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ABSTRACT 
The discovery of insulin approximately a century ago greatly improved the management 
of diabetes, including many of its life-threatening acute complications like ketoacidosis. 
This breakthrough saved many lives and extended the healthy lifespan of many patients 
with diabetes. However, there is still a negative perception of ketone bodies stemming 
from ketoacidosis. Originally, ketone bodies were thought of as a vital source of energy 
during fasting and exercise. Furthermore, in recent years, research on calorie restriction 
and its potential impact on extending healthy lifespans, as well as studies on ketone 
bodies, have gradually led to a reevaluation of the significance of ketone bodies in 
promoting longevity. Thus, in this review we discuss the emerging and hidden roles of 
ketone bodies in various organs, including the heart, kidneys, skeletal muscles, and 
brain, as well as their potential impact on malignancies and lifespan. 
  

Downloaded from journals.physiology.org/journal/physiologyonline at (083.061.236.210) on February 8, 2024.



INTRODUCTION 
Ketone bodies are distinctive metabolites that play a pivotal role in a range of 
physiological and pathological states within the body. They are predominantly 
synthesized in the liver during periods of fasting or caloric restriction and are 
subsequently utilized as an energy source by various organs—including the heart, brain, 
kidneys, and muscles (1). They are especially vital as an energy source during the 
neonatal period (2, 3). Beyond their function as energy substrates, ketone bodies have a 
wide range of physiological effects, such as participating in signal transduction, making 
post-translational modifications, modulating the immune system, and exerting 
antioxidant activities, as well as influencing the sympathetic nervous system (4-11). 

Ketone production is upregulated during starvation, fasting, physical activity, 
and pregnancy, and in individuals consuming a ketogenic diet, which is low in 
carbohydrates and high in fats (12). This upregulation plays a crucial role in energy 
homeostasis within the body. However, pathological overproduction of ketone bodies, 
as seen in diabetic ketoacidosis, can result in severe metabolic acidosis which can 
potentially progress to organ damage (13). Historically, ketone bodies were often 
regarded as harmful due to their association with acidosis. Recent studies, however, are 
revising this perspective, uncovering a myriad of health benefits such as autophagy-
mediated organ and renal protection (14-16), seizure prevention (17), and myocardial 
preservation (18, 19). 

This review aims to illuminate the multifaceted role of ketone bodies in the 
human body, delving into their significance across various organs and diseases, as 
illustrated by contemporary research. While the impact of ketone bodies may differ 
depending on the health status of each organ and the context in which they are 
considered, this review endeavors to provide readers with a comprehensive 
understanding of the nuanced nature of ketone bodies. 
 
 
BASIC METABOLISM OF KETONE BODIES 
Ketogenesis 
Ketone body production predominantly occurs in the liver (Figure.1). While recent 
research has identified ketogenesis in extrahepatic organs, including the intestines and 
kidneys, the supply of circulating ketone bodies is predominantly dependent on hepatic 
function. In the liver-specific HMGCS2-deficient mice model, the fasting-induced 
increase in plasma ketone body levels is completely abolished (20).  
During fasting, circulating free fatty acids generated by adipocytes are transported to 
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hepatocyte mitochondria via carnitine palmitoyltransferase 1, where they undergo 
complete mitochondrial β-oxidation to produce acetyl-CoA (Figure. 2). Two molecules 
of acetyl-CoA are condensed by acetyl-CoA acetyltransferase 1 (ACAT1), which then 
condenses with acetyl-CoA to synthesize HMG-CoA via the action of 3-Hydroxy-3-
Methylglutaryl-CoA Synthase 2 (HMGCS2), which is a key rate-limiting enzyme in 
ketogenesis. HMG-CoA is cleaved into Acetoacetate (AcAc) and acetyl-CoA by 3-
Hydroxymethyl-3-Methylglutaryl-CoA Lyase (HMGCL). Most of the AcAc is reduced 
to Beta-Hydroxybutyrate (BHB) through the action of BHB dehydrogenase 1(BDH1), 
in a reaction that is closely balanced between NAD+ and NADH levels. AcAc is 
partially converted to acetone, which is not metabolically active. The BHB and AcAc 
that are generated through this process are not directly utilized as energy sources in the 
liver but are mainly released into the circulation by monocarboxylate transporters 1/2 
(MCT1/2) and transported to several tissues. The rate of hepatic ketogenesis is mainly 
regulated by plasma glucose, insulin, and glucagon levels. Thus, ketone body 
production increases with several factors, such as exercise, pregnancy, and consumption 
of a low-carbohydrate, high-fat diet (ketogenic diet), in addition to fasting and calorie 
restriction. Ketone body production is also enhanced by treatment with SGLT2 
inhibitors (21), but the detailed mechanism is still unclear, necessitating further 
research. 
 
Ketolysis  
BHB in the bloodstream is taken up by MCT1/2 and transferred to extrahepatic 
mitochondria, where it is converted back to acetyl-CoA to produce ATP. BHB first is 
oxidized via BDH1 to AcAC, which is subsequently activated to AcAc-CoA by 
succinyl-CoA:3-oxoacid CoA transferase (SCOT), the key enzyme involved in 
ketolysis. Then, AcAc-CoA undergoes thiolysis by ACAT to generate acetyl-CoA. The 
CoA used in this process is derived from succinyl-CoA, and the energy produced by 
AcAc hydrolysis is greater than that consumed by breaking down succinyl-CoA. The 
majority of the AcAc-CoA enters the TCA cycle as an energy source, while the 
remainder is utilized for cholesterol biosynthesis. Various factors can interfere with the 
standard ketone body production pathway, some of which are described below. 
 
Energy metabolism in each organ 
BHB produced in the liver is mainly utilized as an energy source in several tissues, such 
as brain, heart, muscles, and kidneys (22).  
1) Brain 
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The metabolic interaction between neurons and glial cells is essential for maintaining 
brain functions. Under physiological conditions, glial cells take up blood glucose and 
then convert it to lactate through glycolysis, which they supply to neurons as a source of 
energy (23). However, under glucose-deficient starvation conditions, glial cells provide 
an essential energy source by breaking down fatty acids to produce ketone bodies that 
neurons use for energy, thus preserving the capacity for memory formation (24, 25). 
Research in Drosophila has shown that, even when glycolysis is inhibited in glial cells, 
they can survive for weeks by supplying neurons with energy through mitochondrial 
fatty acid breakdown and ketone body production (26). Furthermore, it was found that, 
during starvation, glial cells obtain the energy necessary for survival by degrading fatty 
acids, a process that also produces ketone bodies (26). 
2) Heart 
The heart is the organ with the highest energy expenditure per day. Under normal 
conditions, the energy metabolism of the heart depends mainly on fatty acyl-CoA, and 
glucose consumption in cardiomyocytes is limited (19). Thus, circulating ketone bodies 
are an important alternative fuel source, especially under pathological conditions such 
as ischemia, when the heart switches to ketone metabolism (18, 27-30).  
3) Muscle 
The skeletal muscles adapt to fasting and exercise by utilizing ketone bodies for energy, 
ensuring their continuing function (31-33). Exercise-trained skeletal muscles have an 
enhanced ability to take up and oxidize ketone bodies during physical activity (34).  
4) Kidney 
Renal tubules predominantly utilize lipids, not glucose, as their primary energy source. 
Furthermore, as with the heart, the kidneys can adapt to using ketone bodies as an 
alternate energy source; thus, ketone bodies have a vital role in kidney injury (35, 36). 
We previously showed that tubule energy usage in impaired kidneys shifts towards 
ketone bodies, and that supplementation with ketone bodies has a renoprotective effect 
in the context of diabetic kidney disease (DKD) (16). 
 
DISTINCTIVE ROLES OF KETONE BODIES BEYOND SERVING AS AN 
ENERGY SOURCE 
Epigenetic 
BHB influences the epigenetic landscape by making unique post-translational 
modifications to histones and suppressing the activity of class I histone deacetylases 
(HDACs)  (Figure. 3) (37). This process protects against mitochondrial dysfunction, 
and is therefore particularly relevant to decreasing the inflammatory responses and 
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promoting antioxidant effects (37). The anti-inflammatory and antioxidant responses 
induced by HDAC suppression effectively slow the progression of various diseases, 
such as cancer, muscular atrophy, and Alzheimer’s disease (7-9). BHB also regulates 
chromatin through lysine β-hydroxybutyrylation (Kbhb) of histones; β-hydroxybutyryl 
addition is mediated by p300 acetyltransferase and reversed by HDAC 1 and 2 (38, 39). 
It has been reported that Kbhb plays a crucial role as one of the key regulators of 
metabolic changes in the intestine during fasting (40). Furthermore, Kbhb has been 
found to be involved in diabetic cardiomyopathy and tumor growth (41, 42). Further 
research is required to understand the detailed roles of Kbhb in various organs. 
 
G-protein–coupled receptors 
Ketone bodies are also effector molecules of G-protein–coupled receptors (GPR) such 
as GPR41 and GPR109a. GPR41 is mainly located in the sympathetic ganglia, and 
ketone bodies directly antagonize GPR41 activity, thereby suppressing the sympathetic 
nervous system. GPR41 inhibition is thought to contribute to the cardioprotective 
effects of ketone bodies (11). GPR109a, also known as hydroxycarboxylic acid receptor 
2 (HCAR2), regulates metabolism, inflammation, and other physiological processes and 
is mainly expressed in adipose tissue, immune cells, liver, kidney, and the 
gastrointestinal tract (43-49). Stimulating GPR109a leads to anti-inflammatory 
outcomes through the suppression of proinflammatory cytokines from monocytes, 
macrophages, and adipocytes (43, 50, 51). In addition to anti-inflammatory actions, 
GPR109a is also involved in the reprogramming of the gut microbiota, and the lack of 
the GPR109a gene induces severe colitis (51, 52). BHB, but not AcAc, is one of the few 
known GPR109a ligands and contributes to the antilipolytic and anti-inflammatory 
effects induced by GPR109a. 
 
THE PATHOPHYSIOLOGICAL ROLES OF KETONE BODIES IN MULTIPLE 
ORGANS 
Heart 
Supplementing with exogenous ketone bodies is expected to protect against progressive 
heart failure induced by metabolic perturbation (Figure. 4). Indeed, various studies have 
indicated the potential benefits of ketone bodies in protecting against ischemic heart 
disease (18, 53). Research suggests that there are differences in heart and plasma ketone 
levels between patients with heart failure with preserved ejection fraction (HFpEF) and 
patients with heart failure with reduced ejection fraction (54) and that patients with 
HFpEF and severe diabetes or obesity experience fuel inflexibility (55). Furthermore, it 
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has been reported that the expression of enzymes associated with ketone body 
production is altered in damaged heart tissue. Low-flow ischemia has been shown to 
increase intracardiac ketone body production via HMGCS2, suggesting that 
accumulated ketone bodies could affect functional recovery (53). 

Ketone bodies are also thought to help mediate the cardioprotective effects of 
SGLT2 inhibitors used to treat heart failure. While SGLT2 inhibitors are primarily used 
to treat diabetes, their indications have expanded recently to include heart failure (56-
58). SGLT2 inhibitor–mediated protection of renal tissue in the context of kidney 
impairment is related to the production of endogenous ketone bodies (16) (see Kidney 
section), suggesting that a similar mechanism could be involved in the heart. 
Empagliflozin has been reported to reduce ischemia-reperfusion injury and myocardial 
infarction size, and this effect was also produced by administration of BHB alone (56). 
This suggests that ketone body supply could contribute to the beneficial effects of 
SGLT2 inhibitors on the heart.  

The protective effects of ketone body accumulation on the heart are not entirely 
explained by their role as an energy source. The EMPA-VISION study reported that 
empagliflozin treatment was not associated with any changes in cardiac energy 
metabolism or serum metabolite levels, and concluded that the beneficial effects of 
SGLT2 inhibitors on heart failure do not depend on improved cardiac energy 
metabolism (57). Thus, epigenetic regulation by ketone bodies or their protective effects 
against oxidative stress could be involved. The benefits of ketone bodies for heart 
diseases are not limited to ischemic injuries; they are also effective in treating diabetic 
cardiomyopathy. In a mouse model of diabetic cardiomyopathy, a ketone ester diet 
increased the expression of key enzymes involved in cardiac ketone metabolism––
HMGCS2 and SCOT––thereby enhancing resistance to oxidative and redox stress.  

Collectively, these studies indicate that ketone bodies benefit damaged heart 
tissue by providing an alternative energy source or protecting against oxidative stress. 
 
Kidney  
Ketone bodies contribute significantly to the kidney protection conferred by SGLT2 
inhibitors (59, 60). SGLT2 inhibitor administration has been reported to alleviate renal 
damage regardless of the presence or absence of proteinuria, and is also thought to 
protect against chronic kidney disease in non-diabetic individuals. In HMGCS2-
deficient mice, SGLT2 inhibitor–induced renal protection is abolished, indicating that 
endogenous ketone bodies are essential for mediating the renoprotective effects of these 
drugs (16). The renoprotective effect of ketone bodies is associated with inhibition of 
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mTORC1, whose activation has been reported to cause renal impairment in DKD (16, 
61). 

The positive effect of increased endogenous ketone production is not limited to 
DKD but is also observed in the treatment of polycystic kidney disease (PKD); indeed, 
a new therapeutic approach involving dietary restriction and fasting-induced ketosis 
slows PKD progression (62-64). Caloric restriction can also protect against aging-
related kidney impairment, an effect that is potentially mediated by ketone bodies (65). 
Indeed, ketone bodies have been shown to mitigate podocyte aging and damage, with 
BHB administration reducing diabetic glomerulopathy and albuminuria (66).  
A recent study highlighted the role of sodium-coupled monocarboxylate transporter 1 
(SMCT1), an enzyme involved in ketone body reabsorption, in slowing the progression 
of diabetic nephropathy (67). Reduced SMCT1 expression in patients with DKD and in 
diabetic mouse kidneys correlated with lower serum BHB levels, indicating that 
SMCT1 is a promising target for DKD treatment.  
 
Neurons 
While the ketogenic diet was first developed to treat epilepsy in children (17), recent 
studies indicate that the utility of ketone bodies is not limited to epilepsy. Ketone bodies 
are known energy sources in brain cells during fasting, and are involved in memory 
formation and the ischemic response (68).  

The involvement of ketone bodies in memory formation has been reported in 
humans, with some studies suggesting that intermittent fasting promotes ketone body 
production, which may prevent Alzheimer’s disease (25). Numerous reports in animal 
models have also indicated the efficacy of ketone bodies in Alzheimer's disease. This is 
attributed not only to their role as an energy source but also to their antioxidative 
effects, prevention of beta-amyloid deposition, and reduction of cerebral blood flow 
impairment (9, 69, 70). In dementia associated with type 2 diabetes, consuming a 
ketogenic diet reduces inflammation and the production of reactive oxygen species, 
leading to restoration of neuronal function (71, 72).  

In addition, ketone bodies are associated with recovery after stroke. Stroke 
patients with high blood BHB levels tend to have a better prognosis after stroke than 
those with low levels (73). This is thought to be because BHB promotes brain plasticity 
through a specific signaling pathway, thereby supporting post-stroke recovery. 
These studies suggest that ketone bodies play an important role in brain and nerve 
health and recovery. 
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Muscle 
In addition to their use as an alternative fuel source, ketone bodies also participate in 
epigenetic mechanisms that are vital for skeletal muscle health and function (74). In 
particular, enhancing FOXO3A and MT2 activity via HDAC inhibition has been shown 
to protect against aging-related muscular atrophy. The increase in BHB levels induced 
by short-term fasting has also been reported to directly promote muscle stem cell 
(MuSC) quiescence, causing p53 acetylation and activation by inhibiting HDAC (75). 
P53 activation contributes to MuSC quiescence and survival during fasting. However, 
ketone bodies do not necessarily have a positive effect on skeletal muscle. Several 
studies have shown that ketogenic diets that restrict glucose intake do not uniformly 
benefit muscle functionality and can be linked to muscle fibrosis and atrophy (76, 77). 
These findings call for a cautious approach in evaluating the role of ketone bodies in 
muscle physiology.  
 
Intestine  
The role of ketone bodies in the small intestine is gradually being elucidated, with 
preliminary evidence suggesting that they play a role beyond that of an energy source 
during fasting (78-80). Although ketone body production is primarily hepatic, the rate-
limiting enzyme HMGCS2 is also expressed in the small intestine, particularly in crypt 
cells (Lgr5+ cells) (81). BHB levels in crypt cells are vital for intestinal stem cell self-
repair and differentiation, as BHB inhibits class I HDACs and enhances Notch 
signaling, thereby directing stem cell self-renewal and lineage determination (40). 
Ketogenic diets enhance stem cell function and regenerative capacity through BHB–
mediated Notch signaling, while glucose-centric diets attenuate this effect. BHB 
produced in the intestine also regulates chromatin regulatory through Kbhb 
modification of the core histones H3 and H4. During fasting, the promoter and enhancer 
regions of major genes involved in metabolism show increased levels of H3K9bhb-
H3K27ac, driven by BHB. Thus, ketone bodies in the small intestine are involved in the 
self-repair and differentiation of their own cells and in the regulation of metabolism. 
 
Immune system 
Ketone bodies are reported to influence various immune cells such as macrophages,  
neutrophils, and T cell (82-84). This mechanism involves the inhibition of NLRP3 
activity. As described above, the HCAR2 receptor, including GPT109a, is modulated by 
BHB and related to anti-inflammatory actions. Ketone bodies have also been shown to 
enhance CD8+ T cell activity (10). During fasting, these cells prefer ketone bodies over 
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glucose as an energy source, and BHB is a potent bioenergetic substrate for CD8+T 
cells. Furthermore, ketone bodies not only serve as energy sources but also directly 
enhance the cytokine production and cytotoxic activity of CD8+T effector cells (10). 
 
Diabetes  
In diabetes care, due to the negative impression caused by ketoacidosis, ketone bodies 
have long been considered harmful. However, recent research has led to a reevaluation 
of this perception. Because blood glucose is a primary energy source for the brain, 
severe hypoglycemia during diabetes treatment increases the risk of brain damage. 
Interestingly, ketone bodies play a crucial role in protecting the brain against severe 
hypoglycemia, with BHB enhancing brain cell autophagy and thus reducing cell 
degeneration in the setting of hypoglycemia (85). In this way, ketones can also play a 
beneficial role in diabetes management. 

Furthermore, with the advent of SGLT2 inhibitors, the significance of ketone 
bodies is undergoing further reassessment. SGLT2 inhibitors increase blood ketone 
body levels, protecting organs like the heart and kidneys. Recent studies have elucidated 
the mechanism by which SGLT2 inhibitors induce ketone body production. Subjects 
with type 2 diabetes taking SGLT2 inhibitors who are injected with glucose show an 
increase in ketone body levels, lower serum insulin, and higher glucagon levels. 
However, pancreatic clamp conditions abolish these changes, while endogenous glucose 
levels continue to rise, suggesting that enhanced ketone body production by SGLT2 
inhibitors is derived from the change in circulating insulin and glucagon levels. BHB in 
itself also improves insulin resistance through HCAR2 activation, with BHB inhibiting 
PPARγSer273 phosphorylation (86). Clinical trials also have documented improvements 
in glucose tolerance following the administration of ketone bodies (87). Furthermore, 
enzyme activities involved in ketone body oxidation are also implicated in glucose 
metabolism. Overexpression of ACAT2 in the liver suppresses glucose and ketone 
metabolism (88), and SCOT activity within muscles is also involved in the pathology of 
obesity-related diabetes (89).  
 
Vascular system 
In cardiovascular endothelial cells, ketone bodies are oxidized as an energy source, and 
this process has been shown to promote cell proliferation, migration, and sprouting of 
new blood vessels (90). The ketogenic diet transiently promotes the proliferation of 
vascular endothelial cells in the mouse heart, which may help protect the heart by 
preventing vascular scarcity (90).  
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BHB is also related to autophagy, whose activation is expected to preserve the 
vascular system (91-94). The previous report has shown that BHB is an autophagy-
sensitive metabolite from the liver that can cause vasodilation via potassium channels, 
not via GPR109a (95). Of interest, a high-salt diet, which causes vascular damage and 
hypertension, is reported to suppress both BHB biosynthesis and liver autophagy, and  
BHB prevents the endothelial dysfunction induced by high-salt diet (95). These results 
indicate that the supplementation of ketone bodies may be a useful approach to treating 
hypertension. 

Collectively, ketone bodies might have positive effects on the vascular system. 
Further studies are needed to clarify the role of ketone bodies in the vascular system. 
 
Cancer  
The impact of ketone bodies on cancer is highly complex. The role of ketone bodies in 
tumor reduction encompasses both their function as an energy source and their non-
energy-related aspects. Furthermore, the role of ketone bodies in tumors varies greatly 
depending on tumor type, treatment modality, and how plasma ketone levels are 
increased.  
 
1) Energy Metabolism in Tumor Cells 
Tumor cells generally prefer anaerobic metabolism, primarily relying on the glycolytic 
pathway to derive energy from glucose (Warburg effect) and not typically utilizing 
ketone bodies as an energy source (96, 97). Indeed, many tumor cells do not express 
SCOT, the enzyme that mediates ketolysis. Thus, under conditions of calorie restriction 
or consumption of a low-carbohydrate diet, tumor cells would starve, which could 
potentially lead to tumor reduction (98). In fact, consumption of a ketogenic diet has 
been shown to be effective in the treatment of glioma, given that brain cells can utilize 
ketone bodies as an energy source (99). However, some tumor cells, such as 
hepatocellular carcinoma cells, exhibit upregulated SCOT expression during fasting 
(100). The production of ketone bodies by tumor cells themselves also presents a 
problem; for instance, HMGCS2 expression in colorectal cancer has been reported as a 
poor prognostic factor.  
 
2) Ketone Bodies as Immunological Agents in Tumor Suppression 
Ketogenic diet and treatment with BHB have been shown to delay tumor growth in 
mice in a T-cell–dependent manner (101). This effect has also been observed in 
melanomas and renal cell cancers that did not respond to anti-PD-1/anti-CTLA4 
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inhibitors (101). Immunological changes induced by variations in carbohydrate intake 
and ketone body production may be one cause, as these factors can alter the gut 
microbiota. Indeed, in colorectal cancer, ketone bodies have been shown to inhibit 
tumor growth via HCAR2. BHB activates HCAR2, which induces expression of the 
transcriptional regulator HOPX, which inhibits cell proliferation (102).  
 
3) The Negative Aspects of Ketone Bodies as an Energy Source for Tumor Growth 
Some reports indicate that ketone bodies may serve as an energy source that supports 
tumor growth and metastasis. Studies have shown that ketone body metabolism can be 
activated in pancreatic ductal adenocarcinoma, with BHB functioning as an energy 
source to promote tumor growth and progression (103). In other studies, exogenous 
administration of BHB has been shown to promote colorectal cancer proliferation and 
metastasis (104). Interestingly, metabolomic analysis of serum from patients with 
colorectal cancer showed increased levels of BHB, suggesting its role as a marker. 
Additionally, increased ACAT1 expression in human colorectal cancer cells has been 
linked to their increased proliferation(104). These findings indicate that exogenous 
administration of BHB does not have uniformly anti-tumor effects; rather, the effect 
varies depending on the type and state of the tumor, the presence or absence of 
chemotherapy, and more. Furthermore, anti-tumor effects do not necessarily correlate 
with extended lifespan; studies of mice fed a ketogenic diet show that, while tumor 
growth is delayed, cachexia onset is accelerated, shortening survival (105). These 
results highlight the need to evaluate the overall impact of the therapeutic use of ketone 
bodies, not solely the effect on tumors. 
 
ROLE OF KETONE BODIES IN LONGEVITY 
The contribution of ketone bodies to multiple organs, as described above, is closely 
associated with survival rates in some disease conditions. For instance, ketone bodies 
have been reported to extend lifespan by promoting recovery from myocardial and 
cerebral infarctions (53, 73), and by preventing malignant tumors (101). Furthermore, 
the improvement of insulin resistance (86), the prevention of kidney diseases (16), and 
the improvement of muscle function (74) may be indirectly related to longevity and 
healthy lifespan.  

Furthermore, recent studies suggest that ketone bodies impact lifespan even in 
normal aging process, with intriguing findings suggesting that endogenous ketone body 
production promotes longevity. We previously reported that mice lacking HMGCS2 
have a shortened lifespan, and that this can be prevented by regular intake of the ketone 
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body precursor 1,3-butanediol (106). Of note, early consumption of 1,3-butanediol 
increased mortality in non-elderly mice, while it extended the lifespan in elderly mice. 
Furthermore, treatment with ketone bodies increased the lifespan in a mouse model of 
atherosclerosis (106). These findings indicate that the impact of ketone supplementation 
on lifespan varies with the method of administration and health status. It has been 
reported that ketogenesis is not only essential for aging models but also critically 
important for the longevity of neonates. In neonates, ketogenesis preserves the 
mitochondria's ability to produce energy, preventing the over-acetylation of proteins 
within the mitochondria (107). Similarly, an isocaloric moderately high-fat diet (IHF) 
significantly extended the lifespan of mice. Consumption of the IHF decreases palmitic 
acid levels, which reduces oxidative stress and inflammation (108). These results 
suggest that ketone production and consumption of a high-fat diet have a complex 
impact on lifespan. It has been reported that administering a ketogenic diet to 12-
month-old mice leads to improvements in muscle strength and endurance, tumor 
suppression, and enhanced survival rates. This suggests that ketone bodies are important 
not only for survival but also for extending the healthy lifespan (109). Further 
investigation of the relationships among ketone bodies, fatty acid metabolism, and 
lifespan may provide new insights into aging and promoting a healthy lifespan. 
 
CONCLUSION 
Despite a long-standing negative perception of ketone bodies that is rooted in their 
association with the life-threatening effects of ketoacidosis in patients with diabetes, a 
more positive picture of ketone body function is beginning to emerge in the field of 
anti-aging research, primarily centered around calorie restriction. Recent advances in 
ketone body research suggest that maintaining adequate ketone levels may promote 
tissue repair and organ protection. Hopefully, continuing research into ketone bodies 
will uncover their hidden potential to promote cell and tissue survival under starvation 
conditions. Ketone body research has the potential to extend healthy lifespans in an 
aging society. 
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Figure.1 Ketone Body Production and Utilization During Fasting 

During fasting, FFA released from adipocytes undergo ketogenesis in the liver, producing B-OHB/AcAc. B-

OHB/AcAc are transported into circulation via MCT1/2 and utilized through ketolysis as an energy source in 

various organs including the brain, heart, kidneys, and muscles. AcAc: acetoacetate, B-OHB: beta-

Hydroxybutyrate, FFA: free fatty acids.
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Figure.2  Metabolic Pathway of Ketogenesis and Ketolysis

During fasting, FFA from adipocytes are taken to liver mitochondria by carnitine palmitoyltransferase 1. Here, 

β-oxidation produces acetyl-CoA, which, through acetyl-CoA acetyltransferase 1 and HMGCS2, forms HMG-

CoA. HMG-CoA is split into AcAc and acetyl-CoA by HMGCL, and AcAc is largely reduced to B-OHB by 

BDH1, which also regulates NAD+/NADH. The liver releases B-OHB and AcAc into circulation via MCT1/2. 

Circulating B-OHB and AcAc are used by extrahepatic mitochondria for energy. It’s transported from blood by 

MCT1/2 to the mitochondria, converted to acetyl-CoA, and enters the TCA cycle. B-OHB is oxidized to AcAc, 

then transformed to AcAc-CoA by SCOT, and finally to acetyl-CoA, fueling ATP. 

AcAc: acetoacetate, ACAT1: acetyl-CoA acetyltransferase 1, BDH1: B-OHB dehydrogenase, B-OHB: beta-

Hydroxybutyrate, FFA: free fatty acids, HMGCL: 3-Hydroxymethyl-3-Methylglutaryl-CoA Lyase, HMGCS2: 3-

hydroxy-3-methylglutaryl-CoA synthase 2, SCOT: succinyl-CoA:3-oxoacid CoA transferase.
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Figure.3 Physiological Roles of Ketone Bodies Beyond Alternative Energy Source 

Apart from serving as an energy substrate, ketone bodies are involved in epigenetic responses, regulation 

of GPR activities, and modulation of various signaling pathways. GPR: G-protein–coupled receptors, 

mTORC: mammalian target of rapamycin complex. SNS: sympathetic nervous system. 
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Figure 4 Diverse Functions of Ketone Bodies Across Different Organs

Pleiotropic effects of ketone bodies have been observed in multiple organs. DKD: diabetic kidney disease, 

EC: endothelial cell, MUSC: muscle stem cell, NLRP3: NLR Family Pyrin Domain Containing 3, PKD: 

polycystic kidney disease.

NLRP3 inflammasome
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