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The loss of cardiac SIRT3 decreases metabolic flexibility
and proteostasis in an age-dependent manner
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Abstract SIRT3 is a longevity factor that acts as the
primary deacetylase in mitochondria. Although ubig-
uitously expressed, previous global SIRT3 knockout
studies have shown primarily a cardiac-specific phe-
notype. Here, we sought to determine how specifically
knocking out SIRT3 in cardiomyocytes (SIRTcKO
mice) temporally affects cardiac function and metab-
olism. Mice displayed an age-dependent increase in
cardiac pathology, with 10-month-old mice exhibit-
ing significant loss of systolic function, hypertrophy,
and fibrosis. While mitochondrial function was main-
tained at 10 months, proteomics and metabolic phe-
notyping indicated SIRT3 hearts had increased reli-
ance on glucose as an energy substrate. Additionally,
there was a significant increase in branched-chain
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amino acids in SIRT3cKO hearts without concur-
rent increases in mTOR activity. Heavy water labe-
ling experiments demonstrated that, by 3 months of
age, there was an increase in protein synthesis that
promoted hypertrophic growth with a potential loss
of proteostasis in SIRT3cKO hearts. Cumulatively,
these data show that the cardiomyocyte-specific loss
of SIRT3 results in severe pathology with an acceler-
ated aging phenotype.
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Introduction

The sirtuins are a family of NAD"-dependent deac-
ylases that are implicated in lifespan extension [1].
Despite extensive investigation of this family of
enzymes (reviewed in [2]), the role of SIRT3 in
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mammalian longevity remains incompletely under-
stood. SIRT?3 is localized to the mitochondrial matrix
and its activity is the primary means of reversing
protein acetylation. This is important because mito-
chondrial proteins are highly susceptible to non-
enzymatic acetylation via the reaction of acetyl-CoA
with lysine [3]. Because this reaction is so pervasive,
it is proposed that a primary role of SIRT3 is to miti-
gate excessive acetylation, viewed as “carbon stress”
analogous to how antioxidant enzymes counter oxi-
dative stress [4, 5]. Cardiac levels of SIRT3 decline
with age in mouse [6, 7] and in humans age and a
sedentary lifestyle are associated with loss of SIRT3
[8]. Other reports have shown that heart acetylation is
significantly elevated with age [9, 10]. This likely has
contributions from the age-dependent loss of NAD*,
a required SIRT3 substrate [2, 10-12].

Numerous substrates of SIRT3 have been iden-
tified and many of them are enzymes involved in
metabolism, redox biology, and stress responses.
Depending upon the site of lysine modification within
the enzyme, acetylation can have either inhibitory
or activating effects. The importance of SIRT3 in
maintaining cardiac health is demonstrated in animal
models. Whole-body SIRT3 knockout mice develop
age-related pathologies in the heart, including hyper-
trophy and fibrosis [13], accentuated cardiac damage
following ischemia and reperfusion [9, 14], and an
overall reduction in life expectancy [15].

Cardiac metabolism changes in the heart with age
and in general, there is more reliance on glycolysis
and less on oxidative phosphorylation for ATP pro-
duction [16, 17]. SIRT3 and metabolism are inextrica-
bly linked, and thus, the age-dependent loss of SIRT3
activity may contribute to metabolic changes. In sup-
port of this notion, SIRT3 global knockout mice have
decreased cardiac respiratory function [14]. However,
it is unknown whether the loss of SIRT3 contributes
to age-dependent decreases in cardiac metabolic flex-
ibility in which the heart begins to rely more on glu-
cose as an energy source [18].

In addition to changes in metabolism, aging is
also associated with loss of proteostasis. Proteostasis
refers to the dynamic processes contributing to pro-
teome fidelity [19]. It is comprised of a highly coor-
dinated network that regulates protein synthesis, fold-
ing, and degradation [19]. These processes may differ
depending upon the subcellular location. For exam-
ple, mitochondria containing damaged protein may be
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turned over in bulk by the process of mitophagy [20].
Mitochondria also have localized machinery, such as
LON proteases [21], that degrades oxidized and dam-
aged proteins. Recent work has shown that, like the
cytoplasm, mitochondria also contain ubiquitinylated
proteins and that ubiquitin-conjugating enzymes are
found in the mitochondrial matrix [22]. Although it
is unknown how the loss of cardiac SIRT3 affects car-
diac proteostasis, SIRT3 has a known role in regulat-
ing mitophagy [23].

In the present study, we used a mouse model with
cardiomyocyte-specific deletion of SIRT3 to test the
hypothesis that the loss of SIRT3 accelerates cardiac
aging by decreasing mitochondrial metabolic flexibil-
ity and proteostasis. We report that cardiomyocyte-
specific deletion of SIRT3 results in a severe car-
diac aging phenotype by 10 months, which includes
decreased cardiac systolic function and hypertrophy.
Biochemically, hearts have a distinct metabolic phe-
notype characterized by increased reliance on pyru-
vate as an energy source. Using an in vivo labeling
technique, we show there is also a temporal decrease
in proteostasis.

Methods
Cardiomyocyte-specific SIRT3 knockout mice

All animal experiments were approved by the OMRF
Institutional Animal Care and Use Committee. Mice
were maintained on chow diet with a 12-h light/dark
cycle. To generate cardiomyocyte-specific SIRT3
knockout mice, SIRT3 flox/flox mice (gift of Dr. Eric
Verdin, Buck Institute; [24]) were bred with aMHC-
Cre mice on a C57BL/6 J background (Jackson Labo-
ratory, #011,038; [25]). The effects of SIRT3 knock-
out were similar between sexes and therefore both
male and female mice are included in all data. Mice
lacking SIRT3 lived to approximately 13 months of
age. Mice were euthanized by overdose isoflurane or
cervical dislocation.

Cardiomyocyte isolation

Cardiomyocytes from adult mice were isolated and
cultured as previously described [26, 27]. In brief,
mice were euthanized by overdose of isoflurane, after
which the heart was excised, the aorta was cannulated,
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and the heart perfused with type II collagenase (Wor-
thington Biochemical, LS004176). Hearts were then
removed and teased apart into single-cell suspension.
Calcium was reintroduced gradually before cells were
seeded on laminin-coated plates. Culture media was
switched to a serum-free culture medium (essential
medium with Hanks’ balanced salt solution), supple-
mented with penicillin-G, glutamine, BSA, NaHCO;,
and butanedione monoxime (Sigma, B0753). Cells
were cultured at 37 °C and 5% CO,.

Isolation of heart mitochondria

Mouse heart mitochondria were isolated as previously
described [28]. Briefly, after euthanasia by cervical
dislocation, the chest cavity was opened and the heart
was perfused, via injection into the left ventricle, with
ice-cold isolation buffer containing 210 mM man-
nitol, 70 mM sucrose, 5.0 mM MOPS, and 1.0 mM
EDTA (pH 7.4). The hearts were then excised and
homogenized in 5-mL isolation buffer using a Pot-
ter—Elvehjem tissue grinder. The homogenate was
spun at 500x g for 5 min at 4 °C, and the superna-
tant was collected and passed through cheesecloth,
then spun at 5000 X g for 10 min. The resulting mito-
chondrial pellet was resuspended with 60 pL isolation
buffer. Isolation buffer and samples were kept on ice.
The protein concentration of mitochondria was meas-
ured by BCA method (Thermo Scientific).

Mitochondrial respiration assay

Freshly isolated mitochondria were diluted to
0.25 mg/mL in respiration buffer (210 mM mannitol,
70 mM sucrose, 10 mM MOPS, 5.0 mM KH,PO,,
and 0.5 mg/mL BSA, pH 7.4), with either 1.0 mM
malate plus 0.1 mM pyruvate or 30 uM palmitoyl-
carnitine plus 1.0 mM malate, or 10 mM glutamate
plus 1.0 malate. Respiration was measured with a
fluorescence lifetime-based dissolved oxygen system
(Instech) at 20 °C. State 3 respiration was initiated by
the addition of ADP (0.5 mM) at 2 min and followed
until all ADP was converted to ATP (state 4).

Western blot analysis
Proteins from heart tissue were harvested in iso-

lation buffer and homogenized by a Potter—Elve-
hjem homogenizer. After centrifuging at 500x g for

5 min, supernatants were added 1XxHalt protease/
phosphatase inhibitor mixture (Thermo Fisher Sci-
entific) before being stored at — 80 °C. Samples were
separated on 4-12% NuPAGE Bis—Tris gel (Thermo
Fisher Scientific) and transferred onto a nitrocellulose
membrane. The blot was blocked with Odyssey TBS
blocking buffer (LICOR). Intensities of bands were
standardized to the total protein loaded (Revert Total
Protein Stain; LI-COR, 926-11,014). The blot was
probed with primary antibodies overnight at 4 °C.
Protein signals were detected with secondary anti-
body (IRDye 800CW, LI-COR; 1:5000 dilution) and
analyzed on an Odyssey CLx imaging system using
Image Studio software (LI-COR). Primary antibodies
against Sirt3, anti-acetyl lysine, BCKDH, phosphoryl-
ated BCKDH (Ser293), PDH, pPDH (Ser293), AKT,
pAKT (Ser473), mTOR, p-mTOR (S2448), p70-S6K,
phosphorylated p70-S6K (Thr389), 4E-BP1, p4E-
BP1 (Thr37/46), and LC3 A/B were purchased from
Cell Signaling Technology.

Pyruvate dehydrogenase (PDH) activity assay

PDH activity was measured as previously described
[28, 29]. Freshly isolated mitochondria were diluted
to 0.05 mg/mL with a buffer containing 0.05% Triton
X-100 and 25 mM MOPS (pH=7.4). PDH activity
was determined spectrophotometrically as the rate of
NAD? reduction to NADH at 340 nm upon addition
of 1.0 mM NAD?*, 2.5 mM pyruvate, 0.2 mM thia-
mine pyrophosphate, 0.1 mM CoASH, and 5.0 mM
MgCl, (pH="7.4).

Cardiac histology

Heart tissues were fixed in 10% neutral buffered for-
malin (24 h)and embedded in paraffin. Five-microm-
eter sections were prepared and stained with hema-
toxylin and eosin or Masson’s trichrome. Images were
acquired using Zeiss inverted microscope and Image J
was used for analysis.

Metabolic profiling by GC-MS

The blood was collected by cardiac puncture. Heart
tissue and serum were snap-frozen with liquid nitro-
gen and stored at — 80 °C. Heart tissues were pul-
verized using grinder with metal beads. Metabolites
were extracted, derivatized, and the analysis was
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performed as previously published using GC-MS
(Agilent 7890B-5977A) [30]. Ribitol was used as an
internal standard. For analysis, the serum raw data
were normalized by ribitol. Heart raw data were nor-
malized by tissue weight and the median of the total
ion chromatogram. All raw GC-MS data is available
upon request.

Proteomic analysis

Samples were digested in gel using standard meth-
ods previously described [29]. Briefly, 20 pg of
each sample were immobilized in a short run 12.5%
SDS-PAGE gel (Criterion, Bio-rad) then fixed and
stained with Coomassie blue (Pierce). Each gel lane
was cut out as a single sample (~ 1 mm?® pieces)
and made into smaller pieces which were then
washed and de-stained. Next, proteins were reduced,
alkylated, and digested with trypsin. Following pep-
tide extraction with 70% methanol/5% acetic acid in
water, the extracts were dried and reconstituted in
1% acetic acid. Samples were then analyzed using
the TSQ Quantiva system (Thermo Scientific). The
HPLC was an Ultimate 3000 nanoflow system with
a 10 cmXx75 pm i.d. C18 reversed phase capillary
column that was packed in our laboratory in a New
Objective Picofrit tip with a 10-pm tip opening. The
packing material was Phenomenex Aeris 3.6 pm Pep-
tide XB-C18 100A. Aliquots of 5 pL were injected
and the loading phase transferred the sample from
the injection loop to the column at 1.25 pL/min for
10 min. The peptides were eluted with a 60-min
gradient of acetonitrile in 0.1% formic acid. Data
were acquired in the selected reaction monitoring
(SRM) mode for our standard targeted quantitative
proteomics panels [31-33]. Additionally, data was
also acquired using high-resolution accurate mass
(HRAM) for potential re-interrogation in the future
as needed. Data were analyzed using established
Skyline methods [34]. Protein abundance was deter-
mined by normalization to BSA, a nonendogenous
internal standard. Hspd1, Mdhl, and Gpil were used
as housekeeping proteins for normalization. Methods
for proteomics assay development and data process-
ing were performed as previously reported [29]. For
data and pathway analyses, proteins that had statis-
tically significant differences in protein abundance
between experimental groups were first identified.
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These proteins were then subjected to KEGG path-
way analysis. All raw proteomics data are available
upon request.

Echocardiography

Systolic heart function indices (interventricular septal
wall thickness (IVS), LV internal dimensions (LVID),
and posterior wall thickness) were measured by echo-
cardiography using Vevo 2100. Fractional shortening
and ejection fractions were calculated as previously
described [35, 36].

Glycolysis assay

Glycolysis rates were measured as described in [37].
Briefly, adult cardiomyocytes cultured in 12-well
plates were incubated with 1 mL/well freshly pre-
pared culture medium containing 80 uCi/mmol
[5-3H] glucose (Perkin Elmer) with or without 5 pg/
mL insulin (Human, Sigma 19,278) for 2~3 h. Then,
0.8 mL/well was transferred into glass vials with
hanging holders and filter papers soaked with water.
After incubation at 37 °C and 5% CO, for 3 days
to reach saturation, filter papers were removed and
placed into scintillation cocktail to detect the amount
of evaporated *H,0.

Protein and DNA turnover determination

Mice were administered deuterium oxide (D,0),
as previously described, to determine the synthesis
rates of cytoplasmic and mitochondrial protein and
DNA [38]. Briefly, 3-month and 10-month-old mice
received an intraperitoneal bolus injection of 99%
isotonic D,O (Sigma-Aldrich) calculated to enrich
the body water pool to approximately 8%. Mice were
then allowed ad libitum water containing 8% D,O for
the next 13 days. At this endpoint, mice were eutha-
nized by isoflurane overdose and blood and heart tis-
sues were harvested rapidly and snap-frozen in liquid
nitrogen for later analyses.

Heart tissue was fractionated to cytoplasmic and
mitochondrial proteins by using differential centrifu-
gation as previously described [39, 40]. The pen-
tafluorobenzyl-N,Ndi (pentafluorobenzyl) derivative
of alanine was analyzed on an Agilent 7890A GC
(Agilent, Santa Clara, USA) coupled to an Agilent
5975C MS (Agilent, Santa Clara, USA) as previously
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described [39, 40]. To assay body water enrichment,
serum was analyzed on LWIA-45-EP (Los Gatos
Research).

Determination of DNA turnover was performed as
described previously [38]. DNA was extracted from
about 20 mg heart tissue or bone marrow suspen-
sion (DNA Mini Kit, Qiagen). DNA was hydrolyzed
at 37 °C overnight and then acetylated with acetic
anhydride and methylimidazole. Dichloromethane
extracts were dried, then suspended with ethyl acetate
and analyzed by GC/MS (Agilent 7890A GC, Agilent
5975C MS).

The protein/DNA synthesis ratio was used as an
indicator of proteostatic mechanisms [38, 41]. It
represents the contribution of protein synthesis for
proliferation (growth) versus maintaining existing
structures.

Statistics

Data are presented as mean=+SEM. An unpaired or
paired t test was used to compare two groups. When
more than two groups were compared, two-way
ANOVA followed by Tukey’s multiple comparisons
test was performed. p <0.05 was considered statisti-
cally significant. Data is available upon request.

Results

Cardiomyocyte-specific deletion of SIRT3 results
in age-dependent hyperacetylation and cardiac
hypertrophy

Cardiomyocyte-specific ~ SIRT3  knockout mice
were generated by crossing homozygous floxed
SIRT3 mice (SIRT3"M) with Myh6-Cre-expressing
SIRT3"® mice. Litters were comprised of a mix of
SIRT3" Cre~ and Cret mice (referred to as WT
and SIRT3cKO hereafter), born at expected Mende-
lian ratios. Cre-expressing mice had no detectable
SIRT3 as compared to SIRT3" littermate controls
(Fig. 1A). At 3 months, SIRT3cKO hearts had similar
levels of lysine acetylation as control mice. However,
at 10 months, lysine acetylation levels were signifi-
cantly elevated in SIRT3cKO relative to WT. Interest-
ingly, both WT and SIRT3cKO mice had significantly
more acetylation at 10 months than at 3 months.

The absence of SIRT3 resulted in age-dependent
cardiac pathology. As shown in Fig. 1B, 3-month
mice had similar heart weights between groups, but
older mice exhibited significant hypertrophy. At
10-12 months of age, SIRT3cKO heart weights were
more than double their littermate controls. Addi-
tionally, histological analyses revealed a significant
increase in cross-sectional area of cardiomyocytes in
older, but not younger, SIRT3cKO hearts (Fig. 1C).

An age-dependent decrease in cardiac function was
also identified. SIRT3cKO hearts had decreased ejec-
tion fraction at both 3 and 10 months of age (Fig. 2A).
Fractional shortening (Fig. 2B) was not statistically
different in young SIRT3cKO mice, but this differ-
ence became significant at 10 months. The cardiac
functional impairment was accompanied by both left
ventricular and perivascular fibrosis (Fig. 2C-D) that
was only apparent in older SIRT3cKO mice. Cumula-
tively, these results demonstrate cardiomyocyte-spe-
cific SIRT3 KO mice have age-dependent contractile
dysfunction associated with hypertrophy and fibrosis.

Mitochondrial function and substrate utilization are
altered in SIRT3cKO mice

SIRT3 is a regulator of mitochondrial metabo-
lism. Thus, we hypothesized that the age-dependent
increase in cardiac pathology in SIRT3cKO mice
is mediated in part by the loss of OXPHOS func-
tion and metabolic flexibility. To test this possibil-
ity, mitochondria were isolated from 10-month WT
and SIRT3cKO hearts and respiratory capacity was
measured with either pyruvate (Pyr) or palmitoyl-
carnitine (PC). In healthy hearts, the maximal rate of
ADP-dependent respiration (state 3) is greater with
PC than with physiological concentrations of Pyr
[28, 29] corresponding to the relative preference of
the heart for generating ATP via fatty acid oxidation
(FAO) (Fig. 3A). This data is quantified as a ratio of
PC to Pyr state 3 respiration in Fig. 3B. As compared
to WT, SIRT3cKO mitochondria had similar rates
of maximal respiration with either PC or pyruvate
(Fig. 3A) and their ratio was significantly less than
WT (Fig. 3B, 1.37+0.05 for WT and 1.13+0.07 for
SIRT3cKO). This supports that 10-month SIRT3cKO
heart mitochondria rely less on FAO as compared
to WT. An alteration in metabolic substrate prefer-
ence was further supported by comparing the relative
rates of PC to glutamate (Glu) respiration (Fig. 3C).
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Again, the ratio was significantly less in SIRT3cKO
mitochondria compared to WT (2.10+0.19 for WT
and 1.60+0.11 for SIRT3cKO) while the ratio of Pyr
to Glu was similar between both groups (Fig. 3D).
The change in mitochondrial metabolic flexibility
in SIRT3cKO hearts is progressive over time, with
3-month mice having no significant difference in
mitochondrial substrate preference. However, this
difference is statistically significant at 10 months
(Fig. 3E).

Mitochondrial respiratory efficiency is classically
described by the respiratory control ratio (RCR), a
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value calculated by dividing the rate of maximal,
ADP-dependent respiration (state 3), by the basal rate
of respiration after all ADP is converted to ATP (state
4). Distinct age and genotype-dependent changes
were evident with RCRs. Heart mitochondria from
3-month SIRT3cKO mice had significantly higher
RCRs with Pyr as the substrate (Fig. 3F). This sug-
gests that Pyr is more efficiently used in 3-month
SIRT3cKO mice as compared to WT. Interestingly,
the RCRs also increased with age, regardless of geno-
type with Pyr. In contrast, only WT mice showed an
age-dependent increase in RCR with PC (Fig. 3G).
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Fig. 2 SIRT3 deletion
promotes cardiac fibrosis
and cardiac dysfunction.
A-B Echocardiography
data depicting ejection
fraction (A) and fractional
shortening (B) in WT and
SIRT3cKO mice at 3 and
10 months (n=6-7 per
group). C Whole heart

100

Ejection fraction (%)

Fraction shortening (%)

long-axis images with
Masson’s trichrome staining
(bar=1 mm) and represent-
ative Masson’s trichrome.

3m

10m

KO

D Quantification of left
ventricular (LV) (bar=100
um) and perivascular
(bar=50 pm) fibrosis area
in heart sections from WT
and SIRT3cKO mice at 3
and 12 months. n=3 per
group, at least 4 images per

Gross

heart. Data are presented as
mean+ SEM and analyzed
using 2-way ANOVA fol-
lowed by Tukey’s post hoc
test. *p<0.05

Perivascular

LV fibrosis (%)

Glucose metabolism is reprogrammed in SIRT3cKO
mice

To further probe the metabolic changes induced
by the loss of SIRT3, targeted proteomics was con-
ducted on 10-month-old mice. One hundred seventy
proteins were quantified and then subjected to path-
way analysis. As shown in Fig. 4A, proteins involved

*
* —
 E— o WT 10+ * e WT
— = KO M = KO

Perivascular fibrosis (%)

with glycolysis, TCA cycle, and pyruvate metabolism
were the top pathways affected. Furthermore, signifi-
cant increases in the glycolytic enzymes PFKL and
ENOI1 were found in SIRT3cKO hearts, while LDHB
was significantly decreased (Supplemental Fig. 1 ).
These changes are consistent with increased glucose
metabolism in SIRT3cKO hearts that is being used to
generate pyruvate.
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Fig. 3 Increased pyruvate-supported mitochondrial respi-
ration in SIRT3cKO mice. A State 3 respiration rate of each
individual mitochondria from 10-month-old mice (n=6-7 per
group). B PC to pyruvate state3 respiration rate (PC/Pyr) from
10-month-old mice (n=5-9 per group). Data from panel 3D is
represented as 10 m in 3E. C PC to glutamate state 3 respi-
ration rate ratio (PC/Glu) from 10-month-old mice (n=6 per
group). D Pyruvate to glutamate state 3 respiration rate ratio
(Pyr/Glu) from 10-month-old mice (n=6-7 per group). E
PC to pyruvate state3 respiration rate (PC/Pyr) from WT and

To functionally examine if glucose metabolism is
affected by the loss of SIRT3, we examined insulin-
stimulated glycolysis in cardiomyocytes isolated from
10-month-old mice. Interestingly, glycolysis was
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SIRT3cKO mice at 3 and 10 months (n=5-9 per group). F-G
Respiratory control ratio (RCR, calculated as State 3/State4)
stimulated by pyruvate/malate (F) or palmitoylcarnitine/
malate (G) with ADP (n=5-9 per group). Data are presented
as mean+ SEM and analyzed using paired Student’s ¢ test (A),
unpaired Student’s ¢ test (B-D) and 2-way ANOVA followed
by Tukey’s post hoc test (E-G). *p <0.05. Pyr, pyruvate; PC,
palmitoylcarnitine; Glu, glutamate. 3 m, 3 months old; 10 m,
10 months old

more significantly enhanced by insulin in WT car-
diomyocytes compared to SIRT3cKO cardiomyocytes
(Fig. 4B). This was somewhat unexpected given the
proteomics pathway analysis results, but it suggests
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SIRT3cKO mice are less responsive to further glyco-
lytic stimulation by insulin. In support of this notion,
the insulin-dependent glucose transporter, GLUT4,
protein expression was decreased in 10-month-old
mice SIRT3cKO (Fig. 4C). Furthermore, we observed
decreased basal levels of AKT phosphorylation in
older SIRT3cKO as compared to WT (Fig. 4D).

Pyruvate dehydrogenase (PDH), localized to the
mitochondrial matrix, is a multienzyme complex that
regulates the overall rate of glucose oxidation. We
assayed PDH activity in isolated mitochondria and
determined that control and SIRT3cKO mitochon-
dria had similar enzymatic activities at 3 months
(Fig. 4E). However, at 10 months, PDH activity was
significantly enhanced in SIRT3cKO mitochondria
(Fig. 4E). The increase in activity was not due to
increased expression of the PDH enzyme subunits, as
determined in our proteomics experiments (Fig. 4F).
However, the expression of the PDH inhibitory
kinase, pyruvate dehydrogenase kinase 4 (PDK4),
was significantly lower in KO mice (Fig. 4F). West-
ern blot was performed to examine the phosphoryla-
tion status of PDH. In comparison to the proteomics
results, Western blot analysis revealed a decrease
PDH (PDHAI1) and showed that there was a trend
towards decreased phosphorylated PDH at 10 months
but failed to reach statistical significance (predeter-
mined to be p<0.05; Fig. 4G). These results indi-
cate that the increase in PDH activity at 10-months
is due, in part, to decreased PDK4 and PDH
phosphorylation.

SIRT3cKO hearts have distinct changes in
branched-chain amino acids abundance

Branched-chain amino acids (BCAAs) play an impor-
tant role in the heart where they not only serve as
oxidizable substrates for energy production, but they
also influence the activity of key signaling path-
ways such as mTOR [42]. BCAAs were measured in
both serum and heart homogenates by GC-MS. As
shown in Fig. 5A, there was no statistically signifi-
cant increase in valine, leucine, and isoleucine in the
serum of SIRT3cKO mice. However, both valine and
leucine were significantly higher in the SIRT3cKO
heart homogenates (Fig. 5B). The enzyme complex
that metabolizes BCAAs, BCKDH, is decreased in
10-month-old SIRT3cKO hearts while the inhibi-
tory phosphorylation status was unchanged between

groups (Fig. 5C). This indicates disrupted BCAA car-
diac metabolism in SIRT3cKO mice.

We next examined whether the increase in BCAA
is associated with an increase in mTOR signaling. We
found similar levels of mTOR and phospho-mTOR
in all groups (Fig. 5D and Supplemental Fig.2A The
canonical mTOR substrate, p70 S6K was also simi-
larly expressed and phosphorylated between groups
(Fig. 5D and Supplemental Fig. 2B). 4E-BP1, another
canonical mTOR substrate, had increased total
expression in 10-month SIRT3cKO mice but was not
hyper-phosphorylated (Fig. 5D). These results sup-
port that while BCAAs are elevated in SIRT3cKO
hearts, there is minimal effect on mTOR signaling.

BCAAs can also impair autophagy through their
activation of mTOR [43]. We therefore examined
autophagy levels of hearts by measuring the ratio of
LC3 lipidation (LC3-I/LC3-II) via Western blot [44].
As shown in Fig. SE, there is an age and genotype-
dependent decrease in the ratio of LC3 lipidation in
SIRT3cKO mice. This finding provides evidence
that there are differences in autophagy in SIRT3cKO
hearts.

In vivo labeling to determine heart proteostasis

In vivo deuterium oxide (D,0) labeling allows for
the simultaneous measurement of both protein and
DNA synthesis. Mice were administered D,O for
13 days (Fig. 6A), a time point determined from prior
experiments that allows for the capture of both short-
lived and intermediate-lived proteins. As shown in
Fig. 6C-D, the fractional synthesis rate of proteins in
both the cytoplasm and mitochondria were increased
at both 3 months and 10 months in SIRT3cKO as
compared to WT. However, the fractional synthe-
sis rates of DNA were also significantly elevated
in SIRT3cKO mice (Fig. 6B). The ratio of protein
to DNA synthesis rates are used to determine if the
measured changes in protein synthesis are impacted
by cellular proliferation [45]. Indeed, these ratios
were significantly decreased in both the cytoplas-
mic and mitochondrial fractions at both 3 months
and 10 months (Fig. 6E-F). This decrease in protein
to DNA synthesis ratio indicates a larger proportion
of the protein synthesis was supportive of growth
and that proteostasis was dramatically decreased in
SIRT3cKO hearts prior to overt systolic dysfunction.
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«Fig. 4 Reprogram of glucose metabolism in SIRT3cKO
heart. A Results of the pathways analysis over KEGG data-
base of the significantly (WT n=4, KO n=6) changed pro-
teins between SIRT3cKO vs WT. Only significant pathways
(qFDR <0.05) are presented. Numbers inside the bars rep-
resent detected versus background proteins in the pathway. B
The ratio of increasing glycolytic flux in WT and SIRT3cKO
cardiomyocytes in the presence of Sug/mL insulin (n=3 per
group for each experiment, 3 independent experiments). C
Relative abundance of insulin-regulated glucose transporter
4 (Glut4) in heart (n=4-6). D Representative western blots
of phosphorylated and total Akt (left) and quantitation (right)
of total Akt and phospho: total Akt ratio in hearts from WT
and KO mice (n=4-5). E PDH activity in heart mitochondria
from WT and SIRT3cKO mice (n=5-7 per group). F Relative
abundance of PDH-related proteins in heart from 10-month-
old mice (n=4-6 per group). G Representative western blots
of phosphorylated and total PDH (leff) and quantitation (right)
of total PDH and phospho:total PDH ratio in hearts from WT
and SIRT3cKO mice (n=4-5 per group). Data are presented
as mean+SEM and analyzed using 2-way ANOVA followed
by Tukey’s post hoc test (D-E, G) and unpaired Student’s 7 test
(A-C, F). *p<0.05

Discussion

In the present study, we determined that there is an
age-dependent loss of function, decreased meta-
bolic flexibility, increased BCAAs, and hypertrophic
growth at the cost of proteostasis in cardiomyocyte-
specific SIRT3 KO mice. Global SIRT3 knockout
has been described in the literature, and their phe-
notype includes deficits in cardiac function [23, 46].
Nevertheless, such studies cannot rule out that the
global deletion of this ubiquitously expressed protein
is affecting cardiac function through indirect means.
Fewer studies have examined the cardiac-specific
deletion of SIRT3. One study demonstrated that the
ablation of SIRT3 in both skeletal and heart muscles
has minimal effect on cardiac function in young mice
(9-10 weeks) [47]. Another study demonstrated car-
diomyocyte-specific deletion of SIRT3 increased the
susceptibility of mice to HFpEF-induced diastolic
dysfunction [24]. More recently and in agreement
with our results here, a preliminary report supports
that the cardiomyocyte-specific deletion of SIRT3
promotes heart failure [48]. To the best of our knowl-
edge, this is the first report of the temporal changes
of cardiac function, metabolism, and proteostasis in
cardiomyocyte-specific SIRT3 knockout mice.

Our results show that the cardiomyocyte-specific
deletion of SIRT3 is pathological, with decreased
cardiac function, cardiac hypertrophy, and evidence

of fibrosis. Because SIRT3 is a mitochondria-local-
ized deacetylase, it was expected that pathology is
driven in part by hyperacetylation of mitochondrial
proteins. It was therefore somewhat unexpected that
SIRT3cKO had only modest increases in protein acet-
ylation. This modest increase could be due to the rela-
tive qualitative nature of western blot. Future mass
spectrometry-based experiments may reveal a greater
level of acetylation than observed here. Nevertheless,
we do demonstrate that there is an age-dependent
increase in acetylated proteins, even in WT hearts.
An added nutritional stress, such as high-fat diet or
diabetes, could also be examined in future studies to
determine if such nutritional stresses that increase
mitochondrial protein acetylation [28, 49] further
exacerbate the pathology observed here in SIRT3cKO
mice.

The aged heart shifts metabolism towards an
increased reliance on glucose [18], and conversely,
strategies that block glucose usage and restore meta-
bolic flexibility are seen as potential longevity treat-
ments [50, 51]. Here, we measured mitochondrial
metabolic flexibility by evaluating the respiratory
profile of isolated organelles with different substrates
[28, 29]. We used the substrates pyruvate, PC, and
glutamate, which represent primary nutrients that fuel
the heart. Differences in PC-supported rates of res-
piration, which is mediated by fatty acid oxidation,
were not apparent between WT and SIRT3cKO mito-
chondria. However, older SIRT3cKO mice displayed
a preference for pyruvate and glutamate relative to
PC (Fig. 3B-C). The preference for pyruvate was fur-
ther corroborated by increased PDH activity (Fig. 4E)
in SIRT3cKO hearts. Thus, cardiomyocyte-specific
deletion of SIRT3 drives an aged metabolic pheno-
type. However, overt signs of mitochondrial dysfunc-
tion, such as reduced state 3 respiration regardless of
substrate type, were not apparent. Other differences
in RCRs, used to assess efficiency of mitochondria,
were seen in a substrate-dependent manner between
the two genotypes (Fig. 3F-G). Our respirometry
results support the notion that it is critical to evalu-
ate mitochondrial function with several different sub-
strates to gain a more complete metabolic profile of
the organelles.

PDH activity controls the overall rate of glucose
oxidation. Thus, the observed increase in its activity
in 10-month SIRT3cKO hearts (Fig. 4E) supports the
conclusion that there is increased reliance on glucose
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«Fig. 5 BCAA signaling is inhibited in SIRT3cKO hearts. A-B
Content of branched-chain amino acids (valine, leucine, and
isoleucine) in heart tissue and serum (n=6-8 per group). C
Representative Western blots of BCKDH and phosphorylated
BCKDH and quantitation of total BCKDH and phospho:total
BCKDH ratio in hearts from WT and SIRT3cKO mice
(n=4-5 per group). D Representative Western blots of
mTORCI] and its downstream effector (p70S6K and 4E-BP1)
and their activation states (p-p70S6K and p-4E-BP1) in hearts
from WT and SIRT3cKO mice and quantitation of total and
phosphorylated 4E-BP1 and their ratio (n=4-5 per group).
E Representative western blots and quantitation of LC3II and
LC3I (n=4-5 per group). Data are shown as mean+SEM and
analyzed using unpaired Student’s ¢ test (B-C), 2-way ANOVA
followed by Tukey’s post hoc test (A, D-F). *p <0.05

as an energy source. The increase in PDH activity
was not observed in younger hearts. It therefore can-
not be concluded whether this change in metabolic
profile is causative of pathological progression or
if it has an adaptive mechanism in the failing heart.
The increase in PDH activity is also surprising given
that the enzyme levels and phosphorylation status are
comparable between genotypes (Fig. 4F-G). Further-
more, increased acetylation in SIRT3cKO hearts may
be expected to decrease PDH activity because of the
known sensitivity of the enzyme to acetylation-medi-
ated inhibition [52]. It is possible that the levels of
hyperacetylation in SIRT3cKO hearts are below the
threshold at which PDH activity is inhibited. This line
of research will be the subject of future studies.
Several lines of experimentation further support
that SIRT3cKO mice have differences in glucose
metabolism. The experiments included direct meas-
urement of glycolysis in isolated adult cardiomyo-
cytes, which showed SIRT3cKO were less stimulated
by insulin than WTs. Furthermore, proteomic profil-
ing of primary metabolic pathways showed that gly-
colysis was the most affected pathway in 10-month-
old SIRT3cKO hearts. Metabolic profiling, in
contrast, revealed a striking difference between WT
and SIRTcKO hearts in branched-chain amino acids.
Other amino acids (Supplemental Fig. 2C) exhibited
less of a genotype-specific effect, but still a trend in
increased amounts in SIRT3cKO hearts that failed to
reach statistical significance. Somewhat surprisingly,
other intermediates in glucose metabolism and the
TCA cycle were not dramatically different between
WT and SIRT3cKO hearts (Supplemental Fig. 2C).
Thus, the changes in amino acids, and in particular
BCAAs, appear to be a specific metabolic alteration.

A caveat to note, the metabolomic profiling was done
by GC-MS, and a limitation of this method is that
several glycolytic intermediates (sugar phosphates)
are not readily detected.

The changes in branched-chain amino acids are of
interest, not only because of their use as mitochon-
drial substrates, but also because of their bioactivity
and potential involvement in longevity [53]. Specifi-
cally, there is growing interest in restricting BCAAs
from the diet as a means of extending longevity [53].
Thus, the dramatic increase we observe in BCAAs in
SIRT3cKO hearts could be seen as a driver of prema-
ture aging. At the cellular level, mTOR is activated
by BCAAs. However, markers indicative of mTOR
activity were not significantly changed in SIRT3cKO
hearts while there was an indication of changes in
autophagy based on LC3I-II ratios. A caveat of those
measurements was that animals were not adminis-
tered chloroquine prior to tissue collection, thus mak-
ing it inconclusive whether autophagy was up- or
downregulated, only that it differed in SIRT3cKO
hearts relative to WT. However, direct in vivo meas-
urements of protein synthesis, determined by heavy
water labeling experiments, demonstrated that protein
synthesis was increased in both the cytoplasm and
mitochondrial fractions of SIRT3cKO hearts.

Heavy water labeling experiments are a power-
ful technique to determine the in vivo synthesis of
protein and DNA [38, 41, 45]. We have used this
approach previously to determine how aging, and
potential longevity treatments (for example, caloric
restriction, and rapamycin), affect proteostasis [38,
39, 41]. An important consideration when assess-
ing age and intervention is the contributions of
growth (pro-aging) versus proteostatic maintenance
(slowed aging). To do this, we measure DNA syn-
thesis as a direct measure of cellular proliferation,
which is a growth-related process [38, 45]. In this
study, we observed that both the cytoplasmic and
mitochondrial FSRs of protein were increased in
SIRT3cKO hearts (Fig. 6C-D). However, when cor-
recting for the increased rate of DNA synthesis, we
saw that the protein synthesis was more directed
toward growth in SIRT3cKO with a corresponding
decrease in proteostatic maintenance (Fig. 6E-F). An
interpretation of this data is that at 3 months, there
is already an increase in protein synthesis that pro-
motes growth and fibrosis. Since aberrant growth
often comes at the cost of protein quality control, the
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resultant hypertrophy does not necessarily improve
function. Alternatively, the increase in DNA synthe-
sis in 3-month mice, prior to hypertrophy and fibro-
sis, could also be occurring through mitochondrial-
mediated endoreplication [54], a process known to
drive hypertrophy. Future studies will further discern
between potential mechanisms, but it is an intriguing
possibility that the loss of SIRT3 drives proteostasis
dysfunction, thereby causing an accelerated aging
phenotype in the heart.

In conclusion, we demonstrate here that the
cardiomyocyte-specific loss of SIRT3 causes the
temporal progression of cardiac pathology. Mito-
chondria were spared from overt dysfunction, but
did have changes in metabolic substrate prefer-
ence, with SIRT3cKO hearts have increased reli-
ance on glucose as an energy source. A strength
and novelty of this study was applying heavy

@ Springer

water labeling to evaluate the contributions of
growth and proteostasis in SIRT3cKO mice. Sig-
nificant changes in this tradeoff were obvious
even in young hearts, suggesting that the loss of
SIRT3 may drive an accelerated cardiac aging
phenotype via changes in protein synthesis or
degradation.
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