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ORIGINAL RESEARCH

Elevated Plasma Levels of Ketone Bodies
Are Associated With All-Cause Mortality
and Incidence of Heart Failure in Older
Adults: The CHS

, MD, MMSc; Margery A. Connelly, PhD, MBA, Calvin Hirsch
, MD; Scott Minchenberg, MD, PhD; Maria Camila Perez-Matos
, MD, PhD; Kenneth J. Mukamal 2, MD, MPH

Sebastian Niezen , MD;
Maria E. Benitez

Zhenghui Gordon Jiang

, MD; Jorge R. Kizer
, MD;

BACKGROUND: Chronic disease, such as heart failure, influences cellular metabolism and shapes circulating metabolites. The
relationships between key energy metabolites and chronic diseases in aging are not well understood. This study aims to de-
termine the relationship between main components of energy metabolism with all-cause mortality and incident heart failure.

METHODS AND RESULTS: We analyzed the association between plasma metabolite levels with all-cause mortality and incident
heart failure among US older adults in the CHS (Cardiovascular Health Study). We followed 1758 participants without heart
failure at baseline with hazard ratios (HRs) of analyte levels and metabolic profiles characterized by high levels of ketone bod-
ies for all-cause mortality and incident heart failure. Multivariable Cox analyses revealed a dose-response relationship of 50%
increase in all-cause mortality between lowest and highest quintiles of ketone body concentrations (HR, 1.5 [95% CI, 1.0-
1.9]; P=0.007). Ketone body levels remained associated with incident heart failure after adjusting for cardiovascular disease
confounders (HR, 1.2 [95% ClI, 1.0-1.3]; P=0.02). Using K-means cluster analysis, we identified a cluster with higher levels of
ketone bodies, citrate, interleukin-6, and B-type natriuretic peptide but lower levels of pyruvate, body mass index, and esti-
mated glomerular filtration rate. The cluster with elevated ketone body levels was associated with higher all-cause mortality
(HR, 1.7 [95% Cl, 1.1-2.7]; P=0.01).

CONCLUSIONS: Higher concentrations of ketone bodies predict incident heart failure and all-cause mortality in an older US
population, independent of metabolic and cardiovascular confounders. This association suggests a potentially important
relationship between ketone body metabolism and aging.

Key Words: aging m heart failure m ketone bodies ®m metabolism ® mortality

sources for mammalian cells under normal con-
ditions. The metabolism of these fuel sources
converges on the tricarboxylic acid cycle in the mito-
chondria. Cells regulate the metabolic pathways in re-
sponse to substrate availability and metabolic needs,
which are also under neural and hormonal regulation.

Carbohydrates and fatty acids are 2 main fuel

Ketone bodies, pyruvate, and citrate are pivotal prod-
ucts of these metabolic pathways. Ketone bodies are
primarily produced by liver mitochondria when the pro-
duction of acetyl-coenzyme A (CoA), derived from fatty
acid p-oxidation, exceeds its transformation to citrate.’
Pyruvate, an alternative source for acetyl-CoA, is pro-
duced from glycolysis in most cells.?
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CLINICAL PERSPECTIVE
What Is New?

In this prospective cohort study of older US par-
ticipants without heart failure at baseline, higher
concentrations of plasma ketone body levels,
measured by nuclear magnetic resonance
spectroscopy, are associated with all-cause
mortality and incident heart failure.

e Under K-means clustering analysis, a cluster
with elevated concentrations of plasma ketone
bodies, characterized by higher interleukin-6
and B-type natriuretic peptide levels, but lower
estimated glomerular filtration rate, body mass
index, and pyruvate levels, was uniquely associ-
ated with all-cause mortality.

What Are the Clinical Implications?

e The relationship between aging and ketone
body metabolism has not yet been established.

e These findings suggest that ketone body me-
tabolism predicts all-cause mortality and inci-
dence of heart failure among older US adults.

e Participants with higher levels of plasma ketone
bodies have a unique clinical profile and associ-
ation with all-cause mortality that can represent
a key relationship to study further among older
adults.

Nonstandard Abbreviations and Acronyms

CHS Cardiovascular Health Study

CoA coenzyme A

HFpEF heart failure with preserved ejection
fraction

HFrEF heart failure with reduced ejection
fraction

NMR nuclear magnetic resonance

Multiple studies have sought to use these metabo-
lites as biomarkers for onset and progression of chronic
diseases involving highly metabolically active organs.3#
Among these diseases, heart failure has been the
most studied. Growing evidence has suggested exten-
sive cardiac remodeling and altered metabolism that
precede progressive pathologic adaptations in heart
failure.>" In animal models, a prominent shift from
fatty acid oxidation to glucose metabolism has been
identified as a maladaptive mechanism that contrib-
utes to heart failure progression.'” Experimental and
cross-sectional studies demonstrated a shift in energy
metabolism from @-oxidation in the resting state to an
adaptive increase in myocardial ketone oxidation in the
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failing heart with concomitant upregulation of ketogen-
esis.’®" Furthermore, proteomic studies have demon-
strated a parallel progressive derangement in fatty acid
metabolism with downregulation of proteins and en-
zymes in fatty acid transport and use.'® The metabolic
dysfunctions in aging and heart failure may alter fatty
acid and glucose-derived metabolites. The ability to
capture and understand these changes may improve
disease diagnosis and risk prognostication.'®'®

How mitochondrial energy metabolism interacts
with aging and chronic diseases remains elusive. On
the one hand, aging and chronic diseases impact mi-
tochondrial metabolism. On the other hand, altered
mitochondrial metabolism could cause end organ
disease. Herein, we investigated the relationships be-
tween circulating ketone bodies, pyruvate, and citrate,
3 by-products of energy metabolism, and all-cause
mortality and incident heart failure among older adults
without index heart failure in the CHS (Cardiovascular
Health Study).

METHODS

Study Population

CHS is a prospective observational cohort study
among adults aged =>65years.”®?° CHS recruited
Medicare-eligible noninstitutionalized individuals in
4 representative US communities.”® The first 5201
eligible participants were recruited in 1989 to 1990,
comprising 57% women and 95% White individuals.
An additional 687 Black participants were recruited in
1992 to 1993. The study design, rationale, methods
of measurement, and assessment quality have been
described previously.'®?! The institutional review com-
mittee of each participating center approved the study,
and all participants provided informed written consent.
All participants answered standardized questionnaires
assessing medical history at enrollment and under-
went an extensive clinical and laboratory examina-
tion. Baseline fasting EDTA-plasma samples from a
subset of participants (h=1850) were used for nuclear
magnetic resonance (NMR) spectroscopic analysis.??
Sampling weights were calculated for each subcohort
participant to allow the estimation of associations that
represent the entire cohort. Participants free from clini-
cal cardiovascular disease at baseline were selected
for the study, including 1622 White and 228 Black
participants.??

Measurement of Metabolites

A total 1850 archived baseline EDTA plasma samples
from the CHS were analyzed by NMR spectroscopy at
LipoScience (now Laboratory Corporation of America
Holdings) in 2000. The NMR spectra were subse-
quently reanalyzed using newly validated algorithms
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to calculate concentrations for total ketone bodies (8-
hydroxybutyrate, acetoacetate, and acetone), pyruvate,
and citrate in umol/L, as described previuosly.??24-26
Each metabolite level was either log transformed or
categorized using quintiles for final analyses.

Mortality and Cardiovascular Outcomes
All-cause mortality and incident congestive heart fail-
ure are the primary outcomes. All cases of heart failure
and death were adjudicated by the CHS Adjudication
Committee.?"?” Heart failure with reduced ejec-
tion fraction (HFrEF) was defined by ejection fraction
<45%, and heart failure with preserved ejection frac-
tion (HFpEF) was defined by ejection fraction >45%.
Participants were followed up every 6months, with
confirmation of death by reviews of obituaries, health re-
cords, death certificates, and the Healthcare Financing
Administration health care use database. Follow-up
was completed in 100% of participants through inter-
views of contacts and proxies if the participants were
unavailable for appropriate documentation of event.?®

Covariates

We selected covariates based on their possible links
with both energy metabolism and outcome (mortality
and heart failure). Baseline variables used for statistical
analyses included age, sex, site of recruitment, race
(White, Black, or other), education level, body mass
index (BMI), smoking status, alcohol consumption
(number of drinks per week), and diagnosis of diabe-
tes or hypertension. Medication use for hypertension,
hyperlipidemia, and estrogen replacement was also
included. We included baseline levels of fasting triglyc-
erides, cholesterol, insulin, and glucose, and estimated
glomerular filtration rate calculated from cystatin C.
Fasting status was dichotomized using 8hours as cut-
off, and physical activity was determined on the basis
of total kilocalories consumed daily. We also extracted
dietary constituents from the 1989 to 1990 question-
naire, including daily consumption in grams of carbo-
hydrates, protein, saturated fat, oleic acid, and linoleic
acid. In clustering analyses, we also included addi-
tional NMR-derived biomarkers, including lipoprotein
subclass concentration and sizes, and glycoprotein
acetylation, a marker for inflammation.?6-2°

Statistical Analysis

We first analyzed the interrelationships of ketone body,
pyruvate, and citrate levels using Pearson correlation
coefficients. We used K-means cluster analysis to iden-
tify the phenotypes associated with total ketone body,
pyruvate, and citrate profiles. Covariates included
NMR-derived lipoprotein parameters (very low-density
lipoprotein, low-density lipoprotein, and high-density
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lipoprotein particle concentrations and sizes), an NMR-
derived marker of inflammation (glycoprotein acetyla-
tion), as well as BMI, estimated glomerular filtration
rate, and laboratory measurements reflecting meta-
bolic and inflammatory phenotypes (insulin, glucose,
B-type natriuretic peptide, CRP [C-reactive protein],
interleukin-6, and fibrinogen). To facilitate comparison
across different variables, all variables were converted
to their Z-score, calculated as the difference between
the value and the mean divided by the SD. After testing
with serial increments of cluster numbers, we selected
4 cluster models for further analysis. Characteristics of
the study population were described as prevalence es-
timates for categorical variables and weighted means
for continuous variables. P values were calculated by
using the linear trend estimation method.

Cox proportional hazard models were used to cal-
culate hazard ratios (HRs) for all-cause mortality and
incident adjudicated heart failure in relation to log-
transformed continuous levels, quintiles of ketone
bodies, pyruvate, and citrate, or clusters. We verified
Cox proportional hazard assumptions were met be-
fore modeling. Survival time was coded as years from
baseline to death or adjudicated heart failure. We cen-
sored the analysis to 20years to ensure proportional
hazard assumptions were satisfied in baseline models
for the 3 main metabolites in the analysis. Model 1 in-
cluded age in its continuous and quadratic form, sex,
race, and clinic site. Model 2 adjusted for the follow-
ing anthropometric measurements and questionnaire
data: BMI, BMI?, education level, smoking status, al-
cohol consumption pattern per week, kilocalories in
daily physical activities, and fasting status. Model 3
further adjusted for comorbidities and laboratory val-
ues, including diagnosis of diabetes or hypertension,
triglyceride and cholesterol levels, and medication use
for hypertension, hyperlipidemia, and postmenopausal
estrogen therapy. As a sensitivity analysis, we first ad-
justed model 3 for reported dietary consumption of
carbohydrates, protein, oleic acid, linoleic acid, and
saturated fat. Second, we compared the HR of both
log-transformed and quintiles of ketone bodies as pre-
dictors of all-cause mortality and incident heart failure
using the Lunn-McNeil competing risk models.3°:3!

We next constructed Cox proportional hazard re-
gression models to estimate the HRs of death and in-
cident heart failure for K-means clusters using cluster
1 (healthy) as a reference. Further analyses examined
the HRs for specific causes of death, including car-
diovascular (coronary heart disease, stroke, or other
atherosclerotic disease), cancer, dementia, infection
(pneumonia, sepsis, or other infection), respiratory,
trauma (including fractures), and other causes (liver
disease, gastrointestinal disease, renal failure, amy-
otrophic lateral sclerosis, Parkinson disease, bladder
disease, metabolic conditions, amyloid, failure to thrive,
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myelodysplastic syndrome, and other musculoskeletal
diseases).

All analyses were conducted in Stata version
16.1 (Stata Corp LLC, College Station, TX) and R (R
Foundation, Vienna, Austria), with the sampling weights
for NMR measurements to reconstitute the estimate
corresponding to the entire CHS cohort. The data that
support the findings of this study are available from the
corresponding author on reasonable request.

RESULTS

Ofthe 1850 participants, 1758 had complete metabolite
measurements by NMR spectroscopy. Of the partici-
pants, 59.3% were women, and 16.6% were Black in-
dividuals. The mean age of the participants at baseline
was 72.7 years. Mean (SD) levels of total ketone bod-
ies, pyruvate, and citrate were 204.1 (176.4), 55.4 (32.1),
and 150.1 (31.5) umol/L, respectively. The distribution
of comorbidities, anthropometric measurements, and
main laboratory values within each quintile of ketone
body levels is shown in Table 1. The 92 participants
excluded on the basis of incomplete metabolite meas-
urements did not demonstrate statistically significant
differences in baseline demographics from the final co-
hort. Participants in higher ketone body quintiles were
more likely to be older, have metabolic comorbidities
(diabetes, hypertension, or hyperlipidemia), have higher
weekly alcohol consumption, and have higher levels of
B-type natriuretic peptide and citrate. On the contrary,
the level of ketone bodies had an inverse relationship
with triglyceride and pyruvate levels.

Ketone Body and Pyruvate Levels Capture
Distinct Metabolic Phenotypes

A cross-sectional analysis revealed that total ke-
tone body was correlated positively with citrate levels
(R=0.32; P<0.001) and inversely with pyruvate lev-
els (R=-0.12; P<0.001; Figure S1). To understand the
relationship among these 3 metabolites in the con-
text of various metabolic phenotypes, we performed
hypothesis-free clustering analysis by including a va-
riety of metabolic, inflammatory, and chronic disease
biomarkers. Using a stepwise approach, a 4-cluster
solution was found that best represented the phe-
notypes seen in the observed population: healthy
(n=3859), high ketone bodies (n=65), chronic inflam-
mation (n=287), and metabolic syndrome (n=250;
Figure 1). Cluster A (healthy) was characterized by a
healthy lipid profile, normal glucose metabolism, lower
BMI, low levels of inflammatory biomarkers, and nor-
mal cardiorenal function (Table S1). This cluster was
also associated with lower mean total ketone body,
pyruvate, and citric acid levels. Cluster B (high ketone
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bodies) had the fewest number of participants. These
individuals had high ketone body and citrate concen-
trations, but low pyruvate levels, with Z-scores of 2.5
(1.3), 1.0 (1.0), and =0.7 (=0.7), respectively. This cluster
also exhibited distinctly higher levels of B-type natri-
uretic peptide and interleukin-6; and lower estimated
glomerular filtration rate and BMI. Cluster C (chronic
inflammation) was characterized by a combination of
hypercholesterolemia markers and more consistent el-
evation of inflammatory markers, including fibrinogen,
interleukin-6, and glycoprotein acetylation. Cluster D
(metabolic syndrome) was led mostly by metabolic
syndrome markers, including higher levels of very low-
density lipoprotein, triglyceride, and pyruvate, with
lower levels of ketone bodies.

Ketone Body Levels Predict All-Cause
Mortality

We examined how ketone body, pyruvate, and citrate
levels were associated with mortality in CHS. Quintiles
with higher ketone bodies and citrate were associated
with higher all-cause mortality, as shown by Kaplan-
Meier plots censored at 20years (Figure 2). In com-
parison, no apparent relationship was noted between
pyruvate levels and mortality.

Multivariate Cox analysis was used to estimate the
HR for metabolites that met the proportional hazard as-
sumption (ketone bodies and citrate). Log-transformed
ketone body and citrate levels were independently as-
sociated with an increased likelihood of death in the
fully adjusted models. The risk of all-cause mortality
increase incrementally across ketone body quintiles,
with a 50% increase between the fifth and first quintiles
after adjusting for demographics (Table 2). The associ-
ation with mortality was maintained after adjusting for
cardiac and metabolic risk factors. All 3 individual ke-
tone body constituents (3-hydroxybutyrate, acetoace-
tate, and acetone) demonstrated similar relationships
with all-cause mortality (Table S2). When testing the
predictive value of all 3 metabolic biomarkers under 1
model, only total ketone bodies maintained a statis-
tically significant association with all-cause mortality
after adjusting for confounders.

We next compared all-cause mortality among the
4 clusters of metabolic phenotypes in CHS (Figure S2
and Table S3). Cluster B (high ketone bodies) was
associated with a significantly higher all-cause mor-
tality compared with clusters A, C, and D. In a Cox
proportional hazard model, cluster B had a 2.0-fold in-
crease in the HR of death (95% ClI, 1.3-3.1; P=0.003)
when adjusting for metabolic components and dietary
components.

A total of 835 participants had an adjudicated cause
of death (Table S4). Cox proportional hazard regression
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Table 1. Participant Characteristics, According to Quintiles of Ketone Bodies
Ketone body quintiles*
Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Characteristic (N=352) (N=352) (N=351) (N=352) (N=351) P valuet
Age, y 71.0 (4.5) 71.5 (4.6) 72.9 (5.3) 72.8 (5.6) 74.3 (6.4) <0.001
Sex 0.5

Women 214 (60.8) 211 (59.9) 200 (57.0) 217 (61.6) 201 (57.3)

Men 138 (39.2) 141 (40.1) 151 (43.0) 135 (38.4) 150 (42.7)
Race <0.001

White 314 (89.2) 290 (82.4) 297 (84.6) 201 (82.7) 267 (76.1)

Black 37 (10.5) 61 (17.3) 53 (15.1) 58 (16.5) 82 (23.4)

Other 1(0.3) 1(0.3) 1(0.3) 3(0.9) 2(0.6)
Education level 0.1

No school 0(0) 0(0) 2(1) 0(0) 0(0)

High school or less 185 (53) 194 (55) 188 (54) 213 (61) 195 (56)

College 125 (36) 118 (34) 117 (34) 111 (32) 119 (34)

Graduate or professional 41 (12) 40 (11) 42 (12) 28 (8) 34 (10)
Smoking status 0.6

Never smoked 180 (51.1) 150 (42.6) 171 (48.7) 174 (49.4) 168 (47.9)

Former smoker 127 (36.1) 161 (45.7) 127 (36.2) 141 (40.1) 150 (42.7)

Current smoker 45 (12.8) 41 (11.6) 53 (15.1) 37 (10.5) 33(9.4)
Alcohol consumption, no. of drinks/wk 1.9 (4.6) 2.5(5.6) 2.2 (5.6) 2.6 (6.2 3.4 (8.2 0.4
Body mass index, kg/m? 255 (3.9) 26.3 (4.1) 26.8 (4.6) 27.3(5.0) 26.0 (4.8) 0.06
eGFR, mL/min per 1.73m? 81.8 (19.3) 79.7 (18.6) 79.3 (18.3) 79.2 (21.5) 77.8 (18.7) 0.2
Hypertension 120 (34.1) 150 (42.6) 142 (40.5) 147 (41.9) 171 (48.7) 0.001
Hyperlipidemia 225 (63.9) 260 (73.9) 268 (76.4) 247 (70.2) 225 (64.1) 0.6
Diabetes 29 (8.4) 45 (12.8) 54 (15.5) 64 (18.4) 65 (18.5) <0.001
Hypertension medication 113 (32.5) 147 (41.8) 145 (41.4) 142 (40.5) 152 (43.4) 0.01
Lipid-lowering agents 17 (4.9) 15 (4.3) 26 (7.4) 12 (3.4) 11 (3.1) 0.2
Estrogen replacement 28 (8.0) 25 (71) 21 (6.0) 38 (10.8) 26 (7.4) 0.5
Triglycerides, mg/dL 132 (58) 141 (64) 1563 (75) 133 (61) 116 (65) <0.001
Cholesterol, mg/dL 202 (46) 208 (34) 218 (33) 198 (30) 211 (46) 0.4
Fasting glucose, mg/dL 101 (21) 106 (34) 110 (31) 111 (34) 118 (59) <0.001
Fasting insulin, uU/mL 15.0 (10.9) 16.8 (25.2) 18.2 (27.2) 16.3 (13.6) 18.1 (37.0) 0.1
NT-proBNP, pg/dL 148 (227) 174 (243) 169 (232) 230 (421) 261 (470) <0.001
Ketone bodies, umol/L 77.2 (14.8) 113.7 (9.4) 151.3 (12.9) 2171 (26.1) 461.7 (247.2) <0.001
Pyruvate, pmol/L 59.5 (28.9) 60.4 (31.0) 60.8 (35.1) 53.6 (31.5) 42.6 (30.7) <0.001
Citrate, umol/L 140.8 (27.9) 141.0 (27.2) 147.8 (33.2) 153.1 (27.8) 167.8 (32.9) <0.001
Deaths 294 (83.5) 310 (88.1) 309 (88.0) 316 (89.5) 319 (90.9) 0.003
Incident CHF 119 (33.8) 123 (34.9) 130 (37.0) 133 (38.0) 132 (37.6) 0.1

Data are presented mean (SD) for continuous variables and number (percentage) of participants for categorical variables. CHF indicates congestive heart

failure; eGFR, estimated glomerular filtration rate; and NT-proBNP, N-terminal pro-B-type natriuretic peptide.
*Participants with complete nuclear magnetic resonance spectroscopy were subdivided on the basis of quintiles of ketone body levels.

P value calculated by linear trend methods.

models were constructed for common causes of death
(Table S5). Under model 2, participants in the high ketone
bodies cluster had >2-fold increase in the risk of dying
from cardiovascular causes (HR, 2.1 [95% CI, 1.1-4.2];
P=0.03). No significant associations between any of the
clusters with the other causes of death were observed.

J Am Heart Assoc. 2023;12:€029960. DOI: 10.1161/JAHA.123.029960

Ketone Body Levels Predict Incidence of

Heart Failure

Given the link between levels of ketone bodies and
mortality from cardiovascular diseases, we examined
how ketone body levels predict incidence of heart fail-
ure. In multivariate regression models, log-transformed
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Figure 1. Clustering analysis of metabolic phenotypes.

Data are presented as Z-score, calculated by the difference from the mean divided by the SD. Four
clusters are identified using K-means clustering analysis of ketone bodies, pyruvate, and citrate, along
with biomarkers of metabolic and inflammatory phenotypes, including very low-density lipoprotein
(VLDL), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) particle concentrations and
sizes, levels of triglyceride, total cholesterol, glucose, basal insulin, BNP (B-type natriuretic peptide),
CRP (C-reactive protein), IL-6 (interleukin-6), fibrinogen, and glycoprotein acetylation (Glyc A), as well as
body mass index (BMI) and estimated glomerular filtration rate (¢GFR). Probable cluster phenotypes are
assigned on the basis of biomarker profiles: cluster A, healthy; cluster B, high ketone bodies; cluster C,
chronic inflammation; and cluster D, metabolic syndrome.
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Figure 2. Kaplan-Meier survival analysis for ketone bodies, pyruvate, and citrate in quintiles (Qs).
Kaplan-Meier survival analyses are shown for ketone bodies (A), pyruvate (B), and citrate (C), comparing quintiles over 20years (Q1,

light orange; Q5, dark red).

ketone body levels were associated with a 20% in-
crease in the HR of incident heart failure (95% CI, 1.0-
1.3; P=0.02) when adjusted for demographics (model
1) and simple health history (model 2) (Table S6). The
inclusion of comorbidities relevant to cardiovascular
diseases (model 3) only slightly weakened the relation-
ship between ketone body levels and incident heart
failure. In comparison, levels of pyruvate or citrate did
not demonstrate similar associations with heart failure.
When competing for the risk of mortality, the subdistri-
bution HR of incidental heart failure is no longer signifi-
cant. In subgroup analyses, the relationship between
ketone body levels and incident heart failure was the
most pronounced in individuals who were younger,
with lower BMI (Tables S7 and S8).

There were no significant differences in the as-
sociation between ketone bodies for either incident
heart failure or all-cause mortality using the Lunn-
McNeil competing-risk models for all-cause mortality
(Table S9). Among the 4 clusters of metabolic pheno-
types, cluster B (high ketone bodies) demonstrated
a significantly higher rate of heart failure, as shown
in Kaplan-Meier analysis (Figure 3 and Table S10),
whereas clusters A, C, and D showed similar rates.

Finally, we examined whether ketone body lev-
els predict HFrEF and HFpEF. Kaplan-Meier analysis
of ketone body quintiles showed that the fourth and
fifth quintiles were associated with significantly higher
incidence of HFrEF, but not HFpEF (Figure S3A and
S3B). In multivariable Cox models, log-transformed
ketone bodies were significantly associated with the
incidence of HFrEF in all models (Table S11). No asso-
ciation was observed with HFpEF. In analysis for quin-
tiles, the fourth and fifth quintiles showed significant
associations with the incidence of HFrEF in models 1
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and 2, whereas the association was weakened when
the analysis was adjusted for a comprehensive health
history (model 3).

DISCUSSION

In this population-based cohort study of older adults,
baseline plasma ketone body levels were prospectively
associated with all-cause mortality and incident heart
failure. The levels of ketone bodies and pyruvate were
inversely correlated with each other, whereas both
have a strong correlation with citrate. Using clustering
analysis, we found differential levels of ketone bodies,
pyruvate, and citrate were associated with unique pa-
tient phenotypes. Individuals with this metabolic profile
were at a significantly higher risk of developing heart
failure and death compared with their counterparts, in-
cluding those with features of metabolic syndrome or
chronic inflammation.

The concentration of circulating ketone bodies is
determined by the rate balance between their produc-
tion and consumption. A high level of ketone bodies
results from either an increase in their production or
a decrease in their consumption. It is well known that
certain diets are more ketogenic than others, although
ketogenic diets have often been associated with health
benefits.3> Meanwhile, caloric restriction with subse-
quent ketogenesis has been implicated in longevity in
animal models, including nematodes, fruit flies, mice,
and primates.®33% There seems to be a lack of evi-
dence to indicate diet- or calorie restriction—induced
ketogenesis is harmful. In our study, the relationship
between ketone bodies and overall mortality was
not mitigated by the adjustment of individual dietary
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Table 2. Multivariable Cox Models for Population Quintiles and All-Cause Mortality

Variable Model 1 HR (95% CI)* | Pvalue | Model 2HR (95% CI)f | Pvalue | Model 3 HR (95% CI)* | P value
Ketone bodies | Log ketone 1.2(11-1.3) <0.001 1.2(11-1.3) <0.001 1.2 (11-1.9) 0.001
Quintiles: quintile 1 Reference Reference Reference
Quintile 2 1.2 (0.9-1.5) 0.3 1.2 (0.9-1.6) 0.1 1.1(0.8-1.5) 0.4
Quintile 3 1.3 (1.0-1.7) 0.03 1.3 (1.0-1.7) 0.07 1.2(0.9-1.6) 0.2
Quintile 4 1.5 (1.2-1.9) 0.002 1.4 (11-1.9) 0.01 1.4 (1.0-1.9) 0.02
Quintile 5 1.5 (1.2-1.9) 0.002 1.6 (1.3-2.1) <0.001 1.5 (1.1-2.0) 0.007
Pyruvate Log pyruvate 1.0 (0.9-1.1) 0.7 1.0(0.9-1.1) 0.5 1.0 (0.9-1.1) 0.5
Quintiles: quintile 1 Reference Reference Reference
Quintile 2 1.0 (0.8-1.3) 0.8 0.9 (0.7-1.2) 0.4 0.9(0.7-1.2) 05
Quintile 3 0.9 (0.7-1.2) 0.4 0.9 (0.7-1.1) 0.3 0.9 (0.6-1.2) 0.2
Quintile 4 1.0 (0.8-1.3) 0.8 0.9 (0.7-1.2) 0.4 1.0(0.7-1.3) 0.7
Quintile 5 1.0 (0.7-1.3) 0.7 0.9 (0.7-1.2) 0.3 0.8 (0.6-1.1) 0.1
Citrate Log citrate 11 (1.0-1.3) 0.005 1.2 (1.1-1.3) 0.002 11 (1.0-1.2) 0.04
Quintiles: quintile 1 Reference Reference Reference
Quintile 2 1.3(1.0-1.7) 0.06 1.3(1.0-1.8) 0.06 1.4 (1.0-2.0) 0.02
Quintile 3 1.2 (1.0-1.6) 0.1 1.3 (1.0-1.8) 0.04 1.3 (1.0-1.9) 0.07
Quintile 4 1.3 (1.0-1.8) 0.05 1.4 (1.0-2.0) 0.02 1.4 (1.0-1.9) 0.08
Quintile 5 1.5 (1.2-1.9) 0.002 1.6 (1.2-2.1) 0.001 1.5 (1.1-2.1) 0.01

HR indicates hazard ratio.
*Model 1 is adjusted for age, age?, sex, race, and clinic site.

Model 2 is adjusted for age, sex, clinic site, race, education level, kilocalories of physical activity per week, body mass index, body mass index?, smoking

status, alcoholic drinks per week, and fasting >8hours.

*Model 3 is adjusted for covariates in model 2 and for diagnosis of hypertension, cholesterol level, triglycerides level, diagnosis of diabetes, estimated
glomerular filtration rate, hypertension medication use, lipid-lowering medication use, and estrogen use.

components (carbohydrates, protein, and fat), which
further suggests that the mechanism underlying the
current observation is not mainly driven by diet.

In humans, ketone bodies are produced pre-
dominantly in the liver from fatty acid oxidation—
derived acetyl-CoA. Ketone body levels in healthy
adults will oscillate by a circadian rhythm between
100 and 250umol/L.%® Meanwhile, ketone body lev-
els will increase to =1 mmol/L after prolonged exer-
cise or 24hours of fasting.3”3 In CHS, individuals in
the highest quintile had a mean ketone body level of
462 umol/L, suggesting a potentially altered mitochon-
drial fuel metabolism in the setting of aging. Classically,
ketone body production is considered as a spillover, in
which acetyl-CoA exceeds tricarboxylic acid cycle ac-
tivity. In cellular senescence, respiratory chain enzyme
activities decrease with a parallel increase to reactive
oxygen species production as a result of decreased
mitochondrial pyruvate dehydrogenase; thus, they may
favor the use of acetyl-CoA from fatty acid g-oxidation,
leading to the production of ketone bodies as a by-
product.®®-4* Studies interrogating the mitochondrial
fuel source in aging and dissecting ketone body pro-
duction and consumption are needed to further under-
stand this relationship.

Alternatively, high levels of ketone body could result
from decreased ketone body consumption or clear-
ance, which could include the following: (1) decreased
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extrahepatic ketone body catabolism, (2) decreased
lipogenesis or sterol synthesis, or (3) decreased excre-
tion in the urine. In fact, we observe a lower glomerular
filtration rate in the cluster with elevated ketone bod-
ies, supporting this possibility. However, usually only a
small fraction of ketone bodies is detected in the urine.
Ketone bodies are predominantly used in the brain,
skeletal muscle, and heart. Their use is dependent on
succinyl-CoA:3-oxoacid-CoA transferase, an enzyme
expressed in the extrahepatic tissue.*® It is conceiv-
able that decreased peripheral tissue consumption as-
sociated with mitochondrial dysfunction or functional
decline of succinyl-CoA:3-oxoacid-CoA transferase
during aging could contribute to the elevation level of
plasma ketone bodies.

Our observation of an association between elevated
plasma ketone bodies and mortality is supported by
observations in the PREVEND (Prevention of Renal
and Vascular Endstage Disease Intervention), where
authors found a similar link.*¢ The prospective associ-
ation between ketone body and incidental heart failure
has not been reported previously. Myocardium is one
of the most active consumers of ketone bodies. Several
studies have indicated that heart disease, including
heart failure and myocardial infarction, is associated
with an increase in circulating ketone bodies.'1746-49
Thus, missed diagnosis of heart failure at baseline
could contribute to our observation, but it is unlikely
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Figure 3. Kaplan-Meier analysis for incident heart failure by metabolic phenotypes.
Kaplan-Meier analysis for the incidence of heart failure is shown for each phenotype cluster (cluster
A, healthy; cluster B, high ketone bodies; cluster C, chronic inflammation; and cluster D, metabolic
syndrome) over 20years. At-risk table is shown at the bottom at 5-year intervals.

to be a common cause of ketone body elevation in our
study. Furthermore, animal models and human stud-
ies have shown that myocardium in heart failure favors
ketone body consumption over other fuel sources.5%%'
Our observation indicates that a high level of ketone
bodies could be a biomarker of subclinical heart failure
or could even contribute to heart failure. An increase
in plasma ketone bodies can occur in the setting of
increased sympathetic tone, which promotes lipoly-
sis and fatty acid metabolism and exacerbates heart
failure.*® Under physiological conditions, myocardium
uses ketone bodies in proportion to their delivery at the
cost of fatty acid or glucose oxidization.?>%3 This raised
the concern that long-term exposure to a high level of
ketone bodies could reduce metabolic flexibility of the
heart and impair myocardial function.

Limitations

The results should be interpreted in the context of the
CHS design. First, CHS mainly comprises older White
and Black Americans, limiting the generalizability of
these findings to other races. Second, the metabo-
lites were measured on the basis of peripheral blood
samples, and their levels could be impacted by mul-
tiple organs aside from the heart and any relationship
should be inferred with caution. An understanding of
the mechanism and causality will likely require meas-
uring a more comprehensive panel of metabolites and
ideally metabolites from the heart that may acquire in-
vasive techniques. Third, the phenotype captured by

the cluster analysis is dictated by the available base-
line data. CHS is a study designed 32years ago, and
some covariates, such as transaminases, are lacking,
although our results include a wide variety of biochemi-
cal markers. Further studies in other populations could
help to further refine the link between clinical outcomes
and ketone body levels.

CONCLUSIONS

In this cohort study, we present the first evidence that
higher concentrations of ketone bodies predict in-
cidence of heart failure and mortality in older adults.
The prospective association is independent from con-
ventional metabolic and cardiovascular confounders.
Compared with individuals with metabolic syndrome
or elevated inflammatory biomarkers, individuals with
high levels of ketone bodies have a distinctive clini-
cal phenotype and are at a significantly higher risk for
mortality, especially mortality from cardiovascular dis-
eases. Further investigation is warranted to determine
the interplay between the heart and other organs in ke-
tone body metabolism during aging and heart failure.
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