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Abstract

Friedreich’s ataxia (FA) is an autosomal recessive neurodegenerative disorder, which results
primarily from reduced expression of the mitochondrial protein frataxin. FA has an estimated
prevalence of one in 50,000 in the population, making it the most common hereditary ataxia.
Paradoxically, mortality arises most frequently from cardiomyopathy and cardiac failure
rather than from neurological effects. Decreased high-density lipoprotein (HDL) and apolipo-
protein A-l (ApoA-l) levels in the general population are associated with an increased risk of
mortality from cardiomyopathy and heart failure. However, the pathophysiology of heart dis-
ease in FA is non-vascular and there are conflicting data on HDL-cholesterol in FA. Two stud-
ies have shown a decrease in HDL-cholesterol compared with controls and two have shown
there was no difference between FA and controls. One also showed that there was no differ-
ence in serum Apo-A-l levels in FA when compared with controls. Using a highly specific sta-
ble isotope dilution mass spectrometry-based assay, we demonstrated a 21.6% decrease in
serum ApoA-Il in FA patients (134.8 mg/dL, n = 95) compared with non-affected controls
(172.1 mg/dL, n = 95). This is similar to the difference in serum ApoA-I levels between non-
smokers and tobacco smokers. Knockdown of frataxin by > 70% in human hepatoma HepG2
cells caused a 20% reduction in secreted ApoA-I. Simvastatin, a 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase inhibitor caused a 200% increase in HMG-CoA in the
control HepG2 cells with a similar increase in the frataxin knockdown HepG2 cells, back to
levels found in the control cells. There was a concomitant 20% increase in secreted ApoA-I
to levels found in the control cells that were treated with simvastatin. This study provides
compelling evidence that ApoA-| levels are reduced in FA patients compared with controls
and suggest that statin treatment would normalize the ApoA-I levels.
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Introduction

Friedreich’s ataxia (FA) is an autosomal recessive neurodegenerative disorder, which results
primarily from reduced expression of the mitochondrial protein frataxin [1-3]. Although the
exact mechanism of frataxin action has not been completely defined, the protein is involved in
the assembly of iron-sulfur clusters, which are important for optimal mitochondrial function
[4]. Progressive ataxia is a characteristic feature of FA [5], although a significant number of
patients also experience hypertrophic cardiomyopathy that eventually progresses to heart fail-
ure. In fact, heart failure due to cardiomyopathy rather than neurodegeneration, is the primary
cause of death in FA [6-9]. The heart typically maintains adequate systolic function [10] in FA
patients who develop a severe hypertrophic cardiomyopathy until shortly before death [11].
The hypertrophy is associated with a striking proliferation of mitochondria within the cardio-
myocytes, coupled with significant loss of contractile fibers [12,13]. Impaired myocardial per-
fusion reserve, fibrosis and iron overload represent early manifestations of cardiomyopathy in
FA prior to left ventricular hypertrophy [6]. It was suggested that these effects could be due to
subclinical myocardial disease in FA caused by mitochondrial cardiomyopathy with metabolic
syndrome [6].

Under normal circumstances, fatty acids are the predominant energetic substrates for the
heart, with B-oxidation providing 50% to 70% of myocardial ATP need [14]. After transport
into cardiomyocytes, fatty acids are imported into mitochondria via acylcarnitine intermedi-
ates, converted to acyl-CoA thioesters, then oxidized via f-oxidation or re-esterified into tri-
glycerides and stored [15] (Fig 1). Importantly, a prolonged bioenergetic shift away from fatty
acid oxidation is a well-described characteristic in the etiology of heart failure [16], suggesting
that this shift might contribute to the cardiomyopathy seen in FA [7]. A conditional gene-tar-
geting approach has led to the development of frataxin-deficient animal models, which repro-
duce some pathophysiological features of FA, such as cardiac hypertrophy without skeletal
muscle involvement, and large sensory neuron dysfunction without alteration of the small sen-
sory and motor neurons [17]. Frataxin-deficient cells from these animal models exhibited
mitochondrial dysfunction together with an abnormal abundance of lipid droplets, which sug-
gested a defect in one (or more) of the many steps of lipid homeostasis and metabolism in FA
(Fig 1) [17]. In addition, Chen et al. discovered that the iron/sphingolipid/3-phosphoinositide
dependent protein kinase-1 (PDK1)/myocyte enhancer factor-2 pathway (Mef2) was activated
in Drosophila melanogaster upon loss of frataxin [18]. In a follow-up study, they showed that
loss of frataxin in the nervous system in mice also activates an iron/sphingolipid/PDK1/Mef2
pathway. Furthermore, sphingolipids and PDK1 activity were up-regulated in heart tissues
from FA patients [19].

Decreased high-density lipoprotein (HDL) and apolipoprotein A-I (ApoA-1) levels in the
general population are associated with an increased risk of mortality from ischemic cardiomy-
opathy and heart failure [20,21]. Cardiomyopathy and heart failure are also risk factors that
are elevated in FA [6-8,22]. Unfortunately, there are conflicting data on HDL and ApoA-I lev-
els in FA. Two studies have shown a decrease in HDL-cholesterol [6,23] compared with con-
trols; whereas, two studies showed there was no difference between FA and controls [24,25].
One of these latter studies also showed that there was no difference in serum ApoA-I levels in
FA when compared with controls [25]. However, the immunoassay used in this study could
have suffered from typical problems encountered with immunoassay procedures such cross-
reactivity with unknown serum proteins and/or competition with ApoA-I autoantibodies in
the serum, which would lead to an underestimate of the ApoA-1 concentrations. In view of the
known presence of serumApoA-I antibodies in cardiovascular disease [26,27], this seems to be
the most likely explanation. Therefore, when analyzing serum ApoA-I, it is critical to employ
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Fig 1. Schematic showing changes in glycolysis, lipid metabolism, and fatty acid biosynthesis/oxidation, and
ApoA-I expression in FA.

https://doi.org/10.1371/journal.pone.0192779.g001

an identical internal standard in order to compensate for any losses that might occur during
the analytical procedure [28].

The widely-used statin drugs, which increase levels of serum ApoA-I through inhibition of
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase [29], have had a significant
therapeutic benefit by reducing the risk for cardiomyopathy [30] and heart failure [31]. Fur-
thermore, a meta-analysis of 32,258 dyslipidemic patients included in 37 randomized studies
revealed that the percentage increase in ApoA-I levels was virtually identical to the increase of
HDL levels at all doses of three statins (rosuvasatin, atorvastatin and simvastatin) that had
been administered [29]. This raised the potential for a possible intervention in FA if serum
ApoA-Ilevels are in fact reduced in FA patients when compared with normal subjects. There-
fore, we have employed a highly specific assay based on stable isotope dilution ultraperfor-
mance liquid chromatography-multiple reaction monitoring/mass spectrometry
(UPLC-MRM/MS) [28] to compare serum ApoA-I concentrations in FA cases with control
unaffected subjects.

Materials and methods
Reagents and chemicals

All reagents and solvents were LC-MS Optima grade (Fisher, Hampton, NH) quality unless
otherwise noted. The complete EDTA-free protease inhibitor cocktail was from Roche.
Human ApoA-I standard, isolated from human HDL was from ProSpec (East Brunswick, NJ).
[13C615N2]-1ysine and [13C915N1]-tyrosine used for stable isotope labeling by amino acids in
cell culture (SILAC) were from Cambridge Isotope Laboratories (Tewksbury, MA). Mouse
serum, Triton X-100, NP-40, DL-dithiothreitol (DTT), iodoacetamide (IAA), diisopropylethy-
lamine (DIPEA), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), 5-sulfosalacylic acid (SSA),
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mevalonic acid (MVA), mevalonic acid 5-phosphate (MVA-5P), mevalonic acid 5-pyrophos-
phate (MVA-5PP), isopentenyl pyrophosphate (IPP), geranyl pyrophosphate (GPP), farnesyl
pyrophosphate (FPP), and geranylgeranyl pyrophosphate (GGPP) were purchased from Milli-
pore Sigma (St. Louis, MO). 2-mecaptoethanol (BME) was from BioRad (Hercules, CA).
Ammonium bicarbonate (ABC), Dulbecco’s phosphate-buffered saline (DPBS) was purchased
from Fisher Scientific (Hampton, NH). Colloidal Coomassie, NuPAGE lithium dodecyl sulfate
(LDS) sample buffer (4X), and sequencing-grade modified trypsin were from Promega
(Madison, WI). LC grade water and acetonitrile were from Burdick and Jackson (Muskegon,
MI).

Cell lines and cell culture conditions

Roswell Park Memorial Institute (RPMI) medium and fetal bovine serum (FBS) were obtained
from Sigma. Human kidney HEK293 cell line (ATCC CRL-1573) and human liver HepG2 cell
line (ATCC HB 8065) were obtained from the American Type culture collection (ATCC). Cul-
tured cells with a passage number of 10-20 were used in the experiments to reduce variability
due to long-term culture conditions. Cells were maintained at 37 °C in a humidified atmo-
sphere containing 5% CO,. The expression of SILAC-labeled ApoA-I protein was performed
in HEK 293 cell line [28]. Briefly, pRK5 plasmid containing ApoA-I sequence was constructed,
confirmed by DNA sequencing, and expanded in E. coli. The ApoA-I pRKS5 plasmid was trans-
fected into HEK293 cells using FuGENE 6 transfection reagent (Promega) following manufac-
ture’s instruction. HEK293 cells were cultured in DMEM/F12/SILAC medium (Athena
Enzyme systems) containing [>C¢'°N,]-lysine and ['°Co'°N, ]-tyrosine. Transfected cells were
harvested in NP-40 lysis buffer (137.5 mM NaCl, 50 mM Tris/HCI pH 7.5, ImM EDTA, 0.5%
Triton x-100, 0.5% NP-40, ImM DTT) containing protease inhibitor cocktail (Roche) after 24
h transfection. The lysate was centrifuged at 16,000 x g for 30 min at 4 “C. The supernatant
was aliquoted and stored at -80 °C until analyzed. Frataxin knockdown and simvastatin treat-
ment were conducted in HepG2 cell line. Monolayer cell cultures were maintained in RPMI
medium, supplemented with 10% FBS, 1% Pen/strep and 1mM glutamine.

Human subjects

Serum samples were from 190 subjects (95 controls, 95 FA cases) enrolled in an ongoing study
of FA at the Children’s Hospital of Philadelphia. The demographic information is summarized
in Table 1 and complete patient information is provided in SI Table. All serum protocol sam-
ples were immediately aliquoted and frozen at -80 °C until analysis. The study was approved
by the Institutional Review Board (Protocol # 800924) of the University of Pennsylvania and of
the Children’s Hospital of Philadelphia.

Sample preparation for ApoA-I quantification

Recombinant SILAC ApoA-I internal standard was spiked into all samples to adjust for any
bioanalytical variability. All samples (serum and cell medium) were thawed at room tempera-
ture. A 10 pL of serum sample was diluted 5 times with DPBS. To each 5 pL of this dilution,

5 pL of SILAC-ApoA-I, 3 pL of BME and 7 pL of NuPage LDS sample loading buffer (5x) were
added. All samples were loaded on NuPage Novex 10% Bis-Tris gels (Promega, Madison, WI)
for protein separation. The samples were cut from gels, followed by reduction, alkylation, and
tryptic digestion. The digested samples were extracted by addition of 50% acetonitrile with 3%
formic acid and bath sonication for 20 min. An extra step of desalting and concentration was
carried out on Macrospin column (The Nest Group Inc, Southborough, MA) according to
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Table 1. Demographics for study cohort of 95 cases and 95 controls.

Total Gender
M F
Controls 95 50 45
Cases 95 45 50

https://doi.org/10.1371/journal.pone.0192779.t001

GAAL repeat Age of onset
GAA1 GAALl GAALl GAA1 3-8 9-12 13-18 >19
(<366) (367-545) (546-742) (>742)
23 24 21 27 25 21 30 19

manufacturer’s instruction. The eluted peptides were dried and re-suspended with 50 uL of
mobile phase A.

Quantification of ApoA-I by UPLC-MRM/MS analysis

Eight tryptic peptides that the spanned sequence of ApoA-I from D' to K**® were chosen for
analysis (D"’LATVYVDVLK?, D**YVSQFEGSALGK™"’, L* LDNWDSVTSTFSK>®,
V”QPYLDDFQK'*, W'*®*QEEMELYR''%, T'*'"HLAPYSDELR'"', L' AEYHAK'*, and
VZ*’SFLSALEEYTK?*®) [28]. Quantification was conducted by determining the ratio of the
sum of the peak areas from the three most intense MRM/MS signals with the sum of three
most intense signals from the corresponding ['*C'°N]-ApoA-I-derived tryptic ['>C'°N]-pep-
tide. ['*C'°N]-ApoA-I, prepared using stable isotope labeling by amino acids in cell culture
(SILAC) [28] was used as the internal standard. It was added to each calibration standard,
quality control (QC) sample (22.5, 200.0 and 400.0 mg/dL), and serum sample before loading
samples on the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel.
In-batch QCs were analyzed on the SDS-PAGE gel along with the FA case samples, and run in
the queue every 50 samples. Serum concentrations were determined by interpolation of the
area ratios with a standard curve prepared in mouse serum at the same time by adding known
amounts of ApoA-I to a fixed amount of the ApoA-I SILAC-standard. UPLC-MRM/MS was
performed on a TSQ Vantage (Thermo Scientific, San Jose CA) equipped with a CaptiveSpray™
ion source (Michrom Bioresources, Auburn, CA). The mass spectrometer was interfaced with
ananoAcquity UPLC system (Waters Corporation, Milford, MA) equipped with an autosam-
pler and sample thermo-controller (set at 4 °C). Both the UPLC and mass spectrometer were
controlled by Xcalibur software (Thermo Scientific). Separations were performed using a
Waters BEH130 C18 column (150 pm x 100 mm, 1.7 um, 130 A) at 30 °C using a partial loop
injection. Samples were eluted with a linear gradient at a flow rate of 2 uL/min. Solvent A was
water/acetonitrile (99.5:0.5, v/v) containing 0.1% formic acid, and solvent B was acetonitrile/
water (98:2, v/v) containing 0.1% formic acid. The UPLC gradient was as follows: 95% A for 5
min, linearly decreased to 40% A over 35 min, 5% A at 36 min, held to 45 min, then re-equili-
brate at 95% A from 46 to 55 min. The MS operating conditions were as follows: spray voltage,
1800 V; ion transfer capillary temperature, 270 °C; collision gas, argon at 1.5 mTorr; ion polar-
ity, positive; scan type, multiple reaction monitoring; chrom filter peak width, 15 s; S-lens, 127
v; cycle time, 1.5 sec; Q1 peak width (FWHM), 0.7 u; Q3 peak width, 0.7 u; dissociation voltage
(DCV), 10 V.

Frataxin knockdown and simvastatin treatment in HepG2 cells

Small interfering (si)RNAs (sFXN#9, sSEXN#10, sFEXN#11 and sFXN#12) targeting human
FXN and the corresponding negative control siRNA (si-NC) were obtained from QIAGEN.
Target sequences of the four siRNAs were as follows, AGGAACCTATGTGATCAACAA
(sFXN#9), CAACCAGATTTGGAATGTCAA (sFXN#10), AACGCTGGACTCTTTAGCAGA
(sFXN#11), and TCCTTTGGGAGTGGTGTCTTA (sFXN#12). All siRNAs were prepared in
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RNAase free water as a working concentration at 10 uM. Knockdown effects from 16-24 h by
the four siRNAs were analyzed in preliminary experiments by western blot. The sFXN#9 and
sFXN#12 cells had obvious growth defects and so were not investigated further.

A stock solution of simvastatin was dissolved in dimethyl sulfoxide (DMSO) and then
diluted using culture media such that the final concentration of DMSO added to cells did not
exceed 0.1%. Control cells were treated with 0.1% DMSO. The doses of simvastatin used in
this study relate closely to blood levels of simvastatin in patients treated with 10-80 mg of the
drug. Biological samples were prepared in triplicates. Reverse transfection involving simulta-
neously transfecting and plating cells was performed using Lipofectamine RNAiMAX accord-
ing to the manufacture protocol (Invitrogen). Briefly, the transfection mix including 30 pmol
siRNA and transfection reagent was made and added to the 6-well plates. After 16 h knock-
down by siRNAs, medium was changed to fresh and cells were cultured another 24 h to get
70% frataxin knockdown effect. The knockdown cells were re-plated in a new 6-well plate, and
treated by different doses of simvastatin. After 48 h simvastatin treatment, medium was taken
out for analysis of ApoA-I. Cell pellets were used for analysis of intermediates of MVA path-
way. Total protein content was estimated using Bradford assay.

Western blot analysis

Equal amounts of proteins were resolved on SDS-PAGE gel and then transferred to nitrocel-
lulose membranes using a Mini Trans-Blot cell (Bio-Rad). After blocking with 5% non-fat
milk, the membranes were incubated overnight with the following primary antibodies,
mouse anti-frataxin (Abcam, Cambridge, UK, ab113691). Afterwards, the membranes were
developed with horse radish peroxidase (HRP)-conjugated secondary antibodies using a
chemiluminescent substrate (Bio-Rad). Densitometry was performed for semi-quantification
of signals on membranes on an ImageQuant LAS4000 densitometer (GE healthcare Life
Sciences).

Sample preparation for HMG-CoA and MVA intermediates from HepG2
cells

After frataxin knockdown and treatment with simvastatin, HepG2 cells were washed with ice
cold 0.9% NaCl buffer and harvested in 1 mL ice-cold methanol/water (4:1) solvent followed
by pulse-sonication for 30 seconds on ice using a sonic dismembranator (Fisher), followed by
a 10-min centrifugation at 15,000 x g. The supernatant was transferred to a clean tube, and
evaporated to dryness under nitrogen and resuspended in 50 pL of 5% SSA in methanol/water
(1:1) for analysis of HMG-CoA and intermediates of MV A pathway.

Quantification of HMG-CoA and MVA intermediates by UPLC-high
resolution (HR)MS

Acyl-CoAs including HMG-CoA and MVA intermediates were analyzed on an Ultimate 3000
Quaternary UPLC coupled with a Q Exactive Plus mass spectrometer operating in the negative
ion mode with a heated electrospray ionization (ESI) probe in an Ion Max source housing.
Samples were kept in a temperature-controlled autosampler at 4 °C. UPLC separation was per-
formed on a Waters XSelect HSS C18 2.1 x 150 mm column at a flow at 0.2 mL/min. UPLC
conditions modified from our previous study [32] were as follows: column oven temperature
55 °C, solvent A was water with 5 mM DIPEA and 200 mM HFIP, solvent B was methanol
with 5 mM DIPEA and 200 mM HFIP. The UPLC gradient was as follows: 100% A for 6 min,
98% A at 8 min, 60% A at 10 min, 20% A at 16 min, held to 25 min, then re-equilibrated at
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100% A from 26 to 35 min. Operating conditions on the mass spectrometer were as follows:
spray voltage 4.5 kV, capillary temperature 320 °C, sheath gas 20 arbitrary units (arb), auxiliary
gas 5 arbitrary units, S-lens RF-level 50, auxiliary gas heater temperature 250 °C, and in-source
CID 5 eV. Two full scans ranged from 70 to 600 m/z and 750-1000 m/z were set to corre-
sponding retention time for intermediates of MV A pathway and Acyl-CoAs metabolites,
respectively, at 60,000 resolution and at 1e6 automatic gain control (AGC). Selective ion scan
(full MS/SIM) was set with an inclusion list of all precursors at a resolution of 120, 000 (at m/z
200) and at 8e5 AGC.

Data and statistical analysis

Analysis of ApoA-I chromatograms was performed in Skyline (MacCoss Laboratory). The
three most intense MRM transitions of each peptide were selected based on the UPLC-tan-
dem MS spectra on a TSQ Vantage. The peptide ratios were calculated by the total light (unla-
beled)/heavy (labeled) peptide ratios of three MRM/MS transitions. The ApoA-I protein ratio
was calculated by the average of eight selected peptides. Serum concentrations of ApoA-I
were obtained by interpolation from a standard curve prepared in surrogate matrix. Data
analysis of HMG-CoA and intermediates of MVA pathway were processed in Xcalibur and
TraceFinder (Thermo Scientific). Statistical analysis was performed using GraphPad Prism (v
5.01, GraphPad Software Inc., La Jolla, CA) and Stata (v 15, Stata Corp, College Station, TX).
Descriptive statistics were computed for all study variables including mean, standard devia-
tion (SD), and range for continuous variables and proportion for categorical variable. Non-
parametric Wilcoxon (Mann-Whitney) rank sum test was used for comparison using p-value
of 0.05 as cutoff for a statistical significant result. Differences in mean ApoA-I between FA
cases and controls were evaluated using multiple linear regression models to adjust for age,
gender, and GAA1 length in a separate linear regression analysis, trend in ApoA-I across
GAAL1 length (in roughly four equal-size groups) in FA cases was also tested. To determine
the value of using ApoA-I to classify FA cases from controls, an ROC analysis was performed
to estimate the area under the ROC curve (AUC) and the associated confidence interval. A
cutoff value of ApoA-I that maximized the accuracy (i.e., sum of sensitivity and specificity-1)
was determined. Comparisons of ApoA-I level and HMG-CoA in 0.1% DMSO or simvastatin
treated groups were made using two-way ANOVA models.

Results
Serum ApoA-I levels were reduced in FA

A total of 190 serum samples (95 controls and 95 FA patients) were processed using a validated
UPLC-MRM/MS method. All ApoA-I concentrations were within the linear range of standard
curves. The mean concentrations (+ SD) of ApoA-I in controls and FA patients were 172.1
mg/dL (£ 40.2) and 134.8 mg/dL (+ 37.1), respectively (Fig 2).

All eight tryptic peptides showed the same trends in both groups. The FA patients on aver-
age had statistically significant lower serum ApoA-I concentrations compared with controls
(21.6% reduced, rank sum test, p< 0.001). The mean reduction in ApoA-I concentration
between cases and controls remained statistically significant at 36.4 mg/dL (p<0.001) after
adjusting for age and sex. Among all the samples, four cases showed abnormally high level of
serum ApoA-I, which fell into the high range of control ApoA-I concentration. Re-analysis of
the serum samples from these FA patients one-year after the initial analysis revealed almost
identical values (S2 Table) showing that samples do not deteriorate on storage and showed
that the assay is very robust. Although ApoA-Ilevels increased with age, serum ApoA-I levels
among cases were not correlated with GAA1 length (Fig 3). Unadjusted correlation between
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Fig 2. Serum ApoA-I concentrations in 95 controls and 95 cases determined by stable isotope dilution by
UPLC-MRM/MS. Controls, mean = 172.1 + 40.2 mg/dL; Cases mean 134.8 + 37.1 mg/dL. The samples shown in red

were re-analyzed and identical values were obtained.

https://doi.org/10.1371/journal.pone.0192779.g002

GAAL1 length and ApoA-I levels was -0.12 (p = 0.26) and the age-adjusted partial correlation
was -0.11 (p = 0.31) and the sex adjustment did not make any difference, -0.11 (p = 0.32).
After adjusting for age, sex, and GAA1 length, mean ApoA-I concentrations for cases
remained to be lower than controls (mean difference: 30.5 mg/dL, 95%CI: 8.6 mg/dL to 52.2
mg/dL, p = 0.006). The generation of a receiver operating characteristic (ROC) curve by
ApoA-Iin FA patients (N = 95) and ApoA-I in controls (N = 95) revealed an area under the
curve (AUC) of 0.78 (95% CI: 0.72-0.85). When the cut-off set as 147.6 mg/dL, the ROC curve

gave 71.6% sensitivity and 74.7% specificity (Fig 4).
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https://doi.org/10.1371/journal.pone.0192779.9003

ApoA-I secretion was reduced with frataxin knockdown in HepG2 cells

We did not observe a time-dependent depletion of protein frataxin pools from whole cell lysate
for all tested siRNAs, thus for convenience we used the 16 h time-point. Of the siRNAs tested,
sFXN#11 resulted in the strongest frataxin knockdown among five siRNAs. Image quantifica-
tion was conducted only on the biologically active 14.3 kDa mature frataxin (81-210). After 16
h knockdown by sFEXN#11, mature frataxin expression was reduced by 76% when compared
with control cells (P < 0.001, Fig 5B). In sSFEXN#10 cells, frataxin expression was reduced by
62% compared with the control cells (P < 0.001, Fig 5B). However, the knockdown was signifi-
cantly less than for sSFXN#11 (P < 0.05, Fig 5B). There was a significant 23% decrease in
ApoA-I secretion when compared with the control cells (p < 0.01, Fig 6). In contrast, for
sFXN#10 where frataxin was reduced by 62% compared with the control group (Fig 5B), there
was no effect on ApoA-I protein secretion (Fig 6).

ApoA-I was increased by simvastatin treatment of frataxin knockdown
HepG2 cells

There was a significant decrease in ApoA-1 expression between the sSEXN#11 knockdown cells
and the control si-NC cells (P<0.01, Fig 7A). In the sFXN#11 knockdown cells, an increase of
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Fig 4. Receiver operator characteristic (ROC) curve for ApoA-I. The curve was generated from ApoA-Ilevels in FA
cases (n = 95) versus ApoAl levels in controls (n = 95).

https://doi.org/10.1371/journal.pone.0192779.9004

secreted ApoA-I was observed with treatment of 2 pM simvastatin (109.4 £ 5.1%, P < 0.05, Fig
7A), and a greater effect was obtained with treatment of 10 uM simvastatin (119.2 + 2.3%,

P < 0.001, Fig 7A) when compared to the sEXN#11 DMSO group (83.3 £ 7.2%, Fig 7A). In the
si-NC knockdown group, regular HepG2 group and sFXN#10 group, a significant increase of
ApoA-I was only detected in 10 pM simvastatin treated cells (122.3 + 12.9%, P < 0.05 in si-NC
group; 118.2 + 9.4%, 122.2 + 13.0% P < 0.05 in regular HepG2 group, and P < 0.05 in
sEXN#10 group). A higher dose of simvastatin was tested but it did not have a further stimula-
tory effect on ApoA-Ilevels.

Modulation of HMG-CoA and MVA metabolite formation by frataxin
knockdown

Baseline levels of HMG-CoA (determined by UPLC-HRMS) in sEXN#10 group

(117.4 £17.2%, Fig 7B) and sFAN#11 knockdown group (134.3 + 31.1%, Fig 7B) showed a
trend to higher levels than the si-NC group (100.0 + 17.3%, Fig 7B) and in regular HepG2
group (100.4 + 54.3%, Fig 7B). However, the differences did not reach statistical significance.
HMG-CoA demonstrated a dramatic increase after treatment with 2 pM simvastatin in all
groups (average 243.3 £ 31.6%). A greater increase of HMG-CoA was observed after treatment
with 10 pM simvastatin (mean 317.0 + 46.7%). We also quantified MVA and its downstream
metabolites by UPLC-HRMS. Basal levels of MVA, MVA-5P, MVA-5PP and IPP were detect-
able before treatment with simvastatin at very low levels (< 3 pmol/mg protein) as described
previously [33]. However, after simvastatin mediated inhibition of HMG-CoA, they were
below the limit of detection of the UPLC-MS assay (<0.2 nmol/mg protein) in the control
HepG2 cells as well as the frataxin knockdown cells.

Discussion

There are currently no approved treatments for FA although numerous therapeutic
approaches are currently under development [34]. While there there is no necessity to develop
biomarkers for disease diagnosis because it is readily identified from GAA-repeat analysis,
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Fig 5. Analysis of frataxin knockdown in HepG2 cells. (A) Western blot analysis for verification of frataxin
knockdown. (B) Quantitative analysis of western blots by Image J. Samples 1-3, treated with negative control siRNA
(si-NC); Samples 4-6, treated with sSEXN#10; Samples 7-9, treated with sSFXN#11. GAPDH was used as a loading
control. ***P < 0.001.

https://doi.org/10.1371/journal.pone.0192779.g005

there are no reliable biomarkers ailable to monitor the effect of new therapies. We have
recently implemented a method that examines the ability of platelets to metabolize labeled glu-
cose and palmitate to acyl-CoA metabolites. Unfortunately, this method is very labor-intensive
and requires sophisticated sample collection techniques that are not available in many centers
treating FA. Therefore, we have developed an alternative approach that could have wider util-
ity. Our platelet data indicated that there could be dysregulation of HMG-CoA biosynthesis,
which could result in downstream down-regulation of ApoA-I through the PPARa pathway
(Fig 1). This observation, together with the finding that decreased ApoA-1 levels in the general
population are associated with an increased risk of mortality from cardiomyopathy and heart
failure [20,21], led us to compare serum Apo-Al levels in FA with a large cohort of control
subjects.
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The levels of serum ApoA-I found in the control subjects (172.1 mg/dL, Fig 2) was almost
identical to the value we obtained for a completely separate cohort of controls (170.4 mg/dL)
[28]. It is difficult to compare these values to those obtained previously by ELISA methodology
in control subjects because such assays are unable to detect differences in serum ApoA-I
between non-smokers and tobacco smokers [35], another population at risk for heart failure
[36]. Furthermore, in a large study, the widely used statin Lipitor (atorvastatin) was found by
ELISA to cause a decrease rather than the excpeted increase in serum ApoA-I levels with
increasing doses [29]. Smoking cessation is known to reduce the risk for heart failure [37] and
a meta-analysis of 27 studies revealed that HDL levels were elevated upon smoking cessation
[38]. As ApoA-I is a major component of HDL, our more specific stable isotope dilution
UPLC-MRM/MS assay should reveal an increase in serum ApoA-I in smokers who quit. In
addition, we anticipate that the assay will provide much more reliable data on serum ApoA-I
levels in FA cases in the future. The 21.6% reduction in serum ApoA-I that we found in FA is
very similar to the reduction levels (20.2%) that we found in tobacco smokers. There was no
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correlation with GAA repeat length (Fig 3) but the ROC curve discriminated cases from con-
trols with an AUC of 0.78 (Fig 4).

Unfortunately, ApoA-I biosynthesis is not regulated by PPARa in rodents [39], which
meant that a human cell line had to be used to test the in vitro effects of statins rather than the
numerous model rodent FA cell lines that are available. Furthermore, ApoA-I is only synthe-
sized in liver and intestinal cells [40] and so human hepatoma HepG2 cells have provided a
useful model system to test the effect of statins on ApoA-I biosynthesis [41-43]. Consequently,
HepG2 cells were employed in the present study to test whether frataxin knockdown com-
bined with statin treatment could also have effects on ApoA-I biosynthesis. Statins are inhibi-
tors of the early rate-limiting enzyme in cholesterol synthesis, HMG-CoA reductase, which
catalyzes the conversion of HMG-CoA to MVA (Fig 1). Previous studies have revealed that
atorvastatin, simvastatin and pitavastatin all increase the biosynthesis of ApoA-I in HepG2
cells [41-43]. Additional studies revealed that effects of statins on apoA-I biosynthesis were
abolished by MV A, the immediate downstream metabolite of HMG-CoA (Fig 1) [41]. In con-
trast, inhibition of geranylgeranyl transferase activity or treatment with an inhibitor of the Rho
GTP-binding protein family increased ApoA-I biosynthesis through activation of PPARa: [41].

Frataxin protein has not previously been analyzed in HepG2 cells. We found that it was pri-
marily the mature 14.3 kDa mitochondrial form of frataxin (81-210) by specific SDS-PAGE
western blot (Fig 5A) and proteomic analysis. This form of frataxin was expressed at a level
similar to that found in human HEK293 kidney cells, SH-SY5Y neuronal cells, HeLa cells, and
dermal fibroblasts [44,45]. We also found that HepG2 cell frataxin was readily down-regulated
by siRNA techniques (Fig 5B) to give levels of frataxin found in FA patients (Fig 2), which are
typically > 70% lower than in normal cells [46]. Changes in ApoA-I secretion with or without
treatment with simvastatin in HepG2 cells were determined by UPLC-MRM/MS. Cells with a
frataxin knockdown of > 70% secreted ApoA-I at a level that was 23% lower than the control
HepG2 cells. Interestingly, when frataxin was only reduced to levels that were 62% of normal
values in the HepG2 cells, there was no effect on ApoA-I secretion (Fig 6).
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Statin treatment caused a dose-dependent increase in ApoA-I secretion in both frataxin
knockdown and control HepG2 cells (Fig 7A). There was a concomitant increase in
HMG-CoA (Fig 7B) together with a decrease in the immediate downstream metabolites of
MVA to levels that could not be detected by UPLC-MS. These data are in keeping with a
statin-mediated reduction of geranylgeranylation of RhoA, which results in increased expres-
sion of PPARa (a transcription factor for ApoA-I) followed by increased transcription of
ApoA-I (Fig 1) as described by Martin et al. [41].

Although statins can only up-regulate ApoA-I expression in hepatic and intestinal tissues,
the concomitant increase in HMG-CoA levels would occur in all tissues. The potential thera-
peutic benefit in neurodegenerative disease has not been explored in detail. However, simva-
statin reversed the cardiac hypertrophy and fibrosis and improved cardiac function in a
transgenic rabbit model of human hypertrophic cardiomyopathy [47].

Conclusion

The finding that ApoA-I is reduced in FA (a disease with reduced frataxin expression) and
that statins can induce the biosynthesis of ApoA-I in a cellular model of frataxin deficiency
suggests that statins could be used to increase serum ApoA-I levels in FA patients. Our in vitro
model system revealed that there might be a threshold frataxin level where statins would not
be effective. Furthermore, the ApoA-I levels did not correlate with GAA repeat length. There-
fore, it will be important in the future to assess frataxin levels in particular FA cases in order to
determine whether there is a threshold level required for optimal ApoA-I secretion. We have
recently developed an assay to rigorously quantify mature frataxin in human platelets as surro-
gates for liver tissue so that such determinations can be readily made [48]. Interestingly, there
were four FA patients with serum ApoA-I levels that were in the normal range and repeat anal-
yses confirmed that this was not due to assay specificity. It will be interesting to determine
whether the elevated levels in these patients persist and whether have a decreased risk for car-
diovascular disease.

Supporting information

S1 Table. Individual demographics of 95 cases and 95 controls who provided serum sam-
ples.
(DOCX)

S2 Table. Re-analysis of the serum samples for FA cases with abnormal ApoA-I levels.
(DOCX)

Acknowledgments

We gratefully acknowledge the financial support of Hamilton and Finneran families and Penn
Medicine/CHOP Friedreich’s Ataxia Center of Excellence.

Author Contributions
Conceptualization: Lili Guo, David R. Lynch, Clementina Mesaros, Ian A. Blair.
Data curation: Cassandra J. Strawser, Lauren A. Hauser, Wei-Ting Hwang.

Formal analysis: QingQing Wang, Lili Guo, Wei-Ting Hwang, Nathaniel W. Snyder, Clemen-
tina Mesaros.

Funding acquisition: Nathaniel W. Snyder, David R. Lynch, Ian A. Blair.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192779  February 15,2018 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192779.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192779.s002
https://doi.org/10.1371/journal.pone.0192779

@° PLOS | ONE

Low apolipoprotein A-1 levels in Friedreich’s ataxia

Investigation: QingQing Wang, Lili Guo, Cassandra J. Strawser, Lauren A. Hauser, Nathaniel
W. Snyder, David R. Lynch, Clementina Mesaros, Ian A. Blair.

Methodology: QingQing Wang, Lili Guo, Wei-Ting Hwang, Clementina Mesaros, lan A.
Blair.

Project administration: Cassandra J. Strawser, David R. Lynch, Ian A. Blair.
Supervision: David R. Lynch, Ian A. Blair.

Writing - original draft: QingQing Wang, David R. Lynch, Clementina Mesaros, Ian A.
Blair.

Writing - review & editing: QingQing Wang, Lili Guo, Cassandra J. Strawser, Lauren A. Hau-
ser, Wei-Ting Hwang, Nathaniel W. Snyder, David R. Lynch, Clementina Mesaros, Ian A.
Blair.

References

1.  Campuzano V, Montermini L, Lutz Y, Cova L, Hindelang C, Jiralerspong S, et al. Frataxin is reduced in
Friedreich ataxia patients and is associated with mitochondrial membranes. Hum Mol Genet. 1997; 6:
1771-1780. PMID: 9302253

2. Koutnikova H, Campuzano V, Foury F, Dolle P, Cazzalini O, Koenig M. Studies of human, mouse and
yeast homologues indicate a mitochondrial function for frataxin. Nat Genet. 1997; 16: 345-351. https:/
doi.org/10.1038/ng0897-345 PMID: 9241270

3. Pandolfo M. Friedreich’s ataxia: clinical aspects and pathogenesis. Semin Neurol. 1999; 19: 311-321.
https://doi.org/10.1055/s-2008-1040847 PMID: 12194387

4. Stehling O, Elsasser H-P, Bruckel B, Muhlenhoff U, Lill R. Iron-sulfur protein maturation in human cells:
evidence for a function of frataxin. Hum Mol Genet. 2004; 13: 3007-3015. https://doi.org/10.1093/hmg/
ddh324 PMID: 15509595

5. Reetz K, Dogan |, Costa AS, Dafotakis M, Fedosov K, Giunti P, et al. Biological and clinical characteris-
tics of the European Friedreich’s Ataxia Consortium for Translational Studies (EFACTS) cohort: a
cross-sectional analysis of baseline data. Lancet Neurol. 2015; 14: 174-182. https://doi.org/10.1016/
S1474-4422(14)70321-7 PMID: 25566998

6. Raman SV, Phatak K, Hoyle JC, Pennell ML, McCarthy B, Tran T, et al. Impaired myocardial perfusion
reserve and fibrosis in Friedreich ataxia: a mitochondrial cardiomyopathy with metabolic syndrome. Eur
Heart J. 2011; 32: 561-567. https://doi.org/10.1093/eurheartj/ehq443 PMID: 21156720

7. Payne RM, Wagner GR. Cardiomyopathy in Friedreich ataxia: clinical findings and research. J Child
Neurol. 2012; 27: 1179-1186. https://doi.org/10.1177/0883073812448535 PMID: 22764179

8. Weidemann F, Stork S, Liu D, Hu K, Herrmann S, Ertl G, et al. Cardiomyopathy of Friedreich ataxia. J
Neurochem. 2013; 126 Suppl 1: 88-93. https://doi.org/10.1111/jnc.12217 PMID: 23859344

9. Koeppen AH, Ramirez RL, Becker AB, Bjork ST, Levi S, Santambrogio P, et al. The pathogenesis of
cardiomyopathy in Friedreich ataxia. PLoS ONE. 2015; 10: e0116396. https://doi.org/10.1371/journal.
pone.0116396 PMID: 25738292

10. Kipps A, Alexander M, Colan SD, Gauvreau K, Smoot L, Crawford L, et al. The longitudinal course of
cardiomyopathy in Friedreich’s ataxia during childhood. Pediatr Cardiol. 2009; 30: 306—310. https://doi.
org/10.1007/s00246-008-9305-1 PMID: 18716706

11. Rajagopalan B, Francis JM, Cooke F, Korlipara LVP, Blamire AM, Schapira AHV, et al. Analysis of the
factors influencing the cardiac phenotype in Friedreich’s ataxia. Mov Disord. 2010; 25: 846—852. https://
doi.org/10.1002/mds.22864 PMID: 20461801

12. Michael S, Petrocine SV, Qian J, Lamarche JB, Knutson MD, Garrick MD, et al. Iron and iron-respon-
sive proteins in the cardiomyopathy of Friedreich’s ataxia. Cerebellum. 2006; 5: 257—267. https://doi.
org/10.1080/14734220600913246 PMID: 17134988

13. Vyas PM, Tomamichel WJ, Pride PM, Babbey CM, Wang Q, Mercier J, et al. A TAT-frataxin fusion pro-
tein increases lifespan and cardiac function in a conditional Friedreich’s ataxia mouse model. Hum Mol
Genet. 2012; 21: 1230-1247. https://doi.org/10.1093/hmg/ddr554 PMID: 22113996

14. Lopaschuk GD, Ussher JR, Folmes CDL, Jaswal JS, Stanley WC. Myocardial fatty acid metabolism in
health and disease. Physiol Rev. 2010; 90: 207-258. https://doi.org/10.1152/physrev.00015.2009
PMID: 20086077

PLOS ONE | https://doi.org/10.1371/journal.pone.0192779  February 15,2018 15/17


http://www.ncbi.nlm.nih.gov/pubmed/9302253
https://doi.org/10.1038/ng0897-345
https://doi.org/10.1038/ng0897-345
http://www.ncbi.nlm.nih.gov/pubmed/9241270
https://doi.org/10.1055/s-2008-1040847
http://www.ncbi.nlm.nih.gov/pubmed/12194387
https://doi.org/10.1093/hmg/ddh324
https://doi.org/10.1093/hmg/ddh324
http://www.ncbi.nlm.nih.gov/pubmed/15509595
https://doi.org/10.1016/S1474-4422(14)70321-7
https://doi.org/10.1016/S1474-4422(14)70321-7
http://www.ncbi.nlm.nih.gov/pubmed/25566998
https://doi.org/10.1093/eurheartj/ehq443
http://www.ncbi.nlm.nih.gov/pubmed/21156720
https://doi.org/10.1177/0883073812448535
http://www.ncbi.nlm.nih.gov/pubmed/22764179
https://doi.org/10.1111/jnc.12217
http://www.ncbi.nlm.nih.gov/pubmed/23859344
https://doi.org/10.1371/journal.pone.0116396
https://doi.org/10.1371/journal.pone.0116396
http://www.ncbi.nlm.nih.gov/pubmed/25738292
https://doi.org/10.1007/s00246-008-9305-1
https://doi.org/10.1007/s00246-008-9305-1
http://www.ncbi.nlm.nih.gov/pubmed/18716706
https://doi.org/10.1002/mds.22864
https://doi.org/10.1002/mds.22864
http://www.ncbi.nlm.nih.gov/pubmed/20461801
https://doi.org/10.1080/14734220600913246
https://doi.org/10.1080/14734220600913246
http://www.ncbi.nlm.nih.gov/pubmed/17134988
https://doi.org/10.1093/hmg/ddr554
http://www.ncbi.nlm.nih.gov/pubmed/22113996
https://doi.org/10.1152/physrev.00015.2009
http://www.ncbi.nlm.nih.gov/pubmed/20086077
https://doi.org/10.1371/journal.pone.0192779

@° PLOS | ONE

Low apolipoprotein A-1 levels in Friedreich’s ataxia

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Abo Alrob O, Lopaschuk GD. Role of CoA and acetyl-CoA in regulating cardiac fatty acid and glucose
oxidation. Biochem Soc Trans. 2014; 42: 1043-1051. https://doi.org/10.1042/BST20140094 PMID:
25110000

Fillmore N, Mori J, Lopaschuk GD. Mitochondrial fatty acid oxidation alterations in heart failure, ischae-
mic heart disease and diabetic cardiomyopathy. Brit J. Pharmacol. 2014; 171: 2080-2090. https://doi.
org/10.1111/bph.12475 PMID: 24147975

Puccio H, Simon D, Cossee M, Criqui-Filipe P, Tiziano F, Melki J, et al. Mouse models for Friedreich
ataxia exhibit cardiomyopathy, sensory nerve defect and Fe-S enzyme deficiency followed by intramito-
chondrial iron deposits. Nat Genet. 2001; 27: 181-186. https://doi.org/10.1038/84818 PMID: 11175786

Chen K, Lin G, Haelterman NA, Ho TS-Y, Li T, Li Z, et al. Loss of Frataxin induces iron toxicity, sphingo-
lipid synthesis, and Pdk1/Mef2 activation, leading to neurodegeneration. Elife. 2016; 5. https://doi.org/
10.7554/eLife.16043 PMID: 27343351

Chen K, Ho TS-Y, Lin G, Tan KL, Rasband MN, Bellen HJ. Loss of Frataxin activates the iron/sphingoli-
pid/PDK1/Mef2 pathway in mammals. Elife. 2016; 5. https://doi.org/10.7554/eLife.20732 PMID:
27901468

Freitas HFG, Barbosa EA, Rosa FHFP, Lima ACP, Mansur AJ. Association of HDL cholesterol and tri-
glycerides with mortality in patients with heart failure. Braz J Med Biol Res. 2009; 42: 420—-425. PMID:
19377790

Spillmann F, Van Linthout S, Tschope C. Cardiac effects of HDL and its components on diabetic cardio-
myopathy. Endocr Metab Immune Disord Drug Targets. 2012; 12: 132-147. PMID: 22236025

Payne RM, Peverill RE. Cardiomyopathy of Friedreich’s ataxia (FRDA). Ir J Med Sci. 2012; 181: 569-
570. https://doi.org/10.1007/s11845-012-0808-7 PMID: 22373590

Filla A, Postiglione A, Rubba P, Patti L, De Michele G, Palma V, et al. Plasma lipoprotein concentration
and erythrocyte membrane lipids in patients with Friedreich’s ataxia. Acta Neurol (Napoli). 1980; 2:
382-389.

Walker JL, Chamberlain S, Robinson N. Lipids and lipoproteins in Friedreich’s ataxia. J Neurol Neuro-
surg Psychiatry. 1980; 43: 111-117. PMID: 7359148

Baldo-Enzi G, Bernardo M, Vitale E, Baiocchi MR, Trevisan C, Micaglio GF, et al. Serum lipids, lipopro-
tein analysis and apoprotein A-l, A-Il and B levels in Friedreich’s ataxia. Eur Neurol. 1990; 30: 132—137.
PMID: 2358006

Vuilleumier N, Bas S, Pagano S, Montecucco F, Guerne P-A, Finckh A, et al. Anti-apolipoprotein A-1
1gG predicts major cardiovascular events in patients with rheumatoid arthritis. Arthritis Rheum. 2010;
62: 2640-2650. https://doi.org/10.1002/art.27546 PMID: 20506304

Chistiakov DA, Orekhov AN, Bobryshev YV. ApoA1 and ApoA1-specific self-antibodies in cardiovascu-
lar disease. Lab Invest. 2016; 96: 708—718. https://doi.org/10.1038/labinvest.2016.56 PMID: 27183204

Wang Q, Zhang S, Guo L, Busch CM, Jian W, Weng N, et al. Serum apolipoprotein A-1 quantification
by LC-MS with a SILAC internal standard reveals reduced levels in smokers. Bioanalysis. 2015; 7:
2895-2911. https://doi.org/10.4155/bio.15.195 PMID: 26394123

Barter PJ, Brandrup-Wognsen G, Palmer MK, Nicholls SJ. Effect of statins on HDL-C: a complex pro-
cess unrelated to changes in LDL-C: analysis of the VOYAGER Database. J Lipid Res. 2010; 51: 1546—
1553. https://doi.org/10.1194/jlr.P002816 PMID: 19965573

Deo SV, Rababa’h A, Altarabsheh SE, Lim JY, Cho YH, Park SJ. Statin therapy improves long-term sur-
vival in non-ischaemic cardiomyopathy: a pooled analysis of 4500 patients. Heart Lung Circ. 2014; 23:
985-987. https://doi.org/10.1016/j.hlc.2014.04.007 PMID: 24851827

Bonsu KO, Reidpath DD, Kadirvelu A. Effects of Statin Treatment on Inflammation and Cardiac Func-
tion in Heart Failure: An Adjusted Indirect Comparison Meta-Analysis of Randomized Trials. Cardiovasc
Ther. 2015; 33: 338—346. https://doi.org/10.1111/1755-5922.12150 PMID: 26280110

Guo L, Worth AJ, Mesaros C, Snyder NW, Glickson JD, Blair |A. Diisopropylethylamine/hexafluoroiso-
propanol-mediated ion-pairing ultra-high-performance liquid chromatography/mass spectrometry for
phosphate and carboxylate metabolite analysis: utility for studying cellular metabolism. Rapid Commun
Mass Spectrom. 2016; 30: 1835—-1845. hitps://doi.org/10.1002/rcm.7667 PMID: 27476658

Henneman L, van Cruchten AG, Kulik W, Waterham HR. Inhibition of the isoprenoid biosynthesis path-
way; detection of intermediates by UPLC-MS/MS. Biochim Biophys Acta. 2011; 1811: 227-233. https://
doi.org/10.1016/j.bbalip.2011.01.002 PMID: 21237288

Strawser C, Schadt K, Hauser L, McCormick A, Wells M, Larkindale J, et al. Pharmacological therapeu-
tics in Friedreich Ataxia: The present state. Expert Rev Neurother. 2017; 17: 895-907. https://doi.org/
10.1080/14737175.2017.1356721 PMID: 28724340

PLOS ONE | https://doi.org/10.1371/journal.pone.0192779  February 15,2018 16/17


https://doi.org/10.1042/BST20140094
http://www.ncbi.nlm.nih.gov/pubmed/25110000
https://doi.org/10.1111/bph.12475
https://doi.org/10.1111/bph.12475
http://www.ncbi.nlm.nih.gov/pubmed/24147975
https://doi.org/10.1038/84818
http://www.ncbi.nlm.nih.gov/pubmed/11175786
https://doi.org/10.7554/eLife.16043
https://doi.org/10.7554/eLife.16043
http://www.ncbi.nlm.nih.gov/pubmed/27343351
https://doi.org/10.7554/eLife.20732
http://www.ncbi.nlm.nih.gov/pubmed/27901468
http://www.ncbi.nlm.nih.gov/pubmed/19377790
http://www.ncbi.nlm.nih.gov/pubmed/22236025
https://doi.org/10.1007/s11845-012-0808-7
http://www.ncbi.nlm.nih.gov/pubmed/22373590
http://www.ncbi.nlm.nih.gov/pubmed/7359148
http://www.ncbi.nlm.nih.gov/pubmed/2358006
https://doi.org/10.1002/art.27546
http://www.ncbi.nlm.nih.gov/pubmed/20506304
https://doi.org/10.1038/labinvest.2016.56
http://www.ncbi.nlm.nih.gov/pubmed/27183204
https://doi.org/10.4155/bio.15.195
http://www.ncbi.nlm.nih.gov/pubmed/26394123
https://doi.org/10.1194/jlr.P002816
http://www.ncbi.nlm.nih.gov/pubmed/19965573
https://doi.org/10.1016/j.hlc.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24851827
https://doi.org/10.1111/1755-5922.12150
http://www.ncbi.nlm.nih.gov/pubmed/26280110
https://doi.org/10.1002/rcm.7667
http://www.ncbi.nlm.nih.gov/pubmed/27476658
https://doi.org/10.1016/j.bbalip.2011.01.002
https://doi.org/10.1016/j.bbalip.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21237288
https://doi.org/10.1080/14737175.2017.1356721
https://doi.org/10.1080/14737175.2017.1356721
http://www.ncbi.nlm.nih.gov/pubmed/28724340
https://doi.org/10.1371/journal.pone.0192779

@° PLOS | ONE

Low apolipoprotein A-1 levels in Friedreich’s ataxia

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

47.

48.

Mesaros C, Blair IA. Mass spectrometry-based approaches to targeted quantitative proteomics in car-
diovascular disease. Clin Proteomics. 2016; 13: 20. https://doi.org/10.1186/s12014-016-9121-1 PMID:
27713681

Ahmed AA, Patel K, Nyaku MA, Kheirbek RE, Bittner V, Fonarow GC, et al. Risk of Heart Failure and
Death After Prolonged Smoking Cessation: Role of Amount and Duration of Prior Smoking. Circ Heart
Fail. 2015; 8: 694—-701. https://doi.org/10.1161/CIRCHEARTFAILURE.114.001885 PMID: 26038535

Lightwood J, Fleischmann KE, Glantz SA. Smoking cessation in heart failure: it is never too late. J Am
Coll Cardiol. 2001; 37: 1683—-1684. PMID: 11345384

Maeda K, Noguchi Y, Fukui T. The effects of cessation from cigarette smoking on the lipid and lipopro-
tein profiles: a meta-analysis. Prev Med. 2003; 37: 283—-290. PMID: 14507483

Rakhshandehroo M, Knoch B, Muller M, Kersten S. Peroxisome proliferator-activated receptor alpha
target genes. PPAR Res. 2010; 2010. https://doi.org/10.1155/2010/612089 PMID: 20936127

Dullens SPJ, Plat J, Mensink RP. Increasing apoA-I production as a target for CHD risk reduction. Nutr
Metab Cardiovasc Dis. 2007; 17: 616—628. https://doi.org/10.1016/j.numecd.2007.05.001 PMID:
17703927

Martin G, Duez H, Blanquart C, Berezowski V, Poulain P, Fruchart JC, et al. Statin-induced inhibition of
the Rho-signaling pathway activates PPARalpha and induces HDL apoA-I. J Clin Invest. 2001; 107:
1423-1432. https://doi.org/10.1172/JCI10852 PMID: 11390424

Bonn V, Cheung RC, Chen B, Taghibiglou C, Van Iderstine SC, Adeli K. Simvastatin, an HMG-CoA
reductase inhibitor, induces the synthesis and secretion of apolipoprotein Al in HepG2 cells and primary
hamster hepatocytes. Atherosclerosis. 2002; 163: 59-68. PMID: 12048122

Maejima T, Yamazaki H, Aoki T, Tamaki T, Sato F, Kitahara M, et al. Effect of pitavastatin on apolipo-
protein A-l production in HepG2 cell. Biochem Biophys Res Commun. 2004; 324: 835-839. https://doi.
org/10.1016/j.bbrc.2004.09.122 PMID: 15474503

Condo |, Ventura N, Malisan F, Rufini A, Tomassini B, Testi R. In vivo maturation of human frataxin.
Hum Mol Genet. 2007; 16: 1534—1540. https://doi.org/10.1093/hmg/ddm102 PMID: 17468497

Schmucker S, Argentini M, Carelle-Calmels N, Martelli A, Puccio H. The in vivo mitochondrial two-step
maturation of human frataxin. Hum Mol Genet. 2008; 17: 3521-3531. https://doi.org/10.1093/hmg/
ddn244 PMID: 18725397

Plasterer HL, Deutsch EC, Belmonte M, Egan E, Lynch DR, Rusche JR. Development of frataxin gene
expression measures for the evaluation of experimental treatments in Friedreich’s ataxia. PLoS ONE.
2013; 8: €63958. https://doi.org/10.1371/journal.pone.0063958 PMID: 23691127

Patel R, Nagueh SF, Tsybouleva N, Abdellatif M, Lutucuta S, Kopelen HA, et al. Simvastatin induces
regression of cardiac hypertrophy and fibrosis and improves cardiac function in a transgenic rabbit
model of human hypertrophic cardiomyopathy. Circulation. 2001; 104:317-24. https://doi.org/10.1161/
hc2801.094031 PMID: 11457751

Guo L, Wang Q, Weng L, Hauser LA, Strawser CJ, Rocha AG, et al. Liquid chromatography-high reso-
lution mass spectrometry analysis of platelet frataxin as a protein biomarker for the rare disease Frie-
dreich’s Ataxia. Anal Chem. 2017. Jan 11. [Epub ahead of print]. https://doi.org/10.1021/acs.analchem.
7b04590 PMID: 29272104

PLOS ONE | https://doi.org/10.1371/journal.pone.0192779  February 15,2018 17/17


https://doi.org/10.1186/s12014-016-9121-1
http://www.ncbi.nlm.nih.gov/pubmed/27713681
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001885
http://www.ncbi.nlm.nih.gov/pubmed/26038535
http://www.ncbi.nlm.nih.gov/pubmed/11345384
http://www.ncbi.nlm.nih.gov/pubmed/14507483
https://doi.org/10.1155/2010/612089
http://www.ncbi.nlm.nih.gov/pubmed/20936127
https://doi.org/10.1016/j.numecd.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17703927
https://doi.org/10.1172/JCI10852
http://www.ncbi.nlm.nih.gov/pubmed/11390424
http://www.ncbi.nlm.nih.gov/pubmed/12048122
https://doi.org/10.1016/j.bbrc.2004.09.122
https://doi.org/10.1016/j.bbrc.2004.09.122
http://www.ncbi.nlm.nih.gov/pubmed/15474503
https://doi.org/10.1093/hmg/ddm102
http://www.ncbi.nlm.nih.gov/pubmed/17468497
https://doi.org/10.1093/hmg/ddn244
https://doi.org/10.1093/hmg/ddn244
http://www.ncbi.nlm.nih.gov/pubmed/18725397
https://doi.org/10.1371/journal.pone.0063958
http://www.ncbi.nlm.nih.gov/pubmed/23691127
https://doi.org/10.1161/hc2801.094031
https://doi.org/10.1161/hc2801.094031
http://www.ncbi.nlm.nih.gov/pubmed/11457751
https://doi.org/10.1021/acs.analchem.7b04590
https://doi.org/10.1021/acs.analchem.7b04590
http://www.ncbi.nlm.nih.gov/pubmed/29272104
https://doi.org/10.1371/journal.pone.0192779

