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Background: Acetoacetate is used as an alternative energy source in the heart, and has the potential to
improve cardiac function. However, the prognostic impact of acetoacetate has not been investigated in
heart failure.
Methods: This study enrolled consecutive 615 hospitalized patients with heart failure. We investigated
the associations between circulating acetoacetate and clinical characteristics or prognosis in HF patients.
Results: We divided the patients into two groups based on circulating acetoacetate levels (high group:
acetoacetate �35 mmoL/L, n = 313; and low group: acetoacetate <35 mmoL/L, n = 302). The high group
had an older age (68 vs. 65 years, P = 0.003) and higher log brain natriuretic peptide levels (2.43 vs.
2.23, P < 0.001) compared with the low group. In contrast, there were no significant differences in the
prevalence of co-morbidities, including diabetes mellitus, chronic kidney disease, and anemia, between
the two groups. During the median follow-up period of 328 days, 66 all-cause deaths occurred. The high
group had a worse prognosis compared with the low group (Log rank, P = 0.041). In the Cox proportional
hazard analysis, circulating acetoacetate levels (per 10 mmoL/L increase) were associated with all-cause
mortality (hazard ratio 1.020, 95% confidence interval 1.010–1.030, P < 0.001).
Conclusions: Circulating acetoacetate is associated with all-cause mortality in patients with heart failure.
These results provide new insights into the role of alternative cardiac metabolism in heart failure
patients, and raise the possibility of acetoacetate as a novel biomarker to predict the prognosis of heart
failure patients.

� 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

A progressive disorder that is associated with frequent mortal-
ity, heart failure is a major health problem worldwide.
Community-based studies have revealed that 12–13% of their
study populations had stage C heart failure, with the number of
heart failure cases increasing correspondingly according to
increasing ages [1–3].

The myocardium mainly uses carbohydrates and fatty acids as
an energy source, with fatty acids accounting for 70% of ATP [4].
Heart failure is known to be a multi-organ syndrome with systemic
and myocardial metabolic failure. Metabolic impairment of the
failing heart is not a problem of only the heart, but also the skeletal
muscles and other organs [5]. Ketone bodies produce small
amounts of ATP in the normal heart, and become a significant
alternative fuel in the failing heart [6–8]. A previous study has
reported circulating ketone bodies to be increased in heart failure
patients, which suggests increased production of ketone bodies
in the liver [9]. The components of ketone bodies are acetoacetate,
3-hydroxybutyrate, and acetone. Acetoacetate is one of the main
ketone bodies, produced by the liver, and is used particularly in
the skeletal muscle, brain, and heart.

Acetoacetate is an energy source that has biological effects in
various organs, and produces reactive oxygen species, stimulates
insulin secretion, and increases lipid peroxidation, while 3-
hydroxybutyrate does not [10–12]. Muscle regeneration is acceler-
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ated by acetoacetate through activation of the MEK1-ERK1/2 path-
way [13]. Acetoacetate protects neuronal cells from oxidative
stress [14]. In the myocardium, acetoacetate has beneficial effects
that increase myocardial contractile function by antioxidant mech-
anisms [15,16].

It has recently been reported that sodium-glucose
cotransporter-2 inhibitors (SGLT2 inhibitors) increase circulating
ketone bodies and decrease cardiovascular events in patients with
diabetes mellitus [17,18]. One of the possible mechanisms for this
favorable outcome is that ketone bodies could be an important fuel
for the failing heart [7,8,19]. However, the prognostic impact of cir-
culating ketone bodies has not yet been investigated in heart fail-
ure patients. We investigated the significance of acetoacetate, a
multi-functional ketone body component, and its relationship to
prognosis in heart failure patients.
2. Methods

2.1. Study population

This study prospectively enrolled 638 heart failure patients who
had been admitted to Fukushima Medical University Hospital
between May 2016 and December 2018. Twenty-three patients
who took SGLT-2 inhibitors were excluded because the said inhibi-
tors possibly affect circulating acetoacetate levels. No patient had
diabetic ketoacidosis. Finally, 615 patients were enrolled in this
study. Heart failure was diagnosed by well-trained cardiologists
using the American College of Cardiology Foundation and Ameri-
can Heart Association Guidelines [20]. We investigated the
patients’ characteristics, including age, sex, New York Heart Asso-
ciation (NYHA) classification, etiology of heart failure, commodi-
ties, history of cancer, medications, echocardiographic
parameters, and laboratory data at admission. The patients were
followed up until the date of last-follow-up or for all-cause death.
We also analyzed the causes of death, and cardiac death was clas-
sified by independent experienced cardiologists as death from
worsened heart failure, ventricular fibrillation or ventricular tachy-
cardia documented by electrocardiogram or implantable devices,
acute coronary syndrome, or sudden death. Survival time was cal-
culated from the sampling date of acetoacetate until the date of
last-follow-up or death. We were able to follow-up on all patients.
Written informed consent was obtained from all study subjects.
The study protocol was approved by the Ethics Committee of
Fukushima medical University (Ethical Board Approval number,
823), and was carried out in accordance with the principles out-
lined in the Declaration of Helsinki.

2.2. Measurement of circulating acetoacetate levels

Venous blood samples were collected for the measurement of
acetoacetate levels at the time of admission, regardless of timing
of feeding. The venous blood samples were immediately cen-
trifuged at 2400 g for 10 min at 4 �C to obtain serum samples
and kept frozen at �20 �C until assayed. Circulating levels of serum
acetoacetate were measured by an enzymatic cycling method. The
measurements were performed by BML Inc. (Tokyo, Japan), who
were blind to the patients’ information.

2.3. Echocardiography

Echocardiography was performed by experienced echocardiog-
raphers. Two-dimensional echocardiographic images were
obtained from the parasternal long and short axes, apical long axis,
and apical 4-chamber views. The following echocardiographic
parameters were investigated: left ventricular end-diastolic
diameter; left ventricular end-systolic diameter; and left ventricu-
lar ejection fraction. The left ventricular ejection fraction was cal-
culated using Simpson’s method in a four-chamber view.
2.4. Statistical analysis

Data were analyzed using the Statistical Package for Social
Sciences version 26 software (SPSS Inc., Chicago, IL, USA). Continu-
ous data are expressed as mean ± SD, and skewed data are pre-
sented as median and interquartile range. Categorical variables
are expressed as numbers and percentages. The statistical signifi-
cance of differences was analyzed using Student’s t-test for para-
metric continuous variables, and the Mann-Whitney U test for
nonparametric continuous variables. Categorical variables were
compared using the Chi-square test or Fisher’s exact test. The
Kaplan-Meier analysis was used for the all-cause mortality, and
the log rank test was used for comparisons. To assess the potential
heterogeneity of associations between circulating acetoacetate
levels, and all-cause mortality, we conducted subgroup analysis.
Interactions between circulating acetoacetate levels and clinically
important variables for heart failure patients (age, sex, NYHA clas-
sification, ischemic etiology, hypertension, diabetes mellitus, dys-
lipidemia, atrial fibrillation, chronic kidney disease, anemia, and
B-type natriuretic peptide) were estimated using a univariate Cox
proportional hazard model. Multivariable Cox proportional analy-
sis was performed for all-cause death. To prepare for potential con-
founding, we considered the following clinical factors, which are
generally known in heart failure patients: age, sex, NYHA classifi-
cation, ischemic etiology, hypertension, diabetes mellitus, dyslipi-
demia, atrial fibrillation, chronic kidney disease, and anemia.
Parameters with a P value of <0.05 by univariable analysis were
entered in the multivariable analysis. A p value of <0.05 was con-
sidered statistically significant for all comparisons.
3. Results

The mean age of the study subjects was 66.5 years, and 60.6%
were male. Circulating acetoacetate levels were ranged from 1 to
1690 mmoL/L (median, 35 mmoL/L). We divided all study subjects
into two groups on the basis of the median circulating acetoacetate
level: the low acetoacetate group (n = 302; <35 mmoL/L), and the
high acetoacetate group (n = 313; �35 mmoL/L). The comparisons
of baseline clinical characteristics are shown in Table 1. The high
acetoacetate group was older (P = 0.003), and had a higher NYHA
classification (P < 0.001), prevalence of hypertension (P = 0.007),
and levels of log B-type natriuretic peptide (P < 0.001), compared
to the low acetoacetate group. There were no significant differ-
ences regarding prevalence of diabetes mellitus, cancer, and
receiving anti-diabetic drugs, and levels of hemoglobin A1c
between the two groups.

During the median follow-up period of 328 days (ranges 1 to
1004 days), 66 all-cause deaths (40 cardiac deaths, 25 non-
cardiac deaths, and one unknown cause) occurred. Of those cardiac
deaths, 22 were from heart failure, five each were from myocardial
infarction and lethal arrhythmia, four were from sudden death,
two were from multiple organ failure related to the heart, and
one each was from cardiac sarcoma, and cardiac death (the detail
was unknown). Of those non-cardiac deaths, seven were from
infection, six were from cancer, three were from bleeding, two each
were from respiratory failure, kidney failure, and natural death,
and one was from multiple organ failure unrelated to the heart
and mesenteric artery thrombosis. One death was due to an
unknown cause. The high acetoacetate group had a worse progno-
sis compared with the low acetoacetate group (log rank, P = 0.041,
Fig. 1).



Table 1
Baseline characteristics.

Low acetoacetate group
(Acetoacetate <35 mmoL/L n = 302)

High acetoacetate group
(Acetoacetate �35 mmoL/L n = 313)

P value

Acetoacetate, mmoL/L* 19 (14–25) 84 (52–171) <0.001
Age, years 65 ± 14 68 ± 15 0.003
Male, n (%) 185 (61) 189 (60) 0.824
BMI, kg/m2 23 ± 4 24 ± 5 0.615
NYHA classification I/II/III/IV 67/144/48/43 41/110/81/81 <0.001

Etiology of heart failure
Ischemic, n (%) 66 (22) 81 (26) 0.242
Cardiomyopathy, n (%) 79 (26) 67 (21) 0.166
Valvular, n (%) 57 (19) 61 (20) 0.847
Others, n (%) 100 (33) 104 (33) 0.976

Co-morbidities
Hypertension, n (%) 178 (59) 217 (69) 0.007
Diabetes Mellitus, n (%) 116 (38) 140 (45) 0.112
Dyslipidemia, n (%) 193 (64) 199 (64) 0.932
Atrial fibrillation, n (%) 126 (42) 123 (39) 0.540
Chronic kidney disease 152 (50) 172 (55) 0.251
Anemia, n (%) 15 (5) 18 (6) 0.666
Cancer, n (%) 56 (19) 66 (21) 0.429

Medications
RAS-I, n (%) 205 (68) 216 (69) 0.763
Beta-blocker, n (%) 212 (70) 228 (73) 0.524
Diuretics, n (%) 208 (69) 236 (75) 0.071
Inotropic agent, n (%) 34 (11) 33 (11) 0.776
Anti-diabetic drugs, n (%) 68 (23) 78 (25) 0.484
Insulin, n (%) 18 (6) 13 (4) 0.306
DPP-4, n (%) 53 (18) 62 (20) 0.473
BG, n (%) 8 (3) 18 (6) 0.056
SGLT2-inhibitor, n (%) 0 0 –

Echocardiography
LVDd, mm 49 ± 11 49 ± 11 0.635
LVDs, mm 36 ± 13 36 ± 13 0.797
LVEF, % 52 ± 16 50 ± 16 0.176

Laboratory data
Log BNP 2.23 ± 0.6 2.43 ± 0.6 <0.001
Hb, g/dL 12.9 ± 2.0 12.6 ± 2.4 0.172
eGFR, mL/min/1.73 cm2 58 ± 25 55 ± 22 0.250
AST, IU/L* 24 (19–34) 26 (19–41) 0.114
ALT, IU/L* 20 (14–30) 21 (13–37) 0.183
BS, mg/dL 124 ± 49 129 ± 57 0.171
HbA1c, % 6.0 ± 0.8 6.1 ± 0.9 0.898

Data are shown as number (%), mean ± SD, or *median (IQR).
NYHA, New York Heart association; BMI, body mass index; RAS, renin-angiotensin system; DPP, dipeptidyl peptidase; BG, biguanide; LVDd, left ventricular end-diastolic
diameter; LVDs, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; BNP, B-type natriuretic peptide; Hb, hemoglobin; eGFR, estimated glomerular
filtration rate; AST, aspartate aminotransferase; ALT, alanine aminotransferase; BS, Blood Sugar; HbA1c, hemoglobin A1c; IQR, interquartile range.

Fig. 1. Survival curve for all-cause death. The high acetoacetate group had a worse
prognosis compared with the low acetoacetate group.
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In the univariate Cox proportional hazard analysis, circulating
acetoacetate level (per 10 mmoL/L increase) was associated with
all-cause mortality (hazard ratio 1.020, 95% confidence interval
1.010–1.030, P < 0.001) as shown in Table 2. To assess the potential
heterogeneity of circulating acetoacetate’s impact on all-cause
mortality, we conducted subgroup analyses and examined interac-
tion terms (Table 2). There were interactions between the prognos-
tic impact of circulating acetoacetate levels and sex, NYHA
classification, diabetes mellitus, and B-type natriuretic peptide. In
contrast, there were no interactions between the prognostic
impacts of circulating acetoacetate levels and age, ischemic etiol-
ogy, hypertension, dyslipidemia, atrial fibrillation, chronic kidney
disease, or anemia. In the multivariable Cox proportional hazard
analysis, circulating acetoacetate level (per 10 mmoL/L increase)
was associated with all-cause mortality (hazard ratio 1.010, 95%
confidence interval 1.000–1.020, P = 0.019) as shown in Table 3.

In addition, we analyzed the effect of diabetes mellitus on ace-
toacetate levels. In patients with diabetes mellitus (n = 256) and
without diabetes mellitus (n = 359), acetoacetate levels were ran-
ged from 1 to 1575 mmoL/L (median, 39 mmoL/L) and 4 to 1690
mmoL/L (median, 33 mmoL/L), respectively. There was no significant
differences between heart failure patients with and without dia-
betes mellitus (P = 0.140).



Table 2
Subgroup analysis of acetoacetate (per 10 mmoL/L increase) for all-cause death.

Factor Subgroup N HR 95%CI P value InteractionP value

Total 615 1.020 1.010–1.030 <0.001
Age Age 67 years < 245 0.932 0.784–1.104 0.402 0.284

Age 67 years � 370 1.020 1.010–1.020 <0.001
Sex Male 374 1.010 1.001–1.020 0.004 0.005

Female 241 1.051 1.030–1.083 <0.001
NYHA classification I, II 362 1.041 1.041–1.051 <0.001 0.001

III, IV 253 1.010 0.990–1.020 0.335
Ischemic etiology ± 147 1.010 1.001–1.020 0.047 0.110

– 468 1.030 1.010–1.040 <0.001
Hypertension ± 395 1.010 1.001–1.030 0.011 0.094

– 220 1.030 1.010–1.041 <0.001
Diabetes mellitus ± 256 1.010 1.000–1.020 0.057 0.013

– 359 1.041 1.020–1.051 <0.001
Dyslipidemia ± 392 1.020 1.010–1.030 <0.001 0.668

– 223 1.010 0.990–1.041 0.305
Atrial fibrillation ± 249 1.030 1.010–1.051 0.015 0.479

– 336 1.020 1.010–1.030 <0.001
Chronic kidney disease ± 324 1.030 1.020–1.051 <0.001 0.060

– 291 1.010 1.000–1.030 0.026
Anemia ± 293 1.010 1.010–1.020 <0.001 0.590

– 322 1.020 1.000–1.051 0.094
Log BNP Mean 2.3 � 340 1.010 1.001–1.020 0.042 0.007

Mean 2.3 < 275 1.030 1.020–1.041 <0.001

HR, hazard ratio; CI, confidence interval; NYHA, New York Heart Association; BNP, B-type natriuretic peptide.

Table 3
Univariable and multivariable analysis for all-cause death.

Univariable Multivariable

Factor HR 95%CI P value HR 95%CI P value

Acetoacetate (per 10 mmoL/L increase) 1.020 1.010–1.030 <0.001 1.010 1.000–1.020 0.019
Age 1.069 1.045–1.094 <0.001 1.069 1.041–1.097 <0.001
Male 1.874 1.079–3.523 0.026 2.576 1.449–4.579 0.001
NYHA classification 1.315 1.036–1.669 0.025 1.064 0.824–1.374 0.635
Ischemic etiology 1.520 0.905–2.552 0.113 – – –
Hypertension 0.815 0.497–1.335 0.417 – – –
Diabetes mellitus 1.534 0.946–2.489 0.083 – – –
Dyslipidemia 1.031 0.624–1.703 0.904 – – –
Atrial fibrillation 1.628 1.004–2.641 0.048 1.121 0.679–1.849 0.655
Chronic kidney disease 1.986 1.183–3.334 0.009 1.190 0.683–2.073 0.539
Anemia 3.641 2.073–6.393 <0.001 2.415 1.353–4.309 0.003

HR, hazard ratio; CI, confidence interval; NYHA, New York Heart Association.
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4. Discussion

The present study is the first to describe the prognostic impact
of circulating acetoacetate in heart failure patients. High levels of
circulating acetoacetate are associated with older age, higher
NYHA classification, hypertension, high B-type natriuretic peptide
levels, and worse clinical outcome. Measurement of circulating
acetoacetate might enable the evaluation of both systemic and
myocardial metabolic impairment in heart failure.

Few reports described the prognostic impact of ketone bodies.
Arterial ketone body ratio, which reflects hepatic mitochondrial
oxidation-reduction potential, is independently associated with
cardiac death in patients with acute heart failure [21]. Breath ace-
tone level, which reflects blood ketone bodies, has been reported to
be a prognostic factor in heart failure patients with reduced ejec-
tion fraction [22,23]. In patients with hemodialysis, circulating
ketone bodies predict cardiovascular events [24]. As far as we
know, the prognostic impact of circulating acetoacetate has not
yet been revealed. High circulating acetoacetate level was related
to all-cause mortality in heart failure patients in the present study.

We were unable to fully explain the reason why acetoacetate
level did not have prognostic impact in patients with NYHA III or
IV, but did have a prognostic impact in patients with NYHA I or
II. In high NYHA patients, acetoacetate might work as a fuel; on
the other hand, in low NYHA patients, acetoacetate might work
as a signaling molecule associated with reactive oxygen species
[7,25]. In addition, we also found the presence of diabetes mellitus
to be associated with the prognostic impact of acetoacetate in the
current study. Diabetes mellitus is closely associated with ketone
body production [26], and elevated acetoacetate levels in patients
with diabetes mellitus might be caused by elevated insulin resis-
tance and decreased utilization of glucose [27]. However, in
patients without diabetes mellitus, elevated acetoacetate levels
could be caused by heart failure [9]. These different functions of
acetoacetate might be associated with difference in prognostic
impact of acetoacetate in heart failure patients with or without
diabetes mellitus in this study.

Change in systemic and myocardial metabolism is a significant
pathophysiology of heart failure. In heart failure patients, metabo-
lism of ketone body in skeletal muscle changed [28]. Increased
insulin resistance is closely associated with the occurrence of car-
diac dysfunction [29]. In the myocardial metabolism, the failing
heart has energy starvation [30]. Myocardial energy substrates
change and utilization of ketone bodies is increased [7,8]. In the
current study, heart failure patients with high circulating acetoac-
etate might have required more acetoacetate as an alternative



T. Yokokawa et al. / IJC Heart & Vasculature 25 (2019) 100432 5
myocardial energy, compared with those with low circulating ace-
toacetate. The high acetoacetate group had worse heart failure
according to higher NYHA classification, elevated B-type natri-
uretic peptide levels, and poor prognosis, compared with the low
group. These results are compatible with those of previous studies,
which reported levels of ketone bodies to be correlated with heart
failure severity [9,31,32]. In regard to SGLT2 inhibitor, SGLT2 inhi-
bitor increased blood ketone bodies, but on the other hand, SGLT2
inhibitor has been reported to have favorable effect to reduce car-
diac events. The discrepancy of SGLT2 inhibitor with our results,
which elevated circulating acetoacetate was associated with worse
prognosis, might be due to adaptive response to progression of
heart failure as a myocardial fuel.

Various biological functions are known about acetoacetate; it
induces hepatic apoptosis through increased reactive oxygen spe-
cies content [25], and it works as a signaling molecule in mediating
muscle cell function [13]. Increased contractile performance and
beta-adrenergic inotropism in stunned myocardium are demon-
strated by circulating levels of acetoacetate [15]. Inotropes exacer-
bate prognosis in heart failure patients [33]. In the current study,
we found that high acetoacetate was independently correlated
with worse prognosis in heart failure, and that beta-adrenergic
inotropism of acetoacetate, as a signaling molecule, might affect
worse prognosis in heart failure patients.

An increase of blood ketone bodies is mainly due to enhance-
ment of ketone body production in the liver. There were no signif-
icant differences regarding hepatic function in this study
population based on the circulating acetoacetate levels, although
high acetoacetate group had higher NYHA classification and B-
type natriuretic peptide. This result suggested that high levels of
circulating acetoacetate was not associated with hepatic dysfunc-
tion due to worsening heart failure. Precise mechanisms remain
unknown about ketone body production in the liver among heart
failure patients.

The median acetoacetate of this study (35 mmol/L) is within the
reference range of under 55 mmol/L. According to this results, in
hospitalized heart failure patients, 35 mmol/L would be preferable
as a standard value of venous acetoacetate level. Report of circulat-
ing acetoacetate levels in heart failure patients are few. One previ-
ous study has reported that mean arterial circulating acetoacetate
level after overnight fast was about 220 mmol/L in heart failure
patients with reduced ejection fraction (venous circulating ace-
toacetate was not shown) [19]. Reasons of the difference in levels
of circulating acetoacetate between our study and this previous
study were as follows; first, there was difference of the vessels
(vein or artery) of measuring acetoacetate. Second, study popula-
tion was different because our study included various heart failure
etiology such as ischemic heart failure, cardiomyopathy, and
valvular heart disease.

There are several limitations to the present study. First, we
measured acetoacetate levels regardless of timing of feeding. The
acetoacetate levels in this study might have been changed by
meals, which meant that measurements of acetoacetate at any
time was correlated with prognosis in heart failure patients. Sec-
ond, the present study included only variables during hospitaliza-
tion for heart failure, and we did not take into consideration
changes in treatment or medical parameters that include acetoac-
etate levels. Third, since this was a prospective observational
study, the causal relationships between circulating acetoacetate
levels and worse prognosis could not be fully explained. Fourth,
the follow-up period of this study was a short period (median
follow-up period of 328 days) to establish the role of circulating
acetoacetate levels. Finally, the current study was a single-center
study. Thus, our results should be considered preliminary, and a
large multi-center study is necessary to establish the evidence of
circulating acetoacetate in heart failure patients.
5. Conclusion

High acetoacetate level was associated with high all-cause mor-
tality in patients with heart failure. These results provide new
insights into the role of alternative cardiac metabolism in heart
failure patients, and raise the possibility of acetoacetate as a novel
biomarker to predict the prognosis of heart failure patients.
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