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Abstract

Rationale—Acyl CoA synthetase-1 (ACSL1) is localized at intracellular membranes, notably the
mitochondrial membrane. ACSL1 and female sex are suggested to indirectly facilitate lipid
availability to the heart and other organs. However, such mechanisms in intact, functioning
myocardium remain unexplored, and roles of ACSL1 and sex in the uptake and trafficking of fats
are poorly understood.

Objective—To determine the potential for ACSL1 and sex-dependent differences in metabolic
trapping and trafficking effects of long-chain fatty acids (LCFA) within cardiomyocytes of intact
hearts.

Methods and Results—3C NMR of intact, beating mouse hearts, supplied 13C palmitate,
revealed 44% faster trans-sarcolemmal uptake of LCFA in male hearts overexpressing ACSL1
(MHC-ACSL1) than in non-transgenic (NTG) males (P<0.05). Acyl CoA content was elevated by
ACSL1 overexpression, 404% in males and 164% in female, relative to NTG. Despite similar
ACSL1 content, NTG females displayed faster LCFA uptake kinetics compared to NTG males,
which was reversed by ovariectomy. NTG female LCFA uptake rates were similar to those in
ACSL1 males and ACSL1 females. ACSL1 and female sex hormones both accelerated LCFA
uptake without affecting triglyceride content or turnover. ACSL1 hearts contained elevated
ceramide, particularly C22 ceramide in both sexes and specifically, C24 in males. ACSL1 also
induced lower content of fatty acid transporter-6 (FATP6) indicating cooperative regulation with
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ACSL1. Surprisingly, ACSL1 overexpression did not increase mitochondrial oxidation of
exogenous palmitate, which actually dropped in female ACSL1 hearts.

Conclusi

ons—ACSL1-mediated metabolic trapping of exogenous LCFA accelerates LCFA

uptake rates, albeit to a lesser extent in females, which distinctly affects LCFA trafficking to acyl
intermediates but not triglyceride storage or mitochondrial oxidation and is affected by female sex

hormones.
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1. INTROD

UCTION

Long-chain fatty acids (LCFA) serve numerous intracellular roles in the heart and
homeostatic regulation of cellular lipids is crucial for physiologic heart function [1-3].
LCFA uptake is controlled by the kinetics of transport across the membrane, which is
determined by the sarcolemmal fatty acid transporter CD36 [4-6]. Accelerated cardiac LCFA
uptake from acute CD36 overexpression also contributed to increases in intramyocardial
TAG turnover rates, albeit to a lesser extent. These findings underscore the importance of a
protein affecting LCFA uptake and elucidating how uptake rates, and specifically, the action
of ACSL1, influence trafficking of LCFA and the consequential production of acyl
intermediates. Currently, whether ACSL1, a non-plasma membrane protein, indirectly
facilitates LCFA uptake by metabolic trafficking of intracellular LCFA in the heart is not
known.

Acyl CoA synthetase-1 (ACSL1), a protein reported to be localized at mitochondrial and
endoplasmic reticular membranes, has been hypothesized to remotely affect LCFA uptake in
mouse hearts, hepatocytes, adipocytes, epithelial cells, and E. coli through vectorial
acylation as part of the mechanism “metabolic trapping” [7-15]. Despite the importance of
ACSL1 in initiating intracellular lipid usage, the impact of ACSL1 on active fatty acid
uptake rates and the consequences of altered uptake on cellular lipid utilization in the heart
are not understood. Potentially, ACSL1 vectorial acylation can affect uptake rates by
esterification of a LCFA to a coenzyme A thioester forming a fatty acyl CoA, which traps
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the fatty acid in the cell, reduces intracellular free fatty acid (FFA) concentration, and
increases the driving force for FFA transport across the plasma membrane [7,16].

Studies in hepatocytes, adipocytes, epithelial cells, and E. coli, all in culture, suggest ACSL1
to facilitate LCFA uptake. This effect of ACSL1 is suggested to occur via increased
esterification and downstream storage of LCFA into lipid stores, such as triacylglyceride
(TAG) [7-9,11-13,17,18]. In the mouse heart, cardiac-specific overexpression or deletion of
ACSL1 has produced altered TAG and acyl CoA content, which is consistent with metabolic
trapping effects by ACSL1 that may enhance LCFA uptake [14,15]. However, such studies
from intact hearts have been limited to static measures of lipid content in frozen tissue.
Conversely, the current study utilizes dynamic measures of the uptake and metabolic fate of
labeled LCFA to directly explore ACSL1 effects in linking LCFA uptake rates and
intracellular trafficking within intact, functioning hearts.

This study also examines the potential for ACSL1 to interact with sex differences in
intracellular lipid handling, since female sex and estrogen affect both endogenous and
exogenous lipids in the heart [19-21]. Human cardiac PET scans showed cardiac LCFA
uptake is elevated in obese women and that female sex independently predicts fatty acid
usage [22,23]. The effects of sex and the role of female hormones on ACSL1 or fatty acid
metabolic trapping in the heart are currently unknown.

The current study is the first to examine the function of ACSL1 and the influence of female
sex hormone on lipid uptake rates into cardiomyocytes and corresponding intracellular fates
of exogenous LCFA within intact, functioning hearts. These studies were performed in a
mouse model of cardiac-specific overexpression of acyl CoA synthetase-1 (aMHC-ACSL1)
[14]. We hypothesized that ACSL1 overexpression and female sex hormones synergistically
accelerate cardiac fatty acid uptake kinetics and determine corresponding intracellular
handling of acyl CoA. The findings suggest remote metabolic trapping effects of ACSL1
accelerates LCFA uptake and has local effects via intracellular LCFA trafficking, which is
influenced by female sex hormones.

2. METHODS

2.1. Animals

Our study employed the low-overexpressing J3 line of aMHC-ACSL1 mice, which were not
lipid-overloaded and had no overt pathology. In contrast, high-overexpressing ACSL1 mouse
lines had overwhelming cardiac lipotoxicity that reduced mouse life expectancy [14]. The
non-lethal low-overexpressing mouse model allowed us to discern the subtleties of
intracellular handling of acyl-derived lipids produced from modification of LCFA uptake
kinetics. Age matched non-transgenic littermates were used as controls.

2.2. Ovariectomy

At 8-10 weeks of age female mice underwent surgery to remove ovaries or sham surgery.
Surgeries were performed three weeks prior to any experiments, adequate time for changes
in gene expression and protein levels [19].
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2.3. Isolated heart perfusion

2.4. Nuclear
data

Hearts were excised for isolated, retrograde perfusion, as described [21,24,25]. A modified
Krebs-Henseleit buffer containing 0.4 mmol/L 12C palmitate/albumin complex (3:1 molar
ratio), 10 mmol/L glucose, and 1 mmol/L lactate was used to perfuse hearts. Cardiac
function was monitored with a saline-filled, intraventricular balloon set at 5 mm diastolic
pressure. Perfused hearts were situated in a 10 mm broadband probe in a vertical wide-bore
(89mm) 14.1 T NMR magnet and maintained at 37 °C. Following experimental set up and
stabilization of the preparations, the perfusate supply was then switched to similar buffer
containing 0.4 mmol/L [U-13C] palmitate/albumin complex (3:1 molar ratio), 10 mmol/L
glucose, and 1 mmol/L lactate during acquisition of dynamic-mode 13C NMR spectra over
30 minutes. Myocardial oxygen consumption was calculated from the oxygen concentration
in the perfusate supplying the heart and the coronary effluent as previously described
[26,27]. Hearts were rapidly frozen in liquid nitrogen cooled tongs following each protocol.

Magnetic Resonance (NMR) spectroscopy and kinetic analysis of 13C NMR

Dynamic-mode 1H decoupled 13C NMR spectra were acquired signal averaged over two-
minute intervals [21,24,25]. Background 13C natural abundance signal was then collected for
digital subtraction from 13C enriched signals. The rate of 13C palmitate incorporation into
TAG was calculated from the integrated signal intensity of the 13C resonance signal at 30.5
ppm, the TAG methylene carbons. Enrichment data is fitted using a bi-phasic kinetic model,
encompassing a non-linear exponential fit for the rapid first phase of enrichment, followed
by a linear fit for the slower second phase of enrichment after saturation of the early
exponential phase, as described in Carley et al [4]. The initial, rapid exponential phase has
been previously demonstrated to indirectly reflect transarcolemmal passage of 13C palmitate
and initial esterification into TAG [4]. Non-linear regression analysis using one-phase
association (GraphPad Prism) is used to fit the initial saturable exponential phase of 13C
enrichment of TAG, to obtain 1, the time constant. The second, slower phase of TAG
enrichment is fitted by linear regression analysis (GraphPad Prism), and used to measure the
relative rate of palmitate incorporation into TAG. Turnover of TAG is calculated from slope
of the linear phase of TAG enrichment, in combination with endpoint TAG 13C enrichment
and TAG content [4,21,24,28,29].

2.5. Myocardial lipid analysis

All lipids were extracted from frozen heart tissue and normalized to tissue protein
concentration (BCA assay, Thermo Scientific). TAG was isolated using a modified Folch
extraction as described [4,21,24,29]. Total TAG content was quantified with colorimetric kits
(Wako Pure Chemical Industries). Ceramide species (C14, C16, C18, C18:1, C20, C22, C24,
C24:1) were isolated using Sullards et al extraction [30] and quantified via LC-ESI-MS/MS
as described previously [29]. Acyl CoA species (C14, C16, C18, C18:1, C18:2, C20, C20:4,
C22, C24, C24:1) were isolated using Haynes et al extraction and quantified via LC-ES-
MS/MS protocol [31].
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2.6. Western blot

Protein expression was measured by Western immunoblots on whole cell lysates as
described [4,25,29]. Expression changes were quantified and normalized to intensity of
loading control, calsequestrin.

2.7. Statistical analysis

All data are presented as mean + standard error of the mean (SEM). Two-way ANOVA or
one-way ANOVA where appropriate followed by Tukey’s post-hoc analysis was used to
detect differences between groups (Graph Pad Prism). Differences were considered
significant at a minimum of p < 0.05.

3. RESULTS

3.1. Cardiac function

Hemodynamics assessed from isolated perfused hearts was similar among experimental
groups, indicating that cardiac function was not a determining variable of the metabolic
observations report below. Mean values for rate-pressure-product, an index of mechanical
work, ranged from 21,570 — 29,421 mm Hg x BPM (SEM range: 3,023 — 5,003 mm Hg x
BPM) and were similar among all experimental groups. Additionally, the rates of pressure
development and relaxation in the left ventricle, +dP/dt and —dP/dt, indexing contractility,
were also similar among all groups (Supplemental Figure 1). Consistent with similar cardiac
workloads across all experimental groups, myocardial oxygen consumption was also not
significantly different: NTG male = 30 £ 6; NTG female = 30 + 12; NTG OVX female = 34
+14; ASCL1 male =29 + 4; ASCL1 females = 31 + 8; ASCL1 OVX females=35+9
(umole/min/g dry wt., mean + SEM).

3.2. Kinetics of LCFA uptake and incorporation into TAG

Using dynamic proton-decoupled 33C NMR spectroscopy (Figure 1A) [4,29], we resolved,
for the first time in the intact mouse heart, the biphasic nature of LCFA import into the
steady state TAG pool with an initial rapid, saturable exponential component and a slower,
linear component (Figures 1A and 1C). The initial exponential phase reflects LCFA uptake,
with the apparent linear phase, representing TAG turnover as part of an extended exponential
enrichment [4,21,24,28,29]. The R? value was > 0.95 for both the non-linear exponential and
linear fit.

ACSL1 status and female sex affected the rate of the initial exponential phase (T, time
constant) in perfused hearts (Figures 2A-D). ACSL1 males displayed a 44% lower 1 than
NTG males (p < 0.01) (Figures 2B and 2D). Female ACSL1 and NTG hearts had similar T
values. Interestingly, T was 41% lower in female NTG than male NTG mice (p < 0.05)
demonstrating accelerated LCFA uptake rates in females at baseline (Figured 2C and 2D).
Ovariectomy (OVX) increased 1 by 97% in NTG female mice (p < 0.01), implicating a role
for female sex hormones in faster LCFA uptake rates in female NTG hearts (Figured 2C and
2D). Female ACSL1 OV X hearts displayed values of T similar to that of female NTG OVX
hearts. Overexpression of ACSL1 in ovariectomized female hearts was insufficient to
overcome the increase in 1 resulting from removal of female sex hormones and did not
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restore accelerated LCFA uptake in female hearts. ACSL1, albeit to a lesser extent in female
ACSL1 hearts, and female sex hormones accelerated LCFA uptake rates in perfused hearts.

3.3. Intramyocardial Acyl CoA reflects ACSL1 overexpression

ACSL1 catalyzes CoA esterification to fatty acids forming acyl CoA. We quantified all acyl
CoA species with a chain length of 14 to 24 as well as enrichment with labeled 13C in
perfused hearts (Figures 3A-D). Total 12C and 13C acyl CoA content was 404% higher in
male ACSL1 (p <0.001) and 164% higher in female ACSL1 (p < 0.05) hearts compared to
respective sex NTG hearts (Figure 3A). The content of 13C enriched acyl CoA was higher in
male ACSL1 hearts compared to NTG hearts (p < 0.01, Figure 3B). Acyl CoA pool 13C
percent enrichment did not change with ACSL1 expression (Figure 3C) despite a
quantitative increase in 13C acyl CoA species (Figure 3B). This indicates lipolysis of the
TAG pool was able to keep pace with the accelerated uptake and replenish 12C acyl chains to
maintain equilibrium between 12C and 13C acyl CoA. ACSL1 overexpression lead to greater
esterification of exogenously supplied U-13C palmitate to 13C acyl CoA and overall greater
production of long-chain acyl CoAs.

3.4. Storage of LCFA into TAG is unaffected by LCFA uptake rates

The linear phase of 13C enrichment obtained from dynamic-mode 13C NMR spectra (Figure
1A), TAG content (Figure 4A), and final TAG 13C enrichment, quantified by LC-MS, was
used to calculate turnover of the intramyocardial TAG pool (Figure 4B). Despite
modifications in LCFA uptake Kinetics by sex and ACSL1, LCFA esterification to TAG and
turnover of the TAG pool remained unaffected across sexes and ACSL1 status. ACSL1
modified only the uptake dependent rate of TAG enrichment and not TAG turnover. These
data demonstrate the independent actions of LCFA uptake to TAG synthesis and lipolysis

[4].

3.5. Cardiac ACSL1 affects ceramide synthesis

Excess fatty acyl CoA that is not esterified into triglyceride may be converted into other acyl
derivatives. Compared to respective NTG sex, ACSL1 overexpression lead to total ceramide
that was 55% higher in male ACSL1 (p < 0.05), 70% higher in female ACSL1 (p < 0.01),
and 47% in female ACSL1 OVX (p < 0.05) hearts (Figure 4C). Specifically, ceramides C22
was elevated in all ACSL1 hearts versus the respective sex NTG group (Figure 4D). Very
long-chain ceramide C24 was elevated only in male ACSL1 mice compared to same sex
NTG groups. Additionally, ceramide C24 was significantly higher in male ACSL1 mice
compared to female ACSL1 or female ACSL1 OVX groups. ACSL1 overexpression induced
excess synthesis of total acyl derived long chain ceramides in the heart in all ACSL1 groups
with sex influencing production of specific species.

3.6. ACSL1 does not channel fatty acids to cardiac mitochondrial beta-oxidation

ACSL1 has been identified at the outer mitochondrial membrane in addition to the
endoplasmic reticulum [9,10,13,32,33]. Therefore, mitochondrial oxidation of LCFA was
examined to determine if ACSL1 can channel LCFA to mitochondrial oxidation. In vitro 13C
NMR of tissue extracts from perfused hearts showed p-oxidation of 13C palmitate to acetyl
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CoA was not increased by ACSL1 overexpression, and was unexpectedly decreased in
female ACSL1 hearts (Figure 4E). This latter finding in the female ACSL1 hearts indicates
interactions between female sex hormone and ACSL1 in affecting LCFA contribution to
beta-oxidation, but sex alone did not influence the fractional contribution of palmitate to
acetyl CoA formation in NTG hearts. Overexpression of ACSL1 did not result in
enhancement or channeling of LCFA into mitochondrial beta-oxidation.

The measure of relative contribution to the formation of acetyl-CoA, which in the current
study indexes contributions from beta-oxidation of 13C enriched palmitate, is not the flux
rate through beta-oxidation, but rather the relative contributions of each available fuel for
entry into oxidative metabolism. As stated above, and as observed in previous studies, the
actual oxidative rates in the mechanically-loaded, whole heart are driven by the energetic
demand of mechanical work [24,25,29], and mechanical work was equivalent between
groups (see 3.1 above and Supplemental Figure 1).

3.7. LCFA uptake kinetics and ACSL1 expression respond to female sex hormones

Protein content of ACSL1 was significantly higher as expected in ACSL1 transgenic hearts
inall NTG vs ACSL1 comparisons (p < 0.0001, Figures 5A and 5B). Protein expression of
ACSL1 in the transgenic hearts dwarfed the quantity of ACSL1 in NTG hearts and made
between sex group comparisons for NTG hearts impossible. To determine if there exists
baseline sex differences in ACSL1 expression that may explain the faster LCFA uptake
kinetics observed in female NTG hearts, separate SDS-PAGE gels and western blots for
NTG and ACSL1 overexpressing hearts were performed. In the separate western blot
analysis, ACSL1 did not differ between male and female NTG hearts.

Interestingly, ACSL1 levels decreased in NTG females subject to ovariectomy (Figures 5C
and 5D). The slower LCFA uptake rates in female NTG OVX hearts can be at least partially
be explained by interaction between female sex hormones and ACSL1. In overexpressing
hearts, ACSL1 protein expression was higher in female hearts (Figures 5E and 5F). Though,
the relative increase compared to male NTG hearts was similar for male ACSL1 hearts (p <
0.0001) and for all within respective sex group comparisons (Figure 5B). Production of
ovarian hormones is necessary for normal ACSL1 expression in females and correlates with
LCFA uptake rates in female NTG hearts when ovarian hormones are removed.

3.8. Membrane fatty acid transporters response to ACSL1 expression

We examined a potential linkage between fatty acid metabolic trapping and expression of
sarcolemmal fatty acid transporters. Epitope tagged ACSL1 and fatty acid transport
protein-1 (FATP1) were co-immunoprecipitated from 3T3-L1 adipocytes and may work
together to control fatty acid uptake [34]. We assayed protein content of FATP1, FATP6, and
CD36 from frozen hearts (Figures 6A-F). Interestingly, ACSL1 overexpression decreased
FATP6 significantly in transgenic hearts across sexes (Figures 6E and 6F; p < 0.05 for male;
p < 0.001 for female and female OVX). FATP1 and CD36 levels were unaltered in all groups
(Figures 6A-6D). This suggests ACSL1 negatively regulates FATP6 protein expression and
may specifically work in coordination with FATP6 to regulate fatty acid uptake in the heart.
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4. DISCUSSION

In this study we demonstrate for the first time the effects of ACSL1 dependent metabolic
trapping of fatty acids and sex on LCFA uptake rates and utilization in the intact beating
heart. Metabolic trapping is a mechanism by which non-transporter proteins affect LCFA
uptake by vectorial acylation [7]. The FFA concentration gradient across the membrane
increases through rapid conversion of intracellular FFA to fatty acyl CoA. Fatty acid
metabolic trapping was previously only hypothesized in cells based on increased content of
radiolabeled or fluorescent fatty acids in cells [7,9-11,13,16]. Here, with an /in vivo, model
we show accelerated trapping of fatty acids by ACSL1 resulted in greater LCFA uptake rates
and FFA conversion to acyl CoA in ACSL1 overexpressing hearts (Figure 3A).

4.1. LCFA uptake and evidence of metabolic trapping in the heart

As previously identified, dynamic-mode 13C NMR of isolated hearts revealed two phases of
TAG enrichment, each characterized by distinct kinetics (Figure 1C) [4]. Carley et al showed
the initial 13C exponential phase of TAG enrichment is rapidly saturated and was modified
by content of the sarcolemmal fatty acid translocase, CD36 [4]. This early, rapid exponential
phase of enrichment reflects LCFA uptake across the sarcolemmal membrane. Consistent
with that finding, /n7 vitro studies support a rapid and saturable exponential phase of LCFA
uptake in cardiomyocytes [5]. In the present study, ACSL1 overexpression accelerated the
initial rapid, exponential enrichment phase, but the slower phase of apparent, linear 13C
enrichment, associated with TAG turnover [4,21,24,28,29], remained similar among all
experimental groups.

Interestingly, cardiac TAG content was unchanged in ACSL1 total body knockout mice [15],
further supporting our result that ACSL1 does not shuttle active lipids to TAG synthesis.
Though, TAG lipolysis may have been important in generating endogenous, intracellular 12C
acyl chains to maintain equilibrium with 13C acyl CoA within the expanded acyl CoA pool
that results from ACSL1 overexpression. The quantity of 13C acyl CoA species increased in
male ACSL1 hearts, though the percent of 13C enriched acyl CoA was unaltered (Figures 3B
and 3C). Thus, unlike the sarcolemmal transporter, CD36, the synthetase, ACSL1, links
LCFA uptake to cellular utilization indirectly enhancing LCFA uptake by trapping of acyl
units via esterification to CoA.

Ceramides have been implicated as mediators of cellular dysfunction in whole organ studies
and in numerous cell types including cardiomyocytes, [29,35-39]. Ceramide overproduction
may be derived from excess acyl CoA, the substrate for de novo ceramide synthesis [40],
such as in diabetes when fatty acid uptake exceeds oxidation [41], or as in non-diabetic
failing hearts when fatty acids are not stored in intracellular TAG stores and beta-oxidation
is reduced [28,29,39,42]. The current results in the ACSL1 mouse demonstrate that an
overabundance of intracellular acyl CoA is synthesized to acyl derived ceramides (Figures
4C and 4D). Male vs female sex influenced production of specific ceramide species in the
ACSL1 mouse; notably C24 in male ACSL1 mice was higher than in female ACSL1 and
female ACSL1 OV X mice. However, the current study does not suggest that these very long-
chain ceramides were sufficiently abundant to induce cardiotoxicity to a level that would
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produce any cardiac dysfunction or mortality in this low-overexpressing J3 aMHC-ACSL1
mouse strain, in contrast to the high-overexpressing O7 MHC-ACSL1 line [14].

Evidence exists in the literature for a link between specific very long-chain ceramides and
membrane fatty acid transporter expression. Treatment of hepatocytes with exogenous C22
and C24 ceramides decreased CD36 expression [43]. Potentially, elevated C22 ceramides in
the ACSL1 hearts are responsible for decreased FATP6 expression. The observed responses
in ceramide and FATP6 content underscore the importance of studying the production of
acyl-derived lipids in a non-pathogenic model of fatty acid metabolic trapping.

This study further supports the idea that cytosolic synthetases might interact with membrane
transporters. Recombinant Myc-tagged ACSL1 was co-immunoprecipitated with FATP1 in
3T3-L1 adipocytes, alluding to a physical interaction [34]. Surprisingly, FATP6 protein
decreased in all ACSL1 groups, but FATP1 and CD36 proteins were unchanged. In response
to ACSL1 metabolic trapping driving LCFA across the membrane, possibly FATP6
expression decreased as compensation to reduce FFA membrane channels.

The decrease in FATP6 content may also be an adaptive response to overlapping synthetase
function with ACSL1 CoA synthetase. FATP proteins have CoA synthetase capabilities in
addition to their fatty acid transport functions [6,44,45]. Murine FATP isoforms expressed in
yeast only formed acyl CoA from very long-chain fatty acids, C20:4 and C24, and not from
a long-chain fatty acid C18:1, however C16 fatty acids were not examined [44]. Therefore, it
is possible FATP synthetase substrate selectivity differs for individual LCFAs, such as C16
versus C18:1. Indeed, cells transfected with a human FATP6 expression vector displayed
greater uptake of C16 than C8, C18:1, or C18:2 [45]. Redundancy between FATP6
preference for C16 fatty acids and overexpressed ACSL1 may have been the cause for
FATP6 downregulation. Since CD36 and FATP1 were unchanged, ACSL1 appears to
function cooperatively with CD36 and FATP1 to facilitate LCFA uptake. This observation is
consistent with a previous /n vitro study showing ACSL1 and CD36 synergy in oleate uptake
[12]. Our study suggests a previously unknown cooperative regulation of LCFA uptake
between membrane transport protein FATP6 and intracellular acyl chain activation mediated
by changes in gene expression.

ACSL1 has been localized to the mitochondria outer membrane and based on ACSL1
knockout studies it might be expected that ACSL1 channels lipids into the mitochondria for
beta-oxidation [10,13,15,16,33,46-48]. Studies of ACSL1 knockout mice, whole body or
specific to heart muscle, skeletal muscle, liver, and adipose, revealed reduced LCFA
oxidation [15,46-48]. In contrast, in vitro overexpression of ACSL1 [9] and our data
presented here with an /in vivo ACSL1 overexpression model did not result in enhanced
LCFA oxidation. Our finding indicates that the reduced LCFA oxidation in ACSL1 deficient
tissues is more likely to be the consequence of reduced LCFA uptake and activation to the
CoA ester than due to channeling of LCFA into oxidative metabolism.

4.2. Sex differences and female hormone-dependent LCFA trafficking

Differences in fatty acid uptake were observed under baseline conditions between male and
female NTG hearts. Normal female NTG hearts had faster LCFA uptake Kinetics in
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comparison to normal males (Figure 2A and 2D). Although both acyl CoA and ACSL1
protein contents were similar between NTG males and NTG females (Figures 4A, 6C, and
6D), ovariectomy resulted in slower LCFA uptake rates and lower ACSL1 protein (Figures
2C, 2D, 5C and 5D). Loss of female hormones reduced ACSL1 facilitated metabolic
trapping in females, though overexpression of ACSL1 did not restore accelerated LCFA
uptake in OVX mice. Additional factors are likely involved in mediating accelerated LCFA
uptake rates in females, since ACSL1 expression in female NTG hearts was not higher and
ACSL1 overexpression was unable to overcome the loss of female sex hormones. Though,
physiologic accelerated LCFA uptake rates in females are at least partially mediated by
ACSL1 expression, which is dependent on normal female sex hormone production. This is
consistent with published data indicating that hearts of females have a much more active
lipid metabolism than that of males [21-23]. Surprisingly, ACSL1 expression was higher in
female transgenic hearts than male transgenic hearts, though ACSL1 expression was
similarly increased in all transgenic groups (P < 0.0001, Figures 6A, 6B, 6E, and 6F).
Potentially, this could be due to unexamined sex hormone interaction with the aMHC
promoter activity. Androgens may be involved since female ACSL OV X hearts had similarly
higher expression levels as female ACSL1 hearts. The current findings underscore the need
for future studies to examine the impact of cellular lipid utilization on established sex
differences in cardiac disease.

ACSL1-mediated trafficking of LCFA differed between males and females. Unexpectedly,
ACSL1 overexpression induced a drop in exogenous palmitate oxidation in female ACSL1
hearts (Figure 4E). The remaining acetyl CoA production likely comes from 12C fatty acids
supplied by endogenous TAG lipolysis as well as glucose and lactate in the perfusate. The
decreased contribution of palmitate to acetyl CoA production in female ACSL1 hearts is
therefore like the result of interactions between female sex hormones and ACSL1 activity.
The data suggest that ACSL1 trafficks exogenous 13C palmitate toward an alternate
metabolic fate other than oxidation. Indeed, ACSL1 increased ceramide production in males
and females, but with sex differences in specific ceramides, suggesting both ACSL1 and
female sex hormones affect the specific pool of excess acyl CoA derived from ACSL1 that is
upstream of transport into mitochondria and available for ceramide synthesis. Thus, female
sex hormones and ACSL1 are interactive.

The impact of lipid metabolism based sex differences on cardiac pathology or conditions of
metabolic stress have only recently been studied [21,23,49]. Peterson et al, demonstrated
female sex was an independent predictor of palmitate uptake and utilization in healthy and
obese subjects [22]. Female sex predicted greater cardiac inefficiency and only in obese
women increasing BMI positively correlated to MVVO, [22,50]. In a separate study, female
non-obese type 2 diabetic subjects had greater left ventricle fatty acid oxidation,
esterification, and overall utilization despite taking more lipid lowering therapies than male
non-obese type 2 diabetic patients [23]. Further, in female mice cardiac TAG turnover is
more dynamic and resilient to the chronic metabolic stress of calorie restriction [21]. An
important mechanism contributing to greater female LCFA uptake may be increased
expression of LPL, which was found to be transcriptionally activated by the estrogen
receptor [19]. As a result of greater intracellular lipid availability from exogenous and
endogenous lipid sources females have a greater dependence on LCFA in the heart. The data
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that we presented here fits with previous human and animal studies demonstrating female
sex may augment lipid utilization through accelerated LCFA uptake.

In other organs, a complex network of crosstalk between PPARa and estrogen exists
[51-56]. Thus, interactions between female sex hormone and PPARa target gene expression,
that include Acs/Z, may contribute to the currently observed sex differences [57,58]. Hepatic
lipid accumulation and death resulted in male PPARa —/- mice treated with the CPT1
inhibitor, etomoxir, but not in female PPARa —/— mice treated with etomoxir [56].
Potentially, interactions between PPARa and estrogen at the transcriptional and perhaps the
post-transcriptional level may underlie our results documenting interactions between female
sex hormones and ACSL1 [56]. It is possible ovariectomy induced changes in circulating
lipids that may have affected activity of PPARa and thus transcription of lipid transporters in
the heart that were not measured. Notwithstanding this, our measurements of fatty acid
uptake rates in ex vivo beating hearts demonstrated intrinsic changes occurred in female and
female OV X hearts. Future studies are needed to clarify interactions between estrogen,
PPARa, and PPARa gene products.

In conclusion, we quantified the remote affects of ACSL1 on LCFA uptake rates (Figure
2A-2D) and intracellular lipid trafficking (Figures 3A-3D and 4A-4E) as well as basal sex
differences in LCFA uptake into the heart that are at least partially explained by ovarian
hormone regulation of the metabolic trapping effects of ACSL1 (Figures 5C and 5D).
Ovariectomy lowered ACSL1 expression thus slowing LCFA uptake kinetics and indicating
the faster kinetics of LCFA uptake in females are affected by ovarian hormone regulation of
ACSL1 metabolic trapping. However, the data suggest that female sex hormones affect
LCFA uptake through additional processes other than ACSL1 metabolic trapping alone. The
effect of ACSL1 overexpression on female uptake rates was not as evident, since uptake
kinetics were similar between female NTG and female ACSL1 hearts (Figure 2D). Changes
in cardiac LCFA uptake in female mice resulting from manipulation of ovarian hormones
did not affect intracellular acyl CoA content (Figures 3A). Therefore, the exponential rate of
stable isotope enrichment is not a direct index of ACSL1 activity, but is responsive to the
degree of ACSL1 expression and resultant metabolic trapping effects of this CoA synthase.
ACSL1 expression level induced a decrease in sarcolemmal FATP6 transporter expression
revealing a role for cooperative regulation between sarcolemmal protein expression and
intracellular synthetases (Figure 6A-6F). Overall, ACSL1 and female sex hormones play a
critical role in fatty acid metabolism and cellular responses to the modifications of these
physiologic factors.
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GLOSSARY
ACSL1 Acyl CoA synthetase-1
CoA Coenzyme A
FATP Fatty acid transport protein
LCFA Long-chain fatty acid
ovX Ovariectomy
NTG Non-transgenic
TAG Triacylglyceride
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HIGHLIGHTS

e ACSL1 and female sex hormones accelerate fatty acid uptake rates in beating
hearts

» Faster female LCFA uptake rates require sex hormone-dependent ACSL1
expression

e ACSL1 increases acyl derivative conversion to ceramide; no changes to TAG
storage

« Lipid trafficking of acyl derivatives differs between males and females
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Figure 1. Two distinct kinetic phases of 13¢ palmitate incorporation into myocardial

triacylglyceride

(A) Dynamic-mode 13C NMR proton-decoupled spectra (2 min each) acquired from an
isolated, intact beating heart displaying progressive incorporation of [U-13C] palmitate in
triacylglyceride (TAG). Resonance peak at 30.5 ppm corresponds to the methylene carbon of
TAG. (B). Enrichment of TAG with 13C over time for each experiment group: Male NTG n
=10, male ACSL1 n =10, female NTG n = 8, female ACSL1 n = 8, female NTG OVX n =
5, female ACSL1 OVX n = 10. (C) Representative enrichment curve from individual
perfused female ACSL1 mouse heart displaying multi-kinetic features. Subtraction of the
linear component (dotted line) from the raw enrichment data demonstrates the initial
exponential phase, as previously described (solid black line). See Supplemental Figure 2.
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Figure 2. Kinetics of LCFA uptake are affected by ACSL1 and female sex hormones
(A\) Initial exponential component of 13C enrichment data normalized to enrichment level.

(B) Initial exponential enrichment phase of TAG in male hearts. Note accelerated 13C
enrichment in male ACSL1 hearts (n =14) vs male NTG hearts (h = 10). (C) Comparison of
initial exponential enrichment phases of TAG among male NTG, female NTG, and female
NTG OVX. Note accelerated enrichment in Female NTG hearts (n = 9). Sex differences

in 13C enrichment rates are abolished by ovariectomy (female NTG OVX n = 8, female
ACSL1 n =10, female ACSL1 OVX n =12). (D) Time constant, 1, of exponential
enrichment phase. Values of 1 lower (faster) in male ACSL1 and female NTG hearts versus
male NTG hearts. Ovariectomy increased T values in female NTG and female ACSL1
hearts. Values shown are mean + SEM. *p<0.05, and **p< 0.01. A waterfall plot of the data
is shown in Supplemental Figure 3.
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Figure 3. Cardiac acyl CoA increases with ACSL1 overexpression
(A) Total acyl CoA content (12C and 13C) of chain lengths 14-24 carbons. Note elevated

content in ACSL1 male (n = 6) and ACSL1 female hearts (n = 5) versus male NTG (n = 5)
and female NTG hearts (n = 9). (B) Content of 13C-enriched acyl CoA species. Note greatly
elevated content in male ACSL1 hearts. (C) Percent of total acyl CoA pool enriched

with 13C species. Note increased 13C acyl CoA content despite consistent percent 13C
enrichment of the acyl CoA with ACSL1 overexpression. (D) Distribution of acyl CoA
species by chain length. Female NTG OVX n =6 and female ACSL1 OVX n = 6. *p < 0.05,
**p < 0.01, and ***p < 0.001.
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Figure 4. Acyl derivative formation in the heart is affected by ACSL1 overexpression
(A) Total cardiac TAG content and (B) steady-state turnover of LCFA [U-13€] palmitate

within intramyocardial TAG. Male NTG n = 10, male ACSL1 n = 8, female NTG n = 8,
female ACSL1 n =7, female NTG OVX n =6, female ACSL1 OVX n =7. Accelerated
LCFA uptake into cardiomyocytes did not alter TAG formation. ACSL1 and female sex
hormone facilitated LCFA uptake, but did not increase LCFA esterification into TAG or TAG
lipolysis. (C) Total ceramide content was increased by ACSL1 overexpression (n = 4 all).
(B) Distribution of ceramide species by carbon length of R-chain. Ceramide C22 increased
in hearts of all ACSL1 groups, but C24 increased in male ACSL1 hearts only. ACSL1
overexpression specifically increased C22 ceramides irrespective of sex. Formation of C24
ceramide showed sexual dimorphism. (E) The fraction of acetyl CoA produced from
mitochondrial beta-oxidation of 13C palmitate was not changed by ACSL1 overexpression in
male hearts. Fractional contribution of 13C palmitate to acetyl CoA decreased in female
ACSL1 hearts (n = 6) vs female NTG hearts (n = 6). Male NTG n =5 and male ACSL1 n =
6. *p < 0.05, **p < 0.01.
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Figure 5. Cardiac ACSL1 protein expression analysis

(A and B) Western blot results displaying elevated ACSL1 content ACSL1 hearts versus
NTG (n =4 all). (C and D) Western blot results for ACSL1 content in NTG hearts. ACSL1
protein is similar between NTG males and female hearts, but decreases with ovariectomy
(OVX). Female sex hormones are necessary for normal female ACSL1 expression. (E and
F) Western blot results showing greater overexpression of ACSL1 in female and female
OVX hearts versus male hearts. However, the increase in ACSL1 expression compared to
respective NTG hearts was similar among sexes (A and B). Loading normalized to
calsequestrin (Calseq) as control. *p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <

0.0001.
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Figure 6. Protein expression of cardiac sarcolemmal fatty acid transporters
Western immunoblot and quantification for (A, B) CD36, (C, D) FATP1, and (E, F) FATP6 r

(n = 4 all). FATP6 content decreased in response to ACSL1 overexpression. Loading
normalized to calsequestrin (Calseq) as loading control. *p < 0.05, *** p < 0.001, and ****
p < 0.0001.
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