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Abstract

Ketone bodies play significant roles in organismal energy homeostasis, serving as oxidative fuels,
modulators of redox potential, lipogenic precursors, and signals, primarily during states of low
carbohydrate availability. Efforts to enhance wellness and ameliorate disease via nutritional,
chronobiological, and pharmacological interventions have markedly intensified interest in ketone
body metabolism. The two ketone body redox partners, acetoacetate and D-B-hydroxybutyrate,
serve distinct metabolic and signaling roles in biological systems. We discuss the pleiotropic roles
played by both of these ketones in health and disease. While enthusiasm is warranted, prudent
procession through therapeutic applications of ketogenic and ketone therapies is also advised,

as a range of metabolic and signaling consequences continue to emerge. Organ-specific and
cell-type-specific effects of ketone bodies are important to consider as prospective therapeutic and
wellness applications increase.
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1. INTRODUCTION

Ketone bodies are endogenously synthetized metabolites that become significant
contributors to energy metabolism in mammals during multiple physiological periods such
as long-term starvation, short-term fasting, the neonatal period, pregnancy, or adherence
to low-carbohydrate, high-fat diets. Attention to ketone body metabolism has intensified
recently, as intermittent fasting, time-restricted eating, adherence to low-carbohydrate
ketogenic diets, or application of ingested exogenous ketones are all under investigation
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in clinical studies, with the objective of enhancing wellness and performance, improving
health, combatting disease, and offsetting the effects of aging (18, 43, 72, 127, 159). Recent
studies highlight roles for ketone bodies in mammalian cell metabolism, homeostasis, and
signaling under a wide variety of physiological and pathological states. Apart from serving
as energy fuels for extrahepatic tissues such as brain, heart, or skeletal muscle, ketone bodies
play pivotal roles as signaling mediators, drivers of protein posttranslational modification
(PTM), and modulators of inflammation or oxidative stress. In this review, we provide both
classical and modern views of the pleiotropic roles of ketone bodies and their metabolism.

KETONE BODY METABOLISM

2.1. Overview of Organismal Physiology and Turnover

In mammals, ketone body turnover involves interorgan and intercellular shuttles governed
by integrated regulatory mechanisms (Figure 1). Ketone bodies are considered alternative
energy sources, particularly for the nervous system, during periods of diminished glucose
availability, since circulating free fatty acids have limited ability to fuel neurons. Skeletal
muscle, heart, and kidney also contribute to ketone body disposal. Ketone body turnover
consists of two components: production from fatty acids in liver hepatocytes, and uptake and
disposal by extrahepatic tissues (6).

Adipose tissue—derived fatty acids are released from triacylglycerols (TAGS) by lipolysis
and are transported to liver and into the hepatocyte mitochondrial matrix via carnitine
palmitoyltransferase 1 (CPT1). Most ketone bodies are produced in hepatocytes from fatty
acid p-oxidation-derived acetyl coenzyme A (acetyl-CoA) and transported to extrahepatic
tissues for terminal oxidation. In addition to adipocyte lipolysis, ketogenesis rates are
governed by hepatic carbohydrate fluxes, mitochondrial redox potential, f-oxidation

rates, concentration of tricarboxylic acid (TCA) cycle intermediates, and glucagon and
insulin balance (67, 108, 131, 186). Ketogenesis is also regulated at transcriptional and
posttranslational levels (see Section 2.3), although finely tuned and cell autonomous
regulatory mechanisms remain incompletely resolved.

In healthy adults, the diurnal circadian concentration of ketones oscillates between 50

and 250 puM, contributing to as little as ~5% of total energy expenditure in the fed

state and increasing up to ~20% in the fasted and starved states (6, 19, 36). Greater
oscillations in circulating ketone body levels occur upon fasting; during adherence to
low-carbohydrate, high-fat diets; acutely after exercise; in the neonatal period; or during
late pregnancy (136). Prolonged exercise or a 24-h fast can increase circulating ketone
body levels to nearly 1 mM, but in pathological states (diabetic ketoacidosis), ketone
body concentrations can increase to 20 mM (19, 136). In physiological ketotic states,
ketone production and consumption are balanced, typically yielding steady state circulating
total ketone body concentrations of 4-5 mM. Ketone body consumption by extrahepatic
tissues is rapid, until saturation of import and oxidation occur. The majority of ketones are
oxidized, proportionate to circulating concentrations, and only a small fraction of ketones
is disposed in the urine (6). Urinary ketone concentrations do rise in ketotic states in
which circulating ketones exceed 1 mM, and ketonuria and the sweet odor derived from
spontaneous decarboxylation of acetoacetate (AcAc) to acetone can serve as a proxy to
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detect ketoacidosis in humans (>7 mM) (121, 136). In overnight fasted adult humans,
ketogenesis rates are ~0.25 mmol/min, rising to 1-2 mmol/min after 5 days of fasting

(6). In extrahepatic tissues, AcAc is directed toward either terminal oxidation or anabolic
pathways (Figures 1 and 2), though the capacity of terminal oxidation is tenfold higher
than for anabolic disposal pathways, and loss of oxidative capacity yields ketoacidosis,
confirming that anabolic disposal alone is insufficient to support efficient ketone turnover
(33, 51, 184). Although circulating AcAc and D-p-hydroxybutyrate (D-BOHB) exchange in
near equilibrium, the two do not equilibrate entirely, as AcAc fate also includes its disposal
(6, 136).

Despite a more rapid induction in response to fasting than humans, mice remain an excellent
model of human ketone turnover, with similar excursions in circulating concentrations over
the fed-fast cycle, as well as comparable maximal rates of ketone body appearance and
disposal of 1-2 mmol/min/1.73 m2 (see also the sidebar titled Nutritional Provocation of
Endogenous Ketogenesis) (6, 161). The transition from the perinatal to the neonatal period
is associated with a large increase in ketogenic capacity in both mice and humans (33,

67), although ketogenic latencies in response to duration of fasting tend to increase with
progression from childhood to adulthood (19). The effect of older aging is less clear,

as reports of variation of ketogenesis or circulating ketones in aging mice and humans

have been inconsistent (68, 94, 104, 148). In addition, despite evidence for sex-dependent
differences in circulating free fatty acids, consistent evidence for variation of ketogenic rate
by gender in humans is also lacking (14, 126).

At low circulating concentrations, ketone bodies are imported and oxidized by extrahepatic
tissues at the rate of delivery, but at higher concentrations, metabolic clearance rates
diminish, as uptake and oxidation are saturable. Thus, the relationship between ketone body
production and circulating concentration is exponential; the rise in circulating concentrations
amplifies as ketogenesis rates increase, with a maximum clearance rate reached when the
circulating concentration is ~6 mM (6). Moreover, the relationship between metabolic
clearance rate and delivered ketone concentration may vary by tissue. Skeletal muscle
rapidly consumes ketones at lower circulating concentrations, diminishing this rate at high
concentrations. Conversely, the brain may maintain a more consistent clearance rate across
ketone concentrations, which may be adaptive during starvation. As ketone bodies increase
in the circulation, they also inhibit adipose tissue lipolysis by activating the cell surface
receptor GPR109A, decreasing the availability of circulating free fatty acids in a negative
feedback loop (162) (also see Section 2.5). This pathway is not dominant, however, because
in diabetic ketoacidosis, reduced or absent insulin, dehydration, and sympathetic activity
cause unrestrained adipocyte fatty acid lipolysis, increasing ketogenesis while ketone
disposal rates are curtailed, yielding a mismatch that causes massive hyperketonemia (>

20 mM) and acidosis. The acidosis itself may be attributable to multiple unbuffered sources
of protons that emerge through the course from fatty acid hydrolysis through ketogenesis
(56).

Annu Rev Nutr. Author manuscript; available in PMC 2022 October 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Puchalska and Crawford Page 4

2.2. Enzymatic Mediators of Ketone Turnover

In liver hepatocytes, ketogenesis occurs at rates proportional to mitochondrial fatty acid
[B-oxidation, after acetyl-CoA availability has reached maximal citrate synthase activity
and/or a low oxaloacetate (OAA) pool limits condensation of acetyl-CoA to form citrate
(186). In addition to fatty acid—derived acetyl-CoA, the catabolism of select amino acids,
especially leucine, can contribute to up to 4% of ketone body carbon in the postabsorptive
state (164). In postabsorptive states, carbohydrate availability is low and pyruvate supplies
the TCA cycle by adenosine triphosphate (ATP)-dependent carboxylation to OAA via the
pyruvate carboxylase enzyme, contributing to anaplerosis, in a manner that is allosterically
activated by B-oxidation-derived acetyl-CoA. Because most hepatic mitochondrial pyruvate
does not undergo oxidative decarboxylation to acetyl-CoA, the contribution of glucose or
pyruvate to ketone body carbon is insignificant. Acetyl-CoA also allosterically activates
pyruvate dehydrogenase kinase, which phosphorylates and inhibits pyruvate dehydrogenase,
further enhancing anaplerotic flow of pyruvate into the TCA cycle. Furthermore, conversion
of mitochondrial acetyl-CoA to citrate augments the cytoplasmic pool of acetyl-CoA, which
inhibits fatty acid oxidation: Acetyl-CoA carboxylase (ACC) catalyzes the conversion of
acetyl-CoA to malonyl-CoA, the lipogenic substrate and allosteric inhibitor of mitochondrial
CPT1 (108). Thus, the mitochondrial acetyl-CoA pool both regulates and is regulated by
ketogenesis, which orchestrates key aspects of hepatic intermediary metabolism.

In hepatocytes, the ketogenesis fate-committing mitochondrial matrix enzyme 3-
hydroxymethylglutaryl-CoA synthase 2 (HMGCS2) generates 3-hydroxymethylglutaryl-
CoA (HMG-CoA) by condensing p-oxidation-derived acetoacetyl-CoA (AcAc-CoA) and
acetyl-CoA (Figure 1). Flux modeling studies show that HMGCS?2 activity exerts a strong
influence on overall ketogenic flux, perhaps even greater than p-oxidation rate-limiting
CPT1 (131). CPT1-independent regulation of ketogenesis in normal physiology was also
evident in rats infused with the medium-chain fatty acid octanoic acid, which does

not require CPT1 to cross the inner mitochondrial membrane. In these experiments,

livers from starved rats generated more octanoate-derived ketones than those from fed
rats, suggesting regulation of ketogenesis through mechanisms restricted to mitochondrial
matrix (107). HMGCS2-derived HMG-CoA is cleaved to acetyl-CoA and AcAc by HMG-
CoA lyase (HMGCL), an enzyme that also supports leucine catabolism into ketones.
Mitochondrial phosphatidylcholine-dependent, inner mitochondrial membrane—associated
D-B-hydroxybutyrate dehydrogenase 1 (BDH1) reduces AcAc to D-BOHB in an NAD*/
NADH coupled reaction (100). The AcAc/D-BOHB ratio is proportional to mitochondrial
NAD*/NADH equilibrium (185). Although the molecular identities of the mitochondrial
ketone transporter(s) remain unconfirmed, ketones are transported across the hepatocyte
plasma membrane via monocarboxylate transporters 1 and 2 (MCT1 and MCT?2) (see
Section 2.4) into the circulation and then imported via MCTSs into extrahepatic tissues (33,
60).

In extrahepatic mitochondria, BDH1 catalyzes the first reaction to convert D-BOHB back
to AcAc (Figure 1) (100). Cytosolic D-p-hydroxybutyrate dehydrogenase 2 (BDH2) has
only 20% sequence identity to BDH1, has much higher K, values for ketone bodies than
does BDH1, and governs iron homeostasis (42). AcAc is converted to AcAc-CoA through
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a near equilibrium reaction catalyzed by succinyl-CoA:3-oxoacid-CoA transferase (SCOT,
encoded by OxctI) through a CoA exchange with succinyl-CoA. Greater free energy is
released by the hydrolysis of AcAc-CoA than of succinyl-CoA, favoring AcAc formation;
thus, ketone oxidation occurs due to mass action, with high AcAc substrate supply and rapid
turnover of downstream acetyl-CoA via citrate synthase activity, together pulling AcAc
toward the AcAc-CoA fate. SCOT-derived AcAc-CoA yields two acetyl-CoA molecules via
a reversible AcAc-CoA thiolase reaction catalyzed by one of four mitochondrial thiolases,
with acetyl-CoA acetyltransferase 1 (ACAT1) taking the largest role in ketone oxidation (10,
184). SCOT is excluded from hepatocytes, ensuring net efflux of ketones by the liver.

In mammalian extrahepatic tissues, ketone bodies can be terminally oxidized and then
diverted into lipid synthesis, sterol synthesis, or other metabolic pathways (Figure 2)

(6, 19). The fates of 13C-labeled AcAc in polarized macrophages were recently mapped
using isotope tracing untargeted metabolomics (128, 129). Most AcAc-derived carbon
labels the TCA cycle but can also contribute to itaconate. AcAc-derived citrate is also
exported to the cytosol, notably contributing to the hexosamine biosynthetic pathway.

AcAc can also be converted to AcAc-CoA via an ATP-dependent reaction catalyzed by
cytoplasmic acetoacetyl-CoA synthetase (AACS). AcAc-CoA is converted to acetyl-CoA
by cytoplasmic thiolases, contributing to sterol synthesis through the action of cytosolic
3-hydroxymethylglutaryl-CoA synthase 1 (HMGCSL1), or carboxylated by ACC to malonyl-
CoA, contributing to fatty acid synthesis (10, 181). The AACS gene is a target sterol
regulatory element binding protein 2 (SREBP-2), a master transcriptional regulator of
cholesterol synthesis, and knockdown of AACS leads to a decreased serum cholesterol

level in mice (64). Thus, it is tempting to link ketone body sourcing of cholesterol to
increased lipoprotein outcomes observed in clinical trials using low-carbohydrate ketogenic
diets. Specifically, numerous studies have linked ketogenic diets to increased circulating
lipoproteins, particularly low-density lipoprotein (LDL) cholesterol (134). However, this
effect appears to be population dependent, and LDL particle size may be an important
variable to consider, as ketogenic diets may selectively increase the abundance of larger,
less pathogenic LDL particles (77). It is important to underscore that the effects of
ketogenic diets are pleiotropic (see the sidebar titled Nutritional Provocation of Endogenous
Ketogenesis), and it has not been formally demonstrated that ketogenic diet-induced ketones
actually source cholesterol or whether the ketogenic diet milieu influences other aspects of
complex lipoprotein homeostasis.

2.3. Transcriptional and Posttranslational Regulation of Ketogenic Mediators

In most mammals, HMGCS?2 is most robustly expressed in hepatocytes and colonic
epithelium. Loss-of-function HMGCS2 mutations in humans cause bouts of hypoketotic
hypoglycemia and coma, as well as fatty liver (117), and hepatic knockdown of Hmgcs2
in adult mice causes hepatic injury and remodeled lipidome under high-fat-diet conditions
(34, 40). Transcription of the HMGCSZ2 gene is silenced in fetal liver and nonketogenic
tissues by methylation (Figure 3), which is reversed at birth, allowing the gene to become
responsive to hormonal regulators (67). Post-natally, both insulin and glucagon regulate
hepatic ketogenesis, whereby insulin inhibits adipose tissue lipolysis and thus removes the
primary ketogenic substrate from the circulation and also suppresses the transcription of
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the Hmgcs2 gene by phosphatidylinositol-3-kinase/ AKT-dependent inhibition of forkhead
transcriptional factor FOXA2 (67, 187). Glucagon stimulates transcription of the Hmgcs2
gene through the cAMP-p300-FOXAZ2 signaling pathway (174). Free fatty acids or
glucocorticoid induction of peroxisome proliferator activated receptor alpha (PPARa), and
its target fibroblast growth factor 21 (FGF21), can also augment Hmgcs2 gene transcription
(5). Suppression of PPARa and thus ketogenesis is also promoted by tumor-derived
interleukin 6 (IL-6) expression (49). Fasting-induced ketogenesis may also be controlled by
mammalian target of rapamycin complex 1 (MTORC1), attenuating PPARa signaling (148).
The Hmgcs2 gene is also regulated by the circadian oscillator PER2 (24). However, it should
be noted that HMGCSZ gene transcription and messenger RNA (mRNA) abundance are
often directly correlated with ketogenesis, but causal relationships to ketogenesis, especially
in extrahepatic tissues, are frequently not constructed in these studies. Importantly, dynamic
expression of HMGCS?2 protein in organs canonically associated with high ketone oxidative
capacity, such as kidney or heart, likely does not support contribution of those organs

to circulating ketone bodies, but it is possible that extrahepatic ketogenesis supports
intercellular signaling shuttles (see Sections 2.5 and 4) (167, 182, 183, 193).

In contrast to HMGCS2, SCOT, encoded by the OxctI gene, is expressed in all mammalian
mitochondria except those of hepatocytes. Inborn errors in SCOT function present early in
life and result in severe ketoacidosis, lethargy, vomiting, and coma, requiring therapeutic
intervention (51). Germline SCOT knockout (KO) mice are unable to oxidize ketones, which
results in hyper-ketonemic hypoglycemia, causing neonatal death (33). Selective SCOT

KO models do not cause lethality but do generate aberrant phenotypes (2, 35, 53, 129,

146). In hepatocytes, OxctI gene expression is suppressed during the fetal to neonatal
transition by microRNA 122 and H3K27 histone methylation. Loss of Oxct expression

in this transition is primarily attributable to the egress of OxctI mRNA-rich hematopoietic
progenitors from the liver, rather than to diminishing OxctI gene expression in hepatocytes
(116, 165). In persistently ketotic states, OxctI mMRNA, SCOT protein, and activity in heart
and muscle significantly diminish, possibly in a PPAR-dependent manner, decreasing ketone
body disposal.

Loss of BDHL1 function in humans has not been reported, suggesting either mild
physiological or, less likely, severe developmental consequences. Global BDH1 deficiency
in mice does not cause lethality but leads to subtle impairment of fasting liver lipid content
(117). Through undefined transcriptional or posttranscriptional mechanisms, macrophages
lack BDH1 expression and thus do not oxidize D-BOHB (129). Beyond macrophages, the
range of cell types that selectively oxidize only AcAc remains unknown. Experimental
loss of BDHL that is selective in cardiac myocytes exacerbates heart failure in various
challenges, suggesting an adaptive and protective function of D-BOHB oxidation in these
cells (73) (see Section 3). As with HmgcsZ, Bdhl in the liver is responsive to a ketogenic
diet in a PPARa-FGF21-dependent manner (5), and in heart and skeletal muscle under
ketotic states, Bah1 gene expression becomes diminished, as does expression of OxctI (58).

HMGCS2, SCOT, and BDH1 are marked by various PTMs (Figure 3). In response to
ketogenesis, catalytic activity of HMGCS2 is enhanced by serine phosphorylation (57).
Sirtuin 3 (SIRT3) deacetylates lysine residues and may activate HMGCS2, while lysine
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residues of HMGCS2, HMGCL, and BDHL1 are targets for succinylation in hepatic
mitochondria (44, 133, 150). Hyper-succinylation or hyperacetylation of HMGCS2 in
SIRTS5 or SIRT3 KO mice, respectively, were correlated with lower OHB production

in fasted states, though physiological mechanistic connections were not studied (133,

150). Hyperacetylated SCOT in brains of SIRT3 KO mice was correlated with diminished
ketolytic ability (44). Succinyl-CoA, 3-methylglutaryl-CoA, glutaryl-CoA, and HMG-CoA
acylation nonenzymatically modify HMGCS2 and BDH1 (176). However, physiological
regulatory roles of these PTMs all remain incompletely defined, and indeed the global
impact of mitochondrial protein acylation has recently been questioned (47). Among other
nonenzymatic modifications to SCOT are tyrosine or tryptophan nitration, which attenuates
or augments enzymatic activity, respectively (12, 169).

2.4. Cellular Transport of Ketones

Concentrations of circulating ketone bodies are higher than those in extrahepatic tissues,
indicating that ketone bodies are transported down a concentration gradient (63). A rapid,
efficient and scalable method that quantifies both AcAc and BOHB in serum and tissues,
and also differentiates D-enantiomers from L-enantiomers of BOHB, has recently been
developed (130). AcAc and BOHB are released from cells predominantly through MCTs
[in mammals, MCT1 and MCT2, also known as solute carrier (SLC) 16A family members
1 and 7, respectively, which also transport lactate] and transported through the circulation
to extrahepatic tissues for terminal oxidation (33, 60). Loss-of-function mutations in MCT1
cause spontaneous bouts of ketoacidosis (170), which suggests a primary role for MCT1
in extrahepatic ketone body import but not an obligate role for ketone body efflux from
hepatocytes. For both MCT1 and MCT2, no selectivity for AcAc versus BOHB has been
observed (61). While dynamic expression of MCTs in varying physiological states has
been posed to regulate ketone body turnover, mechanisms that dynamically regulate MCT
abundance have not yet been proven to be either necessary or sufficient to augment ketone
efflux or import (8). One study showed the requirement for MCT2 expression for the
permissive role of BOHB in driving breast cancer tumorigenesis (74), but the relationship
between MCT?2 expression and tumorigenesis in breast cancer has not been observed
uniformly (105).

Unlike ketone transport across the plasma membrane, mechanisms supporting ketone body
transport across the inner mitochondrial membrane remain unknown (Figures 1, 2, and 4).
While MCT localization to mitochondria has been posed (65), this possibility also raises
controversy around the autonomy of the mitochondrial matrix to oxidize lactate (26). A
fascinating property of AcAc is its ability to stimulate activity of the mitochondrial pyruvate
carrier (MPC) complex, characterized long before revelation of the molecular identity of the
MPC complex, SLC54A1-2 (13, 119). Mitochondrial efflux of AcAc stimulates pyruvate
import, an effect that is abrogated by the MPC inhibitor a-cyanocinnamate and can be
overcome by high pyruvate concentrations (198). It is very unlikely that ketone efflux
proceeds through the MPC complex itself (106). Thus, whether ketones are transported
across the inner mitochondrial membrane via SLC16A-dependent or orphan mitochondrial
SLC-dependent mechanisms remains to be determined.
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2.5. Ketones and Signaling

AcAc and/or BOHB interact with nuclear ribonucleoproteins, inhibit histone deacetylases
(HDACs), maodify histones and other proteins posttranslationally, influence oxidative
stress, inhibit the NLRP3 inflammasome, and modulate G-protein coupled receptor (GPR)
signaling (Figure 4). BOHB, but not AcAc, interacts with nuclear ribonucleoprotein
hnRNP A1, leading to upregulation of octamer binding transcriptional factor OCT4. This
upregulation causes increased expression of Lamin B1, a key DNA senescence protective
factor in vascular cells (62). Administration of exogenous BOHB (but not AcAc), fasting,
or calorie restriction all increase histone acetylation by inhibiting class | HDACs, driving

a shift in the transcriptome, including upregulation of oxidative stress-responsive genes
(151). pBOHB-mediated inhibition of HDAC-3-activated Fg721 transcription in liver during
the early neonatal period, and in cardiac muscle, increases H3K41 acetylation, attenuating
cardiac endothelial hyperpermeability stimulated by high glucose (101, 132). Despite these
observations, the impact of BOHB as a potent HDAC inhibitor may be substantially less than
that of the classical HDAC inhibitor butyrate (31).

BOHB also covalently modifies histone lysine residues in a process termed -
hydroxybutyrylation that may occur through turnover cycles catalyzed by p300 and
HDAC1/2 (76, 189). This was observed in cultured cells and in livers of animals subjected
to prolonged fasting or streptozotocin-induced diabetes, with BOHB influencing a select
pool of genes responsive to metabolic starvation. A comprehensive quantification of eight
distinct histone acyl-PTMs showed that lysine p-hydroxybutyrylation marks emerge as a
small fraction of total histone acylations, occupying only 2-5% of the total acylation pool in
human histones (154).

AcAc has a distinct repertoire of signaling functions. Endogenously produced or
exogenously provided AcAc promotes binding between the BRAF V600E isoform and
MEK(1, activating MEK-ERK signaling in BRAF-V600E* cancer cells, promoting tumor
growth (83, 188) (see Section 4). AcAc, but not BOHB, induces the expression of FGF21

in HepG2 cells in a SIRT1-dependent manner (173). Chemical products of AcCAc may

also covalently modify lysine residues. Methylglyoxal (MetG) is a reactive metabolite of
glycolytic intermediates that accumulates, especially in diabetes. Via a nonenzymatic aldol
reaction, AcAc buffers MetG, producing 3-hydroxyhexane-2,5-dione (3-HHD) (139). AcAc-
derived 3-HHD is present as a significant fraction of the MetG pool in blood, and while
3-HHD is a nonglycating metabolite, it can be reduced to diols and triols in blood cells or
lead to lysine modifications of human serum albumin. The physiological importance of these
phenomena awaits investigation.

Both BOHB and AcAc modulate signaling through GPRs. BOHB, but not AcAc, suppresses
sympathetic nervous system activity by antagonizing GPR41-expressed sympathetic ganglia,
resulting in reduced energy expenditure and heart rate (90). Conversely, AcAc, but not
BOHB, activates GPR43, a receptor expressed in adipocytes, whose deficiency inhibits
fasting-induced lipid utilization, impairs plasma lipoprotein lipase activity, and decreases
energy expenditure during fasting (110). BOHB, but not AcAc, exerts an antilipolytic effect
through activation of the GPR109A receptor on adipocytes, creating a negative feedback
loop in which ketosis inhibits adipocyte lipolysis, decreasing circulating free fatty acids, the
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prime ketogenic substrates (162). GPR41 and GPR43 receptors are also activated by short-
chain fatty acids, but BOHB is the only known endogenous ligand of the GPR109A receptor,
which is also the niacin receptor (162). Activation of GPR109A in retina suppresses
secretion of proinflammatory markers in diabetes (52). Intriguingly, both mature adipocytes
and retinal pigment epithelium have been proposed to increase local fatty acid oxidation and
engage extrahepatic ketogenesis for paracrine signaling (1, 178). Indeed, the activation of
GPR109A by BOHB has a relatively high threshold (ECsq ~ 0.8 mM), but it is possible that
locally produced ketones may provide a concentrated signal.

Ketotic states and ketone bodies modulate inflammation and oxidative stress. Oxidative
stress, common in inflammatory states, is caused by an imbalance between the abundance
and elimination of reactive oxygen and nitrogen species. Prolonged nutrient deprivation

or calorie restriction also reduce inflammation, but pathological ketosis is actually a
proinflammatory state (191). Mechanistically, BOHB exerts anti-inflammatory effects on
macrophages through activation of the GPR109A receptor as well as via inhibition of

the NLRP3 inflammasome (9, 191). Inhibition of the NLRP3 inflammasome by BOHB—
but not AcAc, butyrate, or acetate—reduces proinflammatory IL-14, IL-18, and caspase-1
activation, independent of GPR109A (191). In diabetic retina, BOHB and niacin suppress
tumor necrosis factor alpha (TNFa) secretion through GPR109A-dependent mechanisms
(52). BOHB also suppresses inflammatory signatures via NLRP3 inflammasome inhibition
in kidney, decreasing hypertension; in the central nervous system (CNS), supporting
antidepressant effects, attenuating neurodegeneration, and improving spinal cord injury; in
heart, improving pathogenic signatures of atherosclerosis and impairing the development
of heart failure; and in liver, modulating oxidative stress response (17, 23, 81, 89,

152). Understandably, interest has recently emerged in using ketogenic therapies for anti-
inflammatory COVID-19 therapeutics (160).

Adipose tissue is another target for ketone bodies. As previously mentioned, BOHB inhibits
adipocyte lipolysis through the GPR109A receptor, while AcAc may favor adipocyte
lipolysis via the GPR43 receptor (110, 162, 168). In addition, adipocytes exposed to cold
or a Bs-adrenergic agonist secrete BOHB in a PRDM16-dependent manner, promoting
adipocyte beiging in aged animals (178). Interestingly, BOHB possibly produced through
extrahepatic ketogenesis and paracrine signaling decreased adipose tissue fibrogenesis.
Conversely, administration of exogenous BOHB induced, while AcAc inhibited, hepatic
fibrosis, independent of inflammation (129). Moreover, not all studies support BOHB
inhibition of the NLRP3 inflammasome (113), and high BOHB concentrations induce the
oxidative stress markers malondialdehyde, nitric oxide, inducible nitric oxide synthase, and
other nuclear factor kappa B (NFxB)-dependent proinflammatory cytokines (TNFa., I1L-6,
IL-1p) in calf hepatocytes, while decreasing the antioxidant scavenging response (149).
Taken together, these studies highlight the necessity to correlate the specific ketone body
studied with its effect. Moreover, those measured effects will be influenced by dosing levels,
exposure time, and the specific cellular target of interest.

Finally, many studies underscore that the mechanisms underlying the salutary roles of
ketone bodies—as signals versus as metabolic substrates—are not easily parsed. For
example, administration of ketone body precursors or sodium glucose cotransporter
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2 inhibitors (SGLT2i), which can increase circulating ketone bodies (see Section 3),
suppressed kidney injury and attenuated hypertension (23, 79). In an ApoE KO model

of diabetic kidney disease, SGLT2i ameliorated kidney damage due to mTORC1
hyperactivation (167). While these benefits appeared to be attributable to ketone bodies,
future studies will be important to reveal mechanisms explaining these exciting observations.

3. KETONES AND HEART FAILURE

Under normal conditions, the heart flexibly burns available fuel sources, but diabetic or
pathologically remodeled hearts (e.g., due to hypertension or myocardial infarction) become
metabolically inflexible and abnormal structurally and hemodynamically (21, 84). Hearts
normally oxidize ketone bodies in proportion to their delivery, in direct competition with
fatty acid and glucose utilization, and myocardium is the highest ketone body consumer per
unit mass (55, 73, 146, 171, 183). Ketone bodies have been posed as more energetically
efficient than fatty acids, yielding more energy available for ATP synthesis per molecule of
oxygen invested (85). However, experimental evidence supporting this energetic benefit has
been inconsistent (70, 71).

Relationships between ketone bodies and heart failure have been recognized for decades,
but interest in them has recently intensified. Circulating ketone body concentrations are
increased in heart failure patients, in direct proportion to cardiac filling pressures, but the
mechanism and significance of these observations remain unknown (7, 103, 138, 157).
Although heart failure is associated with insulin resistance (135), insulin resistance alone
does not provoke ketosis: Pre-diabetic states in the absence of heart failure are actually
linked to diminished ketosis (48, 155). The failing heart oxidizes less fat (21, 96), potentially
resulting in the diversion of ketogenic free fatty acids to the liver. Indeed, ketone body
utilization is increased in failing hearts of mice (4) and humans (7, 112, 138, 157, 175),
compared with normal hearts. Competence of the heart to perform ketone oxidation is likely
adaptive, since mice with selective SCOT deficiency in cardiomyocytes exhibit accelerated
pathological remodeling in response to pressure overload injury (146), and cardiomyocyte-
selective BDH1 KO mice are also more susceptible to accelerated heart failure (73).

The presence of ketosis, and increased myocardial ketone oxidation, in heart failure suggests
that augmented ketone body delivery could improve heart failure outcomes. This has
stimulated interest in leveraging endogenous hepatic ketogenesis or exogenous ketone
administration to treat heart failure (73, 115, 147) (see the sidebars titled Nutritional
Provocation of Endogenous Ketogenesis and Nutritional Provocation with Exogenous
Ketones). Exogenous BOHB decreases systemic vascular resistance, and increases cardiac
output, in both control and heart failure human subjects. As such, it is not yet clear
whether acute D-BOHB delivery would improve cardiac function through salutary effects
on myocardial energetics, reduced afterload via relaxed vascular tone, or a combination of
both (115). Myocardial energetic benefits of exogenous ketones to isolated working hearts
have not been observed in all experimental settings (70, 71, 172).

A potential link between myocardial ketone metabolism and pathological ventricular
remodeling was proposed through the mortality and heart failure—related hospitalization
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benefits of patients taking SGLT2i for the management of type 2 diabetes (118).

Selective SGLT2i benefits do not proceed through protection from myocardial ischemic
insults and cannot be attributed to glycemic control since they have been observed in
participants without diabetes. Indeed, while the molecular targets of SGLT2i are limited, and
SGLT2 is not expressed in cardiomyocytes, these agents provoke pleiotropic physiological
consequences (192). The systemic shift to fatty acid oxidation and increase in hepatic
ketogenesis indicate that at least some of the cardiovascular mortality benefit observed with
SGLT2i may be attributable to increased myocardial ketone metabolism. Indeed, SGLT2i
treatment increased myocardial ketone utilization in a pig model of heart failure (141).
However, ketosis is very modest in SGLT2i-treated subjects without diabetes, a population
in which SGLT2i-driven cardiovascular mortality benefit is also observed (46). Irrespective
of the impact of SGLT2i on myocardial ketone utilization, experiments in animal models
have shown either increased cardiac work or left ventricular ejection fraction when SGLT2i
are used to treat models of heart failure (15, 16, 172). Thus, while ketosis, myocardial
ketone oxidation, and SGLT2 inhibition are all associated, these should not be conflated.
SGLT2i-derived hemodynamic and clinical benefit may correlate with increased ketosis, and
ketones may exert benefits to an energetically challenged heart—Dbut this correlation does
not prove causation extending from SGLT2i through ketone bodies to the heart. SGLT2i
clinical benefit is likely multifactorial.

4. KETONES AND TUMORIGENESIS

The roles of ketone bodies in cancer have been of long-standing interest that has recently
intensified. To support tumor biomass expansion, cancer cells primarily metabolize glucose
through glycolysis—the Warburg effect—and also activate the pentose phosphate pathway
and lipogenesis, usually limiting mitochondrial respiration (83, 153). Cancer cells deprived
of glucose shift to alternative fuel sources such as acetate, glutamine, or even fatty acids
(32, 158, 190). Whether the plasticity of cancer cells applies to ketone bodies remains under
investigation.

Hepatic ketogenic insufficiency is associated with a more severe nonalcoholic fatty liver
disease (NAFLD) phenotype (34, 40, 180) (see Section 6). In addition, insufficient AcAc
oxidation in liver macrophages leads to steatosis-independent, but high-fat-diet-induced,
hepatic fibrosis, an early stage of progression toward hepatocellular carcinoma (also known
as hepatoma) development (129). Hepatocellular carcinoma is associated with hepatocyte
loss of ketogenic capacity, as BDH1 and HMGCS?2 are decreased (179, 180, 196), while
Oxct1/SCOT, normally excluded from hepatocytes, is augmented, enabling ketone oxidation
(75, 196). Loss of HMGCS?2 expression is correlated with poor prognosis in both primary
mammalian ketogenic organs, the liver and the colon (20, 25, 197) (see Section 5). In
hepatocellular carcinoma, disease progression correlates with both HMGCS2 expression and
ketones (179), while in colorectal cancer and oral squamous cell carcinoma, the role of
HMGCS?2 is ketone independent, suggesting a moonlighting function of HMGCS?2 in those
cancers (25).

Therapeutic roles for ketone metabolism have also drawn attention for malignancies outside
the liver and colon. BOHB has been shown to either support (74, 83, 137, 188) or inhibit
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(38) cancer cell growth and tumorigenesis. Screening of human cancer cells based on

the expression of BDH1/ OXCT1 distinguished cancer cells with inhibited (PANC-1) or
accelerated (HeLa) cell growth rate upon BOHB treatment (194). Proliferation of HeLa cells
through BOHB supplementation was BDHI1 and OXCT1 dependent, because knockdown of
both BDH1 and OXCT1 decreased tumor growth rate in the presence of a ketogenic diet in
Vivo.

Ketone bodies may influence tumorigenesis and cancer cell growth through fulfillment

of cell energy demands or signaling mechanisms (74, 83, 137, 188). The metabolic fate
of ketone bodies may influence their ultimate impact on cancer cells; for example, a
BOHB paradox model suggests that cells less capable of oxidizing ketones may be more
responsive to HDAC inhibition (137). Intriguingly, oncogenic BRAF-V600E* melanoma
cells upregulate HMGCL in an OCT1-dependent manner, leading to local AcAc synthesis
in cells incapable of its oxidation, which facilitates V600E-MEK1 binding and induces
MEK-ERK signaling events that stimulate cell proliferation and tumor growth (see also
Section 2.5) (83, 188).

A local ketone shuttle model poses that stromal cells produce ketone bodies to fulfill energy
demands of cancer cells (74, 105). This model could also be consistent with hepatocellular
carcinoma development, in which ketogenic hepatocytes support the growth of SCOT-
expressing (pre)hepatoma cells (196). Similar models have also been proposed for breast
cancer, whereby either adjacent fibroblast-derived or mammary gland—derived adipocyte
metabolism enables extrahepatic ketogenesis (74, 105). A BOHB shuttle between mammary
gland adipocytes and neighboring MCT2* breast cancer cells promoted tumorigenesis in a
mouse model by increasing global histone H3K9 acetylation that induced IL-1p and LCN2,
potentially driving poorer prognosis (74). Characterization of stimuli that rewire cellular
programming of nonhepatic stromal cells to activate extrahepatic ketogenesis is worthy of
exploration as a potential therapeutic target.

The responses of cancer in vivo to ketogenic diet interventions vary (see the sidebar titled
Nutritional Provocation of Endogenous Ketogenesis). High-fat, low-carbohydrate ketogenic
diets can either inhibit (72, 153) or accelerate (72, 158, 188, 195) tumor growth. Indeed,
while obesity is generally associated with poorer cancer prognosis, different dietary factors
can influence tumor growth and its environment (102). As described above, a ketogenic diet
promotes BRAF-V600E* melanoma tumor growth. Conversely, a ketogenic diet inhibited
pancreatic tumor growth (153, 194) but enhanced cervical cancer (HeLa) growth in a BDH1/
OXCTI1-dependent manner (194). In addition, the efficacy of phosphatidylinositol-3-kinase
(PI3K) inhibitors is augmented by a ketogenic diet. PI3K-inhibitor-induced hyperglycemia
and hyperinsulinemia are often hypothesized to drive tumor resistance (72). A ketogenic diet
enhanced PI3K-inhibitor drug efficacy not by modulating glucose levels but by inhibiting
the activation of tumor insulin receptors. The authors noted that a ketogenic diet alone
induced variable effects, in some instances even accelerating tumor growth. In other studies,
endocrine therapy for breast cancer was enhanced by fasting and a fasting mimicking

diet through the lowering of circulating insulin growth factor 1 (IGF1) and insulin (18).
Elucidation of the comprehensive and systematic impacts of dietary metabolic signatures is
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required to understand how a ketogenic diet impacts both tumor cancer and stromal cells and
whether these effects are transduced through ketone bodies themselves.

5. KETONES, THE GUT, AND THE MICROBIOME

Ketone bodies are generated in the mammalian gut epithelium through HMGCS?2 (69).

In both small and large intestine, HMGCS2 mRNA and protein are regulated by the
microbiome, butyrate content, and the diet (29, 30). Although both small and large intestinal
epithelia undergo continuous turnover, HMGCS?2 is expressed in very distinct cell types
between these two organs, suggesting diverse functions along the gastrointestinal tract
(Figure 5) (20, 28, 29, 177). In the large intestine, HMGCS2 expression exhibits spatial
variation from the proximal to distal colon and is predominantly expressed in differentiated
(not proliferating) colonocytes, and signals that induce cell proliferation downregulate
HMGCS?2 (20, 69, 177). Conversely, in the small intestine, HMGCS2 is enriched in self-
renewing Lgr5* intestinal stem cells in the intestinal crypt (28).

Cecal mucosa converts butyrate, derived from microbial fermentation of polysaccharides, to
ketone bodies (69). Conversion of butyrate into ketone bodies correlates with enzymatic
activity of HMGCS2. Although ketogenic substrates in small intestine have not been
defined, small intestinal HMGCS?2 is required for postnatal gut development and for the
response to intestinal injury, as loss of HMGCS2 in Lgr5* progenitor cells redirects them
toward a secretory fate (28). In cultured colonocytes, loss or gain of HMGCS?2 leads

to attenuated or promoted differentiation, respectively (177). In both small intestine and
colonocytes, loss of HMGCS2 function is rescued at least partially by administration of
exogenous BOHB or a ketogenic diet, suggesting ketogenesis-dependent HMGCS2 function
(28, 179). HMGCS2-dependent small intestinal stem cell function regulates the Notch
signaling axis through HDAC inhibition (28).

High-fat ketogenic diets are composed of low carbohydrate contents (see the sidebar titled
Nutritional Provocation of Endogenous Ketogenesis). Carbohydrates are the primary source
of gut-microbially derived short-chain fatty acids, and adherence to a ketogenic diet in

mice markedly changes the microbial taxonomy along the gastrointestinal tract (3, 37).
When rigorously controlled for protein content, a progressive decline in carbohydrate
content gradually increased circulating ketones, and this increase was associated with
decreases in Bifidobacteriumand Lactobacillus abundances. Circulating insulin and glucose
concentrations were not provided in this study, and it remains possible that subtle
micronutrient variations among test diets could play roles in community structure (see

the sidebar titled Nutritional Provocation of Endogenous Ketogenesis). However, in vitro
and in vivo studies supported the notion that growth of discrete bacterial strains are
modulated by the presence of BOHB or ketone esters (3, 143), and ketone esters or a
ketogenic diet modulated not only the growth of selected bacterial strains but also intestinal
proinflammatory Th17 cells in small intestine (3).

It remains unclear whether gut-derived ketone bodies reach the systemic circulation or
whether locally sourced ketone bodies function solely in the intestinal mucosa. Another
outstanding question is the extent to which liver-derived ketones might directly impact gut
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mucosal immunity and microbial ecology. Enterocyte-selective loss of HMGCS2 function
will be required to address these questions, as will assessment of the role of SCOT-
dependent ketone oxidation: Though these factors have not been studied extensively, some
studies suggest that small intestine mucosa could have machinery supporting ketolysis (28).
BOHB also may serve as an HDAC inhibitor, but given its diminished potency compared
with butyrate (31)—and the fact that the concentration of butyrate in colonic lumen reaches
~10 mM (69)—the autonomous role of HDAC inhibition by BOHB, at least in the colon,
will need to be evaluated cautiously. Other signaling roles are possible (see Section 2.5)

in governing growth and fitness of specific bacterial clades. Finally, while the majority of
gut ketogenic literature focuses on the role of BOHB, a significant amount of AcAc is also
produced in the gut (30, 69), and the expression and role of BDHL1 in the gut are unknown.

6. KETONES, OBESITY, AND NONALCOHOLIC FATTY LIVER DISEASE

Twenty-five percent of the United States’ population has NAFLD, a multiorgan condition
including excessive hepatic TAG storage alone (simple steatosis) or steatosis plus
inflammation, liver cell injury, and liver cell death [nonalcoholic steatohepatitis (NASH)].
Cirrhosis due to NASH develops in 2% of all Americans, driven through failed regeneration
of healthy liver, promoting hepatic stellate cell differentiation into myofibroblasts and
execution of fibrogenesis.

Specific roles of mitochondrial dysfunction remain unclear in NAFLD pathogenesis. While
not all studies have been concordant (123), four independent methodologies report increased
hepatic TCA cycle flux, anaplerosis, and/or gluconeogenesis in obesity and/or NAFLD

(45, 78, 91, 144, 161). Oxidative flux provides a fate for a portion of excess fat but does

not fully compensate for the hepatocyte load, contributing to ectopic fat accumulation.
Moreover, while increased fat oxidation could mitigate accumulation of toxic lipid species,
oxidation may also increase super-oxide production by the electron transport chain (144).
Over the evolution from simple steatosis to NASH, hepatic mitochondrial oxidative fluxes
may decrease, but sentinel predictors, drivers, and consequences remain unresolved (91,
122).

An opposed model of NAFLD pathogenesis contends that mitochondrial fat oxidation is
diminished, or inappropriately normal, and that clearing liver fat via therapeutic increases
in fat oxidation could confer therapeutic benefit. Indeed, interest is high in the use of
agents that augment liver fat oxidation, including ketogenic diets, intermittent fasting, and
ketogenic pharmacotherapies (e.g., ACC inhibitors, FGF21, and SGLT?2i) to treat obesity,
insulin resistance, and NAFLD (54, 88, 140, 142). However, numerous examples exist

in skeletal muscle (114) and in liver (99) whereby decreasing fuel mitochondrial supply
optimizes energy supply/demand balance in a manner that may not decrease steatosis

but could diminish tissue injury and insulin resistance. Ketogenesis provides an index of
hepatic fat oxidation, but it is an incomplete reporter: Independent quantifications of both
ketogenesis and TCA cycle flux are required to provide a complete index of hepatic fat
oxidation. A recent study confirmed that fasting hepatic ketogenesis rates are inversely
correlated with the severity of hepatic steatosis in human NAFLD, while fasting TCA
cycle flux is directly correlated with hepatic steatosis (48). Decreasing fasting ketogenesis
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with progressive NAFLD is consistent with prior reports comparing human liver biopsies,
which show that hepatic HMGCS2 and BDH1 protein decrease in progressive human
NASH, with commensurate decreases in fasting circulating ketone body concentrations

(82). Moreover, programmed loss of hepatic ketone metabolism is linked to increased

liver injury and fibrosis, both through hepatocyte-autonomous ketogenic mechanisms and
through a hepatocyte-hepatic sinusoidal macrophage exchange (an intrahepatic ketone
shuttle), in which local hepatic macrophages oxidize ketone bodies produced by neighboring
hepatocytes (34, 129). Future studies are needed to independently dissect p-oxidation,
ketogenesis, TCA cycle flux, de novo lipogenesis, and the influence of hepatocyte BDH1
over mitochondrial redox potential and signaling in NAFLD pathogenesis.

7. KETONES AND THE NERVOUS SYSTEM

7.1. Feeding Behavior and Energy Expenditure

The brain, to which more than 20% of the body’s energy expenditure is allocated, avidly
oxidizes ketones, and much of its energy needs can be sustained by ketone bodies (19).

The rationale for leveraging ketone metabolism to support brain health originates from

the benefits of ketogenic diets or starvation for seizure disorders (156). Interest in the
brain-ketone relationship in regulating energy homeostasis emerged when it was recognized
that sustained infusion of BOHB into the third ventricle of rats caused weight loss without a
reduction in food intake (Figure 6) (41). Intracerebroventricular ketone infusion potentiates
leptin signaling in the hypothalamus (120) and injection of BOHB into the paraventricular
or ventromedial hypothalamic nuclei increases sympathetic neuron-firing rate. Long-term
infusion and systemic administration of ketones may suppress food intake (95), but

acute infusion of ketone bodies via the carotid artery caused hyperphagia with increased
hypothalamic peptides NPY and AgRP (22). Moreover, liver-derived ketone bodies may
contribute to a food-entrainable oscillator (food anticipation) in communication with the
brain (24).

Although ketone bodies are avidly oxidized by the brain, the requirement for ketone
oxidation to transduce the signals that modulate energy homeostasis has not been proven,
and nonmetabolic signaling mechanisms may play a contributing role (50, 127). FGF21-
driven augmentation of neuronal ketone oxidation suggests a potential role for ketone
oxidation in states promoting metabolic health (86). FGF21 is an endocrine hormone
produced primarily by the liver (11), signaling through the CNS to regulate hepatic
gluconeogenesis and ketogenesis. Administration of FGF21 to obese animal models
increases energy expenditure and causes weight loss, and extended administration of FGF21
analogs to obese humans reduces fasting glucose and insulin levels as well as body weight.
These effects of FGF21 are also mediated through actions on the CNS through only partially
identified mechanisms (80). Although the association between induction of FGF21 and
hepatic ketogenesis is understood (5, 173), and ketones and FGF21 both have prominent
roles in signaling in the brain, very little is known about crosstalk between ketone and
FGF21 signaling in the brain.

Due to ketogenic capacity, the primary source of ketones for the brain is the liver. However,
endogenous ketogenesis in astrocytes has been postulated as a local source for neurons
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(59), and local astrocyte-derived ketogenesis has been posed to mediate these hypothalamic
signaling effects (97, 163). However, adult astrocytes do not appear to express HMGCS2
(163). Moreover, ketone bodies are oxidized by astrocytes. Taken together, the drivers, CNS
nuclear and cell sub-population targets, outcomes, and mechanisms of ketone signaling

in the brain all remain only preliminarily defined. The recently demonstrated ability

of astrocyte mitochondrial integrity to coordinate adaptive feedback mechanisms in the
regulation of central energy and glucose homeostasis provides a prospective opportunity to
assess the integrative role of ketone metabolism within the astrocyte cellular compartment
(166).

7.2. Therapies for Diseases of the Nervous System: Seizure Disorders and
Neurodegeneration

Abnormalities of glucose metabolism in the brain that accompany, and possibly drive,
neurodegeneration have been met with interest in leveraging ketone bodies as a fuel
alternative to glucose (39, 92). Patients with mild cognitive impairment or Alzheimer’s
disease also have impaired insulin sensitivity and VO, max compared with controls, factors
both linked to mitochondrial function. However, ketone body metabolism may remain
intact, and cognitive impairments linked to diminished glucose metabolism may improve
with ketone bodies. Moreover, the fact that caloric restriction improves cognition in aged
animals raises the hypothesis that this effect is at least partially attributable to ketone
metabolism. A recent study suggests that a ketogenic diet, fasting, or ingestion of exogenous
R-3-hydroxybutyl R-BOHB (ketone ester) (see the sidebar titled Nutritional Provocation
with Exogenous Ketones) improved functional communication among brain regions by
changing the predominant dietary fuel from glucose to ketones (111). This communication
was mapped via functional magnetic resonance imaging and was termed network stability,
whereby brain network destabilization correlates with decreased brain activity and cognitive
acuity. This provocative finding will require mechanistic dissection, because while D-OHB
is a highly efficient fuel, its acute exogenous delivery also increases cerebral blood flow by
nearly 40% (66).

Multiple prospective mechanisms have linked ketone bodies to preservation of cognitive
function. One study found that ketone ester administration increased neuronal expression
of the mitochondrial NAD*-dependent deacetylase SIRT3, thereby supporting the survival
of GABAergic interneurons and reducing neuronal network hyperexcitability and seizure-
related death in a mouse model of Alzheimer’s disease (27). Other experiments have linked
neuroprotection in a different Alzheimer’s mouse model to the ability of BOHB to inhibit
the NLRP3 inflammasome (152). Finally, low plasma BOHB has been associated with
social impairments, depression, and brain white matter alterations among patients with
alcohol use disorders (98). The authors of this study posed a relationship among ethanol-
producing gut microbiota, signatures of diminished lipolysis, and a loss of BOHB, which
eliminated a source of neuroprotection. Nutritional oscillations of carbohydrate content,
exercise, and the microbiome all may confer salutary effects on cognitive and emotional
well-being. However, key questions remain whether oscillations in ketogenic flux primarily
drive these benefits, and if so, whether this occurs through changes in metabolic fuel
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dynamics, improving mitochondrial energetics, or through signaling effects on mitophagy;,
mitochondrial biogenesis, gene transcription, and neuroinflammation.

8. PROSPECTUS

The next five years of investigation into the roles of ketone metabolism will reveal additional
mechanisms governing ketone body production and their diverse roles in cell, tissue, organ,
and organismal homeostasis. The most impactful findings will reveal whether observed
phenotypes proceed through the ability of ketone bodies to serve as fuel substrates;

as modulators of redox potential; as modulators of substrate supply/demand balance;

or as signals transmitted through both cell surface and intracellular targets, perhaps as
metabolized products or adducts. These experiments will parse the driver mechanisms
proceeding independently through AcAc, D-BOHB, or L-BOHB and assess the prospect

of locally produced ketones communicating signals via local shuttles. The role of BDH1,
governed by its spatial and temporal cell type specificity, will open new territories in
mitochondrial and downstream signaling. Mediators that support ketone transit across
mitochondrial membranes hold promise as gatekeepers with both metabolic and signaling
consequences. Key processes and targets to be addressed will be in the spaces of mucosal
immunity, heart failure, neurodegeneration, and neoplastic disease. Large animal and
human participant clinical trials should continue to complement rodent studies, to account
for variation that may imperfectly replicate in humans. Finally, whether ketone body
metabolism has an autonomous ability to orchestrate the salutary effects of oscillating diet
regimens and exercise on wellness remains an unanswered question of great interest.
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NUTRITIONAL PROVOCATION OF ENDOGENOUS KETOGENESIS

There is great interest in the application of nutritional interventions that provoke
endogenous ketogenesis to improve health and mitigate the effects of disease, including
intermittent fasting, fasting mimicking diet, time-restricted eating, caloric restriction, and
adherence to low-carbohydrate ketogenic diets (18, 43, 109, 125). It is important to
consider that physiological effects attributable to these interventions may or may not be
transduced through ketone bodies themselves. Specifically, diets reducing carbohydrate
content usually replace its contribution to the overall kilocalorie pool ingested with fat,
which also substantially diminishes circulating insulin concentrations. Rodent studies
add an additional set of considerations, because to achieve ketosis through a low-
carbohydrate diet, a more extreme macronutrient distribution, particularly restricting both
carbohydrate and protein, is required (e.g., 1% kcal carbohydrate, <10% kcal protein).

In contrast, many humans can achieve ketosis through adherence to diets that include
5-10% kcal carbohydrate and =20% kcal protein. Rodent ketogenic diet formulations are
also often choline restricted, and such restriction increases susceptibility to liver injury
and to increased ketogenesis (87, 124, 145).
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NUTRITIONAL PROVOCATION WITH EXOGENOUS KETONES

Ketosis can be achieved through ingestible ketone body precursors. Exogenously
delivered D-BOHB and AcAc themselves are rapidly turned over (129, 136, 181),

and ingestion or infusion of BOHB salts can provoke an untoward sodium load.
R/S-1,3-butanediol is a relatively nontoxic dialcohol readily oxidized in the liver,
yielding stable circulating D/L-BOHB concentrations of up to 5 mM within 2 h of
administration for an additional 3 h (23). Other ketone esters, including monoester of
R-1,3-butanediol and D-BOHB (i.e., R-3-hydroxybutyl R-BOHB), glyceryltris-OHB,
and R,S-1,3-butanediol acetoacetate diester, have similar kinetics that provide moderately
more durable circulating ketone concentrations than do ingested ketones themselves (36,
159). Cyclic BOHB oligomers and encapsulated BOHB nanoparticles have also been
used, but their physiological properties have not been as deeply characterized (28). The
distinct formulations supporting exogenous ketone delivery influence rates of turnover,
the balance of metabolic versus noncanonical signaling effects, and redox potential.
Another important consideration is that exogenous ketone therapies will provoke ketone
body import into hepatocyte mitochondria, a nonphysiological event. The consequences
of net ketone body import into hepatocyte mitochondria have not been fully defined, but
the impact of exogenous ketone therapies on liver health merit consideration (93, 111,
125, 129, 160, 198).
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Figure 1.
Overview of organismal physiology and turnover. Ketone bodies are primarily generated

within hepatic mitochondria from fatty acid-derived acetyl-CoA by the sequence of
metabolic reactions requiring the fate-committing enzyme HMGCS2. AcAc and BOHB are
transported in circulation to extrahepatic tissue for terminal oxidation through reactions
requiring the enzyme SCOT. Adipose tissue lipolysis is inhibited by BOHB, creating

a negative feedback loop. Question marks represent the uncertain molecular identity of
mitochondrial ketone transporter(s). Abbreviations: AcAc, acetoacetate; ATP, adenosine
triphosphate; BDH1, D-B-hydroxybutyrate dehydrogenase 1; BOHB, p-hydroxybutyrate;
pox, p-oxidation; CoA, coenzyme A; CoA-SH, CoA sodium salt hydrate; CPT,

carnitine palmitoyltransferase; e, electron; CS, citrate synthase; ETC, electron transport
chain; HMGCL, 3-hydroxymethylglutaryl-CoA lyase; HMGCS2, 3-hydroxymethylglutaryl-
CoA synthase 2; mThiolase, mitochondrial thiolase; SCOT, succinyl-CoA:3-oxoacid-

CoA transferase; TCA, tricarboxylic acid. Figure adapted from images created with
BioRender.com.
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Figure2.
Ketone body metabolic fates beyond terminal oxidation. Ketone body metabolism in hepatic

or extrahepatic cytosol is integrated with nonoxidative pathways such as cholesterogenesis
and DNL. In extrahepatic cells, AcAc carbon converges with itaconate and HBPs

in mitochondrial and cytosolic compartments, respectively. Question marks represent

the uncertain molecular identity of mitochondrial ketone transporter(s). Abbreviations:
AACS, AcAc-CoA synthetase; AcAc, acetoacetate; ACC, acetyl-CoA carboxylase; ACLY,
adenosine triphosphate citrate lyase; ACSS2, acetyl-CoA synthetase; fox, p-oxidation;
CIC, citrate transporter; CoA, coenzyme A, cThiolase, cytoplasmic thiolase; DNL, de

novo lipogenesis; HBP, hexosamine biosynthetic pathway; TCA, tricarboxylic acid; UDP-
GIcNAc, uridine diphospho- A-acetylglucosamine. Figure adapted from images created with
BioRender.com.
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Figure 3.
Regulatory mechanisms for key mitochondrial drivers of ketone body metabolism.

HMGCS?2 is a fate-committing ketogenic enzyme abundant in hepatocytes. BDH1

catalyzes the reduction/oxidation between AcAc and D-BOHB in hepatic and extrahepatic
cells. SCOT is required for extrahepatic mitochondrial ketolysis. Abbreviations:

AcAc, acetoacetate; BDH1, D-B-hydroxybutyrate dehydrogenase 1; D-BOHB, D-B-
hydroxybutyrate; FGF21, fibroblast growth factor 21; HMG-CoA, 3-hydroxymethylglutaryl-
CoA; HMGCS?2, 3-hydroxymethylglutaryl-CoA synthase 2; IL-6, interleukin 6; KAc,
lysine-acetylation; KSuc, lysine-succinylation; MG-CoA, 3-methylglutaryl-CoA; mTORC1,
mammalian target of rapamycin complex 1; PI3K, phosphatidylinositol-3-kinase; PPARa.,
peroxisome proliferator activated receptor alpha; PTM, posttranslational modification;
SCOT, succinyl-CoA:3-oxoacid-CoA transferase; SIRT, sirtuin. Figure adapted from images
created with BioRender.com.
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Figure 4.
Noncanonical cellular responses to AcAc and BOHB. Ketone bodies exert different

cellular effects through changes transduced by epigenetic, posttranslational, and cell surface
signaling mechanisms. Abbreviations: 3-HDMP, 3-hydroxypyrrole-derivative; 3-HHD, 3-
hydroxyhexane-2,5-dione; 3-HTO, 3-hexane-2,3,4-trione; ACAc, acetoacetate; bhb, lysine
B-hydroxybutyrylation; BOHB, p-hydroxybutyrate; ERK, extracellular signal-regulated
kinase; FFA, free fatty acid; FGF, fibroblast growth factor; GPR, G-protein coupled
receptor; HDAC, histone deacetylase; HSL, hormone-sensitive lipase; IL, interleukin;

LPL, lipoprotein lipase; MAPK, mitogen-activated protein kinase; MCT, monocarboxylate
transporter; MEK, MAPK/ERK kinase; MetG, methylglyoxal; NFxB, nuclear factor kappa
B; PLCP, phospholipase C-f; SCFA, short-chain fatty acid; SIRT, sirtuin; SNS, sympathetic
nervous system; TAG, triacylglycerol; TNF, tumor necrosis factor. Figure adapted from
images created with BioRender.com.
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Overview of ketone body metabolism in small and large intestine. HMGCS2 distribution
and the roles of BOHB in the small and large intestine vary. In small intestine,

BOHB triggers Notch signaling and Th17 immunomodulatory changes. In large intestine,
anaerobic bacterial fermentation yields butyrate, a source of BOHB that influences the
gut community. Abbreviations: BOHB, B-hydroxybutyrate; HDAC, histone deacetylase;
HMGCS2, 3-hydroxymethylglutaryl-CoA synthase. Figure adapted from images created
with BioRender.com.
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Integrative role of ketone bodies in the nervous system. Mechanisms supporting the
pleiotropic effects of ketone bodies or a ketogenic diet in the nervous system still require
elucidation. However, effects on feeding behavior, energy expenditure, mood and behavior,
and neuroprotection have all been observed. Abbreviations: Glc, glucose; KB, ketone body;

TCA, tricarboxylic acid. Figure adapted from images created with BioRender.com.
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