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NEW & NOTEWORTHY. An acute myocardial fat-load leads to oxidative stress, oxygen wasting,
mechanical inefficiency, hyperacetylation and impaired mitochondrial function, which can contribute
to reduced ischemic tolerance. Following obesity/insulin resistance, hearts were less affected by a
high fat-load, which subsequently also improved ischemic tolerance. This study highlights that an
acute fat-load affects normal and obese hearts differently, and that obesity renders hearts less

vulnerable to the disadvantageous effects of an acute fat-load.
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Abstract

An ischemic insult is accompanied by an acute increase in circulating fatty acid (FA) levels, which can
induce adverse changes related to cardiac metabolism/energetics. Although chronic hyperlipidemia
contributes to the pathogenesis of obesity-/diabetes-related cardiomyopathy, it is unclear how these
hearts are affected by an acute high FA-load. We hypothesize that adaptation to chronic FA exposure
enhances the obese hearts’ ability to handle an acute high FA-load.

Diet-induced obese (DIO) and age-matched control (CON) mouse hearts were perfused in the
presence of low or high FA-load (0.4 and 1.8 mM). Left ventricular (LV) function, FA oxidation rate,
myocardial oxygen consumption and mechanical efficiency were assessed, followed by analysis of
myocardial oxidative stress, mitochondrial respiration, protein acetylation as well as gene expression.
Finally, ischemic tolerance was determined by examining LV functional recovery and infarct size.
Under low FA conditions, DIO hearts showed mild LV dysfunction, oxygen wasting, mechanical
inefficiency, and reduced mitochondrial OxPhos. High FA-load increased FA oxidation rates in both
groups, but this did not alter any of the above parameters in DIO hearts. In contrast, CON hearts
showed FA-induced mechanical inefficiency, oxidative stress and reduced OxPhos, as well as
enhanced acetylation and activation of PPARa-dependent gene expression. While high FA-load did
not alter functional recovery and infarct size in CON hearts, it increased ischemic tolerance in DIO
hearts. Thus, this study demonstrates that acute FA-load affects normal and obese hearts differently,
and that chronically elevated circulating FA levels render the DIO heart less vulnerable to the

disadvantageous effects of an acute FA-load.
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Introduction

An acute myocardial infarction is accompanied by increased circulating FAs, due to adrenergic-driven
lipolysis in adipose tissue [36, 42, 43]. An ischemic heart will therefore not only be challenged by
hypoxia, but also by an acute high FA-load. In normal hearts, a high FA-load will increase
mitochondrial reactive oxygen species (ROS) production and lead to impaired mitochondrial
energetics [31, 41], intracellular acidosis [35], as well as Ca?* dysregulation [17, 50] and oxygen
wasting with subsequent mechanical inefficiency [9, 27, 28, 40]. These FA-mediated changes could all
potentially aggravate ischemia-reperfusion injury, and accordingly high FA levels have been reported

to reduce ischemic tolerance in isolated perfused hearts [12, 14, 19, 35].

In obesity and diabetes, there is an increased risk of developing heart failure, independent of
coronary artery disease and hypertension. This specific cardiomyopathy has been linked to hormonal
and metabolic derangements. Accordingly, high circulating levels of insulin, glucose and FAs may
contribute in the pathogenesis of diabetic cardiomyopathy. Although preclinical studies generally
report reduced ischemic-tolerance in hearts from models of obesity/diabetes, it is less clear how high
glucose, insulin and FAs affect these hearts and their tolerance to ischemia. We have previously
shown that high glucose and insulin had oxygen sparing effects accompanied by improved post-
ischemic functional recovery in hearts from obese diabetic mice [24]. Thus the aim of the present

study was to elucidate the effects of an acute high FA-load under similar conditions.

It is well known that obese/diabetic hearts undergo metabolic alterations, making them more reliant
on FAs as energy substrate [9, 25, 38, 39]. This metabolic shift includes both allosteric control as well
as translational and post-translational modifications of metabolic proteins. The enhanced cellular FA
processing is due to increased protein and gene expression of FA transporters [20], enzymes related
to R-oxidation [25, 29, 38], as well as higher myocardial FA storage [4]. Although the consensus is
that the elevated supply of FAs in obesity/diabetes contributes to the development of cardiac
dysfunction, we hypothesized that metabolic adaptation to elevated FA levels in the heart enhance
the overall capacity of the heart for handling FAs, and consequently their tolerance to an acute high

FA-load.
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Materials and methods

Animals

C57BL/6J male mice (5-6 weeks) were purchased from Charles River Laboratories (Germany). Obesity
and insulin resistance were induced by feeding mice an obesogenic diet for 20 weeks (diet-induced
obese, DIO) as previously described [25, 39]. Age-matched mice fed a regular chow diet served as
controls (CON). All mice were housed in a room with a constant temperature of 23°C and 55%
humidity, with a 12:12-h reversed light:dark-cycle, and were given ad libitum access to water and
their respective diets. To evaluate insulin resistance, plasma glucose (glucometer, FreeStyle Lite,
Alameda, CA), and insulin (commercial kits from DRG Diagnostics, Marburg, Germany) were
determined in blood samples obtained from the saphenous vein from fasted (4 hours) mice.
Homeostatic model assessment (HOMA) was calculated from fasting blood glucose and insulin levels.
Plasma free fatty acids were determined in blood samples taken from the saphenous vein of fed
animals prior to euthanasia, using commercial kits from Wako Chemicals (Neuss, Germany). Animal
experiments were approved by the Norwegian National Animal Research Authority, which conforms
to the National Institute of Health guidelines (NIH publication No. 85-23, revised 1996) and European
Directive 2010/63/EU.

Assessment of left ventricular (LV) function, fatty acid oxidation and oxygen consumption

Left ventricular (LV) function, fatty acid (FA) oxidation rate and myocardial oxygen consumption

(MVO;) were assessed in isolated perfused hearts. All hearts were perfused in a recirculating mode,
using Krebs-Henseleit bicarbonate buffer that contained glucose (5 mM) and either low (0.4 mM) or
high (1.8 mM) FA concentration (palmitate prebound to 3% BSA) throughout the entire experiment.

High FA levels and FA-load are used interchangeably throughout the manuscript.

LV pressure and volume was assessed in working hearts, perfused with either low or high FA
concentration, using a conductance catheter (1 F) inserted through the apex [27]. FA oxidation rates
were also measured in working hearts using [9,10-3H] palmitate prebound to BSA [1]. MVO, was
assessed using fiber-optic oxygen probes (FOXY-AL300; Ocean Optics, Duiven, Netherlands) inserted
into the perfusion line just above the aortic cannula and into the pulmonary artery to obtain the

arterial-venous difference in PO,.

Cardiac power was calculated as the product of left ventricular developed pressure and cardiac
output. Mechanical efficiency was calculated by dividing cardiac power by MVO,. This was expressed
as % as both parameters was converted to the same unit. Work-independent MVO, was assessed by

switching to Langendorff perfusion mode and inserting a vent through the apex. Under these
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conditions the hearts were paced (7 Hz), and MVO, was measured before and after KCl-induced
cardiac arrest, representing O, cost in unloaded hearts (MVO; univaded ) and for basal metabolism
(MVO3swm), as previously described [7]. Oxygen cost for processes associated with excitation-

contraction coupling (MVOazecc) were calculated as the difference between MVO; univaded and MVO3 g

RNA isolation and quantification RT-PCR

LV samples were immersed in RNAlater (Qiagen, Hilden, Germany), and total RNA was extracted
using RNeasy Fibrous Tissue protocol (Qiagen). cDNA was obtained from 500 ng RNA, and real-time
PCR was performed in a LightCycler®96 System using a 1:6 dilution of the cDNA and FastStart
Essential DNA Green Master (Roche). mRNA expression of genes of interest were normalized to the
GeNorm value from the three housekeeping genes cyclophilin (Cyclo), hypoxanthine guanine
phosphoribosyl transferase (Hprt), and hydroxymethylbilane synthase (Hmbs). Primer sequences for
the gene expression of the housekeeping genes, pyruvate dehydrogenase kinase 4 (Pdk4), fatty acid
tranlocase (FAT/Cd36), uncoupling protein 2 and 3 (Ucp2 and 3), carnitine palmitoyl transferase 1
(mCpt1), acyl-CoA thioesterases 2 (Acot2), hexokinase 2 (Hk2), glutathione peroxidase 3 (Gpx3),
catalase (Cat), superoxide dismutase (MnSod) lactate dehydrogenase (Ldh), are as previously
reported [22, 23]. Additional forward and reverse primer (5’-3’) sequences: acyl-CoA thioesterases 1
(Acot1): forward: AAC-ATC-ACC-TTT-GGA-GGG-GAG, reverse: TCC-CCA-ACC-TCC-AAA-CCA-TCA, acyl-
CoA oxidase (Aox): forward: GCG-CCA-GTC-TGA-AAT-CAA-G, reverse: ACT-GCT-GCG-TCT-GAA-AAT-
CC, glucose transporter 4 (Glut4): forward: GAC-GGA-CAC-TCC-ATC-TGT-TG, reverse: GCC-ACG-ATG-
GAG-ACA-TAG-C, sirtuin 3 (Sirt3): forward: GGC-TCT-ATA-CAC-AGA-ACA-TCG-AC, reverse: GAA-GGA-
CCT-TCG-ACA-GAC-CGT, amino acid synthesis 5 like-1 (GCN5L1/BLOS1): forward: TCC-CGC-CTG-CTC-
AAA-GAA-C reverse: GAG-GTG-ATC-CAC-CAA-CGC-TT.

Mitochondrial respiration

Mitochondrial respiration was assessed in isolated cardiac mitochondria from Langendorff perfused
hearts subjected to a low or high FA-load for 30 minutes. Respiration was determined by high
resolution respirometry using an oxygraph (02k, Oroboros Instruments, Austria). Pyruvate (5 mM)
and malate (2 mM) or palmitoyl-CoA (25uM), L-carnitine (5 mM) and malate (2 mM) served as
substrates. Uncoupled respiration (Vo) was assessed in the presence of substrates but without ADP.
Coupled respiration (Vmax, OxPhos) was defined as the peak respiration after adding 100 umol/L ADP.
Respiration rates were adjusted to total protein, and respiratory control ratio (RCR) was calculated as
the ratio between Vmax and Vo. A rate-independent coupling parameter, based on the ratio of

molecules of ADP phosphorylated to each oxygen molecule consumed (ADP/0O), was also calculated.
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Mitochondrial protein acetylation

Mitochondrial proteins were lysed in buffer containing: 75 mM Tris HCL, 3.8% SDS, 4 M Urea and
cOmplete™ Protease Inhibitor Cocktail (Sigma Aldrich). Laemmli buffer was added and samples were
boiled (95°C, 5 minutes). Protein (20 ug) was loaded onto a 15% Criterion gel (Bio Rad) and
transferred onto a nitrocellulose membrane (GE Healthcare) following electrophoresis. Membranes
were blocked (5% milk, 1 hour), followed by incubation with acetylated Lysine antibody or VDAC
antibody (Cell Signalling Technology) overnight at 4°C, and thereafter washed and incubated with
anti-Rabbit antibody for 1 hour. Immunopositive bands were developed in Chemoluminescent
Peroxidase Substrate 3 (Sigma) for Acetylated Lysine and LumiGlo (Cell Signalling Technology) for
VDAC, and visualized using a GE ImageQuant LAS 4000 (GE healthcare). Densitometry of bands was
evaluated using Image Studio Protein Lite (LI COR Biosciences) and load was normalized using VDAC

as a loading control.

Myocardial ROS

Following 30 minutes of Langendorff perfusion, LV tissue was embedded in O.C.T. compound, frozen
in cooled isopentane and stored at -70°C. The samples were cryo-sectioned, and stained with
dihydroethidium (DHE) for evaluation of superoxide generation using epifluorescence microscope.

10-15 images from each heart were obtained for quantification using Image J software.

Susceptibility to ischemic injury

Ischemic tolerance was examined in Langendorff perfused hearts. LV function was recorded using an
intraventricular fluid-filled balloon connected to a pressure transducer [39]. The volume of the
balloon was adjusted to give an end-diastolic pressure of 5-10 mmHg. After 20 minutes of
stabilization, the hearts were subjected to 25 min global, no-flow ischemia followed by 90 min
reperfusion. Cardiac temperature was continuously monitored and kept at 37+0.5°C throughout the
perfusion protocol. At the end of reperfusion, hearts were frozen at -20°C, prior to slicing and
staining using a 1% 2,3,5- triphenyl-2H-tetrazolium chloride solution. Infarct size was determined

using Imagel software (National Institutes of Health, Bethesda, MD).

Statistical analysis

Data are presented as means + SE. Differences between two groups were analyzed using an unpaired
Student’s t test. Multiple comparisons were performed by a one-way or two-way ANOVA as indicated
in the table or figure legends. When the ANOVA revealed differences, the data sets were compared

using Holm-Sidak method as the post hoc test. Differences of P <0.05 were considered significant.

6
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Results

Diet-induced obese (DIO) mice exhibited higher body weight and increased perirenal fat deposits
(Table 1), elevated plasma free fatty acid (FA) levels, and a moderate increase in fasted blood
glucose. These mice also showed marked insulin resistance, as indicated by increased HOMA-IR,

which was primarily due to higher insulin levels (Table 1).

Left ventricular function

Left ventricular (LV) function was assessed in isolated perfused working hearts (Table 2). When
perfused with a low FA concentration, hearts from DIO mice are characterized by diastolic
dysfunction, as indicated by elevated LV end-diastolic pressure, reduced LV relaxation (Tau), and
augmented end-diastolic pressure volume relationship (EDPVR) compared to control hearts perfused
under the same conditions. These hearts developed a mild systolic dysfunction, with a small
reduction in cardiac output and cardiac power, but without change in prerecruitable stroke work
index (PRSWi) (Table 2 ). Subjecting CON and DIO to a high FA-load (a 4.5-fold increase in FA

concentration), did not alter cardiac function in either CON or DIO hearts (Table 2).

Myocardial FA oxidation rate and metabolic gene expression

During perfusion with a low FA concentration, myocardial FA oxidation rates were significantly
elevated in DIO compared to CON hearts (Figure 1A). This was accompanied by increased expression
of FA uptake proteins (FAT/CD36), as well as mitochondrial transport (mCPT1) and oxidation of FAs
(ACOX1). We also found the gene expression of PDK4 to be increased, supporting a shift towards
enhanced utilization of FAs as energy substrate. In addition, DIO hearts showed increased expression
of ACOT1 and 2 as well as UCP2 and 3 (Figure 1B), while gene expression of the proteins GLUT4, HK

and LDH was unaltered (Figure 1C).

As expected, elevation of the FA concentration in the perfusate increased FA oxidation rates in both
CON and DIO hearts. Under these conditions, the rate of FA oxidation was no longer different
between the two groups. Interestingly, we found that 30 minutes of high FA perfusion resulted in a
marked increase in the expression of PPARa. target genes (PDK4, mCPT1, ACOX1, ACOT1 and 2, as
well as UCP 2 and 3) in CON hearts, while genes of proteins not under the control of PPARa. (HK, LDH
and GLUT4) remained unaltered. In DIO hearts, on the other hand, high FA perfusion did not alter the
MRNA expression of any of the genes examined, nor did we find PPARa gene expression to be

affected by either obesity or by the acute high FA-load (data not shown).
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Myocardial oxygen consumption and mechanical efficiency

Mechanical efficiency was calculated from cardiac power and MVO; in isolated perfused working
hearts (Table 2). Under low FA conditions, DIO hearts showed mechanical inefficiency when
compared to CON hearts under the same conditions (Figure 2A). Increased MVO; in the DIO hearts
was also observed when hearts were subjected to unloaded conditions (Figure 2B), which
demonstrates a higher O, cost for non-mechanical processes in DIO as compared to control hearts,
when perfused under low FA conditions. Accordingly, DIO hearts also showed increased O, cost for
processes related to both basal metabolism (MVO, g, Figure 2C) as well as excitation-contraction

(EC) coupling (MVO; ecc) (Figure 2D).

The high FA-load markedly decreased mechanical efficiency in CON hearts (Figure 2A). High FAs also
increased MVO;in unloaded CON hearts (Figure 2B), and we confirmed that high FA-load increased
the O, cost for both BM (Figure 2C) as well as ECC (Figure 2C). In contrast to CON hearts, the high FA-
load neither decreased mechanical efficiency nor increased unloaded MVO,, nor oxygen cost of BM

and ECC in DIO hearts (Figure 2A, B, C and D respectively).

Mitochondrial respiration

Mitochondrial respiration was assessed using pyruvate and malate (Figure 3 A-C) or palmitoyl-CoA, L-
carnitine and malate (Figure 3 D-E) as substrates for respiration. Mitochondria from DIO hearts
perfused with a low FA concentration showed reduced coupled respiration (Vmax) compared to
mitochondria from controls perfused with low FA, both when pyruvate and palmitate served as
substrate. Under the same conditions, uncoupled respiration (Vo) was also significantly reduced, such
that the respiratory control ratio (RCR) was not different between CON and DIO , regardless of
substrate. Correspondingly, the ADP/O ratio was not different between CON and DIO (pyruvate;
2.2310.06 vs. 2.3710.06; palmitate; 2.08+0.06 vs. 2.09+0.04, in CON and DIO, respectively).

When CON hearts were exposed to a high FA-load prior to mitochondrial isolation, Vmax was
significantly reduced, accompanied by a small but not significant reduction in Vo. As the reduction in
Vmax Was more pronounced than Vo, RCR was lower in mitochondria from hearts perfused with high
as compared to low FAs (palmitate; p<0.05, pyruvate; p=0.067) (Figure 3). The ADP/O was not altered
by subjecting the CON hearts to a high FA-load (2.32+0.03 and 2.16+0.02, pyruvate and palmitate,
respectively). In contrast to CON, high FA-load did not attenuate coupled (Vmax) or uncoupled (Vo)

respiration in mitochondria from DIO hearts, regardless of substrate conditions. Thus, both RCR



237
238

239

240

241
242
243
244
245
246
247
248

249
250
251
252
253
254

255
256
257
258
259

260

261

262
263
264
265
266
267
268

Acute high fat-load in normal and obese hearts

(Figure 3), as well as ADP/O was unaltered by high FAs in DIO (2.32+0.06 and 2.11+0.04, pyruvate and

palmitate, respectively).

Myocardial ROS content and mitochondrial protein acetylation

ROS levels in LV tissue from DIO was higher than in CON hearts that had been perfused with low FA
concentration (Figure 4A). In these hearts, we found increased gene expression of key enzymes in the
first line antioxidant defense such as catalase and glutathione peroxidase (gpx3), but not mn-
superoxide dismutase (mn-sod). Subjecting CON hearts to the high FA-load significantly increased
ROS levels, and the 30 min high FA perfusion also increased mRNA expression of catalase and GPX3
in these hearts (Figure 4B). DIO hearts however, showed a resistance to these FA-induced changes.
Interestingly, we did not find ROS content to be different between CON and DIO hearts exposed to a
high FA-load.

The effect of altered FA concentrations on the lysine acetylation of mitochondrial proteins was also
examined. It has previously been shown that diet-induced obesity increases protein acetylation in
the obese/diabetic heart [18]. As we did not observe this difference in mitochondria from low FA-
perfused hearts, we also isolated mitochondria from hearts perfused without BSA-bound FAs (NoF).
Under these conditions, there was a near 2-fold increase in acetylated mitochondrial proteins in DIO

hearts compared to CON (Figure 5A).

When comparing the acetylation status with different concentrations of FAs, we found a marked
dose-dependent increase in protein acetylation in CON hearts (Figure 5B). Interestingly, a similar
effect was not observed in DIO hearts (Figure 5C). Gene expression analysis of tissue from these
hearts revealed that perfusion with high FA-load did not alter the mRNA expression of sirtuin 3 or

GCN5L1 (data not shown).

Susceptibility to ischemic injury

Ischemic tolerance was examined in Langendorff perfused hearts, as this perfusion mode is a robust
technique for examining myocardial ischemic tolerance. It should be noted, however, that this
perfusion mode is less sensitive for picking up LV functional changes [45]. Accordingly, we did not
find differences in pre-ischemic function between Langendorff perfused CON and DIO hearts when
perfused under low FA conditions (Table 3), even though dysfunction was evident in DIO hearts in
the working mode. A significantly lower heart rate was observed in high FA perfused DIO hearts

when compared to CON. However, as the lower heart rate was accompanied by higher LV developed
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pressure (LVDP), the resulting pre-ischemic rate pressure product (RPP) was similar to the other

experimental groups (Table 3).

All hearts were subjected to 25 minutes of no-flow ischemia followed by reperfusion, with post-
ischemic LV function assessed until maximum recovery. Functional recovery (expressed as % of the
pre-ischemic values) showed that under low FA conditions, DIO hearts exhibited impaired recovery of
RPP (Figure 6C, Table 3) when compared to CON hearts under the same conditions. The impaired
recovery was mainly due to a lower recovery of LVDP (Table 3). Corroborating this, infarct size was

also greater in DIO hearts under these conditions.

Exposing CON hearts to high FA levels did not significantly impair functional recovery, nor was infarct
size increased (Figure 6C, Table 3). In contrast, and to our surprise, FA-load was found to significantly
improve post-ischemic recovery in DIO hearts, compared to DIO hearts perfused under low FA
conditions (Figure 6C). In line with improved post-ischemic functional recovery, infarct size was also
reduced following the high FA-load in DIO hearts (Figure 6D). Notably, although DIO hearts showed
lower ischemic tolerance when compared to CON hearts when perfused under low FA conditions,
there were no significant differences with regards to post-ischemic functional recovery or infarct size

between DIO and CON under high FA perfusion (Figure 6).

10
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Discussion

Both physiological and pathophysiological stresses can lead to acute high circulating levels of fatty
acids (FAs). Although it has been shown that an acute high FA-load can have adverse effects in the
normal heart, to what extent this also occurs in the obese/diabetic heart is less clear. Thus, in the
present study we have examined the effects of high FA-load in hearts from diet-induced obese (DIO)
mice by comparing this to a low FA condition. DIO hearts perfused under low FA condition displayed
the expected metabolic phenotype of diabetic cardiomyopathy (including a high reliance on FA
oxidation, increased ROS, and mitochondrial dysfuncion). When exposed to a high FA concentration
FA oxidation rate was increased in hearts from both control and DIO mice. This was associated with
increased ROS, impaired mitochondrial OxPhos, augmented protein acetylation and altered gene
expression only in hearts from controls. In addition, FA-mediated oxygen wasting and mechanical
inefficiency only occurred in hearts from normal mice suggesting that high FA-load results in
disadvantageous changes in controls but did not further aggravate these parameters in the obese
heart. Finally, high FA levels did not affect ischemic tolerance in normal hearts, and we observed
increased ischemic tolerance when DIO hearts were exposed to high FAs. These findings clearly show
that a high FA-load affects normal and obese hearts differently, and may suggest that chronic
hyperlipidemia renders the DIO hearts less vulnerable to the disadvantageous effects of an acute FA-

load.

High FA-load in the normal heart

In normal hearts, elevation of FAs can have a range of cardiac effects. In the present study, acute
high FA-load increased myocardial FA oxidation rate, and likely also intracellular levels of FA and FA
intermediates. Accordingly, we found mitochondrial protein acetylation to be increased, suggesting
that the acute high FA-load led to a mismatch between the FA supply and oxidation and subsequent
acetyl-CoA accumulation. Interestingly, our data also shows that high FA-load markedly increased the
expression of PPARa target genes, which supports a FA-mediated activation of PPARa due to

increased intracellular FAs levels.

The present study confirms a FA-mediated decrease in mechanical efficiency in control hearts, due to
an increase in myocardial oxygen consumption (MVO,) [8, 9, 27]. MVO,is determined by both work-
dependent factors (pre- and after-load, heart rate, wall stress), and work-independent factors
(including myocardial Ca** control, mitochondrial membrane potential, protein synthesis and
transmembrane ionic balance), and we confirmed that the FA-mediated oxygen wasting was
primarily linked to work-independent processes [8, 27]. Although this is commonly attributed to the

obligatory increase in myocardial FA oxidation (as the oxidation of FAs requires more oxygen for the

11
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same amount of ATP produced, compared to glucose), there is, evidence that the increased O, cost
for FA oxidation per se is negligible, as an inhibition of myocardial FA oxidation does not abolish the

increase in MVO; in normal hearts perfused with high FAs [8, 28].

In the present study, the FA-mediated increase in O, wasting was accompanied by impaired
mitochondrial energetics, as we found reduced OxPhos in mitochondria from high FA-perfused
hearts. This suggests that O, wasting is not solely explained by excessive mitochondrial respiration
but that high FA-load affects extra-mitochondrial processes which contribute to increase MVO; as
well. Accordingly, we found increased O, cost for excitation-contraction (EC) coupling [8], which
could be the result of less efficient myocardial Ca** handling, due to SR Ca?* leak and/or higher
energy cost related to sarcolemmal ionic transport [5, 48]. In addition, high FA has been shown to
prolong the decay phase of the Ca?* transient in the heart [17]. Although the exact underlying
mechanisms linking FA to altered O, cost for EC coupling remain to be determined, FA-mediated
changes in redox balance [17, 50] may play a role as Ca%* handling proteins are known to be sensitive
to redox-linked modifications [32]. In accordance with this, FA-mediated oxidative stress was found
to be accompanied by increased expression of catalase and glutathione peroxidase, key enzymes in

the first line antioxidant defense.

High FA-load in the obese heart

The diet-induced obese (DIO) mice used in the present study resemble a pre-diabetic state that is
typically characterized by obesity, elevated circulating free FA levels and insulin resistance. In
accordance with our previous studies, left ventricular (LV) pressure-volume recordings revealed that
these hearts primarily develop diastolic dysfunction [25, 39, 45], and display mechanical inefficiency
due to an increased MVO; [25, 39]. This study also confirms that these hearts show higher FA
oxidation rates, as well as increased and elevated expression of metabolic genes that are
transcriptionally regulated by PPARa in DIO hearts. These include genes encoding for FA transport
(CD36, mCPT1) and the regulation of FA and glucose oxidation (ACOX, PDK4), UCP2 and 3 and acyl-
CoA thioesterases (ACOT) 1 and 2. The latter is suggested to have a regulatory role in controlling
rates of FA oxidation and in subcellular trafficking of FAs. ACOT1 (the cytosolic isoform) catalyzes the
cleave of long chain acyl-CoAs into FA and CoA and thus contributes in regulating the ligand (FA)

availability for the transcription factor PPARa.

The obese heart also showed impaired mitochondrial respiration (OxPhos rate) [2, 25], increased
oxidative stress and expression of antioxidant enzymes [2, 25]. The obesity-induced increase in
MVO; may be related to altered substrate utilization, altered mitochondrial energetics and increased

oxidative stress, in addition to structural remodeling and inefficient Ca?*transport (as reviewed in

12
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detail by Hafstad et al. [21]). In support of the latter, we found augmented O; cost for the work-
independent processes in the heart [21, 39]. Although some of the changes induced by chronic FA
exposure resemble the effects caused by the acute high FA-load in normal hearts, they are not
comparable, as long term exposure to high circulating lipid levels seems to make these hearts

uniquely adapted to handle high FAs, as discussed in the following section.

Despite high FA supply, we did not observe a FA-mediated increase in mitochondrial protein lysine
acetylation, nor did we find changes in the expression of PPARa target genes. Together, this suggests
that obese hearts have a higher capacity to handle FAs, which may be related to an attenuated FA-
mediated accumulation of acetyl-CoA (and thus acetylation) and free FA (and thus PPARa activation).
There is also reason to believe that DIO hearts have enhanced capacity for a temporary lipid storage,

which will also contribute to limiting the buildup of intracellular FAs and lipid intermediates [4].

Although high FA-load did not markedly alter LV function in DIO hearts when they were compared to
DIO hearts perfused under low FA conditions, FAs have been reported to improve cell shortening and
Ca* transients in cardiomyocytes from obese and type 2 diabetic mice when compared to conditions
where FAs are completely absent [17, 50]. Likewise, the addition of FAs during perfusion of isolated
hearts from experimental models of diet-induced obesity [47] and type 2 diabetes [50] has been
reported to increase LV function. This effect was reported to be particularly evident in hearts and
cardiomyocytes subjected to metabolic (hyperglycemia) and/or adrenergic stress, where the
improved function was linked to a FA-mediated increase in the content of reduced glutathione (GSH)
and augmented mitochondrial ROS scavenging capacity [10, 50]. These findings suggest that FAs are
crucial to ensure a sufficient supply of reducing equivalents to prevent unfavorable ROS production
and impaired energetics [50], and that metabolic inflexibility in obese/diabetic hearts may render

them energy starved when FAs are omitted in experimental settings of increased cardiac work [6].

In accordance with a study by Cole et al. [9] using hearts from DIO rats, high FAs (compared to low
FAs) did not alter LV mechanical efficiency in DIO mice. Nor did high FA levels alter unloaded MVO, or
the O; cost for EC coupling and BM, which is in accordance with a previous study using type 2
diabetic db/db mice [7]. We did not find high FA perfusion to alter mitochondrial respiration or
coupling efficiency in DIO hearts, nor did it exacerbate myocardial ROS accumulation, corroborating
findings in cardiomyocytes from ob/ob mice [17] that demonstrated a resistance to a FA-mediated
increase in mitochondrial ROS emission [17]. Taken together, the findings in this study suggest that
the obese heart is somewhat protected from the potential harmful effects following exposure to an
acute high FA-load. Future studies should address myocardial cellular FA processing in the diabetic

heart in order to elucidate potential mechanisms which may enhance the capacity for processing FA.

13



387

388
389
390
391
392
393
394
395
396
397
398
399
400
401
402

403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420

Acute high fat-load in normal and obese hearts

The effect of acute high FA-load on ischemic tolerance in normal and obese hearts

Acute myocardial infarction and cardiac surgery is reported to be accompanied by a marked increase
in circulating FA levels [36, 42, 43], which is due to a hyper-adrenergic state, leading to increased
lipolysis in white adipose tissue. Thus, the exposure to an acute high FA-load poses an additional
challenge in the hypoxic state, where FA-mediated O, wasting could be particularly detrimental.
Accordingly, high FA perfused rat hearts have been reported to have impaired post-ischemic
functional recovery when compared to hearts perfused without FAs [12, 14, 19, 35, 37], and
inhibition of FA uptake and utilization during ischemia-reperfusion has been associated with
improved post-ischemic recovery [31, 35, 41]. Similarly, Dalgas et al. recently showed that increasing
the FA concentration from 0.4 to 1.2 mM, reduced post-ischemic function and increased infarct size
in normal rat hearts [12]. In contrast, we did not find that high FAs exacerbated ischemic injury in
normal hearts in the present study despite the disadvantageous effects that occurred in these hearts
following FA-load. Although the reason for these discrepancies is not clear, it may be related to the
severity of the ischemic insult. As the aim of this study primarily was to examine the effects of high
FA-load in obese hearts, the duration of ischemia may have been too short to unmask the

disadvantageous effects of high FA levels in the control hearts.

In clinical studies, obesity and diabetes are known to worsen the long-term outcome of ischemic
heart disease. Although, this can be due to decreased myocardial ischemic tolerance, it can also be
due to impaired myocardial reperfusion (due to vascular dysfunction) and/or reduced coronary
reserve [49]. Futhermore, clinical studies have shown paradoxical and favorable effects of obesity on
the outcome of acute coronary syndrome [3, 11], and studies using animal models of obesity and
diabetes have reported both decreased [16, 34], unchanged [26, 33, 53] and even increased [13, 15,
29, 30, 51] ischemic tolerance. The discrepancies in preclinical studies could partly be due to
differences in the severity of the metabolic disease in these models [44, 46, 51, 53] however, it does
not seem to be the sole explanation [15, 26, 52], and differences in perfusion conditions may
therefore also play a role. Accordingly, du Toit et al. found that high FA levels decreased ischemic
tolerance when this was compared to a condition of no FAs in hearts from an obese rat model [14].
In contrast, the present study demonstrated that in hearts from obese mice, high FA levels did not
worsen, but rather improved the ischemic outcome when compared to a physiologically more
relevant FA condition. It should be noted however, that the improved tolerance to ischemia occurred
despite an unaltered phenotype. Although, the exact mechanism underlying the protective effects
remains to be elucidated, this study highlights a need for more focus on the role and effect of FAs
under ischemic conditions which may also contribute to elucidate paradoxical favorable effects of

obesity on the outcome of acute coronary syndrome in patients [3, 11].
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Limitations

Although FAs and glucose are regarded as the main energy substrate to the heart, it should be
acknowledged that additional substrates in the perfusion buffer such as lactate, ketone bodies, and
branched chain amino acids could potentially have influenced both the ischemic tolerance and the
effects of high FAs. In addition, the high FA concentration used in this study (1.8 mM) during
perfusion, is at the upper range of the reported levels in patients with an acute myocardial ischemia
[43]. However, it should be noted that the high FA concentration used here did not have any adverse
effects on cardiac function. Finally, we recognize that this study has not identified the exact
underlying mechanism related to the improved tolerance to an acute high FA-load in obese hearts.
However, given the important role of FAs in cardiomyocytes (both in physiological and
pathophysiological processes), we believe that this is clearly multifactorial and complex (as implied in

this study), and will need to be addressed in experiments to come.

Concluding remarks

This study confirms that exposure of normal hearts to high (as compared to low) FA levels, induces
oxygen wasting, mechanical inefficiency, increased ROS content, hyperacetylation and reduced
OxPhos (as summarized in Figure 7). Apart from transcriptional regulation of the metabolic
machinery, other FA-mediated processes, such as increased ROS and protein acetylation, may also
play a signaling role in the adaptation to match FA oxidation to the increased supply. These factors
may lead to changes that increase MVO,, however this does not need to have any negative
functional consequences, unless the heart is also challenged by pathophysiological stress. Thus, an
acute FA-load may contribute to a reduced ischemic sensitivity in the normal heart. In obesity and
insulin resistance, sustained high circulating FA levels is likely to induce similar cardiac changes
(Figure 7). Although the chronic dyslipidemia and FA-mediated changes eventually may contribute in
the pathogenesis of diabetic cardiomyopathy, emerging data also suggest that FAs are crucial for
maintaining redox status, providing reducing equivalents, and hence mitochondrial energetics, in
these hearts. The results from the present study suggest that these hearts have enhanced capacity to
handle an acute high FA-load, so that upon myocardial infarction, the accompanying high FA-load
does not represent an additive stress. Accordingly, high FA-load did not aggravate mechanical
efficiency, MVO,, ROS, acetylation or OxPhos in hearts from DIO mice. The fact that high FA-load
improved ischemic tolerance despite unchanged phenotype, implies that there must be other factors

contributing to a worsened outcome following obesity. The therapeutic potential of targeting FA
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metabolism remains to be determined, however, this study highlights that future studies should

focus on the importance of FAs beyond simply serving as an energy substrate for the heart.
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Figure 1. FA oxidation rate (A) and mRNA expression (B and C) in hearts from control (CON) and diet-

induced obese (DIO) mice, perfused with low (white bars) or high (gray bars) FA concentration. A:

Myocardial FA oxidation rate (n=7-11) measured in working hearts. B and C: Expression of cardiac

fuel metabolism genes (n=10-13) in hearts pre-perfused for 30 minutes with low or high FA

concentration. This includes gene expression of pyruvate dehydrogenase kinase 4 (Pdk4), fatty acid

translocase (FAT/Cd36), uncoupling protein 2 and 3 (Ucp2 and 3), carnitine palmitoyl transferase 1

(mCpt1), acyl-CoA oxidase 1 (Acox1), acyl-CoA thioesterases 1 and 2 (Acot1 and 2), hexokinase 2

(Hk2), lactate dehydrogenase (Ldh), and glucose transporter 4 (Glut4). Gene expression is normalized

to low FA perfused CON hearts. Data are means = SE. Data were analysed with a two-way ANOVA

with

Holm-Sidak method as the post hoc test. *p < 0.05 vs low FA, #p < 0.05 vs. CON at the same FA

concentration.
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Figure 2. Mechanical efficiency (A) was determined by measuring cardiac power and myocardial
oxygen consumption (MVO,, n=8-11) in isolated perfused working hearts from control (CON) and
diet-induced obese (DIO) mice perfused with a low (white bars) or high (gray bars) FA concentration.
MVO, was also measured in electrically paced (7 Hz), unloaded Langendorff perfused hearts (n=9-13)
prior to and after KCl-induced cardiac arrest, representing the oxygen cost of the heart in an
unloaded condition (B; MVO; unioaded) and for basal metabolism (C; MVO;swm), respectively. The oxygen
cost for excitation contraction coupling (D; MVO;ecc) was calculated from the difference between
MVO3 unioaded and MVO; gm. Data were analysed with a two-way ANOVA with Holm-Sidak method as
the post hoc test. Data are means = SE. *p < 0.05 vs. low FA. #p < 0.05 vs. CON at the same FA

concentration.
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Figure 3. Mitochondrial respiration measured in cardiac mitochondria isolated from control (CON,
n=5-6) and diet-induced obese (DIO, n=7-8) hearts perfused with low (white bars) or high (gray bars)
FA concentration prior to the isolation procedure. The respiratory medium contained 5 mM pyruvate
and 2 mM malate (A-C) or 25 uM palmitoyl CoA, 5 mM L-carnitine and 2 mM malate (D-F). Vo
respiration is defined as the respiratory state before ADP is added and Vmaxis defined as the
respiration peak after adding 100 pmol/L ADP. Respiratory control ratio (RCR) was calculated as the
ratio between Vmax and Vo. Mitochondrial respiration rates were normalized to protein. Data were
analysed with a two-way ANOVA with Holm Sidak method as the post hoc test. Data are means %

SE. *p < 0.05 vs. low FA. #p < 0.05 vs. CON at the same FA concentration.
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Figure 4. Myocardial ROS content and mRNA expression control (CON) and diet-induced obese (DIO)

mouse hearts. A: Myocardial ROS content (n=6-7) was quantified as fluorescence intensity in left

ventricular cryosections using dihydroethidium staining (scale bar: 100 um). Data were analysed with

a two-way ANOVA with Holm-Sidak method as the post hoc test. B: Expression of enymes in

antioxidant systems (n=10-13) in LV tissue pre-perfused for 30 minutes with low or high FA

concentration. This includes gene expression of catalase (Cat), glutathione peroxidase (GPx3) and

Mn-superoxide dismutase (MnSod). Data are means £ SE. *p < 0.05 vs. low FA. #p < 0.05 vs. CON at

the same FA concentration.
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Figure 5. Overall mitochondrial protein lysine acetylation in control (CON) and diet-induced obese
(DIO) mouse hearts. A: Protein acetylation in mitochondria isolated from CON hearts and DIO hearts
following perfusion without fatty acids (NoF, light gray bars, n=6). B: Protein acetylation in
mitochondria isolated from CON hearts and DIO hearts following perfusion without FAs (NoF, light
gray bars, n=6), low FAs (LF, white bars, n=6) or high FAs (HF, dark gray bars, n=6). Datain B and C
were normalized to NoF within each group (same data as in A), and analysed with a one-way ANOVA

with Holm-Sidak method as the post hoc test. Data are means = SE. *p < 0.05 vs. low FA.
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Figure 6. Rate pressure product (RPP) (A and B), the calculated post-ischemic recovery (C, in % of
pre-ischemic RPP values, and infarct size (D) in isolated perfused hearts from control (CON, n=13-15)
and diet-induced obese (DIO, n=12-14) mice. Hearts were subjected to perfusion with a low (white
circles and bars) or high (gray circles and bars) FA concentration. Data were analysed with a two-way
ANOVA with Holm-Sidak method as the post hoc test. Data are means + SE. *p < 0.05 vs. low FA. #p

< 0.05 vs. CON at the same FA concentration.
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Figure 7. While a normal heart is exposed to normal circulating fatty acid (FA) levels, obesity-related
insulin resistance and lack of insulin-induced inhibition of the hormone sensitive lipase (HSL) in white
adipose tissue (WAT), leaves the obese heart exposed to sustained high FA levels (blue arrows). This
dyslipidemia alters the metabolic phenotype in obese hearts, and contributes to the development of
obesity-/diabetes-related cardiomyopathy. Under acute pathophysiological stress, such as a
myocardial infarction, an adrenergic activation of HSL will lead to an acute high FA-load (red arrows).
This high FA-load is considered unfavorable in normal hearts, due to FA-mediated changes in
myocardial oxygen consumption (MVO,), mechanical efficiency, ROS production and mitochondrial
(mt) energetics. Following obesity and insulin resistance, however, the metabolic alterations induced
by the sustained high FA exposure, will enhance these hearts’ ability to handle an acute high FA-load,
so that is does not futher alter the phenotype of these hearts. Thus, while an acute high FA-load can
reduce the ischemic tolerance in normal hearts, it does not represent an additive stress in obese

hearts.
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