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One of the characteristics of the failing human heart is a significant alteration in its energy
metabolism. Recently, a ketone body, β-hydroxybutyrate (β-OHB) has been implicated in
the failing heart’s energy metabolism as an alternative “fuel source.” Utilization of β-OHB in
the failing heart increases, and this serves as a “fuel switch” that has been demonstrated to
become an adaptive response to stress during the heart failure progression in both
diabetic and non-diabetic patients. In addition to serving as an alternative “fuel,” β-OHB
represents a signaling molecule that acts as an endogenous histone deacetylase (HDAC)
inhibitor. It can increase histone acetylation or lysine acetylation of other signaling
molecules. β-OHB has been shown to decrease the production of reactive oxygen
species and activate autophagy. Moreover, β-OHB works as an NLR family pyrin
domain-containing protein 3 (Nlrp3) inflammasome inhibitor and reduces Nlrp3-
mediated inflammatory responses. It has also been reported that β-OHB plays a role
in transcriptional or post-translational regulations of various genes’ expression. Increasing
β-OHB levels prior to ischemia/reperfusion injury results in a reduced infarct size in rodents,
likely due to the signaling function of β-OHB in addition to its role in providing energy.
Sodium-glucose co-transporter-2 (SGLT2) inhibitors have been shown to exert strong
beneficial effects on the cardiovascular system. They are also capable of increasing the
production of β-OHB, which may partially explain their clinical efficacy. Despite all of the
beneficial effects of β-OHB, some studies have shown detrimental effects of long-term
exposure to β-OHB. Furthermore, not all means of increasing β-OHB levels in the heart are
equally effective in treating heart failure. The best timing and therapeutic strategies for the
delivery of β-OHB to treat heart disease are unknown and yet to be determined. In this
review, we focus on the crucial role of ketone bodies, particularly β-OHB, as both an energy
source and a signaling molecule in the stressed heart and the overall therapeutic potential
of this compound for cardiovascular diseases.
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INTRODUCTION

The human heart has an exceptionally highmetabolic activity as a
pump of the body, performing the daily work of circulating 7 tons
of blood. It has been reported that the human heart can produce
about 6 kg (almost 12 times of its own weight) of ATP daily (Bedi
et al., 2016). The high ATP demand for the mechanical and
electrical activities of the human heart is almost entirely fulfilled
by oxidative phosphorylation, contributing up to 95% of the
required ATP production, with the remaining 5% fulfilled by
substrate-level phosphorylation in glycolysis (Gibb and Hill,
2018). In the normal adult heart, fatty acids serve as the
primary fuel for mitochondrial ATP production, providing
40–70% of the ATP supply, followed by glucose (20–30%),
lactate (5–20%), ketones (5–15%), and acetate, pyruvate and
branched-chain amino acids (BCAAs) altogether contributing
less than 5% to the needed ATP production (Gibb and Hill, 2018).

Ketone bodies, including acetoacetate, β-hydroxybutyrate
(β-OHB), and acetone are small molecules synthesized mainly

in the hepatic mitochondria and are transported to extrahepatic
tissues like the heart, brain, and muscles for oxidation when fatty
acid and carbohydrate availability is limited. Acetoacetate and
β-OHB are the primary ketone bodies utilized by the heart
(Cotter et al., 2013). In a normal fed state, the circulating
ketone body concentration is approximately 50 μM. While in
neonates, upon fasting, prolonged exercise, or following a
ketogenic diet, it can raise up to 1–8 mM (Cahill, 2006; Cotter
et al., 2013). In pathological conditions, such as diabetic
ketoacidosis, the ketone body concentration can elevate to as
high as 20 mM (Cotter et al., 2013) (Figure 1). In diabetes, as well
as other disease conditions (e.g. heart failure), ketone body
metabolism can also undergo some changes. However, the
mechanism of increased ketogenesis during heart failure
remains unclear (Aubert et al., 2016; Karwi et al., 2020).

Although most studies focus exclusively on β-OHB, the ketone
body metabolism in the heart includes utilization of both β-OHB
and acetoacetate, with the ratio of β-OHB to acetoacetate
representing the mitochondrial NADH to NAD ratio (Chen
et al., 2019). Acetoacetate’s utilization is also increased in
diabetic rat hearts (Abdurrachim et al., 2019b), which can
enhance contractile function via an anti-oxidation mechanism
(Squires et al., 2003). Based on this observation, acetoacetate may
serve as a prognostic marker for heart failure. It has been reported
that high levels of acetoacetate correlate with increased mortality
in patients with heart failure (Yokokawa et al., 2019), which is
controversial to its previously reported protective roles. This may
be explained by differences in disease states, including factors
such as the severity of heart failure and the presence of diabetes
(Yokokawa et al., 2019). Moreover, as compared to β-OHB,
changes in acetoacetate levels are less affected by stress (Laffel,
1999), suggesting that β-OHB is a more stress-sensitive ketone
body. Since the exact mechanism of the cardiac effect of
acetoacetate is less well defined, in the present review we will
focus only on the cardiac effects of β-OHB.

Under pathophysiological conditions, such as acute
perturbations in workload or substrate availability, the heart
exhibits a metabolic flexibility, changing its fuel utilization
preference from one substrate to another. Aubert et al. used a
quantitative proteomics approach to screen metabolic
abnormalities in mouse models with impaired fatty acid
utilization. The authors discovered that the levels of the
proteins involved in fatty acid oxidation were reduced. In
contrast, β-OHB dehydrogenase 1 (BDH1), an essential
enzyme in the ketone body oxidation pathway, was
upregulated in the compensated pressure overload-induced
hypertrophic hearts as well as in decompensated failing hearts
(Aubert et al., 2016). The myocardium is thought to be one of the
highest ketone body consumers (Cotter et al., 2013), especially
when the availability of other substrates is limited. Several studies
have shown that there is an increased myocardial delivery and
oxidation of ketone bodies as an alternative fuel source in human
patients with advanced heart failure, increasing their proportion
from less than 10% to over 20% (Wende et al., 2017; Ho et al.,
2019; Horton et al., 2019). This shift is thought to be an early
adaptive response to maintain adequate ATP production with
reduced fatty acid oxidation.

FIGURE 1 | β-OHB levels under physiological and pathological
conditions. In a normal fed state, the circulating ketone body concentration is
approximately 50 μM, and it can increase to 1–8 mM in neonates, during
fasting, after prolonged exercise, and on a ketogenic diet. In pathological
conditions like diabetic ketoacidosis, ketone body concentration can
accumulate up to 20 mM.
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However, whether the shift is adaptive or maladaptive remains
controversial. The effects of increased levels of circulating ketone
bodies are also not fully understood. This review provides an
overview of the role of ketone bodies in the human heart upon
stress and aims to unveil the potential of altering ketone body
levels as a novel therapeutic approach for treatment of
cardiovascular diseases.

β-OHB IS CARDIOPROTECTIVE IN ANIMAL
MODELS

Numerous studies have established that metabolic derangements
can cause heart failure (Taegtmeyer et al., 2016; Wende et al.,
2017). The myocardium of the failing heart exhibits a fetal-like
metabolic profile, characterized by depressed fatty acid oxidation
and increased glucose utilization (Taegtmeyer et al., 2016).
Alterations in ketone body, amino acid, and protein
metabolism have also been reported in the failing hearts
(Wende et al., 2017). Many animal studies have focused on
the cardioprotective effects of β-OHB as a stress reactive
metabolite (Karwi et al., 2020).

Under normal conditions, the utilization of β-OHB in the
heart is low. However, ketone body utilization becomes essential
to maintain metabolic homeostasis of the heart in pathological
conditions. Increased utilization of ketone bodies can improve the
prognosis of heart failure patients with diabetes (Rosenstein and
Hough, 2016), while failure to use ketones can worsen prognosis
(Rosenstein and Hough, 2016). Succinyl-CoA:3-oxoacid-CoA
transferase (SCOT) and BDH1 are two enzymes that are
required for terminal oxidation of β-OHB. BDH1 is
responsible for the conversion of β-OHB to acetoacetate.
SCOT is responsible for converting acetoacetate to
acetoacetate-CoA, which is the rate-limiting step in ketone
body oxidation. Notably, the conversions are dependent on the
NAD+/NADH ratio and succinyl-CoA and succinate levels,
which are reversible in the metabolic process (Cuenoud et al.,
2020) (Figure 2). In a cardiomyocyte-specific SCOT knock-out
mouse model, no apparent metabolic abnormalities were
observed at the baseline, although ketosis was normally
induced by fasting or ketogenic diets. However, after inducing
pressure overload by transverse aortic constriction (TAC), the
inability of the heart to oxidize ketone bodies due to the loss of
SCOT resulted in significantly increased left ventricular volume
and decreased left ventricular ejection fraction. This was
accompanied by an increase in the myocardial reactive oxygen
species (ROS), mitochondrial damage, and disruption of
myofilament ultra-structure (Schugar et al., 2014). The
importance of ketone body utilization has also been
demonstrated in other mouse models. After being subjected to
TAC and myocardial infarction (MI) surgery, the expression of
BDH1 in failing hearts was significantly upregulated, indicating
increased reliance on ketone bodies as a fuel (Aubert et al., 2016).
Using a cardiac-specific BDH1 overexpression mouse model, the
BDH1 transgenic mice showed no differences in the baseline
characteristics. However, they were resistant to pathological
cardiac remodeling under the stress of TAC, with limited

impairment of cardiac function and attenuated cardiac fibrosis
and hypertrophy. BDH1 overexpression can also reverse ROS-
induced DNA damage and protein carbonylation as well as
ameliorate mitochondrial ROS generation and apoptosis in
failing hearts (Uchihashi et al., 2017). These protective effects
may be attributed to increased utilization of β-OHB in the heart.

Because ketone bodies can regulate mitochondrial metabolism
and ROS production, increasing delivery of β-OHB to the heart
undergoing stress, such as ischemia/reperfusion (I/R) and heart
failure after pressure overload, may have beneficial effects. Three
days of fasting can significantly increase β-OHB concentration
and effectively protect rat hearts from acute I/R injury (Snorek
et al., 2012). Fasting can limit myocardial infarct size and reduce
the occurrence of premature ventricular complexes as well as
reperfusion-induced ventricular arrhythmias (Snorek et al.,
2012). Zou et al. showed that after long-term fasting, high
concentrations of β-OHB can reduce myocardial infarct size
and apoptosis induced by I/R injury in rat models (Zou et al.,
2002). Furthermore, the delivery of exogenous β-OHB can
protect the heart from I/R injury. Continuously delivery of
β-OHB before reperfusion can reduce infarct size and preserve
cardiac function in I/R mice (Yu et al., 2018). It can also promote
autophagic flux in the myocardium, reduce mitochondrial ROS
formation, increase ATP production, attenuate mitochondrial
swelling, and restore mitochondrial membrane potential (Yu
et al., 2018). Mice incapable of utilizing β-OHB display
worsened cardiac remodeling, while ketogenic chow can
improve left ventricle remodeling in TAC/MI mice (Yurista
et al., 2021). In tachycardia-induced myopathy canine models,
β-OHB infusion can significantly preserve systolic function and
ameliorate pathologic cardiac remodeling (Horton et al., 2019).
β-OHB is not only available in IV forms but also oral salt and
ketone ester (KE) forms, making it possible to increase β-OHB
level orally (Lopaschuk et al., 2020). In mice and rats with heart
failure, KE-enriched diets improved left ventricular systolic
function and cardiac remodeling in both preventive and
therapeutic protocols (Yurista et al., 2021). Altogether, these
results indicate that moderately elevated β-OHB is
cardioprotective during I/R and heart failure, possibly by
enhancing energetic homeostasis.

However, some controversies still exist. One study reported that
prolonged exposure to β-OHB had a detrimental effect on
cardiomyocytes by altering glucose uptake and increasing ROS
production via inhibiting the activation of AMPK/p38 MAPK
signaling pathway (Pelletier and Coderre, 2007). This was also
confirmed by other studies demonstrating that a prolonged
exposure to β-OHB induced by deep fasting or frequent
exogenous supplementation can inhibit mitochondrial biogenesis
and lead to atrial fibrosis by activating Sirtuin 7 (Sirt7) transcription
through inhibiting histone deacetylases 2 (HDAC2) (Xu et al., 2021).
We have summarized the discrepancies of these studies in
Supplementary Table S1, which underscores the importance of
the timing and concentration of β-OHB given in different heart
disease models, i.e., I/R injury, pressure-overload, diabetic
cardiomyopathy. Thus, further studies are needed to optimize
delivery of ketone bodies as a potential therapeutic for various
heart diseases.
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β-OHB IS CARDIOPROTECTIVE IN
HUMANS

Heart failure is usually accompanied by metabolic derangement.
Recently, many investigations have focused on ketone body
metabolism and utilization in heart failure patients (Funada
et al., 2009). Patients with metabolic disorders like diabetes
have a higher level of ketone bodies during diabetic
ketoacidosis (Figure 1), which is thought to be deleterious.
However, in both diabetic and non-diabetic patients with
severe heart failure, the utilization of ketones is increased
(Lommi et al., 1996) and associated with the severity and
prognosis of the disease (Chung et al., 2012; Marcondes-Braga
et al., 2012; Yokokawa et al., 2016). It has been shown that in
patients with end-stage heart failure, β-OHB utilization is
significantly increased (Horton et al., 2019). BDH1 and BDH2,
which are involved in the ketone body conversion back into
acetoacetate for the tricarboxylic acid cycle, are also significantly
increased (Aubert et al., 2016). Furthermore, the mRNA level of
the rate-limiting enzyme SCOT essential for ketone body

utilization increases in failing hearts (Bedi et al., 2016). There
are two heart failure types, heart failure with reduced ejection
fraction (HFrEF) and heart failure with preserved ejection
fraction (HFpEF). The delivery of the exogenous 3-
hydroxybutyrate (3-OHB, AKA β-OHB) to patients with
HFrEF has beneficial hemodynamic effects by increasing
cardiac output (Nielsen et al., 2019). These beneficial effects
are detectable in the physiological concentration range
(0.7–1.6 mM) of circulating β-OHB levels. Intriguingly, the
hemodynamic effects of β-OHB were observed in both HFrEF
patients and age-matched volunteers. These results suggest that
β-OHB may be used as a potential therapy for HFrEF patients
(Nielsen et al., 2019).

The treatment of HFpEF is concentrated on comorbidities
management (Clark et al., 2021). HFrEF and HFpEF have
different metabolic patterns. HFrEF patients had a similar or
lower β-OHB level than HFpEF patients (Zordoky et al., 2015;
Hunter et al., 2016). Corbi et al. showed that exercise training
could increase Sirt1 activity and β-OHB level with improved
antioxidant capacity in HFpEF patients (Corbi et al., 2019).

FIGURE 2 | A brief schematic of the ketone body production and oxidation in the liver and heart. Ketone bodies are mainly produced in the liver with fatty acid
oxidation. After being transported through the circulatory system, β-OHB can be oxidized in extrahepatic organs, such as the heart. In the heart, β-OHB can generate
acetyl-CoA that can enter the TCA cycle. SCOT is the rate-limiting enzyme of ketone body oxidation. β-OHB: β-hydroxybutyrate, HMGCS2: 3-hydroxy-3-methylglutaryl-
CoA synthase 2, HMG-CoA: 3-hydroxy-3-methylglutary-CoA, HMGCL: 3-hydroxy-3-methylglutaryl-CoA lyase, BDH1: β-hydroxybutyrate dehydrogenase 1,
SCOT: Succinyl-CoA:3-oxoacid-CoA transferase, ACAT: Acetyl-CoA acetyltransferase, TCA cycle: Tricarboxylic acid cycle.
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Whether raising β-OHB blood levels in HFpEF patients has the
same hemodynamic effects as in HFrEF patients is still unknown.
Further studies are needed to clarify this.

Not surprisingly, fasting-induced ketogenesis or β-OHB
supplements also prevent aging-related diseases (for
example, neurodegenerative diseases, cardiovascular
diseases, and cancers) and diabetes-related cardiovascular
diseases. This topic was reviewed recently by Han et al.
(Han et al., 2020). The mechanisms include weight loss,
reduced triglycerides, LDL cholesterol, and blood glucose,
and increased HDL cholesterol levels (Han et al., 2020). A
randomized controlled human trial of one hundred
participants carried out by Wei et al. showed that cycles of
five-day fasting-mimicking diets were safe and effective in

reducing markers and risk factors for aging and age-related
diseases, including cardiovascular diseases (Wei et al., 2017). It
was hypothesized that the reduction in serum glucose and IGF-
1 contribute to the benefits. Also, the β-OHB level was
significantly increased, shedding light on the β-OHB’s
potential role in prevention of cardiovascular diseases (Wei
et al., 2017). Although fasting-induced β-OHB is
cardioprotective, a ketogenic diet with high-fat content
might be detrimental in the long term. At least in rodents, a
long-term ketogenic diet decreased sensitivity to peripheral
insulin, impaired glucose tolerance (Kinzig et al., 2010), and
induced atrial fibrosis (Xu et al., 2021). Thus, the intermittent
fasting-mimicking diet cycles might be a promising lifestyle
intervention to induce protective ketosis of β-OHB.

FIGURE 3 | The beneficial effects of β-OHB during the cardiac stresses. The concentration of β-OHB is increased after prolonged fasting, long-time exercise,
exogenous supplementation, SGLT2i therapy, and more importantly, as feedback from heart failure and I/R injury. As a result, the utilization of β-OHB is increased in the
failing hearts and the hearts subjected to I/R injury as an alternative fuel to protect the myocardium (oxidative effect). In addition, as a ligand for GPR, an HDAC inhibitor,
and an Nlrp3 inflammasome inhibitor, β-OHB protects the heart by enhancing autophagy and reducing inflammation and ROS production (non-oxidative effects).
Elevated β-OHB by fasting, exercise, exogenous supplement, and SGLT2i treatment may enhance these protective effects andmight be promising preventive measures
or therapies for heart diseases β-OHB: β-hydroxybutyrate, SGLT2i: sodium-glucose cotransporter-2 inhibitors, Nlrp3: Nod-, LRR- and pyrin domain-containing protein
3, I/R: ischemia/reperfusion.
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Nonetheless, increased β-OHB levels do not always correlate
with positive clinical outcomes in human. Arrhythmogenic
cardiomyopathy (AC) is a serious disease that may cause
sudden death while lacking clinical biomarkers. A recent study
demonstrated that elevated plasma β-OHB level might serve as a
potential predictor of major adverse cardiovascular events
(MACEs) in probands and disease progression in patients with
AC and their clinically asymptomatic relatives (Song et al., 2020).
It has also been reported that, as compared with normal controls,
the atrial samples from patients with atrial fibrillation exhibit
increased levels of ketone bodies (Xie et al., 2016).

The ability to switch to ketone bodies as energy source in
stressed hearts is independent of the patient’s diabetes status
(Aubert et al., 2016; Bedi et al., 2016). It is, however, still uncertain
whether the enhanced cardiac ketone body utilization is the cause
or the result of cardiac dysfunction. Thus, whether exogenous
induction of ketosis is beneficial in all types of cardiovascular
diseases requires further exploration. It is also challenging to
deliver ketone bodies safely and precisely to regulate abnormal
metabolism. More studies are needed to demonstrate the
relationship between β-OHB and heart disease in humans and
the best timing and dose of ketone body preparations to be
delivered to them.

MECHANISMS UNDERLYING THE
BIOLOGICAL EFFECTS OF β-OHB IN THE
HEART AND OTHER ORGANS

Oxidative Roles
Ketogenesis is vital in cardiac health, especially during stresses,
such as heart failure. The ketone bodies are generated in the liver,
and the heart can use ketone bodies at baseline as a minor energy
source and increase ketone body usage upon heart failure
(Figure 2). In the failing hearts, β-OHB serves as an
alternative fuel, providing more ATP than glycolysis without
increasing cardiac efficiency (Lopaschuk et al., 2020). These
oxidative roles of β-OHB have been reviewed recently
(Lopaschuk et al., 2020). In this review, we will focus more on
the non-oxidative roles of β-OHB in the heart.

Non-Oxidative Roles
Although there are many studies showing cardioprotective effects
of β-OHB in addition to its oxidative roles, the underlying specific
mechanisms of cardioprotection remain elusive. Elevated β-OHB
has been found as an effective treatment for epilepsy (Martin
et al., 2016) and played a neuro-protective role in
neurodegenerative diseases, such as Parkinson’s disease (Tieu
et al., 2003) and Alzheimer’s disease (Shippy et al., 2020). The
possible mechanisms of β-OHB’s neuroprotective effects include
mitochondrial metabolism regulation (Li et al., 2021), inhibition
of the mammalian target of rapamycin (mTOR) pathway (Thau-
Zuchman et al., 2021), and glutamatergic excitatory synaptic
transmission reduction (Lund et al., 2009). In addition,
β-OHB has also been reported to contribute to cancer cell
stemness by regulating cell proliferation and facilitating key
transcriptional factor expression (Wang et al., 2019; Ji et al.,

2020). These functions suggest that β-OHB is not only serving as
an alternative fuel but also as a signaling molecule.

β-OHB Is an Endogenous HDAC Inhibitor and
Maintains Mitochondrial Homeostasis
Histone deacetylases (HDACs) play essential roles in regulating
gene transcription by balancing the acetylation activities of
histone acetyltransferases (HATs). Acetylation is an essential
post-translational modification of many proteins, which
regulates mitochondrial metabolism and function (Felisbino
and Mckinsey, 2018). Acetylation of ε-lysine groups can lead
to chromatin structure relaxation, thus enhancing the DNA
binding proteins’ accessibility and increasing transcriptional
activation (Wang et al., 2014). Since HDACs modify the lysine
residue in other proteins to affect their function, HDACs are also
referred to as lysine deacetylases (KDACs). According to their
homology to yeast transcriptional repressors, HDACs can be
divided into four classes. Class I includes HDACs 1, 2, 3, and 8;
Class IIa includes HDACs 4, 5, 7, and 9; Class IIb includes
HDACs 6 and 10; Class IV includes HDAC 11, which are Zn2+

dependent for enzymatic activity and Class III, also called Sirt1-7,
uses a different NAD + dependent mechanism to regulate their
activity (Gregoretti et al., 2004). The activity of HATs is
dependent on nuclear acetyl-CoA concentrations (Felisbino
and Mckinsey, 2018).

It has been reported that HDACs activity is elevated in models
of heart failure, diabetic heart, and myocardial I/R injury
(Granger et al., 2008; Nural-Guvener et al., 2014; Evans and
Ferguson, 2018; Bocchi et al., 2019). Class I and II HDAC
inhibitors represent a group of small molecule epigenetic
modifiers that have demonstrated efficacy in animal models of
heart failure over the last decade (Evans and Ferguson, 2018).
HDAC inhibition has also been used as a therapeutic strategy for
cardiac I/R injury (Xie et al., 2019). Emerging evidence also
suggests that inhibition of HDACs protects the heart against
myocardial injury and stimulates endogenous angiomyogenesis
even in the diabetic heart (Bocchi et al., 2019). Thus, inhibition of
HDACs using small molecules has been thought to be a
promising approach to treat many pathological disorders.

Multiple pathways have been implicated in the
cardioprotective effects of HDAC inhibitors, including
apoptosis, inflammation, metabolism, and autophagy (Xie
et al., 2014; Schotterl et al., 2015; Das Gupta et al., 2016).
β-OHB is an endogenous Class I HDAC inhibitor that can
cause an increase in histone acetylation (Shimazu et al., 2013).
In human embryonic kidney 293 (HEK293) cells, β-OHB can
significantly increase the acetylation levels of histone H3 lysine
9 and histone H3 lysine 14. In vitro, β-OHB inhibits the activity
of HDAC 1, 3, and 4, indicating that it is a Class I HDAC
inhibitor. This inhibitory effect is through increasing histone
acetylation at the FOXO3a promoter in HEK293 cells
(Shimazu et al., 2013). Physiologically achievable millimolar
concentrations of β-OHB can significantly increase histone
acetylation through HDAC inhibition directly (Shimazu et al.,
2013). However, inhibition of HDAC 6, one of the Class II
HDACs, shows no benefit and is even detrimental to
cardiomyocytes during I/R injury (Aune et al., 2014).
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Another study shows that a pretreatment with suberoylanilide
hydroxamic acid (SAHA), a second-generation HDAC
inhibitor, effectively protects murine fibrosarcoma L929
cells against TNF-α induced necroptosis (Wang et al.,
2013). This mechanism may include induction of multiple
transcription factors that can initiate cell-protective
autophagy.

Since HDAC inhibitors can induce autophagy in multiple cell
types, including cardiomyocytes, it will be essential to test
whether β-OHB’s cardioprotective effects are mediated
through autophagy. Autophagy is a lysosomal degradation
pathway that plays an essential role in removing protein
aggregates and damaged organelles to maintain homeostasis
(Kroemer et al., 2010). In nutrient deprivation status,
autophagy is thought to be an adaptive response to recycle
cytosolic elements, thus providing substrates for energy
metabolism (Kim et al., 2007). Autophagy has also been
shown to play an essential role in mitochondrial metabolism,
especially in cardiomyocytes. During reperfusion, autophagy is
blocked and contributes to the reperfusion injury following
ischemia (Ma et al., 2012). Dian J. Cao and his colleagues
showed that autophagy is an obligatory element in cardiac
hypertrophic remodeling and HDAC 1 and 2 are required
effectors (Cao et al., 2011). β-OHB is a known endogenous
inhibitor of HDAC1 and 2 (Shimazu et al., 2013).

Mitophagy is a specialized autophagy mainly responsible for
the clearance of damaged mitochondria by lysosomes
(Whitworth and Pallanck, 2017). This is important in ischemic
cardiovascular diseases because damaged mitochondria are a
source of oxidative stress, which can affect mitochondrial
function, thus leading to cellular degeneration in the disease
status (Bingol et al., 2014). In aged rabbit hearts, β-OHB can
enhance mitochondrial quality control by activating Parkin
translocation while worsening mitophagy with impaired
mitochondrial fission and fusion upon heart failure (Thai
et al., 2019). β-OHB has also been shown to reduce oxidative
stress during I/R (Shimazu et al., 2013). As a crucial part of
normal and pathophysiological metabolism, β-OHB has
profound effects on various mitochondrial functions, such as
reducing the mitochondrial NAD couple and oxidizing coenzyme
Q (Veech, 2014; Xie et al., 2016). Superoxide dismutase 2 (SOD2)
is an enzyme located within the mitochondrial matrix and works
as a superoxide scavenger. Under H2O2 stimulation, β-OHB can
increase FOXO3a expression level, which can induce antioxidant
enzymes SOD2 and catalase, suggesting that β-OHB can reduce
ROS generation in oxidative status (Nagao et al., 2016). A short-
term ketogenic diet increases mitochondrial abundance in the
myocardium, partially explaining the protective effect of β-OHB
(Al-Zaid et al., 2007).

In diabetic patients the prevalence and severity of
cardiovascular diseases are significantly increased, compared
with non-diabetic patients, accompanied by a much worse
prognosis. Chen et al. showed that in diabetic hearts, HDAC
inhibition plays a critical role in improving cardiac function and
suppressing myocardial remodeling and is associated with
decreased apoptosis, stimulation of endogenous angiogenesis,
increase of anti-oxidant SOD1 and activations of GLUT1

acetylation and p38 phosphorylation (Chen et al., 2015). Since
β-OHB concentrations are always kept at high levels in both type
1 and 2 diabetic patients, it is intriguing to explore the role of
β-OHB in diabetic patients also suffering from a cardiovascular
disease.

In summary, many cardiac stresses, such as cardiac I/R injury
and diabetes, can induce HDAC activity, which contributes to the
pathogenesis of heart failure. HDAC inhibition has been shown
to be effective in preventing cardiac I/R injury and improve the
function of a failing heart. These are probably through inducing
autophagy/mitophagy. β-OHB is an endogenous HDAC
inhibitor. However, whether the beneficial effects of β-OHB
during cardiac I/R are exerted through regulation of the
autophagy/mitophagy pathway as well as mitochondrial
functions via HDAC inhibition, still needs more investigation.

β-OHB Is an Endogenous NLRP3 Inflammasome
Inhibitor
The Nod-, LRR- and pyrin domain-containing protein 3 (Nlrp3)
inflammasome is an important innate immune sensor acting
through regulation of the caspase-1 activity and the release of
proinflammatory cytokines (Lamkanfi and Dixit, 2014).
Suppression of Nlrp3 inflammasome can ameliorate the
progression of atherosclerosis (Duewell et al., 2010), diabetes
(Ding et al., 2019), Alzheimer’s disease (Heneka et al., 2013), and
other functional declines related to aging (Camell et al., 2019).
Inflammation is an unmissable component of the heart stress.
Numerous studies have highlighted the role of Nlrp3
inflammasome during the I/R injury event (Toldo and Abbate,
2018). β-OHB is an endogenous inhibitor of the Nlrp3
inflammasome, attenuating inflammatory responses
(Yamanashi et al., 2017). In high salt-fed hypertensive rats
there is a lower level of circulating β-OHB, while a nutritional
supplementation of the β-OHB precursor, 1,3-butanediol, rescues
kidney function, resulting in nearly normal blood pressure. The
therapeutic effects of 1,3-butanediol are comparable to that of
exercise. These beneficial effects are likely to be exerted through
inhibition of the renal Nlrp3 inflammasome (Chakraborty et al.,
2018). Another study found that the anti-inflammatory effect of
ketogenic diet may be attributed to the β-OHB-mediated
inhibition of Nlrp3 inflammasome formation (Youm et al.,
2015). Increasing the circulating β-OHB levels by SCOT
knockout in skeletal muscle reduced cardiac Nlrp3
inflammasome activation upon heart failure (Byrne et al.,
2020). Endoplasmic reticulum (ER) stress can induce Nlrp3
inflammasome. Bae et al. showed that β-OHB can inhibit both
ER stress and Nlrp3 inflammasome activity in rats through the
AMPK activation (Bae et al., 2016). In HFpEF mice, β-OHB can
delay the progression of HFpEF probably by attenuating Nlrp3
inflammasome formation and proinflammatory cytokines to
prevent mitochondrial dysfunction (Deng et al., 2021).

Therefore, in addition to providing energy during heart failure
and I/R, β-OHB may also reduce detrimental inflammatory
responses. Thus, inhibiting Nlrp3 inflammasome formation
can have positive effects, such as reduction of infarct size and
prevention of heart failure. Since drugs like MCC950 are still in
the development stage (van Hout et al., 2017), there is no selective
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Nlrp3 inflammasome inhibitors currently available for clinical
use. Alternatively, as an endogenous Nlrp3 inflammasome
inhibitor, increasing the circulating β-OHB levels may be used
to treat Nlrp3 inflammasome-related cardiovascular diseases,
such as atherosclerosis, coronary heart diseases, and heart I/R
injury (Tong et al., 2020).

β-OHB Is an Endogenous Ligand of GPRs
β-OHB is an endogenous ligand for a nicotinic acid receptor G
protein-coupled receptor (GPR) 109A (Offermanns et al., 2011),
also known as hydroxycarboxylic acid receptor 2 (HCAR2). Its
specific binding can activate the adipocyte-expressed GPCRs,
HM74a/PUMA-G, to reduce lipolysis in adipocytes and
regulate fatty acid availability and metabolism (Tunaru et al.,
2003; Taggart et al., 2005), which may have anti-atherosclerosis
and anti-inflammatory effects (Lukasova et al., 2011). This
suggests that activation of HCAR2 may be a potential
therapeutic target for the treatment of diseases, such as
atherosclerosis. β-OHB can also affect cardiovascular function
via another GPCR family member, GPR41. It has been reported
that β-OHB administration can decrease sympathetic outflow
and heart rate through antagonizing GPR41 (Kimura et al., 2011),
thereby maintaining metabolic homeostasis via the GPR41-SNS
pathway (Kimura et al., 2011). The role of GPRs in ischemic
neurological diseases have been well established. However,
whether β-OHB can protect hearts from I/R injury via GPRs
still needs to be determined. Therefore, further studies are needed
to unveil the relationship between β-OHB and GPRs in
cardiovascular diseases.

Other Non-oxidative Roles of β-OHB
In addition to acting as an HDAC inhibitor, Nlrp3
inflammasome inhibitor, and GPR ligand, ketone bodies have
other roles that are likely to impact the cardiovascular system.
As low as 0.5 mM β-OHB can improve cardiac cell excitation-
contraction coupling under hypoxia, providing evidence that
β-OHB can exert cardioprotective benefits under stress (Klos
et al., 2019). β-OHB can also reduce oxidative stress and induce
anti-aging effects through binding to hnRNP A1 to upregulate
Oct4 expression at the concentration of 4 mM in the vascular
system (Han et al., 2018). Besides enhancing gene expression by
inhibiting HDACs, β-OHB can also promote protein
hyperacetylation via increasing cellular acetyl-CoA levels to
maintain metabolic balance (Newman and Verdin, 2014).
Lysine β-hydroxybutyrylation (Kbhb) is a post-translational
modification of histone induced by increased β-OHB levels,
which can activate gene transcription and cell proliferation (Xie
et al., 2016). It has been reported that Kbhb is involved in the
upregulation of genes in the starvation-responsive metabolic
pathways (Xie et al., 2016) and β-OHBmay become a new target
for cancer treatment through regulating p53 activity (Liu et al.,
2019). These observations suggest that β-OHB’s cardiac
protective effects may be achieved through other epigenetic
mechanisms other than HDAC inhibition. Poly-R-
β-hydroxybutyrate (PHB) is a polymer of β-OHB and a part
of the mitochondrial membrane system (Dedkova and Blatter,
2014). It can increase mitochondrial membrane permeability by

regulating the opening of the permeability transition pores
required for cardiovascular metabolism and apoptosis
pathways (Dedkova, 2016). These studies demonstrate that
β-OHB plays an essential role in multiple pathways in non-
cardiomyocytes, warranting more studies to elucidate its
function in cardiovascular diseases.

SGLT2 INHIBITORS CAN INCREASE THE
PRODUCTION OF β-OHB

The sodium-glucose cotransporter-2 inhibitors (SGLT2i) are
diabetic medications to control blood glucose. SGLT2i targets
renal glucose reabsorption in an insulin-independent manner,
which can induce glycosuria of 60–90 g/day (Tahrani et al., 2013).
Unlike the traditional antidiabetic agents, SGLT2i offers unique
benefits to type 2 diabetic patients with high cardiovascular risks.
Many clinical studies have been carried out to show remarkable
cardiovascular outcomes in patients using SGLT2i (Zinman et al.,
2015; Neal et al., 2017; Wiviott et al., 2019).

The SGLT family is composed of seven isoforms: SGLT1-6 and
Sodium-myo-inositol co-transporter 1 (SMIT1). SGLT1 has the
highest affinity for glucose in the gastrointestinal tract and is also
involved in kidney and cardiac glucose handling (Wright et al.,
2011). In human heart, GLUT4 is the major isoform that
represents approximately 70% of the total glucose transporters.
Expression of SGLT1 is increased in patients with end-stage
cardiomyopathy secondary to type 2 diabetes. Increased
expression of SGLT1 is a compensatory mechanism to the
reduction in cardiac GLUT1 and GLUT4 expression
(Szablewski, 2017). Although SGLT1 is thought to be an
important cardiac glucose transporter in type 2 diabetic
patients (Szablewski, 2017), a recent study demonstrated that
phlorizin, a dual SGLT1/2 inhibitor, can reduce cardiomyocyte
glucose uptake independent of SGLT1, suggesting that SGLT1/2
inhibitor might inhibit other glucose transporters (Ferte et al.,
2021). In diabetic mice, inhibition of SGLT1 using shRNA, could
alleviate inflammation and pyroptosis induced by hyperglycemia
(Sun et al., 2021). To investigate whether using a dual SGLT1/2
inhibitor can enhance the protective effects of SGLT2i, Bode et al.
carried out a study in mouse HFpEF models and found that the
SGLT1/2 inhibitor sotagliflozin can improve atrial remodeling
and exhibit anti-arrhythmic effects (Bode et al., 2021). A recent
study showed that the dual SGLT1/2 inhibitors may protect
patients with diabetes from MI and stroke better, while the
beneficial effects in patients without diabetes require more
evaluation (Pitt and Bhatt, 2021). SGLT2 is the main co-
transporter in humans that helps reabsorbing 80–90% of the
glucose filtered by the glomerulus (Bonora et al., 2020), and
SGLT1 helps reabsorbing additional renal glucose that evades
SGLT2 (Bertrand et al., 2020). However, since the SGLT2i are
available as therapeutic agents, most of the current clinical results
reviewed are from SGLT2i.

In a clinical trial involving 7,020 patients, compared with
placebo, empagliflozin showed a lower rate of primary composite
cardiovascular outcome and all-cause mortality in patients with
type 2 diabetes (Zinman et al., 2015). Neal et al. showed similar
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results that canagliflozin can lower the risk of cardiovascular
events with a greater risk of amputation at the level of the toe or
metatarsal (Neal et al., 2017). Wiviott et al. showed that treatment
with dapagliflozin resulted in a lower rate of cardiovascular death
or hospitalization for heart failure in patients with type 2 diabetes
(Wiviott et al., 2019). Recent data from DAPA-HF (Dapagliflozin
and Prevention of Adverse Outcomes in Heart Failure),
EMPEROR-Reduced (EMPagliflozin outcomE tRial in Patients
With chrOnic heaRt Failure With Reduced Ejection Fraction)
and EMPA-TROPISM (Are the “Cardiac Benefits” of
Empagliflozin Independent of Its Hypoglycemic Activity)
showed the benefit of SGLT2i in both diabetic and non-
diabetic heart failure patients (Mcmurray et al., 2019; Packer
et al., 2020; Santos-Gallego et al., 2021). Dapagliflozin can reduce
the risk of cardiovascular death or heart failure exacerbation in
HFrEF patients shown in the DAPA-HF trial (Mcmurray et al.,
2019). Empagliflozin significantly improves cardiovascular and
renal outcomes in patients independent of baseline diabetes status
in the EMOEROR-Reduced trial (Packer et al., 2020) and
significantly improves cardiac function and quality of life in
HFrEF patients in the EMPA-TROPISM trial (Santos-Gallego
et al., 2021). The clinical trial to investigate the effects of SGLT2i
on HFpEF is still in progress (Anker et al., 2020).

Although the beneficial effects of SGLT2i in heart failure can be
attributed to improved volume status, glucose-lowering, etc., the
exact mechanisms of achieving the cardiac benefits of SGLT2i are
not fully delineated (Santos-Gallego et al., 2021). SGLT2i can induce
a persistently low level of ketone body production, mainly β-OHB.
Mechanistically, SGLT2i decreases the level of glucose in the blood
and increases the production of glucagon, which promotes
ketogenesis. On the other hand, SGLT2 receptors present on the
surface of pancreatic α-cells can act as glucose sensors (Bonner et al.,
2015). Furthermore, SGLT2i can increase lipolysis and the
subsequent production of ketone bodies in the liver (Taylor et al.,
2015). Ketone bodies use less oxygen to generate the same amount of
ATP as glucose and fatty acids (Puchalska and Crawford, 2017).
Thus, the diabetic hearts can benefit from the SGLT2i treatment.
Mildly elevated ketone levels can promote fuel efficiency and reduce
ROS formation, which might improve cardiac function and the
prognosis of heart failure (Oh et al., 2019). In addition to inducing
ketosis, SGLT2i can mediate other effects, like the natriuretic effect,
plasma volume contraction, to reduce cardiac preload. Also, through
lowering blood pressure and arterial stiffness, cardiac afterload can
be reduced (Selvaraj et al., 2020). In addition, SGLT2i can attenuate
Nlrp3 inflammasome activation in isolated macrophages, which has
also been proved in diabetic patients with cardiovascular diseases
(Kim et al., 2020). Since SGLT2i′s targets are mainly located on the
renal proximal tubular epithelium, SGLT2imediated natriuresismay
account for its hemodynamic improvement effect (Sano, 2017). To
what degree SGLT2i′s cardiac protection is mediated by β-OHB
remains challenging to clarify. Verma et al. showed that
empagliflozin, or β-OHB, can enhance cardiac metabolism in
diabetic mice by increasing ATP production rates without
affecting cardiac efficiency (Verma et al., 2018). In a study using
a novel ketone probe and magnetic resonance spectroscopy,
empagliflozin was shown to be able to increase circulating
β-OHB levels but not myocardial ketone body utilization in

spontaneously hypertensive heart failure (Abdurrachim et al.,
2019a). This suggests that SGLT2i may be beneficial to the heart,
mainly via β-OHB through its non-oxidative functions.
Furthermore, SGLT2i can improve glycemic regulation via an
insulin-independent mechanism (Ferrannini and Solini, 2012).
The therapeutic application of SGLT2i could lead to weight loss
(Merovci et al., 2014), correction of hyperinsulinemia (Matsubayashi
et al., 2020), and reduced hyperleptinemia (Vickers et al., 2014).
SGLT2i could also modulate inflammation via IL-1β (Nakatsu et al.,
2017) and Nlrp3 inflammasome (Sukhanov et al., 2021). These
features together contribute to SGLT2i′s therapeutic effects in
patients with heart failure.

Among multiple classes of antidiabetic agents, SGLT2i showed
significant cardiovascular benefits, whichmight be attributed, at least
partially, to its ability to increase the concentration of ketone bodies,
especially β-OHB. SGLT2i is beyond its initial objective as an
antidiabetic drug and the ongoing studies could further uncover
the underlying molecular mechanisms. With a better understanding
of the mechanism, we are on track to develop novel heart failure
treatments in patients with or without diabetes.

POTENTIAL THERAPEUTIC APPLICATIONS
OF β-OHB

Given the benefits of exogenous β-OHB in patients with heart
failure, several therapeutics have been developed to deliver β-OHB.
β-OHB infusion in patients with HFrEF can significantly improve
cardiac output and reduce systemic vascular resistance in a dose-
dependent manner without impairing the myocardial external
energy efficiency (Nielsen et al., 2019). Oral forms of β-OHB
include 1,3-butanediol (Scott et al., 2019), medium-chain
triglyceride (MCT) supplementation (Brunner et al., 2021), KEs,
and ketone salts (Stubbs et al., 2017). Among them, KEs are the
most promising therapeutics, with smaller effective doses and fewer
side effects. KEs are typically comprised of several ketones or
ketogenic precursors, and their decomposition products can be
directly absorbed into blood as ketone bodies or their precursors
(Clarke et al., 2012). Several clinical trials have been carried out to
test KEs’ effects in healthy and cardiovascular disease conditions.
KEs can reduce blood glucose, free fatty acids, and triglyceride
levels (Stubbs et al., 2017), as well as lower plasma insulin, ghrelin,
glucagon-like peptide-1, and peptide tyrosine levels in healthy
adults (Stubbs et al., 2018). More ongoing studies are testing the
effect of KEs in pre-diabetic patients. These studies will determine
whether regulating ketone levels can become a promising
therapeutic strategy in diseases with metabolic disorders like
diabetes and heart failure.

CONCLUSION AND PERSPECTIVES

Despite the advances in the prevention, diagnosis, and treatment
of cardiovascular diseases, they remain to be the leading cause
of hospitalization and mortality. Close attention has been paid
to the myocardial metabolism and increased utilization of
β-OHB during cardiac stresses, such as heart failure and I/R
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injury. Besides its role as an energy source, β-OHB may have
beneficial effects on the myocardium by inhibiting HDAC activity
and Nlrp3 inflammasome formation and may play a vital role
in the SGLT2i′s cardioprotection effects (Figure 3). Although
most of the studies showed beneficial effects of mildly to
moderately increased β-OHB in heart failure and I/R injury,
there is some evidence that a prolonged exposure to or high
blood levels of β-OHB are detrimental to the hearts. It is also
noteworthy that the effects of β-OHB may depend on the
formulation, dose, and delivery timing. Cardiac function is
regulated by many signaling pathways affected by β-OHB,
which makes it challenging to study. However, our efforts to
further elucidate the mechanisms underlying the role of β-OHB
during cardiac stresses may uncover a new era of heart failure and
cardiac I/R injury management with more efficacious and safer
therapeutics.
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Snorek, M., Hodyc, D., Sedivý, V., Durišová, J., Skoumalová, A., Wilhelm, J., et al.
(2012). Short-term Fasting Reduces the Extent of Myocardial Infarction and
Incidence of Reperfusion Arrhythmias in Rats. Physiol. Res. 61, 567–574. doi:10.
33549/physiolres.932338

Song, J. P., Chen, L., Chen, X., Ren, J., Zhang, N. N., Tirasawasdichai, T., et al.
(2020). Elevated Plasma Beta-Hydroxybutyrate Predicts Adverse Outcomes
and Disease Progression in Patients with Arrhythmogenic Cardiomyopathy.
Sci. Transl Med. 12. eaay8329. doi:10.1126/scitranslmed.aay8329

Squires, J. E., Sun, J., Caffrey, J. L., Yoshishige, D., and Mallet, R. T. (2003).
Acetoacetate Augments β-adrenergic Inotropism of Stunned Myocardium by
an Antioxidant Mechanism. Am. J. Physiology-Heart Circulatory Physiol. 284,
H1340–H1347. doi:10.1152/ajpheart.00473.2002

Stubbs, B. J., Cox, P. J., Evans, R. D., Cyranka, M., Clarke, K., and De Wet, H.
(2018). A Ketone Ester Drink Lowers Human Ghrelin and Appetite. Obesity 26,
269–273. doi:10.1002/oby.22051

Stubbs, B. J., Cox, P. J., Evans, R. D., Santer, P., Miller, J. J., Faull, O. K., et al. (2017).
On the Metabolism of Exogenous Ketones in Humans. Front. Physiol. 8, 848.
doi:10.3389/fphys.2017.00848

Sukhanov, S., Higashi, Y., Yoshida, T., Mummidi, S., Aroor, A. R., Jeffrey
Russell, J., et al. (2021). The SGLT2 Inhibitor Empagliflozin Attenuates
Interleukin-17a-Induced Human Aortic Smooth Muscle Cell Proliferation
and Migration by Targeting TRAF3IP2/ROS/NLRP3/Caspase-1-dependent
IL-1β and IL-18 Secretion. Cell Signal. 77, 109825. doi:10.1016/j.cellsig.2020.
109825

Sun, Z., Chai, Q., Zhang, Z., Lu, D., Meng, Z., and Wu, W. (2021). Inhibition of
SGLT1 Protects against Glycemic Variability-Induced Cardiac Damage and
Pyroptosis of Cardiomyocytes in Diabetic Mice. Life Sci. 271, 119116. doi:10.
1016/j.lfs.2021.119116

Szablewski, L. (2017). Glucose Transporters in Healthy Heart and in Cardiac
Disease. Int. J. Cardiol. 230, 70–75. doi:10.1016/j.ijcard.2016.12.083

Taegtmeyer, H., Young, M. E., Lopaschuk, G. D., Abel, E. D., Brunengraber, H.,
Darley-Usmar, V., et al. (2016). Assessing Cardiac MetabolismAssessing
Cardiac Metabolism: A Scientific Statement from the American Heart
Association. Circ. Res. 118, 1659–1701. doi:10.1161/res.0000000000000097

Frontiers in Aging | www.frontiersin.org June 2021 | Volume 2 | Article 68151312

Chu et al. Ketone Bodies in the Heart

https://doi.org/10.1172/jci41651
https://doi.org/10.1172/jci41651
https://doi.org/10.1111/j.1471-4159.2009.06115.x
https://doi.org/10.4161/auto.21036
https://doi.org/10.1378/chest.11-2892
https://doi.org/10.1002/14651858.CD001903.pub3
https://doi.org/10.1111/dom.13980
https://doi.org/10.1056/nejmoa1911303
https://doi.org/10.1056/nejmoa1911303
https://doi.org/10.1172/jci70704
https://doi.org/10.1016/j.bbrc.2016.05.097
https://doi.org/10.3390/ijms18081704
https://doi.org/10.1056/nejmoa1611925
https://doi.org/10.1016/j.tem.2013.09.002
https://doi.org/10.1161/circulationaha.118.036459
https://doi.org/10.1186/1755-1536-7-10
https://doi.org/10.1124/pr.110.003301
https://doi.org/10.4070/kcj.2019.0180
https://doi.org/10.1056/nejmoa2022190
https://doi.org/10.1152/ajpendo.00186.2006
https://doi.org/10.1161/circulationaha.121.054442
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.1056/NEJMc1600827
https://doi.org/10.1056/NEJMc1600827
https://doi.org/10.14740/jocmr3011w
https://doi.org/10.1016/j.jacc.2020.11.008
https://doi.org/10.1016/j.jacc.2020.11.008
https://doi.org/10.1615/critrevoncog.2014012393
https://doi.org/10.1016/j.molmet.2014.07.010
https://doi.org/10.1016/j.jsams.2018.11.027
https://doi.org/10.1161/circulationaha.119.045033
https://doi.org/10.1126/science.1227166
https://doi.org/10.1126/science.1227166
https://doi.org/10.1186/s12974-020-01948-5
https://doi.org/10.1186/s12974-020-01948-5
https://doi.org/10.33549/physiolres.932338
https://doi.org/10.33549/physiolres.932338
https://doi.org/10.1126/scitranslmed.aay8329
https://doi.org/10.1152/ajpheart.00473.2002
https://doi.org/10.1002/oby.22051
https://doi.org/10.3389/fphys.2017.00848
https://doi.org/10.1016/j.cellsig.2020.109825
https://doi.org/10.1016/j.cellsig.2020.109825
https://doi.org/10.1016/j.lfs.2021.119116
https://doi.org/10.1016/j.lfs.2021.119116
https://doi.org/10.1016/j.ijcard.2016.12.083
https://doi.org/10.1161/res.0000000000000097
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles


Taggart, A. K. P., Kero, J., Gan, X., Cai, T.-Q., Cheng, K., Ippolito, M., et al. (2005).
(d)-β-Hydroxybutyrate Inhibits Adipocyte Lipolysis via the Nicotinic Acid
Receptor PUMA-G. J. Biol. Chem. 280, 26649–26652. doi:10.1074/jbc.
c500213200

Tahrani, A. A., Barnett, A. H., and Bailey, C. J. (2013). SGLT Inhibitors in
Management of Diabetes. Lancet Diabetes Endocrinol. 1, 140–151. doi:10.
1016/s2213-8587(13)70050-0

Taylor, S. I., Blau, J. E., and Rother, K. I. (2015). SGLT2 Inhibitors May Predispose
to Ketoacidosis. J. Clin. Endocrinol. Metab. 100, 2849–2852. doi:10.1210/jc.
2015-1884

Thai, P. N., Seidlmayer, L. K., Miller, C., Ferrero, M., Dorn, G. W., Saul, S., et al.
(2019). Mitochondrial Quality Control in Aging and Heart Failure: Influence of
Ketone Bodies and Mitofusin-Stabilizing Peptides. Front. Physiol. 10, 382.
doi:10.3389/fphys.2019.00382

Thau-Zuchman, O., Svendsen, L., Dyall, S. C., Paredes-Esquivel, U., Rhodes, M.,
Priestley, J. V., et al. (2021). A New Ketogenic Formulation Improves
Functional Outcome and Reduces Tissue Loss Following Traumatic Brain
Injury in Adult Mice. Theranostics 11, 346–360. doi:10.7150/thno.48995

Tieu, K., Perier, C., Caspersen, C., Teismann, P.,Wu, D.-C., Yan, S.-D., et al. (2003).
D-β-Hydroxybutyrate Rescues Mitochondrial Respiration and Mitigates
Features of Parkinson Disease. J. Clin. Invest. 112, 892–901. doi:10.1172/
jci200318797

Toldo, S., and Abbate, A. (2018). The NLRP3 Inflammasome in Acute Myocardial
Infarction. Nat. Rev. Cardiol. 15, 203–214. doi:10.1038/nrcardio.2017.161

Tong, Y., Wang, Z., Cai, L., Lin, L., Liu, J., and Cheng, J. (2020). NLRP3
Inflammasome and its Central Role in the Cardiovascular Diseases. Oxid
Med. Cel Longev 2020, 4293206. doi:10.1155/2020/4293206

Tunaru, S., Kero, J., Schaub, A., Wufka, C., Blaukat, A., Pfeffer, K., et al. (2003).
PUMA-G and HM74 Are Receptors for Nicotinic Acid and Mediate its Anti-
lipolytic Effect. Nat. Med. 9, 352–355. doi:10.1038/nm824

Uchihashi, M., Hoshino, A., Okawa, Y., Ariyoshi, M., Kaimoto, S., Tateishi, S., et al.
(2017). Cardiac-Specific Bdh1 Overexpression Ameliorates Oxidative Stress
and Cardiac Remodeling in Pressure Overload-Induced Heart Failure. Circ
Heart Fail 10, e004417. doi:10.1161/circheartfailure.117.004417

Van Hout, G. P., Bosch, L., Ellenbroek, G. H., De Haan, J. J., Van Solinge, W. W.,
Cooper, M. A., et al. (2017). The Selective NLRP3-Inflammasome Inhibitor
MCC950 Reduces Infarct Size and Preserves Cardiac Function in a PigModel of
Myocardial Infarction. Eur. Heart J. 38, 828–836. doi:10.1093/eurheartj/ehw247

Veech, R. L. (2014). Ketone Ester Effects onMetabolism and Transcription. J. Lipid
Res. 55, 2004–2006. doi:10.1194/jlr.r046292

Verma, S., Rawat, S., Ho, K. L., Wagg, C. S., Zhang, L., Teoh, H., et al. (2018).
Empagliflozin Increases Cardiac Energy Production in Diabetes. JACC: Basic
Translational Sci. 3, 575–587. doi:10.1016/j.jacbts.2018.07.006

Vickers, S. P., Cheetham, S., Headland, K., Dickinson, K., Grempler, R., Mayoux,
E., et al. (2014). Combination of the Sodium-Glucose Cotransporter-2 Inhibitor
Empagliflozin with Orlistat or Sibutramine Further Improves the Body-Weight
Reduction and Glucose Homeostasis of Obese Rats Fed a Cafeteria Diet.
Diabetes. Metab. Syndro. Obes. 7, 265–275. doi:10.2147/dmso.s58786

Wang, D., Zhao, M., Chen, G., Cheng, X., Han, X., Lin, S., et al. (2013). The Histone
Deacetylase Inhibitor Vorinostat Prevents TNFα-Induced Necroptosis by
Regulating Multiple Signaling Pathways. Apoptosis 18, 1348–1362. doi:10.
1007/s10495-013-0866-y

Wang, L., Yang, Z., Fan, F., Sun, S., Wu, X., Lu, H., et al. (2019). PHBHHx
Facilitated the Residence, Survival and Stemness Maintain of Transplanted
Neural Stem Cells in Traumatic Brain Injury Rats. Biomacromolecules 20,
3294–3302. doi:10.1021/acs.biomac.9b00408

Wang, X., Liu, J., Zhen, J., Zhang, C., Wan, Q., Liu, G., et al. (2014). Histone
Deacetylase 4 Selectively Contributes to Podocyte Injury in Diabetic
Nephropathy. Kidney Int. 86, 712–725. doi:10.1038/ki.2014.111

Wei, M., Brandhorst, S., Shelehchi, M., Mirzaei, H., Cheng, C. W., Budniak, J., et al.
(2017). Fasting-mimicking Diet and Markers/risk Factors for Aging, Diabetes,
Cancer, and Cardiovascular Disease. Sci. Transl Med. 9. eaai8700. doi:10.1126/
scitranslmed.aai8700

Wende, A. R., Brahma, M. K., Mcginnis, G. R., and Young, M. E. (2017). Metabolic
Origins of Heart Failure. JACC: Basic Translational Sci. 2, 297–310. doi:10.
1016/j.jacbts.2016.11.009

Whitworth, A. J., and Pallanck, L. J. (2017). PINK1/Parkin Mitophagy and
Neurodegeneration-What Do We Really Know In Vivo? Curr. Opin. Genet.
Develop. 44, 47–53. doi:10.1016/j.gde.2017.01.016

Wiviott, S. D., Raz, I., Bonaca, M. P., Mosenzon, O., Kato, E. T., Cahn, A., et al.
(2019). Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N.
Engl. J. Med. 380, 347–357. doi:10.1056/nejmoa1812389

Wright, E. M., Loo, D. D. F., and Hirayama, B. A. (2011). Biology of Human
Sodium Glucose Transporters. Physiol. Rev. 91, 733–794. doi:10.1152/physrev.
00055.2009

Xie, M., Kong, Y., Tan, W., May, H., Battiprolu, P. K., Pedrozo, Z., et al. (2014).
Histone Deacetylase Inhibition Blunts Ischemia/reperfusion Injury by Inducing
Cardiomyocyte Autophagy. Circulation 129, 1139–1151. doi:10.1161/
circulationaha.113.002416

Xie, M., Tang, Y., and Hill, J. A. (2019). HDAC Inhibition as a Therapeutic Strategy
in Myocardial Ischemia/reperfusion Injury. J. Mol. Cell Cardiol. 129, 188–192.
doi:10.1016/j.yjmcc.2019.02.013

Xie, Z., Zhang, D., Chung, D., Tang, Z., Huang, H., Dai, L., et al. (2016). Metabolic
Regulation of Gene Expression by Histone Lysine β-Hydroxybutyrylation.Mol.
Cel 62, 194–206. doi:10.1016/j.molcel.2016.03.036

Xu, S., Tao, H., Cao, W., Cao, L., Lin, Y., Zhao, S. M., et al. (2021). Ketogenic Diets
Inhibit Mitochondrial Biogenesis and Induce Cardiac Fibrosis. Signal.
Transduct Target. Ther. 6, 54. doi:10.1038/s41392-020-00411-4

Yamanashi, T., Iwata, M., Kamiya, N., Tsunetomi, K., Kajitani, N., Wada, N., et al.
(2017). Beta-hydroxybutyrate, an Endogenic NLRP3 Inflammasome Inhibitor,
Attenuates Stress-Induced Behavioral and Inflammatory Responses. Sci. Rep. 7,
7677. doi:10.1038/s41598-017-08055-1

Yokokawa, T., Sugano, Y., Shimouchi, A., Shibata, A., Jinno, N., Nagai, T., et al.
(2016). Exhaled Acetone Concentration Is Related to Hemodynamic Severity in
Patients with Non-ischemic Chronic Heart Failure. Circ. J. 80, 1178–1186.
doi:10.1253/circj.cj-16-0011

Yokokawa, T., Yoshihisa, A., Kanno, Y., Abe, S., Misaka, T., Yamada, S., et al. (2019).
Circulating Acetoacetate Is Associated with Poor Prognosis in Heart Failure
Patients. IJC Heart & Vasculature 25, 100432. doi:10.1016/j.ijcha.2019.100432

Youm, Y.-H., Nguyen, K. Y., Grant, R. W., Goldberg, E. L., Bodogai, M., Kim, D.,
et al. (2015). The Ketone Metabolite β-hydroxybutyrate Blocks
NLRP3 Inflammasome-Mediated Inflammatory Disease. Nat. Med. 21,
263–269. doi:10.1038/nm.3804

Yu, Y., Yu, Y., Zhang, Y., Zhang, Z., An, W., and Zhao, X. (2018). Treatment with
D-β-Hydroxybutyrate Protects Heart from Ischemia/reperfusion Injury in
Mice. Eur. J. Pharmacol. 829, 121–128. doi:10.1016/j.ejphar.2018.04.019

Yurista, S. R., Matsuura, T. R., Sillje, H. H. W., Nijholt, K. T., Mcdaid, K. S.,
Shewale, S. V., et al. (2021). Ketone Ester Treatment Improves Cardiac Function
and Reduces Pathologic Remodeling in Preclinical Models of Heart Failure.
Circ. Heart Fail. 14, e007684. doi:10.1161/circheartfailure.120.007684

Zinman, B., Wanner, C., Lachin, J. M., Fitchett, D., Bluhmki, E., Hantel, S., et al.
(2015). Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2
Diabetes. N. Engl. J. Med. 373, 2117–2128. doi:10.1056/nejmoa1504720

Zordoky, B. N., Sung, M. M., Ezekowitz, J., Mandal, R., Han, B., Bjorndahl, T.
C., et al. (2015). Metabolomic Fingerprint of Heart Failure with Preserved
Ejection Fraction. PLoS One 10, e0124844. doi:10.1371/journal.pone.
0124844

Zou, Z., Sasaguri, S., Rajesh, K. G., and Suzuki, R. (2002). dl-3-Hydroxybutyrate
Administration Prevents Myocardial Damage after Coronary Occlusion in Rat
Hearts.Am. J. Physiology-Heart Circulatory Physiol. 283, H1968–H1974. doi:10.
1152/ajpheart.00250.2002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Chu, Zhang and Xie. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging | www.frontiersin.org June 2021 | Volume 2 | Article 68151313

Chu et al. Ketone Bodies in the Heart

https://doi.org/10.1074/jbc.c500213200
https://doi.org/10.1074/jbc.c500213200
https://doi.org/10.1016/s2213-8587(13)70050-0
https://doi.org/10.1016/s2213-8587(13)70050-0
https://doi.org/10.1210/jc.2015-1884
https://doi.org/10.1210/jc.2015-1884
https://doi.org/10.3389/fphys.2019.00382
https://doi.org/10.7150/thno.48995
https://doi.org/10.1172/jci200318797
https://doi.org/10.1172/jci200318797
https://doi.org/10.1038/nrcardio.2017.161
https://doi.org/10.1155/2020/4293206
https://doi.org/10.1038/nm824
https://doi.org/10.1161/circheartfailure.117.004417
https://doi.org/10.1093/eurheartj/ehw247
https://doi.org/10.1194/jlr.r046292
https://doi.org/10.1016/j.jacbts.2018.07.006
https://doi.org/10.2147/dmso.s58786
https://doi.org/10.1007/s10495-013-0866-y
https://doi.org/10.1007/s10495-013-0866-y
https://doi.org/10.1021/acs.biomac.9b00408
https://doi.org/10.1038/ki.2014.111
https://doi.org/10.1126/scitranslmed.aai8700
https://doi.org/10.1126/scitranslmed.aai8700
https://doi.org/10.1016/j.jacbts.2016.11.009
https://doi.org/10.1016/j.jacbts.2016.11.009
https://doi.org/10.1016/j.gde.2017.01.016
https://doi.org/10.1056/nejmoa1812389
https://doi.org/10.1152/physrev.00055.2009
https://doi.org/10.1152/physrev.00055.2009
https://doi.org/10.1161/circulationaha.113.002416
https://doi.org/10.1161/circulationaha.113.002416
https://doi.org/10.1016/j.yjmcc.2019.02.013
https://doi.org/10.1016/j.molcel.2016.03.036
https://doi.org/10.1038/s41392-020-00411-4
https://doi.org/10.1038/s41598-017-08055-1
https://doi.org/10.1253/circj.cj-16-0011
https://doi.org/10.1016/j.ijcha.2019.100432
https://doi.org/10.1038/nm.3804
https://doi.org/10.1016/j.ejphar.2018.04.019
https://doi.org/10.1161/circheartfailure.120.007684
https://doi.org/10.1056/nejmoa1504720
https://doi.org/10.1371/journal.pone.0124844
https://doi.org/10.1371/journal.pone.0124844
https://doi.org/10.1152/ajpheart.00250.2002
https://doi.org/10.1152/ajpheart.00250.2002
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging
www.frontiersin.org
https://www.frontiersin.org/journals/aging#articles

	Beta-Hydroxybutyrate, Friend or Foe for Stressed Hearts
	Introduction
	β-OHB Is Cardioprotective in Animal Models
	β-OHB Is Cardioprotective in Humans
	Mechanisms Underlying the Biological Effects of β-OHB in the Heart and Other Organs
	Oxidative Roles
	Non-Oxidative Roles
	β-OHB Is an Endogenous HDAC Inhibitor and Maintains Mitochondrial Homeostasis
	β-OHB Is an Endogenous NLRP3 Inflammasome Inhibitor
	β-OHB Is an Endogenous Ligand of GPRs
	Other Non-oxidative Roles of β-OHB


	SGLT2 Inhibitors can Increase the Production of β-OHB
	Potential Therapeutic Applications of β-OHB
	Conclusion and Perspectives
	Author Contributions
	Funding
	Supplementary Material
	References


