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Abstract: Ketone bodies (KBs), particularly -hydroxybutyrate, are crucial metabolites that
provide clean and efficient energy, especially during periods of low glucose availability.
Ketogenesis is a promising therapeutic avenue for conditions such as obesity, metabolic
syndrome, and diabetes. This review aims to summarize the current evidence on keto-
genesis across different health conditions and therapeutic modalities, highlighting the
potential to mitigate metabolic disorders and diabetes-related complications. By reducing
inflammation and oxidative stress, increased KB production provides cardiovascular and
neuroprotective benefits. Ketogenesis is enhanced under physiological conditions like
pregnancy and fasting, as well as in pathophysiological states such as diabetes and heart
failure. Various interventions, including the promotion of endogenous ketogenesis through
diet and exercise, drug-induced ketogenesis via sodium-glucose cotransporter 2 inhibitors,
and exogenous ketone supplementation, have demonstrated favorable effects on metabolic
health. However, challenges remain, including risks such as pathological ketoacidosis and
dyslipidemia. In specific populations, such as lean mass hyper-responders, laboratory
lipid profiles might reflect the metabolic privilege. This review will assist in the future
clarification of individual differences and optimized therapeutic approaches leveraging
ketogenesis for the personalized management of metabolic disorders.
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1. Introduction

Ketone bodies (KBs), particularly 3-hydroxybutyrate (3-HB), serve not only as clean
and efficient fuel for the brain, heart, and muscles, but also provide neuroprotection, anti-
inflammatory effects, improved metabolic health, and cardiovascular (CV) benefits [1-3].
Consisting of acetoacetate, 3-HB, and acetone, KBs are primarily produced in the liver
mitochondria through the breakdown of free fatty acids (FFAs) and used peripherally as
an alternative energy source when glucose is scarce [4]. These benefits manifest under
various conditions, including natural physiological ketosis during the neonatal period and
pregnancy; induced physiological ketosis during prolonged fasting, exercise, and ketogenic
diets (KDs); and pathophysiological ketosis during diabetes and heart failure. Among these,
uncontrolled diabetes can progress to ketoacidosis, a potentially life-threatening condition.

This review aimed to summarize the current evidence on ketogenesis across differ-
ent health conditions and therapeutic modalities, highlighting the potential to mitigate
metabolic disorders and diabetes-related complications.
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2. Roles of KBs in Metabolic Health

Beyond serving as alternative energy substrates when glucose is scarce, KBs contribute
to resistance against inflammatory and oxidative stress while promoting metabolic home-
ostasis by reducing reliance on insulin-dependent glucose metabolism [5]. The metabolic
actions of KBs modulate systemic fuel selection by attenuating glucose oxidation in the
peripheral tissues, exerting feedback inhibition on adipose tissue lipolysis during ketosis,
and reducing proteolysis in skeletal muscle [6]. 3-HB suppresses NLRP3 inflammasome
activation and reduces inflammation independently of its role as a metabolic substrate or
canonical signaling pathways, suggesting that 3-HB contributes to the anti-inflammatory
effects of energy restriction [7]. Ex vivo macrophage studies confirm that elevated 3-HB
concentrations and reduced insulin levels suppress NLRP3 inflammasome activation [8].

Epidemiological studies have shown that metabolically healthy, normal-weight in-
dividuals exhibit higher urinary KB levels compared to metabolically unhealthy, obese
populations [9]. Individuals with ketonuria, as opposed to those without, have a lower
prevalence of obesity, central obesity, and metabolic syndrome and exhibit better metabolic
parameters [10,11]. Moreover, the presence of spontaneous fasting ketonuria is significantly
associated with a reduced risk of diabetes and increased weight loss potential, suggesting
a protective role against the onset of diabetes [12] and serving as a predictive factor for
further weight loss [13]. Therapeutic applications of KDs or exogenous KBs, metabolized
into 3-HB, show promise for various metabolic disorders, such as obesity and type 2 dia-
betes (T2D) [14], and provide protection against ischemic injury to the heart, gut, liver, and
eyes [15], as well as potential renoprotective effects in diabetic nephropathy [16]. In contrast,
transitioning to similar but high-calorie or high-fat diets may worsen these conditions [15].

3. Pathways to Ketosis: Endogenous Ketogenesis and Exogenous Ketone
Supplementation in Health and Disease

Endogenous ketogenesis is initiated by various physiological and pathophysiological
conditions, as well as therapeutic interventions. Physiological factors promoting ketogene-
sis include fasting, aerobic exercise, and KDs, whereas pathophysiological conditions such
as diabetes and heart failure, as well as certain pharmacological interventions—particularly
glucose-lowering agents—can also induce ketogenesis. Supplementation with exogenous
ketones also complements these approaches, collectively enhancing metabolic resilience
(Figure 1).

Figure 2 illustrates the ranges of blood KB concentrations observed across physiolog-
ical, pathophysiological, and pathological states of ketogenesis, with concentrations pri-
marily reflecting 3-HB levels. In natural physiological conditions, KB levels remain low in
healthy adults (<0.1 mM) but can rise modestly during pregnancy and infancy (0.2-1.0 mM)
due to altered energy demands and hormonal regulation [17]. Induced physiological keto-
genesis through fasting, aerobic exercise, and KDs results in moderate elevations of blood
KBs (0.5-5.0 mM), with fasting typically producing levels of approximately 1-2 mM in the
short term and up to 7.0 mM with prolonged restriction [5,18]. Pathophysiological ketogen-
esis, seen in chronic metabolic conditions such as T2D and heart failure, is characterized by
mildly elevated KB levels (0.1-1.5 mM), often indicating subclinical metabolic stress [19].
In contrast, pathological ketogenesis, as observed in diabetic ketoacidosis (DKA), results in
severe hyperketonemia (3.0-25.0 mM), indicating a loss of metabolic control and requiring
urgent clinical intervention [5,20].
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Figure 1. Strategies to induce ketosis. Endogenous ketogenesis can be induced by physiologi-
cal conditions, including fasting, aerobic exercise, and a ketogenic diet; pathophysiological states,
including diabetes and heart failure; and therapeutic interventions, including treatment with
glucose-lowering agents. These strategies to promote ketogenesis, along with exogenous ke-
tone supplementation, can enhance metabolic resilience. GLP-1, glucagon-like peptide-1; SGLT2,
sodium-glucose cotransporter 2.
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Figure 2. Spectrum of blood ketone body concentrations (mM) and their associated metabolic
states. Physiological ketogenesis (0.5-5.0 mM) is induced by fasting, exercise, or a ketogenic diet.
Pathophysiological ketogenesis (0.1-1.5 mM) represents a transitional zone that may reflect either
adaptive or dysregulated metabolism. Pathological ketogenesis (3.0-25.0 mM), as observed in diabetic
ketoacidosis, indicates a loss of homeostatic regulation and requires clinical intervention.

3.1. Endogenous Ketogenesis: Adaptive Functions and Metabolic Implications
3.1.1. Physiological Ketogenesis

With respect to ketogenesis during significant life stages like pregnancy and infancy,
natural physiological ketogenesis occurs. This is prompted by increased placental hormone
and cytokine levels during the second half of pregnancy, leading to catabolic states that
promote lipolysis [21] and thereby increase the availability and utilization of FFAs as ma-
ternal energy sources to preserve glucose primarily for fetal needs [22]. During pregnancy,
ketogenesis significantly increases, with nocturnal KB production approximately three
times greater in pregnant than non-pregnant women [23,24].

Physiological ketogenesis can be induced by fasting, aerobic exercise, and KDs. This is
an evolutionary adaptation to food-deprived conditions, allowing the energy substrate to
shift from glucose to KBs. During fasting, the production and concentration of KBs increase
rapidly, then plateau after approximately 5 days [25,26]. A negative feedback mechanism,
mediated by the anti-lipolytic and insulinotropic effects of KBs, limits further production.
This stabilizes KB levels slightly above the rate of utilization, resulting in minimal urinary
excretion [26].
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Compared to strength and strenuous exercise, which primarily rely on glucose as
an energy source, aerobic exercise requires continuous oxidation of various substrates,
including KBs. During aerobic exercise, KBs are used as a fuel source, and their levels are
markedly elevated during the post-exercise recovery period. Exercise-trained skeletal mus-
cle demonstrates an enhanced capacity to utilize KBs as fuels [6]. Blood KB concentrations
can increase to as high as to 1.8 mM following exercise, a phenomenon known as post-
exercise ketosis [18], and circulating 3-HB levels of 1-2 mM have been observed following
exhaustive exercise [18,27]. The process of keto-adaptation refers to the physiological
transition where the body optimally uses KBs as a primary fuel source during aerobic
exercise. The increase in ketogenesis, facilitating keto-adaptation, can result in enhanced
aerobic exercise capacity [28]. The health benefits associated with exercise may be partly
mediated through elevations in circulating KBs following bouts of aerobic exercise [29].

Although various KD approaches have been investigated for metabolic diseases, their
broader clinical utility remains a subject of ongoing debate. In healthy individuals, KDs can
reduce body weight more effectively than calorie-restricted or low-fat diets [30-32]. How-
ever, in a 12-week randomized controlled trial (RCT), transient increases in apolipoprotein
B, C-reactive protein, and postprandial glycerol were observed. The authors concluded
that a KD may not necessarily confer cardiometabolic benefits proportional to the weight
loss achieved [33]. In patients with obesity, the beneficial effects of KDs, including weight
loss, decreased blood glucose levels, and improved insulin sensitivity, are generally recog-
nized [31,34]. In individuals with T2D, KDs may exhibit mixed effects on CV risk factors.
For example, in a systematic review of 14 studies, KDs induced significant short-term body
weight and fat loss (particularly abdominal fat) within 3-8 weeks. However, in long-term
studies (>12 months), differences in body weight between individuals on KDs and control
diets were often nonsignificant in the absence of high adherence [35]. In terms of glycemic
control, several studies have demonstrated that a KD improves glycemic control in patients
with T2D [36-38]. Moreover, a systematic review indicated glycated hemoglobin (HbA;c)
improvement as early as 3 weeks that was sustained for at least 1 year [35]. However, an-
other study demonstrated no differences in the change from baseline at 12 months between
KDs and control diets, and evidence of the superiority of KDs over other diets remains
limited [39]. In metabolic dysfunction-associated steatotic liver disease (MASLD), KDs
exhibited beneficial effects in the short to medium term (2 weeks to 6 months), independent
of calorie and fat intake [40]. Furthermore, contrary to the common belief that high-fat
intake promotes hepatic steatosis, a normocaloric KD suppressed de novo lipogenesis and
enhanced fat oxidation, leading to weight loss and reduced hepatic fat [41].

Given that long-term adherence to a KD can be challenging for many individuals,
dietary guidelines now emphasize the importance of tailoring interventions to individual
needs [42,43]. For example, with a 1400 kcal KD, exercise is permitted and encouraged,
whereas under a very-low-calorie KD (VLCKD) or a very-low-energy KD (VLEKD), which
may provide only 7-900 kcal per day, exercise is not recommended.

3.1.2. Pathophysiological Ketogenesis

Pathological conditions can trigger ketogenesis as a compensatory response to main-
tain homeostasis. In individuals with T2D, where glucose is abundant rather than deficient,
the synthesis of KBs appears paradoxical from the standpoint of energy metabolism. How-
ever, the range of ketosis varies widely, from mild ketonemia to overt ketoacidosis, with
total KB concentrations in diabetes ranging from undetectable to 13.28 mM and positively
correlated with FFA levels [44]. This variability in KB levels may manifest clinically, ranging
from well-controlled metabolic states to severe decompensation, such as DKA. Initially,
in T2D, the body compensates for insulin resistance with hyperinsulinemia to maintain



Biomedicines 2025, 13, 1484

50f17

normal blood glucose levels. Over time, as pancreatic insulin secretion frequently dimin-
ishes, these compensatory mechanisms fail and cells respond insufficiently or ineffectively
to insulin, thereby exacerbating chronic hyperglycemia. When insulin levels are insuf-
ficient, the body initiates ketogenesis, utilizing FAs as an alternative energy source—a
shift particularly evident during marked insulin deficiency [14]. Individuals with T2D
might exhibit the presence of KBs even without significantly elevated HbAc levels [4].
This phenomenon reflects relative insulin deficiencies or heightened insulin resistance,
especially during acute stressors such as illness and infection [4]. Interestingly, the presence
of 3-HB in diabetes may not always indicate metabolic decompensation. Our prior work
reported that higher serum (3-HB levels in individuals with metabolically uncompromised
T2D are associated with a better response to anti-diabetic treatment, resulting in greater
improvement in hyperglycemia compared to those with suppressed or absent ketogenic
function [45].

In individuals with heart failure, impaired mitochondrial oxidation of FAs and glu-
cose leads to an energy-deprived myocardium, prompting increased cardiac oxidation
of KBs as an alternative energy source [46]. Both the elevated concentration and en-
hanced availability of KBs, resulting in endogenous ketogenic ketonemia, represent a
crucial adaptive mechanism that enhances the metabolic resilience of the heart. This shift
toward enhanced cardiac KB utilization in heart failure is driven not only by systemic
ketosis but also by intrinsic upregulation of cardiac ketolytic enzymes [47]. KB utilization
yields more adenosine triphosphate (ATP) per unit of oxygen than FA oxidation, which
may support the energetically compromised hypertrophied heart. Although KB oxida-
tion does not improve cardiac efficiency, it aids cardiac function by supplying additional
fuel and bolstering mitochondrial tricarboxylic acid (TCA) cycle activity [46,48-50]. The
hearts of patients with diabetes show enhanced uptake of total KBs and 3-HB compared
to non-diabetics, underscoring a metabolic advantage from ketogenesis [51]. Emerging
evidence suggests that therapeutic approaches, including intravenous KB administra-
tion, sodium-glucose cotransporter 2 (SGLT2) inhibitors, and ketone ester cocktails, may
improve cardiac function in heart failure patients [46,52]. Alternate-day KDs—not contin-
uous ones—conserve ketogenesis in the liver, serving as a protective mechanism against
heart failure [53]. Additionally, KBs behave as cardioprotective agents with antioxidant
and anti-inflammatory properties, influencing metabolism and gene expression through
G protein-coupled receptors and histones [54]. The beneficial effects of KBs in heart failure
might extend beyond the heart itself, including the modulation of immune responses,
reduction of fibrosis, and promotion of angiogenesis and vasodilation [47].

3.1.3. Ketogenesis Induced by Glucose-Lowering Agents

SGLT2 inhibitors are drugs that enhance renal glucose excretion by blocking SGLTs,
which are essential for glucose reabsorption in the kidneys. Consequently, they lower
blood glucose levels and promote weight loss [55]. Along with decreased insulin secretion
resulting from reduced blood glucose levels, SGLT2 inhibitors increase systemic and tissue
-HB levels by upregulating ketogenic enzymes and transporters in the liver, kidneys, and
intestine. This suggests integrated physiological changes for KB metabolism associated
with SGLT2 inhibitor use [55].

Furthermore, SGLT2 inhibitors improve CV and renal outcomes, with benefits extend-
ing to patients without diabetes. This occurs by shifting the metabolic substrate for the
heart and kidney toward KBs [56]. SGLT2 inhibitors effectively treat heart failure, likely
through beneficial metabolic effects that include KB-mediated improvements in cardiac
energy metabolism, ventricular remodeling, and inflammation. These findings underscore
the therapeutic potential of KB production [57]. In diabetic kidney disease, SGLT2 inhibitors
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provide significant renal protection, in part by elevating KBs levels, which may help restore
renal ATP production and suppress pathological mammalian target of rapamycin complex
1 hyper-activation, thereby reducing kidney damage and proteinuria. Additionally, they
activate the SIRT1/PGC-1«/fibroblast growth factor 21 (FGF21) or nuclear factor erythroid
2-related factor signaling pathways, leading to a reduction in inflammation, oxidative
stress, and cellular dysfunction [58-60]. Importantly, the effects of 3-HB appear to be organ
specific. In the heart, 3-HB serves as an efficient energy substrate due to the high expression
of succinyl-CoA:3-ketoacid CoA transferase (SCOT), whereas in the kidney—where SCOT
expression is downregulated—it confers renoprotective effects by reducing inflammation,
oxidative stress, and fibrosis [61,62].

Glucagon-like peptide-1 (GLP-1) receptor agonists (GLP-1RAs) are a class of drugs
used in the treatment of diabetes and obesity. GLP-1 is an incretin hormone produced
by L-cells in the ileum and colon that enhances glucose-dependent insulin secretion, sup-
presses postprandial glucagon, reduces food intake by promoting satiety, slows gastric
emptying, decreases nutrient absorption, and improves lipid metabolism, contributing to
glucose-lowering and weight-reducing effects [63,64].

Studies have suggested a potential association between GLP-1RAs and ketoacido-
sis. However, the evidence is mixed; some studies indicate that GLP-1RAs promote
ketoacidosis [65], while others find the opposite [66]. The mechanisms underlying these
differences are not yet fully understood but may involve the following factors. While phys-
iological GLP-1 decreases ketogenesis by increasing the insulin-to-glucagon ratio [67,68],
GLP-1RAs—by achieving pharmacological levels of GLP-1—exert additional systemic
effects, such as appetite suppression [69], which may be detrimental and lead to ketoacido-
sis. In patients with diabetes, GLP-1RA-induced DKA has been reported at lower rates
(8.33 per 1000 or 3.9%) than with SGLT2 inhibitors (12.8%) [70,71], with insulin withdrawal
or dose reduction appearing to be a key trigger. Insulin suppresses ketogenesis by inhibiting
adipose tissue lipolysis and reducing hepatic cAMP levels, while enhancing the peripheral
uptake and utilization of KBs [14]. Deficiency or resistance thereof increases lipolysis and
acetyl-CoA availability, promoting ketosis and potentially leading to DKA [72,73]. Conse-
quently, insulin deficiency plays a central role in KB accumulation and the development of
ketoacidosis during GLP-1RA therapy in both T1D and T2D [74,75]. Other contributing
factors beyond impaired islet function, as reflected by low C-peptide levels, are restricted
intake, gastrointestinal adverse events, and dehydration [70]. When GLP-1RAs are used
for weight loss in individuals without diabetes, GLP-1RA-associated ketoacidosis is rare
and typically presents as euglycemic ketoacidosis [76]. This form is similar to starvation
ketoacidosis and likely triggered by reduced intake due to appetite suppression and the
gastrointestinal side effects of GLP-1RA or occurring concurrently during GLP-1RA therapy
via a KD and alcohol use. This reduces glucose availability, lowers insulin, and elevates
glucagon, collectively enhancing lipolysis and stimulating hepatic KB production [77,78].
These cases highlight the need for adequate hydration and carbohydrate intake [76].

Data on whether GLP-1RA therapy induces metabolically beneficial ketonemia and
the real-world incidence of ketosis remain limited. Moreover, unlike SGLT2 inhibitors,
it is unclear whether GLP-1RA-associated KB production confers pleiotropic metabolic
effects. Further investigation is warranted to define the optimal thresholds of reduced
carbohydrate intake and insulin dose reduction during GLP-1RA therapy that facilitate
metabolically favorable ketosis without increasing the risk of detrimental ketoacidosis.

3.1.4. Pathological Ketogenesis

Pathological ketosis, characterized by abnormally high levels (3.0-25.0 mM) of KBs
in the blood, differs from physiological ketosis (0.2-2 mM) and is caused by a variety of
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endogenous and exogenous factors. Common causes include diabetic or alcoholic ketoaci-
dosis, salicylate intoxication, and rare inborn errors of metabolism typically stemming from
insulin deficiency or the activation of toxic metabolic pathways by ethanol or drugs [4].
DKA is an acute pathological condition characterized by hyperglycemia, ketosis, and
metabolic acidosis. It primarily results from insulin deficiency, accompanied by elevated
counterregulatory hormones such as glucagon, catecholamines, cortisol, and growth hor-
mone [79,80]. This hormonal environment stimulates lipolysis in adipose tissue, releasing
large amounts of FFAs into the bloodstream, which act as both substrates and stimulators of
hepatic ketogenesis and have impaired hepatic re-esterification. Glucagon-induced reduc-
tions in malonyl-CoA alleviate the inhibition of carnitine palmitoyltransferase 1, enhancing
mitochondrial FFA transport and (3-oxidation. The resultant excess acetyl-CoA, along with
depleted oxaloacetate, is diverted toward excessive KB production, leading to the release of
substantial quantities of 3-HB and acetoacetate into the blood [81,82]. These KBs are strong
organic acids that fully dissociate at physiological pH, generating a significant hydrogen
ion load that overwhelms the buffering capacity of serum bicarbonate, resulting in a high
anion gap metabolic acidosis. In DKA, the rate of KB production consistently exceeds the
combined rates of KB utilization and excretion [4].

Although the incidence of DKA in the overall T2D population is low [83], the propor-
tion of T2D among individuals with new-onset diabetes presenting with DKA—known as
ketosis-prone T2D—is as high as 35% [84] to 42% [85]. The clinical course following DKA
differs between new-onset ketosis-prone T2D and previously diagnosed T2D [84]. While
both groups show markedly impaired insulin secretion at DKA onset, only new-onset
ketosis-prone T2D subjects demonstrate significant 3-cell recovery and insulin indepen-
dence during follow-up. In contrast, most previously diagnosed T2D cases required ongo-
ing insulin [86]. These findings suggest that new-onset ketosis-prone T2D may represent a
distinct T2D subtype with a favorable trajectory despite severe initial presentation [87,88].
Further studies are needed to clarify the mechanisms underlying DKA development and
the favorable clinical course in patients with ketosis-prone T2D.

3.2. Exogenous Ketone Supplementation

Consuming ketone monoester (KME) supplements rapidly increases circulating KB
concentrations, typically exceeding those achieved by adhering to a KD [89]. This provides
a practical, non-drug strategy to achieve nutritional ketosis without drastically reducing
carbohydrate intake, which may be beneficial for individuals at increased cardiometabolic
risk. In adults with obesity, a 14-day supplementation of KME supplementation before
meals enhances glucose regulation, improves vascular function, and lowers cellular in-
flammation [90]. Furthermore, in people with T2D, oral ketone supplements may offer
therapeutic effects by improving metabolic control, reducing inflammation and oxidative
stress, and enhancing CV function, thereby interrupting the vicious cycle underlying T2D
pathophysiology and associated CV risk [91].

Regarding exercise performance, ketone supplementation has been theoretically pro-
posed to serve as an alternative energy source—helping conserve carbohydrate stores,
enhance post-exercise glycogen replenishment, reduce muscle protein breakdown, and
act as a metabolic regulator and signaling molecule [92]. However, rapid elevations in KB
concentrations with KME supplementation may inhibit FA mobilization during aerobic
exercise through negative feedback, and supplement-induced ketosis appears to have
minimal effects on muscle glycogen preservation or carbohydrate oxidation during en-
durance activity [89]. Furthermore, co-ingestion of KME and carbohydrates does not alter
exogenous and plasma glucose oxidation, nor does it affect the metabolic clearance rate
of glucose during exercise in men compared with carbohydrate alone [93]. Although
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oral KME supplementation increases plasma 3-HB concentrations, it does not prevent
a decline in muscle force or modify plasma inflammatory cytokine responses following
eccentric exercise [93]. A meta-analysis further concluded that ketone supplementation
has no consistent effect on exercise performance—including sprinting and events lasting
up to 50 min—or on metabolic, respiratory, CV, or perceptual responses during physical
activity [94].

4. Navigating the Challenges of Ketogenic Strategies: Balancing Health
Risks and Therapeutic Benefits in the Management of Metabolic
Disorders

This section aims to explore various concerns—particularly with regard to lipid profile
changes and CV risks—associated with ketogenic conditions induced by factors such as
nutrition and exercise, as well as the controversial situation of individuals who are lean
mass hyper-responders (LMHRs).

4.1. Ketogenesis Induced Lipid Profile Changes and Cardiovascular Risk

Under ketogenic conditions—whether induced by physiological states such as fasting
or exercise or through dietary modifications—the body’s metabolism broadly shifts toward
increased fat utilization. However, the lipid profile associated with the ketogenic state has
not been consistently defined and varies among studies.

Fasting, including intermittent fasting, influences lipid metabolism through multiple
mechanisms [95]. In the short term, fasting lowers insulin levels, increases hormone-
sensitive lipase activity, and promotes the release of FFAs, which are subsequently con-
verted into KBs by the liver. Initially, the triglyceride (TG) levels in very-low-density
lipoproteins (VLDLs) may transiently rise; however, they typically decrease after 24-48 h
as ketogenesis becomes dominant and peripheral tissues begin to utilize FFAs directly.
Low-density lipoprotein cholesterol (LDL-C) may temporarily increase due to hemoconcen-
tration or cholesterol efflux from adipocytes but generally declines with sustained fasting
and weight loss. Different forms of intermittent fasting, such as alternate-day fasting and
time-restricted feeding, improve lipid profiles by reducing LDL-C and TG levels while
increasing high-density lipoprotein cholesterol (HDL-C) levels, particularly in individuals
with elevated baseline lipid levels [96]. Alternate-day fasting promotes weight loss and
ketosis, improves LDL-C particle size, and reduces the proportion of small, dense LDL-C
particles [97]. However, increases in LDL-C have been reported, potentially due to dietary
changes on feeding days. Fasting physiologically activates PPAR«x and induces FGF21,
thereby enhancing fat oxidation, TG clearance, and ketogenesis [98]. KBs, such as (3-HB,
also regulate lipolysis through activation of G protein-coupled receptor 109A, also known
as hydroxycarboxylic acid receptor 2, thereby helping to stabilize lipid levels and prevent
excessive FFA release. Overall, intermittent fasting appears cardioprotective when paired
with healthy eating on feeding days [99,100].

Aerobic exercise has modest LDL-C-lowering effects or can be neutral but consistently
raises HDL-C levels and lowers TG levels [101]. Numerous studies and meta-analyses
have confirmed that aerobic exercise, even without dietary change, leads to a modest yet
significant increase in HDL-C. The reduction in TG is mediated by increased lipoprotein
lipase activity in skeletal muscle, which enhances the clearance of TG from VLDL during
and after exercise [102]. Many individuals experience little change in LDL-C from exercise
alone unless significant weight or fat loss occurs. While a reduction of approximately
1 mg/dL in LDL-C per kilogram of weight loss through exercise has been reported, exercise
may also favorably alter LDL-C particle distribution toward a less atherogenic profile. After
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months of training, the proportion of small dense LDL-C decreases and average LDL-C
particle size increases, even if total LDL-C remains constant.

Although KDs appear to promote a more favorable lipid profile in healthy individuals
or those with obesity, they may exert more heterogeneous effects in patients with T2D. For
example, in normal-weight individuals, KDs lower TG and total cholesterol levels and
increase HDL-C levels [103]. In patients with obesity, KDs also reduce the levels of TGs and
LDL-C and increase those of HDL-C, alongside promoting weight loss [32,104]. However,
in a systematic review of 14 studies involving patients with T2D, the effect of KDs on
lipid profiles appeared inconsistent, with some studies reporting improvements in LDL-C
and TG levels while others observed no significant changes or even elevations in TGs [35].
Another systematic review and meta-analysis of RCTs [39] indicated minimal changes in
HDL-C and no effect on LDL-C, suggesting that KDs do not worsen lipid profiles compared
to high-carbohydrate diets. Variability in lipid responses to KDs highlights the need for
personalized monitoring.

The impact of a KD on overall and cardiovascular disease (CVD) mortality remains
inconclusive owing to the paucity of available studies. Reducing carbohydrate intake and
enhancing insulin sensitivity may confer beneficial effects on CVD risk factors. Conversely,
the high-fat content of the KD, particularly saturated fat, may exert detrimental effects on
lipid metabolism, trigger inflammatory responses, and enhance CVD risk [105]. In studies
of patients with T2D that assessed indirect markers rather than actual CV events, very high
adherence to a KD for up to 2 years was demonstrated to reverse metabolic, inflammatory,
and dysglycemic biomarkers, as well as reduce the estimated 10-year atherosclerotic CV
risk [34]. Two representative studies analyzing the association between KDs and mortality
or CV outcomes in large general populations reported conflicting results. Based on National
Health and Nutrition Examination Survey data, adherence to a KD in adults in the U.S. was
associated with reduced all-cause mortality without an increased risk of CVD-related death.
This suggests that, despite the high fat intake, the KD does not increase mortality related to
CV conditions. However, this study relied exclusively on single-time, self-reported dietary
questionnaires, potentially limiting the reliability of long-term dietary pattern estimation [105].
In a prospective cohort from the UK Biobank, participants who completed at least one 24 h
dietary questionnaire and adhered to a low-carbohydrate high-fat (LCHF) diet, characterized
by reduced carbohydrate intake that was insufficient to induce sustained nutritional ketosis,
were analyzed [106]. Over a median follow-up of 11.8 years, individuals on LCHF diets
had significantly higher LDL-C and apolipoprotein B levels, as well as a higher incidence
of major adverse CV events (9.8% vs. 4.3%, respectively), than those following standard
diets. Moreover, fat from animal sources was positively associated with increased LDL-C
and apolipoprotein B levels. However, UK Biobank participants are generally healthy and
exhibit lower baseline LDL-C, possibly underestimating the major adverse CV event risk.
To date, major guidelines advise caution regarding the KD in T2D, citing limited glycemic
benefit, increased LDL-C levels, and concerns about hypoglycemia, ketoacidosis, nutrient
deficiencies, poor adherence, and uncertain long-term safety, with recommendations for
professional support if a very-low-carbohydrate intake is adopted [107,108].

Interpreting the benefits or risks of KDs requires caution owing to confounding factors
such as medication use, physical activity, and dietary adherence. Many studies are short-term,
with high dropout rates and inconsistent macronutrient composition, often failing to confirm
sustained ketosis. Future research should involve longer-term (>24 months), well-controlled
trials that carefully account for energy intake, nutrient quality, and lifestyle factors to elucidate
the true impact of KDs.
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4.2. LMHR

LMHRSs are a subpopulation characterized by lean body mass index (BMI) <25 kg/m?,
LDL-C levels >200 mg/dL, HDL-C levels >80 mg/dL, and TG levels <70 mg/dL following a
KD [109]. A low BMlI is strongly associated with large increases in LDL-C when undertaking
a carbohydrate-restricted diet, whereas moderate carbohydrate reintroduction ameliorates
elevated LDL-C levels on a KD [109-111]. The lipid energy model (LEM) explains this metabolic
process by proposing that lean individuals on a carbohydrate-restricted diet increasingly rely
on fat as an energy source [112]. This metabolic shift enhances the hepatic production and
peripheral absorption of TGs carried by VLDL, mediated by lipoprotein lipase. Consequently,
this metabolic adaptation causes significant elevations in LDL-C and HDL-C levels, along with
lower TG concentrations.

Multiple genes are believed to affect lipoprotein lipase, LDL-receptor function, VLDL and
LDL clearance, and lipoprotein remodeling. Combined with a high dietary intake of saturated
fat and cholesterol, these genetic factors can lead to unpredictably high LDL-C levels [113].
The intestinal microbiota of LMHRs converts more cholesterol after the introduction of a KD,
resulting in increased LDL-C levels [114]. In lean, healthy women undergoing carbohydrate
restriction, body composition and energy metabolism markers, rather than saturated fat, are
the major drivers of LDL-C levels, consistent with the LEM [115]. Although some studies
suggest that increased LDL-C levels in LMHRs may not be associated with an increased risk
of atherosclerotic CVD [116,117], this remains a subject of debate. Therefore, the concept
of a “metabolically privileged” phenotype should be viewed as a hypothesis, supported by
mechanistic insights such as the LEM but lacking definitive long-term outcome data. It is also
hypothesized that increased ketogenesis in LMHRs may play a protective role against metabolic
syndrome and diabetes (Figure 3).

Metabolic process explained
by lipid energy model

» Energy source:
fat > carbohydrate

» Peripheral absorption of
TG carried by VLDL %

» Cholesterol conversion by gut
microbiota 4

Production of LDL, HDL%

l

Clinically manifested in
lean mass hyper-responders

* BMI <25 kg/m? Kﬁy etnf.rgy > Ketogenesis

- LDL cholesterol =200 mg/dL adaptation f

* HDL cholesterol 280 mg/dL ™| A Loas to be explored AN

+ TG <70 mg/dL » Metabolic privilege

in the future

Figure 3. Metabolic adaptations associated with ketogenesis in lean mass hyper-responders illustrated by
the lipid energy model, which describes a physiological transition from carbohydrate-based to fat-based
energy metabolism. In individuals with a BMI below 25 kg/m? who follow a ketogenic diet, there
is evidence of increased peripheral uptake of TGs carried by VLDL and enhanced microbial-mediated
cholesterol transformation in the gut. This contributes to elevated levels of both LDL and HDL. Ketogenesis
in this population represents a key energy adaptation mechanism, and its association with a metabolically
privileged phenotype, despite apparent dyslipidemia, warrants further investigation. The upward red
arrow denotes an increase. BMI, body mass index; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; TG, triglyceride; VLDL, very-low-density lipoprotein.



Biomedicines 2025, 13, 1484

11 of 17

Ketogenesis

|

MASLD?{

Spontaneous ketonuria

* Prevalence of obesity, metabolic syndrome §

* Risk of diabetes ¥

5. Conclusions

This review provides an integrated overview of the strategies for increasing 3-HB levels
and presents a conceptual framework that positions KBs along a continuum from physiological
adaptation to pathological states. The exploration of KBs reveals their complex roles both
as metabolic fuels and in therapeutic strategies (Figure 4). These functions are associated
with improved cardiometabolic outcomes in conditions such as obesity, metabolic syndrome,
and diabetes. Collectively, the beneficial effects of ketogenesis enhance the body’s metabolic
resilience. Anti-diabetic medications, such as SGLT2 inhibitors, enhance ketogenesis to varying
degrees, providing protective effects against inflammation, oxidative stress, and renal and
CV complications. Although elevated LDL-C levels are observed in ketogenic conditions,
particularly in the rare subpopulation of LMHRs, the resulting CV risk remains uncertain and
warrants further investigation. Future research should more precisely clarify the individual
differences and optimize therapeutic approaches leveraging ketogenesis for the personalized
management of metabolic disorders.

« Efficient fuel
B — Q + Neuroprotection
Lipid profile
« Efficient fuel, especially
A = — in heart failure
1 ? « Ischemic injury 4

OH O » Inflammation §
)\/U\OH * Oxidative stress § —» ’ * Lipolysis §

* Insulin resistance §

B-hydroxybutyrate —

« Efficient fuel, especially
during aerobic exercise
* Proteolysis ¥

— — ’ » Diabetic nephropathy §

* Insulinotropic effect

v

» Weight loss potential ¢

Figure 4. Physiological and metabolic effects of 3-hydroxybutyrate. -Hydroxybutyrate exerts
multiple beneficial effects, including reductions in inflammation, oxidative stress, and insulin resis-
tance. It serves as an efficient fuel across various organs—enhancing neuroprotection, supporting the
energy demands of cardiac and skeletal muscle, and reducing proteolysis and lipolysis. Furthermore,
B-hydroxybutyrate offers protective effects in diabetic nephropathy and exerts insulinotropic effects
on pancreatic 3-cells. While ketogenesis may reduce MASLD, its impact on the lipid profile remains
inconclusive. The upward red arrow denotes an increase, and the downward blue arrow denotes a
decrease. The dashed arrow indicates a pathway whose effect remains uncertain. MASLD, metabolic
dysfunction-associated steatotic liver disease.

Author Contributions: B.M.Y. and S.R K. contributed equally to this work. B.-W.L. was responsible
for conceptualization, manuscript drafting and revision, and supervision. All authors contributed to
the original draft preparation, review, and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.



Biomedicines 2025, 13, 1484

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article as no new data were created
or analyzed.

Acknowledgments: MID (Medical Illustration & Design), as a member of the Medical Research
Support Services of Yonsei University College of Medicine, providing excellent support with medical
illustration.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ATP
R-HB
BMI

Ccv
CVD
DKA
FFA
FGF21
GLP-1
GLP-1RA
HbA1 C
HDL-C
KB

KD
KME
LCHF
LDL-C
LEM
LMHR
MASLD
RCT
SCOT
SGLT2
TCA
TG

2D
VLCKD
VLEKD
VLDL

References

1.

Puchalska, P.; Crawford, P.A. Multi-dimensional Roles of Ketone Bodies in Fuel Metabolism, Signaling, and Therapeutics. Cell

Adenosine triphosphate
-Hydroxybutyrate

Body mass index

Cardiovascular

Cardiovascular disease

Diabetic ketoacidosis

Free fatty acid

Fibroblast growth factor 21
Glucagon-like peptide-1

Glucagon-like peptide-1 receptor agonist
Glycated hemoglobin

High-density lipoprotein cholesterol
Ketone body

Ketogenic diet

Ketone monoester

Low-carbohydrate high-fat

Low-density lipoprotein cholesterol
Lipid energy model

Lean mass hyper-responder

Metabolic dysfunction-associated steatotic liver disease
Randomized controlled trial
Succinyl-CoA:3-ketoacid CoA transferase
Sodium-glucose cotransporter 2
Tricarboxylic acid

Triglyceride

Type 2 diabetes

Very-low-calorie ketogenic diet
Very-low-energy ketogenic diet
Very-low-density lipoprotein

Metab. 2017, 25, 262-284. [CrossRef] [PubMed]

Yang, H.; Shan, W.; Zhu, F; Wu, J.; Wang, Q. Ketone Bodies in Neurological Diseases: Focus on Neuroprotection and Underlying

Mechanisms. Front. Neurol. 2019, 10, 585. [CrossRef]

Venturini, C.; Mancinelli, L.; Matacchione, G.; Olivieri, F.; Antonicelli, R. The Cardioprotective Effects of Nutritional Ketosis:

Mechanisms and Clinical Implications. Nutrients 2024, 16, 4204. [CrossRef] [PubMed]

Laffel, L. Ketone bodies: A review of physiology, pathophysiology and application of monitoring to diabetes. Diabetes Metab. Res.

Rev. 1999, 15, 412-426. [CrossRef]


https://doi.org/10.1016/j.cmet.2016.12.022
https://www.ncbi.nlm.nih.gov/pubmed/28178565
https://doi.org/10.3389/fneur.2019.00585
https://doi.org/10.3390/nu16234204
https://www.ncbi.nlm.nih.gov/pubmed/39683597
https://doi.org/10.1002/(SICI)1520-7560(199911/12)15:6%3C412::AID-DMRR72%3E3.0.CO;2-8

Biomedicines 2025, 13, 1484 13 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

Kolb, H.; Kempf, K.; Rohling, M.; Lenzen-Schulte, M.; Schloot, N.C.; Martin, S. Ketone bodies: From enemy to friend and guardian
angel. BMC Med. 2021, 19, 313. [CrossRef]

Evans, M.; Cogan, K.E.; Egan, B. Metabolism of ketone bodies during exercise and training: Physiological basis for exogenous
supplementation. J. Physiol. 2017, 595, 2857-2871. [CrossRef] [PubMed]

Youm, Y.H.; Nguyen, KY.; Grant, RW.; Goldberg, E.L.; Bodogai, M.; Kim, D.; D’Agostino, D.; Planavsky, N.; Lupfer, C,;
Kanneganti, T.D.; et al. The ketone metabolite 3-hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory disease.
Nat. Med. 2015, 21, 263-269. [CrossRef]

Kim, S.R;; Lee, S.G.; Kim, S.H.; Kim, J.H.; Choi, E.; Cho, W,; Rim, ].H.; Hwang, I.; Lee, C.J.; Lee, M.; et al. SGLT2 inhibition
modulates NLRP3 inflammasome activity via ketones and insulin in diabetes with cardiovascular disease. Nat. Commun. 2020,
11, 2127. [CrossRef]

Kim, B.R;; Seo, J.W.; Kim, S.M.; Kim, K.N.; Joo, N.S. The Presence of Urinary Ketones according to Metabolic Status and Obesity. .
Korean Med. Sci. 2020, 35, €273. [CrossRef]

Joo,N.S; Lee, D.J.; Kim, KM.,; Kim, B.T.; Kim, C.W,; Kim, K.N.; Kim, S.M. Ketonuria after fasting may be related to the metabolic
superiority. J. Korean Med. Sci. 2010, 25, 1771-1776. [CrossRef]

Luo, W.; Zhang, J.; Xu, D.; Zhou, Y.; Qu, Z.; Yang, Q.; Lv, Q. Low carbohydrate ketogenic diets reduce cardiovascular risk factor
levels in obese or overweight patients with T2DM: A meta-analysis of randomized controlled trials. Front. Nutr. 2022, 9, 1092031.
[CrossRef] [PubMed]

Kim, G; Lee, S.G.; Lee, BW.; Kang, E.S.; Cha, B.S.; Ferrannini, E.; Lee, Y.H.; Cho, N.H. Spontaneous ketonuria and risk of incident
diabetes: A 12 year prospective study. Diabetologia 2019, 62, 779-788. [CrossRef] [PubMed]

Kim, H.J.; Joo, N.S.; Kim, K.M,; Lee, D.J.; Kim, S.M. Different response of body weight change according to ketonuria after fasting
in the healthy obese. J. Korean Med. Sci. 2012, 27, 250-254. [CrossRef] [PubMed]

Veneti, S.; Grammatikopoulou, M.G.; Kintiraki, E.; Mintziori, G.; Goulis, D.G. Ketone Bodies in Diabetes Mellitus: Friend or Foe?
Nutrients 2023, 15, 4383. [CrossRef]

Makievskaya, C.I; Popkov, V.A.; Andrianova, N.V,; Liao, X.; Zorov, D.B.; Plotnikov, E.Y. Ketogenic Diet and Ketone Bodies against
Ischemic Injury: Targets, Mechanisms, and Therapeutic Potential. Int. J. Mol. Sci. 2023, 24, 2576. [CrossRef]

Poplawski, M.M.; Mastaitis, ].W.; Isoda, F; Grosjean, F; Zheng, F.; Mobbs, C.V. Reversal of diabetic nephropathy by a ketogenic
diet. PLoS ONE 2011, 6, €18604. [CrossRef]

Persson, B.; Gentz, ]. The pattern of blood lipids, glycerol and ketone bodies during the neonatal period, infancy and childhood.
Acta Paediatr. Scand. 1966, 55, 353-362. [CrossRef]

Johnson, R.H.; Walton, J.L.; Krebs, H.A.; Williamson, D.H. Metabolic fuels during and after severe exercise in athletes and
non-athletes. Lancet 1969, 2, 452-455. [CrossRef]

Lommi, J.; Koskinen, P.; Néveri, H.; Harkonen, M.; Kupari, M. Heart failure ketosis. J. Intern. Med. 1997, 242, 231-238. [CrossRef]
Bobo, L.; Womeodu, R.J.; Knox, A.L., Jr. Principles of intercultural medicine in an internal medicine program. Am. J. Med. Sci.
1991, 302, 244-248. [CrossRef]

Polin, R.A.; Abman, S.H. Fetal and Neonatal Physiology E-Book; Elsevier Health Sciences: Philadelphia, PA, USA, 2011.

Bronisz, A.; Ozorowski, M.; Hagner-Derengowska, M. Pregnancy Ketonemia and Development of the Fetal Central Nervous
System. Int. J. Endocrinol. 2018, 2018, 1242901. [CrossRef] [PubMed]

Knopp, R.H.; Montes, A.; Childs, M.; Li, ].R.; Mabuchi, H. Metabolic adjustments in normal and diabetic pregnancy. Clin. Obstet.
Guynecol. 1981, 24, 21-49. [CrossRef] [PubMed]

Frise, C.J.; Mackillop, L.; Joash, K.; Williamson, C. Starvation ketoacidosis in pregnancy. Eur. |. Obstet. Gynecol. Reprod. Biol. 2013,
167, 1-7. [CrossRef]

Reichard, G.A., Jr.; Owen, O.E.; Haff, A.C.; Paul, P.; Bortz, WM. Ketone-body production and oxidation in fasting obese humans.
J. Clin. Investig. 1974, 53, 508-515. [CrossRef]

Balasse, E.O.; Féry, F. Ketone body production and disposal: Effects of fasting, diabetes, and exercise. Diabetes Metab. Rev. 1989, 5,
247-270. [CrossRef] [PubMed]

Koeslag, J.H. Post-exercise ketosis and the hormone response to exercise: A review. Med. Sci. Sports Exerc. 1982, 14, 327-334.
[CrossRef]

Sherrier, M.; Li, H. The impact of keto-adaptation on exercise performance and the role of metabolic-regulating cytokines. Am. J.
Clin. Nutr. 2019, 110, 562-573. [CrossRef]

Fulghum, K,; Salathe, S.F.; Davis, X.; Thyfault, ].P.; Puchalska, P.; Crawford, P.A. Ketone body metabolism and cardiometabolic
implications for cognitive health. NP] Metab. Health Dis. 2024, 2, 29. [CrossRef]

Brehm, B.].; Seeley, R.J.; Daniels, S.R.; D’Alessio, D.A. A randomized trial comparing a very low carbohydrate diet and a
calorie-restricted low fat diet on body weight and cardiovascular risk factors in healthy women. J. Clin. Endocrinol. Metab. 2003,
88, 1617-1623. [CrossRef]


https://doi.org/10.1186/s12916-021-02185-0
https://doi.org/10.1113/JP273185
https://www.ncbi.nlm.nih.gov/pubmed/27861911
https://doi.org/10.1038/nm.3804
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.3346/jkms.2020.35.e273
https://doi.org/10.3346/jkms.2010.25.12.1771
https://doi.org/10.3389/fnut.2022.1092031
https://www.ncbi.nlm.nih.gov/pubmed/36583214
https://doi.org/10.1007/s00125-019-4829-x
https://www.ncbi.nlm.nih.gov/pubmed/30788528
https://doi.org/10.3346/jkms.2012.27.3.250
https://www.ncbi.nlm.nih.gov/pubmed/22379334
https://doi.org/10.3390/nu15204383
https://doi.org/10.3390/ijms24032576
https://doi.org/10.1371/journal.pone.0018604
https://doi.org/10.1111/j.1651-2227.1966.tb08806.x
https://doi.org/10.1016/S0140-6736(69)90164-0
https://doi.org/10.1046/j.1365-2796.1997.00187.x
https://doi.org/10.1097/00000441-199110000-00010
https://doi.org/10.1155/2018/1242901
https://www.ncbi.nlm.nih.gov/pubmed/29971100
https://doi.org/10.1097/00003081-198103000-00006
https://www.ncbi.nlm.nih.gov/pubmed/7011634
https://doi.org/10.1016/j.ejogrb.2012.10.005
https://doi.org/10.1172/JCI107584
https://doi.org/10.1002/dmr.5610050304
https://www.ncbi.nlm.nih.gov/pubmed/2656155
https://doi.org/10.1249/00005768-198205000-00003
https://doi.org/10.1093/ajcn/nqz145
https://doi.org/10.1038/s44324-024-00029-y
https://doi.org/10.1210/jc.2002-021480

Biomedicines 2025, 13, 1484 14 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Yancy, W.S.,, Jr.; Olsen, M.K.; Guyton, ].R.; Bakst, R.P.; Westman, E.C. A low-carbohydrate, ketogenic diet versus a low-fat diet to
treat obesity and hyperlipidemia: A randomized, controlled trial. Ann. Intern. Med. 2004, 140, 769-777. [CrossRef]

Moreno, B.; Bellido, D.; Sajoux, I.; Goday, A.; Saavedra, D.; Crujeiras, A.B.; Casanueva, FF. Comparison of a very low-calorie-
ketogenic diet with a standard low-calorie diet in the treatment of obesity. Endocrine 2014, 47, 793-805. [CrossRef] [PubMed]
Hengist, A.; Davies, R.G.; Walhin, J.P.; Buniam, J.; Merrell, L.H.; Rogers, L.; Bradshaw, L.; Moreno-Cabafias, A.; Rogers, PJ.;
Brunstrom, ].M.; et al. Ketogenic diet but not free-sugar restriction alters glucose tolerance, lipid metabolism, peripheral tissue
phenotype, and gut microbiome: RCT. Cell Rep. Med. 2024, 5, 101667. [CrossRef] [PubMed]

O’Neill, B.J. Effect of low-carbohydrate diets on cardiometabolic risk, insulin resistance, and metabolic syndrome. Curr. Opin.
Endocrinol. Diabetes Obes. 2020, 27, 301-307. [CrossRef]

Tinguely, D.; Gross, J.; Kosinski, C. Efficacy of Ketogenic Diets on Type 2 Diabetes: A Systematic Review. Curr. Diabetes Rep. 2021,
21, 32. [CrossRef] [PubMed]

Yancy, W.S,, Jr.; Foy, M.; Chalecki, A.M.; Vernon, M.C.; Westman, E.C. A low-carbohydrate, ketogenic diet to treat type 2 diabetes.
Nutr. Metab. 2005, 2, 34. [CrossRef] [PubMed]

Farrés, J.; Pujol, A.; Coma, M.; Ruiz, ]J.L.; Naval, J.; Mas, ].M.; Molins, A.; Fondevila, J.; Aloy, P. Revealing the molecular
relationship between type 2 diabetes and the metabolic changes induced by a very-low-carbohydrate low-fat ketogenic diet. Nutr.
Metab. 2010, 7, 88. [CrossRef]

Hussain, T.A.; Mathew, T.C.; Dashti, A.A.; Asfar, S.; Al-Zaid, N.; Dashti, H.M. Effect of low-calorie versus low-carbohydrate
ketogenic diet in type 2 diabetes. Nutrition 2012, 28, 1016-1021. [CrossRef]

Parry-Strong, A.; Wright-McNaughton, M.; Weatherall, M.; Hall, RM.; Coppell, K.J.; Barthow, C.; Krebs, ].D. Very low carbohy-
drate (ketogenic) diets in type 2 diabetes: A systematic review and meta-analysis of randomized controlled trials. Diabetes Obes.
Metab. 2022, 24, 2431-2442. [CrossRef]

Watanabe, M.; Tozzi, R.; Risi, R.; Tuccinardi, D.; Mariani, S.; Basciani, S.; Spera, G.; Lubrano, C.; Gnessi, L. Beneficial effects of
the ketogenic diet on nonalcoholic fatty liver disease: A comprehensive review of the literature. Obes. Rev. 2020, 21, e13024.
[CrossRef]

Lundsgaard, A.M.; Holm, J.B.; Sjeberg, K.A.; Bojsen-Moller, K.N.; Myrmel, L.S.; Fjeere, E.; Jensen, B.A.H.; Nicolaisen, T.S.; Hingst,
J.R.; Hansen, S.L.; et al. Mechanisms Preserving Insulin Action during High Dietary Fat Intake. Cell Metab. 2019, 29, 50-63.e54.
[CrossRef]

Unalp, A.; Unay, B.; Arhan, E. Editorial: The use of ketogenic diet therapy in the era of individualized therapy. Front. Nutr. 2023,
10, 1272170. [CrossRef] [PubMed]

Barrea, L.; Caprio, M.; Camajani, E.; Verde, L.; Perrini, S.; Cignarelli, A.; Prodam, F.; Gambineri, A.; Isidori, A.M.; Colao, A ; et al.
Ketogenic nutritional therapy (KeNuT)-a multi-step dietary model with meal replacements for the management of obesity and its
related metabolic disorders: A consensus statement from the working group of the Club of the Italian Society of Endocrinology
(SIE)-diet therapies in endocrinology and metabolism. J. Endocrinol. Investig. 2024, 47, 487-500.

Féry, F.; Balasse, E.O. Ketone body production and disposal in diabetic ketosis. A comparison with fasting ketosis. Diabetes 1985,
34, 326-332. [CrossRef] [PubMed]

Lee, M.; Cho, Y,; Lee, YH.; Kang, E.S.; Cha, B.S.; Lee, BW. 3-hydroxybutyrate as a biomarker of 3-cell function in new-onset type
2 diabetes and its association with treatment response at 6 months. Diabetes Metab. 2023, 49, 101427. [CrossRef] [PubMed]
Lopaschuk, G.D.; Karwi, Q.G.; Ho, K.L.; Pherwani, S.; Ketema, E.B. Ketone metabolism in the failing heart. Biochim. Biophys. Acta
Mol. Cell Biol. Lipids 2020, 1865, 158813. [CrossRef]

Matsuura, T.R.; Puchalska, P.; Crawford, P.A.; Kelly, D.P. Ketones and the Heart: Metabolic Principles and Therapeutic Implications.
Circ. Res. 2023, 132, 882-898. [CrossRef]

Aubert, G.; Martin, O.].; Horton, J.L.; Lai, L.; Vega, R.B.; Leone, T.C.; Koves, T.; Gardell, S.J.; Krtiger, M.; Hoppel, C.L.; et al. The
Failing Heart Relies on Ketone Bodies as a Fuel. Circulation 2016, 133, 698-705. [CrossRef]

Ho, K.L.; Zhang, L.; Wagg, C.; Al Batran, R.; Gopal, K.; Levasseur, J.; Leone, T.; Dyck, ].R.B.; Ussher, ].R.; Muoio, D.M.; et al.
Increased ketone body oxidation provides additional energy for the failing heart without improving cardiac efficiency. Cardiovasc.
Res. 2019, 115, 1606-1616. [CrossRef]

Selvaraj, S.; Kelly, D.P,; Margulies, K.B. Implications of Altered Ketone Metabolism and Therapeutic Ketosis in Heart Failure.
Circulation 2020, 141, 1800-1812. [CrossRef]

Mizuno, Y.; Harada, E.; Nakagawa, H.; Morikawa, Y.; Shono, M.; Kugimiya, F.; Yoshimura, M.; Yasue, H. The diabetic heart
utilizes ketone bodies as an energy source. Metabolism 2017, 77, 65-72. [CrossRef]

Nielsen, R.; Meoller, N.; Gormsen, L.C.; Tolbod, L.P.; Hansson, N.H.; Sorensen, J.; Harms, H.J.; Frokicer, ].; Eiskjaer, H.; Jespersen,
N.R; et al. Cardiovascular Effects of Treatment with the Ketone Body 3-Hydroxybutyrate in Chronic Heart Failure Patients.
Circulation 2019, 139, 2129-2141. [CrossRef] [PubMed]


https://doi.org/10.7326/0003-4819-140-10-200405180-00006
https://doi.org/10.1007/s12020-014-0192-3
https://www.ncbi.nlm.nih.gov/pubmed/24584583
https://doi.org/10.1016/j.xcrm.2024.101667
https://www.ncbi.nlm.nih.gov/pubmed/39106867
https://doi.org/10.1097/MED.0000000000000569
https://doi.org/10.1007/s11892-021-01399-z
https://www.ncbi.nlm.nih.gov/pubmed/34448957
https://doi.org/10.1186/1743-7075-2-34
https://www.ncbi.nlm.nih.gov/pubmed/16318637
https://doi.org/10.1186/1743-7075-7-88
https://doi.org/10.1016/j.nut.2012.01.016
https://doi.org/10.1111/dom.14837
https://doi.org/10.1111/obr.13024
https://doi.org/10.1016/j.cmet.2018.08.022
https://doi.org/10.3389/fnut.2023.1272170
https://www.ncbi.nlm.nih.gov/pubmed/37794968
https://doi.org/10.2337/diab.34.4.326
https://www.ncbi.nlm.nih.gov/pubmed/3918903
https://doi.org/10.1016/j.diabet.2023.101427
https://www.ncbi.nlm.nih.gov/pubmed/36708877
https://doi.org/10.1016/j.bbalip.2020.158813
https://doi.org/10.1161/CIRCRESAHA.123.321872
https://doi.org/10.1161/CIRCULATIONAHA.115.017355
https://doi.org/10.1093/cvr/cvz045
https://doi.org/10.1161/CIRCULATIONAHA.119.045033
https://doi.org/10.1016/j.metabol.2017.08.005
https://doi.org/10.1161/CIRCULATIONAHA.118.036459
https://www.ncbi.nlm.nih.gov/pubmed/30884964

Biomedicines 2025, 13, 1484 15 of 17

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

Guo, Y;; Liu, X;; Li, T.; Zhao, J.; Yang, Y.; Yao, Y.; Wang, L.; Yang, B.; Ren, G.; Tan, Y.; et al. Alternate-Day Ketogenic Diet Feeding
Protects against Heart Failure through Preservation of Ketogenesis in the Liver. Oxid. Med. Cell. Longev. 2022, 2022, 4253651.
[CrossRef]

Abdul Kadir, A.; Clarke, K.; Evans, R.D. Cardiac ketone body metabolism. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165739.
[CrossRef] [PubMed]

Kim, J.H.; Lee, M.; Kim, S.H.; Kim, S.R.; Lee, BW.; Kang, E.S.; Cha, B.S.; Cho, ].W.; Lee, Y.H. Sodium-glucose cotransporter 2
inhibitors regulate ketone body metabolism via inter-organ crosstalk. Diabetes Obes. Metab. 2019, 21, 801-811. [CrossRef]
Polidori, D.; lijima, H.; Goda, M.; Maruyama, N.; Inagaki, N.; Crawford, P.A. Intra- and inter-subject variability for increases in
serum ketone bodies in patients with type 2 diabetes treated with the sodium glucose co-transporter 2 inhibitor canagliflozin.
Diabetes Obes. Metab. 2018, 20, 1321-1326. [CrossRef]

Saucedo-Orozco, H.; Voorrips, S.N.; Yurista, S.R.; de Boer, R.A.; Westenbrink, B.D. SGLT2 Inhibitors and Ketone Metabolism in
Heart Failure. J. Lipid Atheroscler. 2022, 11, 1-19. [CrossRef]

Packer, M. Role of ketogenic starvation sensors in mediating the renal protective effects of SGLT2 inhibitors in type 2 diabetes. J.
Diabetes Complicat. 2020, 34, 107647. [CrossRef] [PubMed]

Tomita, I.; Kume, S.; Sugahara, S.; Osawa, N.; Yamahara, K.; Yasuda-Yamahara, M.; Takeda, N.; Chin-Kanasaki, M.; Kaneko,
T.; Mayoux, E.; et al. SGLT2 Inhibition Mediates Protection from Diabetic Kidney Disease by Promoting Ketone Body-Induced
mTORCI1 Inhibition. Cell Metab. 2020, 32, 404—419.e406. [CrossRef]

Kim, M.N.; Moon, ].H.; Cho, Y.M. Sodium-glucose cotransporter-2 inhibition reduces cellular senescence in the diabetic kidney
by promoting ketone body-induced NRF2 activation. Diabetes Obes. Metab. 2021, 23, 2561-2571. [CrossRef]

Hattori, Y. Beneficial effects on kidney during treatment with sodium-glucose cotransporter 2 inhibitors: Proposed role of ketone
utilization. Heart Fail. Rev. 2021, 26, 947-952. [CrossRef]

Rojas-Morales, P.; Pedraza-Chaverri, J.; Tapia, E. Ketone bodies for kidney injury and disease. Adv. Redox Res. 2021, 2, 100009.
[CrossRef]

Yaribeygi, H.; Sathyapalan, T.; Sahebkar, A. Molecular mechanisms by which GLP-1 RA and DPP-4i induce insulin sensitivity.
Life Sci. 2019, 234, 116776. [CrossRef] [PubMed]

Shetty, R.; Basheer, E.T.; Poojari, P.G.; Thunga, G.; Chandran, V.P,; Acharya, L.D. Adverse drug reactions of GLP-1 agonists: A
systematic review of case reports. Diabetes Metab. Syndr. 2022, 16, 102427. [CrossRef] [PubMed]

Alduraibi, R.K.; Alrebdi, Y.M.; Altowayan, Y.F. Euglycemic diabetic ketoacidosis after the initiation of dulaglutide in patient with
type 2 diabetes. Medicine 2023, 102, €34027. [CrossRef]

Tan, X.; Pan, X.; Wu, X; Zheng, S.; Chen, Y,; Liu, D.; Zhang, X. Glucagon-like peptide-1 receptor agonists as add-on therapy to
insulin for type 1 diabetes mellitus. Front. Pharmacol. 2023, 14, 975880. [CrossRef]

Cabou, C.; Burcelin, R. GLP-1, the gut-brain, and brain-periphery axes. Rev. Diabet. Stud. 2011, 8, 418-431. [CrossRef]

Nauck, M.A; Quast, D.R.; Wefers, ].; Pfeiffer, A.F.H. The evolving story of incretins (GIP and GLP-1) in metabolic and cardiovas-
cular disease: A pathophysiological update. Diabetes Obes. Metab. 2021, 23 (Suppl. S3), 5-29. [CrossRef]

Gutzwiller, J.P; Drewe, J.; Goke, B.; Schmidt, H.; Rohrer, B.; Lareida, J.; Beglinger, C. Glucagon-like peptide-1 promotes satiety
and reduces food intake in patients with diabetes mellitus type 2. Am. J. Physiol. 1999, 276, R1541-R1544. [CrossRef]

Yang, Z.; Yu, M.; Mei, M.; Chen, C.; Lv, Y,; Xiang, L.; Li, R. The association between GLP-1 receptor agonist and diabetic
ketoacidosis in the FDA adverse event reporting system. Nutr. Metab. Cardiovasc. Dis. 2022, 32, 504-510. [CrossRef]

Edwards, K,; Li, X,; Lingvay, I. Clinical and Safety Outcomes with GLP-1 Receptor Agonists and SGLT2 Inhibitors in Type 1
Diabetes: A Real-World Study. J. Clin. Endocrinol. Metab. 2023, 108, 920-930. [CrossRef]

Olivieri, M.C.; Botelho, L.H. Synergistic inhibition of hepatic ketogenesis in the presence of insulin and a cAMP antagonist.
Biochem. Biophys. Res. Commun. 1989, 159, 741-747. [CrossRef] [PubMed]

Kitabchi, A.E.; Wall, B.M. Diabetic ketoacidosis. Med. Clin. N. Am. 1995, 79, 9-37. [CrossRef] [PubMed]

Modi, A.; Agrawal, A.; Morgan, F. Euglycemic Diabetic Ketoacidosis: A Review. Curr. Diabetes Rev. 2017, 13, 315-321. [CrossRef]
Rahimi, L.; Rajpal, A.; Ismail-Beigi, F. Glucocorticoid-Induced Fatty Liver Disease. Diabetes Metab. Syndr. Obes. 2020, 13, 1133-1145.
[CrossRef]

Sood, N.; Buddhavarapu, V.; Garg, R. GLP-1 receptor agonists causing euglycemic ketoacidosis in patients without diabetes: A
brief review. Int. J. Obes. 2025, 49, 977-979. [CrossRef] [PubMed]

Palmer, B.F; Clegg, D.J. Starvation Ketosis and the Kidney. Am. J. Nephrol. 2021, 52, 467—-478. [CrossRef]

Sood, N.; Bansal, O.; Garg, R.; Hoskote, A. Euglycemic Ketoacidosis from Semaglutide in a Patient Without Diabetes. JCEM Case
Rep. 2024, 2, luael56. [CrossRef]

Umpierrez, G.E.; Watts, N.B.; Phillips, L.S. Clinical utility of beta-hydroxybutyrate determined by reflectance meter in the
management of diabetic ketoacidosis. Diabetes Care 1995, 18, 137-138. [CrossRef]

Umpierrez, G.E.; Kelly, ].P.; Navarrete, ].E.; Casals, M.M.; Kitabchi, A.E. Hyperglycemic crises in urban blacks. Arch. Intern. Med.
1997, 157, 669-675. [CrossRef]


https://doi.org/10.1155/2022/4253651
https://doi.org/10.1016/j.bbadis.2020.165739
https://www.ncbi.nlm.nih.gov/pubmed/32084511
https://doi.org/10.1111/dom.13577
https://doi.org/10.1111/dom.13224
https://doi.org/10.12997/jla.2022.11.1.1
https://doi.org/10.1016/j.jdiacomp.2020.107647
https://www.ncbi.nlm.nih.gov/pubmed/32534886
https://doi.org/10.1016/j.cmet.2020.06.020
https://doi.org/10.1111/dom.14503
https://doi.org/10.1007/s10741-020-10065-7
https://doi.org/10.1016/j.arres.2021.100009
https://doi.org/10.1016/j.lfs.2019.116776
https://www.ncbi.nlm.nih.gov/pubmed/31425698
https://doi.org/10.1016/j.dsx.2022.102427
https://www.ncbi.nlm.nih.gov/pubmed/35217468
https://doi.org/10.1097/MD.0000000000034027
https://doi.org/10.3389/fphar.2023.975880
https://doi.org/10.1900/RDS.2011.8.418
https://doi.org/10.1111/dom.14496
https://doi.org/10.1152/ajpregu.1999.276.5.R1541
https://doi.org/10.1016/j.numecd.2021.10.003
https://doi.org/10.1210/clinem/dgac618
https://doi.org/10.1016/0006-291X(89)90057-0
https://www.ncbi.nlm.nih.gov/pubmed/2539126
https://doi.org/10.1016/S0025-7125(16)30082-7
https://www.ncbi.nlm.nih.gov/pubmed/7808097
https://doi.org/10.2174/1573399812666160421121307
https://doi.org/10.2147/DMSO.S247379
https://doi.org/10.1038/s41366-025-01749-x
https://www.ncbi.nlm.nih.gov/pubmed/40114022
https://doi.org/10.1159/000517305
https://doi.org/10.1210/jcemcr/luae156
https://doi.org/10.2337/diacare.18.1.137
https://doi.org/10.1001/archinte.1997.00440270117011

Biomedicines 2025, 13, 1484 16 of 17

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

McGarry, ].D. Lilly Lecture 1978. New perspectives in the regulation of ketogenesis. Diabetes 1979, 28, 517-523. [CrossRef]
McGarry, J.D.; Foster, D.W. Regulation of hepatic fatty acid oxidation and ketone body production. Annu. Rev. Biochem. 1980, 49,
395-420. [CrossRef] [PubMed]

Ko, S.H.; Lee, W.Y,; Lee, ] H.; Kwon, H.S.; Lee, ].M.; Kim, S.R.; Moon, S.D.; Song, KH.; Han, J.H.; Ahn, Y.B.; et al. Clinical
characteristics of diabetic ketoacidosis in Korea over the past two decades. Diabet. Med. 2005, 22, 466—469. [CrossRef] [PubMed]
Seok, H.; Jung, C.H.; Kim, SW.; Lee, M.].; Lee, W].; Kim, J.H.; Lee, B.W. Clinical characteristics and insulin independence of
Koreans with new-onset type 2 diabetes presenting with diabetic ketoacidosis. Diabetes Metab. Res. Rev. 2013, 29, 507-513.
[CrossRef]

Kim, M.K;; Lee, S.H.; Kim, J.H.; Lee, ].I; Kim, J.H.; Jang, E.H.; Yoon, K.H.; Lee, KW.; Song, K.H. Clinical characteristics of Korean
patients with new-onset diabetes presenting with diabetic ketoacidosis. Diabetes Res. Clin. Pract. 2009, 85, e8—e11. [CrossRef]
Maldonado, M.; Hampe, C.S.; Gaur, L.K.; D’Amico, S; Iyer, D.; Hammerle, L.P.,; Bolgiano, D.; Rodriguez, L.; Rajan, A.; Lernmark,
A.; et al. Ketosis-prone diabetes: Dissection of a heterogeneous syndrome using an immunogenetic and beta-cell functional
classification, prospective analysis, and clinical outcomes. J. Clin. Endocrinol. Metab. 2003, 88, 5090-5098. [CrossRef]

Lee, T.H. Prevalence of obesity in Korean non-insulin-dependent diabetic patients. Diabetes Res. Clin. Pract. 1996, 32, 71-80.
[CrossRef]

Kim, D.J.; Lee, M.S.; Kim, K.W,; Lee, M.K. Insulin secretory dysfunction and insulin resistance in the pathogenesis of korean type
2 diabetes mellitus. Metabolism 2001, 50, 590-593. [CrossRef] [PubMed]

Margolis, L.M.; Pasiakos, S.M.; Howard, E.E. High-fat ketogenic diets and ketone monoester supplements differentially affect
substrate metabolism during aerobic exercise. Am. J. Physiol. Cell Physiol. 2023, 325, C1144-C1153. [CrossRef]

Walsh, J.J.; Neudorf, H.; Little, J.P. 14-Day Ketone Supplementation Lowers Glucose and Improves Vascular Function in Obesity:
A Randomized Crossover Trial. J. Clin. Endocrinol. Metab. 2021, 106, e1738—e1754. [CrossRef]

Walsh, ].].; Myette-Coté, E.; Neudorf, H; Little, ].P. Potential Therapeutic Effects of Exogenous Ketone Supplementation for Type
2 Diabetes: A Review. Curr. Pharm. Des. 2020, 26, 958-969. [CrossRef]

Sansone, M.; Sansone, A.; Borrione, P.; Romanelli, F; Di Luigi, L.; Sgro, P. Effects of Ketone Bodies on Endurance Exercise. Curr.
Sports Med. Rep. 2018, 17, 444-453. [CrossRef]

Howard, E.E.; Allen, ].T.; Coleman, J.L.; Small, S.D.; Karl, ].P.; O’Fallon, K.S.; Margolis, L.M. Ketone Monoester Plus Carbohydrate
Supplementation Does Not Alter Exogenous and Plasma Glucose Oxidation or Metabolic Clearance Rate During Exercise in Men
Compared with Carbohydrate Alone. . Nutr. 2023, 153, 1696-1709. [CrossRef]

Valenzuela, P.L.; Morales, ].S.; Castillo-Garcfa, A.; Lucia, A. Acute Ketone Supplementation and Exercise Performance: A
Systematic Review and Meta-Analysis of Randomized Controlled Trials. Int. ]. Sports Physiol. Perform. 2020, 15, 298-308.
[CrossRef] [PubMed]

Gupta, R,; Wang, M.; Ma, Y.; Offermanns, S.; Whim, M.D. The 3-Hydroxybutyrate-GPR109A Receptor Regulates Fasting-induced
Plasticity in the Mouse Adrenal Medulla. Endocrinology 2022, 163, bqac077. [CrossRef]

Ahmed, N.; Farooq, J.; Siddiqi, H.S.; Meo, S.A.; Kulsoom, B.; Laghari, A.H.; Jamshed, H.; Pasha, F. Impact of Intermittent Fasting
on Lipid Profile-A Quasi-Randomized Clinical Trial. Front. Nutr. 2020, 7, 596787. [CrossRef] [PubMed]

Klempel, M.C.; Kroeger, C.M.; Varady, K.A. Alternate day fasting increases LDL particle size independently of dietary fat content
in obese humans. Eur. J. Clin. Nutr. 2013, 67, 783-785. [CrossRef] [PubMed]

Badman, M.K.; Pissios, P.; Kennedy, A.R.; Koukos, G.; Flier, ].S.; Maratos-Flier, E. Hepatic fibroblast growth factor 21 is regulated
by PPARalpha and is a key mediator of hepatic lipid metabolism in ketotic states. Cell Metab. 2007, 5, 426—437. [CrossRef]

Han, Y.M.; Ramprasath, T.; Zou, M.H. $-hydroxybutyrate and its metabolic effects on age-associated pathology. Exp. Mol. Med.
2020, 52, 548-555. [CrossRef]

Mccafferty, K.J.; Brinker, E.; Graff, E.; Steury, T.D.; Greene, M.W.; Judd, R.L. 146-OR: Loss of Hydroxycarboxylic Acid Receptor
2 (HCA2) Affects Adipose Tissue Homeostasis in a Sex-Specific Manner during Prolonged Fasting. Diabetes 2022, 71, 146-OR.
[CrossRef]

Wang, Y.; Xu, D. Effects of aerobic exercise on lipids and lipoproteins. Lipids Health Dis. 2017, 16, 132. [CrossRef]

Dufaux, B.; Order, U.; Miiller, R.; Hollmann, W. Delayed effects of prolonged exercise on serum lipoproteins. Metabolism 1986, 35,
105-109. [CrossRef] [PubMed]

Sharman, M.].; Kraemer, W.J.; Love, D.M.; Avery, N.G.; Gémez, A.L.; Scheett, T.P.; Volek, ].S. A ketogenic diet favorably affects
serum biomarkers for cardiovascular disease in normal-weight men. J. Nutr. 2002, 132, 1879-1885. [CrossRef]

Dashti, H.M.; Mathew, T.C.; Hussein, T.; Asfar, S.K.; Behbahani, A.; Khoursheed, M.A.; Al-Sayer, H.M.; Bo-Abbas, Y.Y.; Al-Zaid,
N.S. Long-term effects of a ketogenic diet in obese patients. Exp. Clin. Cardiol. 2004, 9, 200-205.

Qu, X.; Huang, L.; Rong, J. The ketogenic diet has the potential to decrease all-cause mortality without a concomitant increase in
cardiovascular-related mortality. Sci. Rep. 2024, 14, 22805. [CrossRef] [PubMed]

Iatan, I.; Huang, K.; Vikulova, D.; Ranjan, S.; Brunham, L.R. Association of a Low-Carbohydrate High-Fat Diet with Plasma Lipid
Levels and Cardiovascular Risk. JACC Adv. 2024, 3, 100924. [CrossRef] [PubMed]


https://doi.org/10.2337/diab.28.5.517
https://doi.org/10.1146/annurev.bi.49.070180.002143
https://www.ncbi.nlm.nih.gov/pubmed/6157353
https://doi.org/10.1111/j.1464-5491.2005.01450.x
https://www.ncbi.nlm.nih.gov/pubmed/15787674
https://doi.org/10.1002/dmrr.2421
https://doi.org/10.1016/j.diabres.2009.04.017
https://doi.org/10.1210/jc.2003-030180
https://doi.org/10.1016/0168-8227(96)01251-X
https://doi.org/10.1053/meta.2001.22558
https://www.ncbi.nlm.nih.gov/pubmed/11319722
https://doi.org/10.1152/ajpcell.00359.2023
https://doi.org/10.1210/clinem/dgaa925
https://doi.org/10.2174/1381612826666200203120540
https://doi.org/10.1249/JSR.0000000000000542
https://doi.org/10.1016/j.tjnut.2023.03.002
https://doi.org/10.1123/ijspp.2019-0918
https://www.ncbi.nlm.nih.gov/pubmed/32045881
https://doi.org/10.1210/endocr/bqac077
https://doi.org/10.3389/fnut.2020.596787
https://www.ncbi.nlm.nih.gov/pubmed/33598473
https://doi.org/10.1038/ejcn.2013.83
https://www.ncbi.nlm.nih.gov/pubmed/23612508
https://doi.org/10.1016/j.cmet.2007.05.002
https://doi.org/10.1038/s12276-020-0415-z
https://doi.org/10.2337/db22-146-OR
https://doi.org/10.1186/s12944-017-0515-5
https://doi.org/10.1016/0026-0495(86)90108-3
https://www.ncbi.nlm.nih.gov/pubmed/3945185
https://doi.org/10.1093/jn/132.7.1879
https://doi.org/10.1038/s41598-024-73384-x
https://www.ncbi.nlm.nih.gov/pubmed/39353986
https://doi.org/10.1016/j.jacadv.2024.100924
https://www.ncbi.nlm.nih.gov/pubmed/39081652

Biomedicines 2025, 13, 1484 17 of 17

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

The Diabetes and Nutrition Study Group (DNSG) of the European Association for the Study of Diabetes (EASD). Evidence-based
European recommendations for the dietary management of diabetes. Diabetologia 2023, 66, 965-985. [CrossRef]

American Diabetes Association Professional Practice Committee. 5. Facilitating positive health behaviors and well-being to
improve health outcomes: Standards of Care in Diabetes—2025. Diabetes Care 2025, 48, S86-5127. [CrossRef]

Norwitz, N.G.; Feldman, D.; Soto-Mota, A.; Kalayjian, T.; Ludwig, D.S. Elevated LDL Cholesterol with a Carbohydrate-Restricted
Diet: Evidence for a “Lean Mass Hyper-Responder” Phenotype. Curr. Dev. Nutr. 2022, 6, nzab144. [CrossRef]

Schmidt, T.; Harmon, D.M.; Kludtke, E.; Mickow, A.; Simha, V.; Kopecky, S. Dramatic elevation of LDL cholesterol from
ketogenic-dieting: A Case Series. Am. |. Prev. Cardiol. 2023, 14, 100495. [CrossRef]

Soto-Mota, A.; Flores-Jurado, Y.; Norwitz, N.G.; Feldman, D.; Pereira, M.A.; Danaei, G.; Ludwig, D.S. Increased low-density
lipoprotein cholesterol on a low-carbohydrate diet in adults with normal but not high body weight: A meta-analysis. Am. J. Clin.
Nutr. 2024, 119, 740-747. [CrossRef]

Norwitz, N.G.; Soto-Mota, A.; Kaplan, B.; Ludwig, D.S.; Budoff, M.; Kontush, A.; Feldman, D. The Lipid Energy Model:
Reimagining Lipoprotein Function in the Context of Carbohydrate-Restricted Diets. Metabolites 2022, 12, 460. [CrossRef]
[PubMed]

Vedamurthy, D.; Burke, F; Suri, K.; Soffer, D.; Jacoby, D. Clinical vignette-keto diet-induced dyslipidemia and lean mass
hyper-responders. J. Clin. Lipidol. 2023, 17, e7—e8. [CrossRef]

Bubeck, A.M.; Urbain, P.; Horn, C.; Jung, A.S.; Ferrari, L.; Ruple, HK.; Podlesny, D.; Zorn, S.; Laupsa-Borge, J.; Jensen, C.; et al.
High-fat diet impact on intestinal cholesterol conversion by the microbiota and serum cholesterol levels. iScience 2023, 26, 107697 .
[CrossRef] [PubMed]

Cooper, I.D.; Sanchez-Pizarro, C.; Norwitz, N.G.; Feldman, D.; Kyriakidou, Y.; Edwards, K.; Petagine, L.; Elliot, B.T.; Soto-Mota, A.
Thyroid markers and body composition predict LDL-cholesterol change in lean healthy women on a ketogenic diet: Experimental
support for the lipid energy model. Front. Endocrinol. 2023, 14, 1326768. [CrossRef] [PubMed]

Budoff, M.; Manubolu, V.S.; Kinninger, A.; Norwitz, N.G.; Feldman, D.; Wood, T.R.; Fialkow, J.; Cury, R.; Feldman, T.; Nasir, K.
Carbohydrate Restriction-Induced Elevations in LDL-Cholesterol and Atherosclerosis: The KETO Trial. JACC Adv. 2024, 3, 101109.
[CrossRef]

Zemer, A.; Samaei, S.; Yoel, U.; Biderman, A.; Pincu, Y. Ketogenic diet in clinical populations-a narrative review. Front. Med. 2024,
11, 1432717. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00125-023-05894-8
https://doi.org/10.2337/dc25-S005
https://doi.org/10.1093/cdn/nzab144
https://doi.org/10.1016/j.ajpc.2023.100495
https://doi.org/10.1016/j.ajcnut.2024.01.009
https://doi.org/10.3390/metabo12050460
https://www.ncbi.nlm.nih.gov/pubmed/35629964
https://doi.org/10.1016/j.jacl.2023.05.011
https://doi.org/10.1016/j.isci.2023.107697
https://www.ncbi.nlm.nih.gov/pubmed/37694136
https://doi.org/10.3389/fendo.2023.1326768
https://www.ncbi.nlm.nih.gov/pubmed/38189051
https://doi.org/10.1016/j.jacadv.2024.101109
https://doi.org/10.3389/fmed.2024.1432717

	Introduction 
	Roles of KBs in Metabolic Health 
	Pathways to Ketosis: Endogenous Ketogenesis and Exogenous Ketone Supplementation in Health and Disease 
	Endogenous Ketogenesis: Adaptive Functions and Metabolic Implications 
	Physiological Ketogenesis 
	Pathophysiological Ketogenesis 
	Ketogenesis Induced by Glucose-Lowering Agents 
	Pathological Ketogenesis 

	Exogenous Ketone Supplementation 

	Navigating the Challenges of Ketogenic Strategies: Balancing Health Risks and Therapeutic Benefits in the Management of Metabolic Disorders 
	Ketogenesis Induced Lipid Profile Changes and Cardiovascular Risk 
	LMHR 

	Conclusions 
	References

