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Abstract: For many years, it has been clear that a Western diet rich in saturated fats and sugars
promotes an inflammatory environment predisposing a person to chronic cardiometabolic diseases.
In parallel, the emergence of ketogenic diets, deprived of carbohydrates and promoting the synthesis
of ketone bodies imitating the metabolic effects of fasting, has been shown to provide a possible
nutritional solution to alleviating diseases triggered by an inflammatory environment. The main
ketone body, B-hydroxybutyrate (BHB), acts as an alternative fuel, and also as a substrate for a novel
histone post-translational modification, 3-hydroxybutyrylation. 3-hydroxybutyrylation influences
the state of chromatin architecture and promotes the transcription of multiple genes. BHB has
also been shown to modulate inflammation in chronic diseases. In this review, we discuss, in the
pathological context of cardiovascular risks, the current understanding of how ketone bodies, or a
ketogenic diet, are able to modulate, trigger, or inhibit inflammation and how the epigenome and
chromatin remodeling may be a key contributor.
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1. Introduction

Ketone bodies constitute a family composed of three low-molecular-weight hydro-
soluble molecules: acetone (Ac), 3-hydroxybutyrate (BHB), and acetoacetate (AcAc), pro-
duced mainly by the liver [1] and to smaller extent by extrahepatic tissues including the
intestinal crypts [2,3], kidneys [4], T cells [5], and astrocytes [6]. The capability of these
tissues or cell lineages to produce ketone bodies depends on their mitochondrial expres-
sion of HMGCS2 (hydroxymethylglutaryl CoA synthase 2), the ketogenic rate-limiting
enzyme [7,8] leading to ketone bodies production, using Ac-CoA and AcAc-CoA derived
from the beta-oxidation of fatty acids. Ketogenesis and the use of ketone bodies as an
alternative fuel is an adaptive metabolic mechanism, occurring in humans and mammals,
that provides energy during periods of fasting, intense exercise, and when carbohydrates
and/or glucose stores are limited [7]. Ketone bodies also play an essential role in infant
brain development [9]. For many decades, the switch to a strictly ketogenic diet has been a
clinically applied alternative to treating pharmacologically resistant epilepsy [10] and is a
necessary approach in otherwise untreatable GLUT1-deficiency syndromes [11].

In addition, in recent years, the metabolism of ketone bodies has come under the
spotlight for its possible beneficial effects on several metabolically related pathological con-
ditions such as type 2 diabetes, obesity [12], and some types of cancers [13]. Two underlying
mechanisms may be at work to confer such positive benefits to ketone bodies: their intrinsic
anti-inflammatory properties and their capacity to induce a newly described epigenetic
modification, namely histone 3-hydroxybutyrylation [14], which may be mechanistically
linked to the biological endpoint effects of ketone bodies.
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In this review, we discuss the impact of ketone bodies on the physiology and patho-
logical conditions of the organism by considering these molecules as epigenetic modifiers
and from the perspective of their anti-inflammatory properties.

2. Biology of Ketone Bodies
2.1. Ketogenic and Ketolytic Metabolic Pathways

When lipolysis becomes predominant over lipogenesis, the rise in free fatty acids
leads to an increase in the rate of conversion of Ac-CoA, the entry point for the Krebs
cycle. Alternatively, and under conditions of carbohydrate deprivation, Ac-CoA serves as a
ketogenic substrate. In the mitochondrial matrix, three enzymatic reactions convert two
Ac-CoA molecules into acetoacetate, which is then reduced to form D-f-hydroxybutyrate.
Firstly, an Acyl-CoA acetyltransferase (thiolase) condensates two molecules of Ac-CoA to
produce AcAc-CoA. Subsequently, the enzyme HMG-CoA synthase (HMGCS2) adds an-
other Ac-CoA group to form the intermediate 3-hydroxymethylglutaryl-CoA (HMG-CoA).
This second step is non-reversible and represents the rate-limiting enzymatic reaction of
ketogenesis. Finally, HMG-CoA is converted to the ketone body acetoacetate by the enzyme
HMG-CoA lyase. Acetoacetate can subsequently be reduced into the other, and quantita-
tively major, ketone body, 3-hydroxybutyrate (BHB), by the enzyme (3-hydroxybutyrate
dehydrogenase (BDH1). Hepatically produced ketone bodies BHB and AcAc are released
by the hepatocyte via the monocarboxylate transporter 1 (MCP1) and, through the circula-
tion, reach extrahepatic tissues where they can be used as energy sources [15]. In the liver,
AcAc and BHB levels reflect the redox balance of mitochondria [16]. Peripherally, BHB is
reconverted into acetoacetate and then Ac-CoA, which enters the Krebs cycle. A minor
fraction of acetoacetate is spontaneously decarboxylated into acetone that is for the most
part exhaled by the breath [7]. When circulating ketone bodies concentrations are within the
physiological limits, they act as energy substrates for multiple organs including the heart,
brain, skeletal muscles, kidney, and mammary glands. It can be noted that erythrocytes,
being devoid of mitochondria, cannot utilize ketone bodies as energetic substrates. Simi-
larly, the liver, which does not have the enzyme Oxct1/SCOT1 to metabolize AcAc-CoA, is
able to produce but not catabolize ketone bodies (Figure 1). Typically, ketone bodies are an
alternative fuel under conditions of carbohydrate deprivation such as prolonged fasting
or intense physical exercise. The metabolic switch towards ketogenesis is hormonally
regulated by glucagon. Because of its occurrence in hepatic mitochondria, the metabolism
of ketone bodies lies at the interface between the Krebs cycle, the 3-oxidation of fatty acids,
and sterol biosynthesis and is inversely correlated to lipogenesis. Unlike other metabolic
pathways, such as glycolysis or the breakdown of fatty acids via 3-oxidation that require
energy consumption in some intermediate steps, the oxidation of ketone bodies is fully
independent from ATP requirements [7].

2.2. Ketone Bodies as Epigenetic Modifiers

The metabolism of ketone bodies goes beyond the regulation of energy-providing
metabolic pathways. Ketone bodies are also involved in the coordination of cellular
functions through modification of the epigenome. In this context, histones, the protein
constituents of the histone octamer and the nucleosome, play a fundamental role in modu-
lating gene expression through their covalent post-translational modifications [17]. Histone
methylation and acetylation of lysine residues have been widely studied as histone PTMs
promoting transcription—such as histone acetylation at large [18] and histone methylation
on the lysine 4 of histone H3—or acting as repressive marks such as methylation on the
lysines 9 and 27 of histone H3 [19-21]. Numerous publications have already reported on
the influence of ketosis on nuclear signalling in pathological contexts, low carbohydrate
ketogenic diet, and the fasting state.
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Figure 1. Summarizing scheme of the metabolism of ketone bodies in the hepatic and extrahepatic
compartments. (A) In the liver, free fatty acids (FFAs) enter into the hepatocytes’s cytoplasm and then
mitochondria, via fatty acid transporters (FATPs) and carnitine palmitoyltransferase I (CPT1), which
serve as substrates for ketogenesis, leading to the production of the ketone bodies, BHB, AcAc, and the
byproduct acetone. Ketone bodies that are exported from hepatocytes through the monocarboxylate
transporters (MCTs) 1, 2, and 7. (B) In the heart, circulating ketone bodies enter cardiomyocytes
through MCTs 1 and 2 and serve as substrates for ketolysis, ultimately yielding Ac-CoA which enters
the Krebs cycle. Green dots represent enzymes taking part in both ketogenesis and ketolysis; red dots
represent rate-limiting enzymes specific for either ketogenesis or ketolysis; yellow dots represent
transporters, at the cellular or mitochondrial membrane. Abbreviations: Ac-CoA, acetyl coenzyme A;
AcAc-CoA, acetoacetyl coenzyme A; AcAc, acetoacetate; BHB: 3-hydroxybutyrate, FFAs, free fatty
acids; HMGCS2: 3-hydroxy-3-methylglutaryl-CoA-synthase 2, HMGCL: hydroxymethylglutaryl-CoA
lyase; BDH1, 3-hydroxybutyrate dehydrogenase; OXCT1, 3-oxoacid CoA-transferase 1.

2.3. The Biochemical Basis of Histone B-Hydroxybutyrylation

In recent years, dietary strategies based on the provision of a ketogenic diet or ketone
body precursors have attracted attention. The ketogenic diet may reduce blood glucose
levels, promote insulin sensitivity, and reduce body weight both in mouse models [22] and
in humans [23]. Indirectly, the ketogenic diet also ameliorates diabetes-related conditions
such as nephropathy [24].

During exposure to a ketogenic diet, the organism switches to fat as a primary energy
source, and the liver uses Ac-CoA derived from fatty acids to produce the ketone bodies
B-hydroxybutyrate (BHB), acetoacetate, and acetone. In addition to the observed increase
upon a KD, serum BHB levels are also augmented after prolonged exercise [25], fasting [26],
and, under a pathological circumstance, diabetic ketoacidosis [27,28].

BHB, within physiological levels, can attenuate the metabolic and cardiovascular man-
ifestations of diabetes. BHB has been shown to reduce oxidative stress in streptozotocin-
induced diabetic rats, preventing diabetic cardiomyopathy and cardiac death [29]. The
molecular mechanisms linking BHB to epigenetic phenomena and diabetic physiopathology
has only begun to be investigated in recent years. In a very elegant landmark study, histone
-hydroxybutyrylation (Kbhb) was identified by a mass spectrometry proteomic approach
as a novel histone PTM in a mouse model of streptozotocin (STZ)-induced diabetes [14]. The
original study reporting the discovery of 3-hydroxybutyrylation also correlated this histone
modification with transcriptional activity [14], suggesting that histone Kbhb, like acetyla-
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tion and other histone acylations, participates in the determination of chromatin structure
and regulation of gene expression. The enzymatic regulatory mechanisms governing 3-
hydroxybutyrylation have recently been elucidated. The histone acetyltransferase (HAT)
P300 has been shown to be the major writer responsible for histone 3-hydroxybutyrylation
in vitro and in vivo and, in an in vitro reconstitution system of transcription using chro-
matin, p300 induced histone 3-hydroxybutyrylation and p53 mediated transcriptional
responses [30]. Removal of 3-hydroxybutyrylation from histones is mediated by histone
deacetylases (HDACs). Class I HDACs (HDAC1 and HDAC?2) are zinc-dependent enzymes
and class Il HDACs (sirtuins: SIRT1, SIRT2) are NAD*-dependent enzymes, both removing
acyl-modifications, and defined, by virtue of this activity, as erasers [31,32] (Figure 2). In
the opposite way, another sirtuin isoform does not show -hydroxybutyrylation action in
in vitro assay using extracted core histones octamers as substrates [33]. On the other hand,
a slow 3-hydroxybutyrylation activity of SIRT3 has been shown on H3 peptides modified
with both the S and R stereoisoforms of 3-hydroxybutyrate, with a predominant activity
towards the non-physiological S stereoisomer of the 3-hydroxybutyryl group [34].
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Figure 2. Effects of HAT and HDAC on -hydroxybutyrylation, the chromatin’s transcriptional
dynamics, and consequences of epigenetic remodeling on pathologies. Abbreviations: AC, acetylation;
BHB, p-hydroxybutyrylation; TFs, transcription factors; RNA pol I, RNA polymerase II; ROS, reactive
oxygen species.

Physiological and pathological changes in BHB concentration under conditions such
as starvation and diabetic ketoacidosis can cause Kbhb on many of histone’s lysine residues.
Based on these findings, it is reasonable to assume that the KD also could cause these
changes. In fact, in addition to indirectly participating in histone PTMs as a histone
deacetylase (HDAC) inhibitor [35], a finding that is still debated [36], 3-hydroxybutyrate
can also directly regulate the complex process of gene transcription as an acyl donor, greatly
expanding the epigenetic regulatory potential of BHB [35].

Additionally, the specific link between regulation of gene expression in diabetic com-
plications and histone -hydroxybutyrylation has been elucidated in recent studies. f3-
hydroxybutyrate treatment upregulated VEGF expression and promoted endothelial re-
pair after vascular injury in diabetic rats [37]. During the repair process, BHB induced
increased lysine -hydroxybutyrylation and histone H3K9bhb in the aorta of diabetic
rats [37]. Whether H3K9bhb is causally linked to the increased VEGF gene expression
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remains to be formally demonstrated, and in the affirmative, increased Kbhb may provide
a putative intervention target to alleviate diabetic vascular dysfunction.

A recent study linked Kbhb to another biological response, with BHB upregulating
the gene expression of MMP-2 by inducing specific 3-hydroxybutyrylation in the MMP-2
promoter region in diabetic rats [38]. Such BHB-induced MMP-2 overexpression correlated
with a reduction of the pathological changes of glomeruli and a decreased index of renal
fibrosis [38]. Diabetic nephropathy is one of the major co-morbidities of diabetes, but effec-
tive treatments are still lacking. The above observations suggest a potential experimental
basis for clinical translation of BHB use in treating diabetic nephropathy [39].

Further studies on Kbhb as a novel histone PTM will further elucidate its implication
in epigenetic regulation and transcriptional activation phenomena. A proteomic analysis of
mouse embryo fibroblasts identified 840 unique 3-hydroxybutyrylation sites on 429 pro-
teins. Lysine 3-hydroxybutyrylation was found in enzymes belonging to the glycolytic and
gluconeogenic pathways, pyruvate metabolism, and the Krebs cycle [40]. Additionally, a
substantial portion of 3-hydroxybutyrylated proteins is located in the nucleus, making his-
tone 3-hydroxybutyrylation a histone PTM that is overrepresented in the nucleus compared
to other histone acylations such as butyrylation, succinylaction, and malonylation that
are mainly non-nuclear [33]. In the liver, the proteomic analysis identified approximately
900 B-hydroxybutyrylation sites, mainly in genes involved in fatty acid and amino acid
metabolism, detoxification pathways, and one-carbon metabolic pathways, suggesting
that 3-hydroxybutyrylation substantially alters the hepatic metabolism under ketogenic
conditions [41]. Hence, Kbhb modifications, through modulation of gene expression of
genes involved in metabolic pathways, may contribute to the development of metabolic
dysfunction when dysregulated. This idea is consistent with a large amount of literature
suggesting that BHB and (3-hydroxybutyrylation are potentially protective against diabetes
and diabetic complications.

2.4. BHB and Ketone Bodies as Signalling Mediators

G-protein-coupled receptors (GPCRs) are a highly versatile receptor family, responding
to a large array of different ligands. A number of GPCRs are still defined as “orphans” —en-
dogenous ligands that have not yet been identified [42]. Ketone bodies have been shown
to be agonistic ligands for the GPCRs GPR81, GPR109A, and GPR109B, also defined as
hydroxy-carboxylic acid 1, 2, and 3 receptors (HCARs), respectively [43]. As the expression
of HCAR?2 was also found in various immune cell lineages, including macrophages, it
may be surmised that ketone bodies may play a role in the inhibition of inflammatory
responses [44]. AS well as working as a GPCR activator, BHB has also been shown to be
an antagonistic ligand for the GPR41, inducing a drop in intracellular cAMP and thus a
decrease in lipolysis [45]. This decrease may allow the control of lipolysis during fasting
periods, hence limiting excessive use of lipid stores [44]. In addition, a transcriptomic
analysis revealed that BHB is also acting as in inhibitor of the MAPK signalling pathway,
although the precise molecular target leading to such inhibition remains to be defined [46].

3. Ketone Bodies as an Alternative Fuel for the Heart

The heart is an extraordinarily flexible organ regarding its capability to adapt its
metabolism to accommodate the use of different energy substrates for its functioning. The
main sources of energy for the heart are fatty acids, glucose, lactate, certain amino acids,
and ketone bodies. Their use depends greatly on their bioavailability as well as on the
pathophysiological state of the individual [47].

The use of ketone bodies by the heart may be more beneficial than the use of glucose
because no interim consumption of ATP is requested for the oxidation of ketone bodies,
while some ATP is necessary to drive glycolysis. Ketone body catabolism by the heart
depends on the capability of the liver to sustain ketogenesis using free fatty acids as sub-
strates. Thereon, hepatically produced ketone bodies reach the bloodstream by crossing the
mitochondrial and cytoplasmic membranes via MCTs (monocarboxylate transporters) [48].
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Overall, there is a finely tuned balance between fatty acid and glucose metabolism in
the heart. When oxidation of fatty acids is elevated, there is a reciprocal decrease in the
oxidation of glucose. This close correlation, universally known as the Randle cycle after
its proponent [49], is particularly impactful when the concentration of fatty acids becomes
high and induces insulin resistance. In this case, insulin can no longer exert its inhibitory
action on hepatic glucose production and on glucose uptake in peripheral tissues [50].

3.1. Cardiovascular Disease and Endothelial Damage Can Be Alleviated by Ketone Bodies

Diabetes, hypertension, abdominal obesity, and dyslipidemia are all metabolic distur-
bances that contribute to the appearance of atherosclerotic plaques and heart dysfunction.
Hyperglycemia is a known promoter of endothelial dysfunction and an early contributor to
the process of atherosclerosis [51]. The negative consequences of a hyperglycemic milieu on
the endothelium are mediated by the production of free radicals (reactive oxygen species),
activation of the PKC pathway, promotion of the hexosamine pathway, and an increase in
advanced glycation products and polyols [52]. In addition to hyperglycemia, abdominal
obesity also promotes the formation of atherosclerotic plaques. Pro-inflammatory adipocy-
tokines released by the visceral adipose tissue, such as TNFo and plasminogen activator
inhibitor-1 (PAI-1), cause damage to the vascular endothelium [53-56]. Concurrently, the in-
crease in triglyceride levels and the decrease in HDL lead to a pro-atherosclerotic state [57].
Endothelial dysfunction linked to the development of atherosclerosis is also associated
with the activation of the renin-angiotensin system [58], with angiotensin II leading to
increased vasoconstriction, oxidative stress, inflammation, and thrombosis [59].

Insulin resistance is the third main contributor to damage of the vascular endothelium.
As insulin inhibits lipolysis, in the insulin-resistant state, lipolysis is de-repressed and
the vascular walls, exposed to higher levels of circulating fatty acids, will become more
susceptible to apoptotic and inflammatory insults [60].

3.2. Potential Therapeutic Actions of the Ketogenic Diet

The ketogenic diet is a nutritional scheme low in carbohydrates and high in fat
(between 70 and 80%) with a normal protein intake (10-20%). The very low carbohydrate
content (5-10%) deprives the body of glucose as a primary energy source, rendering ketone
bodies derived of fat as the main metabolic fuel. Extensive evidence suggests that ketogenic
diets could, in several instances, play a therapeutic role. Medical practice has taken an
interest in the ketogenic diet in the treatment of epilepsy, and this is now a standard of care
for pharmacologically refractory epilepsies [61,62]. This therapeutic dietary approach was
discovered at the Mayo Clinic in 1921 by Dr. Russell Wilder, who noticed that absolute
fasting stopped epileptic seizures [63]. In an attempt to mimic the effects of fasting, leading
to the production of ketone bodies but without massive loss of muscle mass, he pioneered
the use of a ketogenic diet for pharmacologically refractory epilepsy.

The potential use of the ketogenic diet is now being investigated in other neurological
conditions, including Alzheimer’s and Parkinson’s diseases, with preliminary promising
results [64]. In the case of diabetes, both type II [65,66] and type I may be improved by
adherence to a ketogenic diet, with caution to be exerted in type I diabetes due to the
potential risk of hypoglycemia, diabetic ketoacidosis, and dyslipidemia [67]. Indeed, the
concentration of ketone bodies must not exceed 15 mM, particularly in type I diabetics,
otherwise metabolic acidosis will develop, leading to renal failure and cerebral edema [68].
An outpatient-clinic, small-scale study showed a marked improvement in diabetes in
patients who observed a ketogenic diet, as the reduction of carbohydrate intake reduced
insulin levels and promoted the use of ketone bodies [69].

3.3. The Role of Ketone Bodies in Inflammatory Disease

While on the one hand, inflammation is a body mechanism of defense against external
pathogens and other insults, its dysregulation, leading to a temporary or permanent
disproportionate reaction, leads to inflammatory diseases. One of the main molecular
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complexes mediating the inflammatory response is the NLRP3 inflammasome, a molecular
complex including the proteins Nlrp3, ASC, and pro-caspase-1, which are expressed by
different cell lineages such as macrophages, fibroblasts, and epithelial cells. The NLRP3
inflammasome is the best known inflammasome due to mutations on its exon 3 responsible
for the appearance of serious inflammatory diseases including severe chronic infantile
neurological cutaneous and articular syndrome; familial cold autoinflammatory syndrome
(FCAS), also known familial cold urticaria; Muckle-Wells syndrome, and acute pancreatitis.
Several factors can lead to the activation of the inflammasome including extracellular ATP,
cholesterol crystals, uric acid crystals, hyaluronic acid, LPS, nucleic acids, and nanoparticles.
Induction of oxidized mitochondrial DNA also activates the inflammasome [70]. A very
recent clinical study showed that BHB could significantly reduce macrophage activation
during acute pancreatitis [71]. Many studies converged on the idea that the presence of
ketone bodies produced by the liver would reduce the mediators involved in inflammation
and would constitute a promising treatment pathway for diabetes and autoimmune or
neurodegenerative diseases [72]. In fact, BHB has been shown to inhibit the inflammatory
complex NLRP3 through a decrease in intracellular potassium levels. In accordance, fasting
for periods from 15 h up to two weeks, promoting the synthesis of ketone bodies, including
BHB, would confer an anti-inflammatory status to the organism.

4. The Effects of a Ketogenic Diet on Inflammation-Dependent Atherosclerosis and
Cardiovascular Risk

Atherosclerosis and cardiovascular risk are closely interrelated conditions. The for-
mation of the atherosclerotic plaque is a slowly progressing event, with an initial accu-
mulation of lipid deposits promoting inflammation, lesions of the vascular endothelium,
and ultimately, narrowing and thickening of the vessels due to the formation of atheroma
plaques [73]. Different evolutionary stages define the atherosclerotic progression—stages
I, 1I, and III define early lesions, and stages IV, V, and VI define the more advanced le-
sions that induce the infiltration of macrophages into the intima mediated by the cytokine
MCP-1/CCL2 [74], and deposition of extracellular lipids and cholesterol crystals [75].

In advanced stage V fibro-atheroma, the inflammasome is activated, with the secre-
tion of IL-1B and IL-18 interleukins that generate an amplification loop leading to the
activation of T lymphocytes and natural killer (NK) cells [76]. All these pro-inflammatory
mechanisms mark the progression of atherosclerosis with inhibition of collagen synthesis
which contributes to the resistance of the fibrous cap and the destabilization of the plaque,
leading to the risk of plaque rupture and vascular ischemia [77]. Vascular inflammation is
also accompanied by the activation of the biosynthetic pathway of prostaglandin E2 and
the migration of macrophages in the arterial wall, whose cytokines exert pro-atherogenic
effects. Subsequently, macrophage death leads to the release of their lipid content inducing
a pro-thrombotic and necrotic core [78,79]. This latter event is an essential component in
the instability of the plaques, their rupture, and the formation of intravascular clots [80].

4.1. The Effects of the Ketogenic Diet on the Inflammasome

Fat intake is traditionally viewed as a predisposing factor to weight gain and cardiovas-
cular diseases. However, the ketogenic diet, via the induction of ketone body biosynthesis,
could have a positive effect on the known risk factors for cardiovascular disease and
atherosclerosis. It is widely accepted that the ingestion of omega-3 polyunsaturated fatty
acids raises high-density lipoproteins (HDLs), also referred to as “good cholesterol”, and
thus maintains a protective effect on the cardiovascular system. Studies have shown that a
ketogenic diet has marked effects on blood triglyceride levels, lowering total cholesterol
and raising HDL levels [81]. The ketogenic diet is thought to have significant effects on
the size and volume of high-density lipoprotein particles that decrease cardiovascular risk
compared to the smaller and denser low-density lipoprotein particles (LDLs) that increase
cardiovascular risk [82]. Recent studies have shown that cardiovascular risk can be reduced
by consuming a ketogenic diet [83]. The oxidation of ketone bodies as an energy source
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could counterbalance the oxidation of myocardial fatty acids, which are deleterious to the
heart [84]. However, other studies have also shown that an excess of oxidation of ketone
bodies would inhibit the functioning of the Krebs cycle in the myocardial cells of a perfused
heart [85,86].

4.2. Targeting Cardiac Dysfunction with Ketone Bodies

BHB has biochemical functions since it can inhibit several histone deacetylases [87,88],
a family of nuclear proteins involved in gene regulation by eliminating an acetyl group
present on the lysine residues of histones and non-histone proteins. This mechanism in-
duces hyperacetylation of histones, thereby increasing accessibility to DNA transcriptional
activity [89]. A recent study showed that in a mouse model of heart failure, upon adminis-
tration of excess fatty acids, global hyperacetylation of mitochondrial proteins could be
a major player driving inflammation and the assembly of NLPR3 [90]. Within this exper-
imental model, the addition of BHB alleviated the mitochondrial dysfunctions induced
by pro-inflammatory cytokines, thus preventing the deleterious effects of fatty acids on
mitochondprial function. This study indicates that the direct reduction of mitochondrial
protein acetylation by BHB, through activation of citrate synthase, could be an interesting
therapeutic target for heart failure [91]. The use of BHB to inhibit inflammation can thus be
an interesting treatment prospect since BHB is described as a ligand of GPR109A which
inhibits lipolysis and exerts an anti-inflammatory effect [90]. Furthermore, a study by
Yamanashi et al. (2017) [92] showed that BHB significantly reduced the activation of the
NLRP3 complex in murine hippocampal cells. This inhibition was accompanied by a
decrease in the synthesis of TNFo and II-1(3. These results support the hypothesis that BHB
could constitute a molecule with wide-spectrum anti-inflammatory properties. The main
links between the ketogenic diet and potential physiological adaptations are schematized
in Figure 3.
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Figure 3. Schematic representation of the main links between the ketogenic diet on proven non-
cardiovascular effects and physiological adaptations of the cardiovascular system. Recently identified
signalling targets are also reported.

5. Conclusions and Perspectives

The literature discussed in this review, representing a minor fraction of the abundant
studies on the subject, provisionally supports the beneficial impact of physiological levels
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of ketone bodies, either produced by the organism during fasting or physical exercise or
from a ketogenic diet, on cardiovascular pathologies. The main ketone body, BHB, may
directly relieve conditions of oxidative stress and inflammation, exerting a beneficial effect
on the causative factors of diseases such as diabetes and cardiometabolic disease [93].
Recent research has started to tackle the molecular mechanisms that come into play in the
modulation of gene expression, transcriptionally promoting PTM modifications of histones
upon administration of a ketogenic diet and/or ketone body precursors. Yet, questions still
remain, or are only partially answered, about areas of public health that are of concern to
all, such as: (i) How does fasting have an impact on cellular autophagy? (ii) Do ketone
bodies affect DNA repair mechanisms? (iii) How is the ketogenic diet interrelated with
the gut microbiome and the immune system? On the other hand, questions about the
constraints imposed by a long-term ketogenic diet in terms of compliance and possible
negative long-term effects should not be discounted. Finally, concerning the ketogenic diet,
questions such as the nature of its constituent foods, the frequency of this diet, and the best
period of life in which apply it to maximize its benefits on health and lifespan all remain
open fields of investigation that will continue to grow and nurture scientific inquiry, to
hopefully reach the wider applicative potential of ketone bodies or a KD as an adapted
nutritional remedy to prevent, alleviate, control, or treat cardiometabolic disease in Western
or other societies that adopt this nutritional model.

Author Contributions: Conceptualization, L.P. and N.B.; writing—original draft preparation, N.B.;
writing—review and editing, N.B, A.S., A.B. and L.P,; supervision, L.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by INSERM institutional funding. This work was also supported
by the Polish National Science Centre, Project Grant NCN Miniatura, No. 2021/30/M/NZ3/00682,
and a short-term fellowship to A.S. funded by the Faculty of Biology and Environmental Protection,
University of Lodz.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no competing financial interest in relation
to the work reported in this paper.

Abbreviations

AcAc-CoA, acetoacetyl-coenzyme A; Ac-CoA, acetyl-coenzyme A; ASC, apoptosis-associated speck-
like protein; ATP, adenosine triphosphate; BHB, hydroxybutyrate; CCL2, chemokine ligand 2;
GLUT1, glucose transporter 1; FATPs, fatty acids transport proteins; HDAC, histone deacety-
lase; HAT, histone acetyltransferase; HDLs, high density lipoproteins; HMGCS2, 3-hydroxy-3-
methylglutaryl-CoA synthase 2; Kbhb, 3-hydroxybutyrylation; KD, ketogenic diet; LDLs, low-density
lipoproteins; MCP1, monocyte chemoattractant protein 1, MCTs, monocarboxylate transporters;
MMP-2, matrix metalloproteinase-2; NK, natural killer; NLRP3, NOD-like receptor family, pyrin
domain containing 3; Oxct1, 3-oxoacid CoA-transferase; PAI-1, plasminogen activator inhibitor-1;
PKC, protein kinase C; PTMs, post-translational modifications; SCOT1, succinyl-CoA,3-ketoacid CoA
transferase; TNF«, tumor necrosis factor «.

References

1. Foster, D.W. Studies in the Ketosis of Fasting. J. Clin. Investig. 1967, 46, 1283-1296. [CrossRef] [PubMed]

2. Békési, A.; Williamson, D.H. An Explanation for Ketogenesis by the Intestine of the Suckling Rat: The Presence of an Active
Hydroxymethylglutaryl-Coenzyme A Pathway. Biol. Neonatol. 1990, 58, 160-165. [CrossRef] [PubMed]

3. Cheng, C.-W.,; Biton, M.; Haber, A.L.; Gunduz, N.; Eng, G.; Gaynor, L.T.; Tripathi, S.; Calibasi-Kocal, G.; Rickelt, S.; Butty, V.L.; et al.

Ketone Body Signaling Mediates Intestinal Stem Cell Homeostasis and Adaptation to Diet. Cell 2019, 178, 1115-1131.e15.
[CrossRef] [PubMed]


http://doi.org/10.1172/JCI105621
http://www.ncbi.nlm.nih.gov/pubmed/16695917
http://doi.org/10.1159/000243256
http://www.ncbi.nlm.nih.gov/pubmed/2279051
http://doi.org/10.1016/j.cell.2019.07.048
http://www.ncbi.nlm.nih.gov/pubmed/31442404

Int. . Mol. Sci. 2022, 23, 14564 10 0f 13

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Yi, W,; Sylvester, E.; Lian, ].; Deng, C. Kidney Plays an Important Role in Ketogenesis Induced by Risperidone and Voluntary
Exercise in Juvenile Female Rats. Psychiatry Res. 2021, 305, 114196. [CrossRef]

Zhang, H.; Tang, K.; Ma, J.; Zhou, L, Liu, J.; Zeng, L.; Zhu, L.; Xu, P; Chen, J.; Wei, K,; et al. Ketogenesis-Generated
B-Hydroxybutyrate Is an Epigenetic Regulator of CD8+ T-Cell Memory Development. Nat. Cell Biol. 2020, 22, 18-25. [CrossRef]
Auestad, N.; Korsak, R.A.; Morrow, ].W.; Edmond, J. Fatty Acid Oxidation and Ketogenesis by Astrocytes in Primary Culture.
J. Neurochem. 1991, 56, 1376-1386. [CrossRef]

Puchalska, P.; Crawford, P.A. Multi-Dimensional Roles of Ketone Bodies in Fuel Metabolism, Signaling, and Therapeutics. Cell
Metab. 2017, 25, 262-284. [CrossRef]

Puchalska, P; Martin, S.E.; Huang, X.; Lengfeld, J.E.; Daniel, B.; Graham, M.]J.; Han, X.; Nagy, L.; Patti, G.J.; Crawford, P.A.
Hepatocyte-Macrophage Acetoacetate Shuttle Protects against Tissue Fibrosis. Cell Metab. 2019, 29, 383-398.e7. [CrossRef]
Cunnane, S.C.; Crawford, M.A. Energetic and Nutritional Constraints on Infant Brain Development: Implications for Brain
Expansion during Human Evolution. J. Hum. Evol. 2014, 77, 88-98. [CrossRef]

Neal, E.G.; Chaffe, H.; Schwartz, R.H.; Lawson, M.S.; Edwards, N.; Fitzsimmons, G.; Whitney, A.; Cross, ].H. The Ketogenic Diet
for the Treatment of Childhood Epilepsy: A Randomised Controlled Trial. Lancet Neurol. 2008, 7, 500-506. [CrossRef]

Tagliabue, A.; Ferraris, C.; Uggeri, F; Trentani, C.; Bertoli, S.; de Giorgis, V.; Veggiotti, P.; Elli, M. Short-Term Impact of a Classical
Ketogenic Diet on Gut Microbiota in GLUT1 Deficiency Syndrome: A 3-Month Prospective Observational Study. Clin. Nutr.
ESPEN 2017, 17, 33-37. [CrossRef] [PubMed]

Dabek, A.; Wojtala, M.; Pirola, L.; Balcerczyk, A. Modulation of Cellular Biochemistry, Epigenetics and Metabolomics by Ketone
Bodies. Implications of the Ketogenic Diet in the Physiology of the Organism and Pathological States. Nutrients 2020, 12, 788.
[CrossRef] [PubMed]

Barrea, L.; Caprio, M.; Tuccinardi, D.; Moriconi, E.; Di Renzo, L.; Muscogiuri, G.; Colao, A.; Savastano, S. Obesity Programs of
nutrition, Education, Research and Assessment (OPERA) group Could Ketogenic Diet “Starve” Cancer? Emerging Evidence. Crit.
Rev. Food Sci. Nutr. 2020, 62, 1800-1821. [CrossRef]

Xie, Z.; Zhang, D.; Chung, D.; Tang, Z.; Huang, H.; Dai, L.; Qi, S.; Li, J.; Colak, G.; Chen, Y,; et al. Metabolic Regulation of Gene
Expression by Histone Lysine 3-Hydroxybutyrylation. Mol. Cell 2016, 62, 194-206. [CrossRef] [PubMed]

Mitchell, G.A.; Kassovska-Bratinova, S.; Boukaftane, Y.; Robert, M.F.; Wang, S.P.; Ashmarina, L.; Lambert, M.; Lapierre, P.; Potier,
E. Medical Aspects of Ketone Body Metabolism. Clin. Invest. Med. 1995, 18, 193-216.

Fukao, T.; Lopaschuk, G.D.; Mitchell, G.A. Pathways and Control of Ketone Body Metabolism: On the Fringe of Lipid Biochemistry.
Prostaglandins Leukot. Essent. Fat. Acids 2004, 70, 243-251. [CrossRef]

Turner, B.M. Defining an Epigenetic Code. Nat. Cell Biol. 2007, 9, 2—6. [CrossRef] [PubMed]

Rice, ].C.; Allis, C.D. Histone Methylation versus Histone Acetylation: New Insights into Epigenetic Regulation. Curr. Opin. Cell
Biol. 2001, 13, 263-273. [CrossRef]

Nakayama, J.; Rice, J.C.; Strahl, B.D.; Allis, C.D.; Grewal, S.I. Role of Histone H3 Lysine 9 Methylation in Epigenetic Control of
Heterochromatin Assembly. Science 2001, 292, 110-113. [CrossRef]

Padeken, J.; Methot, S.P.; Gasser, S.M. Establishment of H3K9-Methylated Heterochromatin and Its Functions in Tissue Differenti-
ation and Maintenance. Nat. Rev. Mol. Cell Biol. 2022, 23, 623-640. [CrossRef]

Pan, M.-R.; Hsu, M.-C.; Chen, L.-T.; Hung, W.-C. Orchestration of H3K27 Methylation: Mechanisms and Therapeutic Implication.
Cell Mol. Life Sci. 2018, 75, 209-223. [CrossRef] [PubMed]

Nasser, S.; Solé, T.; Vega, N.; Thomas, T.; Balcerczyk, A.; Strigini, M.; Pirola, L. Ketogenic Diet Administration to Mice after a
High-Fat-Diet Regimen Promotes Weight Loss, Glycemic Normalization and Induces Adaptations of Ketogenic Pathways in
Liver and Kidney. Mol. Metab. 2022, 65, 101578. [CrossRef] [PubMed]

Yancy, W.S.; Olsen, M.K.; Guyton, J.R.; Bakst, R.P.; Westman, E.C. A Low-Carbohydrate, Ketogenic Diet versus a Low-Fat Diet to
Treat Obesity and Hyperlipidemia: A Randomized, Controlled Trial. Ann. Intern. Med. 2004, 140, 769-777. [CrossRef] [PubMed]
Poplawski, M.M.; Mastaitis, ].W.; Isoda, F.; Grosjean, F.; Zheng, F.; Mobbs, C.V. Reversal of Diabetic Nephropathy by a Ketogenic
Diet. PLoS ONE 2011, 6, €18604. [CrossRef]

Sherrier, M.; Li, H. The Impact of Keto-Adaptation on Exercise Performance and the Role of Metabolic-Regulating Cytokines. Am.
J. Clin. Nutr. 2019, 110, 562-573. [CrossRef]

Nuttall, F.Q.; Almokayyad, R-M.; Gannon, M.C. Circulating Lipids in Men with Type 2 Diabetes Following 3 Days on a
Carbohydrate-Free Diet versus 3 Days of Fasting. Physiol. Rep. 2020, 8, €14569. [CrossRef]

Luzi, L.; Barrett, E.J.; Groop, L.C.; Ferrannini, E.; DeFronzo, R.A. Metabolic Effects of Low-Dose Insulin Therapy on Glucose
Metabolism in Diabetic Ketoacidosis. Diabetes 1988, 37, 1470-1477. [CrossRef]

Nasser, S.; Vialichka, V.; Biesiekierska, M.; Balcerczyk, A.; Pirola, L. Effects of Ketogenic Diet and Ketone Bodies on the
Cardiovascular System: Concentration Matters. World |. Diabetes 2020, 11, 584-595. [CrossRef]

Qi, H.; Gu, L; Xu, D; Liu, K.; Zhou, M.; Wang, Y.; Wang, X.; Li, Y.; Qi, ]. p-Hydroxybutyrate Inhibits Cardiac Microvascular
Collagen 4 Accumulation by Attenuating Oxidative Stress in Streptozotocin-Induced Diabetic Rats and High Glucose Treated
Cells. Eur. J. Pharmacol. 2021, 899, 174012. [CrossRef]

Kaczmarska, Z.; Ortega, E.; Goudarzi, A.; Huang, H.; Kim, S.; Marquez, J.A.; Zhao, Y.; Khochbin, S.; Panne, D. Structure of P300
in Complex with Acyl-CoA Variants. Nat. Chem. Biol. 2017, 13, 21-29. [CrossRef]


http://doi.org/10.1016/j.psychres.2021.114196
http://doi.org/10.1038/s41556-019-0440-0
http://doi.org/10.1111/j.1471-4159.1991.tb11435.x
http://doi.org/10.1016/j.cmet.2016.12.022
http://doi.org/10.1016/j.cmet.2018.10.015
http://doi.org/10.1016/j.jhevol.2014.05.001
http://doi.org/10.1016/S1474-4422(08)70092-9
http://doi.org/10.1016/j.clnesp.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/28361745
http://doi.org/10.3390/nu12030788
http://www.ncbi.nlm.nih.gov/pubmed/32192146
http://doi.org/10.1080/10408398.2020.1847030
http://doi.org/10.1016/j.molcel.2016.03.036
http://www.ncbi.nlm.nih.gov/pubmed/27105115
http://doi.org/10.1016/j.plefa.2003.11.001
http://doi.org/10.1038/ncb0107-2
http://www.ncbi.nlm.nih.gov/pubmed/17199124
http://doi.org/10.1016/S0955-0674(00)00208-8
http://doi.org/10.1126/science.1060118
http://doi.org/10.1038/s41580-022-00483-w
http://doi.org/10.1007/s00018-017-2596-8
http://www.ncbi.nlm.nih.gov/pubmed/28717873
http://doi.org/10.1016/j.molmet.2022.101578
http://www.ncbi.nlm.nih.gov/pubmed/35995402
http://doi.org/10.7326/0003-4819-140-10-200405180-00006
http://www.ncbi.nlm.nih.gov/pubmed/15148063
http://doi.org/10.1371/journal.pone.0018604
http://doi.org/10.1093/ajcn/nqz145
http://doi.org/10.14814/phy2.14569
http://doi.org/10.2337/diab.37.11.1470
http://doi.org/10.4239/wjd.v11.i12.584
http://doi.org/10.1016/j.ejphar.2021.174012
http://doi.org/10.1038/nchembio.2217

Int. . Mol. Sci. 2022, 23, 14564 110f13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.
57.

Zhou, T.; Cheng, X.; He, Y.; Xie, Y.; Xu, F; Xu, Y,; Huang, W. Function and Mechanism of Histone 3-Hydroxybutyrylation in
Health and Disease. Front. Immunol. 2022, 13,981285. [CrossRef]

Eckschlager, T.; Plch, J.; Stiborova, M.; Hrabeta, ]. Histone Deacetylase Inhibitors as Anticancer Drugs. Int. J. Mol. Sci. 2017,
18, 1414. [CrossRef] [PubMed]

Huang, H.; Zhang, D.; Weng, Y.; Delaney, K; Tang, Z.; Yan, C.; Qi, S.; Peng, C.; Cole, P.A.; Roeder, R.G,; et al. The Regulatory
Enzymes and Protein Substrates for the Lysine 3-Hydroxybutyrylation Pathway. Sci. Adv. 2021, 7, eabe2771. [CrossRef] [PubMed]
Zhang, X.; Cao, R.; Niu, J.; Yang, S.; Ma, H.; Zhao, S.; Li, H. Molecular Basis for Hierarchical Histone De-f-Hydroxybutyrylation
by SIRT3. Cell Discov. 2019, 5, 35. [CrossRef]

Shimazu, T.; Hirschey, M.D.; Newman, J.; He, W.; Shirakawa, K.; Le Moan, N.; Grueter, C.A.; Lim, H.; Saunders, L.R.; Stevens,
R.D.; et al. Suppression of Oxidative Stress by 3-Hydroxybutyrate, an Endogenous Histone Deacetylase Inhibitor. Science 2013,
339, 211-214. [CrossRef]

Chriett, S.; Dabek, A.; Wojtala, M.; Vidal, H.; Balcerczyk, A.; Pirola, L. Prominent Action of Butyrate over 3-Hydroxybutyrate as
Histone Deacetylase Inhibitor, Transcriptional Modulator and Anti-Inflammatory Molecule. Sci. Rep. 2019, 9, 742. [CrossRef]
[PubMed]

Wu, X.; Miao, D,; Liu, Z,; Liu, K; Zhang, B.; Li, J.; Li, Y;; Qi, J. B-Hydroxybutyrate Antagonizes Aortic Endothelial Injury by
Promoting Generation of VEGF in Diabetic Rats. Tissue Cell 2020, 64, 101345. [CrossRef] [PubMed]

Luo, W,; Yu, Y,; Wang, H.; Liu, K.; Wang, Y.; Huang, M.; Xuan, C.; Li, Y,; Qi, J. Up-Regulation of MMP-2 by Histone H3K9
B-Hydroxybutyrylation to Antagonize Glomerulosclerosis in Diabetic Rat. Acta Diabetol. 2020, 57, 1501-1509. [CrossRef]

Diao, M.; Wu, Y,; Yang, J.; Liu, C.; Xu, J.; Jin, H.; Wang, J.; Zhang, J.; Gao, E; Jin, C.; et al. Identification of Novel Key Molecular
Signatures in the Pathogenesis of Experimental Diabetic Kidney Disease. Front. Endocrinol. 2022, 13, 843721. [CrossRef]

Hou, W.; Liu, G.; Ren, X,; Liu, X;; He, L.; Huang, H. Quantitative Proteomics Analysis Expands the Roles of Lysine (-
Hydroxybutyrylation Pathway in Response to Environmental 3-Hydroxybutyrate. Oxid. Med. Cell Longev. 2022, 2022, 4592170.
[CrossRef]

Koronowski, K.B.; Greco, C.M.; Huang, H.; Kim, J.-K.; Fribourgh, J.L.; Crosby, P.; Mathur, L.; Ren, X.; Partch, C.L.; Jang, C.; et al.
Ketogenesis Impact on Liver Metabolism Revealed by Proteomics of Lysine 3-Hydroxybutyrylation. Cell Rep. 2021, 36, 109487.
[CrossRef] [PubMed]

Ahmed, K; Tunaru, S.; Offermanns, S. GPR109A, GPR109B and GPR8]1, a Family of Hydroxy-Carboxylic Acid Receptors. Trends
Pharmacol. Sci. 2009, 30, 557-562. [CrossRef] [PubMed]

Offermanns, S. Hydroxy-Carboxylic Acid Receptor Actions in Metabolism. Trends Endocrinol. Metab. 2017, 28, 227-236. [CrossRef]
Rahman, M.; Muhammad, S.; Khan, M.A.; Chen, H.; Ridder, D.A.; Miiller-Fielitz, H.; Pokornd, B.; Vollbrandt, T.; Stolting, I.;
Nadrowitz, R.; et al. The 3-Hydroxybutyrate Receptor HCA2 Activates a Neuroprotective Subset of Macrophages. Nat. Commun.
2014, 5, 3944. [CrossRef] [PubMed]

Kimura, I.; Inoue, D.; Maeda, T.; Hara, T.; Ichimura, A.; Miyauchi, S.; Kobayashi, M.; Hirasawa, A.; Tsujimoto, G. Short-Chain
Fatty Acids and Ketones Directly Regulate Sympathetic Nervous System via G Protein-Coupled Receptor 41 (GPR41). Proc. Natl.
Acad. Sci. USA 2011, 108, 8030-8035. [CrossRef]

Li, C.; Huang, J.; Chen, X; Yan, Y,; Li, L.; Zhao, W. Transcriptome Analysis Reveals That NEFA and 3-Hydroxybutyrate Induce
Oxidative Stress and Inflammatory Response in Bovine Mammary Epithelial Cells. Metabolites 2022, 12, 1060. [CrossRef]
Yurista, S.R.; Chen, S.; Welsh, A.; Tang, WH.W.; Nguyen, C.T. Targeting Myocardial Substrate Metabolism in the Failing Heart:
Ready for Prime Time? Curr. Heart Fail. Rep. 2022, 19, 180-190. [CrossRef]

Halestrap, A.P; Price, N.T. The Proton-Linked Monocarboxylate Transporter (MCT) Family: Structure, Function and Regulation.
Biochem. ]. 1999, 343 Pt 2, 281-299. [CrossRef]

Randle, PJ.; Garland, P.B.; Hales, C.N.; Newsholme, E.A. The Glucose Fatty-Acid Cycle. Its Role in Insulin Sensitivity and the
Metabolic Disturbances of Diabetes Mellitus. Lancet 1963, 1, 785-789. [CrossRef]

Staehr, P.; Hother-Nielsen, O.; Landau, B.R.; Chandramouli, V.; Holst, ].J.; Beck-Nielsen, H. Effects of Free Fatty Acids per Se on
Glucose Production, Gluconeogenesis, and Glycogenolysis. Diabetes 2003, 52, 260-267. [CrossRef]

Ross, R. The Pathogenesis of Atherosclerosis: A Perspective for the 1990s. Nature 1993, 362, 801-809. [CrossRef] [PubMed]
Brownlee, M. The Pathobiology of Diabetic Complications: A Unifying Mechanism. Diabetes 2005, 54, 1615-1625. [CrossRef]
[PubMed]

Yudkin, J.S.; Stehouwer, C.D.; Emeis, ] J.; Coppack, S.W. C-Reactive Protein in Healthy Subjects: Associations with Obesity, Insulin
Resistance, and Endothelial Dysfunction: A Potential Role for Cytokines Originating from Adipose Tissue? Arterioscler. Thromb.
Vasc. Biol. 1999, 19, 972-978. [CrossRef] [PubMed]

Matsuzawa, Y. White Adipose Tissue and Cardiovascular Disease. Best Pr. Res. Clin. Endocrinol. Metab. 2005, 19, 637-647.
[CrossRef]

Lyon, C.J.; Hsueh, W.A. Effect of Plasminogen Activator Inhibitor-1 in Diabetes Mellitus and Cardiovascular Disease. Am. . Med.
2003, 115 (Suppl. 8A), 625-68S. [CrossRef]

Moller, D.E.; Kaufman, K.D. Metabolic Syndrome: A Clinical and Molecular Perspective. Annu Rev Med 2005, 56, 45-62. [CrossRef]
Carmena, R.; Duriez, P; Fruchart, J.-C. Atherogenic Lipoprotein Particles in Atherosclerosis. Circulation 2004, 109, III2-1117.
[CrossRef]


http://doi.org/10.3389/fimmu.2022.981285
http://doi.org/10.3390/ijms18071414
http://www.ncbi.nlm.nih.gov/pubmed/28671573
http://doi.org/10.1126/sciadv.abe2771
http://www.ncbi.nlm.nih.gov/pubmed/33627428
http://doi.org/10.1038/s41421-019-0103-0
http://doi.org/10.1126/science.1227166
http://doi.org/10.1038/s41598-018-36941-9
http://www.ncbi.nlm.nih.gov/pubmed/30679586
http://doi.org/10.1016/j.tice.2020.101345
http://www.ncbi.nlm.nih.gov/pubmed/32473710
http://doi.org/10.1007/s00592-020-01552-2
http://doi.org/10.3389/fendo.2022.843721
http://doi.org/10.1155/2022/4592170
http://doi.org/10.1016/j.celrep.2021.109487
http://www.ncbi.nlm.nih.gov/pubmed/34348140
http://doi.org/10.1016/j.tips.2009.09.001
http://www.ncbi.nlm.nih.gov/pubmed/19837462
http://doi.org/10.1016/j.tem.2016.11.007
http://doi.org/10.1038/ncomms4944
http://www.ncbi.nlm.nih.gov/pubmed/24845831
http://doi.org/10.1073/pnas.1016088108
http://doi.org/10.3390/metabo12111060
http://doi.org/10.1007/s11897-022-00554-1
http://doi.org/10.1042/bj3430281
http://doi.org/10.1016/S0140-6736(63)91500-9
http://doi.org/10.2337/diabetes.52.2.260
http://doi.org/10.1038/362801a0
http://www.ncbi.nlm.nih.gov/pubmed/8479518
http://doi.org/10.2337/diabetes.54.6.1615
http://www.ncbi.nlm.nih.gov/pubmed/15919781
http://doi.org/10.1161/01.ATV.19.4.972
http://www.ncbi.nlm.nih.gov/pubmed/10195925
http://doi.org/10.1016/j.beem.2005.07.001
http://doi.org/10.1016/j.amjmed.2003.08.014
http://doi.org/10.1146/annurev.med.56.082103.104751
http://doi.org/10.1161/01.CIR.0000131511.50734.44

Int. . Mol. Sci. 2022, 23, 14564 12 0f13

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Sachetelli, S.; Liu, Q.; Zhang, S.-L.; Liu, F; Hsieh, T.-J.; Brezniceanu, M.-L.; Guo, D.-E; Filep, ]J.G.; Ingelfinger, ].R.; Sigmund,
C.D.; et al. RAS Blockade Decreases Blood Pressure and Proteinuria in Transgenic Mice Overexpressing Rat Angiotensinogen
Gene in the Kidney. Kidney Int. 2006, 69, 1016-1023. [CrossRef]

Caglayan, E.; Blaschke, F; Takata, Y.; Hsueh, W.A. Metabolic Syndrome-Interdependence of the Cardiovascular and Metabolic
Pathways. Curr. Opin. Pharmacol. 2005, 5, 135-142. [CrossRef]

Oram, J.E; Bornfeldt, K.E. Direct Effects of Long-Chain Non-Esterified Fatty Acids on Vascular Cells and Their Relevance to
Macrovascular Complications of Diabetes. Front. Biosci. 2004, 9, 1240-1253. [CrossRef]

Frangois, L.L.; Manel, V.; Rousselle, C.; David, M. Ketogenic regime as anti-epileptic treatment: Its use in 29 epileptic children.
Arch. Pediatr. 2003, 10, 300-306. [CrossRef] [PubMed]

Bodenant, M.; Moreau, C.; Sejourné, C.; Auvin, S.; Delval, A.; Cuisset, ].-M.; Derambure, P.; Destée, A.; Defebvre, L. Interest of the
ketogenic diet in a refractory status epilepticus in adults. Rev. Neurol. 2008, 164, 194-199. [CrossRef] [PubMed]

Winesett, S.P,; Bessone, S.K.; Kossoff, E.H.W. The Ketogenic Diet in Pharmacoresistant Childhood Epilepsy. Expert Rev. Neurother.
2015, 15, 621-628. [CrossRef] [PubMed]

Grochowska, K.; Przeliorz, A. The Effect of the Ketogenic Diet on the Therapy of Neurodegenerative Diseases and Its Impact on
Improving Cognitive Functions. Dement. Geriatr. Cogn. Dis. Extra 2022, 12, 100-106. [CrossRef]

Steven, S.; Taylor, R. Restoring Normoglycaemia by Use of a Very Low Calorie Diet in Long- and Short-Duration Type 2 Diabetes.
Diabet. Med. 2015, 32, 1149-1155. [CrossRef]

Goday, A.; Bellido, D.; Sajoux, I.; Crujeiras, A.B.; Burguera, B.; Garcia-Luna, P.P; Oleaga, A.; Moreno, B.; Casanueva, FF.
Short-Term Safety, Tolerability and Efficacy of a Very Low-Calorie-Ketogenic Diet Interventional Weight Loss Program versus
Hypocaloric Diet in Patients with Type 2 Diabetes Mellitus. Nutr. Diabetes 2016, 6, €230. [CrossRef]

Schneider, S.; Biggerstaff, D.L.; Barber, T.M. Helpful or Harmful? The Impact of the Ketogenic Diet on Eating Disorder Outcomes
in Type 1 Diabetes Mellitus. Expert. Rev. Endocrinol. Metab. 2022, 17, 319-331. [CrossRef]

Morris, C.G.; Low, J. Metabolic Acidosis in the Critically Ill: Part 2. Causes and Treatment. Anaesthesia 2008, 63, 396-411.
[CrossRef]

Yancy, W.S.; Foy, M.; Chalecki, A.M.; Vernon, M.C.; Westman, E.C. A Low-Carbohydrate, Ketogenic Diet to Treat Type 2 Diabetes.
Nutr. Metab. 2005, 2, 34. [CrossRef]

Shimada, K.; Crother, T.R.; Karlin, J.; Dagvadorj, J.; Chiba, N.; Chen, S.; Ramanujan, V.K.; Wolf, A ].; Vergnes, L.; Ojcius, D.M.; et al.
Oxidized Mitochondrial DNA Activates the NLRP3 Inflammasome during Apoptosis. Immunity 2012, 36, 401-414. [CrossRef]
Zhang, L.; Shi, J.; Du, D.; Niu, N,; Liu, S.; Yang, X.; Lu, P;; Shen, X.; Shi, N.; Yao, L.; et al. Ketogenesis Acts as an Endogenous
Protective Programme to Restrain Inflammatory Macrophage Activation during Acute Pancreatitis. EBioMedicine 2022, 78, 103959.
[CrossRef] [PubMed]

Youm, Y.-H.; Nguyen, K.Y.; Grant, RW.; Goldberg, E.L.; Bodogai, M.; Kim, D.; D’Agostino, D.; Planavsky, N.; Lupfer, C,;
Kanneganti, T.D.; et al. The Ketone Metabolite 3-Hydroxybutyrate Blocks NLRP3 Inflammasome-Mediated Inflammatory
Disease. Nat. Med. 2015, 21, 263-269. [CrossRef] [PubMed]

Nayor, M.; Brown, K.J.; Vasan, R.S. The Molecular Basis of Predicting Atherosclerotic Cardiovascular Disease Risk. Circ. Res. 2021,
128, 287-303. [CrossRef] [PubMed]

Tacke, F.; Alvarez, D.; Kaplan, T.J.; Jakubzick, C.; Spanbroek, R.; Llodra, ]J.; Garin, A.; Liu, J.; Mack, M.; van Rooijen, N.; et al.
Monocyte Subsets Differentially Employ CCR2, CCR5, and CX3CR1 to Accumulate within Atherosclerotic Plaques. J. Clin. Invest.
2007, 117, 185-194. [CrossRef]

Tall, A.R.; Westerterp, M. Inflammasomes, Neutrophil Extracellular Traps, and Cholesterol. ]. Lipid Res. 2019, 60, 721-727.
[CrossRef] [PubMed]

Bjorkbacka, H.; Kunjathoor, V.V.; Moore, K.J.; Koehn, S.; Ordija, C.M.; Lee, M.A.; Means, T.; Halmen, K.; Luster, A.D.; Golenbock,
D.T.; et al. Reduced Atherosclerosis in MyD88-Null Mice Links Elevated Serum Cholesterol Levels to Activation of Innate
Immunity Signaling Pathways. Nat. Med. 2004, 10, 416-421. [CrossRef] [PubMed]

Gomez, D.; Baylis, R.A.; Durgin, B.G.; Newman, A.A.C.; Alencar, G.F,; Mahan, S.; St Hilaire, C.; Miiller, W.; Waisman, A.;
Francis, S.E.; et al. Interleukin-13 Has Atheroprotective Effects in Advanced Atherosclerotic Lesions of Mice. Nat. Med. 2018, 24,
1418-1429. [CrossRef]

Moore, K.J.; Sheedy, FJ.; Fisher, E.A. Macrophages in Atherosclerosis: A Dynamic Balance. Nat. Rev. Immunol. 2013, 13, 709-721.
[CrossRef]

Tabas, I. Consequences and Therapeutic Implications of Macrophage Apoptosis in Atherosclerosis: The Importance of Lesion
Stage and Phagocytic Efficiency. Arter. Thromb. Vasc. Biol. 2005, 25, 2255-2264. [CrossRef]

Gonzalez, L.; Trigatti, B.L. Macrophage Apoptosis and Necrotic Core Development in Atherosclerosis: A Rapidly Advancing
Field with Clinical Relevance to Imaging and Therapy. Can. J. Cardiol. 2017, 33, 303-312. [CrossRef]

Sharman, M.].; Kraemer, W.J.; Love, D.M.; Avery, N.G.; Gémez, A.L.; Scheett, T.P; Volek, ].S. A Ketogenic Diet Favorably Affects
Serum Biomarkers for Cardiovascular Disease in Normal-Weight Men. |. Nutr. 2002, 132, 1879-1885. [CrossRef] [PubMed]
Volek, J.S.; Sharman, M.].; Forsythe, C.E. Modification of Lipoproteins by Very Low-Carbohydrate Diets. |. Nutr. 2005, 135,
1339-1342. [CrossRef] [PubMed]


http://doi.org/10.1038/sj.ki.5000210
http://doi.org/10.1016/j.coph.2005.01.008
http://doi.org/10.2741/1300
http://doi.org/10.1016/S0929-693X(03)00030-7
http://www.ncbi.nlm.nih.gov/pubmed/12818749
http://doi.org/10.1016/j.neurol.2007.08.009
http://www.ncbi.nlm.nih.gov/pubmed/18358881
http://doi.org/10.1586/14737175.2015.1044982
http://www.ncbi.nlm.nih.gov/pubmed/25994046
http://doi.org/10.1159/000524331
http://doi.org/10.1111/dme.12722
http://doi.org/10.1038/nutd.2016.36
http://doi.org/10.1080/17446651.2022.2089112
http://doi.org/10.1111/j.1365-2044.2007.05371.x
http://doi.org/10.1186/1743-7075-2-34
http://doi.org/10.1016/j.immuni.2012.01.009
http://doi.org/10.1016/j.ebiom.2022.103959
http://www.ncbi.nlm.nih.gov/pubmed/35339899
http://doi.org/10.1038/nm.3804
http://www.ncbi.nlm.nih.gov/pubmed/25686106
http://doi.org/10.1161/CIRCRESAHA.120.315890
http://www.ncbi.nlm.nih.gov/pubmed/33476202
http://doi.org/10.1172/JCI28549
http://doi.org/10.1194/jlr.S091280
http://www.ncbi.nlm.nih.gov/pubmed/30782961
http://doi.org/10.1038/nm1008
http://www.ncbi.nlm.nih.gov/pubmed/15034566
http://doi.org/10.1038/s41591-018-0124-5
http://doi.org/10.1038/nri3520
http://doi.org/10.1161/01.ATV.0000184783.04864.9f
http://doi.org/10.1016/j.cjca.2016.12.010
http://doi.org/10.1093/jn/132.7.1879
http://www.ncbi.nlm.nih.gov/pubmed/12097663
http://doi.org/10.1093/jn/135.6.1339
http://www.ncbi.nlm.nih.gov/pubmed/15930434

Int. . Mol. Sci. 2022, 23, 14564 13 0f 13

83.

84.

85.
86.
87.
88.
89.
90.
91.

92.

93.

Horton, ].L.; Davidson, M.T.; Kurishima, C.; Vega, R.B.; Powers, ].C.; Matsuura, T.R.; Petucci, C.; Lewandowski, E.D.; Crawford,
P.A.; Muoio, D.M.; et al. The Failing Heart Utilizes 3-Hydroxybutyrate as a Metabolic Stress Defense. JCI Insight 2019, 4, 124079.
[CrossRef] [PubMed]

Bedi, K.C.; Snyder, N.W,; Brandimarto, J.; Aziz, M.; Mesaros, C.; Worth, A.J.; Wang, L.L.; Javaheri, A.; Blair, . A.; Margulies, K.B.;
et al. Evidence for Intramyocardial Disruption of Lipid Metabolism and Increased Myocardial Ketone Utilization in Advanced
Human Heart Failure. Circulation 2016, 133, 706-716. [CrossRef] [PubMed]

Taegtmeyer, H. On the Inability of Ketone Bodies to Serve as the Only Energy Providing Substrate for Rat Heart at Physiological
Work Load. Basic Res. Cardiol. 1983, 78, 435-450. [CrossRef]

Russell, R.R.; Taegtmeyer, H. Coenzyme A Sequestration in Rat Hearts Oxidizing Ketone Bodies. J. Clin. Invest. 1992, 89, 968-973.
[CrossRef]

Newman, J.C.; Verdin, E. Ketone Bodies as Signaling Metabolites. Trends Endocrinol. Metab. 2014, 25, 42-52. [CrossRef]
Newman, J.C.; Verdin, E. 3-Hydroxybutyrate: A Signaling Metabolite. Annu. Rev. Nutr. 2017, 37, 51-76. [CrossRef]

Verdone, L.; Caserta, M.; Di Mauro, E. Role of Histone Acetylation in the Control of Gene Expression. Biochem. Cell Biol. 2005, 83,
344-353. [CrossRef]

Lee, AK,; Kim, D.H.; Bang, E.; Choi, Y.J.; Chung, H.Y. 3-Hydroxybutyrate Suppresses Lipid Accumulation in Aged Liver through
GPR109A-Mediated Signaling. Aging Dis. 2020, 11, 777-790. [CrossRef] [PubMed]

Deng, Y.; Xie, M.; Li, Q.; Xu, X.; Ou, W.; Zhang, Y.; Xiao, H.; Yu, H.; Zheng, Y.; Liang, Y.; et al. Targeting Mitochondria-Inflammation
Circuit by 3-Hydroxybutyrate Mitigates HFpEF. Circ. Res. 2021, 128, 232-245. [CrossRef]

Yamanashi, T.; Iwata, M.; Kamiya, N.; Tsunetomi, K.; Kajitani, N.; Wada, N.; Iitsuka, T.; Yamauchi, T.; Miura, A.; Pu, S,; et al.
Beta-Hydroxybutyrate, an Endogenic NLRP3 Inflammasome Inhibitor, Attenuates Stress-Induced Behavioral and Inflammatory
Responses. Sci. Rep. 2017, 7, 7677. [CrossRef] [PubMed]

Mohammadifard, N.; Haghighatdoost, F.; Rahimlou, M.; Rodrigues, A.P.S.; Gaskarei, M.K.; Okhovat, P.; de Oliveira, C.; Silveira,
E.A.; Sarrafzadegan, N. The Effect of Ketogenic Diet on Shared Risk Factors of Cardiovascular Disease and Cancer. Nutrients
2022, 14, 3499. [CrossRef] [PubMed]


http://doi.org/10.1172/jci.insight.124079
http://www.ncbi.nlm.nih.gov/pubmed/30668551
http://doi.org/10.1161/CIRCULATIONAHA.115.017545
http://www.ncbi.nlm.nih.gov/pubmed/26819374
http://doi.org/10.1007/BF02070167
http://doi.org/10.1172/JCI115679
http://doi.org/10.1016/j.tem.2013.09.002
http://doi.org/10.1146/annurev-nutr-071816-064916
http://doi.org/10.1139/o05-041
http://doi.org/10.14336/AD.2019.0926
http://www.ncbi.nlm.nih.gov/pubmed/32765945
http://doi.org/10.1161/CIRCRESAHA.120.317933
http://doi.org/10.1038/s41598-017-08055-1
http://www.ncbi.nlm.nih.gov/pubmed/28794421
http://doi.org/10.3390/nu14173499
http://www.ncbi.nlm.nih.gov/pubmed/36079756

	Introduction 
	Biology of Ketone Bodies 
	Ketogenic and Ketolytic Metabolic Pathways 
	Ketone Bodies as Epigenetic Modifiers 
	The Biochemical Basis of Histone -Hydroxybutyrylation 
	BHB and Ketone Bodies as Signalling Mediators 

	Ketone Bodies as an Alternative Fuel for the Heart 
	Cardiovascular Disease and Endothelial Damage Can Be Alleviated by Ketone Bodies 
	Potential Therapeutic Actions of the Ketogenic Diet 
	The Role of Ketone Bodies in Inflammatory Disease 

	The Effects of a Ketogenic Diet on Inflammation-Dependent Atherosclerosis and Cardiovascular Risk 
	The Effects of the Ketogenic Diet on the Inflammasome 
	Targeting Cardiac Dysfunction with Ketone Bodies 

	Conclusions and Perspectives 
	References

