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Diastolic dysfunction in Alzheimer’s
disease model mice is associated
with A3-amyloid aggregate
formation and mitochondrial
dysfunction
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Alzheimer’s Disease (AD) is a progressive neurodegenerative disease caused by the deposition of

AP aggregates or neurofibrillary tangles. AD patients are primarily diagnosed with the concurrent
development of several cardiovascular dysfunctions. While few studies have indicated the presence
of intramyocardial A aggregates, none of the studies have performed detailed analyses for
pathomechanism of cardiac dysfunction in AD patients. This manuscript used aged APPSVE/PS1Tg
and littermate age-matched wildtype (Wt) mice to characterize cardiac dysfunction and analyze
associated pathophysiology. Detailed assessment of cardiac functional parameters demonstrated
the development of diastolic dysfunction in APPSWE/PS1 Tg hearts compared to Wt hearts. Muscle
function evaluation showed functional impairment (decreased exercise tolerance and muscle strength)
in APPSVE/PS1 Tg mice. Biochemical and histochemical analysis revealed AR aggregate accumulation
in APPSVE/PS1Tg mice myocardium. APPSVE/PS1 Tg mice hearts also demonstrated histopathological
remodeling (increased collagen deposition and myocyte cross-sectional area). Additionally, APPSWE/
PS1Tg hearts showed altered mitochondrial dynamics, reduced antioxidant protein levels, and
impaired mitochondrial proteostasis compared to Wt mice. APPSVE/PS1Tg hearts also developed
mitochondrial dysfunction with decreased OXPHOS and PDH protein complex expressions, altered
ETC complex dynamics, decreased complex activities, and reduced mitochondrial respiration.

Our results indicated that Ap aggregates in APPSWE/PS1 Tg hearts are associated with defects in
mitochondrial respiration and complex activities, which may collectively lead to cardiac diastolic
dysfunction and myocardial pathological remodeling.
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Alzheimer’s Disease (AD) is a progressive neurodegenerative disease characterized by loss of memory, confu-
sion, poor judgment, apathy, depression, and difficulty in walking and speaking'. AD is primarily caused by the
deposition of p-amyloid (Ap), tau protein aggregates, and neurofibrillary tangles (NFTs). Several hypotheses
explain AD pathophysiology, including cholinergic, amyloid, tau propagation, mitochondrial cascade, calcium
homeostasis and NMDA, neurovascular, inflammatory, metal ion, and lymphatic system*’. Among all these
hypotheses, the amyloid hypothesis provides a mechanistic understanding of AD** and focuses on Ap aggregate
formation as AD’s main player and initiator. AP aggregates are formed by the cleavage of Amyloid Precursor Pro-
tein (APP), which is cleaved by a, or B and y secretase enzymes forming soluble or insoluble protein fragments.
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Sequential cleavage of APP by a and y secretases leads to the formation of soluble sSAPPa (normal processing)
whereas, sequential cleavage of APP by { (B-site APP-cleaving enzyme 1 (BACE1)) and y secretases (complex
of presenilin 1 (PSEN1) or PSEN2, nicastrin, presenilin enhancer 2, and anterior pharynx-defective 1) leads to
the formation of APPB (Ap), i.e., sticky AP peptides that aggregate to form oligomers which then further aggre-
gates to form amyloid fibrils>>®. Another well-accepted mechanism for AD is the deposition of NFTs consist-
ing of hyper-phosphorylated tau protein®’. Hyper-phosphorylated tau forms paired helical filaments (PHFs),
which then aggregate to form NFTs>*®8, Aggregation of AB and NFTs causes neuronal loss, leading to cognitive
impairment®>%%°. Previous studies have revealed the presence of several mutations in the APP gene, altered
APP processing resulting in toxic and aggregation-prone A species accumulation, or hyperphosphorylated tau
protein(i.e. microtubule associate protein tau (MAPT) gene) in AD patients®.

Based on the mutations present in AD patients, several preclinical models have been established to under-
stand the pathophysiology of AD using vertebrate animals, including mice, rats, non-human primates, dogs, and
guinea pigs, invertebrate animals including Drosophila, C. elegans, and lower order animals including zebrafish'.
Several mice models with different mutations including PDAPP, Tg2576, APP23, J20, TgCRNDS, PS2APP,
APPSWE/PSEN1dE9, Tg-ArcSwe, 5xFAD, 6xFAD, A7, NL-G-F, 3xTg, JNPL3, PS19, rTg4510, MAPT knock-in,
and NL-G-F/MAPT double knock-in are used to understand pathophysiology of AD. All these mice vary in
pathogenesis with different AP aggregate levels, NFT toxicity, disease progression, neuronal cell death, and cogni-
tive impairment>'12. A few of the mice models (e.g., 5XxFAD and 6xFAD) demonstrating accelerated cognitive
impairment with aggressive amyloid deposition are also used to understand pathophysiological mechanisms
leading to AD pathology'®!>"3. However, these mice models with aggressive pathologies fail to include the effects
of aging in neurodegeneration. Among the several AD mice models, APPSVE/PSEN1dE9 Tg (APPSVE/PS1 Tg)
mice demonstrate comparatively mild phenotype with slow amyloid deposition, making these models more
relevant to study the effects of aging in the AD disease progression'®!!3,

APPSWE/PS1 Tg mice have been extensively used to characterize and understand the neuronal changes in
AD pathology. Several studies in APPSWE/PS1 Tg mice indicated the development of A pathology as early as
6 months, neuronal loss at 8 months, and a decline in cognitive function at 12 months®>. APPSVE/PS1 Tg mice
demonstrate the development of fibrillar and neuritic plaques with increased neuroinflammation and irregu-
lated adrenergic system'>!4. APPSWE/PS1 Tg mice also demonstrated altered dendritic structure with decreased
dendritic diameter without neuronal loss in the lateral nucleus of the amygdala'®. In addition, APPSWE/PS1 Tg
mice showed decreased neurogenesis with the development of pathology and synaptic dysfunction'®. Studies also
indicated disturbed vessel homeostasis in APPSWE/PS1 Tg mice, leading to cerebrovascular dysfunction contribut-
ing to cognitive impairment”. AP aggregates are also reported to localize in the mitochondria of APPSVE/PS1 Tg
mice, causing increased oxidative stress and cholesterol accumulation in mitochondria’®. Additionally, multiple
studies documented that APPSVE/PS1 Tg mice develop age-related mitochondrial dysfunction with increased
vulnerability to oxidative stress, altered energy metabolism with increased insulin resistance, impaired proteo-
stasis, altered mitochondrial morphology with increased mitochondrial fission, and increased apoptosis'®-2. All
these pathologies, as mentioned above in APPSWE/PS1 Tg mice, are associated with the development of cognitive
impairment and AD pathology’.

An ample number of existing literature demonstrates mice models of vascular dementia, aging, and senes-
cence are associated with diastolic dysfunction with increased myocardial fibrosis**-?°. Additionally, protein
aggregation in the myocardium is related to cardiac dysfunction. Existing studies demonstrate cardiac dysfunc-
tion in experimental models of cardiac amyloidosis due to the deposition of pre-amyloid oligomers (caused by
ATTR or desmin mutation)?’-*°. Recently, we also reported cardiac dysfunction with increased cardiac fibrosis in
aB-Crystallin and Desmin-dependent models of cardiac proteotoxicity®**!. Besides these, some studies reported
the development of diastolic dysfunction in AD patients. Initial studies demonstrated autonomic cardiac dys-
function in the electrocardiogram of AD patients, which was attributed to cholinergic deficits*>. Subsequent
investigations revealed diastolic dysfunction with altered transmitral blood flow and increased relaxation time
(suggesting relaxation defects)**~** along with aortic stiffness measured by a higher stiffness index and lower
stretchability®* and an increase in intraventricular septum thickness in AD patients®®. This cardiac dysfunction in
AD patients was attributed mainly to the presence of intramyocardial $-amyloid aggregates®. In addition to Ap
aggregates, the clumping of neurofibrillary tangles formed by accumulating hyperphosphorylated tau proteins
also exhibits similar phenotypes with diastolic dysfunction.

Extensive studies on AD suggest APP localization and processing in neuronal cells, where it functions in help-
ing neuronal development and providing protection against injury and aging, while knocking out APP increases
the mortality after ischemia in mice*®*. Several groups have also shown APP expression in non-neuronal tis-
sues, including blood vessels, skin, intestine, adipocytes, subcutaneous tissue, and muscle, which are responsible
for different functions including but not limited to promoting cell adhesion with various extracellular matrix
components, aiding in muscle development and synapse formation in the motor neurons, and many more***!.
Although a few studies demonstrated myocardial deposits of A aggregates the existence of cardiac anomalies
in AD patients, none of the studies focused on the characterization of the experimental AD models for cardiac
pathology and exploring the molecular mechanism responsible for cardiac dysfunction in AD mice (if any).
Therefore, in this study, we first found Ap aggregate deposition in the hearts of aged APPSWE/PS1 Tg mice and
explored the possible molecular and biochemical events associated with the cardiac dysfunction in these AD
mice models. Here, we reported that APPSWE/PS1 Tg mice developed diastolic dysfunction with pathological
remodeling and mitochondrial dysfunction with decreased mitochondrial complex activity, altered OXPHOS
complex expression, altered mitochondrial antioxidant system, altered mitochondrial dynamics and proteostasis.
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Results

Diastolic dysfunction in APPSWE/PS1Tg hearts

Alzheimer’s disease (AD) patients are diagnosed with the prevalence of cardiac dysfunction, especially with
abnormal transmitral blood flow***. Therefore, using non-invasive echocardiography, we used the aged APPSWE/
PS1 Tg mice (24 months of age) and littermate control Wt mice to monitor cardiac function. M-mode echo-
cardiographic measurement showed no significant changes in systolic cardiac function parameters including
diastolic and systolic volumes (Fig. 1A-B), percent ejection fraction (%EF; Fig. 1C), left ventricular internal
diameter (LVID) at both diastole and systole (Fig. 1D-E), percent fractional shortening (%FS; Fig. 1F), intra-
ventricular septum (IVS) thickness at diastole (Fig. 1G), and left ventricular posterior wall (LVPW) thickness at
diastole (Fig. 1H). Heart rate (Fig. 1I) measurement showed no significant difference in beats per minute across
the groups.

We also assessed the LV diastolic function parameters using tissue and pulse wave Doppler measurements
(Fig. 2). Mitral inflow velocity measurements showed a significant increase during early diastolic filling (E
wave; MV E) in APPSVE/PS1 Tg mice compared to Wt controls (Fig. 2A) with no significant change during
atrial contraction (A wave; MV A) (Fig. 2B), leading to an overall increases MV E/A ratio in APPSWE/PS1 Tg
mice (Fig. 2C). Further analysis of the relative contribution of atrial contraction to diastolic filling displayed a
significant decrease, suggesting restrictive filling in APPSWE/PS1 Tg mice (Fig. 2D). Further measurements for
early diastolic mitral valve septal annulus velocity (MV IVS E’) demonstrated no significant change across the
groups (Fig. 2E), resulting in an increased relationship between early diastolic inflow and septal annulus velocity
(E/E’) (Fig. 2F). The changes in all these parameters indicated unusual diastolic filling, further suggesting diastolic
dysfunction in aged APPSWE/PS1 Tg mice compared to age-matched littermate Wt mice. Additionally, we also
evaluated the LV dyssynchrony using speckle tracking based strain measurements from B-mode echocardiogra-
phy (Supplement Figure S1)%. Measurements for reverse longitudinal global strain showed a significant decrease
(Supplement Figure S1A) and reverse radial global strain demonstrated significant increase (Supplement Figure
S1B) during diastolic filling in APPSWE/PS1 Tg mice compared to Wt. Assessment of maximum time-to-peak
(T2P) delay values for longitudinal strain (Supplement Figure S1C) and radial strain (Supplement Figure S1D)
displayed no change across the groups. However, the standard deviation of T2P was significantly increased for
longitudinal strain (Supplement Figure S1E) but remained unchanged for radial strain (Supplement Figure SIF).
Furthermore, measurements for the standard deviation of the T2P/RR ratio showed a significant increase for lon-
gitudinal strain in APPSWE/PS1 Tg mice compared to Wt mice (Supplement Figure S1G) but remained unchanged
for radial strain across the groups (Supplement Figure SIH). All these changes indicated LV dyssynchrony with
LV deformation in APPSWE/PS1 Tg mice compared to age-matched littermate Wt controls.

APPSWEIPS1 Tg mice exhibit skeletal muscle dysfunction with exercise intolerance and
decreased muscle endurance

Skeletal muscle dysfunction with exercise intolerance is one of the primary symptoms of diastolic dysfunction.
Additionally, cognitive decline is associated with decreased hand grip strength. Therefore, to corroborate the
events in diastolic dysfunction and cognitive decline, we performed grip strength measurements (Fig. 3A-B) to
assess muscle endurance and graded maximal exercise (Fig. 3C-F) to measure exercise tolerance. Grip strength
measurements demonstrated significantly lower values for both absolute (Fig. 3A) and normalized (Fig. 3B) grip
strength in APPSWE/PS1 Tg mice, suggesting decreased muscle endurance in APPSWE/PS1 Tg mice. Similarly,
when subjected to forced treadmill exercise, APPSWE/PS1 Tg mice exhibited a significant decrease in time to
exhaustion (Fig. 3C) and maximum distance covered (Fig. 3D) during the experiment, suggesting lower exercise
tolerance in APPSWE/PS1 Tg mice. However, no significant difference was observed in the maximal (Fig. 3E)
and average (Fig. 3F) speeds attained. The results indicated skeletal muscle dysfunction with reduced muscle
endurance and exercise tolerance in aged APPSWE/PS1 Tg mice compared to age-matched littermate Wt mice.

AB-amyloid protein accumulates and forms aggregates in the heart

Existing studies demonstrated cardiac dysfunction in Alzheimer’s Disease patients with intramyocardial deposi-
tion of amyloid aggregates in the heart®. Therefore, we assessed the expression of Ap-amyloid in the left ventricu-
lar myocardium in whole cell lysates and the tissue sections from APPSWE/PS1 Tg and found that AB-amyloid
protein is expressed in the cardiac tissue (Fig. 4). Western blot analysis showed the presence of full-length
APP and APP-breakdown products in the APPSWE/PS1 Tg hearts (Fig. 4A). Ap-amyloid expression in the LV
myocardium was further confirmed using immunohistochemistry as indicated by the patchy brown stain in the
APPSWE/PS1 Tg myocardial sections (Fig. 4B). Inmunostaining of the LV myocardial sections from APPSWE/
PS1 Tg mice hearts for AB-amyloid displayed amyloid aggregate formation in the cardiomyocytes (Fig. 4C).
We also confirmed the presence of amyloid oligomers in the APPSWE/PS1 Tg hearts using an oligomer-specific
Al1 antibody*? (Fig. 4D). Overall, the APPSWE/PS1 Tg hearts showed the presence of full-length APP and APP-
breakdown products, amyloid deposition, and toxic amyloid oligomers.

APP3WE/PS1 Tg hearts developed histopathological remodeling with increased fibrosis and
cardiac hypertrophy

As the APPSWE/PS1 Tg mice developed cardiac diastolic dysfunction and the presence of toxic amyloid oligomers,
we evaluated the hearts for histopathological remodeling. Picro-Sirius Red staining of the LV myocardial sections
demonstrated increased collagen content in APPSWE/PS1 Tg mice (Fig. 5A). Additionally, cross-sectional area
(CSA) measurements of the cardiomyocytes analyzed from WGA-stained tissue sections showed significantly
higher CSA in aged APPSVE/PS1 Tg mice compared to age-matched littermate Wt mice (Fig. 5B). We also
assessed the hearts for changes in inflammation and ECM degradation markers. We found no significant changes
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Figure 1. M-mode Echocardiographic parameters for systolic cardiac function in Wt and APPSVE/PS1 Tg mice.

(A)-(I) M-mode echocardiographic indices for cardiac function indicate a similar systolic function in AP

PSWE /

PS1 Tg compared to age-matched littermate Wt controls. (A) Diastolic Left Ventricular (LV) Volume (LV Vol;
d). (B) Systolic Left Ventricular Volume (LV Vol; s). (C) Percent Ejection Fraction (%EF). (D) Left Ventricular
Internal Diameter at diastole (LVID; d). (E) Left Ventricular Internal Diameter at systole (LVID; s). (F) Percent
Fractional Shortening (%FS). (G) LV Intraventricular septum thickness at diastole (IVS; d). (H) Diastolic LV
posterior wall thickness (LVPW; d). (I) Heart rate (beats/min) (n=13 mice per group). Bar graphs represent
mean + SEM. Each dot in the graph corresponds to individual data points from each mouse. An unpaired
Student t-test was used to determine the p values. ns, Not significant; Wt, Wildtype.
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Figure 2. Tissue and Pulse wave Doppler parameters for diastolic cardiac function in Wt and APPSWE/PS1

Tg mice. (A)-(F) Tissue Doppler and Pulse wave Doppler parameters for cardiac function suggest diastolic
dysfunction in APPSWE/PS1 Tg compared to age-matched littermate Wt controls. (A) Mitral inflow velocity
during early diastolic filling (E-wave; MV E). (B) Mitral inflow velocity during atrial contraction (A-wave; MV
A). (C) The ratio for absolute values of early-to-late diastolic flow velocity (MV E/A). (D) Percent contribution
of atrial contraction to diastolic filling. (E) Early diastolic mitral annular velocity at septal (IVS) wall (E’). (F)
Relationship between early diastolic mitral inflow velocity and diastolic mitral annular velocity at septal (IVS)
wall (E/E’) (n=13 mice per group). Bar graphs represent mean + SEM. Each dot in the graph corresponds

to individual data points from each mouse. An unpaired Student ¢-test was used to determine the p values.
*p<0.05; **p <0.01; ns, Not significant; Wt, Wildtype.

in the protein levels for phosphorylated NFkB and MMP2 between genotypes (Supplement Figure S2A-C).
Hematoxylin and eosin staining for the myocardial sections showed no notable changes between the APPSWE/
PS1 Tg and Wt hearts (Supplement Figure S2D).

Altered levels of cellular antioxidants, mitochondrial dynamics, and mitochondrial proteosta-
sis regulatory proteins in APPSWE/PS1Tq hearts

Increased oxidative stress and altered mitochondrial dynamics were reported to be associated with the devel-
opment of AD pathology*. Previous studies also indicated higher oxidative damage with altered antioxidant
systems in the brains of human AD patients and mouse models of AD***. However, the antioxidant levels in
the AD hearts remain unexplored. Therefore, we evaluated the changes in the antioxidant system in these mice
and found a significant decrease in Catalase and SOD1 in aged APPS"E/PS1 Tg mice compared to age-matched
littermate Wt mice (Fig. 6A,B). However, the protein levels of Glutathione peroxidase (Gpx1) and MnSOD
remained unchanged (Fig. 6A,B). Similarly, quantification of the protein levels of DNA damage markers (e.g.
8-OHdG) and DNA damage sensing markers (e.g. ATM and ATR) in whole cell lysate of Ntg and APPSVE/PS1Tg
mice did not show any significant change across the groups (Supplement Figure S3).

Previous studies demonstrated altered mitochondrial dynamics in neuronal samples from both in vitro and
in vivo models of AD**, and showed that altered oxidative stress facilitates changes in mitochondrial dynamics*.
Therefore, we evaluated changes in mitochondrial dynamics regulatory proteins and found a significant decrease
in mitochondrial fission regulators (Drp1 and Fis1) in aged APPSWE/PS1 Tg hearts (Fig. 6A,C). Similarly, mito-
chondrial fission activating phosphorylation of Drpl (pDrp1Ser616) was also significantly reduced in APPSWE/
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Figure 3. Reduced skeletal muscle endurance and exercise tolerance in APPSWE/PS1 Tg mice. (A)-(B) Grip
strength measurements show decreased endurance in the skeletal muscles of APPSWE/PS1 Tg mice compared

to age-matched littermate Wt controls. (A) Absolute Grip strength (N). (B) Grip strength normalized to body
weight (N/Kg body weight). (C)-(F) Forced exercise measurements suggest decreased exercise tolerance

in APPSWE/PS1 Tg mice compared to age-matched littermate Wt controls. (C) Exhaustion time (min). (D)
Maximum distance covered (m). (E) Maximum speed attained (m/min). (F) Average speed (m/min) (n=>5 mice
per group). Bar graphs represent mean + SEM. Each dot in the graph corresponds to individual data points from
each mouse. An unpaired Student ¢-test was used to determine the p values. * p<0.05; ** p<0.01; *** p<0.001;
NS, Not significant; Wt, Wildtype.

PS1 Tg hearts, while mitochondrial fission inhibiting phosphorylation of Drpl (pDrplSer637) was dramati-
cally increased in APPSWE/PS1 Tg hearts (Fig. 6A,C). Interestingly, we also found a significant decrease in inner
mitochondrial membrane fusion regulatory protein OPA1 while Mfn2 (outer mitochondrial membrane fusion
regulatory protein) remain unchanged (Fig. 6A,C).

Mitochondrial proteostasis plays an important role in the clearance of protein aggregates and dysfunctional
mitochondria. Loss of mitochondrial proteostasis is widely associated with several neurodegenerative diseases
including AD*-!. Therefore, we evaluated the changes in levels of different proteases and found a significant
decrease in serine proteases located in mitochondrial intermembrane space (HtrA2), matrix (LonP1 and ClpP),
and Hsp60 (Fig. 6A,D). The expression levels of other proteases, including Sam50, Hsc70, paraplegin, and Omal
(inner membrane serine protease) remained unchanged (Fig. 6A,D).

Mitochondrial dysfunction with altered electron transport chain and decreased mitochondrial
bioenergetics in APPSWE/PS1 Tg hearts

Mitochondrial dysfunction with respiratory defects and oxidative damage in AD brains is well evident in the
literature. However, none of the studies explored the changes in the cardiac mitochondria of AD incidences.
Moreover, previous studies from our lab have shown mitochondrial dysfunction with altered mitochondrial
dynamics, hyperactive mitochondrial fission, and decreased mitochondrial fusion in mice models of cardiac
proteotoxicity®**!. Therefore, we assessed mitochondrial oxidative phosphorylation capacity at protein levels by
evaluating the complex activities and mitochondrial bioenergetics. Evaluation of OXPHOS and PDH protein
levels in the whole cell fraction exhibited a significant decrease in protein expression of Complexes I, II, and
III subunits (Fig. 7A,B) and E2 subunit (Fig. 7A,C), respectively. However, protein expression of Complex V
of OXPHOS protein complex (Fig. 7A,B), and E3bp and Ela/p subunit of PDH protein complex (Fig. 7A,C)
remained unchanged across the groups. The function of the mitochondrial electron transport system largely
depends on the assembly and dynamics of the five complexes involved, forming different supercomplexes (SCs)
together. Therefore, we evaluated the changes in mitochondrial supercomplexes and the subunits in their native
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Figure 4. Accumulation of AB-amyloid protein aggregates in the heart. (A) Representative Western Blot for
Ap-amyloid protein in the whole cell lysate from the hearts of Wt and APPSWE/PS1 Tg mice. Ponceau S staining
of the membrane after transfer was used to confirm equal loading of the samples across the wells (n=3 mice
per group). (B) Representative brightfield images for IHC-staining for AB-amyloid in the paraffin-fixed heart
tissue sections from Wt and APPSWE/PS1 Tg mice. Hematoxylin (blue) was used to counterstain the nuclei (n=4
mice per group). Scale bars: 50 um. Representative immunofluorescence image showing the presence of (C)
Ap-amyloid (green) and (D) amyloid oligomers by staining with an oligomer-specific A11 antibody (green)
observed in paraffin-fixed APPSWE/PS1 Tg heart sections. Desmin (red) and cardiac Troponin I (red) were used
as a counterstain for cardiomyocytes, and DAPI (blue) was used to counterstain nuclei (n=4 mice per group).
Scale bars: 20 pm. Wt, Wildtype.
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Figure 5. Histopathological remodeling in APPSWE/PS1 Tg mice hearts. (A) Representative brightfield
micrographs of Picro-Sirius red-stained LV myocardial cross-sections for collagen deposition (red stain) (left
panel) in Wt and APPSWE/PS1 Tg mice and its respective quantification for percent collagen deposition (right
panel) showing increased collagen deposition in APPSWE/PS1 Tg heart sections (> 17 images quantified per mice
per group; n=4 mice per group). Scale bars: 50 um. (B) Representative immunofluorescence images of wheat
germ agglutinin (WGA)-stained (green) paraffin-fixed LV myocardial sections from Wt and APPSWE/PS1 Tg
mice (left panel) and the respective quantification for cardiomyocyte cross-sectional area (CSA) (right panel)
showing increased CSA in APPSWE/PS1 Tg hearts. (> 10 images quantified per mice per group; n=4 mice per
group). Scale bars: 20 pm. Bar graphs represent mean + SEM. Each dot in the graph corresponds to individual
data points from each mouse. An unpaired Student ¢-test was used to determine the p values. *p <0.05;
and*p <0.01; Wt, Wildtype.

form and found significant changes in supercomplex dynamics with increased disintegration of complex I and
V. In contrast, complex IV and II were significantly lower in APPSWE/PS1 Tg hearts mitochondria (Fig. 7D,E).
We assessed the complex I, II, and III activities to ascertain if the changes in complex I, IT and III expression and
supercomplexes dynamics affected the individual activities of mitochondrial complexes (Fig. 7F-H). We found
a significant decrease in complex I and III activities in APPSWE/PS1 Tg hearts (Fig. 7EH). Despite a significant
reduction in protein expression in the whole cell fraction of APPSVE/PS1 Tg hearts (Fig. 7A,B), the complex I
activity remained unchanged across the groups (Fig. 7G).

We also evaluated the changes in mitochondrial bioenergetics in APPSWE/PS1 Tg and control hearts (Fig. 8).
We found a significantly lower oxygen consumption rate (OCR) profile in mitochondrial fraction from APPSWE/
PS1 Tg hearts (Fig. 8A). The quantification for OCR at baseline, which includes the sum of all the physiological
oxygen consumption by mitochondria, revealed significantly lower basal respiration in APPSWE/PS1 Tg hearts
(Fig. 8A,B). Inhibition of ATP synthase (Complex V) using oligomycin shuts down mitochondrial ATP synthe-
sis, causing a drop in OCR and allowing the calculation of ATP-linked OCR. Assessment of ATP-linked OCR
demonstrated significantly lower values in APPSWE/PS1 Tg mitochondria compared to the control mitochondria
(Fig. 8A,C). Following oligomycin, carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP) was injected
to uncouple the mitochondrial proton gradient and allow for maximal oxygen consumption. Analysis for FCCP-
coupled OCR demonstrated a similar significant decrease in respiration values in mitochondria from APPSWE/
PS1 Tg heart (Fig. 8A,D). Injection of rotenone and antimycin A (Complexes I and III inhibitors, respectively)
completely shut down mitochondrial respiration, and the remaining OCR values correlate to non-mitochondrial
respiration. Quantification for non-mitochondrial respiration in APPSWE/PS1 Tg and control mitochondria
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Figure 6. Altered antioxidant, mitochondrial dynamics, and proteostasis regulatory protein levels in APPSWE/
PS1 Tg mice hearts. (A, B) Representative Western Blot images and their respective densitometric quantification
for the expression of cellular and mitochondrial antioxidant proteins including Catalase, Glutathione
Peroxidasel (Gpx1), Superoxide Dismutase 1 (SOD1), and Manganese Superoxide Dismutase (MnSOD, also
known as SOD2) in the whole cell lysate from the hearts of Wt and APPSWE/PS1 Tg mice. Ponceaus staining of
the membranes after transfer was used to confirm the equal loading of the proteins (n=3 mice per group) (A,
C) Representative Western Blot images and their respective densitometric quantification for the expression of
proteins involved in regulating mitochondrial dynamics (mitochondria fission (Drpl, pDrpl Ser616, pDrpl
Ser637, and Fisl), and mitochondrial fusion (OPA1, and Mfn2) in the whole cell lysate from the hearts of Wt
and APPSWE/PS1 Tg mice. PonceausS staining was used to confirm the equal loading of the proteins (n=3 mice
per group). (A, D) Representative Western Blot images and their respective densitometric quantification for
the expression of proteins involved in mitochondrial proteostasis in the whole cell lysate from the hearts of Wt
and APPSWE/PS1 Tg mice. PonceausS staining was used to confirm the equal loading of the proteins (n=3 mice
per group). Bar graphs represent mean + SEM. Each dot in the graph corresponds to individual data points
from each mouse. The non-parametric Kruskal-Wallis test was used to determine p values. *p <0.05; NS, Not
significant; Wt, Wildtype.

exhibited similar values across the groups (Fig. 8A,E). Next, the reserve capacity, i.e. the extra amount of energy
produced in time of need, was calculated as a difference between FCCP-linked OCR and basal respiration. Upon
calculation, we found a significantly reduced reserve capacity in APPSWE/PS1 Tg mitochondria (Fig. 8F). Simi-
larly, when calculated for ATP turnover as the difference between basal OCR and ATP-linked OCR, APPSWE/PS1
Tg mitochondrial fraction displayed lower values than the Wt mitochondria (Fig. 8G). Lastly, maximal respira-
tion, calculated by deducting non-mitochondrial respiration from FCCP-linked respiration, also demonstrated
significantly lower values in APPSWE/PS1 Tg mitochondria compared to the control mitochondria (Fig. 8H). We
found that APPSWE/PS1 Tg hearts exhibited mitochondrial dysfunction with decreased complexes I, II, and 111
protein expression, complexes I and III activities, and decreased mitochondrial respiration.

Discussion

This study aimed to explore whether the commonly used mouse models of AD develop any pathological changes
in heart function and assess the molecular alterations in the cardiac muscle. Existing studies demonstrated car-
diac dysfunction with altered diastolic function owing to altered transmitral blood flow and aortic stiffness with
intramyocardial deposition amyloid aggregates®>-*. Several mice models exist to understand the pathophysiology
of AD; however, these studies primarily focus on neuronal changes'?. Despite the presence of diastolic dysfunc-
tion in AD, very few studies attempted to characterize cardiac dysfunction in AD mice models. Therefore, here
we performed detailed histopathological characterization of AD hearts using APPSWE/PS1 Tg as the mice model
and found several novel and intriguing results as follows: (i) APPSWE/PS1 Tg mice exhibited diastolic cardiac
dysfunction with higher diastolic filling and significantly increased E/E’ ratio and altered speckle-tracking-
based strain parameters, (i) APPSWE/PS1 Tg displayed reduced muscle endurance and exercise intolerance, (iii)
myocardium showed the presence of ubiquitous and ununiform APP aggregates in the APPSWE/PS1 Tg hearts,
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Figure 7. Altered OXPHOS and PDH protein complexes levels in APPSWE/PS1 Tg mice hearts. (A-C)
Representative Western Blot images and the densitometric quantification for the expression of OXPHOS
(A,B) and PDH (A,C) protein complexes in the whole cell lysate from the hearts of Wt and APPSVE/PS1 Tg
mice. COXIV expression was used to confirm equal loading of the samples across the wells (n =3 mice per
group). (D) Representative image of Coomassie blue-stained non-gradient native polyacrylamide gel (6%)
on freshly isolated mitochondrial fraction from Wt and APPSWE/PS1 Tg mice to observe changes in Electron
Transport Chain (ETC) supercomplexes’ assembly and abundance (n=3 (1 male and 2 females) mice per
group). (E) Representative Western Blot image for the expression of OXPHOS protein on the native gel
subjected to BNPAGE followed by transfer to PVDF membrane (n=3 mice per group). (F,G, and H) Activity
assays mitochondrial complex I (F), II (G), and III (H) in the mitochondrial isolates from the hearts of Wt
and APPSWE/PS1 Tg mice (n=4 mice per group). Bar graphs represent mean + SEM. Each dot in the graph
corresponds to individual data points from each mouse. The non-parametric Kruskal-Wallis test was used to
determine p values. *p <0.05; NS, Not significant; Wt, Wildtype.

(iv) histopathological evaluation demonstrated increased collagen deposition (Picro-Sirius Red staining), and
increased cross-sectional area (WGA staining) in APPSWE/PS1 Tg hearts, (v) Western blot analysis demonstrated
altered antioxidants level, mitochondrial dynamics, and mitochondrial proteostasis in whole cell lysates from
APPSWE/PS] Tg hearts, (vi) mitochondrial dysfunction with altered OXPHOS and PDH protein levels, decreased
Complex I and II activities, altered mitochondrial supercomplex dynamics, and reduced mitochondrial bioen-
ergetics in APPSWE/PS1 Tg hearts.

Heart and brain form a functional continuum where neurodegenerative diseases affect the heart, and car-
diovascular dysfunction can alter neuronal functions. Several studies have indicated increased cognitive decline
and dementia in hypo-perfusion incidences, including myocardial ischemia®»**. Conversely, cardiovascular dys-
function is also evident in neurodegenerative diseases like Alzheimer’s disease (AD) patients. Existing studies
have primarily demonstrated diastolic dysfunction with altered transmitral blood flow, diastolic stiffness, and
altered contraction. According to the A hypothesis, many of these changes are attributed to the intramyocardial
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Figure 8. Reduced mitochondrial respiration in the isolated mitochondria from APPSWE/PS1 Tg hearts. (A)
Oxygen consumption rate (OCR) curve for freshly isolated mitochondrial fraction from Wt and APPSVE/PS1 Tg
hearts obtained by sequential addition of oligomycin (1 umol/L), carbonyl cyanide-4-phenylhydrazone (FCCP)
(2 umol/L), and rotenone (0.5 pmol/L) plus antimycin A (0.5 pmol/L) (indicated by arrows). Each point on the
curve represents the average of the OCR values from each mouse (n=5 mice per group). OCR value is expressed
as picomoles/min/pg protein. (B-H) Graphs for OCR values of respiratory parameters including (B) Basal
respiration and after the addition of (C) Oligomycin, (D) FCCP, and (E) Rotenone and Antimycin A. Major
respiratory parameters for mitochondrial function including (F) Reserve Capacity, (G) ATP Turnover, and (H)
Maximal Respiration was calculated from the OCR values obtained in B to E in mitochondria isolated from Wt
and APPSWE/PS1 Tg hearts (n=>5 mice per group). Bar graphs represent mean + SEM. Each dot in the graph
corresponds to the individual data point in the experiment. An unpaired Student ¢ test was used to determine
the p values. *p <0.05; **p <0.01; and ***p <0.001; ns, not significant; Wt, Wildtype.
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deposition of amyloid aggregates®. However, few studies indicate that mutation in PSEN1 and 2%, and deposition
of tau aggregates also cause idiopathic dilated cardiomyopathy with abnormal cardiac function®***. The presence
of cardiac dysfunction in AD patients increases the risk of heart failure and other cardiac comorbidities, which
makes it vital to understand the pathophysiology and the molecular mechanism behind the myocardial changes.
Despite the existence of several mice models, most of the studies exploring cardiovascular dysfunction in AD
patients are based on clinical data and samples, restricting the extensive evaluation of the mechanism. Very few
studies have attempted to investigate the causative mechanism of cardiac dysfunction in AD extensively. Previ-
ous study also showed cardiac dysfunction with decreased contractile function with reduced %FS, increased
fibrosis, and decreased mitochondrial respiration in 5XFAD mice. The group suggested that all these changes
were due to increased systemic levels of AB*®. Contrastingly, another study using the tau hyperphosphoryla-
tion model of AD recently reported no differences in systolic parameters (e.g., %FS) but comparatively higher
diastolic parameters (e.g., E/A and E/E’). In line with the existing studies, our study demonstrated the develop-
ment of cardiac diastolic dysfunction with altered mitral inflow velocity and restricted ventricular filling and no
change in systolic function in APPSWE/PS1 Tg mice at 24 months of age, which correlates to the changes seen in
human AD patients and tau model of proteotoxicity. Moreover, APPSWE/PS1 Tg hearts also demonstrated LV
diastolic dysfunction, dyssynchrony, and deformity with decreased reverse longitudinal and increased radial
strain, increased STD of T2P and T2P/RR ratio. Additionally, APPSVE/PS1 Tg hearts also displayed ubiquitous
non-uniform deposition of AP aggregates in the myocardium, correlating with intramyocardial deposition of
amyloid aggregates observed in AD hearts®>™*.

Decreased skeletal muscle function and cardiac dysfunction in AD may be due to the accumulation of dys-
functional mitochondria and increased oxidative stress. Multiple studies have shown abnormal mitochondrial
function as a leading cause of cardiac dysfunction. Several studies, including our previous research, suggested
abnormal mitochondrial function with decreased mitochondrial bioenergetics, altered mitochondrial structure
and dynamics, and decreased mitochondrial complex activities in mice models of cardiac proteotoxicity (i.e.,
D7-DesTg and aB-Crystallin?!2°¢) where all these changes were associated to intracardiac deposition of protein
aggregates®*’!. In addition, mitochondrial insufficiencies with decreased cytochrome oxidase, pyruvate dehy-
drogenase, and a-ketoglutarate dehydrogenase activities were associated with AD*”. Several studies have found a
link between mitochondrial function and AD phenotype. Using different in vivo models of AD, previous studies
have undeniably exhibited mitochondrial dysfunction with impaired mitochondrial dynamics with decreased
mitochondrial fusion and increased fission, decreased ER-mitochondria interaction, reduced respiration with
decreased complex I activity in hippocampus (and its astrocytes), cerebral cortex, and total brain of APPSWE/
PS1 Tg mice, 3xTg AD mice, and P130L Tau Tg mice****-%. Studies employing in vitro models using APP
overexpressing primary neurons, astrocytes, neuroblastoma cells (SH-SY5Y)®!, and neuroblasts (M17 cells)*’
corroborated with the findings of in vivo models displaying decreased mitochondrial respiratory control ratio
and ATP levels and altered mitochondrial morphology.

We also found altered mitochondrial supercomplex formation with Complex III and Complex IV degradation
in APPSWE/PS1 Tg mice. Mitochondria participates in ATP production as a function of the electron transport
chain (ETC) complexes, wherein the electron is transported from complexes I, II, and III to the electron recipient
to produce NADH and FADH. The complexes in the ETC are known to combine at stoichiometric ratios and
form different supercomplex (SCs) to facilitate electron transfer®>%. Studies have shown decreased SC forma-
tion in the cortex, primary neurons, and astrocytes from mice and rat models of aging and neurodegenerative
diseases®*®. AP accumulation has also shown altered SC formation, leading to mitochondrial dysfunction in APP
C99 overexpressing cells and mice brains®. Our previous studies also demonstrated an overall decrease in SC and
all the mitochondrial complexes due to mitochondrial accumulation of protein aggregates in aB-Crystallin®'2°¢
mice®. Besides, SC stability is also perturbed by increased ROS®>%. Correlating with the mouse models of car-
diac proteotoxicity, APPSWE/PS1 Tg hearts showed altered mitochondrial dynamics, reduced antioxidant protein
levels, reduced mitochondrial respiration, and complex activities. Further studies are required to dissect whether
mitochondrial dysfunction and altered mitochondrial dynamics are caused by increased oxidative stress or vice
versa and their mechanism.

Mitochondrial protein clearance has been allied with protein aggregation and neurodegenerative diseases
(including AD). Studies have indicated accelerated synthesis or impaired clearance of AP aggregates contributes
to AD pathogenesis*~°!. Therefore, we evaluated changes in proteins involved in protein clearance, including
inter-mitochondrial membrane serine protease (HtrA2), heat shock cognate protein 70 (hsc70), mitochondrial
matrix serine proteases (ClpP, LonP1, and paraplegin), stress-inducible heat shock protein 60 (HSP60), and inner
mitochondrial membrane serine protease (Omal). APPSWE/PS1 Tg hearts exhibited decreased HtrA2, ClpP,
LonP1, and HSP60 protein levels. Studies reported that AP accumulation in AD and a-synuclein accumulation
in Parkinson’s Disease (PD) directly impair LonP1 and ClpP protease activity, further causing mitochondrial
dysfunction®”®%. In addition, depletion of LonP1 and ClpP has been linked with abnormal protein aggregation.
Studies also suggested the direct interaction of LonP1 with AP aggregates in AD and has been shown to work
in concert with HSP70 to activate unfolded protein response®”*°. HSP60 primarily mediates protection against
protein aggregation, where activation of HSP60 has been shown to alleviate protein degradation’®”!. While stud-
ies have exhibited increased HSP60 levels in AD patients’ lymphocytes, some studies have also demonstrated
decreased HSP60 levels in the hippocampus from AD brains’®”!. HSP60 also directly interacts with APP and
facilitates its translocation to mitochondria’. While all these changes in the expression of cellular proteases are
associated with AP accumulation, increased oxidative stress caused by mitochondrial dysfunction and aging also
causes proteostasis loss, leading to escalated protein aggregation’"’. In addition to the proteases, we also inves-
tigated changes in SAM50 (involved in protein sorting before its translocation to mitochondria via TOM40)7*.
Our studies demonstrated impaired proteostasis with increased cardiac accumulation of A aggregates. This
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observed loss of proteostasis can be due to mitochondrial dysfunction, increased oxidative stress, and aging,
which feed-forward to increased AP aggregation.

Although our study showed the presence of the presence of full-length APP and APP-breakdown products,
amyloid deposition, and toxic amyloid oligomers, which may contribute to cardiac dysfunction and pathologi-
cal remodeling, we do not know the source of the amyloid oligomers. APPSWE/PS1 Tg mice are generated by
expressing the mutations in APP and PS1 gene using mouse prion protein (PrP) promoter”. Previous studies
have largely indicated PrP drives transgenes in the brain and heart’®. However, later studies suggested its expres-
sion in multiple tissues, including lungs, kidney, gastrointestinal tract, muscle, mammary glands, and lymphoid
cells”’, suggesting that transgene expression and protein aggregation lead to organ dysfunction. Therefore, our
future studies will explore the possible accumulation of amyloid oligomers in other organs beyond the brain.
However, we cannot rule out that cardiac dysfunction observed in these mice may be due to the cumulative
effect of another organ dysfunction. As our study showed the phenotypic characterization of the APPSVE/PS1
Tg mice hearts, temporal studies should be performed to delineate the onset of cardiac dysfunction and define
the molecular mechanism.

Overall, we explored the cardiac phenotype of aged APPSWE/PS1 Tg mice and reported several intriguing
findings, including cardiac diastolic dysfunction, decreased grip strength and exercise intolerance, myocardial
histopathological remodeling (increased collagen content and myocardial cross-sectional area), altered mito-
chondrial dynamics, altered antioxidant system, reduced levels of mitochondrial proteases, decreased OXPHOS
and PDH protein levels, decreased Complex I and III activities, and decreased mitochondrial respiration. Based
on the published literature and our findings in this study, we anticipate that myocardial accumulation of Ap
protein aggregate drives all these pathological changes. We assume that Ap-induced mitochondrial dysfunction
leads to cardiac dysfunction in the APPSWE/PS1 Tg heart. However, further studies are required to pinpoint the
mechanism of these AP accumulation-mediated pathological changes in the heart.

Methods

Animals

All methods in this study were reported in accordance with ARRIVE guidelines (https://arriveguidelines.org)
for reporting animal experiments. APPSWE/PSEN1dE9 (APPSWE/PS1 Tg) (stock no: 034832-JAX) mice generated
by coinjection of humanized constructs for human amyloid precursor protein Mo/HuAPP695swe) with Swedish
mutations (K595N/M596L) and mutant human Presnelin 1 protein with exon-9-deleted variant (PSEN1dE9)
was used to mimic the early-onset Alzheimer’s disease in the experiments’”%. The mice were purchased from
Jackson Laboratories (Bar Harbour, ME, USA) and were accommodated in an adequately controlled setting fol-
lowing 12 h light-dark cycle in well-maintained cages. The mice were provided with water and a regular chow
diet ad libitum. They were cared for according to the guidelines mentioned in the Guide for the Care and Use of
Laboratory Animals’® and animal protocol approved by the Animal Care and Use Committee of LSU Health-
Shreveport, following the NTH Guide for the Care and Use of Laboratory Animals. For all our experiments, we
used an equal number of APPSWE/PS1 Tg transgenic mice and their littermate non-transgenic (Wt) control mice
(male and female) at 24 months of age.

Echocardiographic analysis

We used non-invasive transthoracic longitudinal echocardiography in Wt and APPSWE/PS1 Tg mice to meas-
ure the cardiac function as previously described®**!80-83 Briefly, the mice were anesthetized using isoflurane,
and echocardiography was performed with VisualSonics Vevo 3100 high-resolution micro-ultrasound imaging
system (FUJIFILM, Toronto, ON, Canada) coupled with Vevo LAB 3.1.1 imaging software (https://www.visua
Isonics.com/product/software/vevo-lab, VisualSonics, Toronto, ON, Canada)®* and the myocardial function
parameters were measured using 40-MHz transducer. We used 2-dimensional M-mode measurements to assess
the systolic parameters of cardiac function, including systolic and diastolic left ventricular (LV) volume (LV Vol;s
and LV Vol;d, respectively), percent ejection fraction (%EF), systolic and diastolic LV internal diameter (LVID;s
and LVID;d respectively), percent fractional shortening (%FS; calculated using the equation ((LVIDd-LVIDs)/
LVIDd x 100), Intraventricular septal thickness at diastole (IVS;d), Left ventricular posterior wall thickness at
diastole (LVPW;d), and heart rate as beats per minute). Additionally, we used pulse-wave Doppler measurements
of mitral inflow velocity to assess diastolic parameters of cardiac function, including transmitral flow velocity
during early diastolic filling (E wave) and atrial contraction (A wave), early-to-late diastolic flow velocity (MV
E/A) ratio, and contribution (in percentage) of atrial contraction to diastolic filling. We also used tissue Dop-
pler measurement parameters, including early diastolic mitral annular velocity (E’) at the septal wall and the
relationship between early diastolic inflow and early diastolic tissue velocity (E/E’) at the septal wall to assess
the myocardial relaxation. Moreover, we also used speckle-tracking based analysis from B-mode echocardiog-
raphy to measure reverse longitudinal and radial strain (global; measured as an average of six LV segments),
and maximum time-to-peak delay (T2P,,,), standard deviation (STD) of T2P and T2P/RR for longitudinal and
radial strain to assess LV dyssynchrony and deformity.

Grip strength

We measured the forelimb grip strength of Wt and APPSWE/PS1 Tg mice to assess skeletal muscle endurance
capacity as described previously®>-¥". Briefly, the mice were acclimatized to the experimental room for at least
10 min before the experiment. After acclimation, we placed the mice on the mesh grid of the grip strength meter
v1.0.6 (1027SM, https://www.colinst.com/products/grip-strength-meter, Columbus Instruments, Columbus, OH,
USA). Then, the mouse tail was pulled away from the grip strength meter once they held the grid using their fore-
limbs. The gauge measured the maximum tension produced by the forelimbs at the time of release from the grid.
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We allowed the mice to rest for 1 min following each measurement. Each mouse was subjected to this trial up
to five times. We used the manufacturer’s software for the grip strength meter to analyze the data for every trial.

Exercise tolerance capacity

We used an exercise tolerance test to assess the exercise capacity of the skeletal muscles of Wt and APPSVE/PS1
Tg mice, as previously described®-8. Briefly, we subjected the mice to three training sessions to acclimatize
mice to the treadmill (OxyletPro, Panlab; Harvard Apparatus, Holliston, MA, USA) followed by one week of rest
time before the experiment for the mice. We acclimated the mice by placing them in a stationary but shockgrid
(1.5 mA)-activated treadmill. The initial treadmill setting was at a walking speed of 6 m/min for 5 min, then
gradually increasing the speed to 12 m/min for 12 min. Following rest time post-acclimation, the mice were
subjected to an exercise tolerance test where the mice were placed on a shock grid-activated treadmill at 0° incline
and allowed to run on the treadmill with gradually increasing speeds and inclinations until exhaustion®#. Mice
were categorized as exhausted if they spent more than 5 s on the shockgrid or got more than 10 shocks. We
analyzed the data for exercise tolerance using Metabolism version 3.0 software (https://panlab.com/en/produ
cts/metabolism-software-panlab, Harvard Apparatus).

Western blot

We used whole-cell fractions from hearts of Wt and APPSWE/PS1 Tg mice at 24 months of age to evaluate changes
in different protein expressions. We prepared the total cellular fraction from the snap-frozen heart tissues using
Cell Lytic M (Sigma-Aldrich, St. Louis, MO, USA) lysis buffer containing Complete Protease and Phosphatase
Inhibitor Cocktail (Roche, Basel, Switzerland), as described previously***82. Briefly, we homogenized the heart
tissue in the lysis buffer using a bead homogenizer. The tissue lysates were subsequently sonicated and centri-
fuged the homogenates at 12,000xg for 15 min to deposit insoluble cell debris. We used the soluble supernatant
containing the whole protein for our further experiments. We measured the total protein content of the whole
cell lysates using the modified Bradford reagent (Bio-Rad, Hercules, CA, USA) relative to a BSA standard curve
(BioRad). We ran the samples through SDS-PAGE to separate the proteins using pre-cast 7.5% to 15% Criterion
Gels (BioRad). We transferred the SDS-PAGE-subjected gels to polyvinylidene difluoride (PVDF) membranes
(Bio-Rad). Subsequently, the transferred membranes were stained with Ponceau$ (Acros organics; 0.2% in 5%
glacial acetic acid) to assess the total protein transferred on the membrane. Following Ponceaus staining, we
washed the membranes to clean the Ponceaus$, blocked (1 h with 5% non-fat dry milk), and incubated with
primary antibodies (diluted in 1% BSA) overnight at 4 °C. Following primary antibody incubation, we washed
the membranes with 1x wash buffer. Subsequently, we incubated them with alkaline phosphatase-conjugated
secondary antibodies Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) (1:5000 in 5% non-
fat dry milk). Finally, the membranes were developed using ECF reagent (Amersham, Amersham, UK), and
imaged with Chemidoc Touch Imaging System (Bio-Rad). We then performed densitometric quantification for
the protein level changes using ImageJ software version 1.53q (https://imagej.net/ij/, NIH, Bethesda, MD, USA).
Data were normalized to TOM 20 and COX IV. The primary antibodies used in this manuscript are f-amyloid
(1:1000; 803002; Biolegend), OXPHOS (1:1000; MS604; Abcam), PDH (1:1000; ab110406; Abcam), Catalase
(1:500; 129805; Cell Signaling), Glutathione Peroxidase 1(GPX1; 1:500; ab108427; Abcam), SOD1 (1:500; 37385;
Cell Signaling), MnSOD (1:500; 06984; Millipore), Drp1 (1:1000; 14647; Cell Signaling), pDrp-Ser616 (1:1000;
3455; Cell Signaling); pDrp-Ser637 (1:1000; 6319; Cell Signaling), Fis1 (1:200; sc-98900; Santa Cruz Biotechnol-
ogy), OPAL1 (1:1000; 80471; Cell Signaling), Mfn2 (1:1000; 9482; Cell Signaling), SAM50 (1:300; sc-100493; Santa
Cruz Biotechnology), HtrA2 (1:500; AF1458; R&D Systems), HSC70 (1:1000; ab2788; Abcam), ClpP (1:200;
sc-271284; Santa Cruz Biotechnology), LonP1 (1:1000; SAB1411647; Sigma), Hsp60 (1:300; sc-13115; Santa Cruz
Biotechnology), Paraplegin (1:200; sc-514393; Santa Cruz Biotechnology), Omal (1:200; sc-515788; Santa Cruz
Biotechnology), Tom 20 (1:200; sc-11415; Santa Cruz Biotechnology), pNF-kB (1:500; 3033; Cell Signaling), Total
NF-kB (1:500; 4764; Cell Signaling), and MMP2 (1:1000; ab92536; Abcam), 8-OHdG (1:200; sc-139586; Santa
Cruz Biotechnology), ATM (1:500; 2873; Cell Signaling), and ATR (1:500; 13934; Cell Signaling).

Immunohistochemistry

We used immunohistochemistry on thin serial sections (5 um) of the heart tissue to observe the expression
pattern of B-amyloid in Wt and APPSWE/PS1 Tg mice as described previously®. Briefly, we deparaffinized the
paraffin-embedded tissues followed by sequential hydration, antigen retrieval with antigen unmasking solution
(H-3300, Vector Laboratories, Burlingame, CA, USA). The antigen unmasked sections were subjected to block-
ing of endogenous peroxidases (0.3% v/v hydrogen peroxide; Bloxall, SP-6000, Vector Laboratories, Burlingame,
CA, USA), and blocking with 5% serum (Vector Laboratories, Burlingame, CA, USA). Next, the blocked sec-
tions were exposed to the primary antibody (diluted at 1:100 in blocking serum) overnight at 4 °C in a humid
chamber. Post-primary antibody incubation, the sections were washed with 1xPBS and incubated with secondary
antibody (Vector Laboratories, Burlingame, CA, USA) for 1 h 30 min. The antigen-antibody interaction signal
was enhanced using VECTASTAIN Elite ABC Peroxidase kit (PK-6100, Vector Laboratories, Burlingame, CA,
USA) and was observed using DAB-chromogen System (SK-4105, Vector Laboratories, Burlingame, CA, USA).
Following the staining of the heart sections, we subjected the sections to counterstaining with hematoxylin,
dehydration, and mounting with Cytoseal XYL mounting medium (Thermo Scientific). The stained sections
were then imaged using Olympus BX40 microscope (Olympus Life Science, Waltham, MA, USA) in brightfield
mode. The primary antibody used in this manuscript is f-amyloid (1:100; 803002; Biolegend).
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Immunofluorescence

We used immunofluorescence staining on 5 um thin serial sections from the hearts of both Wt and APPS"E/
PS1 Tg mice to examine the expression pattern of B-amyloid at the cellular level as described previously*®*!.
The thin sections from paraffin-embedded tissue were sequentially deparaffinized, hydrated, antigen retrieved
(by boiling at 100 °C in 10 mmol/L sodium citrate buffer (pH 6.0)), enhanced (using ITFX (Invitrogen)), and
blocked (1 h at room temperature with 1% bovine serum albumin, 0.1% cold water fish skin gelatin, and 1%
Tween 20 in PBS). Next, we incubated the blocked sections with primary antibodies (diluted in blocking buffer
(1:100)) in a humid chamber, followed by Alexa Fluor conjugated respective secondary antibodies (1 h 30 min
in a humid chamber) and DAPI (5 min). Next, we mounted DAPI-stained sections with Vectashield Hardset
antifade mounting media (Vector Laboratories, Burlingame, CA, USA), and imaged them using a Nikon AIR
high-resolution confocal microscope in an investigator-blinded manner. The primary and secondary antibod-
ies we used were B-amyloid (1:100; 803002; Biolegend), Desmin (1:100; V1015; Biomeda), Anti-Oligomer A-11
(1:100; AHBO0052; Life Technologies) , Cardiac Troponin I (cTnI) (1:100; MAB1691; Millipore) Alexa Fluor 488
:(A11034; Invitrogen), and Alexa Fluor 568 (A11031; Invitrogen).

Picro-Sirius Red (PSR) staining

Picro-Sirius Red staining was done on the 5 um thin serial sections from the hearts of both Wt and APPSVE/PS1
Tg mice to evaluate the collagen deposition as an indicator of pathological remodeling of the heart using the
previously described process®*8%2, Briefly, the thin serial sections were deparaffinized, hydrated, stained with
Picro-Sirius Red (1 h at room temperature), and dehydrated. The stained sections were mounted with Cytoseal
XYL mounting medium (Thermo Scientific) and imaged using an Olympus BX40 microscope (Olympus Life
Science, Waltham, MA, USA) in brightfield mode. The heart images were then used to quantify collagen deposi-
tion. Using the Image] software version 1.53q (https://imagej.net/ij/, NIH, Bethesda, MD, USA), we determined
collagen content in the heart as red-stained areas and non-stained cellular areas employing color-based thresh-
olding. The collagen content was calculated as the percentage of red-stained area compared to the total surface
area of each microscopic section from 10 to 12 high-magnification images that were investigator-blinded.

Wheat Germ Agglutinin (WGA) staining

We used WGA staining to define the changes in cardiomyocytes’ cross-sectional area (CSA) in Wt and APP/
PS1SWE Tg mice hearts as described previously’®®"#2. In summary, we used paraffin-embedded thin serial
Sects. (5 pm) from the hearts of both groups. The myocardial sections were subjected to sequential deparafhi-
nization, hydration, boiling mediated antigen retrieval (100 °C in 10 mmol/L sodium citrate buffer (pH 6.0)),
and blocking (1% bovine serum albumin, 0.1% cold water fish skin gelatin, and 1% Tween 20 in PBS) followed
by incubation with Alexa Fluor 488 conjugated Wheat Germ Agglutinin (WGA) (5 pg/mL; Invitrogen) and
counterstaining of the nuclei with DAPI (Invitrogen). We mounted the stained sections with Vectashield Hard-
set antifade mounting media (Vector Laboratories). Post-staining, the slides were imaged using a Nikon A1R
high-resolution confocal microscope (Nikon Instruments Inc. Melville, NY, USA) in an investigator-blinded
manner, and the cardiomyocytes’ CSA was measured using Image]J software version 1.53q (https://imagej.net/
ij/, NIH, Bethesda, MD, USA).

Hematoxylin and Eosin (H&E) staining

We used H&E staining on 5 pm thin serial sections from the hearts of both Wt and APPSWE/PS1 Tg mice to assess
immune cell infiltration according to manufacturer’s instructions (H&E staining kit; H3502; Vector Laboratories)
and as described previously®"*”. Subsequently, we mounted the stained sections using Cytoseal XYL mounting
medium (Thermo Scientific) and imaged them using an Olympus BX40 microscope (Olympus Life Science,
Waltham, MA, USA) in brightfield mode and a magnification of 20X.

Mitochondrial isolation from the heart

We isolated mitochondrial fractions from the hearts of Wt and APPSWE/PS1 Tg mice, as described previously®-#%,
to assess mitochondrial function and subjected it to several experiments. Briefly, we anesthetized the mice using
isoflurane, excised the hearts, and isolated the ventricles, followed by homogenization with glass/Teflon Potter
Elvehjem homogenizer in mannitol-sucrose-ethylene glycol tetraacetic acid (EGTA) buffer (225 nM mannitol,
75 mM sucrose, 5 mM HEPES, and 1 mM EGTA (pH7.4)). Using differential centrifugation at 600xg for 6 min
and 10,000xg for 10 min, respectively, followed by wash steps, we obtained fresh mitochondrial fraction and
used it for subsequent experiments.

Non-gradient blue native polyacrylamide gel electrophoresis (BN-PAGE)

We used freshly isolated mitochondrial fractions to assess mitochondrial supercomplex dynamics, as described
previously’#%-1, Briefly, we used an extraction buffer containing 50 mM Bis-Tris (pH 7.0), 1% n-dodecyl-p-d-
maltoside (vol/vol), and 750 mM e-amino-N-caproic acid to resuspend isolated mitochondria followed by incu-
bation on ice for 1 h. The mitochondrial suspension was then subsequently sonicated, centrifuged (8000xg for
10 min), and mixed with 10 x BN-PAGE loading buffer containing 0.5 M e-amino-N-caproic acid and 3% Serva
Blue G-250 (wt/vol). We loaded equal amounts of protein sample in 6% non-gradient polyacrylamide gels (made
using gel buffer containing 500 mM aminocaproic acid and 50 mM Bis-Tris, pH 7.0) and resolved them at room
temperature using cathode buffer (50 mM Tricine, 15 mM Bis-Tris, pH 7.0), 0.02% Serva blue G-250 (wt/vol),
anode buffer (50 mM Bis-Tris pH 7.0). We ran the gels at 150 V until the front blue line reached two-thirds of
the gel and then replaced the cathode buffer with the one without Serva blue G-250 (50 mM Tricine, 15 mM
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Bis-Tris, pH 7.0) followed by the run at 250 V until the end. After the completion of the run, the gels were
stained with Coomassie blue (Bio-Rad), imaged on ChemiDoc Touch Imaging System (Bio-Rad), transferred on
PVDF membrane, and incubated with anti-OXPHOS (1:1000, ab110413, Abcam). The primary antibody-exposed
membranes were developed using ECF substrates to detect and confirm the relative expression and localization
of specific complexes’ subunits.

Complex activity assays

We used isolated mitochondrial fractions to analyze electron transport system complex-specific activities
To measure complex-specific activity for all the complexes, we permeabilized the isolated mitochondrial fraction
by subjecting it to three freeze-thaw cycles. Following permeabilization, for total complex I activity, we measured
the NADH (10 pmol/L) oxidation-mediated absorbance changes at 340 nm for 2 min in an assay mixture with
2 ug mitochondrial protein in 50 mmol/L potassium phosphate buffer (pH 7.5), 1 mg/mL BSA, 250 pmol/L KCN,
and 6 pL of ubiquinonel (10 mM) in 1 mL cuvette using DS-11 FX + spectrophotometer (DeNovix, Wilmington,
DE). The measurement was repeated in an assay mixture containing rotenone (complex I inhibitor), and specific
complex I activity was calculated as rotenone-sensitive activity expressed as nanomoles/minute per milligram of
mitochondrial protein. Secondly, we evaluated complex II activity by measuring reduction of 2,6-dichlorophen-
olindophenol coupled to complex II catalyzed reduction of decylubiquinone in an assay mixture containing 2 pg
mitochondrial protein in 25 mmol/L potassium phosphate buffer (pH 7.5), 1 mg/mL BSA, and 20 mmol/L suc-
cinate (after incubation at 37 °C for 10 min) following measurement of 2,6-dichlorophenolindophenol (DCPIP;
80 pumol/L) reduction (600 nm for 3 min). We repeated this measurement in the presence of malonate (complex
IT inhibitor) and calculated the specific complex II activity as malonate-specific activity expressed as nanomoles/
minute per milligram of mitochondrial protein. Lastly, to measure complex III activity, we evaluated cytochrome
C (75 umol/L) reduction at 550 nm for 2 min in the reaction mixture containing 5 pg mitochondrial protein in
50 mmol/L potassium phosphate buffer (pH 7.5), 250 pumol/L KCN, 100 pmol/L EDTA, and 60 pmol/L decy-
lubiquinol in the presence and absence of antimycinA1 (complex IIT inhibitor; 10 pmol/L). We then calculated
specific complex III activity as antimycin A-sensitive activity expressed as nanomoles/minute per milligram
of mitochondrial protein. Extinction coefficients used for the evaluation of complex I, II, and III activities are
NADH (6.2 mM™ cm™), DCPIP (19.1 mM™! cm™), and reduced cytochrome C (18.5 mM™ cm™), respectively.

81,82,92

Mitochondrial bioenergetics

To assess the mitochondrial function in terms of its bioenergetics, we used freshly isolated mitochondrial frac-
tion and subjected to seahorse in an XFe24 Extracellular Flux Analyzer (Seahorse Biosciences, North Billerica,
MA) as described previously**#>%. Following isolation, mitochondrial isolates (50 ug/well) were seeded in XF24
culture plates and measured the respiration in mitochondrial assay buffer (220 mmol/L mannitol, 7 mmol/L
sucrose, 10 mmol/L KH2PO4, 5 mmol/L MgCl2, 2 mmol/L HEPES, 1 mmol/L EGTA, 0.2% fatty acid—free bovine
serum albumin, pH 7.4) at basal condition followed by sequential addition of 1 ug/mL oligomycin (ATP-synthase
inhibitor), 4 pmol/L FCCP (a mitochondrial uncoupler), and 0.5 pmol/L rotenone (a complex I inhibitor) plus
0.5 umol/L antimycin A (a complex III inhibitor) using Wave version 2.6.1.56 software (https://www.agilent.com/
en/product/cell-analysis/real-time-cell-metabolic-analysis/xf-software/seahorse-wave-desktop-software-740897,
North Billerica, MA). We presented the mitochondrial OCR values as pmol/min/ug protein.

Statistical analysis

We used GraphPad Prism software v9.2.0 (https://www.graphpad.com/, La Jolla, CA, USA) to perform all the
statistical analyses and expressed all the data as+ SEM. We tested all the data sets for normality using the Kol-
mogorov-Smirnov test. For the data set that passed the normality test, we used a two-tailed, unpaired Student’s
t-test, followed by Tukey’s post hoc test, and the data sets that didn’t pass the normality test were analyzed using
Kruskal-Wallis test. We presented the analyzed data set in graphs showing the median and interquartile range
as well as dots. Upon analysis, the p value of less than 0.05 was considered statistically significant. We performed
all the studies in an investigator-blinded manner.

Data availability
All the raw data for Western Blots generated and analyzed for this manuscript are included in this published
article. All the other datasets used in this manuscript are available from the corresponding author upon request.
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