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Abstract

Most forms of heart failure are characterized by a metabolic switch from the use of fatty acids to glucose as the main fuel
source for ATP generation in the myocardium. Whether metabolic reprogramming is a therapeutic target remains contro-
versial. In this study, heart failure with reduced ejection fraction (HFrEF) and metabolic switch (i.e., increased myocardial
glucose uptake) was induced in pigs by generating viable dysfunctional myocardium secondary to progressive coronary
artery stenosis. Pigs (n=19) were then randomized to a high-fat diet (HFD, chow diet supplemented with 20% lard) or
control diet (no supplementation) for two months. Pre- and post-nutritional treatment contrast-enhanced cardiac magnetic
resonance (CMR) and '®FDG-PET/CT studies were performed. Hearts were then harvested for further analysis. LVEF sig-
nificantly improved in pigs receiving the 2-month HFD (38% [33, 43] to 54% [47, 62], p=0.036) but remained unchanged
in control-diet pigs (36% [35, 45] to 41% [38, 43], p=0.24). HFD-fed pigs had a smaller extent of fibrosis after the dietary
intervention (late gadolinium enhancement 0.45% LV [0.17, 1.67] vs 6.23 [5.54, 9.57], p=0.0047). On BEDG-PET, a
reversion of the metabolic reprogramming in the LAD-dysfunctional myocardium was observed only in HFD-fed pigs (0.46
counts [0.21, 0.65] vs 1.80 [1.53, 2.83], p=0.016). Transmission electron microscopy of explanted hearts revealed less
fragmented mitochondrial and a lower lipid droplet density in cardiomyocytes from HFD-fed pigs (38 per 10 um3 [34, 50]
vs 96 [78, 124], p=0.022), and this was accompanied by increased expression of genes involved in fatty acid metabolism
and downregulation of genes encoding glucose import proteins. In conclusion, in a large animal model of HFrEF secondary
to myocardial dysfunction with a metabolic switch, a nutritional intervention based on HFD feeding was associated with
a cardiac metabolic restoration of fatty acid substrate use, restoration of cardiomyocyte lipid trafficking and significantly
improved systolic function.
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Introduction

Despite advances in treatment, heart failure (HF) remains
a major contributor to global morbidity and mortality, and
there is a need to identify therapies targeting nonredundant
disease pathways [33].

The myocardium has the highest specific energy
requirement of any tissue, phosphorylating and
dephosphorylating the equivalent of 5 kg of ATP per day
under steady-state conditions [2, 10]. The myocardium
is able to meet this enormous energy demand by being
a metabolic omnivore, able to use different fuels as the
substrate for energy production. Under steady-state
conditions, the primary energy source is f-oxidation of
fatty acids since this yields significantly more ATP per
molecule oxidized compared to oxidation of carbohydrates
(glucose) or amino acids [10]. Most forms of heart failure
(HF) are characterized by a myocardial metabolic switch
from this reliance on fatty acids to the predominant use
of glucose as the substrate for ATP generation [50]. This
metabolic switch has historically been considered as a
response to limited energy availability.

Emerging evidence suggests that diets low in
carbohydrates, and thus with a higher percentage of
calories derived from fat (or ketones if the levels of
carbohydrates are extremely low), can be beneficial in
HF caused by pressure overload (including systemic
hypertension) by partially reversing the metabolic switch
[49]. In a mouse model of cardiomyocyte-specific genetic
ablation of the protease YMEIL, resulting in fragmented
mitochondria, we recently demonstrated that a high-fat diet
(HFD) prevented the onset of dilated cardiomyopathy [55].
Taken together, this evidence suggests that the metabolic
switch in HF could represent a novel therapeutic target.
However, these small animal studies tested the preventive
effect of fat-rich diets, and it is unknown if a nutritional
intervention can restore cardiac function after manifest
HF. There is also a lack of robust evidence from models
with a physiology more similar to the human.

We recently developed a pig model of HF with reduced
ejection fraction (HFrEF) secondary to a progressive
LAD occlusion with a minimum LGE extension [32]. In
this model, systolic function is progressively depressed
while maintaining a viable myocardium (absence of
transmural necrosis and presence of contractile reserve
upon dobutamine challenge). An overt metabolic switch in
these pigs is evidenced by '*fluorodeoxyglucose-position
emission tomography (‘*FDG-PET) [32]. Here, we used
this highly translatable model to test whether a nutritional
intervention based on a significant increase in the
proportion of calories derived from fat is able to reverse
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the HF metabolic switch and improve cardiac function
evaluated with state-of-the-art imaging modalities.

Methods
Animals and study design

All the animals used and experiments performed followed
the Directive 2010/63/EU with local protocol number.
PROEX103/19 The study design, including the phenotyp-
ing and preclinical trial phases, is summarized in Fig. 1A.
Experiments were conducted on 2-month-old castrated male
Large White pigs. Using a previously published surgical pro-
cedure [32], an ameroid ring was placed around the proxi-
mal left anterior descending (LAD) coronary artery. Two
months after surgery, animals were phenotyped by multimo-
dality imaging: invasive coronary angiography, gadolinium-
enhanced cardiac magnetic resonance (CMR), and 'FDG-
PET to check for the presence of metabolic reprogramming
myocardium. Animals fulfilling the predefined potentially
LV viable phenotype criteria (severe stenosis (>70%) of
the LAD plus coronary collaterals, and systolic dysfunction
(left ventricular ejection fraction (LVEF) <50%) without
transmural late gadolinium enhancement (LGE), and avid
glucose uptake in the myocardium at risk, Fig. 1B) were
randomized 1:1 to 2 months on a regular chow diet or a
high-fat diet (HFD); researchers were blinded to the dietary
allocation until the end of the analyses (only animal facility
staff knew). In the regular chow diet, fat contributed 3.1% of
the calorie content; in contrast, the HFD consisted of 80%
regular chow plus 20% lard, resulting in 22.4% of calories
coming from fat. The two diets were isocaloric (Fig. 1D).
After the 2-month dietary intervention, animals underwent
a final imaging session consisting of a multiparametric
CMR exam and a cardiac '*FDG-PET study. The pigs were
then euthanized using i.v. sodium pentobarbital in overdose
(10 mL, Dolethal®), and hearts were excised for additional
ex vivo analyses.

Ameroid ring implant surgery

The surgical procedure was as reported previously [32].
Briefly, animals were anesthetized by i.m. injection of
ketamine (20 mg/kg), xylazine (2 mg/kg), and midazolam
(0.5 mg/kg), and anesthesia was maintained with inhaled
sevoflurane (3—4%). Analgesia was maintained during
surgery by continuous i.v. infusion of fentanyl solution. A
minimal left thoracotomy was performed between the third
and fourth intercostal space. The pericardium was opened,
and the LAD artery was located and exposed by producing
a traction point on the left atrial appendage. The LAD was
then carefully dissected free, and the ameroid ring was
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Fig.1 Study design and model phenotyping. A Study design and
sample size, showing the phenotyping algorithm and indicating cas-
ualties and excluded animals. Representative pictures show ameroid
surgery, angiography with LAD flux maintained by collaterals from
the Cx coronary artery, and a CMR LGE sequence showing endomy-
ocardial fibrosis. B Schematic representation of viable dysfunctional

placed around the proximal segment. Subsequently, the left
atrial traction was removed, hemostasis was achieved, the
thoracotomy was closed flat, and the animal was allowed to
recover. After the procedure, pigs received dual antiplatelet
therapy (aspirin 100 mg plus clopidogrel 75 mg, daily) until
the end of the study to reduce the incidence of coronary
thrombosis, as well as oral metoprolol (50 mg/d) for the
first 45 days (or until the demonstration of phenotype first)
to reduce the incidence of malignant arrhythmias.

Coronary angiography

The methodology used was as described before [32].
Briefly, anesthesia was induced by intramuscular injection
of ketamine (20 mg/kg), xylazine (2 mg/kg), and midazolam
(0.5 mg/kg) and maintained by continuous intravenous
infusion of ketamine (2 mg/kg/h), xylazine (0.2 mg/kg/h),
and midazolam (0.2 mg/kg/h) and endotracheally intubated
for mechanical ventilation. The femoral artery was accessed
by the Seldinger technique, and a 6-French sheath was
inserted. Pigs were anticoagulated with 150 IU/kg of i.v.
heparin, and a 5-French coronary diagnostic catheter was
inserted via the femoral sheath and docked at the origin
of the left coronary artery. Left coronary angiography
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myocardium development in the ameroid ring model. D Chow diet
and high-fat diet composition. CMR: cardiac magnetic resonance;
HFD: high-fat diet; LAD: left anterior descending; LVEF: left ven-
tricular ejection fraction; PET: positron emission tomography

was recorded with iobitridol contrast (Xenetic, Guebert,
Villepinte, France) to check for LAD stenosis and the
development of homocoronary collaterals. Right coronary
artery angiography was also recorded to assess the presence
of heterocoronary collaterals. Once the exam was completed,
the catheter material was removed, and the animal was
allowed to recover.

Cardiac magnetic resonance imaging

All studies were performed with a Philips 3-T Achieva
Tx whole body scanner (Philips Healthcare, Best, the
Netherlands) equipped with a 32-element phased-array
cardiac coil and the animals sedated and maintained with
the same protocol detailed for the catheterization. The CMR
protocol included a standard segmented cine steady-state
free-precession (SSFP) sequence to provide high-quality
anatomical references and T1-weighted LGE sequences.
The imaging parameters for the cine SSFP sequences
were as follows: field of view (FOV), 280 %280 mm,; slice
thickness, 6 mm with no gaps; repetition time (TR) 2.8 ms;
echo time (TE), 1.4 ms; flip angle, 45°; cardiac phases =30;
voxel size, 1.8 X 1.8 mm; and number of excitations
(NEX)=3. LGE imaging was performed 10-15 min after
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intravenous administration of 0.2 mM/kg gadopentetate
dimeglumine contrast agent using a 3D inversion
recovery spoiled turbo field echo sequence (TR/TE/Flip
angle =2.4 ms/1.13 ms/10°) with an isotropic resolution of
1.5%1.5% 1.5 mm’ on a FOV of 340x 340X mm® in the
FH, LR, and AP directions. Data were acquired in mid-
diastole with a 151.2 ms acquisition window. Acquisition
was accelerated using a net SENSE factor of 2.25 (1.5x 1.5
in the AP and LR directions) with a bandwidth of 853 Hz per
pixel. Inversion time was adjusted before acquisition using
a look-locker scout sequence with different inversion times
to ensure proper nulling of the healthy myocardium signal.
For the analysis, 3D volume was reconstructed in short-axis
view with a slice thickness of 6 mm. For LGE transmurality,
the average of the LAD-irrigated AHA segments (1, 2, 7, 8,
13, and 14) was considered.

Positron emission tomography/computed
tomography (PET/CT)

All studies were performed with a GEMINI TF 64-slice
PET/CT scanner (Philips Healthcare, Best, the Netherlands).
In the 24 h before the scan, animals were fasted, with free
access to drinking water. On the day of the scan, blood
glucose was normalized to 100—150 mg/dL. To achieve this,
blood drops were obtained and glucose measured with the
CONTOURM PLUS Blood Glucose Monitoring System.
If the glucose concentration was below 100 mg/dL, the
animal was given an i.v. bolus injection of a 50% glucose
solution (5 mL for each 10 mg/dL interval below 100 mg/
dL). If the glucose concentration was above 150 mg/dL,
the measurement was repeated at 10—15-min intervals until
it had normalized. Animals then received an i.v. injection
of FDG radiotracer (10 mCi per study), and were left for
40 min to allow biodistribution. After acquisition, a contrast-
enhanced cardiac CT scan was performed for radioactive
signal-anatomical superposition. PET data were analyzed
with dedicated software (IntelliSpace Portal, Philips
Healthcare, Best, The Netherlands) by segmenting the
heart and placing a ROI on the irrigated LAD (distal to the
ameroid ring) and on the remote areas; data were normalized
to count values in the right ventricle.

Plasma sampling and lipid profile

Prior to randomization and at the end of the study, blood
samples were collected from the ear vein in heparin tubes
and plasma was obtained after 30 min of centrifugation at
1500 rpm. After that, samples were analyzed by Dimension
RxL Max machine (Siemens) for basic biochemistry and
lipid profile. Cholesterol was measured by cholesterol
oxidase, esterase, and peroxidase reaction. Triglycerides
were assessed by enzymatic reaction as well, LDL and
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HDL by direct measure. ALT/GPT, AST/GOT with UV with
P5P method. GGT by y-glutamyl-carboxy-nitroanilide and
bilirubin were measured by Jendrassik Grof method.

Histopathology

At the end of the protocol, animals were sedated and
euthanatized by i.v. pentobarbital in overdose. The heart
was excised, and blood removed using abundant saline at
room temperature. For histological studies, samples from
the anterior wall (distal to the ameroid ring) and remote
(posterior) areas were fixed in 4% formalin at least 48 h and
then transferred to 70% ethanol. After paraffin embedding,
4-micron sections were cut and stained with hematoxylin
and eosin (HE), Masson trichrome (MT), and Sirius Red
(SR). SR-stained sections were scanned, and collagen was
quantified in 20 X 20 magnified images using a modified
macro [20].

Transmission electron microscopy

Additional myocardial samples from anterior and remote
areas were maintained in 4% glutaraldehyde in 10% PFA
solution for 24-48 h. Tissues were then post-fixed in 1%
osmium tetroxide in water for 1 h at room temperature.
Samples were washed with water and then block stained
with 0.5% uracil acetate in water for 10 min. Following
this, samples were dehydrated through a graded series of
aqueous ethanol solutions (30%, 50%, 70%, 75%, and 100%)
and finally to acetone. The samples were then included in
Durcupan epoxy resin through stepwise incubation in
resin—acetone mixtures of increasing resin content (1:3,
3:1) and finally in pure resin. Resin-included samples were
polymerized in an oven at 60 °C for 48 h. Samples were
ultra-thin sliced (60 nm) on a Leica Ultracut ultramicrotome
S and deposited on 200 mesh copper grids. The grids were
counterstained with uranyl acetate and lead citrate. Images
were obtained with a Jeol Jem1010 (80 kV) transmission
electron microscope linked to a Gatan camera (Orius 200
SC model) and processed with Digital Micrograph software.
Individual images were acquired at 6000, 10,000, 20,000,
and 40000X magnifications, and mitochondria size and
shape were evaluated with ImageJ software 1.52p Wayne
Rasband from USA National Institute of Health (NIH) as
previously described [14].

Western blot analysis of protein expression

Cardiac samples from the anterior myocardial region
were lysed in RIPA buffer supplemented with a protease
and phosphatase inhibitor cocktail. Protein content was
quantified with the Bio-Rad BCA protein assay. Proteins
were separated by SDS—polyacrylamide gel electrophoresis
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and transferred to nitrocellulose membranes. After
blocking, the membranes were incubated and probed with
antibodies to PGCl1-alpha (Cell Signaling, 3738S), MFN2
(Abcam, 23,707), and Vinculin (Abcam, ab8245) at 4 °C
overnight according to the manufacturer's instructions.
After incubation with appropriate secondary antibodies and
further washes, bound proteins were revealed by enhanced
chemiluminescence. Quantitative densitometric analysis was
performed using ImagelJ Fiji software.

PCR analysis of transcript expression

RNA extraction was performed using RNeasy plus mini
kit. Tissue was digested using 300 pl of TRIzol reagent and
homogenized using a TissueLyser 15 min 1/50 s frequency.
Samples were incubated 5 min at RT. The sample volume
did not surpass 10% of the TRIzol volume used. 0.15 ml of
chloroform per 300 pl of TRIzol was added, and samples
were energetically vortexed 15 s and incubated at RT 3 min.
Centrifugation at 12000 x g at 4°C 15 min was carried
out. RNA remained in the upper aqueous phase after
centrifugation, which was transferred into a fresh tube.
Following kit protocol, RNA was eluted in 30 pl of mqH20
and quantified as described with DNA.

Isolated RNA was reverse-transcribed into cDNA using
Applied Biosystems™ High-Capacity cDNA Reverse
Transcription Kit using 600 ng of RNA. The cDNA was
analyzed by qPCR using the SYBRTM green PCR master
mix, using the following program: step 1 (50°C, 2 min), step
2 (95°C, 10 min), step 3 (95°C, 15 s and 60°C, 1 min; X 39
cycles), step 4 (65 to 95°C with 0.5°C increment each 5 s).
Primers used for qPCR are available upon request.

Relative expression of target genes was calculated using
the 2-AACt method and normalized using hypoxanthine
phosphoribosyltransferase (HPRT) housekeeping gene.

Metabolomic analysis by gas chromatography-mass
spectrometry

Myocardial samples from LAD and remote areas were
homogenized in ice-cold PBS on ice and an aliquot of 100
pL of homogenate was collected. Briefly, 10 mg of tissue
sample was lysed in PBS in a 1:20 ratio (sample:solvent)
with FastPrep-24 5G instrument (MP Biomedicals, USA),
with CoolPrep adapter, for 60 s at 4 m/sec, with a 30 s
resting pause after 30 s. The process was repeated twice.
Homogenates were collected and metabolites were extracted
by adding 250 pL of ACN (1:2.5 v/v) with 10 ppm of
4-nitrobenzoate. Samples were then vortexed for 2 min and
incubated on ice for 20 min followed by centrifugation for
20 min at 4 °C, at 12,000 rpm. A 125 pL aliquot of the
supernatant was collected, placed into GC-MS vial with
300 uL insert and dried out in a Speedvac. Dried supernatant

was derivatized following oximation and trimethylsilylation.
Briefly, 10 pL of O-methoxyamine HCI in pyridine was
added to the dried extract, vortex-mixed for 2 min and
incubated in darkness during 16 h at room temperature.
Following this step, 10 pL of BSFTA+ 1% TMCS was
added. Samples were vortex-mixed for 5 min and incubated
at 70 degrees by constant shaking (1-h, 400 rpm) and
allowed to cool down for one hour at room temperature.
Finally, 50 pL of heptane containing 10 ppm of methyl
stearate was added to the vial and centrifuged for 10 min at
2000 rpm at 15 degrees prior to GC-MS analysis.

One microliter of the derivatized metabolites from tissue
samples was analyzed using the Agilent 8890 GC system
coupled to the LECO BT GC-TOF-MS (LECO Corporation)
and injected onto a Restek Rxi-5 ms (30 mx 0.25 mm
i.d.x0.25 pm coating) in split mode (ration 5:1). The GC
and MS parameters were set as follows: 99.9% helium at a
flow rate of 1 ml/min; the oven temperature was set at 60 °C
for 1 min, then ramped by 10 °C/min up to 300 °C and held
constant for 4 min; inlet at 250 °C transfer line temperature
at 280 °C; electron impact (EI) ionization at 70 V and ion
source temperature at 300 °C; solvent delay of 5.5 min; full
scan mode (50-600 m/z) at a rate of 12 scans per second;
total chromatographic separation time of 35 min.

Quality control samples (QCs) were run at the beginning
of the analysis, at the end, and every 6 samples for quality
assessment. To ensure the reliability and traceability of
the results, routine maintenance and calibration of the
equipment were performed before the analysis.

GC-MS data processing, including alignment,
deconvolution, and identification, was performed using
ChromaTOF Sync software (Version 1.151 from LECO
Corporation). Identification of analytes detected by
GC-TOF-MS was achieved by comparing the experimental
spectra with the ones compiled in the NIST 2020 (version
2.4). Data quality was ensured through principal component
analysis (PCA) of the samples and QCs, as well as the
evaluation of the internal standards profile.

Fatty oxidation activity assay

Fatty acid oxidation (FAO) was assessed by an assay kit
(AssayGenie®, ref:BR000001). Myocardial tissue from the
LAD area for each individual was lysed in cell lysis solution
buffer for 15 min. After that, the lysate was centrifuged cold
at 14,000 rpm for 5 min, obtaining the supernatant for the
BCA protein assay method to determine the lysate protein
concentration. After that, we plated all samples in duplicate
and added 20 ul of control or reaction solution. Afterward,
the plate was incubated for 60—120 min at 37 °C and read at
OD,y, in a plate reader for evaluating the enzymatic activity
of oxidation. Finally, FAO activity was calculated using the
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formula: FAO activity = AO.D. x 3.24. Enzyme activity is
presented as units/pg proteins.

Glucose, insulin plasma assay, and HOMA-IR
calculation

For blood glucose measurement, an adapted version of the
hexokinase—glucose-6-phosphate method by Kunst was
used on the Dimension RxL Max analyzer (Siemens®
Healthineers). Insulin levels were measured using a
porcine-specific ELISA kit (ab273208, Abcam) following
the manufacturer’s instructions. Briefly, standards and
samples were incubated in 8-well strips for 2.5 h at room
temperature, followed by sequential incubations with
biotinylated antibody (1 h), streptavidin solution (45 min),
and TMB substrate (30 min in the dark). The reaction was
stopped, and absorbance was read at 450 nm. A standard
curve was generated to determine insulin concentrations.
HOMA-IR was calculated as follows:

HOMA-IR = (Glucose (mg/dL) X Insulin (pU/mL)) / 405.

Statistical analysis

Continuous variables are presented as median [interquartile
range]. All data were analyzed with RStudio (RStudio Team
(2015): Integrated Development for RStudio, Inc., Boston,
MA), and graphics were generated and statistics calculated
with the tidyverse package.

The primary outcome measure of the study was the
between-group difference in final LVEF. Given both the lack
of previous large animal studies testing the effect of HFD on
HFrEF secondary to myocardial dysfunction and the high
drop-out rate before the trial phase, we estimated sample
size based on expected final LVEF of at least 6-7 animals
per group at the end of the protocol[47]. The non-parametric
Wilcoxon rank-sum test was used unpaired for the two-group
comparison (regular chow diet vs HFD) and paired for the
two-timepoint comparison (baseline vs 2 months).

Results

A total of 19 pigs with LV dysfunction but potentially viable
phenotype fulfilled the predefined criteria for HFrEF and
entered the trial phase. These pigs were 1:1 randomized,
with stratification by baseline LVEF, to control regular
chow diet (n=10) or HFD (n=9). During the trial phase,
6 animals (3 in each arm) died from sudden cardiac death.
Therefore, a total of 13 pigs completed the study and had a
primary outcome measure available (HFD =6, Chow =7)
(Fig. 1).
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Impact of a 2-month high-fat diet on body weight,
circulating lipid concentrations, and liver function

Animals were weighed immediately before group
assignation, and the randomization procedure was balanced
to ensure no between-group difference in baseline body
weight (HFD =66.3 [58.3-72] kg, Chow =69 [58.5-73]
kg). After the 2-month dietary intervention, body weight
was not significantly higher in the HFD group (HFD =289.8
[83.3-111] kg, Chow =94.5 [80-104] kg).

The 2-month HFD caused a significant increase in total
plasma cholesterol at the expense of increased HDL-cho-
lesterol. Triglycerides, LDL-cholesterol, liver enzymes,
and insulin resistance index (HOMA-IR) were not differ-
ent between groups at the end of the 2 months intervention
(Figs. 2 and 3). Dixon magnetic resonance imaging revealed
no difference in hepatic fat infiltration between the HFD and
control diet groups (Fig. 3).

High-fat diet improves cardiac function after heart
failure secondary to myocardial dysfunction

Baseline and final CMR parameters are shown in Table 1.
The randomization procedure was designed to ensure no
between-group difference in baseline LVEF (HFD, 38%
[33.3, 43.5], Chow, 36% [35.5, 44.8]; p=0.943). There were
no baseline between-group differences in LV end-diastolic
and LV end-systolic volumes (LVEDV and LVESV), LV
mass, and cardiac output.

After the 2-month nutritional intervention, LVEF signifi-
cantly improved in HFD-fed pigs (from 38% [33.3, 43.5]
to 54% [47.0, 62.5], p=0.036) but remained unchanged
in control-diet pigs (36% [35.5, 44.8] to 41% [38.0, 43.3],
p=0.24). End-of-intervention LVEF (the primary outcome
measure of the study) was significantly higher in HFD-fed
pigs (54.0% [47.0, 62.5] vs 41.0% [38.0, 43.3] in control-diet
pigs, p=0.012) (Fig. 4A-B).

To study whether the improved systolic function was
secondary to increased contractile capacity in the LAD area
or was driven by hypercontraction in the remote region,
we measured regional systolic function. Wall thickening in
the anterior region significantly improved in HFD-treated
pigs (20% [14.4,27.9] to 57.3% [51.0, 66.1], p=0.036) but
was unchanged in control-diet pigs (19.5% [16.8, 45.5] to
23.5% [19.3, 44.3], p=81) (Fig. 4C-D). At the end of the
study, LAD-region wall thickening was significantly more
pronounced in HFD-fed pigs than in animals fed the control
diet (57.3% vs 23.5%, p=0.0047). Similar almost significant
trend (p =0.094) improvement in contractility was found in
remote myocardium of HFD-fed pigs (Fig. 4D).

HFD-fed pigs also showed a non-significant trend toward
increased cardiac output that was not observed in control-
diet pigs (Table 1). Neither of the study groups showed
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significant changes in LV mass or LV volume between
baseline and the end of the dietary intervention (Table 1).

High-fat diet nutritional intervention reduces
myocardial fibrosis in the failing heart

The predefined criteria for the potentially viable myocar-
dium phenotype required the absence of transmural LGE, a
surrogate measure of fibrosis. Thus, at baseline the extent
of LGE was low and was restricted to the subendocardial
myocardium (4.58% LV [2.03, 9.39] for the pooled study
groups). At the end of the 2-month nutritional intervention,
pigs receiving the HFD had significantly less extensive LGE
than control-diet pigs (0.455% LV [0.165, 1.67] vs 6.23% LV
[5.54,9.57], p=0.0043) (Fig. 5A-B). Moreover, in the HFD
group, the extent of LGE declined significantly between the
baseline and final CMR examinations (2.43% LV [1.49,
4.65] vs 0.455% LV [0.165, 1.67], p=0.031). Baseline and
final LGE values in each group are shown in Table 1. These
results were similar regarding the transmurality of the con-
trast deposition as well (Table 1).

and the remaining data distribution (whiskers). Asterisks indicate
statistical significance as follows: ns: no significance, *p<0.05,
**p <0.01, ¥**¥p <0.001 (non-parametric Wilcoxon rank test). Sam-
ple size: n="7 in Chow and n=6 in HFD group. HFD, high-fat diet

Consistent with the CMR data, Sirius-red staining of
cardiac samples showed that the collagen-fraction area
in the LAD region was significantly smaller in HFD-fed
pigs than in their chow-fed counterparts (21.1% [12.6,
28.2] vs 36.0% [33.5, 57.0], p=0.048). No between-group
differences in collagen density were found in the remote
regions (Fig. 5C-D).

A 2-month high-fat diet restores preferential cardiac
fatty acid metabolism

As with most forms of HF, our pig model of HFrEF second-
ary to myocardial dysfunction features a metabolic switch
to glucose metabolism [32]. To study if the HFD-induced
improvement in cardiac systolic function was associated with
a reversal of this metabolic switch, we examined the pigs by
in vivo '®FDG-PET/CT at the end of the treatment period.
In HFD-fed pigs, glucose uptake in the anterior territory
(normalized to the remote region) was significantly lower
than that recorded in control-diet pigs (0.46 counts [0.214,
0.646] vs 1.80 [1.53, 2.83], p=0.016) (Fig. 6A-B). No sig-
nificant changes in glucose metabolism were observed in the
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Fig.3 Effect of HF diet on circulating hepatic enzymes, insulin
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Homeostatic Model Assessment of Insulin Resistance (HOMA-IR)
index. E Representative Dixon magnetic resonance images and rela-
tive liver water and fat composition. Colored dots and lines indicate
individual values for each group (gray for Chow diet and orange for

remote myocardium in response to the diet, as reflected by
comparable TBR values across groups (Fig. 7).

To examine the effect of HFD on cardiac metabolism in
more detail, we assessed mitochondrial density and mor-
phology by TEM. Mitochondria in the hearts of HFD-fed
pigs were less fragmented (i.e., larger and less numerous)
than those in control hearts; however, these differences did
not reach statistical significance (Fig. 6C, E). Protein expres-
sion of PGCla (a transcriptional coactivator involved in
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HF diet). Tukey’s boxplots show median values (bold lines), inter-
quantile range (boxes), and the remaining data distribution (whisk-
ers). Asterisks indicate statistical significance as follows: ns: no
significance, *p<0.05, **p<0.01, ***p<0.001. (non-parametric
Wilcoxon rank test). Sample size: n=7 in Chow and n=6 in HFD
group. Scale bars for each imaging are presented.

mitochondrial biogenesis) was upregulated in samples from
HFD-fed pigs (1.89-fold [1.03, 2.84] vs 0.434 [0.348, 0.584]
in controls, p =0.065). See Fig. 8E, G.

The hearts of HFD-fed pigs also had a significantly
lower lipid-droplet density than hearts from control-diet
pigs (38.5 [34.3, 50.3] vs 96.0 [78.5, 124], p=10.022)
(Fig. 6D, E). Consistent with this result, protein expression
of MMFN2 (a key mediator of lipid-droplet formation)
was significantly downregulated in hearts from HFD-fed
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Table 1 CMR parameters and baseline and at the end of the study

Baseline 2 months
Chow HFD P-value Chow HFD P-value P-value Chow  P-value HFD
(N=T) (N=6) Chow vs HFD (N=7) (N=6) Chow vs HFD Paired vs Basal Paired vs Basal

Body weight (kg) 69.0 66.3 0.886 94.5 89.8 0.628 0.022 0.031
[58.5,73.0] [58.3,72.0] [80.0, 104] [83.3,111]

LV Mass (g/m?) 72.6 76.2 0.628 78.6 64.3 0.445 0.16 0.31
[66.5, 78.5] [64.9, 89.5] [73.4,81.8] [54.2,84.8]

LVEDV (mL/m?) 117 103 0.445 130 113 0.534 0.47 0.84
[112,133] [79.1, 144] [118, 134] [93.8, 146]

LVESV (mL/m?) 70.4 62.3 0.945 69.2 54.4 0.628 0.94 0.063
[59.7,80.9] [47.6, 89.9] [66.1,77.9] [38.6,82.0]

LVEF (%) 36.0 38.0 0.943 41.0 54.0 0.012 0.24 0.036
[35.5,44.8] [33.3,43.5] [38.0,43.3] [47.0, 62.5]

CO (L/min/m?) 3.54 3.39 0.534 342 4.09 0.628 0.94 0.16
[3.08,4.37] [2.87,4.11] [3.38,4.04] [3.34,4.61]

Wall thickening 19.5 20.0 0.567 23.5 57.3 0.005 0.81 0.036

anterior (%) [16.8,45.5] [14.4,27.9] [19.3,44.3] [51.0,66.1]
Wall thickening 48.0 46.0 0.945 39.0 72.3 0.003 0.38 0.094
posterior (%) [43.3,55.8] [39.9,57.4] [31.5,52.3] [68.9,76.8]

LGE (%LV) 9.79 2.43 0.534 6.77 0.455 0.0047 0.58 0.094
[2.47,9.98] [1.49,4.65] [5.59, 11.3] [0.165, 1.67]

LGE transmurality 13.9 4.57 0.234 13.1 1.6 0.022 1 0.22

(%, anterior) [3.97,23.8] [2.25,7.86]

[9.19,24.2] [0.935, 4.36]

LV, left ventricular;, LVEDV, LV end-diastolic volume; LVESV, LV end-systolic volume; LVEF, LV ejection fraction; CO, cardiac output;
LGE, late gadolinium enhancement. Wilcoxon non-parametric test was used (paired for 2 m-basal in each group and non-paired for groups

comparisons)
Data are expressed as median [Q1, Q3]

p < 0.05 are represented as bold characters

pigs (0.696-fold [0.532, 0.916] vs 1.72 [1.48, 2.45] in
controls, p=0.041) (Fig. 8F, G). Finally, we assessed the
expression of key genes involved in fatty acid and glucose
intra-cardiomyocyte trafficking. Expression of the key
beta-oxidation enzyme ACOX1 was significantly upregu-
lated in hearts from HFD-treated pigs (1.46 [1.37, 1.67]
vs 1.09 [0.943, 1.19], p=0.0043). Similarly, hearts from
HFD-fed pigs showed significantly upregulated expression
of carnitine acetyltransferase (CRAT), a mitochondrial
enzyme involved in acetyl-CoA catalyzation (1.85 [1.55,
2.14] vs 1.19 [0.926, 1.50] in controls, p=0.041) (Fig. 8A,
B). Conversely, 2 genes involved in glucose mobilization,
GLUT1 and HK2, were significantly downregulated in
hearts from HFD-fed pigs (0.645 [0.611, 0.678] vs 0.993
[0.946, 1.19], p=0.041; and 0.192 [0.148, 0.400] vs 1.46
[0.680, 2.00], p=0.015, respectively) (Fig. 8C, D). Con-
sistent with these changes, the metabolomic analysis of
myocardial tissue revealed significant energetic shifts in
pigs treated with HFD. Specifically, glucose was found
to be significantly reduced, suggesting decreased reliance
on glucose metabolism. Concurrently, lactate levels were
lower in the treated group, indicating reduced anaerobic

metabolism. Increased levels of free fatty acids and their
derivatives, such as oleic acid, arachidonic acid, and
monoglycerides, suggest changes in the fatty acid (FA)
oxidation. Additionally, alterations in amino acid metabo-
lism, particularly elevated proline levels, point to poten-
tial changes in extracellular matrix remodeling (Fig. 9A,
B). Moreover, FA oxidation activity was also increased in
animals treated with HFD (Fig. 9C). When examining the
metabolic effect of dieting in the remote area, we observed
that most of the metabolites altered in the LAD stenotic
area showed similar directional changes, although they did
not reach statistical significance. Specifically, when focus-
ing on the fatty acids and monoacylglycerols, we observed
an increased trend in the remote region’s levels as well,
with 11-eicosenoic acid being the only metabolite reaching
significance (Fig. 10).

Together, these findings suggest that HFD rewires
cardiac metabolism to preferential use of fatty acids
by restoring myocardial lipid trafficking mainly in the
dysfunctional area, with milder effects in the remote
myocardium.
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Fig.4 Restoration of cardiac function and contractility in pigs fed a
high-fat diet for 2 months. A-B Comparison of LVEF (%) between
groups (A) and timepoints (B). C-D Comparison of wall thickening
(%) in the mid-LAD region between groups (C) and timepoints (D).
E Representative CMR CINE sequences in systole and diastole (mid-
ventricular short-axis view) for each group at each timepoint. Colored
dots and lines indicate individual values for each group (gray for
Chow diet and orange for HF diet). Barplots show median values, and

Discussion

Heart failure is characterized by a switch from fatty acids
to glucose as the main fuel source for cardiac energy
production. Whether this metabolic reprogramming
contributes to cardiac dysfunction, and is thus a
therapeutic target, remains controversial. In this study,
we have examined the impact of a nutritional intervention
to increase the proportion of calories obtained from fat
in a highly translatable pig model of HFrEF secondary
to myocardial dysfunction. Myocardial dysfunction,
secondary to altered coronary flow, [28] is an ideal
model since it is characterized by severe morphological
and metabolic alterations [27]. The main results of this
study can be summarized as follows: (1) Two months of
HFD (regular chow enriched with 20% lard) resulted in a
significant increase in CMR-evaluated LVEF (from 38 to
54%), whereas no change was observed in control animals
receiving normal chow. (2) The improvement in systolic
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error bars (interquartile range). For timepoint plots, point and error
bars represent median and interquartile range, and dotted lines plot
the change in median value from before to after the dietary interven-
tion (non-parametric Wilcoxon rank test, paired for timepoint com-
parison in each group). Sample size: n="7 in Chow and n=6 in HFD
group. Scale bars for each imaging are presented. BFE-CMR seq,
balance turbo fill echo-cardiac magnetic resonance sequence; HFD,
high-fat diet; LVEF, left ventricular ejection fraction

function was driven by increased contractility in mainly
the viable dysfunctional but also with a mild support
from the remote regions. (3) The improved systolic
function was associated with a reduction in cardiac
fibrosis. (4) PET/CT revealed that the nutritional HFD-
based intervention was associated with cardiac metabolic
reprogramming also in the dysfunctional region. (5) The
intra-cardiomyocyte accumulation of lipid droplets (a
typical feature of HFrEF) was alleviated by the 2-month
HFD as detected by transmission electron microscopy. (6)
The HFD was associated with a significant upregulation
of genes involved in cardiac fatty acid trafficking and
downregulation of the glucose mobilization machinery.
Moreover, changes in metabolite level and increased
lipid oxidation activity in HFD-fed pigs also pointed to
the preferential use of fatty acids as fuel source. To our
knowledge, this is the first study to show a therapeutic
effect of a fat-based nutritional intervention in a large
animal model resembling human pathophysiology.
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Fig.5 Myocardial fibrosis before and after HFD intervention. A
Comparison of the extent of LGE (% of LV) between groups at
2 months. B Representative CMR LGE sequences (after 3D-segmen-
tation in the short axis) for each group at each timepoint. C Collagen
fraction area (%) in the myocardium at 2 months in the LAD (ante-
rior) and Cx (remote) irrigated areas, showing comparison between
groups. D Representative Sirius-Red staining in the LAD region in
each group (5 mm scale bar for 0.5xand 100 pm for 20X magnifi-

Cardiac metabolic switch in heart failure

Under physiological conditions, the heart derives most of its
energy from fatty acid oxidation. Experimental and human
studies have consistently shown that HF, independently of
its etiology, is associated with a cardiac metabolic alteration
involving decreased use of fatty acids and increased glucose
uptake and glycolysis [1-3, 9, 21, 25, 29, 40, 56].
Consistent observations of the accumulation of lipid
droplets in cardiomyocytes [4] led investigators to propose
that the failing heart exists in a state of insulin resistance
and fatty acid overload, with the accumulation of cardiotoxic
fatty acid derivatives causing oxidative stress [10, 11, 39].

e, .
Mes

LGE CMR sequence

SR staining

cations). Colored dots and lines indicate individual values for each
group (gray for Chow diet and orange for HF diet). Bars represent
median and error bars interquartile range (non-parametric Wilcoxon
rank test). Sample size: n=7 in Chow and n=6 in HFD group. Scale
bars for each imaging are presented. HFD, high-fat diet; LGE-CMR,
late gadolinium enhancement cardiac magnetic resonance; SR, sirius
red

Thus, for many years, reducing cardiac fatty acid use was a
therapeutic goal in the management of HF [49]. However,
this strategy was later shown to produce no benefits and even
to have detrimental effects in patients with end-stage HF,
where it significantly worsened LVEF [54]. More recently,
evidence from murine models has suggested that a diet rich in
fat and low in carbohydrate can prevent the development and
progression of HF [6, 49].
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Fig.6 In vivo positron emission tomography scan and transmission
electron microscopy analysis after 2 months of high-fat diet. A End-
of-study '®FDG PET count ratio (LAD/Cx irrigated regions) normal-
ized to the blood pool. B Representative end-of-study 'FDG PET
images in 3-chamber and short-axis views. Regions of interest (white
dotted lines) are placed around the LAD- and Cx-irrigated regions.
C Mitochondrial area distribution with median values indicated by
vertical white lines (left) and mitochondrial number (right). D Lipid
droplet area distribution with median values indicated by vertical
white lines (left) and lipid droplet number (right). E Representative
cardiac TEM images from HFD and Chow-diet pigs. Yellow arrows

Intervention studies testing a high-fat diet
as a nutritional therapy for heart failure

Previous studies undertaken in small animal models of
experimental HF have tested the potential benefits of
increasing fat intake (HFD or fatty acid supplementation)
[10, 38]. These studies used mouse and rat models of LV
pressure overload [12, 19, 51, 53]. Our group subsequently
showed the benefits of HFD in a mouse model of dilated
cardiomyopathy secondary to genetically induced
mitochondrial fragmentation [55]. Thus, these murine
studies collectively showed that increasing the % of
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indicate lipid droplet deposition (scale bar of 2 pm for 10000X and
1 pm for 40000X). Mitochondria are colored in the 40,000X magni-
fication view to illustrate between-group differences in mitochondrial
area. In panels A, C, and D, colored dots indicate individual values
(gray for Chow diet and orange for HFD). The Tukey boxplot in A
shows median values (bold lines), interquantile range (boxes), and the
remaining data distribution (whiskers). Bars represent median and
error bars interquantile range (non-parametric Wilcoxon rank test).
Sample size: n="7 in Chow and n=6 in HFD group. Scale bars for
each imaging are presented. 18FDG-PET: 18 Fluor-Fluorodeoxyglu-
cose; HFD: high-fat diet

daily calories derived from fat prevents LV hypertrophy
and remodeling and mitochondrial fragmentation, alters
cardiac metabolite levels, and reduces myocardial fibrosis.
Nevertheless, other studies have reported negative effects
of HFD; for example, in a mouse model of LV remodeling
secondary to pressure overload, HFD induced insulin
resistance and had a deleterious effect on LV remodeling
[42]. The present study is the first to demonstrate beneficial
effects of HFD in a large animal model of HFrEF using
serial state-of-the-art imaging methodology. Furthermore,
our study tested the benefits of the nutritional intervention
after the appearance of overt cardiac dysfunction. This is
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Fig. 8 Transcripts and protein expression analyses of cardiac metabo-
lism. Transcripts determination by qPCR and protein expression by
western blot. A-D End-of-study expression of selected mRNA tran-
scripts involved in lipid metabolism (A and B) and glucose mobili-
zation (C and D) normalized to hypoxanthine phosphoribosyltrans-
ferase (HPRT). E-G End-of-study western blot analysis of the protein
expression of (E) PGCla and (F) Mitofusin 2, showing the fold
change in vinculin-normalized expression. Panel G shows the western

important because clinical interventions are initiated only
after the diagnosis of HFrEF. The preventive effect of HFD
reported in earlier murine studies is of less translational
value.

Animal studies investigating the effects of a low-
carbohydrate HFD need to be evaluated with caution since

blots of all samples. Colored dots indicate individual values for each
group (gray for Chow diet and orange for HF diet). Bars represent
median and error bar interquantile range. Asterisks indicate statisti-
cal significance as follows: ns: no significance, *p <0.05, **p <0.01,
##%p <0.001. (non-parametric Wilcoxon rank test). Sample size:
n=7 in Chow and n=6 in HFD group. HFD: high-fat diet

diet-induced obesity is frequently a confounding factor.
This concern may be related to the “obesity paradox” in
HF, wherein obese people have double the risk of developing
HF of normal-weight individuals [30], but once diagnosed
have better survival and lower hospitalization rates than
non-obese HF patients [31]. In our study, pigs on HFD did

@ Springer



Basic Research in Cardiology

Metabolomic analysis from myocardial tissue Aminoacid Aminoacid Lipids Lipids Lipids
Proline Tyrosine a-Tocopherol Arachidonic ac. Elaidic. Ac
A Scores plot B gg 1 500 1 40 5.00 1 6.0 -
. 5 | ‘ 475 | ‘ 38 475 4 55 4
50 450 36 450 {1 o 50 1 ‘
. 45 425 34 425 { ¥ %5
- % 40 40 -
9
:«g ~ Lipids Lipids Lipids Lipids Organic acid
© o MG(18:1) Nonanoic Ac. Oleic. Ac itelaidic Ac. akK ric ac.
S ac o© 45 | 1 5.2 50 1
& °q A
8 %8, 083 o° 5 37 A 48 A 4
N S Chow : 36 1 44 45 1 2
35 A 35 4
4.0 ‘ 3 40 A
2 30 < 34 1 36 '
2 33 A : 35 A
o ? ] Organic acid Sugar Sugar Volatile Volatile
PC1 (44.2%) £ Lactic acid Hexose Monosac. Phos. Dimethyl-dod Dimethy oate
=] 40 4 35 4
O 505 A :
-l 35 4 43 44 H
C 500 A ’ ‘ 34 1
1.5 0.022 30 1 41 4 40 A
495 25 | el 33 - ‘
27 490 20 > - 367 ‘
SE 10 | e : 37 ; r ; .
oL Volatile Volatile Volatile Chow HFD Chow HFD
© % .T Dimethyl-unds i Trimethyl-nonene
2 g 05 ’6 33 vaccenoate 31
0.0 31 1
40 20 | @
: . 30 35 | &
Chow HFD . . y — 28 . .
Chow HFD Chow HFD Chow HFD

Fig.9 Metabolomics evaluation of myocardial tissue at the end of
study. A Principal Component Analysis (PCA) score plot for experi-
mental group clustering quality control. B Concentration of each
metabolite for each category (amino acids, lipids, organic acids, and
sugars) and for each group (all statistically significant with p <0.05).
C Fatty acid oxidation (FAO) activity for each experimental group.
All data at 2 months after the onset of diet; at the end of the study.
Violin plots indicate density distribution of the data and arrowed

not gain more weight than those on the control diet. Thus,
obesity, and the obesity paradox, would not appear to have
contributed significantly to the improved cardiac function
observed in our study.

Mechanisms of the HFD-induced improvement
in heart function

Emerging evidence suggests that the intra-cardiomyocyte
accumulation of lipids in failing conditions leads to an
energy deficit rather than to lipotoxicity and signaling
imbalance [44—46, 49]. The metabolic switch in HF involves
a fetal-like gene reprogramming, with repression of genes
encoding key fatty acid oxidation enzymes accompanied by
upregulation of genes encoding proteins involved in glucose
import [43]. In our large animal study, HF was associated
with defective lipid trafficking, evidenced by lipid droplet
accumulation and the transcript downregulation of CRAT
(responsible for acetyl-CoA catalysis) and ACOX1 (an
enzyme involved in the B-oxidation pathway) as well as
increased fatty acid oxidation. The 2-month HFD normalized
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HFD show the effect of the diet on the metabolite concentration (up
or down). Bars represent median and error bar interquartile range;
colored dots indicate individual values. Asterisks indicate statistical
significance as follows: ns: no significance, *p<0.05, **p<0.01,
*##%p <(0.001. (non-parametric Wilcoxon rank test). Sample size:
n=7 in Chow and n=6 in HFD group for metabolomics and n=5 in
both groups in FAO assay due to the lack of remaining sample in 3
individuals.

the expression of these genes, and this was associated with
a significant reduction in lipid droplet content detected by
TEM. We also detected downregulation of MFN2, a protein
involved in mitochondrial fusion and in the formation of
lipid droplets. These findings, together with the reduced
mitochondrial fragmentation (with no impact on the
expression of transport chain proteins), suggest a restoration
of the homeostatic metabolic state in the myocardium.

These results suggest that HFD normalizes lipid traffic
through a yet undefined mechanism. This conclusion is
consistent with a previous report that elevated circulating
concentrations of fatty acids after HFD increase the fatty
acid gradient across the sarcolemma, restoring intracellular
lipid flux [18, 41]. Another proposed mechanism for the
cardioprotection afforded by a HFD is the induction of
insulin resistance [24]. By reducing glucose import to
the myocardium, insulin resistance might promote the
restoration of fatty acid use as the principal fuel for energy
production. However, biochemical analysis in our study
showed no evidence of insulin resistance.
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In our study, we observed that HFD resulted in an
increased contractility of the LAD-hypoperfused region,
but also in the remote region despite it being non-
significant. The latter is intriguing since this effect occurred
despite no increased glucose uptake being observed in
the remote region at baseline or after diet intervention in
the HFD group. This result might imply that additional
mechanisms beyond the reversion of the metabolic switch
might partially explain the benefits observed in the present
study, being them mainly led through the diet effect in the
LAD-dysfunctional area but, importantly, also involving
more subtle diet-driven lipid adaptations in the remote
myocardium, as suggested by the selective increase in the
long-chain monounsaturated fatty acid C20:1 (11-eicosenoic
acid) having translational implication of general diet effect in
more diffuse or heterogenic myocardial conditions.

The 2-month time-restricted HFD in our analysis is
in line with most previous experimental studies. Tan and
collaborators [51] compared short-term (8-week) and long-
term (16-week) HFD interventions in murine, finding that the
cardioprotection afforded by the 8-week diet was attenuated
when the HFD was maintained for 16 weeks. Future studies
in the pig model should determine if prolonged periods on
the HFD result in the loss of the cardioprotective effect or
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*p<0.05, ** p<0.01, ***p<0.001. (non-parametric Wilcoxon rank
test). Sample size: n=7 in Chow (ND) and n=6 in HFD group. C
Principal Component Analysis (PCA) score plot for experimental
group clustering Quality Controls (QCs). MGs: Monoacylglycerols

even trigger a rebound effect. This is a critical point from a
translational perspective, given the implication that chronic
HF patients may not gain any advantage from an unlimited
HFD, and it may prove necessary to intersperse periods of
time-limited HFD with periods on a normal diet.

Types of fat used in experimental studies

Several studies showing benefits of a HFD in murine models
of HF used diets enriched in long-chain saturated fatty acids
[38], and few studies have compared different types of HFD.
In a genetic model of cardiomyopathy in hamsters, a diet
enriched in saturated fats (palmitate and stearate) improved
HF parameters relative to a diet enriched in polyunsaturated
fatty acids (PUFA) [15]. In a rat model of hypertensive
cardiomyopathy, linoleate-rich and lard-rich diets both
attenuated LV hypertrophy, but only the linoleate-rich diet
reduced HF-related mortality [7].

In human studies, fatty acids have mostly been
administered in capsules, and thus not strictly speaking as
a nutritional intervention. In the large GISSI-HF trial, 6900
HF patients were randomized to receive n-3 PUFAs (0.9 g/d)
or placebo. While HF admission was not reduced, patients in
the fatty acid supplement arm had lower all-cause mortality
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[52]. In a much smaller trial, a 2 g/d dose of n-3 PUFAs was
associated with a 10% increase in LVEF [37]. The benefits
of n-3 PUFAs administered in capsules seem to be dose
dependent [35]. A few studies have examined the effect of
diets enriched in polyunsaturated fatty acids (including fish
oils), but these were undertaken in small samples of fewer
than 15 patients [5, 34].

The HFD in our study was regular chow supplemented
with 20% lard. While this proportion is low compared with
the 40% fat-derived calories in a balanced human diet, it
is much higher than the 2% of energy supplied by fat in
a regular porcine diet and thus represents a significant
change in macronutrient composition. Lard consists of
approximately 40% saturated, 45% monounsaturated,
and 15% polyunsaturated fatty acids, with the most
abundant fatty acids being palmitic and stearic acids (both
saturated), oleic acid (monounsaturated), and linoleic acid
(polyunsaturated). Our study thus does not address the
possibility that the benefits of the HFD are due to a specific
fatty acid.

Epidemiological data related to the effect of fat-rich
diets on health

Classic dietary guidance includes recommendations to
reduce fat intake. However, in recent years the basis for these
recommendations has been challenged [16, 23]. There is now
increasing evidence that fat consumption is not associated
with cardiovascular disease [48] and that cholesterol in
obese adults can be better controlled by restricting the
intake of carbohydrates rather than lipids [17]. Moreover,
epidemiological studies suggest that diets in which fats
represent a high proportion of calorie intake not only are
not deleterious but are beneficial for overall health [22, 36].
The large observational PURE study of 135,000 individuals
[8] demonstrated links between lower total mortality and
the intake of total fat and individual types of fat. This study
even found an inverse association between saturated fat
intake and stroke. The primary prevention PREDIMED trial
demonstrated that a diet enriched in fats derived from extra-
virgin olive oil and nuts was associated with a reduction in
the incidence of major cardiovascular events [13]. Therefore,
replacing dietary carbohydrate with fat to prevent HF should
not be seen as a counterintuitive measure.

Despite these recent advances, current clinical practice
guidelines for HF provide no specific recommendations on
fat intake and recommend dietary patterns aimed at reducing
blood pressure without mentioning the potential benefits of
dietary fat [26, 33]. The idea of developing optimal diets for
the prevention and treatment of HF is particularly attractive,
as any beneficial effects should complement or even work
in synergy with current treatments with drugs and devices.

@ Springer

Conclusions

This study in a highly translatable pig model of HFrEF
provides evidence for the therapeutic benefits of a
nutritional intervention based on HFD. In pigs with
overt HFrEF secondary to myocardial dysfunction, a
2-month HFD was associated with cardiac metabolic
reprogramming back to the use of fatty acids as the main
substrate for energy production, accompanied by a very
notable increase in LVEF (15 points) and a reduction
in cardiac fibrosis. This study sets the basis for a future
pilot clinical trial of a nutritional intervention based on
increased dietary fat caloric intake to improve cardiac
function in patients with HF.

Study limitations

The model of viable dysfunctional myocardium used in this
study resembles many features of clinical HF; however, it
is very costly and lengthy. Since we have characterized
this model in the past, including CMR and PET before and
after ameroid implant [32], in the present trial, we did not
obtain these data before/after surgical ameroid implant.
Although the sample size was calculated from a previous
pilot study and adjusted to our primary outcome measure,
our study includes relatively few animals. To compensate
for this, these animals were serially assessed with a
comprehensive multimodality imaging protocol. Since we
focus the main primary variables on imaging parameters,
this study also lacks some hemodynamic parameters. At
baseline, the extent of delayed gadolinium enhancement,
while not transmural, was numerically (not significantly)
larger in control pigs. Heart rate and blood pressure were
not recorded paired with imaging studies. Although the
increase in cardiac output in HFD-fed animals did not
reach statistical significance, it followed the same direction
as the improvement in LVEF. This discrepancy is likely
due to variability between individual animals, which
is not fully captured by the median [Q1, Q3] summary
statistics. Nonetheless, both parameters point toward
improved cardiac performance, supporting the consistency
and robustness of our interpretation. The nature of our
study does not allow us to determine whether the benefits
observed were driven by the effects of a specific fatty acid
or if any source of fat would have had the same therapeutic
effect. The trial phase was limited to 2 months, and it is
thus unknown if the benefits would have been attenuated
after a longer dietary intervention. Similarly, we do not
know whether stopping the HFD would result in a relapse
of cardiac systolic dysfunction or if metabolic memory
would maintain the benefits after a return to a normal diet.
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