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BACKGROUND Circulating ketone bodies (KBs) are increased in patients with heart failure (HF), corresponding with

increased cardiac KB metabolism and HF severity. However, the role of circulating KBs in ischemia/reperfusion remains

unknown.

OBJECTIVES This study sought to investigate longitudinal changes of KBs and their associations with functional

outcomes in patients presenting with ST-segment elevation myocardial infarction (STEMI).

METHODS KBs were measured in 369 participants from a randomized trial on early metformin therapy after STEMI.

Nonfasting plasma concentrations of KBs (b-hydroxybutyrate, acetoacetate, and acetone) were measured by nuclear

magnetic resonance spectroscopy at presentation, at 24 hours, and after 4 months. Myocardial infarct size and left

ventricular ejection fraction (LVEF) were determined by cardiac magnetic resonance imaging at 4 months. Associations of

circulating KBs with infarct size and LVEF were determined using multivariable linear regression analyses.

RESULTS Circulating KBs were high at presentation with STEMI (median total KBs: 520 mmol/L; interquartile range

[IQR]: 315-997 mmol/L). At 24 hours after reperfusion, KBs were still high compared with levels at 4-month follow-up

(206 mmol/L [IQR: 174-246] vs 166 mmol/L [IQR: 143-201], respectively; P < 0.001). Increased KB concentrations at 24

hours were independently associated with larger myocardial infarct size (total KBs, per 100 mmol/L: b ¼ 1.56; 95%

confidence interval: 0.29-2.83; P ¼ 0.016) and lower LVEF (b ¼ �1.78; 95% CI: (�3.17 to �0.39; P ¼ 0.012).

CONCLUSIONS Circulating KBs are increased in patients presenting with STEMI. Higher KBs at 24 hours are associated

with functional outcomes after STEMI, which suggests a potential role for ketone metabolism in response to myocardial

ischemia. (Metabolic Modulation With Metformin to Reduce Heart Failure After Acute Myocardial Infarction: Glycome-

tabolic Intervention as Adjunct to Primary Coronary Intervention in ST Elevation Myocardial Infarction (GIPS-III): a

Randomized Controlled Trial; NCT01217307) (J Am Coll Cardiol 2021;78:1421–1432) © 2021 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBR EV I A T I ON S

AND ACRONYMS

AcAc = acetoacetate

CMR = cardiac magnetic

resonance imaging

HbA1c = glycosylated

hemoglobin

HF = heart failure

I/R = ischemia/reperfusion

KB = ketone body

LVEF = left ventricular ejection

fraction

MI = myocardial infarction

NT-proBNP = N-terminal pro–

B-type natriuretic peptide

OHB = hydroxybutyrate

PCI = percutaneous coronary

intervention

STEMI = ST-segment elevation

myocardial infarction
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circulating KB levels (2-4). The upregulation
of plasma KBs in HF is considered a conse-
quence of increased hepatic ketogenesis
caused by the upregulation of neurohor-
monal factors such as catecholamines and
natriuretic peptides. Both catecholamines
and natriuretic peptides stimulate adipocyte
lipolysis and promote the release of non-
esterified fatty acids, which are important
metabolic precursors for ketogenesis (5).

The shift toward KB metabolism is
considered adaptive and has been linked to
reduced oxidative stress and hemodynamic
preservation (6,7). Mice incapable of
oxidizing KBs in cardiomyocytes display
markedly accelerated HF development in
response to ischemia/reperfusion (I/R) and
pressure overload (3). KBs are a more effi-
cient source of adenosine triphosphate pro-
duction compared with glucose and fatty
acids because these require more oxygen per mole-
cule adenosine triphosphate produced (8). This could
also be important for the replenishment of myocar-
dial adenosine triphosphate in the setting of I/R (8,9).
However, little is known about possible changes in KB
metabolism and circulating KB levels in humans
presenting with acute MI and undergoing percuta-
neous coronary intervention (PCI). Therefore, our
study addressed several objectives. First, we inves-
tigated longitudinal changes in circulating KB con-
centrations after ST-segment elevation myocardial
infarction (STEMI). Second, we studied whether
plasma KB concentrations were associated with
myocardial infarct size and left ventricular ejection
fraction (LVEF) at 4 months.
SEE PAGE 1433
METHODS

STUDY POPULATION. We measured KBs in archived
plasma samples of the GIPS-III (Metabolic modulation
with metformin to reduce heart failure after acute
myocardial infarction: Glycometabolic Intervention in
Adjunct to Primary Percutaneous Coronary Interven-
tion in ST-Segment Elevation Myocardial Infarction;
NCT01217307) randomized controlled trial. GIPS-III
was designed to assess the effect of 4-month metfor-
min treatment compared with placebo on left ven-
tricular function in patients without diabetes who
presented with STEMI. Design and outcomes of this
trial were published previously (10,11). Briefly, all pa-
tients admitted to the University Medical Center
Groningen between January 2011 andMay 2013, via the
STEMI protocol, were considered eligible for the trial.
Inclusion criteria were age older than 18 years, pres-
ence of STEMI, and primary PCI with implantation of at
least 1 stent with a diameter of at least 3 mm that
resulted in Thrombolysis In Myocardial Infarction flow
grade 2 or 3 post-PCI. Major exclusion criteria were
previous MI, known diabetes, the need for coronary
artery bypass graft surgery, severe renal dysfunction,
and standard contraindications for cardiac magnetic
resonance imaging (CMR). The study protocol of the
GIPS-III trial was in accordance with the Declaration of
Helsinki and was approved by the local ethics com-
mittee (Groningen, the Netherlands) and national
regulatory authorities. All patients provided written
informed consent.

CHARACTERISTICS DURING HOSPITALIZATION. On
admission, standard laboratory assessment and
physical examination parameters were measured ac-
cording to protocol. During hospitalization, blood was
sampled at admission (before PCI) and at 3, 6, 9, 12,
and 24 hours after PCI to monitor values of car-
diac enzymes.
DETECTION OF KBs. Nonfasting blood samples for
metabolic profiling were obtained on admission
(n ¼ 369), at 24 hours (n ¼ 338), and at 4 months post-
PCI (n ¼ 317). EDTA-anticoagulated plasma samples
were stored at �80 �C until analyzed. The 3 main KBs,
b-hydroxybutyrate (b-OHB), acetoacetate (AcAc), and
acetone, were quantified using a Vantera Clinical
Analyzer (Labcorp), a fully automated, high-
throughput, 400-MHz proton (1H) nuclear magnetic
resonance spectroscopy platform. Plasma samples
were prepared on board the instrument, and auto-
matically delivered to the flow probe in the nuclear
magnetic resonance spectrometer’s magnetic field.
Data acquisition on the Vantera and spectra data
processing were described in greater detail previously
(12). Total KBs were defined as the sum of b-OHB,
AcAc, and acetone.

CMR. Infarct size and LVEF were measured with CMR
at 4-month follow-up. Details on imaging acquisition
and analysis were reported elsewhere (10,11). An in-
dependent core laboratory (Image Analysis Center,
VU University Medical Center, Amsterdam, the
Netherlands) evaluated the CMR scans and assessed
the primary efficacy measure, blinded for treatment
allocation and clinical patient data.

STATISTICAL ANALYSIS. Normally distributed data
were presented as mean � SD. Skewed data were
presented as median (interquartile range [IQR]).

http://NCT01217307


TABLE 1 Characteristics at Admission for STEMI (N ¼ 369)

Age at admission, y 58.8 � 11.6

Women 93 (25.2)

Ethnicity

Caucasian 355 (96.2)

Asian 10 (2.7)

Black 4 (1.1)

Cardiovascular-related history

Hypertension 108 (29.3)

Dyslipidemia 231 (62.6)

Current smoking 204 (55.3)

Cerebrovascular accident 3 (0.8)

Peripheral artery disease 0

Previous PCI 4 (1.1)

Medication use at baseline

b-blocker 38 (10.3)

ACE inhibitor/angiotensin receptor blocker 38 (10.3)

Diuretics 35 (9.5)

Statins 29 (7.9)

Clinical parameters

Body mass index, kg/m2 26.9 � 3.8

Systolic blood pressure, mm Hg 134 � 23

Diastolic blood pressure, mm Hg 84 � 15

Heart rate, beats/min 75 � 16

PCI parameters

Total ischemic time (min) 174 (118-255)

Single vessel disease 254 (68.8)

Anterior myocardial infarctiona 144 (39.0)

TIMI flow grade pre-PCI

0 203 (55.0)

1 27 (7.3)

2 64 (17.3)

3 75 (20.3)

Stent diameter

<3.5 mm 143 (38.9)

$3.5 mm 224 (61.1)

TIMI flow grade post-PCI

2 34 (9.2)

3 335 (90.8)

Myocardial blush grade

0 10 (2.7)

1 29 (7.9)

2 72 (19.7)

3 255 (69.7)

Laboratory parameters

CK, U/L 132 (85-213)

CK-MB, U/L 16 (13-25)

Creatinine, mmol/L 72 (62-82)

NT-proBNP, ng/L 81 (40-200)

Glucose, mmol/L 8.3 (7.0-9.6)

HbA1c, % 5.8 (5.6-6.0)

Continued in the next column

TABLE 1 Continued

Ketone bodies, mmol/L

Total ketone bodies 520 (315-997)

b-hydroxybutyrate 369 (227-712)

Acetoacetate 109 (54-216)

Acetone 38 (20-71)

Values are mean � SD, n (%), or median (interquartile range). aDefined as culprit in
left anterior descending artery.

ACE ¼ angiotensin-converting enzyme; CK ¼ creatine kinase; CK-MB ¼ creatine
kinase myocardial band; HbA1c ¼ glycosylated hemoglobin; NT-proBNP ¼ N-ter-
minal pro-B-type natriuretic peptide; PCI ¼ percutaneous coronary intervention;
STEMI ¼ ST-segment elevation myocardial infarction; TIMI ¼ Thrombolysis In
Myocardial Infarction.

J A C C V O L . 7 8 , N O . 1 4 , 2 0 2 1 de Koning et al
O C T O B E R 5 , 2 0 2 1 : 1 4 2 1 – 1 4 3 2 Circulating Ketone Bodies After STEMI

1423
Discrete variables were presented as frequencies and
percentages. To compare groups, Student’s t-tests
were used for normally distributed continuous vari-
ables, Mann-Whitney U tests for skewed continuous
variables, and chi-square and Fisher exact tests were
used for categorical variables. The Jonckheere-
Terpstra test was used to test for a trend in func-
tional outcomes over the KB tertiles. Predictors of KB
levels at baseline and 24 hours post-PCI were
assessed using age- and sex-adjusted and multivari-
able regression analyses. Variables with a P val-
ue<0.10 in age- and sex-adjusted analyses were
considered for multivariable analysis. Multivariable
models were composed using backward and forward
likelihood regression analysis (unless otherwise
stated, an identical selection of covariates was chosen
by the forward and backward model). Age, sex, and
treatment allocation were forced into the multivari-
able models, and models were checked for absence of
collinearity. Subsequently, associations of KBs with
infarct size and LVEF were investigated with regres-
sion, while correcting for relevant baseline parame-
ters (13). In addition, regression analyses of KBs on
log-transformed N-terminal pro–B-type natriuretic
peptide (NT-proBNP) levels at baseline, peak NT-
proBNP during hospitalization, and NT-proBNP at 4-
month follow-up were performed. A 2-tailed P value
of <0.05 was considered statistically significant. Sta-
tistical analyses were performed with STATA soft-
ware version 15.0 (Stata Corp.). Graphs were drawn in
STATA and GraphPad Prism 7.2 and 8.4.2 (GraphPad).

RESULTS

BASELINE CHARACTERISTICS. KBs were measured
in 369 patients who presented with STEMI and who
participated in the GIPS-III trial. Baseline character-
istics of the study population are presented in Table 1.
Mean age was 59 � 12 years, and 25% of patients
were women.

Total circulating KB concentrations at admission
for STEMI amounted to a median of 520 mmol/L (IQR:
315-997 mmol/L) and were positively associated with
glycosylated hemoglobin (HbA1c), high-density lipo-
protein cholesterol, and lower Thrombolysis In
Myocardial Infarction flow pre-PCI (standardized
[std] b ¼ 0.25; 95% CI: 0.15-0.36, P < 0.001; std



FIGURE 1 KB Concentrations After ST-Segment Elevation Myocardial Infarction
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Violin plots of circulating ketone body (KB) concentrations at presentation with ST-segment elevation myocardial infarction (STEMI) and at 24 hours and

4 months after reperfusion, showing median (solid line) and interquartile ranges (dashed line) on a log2 scale. Total KBs and all individual KBs were

significantly higher at presentation than at 24-hour follow-up and were higher at 24 hours compared with 4-month follow-up, which suggest that KBs were

elevated for a longer period after STEMI, possibly to fuel the heart in need. AcAc ¼ acetoacetate; b-OHB ¼ b-hydroxybutyrate; PCI ¼ percutaneous

coronary intervention.
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b ¼ 0.22; 95% CI: 0.13-0.32, P < 0.001; Thrombolysis
In Myocardial Infarction grade 0/1 vs grade 2/3; std
b ¼ 0.15; 95% CI: 0.06-0.25; P ¼ 0.001, respectively)
(Supplemental Table 1). KBs were not associated with
ischemic time, culprit location, and the clock time of
presentation (which could have been related to
overnight fasting that might have occurred in pa-
tients who presented in the early morning).

KBs 24 HOURS POST-PCI. All individual KBs and to-
tal KB concentrations measured at 24 hours after
reperfusion were higher than those at 4-month
follow-up (total KBs: 206 mmol/L [IQR: 174-246] vs
166 mmol/L [IQR: 143-201]; P < 0.001) (Figure 1). Pre-
dictors of higher total KBs after 24 hours were larger
enzymatic infarct size (std b ¼ 0.16; 95% CI: 0.05-0.27;
P ¼ 0.004), higher HbA1c (std b ¼ 0.21; 95% CI: 0.07-
0.35; P ¼ 0.004), and b-blocker use at admission (std
b ¼ 0.14; 95% CI: 0.03-0.25; P ¼ 0.011) (Table 2).
Similar associations were observed for the predomi-
nant circulating KB, b-OHB (Supplemental Table 2).

KBs AND OUTCOMES. At 4-month follow-up, mean
CMR determined infarct size and LVEF were 9.1 �
7.9% and 53.9 � 8.5%, respectively. KBs at baseline
were not associated with infarct size or LVEF (Table 3
and Table 4). At 24 hours after reperfusion, higher
concentrations of total KBs and b-OHB were associ-
ated with larger myocardial infarct size at 4 months
(b ¼ 1.56; 95% CI: 0.29-2.83; P ¼ 0.016 per 100 mmol/L
increase of total KBs, and b ¼ 2.45; 95% CI: 0.65-4.25;
P ¼ 0.008 for b-OHB) (Table 3, Figure 2). Moreover,

https://doi.org/10.1016/j.jacc.2021.07.054
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TABLE 2 Age- and Sex-Adjusted and Multivariable Linear Regression Analyses on Plasma Ketone Bodies at 24 Hours

Age- and Sex-Adjusted Multivariable

Standardized b 95% CI P Value Standardized b 95% CI P Value

Age, y 0.03 �0.08 to 0.13 0.62 �0.01 �0.12 to 0.10 0.87

Women 0.05 �0.06 to 0.15 0.40 0.05 �0.06 to 0.15 0.40

Metformin treatment 0.03 �0.08 to 0.13 0.62 0.01 �0.10 to 0.11 0.87

PCI parameter

TIMI flow grade post-PCI 2 vs 3 0.12 0.02 to 0.22 0.025

Myocardial blush grade, 0/1 vs 2/3 0.11 �0.001 to 0.21 0.052

Proximal culprita 0.10 0.00 to 0.21 0.06

Medication use

b-blocker use at baseline 0.16 0.05 to 0.27 0.003 0.14 0.03 to 0.25 0.011

Statin use at baseline 0.14 0.03 to 0.24 0.013

Metabolic parameter

HbA1C, % 0.18 0.07 to 0.29 0.001 0.21 0.07 to 0.35 0.004

Enzymatic infarct size

Peak CK-MB, U/L 0.10 �0.01 to 0.21 0.07

Peak CK, U/L 0.16 0.06 to 0.27 0.003 0.16 0.05 to 0.27 0.004

Peak troponin T, ng/L 0.13 0.03 to 0.24 0.014

Other

Leucocytes, 109/L 0.12 0.01 to 0.23 0.038

aDefined as culprit in coronary segments 1, 6, or 11. b: standardized regression coefficients. P values <0.05 in bold. Next to age and sex, variables with P values <0.10 in age-
and sex-adjusted analyses were considered for multivariable regression analyses.

Abbreviations as in Table 1.
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circulating KBs at 24 hours were also associated with a
lower LVEF (per 100 mmol/L increase of total KBs:
b ¼ �1.78; 95% CI: �3.17 to �0.39; P ¼ 0.012, and for
100 mmol/L b-OHB: b ¼ �2.55; 95% CI: �4.52 to �0.58;
P ¼ 0.012) (Table 4, Figure 2). In addition, functional
outcomes were also depicted by tertiles of KBs at
24 hours (Figure 3). For total KBs and b-OHB, an
increasing trend in infarct size was observed over the
tertiles (P ¼ 0.016 and P ¼ 0.006, respectively). Con-
cerning LVEF, a decreasing trend was only observed
for b-OHB (P ¼ 0.047). Four months after STEMI, no
associations with circulating KBs and infarct size or
LVEF were observed (Supplemental Table 3).

NT-proBNP. Associations between KB and NT-
proBNP were also assessed. No independent associa-
tions were observed between KBs at admission (at
presentation and 24 hours after reperfusion) and log
NT-proBNP at baseline, log peak NT-proBNP during
admission, or log NT-proBNP at 4 months (P > 0.05
for all). KBs and b-OHB at 4 months were associated
with log NT-proBNP at 4 months (b ¼ 0.13; 95% CI:
0.03-0.23; P ¼ 0.013; b ¼ 0.18; 95% CI: 0.02-0.35;
P ¼ 0.025, respectively) (Supplemental Table 4).

METFORMIN TREATMENT. At baseline, KB concen-
trations were comparable for both treatment strata
(metformin and placebo). Patients treated with met-
formin 500 mg twice daily, which was initiated within
3 hours after PCI, had higher circulating total KBs and
b-OHB concentrations at 24 hours compared with
placebo (total KBs: 212 [IQR: 184-248] mmol/L vs
198 [IQR: 170-238] mmol/L, P ¼ 0.017) (Supplemental
Figure 1, Supplemental Table 5). However, this dif-
ference was small, and in regression analysis, met-
formin treatment was not associated with total KB
and b-OHB concentrations (Table 2, Supplemental
Table 2). In addition, at 4 months, no differences in
KB concentrations between the metformin and pla-
cebo groups were observed.

DISCUSSION

In HF, ketone bioavailability and cardiac KB meta-
bolism is upregulated. The role of KBs in an I/R setting
remains largely unknown. We investigated longitudi-
nal changes of KBs in patients who presented with a
first STEMI and underwent primary PCI. We observed
that KBs were increased at time of presentation with
STEMI. Moreover, higher KB concentrations 24 hours
after reperfusion were independently associated with
larger infarct size and lower LVEF at 4-month follow-
up (Central Illustration). Our results indicate that I/R
is associatedwith an increase in KB bioavailability, and
that this increase in KBs at 24 hours is associated with
impaired functional outcomes. These results uncover
a novel role for ketone metabolism in the systemic
response to myocardial ischemia, which is likely to be
adaptive.

KBs are produced in the liver and serve as meta-
bolic substrates for multiple organs, including the
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TABLE 3 Age- and Sex-Adjusted and Multivariable Associations of Plasma Ketone Bodies With Infarct Size Measured at

4-Month Follow-Up

Age- and Sex-Adjusted Multivariablea

b 95% CI P Value b 95% CI P Value

Admission

Total ketone bodies, 100 mmol/L 0.11 �0.006 to 0.23 0.06 0.05 �0.06 to 0.17 0.37

b-Hydroxybutyrate, 100 mmol/L 0.13 �0.03 to 0.30 0.10 0.06 �0.11 to 0.21 0.49

Acetoacetate, 10 mmol/L 0.07 0.015 to 0.13 0.013 0.04 �0.01 to 0.09 0.13

Acetone, 10 mmol/L 0.16 0.001 to 0.32 0.048 0.07 �0.09 to 0.24 0.38

24-h post-PCI

Total ketone bodies, 100 mmol/L 1.64 0.34 to 2.95 0.014 1.56 0.29 to 2.83 0.016

b-Hydroxybutyrate, 100 mmol/L 2.31 0.47 to 4.16 0.014 2.45 0.65 to 4.25 0.008

Acetoacetate, 10 mmol/L 0.37 �0.02 to 0.76 0.07 0.19 �0.18 to 0.57 0.31

Acetone, 10 mmol/L >0.10

aEach ketone body was modeled separately and adjusted for age, sex, metformin treatment, BMI, TIMI flow pre-PCI, TIMI flow post-PCI, myocardial blush grade, anterior
myocardial infarction (defined as culprit in left anterior descending coronary artery), log NT-proBNP and log HbA1C at baseline and statin use at baseline. b: unstandardized
regression coefficient. P values <0.05 in bold.

Abbreviations as in Table 1.
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heart and the brain. Hepatic KB synthesis is stimu-
lated during fasting or in other conditions of limited
carbohydrate availability, mediated by reductions in
the insulin/glucagon ratio (14). In addition, hepatic
ketogenesis is also stimulated by increases in
sympathetic nervous system activity (14). As a
consequence of increased sympathetic tone, cate-
cholamines are released, which, in turn, stimulate
adipocyte lipolysis and the release of non-esterified
fatty acids, which are important metabolic pre-
cursors for ketogenesis (14). Circulating KB concen-
trations are determined by the balance between the
hepatic KB synthesis and their consumption by
extrahepatic organs (14). In healthy subjects, circu-
lating KB concentrations can be as low as 19 mmol/L
TABLE 4 Age- and Sex-Adjusted and Multivariable Associations of Pla

4-Month Follow-Up

Age- and Sex-Adjus

b 95% CI

Admission

Total ketone bodies, 100 mmol/L

b-Hydroxybutyrate, 100 mmol/L

Acetoacetate, 10 mmol/L

Acetone, 10 mmol/L

24 h post-PCI

Total ketone bodies, 100 mmol/L �1.57 �2.97 to �0.16

b-Hydroxybutyrate, 100 mmol/L �2.04 �4.02 to �0.06

Acetoacetate, 10 mmol/L �0.40 �0.82 to 0.02

Acetone, 10 mmol/L

aEach ketone body was modeled separately and adjusted for age, sex, metformin treatmen
(defined as culprit in left anterior descending coronary artery), ischemic time, log NT-proB
coefficient. P values <0.05 in bold.

Abbreviations as in Table 1.
and increase to approximately 120 mmol/L after an
overnight fast (2,15). As our patients were studied
upon admission in the nonfasting state, and KBs are
higher in the fasting state compared with the non-
fasting state, it is obvious that KBs were substantially
increased at time of presentation with acute MI. KB
oxidation in the heart is proportional to the arterial
concentrations, which would suggest that the in-
creases in KB concentrations observed in our study
were paralleled by enhanced myocardial KB oxidation
(4). Increases in circulating KB concentrations
have been shown to be paralleled by enhanced
myocardial ketone oxidation in patients with HF and
arrhythmogenic cardiomyopathy (2,16). However,
evidence supporting a similar ketolytic shift in
sma Ketone Bodies With Left Ventricle Ejection Fraction Measured at

ted Multivariablea

P Value b 95% CI P Value

>0.10

>0.10

>0.10

>0.10

0.029 �1.78 �3.17 to �0.39 0.012

0.043 �2.55 �4.52 to �0.58 0.012

0.06 �0.30 �0.71 to 0.11 0.15

>0.10

t, TIMI flow pre- and post-PCI, myocardial blush grade, anterior myocardial infarction
NP and log HbA1C at baseline and statin use at baseline. b: unstandardized regression



FIGURE 2 Functional Outcomes for Individual Points of KBs
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the myocardium of patients with an acute MI is
lacking.

Our study was the first to demonstrate that KB
concentrations were >3-fold higher in patients who
presented with STEMI. We hypothesize that the large
increase in circulating KBs at admission was a direct
consequence of the stress response to MI, which
resulted in a systemic catecholamine surge and free
fatty acid release, which predominantly occurred
during the first hours after the onset of symptoms
(14,17). After presentation with STEMI, catechol-
amines only gradually decline (18,19), explaining the
persistent elevation of KB concentrations at 24 hours
after admission, although these concentrations were
lower compared with admission. Similar increases in
KB concentrations at presentation were detected in
experimental models of cerebral ischemia (261-
924 mmol/L) (20,21). In addition, Koch et al (20)
demonstrated that administration of propranolol, a
b-receptor antagonist, reduced hepatic ketogenesis
after stroke, which suggested that elevations in
circulating KBs after ischemia were the consequence
of an increased sympathetic drive. Evidence sup-
porting this catecholamine hypothesis in our study
could be sought in the association between KB con-
centrations and Thrombolysis In Myocardial Infarc-
tion grade 0/1 flow. One might speculate that the
ongoing ischemia in these patients is likely to be
accompanied by an increased sympathetic tone, and
consequently, higher ketone bioavailability.
Furthermore, there was a negative trend between b-
blocker use and KBs (Supplemental Table 1). Increases
in KB concentrations were also reported in patients
who underwent elective PCI, which suggested that
factors associated with myocardial injury might also
contribute to KB release (22). In this study, arterial KB
concentrations rose instantly, whereas venous KB
concentrations increased to a lesser extent. This

https://doi.org/10.1016/j.jacc.2021.07.054


FIGURE 3 Functional Outcomes Per Tertiles of KBs
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might also argue against the hypothesis that high KB
concentrations were the result from reduced KB use.

We did not observe any associations between KBs
at admission and outcomes. A possible explanation is
that KB levels at baseline were substantially driven by
the initial adrenergic stress response in all patients
after MI, and this might have masked associations
between KBs at admission and functional outcomes
after STEMI. Therefore, we focused our analyses on
KBs at 24 hours after reperfusion. We observed that
higher circulating KB levels at 24 hours were associ-
ated with increased MI size. However, the association
with LVEFs post-MI was relatively weak. This might
have been due to heterogeneity of LVEFs before MI.
Alternatively, KBs might not have directly affected
LVEFs, but indirectly affected them via infarct size.
Finally, the number of patients with reduced LVEFs
was limited, which might have affected the power of
our analyses. Further studies should include more
patients with larger MI and more severely affected
LVEFs to generate better insights on its relation to
KBs. To the best of our knowledge, we were the first
to investigate and report data on the association be-
tween circulating KBs and functional outcomes after
MI.

Circulating KB levels at 24 hours were positively
associated with HbA1C, b-blocker use on admission,
and enzymatic infarct size. The association with
HbA1C might be expected, because associations be-
tween KBs and type 2 diabetes and insulin resistance



CENTRAL ILLUSTRATION Circulating Ketone Bodies After ST-Segment Elevation Myocardial Infarction

de Koning, M.L.Y. et al. J Am Coll Cardiol. 2021;78(14):1421–1432.

Under physiological circumstances circulating ketone bodies (KBs) are close to zero. During ST-segment elevation myocardial infarction (STEMI), KBs are increased and

still remain high at 24 hours after reperfusion compared with 4-month follow-up. Moreover, higher total KBs and higher b-hydroxybutyrate (OHB) concentrations at

24 hours after reperfusion were independently associated with larger infarct size and lower left ventricular ejection fraction (LVEF), which suggest that ketone

metabolism may play an important role in the response to myocardial ischemia. PPCI ¼ primary percutaneous coronary intervention.
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have been previously established (12). The positive
association between KBs at 24 hours and b-blocker
use at baseline was somewhat surprising but might
reflect patients with a worse cardiometabolic risk
profile or the adverse effects of b-blockers on lipo-
protein metabolism (23,24). However, this remains
speculative, and an association between b-blocker
use at baseline and HbA1c, for example, was not
observed. The higher levels of circulating KBs
observed in patients with larger infarct sizes might be
the result of enhanced ketogenesis, stimulated by
ongoing high catecholamine levels in patients with a
large MI (19,25), or could potentially reflect hemody-
namic effects (26). No associations between KBs
at 24 hours and 4 months and metformin were
observed, in contrast to studies (both humans and
rats) that reported a significant increase in KBs after
metformin therapy (27-29). However, another 2 hu-
man studies observed no significant effect of met-
formin on KBs (30,31). BNPs were linked to increased
lipolysis and higher KBs (32,33). In our study, NT-
proBNP levels were associated with KBs at 4 months
but not at baseline. A possible explanation for the
absence of an association in the acute phase of MI
might be the influence of catecholamines and acute
hemodynamic changes.

This is the first study to demonstrate the correla-
tion between circulating KBs and MI size. Previous
studies showed similar associations with disease
severity and impaired prognosis in HF with reduced
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LVEFs and arrhythmogenic cardiomyopathy
(16,34,35). This might suggest that the upregulation
of ketone metabolism is a universal cardiac response
to stress. Although elevated levels of KBs parallel
disease severity, this observation does not neces-
sarily indicate that increased circulating KBs reflect a
maladaptive response. Experimental studies demon-
strated that mice that lacked KB oxidizing capacity
showed a worsened tolerance to I/R combined with
pressure overload (3). Furthermore, beneficial effects
of exogenous ketone enhancement in experimental
MI models were established. Adherence to a keto-
genic diet, KB supplementation, and the combination
of both before I/R reduced infarct sizes and attenu-
ated left ventricular dysfunction and remodeling
post-MI (9,36-38). In addition, treatment with SGLT-2
inhibitors, which enhance ketone bioavailability, was
associated with smaller infarct sizes and improved
cardiac function in preclinical models as (reviewed by
Andreadou et al [39]). To date, studies on KB sup-
plementation in a clinical setting of I/R are lacking,
but promising data in patients with HF with reduced
EFs and age-matched volunteers suggested increased
cardiac output following KB supplementation, even
in still physiologic ranges of plasma KB concentra-
tions (40). We hypothesize that KB supplementation
may also have a beneficial effect in the STEMI setting
due to its oxygen sparing nature and other pleiotropic
effects (9,26,37), including inhibition of the NLRP3
inflammasome (41,42), improved myocardial blood
flow (43), reduced oxidative stress (7,44), and mito-
chondrial preservation (37). Moreover, the most
prevalent circulating KB, b-OHB, exerts important
signaling functions, regulating the activation of
multiple stress-response pathways, most promi-
nently by histone deacetylase inhibition, which might
also be relevant during I/R (42). However, the
possible mechanisms of infarct size reduction and
the subsequent prevention of HF continue to be the
subject of investigation, and the relative contribution
of the possible underlying mechanisms of actions
remains to be determined. Future studies, especially
those evaluating treatment effects, are warranted.

STUDY STRENGTHS AND LIMITATIONS. The strengths of
our study included the serial measurements of
circulating KBs, combined with meticulous follow-up.
Furthermore, our population consisted of patients
without known diabetes, excluding the effects of
diabetes mellitus on circulating KBs and KB use
(12,45), although a few patients with undiagnosed
type 2 diabetes were included. However, adjustment
for HbA1c did not change the associations between KB
and MI outcomes. In addition to the inherent
limitations of a retrospective analysis of prospec-
tively collected data, the specific limitation of our
study was the fact that we did not measure hepatic
ketone synthesis, plasma non-esterified fatty acids,
or cardiac ketone metabolism, and conclusions
related to these were speculative. Other limitations
were the relatively small myocardial infarct sizes and
the low percentage of patients who developed left
ventricular dysfunction during follow-up. The results
might have been different in a STEMI population at
higher risk. Furthermore, nonfasted blood samples
were taken, and this might have influenced KB con-
centrations, although the effect of short-term (over-
night) fasting on KBs was limited (46).

CONCLUSIONS

Circulating KB are elevated in patients presenting
with STEMI. Higher KBs after 24 hours are associated
with functional outcomes after STEMI, suggesting
that increased ketone metabolism may play a role in
the response to myocardial ischemia.
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