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ARTICLE INFO ABSTRACT

Keywords: Due to the high redox activity of the mitochondrion, this organelle can suffer oxidative stress. To manage energy
Iron loading demands while minimizing redox stress, mitochondrial homeostasis is maintained by the dynamic processes of
Iron

mitochondrial biogenesis, mitochondrial network dynamics (fusion/fission), and mitochondrial clearance by
mitophagy. Friedreich’s ataxia (FA) is a mitochondrial disease resulting in a fatal hypertrophic cardiomyopathy
due to the deficiency of the mitochondrial protein, frataxin. Our previous studies identified defective mito-
chondrial iron metabolism and oxidative stress potentiating cardiac pathology in FA. However, how these factors
alter mitochondrial homeostasis remains uncharacterized in FA cardiomyopathy. This investigation examined
the muscle creatine kinase conditional frataxin knockout mouse, which closely mimics FA cardiomyopathy, to
dissect the mechanisms of dysfunctional mitochondrial homeostasis. Dysfunction of key mitochondrial homeo-
static mechanisms were elucidated in the knockout hearts relative to wild-type littermates, namely: (1) mito-
chondrial proliferation with condensed cristae; (2) impaired NAD" metabolism due to perturbations in Sirtl
activity and NAD" salvage; (3) increased mitochondrial biogenesis, fusion and fission; and (4) mitochondrial
accumulation of Pinkl/Parkin with increased autophagic/mitophagic flux. Immunohistochemistry of FA pa-
tients’ heart confirmed significantly enhanced expression of markers of mitochondrial biogenesis, fusion/fission
and autophagy. These novel findings demonstrate cardiac frataxin-deficiency results in significant changes to
metabolic mechanisms critical for mitochondrial homeostasis. This mechanistic dissection provides critical
insight, offering the potential for maintaining mitochondrial homeostasis in FA and potentially other cardio-
degenerative diseases by implementing innovative treatments targeting mitochondrial homeostasis and NAD™*

Mitochondria
Cardiomyopathy
Mitochondrial homeostasis

metabolism.
for mitochondrial respiratory complexes, particularly, complex I-III [6].
Accordingly, frataxin-deficiency results in complex I-III inhibition [7].
1. Introduction In humans, the decreased expression of frataxin causes Friedreich’s
ataxia (FA), which is characterized by ataxia and a fatal hypertrophic
Frataxin is a nuclear-encoded, mitochondrial protein [1] that is cardiomyopathy [1,8]. Yet, despite reduced mitochondrial iron utiliza-
pivotal for mitochondrial iron metabolism [2], especially for iron-sulfur tion, mitochondrial iron influx continues, causing mitochondrial

cluster (ISC) and heme synthesis [1,3-5]. Both ISCs and heme are vital
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Abbreviations

Ampk  AMP-activated protein kinase
BAF Bafilomycin Al

ddPCR  digital droplet PCR

Drpl dynamin-related protein 1

EDS energy dispersive X-ray spectroscopy
FA Friedreich’s ataxia

Fisl mitochondrial fission protein 1

FU relative fluorescence unit

Hsp90  heat shock protein 90

H&E  hematoxylin and eosin

ip. intraperitoneal injection

ISC iron-sulfur cluster

KO Knockout

Le3 microtubule-associated protein 1 light chain 3A
LV left ventricular

Mff mitochondrial fission factor

Mfnl Mitofusin 1

mtDNA  mitochondrial DNA
NAM nicotinamide
Nampt nicotinamide phosphoribosyltransferase

ND1 NADH dehydrogenase subunit 1
NMN nicotinamide mononucleotide
Nmnatl nicotinamide mononucleotide adenylyltransferase 1

Nrfl/2 nuclear respiratory factors 1 and 2

oD optical density

pAmpk phosphorylated AMP-activated protein kinase

Paris Parkin-interacting substrate

Pgcla  peroxisome proliferation activator receptor y -coactivator
la

PPARy peroxisome proliferation activator receptor y

SDS sodium dodecyl sulfate

TEM transmission electron microscopy

Tfam mitochondrial transcription factor A

WT wild-type

f2m B-2-microglobulin

iron-loading as non-ferritin-bound iron aggregates without a protective
ferritin shell [3,4]. Considering that inappropriately bound iron is redox
active and toxic [9,10], this could contribute to the redox dysregulation
observed in the heart of FA patients [11].

Analogous pathology with mitochondrial iron loading and oxidative
stress has also been reported by our laboratory examining the heart of
the muscle creatine kinase conditional frataxin knockout mice (referred
to herein as “frataxin KO mice”) [3,12]. These mice recapitulate the
histological, biochemical and redox biology of FA cardiomyopathy [3,4,
8,12,13]. In fact, our previous studies have demonstrated significant
protein and glutathione oxidation associated with reactive oxygen spe-
cies production in the heart, as well as marked perturbation in antiox-
idant defense mediated by the master regulator of the antioxidant
response, nuclear factor erythroid 2-related factor-2 [12]. The oxidative
damage to mitochondrial proteins and mitochondrial DNA (mtDNA)
could lead to further mitochondrial dysfunction and mtDNA loss [14].

Damage to mtDNA severely affects mitochondrial function due to the
13 mtDNA-encoded proteins vital for the electron transport chain [15].
In FA patients, mtDNA is decreased in the heart and cerebellum [16]. In
yeast FA models, increased mtDNA lesions and mtDNA loss were
observed subsequent to iron-loading [14,17]. Therefore, mitochondrial
redox active iron likely contributes to mtDNA degradation via reactive
oxygen species generation. Mitochondrial dysfunction depletes ATP and
NAD™ levels, and leads to the release of mitochondrial pro-apoptotic
proteins [18,19]. Thus, the selective recycling of defective mitochon-
dria by mitochondrial-specific autophagy (i.e., mitophagy) prevents
these detrimental effects [18]. Mitophagy is mediated by the binding of
the autophagosomal protein, microtubule-associated protein 1 light
chain 3A (Lc3), to outer mitochondrial membrane adapters, such as
Fundcl [18]. Our previous studies using the frataxin KO mouse heart
identified an accumulation of autophagic/mitophagic markers,
including Lc3, p62 and Fundcl, suggesting the induction of autopha-
gy/mitophagy and/or inhibition of autophagic flux [8].

Mitochondria constantly undergo fusion or fission, which is collec-
tively known as “mitochondrial network dynamics” [20,21]. In car-
diomyocytes and neurons, due to their high energy demand,
mitochondrial dynamics plays significant roles in governing their
viability [18,20,21]. As neural and cardio-degeneration are major pa-
thologies of FA, the alterations in mitochondrial dynamics warrants
investigation. Recently, two major regulators of mitochondrial dy-
namics and mitophagy were identified: Parkin, an E3 ubiquitin ligase;
and Pink1, a Ser/Thr kinase that translocates to damaged mitochondria
to recruit and activate Parkin [22]. Activated Parkin also translocates to

the damaged mitochondria and poly-ubiquitinates outer mitochondrial
membrane proteins, such as the mitochondrial fusion protein, mitofusin
1 (Mfn1). This leads to Mfn1l degradation, inhibition of mitochondrial
fusion, and ensuing mitophagic degradation [22,23]. Conversely,
mitochondrial fission is facilitated by the adapter-mediated targeting of
dynamin-related protein 1 (Drpl) to mitochondrial constriction sites,
where it constricts the outer mitochondrial membrane and causes
mitochondrial fission [24].

For mitochondrial biogenesis to restore mitochondrial deficits, the
peroxisome proliferation activator receptor (PPAR) y-coactivator la
(Pgcla) is the major transcriptional regulator of mitochondrial biogen-
esis and energy metabolism [25,26]. In response to metabolic defi-
ciency, Pgcla is induced and enhances the transcriptional induction of
nuclear respiratory factors (Nrf) 1 and 2, and the mitochondrial tran-
scription factor A (Tfam) [25-27]. Nrfl/2 and Tfam then coordinate the
transcription of nuclear DNA and mtDNA-encoded mitochondrial pro-
teins, respectively [26,27].

The regulation of Pgcla is highly complex, involving numerous
transcriptional and post-translational mechanisms. These include: (1)
transcriptional activation by 5’adenosine monophosphate-activated
protein kinase (Ampk), or repression by the Parkin-interacting sub-
strate (Paris) [28-30]; (2) phosphorylation by Ampk leading to Pgcla
activation [31]; (3) phosphorylation by glycogen synthase kinase 3§
(Gsk3p) leading to Pgcla nuclear proteasomal degradation [32,33]; and
(4) deacetylation by the nuclear NAD'-dependent histone deacetylase,
Sirtl, leading to enhanced Pgcla activity [28,29].

The mechanisms governing mitochondrial homeostasis in the heart
when challenged with severe mitochondrial dysfunction, iron-loading
and redox stress due to frataxin-deficiency remain uncharacterized.
Herein, we implemented the well-characterized frataxin KO mouse
model that leads to deletion of frataxin in the heart and skeletal muscle
[1,3,4,8,12,13,34]. This model closely mimics human FA cardiac path-
ophysiology, and herein, we identify pronounced mitochondrial prolif-
eration in the heart of the KO versus their WT littermates. These
mitochondria in the KO demonstrate abnormally condensed and
ill-defined cristae associated with markers of mitochondrial dysfunction,
e.g., increased Pinkl and Parkin. The mechanisms of mitochondrial
proliferation entail increased mitochondrial biogenesis, increased
mitochondrial fission, with perturbations in NAD" metabolism being
evident in the KO mice. Therefore, maintenance of intracellular NAD™,
mitochondrial electron transport, and the related redox state of the cell,
could represent a strategy for treating mitochondrial cardiomyopathy
and the impaired cardiac function in FA.
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2. Methods
2.1. Animals

The muscle creatine kinase-Cre conditional frataxin KO mice (ho-
mozygous for the loxP-flanked Frda exon 4 allele) and their WT (ho-
mozygous for the wild-type Frda allele) littermates were generated on a
mixed C57Bl/6J and 129/Sv-ter background and maintained and gen-
otyped, as described [8,12,34]. Both male and female mice were
examined at either 4 weeks or 10 weeks of age. Of note, there were no
statistically significant differences identified between the same geno-
type across genders. Approximately equal number of males and females
in each genotype were used for all assessments. All representative
western blots show a pair of WT and KO littermates of the same sex.
Animal procedures were approved by the Animal Ethics Committee of
The University of Sydney (AEC2018/1406).

To assess autophagic flux, 10 week WT and KO littermates (n = 6/
genotype/group) were administered either saline (vehicle) or Bafilo-
mycin Al (BAF; 6 mg/kg; Cayman Chemical, Ann Arbor, MI) via ip.
injection. After 30 min, mice were then anesthetized using isoflurane
and the left ventricular (LV) tissues were excised for protein analysis.
Mice were randomly assigned to groups with similar gender and weight
distribution.

2.2. Transmission electron microscopy (TEM)

Hearts of WT and KO mice were trans-cardiac perfused, washed and
fixed using K buffer (2.5% glutaraldehyde, 4% paraformaldehyde in 0.1
mol/L phosphate buffer, pH 7.4). LV tissue was dissected, post-fixed
with 1% osmium tetroxide and 1.5% potassium ferricyanide, and pre-
pared according to standard TEM sample preparation protocols [35]. LV
tissues were imaged using a JEOL JEM-1400 TEM equipped with an
energy dispersive X-ray spectroscopy (EDS) system operated at 120 kV.
EDS was performed at scanning TEM mode. TEM images were analyzed
using ImageJ Fiji (NIH, Bethesda, MD, USA).

Appropriate blinding of investigators was utilized when assessing
mitochondrial morphology. Measurements were taken from at least 3
images/mouse (6 WT and 6 KO per age group) and more than 100
mitochondria/image. The average number of mitochondria were
measured by quantifying the number of mitochondria/image [36]. The
mitochondria: myocyte area ratio was calculated by normalizing the
total area occupied by the mitochondria/cardiomyocyte by the total
area of each cardiomyocyte. The mitochondrial cross-sectional area was
quantified from the cross-sectional area of each individual mitochon-
drion/image. The mitochondrial aspect ratio was calculated by
measuring the longest axis divided by the shortest axis per mitochon-
drion, as performed previously [36].

2.3. Protein isolation, mitochondrial isolation, and western blot analysis

Whole hearts from WT and frataxin KO mice were trans-cardiac
perfused with ice-cold PBS, then the LV tissues were excised and ho-
mogenized on ice in lysis buffer (150 mmol/L NaCl, 10 mmol/L Tris-HCl
[pH 7.4], 0.5% (w/v) sodium dodecyl sulfate (SDS), 1 mmol/L EDTA,
40 pmol/L NaF, 1% (v/v) Triton X-100) containing a 1 x solution of
PhosSTOP (Roche Diagnostics; Risch-Rotkreuz, Switzerland) and a 1x
solution of protease inhibitor cocktail (Roche Diagnostics) using stan-
dard procedures [12]. To assess mitochondrial protein, the Mitochon-
drial Isolation Kit for Tissue (Thermo Fisher Scientific, Waltham, MA,
USA) was implemented. Western blots were performed as previously
described [12].

Primary antibodies were used at dilutions from 1/500-1/2000 and
included Pgcla (ab54481; Abcam, Cambridge, MA, USA), Nrfl
(ab34682; Abcam), Tfam (ab131607; Abcam), Ampk (ab32047;
Abcam), pAmpk (Thr172; 2535S; Cell Signaling Technology, Danvers,
MA, USA), Gsk3p (9832; Cell Signaling Technology), pGsk3p (Ser9;

Redox Biology 46 (2021) 102038

9332; Cell Signaling Technology), Sirtl (ab7343; Abcam), Paris
(ab130867; Abcam), PPARy (16643-1-AP; ProteinTech, Rosemont, IL,
USA), anti-acetyl lysine (ab80178; Abcam), Mfnl (13798-1-AP; Pro-
teinTech), Opal (ab42364; Abcam), Drpl (ab56788; Abcam), Fisl
(10956-1-AP; ProteinTech), Mff (ab81127; Abcam), Pinkl (NB100-493;
Novus Biology, Centennial, CO, USA), Parkin (ab77924; Abcam), Lc3
(PD014; MBL International, Woburn, MA, USA), Fundcl
(ARP53280_P050; Aviva Systems Biology, San Diego, CA, USA),
Sqstm1/p62 (ab56416; Abcam), Gapdh (2118S; Cell Signaling Tech-
nology), Tomm20 (HO00009804-MO01; Abnova, Walnut, CA, USA), and
Hsp90 (ab13495; Abcam). Secondary antibodies used were goat anti-
rabbit and goat anti-mouse (A0545 and A9917, respectively; 1/
10,000; Sigma-Aldrich, St. Louis, MO, USA) conjugated with horseradish
peroxidase.

Densitometric data were expressed as “Protein/Gapdh KO versus WT
(a.u.)” or “Protein/Tomm20 KO versus WT (a.u.)”, where the expression
of the protein of interest was first normalized to the protein-loading
control, Gapdh or Tomm20, respectively, for all samples. All data
were universally divided by the average WT value, thereby maintaining
the coefficient of variation of these data.

2.4. Genomic DNA isolation and digital droplet PCR

Genomic DNA was extracted using the Wizard® SV Genomic DNA
Purification System (Promega, Madison, WI, USA). Genomic DNA con-
centration was measured using a NanoDrop 1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA).

To assess mtDNA copy number, the mtDNA gene, NADH-ubiquinone
oxidoreductase chain 1 (ND1), was examined by digital droplet PCR
(ddPCR) using an established protocol [15]. Briefly, 100 pg of genomic
DNA was used in a 20 pL duplex reaction containing ddPCR Supermix
(BioRad, Hercules, CA, USA), 5 U Haelll restriction enzyme (NEB, Ips-
wich, MA, USA), and 1 pL of the nuclear or mtDNA probes. For the
mtDNA probe, NDI (FAM; Assay ID: dMmuCNS343824284; Bio-Rad)
was implemented. For the nuclear genome probe, S-2-microglobulin
(f2m; HEX; Assay ID: dMmuCNS576316288, Bio-Rad) was used. Stan-
dard ddPCR procedure was conducted following the manufacturer’s
instructions (Bio-Rad). To deduce mtDNA copies/copy of nuclear DNA
in the heart, NDI copy number were normalized to that of the
single-copy nuclear gene, f2m.

2.5. RNA isolation and RT-qgPCR

Total mRNA was isolated from the LV tissue of WT and frataxin KO
mice according to previously described methods [12]. The cDNA was
generated using the High Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific). RT-qPCR was performed using a Roche
LightCycler 480 PCR (Roche Diagnostics; Risch-Rotkreuz, Switzerland).
Tagman probes (Thermo Fisher Scientific) targeting mouse Nrfl
(MmO00447996_m1), Tfam (MmO00447485_m1) and Gapdh
(Mm99999915_g1) were used. Data were analyzed by the AACT method
using Genex Software (MultiD Analyses, Goteborg Sweden). Analysis of
gene expression fold change was conducted by an investigator who was
blinded to mouse group identities.

2.6. Immunoprecipitation

Upon extensive perfusion of whole hearts from WT and frataxin KO
mice with ice-cold PBS, LV tissue was excised and homogenized in 500
pL of ice-cold RIPA buffer [50 mmol/L Tris (pH 7.5), 150 mmol/L NaCl,
1 mmol/L EDTA, 1% Nonidet P-40, 0.5% (w/v) sodium deoxycholate,
0.1% (w/v) SDS and 1x solution of protease and phosphatase inhibitors
(Roche Diagnostics)] using a Dounce glass homogenizer [12]. Immu-
noprecipitation was performed as described previously [12], but using
Pgcla antibody (5 pg; ab54481; Abcam).
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2.7. Nuclear Sirtl deacetylase activity

Sirtl deacetylase activity was evaluated in the nuclear extract from
PBS perfused LV tissues using the CycLex SIRT1/Sir2 Deacetylase
Fluorometric Assay Kit (CycLex, Nagano, Japan), as previously
described [37]. Briefly, the final reaction mixture (100 pL) contained 50
mmol/L Tris-HCl (pH 8.8), 4 mmol/L MgCl,, 0.5 mmol/L DTT, 0.25
mA/mL Lysyl endopeptidase, 1 pmol/L Trichostatin A, 200 pmol/L
NAD", and 5 pL of nuclear sample. After mixing thoroughly, samples
were incubated for 10 min/RT and the fluorescence intensity (ex. 340
nm; em. 460 nm) was measured every 30 s for a total of 60 min
immediately after the addition of the fluoro-substrate peptide (20
pmol/L final concentration) using a FLUOstar Optima Fluorometer
(BMG Labtech, Cary, NC, USA) and normalized by the protein content
using the Bradford protein assay. These results are reported as relative
fluorescence unit (FU)/mg of protein. Assessment of enzymatic activity
was conducted by an investigator who was blinded to mouse group
identities.

2.8. Intracellular NAD", NADH, NAM and NMN assessment

Whole hearts from 4 to 10 week WT and frataxin KO mice were
comprehensively perfused with ice-cold PBS (pH 7.4) to remove excess
blood prior to organ removal. Then, NAD", NADH, NAM and NMN
levels were extracted from LV homogenates, as previously described
[38]. Briefly, 100 pL of homogenate was added to 20 pL of [D4]-NAM in
5% formic acid (v/v). Samples were then mixed with 300 pL of aceto-
nitrile, vortexed for 15 s, centrifuged and then dried via a speed vacuum
overnight at 37 °C. Samples were then reconstituted in 100 pL of 10
mmol/L ammonium acetate with 0.1% formic acid. Separation and
quantitation of NAD", NADH, NAM and NMN were performed using a
TSQ Vantage bench-top mass spectrometer (ThermoFisher Scientific)
operated in positive ion multiple reaction monitoring mode, as
described previously [38]. The NAD', NADH, NAM and NMN were
separated on a Phenomenex NHj column (150 mm x 2 mm x 3 pmy;
Phenomenex, Torrance, CA) using the same gradient and mobile phase,
as described previously [38].

Briefly, the analytes were separated using a binary solvent gradient
consisting of 5 mmol/L. NH4OAc (pH 9.5) adjusted with ammonia
(mobile phase “A”) and acetonitrile (mobile phase “B”) with a flow rate
of 250 pL/min. The initial solvent composition at injection was 25% A,
followed by a 2 min gradient to 45% “A” and a fast gradient ramp to 80%
“A” (0.1 min), which was maintained for 5.9 min. Then, “A” was
increased again to 95% (2 min), held for 13 min and then reverted to
initial conditions (0.1 min) for equilibration, with a total run time of 30
min. The percent coefficient of variation ranged from 2.8 to 15.8%, with
the limit of quantification being 0.1-0.2 pmol for NAD', NADH, NAM
and NMN [38]. Assessment of NAD" metabolite levels were conducted
by an investigator who was blinded to mouse group identities.

2.9. Nuclear NAD" consumption assay

NAD™ consumption activity was examined using nuclear extracts
from PBS perfused LV tissue, as previously described [37]. The final
reaction mixture contained 10 mmol/L MgCl,, Triton X-100 (1%), and
20 pmol/L NAD™ in 50 mmol/L Tris buffer (pH 8.1). The plate was then
incubated for 1 h/37 °C and the amount of NAD" consumed was
measured as described above. NAD" consumption was normalized to
protein concentration using the Bradford protein assay. Assessment of
NAD™ consumption was conducted by an investigator who was blinded
to mouse group identities. The results were expressed as pg NAD™'
consumed/h/mg nuclear protein.

2.10. ATP assessment

Intracellular ATP levels were measured from harvested LV heart
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tissue from WT and frataxin KO mice that had been comprehensively
perfused with ice-cold PBS. The assessment of ATP levels was performed
using a luciferin-luciferase assay system (P1041 and E1500, Promega),
as previously described [39]. In brief, tissue was homogenized in 250 pL
of extraction solution (10 mmol/L KHyPO4, 4 mmol/L MgSOy, pH 7.4),
heated for 98 °C/4 min, and placed on ice. Then, 50 pL of sample was
added to a 100 pL reaction solution (50 mmol/L NaAsOs, 20 mmol/L
MgSOy4, pH 7.4, and 800 pg of luciferin/luciferase enzyme). Luminosity
at 259 nm was measured with an extinction coefficient of 15,400
mol/L t.em™? using a Turner Designs TD 20/20 luminometer (Stratec
Biomedical Systems, Germany) [39]. ATP levels were normalized to
protein concentration using the Bradford protein assay and reported as
pg/mg protein. Analysis of ATP levels was conducted by an investigator
who was blinded to mouse group identities.

2.11. Human heart immunohistochemistry

LV heart specimens from 5 male and 5 female FA patients were
provided by Dr. Arnulf Koeppen (Albany Medical College, Albany, NY,
USA). Control LV heart specimens were from 12 age- and gender-
matched subjects and include both pre-mortem and post-mortem do-
nors. The pre-mortem donor hearts were provided by Dr. Sean Lal
(Sydney Heart Bank, University of Sydney), and were procured for heart
transplantation, but not used for this purpose because of logistical rea-
sons. For these samples, anatomical pathology reports confirmed normal
histology. The post-mortem control hearts were obtained from the Na-
tional Disease Research Interchange (Philadelphia, PA, USA). Exami-
nation of immunohistochemical staining for the proteins below revealed
no significant difference in localization and intensity between pre- and
post-mortem tissues. Therefore, the quantification of staining intensity
was combined for assessment. Clinical details of the 10 FA patients and
12 controls, including their cause of death, are outlined in Table S1.

For immunohistochemistry, 5 pm paraffin sections were processed
by standard methods [40]. Briefly, heat-induced epitope retrieval was
conducted with Dako buffers (pH 6.1 or pH 9.0; Agilent Technologies,
Santa Clara, CA, USA) using a decloaking chamber (Biocare Medical,
Pacheco, CA, USA) for 125 °C/30 s. After a 3% hydrogen peroxide in-
cubation for 5 min and incubation with protein block (Agilent Tech-
nologies) for 30 min, primary antibodies against PGCla (1:750;
ab191838; Abcam), MFN1 (1:250; 13798-1-AP; ProteinTech), DRP1
(1:750; ab56788; Abcam), FIS1 (1:500; 10956-1-AP; ProteinTech), and
SQSTM1/P62 (1:1000; ab56416; Abcam) were prepared in Dako anti-
body diluent (Agilent Technologies) and used. Rabbit IgG and mouse
IgG2a (Agilent Technologies) were also utilized as relevant isotype
controls. Following incubation with Dako EnVision Peroxidase Polymer
(anti-rabbit or anti-mouse), antigen signals were detected using Dako
DAB+ Chromogen Substrate (Agilent Technologies). Slides were then
counter-stained by hematoxylin staining and mounted in DPX
(Sigma-Aldrich).

DAB staining was quantified using ImageJ Fiji software. For each
image, DAB staining intensity was calculated using its optical density
(OD = log [max intensity/mean intensity]) and normalized to the
number of cardiomyocytes to correct for the extensive fibrotic lesions in
the FA patient specimens. Between 9 and 11 images were captured per
patient specimen and analyzed to deduce a representative OD/patient
specimen. These values were then averaged across patient specimens to
give a final mean DAB intensity for the control and FA patient groups.
Hematoxylin and eosin (H & E) staining were utilized to assess general
tissue architecture, as performed previously [8]. Human tissue handling
procedures were approved by the Human Ethics Committee of The
University of Sydney (HREC2012/2814, HREC2019/399).

2.12. Statistical analysis

Normality of data were assessed by Shapiro-Wilk test. Homogeneity
of variance of datasets were assessed by the Bartlett test. Data with
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normal distribution was subjected to parametric Student’s t-test (two-
tailed), or one-way ANOVA with Tukey’s post hoc test. Data were
considered statistically significant when p < 0.05. Results are expressed
as mean + SEM. Statistical analyses were conducted using GraphPad
Prism Ver. 8.2.1 (San Diego, CA, USA).

3. Results

3.1. Progressive proliferation of disorganized and dysfunctional
mitochondria in the frataxin-deficient heart

Our previous studies comprehensively characterized the molecular
alterations that result in mitochondrial iron-loading and oxidative
damage that hinder mitochondrial function in the heart of the frataxin
KO mouse model [1,3,4,8,12]. The processes of mitochondrial homeo-
stasis, i.e., biogenesis, fission, fusion, and mitophagy, are essential for
attenuating mitochondrial dysfunction [18], but these have not been
comprehensively assessed in FA cardiomyopathy. Considering the
iron-loading, redox stress, and mitochondrial damage observed in these
mice [4,8,12,34], we hypothesized that mitochondrial homeostasis is
markedly dysregulated and this warranted careful investigation.

Alterations in mitochondrial homeostasis are well associated with
mitochondrial morphological changes [18,20,21,26]. Thus, TEM was
initially used to comprehensively examine cardiac mitochondrial
morphology in frataxin KO mice versus WT littermates. In these studies,
LV sections were utilized, as the KO heart demonstrates defective sys-
tolic function, fibrosis and iron-deposits within this region [8]. We
quantified the alterations from transverse (Fig. 1A-E) and longitudinal
(Fig. 1F-J) sections relative to the muscle fiber, to provide a spatial
perspective of both anatomical planes of the cardiomyocyte and its
mitochondria. The KO mice at 4 weeks of age were shown to exhibit no
gross, histological, or functional cardiac defects relative to the WT,
while pronounced cardiac pathology had developed by 10 weeks [3,4,8,
12,13,34]. As such, 4 and 10 week mice were compared at the TEM level
to assess cardiac disease progression.

Even in asymptomatic 4 week KO mice, observable differences in
mitochondrial morphology could be detected relative to WT littermates
in transverse (Fig. 1A-E) and longitudinal (Fig. 1F-J) planes. An inter-
esting feature of the mitochondria from the 4 week KO mice was the
presence of condensed mitochondrial cristae that were absent in WTs
(white arrows; Fig. 1A, F, left panels). This characteristic and a loss of
cristae structure became more prevalent by 10 weeks of age in the KO
animal (white arrows; Fig. 1A, F, right panels). Electron-dense accu-
mulations (black arrowheads; Fig. 1A, F) consistent with elemental iron,
as determined by energy dispersive X-ray spectroscopy (white arrow;
Fig. 2), were only observed within the mitochondria of 10 week KOs, as
previously reported [4,12,34]. We did not detect any iron aggregates
outside of the mitochondria in either anatomical plane, which provides
further evidence that the iron accumulation occurs within the mito-
chondria. Electron scatter analysis of these mitochondrial
iron-aggregates did not result in any identifiable diffraction patterns
(data not shown). These results suggested that the iron-aggregates are an
amorphous composite. This conclusion is in good agreement with our
previous biophysical and biochemical analysis using this same mouse
model [4]. In these latter studies, mitochondrial iron accumulation was
demonstrated to be a phosphorus, sulfur and iron-containing non--
crystalline aggregate [4].

In transverse sections, the spatial distribution of mitochondria in 4
week WT and KO cardiomyocytes appear predominantly as isolated
organelles or small clusters distributed amongst the myofibers (Fig. 1A).
However, in longitudinal sections, pronounced mitochondrial clustering
was observed in the KOs, as opposed to being parallel to the myofibers in
WTs (Fig. 1F). Furthermore, mitochondria in 10 week KO hearts were
overly abundant in disorganized, entangled masses that displaced sar-
comeric structures in both anatomical planes, which contrasts with 10
week WTs (Fig. 1A, F).
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Detailed quantitative assessment of the differences in mitochondrial
morphology in transverse and longitudinal sections confirmed signifi-
cantly greater mitochondrial number per myocyte (mitochondria/
myocyte) only in the 10 week KO in both planes versus the WT (Fig. 1B,
G). The mitochondria: myocyte area ratio of 4 and 10 week KOs in both
anatomical planes were significantly increased versus the respective WTs
(Fig. 1C, H). This ratio only significantly increased with age in the KO,
but not in the WT (Fig. 1C, H), which demonstrates the pathology was
specific to the KO animal. The quantitative assessments of these two
indicators, namely mitochondria/myocyte and mitochondria: myocyte
area ratio (Fig. 1B, C, G, H), confirm mitochondrial proliferation in the
frataxin KO mice, which could be the result of elevated mitochondrial
biogenesis or increased mitochondrial fission.

The mitochondrial cross-sectional area was significantly increased in
the 4 week KO versus WT in both anatomical planes, while a significant
decrease occurred in the 10 week KOs (Fig. 1D, I). An increase in
mitochondrial cross-sectional area could be due to increased mito-
chondrial biogenesis or mitochondrial fusion, while a decrease is likely
due to increased mitochondrial fission. The mitochondrial aspect ratio
was then used to measure mitochondrial shape by assessing the ratio
between the lengths of the major axis relative to the minor axis of in-
dividual mitochondria (Fig. 1E, J) [36]. At 4 weeks of age, the mito-
chondrial aspect ratio was comparable between WT and KO mice in
transverse sections (Fig. 1E), but was significantly decreased for the KO
in longitudinal sections (Fig. 1J). This demonstrates a shortening of
mitochondria in the 4 week KO mice, suggesting increased mitochon-
drial fission. In contrast, a significant increase in the mitochondrial
aspect ratio was observed in both anatomical planes in the 10 week KO
mice versus WTs (Fig. 1E, J), indicating mitochondrial elongation in the
KOs potentially due to increased mitochondrial fusion.

Collectively, the comprehensive quantitative TEM assessment in
Fig. 1 demonstrates pronounced alterations in cardiomyocyte mito-
chondrial morphology. These morphological changes suggest increased
mitochondrial biogenesis and fission in both 4 and 10 week KO mice,
while increased mitochondrial fusion likely occurs at 10 weeks of age.

3.2. Enhanced Pgcla, Nrfl and Tfam expression could promote
mitochondrial biogenesis in the frataxin KO heart

Our morphological assessment of LV mitochondrial number was
supplemented by examining the copy number of the mtDNA gene, NADH
dehydrogenase subunit 1 (ND1; Fig. 3A), which is outside of the mtDNA
regions susceptible to deletion in disease states [15]. This was normal-
ized to the single copy nuclear gene, -2-microglobulin (f2m) [15], to
deduce mtDNA copies/copy of nuclear DNA in the heart. The normal-
ized ND1: i2m copy numbers were only significantly increased in 10
week KOs versus WT littermates (Fig. 3A). Therefore, the observed in-
crease in mitochondrial number in 10 week KO mice (Fig. 1A, B, F, G)
directly corresponds to the increased mtDNA copy number.

As hypothesized earlier, increased mitochondrial number, mito-
chondria: myocyte area ratio, and mitochondrial cross-sectional area
could be due to enhanced mitochondrial biogenesis. This response could
increase mitochondrial mass to attenuate mitochondrial deficits [26]
that are observed in frataxin KO mice [1,3,4,8,12,13,34]. To assess this
possibility, LV protein expression of the major transcriptional regulator
of mitochondrial biogenesis, Pgcla, and its downstream targets, Nrfl
and Tfam [26,27] were examined by western analysis (Fig. 3B). The
expression of total cellular Pgcla, Nrfl and Tfam was significantly
increased in the 4 and 10 week KOs versus WT littermates (Fig. 3B). The
increase in these proteins at 4 weeks of age could reflect enhanced
mitochondrial mass and play a role in the mechanisms causing the
increased mitochondria: myocyte area ratio and mitochondrial
cross-sectional area in the KO mice (Fig. 1C, D, H, I). The sustained
activation of the Pgcla-Nrfl-Tfam mitochondrial biogenesis pathway in
the frataxin KO heart could explain the increased mitochondrial number
and elevated mtDNA copy number by 10 weeks of age (Fig. 1A, B, F, G,



S. Chiang et al. Redox Biology 46 (2021) 102038

A Transverse Section
_ 4 week KO

100%

Bg C awT D E 5
;—-T’ 2 gy {7 h & 4
— %]

£ g #_ | 8% To
= Z ©60% - %% | 0= S 53
= £E5 n.s. [ s °

2 & © r ¢ .

g 5 g% [ X T 582
5 S 8 s e 23

Q £ ©20% Ss S ®1
— L e

= 2 ox s g 0

WT KO " WT KO ' S ° TWT KO " WT KO @ WT KO " WT KO WT KO " WT KO

4 week 10 week 4 week 10 week

4week 10 week 4 week 10 week

F Longitudinal Section
4 week WT 4 week KO 10 week WT 10 week KO

9]

Mitochondria/myocyte

J 8

(2]

area ratio

Mitochondrial
aspect ratio
N »

sectional area (um?)

Mitochondria:myocyte I
Mitochondrial cross-

WT KO = WT KO
4 week 10 week

Fig. 1. TEM assessment demonstrates alterations of mitochondrial morphologies in LV sections of 4 and 10 week WT and KO littermates. Representative TEM
micrographs showing 4 and 10 week WT and KO LV cardiomyocytes in: (A-E) transverse sections and (F-J) longitudinal sections. Mitochondria (m) were found
within the myofiber (M) with condensed mitochondrial cristae (white arrows) in the KO at both ages, while iron-aggregates (black arrowheads) were only in 10
week KO mitochondria. Quantitative assessment of (B, G) the average number of mitochondria, (C, H) mitochondria: myocyte area ratio, (D, I) mitochondrial cross-
sectional area, and (E, J) mitochondrial aspect ratio, between 4 and 10 week KO and WT mice. Data are mean + SEM (n = 6 mice/genotype/age). One-way ANOVA
with Tukey’s post hoc tests were used. *, p < 0.05; **, p < 0.01; ***, p < 0.001, versus WT of respective age. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 versus 4 week
mice. n.s., not significant. Scale bars in (A, F) are 2 pm, or 500 nm, as indicated.



S. Chiang et al.

————————1.0 ym BF

Redox Biology 46 (2021) 102038

Fe Ka

——————————— 1.0 ym

Fig. 2. Electron-dense X-ray spectroscopy (EDS) analysis demonstrates iron accumulations within the LV mitochondria of 10 week frataxin KO mice. (A) Scanning
transmission electron micrograph of the region subjected to EDS analysis. (B) Corresponding X-ray elemental map for iron Ka (6.4 keV) over the identical field shown
in (A). The white arrows in (A) and (B) indicate electron-dense iron accumulations. Scale bar is 1 pm, as indicated.

and 3A).

3.3. The up-regulation of Pgcla expression occurs by Ampk, Paris, and
PPARYy regulation in the frataxin KO heart

Pgcla is a key transcriptional regulator of mitochondrial biogenesis
[25,26], with multiple, complex molecular mechanisms being involved
in its regulation [28-33]. To elucidate the regulatory mechanism
responsible for increased Pgcla protein levels, we first examined
expression of the transcriptional regulators of Pgcla, namely Ampk and
Paris (Fig. 3C), which induce and repress Pgcla expression, respectively
[28-31].

The activation of Ampk is governed by increased phosphorylation at
Thr172 (pAmpk) relative to total Ampk level that then leads to increased
Pgcla levels [28,29]. In 4 week KO mice, while both the levels of pAmpk
and total Ampk were significantly elevated versus WT mice, the pAmpk:
Ampk ratio was not significantly altered (Fig. 3C). This observation
suggested unchanged Ampk activity at this age. However, by 10 weeks
of age, pAmpk was higher than total Ampk levels in the KOs, resulting in
a significant increase in the pAmpk: Ampk ratio versus WT mice
(Fig. 3C). Examining the expression of Paris, this was not significantly
altered in the 4 week KO mice, although it was significantly decreased in
the 10 week KOs versus WTs (Fig. 3C). Both Ampk activation and the
decrease in Paris at 10 weeks may result in increased Pgcla levels at this
age [30].

Also relevant to the regulation of Pgcla is PPARy activation in the
heart, which has been demonstrated to transcriptionally induces Pgcla
and Tfam expression [41]. Considering this, PPARy protein expression
was then investigated and demonstrated to be significantly increased in
both 4 and 10 week KO hearts relative to their respective WT littermates
(Fig. S1). Hence, the up-regulation of PPARy protein could, in part, also
explain the increased protein levels of Pgcla and Tfam in the KO mice at
both ages (Fig. 3B).

Collectively, Ampk activation, Paris down-regulation and PPARy
activation are known to transcriptionally up-regulate Pgcla [29,30,41],
and could explain the increased Pgcla protein expression in the 4 and 10
week KO hearts (Fig. 3B).

3.4. The activity of Pgcla is suppressed by Gsk3p and Sirtl regulation in
the frataxin KO heart at 10 weeks of age

To examine if the regulation of Pgcla activity could also be altered,
we then assessed the protein expression of Gsk3p and Sirtl (Fig. 3C),

which have been reported to post-translationally modify Pgcla to
regulate its cellular localization and activity [28,29,32,33]. Notably, the
nuclear pool of Pgcla has a short half-life [42], which is known to be
regulated by Gsk3p-mediated phosphorylation of Pgcla that results in
the proteasomal degradation of nuclear Pgcla [32,33].

Examination of Gsk3p expression in the KO mice showed that at 4
weeks of age, the level of the Ser9 phosphorylated Gsk3p (pGsk3p) was
significantly elevated versus WTs (Fig. 3C). In contrast, the total Gsk3p
protein level was unchanged, resulting in a significantly increased
pGsk3p: Gsk3p ratio. The increase in this ratio indicates an inhibition of
Gsk3p activity [43], and could therefore decrease nuclear Pgcla
degradation and increase its transcriptional activity [32]. In contrast at
10 weeks of age, Ser9 pGsk3p level was significantly decreased, while
total Gsk3p level was marginally increased in the KO relative to the WT,
resulting in a significant decrease in the pGsk3p: Gsk3p ratio (Fig. 3C).
This indicates the activation of Gsk3p kinase activity in the 10 week KO
mice, as we have reported previously [12], and this may result in pro-
teasomal degradation of nuclear Pgcla [32].

Studies then assessed Sirtl protein expression (Fig. 3C), which
deacetylates Pgcla to increase Pgcla transcriptional activity [28,29]
and leads to Pgcla nuclear translocation [33]. Sirtl level was un-
changed in the 4 week KO hearts versus WTs, while at 10 weeks of age its
expression was significantly decreased in the KO (Fig. 3C). Taken
together, at 10 weeks of age, Gsk3f activation could decrease Pgcla
nuclear levels, while decreased Sirtl expression may lead to increased
Pgcla acetylation, and collectively, both these effects could suppress
Pgcla transcriptional activity.

3.5. Acetylation of Pgcla that inhibits its activity is markedly increased in
the 10 week KO heart

To ascertain if the transcriptional activity of Pgcla was suppressed in
the 10 week KO heart, the acetylation status of Pgcla was then exam-
ined, which inversely governs its activity [26,27]. We analyzed
acetyl-lysine levels of immunoprecipitated Pgcla from LV lysates
normalized to total Pgcla. At 4 weeks of age, the Pgcla
acetyl-lysine/Pgcla ratio was only slightly, but significantly increased
in KOs versus WTs (Fig. 3D). In contrast, at 10 weeks of age, the Pgcla
acetyl-lysine/Pgcla ratio was markedly and significantly increased in
the KO relative to the WT (Fig. 3D).

The decreased Pgcla transcriptional activity, as suggested from its
increased acetylation (Fig. 3D), should lead to reduced mRNA levels of
its downstream targets, Nrf1 and Tfam [26,27], particularly in 10 week
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KOs. In agreement with this hypothesis, RT-qPCR demonstrated Nrfl
mRNA levels were significantly decreased in 4 week KOs versus WTs,
while Tfam mRNA was not significantly altered (Fig. 3E). By 10 weeks,
both Nrf1 and Tfam mRNA levels were significantly decreased in the KO
(Fig. 3E), which is consistent with the increased Pgcla acetylation
observed at this age (Fig. 3D). The seemingly paradoxical increase in
Nrfl and Tfam protein expression (Fig. 3B) despite decreased Nrfl and
Tfam transcript levels (Fig. 3E) must be considered with care due to: (1)
the dynamic nature of both transcription and translation; (2) the
half-lives of the proteins and mRNAs involved; and (3) the multiple

*,p < 0.05; **, p < 0.01; ***, p < 0.001 versus WT of respective age. a.u.,

mechanisms of feedback regulation that are known
Pgcla-Nrfl-Tfam pathway [25,44,45].

Considering this latter observation and caveat, increasing Tfam
protein levels have been demonstrated to inhibit Nrfl transcriptional
activity and thereby decrease Tfam mRNA levels [45]. Therefore, the
decreased Tfam mRNA levels at 10 weeks of age (Fig. 3E) could be
mediated by this negative feedback mechanism due to increased Tfam
protein expression (Fig. 3B). Moreover, Nrfl transcription is also regu-
lated by the antioxidant defense pathway mediated through the nuclear
factor erythroid 2-related factor-2 [46]. We [12] and others [47] have

in the
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recently demonstrated that this latter protein is markedly
down-regulated in the frataxin-deficient mice, which could also explain
the observed decrease in Nrfl mRNA levels (Fig. 3E).

In summary, the studies in Fig. 3C-E demonstrate the regulation of
Pgcla expression and activity is complex and controlled by multiple
molecular mechanisms. These mechanisms could collectively culminate
in the increased Pgcla expression, but also its inhibited transcriptional
activity in the failing heart of the 10 week frataxin KO mouse.

3.6. Decreased Sirt1 activity and NAD": NADH ratio is due to impaired
NAD" metabolism and salvage in the 10 week frataxin KO heart

Considering the significant decrease in Sirtl protein in the 10 week
KO versus WT (Fig. 3C), we hypothesized that the activity of Sirt1 is also
likely reduced at this age in the KO mice. To examine this, nuclear Sirtl
activity was assessed at 10 weeks, and was found to be significantly
decreased in the KOs versus WTs (Fig. 4A). This finding corroborated the
decrease in Sirtl protein at this age (Fig. 3C), and could contribute to
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increased Pgcla acetylation in the KO mice (Fig. 3D).

Since Sirt1 activity is NAD"-dependent [28,29], mechanistically this
could indicate an NAD" imbalance in the KO that may alter mitochon-
drial biogenesis [28]. Indeed, intracellular NAD" was demonstrated to
be significantly decreased, while NADH was significantly increased in
the 10 week KOs versus WTs (Fig. 4B). These alterations resulted in a
significantly decreased NAD": NADH ratio (Fig. 4B). Of note, as found
for the 10 week mice, a similar relative difference in NAD", NADH, and
the NAD': NADH ratio between the WT and KO mice were also observed
at 4 weeks of age (data not shown). The NAD™ deficiency in the frataxin
KO heart at 10 weeks of age could be explained by the pronounced and
significant increase in nuclear NAD' consumption versus WT mice
(Fig. 4C).

Increased nuclear NAD' consumption may alter the metabolic bal-
ance of the NAD" salvage pathway, which is responsible for >99% of
NAD™ synthesis in the mouse heart [48]. Considering this, intracellular
nicotinamide (NAM) was examined since it is a product of NAD™ con-
sumption by enzymes, such as Sirtl in the nucleus [19,28]. In 10 week
KO mice, NAM was significantly increased versus WT littermates
(Fig. 4D). This accumulation of NAM could further inhibit Sirt1 activity
[19]. However, despite increased NAM, its direct downstream product
in the NAD™ salvage pathway, NAM mononucleotide (NMN [19,28]),
was significantly decreased in 10 week KOs (Fig. 4E). As NMN is then
adenylylated to form NAD™, thereby completing the NAD " salvage cycle
[19,28], our finding suggests a dysregulation in the enzymes of this
pathway in the 10 week KOs.

These imbalances in NAD" metabolites in 10 week mice are
corroborated by significant alterations in the expression of key enzymes
of the NAD" salvage pathway between the WT and KO mice (Fig. 4F). In
fact, the significant decrease in NAM phosphoribosyltransferase
(Nampt) expression observed in the KO (Fig. 4F) could raise NAM and
decrease NMN levels, as this enzyme converts NAM to NMN [19,28]. A
significant increase in the expression of nuclear-specific NMN adeny-
lyltransferase 1 (Nmnat1), which converts NMN to NAD™ [19,28], was
also observed in the KO (Fig. 4F), and this could further result in the
observed decrease in NMN levels. Notably, the levels of cardiac Nampt
have been demonstrated to directly correlate with NAD™ levels in the
mouse heart [49], which supports our data on NAD" levels (Fig. 4B).
Together, these alterations in expression of key NAD' metabolizing
enzymes could mediate the observed NAM and NMN imbalance (Fig. 4D
and E). This dysregulation in NAD" homeostasis in the 10 week KOs is
an indication of mitochondrial dysfunction [19], that is known to occur
in these mice [3,4,8,34].

The pronounced mitochondrial defect induced by frataxin deletion
was also demonstrated by the marked decrease in intracellular ATP in
the LV of 10 week KO mice (Fig. 4G) that is probably due to inhibited
mitochondrial respiration in these mice [50]. The ATP deficiency could
also cause the increased Ampk phosphorylation in the 10 week KO mice
(Fig. 3C), suggesting increased catabolism and autophagy [51] (exam-
ined below).

3.7. Increased expression of mitochondrial fusion and fission proteins in
the frataxin KO heart

Given the observed mitochondrial abnormalities (Fig. 1) and
bioenergetics-deficits (Fig. 4), changes in mitochondrial network dy-
namics could alleviate mitochondrial stress through complementation
(via mitochondrial fusion), or compartmentalization (via mitochondrial
fission), to restore mitochondrial function [24]. The observed increase
in mitochondrial number (Fig. 1B, G), increased mitochondria: myocyte
area ratio (Fig. 1C, H) and decreased mitochondrial cross-sectional area
(in 10 week KO mice; Fig. 1D, I) may result from increased mitochon-
drial fission. On the other hand, increased mitochondrial elongation, as
deduced from the mitochondrial aspect ratio in 10 week KOs (Fig. 1E, J),
could be mechanistically explained by increased mitochondrial fusion.
To assess this hypothesis, molecular markers of mitochondrial fission

10

Redox Biology 46 (2021) 102038

and fusion were then examined.

In mammals, fusion of the outer and inner mitochondrial membranes
is facilitated by Mfnl/2, and Opal, respectively [24]. Alternatively,
mitochondrial fission compartmentalizes damaged mitochondrial com-
ponents into daughter organelles that could be removed by mitophagy
[24]. This mitochondrial fission process involves cytoplasmic Drpl
interacting with mitochondrial fission protein 1 (Fisl) and mitochon-
drial fission factor, Mff, thereby encircling the constriction site on the
outer mitochondrial membrane [24]. A recent study has also indicated
that Fisl may directly bind Mfn1/2 to disrupt fusion machinery and
promote mitochondrial fragmentation, independent of Drpl [52].

At 4 weeks of age, LV total protein expression of the mitochondrial
fusion marker, Mfn1, was significantly increased in the KO hearts versus
WTs (Fig. 5A). Opal appeared as multiple bands between 80 and 100
kDa [53] with its expression only being marginally (p > 0.05) increased
in the 4 week KOs (Fig. 5A). The mitochondrial fission markers, Drpl,
and to a lesser extent, Fis1, were significantly increased in 4 week KOs,
whereas Mff was significantly decreased (Fig. 5A). The outer mito-
chondrial membrane protein and mitochondrial marker, Tomm20, was
also significantly increased in the KO at 4 weeks (Fig. 5A), which cor-
responds to the increased mitochondrial cross-sectional area in the fra-
taxin-deficient heart (Fig. 1D, I). These proteins were then examined in
the mitochondrial fraction and normalized to Tomm20 expression
(Fig. 5B).

Of note, assessment of the mitochondrial fraction is crucial to detect
translocation of cytoplasmic proteins to the mitochondrion (e.g., Drpl),
and to normalize the mitochondrial protein expression to changes in
mitochondrial mass. Therefore, the mitochondrial fraction provides a
more sensitive assessment of mitochondrial protein levels than total
cellular levels in the context of the quantitative alterations observed in
mitochondrial morphology (Fig. 1). In the mitochondrial fraction, the
expression of the fusion proteins, Mfn1l and Opal, were not significantly
altered in 4 week KOs versus WTs (Fig. 5B). However, at 4 weeks of age,
the fission proteins, Drpl and Fisl were significantly increased in the
mitochondrial fractions of the KOs versus WTs, despite normalization to
increased Tomm20 levels, whereas Mff was significantly decreased in
the KOs (Fig. 5B).

At 10 weeks of age, total protein expression of the mitochondrial
fusion (Mfnl and Opal) and fission (Drp1, Fisl, and Mff) markers, as
well as Tomm20, were all significantly increased in the KO (Fig. 5A).
When normalized to Tomm20 expression in the mitochondrial fraction
(Fig. 5B), the expression of the fusion proteins (Mfnl and Opal) was
significantly increased in 10 week KOs versus WTs. On the other hand,
only the mitochondrial fission proteins, Drpl and Mff, but not Fis1, were
significantly increased in the 10 week KOs relative to their WT litter-
mates (Fig. 5B). Notably, the detection of cytosolic Drpl in the mito-
chondrial fraction in both 4 and 10 week KOs is a robust indicator of
mitochondrial fission [24] at both ages. Expression of the cytoplasmic
marker, heat shock protein 90 (Hsp90), was very low in the mitochon-
drial fraction in the KO and WT in both age groups, indicating minimal
cytoplasmic contamination (Fig. 5B).

Collectively, these findings demonstrate progressive alterations in
expression of proteins that regulate mitochondrial dynamics in KO mice.
In the mitochondrial fraction at 4 weeks, the expression of all 3 mito-
chondrial fission markers (i.e., Drpl, Fisl, Mff) was significantly altered
in the KOs, while no significant change was observed for both fusion
markers (i.e., Mfnl and Opal; Fig. 5B). In contrast, in the mitochondrial
fraction at 10 weeks, both mitochondrial fusion (Mfnl and Opal) and
fission (Drpl and Mff) markers were significantly increased in KO mice
relative to WTs.

Molecular data from mitochondrial fractions above are consistent
with the ultrastructural alterations observed in Fig. 1. The early acti-
vation of mitochondrial biogenesis and fission markers (Fig. 3A and B
and 5) in the 4 week KO are consistent with the increased mitochondria:
myocyte area ratio (Fig. 1C, H) and the observed decrease in the mito-
chondrial aspect ratio in the longitudinal plane (Fig. 1J). By 10 weeks of



S. Chiang et al.

Redox Biology 46 (2021) 102038

A Total Cellular Protein
4 week 10 week
Mitochondrial anl‘ p Q" « & |<84
Fusion - (€100
Opal| ™= - . -480
Drpl|se 82
Mitt’):ht.mdrial Fisl — L 17
1ssion
IVIFF | S | e e <38
TomMmM20 | s || = " €13
Gapdh | S s s -...|<37
WT KO WT KO M
(kDa)
B Mitochondrial Fraction
4 week 10 week
Mitochondriall Mfn1 -8
Fusion [4100
Opal ' - . B0
Drpl - 82
Mittht_Jndrial Fis1 R
Fission
MFf | s 38
Hsp90 €90
Tomm?20| W s o (€18
WT KO WT KO M,
(kDa)
C Total Cellular Protein
4 week 10 week
Markers of | Pink1 | s -_ ’ — _}463
Mitochondrial
Dysfunction | Parkin | s -‘ o~ -}452
Gapdh|- -H—— —— }437
WT KO WT KO M
(kDa)
D Mitochondrial Fraction
4 week 10 week
Markers of | Pinkl | s - <63
Mitochondrial
Dysfunction | Parkin| s S ([ ses s <52
Hsp90 90
Tomm?20 | s s ]
WT KO WT KO M
(kDa)

. EWT i | 4 week
oKo i i
61 i i
5 i i
84 i x 1
E * i i *k
= 5 | ns. | * i
: [ 1 m
~ 1 1
N (N (NN R R e
8 3 Mfnl Opal Drpl Fisl Mff Tomm20
= OWT P 110 week
T |@mko i i
T 6 i i
g 1 1
£ ' |
94 *% ' - ! *
2 ] * * 1
& | H ﬂ :
2 A 1 H 1
1 1
1 1
0 S B N
Mfnl Opal Drpl Fis1 mff Tomm20
8 T
mWT ' 4 week
OoKo '
— 6 1 |
s 1
. 1
(© 1
£ !
% : * *
||
g 2 A n.s. ns. ! H H
L 1 *
S mll o mnim| omll om
= : Mfnl Opal Drp1l Fis1 Mff
S OWT * i 10 week
€ |mko :
£ 6 |
o i
S :
= 4 1 % % %
% N W0 *
— 1
(=] 1
27 ﬂ 1 n.s.
1
1 Y | Y o M O
Mfnl Opal Drp1l Fis1l mff
. 4 week 10 week
BWT OwT %
e 3 4 A OkKo 4 A OKo *
-
= %% *
SE 3 A 3 1
P,
c Y
T 32 2
- N
°¢
51 1 4
ol A O [
O £ . . 0 . 5 .
Pink1 Parkin Pink1 Parkin
" 4 week . 10 week
. [mwr owT
o3 oKo OKoO =
PER " 3 -
—
+ :
£E%2 2
P
531 - 1
b
0 + T 0 T
Pink1 Parkin Pink1 Parkin
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age, the progressive induction of mitochondrial fusion in the KO would
result in mitochondrial elongation, as determined by the mitochondrial
aspect ratio (Fig. 1E, J). This together with sustained mitochondrial
fission in the 10 week KO would contribute to increased mitochondrial
number in the KO (Fig. 1B, G), increased mitochondria: myocyte area
ratio (Fig. 1C, H), and decreased mitochondrial cross-sectional area
(Fig. 1D, I). These observations indicate that alterations in the expres-
sion of proteins involved in mitochondrial dynamics occur as early as 4
weeks of age, which may be regulated by sensors of mitochondrial
dysfunction (e.g., Pink1 and Parkin) that affect mitochondrial turnover
[23].

3.8. Increased Pink1 and Parkin protein in the frataxin KO heart
indicates mitochondrial dysfunction

Pinkl and Parkin are sensors of mitochondrial dysfunction and
regulators of mitochondrial dynamics, which make them markers of
mitochondrial health, function, and quality control [23]. In addition,
Pink1 and Parkin regulate mitochondrial-specific autophagy, known as
mitophagy [23]. In response to decreased mitochondrial membrane
potential and mitochondrial damage, Pinkl translocates to mitochon-
dria, and recruits and activates Parkin through its phosphorylation [22,
23]. Phosphorylated Parkin then targets Mfn1l for poly-ubiquitination
and degradation to inhibit mitochondrial fusion [22,23]. Hence,
expression and localization of Pink1 and Parkin are critical in regulating
mitochondrial dynamics and biogenesis, and also facilitate mitophagic
processing of damaged mitochondria [22,23]. As such, expression of
these two proteins was examined (Fig. 5C and D).

Total LV protein expression of Pinkl and Parkin were significantly
increased in the KO versus WT at 4 weeks and 10 weeks of age (Fig. 5C).
Moreover, a robust and significant increase in Pinkl and Parkin levels
normalized to Tomm20 were detected in mitochondrial fractions for
both age groups (Fig. 5D). These results demonstrated mitochondrial
localization of Pink1 and Parkin, suggesting mitochondrial dysfunction
in frataxin KO hearts as early as 4 weeks of age. As a mechanistic
consideration, Parkin can also indirectly regulate Pgcla expression via
coordinating proteasomal degradation of the Pgcla transcriptional
repressor, Paris [30]. The observed up-regulation of Parkin could
decrease Paris levels (Fig. 3C), thereby causing the increased Pgcla
expression in 10 week KO mice (Fig. 3B).

3.9. Inhibition of autolysosomal degradation by bafilomycin A1
demonstrates enhanced autophagic and mitophagic flux in the frataxin KO
heart

The mitochondrial localization of Pinkl and Parkin promotes
mitophagy [22,23]. In support of this, and in agreement with our pre-
vious studies [8], total protein expression of the mitophagic marker,
Fundcl, was found to be significantly increased at 10 weeks, but not at 4
weeks, in the frataxin KO mice versus WT littermates (Fig. 6A). However,
the subsequent mitochondrial fractionation procedure demonstrated
Fundcl expression in mitochondria was observed to be significantly
increased in both 4 and 10 week KO hearts (Fig. 6B).

Considering the marked alterations in key proteins involved in
mitochondrial dynamics (Fig. 5) and mitophagy (Fig. 6A and B), it was
important to investigate the rate of mitochondrial elimination by auto-
phagy. Specifically, the autophagic flux of WT and KO mice was
assessed, as an indication of the heart’s capacity to undergo autophagic
degradation [54]. To assess this in vivo, 10 week mice were administered
BAF (see Methods, Section 2.1), which inhibits autophagosome-lysosome
fusion and thereby inhibits autolysosomal degradation of autophagic
cargo [54]. Expression of the classical autophagic substrates, Le3-1I and
p62, and mitophagic substrate, Mfnl, were then assessed to monitor
autophagic and mitophagic flux in the LV of WT and KO mice after
BAF-treatment (Fig. 6C).

In vehicle-treated mice, the WT expressed both Lc3-1 (18 kDa) and
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Lc3-1I (16 kDa), whereas in the KO, Lc3-1I was the major form observed
(Fig. 6Ci-iii). Considering our previous report of enhanced expression of
autophagic initiation machinery [8], this finding of increased conver-
sion of Lc3-1 to Le3-1I in KO mice indicated stimulation of autophago-
some formation and possibly an inhibition of Le3-II degradation [54,55].
This alteration resulted in a significantly increased Lc3-II:Lc3-I ratio in
vehicle-treated KO mice versus WT littermates (Fig. 6Civ) [8]. Following
BAF treatment, a further significant increase in Lc3-II levels, without
affecting Lc3-I expression, was observed in BAF-treated WT and KO mice
versus the respective vehicle-treated mice (Fig. 6Ci-iii).

Notably, the effect of BAF on increasing Lc3-II expression was
significantly more marked in the 10 week KO than the WT relative to
their respective vehicle-treated counterparts (Fig. 6Ci, iii). Conse-
quently, BAF treatment resulted in a slight, but significant increase in
the Le3-I:Le3-I ratio in WT mice, while there was a marked and sig-
nificant increase in this ratio in the KOs versus their vehicle-treated
counterparts (Fig. 6Civ). Mechanistically, these results confirm BAF-
mediated inhibition of autolysosomal Lc3-1I degradation, thereby
enabling an assessment of autophagic flux that measures the capacity of
autolysosomal degradation in these mice [54]. Therefore, the autopha-
gic flux is enhanced in the KO mice compared to the WT mice. However,
the enhanced autophagic flux in the KO is likely exceeded by the
increased autophagic initiation, thereby resulting in an accumulation of
Lc3-1I in the vehicle-treated KO versus WT mice.

Additional mechanistic dissection using BAF treatment was per-
formed by examining the expression of the autophagic adapter and
substrate, p62 [54], which was significantly elevated in vehicle-treated
KOs versus WTs (Fig. 6Ci, v). This result again indicates increased
autophagosome generation [54,55], but also possible inhibition of p62
degradation in the 10 week KO mice. Similarly to the Lc¢3-1I:Le3-I ratio,
BAF treatment inhibited the autolysosomal degradation of p62, resulting
in a slight, but significant increase in p62 levels in WT mice (Fig. 6Ci, v).
In the KOs, BAF treatment also caused a marked and significant increase
in p62 expression versus their vehicle-treated counterparts (Fig. 6Ci, v).
Furthermore, BAF treatment resulted in an additional enhancement of
Mfn1 expression in KO mice versus vehicle-treated littermates (Fig. 6Ci,
vi), which suggests selective mitophagy also occurs via autolysosomal
degradation and enhanced mitophagic flux.

Collectively, these observations in Fig. 6 suggest that: (1) Mfnl is a
substrate of autophagic degradation in the KO mice, which is consistent
with enhanced mitophagy; (2) enhanced autophagic flux in the KO
compared to the WT mice demonstrated that autophagic degradation is
not inhibited in the KO mice; and (3) the accumulation of autophagic
substrates in the KO mice is likely the result of an overwhelming in-
duction of autophagic initiation, despite the already increased auto-
phagic flux in these animals.

3.10. Alterations in mitochondrial biogenesis, fusion, fission, and
autophagy in FA patients corroborate the studies in frataxin KO mice

The dysregulation in mitochondrial homeostatic proteins observed in
the frataxin KO heart prompted us to compare the levels and cellular
localization of PGCla, MFN1, DRP1, FIS1 and P62 in post-mortem LV
sections of hearts from FA and age/gender-matched control patients
(Table S1). In longitudinal sections of LV tissue from FA patients, pro-
nounced fibrotic lesions (circled by dashed lines) and cardiomyocyte
disarray and degeneration (asterisks) can be identified by H & E stain-
ing, which is absent in controls (Fig. 7A). Consistent with our previous
investigation [8], intact cardiomyocytes of FA patients demonstrate
cardiomyocyte hypertrophy, consistent with the cardiomyopathy
observed in the frataxin KO mice [34].

In control patients, immunohistochemistry staining of the mito-
chondrial biogenesis marker PGCla [29] was demonstrated to be
expressed in the nucleus and cytosol (Fig. 7B). The mitochondrial fusion
protein, MFN1, and mitochondrial fission proteins, DRP1 and FIS1, were
observed in control patients primarily in the perinuclear and
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Fig. 6. Protein expression of the mitophagic marker, Fundcl, in 4 and 10 week WT and KO littermates, and assessment of autophagic/mitophagic flux upon
Bafilomycin Al (BAF) treatment in the LV tissue of 10 week frataxin KO mice versus WT littermates. (A, B) Representative immunoblots and densitometry showing
Fundcl expression in (A) total cellular protein, and (B) mitochondrial fractions, of 4 and 10 week KO versus WT littermates. Gapdh was used as a loading control for
total protein-loading in (A), while Hsp90 and Tomm20 were used as protein-loading controls for cytoplasmic and mitochondrial fractions in (B), respectively. In (A,
B) data are mean + SEM (n = 4-6). Unpaired two-tailed Student’s t-tests were used. (C) BAF inhibits autolysosomal degradation of autophagic components, i.e., Lc3-II
and p62. Representative (i) immunoblots and (ii-vi) densitometry of (if) Lc3-1, (iif) Le3-I1, (iv) Le3-1L:Le3-1 ratio, (v) p62, and (vi) Mfn1, in the heart from 10 week WT
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hoc tests were used. *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus WT. #, p < 0.05; ##, p < 0.01 versus vehicle control. a.u., arbitrary unit. n.s., not significant.

interfibrillar regions, which are typical locations of cardiomyocyte
mitochondria (Fig. 7C-E). In contrast, in FA patients, immunostaining of
PGCla, MFN1, DRP1 and FIS1 were all significantly enhanced relative
to controls (Fig. 7B-E). These results are consistent with the enhanced
expression of these proteins in LV lysates from frataxin KO mice (Figs. 3B
and 5A, B), suggesting enhanced mitochondrial biogenesis, fusion and
fission machinery in the FA patient hearts.

Interestingly, while PGCla immunostaining was significantly
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increased in FA patients, it was mostly absent in the nucleus (Fig. 7B).
This result could suggest PGCla inactivation and/or increased nuclear
PGCla degradation, as observed in the frataxin KO mice (Fig. 3C and D).
DRP1 expression was also detected in the intercalated discs of the con-
trol and this was particularly enhanced in FA patients (square-brackets;
Fig. 7D). The intercalated discs in FA patients also appeared structurally
disorganized and discontinuous, as reported previously [56]. For MFN1
and FIS1, their expression in FA patients was enhanced in the



S. Chiang et al. Redox Biology 46 (2021) 102038

A Control FA Patient
= e , - ;- ;_ﬁ ¥
w. - = 77
= o - -- - 3
H&E : L) ' S = ==
Ny~ - | s * — —
R - =
- A % - ST T
8 & b o —
E, ]
o e o |
B a 25
4 [ PGCla **
¢ y w 520 A T
‘ s g
-~ E E 15 -
a9 ) v n o
PGCla|¥ o 87T 10 =
b t 8 5
q T 505 A
: e
5 2 0.0 r
Control ' FA Patient
/ /& —_
§ T 5 | MFN1 T
. ED 3
S/ S 4
[ f 3 g 3 4
MFN1 (i g
Z 5 i
a E g 2
a 1
o
3 0
AR ) ﬁ ¢ Control FA Patient
- N
D ; v 4 30 -
y "_, p 8 2.5 4 DRP1
; 2 2,
e s [
/ oy c >20 4
; é £51s
4 . { Ay A " = . =
3 o o
DRP1 < 7 1 2510 I
{ « o=
4 -4 . . / g 05 1
' - ' ' . o0
l’ s l; : 50 um ' Control FA Patient
7 o o Y B . =
E o’ , s 7/ 7 3 // 5
Y %4 R / ; _
: P A of g , | Fs1 "
y 4 > / // z ,f{/ % ;DED 8 T
¥ . *\. - / £ E 3 A
. / . d oA 8o
FIS1 ' & gl | ey 0% 23 24
Y /7 i/ n ©
o o= / Qg
" - ¢ 3 ,/ a 1 4
s S 7 . o
P 3 3 ,/ % = 0 i
7 AT soam ||| o2, [ somm | Control  FA Patient
o
—
F | g 30
()
\ 3 225 { P62 *%
\ ] w 9
! » ! ) 1 g > 2.0 A T
q/ g I ’ I E g 15 o
P62 ; i 73
1 ' 1A £ 8101 g
i ! 1 5 05 -
I 1 =5
_— 1 : : ' -
i!) Control  FA Patient

Fig. 7. Immunohistochemistry assessment of protein markers of mitochondrial biogenesis, fusion, fission, and autophagy in LV sections of FA patients relative to age-
and gender-matched controls. Representative micrographs of staining for: (A) H & E, (B) PGCla, (C) MFN1, (D) DRP1, (E) FIS1, and (F) P62 and their corresponding
quantification in LV sections from FA patients and age- and gender-matched controls (see Table S1). Dash-encircled regions indicate areas of interstitial fibrosis;
asterisks indicate areas of cardiomyocyte degeneration; and square-brackets indicate disorganized intercalated discs. Quantification of immunohistochemistry was
performed using ImageJ Fiji with staining intensity represented as optical density (OD)/cardiomyocyte, where OD = log [max intensity/mean intensity]. Data are
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vacuolated, degenerating cardiomyocytes (asterisks; Fig. 7C, E), prox-
imal to fibrotic lesions (encircled by dashed lines). Similarly, immuno-
staining of the autophagic substrate, P62, was predominantly expressed
in degenerating cardiomyocytes surrounded by fibrotic lesions (encir-
cled by dashed lines) in FA patients, while there was minimal staining in
control sections (Fig. 7F).

Overall, these immunohistochemistry studies examining FA patients
strongly support the analyses of the heart from the frataxin KO mice and
confirm the significantly enhanced expression of markers of mitochon-
drial biogenesis, fusion/fission and autophagy.

4. Discussion

Defective mitochondrial iron metabolism and oxidative stress
potentiate cardiac pathology invoked by the loss of frataxin [1,3,4,8,
12], although how these factors alter mitochondrial homeostasis re-
mains uncharacterized in FA cardiomyopathy. In FA patients, cardio-
myopathy is the major cause of death with mitochondrial dysfunction
being a major factor [3,4,8]. In the current study using the frataxin KO
heart, TEM ultrastructural assessment demonstrated extensive prolifer-
ation of structurally abnormal mitochondria, with iron deposits being a
distinct feature. Within the mitochondrial matrix, mitochondrial cristae
condensation was also observed in the KO at 4 and 10 weeks of age.
Notably, elongated and entangled mitochondria were observed in both
anatomical planes of 10 week KO hearts, which markedly displaced
cardiac myofibers. This contrasts the well-organized mitochondria ar-
ranged parallel to myofibers in the WT heart.

These mitochondrial ultrastructural alterations in frataxin-deficient
cardiomyopathy could be attributed to two distinct regulatory mecha-
nisms of Pgcla, which is a major regulator of cardiac mitochondrial
biogenesis and energy metabolism [25,26,57]. In terms of the first
mechanism regulating Pgcla, there was an early and sustained induc-
tion of Pgcla-Nrfl-Tfam signaling in the KO mice from 4 weeks of age,
when the mice showed no structural or functional cardiac defects [8],
through to 10 weeks of age, when the mice developed cardiac hyper-
trophy and heart failure [8]. This sustained up-regulation of Pgcla could
contribute to progressive mitochondrial proliferation, as indicated by
increased mitochondrial number, mitochondria: myocyte area ratio and
mtDNA copy number.

The increased Pgcla expression could also act to maintain adequate
mitochondrial energy demand during the development of cardiac hy-
pertrophy [57]. Notably, cardiac Pgcla overexpression in mice has been
demonstrated to result in a dilated cardiomyopathy with proliferation of
enlarged mitochondria that displaced sarcomeric assemblies at the ul-
trastructural level [58]. This was morphologically comparable to the
mitochondrial proliferation observed in the 10 week frataxin KO mice
(Fig. 1A, F). However, increased Pgcla expression was also implicated in
the rapid onset of human heart failure due to mtDNA mutations [59].
Therefore, increased mitochondrial biogenesis despite mtDNA damage
may be a maladaptive response that exacerbates heart failure [59].

Regarding the second mechanism regulating Pgcla, there was an
inhibition of Pgcla activity as demonstrated by increased Pgcla acety-
lation. This was most pronounced in the failing hearts of 10 week fra-
taxin KO mice [8]. This inhibition of Pgcla is prevalent in pathological
cardiac hypertrophy and heart failure, where a metabolic switch medi-
ated by Pgcla inhibition shifts energy metabolism from fatty acid
oxidation to reliance on glycolysis to facilitate efficient ATP production
[57,60]. Of note, the failing adult heart and fetal heart both undergo a
similar metabolic reprogramming towards glucose metabolism and the
activation of a fetal gene program [60]. Considering this, we have pre-
viously identified fetal gene reactivation in the 10 week KOs [8], which
also exhibited the distinctive elongated and curvilinear mitochondrial
morphology that is characteristic of fetal cardiac mitochondria [61].
Moreover, the pronounced condensation of the mitochondrial cristae in
the KO heart (Fig. 1A, F) is morphologically identical to those observed
in the cardiac Pgcla/p knockout mice [62]. Collectively, in the frataxin
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KO heart, a progressive stimulation of Pgcla expression early in the
disease process at 4 weeks is likely a major factor driving mitochondrial
proliferation, while the subsequent inactivation of Pgcla at 10 weeks
could be responsible for the metabolic reprogramming that occurs as the
heart progresses towards failure.

The regulation of the Pgcla pathway is complex with many upstream
regulators as well as feedback loops that govern their own expression
[29-31,45,63,64]. Herein, we demonstrated the progressive induction
of Pgcla expression could be mediated by: (1) increased Ampk activa-
tion that increases Pgcla expression and activity [31,63], which could
be potentiated by increased microRNA miR-144 expression [65] that we
demonstrated to be up-regulated in 10 week KO mice [66]; (2) inhibi-
tion of the Pgcla transcriptional repressor, Paris [30] at 10 weeks, likely
due to the up-regulation of Parkin; (3) inhibition of Gsk3p activity at 4
weeks that could reduce nuclear Pgcla degradation and increase Pgcla
activity [32]; and (4) elevated PPARy expression that transcriptionally
induces Pgcla [41] (Fig. 8A). The subsequent inhibition of Pgcla ac-
tivity in the failing 10 week frataxin KO hearts is attributed to increased
Pgcla acetylation. This Pgcla inhibition was in good agreement with
the decreased expression and activity of the NAD'-dependent Sirtl
deacetylase [29], and also the decreased NAD/NADH ratio at 10 weeks
of age. Increased PPARy expression also inhibits Sirt1 level and activity
[67], which could further the Pgcla inhibition in the frataxin KO heart.
Our studies herein demonstrate for the first time in FA cardiomyopathy
that decreased Sirtl activity results in increased Pgcla acetylation and
its subsequent inactivation (Fig. 8A). Additionally, Pgcla inactivation in
the 10 week KO mice may be due to Gsk3p activation that causes nuclear
Pgcla degradation [29] and decreased expression and activity of Sirtl,
which is required for Pgcla nuclear translocation [33]. This finding in
the KO mice is strongly corroborated in FA patient LV sections, where
PGCla immunostaining was overall enhanced, but its nuclear expression
was substantially decreased.

Our current investigation demonstrated that the decreased Sirtl
activity in the frataxin-deficient heart was due to a decrease in the
intracellular NAD" pool. This NAD" deficiency in FA cardiomyopathy is
potentiated by a dysregulation in the NAD" salvage pathway, which is
responsible for >99% of NAD" synthesis in the mouse heart [48]. Spe-
cifically, we identified a down-regulation of Nampt resulting in NAM
accumulation that in turn inhibits Sirtl activity [19], and an
up-regulation of Nmnat1 contributing to a decline in NMN level, thereby
disrupting the NAD™ salvage pathway in the frataxin-deficient heart
(Fig. 8A).

Moreover, previous studies using the frataxin KO mouse also iden-
tified energy metabolic alterations that could contribute to the observed
NAD" deficiency, including: (1) increased glycolysis that increases
NAD™ consumption; (2) increased expression of NAD'-reducing en-
zymes involved in the Krebs cycle, the catabolism of branched-chain
amino acids and ketone bodies, and pyruvate decarboxylation; and (3)
diminished mitochondrial complex I activity, which initiates the elec-
tron transport chain with NADH oxidation [50,68] (Fig. 8A). Collec-
tively, NAD" deficiency caused by impaired NAD" salvage and
dysregulated NAD'-dependent energy metabolism exacerbates the
metabolic defects in frataxin-deficiency (Fig. 8A), which could play a
major role in potentiating mitochondrial dysfunction, redox stress, and
energy deficiency in FA.

In the frataxin KO mice, spatiotemporal alterations in mitochondrial
fusion and fission markers fittingly corresponded with our quantitative
ultrastructural assessment of mitochondrial morphology, and demon-
strated a progressive mitochondrial dysfunction. In particular, there was
an activation of mitochondrial fission from 4 weeks, with concurrent
fission and fusion occurring by 10 weeks of age (Fig. 8B). Enhanced
expression of both mitochondrial fusion and fission markers was also
observed in the FA patient heart, thereby strongly supporting the results
from the frataxin KO mice. Mechanistically, Drpl-mediated fission is
induced by mitochondrial dysfunction in cardiac ischemia and reper-
fusion injury, and is a mediator of pathology [69]. Hence, mitochondrial
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Fig. 8. Schematic illustrating the effects of cardiac
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dysfunction and bioenergetic deficits due to frataxin-deficiency could
directly cause an early induction of Drpl-mediated mitochondrial
fission and potentiate cardiomyopathy in FA (Fig. 8B). Moreover,
increased Fisl could also contribute to enhanced mitochondrial frag-
mentation in the KO mice independent of Drpl, via the inhibition of
fusion machinery [52]. An early induction of mitochondrial fission due
to frataxin-deficiency could also contribute to the fragmented mito-
chondrial network that was observed in in vitro models of FA [47,70].
Additionally, the oxidative stress-mediated increase in glutathione
oxidation that we demonstrated in 10 week KOs [12], and that was also
observed in other FA cardiac models [71], could stimulate mitochon-
drial fusion [72].

Cross-talk between mitochondrial fusion and fission in frataxin-
deficiency may be mediated by the induction of Parkin, through its
roles in both processes [69]. The early mitochondrial accumulation of
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Pink1, Parkin and Fundc1 at 4 weeks could be induced by Nrfl [73], and
indicates mitochondrial damage and mitophagic activation. Mitophagy
was confirmed by the accumulation of Mfnl following autolysosomal
inhibition by BAF-treatment. Collectively, mitochondrial dysfunction
caused by frataxin-deficiency could increase mitochondrial fission and
mitochondrial recycling via the activation of Drpl and Pinkl-Parkin
signaling. The subsequent induction of mitochondrial fusion poten-
tially acts to increase mitochondrial capacity and cardiac energetics [74]
(Fig. 8B). Thus, for the first time, our findings identify a significant role
for mitochondrial dynamics in the development of FA cardiomyopathy.

Herein, using the well-established lysosomotropic agent, BAF [54],
we confirmed increased autophagic and mitophagic flux in 10 week
KOs, rather than an inhibition of autolysosomal degradation that we
previously speculated [8]. Therefore, the heightened Lc3-1I and p62
expression in vehicle-treated KO mice could be the result of chronic



S. Chiang et al.

stress-induced autophagic initiation [8], but without equivocal autoly-
sosomal degradation to prevent their accumulation. In FA patient LV
sections, P62 was also observed in the degenerating cardiomyocytes
proximal to fibrotic lesions, which is typical of the failing human heart
[751.

Our previous studies examining the muscle creatine kinase condi-
tional KO mouse demonstrated that while frataxin is deleted in the heart
and skeletal muscle, only in the heart was significant molecular, cellular
and whole organ pathology observed [12]. This is probably because
frataxin is a mitochondrial protein that plays a key role in mitochondrial
function and that the heart is markedly dependent on the aerobic
mitochondrial respiration, with an almost exclusive dependence on
aerobic metabolism [12]. In contrast, skeletal muscle mainly depends on
anaerobic glycolysis, and as such, the effects of frataxin depletion are not
marked in this tissue [12]. Thus, due to the lack of functional conse-
quences, the deletion of frataxin in the skeletal muscle is unlikely to
have significant bearing on the current results obtained examining the
heart, where the major pathology is observed.

Our investigation has identified crucial bioenergetics deficits and
molecules that could be targeted for novel therapeutic strategies for
treatment of the cardiomyopathy in FA. For example, pharmacological
targeting of Ampk could be a potential therapeutic strategy for FA via
the cardio-protective effects mediated by: (1) enhancing Pgcla-medi-
ated mitochondrial biogenesis [76,77]; and (2) modulating autophagy
or Pinkl-mediated mitophagy to circumvent heart failure [78,79]. In
terms of targeting mitochondrial network dynamics, the inhibition of
mitochondrial fission [80-83], or over-expression of mitochondrial
fusion proteins [84], has been demonstrated to improve heart function
following cardiac injury. Alternatively, NAD" supplementation could
potentially be an innovative therapeutic avenue for FA cardiomyopathy
[13,68]. In particular, NAD" precursor supplementation may be bene-
ficial for FA treatment, as this could increase sirtuin activities [19].
Recent studies using an NAD-donating agent or NMN modestly atten-
uated FA cardiomyopathy [13,68]. Therefore, the current investigation
has identified a number of molecular alterations in the FA cardiomy-
opathy that could be crucial for rationalizing future treatment strategies
for effective therapy.

In summary, frataxin-deficiency results in an accumulation of
intramitochondrial redox active iron aggregates and inhibition of energy
production that contributes to mitochondrial dysfunction [3,4,34,50].
In 4 week KO mice, as an early response to the bioenergetic deficits and
mitochondrial dysfunction, mitochondrial biogenesis via Pgcla activa-
tion, enhanced Drpl-mediated mitochondrial fission, and Pink1/Parkin
signaling were observed (Fig. 8B). This concomitant activation of
Pink1/Parkin would also act to suppress mitochondrial fusion to further
promote fission and mitophagic recycling of damaged mitochondria [22,
23]. By 10 weeks of age, the oxidative damage and metabolic deficits
caused by frataxin-deficiency persist in the KO mice. As such, mito-
chondrial fusion is also activated as an additional rescue response,
probably in an attempt to increase mitochondrial capacity and supple-
ment cardiac bioenergetics [74]. Together with continual activation of
mitochondrial biogenesis and fission that contribute to increased mito-
chondrial mass, there is continued Pink1/Parkin signaling and mitoph-
agy, again as part of a frustrated attempt in mitochondrial quality
control (Fig. 8B). Relevant to this analysis, it is also important to
consider the heterogeneity of mitochondria within the cell [85,86], and
especially in cardiomyocytes [87], in terms of redox state, membrane
potential and mitochondrial network dynamics. Therefore, these dy-
namic and potentially competing processes of mitochondrial homeo-
stasis could occur in parallel in distinct populations of cardiac
mitochondria as an attempt to reconstitute mitochondrial energetics in
the frataxin-deficient heart. However, mitochondrial dysfunction per-
sists in the KO mice due to the genetic ablation of frataxin, demon-
strating the metabolic defect could not be overcome.
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