu-
tation) but with a 2.5-fold higher effect in 
premutation than controls (Figure 2F).

Specific Antioxidant Treatments 
Increase Mitochondrial Biomarkers  
of Mass and Function

The potential efficacy of several antiox-
idants at recovering mitochondrial mass 
and/or function was tested in a selected 
subset of fibroblasts from asymptom-
atic carriers (Figure 3). This set had the 
lowest citrate synthase activities (70.2% 
of controls, p = 0.045) and the recovery 
readouts were either citrate synthase 
activity or the expression of biomark-
ers of outer and inner mitochondrial 
membranes (voltage-dependent anion 
channel or VDAC and cytochrome c oxi-
dase subunit IV or COXIV, respectively). 
Treatment of premutation fibroblasts 
with antioxidants quenching either su-
peroxide anion (MnTBAP) or hydroxyl 
radical (dimethylsulfoxide, DMSO and 
Trolox), ascorbic acid (to improve reduc-
ing conditions in polar phases) and the 
glutathione peroxidase mimetic Ebselen 
restored citrate synthase activity to or 
above control values (Figure 3A).

Recovery of citrate synthase activity 
up to control values was obtained with 
N-acetyl-L-cysteine (NAC) with two 
of the cells from carriers, whereas one 

deletions were evaluated in cells from 
premutation carriers. Decreased mtDNA 
copy number and increased deletions 
were observed in fibroblasts from  
carriers (regardless of FXTAS) versus 
controls (Figure 1E; control versus  
average of all premutation carriers with 
and without FXTAS; p = 0.038 for copy 
number and p = 0.022 for deletions). The 
mtDNA copy number was decreased by 
25% in cells from FXTAS-affected car-
riers compared with controls (p = 0.045; 
Figure 1E).

Consistent with the asymmetric 
mtDNA replication process, in which 
major arc segments are not protected 
by the complementary strand becoming 
more prone to ROS-mediated damage 
(40), the mtDNA CN correlated with 
deletions in control cells (Figure 1E). 
However, no correlation was observed 
for premutation fibroblasts suggesting that 
accumulation of deletions in the mtDNA of 
carriers is not necessarily linked to the rep-
lication process, but rather acquired contin-
uously and/or not repaired accordingly.

Impaired Redox-Regulated 
Mitochondrial Disulfide Relay System 
(MDRS) Affects Complex I Activity in 
Premutation Fibroblasts

The redox-sensitive MDRS partici-
pates in the import of nuclearly encoded 
mitochondrial proteins (Figure 2A), 
including some subunits of Complexes 
I and IV (21). Significant decreases in 
protein expression were observed for the 
MDRS members MIA40, cytochrome c 
and NDUFB7 in fibroblasts from carriers, 
which were magnified in FXTAS- 
affected individuals (Figure 2B). Com-
plex I and IV activities (normalized by 
the matrix biomarker citrate synthase) 
in premutation fibroblasts were, respec-
tively, 50% (p = 0.03; Figure 2C) and  
64% (p = 0.123) of controls. These results 
are consistent with findings showing 
that altered ratios of MDRS compo-
nents lead to deficiencies in several 
Complexes including I and IV (OMIM 
613076) (38). To explore whether the 
above deficits were ascribed to in-
creases in mitochondrial mass, intrinsic 
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(25,47). Altered mitochondrial network 
and dynamics have been noted in fibro-
blasts from carriers (20) and neurons from 
a knock-in (KI) mouse model of FMR1 
premutation (23). These deficits precede 
the occurrence of ubiquitin-positive  
intranuclear inclusions, considered a 
hallmark of FXTAS (26), and correlate 
with both CGG repeat expansion and  
severity of the phenotype (21,24).

In this study, we hypothesized that 
mitochondrial dysfunction, and the en-
suing higher ROS production, may result 
in cumulative oxidative-nitrative damage 
and that the treatment with antioxidants 
have the potential to recover some of the 
mitochondrial damage/function. In the 
context of the premutation, redox active 
metals could be sequestered in brain  
nuclear inclusions, aggregates of CGG re-
peat-associated non-AUG-initiated trans-
lation products or excess mRNA/RNA 
molecules (1). In this regard, altered zinc 
(21,27) and iron (21,22) homeostasis have 
been reported in premutation individuals, 
and the superoxide anion-mediated reduc-
tion of such redox active metals may act 
as catalytic centers for hydroxyl radical 
generation (Figure 1A). In support of 
this concept, addition of the iron chelator 
deferoxamine mesylate to fibroblasts 
from older (>60-year-old), FXTAS- 
affected carriers showed a significant  
improvement of Complex IV activity 
(1.26-fold of vehicle treated (21)).

In this study, we utilized primary 
fibroblasts from premutation carriers 
compared with age- and sex-matched 
controls. Although it could be argued 
that the use of primary dermal fibro-
blasts taken at a single time point may 
not adequately represent the individual’s 
overall oxidative/inflammatory status 
or its progression over time, fibroblasts 
in culture allow attesting whether the 
observed deficits are due to the genetic 
defect per se removed from secondary to 
other pharmacological or pathological 
processes occurring in the whole organ-
ism. Furthermore, defects in mitochon-
drial outcomes evaluated in fibroblasts 
seem to mirror the ones in brain, a more 
relevant organ for this disorder (20–25).

stress biomarkers) have been observed in 
post-mortem human brain samples (24) 
and fibroblasts from adult premutation 
carriers (20,21,24) as well as in isolated 
neurons, brain regions and granulosa 
cell and oocyte from a KI mouse model 

and that these secondary structures are 
part of the mechanisms hypothesized to 
explain premutation-associated disorders 
(for review, see (46)). Adding to these 
mechanisms, bioenergetic deficits (and in 
some cases also with increased oxidative 

Figure 3. Effect of antioxidant treatment on the recovery of mitochondrial biomarkers. 
(A) Citrate synthase activity (expressed as nmol × (min × mg protein)−1) was evaluated 
in untreated (media only), vehicle-treated (DMSO), and antioxidant-treated cells (n = 5 
and n = 3, for controls and premutation, respectively; see Table 1) after 48 h. The 95% CIs 
for each treatment were performed with control values (C2–C3, C16, C18–C19). Values 
in red indicate below the 95% CI; in green above, and not colored within the limits of the 
95% CI. (B) Representative image of a Western blot run with cells (two controls and three 
premutation) treated with media (none or N), DMSO (D), Ebselen (E, in DMSO) and Trolox 
(T, in DMSO) for 48 h and evaluated for VDAC, COXIV and β-actin (loading control) pro-
tein expression. (C) Cells from premutation donors were treated for 48 h with quercetin, 
EGCG or vehicle DMSO and Western blots evaluated VDAC protein expression (the  
doublet could be attributed to alternative spliced products).
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quercetin and epigallocatechin-3-gallate 
seemed to be outcome- and/or carrier- 
specifics (for example, age, sex, presence 
of FXTAS).

The effect of ethanol, tested as a  
putative hydroxyl radical scavenger, on 
the recovery of mitochondrial mass/
function in cells from premutation carri-
ers was deleterious in all cell lines from 
carriers. This can be explained consider-
ing that during the catabolism of ethanol 
to acetaldehyde and acetate, altered 
[NADH]/[NAD+] ratios in cytosol and 
mitochondria prevent pyruvate entry 
into the Krebs’ cycle resulting in lactate 
increases (Figure 4). In the presence of 
mitochondrial dysfunction, ethanol ca-
tabolism compounds those deficits, chal-
lenging the recovery of mitochondrial 
outcomes. In this context, it would be 
of extreme interest to evaluate whether 
carriers that do develop FXTAS or those 
that have a higher morbidity are regu-
lar consumers of alcoholic beverages. 
Consistent with this view, a higher rate 
of alcohol abuse has been reported for 
carriers accompanied by earlier FXTAS 
onset or more rapid progression (1).

ConCLUSIon
Our study discusses the potential 

beneficial use of antioxidants and/
or genetic manipulation at improving 
mitochondrial function, especially in 
relatively young subjects carrying the 
premutation, with low CGG repeats and 
before significant clinical manifestations 
are evident. Our findings open the door 
for the use of a tailored (also known by 
the term “precision medicine”) and early 
intervention with antioxidants which 
could be crucial at preventing mitochon-
drial damage or rescuing mitochondrial 
function, especially when used in young 
carriers with relatively moderate CGG 
expansions and before the clinical in-
volvement is evident. If replicated in 
larger prospective studies, the design of 
early interventions with antioxidant ther-
apies or genetic manipulation to avoid 
cumulative damage may allow delaying 
the onset of FXTAS and/or decreasing 
its morbidity.

result of nitrative damage of scaffolding  
proteins—could contribute to the dam-
age to mitochondria and their network 
(25) as it has been reported for neurons 
with cytoskeletal abnormalities (58). As 
cytoskeletal proteins in neurons are es-
sential for many fundamental cellular 
and developmental processes (that is, 
migration, polarity, differentiation) (59), 
it is possible that an altered cytoskeletal 
organization would also affect neurons 
maintenance and remodeling, contribut-
ing to the neurodegenerative clinical  
phenotypes associated with FXTAS.

Significant recovery of mitochondrial 
mass and/or function was obtained 
by overexpressing MIA40, or with an-
tioxidant treatments with superoxide 
or hydroxyl radicals’ scavengers and a 
glutathione peroxidase analog. While 
further experiments are granted to as-
certain why MIA40 was underexpressed 
in carriers, based on the increased ROS 
production, it is possible that the lower 
MIA40 content reflects a failed oxidative 
protein folding leading to the formation 
of aggregates that are rapidly cleared 
by proteolysis. It is relevant to point out 
that MDRS defects may also elicit deficits 
not confined to Complex I or IV, for the 
MDRS-dependent small chaperone trans-
locon of the inner membrane (TIM) is re-
quired for the import of matrix and inner 
membrane subunits providing an expla-
nation for deficits in Complexes other 
than I and IV and MnSOD observed in 
fibroblasts from older carriers (21). Treat-
ment of premutation fibroblasts with 
antioxidants quenching superoxide anion 
(MnTBAP), hydroxyl radical (dimethyl-
sulfoxide, DMSO and Trolox), hydrogen 
peroxide (glutathione peroxidase perox-
idase mimetic Ebselen) or ascorbic acid 
(to improve reducing conditions in polar 
phases) restored citrate synthase activity 
to or above control values. These results 
were consistent with the increased ROS 
detected by EPR, the lower levels of 
MnSOD in carriers (24) and the reported 
peroxyl and alkoxyl radicals-mediated 
oxidative modification/inactivation of  
citrate synthase (60). The effects of  
others, namely N-acetyl-cysteine,  

Our findings point to increases in 
mitochondrial oxidative stress com-
pounded by lower antioxidant defenses 
(lower supply of NADPH from pentose 
phosphate shunt), which result in fur-
ther damage to mitochondria. This is 
supported by increases in cellular and 
mitochondrial oxidative stress as judged 
by: (i) an increased mitochondrial ROS 
production (two- to four-fold higher 
than controls) evaluated by EPR with 
spin trapping technique; (ii) increases in 
markers of oxidation of carbohydrates 
(hexuronic acid from glucose) and pro-
teins (aminomalonate) with a hyperacti-
vation of the polyol pathway and (iii) a 
decrease in the pentose phosphate shunt; 
(iv) increases in mtDNA deletions; (v) 
decreases in MDRS components (MIA40, 
cytochrome c and NDUFB7) accompanied 
by lower Complex I and IV activities.

Following the presence of FXTAS, 
fibroblasts from carriers of the premu-
tation showed marked deficits in MDRS 
components and activities of Complexes 
I and IV, and more significant protein 
damage as evidenced by both Tyr nitra-
tion of the cytoskeleton proteins tubulin 
and β-actin and MDA crosslinkings. 
It is tempting to propose that altered 
cytoskeletal organization—as a result 
of nitrative damage of scaffolding or cy-
toskeleton proteins—may contribute to 
mitochondrial damage and/or to the dis-
organization of the network (20) as actin 
is involved in mitochondria function and 
dynamics (48) and α-tubulin nitration is 
linked to altered cell morphology, micro-
tubule disorganization and redistribution 
of the motor protein dynein (49). This 
scenario seems to reconcile the defects 
at the level of cytoskeletal organization 
(1), mitochondrial network (20) and 
bioenergetics (20, 21, 24) described in 
cells from premutation carriers. Further-
more, considering that FMRP regulates 
the organization and dynamics of actin 
filaments (50,51), a key process in the 
morphogenesis of dendritic spines (50), 
and that actin seems to be involved in 
mitochondria function and dynamics 
(48,52–57), it could be hypothesized that 
altered cytoskeletal organization—as a 
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 Novartis, Roche/Genentech and 
 Zynerba  regarding treatment for fragile 
X  syndrome.
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Figure 4. Ethanol metabolism in cells from premutation carriers. Ethanol is normally me-
tabolized to acetate by generating NADH. Excess of [NADH]/[NAD+] promotes lactate 
formation, inhibits Kreb’s cycle, favors ketogenesis and lipogenesis from excess of  
acetylCoA that did not enter the Kreb’s cycle. These effects are all compounded in a 
background exhibiting a mitochondrial dysfunction.
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