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BACKGROUND: The mutated a-B-Crystallin (CryABR2°%) mouse model of desmin-related myopathy (DRM) shows an age-de-
pendent onset of pathologic cardiac remodeling and progression of heart failure. CryABR2°¢ expression in cardiomyocytes
affects the mitochondrial spatial organization within the myofibrils, but the molecular perturbation within the mitochondria in
the relation of the overall course of the proteotoxic disease remains unclear.

METHODS AND RESULTS: CryABR'29¢ mice show an accumulation of electron-dense aggregates and myofibrillar degenera-
tion associated with the development of cardiac dysfunction. Though extensive studies demonstrated that these altered
ultrastructural changes cause cardiac contractility impairment, the molecular mechanism of cardiomyocyte death remains
elusive. Here, we explore early pathological processes within the mitochondria contributing to the contractile dysfunction and
determine the pathogenic basis for the heart failure observed in the CryABR™2°C mice. In the present study, we report that
the CryABR129¢ mice transgenic hearts undergo altered mitochondrial dynamics associated with increased level of dynamin-
related protein 1 and decreased level of optic atrophy type 1 as well as mitofusin 1 over the disease process. In association
with these changes, an altered level of the components of mitochondrial oxidative phosphorylation and pyruvate dehydroge-
nase complex regulatory proteins occurs before the manifestation of pathologic adverse remodeling in the CryABR'2°C hearts.
Mitochondria isolated from CryABR'29G transgenic hearts without visible pathology show decreased electron transport chain
complex activities and mitochondrial respiration. Taken together, we demonstrated the involvement of mitochondria in the
pathologic remodeling and progression of DRM-associated cellular dysfunction.

CONCLUSIONS: Mitochondrial dysfunction in the form of altered mitochondrial dynamics, oxidative phosphorylation and pyruvate
dehydrogenase complex proteins level, abnormal electron transport chain complex activities, and mitochondrial respiration are
evident on the CryABR'2°C hearts before the onset of detectable pathologies and development of cardiac contractile dysfunction.
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ardiomyopathies are a heterogeneous group failure (HF) with significant morbidity and mortality.!
of progressive diseases of the myocardium, or  Cardiomyopathies are classified according to their
heart muscle, often leading to progressive heart morphological and clinical symptoms into dilated
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Mitochondria in CryABR120G Proteotoxicity

CLINICAL PERSPECTIVE

What Is New?

e A missense mutation in a-B-crystallin (R120G)
causes desmin-related cardiomyopathy, which
is a myofibrillar protein aggregation disease
characterized by abnormal accumulations of
desmin and a-B-crystallin within muscle fibers;
the proteotoxic sequelae leading to the devel-
opment of cardiomyopathy in the CryABR'20G
model are unclear.

e |n the present study, we aim to determine the
time point of the onset of impairment in mi-
tochondrial dynamics and oxidative phos-
phorylation that ultimately contribute to the
CryABR129CG_gssociated cardiomyopathy.

e Here, we demonstrate that altered level of mito-
chondrial dynamics, oxidative phosphorylation
system, and pyruvate dehydrogenase complex
complex regulatory proteins and resultant mito-
chondrial respiratory dysfunction are the early
events ultimately contributing to the develop-
ment of cardiomyopathy.

What Are the Clinical Implications?

e Desmin-related myopathy pathogenesis is as-
sociated with the accumulation of electron-
dense aggregates affecting the derangement
of the mitochondrial spatial organization, but
the pathogenic molecular sequelae remain
obscure.

e Despite extensive studies, the relationship be-
tween maladaptive changes in mitochondrial
structure and function to the development of
desmin-related myopathy associated cardio-
myopathy remains unknown.

e Qur study showed that alterations in mito-
chondria dynamics and defects in oxidative
phosphorylation appears in CryABR'2°¢ hearts
before the onset of other detectable pathologies
and compromised cardiac systolic contractile
function; these findings suggesting a causal
role for altered mitochondrial function in DRM
pathogenesis and shed light on the molecular
mechanism of desmin-related myopathy-asso-
ciated cell death.

Nonstandard Abbreviations and Acronyms

BN-PAGE blue native polyacrylamide gel

electrophoresis

CryAB a-B-crystallin

CryABR1206  Arg120Gly missense mutation in
CryAB
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CS citrate synthase

DRM desmin-related myopathy

Drp1 dynamin-related protein 1

E1 pyruvate dehydrogenase

E2 dihydrolipoamide transacetylase

E3 dihydrolipoamide dehydrogenase

ETC electron transport chain

FCCP carbonyl
cyanide-p-trifluoromethoxy-
phenylhydrazone

HD Huntington disease

MFN1 mitofusin 1

MFN2 mitofusin 2

OCR oxygen consumption rates

OPA1 optic atrophy type 1

OXPHOS oxidative phosphorylation system

PDH pyruvate dehydrogenase complex

cardiomyopathy, hypertrophic cardiomyopathy, re-
strictive cardiomyopathy, and arrhythmogenic right
ventricular cardiomyopathy. Mutations in the cytoskel-
etal proteins and proteins associated with them can
be causative in different forms of cardiomyopathies
because these proteins function in structural, sensor,
and signaling roles in the healthy and diseased car-
diomyocyte.? One such genetically heterogeneous
group of disorders is the desmin-related myopathy
(DRM), which is a rare heritable cardiac and skele-
tal muscle disease characterized by skeletal mus-
cle weakness, conduction disturbance, and dilated
cardiomyopathy.® Mutations in desmin, a-B-crystal-
lin (CryAB), and other desmin-related genes result
in DRM leading to intracellular accumulation of mis-
folded protein and production of soluble pre-amyloid
oligomers, resulting in weakened skeletal and cardiac
muscle.*

CryAB, a member of the small heat shock protein
family comprising 1% to 3% of total soluble cardiac
protein,® binds desmin and cytoplasmic actin and
acts as a chaperone for the protection of intermedi-
ate filaments in the heart. An Arg120Gly missense
mutation in CryAB (CryABR'?°¢) was initially identi-
fied in a French family as causing DRM.8 Patients
with DRM with the CryABR™2°G mutation also de-
velop hypertrophic, dilated, and restrictive cardio-
myopathies.® The structure—function relationship of
CryAB has been confirmed and further studied in
cell culture and genetically modified animal mod-
els.'9-'2 The cardiac-specific transgenic mice ex-
pressing CryABR™?9¢ showed the accumulation of
pre-amyloid oligomer—positive aggregates, followed
by progressive cardiomyocyte loss, cardiac dys-
function, and HF. Though a major histopathological
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feature of DRM is the accumulation of desmin-pos-
itive aggregates caused by mutations in desmin or
desmin-interacting proteins,'®'* DRM-causing muta-
tions are not the only cause of desmin aggregation
in the heart.”® Studies reported the accumulation of
desmin-positive pre-amyloid oligomers and amyloid
fibrils in small and large animal models of HF (HF)
and in human tissue specimens in the absence of
genetic mutations.'®>'® Moreover, studies also sug-
gested the amyloidogenic properties of wild-type
desmin in skeletal muscle where desmin misfolding
can propagate in a prion-like fashion.'”” Overall, the
pre-amyloid oligomer accumulations are toxic for
cells and membranous organelles, thus adversely
affecting cellular energetics and leading to de-
creased cardiac contractile function observed with
HF."® Increasing the clearance/degradation of these
toxic protein aggregates by upregulation of small
heat shock proteins,'® activation of proteasomes,'
stimulation of autophagy,?°-?? and exercise®® are in-
dividually sufficient to attenuate and/or delayed the
onset of the morphological and functional patholo-
gies, increasing the probability of survival into mi-
dadulthood. Despite all these studies to treat DRM
pathologies, studies were partially able to delay the
progression of the disease, because the pathogenic
molecular sequelae remain obscure.

In this study, we explored early pathological pro-
cesses involved in contractile dysfunction and deter-
mined the pathogenic basis for the HF observed in
the CryABR™29G mice. The integrity of the cytoskel-
eton in both skeletal and cardiac muscles rigidly
controls the mitochondrial organization, as DRM-
causing mutations result in early perturbations in
mitochondrial-sarcomere architecture and function.
In DRM mice expressing either mutant desmin or
CryABR120G " glectron-dense aggregates intersperse
the myofibril, resulting in disruptions in mitochondrial
spatial organization. Similarly, tissue biopsy samples
from patients diagnosed with myofibrillar myopathies
showed alterations in mitochondrial morphology and
positioning, abnormal mitochondrial enzyme stain-
ing, and have reduced mitochondrial complex ac-
tivities.?® Despite extensive studies, the relationship
between maladaptive changes in mitochondria to the
development of cardiomyopathies in DRM remains
unknown. In the present study, we aim to define the
time point of the onset of impairment in mitochon-
drial dynamics and mitochondrial function that ul-
timately contribute to the CryABR™29CG-associated
cardiomyopathy. Here, we demonstrate that altered
expression of regulatory proteins for mitochondrial
dynamics and oxidative phosphorylation system
(OXPHOS) and dysfunction of mitochondrial respira-
tion are early events that ultimately contribute to the
development of cardiomyopathy.
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METHODS

Data Availability Disclosure Statement

The authors declare that all supporting data and
method descriptions are available within the article
or from the corresponding author upon reasonable
request.

Materials

Materials are as follows: Cell Lytic M (Sigma-Aldrich),
Protease Inhibitor Cocktail (Roche), pre-cast 7.5%
to 15% Criterion Gels (BioRad), Oligomycin (Sigma-
Aldrich), carbonyl cyanide-p-trifluoromethoxy-phe-
nylhydrazone (FCCP) (Sigma-Aldrich), Rotenone
(Sigma-Aldrich), Antimycin A (Sigma-Aldrich), and
Ponceau S (Acros Organic) were used.

Animals

CryABR'2%C transgenic mice have been described
previously and are in an FVB/N background.?® All
procedures for handling animals complied with the
Guide for Care and Use of Laboratory Animals and
were approved by the ACUC Committee of LSU
Health Sciences Center-Shreveport. All animals were
cared for according to the National Institutes of Health
guidelines for the care and use of laboratory animals.

Echocardiography

Echocardiograms were performed on isoflurane-anes-
thetized mice with a VisualSonics Vevo 3100 Imaging
System to assess cardiac functional parameters as
described previously.?42% Briefly, we recorded the
M-mode echocardiographic images along the par-
asternal short axis by investigators blinded to geno-
type to determine left ventricular (LV) size and systolic
function. M-mode measurements included the LV in-
ternal dimensions in systole and diastole (LVID;s and
LVID;d, respectively) as well as the diastolic thick-
ness of LV posterior wall, and diastolic intraventricu-
lar septum thickness. Percent fractional shortening
was calculated using: [(LVIDd-LVIDs)/LVIDd] x 100.
From these data, LV end-systolic, LV end-diastolic di-
ameter, LV mass, and percent ejection fraction were
calculated. Systolic shortening of the interventricular
septum thickness and posterior wall was calculated
using: [(systolic thickness-diastolic thickness)/systolic
thickness] x 100.

Mitochonderia Isolation

Mitochondria from the hearts of CryABR'2°C trans-
genic and nontransgenic mice were isolated, as de-
scribed previously.?4=2¢ Briefly, hearts were harvested,
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homogenized in MS-EGTA buffer (225 mM mannitol,
75 mM sucrose, 5 mM HEPES, and 1 mM EGTA,
pH 7.4) and subjected to differential centrifugation.
Finally, mitochondria were lysed with 1x cell lytic
M (Sigma-Aldrich) containing protease and phos-
phatase inhibitors.

Mitochondrial Respiration

Mitochondrial oxygen consumption rate was measured
with an XF24 Extracellular Flux Analyzer (Seahorse
Biosciences, North Billerica, MA) by methods as de-
scribed previously.?4?% Mitochondria were isolated
from the mix-sexed age-matched CryABR™2°C and
nontransgenic hearts using MS-EGTA buffer (225 mM
mannitol, 75 mM sucrose, 5 mM HEPES, and 1 mM
EGTA, pH 7.4) by differential centrifugation as de-
scribed above. Mitochondria (50 pg/well) were seeded
in XF24 culture plates, and respiration was measured in
mitochondrial assay buffer (220 mM mannitol, 7M mM
sucrose, 10 mM KH,PO,, 5 mM MgCl,, 2 mM HEPES,
1 mM EGTA, 0.2% fatty acid-free bovine serum albu-
min, pH 7.4) supplemented with 7 mM pyruvate and
1 mM malate. Mitochondrial oxygen consumption rate
(OCR) was measured and plotted at basal conditions
followed by sequential addition of 1 pg/mL oligomycin
(ATP-synthase inhibitor), 4 pM FCCP (a mitochondrial
uncoupler), and 0.5 UM rotenone (complex | inhibitor)
plus 0.5 pM antimycin A (complex Il inhibitor). The
OCR values were normalized to total protein content
in the corresponding wells and expressed as pmol/min
per ug protein.

electron transport chain complex activity assays

Mitochondrial electron transport chain complex activi-
ties were measured in isolated mitochondria spectro-
photometrically as described previously.?>?6  Briefly,
complex | activity was determined by measuring NADH
(100 pmol/L) oxidation with and without the presence
of complex | inhibitor (rotenone, 10 umol/L) at 340 nm
using a DS-11  FX+spectrophotometer (DeNovix).
Specific complex | activity was calculated as rotenone
sensitive activity expressed as nmol min~' mg~" of mito-
chondrial protein. Complex Il activity was determined by
measuring the reduction of 2,6-dichlorophenolindophe-
nol (DCPIP) coupled to complex Il catalyzed reduction
of decylubiquinone with and without the presence of
10 umol/L antimycin A, 10 umol/L rotenone, 250 ymol/L
KCN, 80 umol/L DCPIP and 60 pmol/L decylqubiqui-
none. Complex Il activity was determined by measur-
ing the reduction of cytochrome C (75 pmol/L) with and
without complex Il inhibitor (@antimycin A, 10 umol/L).
Specific complex Il activity was calculated as antimy-
cin A sensitive activity expressed as nmol min™' mg~" of
mitochondrial protein. Extinction coefficient values for
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NADH (8 mM-1 cm-1), DCPIP (191 mM-" cm™), and re-
duced cytochrome C (18.5 mM-1 cm-1) were used to
calculate complex |, Il, and lll activities, respectively.

Immunofluorescence microscopy

Paraffin-embedded heart sections were used forimmu-
nofluorescence analyses as we described previously.?°
The following primary antibodies were used: mouse
anti—troponin | (1:1000; Millipore), rabbit anti-CryAB
(1:400; Assay Designs). Alexa Fluor 488- or Alexa
Fluor 568—-conjugated secondary antibody (Molecular
Probes) directed against mouse or rabbit IgG was
used, and 4',6-diamidino-2-phenylindole (Invitrogen)
was used to identify nuclei. Immunofluorescent stain-
ing for CryAB was used to quantitate the cytoplas-
mic area occupied by the aggregates, as described
previously.2°

Cell fractionation, SDS-PAGE, and Western
blot analyses

Soluble and insoluble fractions of heart lysate were
prepared by methods as we described previously.??6
Briefly, hearts were harvested in cold PBS (pH 7.4)
containing 1% Triton-X100, 2.5 mM EDTA, 0.5 mM
phenylmethylsulfonyl fluoride, and a complete pro-
tease inhibitor mixture and then vortexed for 30 s. The
heart extracts were centrifuged at 12 000g for 15 min-
utes, and the supernatants were collected (soluble
fraction). The pellets were dissolved in DNAase (1 mg/
kL in 10 mM Tris, 15 mM MgCl,; Roche) and sonicated
on ice, and the protein was quantitated with a modified
Bradford assay. The insoluble protein was then diluted
in RIPA buffer, and 3 ug insoluble protein resuspended
was used for subsequent immunoblotting with appro-
priate antibodies.

Whole-cell lysate fractions were prepared from
hearts as described previously.?’° The heart homoge-
nates were centrifuged at 12 000g for 15 minutes and
the supernatants were collected (soluble fraction). The
protein content of the soluble lysates was measured
using the modified Bradford protocol/reagent relative
to a BSA standard curve (BioRad). Protein lysates
(50 pg for the whole cell lysate and 30 pg for the mi-
tochondrial fraction) were separated on SDS-PAGE
using pre-cast 7.5% to 15% Criterion Gels (BioRad)
and transferred to polyvinylidene difluoride mem-
branes (BioRad). Membranes were blocked for 1 hour
in 5% nonfat dried milk and exposed to primary an-
tibodies overnight. The following primary antibodies
were used for immunoblotting: anti-Drp1 (1:1000, Cell
Signaling Technology), anti-pDrp1 Ser616 (1:1000, Cell
Signaling Technology), anti-mitofusin 1 (MFN1) (1:1000,
Cell Signaling Technology), anti-MFN2 (1:1000, Cell
Signaling Technology), anti-OPAT (1:1000, Cell Signaling
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Technology), anti-GAPDH (1:5000, EMD Millipore),
anti-B-Actin  (1:1000, Santa Cruz Biotechnology),
anti-a-sarcomeric  actinin - (1:1000, Sigma-Aldrich),
anti-OXPHOS (1:1000, Abcam), anti-PDH (1:1000,
Abcam), anti-CryAB (1:10 000, Enzo Life Sciences),
anti-Periostin  (1:500, Santa Cruz Biotechnology),
and anti-smooth-muscle actin (1:500, Cell Signaling
Technology). Membranes were then washed, incu-
bated with alkaline-phosphatase-conjugated second-
ary antibodies (Santa Cruz Biotechnology), exposed
with ECF reagent (Amersham), and finally, detected on
a ChemiDoc Touch Imaging System (BioRad). Ponceau
S protein stain of the transfer membrane was used as a
loading control. Densitometry on scanned membranes
was done using Imaged software (National Institutes of
Health, Bethesda, MD).

Nongradient blue native polyacrylamide gel
electrophoresis

Mitochondrial extracts were prepared for blue na-
tive polyacrylamide gel electrophoresis (BN-PAGE)
analysis as described previously.?*-26 Briefly, fresh
mitochondrial pellets were suspended in a solubi-
lization buffer containing 50 mM Bis-Tris (pH 7.0),
1% n-dodecyl-B-p-maltoside (vol/vol) and 750 mM
g-amino-N-caproic acid.?” The suspension was
kept on ice for 1 hour with occasional vortexing fol-
lowed by clarification with centrifugation at 8000g
for 10 minutes. Following the centrifugation, the
supernatant was quantified for protein concentra-
tion by the Bradford method and mixed with con-
centrated BN-PAGE loading buffer (10x) containing
0.5 M g-amino-N-caproic acid and 3% Serva Blue
G-250 (wt/vol). The samples were run in an acryla-
mide/bisacrylamide gel containing 4% stacking gel,
and 8% of the resolving gel.?® Nongradient BN-PAGE
was performed at room temperature using gel buffer
(500 mM aminocaproic acid and 50 mM Bis-Tris, pH
7.0), cathode buffer (50 mM Tricine, 15 mM Bis-Tris,
pH 7.0), 0.02% Serva blue G-250 (wt/vol), anode
buffer (60 mM Bis-Tris pH 7.0), and sample buffer
(75 mM aminocaproic acid containing 0.3% Serva
blue G-250 [wt/vol]).?® Proteins (30 pg) were loaded
in the gel and run at 150 V until the front line had
entered into two-third of the gel. Next, the cathode
buffer was replaced with buffer without Serva blue
G-250 (50 mM Tricine, 15 mM Bis-Tris, pH 7.0) and
gel running was completed at 250 V. Gel was stained
with Coomassie blue (BioRad) using previously de-
scribed methods.?®

Pyruvate dehydrogenase enzymatic activity

Pyruvate dehydrogenase (PDH) activity was meas-
ured in isolated mitochondria with the PDH Activity
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Assay Kit (MAK183, Sigma-Aldrich) according to
manufacturer’s instruction.3® Mitochondria (150 pg)
were homogenized in 50 L of ice-cold PDH assay
buffer, and centrifuged at 10 000g for 5 minutes.
Ten microliters of lysates was used for reactions.
Reactions were carried out at 37°C, and A5, was
recorded every minute for 30 minutes. PDH activity
rates were measured in nmol/min per mg using the
NADH standard curve.

Citrate synthase activity

Citrate synthase activity was measured in isolated
mitochondria and whole heart homogenates as de-
scribed previously.®" Briefly, whole heart homogen-
ates and isolated mitochondria were homogenized
with  Cell-lytic-M  (Sigma Aldrich) supplemented
with protease inhibitor. Mitochondrial lysate (10 ug)
was used in reaction mixture containing 0.25%
Triton X-100, 0.31 mM acetyl CoA, and 0.1 mM
5,5"-dithiobis(2-nitrobenzoic acid). Finally 0.5 mM
oxaloacetate was added in 1 mL reaction volume
and citrate synthase activities were measured using
a DS-11 FX+spectrophotometer (DeNovix) at 412 nm
at 37°C. Activity was expressed as nmol/min per mg
of mitochondrial protein. Extinction coefficient values
for TNB (13.6 mM™" cm™") were used to measure the
citrate synthase enzyme activity.

Statistical Analysis

Data are expressed as mean+SEM. All statistical
tests were done with GraphPad Prism software. All
data were tested for normality using the Kolmogorov-
Smirnov test, and data that passed the normality as-
sumption were analyzed using Student t test (P<0.05)
for 2 groups and groups of 3 or more with 1-way
ANOVA, followed by the Tukey post hoc test. For cer-
tain data sets with smaller sample sizes (h=3-6), the
Kruskal-Wallis test was applied, and data were pre-
sented in graphs showing median and interquartile
ranges. A value of P<0.05 was considered statisti-
cally significant.

RESULTS

Age-Dependent Cardiac Pathological
Remodeling and Contractile Dysfunction
in CryABR'2°¢ Transgenic Hearts

The earliest pathology manifested by the CryABR120¢
expression in cardiomyocytes is the accumulation
of protein aggregates that is evident within days of
birth.'”? Images of hearts from CryABR™?°¢ transgenic
showed normal heart size at 2 months of age but
showed development of hypertrophy at 6 months of
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age compared with littermate nontransgenic hearts  were significantly increased in the CryABR'?0¢ trans-
(Figure 1A). Heart weight-to-body-weight ratios were ~ genic mouse at 6 months of age (Figure 1B). Western
measured as an indicator of cardiac hypertrophy and blot analysis of proteins showed an age-dependent
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Figure 1. Pathological cardiac remodeling in CryABR'2°¢ Tg hearts.

A, Images of hearts and B, quantification of the heart-weight-to-body-weight ratios (HW/BW) showing cardiac hypertrophy in the
CryABR120¢ transgenic hearts (n > 6 or more mice per group) at 6 months of age. C, Representative Western blot and densitometric
quantification of aB-crystallin (CryAB) protein level in the whole cell lysate derived from 2- and 6-month-old CryABR'2°¢ transgenic and
nontransgenic hearts (n=3 mice per group). 3 actin was used as a loading control. D, Representative Western blot and densitometric
quantification of aggregated CryAB protein level present in the insoluble fractions derived from 2- and 6-month-old CryABR29¢ transgenic
and nontransgenic hearts (n=3 mice per group). a-Sarcomeric actinin was used as a loading control. E, Immunofluorescence staining
for CryAB (green) with troponin | counterstaining (red) showed aggregate levels in 2- and 6-month-old CryABR'2°¢ transgenic hearts.
Quantification of CryAB aggregates showed age-dependent increased aggregate size in the heart. F, Representative Western blot and
densitometric quantification of periostin and (aSMA) proteins level in the whole cell lysate derived from 2- and 6-month-old CryABR120¢
transgenic and nontransgenic hearts (n=3 mice per group). Boxes represent interquartile ranges, lines represent medians, whiskers
represent ranges, and P values were determined by Kruskal-Wallis test. CryABR™20¢ Tg indicates mutant aB-crystallin transgenic
mouse; DAPI, 4',6-diamidino-2-phenylindole; NS, not significant; Ntg, nontransgenic; and aSMA, a-smooth muscle actin. Scale bars:

50 pm.

increase in mutant CryAB protein content in the whole
cell lysate (Figure 1C) and in the pellet (insoluble) frac-
tion (Figure 1D) in CryABR'2°C hearts. We also used
the immunofluorescent staining for CryAB to quanti-
tate aggregate accumulation on a per-cell-area basis.
Quantification of aggregate size per cell showed sig-
nificantly increased aggregate size in 6 months com-
pared with 2 months of age (Figure 1E). Previously,
we extensively characterized the CryABR20¢ model
where hearts from CryABR™2°G mice at 4 months
displayed pathological remodeling, characterized
by cardiomyocyte disarray and extensive intersti-
tial fibrosis.?? Therefore, we measured the periostin
and a-smooth muscle actin protein level to demon-
strate the extent of fibrosis during 2 and 6 months of
age. The CryABR'™%¢ transgenic hearts also showed
an increased level of periostin and a-smooth mus-
cle actin, indicating increased fibrotic remodeling in
these hearts at 6 months of age (Figure 1F).

In vivo LV function and chamber dimensions of
CryABR120G transgenic and nontransgenic mice were
assessed with echocardiography in mixed-sex co-
horts at 2 and 6 months of age (Figure 2). Similar
to the cardiac morphometry, the CryABR'29C trans-
genic hearts at 2 months age were indistinguishable
from nontransgenic littermates with similar values
for LV internal dimensions in diastole and systole
(Figure 2A and 2B, respectively), LV fractional short-
ening (percent fractional shortening, Figure 2C), vol-
umes in diastole and systole (LV Vol;d and LV Vol;s,
respectively, Figure 2D and 2E), and LV ejection frac-
tion (Figure 2F). However, with aging the CryABR™20G
transgenic hearts developed progressive systolic
dysfunction, evidenced by an increase in LV inter-
nal dimensions (in systole and diastole) and volumes
(LV Vol;s and LV Vol;s) resulting in decreased frac-
tional shortening and ejection fraction compared
with nontransgenic littermates (Figure 2A-2F). These
hemodynamic changes were also accompanied by
an increase in the diastolic thickness of the interven-
tricular septum, LV posterior wall, and LV mass index
(Figure 2G-2l) in CryABR'2°CG transgenic compared
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with nontransgenic mice. Overall, the CryABR™20¢
transgenic mice showed increased aggregate forma-
tion, adverse cardiac hypertrophic remodeling, and
defective cardiac contractile function at 6 months of
age.

Altered Mitochondrial Dynamics
Regulatory Protein Expression in
CryABR120¢ Hearts

Ultrastructural analysis of CryABR™20G hearts by
electron microscopy showed perturbations in mi-
tochondrial-sarcomere architecture resulting in
alterations in mitochondrial morphology and po-
sitioning.®? Therefore, we monitored whether the
CryABR™29CG hearts show any imbalance in mito-
chondrial fission/fusion protein levels and investi-
gated the levels of critical mitochondrial fission (ie,
dynamin-related protein 1 [Drpl]) and fusion (ie,
optic atrophy type 1 [OPA1], mitofusin 2 [MFNZ2],
and mitofusin 1 [MFN1]) regulatory proteins in the
heart (Figure 3A through 3D). We observed the pro-
teins level of the mitochondrial dynamics regula-
tory proteins in CryABR™?¢ transgenic mice before
the onset of cardiac hypertrophy (2 months of age),
during the development of maladaptive concentric
hypertrophy (4 months of age), and during the pro-
gression of HF (6 months of age) (Figure 3A through
3l). The level of mitochondrial fission regulatory pro-
tein DRP1 was significantly increased in whole-cell
lysates and the mitochondrial fraction isolated from
CryABR'29C transgenic hearts at 2, 4, and 6 months
of age (Figure 3E). On the other hand, fusion regula-
tory protein OPA1 level was significantly decreased
in whole-cell lysates and the mitochondrial fraction
isolated from CryABR'?°C transgenic hearts at 2, 4,
and 6 months of age (Figure 3F). MFN2 levels were
not altered in all these age groups (Figure 3G) but
the MFN1 level was significantly decreased in the
mitochondrial fraction (Figure 3H). We confirmed
the purity of the mitochondrial fractionation by using
GAPDH and [ actin protein levels in the whole-cell
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Figure 2. Echocardiography indices of cardiac structure and function in CryABR'2°¢ Tg and Ntg
hearts.

M-mode echocardiography indices measured in 2- and 6-month-old CryABR'2°¢ transgenic mice with
age-matched littermate nontransgenic mice. A, Left ventricular (LV) diastolic internal dimension (LVID;d).
B, LV systolic internal dimension (LVID;s). C, Percent fractional shortening (%FS). D, LV diastolic volume
(LV Vol;d). E, LV systolic volume (LV Vol;s). F, Percent ejection fraction (%EF). G, LV diastolic interventricular
septum thickness (IVS;d). H, LV diastolic posterior wall thickness (LVPW;d). I, LV mass (n=5-6 mice per
group). Bars represent mean+SEM. P values were determined by Student t test. CryABR'2%¢ Tg indicates
mutant aB-crystallin transgenic mouse; NS, not significant; and Ntg, nontransgenic.

lysate fraction as a positive control and absence in fraction. Ponceau S protein staining of the transfer
the mitochondrial fraction as measures of purity. membrane confirmed approximately equal loading
a-Sarcomeric actinin was used to show the level and transfer across the gel. The phosphorylation of
of myofilament co-enrichment in the mitochondrial Drp1 at Ser616 permits mitochondrial translocation
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Figure 3. Mitochondrial dynamics regulatory proteins levels in CryABR'2°¢ Tg and Ntg hearts.

Representative Western blot showing the mitochondrial dynamic regulatory proteins level in the whole cell lysate and the mitochondrial
fraction of CryABR'2°¢ transgenic and nontransgenic hearts at (A) 2 months, (B) 4 months, and (C) 6 months of age: Drp1, OPA1, MFN2,
and MFN1. (D) pDrp1 Ser616 protein level in the whole cell lysate of CryABR'?°C transgenic and nontransgenic hearts at 2, 4, and
6 months of age. GAPDH and (3 actin were used as a control to show the purity of the mitochondrial fraction. a-Sarcomeric actinin
was used to show the level of myofilament co-enrichment in the mitochondrial fraction. Ponceau S protein staining of the transfer
membrane confirmed approximately equal loading across the gel (n=3 mice per group). Densitometric quantification of the protein
levels of (E) Drp1, (F) OPA1, (G) MFN2, (H) MFN1, and (I) pDrp1 Ser616 in the CryABR'2°¢ transgenic and nontransgenic hearts at 2, 4,
and 6 months of age. Boxes represent interquartile ranges, lines represent medians, whiskers represent ranges, and P values were
determined by Kruskal-Wallis test. CryABR'2%¢ Tg indicates mutant aB-crystallin transgenic mouse; Drp1, dynamin-related protein 1;
MFN1, mitofusin 1; MFN1, mitofusin 2; Ntg, nontransgenic; OPA1, optic atrophy type 1; and NS, not significant.

of Drp1 facilitating the fission of mitochondria.3334
Consistent with increased Drp1 protein level in mi-
tochondria, Drp1 phosphorylation at Ser616 was
significantly increased in the CryABR™29¢ transgenic
hearts at 2, 4, and 6 months of age compared with

J Am Heart Assoc. 2020;9:e017195. DOI: 10.1161/JAHA.120.017195

nontransgenic hearts (Figure 3D and 3l). Therefore,
the CryABR'2°C¢ mouse hearts showed altered pro-
teins level of mitochondrial dynamics regulatory pro-
teins before the onset of pathological remodeling
and development of systolic contractile dysfunction.
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Figure 4. OXPHOS complex protein levels in CryABR'2°¢ Tg and Ntg hearts.

Representative Western blot showing the OXPHOS complex regulatory proteins level in the whole cell lysate and the mitochondrial
fraction of CryABR'2°C transgenic and nontransgenic hearts at (A) 2 months, (B) 4 months, and (C) 6 months of age: Complex |,
Complex Il, Complex lll, and Complex V protein. Ponceau S protein stain of the transfer membrane was used to confirm approximately
equal loading (n=3 mice per group). Densitometric quantification of the protein levels of (D) Complex V (CV), (E) Complex Il (CllI),
(F) Complex Il (Cll), and (G) Complex | (Cl) in the whole cell lysate and the mitochondrial fraction of CryABR'2°¢ transgenic and
nontransgenic hearts at 2, 4, and 6 months of age. Boxes represent interquartile ranges, lines represent medians, whiskers represent
ranges, and P values were determined by Kruskal-Wallis test. CryABR'2°C Tg indicates mutant aB-crystallin transgenic mouse; Ntg,
nontransgenic; NS, not significant; and OXPHOS, oxidative phosphorylation system.

Altered OXPHOS Complex Regulatory
Proteins Level in CryABR'20C Hearts

The OXPHOS of the mitochondrial inner membrane
is composed of 5 enzymes (complexes I-V), which
produce the majority of cellular energy in the form
of ATP. Altered protein content of OXPHOS com-
plex proteins was found in the brain of patients
with proteotoxic neurodegenerative diseases.®%-%"
Moreover, decreased protein level of complex | and
Il of OXPHOS have been reported in the in vivo and
in vitro models of proteinopathy.36:3839 As these mice
develop age-dependent progression of cardiac con-
tractile dysfunction,'”> we observed the level of the
OXPHOS complex proteins in CryABR'29¢ transgenic
mice before the onset of cardiac systolic contractile

J Am Heart Assoc. 2020;9:e017195. DOI: 10.1161/JAHA.120.017195

dysfunction (2 months of age), during the development
of maladaptive concentric hypertrophy (4 months of
age), and during the progression of HF (6 months of
age) (Figure 4A through 4G). We compared OXPHOS
complex proteins level in whole-cell lysates and the
mitochondrial fractions using 2-, 4-, and 6-month-
old CryABR'20G transgenic and nontransgenic mice
hearts of mixed sex (Figure 4A through 4C). We
observed a significantly decreased proteins level
of Complex | and Complex Il of OXPHOS com-
plex in the mitochondrial fraction isolated from the
CryABR™G transgenic hearts of 2, 4, and 6 months
of age (Figure 4F through 4G). The level of Complex
Il protein was significantly decreased in 2 months
of age heart mitochondria (Figure 4E). Interestingly,
the levels of Complex I, Complex Il, Complex Ill, and
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Figure 5. Representative gel image showing mitochondrial protein complexes resolved by
nongradient BN-PAGE in CryABR'2°¢ Tg and Ntg hearts.

Mitochondria isolated from CryABR'20¢ transgenic and nontransgenic hearts at 2, 4, and 6 months of
age were analyzed, with each lane containing mitochondria prepared from independent mice. An 8%
separating gel was used and the gel was stained by Coomassie blue after gel electrophoresis. Arrows
indicate mitochondrial electron transport chain complexes visualized following Coomassie blue staining.
BN-PAGE indicates blue native polyacrylamide gel electrophoresis; and CryABR12°¢, mutant aB-crystallin

transgenic mouse.

Complex V proteins were significantly decreased
in the mitochondrial fraction of 6 months of age
when these mice develop the signs of HF (Figure 4D
through 4G). The whole-cell fraction did not show
any significant difference in the levels of OXPHOS
in all these age groups. Ponceau S staining of pro-
teins was used to confirm equal loading (Figure 4A
through 4C). Because many of these OXPHOS pro-
teins are organized into complexes in the mitochon-
drial inner membrane, we observed the level of the
mitochondrial oxidative phosphorylation complexes
by BN-PAGE (Figure 5). The assembly and stability of
Complex I, Complex Il, Complex Ill, Complex IV, and
Complex V were reduced in the CryABR'2°C hearts
compared with nontransgenic hearts at 2, 4, and
6 months of age (Figure 5). Collectively, we found an
altered proteins level and alterations in native com-
plexes of the oxidative phosphorylation system in the
CryABR™0G transgenic hearts before the onset of car-
diac contractile dysfunction.

Altered PDH Regulatory Protein Level in
CryABFR'20G Hearts

PDH complex is a large multisubunit enzyme complex
within the mitochondrial matrix, consisting of 3 proteins:
pyruvate dehydrogenase (E1), dihydrolipoamide transa-
cetylase (E2), and dihydrolipoamide dehydrogenase
(E3).40 PDH functions to connect the citric acid cycle and
subsequent oxidative phosphorylation to the glycolysis,
gluconeogenesis, and lipid and amino acid metabo-
lism pathways. LV myocardium from adult patients with

J Am Heart Assoc. 2020;9:e017195. DOI: 10.1161/JAHA.120.017195

end-stage systolic HF exhibits a higher expression of
PDH complex subunits and higher rates of PDH activ-
ity.*" Therefore, we observed the protein level of E1a/j3,
E2, and E3bp components of the PDH complex in the
CryABR™20C and nontransgenic mouse hearts at 2, 4,
and 6 months of age (Figure 6A through 6F). CryABR120¢
and nontransgenic hearts at 2 months of age showed a
similar level of E1a/3, E2, and E3bp proteins (Figure 6D
through 6F). CryABR'?%G hearts at 4 months of age
showed a significantly increased level of E1a/3 and E3bp
protein in the mitochondrial fraction (Figure 6D through
6F). At 6 months of age, CryAB™'?°¢ hearts showed a
significantly increased level of E1a/@3, E2, and E3bp pro-
tein compared with nontransgenic hearts (Figure 6D
through 6F). The whole-cell fraction did not show any
significant difference in the proteins level of components
of the PDH complex in all these age groups except E1a/[3
in 6-month-old mice (Figure 6F). Ponceau S staining of
proteins was used to confirm equal loading (Figure 6A
through 6C). We also measured the PDH enzyme activ-
ity in the CryABR™2°G and nontransgenic mouse hearts
at 2, 4, and 6 months of age. PDH enzymatic activity
was significantly higher in the CryABR2°¢ hearts at 4 and
6 months of age compared with nontransgenic hearts
(Figure 7A). Collectively, we found that the altered PDH
complex proteins level and PDH enzymatic activities in
the CryABR'20C transgenic hearts start during the mala-
daptive cardiac remodeling. Citrate synthase (CS) activ-
ity was used to assess mitochondrial content and purity
of the isolated mitochondria in the CryABR™2°¢ and non-
transgenic mouse hearts.®' CS activities did not show
any significant difference in the isolated mitochondrial
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Figure 6. PDH complex protein levels in CryABR'2°¢ Tg and Ntg hearts.

Representative Western blot showing the PDH complex regulatory proteins level in the whole cell lysate and the mitochondrial fraction
of CryABR'2%G transgenic and nontransgenic hearts at (A) 2 months, (B) 4 months, and (C) 6 months of age: E2, E3bp, and E1a/B
protein. Ponceau S protein stain of the transfer membrane was used to confirm approximately equal loading (n=3 mice per group).
Densitometric quantification of the protein levels of (D) E2, (E) E3bp, and (F) E1a/3 component of the PDH complex in the whole cell
lysate and the mitochondrial fraction of CryABR'2°C transgenic and nontransgenic hearts at 2, 4, and 6 months of age. Boxes represent
interquartile ranges, lines represent medians, whiskers represent ranges, and P values were determined by Kruskal-Wallis test.
CryABR120¢ Tqg indicates mutant aB-crystallin transgenic mouse; E1, pyruvate dehydrogenase; E2, dihydrolipoamide transacetylase;
E3, dihydrolipoamide dehydrogenase; Ntg, nontransgenic; NS, not significant; and PDH, pyruvate dehydrogenase complex.

fraction from CryABR'™%¢ transgenic hearts compared
with nontransgenic hearts at 2, 4, and 6 months of age
(Figure 7B), indicating similar mitochondrial purity among
groups. We also measured CS activity in the whole heart
homogenates to provide further insight into the mito-
chondrial changes and found significantly decreased
CS activity in the CryABR'2°C hearts at 4 and 6 months
of age compared with nontransgenic hearts (Figure 7C).
Therefore, these key adaptations may afford the failing
hearts crucial capacity to utilize glucose-dependent en-
ergy production in the face of dwindling energy options.

Mitochondrial Respiratory Dysfunction in
CryABFR'20C Transgenic Hearts

The abnormal mitochondrial dynamics, OXPHOS
complex, and PDH complex regulatory protein level in

J Am Heart Assoc. 2020;9:e017195. DOI: 10.1161/JAHA.120.017195

CryABR'2%G mice heart at an early age with preserved
systolic function pointed to potential mitochondrial
dysfunction contribution to the cardiac dysfunction.
To ascertain this, we isolated mitochondria from
both CryABR™20¢ and nontransgenic mouse hearts of
2 months age and measured mitochondrial electron
transport chain complex activities (Figure 8) as well
as real-time OCRs (Figure 9). Mitochondrial Complex
[, Il, and Ill activities were significantly decreased in
the CryABR'20C transgenic heart at 2 months of age
compared with age-matched littermate nontrans-
genic hearts (Figure 8). Real-time monitoring of OCR
showed significantly decreased basal respiration
in the CryABR'2°C¢ mitochondria, indicating a lower
respiratory function compared with nontransgenic
mitochondria as the basal respiration representing
the sum of all physiological mitochondrial oxygen
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Figure 7. Mitochondrial PDH and CS activities in CryABR'2°¢ Tg and Ntg hearts.

A, PDH enzymatic activity in 2-, 4-, and 6-month-old CryABR'20¢ transgenic and nontransgenic hearts (n=3
mice per group). B and C, CS activity in the mitochondrial fraction (B) and the whole heart homogenates
(C) isolated from 2-, 4-, and 6-month-old CryABR'2°¢ transgenic and nontransgenic hearts (n=3 mice per
group). Boxes represent interquartile ranges, lines represent medians, whiskers represent ranges, and P
values were determined by Kruskal-Wallis test. CryABR'29¢ Tg indicates mutant aB-crystallin transgenic
mouse; CS, citrate synthase; NS, not significant; Ntg, nontransgenic; and Tg, transgenic.

consumption (Figure 9A and 9B). The ATP-linked OCR
was similar in both of the groups, determined by the
addition of an ATP synthase inhibitor (oligomycin) that
leads to a decrease in basal respiration (Figure 9C).
The addition of FCCP uncouples respiration from oxi-
dative phosphorylation and allows for the measure-
ment of maximal OCR, which was lower in CryABR'20G
mitochondria, indicating lower overall mitochondrial
activity (Figure 9D). The extent of nonmitochondrial

J Am Heart Assoc. 2020;9:e017195. DOI: 10.1161/JAHA.120.017195

oxygen-consuming processes was similar in both
groups of mice, estimated by inhibiting the respiratory
chain with rotenone (complex | inhibitor) and antimycin
A (complex lll inhibitor) (Figure 9E). The respiratory re-
serve capacity, calculated by subtracting basal OCR
from FCCP-stimulated OCR, was significantly lower in
CryABR12%¢ mitochondria (Figure 9F), and ATP turno-
ver measured by ATP-linked respiration subtracted
from the basal OCR was significantly decreased in
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Figure 8. Mitochondrial electron transport chain complex activities in CryABR?'2°¢ Tg and Ntg

hearts.

Mitochondrial Complex I, Il, and Il activities in 2-month-old CryABR'29¢ transgenic and nontransgenic
hearts (n=6 mice per group). Bars represent mean+SEM. P values were determined by Student t
test. CryABR'29¢ Tg indicates mutant aB-crystallin transgenic mouse; NS, not significant; and Ntg,

nontransgenic.

CryABR29¢ mitochondria (Figure 9G). The maximum
respiration calculated by nonmitochondrial respira-
tion subtracted from FCCP-stimulated OCR was
also significantly lower in CryABR™?%¢ mitochondria
(Figure 9H). We conclude that mitochondria isolated
from young (2 months old) CryABR'2%C hearts with
normal systolic contractile function and cardiac mor-
phometry are functionally compromised.

DISCUSSION

CryABR™2°G transgenic hearts begin accumulating
protein aggregates within days of birth,'> and the ag-
gregate size as well as number increased over aging
in CryABR'™20G hearts with the gradual progression of
HF.'24243 Earlier studies on CryABR'20C transgenic mice
showed they develop concentric hypertrophy by 4 to
5 months of age and HF by 6 to 8 months of age."”
Mutant CryABR™2°G transgenic mouse hearts display
electron-dense aggregates (composed of CryAB,
desmin, ubiquitin, and p62), myofibrillar disarray, and
abnormal mitochondria, recapitulating the human pa-
thology. In the present study, we found an altered level
of mitochondrial dynamics regulatory proteins, de-
creased level of OXPHOS proteins, and increased level
of PDH complex protein results in defects in mitochon-
drial complex activities and respiration at 2 months
of age. At this age, CryABR20G hearts show normal
cardiac morphometry and systolic contractile function
even though the cardiomyocytes showed the accumu-
lation of protein aggregates. These findings suggest
that mitochondrial dysfunction occurs in CryABR'20¢
hearts before the manifestation of pathological ad-
verse remodeling and resultant cardiac systolic con-
tractile dysfunction.
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Extensive studies demonstrated several causative
factors linking to the onset and development of patho-
logic cardiac remodeling and progression of HF in the
CryABR™2°G mice. These include displacement of mi-
tochondrial positioning, myofilament disarray, reduc-
tion in contractile function because of accumulation
of insoluble aggregates, and apoptotic cell loss. The
involvement of mitochondria in the pathogenic pro-
cesses in CryABR12%G transgenic hearts is evident by
the findings showing CryABR20G can associate with
the mitochondrial voltage-dependent anion channel
and activate apoptosis by opening the mitochondrial
permeability transition.*®* However, the genetic ap-
proach to inhibit cardiomyocyte apoptosis by overex-
pression of anti-apoptotic B-cell lymphoma 2 in the
CryABR™2°G hearts slowed the pathogenic progres-
sion but eventually leads to the development of HF.
Overexpression of B-cell lymphoma 2 leads to a re-
versal of calcium sensitivity of the mitochondria but
resulted in the accumulation of an increased number
of lysosomes and autophagosome.** In fact, acti-
vation of autophagy in CryABR™2°C hearts by genetic
autophagy-related protein 7 (Atg7) overexpression,?°
voluntary exercise,”%*® ubiquitin-conjugating enzyme
9-mediated SUMOylation,*® and transcription factor
EB overexpression®"?? resulted in attenuated and/or
delayed the onset of the morphological and functional
pathologies. Similarly, activation of the ubiquitin—pro-
teasome pathway in CryABR™2°G hearts by overex-
pression of proteasome 28 subunit a'®, constitutive
photomorphogenesis 9 signalosome,*” ubiquitin-con-
jugating enzyme 9,%® and interferon-inducible protein
NEDDS ultimate buster one long*® resulted in reduced
intracellular aggregates and partially rescued/delayed
the cardiomyopathy. All these prior studies were only
able to delay and/or partially rescue the accumulation
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Figure 9. Mitochondrial respiration in isolated mitochondria from CryABR'2°¢ Tg and Ntg mice
hearts.

A, Mitochondrial oxygen consumption rate (OCR) profiles in isolated mitochondria from 2 months of age
littermate CryABR'2°C Tg and Ntg hearts. Arrow indicates the sequential addition of oligomycin (1 uM),
FCCP (4 pM), and rotenone (0.5 pM) plus antimycin A (0.5 uM). OCR profile is expressed as pmol O,/min
per ug of protein, and each point represents average OCR values for 5 mice. Graphs showing OCR under
(B) baseline as well as with the addition of (C) oligomycin, (D) FCCP, and (E) rotenone plus antimycin
A. Key parameters of mitochondrial respiration, including (F) reserve capacity, (G) ATP turnover, and
(H) maximal respiration were significantly decreased in CryABR'™2°¢ Tg mitochondria. Bars represent
mean+SEM. P values were determined by Student t test. CryABR'20¢ Tg indicates mutant aB-crystallin
transgenic mouse; FCCP, carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone; NS, not significant; and
Ntg, nontransgenic.

of amyloid oligomers and progression of HF. Therefore, phosphorylation protein early in the disease process
we wanted to determine the factors involved in the pro- in these mice.

gression of this multifocal disease process and found The metabolic requirement of the heart is main-
the altered mitochondrial dynamics, and oxidative tained by functionally active mitochondria ensured
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through a balanced mitochondrial fission and fusion
events that are indispensable to maintain the normal
mitochondrial network. During mitochondrial fission,
the dynamin-related GTPase Drp1 is normally re-
cruited from the cytosol into the mitochondrial outer
membrane through interaction with the mitochondrial
outer membrane in which the adapter proteins reside.
Mitochondrial translocation of Drp1 is facilitated by the
phosphorylation of Drp1 at Ser616, activating mito-
chondrial fission.333* Moreover, studies also showed
increased Drp1 phosphorylation at Ser616 in failing
human hearts.®® We found significantly increased
Drp1 protein level, Drp1 Ser616 phosphorylation, and
increased protein level in the mitochondrial fraction
in the CryABR'29C heart over the age ranges of this
study. Conversely, mitochondrial fusion is regulated
by OPA1 proteins,®® and we observed a decreased
protein level of mitochondrial OPA1, suggesting a
decreased mitochondrial fusion in the CryABR™20G
hearts. Similar to the CryABR'2°¢ models of DRM,
proteotoxic neurodegenerative diseases such as
Huntington disease (HD) pathogenesis showed al-
tered mitochondrial dynamics, fragmentation of mi-
tochondria, subsequent mitochondrial dysfunction,
and cellular death in HD-affected neurons.®" Studies
also demonstrated that Huntingtin interacts with the
mitochondrial fission protein Drp1, and elevates levels
of GTPase Drpf1, resulting in increased fission and re-
duced fusion in HD-affected neurons.' However, the
direct role of Drp1 and/or OPA1 on CryABR'20¢ gg-
gregate formation and the subsequent development
of cardiac contractile dysfunction remains unknown.
Along with the altered mitochondrial dynamics, CS
activity in whole heart homogenate was significantly
decreased in the CryABR'29C hearts, indicating de-
creased mitochondrial content with the progression
of cardiac contractile dysfunction. Future studies are
needed to define whether CryAB directly interacts
with Drp1 and/or OPA1 regulating their GTPase en-
zymatic activities, which in turn causes imbalances
of mitochondrial fission/fusion events, resulting in im-
paired mitochondrial dynamics as well as alterations
in mitochondrial content.

Proteotoxic neurodegenerative diseases have been
shown to alter the expression of OXPHOS complex
proteins in the brain of patients with Alzheimer dis-
ease,®® Huntington disease,®® and Parkinson disease.®’
For instance, decreased expression of Complex Il of
OXPHOS complex has been reported in the striatum
of patients with HD,%¢ in vitro primary striatal neurons
expressing the N-terminal fragment of huntingtin,® and
genetic models of HD expressing N-terminal fragments
of mutant huntingtin.®® As these mice develop age-de-
pendent progression of cardiac contractile dysfunc-
tion,'”> we observed the level of the OXPHOS complex
proteins in CryABR™20C transgenic mice along with the
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progression of cardiac contractile dysfunction. In line
with these protein aggregation-based diseases, there
was significantly decreased protein level of Complex |
and Complex II of OXPHOS complex in the mitochon-
drial fraction isolated from the CryABR'29C transgenic
2, 4, and 6 months age hearts. Moreover, CryABR120G
hearts showed significantly increased levels of E1a/j3,
E2, and E3bp protein as well as PDH enzymatic ac-
tivities during the progression of pathologic cardiac
remodeling and development of contractile dysfunc-
tion similar to that observed in patients with end-stage
systolic HF#!' CS activity in the mitochondrial fraction
was similar among all groups that served as an import-
ant mitochondrial quality control and an index of mito-
chondrial purity among groups. Mitochondrial complex
activities and mitochondrial respiratory parameters
were significantly decreased in the CryABR™2°C trans-
genic heart at an early stage of the disease process
in these mice when they have normal systolic contrac-
tile function and cardiac morphometry. Reduction in
mitochondrial OCR in the mitochondria of CryABR20G
hearts could result from defects in mitochondrial sub-
strate uptake, PDH activity, the activity of the entire TCA
cycle, or the flux through the electron transport chain.
However, further studies are needed to define the role
of CryABR129G proteotoxicity on cardiac mitochondrial
substrate preference.

Overall, CryABR'2C hearts showed mitochondrial
dysfunction in the form of altered mitochondrial dynam-
ics, modified OXPHOS and PDH complex protein ex-
pression, abnormal electron transport chain complex
activities, and dysfunctional mitochondrial respiration
before the onset of detectable pathologies and develop-
ment of cardiac contractile dysfunction. Earlier studies
of DRM animal models suggested that ultrastructural
changes resulting from the protein aggregates as well as
sarcomere disarray are partially responsible for impair-
ment of cardiomyocyte contractility,3>°? and do not lead
to cardiomyocyte cell death by themselves.®? Therefore,
the accumulation of the protein aggregates early in the
disease process may perturb the mitochondrial orienta-
tion and function, activating a cascade of events leading
to cellular dysfunction and cell death.
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