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BACKGROUND: The failing heart is traditionally described as metabolically inflexible and oxygen starved, causing energetic
deficit and contractile dysfunction. Current metabolic modulator therapies aim to increase glucose oxidation to increase
oxygen efficiency of adenosine triphosphate production, with mixed resuilts.

METHODS: To investigate metabolic flexibility and oxygen delivery in the failing heart, 20 patients with nonischemic heart failure with
reduced ejection fraction (left ventricular ejection fraction 34.949.1) underwent separate infusions of insulin+glucose infusion
(IHG) or Intralipid infusion. We used cardiovascular magnetic resonance to assess cardiac function and measured energetics using
phosphorus-31 magnetic resonance spectroscopy. To investigate the effects of these infusions on cardiac substrate use, function,
and myocardial oxygen uptake (MVo,), invasive arteriovenous sampling and pressure—volume loops were performed (n=9).

RESULTS: At rest, we found that the heart had considerable metabolic flexibility. During 1+G, cardiac glucose uptake and
oxidation were predominant (70£14% total energy substrate for adenosine triphosphate production versus 17+16% for
Intralipid; P=0.002); however, no change in cardiac function was seen relative to basal conditions. In contrast, during Intralipid
infusion, cardiac long-chain fatty acid (LCFA) delivery, uptake, LCFA acylcarnitine production, and fatty acid oxidation were all
increased (LCFA 73£17% of total substrate versus 19£26% total during 1+G; P=0.009). Myocardial energetics were better
with Intralipid compared with [+G (phosphocreatine/adenosine triphosphate 1.86+0.25 versus 2.01£0.33; £=0.02), and
systolic and diastolic function were improved (LVEF 34.9£9.1 baseline, 33.7£8.2 |+G, 39.9£9.3 Intralipid; £<0.001). During
increased cardiac workload, LCFA uptake and oxidation were again increased during both infusions. There was no evidence
of systolic dysfunction or lactate efflux at 65% maximal heart rate, suggesting that a metabolic switch to fat did not cause
clinically meaningful ischemic metabolism.

CONCLUSIONS: Our findings show that even in nonischemic heart failure with reduced ejection fraction with severely impaired
systolic function, significant cardiac metabolic flexibility is retained, including the ability to alter substrate use to match both
arterial supply and changes in workload. Increasing LCFA uptake and oxidation is associated with improved myocardial
energetics and contractility. Together, these findings challenge aspects of the rationale underlying existing metabolic
therapies for heart failure and suggest that strategies promoting fatty acid oxidation may form the basis for future therapies.
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eases eventually manifest in systolic dysfunction.  for normal contractile function, it follows that a reduction

Regardless of the pathogenesis, most cardiac dis-  to the myofilaments and membrane pumps is essential
Because delivery of adenosine triphosphate (ATP)  in ATP delivery could serve as the final common pathway
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Retained Metabolic Flexibility in HF

Clinical Perspective

What Is New?

* In nonischemic cardiomyopathy, the failing heart
is flexible in metabolic substrate, able to increase
uptake of fat depending on the prevailing metabolic
conditions or when required under stress.

* In the failing heart in nonischemic cardiomyopathy,
a switch to fat metabolism does not cause clinically
overt hypoxia.

* Increased fatty acid metabolism in the failing, non-
ischemic heart improves myocardial energetics
(PCr/ATP ratio) and increases contractility.

What Are the Clinical Implications?

* Therapies that target fat metabolism may form the
basis of novel treatments in cardiomyopathy.

that allows many different pathogeneses to manifest
as the same end phenotype (ie, heart failure [HF] with
reduced ejection fraction [HFrEF]).

As the only immediate source of energy for contrac-
tion and relaxation of the heart, cardiac ATP demand is
very high. To keep up with this demand, the heart needs
to produce ~20x its own weight in ATP per day." In the
resting state, the healthy heart achieves this by producing
ATP from the oxidation of mainly fatty acids (60% to 90%),
with a lesser contribution from glucose (10% to 40%), but
exhibits remarkable flexibility to alter its substrate prefer-
ence depending on prevailing metabolic and hemody-
namic conditions. This allows for the natural fluctuations
in substrate supply that occur with fasting, feeding, and
exercise to be accommodated, and matches ATP produc-
tion to demand. A pathological reduction in ATP produc-
tion would necessarily lead to impaired cardiac function;
as a corollary, promoting cardiac ATP production could be
a potential therapy for HFrEF. In HFrEF, cardiac fatty acid
oxidation (FAO) rates are lower? across animal models of
infarction,® pacing-induced HF* and also in humans.®® This
results from downregulated peroxisome proliferator-acti-
vated receptor a. (PPARa) signaling, which reduces fatty
acid transport and downregulation of fatty acid oxidizing
enzymes.” In animal models, this reduction is not accompa-
nied by decreased fatty acid uptake? leading to triglyceride
storage, nonoxidative metabolism, and lipotoxic species,
which may contribute to HFrEF progression.® In addition,
myocardial insulin resistance reduces glucose uptake and
pyruvate dehydrogenase (PDH) flux is decreased.”® As
such, both glucose and FAQO are decreased,"~'® but as FAO
is reduced proportionally more, a relative “substrate switch”
toward glucose metabolism is observed.! It is believed that
glucose is used initially in anaplerotic pathways for amino
acid synthesis (necessary for the generation of left ven-
tricular [LV] hypertrophy) rather than serving as a substrate
for myocardial ATP production.'®
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Nonstandard Abbreviations and Acronyms

S'P-MRS phosphorous-31 magnetic reso-
nance spectroscopy

AAl atria—atria—interrupt

ATP adenosine triphosphate

CD36 fatty acid transport protein

CK creatine kinase

CKk, creatine kinase forward rate
constant

CMR cardiac magnetic resonance

CoA coenzyme A

CPT-1 carnitine palmitoyltransferase 1

dp/dt change in pressure/change in time

FAO fatty acid oxidation

FATP fatty acid transport protein

HF heart failure

HFrEF heart failure with reduced ejection
fraction

1+G insulin and glucose

LCFA long-chain fatty acids

Lv left ventricular

LVDP left ventricular developed pressure

LVEF left ventricular ejection fraction

MVco, myocardial production of carbon
dioxide

MVo2 myocardial uptake of oxygen

NT-proBNP  N-terminal pro—B-type natriuretic
peptide

PCr phosphocreatine

PCr/ATP phosphocreatine/adenosine
triphosphate ratio

PDH pyruvate dehydrogenase

P/O phosphate/oxygen ratio

PPARa peroxisome proliferator-activated
receptor o

RQ respiratory quotient

TR repetition time

On the premise that the failing heart appeared meta-
bolically inflexible,'"""® and oxygen-starved,®?' a major
therapeutic focus in HFrEF has been to identify phar-
macological strategies to promote myocardial glucose
oxidation, providing a more oxygen-efficient ATP syn-
thesis pathway (glucose has higher phosphate/oxygen
ratio [P/0] than fat)."” This can be achieved by either
stimulating glucose uptake?? or improving the coupling
of glucose uptake to oxidation by increasing PDH flux.
PDH activity also can be increased by inhibition of FAOQ,
and partial FAO inhibitors?*=® have been shown in small
studies to produce improvements in LV function?” and
energetics?® in chronic ischemic HFrEF. However, this
approach is limited by the intrinsically lower yield of ATP
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from glucose oxidation (*3.5x lower than FAO), which,
when combined with the reduced cellular uptake from
insulin resistance in HFrEF?°% is unlikely to fully com-
pensate for the loss of FAO, which has a higher molar
ATP yield per carbon. Should the human failing heart be
shown to be metabolically inflexible and have sufficient
oxygen to perform FAO at stress, then this therapeutic
approach would be brought into question.

METHODS

The study was approved by the National Research Ethics Service
(REC reference 18/SC/0170) and conformed to the princi-
ples outlined in the Declaration of Helsinki. Written informed
consent was obtained from all participants. Participants with
HFrEF were recruited from HF clinics, cardiac magnetic reso-
nance imaging lists, and other studies in which the participants
had consented to future contact. The original data that support
the findings of this study are available from the corresponding
author upon reasonable request.

Study Population

We recruited 20 volunteers with nonischemic HF and 10
healthy volunteers to undergo intravenous infusion that aimed
to manipulate cardiac metabolic substrate supply. We used
noninvasive cardiac magnetic resonance (CMR) and phos-
phorus-31 magnetic resonance spectroscopy (*'P-MRS) to
measure contractility, phosphocreatine (PCr)/ATP ratio (PCr/
ATP), and creatine kinase (CK) flux. We recruited an additional
9 volunteers (5 of whom had undergone the CMR/®'P-MRS
protocol) scheduled to have cardiac resynchronization therapy
pacemaker insertion to undergo additional invasive measure-
ments of cardiac oxygen and substrate use (arteriovenous
sampling) and LV function with pressure—volume loop interro-
gation at the time of their device implant. All participants were
studied after an overnight fast.

Inclusion Criteria for Participants With HF
Participants had symptomatic HF as defined by European

Society of Cardiology guidelines®" and LV ejection fraction
(LVEF) <40% by echocardiography or CMR.

General Exclusion Criteria

Exclusion criteria were diabetes medications, egg or soy allergy,
disturbances of normal fat metabolism (eg, hyperlipidemia,
lipoid nephrosis, or pancreatitis), liver disease (eg, imaging
evidence of cirrhosis or liver function tests outside the normal
range), recent fracture of pelvis or long bones, anemia (defined
as hemoglobin below the normal range), blood coagulation dis-
orders (not including the use of oral anticoagulants), or metallic
foreign bodies preventing CMR imaging.

Exclusion Criteria for Participants With HF
Exclusion criteria were ischemia as primary cause of HFrEF
(no infarction in one or more segments on CMR or not greater
than mild coronary artery disease on coronary angiography, as
defined by 50% luminal stenosis).
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Exclusion Criteria for Healthy Volunteers

Exclusion criteria were any LV dysfunction or other cardiac
diagnosis.

Cardiac Substrate Manipulation

To Increase Cardiac Fatty Acid Supply

To elevate free fatty acid supply, 20% Intralipid (Fresenius
Kabi) was infused intravenously at 60 mL per hour. For those
not taking anticoagulant medications, unfractionated heparin
(Monoparin; CP Pharmaceuticals) was concomitantly infused
at 0.4 U/kg per hour to increase lipolysis. This was infused for
1 hour before scanning in the CMR arm, or commenced 15
minutes before measurements in the invasive arm, and then
continued throughout the subsequent experiment.

To Increase Cardiac Glucose Supply

To increase cardiac glucose, a euglycemic hyperinsulinemic
clamp was used. Insulin (Actrapid; Novo) was infused at 0.8
mU/kg per minute with an infusion of 20% glucose titrated to
maintain blood glucose measurements at around the baseline
for participants. Samples of venous blood were taken from a
cannula up to every b minutes and tested with a point-of-care
device (Freestyle Optimum Neo; Abbott). Patients were estab-
lished on the euglycemic clamp for 1 hour in both arms before
study measures were obtained.

Noninvasive Imaging Protocol

All participants underwent the after-CMR imaging protocol. All
scans were performed at 3T (Tim Trio; Siemens Healthineers).
At the first visit, all participants were established on either an
insulin+glucose (I+G) or Intralipid infusion 1 hour before CMR
imaging, with the infusion type determined randomly by a com-
puter-generated algorithm. Venous blood samples were drawn
immediately before scanning. The noninvasive protocol was
repeated after 7 days with the other infusion.

LV Imaging

A short stack of cine images was obtained using a 24-channel
spine matrix coil, 6-channel body array coil (both Siemens), and
steady-state free precession sequences, as described previ-
ously.® In brief, all images were ECG-gated and taken during
end-expiratory breath-hold. Typical steady-state free preces-
sion sequence measures were: slice thickness, 8 mm; gap, 2
mm; retrospective gating, 1.5 ms; repetition time (TR), 46 ms;
flip angle 50° field of view, 400 mm; and matrix size, 256 in
frequency encode direction. When necessary, prospective gat-
ing was used in atrial fibrillation. Images were analyzed with
manually drawn LV endocardial and epicardial contours in cvi42
(Circle Cardiovascular Imaging), as described previously.®® The
validation of CMR-derived pressure—volume loops from CMR
and blood pressure is described separately in the Expanded
Methods in the Supplemental Material.

Cardiac *'P-MRS

Myocardial PCr/ATP

Participants were placed into a prone position over a 3-ele-
ment, dual-tuned 'H/3'P surface coil at magnet isocenter (2x
3P Tx/Rx loops, 1x 'H Tx/Rx loop; Siemens Healthcare).
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A nongated 3D acquisition-weighted ultrashort echo time
chemical shift imaging sequence was run as described pre-
viously.®® Parameters included: acquisition matrix size 16 x
8 x 8 voxels, field of view 240 x 240 x 200 mm?, nominal
voxel size 11.25 mL, 10 averages at the center of k-space,
TR per subject 910-1010 ms. The PCr/ATP ratio reported
is the blood and saturation—corrected PCr/average ATP
ratio, averaged over the 2 most basal septal voxels. Spectral
analysis was performed using OXSA toolbox, an open-source
MATLAB implementation of the AMARES algorithm.®*

Myocardial CK Forward Rate Constant

The pseudo-first order unidirectional rate constant (CK
forward rate constant [CK kf]) was estimated using triple
TR saturation transfer adapted for use with a transmit/
receive 10-cm loop radiofrequency coil (PulseTeq Ltd) as
described previously.®® In brief, participants were scanned
supine, 'H localizers confirmed coil position, and a 1-dimen-
sional phase-encoded chemical shift imaging matrix (16
slices; 160 mm) was used to acquire 4 sets of 3'P spectra:
a fully relaxed acquisition (TR 15 seconds; 2 averages), 2
acquisitions with selective YATP saturation (TR, 1.5 then 9.5
seconds), and 1 acquisition with control saturation mirrored
around PCr (TR, 15 seconds, 2 averages). Spectral analysis
was performed using custom software as described previ-
ously.®® CK k, in the ATP-generating (forward) direction was
then calculated as:

Ctrl
kaK _ l (MPér o 1) )
T1* MPCr
Forward CK flux was calculated by [PCr]xk, where [PCr]
is estimated by multiplying PCr/ATP by literature values®® for

[ATP] in HFrEF (5.2 pmol/g).

Increased Workload

After the resting CK k, measurement was taken, dobutamine
was infused to increase cardiac work (targeted to 65% of max-
imum predicted for age). After target heart rate was achieved,
cine images were again acquired for cardiac function, and 2
further 'P spectra were acquired (selective YATP saturation
and control saturation); CK k, during stress was then calculated
as described previously.®®

Invasive Catheter Protocol

All measurements were taken during scheduled cardiac
resynchronization therapy pacemaker implantation. Before
the procedure, all patients were established on a euglyce-
mic hyperinsulinemic clamp as described previously. After
the implantation of atrial and ventricular leads, radial and
femoral arterial access was established. A guide cath-
eter was passed to the left main coronary artery through
the right radial approach, and a flow wire (Volcano; Philips
Healthcare) was passed into the proximal segment of the
left main coronary artery to measure coronary arterial flow
velocity (cm/s). Coronary flow (mL/s) was then calculated
as wxcoronary radius® (taken from fluoroscopy)xflow.
Through a femoral arterial approach, a conductance cath-
eter (Inca; Leycom) was passed across the aortic valve into
the left ventricle, and pressure—volume measurements were
taken. At each measurement, 60 seconds of recordings from
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the impedance catheter and the flow wire were taken, along
with paired arterial (from the coronary artery catheter) and
venous blood sampling (from the coronary sinus). This was
performed during intrinsic rhythm, and again during rapid
atrial pacing (65% maximal heart rate for age, determined
at 220—age).

After these measurements were performed, the 1+G infu-
sion was stopped, and an infusion of Intralipid was started (as
described above). Fifteen minutes after the beginning of the
Intralipid infusion, the sampling protocol outline was repeated
during intrinsic rhythm, and atria—atria—interrupt pacing (AAl; a
pacing mode where the atrium is paced) was undertaken. Blood
samples were assayed for oxygen saturation, partial pressure
of oxygen, and hemoglobin using a blood gas analyzer (Seca).
Glucose, nonesterified free fatty acids, 3-hydroxybutyrate, insu-
lin, and lactate levels were all assessed in the clinical-grade
Oxford University Hospitals Clinical Laboratories.

Myocardial oxygen usage (MVo2) was determined
from arteriovenous content difference  (0.0225xPo2
KPa+1.4x[Hgb]x[%02 sat])xflow rate [mL/s]), as detailed
previously. Myocardial carbon dioxide production (MVco,) was
calculated from the McHardy equation:

A CO,=11.02x[(Pvco,)0.396-(Paco0,)0.396]-(15-
Hb)x(Pvco,~Paco,)-(95-Sa0,)x0.0064. Respiratory quotient
(RQ) was calculated as cardiac Vco,/Vo,. Myocardial substrate
uptake was determined from arteriovenous difference (glu-
cose/lactate/ketone/nonesterified free fatty acids)xcoronary
flow rate. Metabolomics were run by a commercial provider
(Metabolon) and analyzed as described in the Expanded
Methods in the Supplemental Material.

Statistics

Statistical analysis was performed using GraphPad Prism
(GraphPad Software). All data were subjected to Kolmogorov-
Smirnov tests to establish normal distribution and are pre-
sented as mean+SD unless otherwise stated. Paired Student
t tests were performed for paired data sets and repeated-
measures ANOVA were performed for multiple data sets.
Correlations were assessed using Pearson correlation analy-
sis. All metabolomic and lipidomic analysis was subject to
false discovery rate (set at 0.05) analysis using the Benjamini-
Hochberg correction. A probability of A<0.05 was considered
significant (2-tailed).

RESULTS
Healthy Volunteers

Baseline demographics are shown in Table S2, and the
results of substrate manipulation are shown in Figure S2.
Intralipid caused an elevation in circulating nonesterified
fatty acids compared with the I4+G infusion (3.06+£0.65
versus 0.13£0.1 mmol/L; ”<0.0001), accompanied by a
higher LVEF (63+3.4 versus 58.1+3.8; P=0.001). PCr/
ATP ratio was not significantly different (1.98+0.34 ver-
sus 2.06+0.3; A=0.57), but CK first-order rate constant
was elevated (0.34%0.13 versus 0.21+0.09/s; £~=0.02),
with a trend to an increased CK flux (3.45%+1.48 versus
2.37+0.93 pmol/g per second; P=0.05).
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HF Volunteers

Anthropometric and Baseline Study Data

Baseline data for the cohorts are shown in the Table.

When comparing the invasive and noninvasive HFrEF
cohorts, there were no significant differences in any
baseline measure. Median New York Heart Association
classification was I, and median baseline ejection frac-
tion was 35% in both groups. All patients were on maxi-
mum tolerated doses of goal-directed medical therapy
for HE.

Retained Substrate Flexibility

When left main stem arterial long-chain fatty acid (LCFA)
supply was increased by Intralipid infusion (Figure 1A
and 3E), myocardial LCFA uptake was higher, and glu-
cose uptake was >2-fold lower than during 4G infusion
(both A<0.05; Figure 1C). At rest, cardiac uptake was re-
lated to arterial supply for both LCFA (=0.74; A<0.001;
Figure 1D) and glucose (=0.43; P=0.06). As expected,
insulin was only taken up by the heart during I4+G infusion

Table. Baseline Data for the Noninvasive and Invasive Co-
horts

HFrEF CMR HFrEF invasive
Characteristics (n=20) (n=9) P value
M:F 13:7 5:4 0.85
Age, y 63+13.2 6316.6 0.06
Height, cm 17218.9 17519 0.89
Weight, kg 78.4t14 86.5£13.7 0.83
BMI, kg/m? 26.7+5.2 28.2+4.8 0.82
Fasting blood sugar, 5.6+0.7 5.6+£0.4 0.22
mmol/L
LVEF, % 34.919.1 29.3+6.3 0.11
NYHA class 210.45 210.6 0.88
Systolic BP, mm Hg 127£17 120+15 0.4
Diastolic BP, mm Hg 78+12 78+13 0.87
Use of diuretic 9 (45) 7 (78) 0.29
Use of ACEI/ARB 10 (50) 9 (100) 0.4
Use of beta-blocker 17 (85) 8 (88) 0.85
Use of ARNI 10 (50) 6 (67) 0.4
Use of MRA 16 (80) 6 (67) 0.4
NT-proBNP, pg/mL 2161 1325 0.7

(1430-3276) (1204-2354)
BNP, pg/mL 216 (160-469) 216 (127-301) 0.4
Insulin sensitivity index | 0.089%0.1 0.09510.074 0.6

Values are mean£SD or n (%). Insulin sensitivity index is calculated from
samples taken 1 hour into euglycemic clamp and is offered as a comparator
only. Mann-Whitney tests are used for non-normally distributed data, and t tests
are used for normally distributed data. ACEi indicates angiotensin-converting
enzyme; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor nepri-
lysin inhibitor; BMI, body mass index; BNP, B-type natriuretic peptide; BP, blood
pressure; CMR, cardiac magnetic resonance; HFrEF, heart failure with reduced
ejection fraction; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid
receptor antagonist; NYHA, New York Heart Association; and NT-proBNP, N-
terminal pro—B-type natriuretic peptide.
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(Figure 1E). In addition, metabolomic analysis of the arte-
riovenous samples showed that long-chain fatty acylcar-
nitines were produced by the heart only during Intralipid
infusion (Figure 1F; R<0.01). Furthermore, cross-heart
RQ was significantly lower during Intralipid than during
|+G infusion (0.78%0.2 versus 1.0+0.3; A<0.01), show-
ing a change in substrate oxidized (Figure 1G). The fail-
ing heart also displayed clear substrate flexibility when
workload was changed. During [+G infusion and AAI
pacing (100 bpm; Figure 2A), the increased workload
(Figure 2A) was associated with a 70% increase in LCFA
uptake (P=0.05; Figure 2B) and increased FAO (RQ re-
duced from 1.0£0.3 to 0.81+0.3; A<0.01; Figure 2C),
despite no change in supply, and low levels of circulating
LCFA (Figure 2D). During Intralipid infusion, AAI pacing
again increased workload (Figure 2E) but did not change
substrate supply or use significantly (Figure 2F through
2H). However, there was a trend to further increase ke-
tone uptake (by 74%; P=0.12). Overall, this shows that
during changes in both arterial substrate supply and car-
diac workload, substrate flexibility is surprisingly retained
in compensated nonischemic HF with severe LV systolic
dysfunction.

Myocardial Energetics During Substrate
Manipulation

Compared with [+G, Intralipid infusion was associ-
ated with an increase in myocardial PCr/ATP ratio
(1.86%0.25 versus 2.01+0.33; A=0.016; Figure 3A and
3B). When combined with a numerical increase in the
CK k, (by 139%; Figure 3C), myocardial ATP delivery was
in absolute terms higher (CK flux by 37%), but this was
not statistically significant (P=0.25; Figure 3D). Myocar-
dial PCr/ATP ratio was related to both venous substrate
concentrations during infusions (Figure 3E and 3F) and
cardiac output (Figure 3G). As expected, CK flux was re-
lated to rate pressure product at rest (=0.67; £<0.001;
Figure 3G). When ATP production was calculated from
the combination of cardiac substrates used®” (assuming
oxidative metabolism, and no storage), this was >2-fold
higher during Intralipid, with a larger percentage con-
tribution to ATP production from LCFA (8514 versus
27423%; F<0.01). During dobutamine stress (see
Figure S3), mean heart rate was 10319 bpm on Intra-
lipid and 103£8 bpm on I+G, myocardial phosphocre-
atine was not depleted, and PCr/ATP ratio, CK k, and
CK flux were not different between infusions (PCr/ATP
1.78 versus 1.77; P=0.6). Myocardial energetics during
stress were again related to venous substrate concen-
trations, but, in contrast to the resting state, CK flux was
related to glucose (r=0.72; £=0.001) and lactate (=0.5;
P=0.04) concentrations. No difference in rate pressure
product was seen between infusions. This suggests that
in the resting state, increased FAQ is associated with im-
provement in myocardial energetics of the failing human
heart and that during stress, ATP flux in the failing heart
is also related to glucose and lactate supply.
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Figure 1. Assessment of cardiac substrate flexibility during altered substrate supply.

A, Schematic of the experimental setup. B, Left main stem (LMS) arterial substrate concentrations. C, Relative arteriovenous (AV) difference of
nonesterified free fatty acids (NEFA), glucose, lactate, and B-hydroxybutyrate (BOHB). D, Correlation between LMS NEFA concentration and
uptake. E, Cardiac insulin uptake. F, Long-chain fatty acid (LCFA) acylcarnitines. G, Cardiac respiratory quotient (*<0.05; **F<0.01; **F<0.001).

Data are presented as mean with SD error bars unless stacked. A, g

Cardiac Functional Change With Substrate
Manipulation

Compared with fasted conditions and 1+G infusion (dur-
ing which no change in LVEF was seen), Intralipid in-
fusion led to increases in LV contractile work on both
noninvasive CMR (LVEF increase by 6.3%, LV stroke
volume, stroke work, and end-systolic pressure—volume
relationship; all A<0.05; Figure 4A through 4F) and in-
vasive measurement (LV developed pressure [LVDP] by
8 mm Hg; A<0.05; change in pressure/change in time
[dp/dt], by +6%; P=0.08; Figure 4H and 4I). At rest, dia-
stolic function as assessed by LV —dp/dt and LV isovolu-
metric tau were also improved during Intralipid infusion
(both A<0.05; Figure 4J and 4K). These improvements
in systolic and diastolic function were seen without
change in LV end-diastolic pressure (P=0.27; Figure 4L)
or systolic blood pressure (baseline, 125+£17; I1+G,
119£20; Intralipid, 1224+20 mm Hg; P=0.27). A similar
pattern was seen during stress (Figure BA through 5L).
During Intralipid and AAI pacing, greater LVDP (by 10
mm Hg; P=0.04; Figure 5l) and +dp/dt (FP=0.06; Fig-
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indicates arterial left main stem sample; and V,

sy venous coronary sample.

ure bJ) were recorded. Stress diastolic function was also
improved compared with [+G infusion (—dp/dt; A<0.01;
Figure 5K), again without difference in LV end diastolic
pressure (Figure 5L). This suggests that, at least in the
short term, promoting FAO improves contractile function.

Myocardial Oxygen Use With Substrate
Manipulation

During Intralipid in the resting state, MVo, was increased
by 27% (P<0.05; Figure 6A) compared with 1+G infu-
sion, likely reflecting the inherently lower P/O ratio of
FAO and increased contractile function. As a result,
MVo, at rest during Intralipid was similar to that seen
during rapid AAI pacing during I+G infusion, and there
was a trend to reduced myocardial oxygen efficiency
during Intralipid infusion (Figure 6B). Even during the
highest MVo, data set (achieved during rapid pacing and
Intralipid infusion), net cardiac lactate consumption still
occurred (Figure 6C), and mean RQ recorded was 0.83,
both showing aerobic metabolism. In addition, during
dobutamine infusion, no depletion of phosphocreatine

Circulation. 2023;148:109-123. DOI: 10.1161/CIRCULATIONAHA.122.062166
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Figure 2. Assessment of cardiac substrate flexibility during increased workload with insulin+glucose infusion and Intralipid

infusion.

Assessment of cardiac substrate flexibility during increased workload (atria—atria—interrupt pacing 100 beats per minute [AAI 100]) during
insulin+glucose (I+G) infusion (A through D) and Intralipid infusion (E through H) detailing relative arteriovenous difference of nonesterified free
fatty acids, glucose, lactate, B-hydroxybutyrate (BOHB), left ventricle (LV)+change in pressure/change in time (dp/dt), and cardiac respiratory
quotient (RQ). Spotted fill indicates stress measurement (*F<0.05; **FA<0.01; **A<0.001). Data are presented as mean with SD error bars unless
stacked. In stacked charts, blue represents lipid; red, glucose; stripes, lactate; and black, ketone. LMS indicates left main stem.

occurred (Figure 6D). Furthermore, as MVo, increased,
RQ was observed to decrease, for both infusions,
suggesting that as workload increased, there was a
preference to oxidize fatty acids (Figure 6E), with no
relationship between lactate uptake and RQ seen (Fig-
ure 6F). In summary, the combination of increased MVo,,
stable phosphocreatine pool, and lactate consumption
are evidence that mitochondrial oxygen supply was not
limited, even during high workloads.

Intermediary Metabolism

Although we did not directly assay cellular metabolism,
inferences about usage or production can be made from
arteriovenous differences in intermediary metabolites. Alter-
native substrate sources, tricarboxylic acid cycle intermedi-

Circulation. 2023;148:109-123. DOI: 10.1161/CIRCULATIONAHA.122.062166

ates, and toxic intermediate metabolite production were as-
sessed using metabolomic and lipidomic analysis of paired
cardiac arteriovenous samples (ie, between left main stem
coronary artery and coronary sinus). In addition to pyruvate
and glucose uptake, which was seen during both infusions
(Figure TAi and 7Aii), both ketones and fatty acids were
taken up during Intralipid infusion. In line with the observed
switch toward FAO during Intralipid, long-chain acylcarni-
tines were produced by the heart during Intralipid and taken
up by the heart during I+G infusion. Branched-chain amino
acids (leucine, isoleucine, and valine) were not altered by
infusion type, and arteriovenous extraction remained similar
(data not shown). Tricarboxylic acid cycle intermediates fol-
lowed a similar pattern of uptake and release during both
infusions (Figure 7Ai and 7Ai).
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Figure 3. Assessment of myocardial energetics at rest.

A, °'P magnetic resonance spectroscopy. B, Phosphocreatine/adenosine triphosphate ratio (PCr/ATP). C, Creatine kinase (CK) first-order rate
constant (CK kf). D, CK flux. E, Venous circulating substrates. F, The relationship between PCr/ATP and venous fatty acid (nonesterified free
fatty acids [NEFA]) and cardiac output (CO; G). H, The relationships between CK flux and rate pressure product (RPP). Spotted indicates stress
measurement (*<0.05). Data are presented as mean with SD error bars. [+G indicates insulin+glucose.

Evidence of toxic intermediate production was seen
during both infusions, with evidence of the polyol pathway
and sorbitol release being seen only during [+G infusion
(P=0.052), and nonoxidative metabolism of fatty acids
seen with ceramide release only during Intralipid infusion
(P=0.03). Release of lysophosphatidylcholine, phosphati-
dylcholine, and cholesteryl ester was seen during Intralipid
infusion but not during I+G infusion (Figure 7Bi and 7Bii).

Although the failing heart in HFrEF displays signifi-
cant flexibility in substrate source to produce acetyl-CoA
(coenzyme A), no major changes in the pattern of tri-
carboxylic acid cycle intermediate production or use are
seen. However, the excess delivery of fatty acids or glu-
cose used here to manipulate substrate use is associ-
ated with toxic nonoxidative metabolism and ceramide
and sorbitol production, respectively. Metabolic maps are
shown in Figure 7C.

DISCUSSION

On the basis of the hypothesis that the failing heart is
metabolically inflexible, and fatty acid metabolism cre-
ates additional oxygen demand, current metabolic thera-
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pies aim to increase glucose oxidation due to its inher-
ently greater oxygen efficiency. In this study, we have
shown that the heart, in compensated nonischemic HF
with severe LV systolic dysfunction, is not metabolically
rigid, and retains considerable flexibility to change sub-
strate uptake and metabolism according to changing ar-
terial substrate supply and workload. In addition, we show
that although increasing fatty acid uptake and oxidation
is associated with improved myocardial energetics and
positive inotropy, no change is seen with increased glu-
cose oxidation. Furthermore, we show that even during
increased FAO under stress protocols, despite increased
myocardial oxygen usage, myocardial phosphocreatine
pool is not depleted, and lactate is consumed, suggest-
ing that the oxygen supply is adequate to match oxidative
phosphorylation. Taken together, this challenges the ex-
isting doctrine in HF metabolism and suggests increas-
ing FAO may be a beneficial therapeutic intervention.

Metabolic Flexibility

The failing heart is traditionally described as metabolical-
ly inflexible, unable to change substrates when prevailing

Circulation. 2023;148:109-123. DOI: 10.1161/CIRCULATIONAHA.122.062166
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Figure 4. Substrate manipulation and ventricular function at rest.
A, Contouring. B, Left ventricular ejection fraction (LVEF). C, Stroke volume. D, An example pressure—volume loop. E, End systolic pressure—
volume relationship (ESPVR). F, Stroke work. G, A graphic of the invasive experiment. H, Left ventricular developed pressure (LVDP). 1, change

in pressure/change in time (+dp/dt). J, -Dp/Dt. K, Isovolumetric tau. L, Left ventricular end diastolic pressure (LVEDP; *£<0.05; **A<0.01;
“**P<0.001; ***A<0.0001). Data are presented as mean with SD error bars. Throughout, Intralipid data in red; insulin+glucose (I+G) data, in blue.
A indicates arterial left main stem sample; CMR, cardiac magnetic resonance; LV(PVL), left ventricle (pressure volume loop); and V(CS), venous

(Lvs)
coronary sample.

conditions change, unlike in the healthy heart® This
conclusion is derived from a body of literature showing
reduced fatty acid and glucose oxidation, but no previous
study has altered cardiac substrate supply in HFrEF to
investigate metabolic flexibility.

To demonstrate metabolic substrate flexibility, we
exposed the heart to changes in workload and substrate
supply. These may be considered a form of metabolic
stress test. To overcome inhibition at CPT-1 (carnitine
palmitoyltransferase 1; for LCFA) and insulin resistance
(for glucose), both infusions were performed to achieve
supraphysiological arterial supply and uptake levels.

Using these infusions, we demonstrated that considerable
substrate flexibility is retained, with a change in LCFA and
glucose uptake and oxidation being induced by a change in
arterial substrate supply. We showed that LCFA plasma mem-
brane uptake is associated with production of long-chain fatty
acylcarnitines, revealing that LCFA substrates for oxidation
are being transported into the mitochondria. The cross-heart
respiratory quotient dropped to 0.78 during Intralipid infusion,
confirming that the heart is increasing FAO.

As expected, the heart is able to take up ketone, with
both B-hydroxybutyrate and aceto-acetate uptake being

Circulation. 2023;148:109-123. DOI: 10.1161/CIRCULATIONAHA.122.062166

observed during Intralipid infusion, and (as expected) no
circulating ketone was detected during I+G infusion.

Change in Workload

Although physiological exercise would have been the
ideal choice to investigate the effects of increased car-
diac work, to limit movement artefact during *'P-MRS
acquisition, dobutamine infusion was used. In contrast,
as sequential infusions were used during the invasive ex-
periment, a stress modality was required that could be
started and stopped, and without time residual effects
(as seen with both dobutamine and exercise). This ne-
cessitated rapid atrial pacing to be used as the stress
modality for the invasive studies.

It has been shown previously in HFrEF that rapid AAl
pacing increases FAQO in the fasted state, and in contrast
that the normal heart increases glucose oxidation."” Our
study adds that during rapid atrial pacing and I+G infu-
sion, cardiac extraction of fatty acid increased >5-fold
despite no change in arterial supply, with glucose uptake
being numerically but not significantly reduced (by 24%).
This occurred without a change in arterial supply, implying
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Figure 5. Substrate manipulation and ventricular function during stress.

A, An example cardiac magnetic resonance (CMR) image. B, Dobutamine heart rate (HR), 65% target HR (THR) is shown. C, Left ventricular (LV)
ejection fraction (LVEF). D, Rate pressure product (RPP). E, A graphic of the invasive stress experiment. F, HR during atria—atria—interrupt (AAI)
pacing. G, RPP during AAl. H, LVEF by pressure—volume loop. I, Stress LVDP. J, Change in pressure/change in time (dp/dt). K, —dp/dt. L, LV end

diastolic pressure (LVEDP; *P<0.05; *<0.01; **F<0.001; ***F<0.0001). Data are presented as mean with SD error bars. LV

ventricle (pressure volume loop); and RA, right atrium.

that the heart in HFrEF has active substrate selection
and preference to fatty acids during increased workload.

Cardiac Energetics

To assess whether substrate flexibility influenced cardiac
high-energy phosphate metabolism, we used 3'P-MRS to
measure the PCr/ATP ratio, a sensitive index of the ener-
getic status of the heart, and saturation transfer 3'P-MRS
to measure CK kinetics. Here, we show that myocardial
PCr/ATP ratio was returning toward normal during Intra-
lipid infusion in participants with HF. This contrasts with
the healthy volunteer group, for whom it was unchanged
and presumably already maximal. When put together with
the numerical (although not statistically significant) 37%
increase in ATP delivery rate through CK, this suggests
that myocardial energetics are improved during oxidation
of fatty acids when compared with glucose. This is in line
with a greater molar ATP yield (+3.5%) of fatty acids than
glucose. The healthy volunteer group mounted a similar
increase in CK flux, driven in their cases by a rise in CK
rate constant.

The concentration of phosphocreatine relative to
ATP rose and CK k, did not fall during Intralipid, strongly
implying that myocardial ATP supply did not fall below
mitochondrial ATP demand during a period of increased
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V0 indicates left

contractility. Given the increased death rate of the chronic
use of inotropes such as dobutamine and adrenaline®
due to adverse remodeling and energetic mismatch,*
this is an important observation.

Cardiac Function

On both invasive and noninvasive measures of cardiac
function compared with [+G, when no change from basal
condition was observed, Intralipid infusion was associ-
ated with a measurable increase in contractility, with im-
provements in LVEF, LV strain, LV stroke work, LV +dp/dt,
and LVDP all being observed. Healthy volunteers showed
similar increases. LV end diastolic pressure was not dif-
ferent between groups, indicating that loading conditions
could not have played a role in increasing contractility. As
cardiac contractile function is a highly energetically de-
manding process, and FAO provides more ATP per mole
oxidized, it is likely that increases in ATP production (as
evidenced by a higher PCr/ATP ratio and CK flux during
Intralipid) are at least in part responsible for improved
contractility. This is seen here, with the strong positive
correlation between measured CK flux and rate pressure
product. Diastole is also a highly energetically demand-
ing process,*'*? and more susceptible to ATP short-
age than systole,” hence, an improvement in diastolic

Circulation. 2023;148:109-123. DOI: 10.1161/CIRCULATIONAHA.122.062166
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Figure 6. Assessment of the effects of substrate manipulation and variable workload on myocardial oxygen use.

A, Myocardial oxygen use (MVo, mL/min per gram). B, Cardiac efficiency (cardiac work/MVo,) changes. C, Cardiac lactate uptake. D, Myocardial
phosphocreatine/adenosine triphosphate ratio (PCr/ATP) shown for the groups, along with the relationship between respiratory quotient and
MVo, (E) and myocardial lactate uptake (F). Dotted fill pattern demotes acquired during stress (*A<0.05). All analyses are repeated-measures
ANOVA with Bonferroni correction. Correlation statistics are for Pearson R. Dotted fill denotes stress (atria—atria—interrupt [AAIl] or dobutamine);

plain denotes rest. Data presented as mean with SD error bars.

function was seen with both —dp/dt and tau improving
during Intralipid.

Myocardial Oxygenation

When oxygen is limited, the disadvantage that FAQ is in-
herently less oxygen-efficient becomes apparent (palmi-
tate requires 23 O, molecules to produce 105 ATP [P/O

Circulation. 2023;148:109-123. DOI: 10.1161/CIRCULATIONAHA.122.062166

2.3], whereas glucose requires only 6 O, molecules to
produce 31 ATP [P/0 ~2.5]).4#4 The lower P/O ratio of
FAO accompanied by higher contractility (and therefore
greater ATP demand) will increase myocardial oxygen use
(MVo,), whereas cardiac efficiency (cardiac work per unit
oxygen consumption) will be reduced. This can be seen
in this study with higher MVo, during Intralipid infusion,
and during stress, and lower cardiac oxygen efficiency.
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Figure 7. Arteriovenous metabolomics of cardiac uptake and release of substrates and tricarboxylic acid cycle intermediates,
arteriovenous lipidomic assessment, and metabolic maps demonstrating the relative position in the tricarboxylic acid cycle of
influxed and effluxed metabolites during insulin+glucose infusion and Intralipid infusion.

A, Arteriovenous metabolomics of cardiac uptake/release of substrates and tricarboxylic acid cycle intermediates during (i) insulin+glucose
(I+G) infusion and (ii) Intralipid infusion. B, Arteriovenous lipidomic assessment during (i) 1+G infusion and (ii) Intralipid infusion. C, Metabolic
maps demonstrating the relative position in the tricarboxylic acid cycle of influxed/effluxed metabolites during (i) I+G infusion and (ii) Intralipid
infusion. Red denotes cardiac uptake (dark red, £<0.05; light red, A<0.1); blue, cardiac release (dark blue, A<0.05; light blue, A<0.1). Al
Pvalues are adjusted for false discovery rate with Benjamini-Hochberg correction. A ¢ indicates arterial left main stem sample; LysPC,
lysophosphatidylcholine; NEFA, nonesterified free fatty acid; and V ., venous coronary sample.
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However, as inotropes such as dobutamine are associ-
ated with increased death rate,3*#° it is important that the
increased ATP demand during increased inotropy is met
by oxidative metabolism. The phosphocreatine pool was
not depleted, strongly implying that myocardial ATP de-
mand did not exceed mitochondrial ATP supply.
Although we did not maximally exercise participants to
the onset of ischemia, at 65% maximal heart rate, there
was no evidence of insufficient oxygen supply to meet
demand (no systolic dysfunction, PCr level not depleted,
and overall cardiac lactate consumption). This would
suggest that sufficient oxygen was available for normal
mitochondrial oxidative phosphorylation, and that the mito-
chondrial oxygen supply was not exceeded during stress.

The Effect of Additional Substrates

Recent work highlights 2 additional potential metabolic
substrates: ketones and short-chain fatty acids. Despite
low circulating levels (<2% of fasted substrate), ke-
tones are readily taken up and metabolized,*® and have
theoretical metabolic advantages: greater reduction of
complex | of the electron transport chain and increased
succinate,*® increasing the redox span between electron
transport chain sites | and I, and the free energy for
ATP synthesis.*” In this study, a trend to higher succinate
production was seen during Intralipid infusion, during
which ketones were taken up by the heart. Murine® and
human studies show increased P-hydroxybutyrate up-
take in HF* which has been linked to increased stroke
volume and MVo, without change in oxygen efficiency
when compared with an |+G infusion.*® However, despite
an increase in B-hydroxybutyrate uptake during Intralip-
id infusion (0% to 6.7% of total substrate uptake; Fig-
ure 2B), as the molar yield of ATP of B-hydroxybutyrate
is low (%22.5/ mole oxidized) when compared with FAO
(=120/mole oxidized), this would only be responsible for
a very small proportion of ATP production. In addition,
as the RQ when (-hydroxybutyrate is the sole substrate
oxidized is ~#0.9,%° given the RQ recorded during intra-
lipid infusion was 0.78, it is not likely that ketone was
the primary substrate oxidized. Hence, although ketones
undoubtedly have metabolic advantages, they are very
unlikely to be responsible for the large increase in con-
tractility seen during Intralipid infusion. Short-chain fatty
acids (butyrate and isobutyrate) and branched-chain
amino acids (valine, isoleucine, and leucine), although al-
ternative energy substrates, did not show differences in
uptake between infusions (data not shown), suggesting
that these were not responsible for the contractile differ-
ences seen here.

Toxic-Intermediary Metabolism

Although this study has shown that promoting FAO has
advantages energetically and functionally in nonisch-
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emic HFrEF this was achieved by means of increased
LCFA delivery. Whereas this was necessary to overcome
reduced fatty acid transport protein (CD36 [fatty acid
transport protein]/FATP [fatty acid transport protein])
and CPT-1/2 transporter expression, the increasing in-
tracellular pool of long-chain fatty acyl-CoA produces a
larger pool of fatty acid substrate for nonoxidative pro-
cesses, including the synthesis of triacylglycerol, diacyl-
glycerol, and ceramides, which, in animal models, cause
lipotoxicty.®" This study highlights that excessive delivery
of fatty acids results in ceramide species being produced,
and as a result, is unlikely to be a long-term solution to
chronic HF. Likewise, increased sorbitol production dur-
ing I+G infusion suggests polyol pathway activation. In
general, balancing uptake and oxidation of any substrate
to prevent spillover into toxic overflow pathways should
be the goal of any therapy aimed at manipulating sub-
strate supply.

Limitations

This is a short-term study taking place over hours aimed
to demonstrate the principle of substrate flexibility in the
failing heart. These techniques to manipulate metabolic
substrate supply may have limitations of lipotoxicity or in-
sulin resistance. Other strategies are likely to be required
for longer-term treatments to target fat metabolism di-
rectly.

Despite a history of HFrEF, elevated NT-proBNP
(N-terminal pro—B-type natriuretic peptide), and echo-
cardiographic evidence of LVEF <40% at screening, 2
participants had an LVEF >40% at baseline. This may
be related to partial recovery of LVEF between screen-
ing and baseline. Despite this, the trend in response to
metabolic intervention was similar in these 2 participants.
Although it is a major cause of HF, ischemic cardiomy-
opathy was not included in this study, as the ¥'P spec-
troscopic techniques require homogenous myocardium.

To limit the time in which the participants underwent
additional left coronary artery catheterization, flow wire,
coronary sinus catheter, and LV catheter instrumentation
during their cardiac resynchronization therapy implan-
tation, and remove the potential for hypoglycemia, all
participants underwent Intralipid infusion after the eugly-
cemic clamp. Although this has the potential for system-
atic bias, we are confident that the primary objective of
the infusion, to deliver excess substrate to the myocar-
dium and delineate residual flexibility, was demonstrated.

Whereas cross-heart arteriovenous sampling allows
uptake and efflux of metabolites, endogenous substrate
flux is not measured directly.

Conclusions

This study has shown that in compensated nonischemic
cardiomyopathy with severe LV systolic dysfunction, the
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human heart retains substantial metabolic substrate
flexibility if arterial supply or workload is changed. It also
provides evidence that the heart is not oxygen-limited to
a level that interferes with mitochondrial oxidative phos-
phorylation. In addition, it has been shown that increas-
ing fatty acid uptake and oxidation, but not glucose, is
associated with positive energetic and inotropic effects,
with ATP production and consumption matched. There
was no evidence of increased oxygen demand causing
hypoxia. These findings challenge the existing hypoth-
eses underlying metabolic modulator therapy in HF and
suggest that increasing FAQO is a promising therapeutic
approach.
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