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Abstract

Background: Reduced fatty acid oxidation (FAQ) is a hallmark of metabolic remodeling in
heart failure. Enhancing mitochondrial long-chain fatty acid uptake by Acetyl-CoA carboxylase
2 (ACC2) deletion increases FAO and prevents cardiac dysfunction during chronic stresses, but
therapeutic efficacy of this approach has not been determined.

Methods: Male and female ACC2f/f-MCM (ACC2KO) and their respective littermate controls
were subjected to chronic pressure overload by TAC surgery. Tamoxifen injection 3 weeks after
TAC induced ACC2 deletion and increased FAO in ACC2KO mice with pathological hypertrophy.

Results: ACC2 deletion in mice with pre-existing cardiac pathology promoted FAQ in female
and male hearts, but improved cardiac function only in female mice. In males, pressure

overload caused a downregulation in the mitochondrial oxidative function. Stimulating FAO

by ACC2 deletion caused unproductive acyl-carnitine accumulation, which failed to improve
cardiac energetics. In contrast, mitochondrial oxidative capacity was sustained in female pressure
overloaded hearts and ACC2 deletion improved myocardial energetics. Mechanistically, we
revealed a sex-dependent regulation of PPARa signaling pathway in heart failure, which
accounted for the differential response to ACC2 deletion.
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Conclusion: Metabolic remodeling in the failing heart is sex-dependent which could determine
the response to metabolic intervention. The findings suggest that both mitochondrial oxidative
capacity and substrate preference should be considered for metabolic therapy of heart failure.

Graphical Abstract
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Introduction

Cardiac contraction is a high energy consuming process and cardiac metabolism is
optimized to supply energy for continuous contraction. Mitochondrial long-chain fatty acid
oxidation (FAQ) generates the majority of reducing equivalents for ATP production in the
heart [1]. A hallmark of heart failure is metabolic remodeling, which presents as one of

the earliest changes that precedes structural remodeling, contributing to cardiac deterioration

[2].

Changes in cardiac fuel preference are well documented and characterized by a shift from
FAO towards increased reliance on glucose [3, 4]. Extensive research has been conducted
to determine if the change in substrate metabolism during the cardiac remodeling process is
adaptive or maladaptive to maintain myocardial energy production [5]. Evidence from these
studies suggest that sustaining a high capacity for ATP synthesis via oxidative metabolism
rather than the utilization of specific substrates is critical for maintaining the energy supply
to the heart during chronic stress [6-8]. However, cardiac fuel selection directly affects
cardiomyocyte growth, as glucose but not fatty acids provides signals and building blocks
for structural remodeling of the diseased heart [9-11].

Acetyl-CoA carboxylase 2 (ACC2) catalyzes the production of malonyl-CoA, an inhibitor
of long-chain fatty acids (FA) entry into the mitochondria [12]. Mice deficient of ACC2 in
the heart have elevated levels of FAO and maintain cardiac energetics during chronic stress,
which protects them against cardiac systolic and diastolic dysfunction [6, 13]. Additionally,
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ACC2 deletion prevents metabolic remodeling and attenuates pathological cardiac growth
[9]. These studies suggest that preventing the decline of FAO caused by chronic stress
can mitigate the development of heart failure, thus raising the possibility of FAO being a
therapeutic target.

An important mechanism for metabolic remodeling in the failing hearts is the
downregulation of transcriptional pathways mediated via PGC-1a/PPARa (peroxisome
proliferator-activated receptor gamma co-activator 1a/ proliferator-activated receptor a)
signaling complex leading to reduced expression and activity of the FAO machinery [14—
17]. Moreover, impaired mitochondrial oxidative metabolism in the failing heart impairs
efficient energy generation [2]. It remains unclear if stimulating cardiac FAO after the
metabolic remodeling has occurred can restore oxidative metabolism and improve the
outcome of the diseased heart. Furthermore, despite the distinct susceptibility to heart failure
in males and females, how biological sex affects responses to therapeutic interventions has
not been assessed.

Thus, in this study, we tested the hypothesis that increasing cardiac FAQO after the onset

of pathological hypertrophy will attenuate heart failure progression through improved
mitochondrial oxidation. For this, we studied both female and male mice and increased FAO
during the transition of pathological hypertrophy to heart failure. We find a sex-dependent
response to the metabolic intervention, and the outcome is in part determined by the

degree of early metabolic remodeling. These findings have significant implications for future
development of targeted metabolic therapies.

Materials and Methods

A detailed description of materials and methods is available in the Supplementary Materials
and Methods. Additional resources are available from the corresponding author upon
reasonable request.

Animal model

All protocols concerning animal use were approved by the Institutional Animal Care and
Use Committee at University of Washington.

All mice were housed at 22°C with a 12-hour light, 12-hour dark cycle with free access
to water and standard chow. Experiments in C57BI/6J mice were performed in male and
female mice separately. All personnel were blinded during animal experiments (surgery,
echocardiography, tissue harvest, perfusion, 31P NMR, 13C NMR).

ACC2-flox/flox (f/f) MerCreMer (MCM) mice were bred on a C57BI/6J background as
described previously [13, 18]. ACC2-f/f-MCM mice were mated to ACC2-f/f to produce
both study (ACC2KO) and control (con) littermates. a MHC-MCM Jackson mice were
purchased from Jackson (Stock No: 005657) and bred with C57BI1/6J mice (Stock No:
000664) as a separate line. Heterozygous offspring for MCM (genotype MCM/WT) were
used for the study (MCM). All mice were confirmed to have Nnt mutant gene expression.
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Mice were subjected to TAC surgery at 10 weeks (male) or 13 weeks (females). We waited
an additional 3 weeks to perform TAC surgery in female mice in order to achieve a pre-
surgery weight in all mice between 20-26g. In our hands, TAC surgery induces similar
pressure overload in mice of similar body weight [19]. We find minimal difference in the
outcome of wild type mice subjected to TAC at 8-16 weeks [20].

Three weeks later, all mice (ACC2KO, con, MCM) received an intraperitoneal injection of
tamoxifen (20 mg/kg) for 5 days, which was sufficient to cause ACC2 deletion in ACC2KO
without having side effects in sham mice [13].

Primary endpoints for this study were cardiac function and ventricular remodeling by
echocardiography, hypertrophy at 12 weeks after surgery and cardiac energetics (PCr/ ATP
ratio) at 6 weeks after surgery.

Transverse aortic constriction (TAC) surgery

TAC or sham surgery was performed as previously described [21]. For detailed information,
see Materials and Methods in the Online Data Supplement.

Transthoracic echocardiography

For detailed information, see Materials and Methods in the Online Data Supplement.

Long-chain fatty acid mix preparation

Fatty acid-BSA stock was prepared at a final concentration of ~5 mM fatty acids (FA)
with 12% fatty acid-free BSA (molecular ratio 2.2:1) (all purchased from Sigma Aldrich)
in glucose/pyruvate-free Krebs-Henseleit Buffer (KHB) with modifications as described
previously [9]. For detailed information, see Materials and Methods in the Online Data
Supplement.

Isolated Heart Perfusion Experiments and Nuclear Magnetic Resonance (NMR)
Spectroscopy—Isolated mouse hearts were perfused in Langendorff-mode at 37°C and a
constant pressure as previously described [6, 13]. For detailed information, see Materials and
Methods in the Online Data Supplement.

13C NMR Spectroscopy of Tissue Extracts—Hearts were perfused with 13C-labeled
substrates (1,6-C glucose and U-13C fatty acids) to determine substrate oxidation as
described previously [6]. For detailed information, see Materials and Methods in the Online
Data Supplement.

Tissue harvest

Food was removed 4hr before tissue harvest. Hearts were harvested, rinsed briefly in PBS,
blotted dry, weighed and freeze clamped. Heart weight was normalized to tibia length to
assess changes in hypertrophic growth. Females were not checked for estrus cycle at tissue
harvest.
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Respiratory complex activities

Frozen cardiac tissue (15 mg) from perfused heart experiments was homogenized in
CelLytic™ MT Cell Lysis Reagent (Sigma Aldrich). Respiratory complex activity (Complex
| and citrate synthase) were assessed according to previously published methods using a

96 well format plate reader [22]. Activity was calculated by the difference in the change

of absorbance in the presence and absence of specific inhibitors and normalized to protein
concentration.

Triglyceride Content

Myocardial lipids were extracted from frozen heart tissues (10 mg) with 2:1 chloroform:
methanol [23]. The chloroform layer was dried under a nitrogen stream. TG content from
lipid fraction was then measured using Triglyceride Colorimetric Assay (Cayman Chemical)
according to the manufacturer’s instruction. Values were normalized to frozen tissue weight.

Cardiac acyl-carnitines

Metabolites were extracted from frozen heart tissue (10 mg) by precipitating in 80:20%
methanol:water following the addition of 1 ug/ml internal standard (C16 palmitoyl-carnitine,
d3, Cambridge Isotope Laboratories, Inc.). After centrifugation, the supernatant was
transferred to LC/MS auto sampler vials (Thermo Fisher). The protein pellet was redissolved
in 0.1M NaOH and protein concentration measured for normalization.

Acyl-carnitines were analyzed using a Triple TOF — 5600 (AB Sciex) series mass
spectrometer in line with a Water Acquity I-class UPLC. For detailed information, see
Materials and Methods in the Online Data Supplement.

RNA isolation, real-time PCR and Immunoblots

For detailed information, see Materials and Methods in the Online Data Supplement.

Statistics

The numbers of independent experiments/ animals are specified in the relevant figure
legends. Data are expressed as mean + standard error of the mean (SEM). Statistical analysis
was performed with Prism 8.0 or 9.0 software (GraphPad). Normal distribution of data was
verified by Shapiro-Wilk test. For normal distributed data, statistical comparisons between 2
groups were conducted by unpaired, two-tailed t-test. Statistical comparisons between 3 or
more groups were conducted by one-way or two-way ANOVA followed by a Tukey posthoc
analysis to determine statistical significance. For comparison over time, Bonferroni posthoc
analysis was performed. The value of p < 0.05 was considered statistically significant. Heat
maps were generated using MetaboAnalyst 4.0 [24]. Peak areas from LC/MS experiments
were normalized as described above and log2 transformed.
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Results

ACC2 deletion after TAC improves cardiac function in female but not male mice

To determine the potential of increasing FAO as a therapy for heart failure, we aimed to
delete ACC2 to enhance long-chain FA entry into mitochondria in a mouse model of chronic
pressure overload (transverse aortic constriction, TAC). We followed separate cohorts of
male and female mice for 12 weeks after TAC (Fig. 1A). Since MerCreMer (MCM) toxicity
has been reported in tamoxifen-induced genetic mouse models, we used MCM mice as
additional control group [25, 26].

Both male and female TAC mice demonstrated preserved contractile function 3 weeks post
TAC (Fig. 1B, C, Suppl. Fig. 1A, B), when we induced deletion of ACC2 by tamoxifen
(TAM) injection in ACC2 f/f-WT (con), ACC2 f/f-MCM (ACC2KO) and WT-MCM (MCM)
mice. ACC2 protein was efficiently deleted in ACC2KO-TAC mice two weeks after TAM
injection (Fig. 1D), a time point that has previously been shown to increase FAO after

ACC2 deletion [13]. This allowed us to target FAO when the heart transitioned from the
compensatory phase of pathological hypertrophy to overt dysfunction. Importantly, con and
MCM-TAC mice showed a similar decrease in systolic function between three and six weeks
after TAC in both female and male mice (Fig. 1B, C, Suppl. Fig. 1A, B, Suppl. Table I,

I1), suggesting that MCM activation after TAC does not cause adverse effects in our study.
Despite a similar decline in contractile function by 12 weeks, cardiac hypertrophy and
pathological remodeling was less severe in females after TAC compared to males, consistent
with prior reports (Fig. 1B—F, Suppl. Fig. 1A, B, Suppl. Table I, II) [27-29].

In male mice, ACC2 deletion did not change the course of contractile dysfunction (Fig. 1B,
Suppl. Fig. 1A, Suppl. Table I) and ACC2KO-TAC males showed a similar degree of left
ventricular remodeling as the two control groups at 12 weeks post TAC. In contrast, systolic
function was improved and left ventricular dilatation of ACC2KO females was reduced at
12 weeks post TAC (Fig. 1C, Suppl. Fig. IB, Suppl. Table I). However, hypertrophy and
molecular remodeling remained similar in con, MCM and ACC2KO mice 12 weeks after
TAC (Fig. 1E, F, Suppl. Table II).

Together, this suggests that ACC2 deletion differentially affects cardiac function in female
and male mice and points to a sex-specific response. Since cardiac function and pathological
remodeling were not different between con and MCM-TAC mice, we only used one control
group for subsequent experiments (con TAC).

Mitochondrial and metabolic remodeling after TAC is sex-dependent

Given the limited knowledge about how biological sex affects remodeling of oxidative
metabolism and mitochondrial function, we next analyzed the expression of mitochondrial
proteins in male and female TAC hearts. Expression of electron transport chain (ETC)
subunits were reduced in male TAC hearts, but not in female hearts (Fig. 2A, B). Similarly,
mitochondrial membrane and matrix proteins were also reduced in male TAC hearts, but
not in females. Similar to the changes in molecular remodeling noted above, mitochondrial
remodeling was unaffected by ACC2 deletion in either sex.
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Metabolic and mitochondrial remodeling is coordinated by a complex network of
transcription factors and co-activators [30, 31]. To determine the upstream signaling
responsible for sex-dependent mitochondrial remodeling, we turned our attention to the
PGC-1a signaling complex, which is an important player in the downregulation of
mitochondrial function and oxidative metabolism in pathological cardiac hypertrophy [15,
31]. PGC-1a expression itself was unaltered in either male or female hearts after TAC, but
expression of several interacting transcription factors was differentially affected in females
and males (Fig. 3A): Expression of the mitochondrial biogenesis factors Nrfl (nuclear
respiratory factor 1) and Nrf2 and its target genes were downregulated in both male con and
ACC2KO-TAC hearts, but unaltered in female TAC hearts (Fig. 3A, B). In line with this,
mitochondrial DNA (mtDNA) content was also reduced in male, but not female TAC hearts
(Fig. 3C).

ERRs (estrogen-related receptors) and PPARs (peroxisome proliferator-activated receptor)
regulate expression of genes involved in mitochondrial function and FAO, respectively [31].
ERRa expression was unaltered, but PPARa and its interaction partner RxRa (retinoid X
receptor) expression were reduced in both male con and ACC2KO-TAC hearts (Fig. 3A).
This was accompanied by downregulation of mitochondrial FAO genes in male con-TAC
and even further reduced expression in ACC2KO-TAC hearts (Fig. 3D). In contrast, ERRa/
PPARa/RxRa expression or their downstream targets were unchanged in female con-TAC
(Fig 3A and D). The PPARa and RxRa. expression were higher in female ACC2KO-TAC
hearts although the expression of downstream FAO genes was unaltered (Fig. 3A and D).

Collectively, these data show that pressure overload induced hypertrophy selectively
downregulated pathways for mitochondrial function, biogenesis and FAO in male but not
female mouse hearts. These changes were not reverted by increasing the relative oxidation
of fatty acids via ACC2 deletion. While these data suggest that the oxidative capacity was
preserved in female mice after TAC, it did not explain why ACC2 deletion improved cardiac
function.

ACC2 deletion after TAC improves cardiac energetics in female mice

Heart failure is characterized by impaired energy supply, and it has been suggested that this
contributes to contractile dysfunction [2]. Considering that FAO could be more effective
for supplying energy during chronic increases of demand [5], we next tested if increasing
FAO after TAC improved cardiac energetics. In order to determine the early effects of ACC2
deletion, these experiments were performed when cardiac dysfunction was similar in con
and ACC2KO-TAC mice (6 weeks post TAC, Fig. 4A). Using 3P NMR spectroscopy of
isolated perfused hearts, we measured dynamic changes in cardiac high-energy phosphate
content when the hearts were stimulated for higher contractile performance (HWL). This
allows to interrogate how changes in substrate supply (increased FAQ) affect the energetic
status (PCr/ATP) of the heart in response to a higher demand. In male sham hearts, the
stimulation resulted in an increase in the rate pressure product (RPP) accompanied by a
moderate decrease of PCr/ATP ratio suggesting the heart mobilized its energy reserve to
increase contractile performance (Fig. 4B-C). Male TAC hearts, although able to increase
left ventricular developed pressure (L\VVDevP), were unable to maintain the heart rate (HR)
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during the HWL period (Suppl. Fig. I1A), thus failed to increase RPP. The PCr/ATP ratio at
HWL was similar for sham and TAC hearts but the RPP was lower in TAC hearts suggesting
depletion of energy reserve prevented the increase of RPP in male TAC (Fig. 4C). There
was no improvement in ACC2KO-TAC. In females, RPP increased during HWL conditions
in all groups (Fig. 4E, Suppl. Fig. 11B). However, the increase of RPP in female con-TAC
caused a progressive decrease in the PCr/ATP ratio, which is prevented in ACC2KO-TAC
(Fig. 4F). Of note, citrate synthase and complex | activity were also reduced in male TAC
but not female TAC hearts (Suppl. Fig. lIC, D).

These observations suggest a differential response of male and female hearts to cope

with increased energy demand for high workload, where male TAC hearts maintained
energetic status by limiting cardiac work, while female TAC hearts mobilized energy reserve
to increase LV function (Fig. 4D, G). Importantly, we observed a differential response

to promoting FAO after TAC in male and female mice: the ability to increase RPP in
females TAC hearts was associated with sustained cardiac energetics in ACC2KO, while no
improvement of energetic or function was observed in male ACC2KO-TAC. These results
suggested that metabolic remodeling during heart failure limited energy supply in TAC
hearts, whereas only female hearts benefited from increased fatty acid oxidation.

Deletion of ACC2 in hypertrophic male hearts results in incomplete fatty acid oxidation

Previous studies have demonstrated that ACC2 deletion in the healthy hearts efficiently
increases FAQO without causing accumulation of lipid intermediates [6, 32]. Cardiac substrate
utilization in isolated hearts during the HWL challenge confirmed that ACC2 deletion in

the diseased heart elevated the relative oxidation of FA in both male and female hearts after
TAC (Fig. 5A, Suppl. Fig. 1A, B). What was the mechanism for sex-specific difference in
myocardial energetics in ACC2KO-TAC hearts?

We then speculated that increasing FA import into mitochondria by ACC2 deletion in the
face of reduced oxidative mitochondrial capacity could lead to incomplete oxidation of

FAs in male TAC hearts, thus limiting the effectiveness in energy production. We thus
quantified cardiac acyl-carnitines, an intermediate of mitochondrial FAO that serves as a
marker for incomplete fatty acid oxidation [33]. We observed a significant increase in total
acyl-carnitine levels in male ACC2KO-TAC hearts which was much moderate in female
ACC2KO-TAC (Fig. 5B). Specifically, several medium and long-chain acyl-carnitines were
increased in male ACC2KO-TAC mice, while hydroxylated acyl-carnitine species were
unaltered (Fig. 5C, D). As an important note, acyl-carnitine levels were not different
between con and ACC2KO mice of either sex under unstressed conditions (Suppl. Fig.
IVA), as previously reported [6]. Thus, it is likely that accumulation of acyl-carnitines in
TAC hearts was a consequence of reduced mitochondrial oxidative capacity. Additionally,
we found that C16, C18 and C18:1 acyl-carnitines inversely correlated with cardiac function
in both male and female ACC2KO-TAC (Fig. 5E). This further supports our conclusion

that incomplete FAO caused by impaired mitochondrial oxidative capacity contributed to the
differential response to promoting FAO in female and male TAC hearts.

To exclude the possibility that acyl-carnitine accumulation is a consequence of altered
cellular fatty acid uptake, we measured triglyceride (TG) concentration and transcript levels
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of cytosolic fatty acid transporter. Expression of CD36 was unaltered in both male and
female hearts after TAC, as were myocardial TG levels (Suppl. Fig. VA, B). This supports
the conclusion that the increase in mitochondrial FA uptake due to ACC2 deletion results in
specific accumulation of acyl-carnitines, rather than a general increase in FA availability and
uptake in ACC2KO-TAC hearts.

Together, these data allow us to conclude that mitochondrial FAO capacity are reduced in
male hearts after TAC. It limits the ability to upregulate FAO flux to match the increased
import of FA after ACC2 deletion, creating an oxidative bottleneck and resulting in
accumulation of acyl-carnitines. On the other hand, in female mice, oxidative capacity is
sustained in TAC hearts. In these hearts, increased FA transport into the mitochondria is
adequately oxidized for ATP generation, which ultimately improves myocardial energetics
and cardiac contraction (Fig. 6).

Discussion

In the present study, we sought to test the therapeutic efficacy of augmenting cardiac

FAQ in heart failure in a clinically relevant setting. Using an inducible gene targeting
strategy to increase mitochondrial fatty acid import in hypertrophied hearts, we identified
key regulatory mechanisms governing the responses to metabolic therapies in a sex-specific
fashion. The most salient finding of our study is that impaired oxidative capacity associated
with pathological hypertrophy in male hearts limits the benefit of augmenting fatty acid
transport into mitochondria. Nonetheless, female mice demonstrate preserved oxidative
capacity, thus benefitting from increased FAQO to supply ATP for cardiac contraction. The
finding has important translational implication that metabolic therapies for the diseased heart
must take the sex-specific metabolic remodeling into consideration.

Female sex is a well-established protective factor in cardiac diseases and female mice
develop less severe heart failure under experimental conditions such as pressure overload
induced hypertrophy [29]. Estrogen is known to regulate several metabolic processes,
including transcription factor expression and genes for substrate utilization [34, 35] As a
consequence, female mice demonstrate lesser inactivation of these pathways. However, if
this determines the response to therapy remained unclear.

The PGC-1a/PPARa transcriptional cascade is an important regulatory mechanism of
mitochondrial oxidation. Coordinated downregulation of the PGC-1a/PPARa signaling
complex has been implicated for metabolic remodeling in heart failure and sex-specific
remodeling [16, 29, 36]. Corroborating the notion, our study confirms that females are

more resistant to the downregulation of mitochondrial oxidative capacity during pathological
hypertrophy despite reduced contractile function. The sex-specific changes in PGC-1a./
PPARa target genes in mitochondria correlate with the outcome of ACC2 deletion in

TAC hearts: While promoting mitochondrial fatty acids import has limited benefit in male
failing hearts, it improves myocardial energetics of female hearts in which FAO capacity is
preserved.
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PPARa has been suggested to play a pivotal role in sex specific remodeling, as a

previous study demonstrated that inhibition of PPARa eliminates sex differences in cardiac
hypertrophy after chronic Angiotension Il infusion [36]. In this light, we found an increase
in PPARa/RxRa expression in female ACC2KO-TAC mice. However, this did not translate
into increased target gene expression, pointing towards differences in expression and activity
of the transcriptional programs. In line with this, our previous work demonstrated that
increased FA entry into mitochondria due to ACC2 deletion could reduce the lipid ligands
for PPARs resulting in decreased PPAR activity [37]. Thus, it remains to be established how
intracellular lipids regulate PPARa activity in females and if this is affected by manipulation
of FAQ.

As mitochondrial oxidative capacity appears to be the rate-limiting factor for metabolic
intervention, one would hypothesize that directly targeting the upstream signaling governing
mitochondrial oxidative metabolism would present a more promising approach for heart
failure. However, increasing the expression of PPARa or PGC-1a in transgenic animal
models has proven unsuccessful to prevent heart failure [20, 38, 39]. This is largely due

to cardiomyopathies caused by elevating the transcriptional activities of these signaling
cascades to super-physiological level in normal hearts. Alternative approaches that sustain
or restore mitochondrial oxidative capacity in the failing hearts are likely more desirable

but remain to be developed and tested in clinically relevant model. Future research

focusing on treatment rather than prevention will also be necessary for this discovery.
Observations in female mice suggest that understanding sex-mediated mechanisms might aid
the identification of novel targets for protection against mitochondrial remodeling in heart
failure.

Cardiac contraction requires a high volume and continuous supply of energy, primarily

from FAO [40]. Accordingly, the mitochondrial capacity is rarely limiting for FAO in the
normal heart. Enhancing mitochondrial fatty acid import by deleting ACC2 did not result

in accumulation of acyl-carnitines or other evidence of incomplete FAO under physiological
conditions and not even during prolonged high fat diet feeding [32, 37]. Accumulation

of acyl-carnitines in ACC2KO-TAC hearts observed in the present study suggest that
mitochondrial remodeling in pathological hypertrophy has created a bottleneck for oxidative
metabolism so that only a limited increase of fatty acids influx can be processed without
backup [17].

Elevated level of long-chain acyl-carnitines are associated with adverse outcome of heart
failure patients [33, 41], and there is evidence that acyl-carnitines can directly contribute to
cardiac dysfunction [42, 43]. Interestingly, pathological remodeling and cardiac dysfunction
was not worse in male ACC2KO-TAC mice despite the accumulation of acyl-carnitines.

One possibility is that under pathological conditions, acyl-carnitine generation is a part of
the compensatory mechanisms that permits mitochondrial efflux of excessive acyl groups to
alleviate mitochondrial stress [44]. Alternatively, the benefit of increasing the contribution of
fatty acid to ATP production is cancelled by the side effect of acyl-carnitine accumulation

in male ACC2KO-TAC mice. This notion appears to be supported by the strong correlation
between acyl-carnitine accumulation and cardiac dysfunction in ACC2-KO TAC hearts.
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Interestingly, deletion of ACC2 in hypertrophied hearts successfully switched substrate
preference to fatty acids, but TAC induced pathological remodeling was not altered at the
molecular level. These observations are clearly different from previous reports showing that
increasing FAO before the onset of pathological hypertrophy can prevent hypertrophy and
remodeling [6, 9]. Previous studies have suggested that the shift in substrate preference

is a requirement rather than a driver for molecular remodeling [9, 11]. Thus, metabolic
intervention at early stage could blunt the molecular remodeling process and prevent the
development of pathological hypertrophy. However, the same intervention is not effective
in reverting the established pathological changes as shown here. On the other hand,

ACC2 deletion improves cardiac performance of female mice with pathological cardiac
hypertrophy in which mitochondrial oxidative capacity is relatively preserved suggesting
promoting FAO is advantageous when oxidative capacity permitting. Thus, future metabolic
therapy for heart failure should combine the strategies for the preservation of mitochondrial
oxidation and manipulation of substrate availability to achieve the maximal benefit. The
results reiterate that preventing and treating disease are two distinct entities; it requires
significant effort to determine whether successful prevention studies can be translated into
rescue approaches.

A limitation of our study is that we did not compare the metabolic remodeling in female
and male mice side-by-side, but rather monitored the response to increased FAQO after TAC
in male and female mice separately. The higher sensitivity to TAC in males could have
confounded our results even though we started the intervention before any overt decrease
of fractional shortening occurred in either sex. Additionally, the response we observe most
likely depends on the timing when FAO was increased by ACC2 deletion. As discussed
above, the inducible gene deletion model used here limits our ability to test the effects

of ACC2 deletion at very early time points. A pharmacological compound will likely

be more suitable for such a purpose. Finally, our study attributes differential changes in
PPARa mediated transcription to the sex-specific downregulation of mitochondrial oxidative
capacity after TAC, but it does not rule out other pathogenic mechanisms. Further studies
and rigorous determination of causal relationships are required in this regard.

In summary, this study reveals a sex-dependent remodeling of cardiac oxidative metabolism
in pathological hypertrophy and in response to the metabolic intervention. These findings
have important implications for the future development of metabolic therapies for heart
failure: First, distinct approaches will be needed for female and male patients. Second,
interventions of substrate supply should be combined with strategies directly targeting
oxidative capacity. And third, rigorous testing is required when translating successful
prevention studies into therapeutic approaches at pre-clinical stage.
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. Pathological hypertrophy induces sex-specific metabolic remodeling in mice
. Increasing FAO by ACC2 deletion in mice with pre-existing cardiac

pathology improves cardiac function in female but not in male mice

. In male mice, stimulation of FAO by ACC2 deletion causes acyl-carnitine
accumulation

. In female mice, stimulation of FAO by ACC2 deletion improves cardiac
energetics
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Fig. 1: ACC2 deletion in female but not male hearts improves cardiac function after TAC.
A: Experimental strategy to increase fatty acid oxidation (FAQ) after TAC.

Echocardiographic analysis of cardiac function (fractional shortening, FS) and ventricular
remodeling (left ventricular inner diameter, LVID) in (B) male and (C) female mice at
different time points after TAC surgery. n = 9-10. D: Representative western blot of
ACC2 protein expression 2 weeks after tamoxifen (TAM) injection (6 weeks after surgery)
confirming efficient ACC2 deletion in f/f-MCM hearts.

E: Hypertrophy (heart weight to tibia length ratio) in male and female mice 12 weeks after
TAC surgery. n = 9-10. F: mRNA expression in male and female mice 12 weeks after TAC
surgery. n = 4. Dashed line indicates level of sham. All data are presented as mean+SEM.
P values were determined one-way ANOVA (E, F) or two-way ANOVA (C, D) followed
by Tukey multiple comparison test. # p < 0.05 ACC2KO-TAC vs. con TAC, $ p < 0.05
ACC2KO-TAC vs. MCM TAC.
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Fig. 2: TAC induces adverse mitochondrial remodeling in male but not female mice.
Representative western blot of mitochondrial electron transport chain (ETC) subunits and

mitochondrial membrane and matrix proteins in male (A) and female (B) hearts 12 week
after surgery. n = 4-5. Dashed line indicates level of sham. All data are presented as
mean+SEM. P values were determined one-way ANOVA (A-D) followed by Tukey multiple
comparison test. * p < 0.05 vs. con sham, # p < 0.05 vs. con TAC.
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[l conTAC
[ ACC2KO TAC male
[l ACC2KO TAC female

mtDNA/nDNA

ratio

female

MRNA levels of metabolic transcription factors, co-regulators (A) and target genes involved
in regulation of mitochondrial biogenesis (B) and mitochondrial FAO (D) in male and
female hearts 12 week after surgery. n = 3-5. C: mt/nDNA ratio in male and female hearts
12 week after TAC. n = 4-5. Dashed line indicates level of sham. All data are presented as
mean+SEM. P values were determined one-way ANOVA (A-D) followed by Tukey multiple
comparison test. * p < 0.05 vs. con sham, # p < 0.05 vs. con TAC.

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ritterhoff et al. Page 19

A B Male c D HWL
Langendorff 1.5%105+ 2.0+
Sham/TAC perfusion/
surgery Enzyme activity = 'i| ,E| 'E| 1.6
a 5] ]
! m ! > % 1x10 . E E b}—‘:‘%_‘
0 3 6weeks £ .. B . . 819 & 3 3
& 5x10%- 33 : . e e B
[ sham & 12
Il conTAC i s
. . T T T 1
[l ACCZKOTAC male EURVEPVRVEVRY BL HWL 4x104 5x104 6x104 7x104 8x104
[l ACC2KO TAC female S Q s RPP
E Female F G HWL
1.5%105+ 2.0+
£ & & & _ * 1.6
Smos] 1 T T " " %
()}
T . ~ E_ 1.5-] g
£ sx104- 5 - & 149
o S — |
o 1
0- 1.0 1.2 T T T |
BL HWL 4x104 5x104 6x104 7x104 8x104

RPP

Fig. 4: ACC2 deletion improves cardiac energetics in female ACC2KO mice after TAC.
A: Experimental strategy for perfused heart experiments. Cardiac function and energetic

parameters at baseline (BL) and under high workload conditions (HWL, 4mM Ca2+) in
isolated perfused hearts with mixed substrate buffer assessed by 31P NMR spectroscopy 6
weeks after TAC. Rate pressure product (RPP) at BL and HWL in male (B) and female

(E) hearts. n= 6-7. Change of cardiac energetics (PCr/ ATP ratio) during HWL in male

(C) and female (F) hearts. n = 6-7. Correlation of RPP and PCr/ATP in male (D) and

female (G) hearts during HWL. n = 6-7. All data are presented as mean+SEM. P values
were determined two-way ANOVA (A-D) followed by Tukey multiple comparison test (B,
D). Bonferroni multiple comparison test was used for comparison over time (BL vs. HWL,
A-D). * p <0.05 con TAC vs. con sham, & p < 0.05 BL vs. HWL for indicated groups, 1 p <
0.05 BL vs. HWL for con TAC, 2 p < 0.05 BL vs. HWL for sham.

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ritterhoff et al.

Female B

Acyl-carnitines

Page 20

Il ConTAC
4+ #
1004 1004 = UNL 5 i [l ACC2KO TAC male
E £ [l ACC2KO TAC female
g g 85
g 5 § o
X 50 = S5
o - @
= = s5
E
o
5
con ACC2KO con ACC2KO male female
TAC TAC
(o3 D
Male Female LC acyl-carnitines
Con TAC ACC2KO TAC 2 Con TAC ACC2KO TAC
c6 Cc6 | \ 7
cs - cs | |
c10:1 c10:1
c10:2 ° c10:2 - MC
c12 c12
c12:1 1 ¢ J
c14 c14 1
C14:1 2 C14:1
C14:2 C14:2
c16 c16
C16:1 C16:1
C16:2 c16:2
c16:3 c16:3
c18 c18
c18:1 c18:1 | - LC
c18:2 c18:2
c18:3 c18:3
C20:1 €20:1
C20:2 €20:2
C20:3 €20:3 |
C20:4 C20:4
C20:5 C20:5 | - |
C6-OH C6-OH 7
C8-OH C8-OH
C10-OH cro-oH I
C14-OH C14-OH
C14:1-OH C14:1-OH
C14:2-OH C14:2-OH |
- OH
C16-OH C16-OH |
C16:1-OH C16:1-OH
C16:2-OH C16:2-OH | )
C16:3-OH C16:3-OH - 8
C18-OH C18-OH —
; fold change
18:1-OH 514 | | |
¢18:1-0 C18:1-:0H [normalized to con TAC]
E C18 C18:1
1.5%106 2%105+ 1%106—
R?=0.591 R%= 0.435 R?= 0.581
® p =0.009 p.=0.038 5. p =0.010
g 8 4 sx1054" g 8x10 ,
T 1x108--. ] 3 s
a 2 1x1054 8 o
% 5x1054 % % 4%x10°5
T g Pt T 2x105
0 0 0 -

T T T I‘ 1 T T T T 1 T T T
40 50 60 70 80 90 40 50 60 70 80 90 40 50 60 70 80 90
EF [%] EF [%] EF [%]

Fig. 5: ACC2 deletion results in acyl-carnitine accumulation after TAC in male hearts.
A: Contribution of 13C labeled substrates to tricarboxylic acid (TCA) cycle determined by

13C NMR spectroscopy in extracts from isolated perfused hearts from male and female mice
under high workload conditions (4mM Ca2+) 6 weeks after TAC. n = 4-5. B: Quantification
of acyl-carnitines (sum of medium-, long-chain and hydroxylated acyl-carnitines) in female
and male con and ACC2KO mice 12 weeks after TAC. n = 5. C: Heatmap of individual
medium-chain (MC), long-chain (LC) and hydroxylated (OH) acyl-carnitines in male and
female con and ACC2KO mice 12 weeks after TAC. Values are depicted as log2 fold change
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normalized to corresponding con TAC. n = 5. D: Bar graphs of statistically significant
acyl-carnitines in male ACC2KO-TAC. n = 5. Note that individual acyl-carnitines were not
different in female ACC2KO-TAC. E: Regression analysis of ejection fraction (EF) and
relative abundance of indicated acyl-carnitines in female and male ACC2KO-TAC hearts.
Here, dotted lines indicate 95% confidence intervals. Dashed line indicates level of con TAC
of respective sex. All data are presented as mean+SEM. P values were determined two-way
ANOVA followed by Tukey multiple comparison test (A), two-tailed t-test (B, D) or linear
regression (E). # p < 0.05 vs. con TAC.
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Fig. 6: Schematic of study findings.

The healthy heart has high capacity for mitochondrial fatty acid oxidation, resulting in
efficient ATP supply. After TAC surgery, FAO is reduced in female and male hearts. Female
hearts have sustained oxidative capacity, and increasing FAO results in restored ATP supply.
In male hearts, oxidative capacity is reduced and increasing FAQ results in accumulation of
acyl-carnitines without increasing ATP supply. Created with BioRender.com.
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