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The ketogenic diet (KD) has recently gained increasing popularity. This high-fat, 
adequate-protein, and carbohydrate-poor eating pattern leads to nutritional ketosis. 
The KD has long been known for its antidiabetic and antiepileptic effects and has 
been used therapeutically in these contexts. Recently, the KD, due to its effectiveness 
in inducing weight loss, has also been proposed as a possible approach to treat 
obesity. Likewise, a KD is currently explored as a supporting element in the treatment 
of obesity-associated metabolic disorders and certain forms of cancer. Here, we 
discuss the metabolic and biochemical mechanisms at play during the shift of 
metabolism to fatty acids and fatty acid–derived ketone bodies as main fuel mole-
cules, in the substitution of carbohydrates, in ketogenic nutrition. Different sources of 
ketone bodies and KDs as alternatives to glucose and carbohydrates as main energy 
substrates are discussed, together with an attempt to weigh the benefits and risks 
posed by the chronic use of a KD in the context of weight loss, and also considering 
the molecular effects that ketone bodies exert on metabolism and on the endocrine 
system.

Key words: beta-hydroxybutyrate, inflammatory response, ketogenic diet, ketone bodies, lipid 
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INTRODUCTION

According to the World Health Organization, the inci-

dence of obesity worldwide has nearly tripled since 

1975. Lifestyle changes, including the nutritional shift to 

highly processed foods rich in saturated fats and carbo-

hydrates,1 increased sedentary lifestyle and urbaniza-

tion,2 reduced physical activity,2,3 poor sleep habits,4

and increased stress,5 are all predisposing factors for 

weight gain. Globally, with the exception of some sub- 

Saharan African regions and Asian regions, the 

incidence of obesity is higher than the incidence of 

underweight.6

Obesity is defined as excessive fat accumulation and 

is a more serious condition than overweight. The most 

commonly used index for the classification of overweight/ 

obesity in adults is body mass index (BMI; kg/m2)—the 

ratio of body mass to the square of body height. A BMI in 

the 25–30 kg/m2 range corresponds to a status of over-

weight, while a BMI >30 kg/m2 defines obesity and a BMI 

>35 kg/m2 is indicative of morbid obesity.7 BMI does not 

univocally inform on the ratio between fat and lean mass, 
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a measure that can be obtained by dual-energy X-ray 

absorptiometry (DXA). Yet, BMI is still strongly correlated 

to DXA and is an acceptable predictor of obesity-related 

morbidities at the population level.8 Obesity, in turn, is a 

risk factor for coronary heart disease or stroke, musculos-

keletal diseases such as osteoarthritis, type 2 diabetes, 

hypertension, gallbladder disease, dyslipidemia, sleep 

apnea and breathing problems,9–11 reduced fertility,12,13

and multiple types of cancers including endometrial, 

breast, ovarian, prostate, liver, gallbladder, kidney, and 

colon cancer.14–16 Many studies also suggest that people 

with obesity are more prone to mental illness conditions, 

such as clinical depression or anxiety.
17–19 Because of these 

detrimental effects on health, weight-loss strategies in the 

population with obesity can be viewed as a preventive 

approach to alleviate the incidence of obesity-associated 

disorders.

In recent years, the ketogenic diet (KD), which aims 

at providing a normal-protein, high-fat, and low- 

carbohydrate (<50 g/d) intake, has been proposed as a 

weight-loss strategy. A KD, which is highly restricted in 

carbohydrates, was used from the 18th century as a rem-

edy for diabetes.20 Likewise, the KD has been used for 

over a century as an effective anti-epileptic treatment21

and is still used today to treat pharmacologically refractory 

forms of epilepsy,22,23 or rare genetic conditions such as 

glucose transporter 1 (GLUT1) deficiency syndromes.24 In 

these specific situations, there are no alternatives to the 

KD, and patients must follow this diet continuously.

In weight-loss approaches, the usefulness of a KD 

has yet to be firmly established, and discordant studies 

provide different results on the matter, not least because 

of the multiple experimental protocols applied, the 

intrinsic variability in the KD administered in each 

study, and the occurrence of potential side effects. Here, 

several open questions related to the use of a KD to 

attain weight loss are discussed, the first of which is 

whether fatty acids can almost completely substitute 

carbohydrates as body fuel. Then, the evidence support-

ing the association between the obese state and multiple 

morbidities in humans is discussed, and finally focusing 

on the outcomes of studies investigating the use of a KD 

to curb obesity, with particular attention to the experi-

mental protocols and their duration, KD composition, 

and the quality of fats, which are all factors affecting 

study outcomes.

METHODOLOGY OF THE LITERATURE SEARCH

Medline and Scopus databases were searched for original 

articles and reviews using the following key words and 

terms, used alone or in combination: anti-cancer therapy, 

ATP, cancer, carbohydrates, cardiovascular diseases, dia-

betes, endocrine diseases, energy production, 

inflammation, intermittent fasting, KD, ketone bodies, 

ketolysis, ketogenesis, lipids, obesity, musculoskeletal dis-

eases, PCOS, proteins, supplementation, therapeutic 

potential. Clinical trials were searched in the National 

Institutes of Health (NIH) register (clinicaltrials.gov) and 

in the European Council EU Clinical Trials Register 

(https://www.clinicaltrialsregister.eu).

COULD FAT BE THE MACRONUTRIENT OF CHOICE TO 
PRODUCE ENERGY AND CURB OBESITY?

The optimal dietary macronutrient balance has been a long-

standing topic of discussion, with current guidelines sug-

gesting that adults derive 55%–70% of energy from 

carbohydrates, 15%–20% from fats, and 7%–20% from pro-

teins.25 Poor nutritional education often leads people to rely 

on highly processed foods to ensure a supply of calories and 

a quick feeling of satiety. However, these highly processed 

foods, such as salty snacks and sugar-sweetened beverages, 

are characterized by a high glycemic index (GI) and deliver 

quickly absorbed nutrients that cause dopamine-triggered 

satisfaction and contribute to metabolic health issues and 

addictive eating behaviors.26,27

Fats are highly energy-dense, containing 9.0 kcal/g, 

more than double the energy provided by carbohydrates 

and proteins, which yield 4.0 kcal/g. This makes fat an 

efficient energy source providing a sustained release of 

energy that supports longer-lasting satiety compared 

with more rapidly metabolized carbohydrates. This sati-

ety effect can aid weight management and in supporting 

calorie control. However, the role of fat in weight man-

agement is strongly related to the ratio between fat and 

carbohydrate intake, and ketone body production con-

ditions. Physiologically, carbohydrate intake inhibits fat 

utilization. An excess of carbohydrates induces hyperin-

sulinemia and serves as lipogenic substrate, promoting 

fat accumulation and obesity, lending credibility to the 

proposed carbohydrate-insulin model (CIM) as a theo-

retical model explaining the development of obesity.28

Hence, shifting the metabolism into fat oxidation and 

fatty acid–derived ketone bodies is possible only after 

dietary carbohydrate deprivation, which causes nutri-

tional ketosis (ketone bodies >0.5 mmol/L) with a con-

comitant increase in dietary fat consumption over a 

period of several weeks.29–31 In these circumstances, 

ketone bodies replace most of the glucose required by 

the brain, while liver gluconeogenesis provides the lim-

ited amount of energy needed by glucose-dependent tis-

sues such as red blood cells, retina, and the renal 

medulla.32

During intestinal transit, fats tend to delay gastric 

emptying, thereby slowing down the digestion and 

absorption of carbohydrates. This means that a high-fat 

meal will have a lower glycemic effect than a low-fat 
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meal, even if both contain the same amount and type of 

carbohydrates. A study by Lilly et al33 found that sup-

plementation with peanut butter reduced blood glucose 

spikes and the overall glycemic response to a high-GI 

meal, potentially representing a beneficial approach to 

prevent blood glucose spikes.

The type of fat consumed plays a significant role in 

determining its impact on metabolic health, obesity, 

and cardiovascular risks. The debate often centers 

around the effects of different types of fats, notably 

trans-fats (also known as trans-unsaturated fats) and 

cis-fats (commonly found in most naturally occurring 

unsaturated fats).34,35 Understanding the distinctions 

between these types of fats and their metabolic effects is 

crucial to evaluating whether fat can indeed serve as a 

beneficial macronutrient for energy homeostasis and 

obesity management (Table 1).36–45

Additionally, fats influence the body’s hormonal 

response, including the release of hormones such as 

ghrelin, often called the “hunger hormone,” and leptin, 

which helps regulate appetite and energy balance. Diets 

higher in healthy fats can modulate these hormones in a 

way that promotes satiety and reduces caloric intake, 

potentially making fat an effective macronutrient for 

managing obesity.46,47 In conclusion, while fat can 

indeed be a valuable macronutrient for energy produc-

tion and weight management, the type of fat is crucial 

in determining its effects on health and obesity.

KETONE BODIES ARE A LAST-RESORT FUEL

Lipid metabolism begins with the hydrolysis of triglycerides 

into free fatty acids and glycerol (Figure 1). Fatty acids 

undergo β-oxidation to form acetyl coenzyme A (acetyl- 

CoA), or acetyl-CoA and propionyl-CoA for fatty acids 

with an odd number of carbon atoms.48 When excessive 

acetyl-CoA is produced, overloading the Krebs cycle, acetyl- 

CoA is shunted to ketogenesis. The 3 main circulating 

ketone bodies are D-3-hydroxybutyrate—also named 

β-hydroxybutyrate (BHB), acetoacetate (AcAc), and acetone 

(Ac). They are continuously produced in small amounts, 

along with glycolysis, reaching physiological plasma concen-

trations of 0.05–0.25 mmol/L in a circadian manner. 

During ketosis, ketone body production is augmented in 

parallel with decreased carbohydrate availability, making 

ketones the main metabolic fuel. In pathological conditions, 

such as diabetic ketoacidosis, ketone body levels exceeding 

15 mmol/L may become life-threatening.49,50

METABOLIC CONTROL OF KETONE BODY LEVELS

The balance between basal metabolism, physical activity, 

and food intake contributes to the long-term determina-

tion of body weight. In accordance with the Energy 

Balance Model (EBM), a negative energy balance causes 

weight loss, while a positive energy balance leads to storage 

of the excessive energy accumulation, mainly in the adi-

pose tissue, promoting obesity.51 Stored fat may, however, 

be mobilized to induce a state of ketosis during starvation, 

exercise, or with a KD. Under these different conditions, 

in which the common thread is an initial depletion of the 

glucose and glycogen stores, fatty acids are mobilized from 

adipose tissue, which is constituted by more than 80% of 

fatty acids, and transported to the liver for conversion into 

ketone bodies. However, induction of ketogenesis has its 

limitations, and modulation of ketone levels can be very 

risky to health if not handled properly. The optimal flow 

of fuel for the brain and muscles depends on the level of 

serum ketone bodies, more specifically BHB (Figure 2).

Prolonged Fasting and Starvation

Starvation is defined as a prolonged fasting (>7 days) and 

can theoretically be prolonged for weeks (or even months) 

in humans.52 At the beginning of a starvation period, glu-

cose is obtained from the breakdown of glycogen stores.53

Table 1. Key Points of Comparison of trans-Fats vs cis-Fats
Chemical/metabolic feature trans-Unsaturated fats cis-Unsaturated fats References

Structure Chemically altered to remain solid 
at room temperature

Naturally occurring; no need for 
hydrogenation

36, 37

Primary sources Processed foods (margarines, 
baked goods)

Olive oil, avocados, nuts, and 
seeds

36

Metabolic impact Decrease insulin sensitivity, 
increase visceral fat

Improve insulin sensitivity, 
support metabolic health

38

Effect on inflammation Proinflammatory, linked to 
increased cytokines

Anti-inflammatory, shown to 
reduce CRP levels

39, 40, 41

Heart health Increase LDL and reduce HDL Increase HDL, reduce LDL and 
total cholesterol

42

Obesity and weight 
management

Linked to increased risk of obesity 
and belly fat

Potentially aid in weight loss by 
enhancing satiety

43

Energy utilization Inefficient, contribute to fat 
storage

Efficient, utilized as a steady 
energy source

37, 44, 45

Abbreviations: CRP, C-reactive protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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Once glycogen stores are depleted, usually after 2–3 days 

of fasting, fats stored in adipose tissues are hydrolyzed into 

free fatty acids and glycerol, with glycerol being a gluco-

neogenic precursor, and free fatty acids substrates for 

β-oxidation and ketogenesis.

Upon prolonged fasting, protein degradation is also 

initiated. This phase is considered as the beginning of 

starvation. Protein degradation, mainly from skeletal 

muscle tissues, also provides precursors for ketone body 

synthesis, which can reach concentrations of approxi-

mately 8 mmol/L. Excessive protein deprivation will 

affect the functioning of vital organs, which is a life- 

threatening condition. Obviously, a weight-loss pro-

gram must not be pushed to such limits.

Physical Activity

Skeletal muscle accounts for the largest fraction of total 

ketone body utilization at rest.54 Exercise increases the 

absolute rate of skeletal muscle ketone uptake and oxi-

dation,55 similarly to a short-term starvation or ketone 

body infusion.56 Ketone body catabolism in human 

skeletal muscle increases up to 5 times during exer-

cise.54 Immediately after the start of exercise, a decrease 

in ketone bodies—mainly BHB—is observed, with a 

concomitant increase in skeletal muscle ketone uptake 

and oxidation and an elevated ketone body metabolic 

clearance rate (MCR). The MCR measures the ability of 

tissues to remove ketones from the blood. During 

Figure 1. Metabolism of Fatty Acids (FAs). (A) Ketogenesis is initiated in order to make available energy stored in fatty acids. Once formed in 
the mitochondria, acetyl coenzyme A (acetyl-CoA) is reversibly converted to acetoacetyl-CoA, what is catalyzed by acetyl-CoA transferase 1 
(ACAT1). Next, HMG (hydroxymethylglutaryl)-CoA synthase condenses acetyl-CoA with acetoacetyl-CoA to form HMG-CoA. HMG-CoA lyase cata-
lyzes the formation of acetoacetate from HMG-CoA. The acetoacetate (AcAc) is then reversibly converted to β-hydroxybutyrate (BHB) by 
β-hydroxybutyrate dehydrogenase 1 (BDH1). (B) Fatty acids are present in the blood due to prior disruption of lipids (lipolysis) and are used as 
substrates in the β-oxidation process. Following hepatic ketogenesis, the ketone bodies are transferred back to the blood, where BHB as a sig-
naling metabolite can be further transferred to extrahepatic tissues and AcAc can be degraded spontaneously into acetone (Ac), which will 
then be exhaled. (C) Ketolysis encompasses a set of reactions designed to recover energy through the oxidation of ketone bodies, which takes 
place in the mitochondria. The main ketone body distributed to the extrahepatic tissues—BHB—undergoes the reversible conversion to AcAc 
by BDH1. AcAc is then incorporated into acetoacetyl-CoA in a reaction catalyzed by succinyl-CoA-3-ketoacid-coenzyme A transferase (SCOT). 
Acetoacetyl-CoA can be reversibly converted by ACAT1 to acetyl-CoA, which is used in the tricarboxylic acid (TCA) cycle. The figure was created 
with BioRender.com
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exercise, the MCR represents an index of the ability of 

exercise to stimulate the ability of contracting muscles 

to uptake and catabolize ketone bodies.54 Under a low 

ketonemia (<1 mmol/L) resulting from an overnight 

fast, resting MCR is up to 4 times greater than during 

prolonged fasting (>72 hours). Low- to moderate- 

intensity endurance exercise training after an overnight 

fast leads to an increase in MCR by 50%–70%. This 

shows that working muscles have an increased ability to 

extract ketones from blood compared with the resting 

state.54 However, the exercise-induced increase in 

ketone body uptake reaches a plateau when plasma 

ketone body concentrations exceed approximately 

3–4 mmol/L, indicating that saturation of ketone uptake 

has been achieved.56 Two-hour treadmill exercise at 

50% of maximum oxygen uptake (VO2max) was shown 

to stimulate whole-body absorption of ketones along 

with induced hyperketonemia (�5.5–6 mmol/L) by exo-

genously delivered ketone bodies. Importantly, this was 

only observed in overnight-fasted subjects, but not in 

those who achieved similar levels of hyperketonemia by 

short-term fasting.57 The oxidation rate of the ketone 

body was found to increase by approximately 3- to 5- 

fold during 30 minutes of cycling at 60% VO2max in fast-

ing subjects. Furthermore, it was observed that the 

ketone oxidation rate increased from approximately 

0.44 mmol/L per minute at rest to approximately 

2.1 mmol/L per minute (or �13 g/h) in the early stages 

of exercise, but then decreased to approximately 

1.4 mmol/L per minute (or �9 g/h).58 Physical exercise 

itself has a short-term effect on increasing ketone levels. 

Together with a proper nutrition regimen, physical 

exercise accelerates weight reduction and may have a 

positive effect on morbidities associated with excessive 

body weight.

SUPPLEMENTATION OF KETONE BODIES OR KETONE 
BODY PRECURSORS

As the adaptation to the KD, also termed “keto- 

induction,” may be unpractical and unpalatable, other 

methods to induce ketosis have been introduced. Leucine 

supplementation was suggested to be beneficial in increas-

ing ketone bodies (especially BHB) as leucine, together 

with lysine, is the most ketogenic amino acid. Leucine sup-

plementation was studied in 30% calorie-restricted rats 

and, at 6 weeks of administration, increased consumption 

of leucine resulted in retained lean body mass and protein 

mass while improving protein anabolism. Leucine supple-

mentation also increased the amount of leptin and ketone 

bodies, but no changes in cholesterol or triglyceride levels 

were observed.59 One study in humans has shown that 

butyric acid is even more ketogenic than either leucine or 

8-carbon monoglycerides.60

Under real-life nutritional conditions to reach high 

BHB levels, great emphasis is placed on the supplemen-

tation of ketogenic medium-chain fatty acids 

(MCFAs).61 MCFAs encompass 6–12 carbon chains, 

Figure 2. Changes in the Ketone Body Levels Depending on Ketone Body Sources and Metabolic Conditions. In the physiological state, con-
centrations of BHB are below 1 mmol/L. Overnight fasting and 24-hour fasting generate physiological ketonemia. Longer fasting, from 3 to 
7 days, results in overt ketosis and the induction of ketosis through the ketogenic diet may increase the concentration of ketone bodies to 
up to 7 mmol/L. Starvation leads to an approximately 6–8 mmol/L blood BHB concentration, when maintained for more than 10 days. 
Beyond this range (up to 20 mmol/L), pathological conditions, such as untreated diabetes and ketoacidosis, occur. The figure was created 
with BioRender.com
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including caproic (C6), caprilic (C8), capric (C10), and 

lauric (C12) acid. MCFAs induce both ketonemia and, 

in the long-term, ketogenesis, increasing BHB in a lin-

ear, dose-dependent manner.61 Ketosis is induced rela-

tively quickly after MCFA ingestion, as MCFAs are 

absorbed directly into the liver’s portal vein instead of 

transiting via the lymphatic system. As a consequence, 

MCFAs are swiftly converted to ketones after β-oxida-

tion in the liver.62

An alternative way to promote ketonemia is the use 

of exogenous ketone esters and ketone salts in the form of 

“ketone drinks.” Dietary ketone salts are usually a racemic 

mixture of the BHB stereoisomers R-BHB and S-BHB,63

but also ketone esters or the ketone bodies precursor 1,3- 

butandiol.64 Soto-Mota et al65 analyzed the safety and tol-

erability of sustained (28 days) exogenous ketosis devel-

oped by using ketone drinks, providing information that 

such supplementation is safe for healthy adults with no 

changes in kidney function, blood glucose, triglycerides, 

cholesterol, or electrolytes. In addition, body weight and 

composition also remained the same. In this study, partici-

pants consumed a normal, balanced diet, with the excep-

tion of 3 participating athletes who were also on a KD. 

Another study reported that, although exogenous ketones 

increase serum BHB (up to 6 mmol/L), they are not keto-

genic and may, in fact, inhibit the production of endoge-

nous ketones from endogenous lipid depots. In other 

words, exogenous ketones directly promote ketonemia but 

do not stimulate ketone body biosynthesis in the liver.61

In a 14-day study, supplementation of a ketone monoester 

(KME) drink containing BHB prior to each meal to obese 

participants lowered postprandial and 24-hour average 

blood glucose levels, and increased brachial artery flow- 

mediated dilation—supporting a vascular benefit of the 

KME. However, the short study duration did not allow 

drawing conclusions on a potential effect on weight loss.66

Exogenously provided ketones may not directly induce 

weight loss, but they reportedly improved energy yield 

during exercise (eg, in healthy male athletes exercising for 

1 hour on a bike at 75% of maximum exercise intensity, 

BHB levels increased from 0.1 to 3.4 mmol/L after con-

suming a ketone drink) and improved mental health.67

This study suggests that ketone body supplementation, 

while not curative against obesity, may serve as a preven-

tive and supportive factor in obesity treatment.67

KETOGENIC DIETARY STRATEGIES

A high-fat, low-carbohydrate diet is the most efficient 

source of ketone bodies. Research on a low-carbohydrate 

diet as a weight-loss approach dates back to the 1970s.68

The reduction in quickly digestible starches and sugars has 

been reported as a key factor in reducing the risk of obe-

sity, diabetes, and cardiovascular disorders.69 Studies have 

shown that a ketogenic dietary approach is superior to 

others in terms of rapid weight loss in the first 

6–12 months. A first randomized controlled trial aiming at 

evaluating the efficacy of a low-carbohydrate, high-protein, 

high-fat diet (of the Atkins diet type) in comparison to a 

classical diet showed significant weight loss at 3 and 

6 months, but no significant difference at 12 months.70

The 2-year Dietary Intervention Randomized Controlled 

Trial (DIRECT) compared (1) a low-fat diet, restricted in 

calories; (2) a Mediterranean diet, restricted in calories; 

and (3) a low-carbohydrate diet, nonrestricted in calories. 

Among the 3 diets, and at a 2-year follow-up, the greater 

weight loss was observed in the low-carbohydrate diet, 

with a parallel favorable affect in lipid profiles.71 In a 20- 

week study, 164 participants were randomly assigned a 

low-carbohydrate (20%), medium-carbohydrate (40%), or 

high-carbohydrate (60%) diet. In those who followed the 

low-carbohydrate diet, energy expenditure increased by 

approximately 200–250 kcal per day,72 suggesting that car-

bohydrate restriction may be more effective than fat 

restriction in treating obesity and maintaining weight loss. 

Moreover, a study of 262 adults with type 2 diabetes who 

followed a 2-year low-carbohydrate diet showed an aver-

age weight loss of 11.9 kg, as well as a reduction of glycosy-

lated hemoglobin (HbA1c) by 1.0%.73 Another study of 

316 children and adults with type 1 diabetes following a 

very-low-carbohydrate diet documented a mean HbA1c of 

5.7%, low rates of hypoglycemia and ketoacidosis, and also 

improved cardiovascular disease risk profile.74 To date, 

several different varieties of low-carbohydrate diets have 

been proposed, such as the South Beach diet, Zone diet, 

Atkins diet, and KD; however, only the KD induces a sus-

tained shift towards biosynthesis and use of ketone bodies.

Ketogenic Diet: The Most Efficient Nutritional Pattern 
to Induce Ketone Body Production

Currently, one of the most investigated eating patterns 

that substantially alter metabolic energy production is 

the KD, which is based on a minimal amount of carbo-

hydrates (<5% in calories) and nutritionally optimal 

amount of protein (10%–20% of calories), with a simul-

taneous high supply of fats (�80–90% of calories). 

Limiting carbohydrates to less than 50 g per day causes 

a loss of glycogen and the hepatic production of ketone 

bodies from fat stored in adipose tissue. Dietary ketosis, 

defined by BHB levels greater than 0.5 mmol/L in blood 

or urine, is induced in the first 2–5 days after starting 

the diet.
60 This “initiation phase” can cause side effects 

such as constipation, halitosis, muscle spasms, diarrhea, 

skin rash, and more. Such symptoms, however, resolve 

within a few weeks of following the KD.

In addition to the standard KD, a number of differ-

ent variants have been proposed due to several ways of 
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inducing a state of ketosis. This includes the very-low- 

carbohydrate KD (VLCKD), medium-chain-triglyceride 

KD (MCTKD), the calorie-restricted KD (CRKD), the 

cyclic KD, the targeted KD, and the high-protein KD.75–79

Because of this variability, it must be underlined that a 

standardized and universal formulation of the KD does 

not exist (as it also does not exist for any other kind of 

diet). The compositions of the main types of KD are 

summarized in Table 2.76, 80–82

Gibson and colleagues83 compared, in a systematic 

review, very-low-energy diets (VLEDs) and KDs. The 

VLED users were found to be less hungry and more 

satiated, and KD users reported a decreased desire to 

eat. These results were relevant because of the typical 

increase in appetite in obese people. Overall, these stud-

ies suggest that ketosis appears to be effective in sup-

pressing the appetite. While several studies show that a 

high-fat, low-carbohydrate diet is beneficial in losing 

weight and improving overall body parameters in the 

short–medium term,84 the most clinically relevant evi-

dence must come from long-term efficacy. In this 

respect, a prospective clinical trial demonstrated persis-

tent weight loss after 2 years on a low-carbohydrate 

diet.85 The same study, however, showed comparably 

persistent body-weight loss with a low-fat diet, under-

scoring the notion that the primary driver of weight loss 

is more attributable to the balance between caloric 

intake and caloric expenditure, supporting the EBM 

model, rather than dietary macronutrient composition. 

Both diets were, however, not associated with significant 

improvements in endothelial vascular function as meas-

ured by flow-mediated vasodilation.86

ALTERNATIVE DIETARY STRATEGIES TO ATTAIN 
ENHANCED KETONE BODY 

PRODUCTION—INTERMITTENT FASTING

Intermittent fasting is among the eating patterns that 

has recently received much attention for supporting 

weight loss while increasing the concentration of ketone 

bodies.87 During circadian fasting (ie, overnight), serum 

ketone levels increase naturally, but on a daily basis 

their concentration can be modulated through dietary 

routine. Intermittent fasting is a time-limited feeding 

period, usually based on the “16/8 system,” consisting of 

16 hours of fasting and an 8-hour “eating window.” 

Intermittent fasting is typically associated with the con-

sumption of a balanced diet with normal daily calorie 

intake in healthy individuals. Intermittent fasting also 

includes “every other day fasting,” in which fasting is 

extended to a 24-hour duration every second day.88

Intermittent fasting associated with energy restriction 

caused weight loss in obese people.89 This finding sup-

ported previous studies,90,91 in which intermittent fasting 

was even more beneficial than continued energy restric-

tion in promoting insulin sensitivity. Interestingly, lean 

mass and resting energy expenditure were found to be the 

same regardless of continued energy restriction or the use 

of intermittent fasting.89 In a pilot study, the use of 2-day 

intermittent fasting resulted in a similar improvement in 

glycemic control in individuals with type 2 diabetes as 

compared with continued energy restriction, providing an 

alternative treatment strategy.92

There are 3 main theories for reducing metabolic 

and cardiovascular risk factors by intermittent fasting: 

the oxidative stress hypothesis, the circadian rhythm, 

and the ketogenic state. The oxidative stress hypothesis 

suggests that mitochondria produce fewer free radicals 

due to reduced energy intake, resulting in reduced 

inflammation. The circadian rhythm approach evolved 

with regard to timing of eating patterns. Properly 

planned meal times can allow for optimization of the 

peripheral clocks of the liver, adipose tissue, and skeletal 

tissue. Physical, mental, and behavioral changes are 

influenced by factors such as increases and decreases in 

blood pressure and secretion of hormones depending 

on the time of day and exposure to light. Hence, circa-

dian regulation appears to be at the core of all biological 

processes in the body. Therefore, daily misalignment 

leads to an increased risk of chronic diseases, as proven 

Table 2. Composition of the Main Types of Ketogenic Diet
Ketogenic diets Total calorie intake Fat calories,  

% of total
Lipid intake Protein intake Carbohydrate 

intake
References

“Classic” KD No restriction, or caloric 
restriction depending 
on the study

70 70% (total 
calories)

25% (total 
calories)

5% (total 
calories)

80

VLCKD 780 kcal/d 40 35 (g/d) 90 (g/d) 26 (g/d) 81
MCTD Adapted to individual 

body weight
40 71% (total 

calories)
11% (total 

calories)
10% (total 

calories)
76

Modified Atkins diet 
(mostly used for 
epileptic patients)

Adapted to individual 
body weight

70 70% (total 
calories)

25% (total 
calories)

5% (total 
calories)

83

Examples of different ketogenic diets are provided, with the implicit understanding that precise diet compositions vary among 
studies.
Abbreviations: KD, ketogenic diet; MCTD, medium-chain triglycerides diet; VLCKD, very-low-calorie ketogenic diet.
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by a higher rate of cardiovascular disease in shift work-

ers. Some studies suggest that ketone bodies can affect 

the circadian rhythm by modulating the expression of 

clock genes.93,94

Intermittent fasting and the KD share some meta-

bolic similarities, as these 2 eating patterns seem to have 

the most promising effects in terms of increasing ketone 

levels and reducing body fat. However, in a case report, 

prolonged fasting after a KD resulted in “starvation 

ketoacidosis,” which is a life-threatening condition.95 In 

the implementation of a KD to maintain ketosis at an 

optimal and safe level, fasting and eating times must be 

carefully planned. This requires support from experi-

enced physicians and/or nutritionists and good compli-

ance by the patient. Hence, as with any restrictive diet, 

intermittent fasting with an associated KD should not 

be used by pregnant women, children, and those 

engaged in heavy physical labor.

THE ROLE OF KETONE BODIES IN OBESITY AND 
OBESITY-RELATED DISEASES

Research into the antidiabetic potential of the KD dates 

back to the 17th century,20 and was then introduced by 

pediatrician Hugh Conklin in the treatment of drug- 

resistant epilepsy in the 1920s.96,97 This diet has proven 

its usefulness in achieving a lasting seizure-free condition, 

with a return to the traditional diet resulting in relapse.98

Recent studies show that the KD can successfully reverse 

metabolic abnormalities in diabetic patients by improving 

blood glucose levels while reducing insulin requirements, 

and significantly participate in the attenuation of inflam-

matory response.99 In addition, the potential of the use of 

a KD in the treatment of hyperlipidemic patients has also 

been hypothesized.100 The most important molecular 

effects exerted by ketone bodies are summarized in  

Figure 3.

Obesity is associated with the release of proinflam-

matory mediators such as interleukins or tumor 

necrosis factor-α, but also reduced production of anti- 

inflammatory adiponectin. In this respect, the KD has 

been administered in patients with obesity and as 

obesity-related conditions, such as chronic kidney dis-

ease, cancer, or cardiovascular diseases, which are also 

characterized by a proinflammatory environment; sev-

eral clinical trials have explored the usefulness of the 

KD in these pathologies.

THE EFFECT OF THE KD ON METABOLIC DISORDERS

Cardiovascular Diseases

The accumulation of visceral fat is recognized as a major 

cardiometabolic risk factor promoting the production of 

proinflammatory cytokines and adipokines with cardio- 

depressant and pro-atherosclerotic properties.101–103

Figure 3. Molecular Responses to Induction of Ketosis. Abbreviations: IL, interleukin; GPR109A, hydroxycarboxylic acid receptor 2, niacin 
receptor 1; MCFA, medium-chain fatty acid; NF-κB, nuclear factor–kappa B; NLR, Nod-like receptor protein family; NLRP3, NLR pyrin domain- 
containing protein 3; Nrf2, nuclear factor erythroid 2-related factor 2; ROS, reactive oxygen species; TNFα, tumor necrosis factor alpha; TLR4, 
Toll-like receptor 4. The figure was created with BioRender.com
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Overweight is also associated with hypertension, the domi-

nant cause of heart failure.104,105 A 5% weight gain leads 

to a 20%–30% increase in the incidence of hyperten-

sion.106 In physiological conditions, the largest consumer 

of energy (�400 kcal/kg/d) of all tissues is the adult human 

heart, which uses all energy sources, with particular 

emphasis on fatty acids (both in the nonesterified and 

esterified form) and carbohydrates.107 Physiologically, the 

heart is a “metabolic omnivore” as it has the metabolic 

flexibility to switch from 1 substrate to another, depending 

on its availability.108 Thus, cardiomyocytes use ketone 

bodies in proportion to their supply, making the heart 

muscle the largest consumer of ketone bodies per unit 

mass.109 Such metabolic flexibility is lost in pathological 

conditions and, along with altered substrate utilization, is 

correlated with changes in mechanical function. In early 

stages of heart disease, the use of substrates shifts from 

fatty acids to glucose, leading to a reduction in oxidative 

metabolism. Such reprogramming underlies myocardial 

energy starvation, contributing to the pathogenesis of 

heart failure. Interestingly, while fatty acid oxidation is 

reduced, a failing heart appears to reprogram the metabo-

lism to rely even more on ketone bodies as an energy 

supply.110

Studies have shown that circulating ketone bodies 

and their use in the myocardium are increased in both 

heart failure with a reduced ejection fraction and a con-

served ejection fraction.111 As signaling molecules, ketone 

bodies can suppress systemic inflammation and cardiac 

inflammation, suggesting that a deliberate increase in cir-

culating ketone bodies may be beneficial in the event of 

heart failure.112,113 This can be achieved by ingesting 

ketone body precursors such as 1,3-butanediol or 

medium-chain triglycerides (MCTs) as well as ketone salts 

and ketone esters. A study by Tzenios et al114 found that, 

in overweight patients, body composition and cardiometa-

bolic markers improved after 140 days on a VLCKD.

Diabetes

Obesity increases the likelihood of type 2 diabetes or 

insulin resistance.115 One of the most serious and even 

life-threatening complications of diabetes is diabetic 

ketoacidosis, which appears in conjunction with hyper-

glycemia when glucose uptake by tissues is failing 

because of a lack of insulin (in type 1 diabetes) or 

insulin resistance. When tissues cannot internalize glu-

cose, the body response consists of switching to hepatic 

ketone body synthesis as an alternative energy source. 

When circulating ketone bodies become excessive, 

blood becomes more acidic (venous blood pH <7.3), 

leading to diabetic ketoacidosis. To avoid this, in 

patients with diabetes it is important to measure not 

only blood sugar levels but also ketones.116,117 The main 

metabolic parameters of a KD and diabetic ketoacidosis 

are shown in Table 3.

Musculoskeletal Diseases, Osteoarthritis

The impact of obesity and metabolic syndrome on the 

musculoskeletal system (muscles, bones, and joints) is 

pervasive and ranges from obesity-linked sarcopenia 

(where individuals gain fat mass but lose lean muscle 

mass) to diabetic osteoporosis and arthritis.118,119 All of 

these disturbances result from degenerative and sys-

temic inflammatory conditions that accompany obe-

sity,120 including osteoarthritis (OA). Osteoarthritis is a 

multi-tissue disease of joints, characterized by cartilage 

degradation, subchondral bone sclerotization, ectopic 

bone outgrowths on joints (osteophytes), and moderate 

synovial membrane inflammation. The main risk fac-

tors for OA are aging and trauma, but, as mentioned 

previously, an additional important and compounding 

risk factor is obesity. First, excessive body weight places 

extra pressure on lower body joints—every 5 kg of 

weight gain confers a 36% increase in the risk of the 

knee osteoarthritis121 and an 11% increased risk of hip 

osteoarthritis.122 Second, a pro-inflammatory adipokine 

profile linked to dyslipidemia and abnormal fat tissue 

metabolism worsens OA progression.123,124 Third, sys-

temic low-grade inflammation contributes to cartilage 

degeneration and synovial tissue inflammation.125

Currently, the global prevalence of osteoarthritis is 

escalating due to both the aging population and the epi-

demic of obesity.126 Based on the etiology of the disease, 

the body-weight factor seems to be of importance during 

OA treatment as obesity causes mechanical stress and met-

abolic inflammation resulting in accelerated cartilage dam-

age and, ultimately, premature and severe OA. 

Intermittent fasting should be considered in weight-loss 

programs and its benefits are proven for the nonsurgical 

management of OA.127,128 The benefits of fasting in OA 

Table 3. Metabolic Blood Level Parameters During a Normal Diet, Ketogenic Diet, and Diabetic Ketoacidosis
Metabolic parameters Normal diet Ketogenic diet Diabetic ketoacidosis

Glucose (mg/dL) 80–120 65–80 >300
Insulin (µU/L) 6-23 6.6-9.4 �0
Ketone bodies (mmol/L) 0.1 7/8 >25
pH 7.4 7.4 <7.3
Total cholesterol (mg/dL) <200 300 �1600
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can be explained by changes in advanced glycation end- 

products (AGEs) and their receptors (RAGEs), both iden-

tified as important elements in the pathology of OA. In a 

cohort of 37 patients with OA who underwent fasting for 

8 days, a significant, but non-sustained, reduction in 

RAGE levels in serum but not of AGEs was found; how-

ever, no correlation with improvement in clinical end-

points of OA was found.129 Low-carbohydrate diets have 

been reported to provide relief from osteoarthritis of the 

knee,130 but it is unknown whether a high-fat and low- 

carbohydrate diet can achieve the same result. Initial 

experiments by Masino and Ruskin132 demonstrated that 

such a dietary regimen, approximating a KD, can reduce 

inflammation and thus pain associated with inflamma-

tion.131 However, further investigations will be necessary 

to determine whether circulating ketone bodies contribute 

to OA symptom improvement after intermittent fasting.

In connection with this open question, Felson et al133

analyzed whether fatty acid levels affected the development 

of OA. It is known that saturated and n–6 fatty acids 

increase inflammation, whereas n–3 fatty acids reduce 

inflammation. Despite previously described effects on sys-

temic inflammation, it was found that blood levels of fatty 

acids were not associated with risk of later knee OA or 

other OA outcomes. These studies, focused on the role of 

a KD in rheumatoid arthritis (RA), revealed its low effi-

cacy.134,135 It was found that fasting, but not a KD, signifi-

cantly decreased serum interleukin-6 (IL-6) levels and 

alleviated clinical symptoms in patients with RA. 

However, in these studies, KD administration was limited 

to 7 days, reproducing the effects of acute fasting rather 

than a prolonged weight-loss dietary intervention. Future 

prospective studies will be needed to elucidate the poten-

tial beneficial effects of a KD on specific domains and clin-

ical outcomes in patients with inflammatory arthritis.

Polycystic Ovary Syndrome

Obesity is associated with several endocrine diseases and 

may itself be a consequence of hormonal disorders, espe-

cially in the case of polycystic ovary syndrome (PCOS). 

Indeed, PCOS is associated with many obesity-related 

comorbidities, such as insulin resistance (50%–90% inci-

dence), type 2 diabetes, dyslipidemia, nonalcoholic fatty 

liver disease, hyperinsulinemia, and glucose intoler-

ance.136,137 At present, PCOS cannot be cured, but its 

symptoms may be managed with medications (eg, metfor-

min) and lifestyle changes. Since a weight loss of as little as 

5% can lead to a significant improvement in PCOS, 

weight-loss interventions constitute a promising approach. 

A clinical study by Li et al138 observed that an 8-hour 

time-limited feeding improved the hormonal and meta-

bolic profiles of patients with PCOS.

Studies by Paoli et al139 have shown that the KD is 

also beneficial for overweight women with PCOS, lead-

ing to a significant body-weight reduction and lowering 

blood glucose, insulin levels, and testosterone levels. Li 

et al140 showed that a 12-week period on a KD along 

with conventional pharmaceutical treatment improved 

the menstrual cycle. However, the question remains as 

to how the KD should be composed in terms of its lipid 

constituents. In fact, some studies have shown that the 

consumption of significant amounts of trans-unsatu-

rated fats by women resulted in a 2-fold greater risk of 

ovulation disorders.141,142 This emphasizes that the 

composition of the KD must be adjusted to accommo-

date the patient’s needs, especially when the regimen is 

planned over the long term.

Cancer

According to research from the American Cancer Society, 

excessive body fat may be responsible for approximately 

11% of cancers in women and 5% of cancers in men in 

the United States.143 Overall, approximately 1 in 20 can-

cers are associated with obesity.144 Excess body fat is 

linked to a higher risk of developing multiple types of can-

cer, including meningioma, adenocarcinoma of the esoph-

agus, multiple myeloma, kidney, uterus, thyroid, breast, 

liver, gallbladder, upper stomach, ovarian, pancreatic, 

colon, and rectal cancers.145 Standard cancer treatments, 

such as radiation therapy, chemotherapy, and immuno-

therapy, have limitations and often have side effects. For 

this reason, many new strategies for reducing cancer have 

emerged. Special emphasis is placed on energy manage-

ment by cancer cells that prefer glucose as their primary 

energy source. For example, leukemic cells create a 

diabetes-like state by reducing the availability of glucose to 

normal cells, leading to greater use of glucose by leukemic 

cells.146 This sparked the debate as to whether reducing 

carbohydrates and replacing them with lipids could be a 

new window in cancer treatment. Not all of the contro-

versy surrounding some of these issues has yet been 

resolved. The switch to ketone bodies as an alternative 

main fuel seems promising, especially by virtue of the 

anti-inflammatory properties of ketone bodies. Also, there 

are studies confirming that cancer cells are unable to use 

ketone bodies due to acquired metabolic inflexibility. 

Certain tumor types show decreased levels of β-hydroxy-

butyrate dehydrogenase (BDH1) and succinyl-CoA-3- 

ketoacid-CoA transferase (SCOT1), and even undetectable 

acetyl-CoA acetyltransferase 1 (ACAT1). Nevertheless, the 

ketolytic enzyme expression seems to be cell/tissue- 

specific. For example, in cervical cancer–derived HeLa 

cells, BDH1/SCOT1 expression was high, but not in pan-

creatic cancer PANC-1 cells.147 Moreover, supplementa-

tion with ketone bodies (especially BHB) has proven 
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harmful in cancer cells due to abnormalities in the struc-

ture of the mitochondria.148

Lin et al149 reported that dietary restriction alone 

reduces the density of microvessels, leading to an anti- 

tumor effect in lung and breast cancer. Another study 

by Allen et al150 has shown that following a KD 

increases the sensitivity of A549 lung cancer xenografts 

to carboplatin and reduces proliferation when com-

bined with radiotherapy. This nutritional pattern has 

also been reported to be an effective adjuvant therapy in 

Table 4. Summary of the Effects of Ketogenic Diets on Weight Control and Physiological/Pathological Situations Affected by 
Body Weight

Supportive evidence Considerations

Weight loss and obesity Effective for weight loss: A significant 
number of studies have shown that a KD 
can be effective at least for short-term 
weight loss, making a KD a potential tool 
for managing obesity and overweight 
conditions.65,66,72,73,161

Long-term adherence to a KD can be 
challenging, with weight-loss 
maintenance a concern. Specific risks 
include (1) gallstone formation, 
especially for those with gallbladder 
issues, due to rapid weight loss; 
(2) digestive issues, particularly for 
those with gastrointestinal disorders, 
due to low fiber content, which may 
exacerbate symptoms like constipation; 
(3) potential stress on the pancreas 
and liver from the high-fat 
content.112,162

Athletic performance Varied effects: The impact of KDs on 
athletic performance is a topic of debate. 
While some athletes report benefits, 
others report a decreased performance, 
especially during high-intensity 
activities. Individual factors and the type 
of physical activity are key 
considerations.66,163,164

Nutrient deficiency risk: Restricting 
certain food groups in a KD may lead 
to deficiencies in essential nutrients, 
vitamins, and minerals if not carefully 
planned.165

Blood sugar control and diabetes Improved blood sugar control: Some 
studies suggest that a KD may improve 
insulin sensitivity and blood sugar 
control, making it potentially beneficial 
for individuals with type 2 
diabetes.65,66,73,166

Risk of diabetic ketoacidosis: Individual 
responses may vary, and the impact on 
blood sugar levels can depend on 
various factors. Patients with type 1 
diabetes may face an increased risk of 
diabetic ketoacidosis.167,168

Cardiovascular health Improved cardiovascular risk factors: It was 
shown that a KD may improve 
cardiovascular risk factors, such as 
triglycerides and HDL cholesterol, while 
others raise concerns about potential 
negative effects on LDL 
cholesterol.115,169

Saturated fat intake: (1) The impact on 
cardiovascular health may depend on 
the composition of the diet and 
individual health status; (2) certain 
versions of the KD may involve a high 
intake of saturated fats, which could 
impact lipid profiles and cardiovascular 
health, especially in those with  
pre-existing cardiovascular issues.

Metabolic disorders Improved metabolic markers: There are 
studies showing that a KD may lead to 
improvements in cardiometabolic 
markers.115,169

Carnitine deficiency: The KD may lower 
carnitine levels, posing issues for 
individuals with metabolic disorders 
involving impaired carnitine 
metabolism.170

Inflammation Anti-inflammatory potential: Studies in 
preclinical models suggest that a KD 
may have anti-inflammatory effects.112

Insufficient research: The relationship 
between diet, inflammation, and 
individual response is complex, and 
more research is needed.

Cancer Adjunctive cancer therapy: Some 
preclinical studies suggest potential  
anti-cancer effects of a KD, but more 
research is needed to establish its 
efficacy and safety in humans.156,157,159

Insufficient research: The role of a KD in 
cancer prevention and treatment is still 
widely investigated. There are issues 
with low dietary compliance and also 
related to reaching nutritional 
ketosis.158,160

Polycystic ovary syndrome (PCOS) Hormonal regulation: KDs improve insulin 
sensitivity in individuals with PCOS, 
addressing some symptoms of the 
condition.97,139,140,141

Very few small-scale clinical trials have 
been completed to date.139,140

Abbreviations: HDL, high-density lipoprotein; KD, ketogenic diet; LDL, low-density lipoprotein.
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radiotherapy for the treatment of brain tumors.151 In a 

case report, a 65-year-old patient with glioblastoma 

multiforme treated with radiotherapy and chemother-

apy and following a KD displayed tumor regression, 

supporting the potential effectiveness of an adjuvant 

KD in this type of cancer.152 In colon cancer, a KD with 

concomitant omega-3 fatty acid and MCT supplementa-

tion resulted in significant tumor growth inhibition.153

A study performed in women with ovarian or endome-

trial cancer showed that elevated serum BHB may 

reflect a metabolic environment inhospitable to cancer 

proliferation.154 During the 12-week study duration, the 

KD did not negatively affect quality of life of the 

patients and improved patients’ physical function end 

energy expenditure while diminishing food cravings. 

Also, the KD had no adverse effects on blood lipids, 

suggesting that ketone bodies are a safe and achievable 

component of treatment for some patients with 

cancer.155,156

On the other hand, some studies have shown the 

limitations of following a KD in patients with cancer. 

Porper et al157 have shown that high levels of nutritional 

ketosis were not achievable in 13 adults with glioblas-

toma treated with a KD for 8 weeks. In other studies, 

this dietary regimen even showed pro-cancer effects or 

the results were inconclusive. Chu-Shore and Thiele158

reported that, in 3 out of 5 children of patients with 

tuberous sclerosis complex, the implementation of a KD 

resulted in the progression of an existing tumor or the 

formation of a new tumor. Zahra et al159 then investi-

gated the possible effects of a KD in patients with locally 

advanced non–small cell lung cancer and pancreatic 

cancer. The studies were conducted with simultaneous 

radiotherapy and chemotherapy. The difficulty of 

patients to follow a KD under these conditions was 

noticeable, giving an inconclusive result possibly due to 

low compliance to the diet. This area of research 

requires more in-depth investigation with an emphasis 

on treatment duration and long-term follow-up.

CONCLUSION

The evidence supporting the KD (or ketone body sup-

plementation) in the regulation of metabolism and body 

weight remains incomplete. While there is research sup-

porting certain benefits, individual responses to keto-

genic nutrition can vary, and the long-term effects of a 

KD are still being studied. Table 4 presents the suppor-

tive evidence for the use of a KD, as well as potential 

drawbacks.160–169

Overall, the currently available evidence supports 

the potential for ketogenesis-inducing dietary habits as 

an aid to induce weight loss and treat obesity-related 

diseases, at least in a transitory manner, perhaps 

through reduced appetite and reduced calorie intake. At 

present, the long-term safety of ketosis in weight-loss 

interventions remains unknown, and it is of the utmost 

importance to only switch to ketogenic regimens after 

appropriate medical consulting.
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