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Elevated cardiac triacylglycerol (TAG) content is tradi-
tionally equated with cardiolipotoxicity and suggested
to be a culprit in cardiac dysfunction. However, previous
work demonstrated that myosin heavy-chain-mediated
cardiac-specific overexpression of diacylglycerol trans-
ferase 1 (MHC-DGAT1), the primary enzyme for TAG
synthesis, preserved cardiac function in two lipotoxic
mouse models despite maintaining high TAG content.
Therefore, we examined whether increased cardiomyo-
cyte TAG levels due to DGAT1 overexpression led to
changes in cardiac TAG turnover rates under normoxia
and ischemia-reperfusion conditions. MHC-DGAT1 mice
had elevated TAG content and synthesis rates, which
did not alter cardiac function, substrate oxidation, or
myocardial energetics. MHC-DGAT1 hearts had ische-
mia-induced lipolysis; however, when a physiologic mix-
ture of long-chain fatty acids was provided, enhanced
TAG turnover rates were associated with improved
functional recovery from low-flow ischemia. Conversely,
exogenous supply of palmitate during reperfusion sup-
pressed elevated TAG turnover rates and impaired
recovery from ischemia in MHC-DGAT1 hearts. Collec-
tively, this study shows that elevated TAG content, ac-
companied by enhanced turnover, does not adversely
affect cardiac function and, in fact, provides cardiopro-
tection from ischemic stress. In addition, the results
highlight the importance of exogenous supply of fatty
acids when assessing cardiac lipid metabolism and its
relationship with cardiac function.

The accumulation of triacylglycerol (TAG) in the heart is
often viewed as a pathological condition and is generally

associated with an impairment in cardiac function (1).
Recent evidence suggests that the TAG pool is not an
inert repository of fatty acids but, rather, a dynamic en-
tity that contributes to ~10% of the total cardiac oxida-
tive metabolism under basal conditions (2-4). In addition,
the rate of TAG turnover and its contribution to ATP are
increased in conditions of diabetes (5) or decreased in
pathological hypertrophy and heart failure (2). Although
it appears that endogenous TAG metabolism may be im-
portant in maintaining overall cardiac function, particularly
during cardiac stress, the precise role in the development
and progression of cardiac pathologies awaits further
clarification.

Although diabetic and obese hearts present with
accumulation of cardiac TAG and alterations in substrate
metabolism (6,7), it has not been determined whether
defects in endogenous TAG metabolism contribute to im-
paired function after ischemic events. Alterations in car-
diac metabolism during ischemia-reperfusion (I-R) injury
are well characterized and include increased rates of fatty
acid oxidation (8,9) and uncoupling of glycolysis from
glucose oxidation (10,11). Endogenous TAG metabolism
as a source of ATP generation in ischemia has generally
been discounted, owing to “futile cycling” (TAG-fatty acid
cycling), an ATP-dependent process that could energeti-
cally compromise the heart (12,13). However, it has been
shown that the oxidation of endogenously derived palmi-
tate is significantly increased during the reperfusion pe-
riod (14), suggesting that cardiac TAG metabolism is
active during recovery from ischemia. Although accumu-
lation of lipid droplets after ischemia is associated with
greater infarct size (15), the precise cause of the tissue
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damage is not clear. One possibility is the increased oxy-
gen demand due to elevations in fatty acid oxidation after
ischemia. However, a mismatch between the rate of fatty
acid uptake and the rate of fatty acid oxidation in the
damaged tissue could lead to an imbalance in cytosolic
fatty acids that could subsequently lead to an accumula-
tion of toxic signaling lipids such as diacylglycerol (DAG)
and/or ceramides.

Toxicity due to increased ceramides has been impli-
cated in the response to cardiac I-R injury (16-18). It is
possible that modulation of cardiac TAG metabolism could
affect ceramide accumulation and, in turn, the response to
ischemic stress. Recent work has shown that myosin
heavy-chain-mediated cardiac-specific overexpression of
diacylglycerol transferase 1 (MHC-DGAT1), the enzyme
responsible for the final step in TAG synthesis, leads to
increased TAG content with reductions in the lipid inter-
mediates, DAG and ceramides (19,20). Furthermore, cross-
ing MHC-DGAT1 mice with two mouse models of cardiac
lipotoxicity attenuated cardiac dysfunction. Total TAG
content was unchanged, but both ceramides and DAG
decreased as expected (19,20). These results indicate a car-
dioprotective role of DGAT1 overexpression, presumably by
the reduction of toxic lipid intermediates.

Therefore, we investigated whether increasing TAG
synthesis by overexpression of DGAT1 was effective in
protecting the heart from ischemic injury. We hypothe-
sized that increasing the synthesis and turnover of cardiac
TAG during the reperfusion period would lead to seques-
tration of fatty acids and the reduction in toxic lipid
intermediate formation. Our findings illustrate the dy-
namic nature of the TAG pool during reperfusion after
acute cardiac ischemia. Moreover, our results demonstrate
that elevated rates of TAG turnover are associated with
improved functional recovery from ischemic stress, in part
by redirecting fatty acids away from ceramide synthesis.

RESEARCH DESIGN AND METHODS

Animal Model

Animal studies were approved by the University of
Washington Institutional Animal Care and Use Commit-
tee. MHC-DGAT1 mice were mated with nontransgenic
littermates to produce both study and control (CON)
mice. Mice were kept on a 12-h light/dark cycle with
water and food ad libitum.

Isolated Heart Perfusion and Nuclear Magnetic
Resonance Spectroscopy

Isolated Heart Perfusion

Isolated mouse hearts were perfused in Langendorff mode
as previously described (21,22). The perfusate was a mod-
ified Krebs-Henseleit (KH) buffer supplemented with
0.4 mmol/L long-chain fatty acids (LCFAs) (bound to
1.2% albumin), 5.5 mmol/L glucose, 1.2 mmol/L lactate,
and 50 wU/mL insulin. In a cohort of experiments, the
source of fatty acids was a mixture of LCFAs consisting of
palmitate (46.3%), oleate (22.2%), palmitoleate (15.4%),
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linoleate (7.6%), stearate (2.9%), and linolenate (1.0%). In
a separate cohort of experiments, the fatty acid source
was limited to palmitate (100%). Hearts were equilibrated
with the unlabeled (*?C) perfusate detailed above for
20 min. The perfusate was then changed to an identical
perfusate with uniformly labeled *°C fatty acids (LCFA or
palmitate) and 1,6-3C glucose for 45 min to determine
substrate preference (21). The I-R protocol consisted of
20 min of baseline equilibration with the unlabeled per-
fusate, 30 min of low-flow ischemia (1% of baseline), and
55 min of reperfusion with the perfusate containing uni-
formly labeled 3¢ fatty acids (LCFA or palmitate) and
1,6-13C glucose.

Dynamic '3C NMR Spectroscopy

13C-labeled fatty acids incorporation into the TAG pool was
analyzed by monitoring the resonance of the methylene
carbon at ~31 ppm via *C nuclear magnetic resonance
(NMR) spectroscopy as previously described (5,23,24).
Proton-decoupled carbon spectra were acquired on iso-
lated hearts perfused with '>C-labeled fatty acids (either
LCFAs or palmitate) over a 60-min period. Peak areas of
the methylene resonance of each sequential spectrum
were quantified using software from Advanced Chemis-
try Development Laboratories (ACD Laboratories, To-
ronto, Ontario, Canada) and corrected for *C natural
abundance.

31p NMR Spectroscopy

Dynamic changes in cardiac content of phosphocreatine
(PCr), ATP, and inorganic phosphate (Pi) were monitored
by >*P NMR spectroscopy as previously described (21,22).
The PCr-to-ATP ratio was determined by the quotient of
the PCr and average ATP areas. The average of the y-ATP
and 3-ATP peak areas obtained during baseline equilibra-
tion for each heart was calibrated to 10 mmol/L and used
as the reference value for all >'P NMR spectra obtained
during the ischemia and reperfusion periods. Intracellular
pH was estimated based on the relative chemical shift of
the Pi and PCr signals.

13C NMR Spectroscopy of Tissue Extracts

Frozen heart tissues perfused with *C-labeled substrates
were extracted with perchloric acid and neutralized by
KOH. Proton-decoupled **C NMR spectra of tissue extracts
were obtained on a 14T magnet using TopSpin software
(Bruker 600; Billerica, MA). The contributions of each la-
beled substrate (i.e., 3C fatty acids and B¢ glucose) and
the total of the unlabeled exogenous and endogenous sub-
strates to oxidative metabolism were determined by mod-
eling the tricarboxylic acid cycle flux using the peak areas of
the C3 and C4 °C isotopomers of glutamate (tcaCALC,
Dallas, TX).

Analysis of Lipid Extracts

TAG Content
Myocardial lipids were extracted from perfused and
nonperfused heart tissues with 2:1 chloroform:methanol.
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The chloroform layer was dried under a nitrogen stream.
The residue was resuspended in 0.5% TritonX/isopropanol.
TAG content was measured using a commercially available
kit (Wako Chemicals, Richmond, VA). Values were normal-
ized to frozen tissue weight.

Determination of TAG Composition and "°C Enrichment
Neutral lipids were separated from frozen heart tissue
using a modified Folch method. In brief, frozen tissue
was homogenized in 2:1 chloroform:methanol. After
centrifugation, the chloroform layer was removed and
injected into a Bond Elut NH2 solid-phase extraction
(SPE) column (Agilent Technologies, Santa Clara, CA)
(23). The neutral lipid fraction was obtained by rinsing
the column with 2:1 chloroform:2-propanol. After dry-
ing under nitrogen, the residue was reconstituted in
2.5% H,SO4 in methanol to create fatty acid methyl
esters (FAMEs). The samples were analyzed via
gas chromatography-mass spectrometry (QP2010;
Shimadzu Corporation). Identification of individual
FAMEs was confirmed by the use of commercially available
standards (Sigma Aldrich, St. Louis, MO). The enrich-
ment of each fatty acid species was calculated by de-
termining the ratio of '>C fragments to '°C fragments
and then multiplied by the relative content. This value
was used to calibrate the NMR spectra generated in the
dynamic >C NMR spectroscopy experiments to plot the
enrichment amount over time. Incorporation rates were
calculated by multiplying the enrichment rate by the
TAG content.

Detection of Ceramide Species

Ceramide species were detected in lipid extracts from
hearts freeze clamped at the end of baseline, ischemia,
and reperfusion. In brief, hearts were homogenized in 2:1
chloroform:methanol. The chloroform layer was dried under
a nitrogen stream. Lipids were resuspended in methanol and
analyzed via liquid chromatography-tandem mass spectrom-
etry (API4000; AB Sciex, Framingham, MA) in positive-ion
mode. Ceramide species were confirmed via the use of com-
mercially available standards (Avanti Polar Lipids, Alabaster,
AL). N-palmitoyl-d31-D-erythro-sphingosine (C16:d31
ceramide) was used as an internal standard added to
all samples before homogenization. The peak area of
each ceramide species was normalized to the peak of
the internal standard for all samples and then normal-
ized to the mass of frozen tissue.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated from frozen left ventricular (LV)
tissue using the RNeasy kit (Qiagen, Valencia, CA). Omni-
script reverse synthase and random hexamers were used
for cDNA synthesis according to the manufacturer’s guide-
lines. Real-time PCR was performed using SYBR green
(Bio-Rad, Hercules, CA). Results of mRNA levels were
normalized to 18S rRNA levels and reported as fold
change over CON.

Kolwicz and Associates 2819

Transthoracic Echocardiography

Murine transthoracic echocardiography was conducted in
12-month-old mice using a VEVO 770 High-Resolution
Imaging System (VisualSonics, Toronto, Canada) machine
and a 30-mHz probe as previously described (25). Echo-
cardiography measures were performed while the mice
were under anesthesia with 1% isoflurane.

Caspase-3 Activity Assay

Caspase-3 activity was measured in perfused hearts
freeze-clamped at the end of baseline, ischemia, and
reperfusion for both the LCFA and palmitate perfusion
conditions. Frozen hearts were homogenized in 25 mmol/L
HEPES (pH = 7.5), 5 mmol/L MgClI2, 1 mmol/L EGTA,
and 2% protease inhibitor cocktail as previously described
(26). Protein concentration was measured via Lowry As-
say. Caspase activity was measured in heart tissue lysates
using the Caspase-Glo 3/7 Assay kit (Promega, Madison,
WI) per the manufacturer’s instructions. The data presented
are the sample luminescence minus the background. Values
are shown as relative light units (RLUs X 10%).

Data Analysis

Results are expressed as means = SEM. Statistical analy-
ses were performed using GraphPad Prism software. Com-
parisons between two groups were made by a two-tailed
Student t test. For comparisons made during time course
experiments, a repeated-measures ANOVA followed by
a Bonferroni post hoc test was used. For group compar-
isons with multiple conditions, a two-way ANOVA fol-
lowed by a Bonferroni post hoc test was performed.
P < 0.05 was considered statistically significant.

RESULTS

Cardiac-Specific Overexpression of DGAT1 Increases
Endogenous TAG Turnover Without Affecting Cardiac
Function or Substrate Metabolism

For evaluation of the effect of DGAT1 overexpression on
cardiac function, metabolism, and myocardial energetics,
isolated perfused heart experiments were performed in
conjunction with NMR spectroscopy. With use of dynamic
3C NMR spectroscopy, the incorporation of **C-labeled
LCFAs into the TAG pool was monitored (Fig. 14). The
enrichment of **C LCFAs into the TAG pool was linear
and did not reach a plateau after 60 min (Fig. 1B). Gas
chromatography-mass spectrometry analysis of lipid
extracts from MHC-DGAT1 and CON hearts revealed
~2.4-fold increase in the incorporation rate of *>C LCFAs
into the TAG pool, confirming elevated synthesis of TAGs
via DGAT1 overexpression (Fig. 1C). Greater TAG synthe-
sis was attributed to increased esterification of palmitate
and oleate, consistent with the concentrations of these
fatty acids in the perfusate (Fig. 1D). TAG content of
nonperfused MHC-DGAT1 hearts was ~2.5-fold higher
than CON, consistent with previous reports (19,20); how-
ever, since the TAG content did not change significantly
during the perfusion period (Fig. 1E), the incorporation
rates are reflective of TAG turnover rates. Despite the
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Figure 1—The effect of DGAT1 overexpression on cardiac TAG synthesis, content, and metabolic gene expression. A: Representative
spectra from dynamic '2C NMR spectroscopy in isolated hearts perfused with a mixture of 'C LCFAs. B: Enrichment of '3C fatty acids into
the TAG pool in lipid extracts from isolated perfused hearts (n = 3-4). C: Total incorporation rate of LCFAs into the TAG pool in isolated
perfused hearts (n = 4-6). D: Incorporation rates for individual fatty acids (FAs) into the TAG pool. Rates for palmitate (16:0), palmitoleate
(16:1), stearate (18:0), oleate (18:1), linoleate (18:2), and linolenate (18:3) are shown (n = 4-6 for each). E: TAG content measured in lipid
extracts from nonperfused hearts (NP) and in isolated hearts perfused for 20, 40, or 60 min. Content is normalized to frozen heart tissue
weight (n = 4-5). F and G: Expression of genes related to the TAG pathway and lipid metabolism in CON and MHC-DGAT1 (DGAT) hearts

assessed via RT-PCR. *P < 0.05 vs. CON.

increased cardiac TAG turnover rates, the ~2.5 fold in-
crease in the expression of the DGAT1 gene did not sig-
nificantly alter the expression of the DGAT?2 isoform or
drastically alter the expression of other genes involved in
lipid metabolism (Fig. 1F and G). Increased DGAT1 ex-
pression was associated with a significant increase in two
isoforms of stearoyl CoA desaturase (SCD1 and SCD2)
(Fig. 1F). The upregulation of SCD isoforms may be a con-
sequence of increased TAG muscle content, which has
been reported in both pathological and physiological con-
ditions in humans (27,28), rodents (29,30), and cell mod-
els (31), although the significance in the heart has not
been elucidated.

The increased TAG turnover in MHC-DGAT1 hearts did
not adversely affect isolated heart function, substrate
metabolism, or myocardial energetics (Fig. 2A-C), suggest-
ing that the decreased gene expression of PDK4 and UCP3
did not lead to alterations in the metabolic phenotype.
Furthermore, cardiac-specific overexpression of DGAT1
did not significantly affect the heart weight normalized
to tibia length or cardiac function and morphometry,
assessed by echocardiography, in mice up to 12 months
of age (Fig. 2D-H). Overall, these results demonstrate that
overexpression of DGAT1 enhances cardiac TAG turnover
without negatively affecting function, substrate metabolism,
or myocardial energetics. Thus, unlike increased cardiac

TAG associated with high-fat diets (32), DGAT1-mediated
increased TAG did not alter glucose use.

Improved Functional Recovery After Ischemic Stress in
DGAT Hearts

For determination of whether endogenous TAG metabo-
lism is important during acute cardiac stress, isolated
hearts from CON and MHC-DGAT1 were subjected to an
I-R protocol using the Langendorff preparation in con-
junction with multinuclear NMR spectroscopy. After
30 min of low-flow ischemia, MHC-DGAT1 hearts demon-
strated a significant improvement in LV developed pres-
sure (LVDevP) during the reperfusion period (Fig. 3A).
Heart rates did not differ from CON (Fig. 3B). As a result,
rate pressure product (RPP) was also significantly im-
proved with no changes in LV end-diastolic pressure (Fig.
3C and D). The improved function during reperfusion was
not associated with a better recovery of high-energy phos-
phate content (Fig. 3E-G) or changes in intracellular pH
(Fig. 3H).

Enhanced TAG Turnover During Reperfusion Enhances
Function

Consistent with previous reports (3,4,14), TAG content
in CON hearts remained relatively constant during I-R
(Fig. 4A). Interestingly, TAG content in MHC-DGAT1 hearts
was depleted by 50% of baseline levels during ischemia
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Figure 2—DGAT1 overexpression does not adversely affect cardiac function or energetics. A: RPP (the product of LVDevP and heart rate)
measured in Langendorff isolated perfused hearts (n = 28-32). B: Percent oxidation of fatty acids (FA), glucose (GLC), and unlabeled
substrates (UNL) (lactate, glycogen, and TAG) in extracts from isolated perfused hearts analyzed by ">C NMR spectroscopy (n = 7 each
group). C: PCr-to-ATP ratio (PCr/ATP) measured by 3'P NMR spectroscopy in isolated perfused hearts (n = 8-9). D: Heart weight
normalized to tibia length (HW:TL) in CON and MHC-DGAT1 (DGAT) mice at 3 months (n = 11-12), 6 months (n = 5-7), 9 months (n = 4
each), and 12 months (n = 8 each) of age. E-H: Fractional shortening (FS), LV posterior wall thickness at diastole (LVPW:d), LV internal
dimension at diastole (LVID:d), and heart rate (HR) in 12-month-old CON and DGAT mice assessed by echocardiography (n = 3-4).

and remained similar to CON during reperfusion (Fig.
4A). TAG incorporation rates during reperfusion were re-
duced by ~25% compared with baseline values in both
CON and DGAT hearts. Despite this, MHC-DGAT1 hearts
maintained an ~2.2-fold higher TAG incorporation rate,
primarily via increased palmitate and oleate incorporation
(Fig. 4B and (). Fatty acid oxidation during reperfusion
was elevated by ~40% in both CON and MHC-DGAT1
hearts (compared with Fig. 2B), but no significant differ-
ences in substrate oxidation were observed between the
groups (Fig. 4D). These data show that endogenous TAG
metabolism is mildly inhibited during reperfusion after
ischemic stress, consistent with increased oxidation of
exogenous fatty acids. However, the dynamic nature of
endogenous TAG metabolism persists during reperfusion,
as a significant movement of fatty acids into the TAG pool
is still observed. Importantly, maintaining elevated rates
of TAG turnover during reperfusion is associated with
a significant improvement in functional recovery after
acute cardiac ischemia.

Palmitate Impairs Recovery in DGAT Hearts Subjected
to Ischemic Stress

In the aforementioned I-R experiments using a mixture of
LCFAs, the incorporation rate of palmitate and oleate
accounted for ~85% of the total in both CON and
MHC-DGAT1 hearts. Since palmitate has been implicated

as a cytotoxic lipid (31,33), it is possible that the higher
rate of palmitate incorporation into the TAG pool during
reperfusion was responsible for the facilitated recovery in
MHC-DGAT1 hearts. Therefore, the isolated heart perfu-
sion experiments were repeated using palmitate as the
sole source of fatty acids. Similar to hearts perfused
with mixed LCFAs, the linear enrichment of 1°C palmitate
into the TAG pool, as well as the incorporation rate, was
elevated in MHC-DGAT1 hearts compared with CON (Fig.
5A and B). Cardiac function and myocardial energetics
were similar between MHC-DGAT1 and CON hearts
(Fig. 5C-E). The enhanced endogenous TAG metabolism
in MHC-DGAT1 hearts was associated with an ~10% de-
crease in the oxidation of exogenous palmitate (P < 0.05)
(Fig. 5F), although fatty acid oxidation in both groups was
~40-50% higher with palmitate compared with LCFA
condition (Fig. 2B).

The I-R protocol was repeated with the expectations
that MHC-DGAT1 hearts would also demonstrate im-
proved recovery. However, surprisingly, functional re-
covery after 30 min of low-flow ischemia was impaired in
MHC-DGAT1 hearts (Fig. 64). Fatty acid and glucose ox-
idation during the reperfusion period was not different in
CON and MHC-DGAT1 hearts (Fig. 6B), with no changes
in PCr, ATP, or Pi during ischemia or reperfusion (Fig.
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Figure 3—Improved recovery after low-flow ischemia in MHC-DGAT1 hearts. A-D: LVDevP, heart rate, RPP, and LV end diastolic pressure
(EDP) in perfused hearts during 30 min of low-flow ischemia (ISC) (1% of baseline [BL]) followed by 55 min of reperfusion (REP). Hearts were
perfused with a mixed substrate buffer consisting of 5.5 mmol/L glucose, 0.4 mmol/L LCFAs, 1.2 mmol/L lactate, and 50 pU/mL insulin
(n = 7-8 at each time point). E-G: PCr, ATP, and Pi content measured with 3'P NMR spectroscopy in isolated perfused hearts (n = 5 for
each group at each time point). H: Intracellular pH assessed by 3'P NMR spectroscopy in isolated perfused hearts, calculated by the
chemical shift between Pi and PCr (n = 5 each group). *P < 0.05 vs. CON.

6C-E). Intracellular pH remained similar between the
groups (Fig. 6F).

Impaired TAG Synthesis Leads to Ceramide
Accumulation in Hearts Perfused With Palmitate

In contrast with what was observed in nonischemic
hearts, the elevated rates of palmitate incorporation
into the TAG pool in MHC-DGAT1 hearts were suppressed
to levels similar to CON hearts during the reperfusion
period (Fig. 7A). MHC-DGAT1 hearts remained vulnerable
to the ischemia-induced lipolysis observed in the previous

LCFA perfusion experiments, as TAG content at the end of
I-R was similar in both CON and MHC-DGAT1 hearts, de-
spite ~2.5-fold increase at baseline (Fig. 7B). The lower
functional recovery in MHC-DGAT1 hearts perfused with
palmitate was associated with a significant increase in cas-
pase-3 activity (Fig. 7C). In addition, there was a significant
increase in total ceramide content, specifically, C16 ceram-
ide and its precursor C16 dihydroceramide, during the
reperfusion period in MHC-DGAT1 hearts perfused with
palmitate (Fig. 7D-F). Notably, the increase of caspase-3
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Figure 4—Increased TAG turnover during reperfusion in MHC-DGAT1 hearts. A: TAG content measured in lipid extracts from perfused
hearts freeze-clamped at the end of baseline (BL), ischemia (ISC), or reperfusion (REP) (n = 3-8 per group at each time point). B: Total
incorporation rate of LCFAs into the TAG pool during reperfusion (n = 6-7). C: Incorporation rates of the individual fatty acids into the TAG
pool during reperfusion in isolated perfused hearts. Rates for palmitate (16:0), palmitoleate (16:1), stearate (18:0), oleate (18:1), linoleate
(18:2), and linolenate (18:3) are shown (n = 6-7 for each). D: Percent oxidation of fatty acids (FA), glucose (GLC), and unlabeled substrates
(UNL) (lactate, glycogen, and TAG) during reperfusion in extracts from isolated perfused hearts analyzed by '*C NMR spectroscopy (n = 6—
7). *P < 0.05 vs. CON; #P < 0.05 vs. MHC-DGAT1 (DGAT) at BL.
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Figure 5—Effect of palmitate on TAG metabolism. A: Enrichment
of '3C palmitate into the neutral lipid fraction in lipid extracts from
isolated perfused hearts (n = 4 each group). B: Incorporation rate
of 13C palmitate into the TAG pool in isolated perfused hearts (n =
7-9). C and D: LVDevP and heart rate measured in Langendorff
isolated perfused hearts. Hearts were perfused with a mixed sub-
strate buffer consisting of 5.5 mmol/L glucose, 0.4 mmol/L palmi-
tate, 1.2 mmol/L lactate, and 50 pU/mL insulin (n = 31-32). E:
PCr-to-ATP ratio (PCr/ATP) measured by 3'P NMR spectroscopy
in isolated perfused hearts (n = 10-12). F: Percent oxidation of
fatty acids (FA), glucose (GLC), and unlabeled substrates (UNL)
(lactate, glycogen, and TAG) in extracts from isolated perfused
hearts analyzed by '*C NMR spectroscopy (n = 3 each group).
*P < 0.05 vs. CON.

activity, total ceramides, or C16 ceramide did not occur in
MHC-DGAT1 hearts perfused with the mixture of LCFAs
(Fig. 7C-E). These data show that palmitate, but not a phys-
iologic mixture of LCFA, leads to an accumulation of ceram-
ides during the reperfusion period, which is exacerbated
in MHC-DGAT1 hearts that are vulnerable to ischemia-
induced lipolysis.

TAG Turnover Correlates With Recovery From
Ischemia

For confirmation of the relationship of TAG metabolism
and recovery from ischemia, a correlation analysis was
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performed from the data obtained from both CON and
MHC-DGAT1 hearts. As shown in Fig. 8, the rate of TAG
incorporation during reperfusion is strongly correlated
(r = 0.6757) with the percent recovery of LVDevP. These
results demonstrate that enhanced TAG turnover may be
a critical factor in determining the recovery of cardiac
function from ischemic stress.

DISCUSSION

The current study reveals several key findings with regard
to endogenous cardiac TAG metabolism under both
baseline (i.e., normoxia) and I-R conditions. First, in-
creased TAG content and turnover as a result of DGAT1
overexpression do not adversely affect cardiac function,
energetics, or the oxidation of exogenous substrates.
Second, DGAT1 overexpression significantly increased
the incorporation rates of various LCFAs into the TAG
pool. Third, our data show that maintaining elevated
TAG turnover rates during reperfusion after acute ischemia
is cardioprotective, in part, by sequestering fatty acids into
the TAG pool and reducing the accumulation of ceramides.
Last, we show that when palmitate is the sole source of
exogenous fatty acids during the reperfusion period, there
are deleterious effects on recovery from ischemia in
DGAT1 transgenic hearts. All told, our findings demon-
strate an important role of endogenous cardiac TAG
metabolism in determining outcomes of cardiac stress.
Moreover, they imply that stored TAG is beneficial in I-R
and that greater fatty acid oxidation is not necessarily
harmful.

The prevailing dogma is that increased accumulation of
cardiac TAG content is associated with cardiac dysfunc-
tion and is a hallmark of cardiac lipotoxicity. Our current
work as well as previous work (19,20) clearly shows that
increasing TAG content by greater than twofold via
DGAT1 overexpression does not impair cardiac function
in mice and does not, on its own, induce a lipotoxic phe-
notype. In fact, the combined results of the DGAT1 trans-
genic studies are comparable with the skeletal muscle
phenotype in athletes and exercise-trained rodents where
an upregulation of DGAT1 leads to increased TAG con-
tent, while other lipid intermediates, namely ceramides,
are reduced (19,27,34,35). In contrast, a recent report
showed that cardiac-specific deletion of DGAT1 in mice
led to an accumulation of toxic lipids (i.e., DAG and ceram-
ides) and reduced cardiac function, which was associated
with increased mortality (36). Overall, these findings sug-
gest that elevated TAG content does not contribute to an
unfavorable phenotype if accompanied by an enhanced
turnover of the TAG pool and a reduced accumulation of
potentially toxic lipid intermediates such as DAG and
ceramides.

Several previous studies have utilized the novel
method of dynamic **C NMR spectroscopy to understand
the movement of fatty acids into the TAG pool in both the
normal and diseased heart (2,5,24). Our findings extend
the previous work by examining the movement of several
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Figure 6—Palmitate impairs functional recovery in MHC-DGAT1
hearts. A: RPP measured at the end of baseline equilibration (BL)
and at the end of reperfusion (REP) in isolated perfused hearts from
CON and MHC-DGAT1 (DGAT) hearts. Hearts were perfused with
a mixed substrate buffer consisting of 5.5 mmol/L glucose,
0.4 mmol/L palmitate, 1.2 mmol/L lactate, and 50 pwU/mL insulin
during the entire protocol (n = 7 each group). B: Percent oxidation
of fatty acids (FA), glucose (GLC), and unlabeled substrates (UNL)
(lactate, glycogen, and TAG) during reperfusion in extracts from iso-
lated perfused hearts analyzed by '*C NMR spectroscopy (n = 3-4).
C-E: PCr, ATP, and Pi content measured with *'P NMR spectroscopy
in isolated perfused hearts at the end of baseline equilibration, end
of ischemia (ISC), and end of reperfusion (n = 4 each group at each
time point). F: Intracellular pH assessed by 3P NMR spectroscopy in
isolated perfused hearts, calculated by the chemical shift between Pi
and PCr (n = 4 each group). *P < 0.05 vs. CON.

LCFAs, differing in chain length and degree of saturation,
into the cardiac TAG pool. Our results suggest that the
exogenous supply of various LCFAs, if provided simulta-
neously, is incorporated into the TAG pool in a concentration-
dependent manner. Moreover, upregulation of DGAT1
generally leads to expected increases in incorporation
rates for all fatty acids.

Recently, several mouse models have been developed
to elucidate the consequences of altered TAG metabolism
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on cardiac function, particularly via the primary enzyme
of TAG lipolysis, adipose triglyceride lipase (ATGL). In
general, the studies show that deletion of ATGL leads to
a cardiac lipotoxic phenotype (37,38), while overexpres-
sion of ATGL is beneficial during pressure overload or
type 1 diabetes (39,40). These findings are similar to
the reports in DGAT1 mouse models where overexpres-
sion is beneficial and deletion is not (19,20,36). However,
reports from ATGL mice yield paradoxical observations
with regard to substrate oxidation in that both the over-
expression and the deletion models have decreased fatty
acid oxidation (38,41). Here, we show that overexpression
of DGAT1 has minimal to no effect on substrate prefer-
ence, as the percentage of acetyl CoA arising from fatty
acids is similar in both CON and MHC-DGAT1 hearts
during baseline and reperfusion conditions. Previous
studies have reported a greater than 10-fold difference
between the rate of oxidation of exogenous palmitate
and the rate of incorporation or oxidation of endogenous
palmitate (2,14,23,42), which becomes more discrepant
during the reperfusion condition (14). Results of the cur-
rent study are consistent with these observations. Thus, it
is not surprising that we did not observe a significant
difference in substrate selection by increasing DGAT ac-
tivity. Nevertheless, the conclusions of the combined
studies suggest that upregulation of either DGAT1 or
ATGL has the potential to alleviate dysfunction associated
with cardiac stress.

From our data, it is clear that maintaining elevated
TAG cycling via DGAT1 overexpression during the reper-
fusion period is cardioprotective. A greater flux of fatty
acids into the TAG pool was achieved primarily by
palmitate and oleate in MHC-DGAT1 hearts perfused
with a physiologic mixture of LCFAs. This enhanced
movement of fatty acids into the TAG pool appears to be
an important determinant of myocardial function after
ischemia, which could be related to the diversion of fatty
acids from other lipids pathways, such as de novo
ceramide synthesis. Indeed, when only palmitate was
provided and the flux of fatty acids into the TAG pool
was reduced in MHC-DGAT1 hearts, the cardioprotective
phenotype was lost and, in fact, reversed. The reduced
movement of palmitate into the TAG pool during the
reperfusion period combined with the amount of palmi-
tate lost during ischemia-induced lipolysis likely repre-
sented a palmitate overload condition in MHC-DGAT1
hearts and led to significantly increased ceramide
content, specifically, C16:0 ceramide. The accumulation
of ceramides during I-R has previously been noted in
cardiac tissue (16-18,43,44) and is attenuated in hearts
exposed to ischemic preconditioning in both in vivo and
ex vivo models (16,43,44). Previous work has shown that
palmitoyl (C16:0) and stearoyl (C18:0) have the highest
abundance both at baseline and in I-R conditions (16).
Here, we specifically implicate a role of C16:0 ceramide
in determining the functional outcome of ischemic
stress. We suspect that palmitate released from the
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Figure 7—TAG incorporation, lipolysis, and ceramide accumulation in MHC-DGAT1 hearts perfused with palmitate. A: Incorporation rate of
palmitate into the TAG pool during the reperfusion period in isolated perfused hearts (n = 6-7). B: TAG content measured in lipid extracts
from perfused hearts freeze-clamped at the end of baseline (BL), ischemia (ISC), or reperfusion (REP) (n = 5-8 per group at each time point).
C: Caspase-3 activity measured in tissue lysates from isolated hearts perfused with palmitate or LCFAs at the end of baseline, ischemia,
and reperfusion. Values shown are relative light units (RLU X 10% n = 3-6 at each time point). D-F: Total abundance of ceramides,
palmitoyl-ceramide (C16 ceramide), and palmitoyl-dihydroceramide (C16 dihydroceramide) in isolated hearts perfused with palmitate or
LCFAs at the end of ISC and REP. Values are expressed as fold change relative to CON hearts at baseline (n = 4-5 at each time point). *P <
0.05 vs. baseline; **P < 0.05 vs. ischemia; +P < 0.05 vs. CON at same time point.

TAG pool during ischemia-induced lipolysis in MHC-DGAT1
hearts is, in part, contributing to the increased C16:0
ceramide, which is further elevated during reperfusion
with palmitate.

A surprising finding from our studies is the accelerated
lipolysis of the TAG pool in MHC-DGAT1 hearts during
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Figure 8—TAG incorporation rates are strongly correlated with re-
covery in MHC-DGAT1 hearts. Pearson correlation for TAG incor-
poration versus percent recovery of LVDevP for both CON and
DGAT hearts (n = 25).

the ischemic period. Active lipolysis during ischemia has
been repeatedly observed without measurable changes in
TAG content (12,13,45). However, previous studies have
generally discounted the role of endogenous lipid metab-
olism in cardiac I-R owing to the energetic inefficiency of
TAG lipolysis/synthesis (i.e., futile cycling) (12,13,45).
However, it should be noted that these studies were per-
formed without the presence of fatty acids in the perfus-
ate and were limited to glycerol released from the heart as
the measure of TAG metabolism. In support of previous
findings, we did not observe a significant change in TAG
content in CON hearts after 30 min of ischemia. How-
ever, in MHC-DGAT1 hearts, a significant decrease in
TAG content was observed, consistent with accelerated
ischemia-induced lipolysis. Previous reports have shown
that elevated TAG content in diabetic hearts is also par-
ticularly vulnerable to lipolysis during isolated heart per-
fusions when the exogenous concentration is lower than
adapted levels for the condition, indicating greater reli-
ance on the endogenous stores for oxidative metabolism
(4,5,14). In this regard, the accelerated lipolysis during
ischemia may be an indicator that the DGAT transgenic
heart likewise has a greater dependence on endogenously
derived fatty acids for metabolism, especially during
instances when nutrient supply and oxygen are low. As
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our data show, this phenomenon presents a double-edged
sword depending upon the rate of incorporation of exog-
enous fatty acids during the reperfusion period.

Our data also present a cautionary tale regarding the
exogenous supply of fatty acids, especially in the isolated
perfused heart model. When a nonphysiologic palmitate-
only-containing perfusate was used, the cardioprotective
phenotype from ischemia in MHC-DGAT1 hearts was
completely eliminated. This finding highlights the impor-
tance of the exogenous supply to the contracting heart
and supports previous findings made in cell culture
models implicating palmitate as a cytotoxic lipid (31,33).
Since many previous isolated heart perfusion studies re-
lied on the use of palmitate as the source of exogenous
fatty acids, it is interesting to speculate how the observa-
tions may have differed if a physiologic mixture of fatty
acids had been used. This detail could be particularly sa-
lient in studies involving diabetic hearts. For example,
several reports state that diabetic hearts demonstrate re-
duced function during reperfusion after ischemia when
palmitate is the fatty acid provided (46,47). However, in-
fusion of Intralipid, an emulsion high in unsaturated fatty
acids, has been associated with improved recovery from
ischemia (48,49). Whether Intralipid supply would be an
appropriate strategy to improve outcomes in ischemic
diabetic hearts is not currently known. However, the
importance of unsaturated fatty acids, particularly poly-
unsaturated fatty acids, has been noted in reducing the
risk of coronary heart disease in both humans without
diabetes and humans with type 2 diabetes (50,51).

In summary, our data highlight the dynamic nature of
endogenous cardiac TAG metabolism and indicate a novel
role of enhanced TAG turnover in modulating the re-
sponse to [-R injury. The movement of fatty acids into the
TAG pool during reperfusion does not redirect fatty acids
away from fatty acid oxidation but, rather, leads to the
attenuation of ceramide production. Finally, the supply of
exogenous fatty acids to the stressed heart may be
extremely important in determining functional outcomes
and deserves additional consideration in experimental
design. Taken together, these findings implicate a thera-
peutic potential of DGAT1 activation after an ischemic
event, particularly in obese patients and patients with
diabetes with increased cardiac TAG content that may be
vulnerable to ischemia-induced lipolysis.
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