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Abstract

A ketogenic diet (KD) is a low-carbohydrate, high-fat dietary approach. Beyond treating
neurologic disorders, KDs have attracted significant media attention for their potential to
improve obesity and diabetes. The diet induces a metabolic shift from glucose toward fatty
acid oxidation and ketone body production. This shift leads to ketosis, which may reduce
hunger, partly through the anorexigenic effects of ketone bodies, thereby contributing to
weight loss and improved metabolic parameters, including glycaemic control and insulin
sensitivity. In particular, the positive effects of KDs lower insulin demand and may thereby
improve β-cell function. However, the long-term efficacy, safety, and sustainability of KDs,
especially for diabetes, remain debated. This review offers current insights into the effects
of ketogenesis and ketosis, as well as the potential mechanisms underlying them. We
explore the metabolic effects of KDs in obesity and diabetes, drawing on preclinical and
clinical studies, and suggest that combining KDs with antidiabetic agents may provide
synergistic benefits. However, combining KDs with these pharmacotherapies, particularly
SGLT-2 inhibitors, requires careful clinical supervision because of potential risks, including
euglycaemic diabetic ketoacidosis. We explore how a KD alters the composition of the
gut microbiota, thereby affecting host health. We conclude by highlighting challenges and
future directions for optimising KD-based therapies and by outlining the limitations of the
current review.

Keywords: KD; obesity; diabetes; weight loss; glycaemic control; β-cells; immune response;
gut health

1. Introduction
Intentional dietary planning can have substantial effects for health improvement.

Currently, a diverse array of dietary approaches for weight loss and improved metabolism
exists, including low-carbohydrate, plant-based, Mediterranean, ketogenic, intermittent
fasting, anti-inflammatory, and specialised diets tailored to specific objectives and nutri-
tional profiles. Although the outcomes vary significantly due to individual genetic and
lifestyle factors, a clear association between diet, gut health, and metabolic health is evident.

Recent experimental and clinical studies highlight the therapeutic potential of food-
supplement strategies for improving overall health outcomes. Ketogenic diets (KDs)—
characterised by a high-fat, adequate-protein, and low-carbohydrate composition—have
gained considerable attention in recent years as a popular intervention for weight loss and
due to their various health benefits [1–3]. KDs were used by Frederick M. Allen and Elliot
Joslin to prolong life in people with type 1 diabetes (T1D) before the discovery of insulin [4].
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They used a diet with up to 70% of calories from fat [4,5]. Russell Wilder introduced KDs in
1921 as a dietary strategy for treating epilepsy [6]. In addition to their established efficacy
in managing epilepsy, KDs are associated with beneficial effects in a variety of health
conditions, including cancer, neurological disorders, obesity, type 2 diabetes (T2D), and
gastrointestinal and respiratory disorders [3,7].

The macronutrient composition of a KD is characterised by a high fat content, usually
55% to 60% of total caloric intake, with carbohydrates restricted to less than 10% and
protein accounting for the remainder (30–35%) [3]. The classical ketogenic diet is more
restrictive and is typically defined by a 4:1 ratio of fat to the combined amount of protein
and carbohydrates, providing approximately 85–90% of total caloric intake from fat [8].
KDs can be categorised into several subtypes based on macronutrient ratios, including
the classic long-chain triglyceride (LCT)-based KD, the medium-chain triglyceride (MCT)-
based KD, the modified Atkins diet, and the low-glycaemic-index treatment, in which
carbohydrates are restricted in amount and are low-glycaemic-index [3,9]. Importantly, not
all low-carbohydrate diets induce nutritional ketosis. KDs represent a specific subset of
low-carbohydrate diets in which carbohydrate restriction is sufficient to sustain ketone pro-
duction and nutritional ketosis. KDs represent a heterogeneous group of dietary strategies
rather than a single standardised intervention. These differences can significantly influence
metabolic outcomes, including body weight, glycaemic control, lipid profiles, inflammation,
changes in the gut microbiota and diet adherence [8]. Such variations may substantially
influence the degree of ketosis, metabolic adaptation, gut microbiota composition, treat-
ment adherence, and the relative contribution of caloric restriction versus ketosis-specific
mechanisms. Therefore, interpretation of KD-related outcomes should account for the
heterogeneity of KD protocols.

The current narrative review examines recent mechanistic and clinical evidence on
the metabolic and cellular effects of KDs in obesity and diabetes, drawing on clinical
trials, animal studies, and key mechanistic investigations identified primarily through
PubMed searches. Although formal systematic review methodologies were not applied,
given the narrative nature of this review, particular emphasis is placed on KD-induced
metabolic adaptations, interactions with the microbiome, and the interplay between KDs
and antidiabetic therapies. Together, these factors may contribute to both the therapeutic
benefits and potential risks of KDs in metabolic disorders.

2. Mechanisms of Action: Effects of Ketogenesis and Ketosis on Cellular
Mechanisms

Under normal dietary conditions, glucose is the main fuel for cellular energy pro-
duction via glycolysis, the tricarboxylic acid (TCA) cycle, and mitochondrial oxidative
phosphorylation (OXPHOS) (Figure 1A) [10]. However, when carbohydrate intake is re-
stricted, or during prolonged fasting, fatty acids (FAs) released from adipocytes become
the predominant energy source [11]. Under these physiological conditions, adipose tissue
releases FAs, which are absorbed by the liver and converted into circulating ketone bodies,
including acetoacetate (AcAc), β-hydroxybutyrate (βHB), and acetone, which are derived
from excess acetyl-CoA produced by fatty acid oxidation [12]. The metabolic effects of KD
may also depend on the depth of ketosis achieved, which is commonly assessed based on
circulating βHB concentrations. Nutritional ketosis is generally characterised by blood
βHB levels of approximately 0.5–3.0 mmol/L [11]. The aim of KDs is to induce a metabolic
state known as nutritional ketosis while avoiding pathological ketoacidosis. It should be
noted that not all studies included in this review confirmed nutritional ketosis, as ketone
bodies were not always measured. The observed metabolic outcomes described here may
reflect both dietary carbohydrate restriction and variable degrees of ketosis. Therefore, a
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limitation of this review is that not all studies implementing KDs confirmed or quantified
nutritional ketosis.

Figure 1. Glucose and ketone body metabolism in relation to carbohydrate availability. (A) Under
sufficient carbohydrate intake, glucose serves as the primary energy substrate, and ATP is generated
via glycolysis, the TCA cycle, and oxidative phosphorylation. (B) Under carbohydrate restriction,
fatty acids become the main fuel. In the liver, adipocyte-derived fatty acids undergo β-oxidation to
produce acetyl-CoA, which is converted into ketone bodies (AcAc, βHB, acetone), released into the
circulation and utilised by peripheral tissues as an alternative energy source. Abbreviations: AcAc,
acetoacetate; ATP, adenosine triphosphate; βHB, β-hydroxybutyrate; FAs, fatty acids; FADH2, Flavin
Adenine Dinucleotide; Glut, glucose transporter; MCTs, monocarboxylate transporters; NADH,
Nicotinamide Adenine Dinucleotide; OXPHOS, oxidative phosphorylation; TCA cycle, tricarboxylic
acid cycle.

The liver is the main source of circulating ketone bodies, contributing more than 90%
to the total [12,13]. In hepatocytes, low glucose availability leads to ketogenesis and the
release of ketone bodies that meet the energy demands of peripheral tissues, such as the
brain, skeletal muscle, and heart (Figure 1B) [14]. When glucose availability is limited in
these tissues, circulating ketone bodies serve as effective alternative energy substrates [15].
This metabolic shift is closely associated with improved metabolic flexibility, defined as the
ability of an organism to adjust fuel oxidation between carbohydrates and lipids in response
to substrate availability. Ketone bodies are subsequently oxidised in the mitochondria of
those peripheral tissues [3,16]. Within the mitochondria of these tissues, ketone bodies
undergo oxidation, generating acetyl-CoA, NADH, and FADH2, which then feed into
the TCA cycle and oxidative phosphorylation to produce adenosine triphosphate (ATP)
(Figure 1B).

In addition to serving as energy substrates, ketone bodies can exert effects via other
mechanisms. Notably, βHB inhibits histone deacetylases (HDACs), thereby regulating gene
expression associated with oxidative stress resistance and metabolic adaptation [17,18].
This includes upregulation of manganese superoxide dismutase (MnSOD) and catalase, as
well as genes that support metabolic adaptation, such as PGC-1α [19]. As a result, βHB
contributes to the metabolic advantages associated with a KD.

KDs are also linked to the regulation of nutrient sensing and cellular energy balance
through activation of AMP-activated protein kinase (AMPK), inhibition of the mechanistic
target of rapamycin (mTOR), and modulation of peroxisome proliferator-activated receptor
(PPAR) signalling [20,21]. Collectively, these pathways promote mitochondrial biogenesis,
improve cellular stress resilience, and enhance metabolic efficiency. In addition, ketone
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metabolism generates fewer reactive oxygen species (ROS) per unit of ATP than glucose
metabolism, further supporting mitochondrial function and reducing oxidative stress [22,23].

Beyond metabolic regulation, β-hydroxybutyrate (βHB) has been shown to suppress
NLRP3 inflammasome activation by preventing stimulus-induced K+ efflux, thereby main-
taining intracellular ionic balance and inhibiting assembly of the active inflammasome
complex [1,24]. Recent evidence also suggests that KD-induced alterations in cellular
energy status may activate AMPK, leading to reduced stability of the immune checkpoint
protein PD-L1 and increased expression of antigen presentation genes and type I interferon
signalling [25]. Because PD-L1 normally limits excessive immune activation, its reduction
may theoretically increase susceptibility to autoimmune responses [26]. However, the
clinical relevance of these findings and their translation into human metabolic outcomes
remain uncertain.

3. The Effects of a KD on Obesity and Diabetes
Obesity is a major driver of metabolic dysfunction and insulin resistance. KDs have

emerged as a promising intervention for overweight and obese individuals. Nutritional
ketosis alters appetite regulation, substrate utilisation, and hormonal signalling, thereby
facilitating reductions in body weight and fat mass (Figure 2) [3,15]. A KD influences
endocrine regulation through hormonal responses essential for maintaining energy home-
ostasis and promoting ketone utilisation, particularly as the body shifts from glucose to
fat as its primary energy substrate. Numerous studies in animal models and clinical trials
report reductions in blood glucose, suggesting potential benefits for glycaemic control. The
carbohydrate restriction inherent in a KD lowers circulating insulin levels, further reducing
glucose uptake and glycogen synthesis in insulin-responsive tissues [3,27]. A KD with
weight loss is associated with improved peripheral but not hepatic insulin sensitivity [28]
(Figure 2).

Figure 2. Proposed pathways of KD-induced weight loss and metabolic improvement. ↑, increase;
↓, decrease. A KD induces nutritional ketosis through carbohydrate restriction, lowering insulin
secretion and increasing ketone body production. Enhanced adipose lipolysis raises circulating free
fatty acids (FFAs), promoting mitochondrial fatty acid transport, β-oxidation, ketone utilisation, and
ATP generation in skeletal muscle and liver. A KD reduces adipose inflammation by suppressing
pro-inflammatory macrophage infiltration and inflammasome activation, thereby improving insulin
sensitivity and adipocyte function. KD-associated weight loss improves peripheral insulin sensitivity
(skeletal muscle and adipose tissue), whereas hepatic insulin sensitivity may improve less consistently.

Recent findings further suggest that a KD stimulates the secretion of gut hormones,
such as glucagon-like peptide-1 (GLP-1) and peptide YY (PYY), both of which play sig-
nificant roles in appetite regulation and insulin sensitivity [29–31]. Additionally, reduced
insulin signalling, together with lower circulating insulin levels, leads to decreased leptin
secretion from adipocytes, as insulin stimulates leptin secretion [32]. This decrease in leptin
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subsequently affects appetite control and energy balance. Like leptin, adiponectin, another
adipokine secreted by adipocytes, regulates energy balance, metabolism, and inflammation,
largely by modulating AMPK activity [33]. Indeed, adiponectin enhances insulin sensitivity
and promotes fatty acid oxidation, while leptin acts as a satiety signal by suppressing
appetite, thus supporting metabolic health [34,35]. Both hormones stimulate AMPK, which
serves as a central regulator of cellular metabolism by coordinating catabolic and anabolic
processes in relation to ATP generation or consumption, helping maintain cellular energy
homeostasis. Moreover, βHB has been shown to reduce hypothalamic expression of SOCS3,
a negative regulator of leptin signalling, and TNFα, an inflammatory marker linked to
hypothalamic hormone resistance [36]. At the same time, βHB increased expression of
POMC, an anorexigenic neuropeptide that suppresses appetite [36]. Use of ketone bodies,
particularly βHB and AcAc, for cellular energy production via mitochondrial OXPHOS
was significantly reduced in individuals with T2D or obesity and was associated with
increased insulin resistance [37]. Impaired ketone utilisation in these individuals may
reflect reduced mitochondrial oxidative capacity and metabolic inflexibility, with limited
efficient substrate switching among glucose, fatty acids, and ketone bodies. Therefore,
incomplete fatty acid oxidation and accumulation of lipidomic substances may disrupt
insulin signalling pathways and further exacerbate insulin resistance [38].

The weight-loss effects of KDs have been consistently observed in both animal models
and clinical studies. However, weight-loss efficiency may vary between individuals with
and without T2D. Meta-analysis studies found no statistically significant difference in
weight loss between people with and without T2D on a KD [39,40]. However, another
study comparing people with T2D to those without has shown slightly less weight loss,
which may be due to multiple factors such as hyperinsulinaemia, diabetic status, and the
effects of diabetic medications [41]. These factors could potentially impact the success of
weight loss, even with specialised dietary approaches. Therefore, individuals with T2D
may receive therapeutic support, such as medications that improve insulin sensitivity, and
reduce hypoglycaemia-causing drugs when commencing weight-loss diets. The details of
studies on antidiabetic medications will be covered in the next section.

Additionally, interpreting the weight-loss effects of KDs is limited to determining
whether the observed outcomes are directly attributable to ketone bodies or are secondary
to other factors such as caloric restriction, carbohydrate reduction, macronutrient composi-
tion, or weight loss. For instance, improvements in glycaemic control and insulin sensitivity
may partly reflect weight reduction [42]. In humans, the majority of glycaemic and insulin
sensitivity improvements occur with energy restriction and weight loss; ketosis-specific
effects have not been consistently demonstrated under weight-maintaining conditions. Sim-
ilarly, changes in dietary fat and protein intake may independently influence inflammatory
and metabolic pathways [43], thereby confounding the interpretation of KD-specific effects.

A recent study in carnosine dipeptidase 2 (CNDP2)-deficient mice provides critical
mechanistic insight into the efficacy of KD in promoting weight loss [44]. In this study,
KD increased circulating βHB levels, enabling CNDP2-dependent βHB-ylation of amino
acids and the generation of bioactive βHB–amino acid metabolites [44]. Notably, despite
substantial increases in circulating ketone bodies after KD, CNDP2-knockout mice exhibited
a reduced anorexigenic response and higher body weight, whereas control mice did not [44].
These findings indicate that elevated ketone levels alone may be insufficient to mediate the
metabolic benefits of KDs. Rather, CNDP2-dependent conversion of βHB into bioactive
metabolites is a critical determinant of KD-induced appetite suppression and weight
reduction. These findings suggest that ketosis-specific metabolic signalling pathways
may contribute to the appetite-suppressive and metabolic effects of KDs beyond those of
simple carbohydrate restriction, although the outcomes currently come from preclinical
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and animal studies. Currently, no human data confirm a CNDP2-dependent pathway in
KD-treated individuals.

Given the growing evidence that ketone bodies may contribute to metabolic regulation,
studies specifically investigating the direct effects of ketones, such as exogenous ketone
administration, provide important complementary insights. Whereas KDs can induce
metabolic adaptations over chronic time frames, exogenous ketones enable acute elevations
in circulating ketones, allowing isolation of the immediate, ketone-specific effects on
metabolic regulation. Consistent with this concept, a recent study directly tested whether
acute elevations in circulating ketones would worsen glucose homeostasis via increased
skeletal muscle ketone oxidation [45]. Oral administration of a ketone ester markedly
increased circulating βHB levels and improved glucose tolerance in diet-induced obese
mice, whereas no effect was observed in lean controls [45]. Complementary ex vivo
experiments using isolated islets demonstrated that the oxidizable R-isomer of βHB elicited
greater insulin secretion than the S-isomer in islets from obese mice [45], suggesting a
potential direct effect of ketones on β-cell function. Nevertheless, it remains challenging to
determine whether the effects are due to dietary change or to ketosis itself, given the gaps
between preclinical and clinical studies and the lack of long-term studies.

A randomised clinical study involving 160 adults with obesity found the greatest
weight loss in the very low-carbohydrate ketogenic diet group, even compared with a
calorie-restricted Mediterranean diet [46]. Both the KD and modified alternate-day fasting
groups showed the highest ketone levels, suggesting that nutritional ketosis may contribute
to metabolic adaptations beyond simple caloric restriction [46]. However, despite greater
weight reduction over 3 months, significant differences between groups in cardiometabolic
parameters were limited, highlighting the need for longer-term studies to distinguish
ketosis-specific effects from those mediated by weight loss [46]. Additional findings from
human trials reported over the past five years are summarised in Table 1. These studies
include healthy participants as well as those with overweight/obesity and T2D.

Recent studies on obesity and T2D, involving large cohorts and long-term KDs with
subsequent longitudinal research, provide important clinical evidence demonstrating the
sustainability of ketogenic interventions. In a randomised study involving over 160 patients
with T2D who had been treated with diabetic medication for over 10 years, sustained
improvements were observed over six months in diabetes medication use, HbA1c levels,
time within the target blood glucose range, and body weight [47,48]. This suggests clinically
meaningful metabolic benefits that are difficult to achieve with medication alone.

Furthermore, a one-year randomised study of overweight and obese adults demon-
strated that a healthy KD—designed to address issues such as increased saturated fat
intake, elevated LDL-C, fibre deficiency, and micronutrient deficiencies associated with
traditional KDs—can effectively promote weight loss and improve cardiovascular and
metabolic health without increasing LDL cholesterol levels [49]. To avoid potential risk
factors, a KD includes low saturated fat, high unsaturated fat, adequate fibre, micronu-
trient supplementation, and controlled protein intake [49]. The findings suggest that a
well-structured KD, along with continuous monitoring, supports its sustainability and
potential therapeutic benefits in clinical practice.
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Table 1. Overview of clinical studies.

Study and Type Population Interventions Major Outcomes

Battezzati et al.,
Italy [50], RCrT

Healthy adults
(n = 12)

Ketogenic meal vs.
Mediterranean meal

Ketogenic meal reduced
BGL, insulin and C-peptide
levels.

Buga et al. [51], RCT Overweight/obese adults
(n = 37)

KD +/− ketone
supplementation vs.
low-fat diet

KD reduced BGL and
insulin resistance
(HOMA-IR).
Ketone supplementation
further reduced BGL and
ketosis but not insulin
resistance/insulin.

Merovci et al. [52], RCT Adults with obesity and
T2D (n = 29)

Standard diet and KD +/−
ketone supplementation

KD lowered OGTT glucose
without major changes in
insulin sensitivity or body
composition.

Gower et al.,
USA [53], RCT Adults with T2D (n = 56) KD vs. low-fat diet

KD increased
β-hydroxybutyrate and
reduced hepatic fat.

Gardner et al., USA [54],
RCrT

Adults with
prediabetes/T2D (n = 33)

Whole-food KD vs.
Mediterranean diet

KD improved weight loss
and triglycerides but
increased LDL, while
HbA1c remained
unchanged.

Sanchez et al., Spain [55],
RCT

Adults with obesity
(n = 30)

VLCKD vs.
Mediterranean diet

VLCKD reduced weight,
BMI and inflammatory
markers.

Willis et al.,
USA [48], parallel-group
RCT

Adults with T2D (n = 163) Medically supervised KD
for 12 weeks

Sustained reduction in
weight, HbA1c, glucose
and diabetes medication
use over 3 months.

Willis et al.,
USA [47], FU of RCT

Adults with T2D,
(n = 163) 6-month FU of
above subjects

Medically supervised KD
for 24 weeks

Sustained reduction in
weight, BMI, HbA1c
(−1.3%), BGL, diabetes
medication, energy and
carbohydrate intake.
Continued improvements.

Martinez-Montoro et al.,
Spain [46], RCT,
comparative

Adults with obesity
(n = 160)

KD vs. Mediterranean,
ADF and TRE diets

KD produced greatest
weight loss and improved
glucose, HOMA-IR and
triglycerides, but increased
LDL.

Hall et al.,
USA [56], RCrT Overweight adults (n = 20) Low-carbohydrate vs.

low-fat diet

Low-carbohydrate diet
lowered triglycerides and
C-peptide but worsened
OGTT glucose.

Saslow et al.,
USA [57], RCT

Adults with obesity and
prediabetes/T2D (n = 94) VLCD vs. DASH diet

VLCD achieved greater
weight loss and HbA1c
reduction; DASH
improved systolic BP more.
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Table 1. Cont.

Study and Type Population Interventions Major Outcomes

Guevara-Cruz et al.,
Mexico [58], RCT

Adults with obesity
(n = 44)

Calorie restriction, IF, KD
or ad libitum diet

KD reduced weight and fat
mass and improved
monocyte metabolic
function and gut
microbiota diversity.

Tay et al., Singapore [59],
RCT

Adults with obesity
(n = 50)

KD vs. KD with
ready-to-eat meals

KD-ready-to-eat improved
HbA1c cholesterol and BP
more than standard KD.

Kackley et al., USA [60],
RCT

Females with obesity
(n = 19)

KD +/− ketone
supplementation vs.
low-fat diet

KD improved weight loss,
body composition, and
surrogate cardiometabolic
parameters, including
fasting insulin, HOMA-IR,
and lipid profile.

Wachsmuth et al.,
Germany [61], RCrT Healthy adults (n = 24) Low-carb diet progressing

to KD

KD reduced weight and fat
mass and increased βHB
without affecting
cholesterol or triglycerides.

Tzenios et al., Canada [62],
single-arm interventional
study

Overweight adults (n = 14) VLCKD cohort study

VLCKD reduced weight,
BMI, body fat and HbA1c,
but increased cholesterol
and LDL.

Zhang et al., China [63],
single-arm interventional
study

Adults with obesity
(n = 30) Modified Chinese KD KD improved weight, BMI

and adiposity markers.

Gao et al.,
China [64], RCT Adults with T2D (n = 104) Dulaglutide +/− KD

Combination therapy
improved glycaemic
control, insulin sensitivity
and lipid profiles.

Lim et al., Singapore [49],
RCT

Adults with obesity
(n = 80)

KD vs. energy-restricted
diet

KD improved weight, BMI,
BP and HbA1c over 12
months.

Li et al., China [65], RCT
Adults with overweight
and newly diagnosed T2D
(n = 60)

Control vs. KD
KD improved BMI, glucose
control, insulin and lipid
profile.

Kikuchi et al., Japan [66],
RCT

Adults with
overweight/obesity
(n = 42)

Low-carb vs. very low-carb
diet

Both diets reduced weight
and improved lipids and
liver function.

Luong et al., Denmark [28],
RCrT

Adults with obesity
(n = 11) Standard diet vs. KD

KD reduced weight, TG
and glucose and improved
insulin sensitivity.

Mela et al., Spain [67], RCT Adults with obesity
(n = 96)

KD vs. Mediterranean vs.
alternate-day fasting

KD reduced weight and
BMI without affecting
cognition or gut
microbiota.

https://doi.org/10.3390/nu18122004

https://doi.org/10.3390/nu18122004


Nutrients 2026, 18, 2004 9 of 23

Table 1. Cont.

Study and Type Population Interventions Major Outcomes

Du et al., USA [68], RCT Adults with obesity
(n = 60) KD vs. low-fat diet

KD improved weight, BMI,
HbA1c and BP, particularly
at 3 months.

Where reported, nutritional ketosis was assessed by blood β-hydroxybutyrate concentrations and/or urinary
ketone measurements. Not all studies included in this table objectively verified ketosis. Abbreviations: ADF,
alternate-day fasting; BGL, blood glucose level; βHB, beta-hydroxybutyrate; BMI, body mass index; BP, blood
pressure; DASH, dietary approaches to stop hypertension; FU, follow up; HbA1c, glycosylated haemoglobin;
HOMA-IR, homeostatic model assessment of insulin resistance; IF, intermittent fasting; KD, ketogenic diet; LDL,
low-density lipoprotein; OGTT, oral glucose tolerance test; RCT, Randomised Controlled Trial; RCrT, Randomised
Cross-over Trial; TG, triglycerides; T2D, type 2 diabetes; TRE, time-restricted eating; VLCD, very low-carbohydrate
diet; VLCKD, very low-carbohydrate ketogenic diet.

A KD is a double-edged intervention, conferring both metabolic benefits and harms
that depend on its duration, metabolic context, and the host context targeted. For example,
short-term KD interventions appear to elicit rapid, largely adaptive responses. In a clinical
study, healthy individuals on a KD for 3 days showed improved insulin sensitivity, along with
increased nutritional ketosis, circulating βHB, and fibroblast growth factor 21 (FGF21) [69].
Since increased FGF21 acts as a negative regulator of the NLRP3 inflammasome [70], it
reduced the inflammatory response by inhibiting NLRP3 inflammasome activation and
suppressing the release of pro-inflammatory cytokines [69,70]. Notably, a recent study in
obese diabetic mouse models and patients with alcoholic fatty liver disease has shown that
hepatic FGF21 responsiveness may contribute to some of the metabolic adaptations observed
during KD intervention [71]. In particular, the circadian rhythm gene BMAL1 is identified as a
key regulator, along with FGF21, within the BMAL1–FGF21 axis, which leads to metabolic
adaptation [71]. In both diabetic mice and these patients, even after KD treatment, impaired
BMAL1 function, reduced FGF21 responsiveness, and lipid dysregulation were observed,
indicating that FGF21 signalling is associated with several metabolic adaptations induced by
KD [71]. These findings emphasise that the positive effects of a KD on obesity and diabetes
may be associated with FGF21-linked pathways, including immune regulation and lipid
metabolism. They also underscore the importance of considering the metabolic context and
suggest that strategies targeting FGF21 may help optimise a KD’s therapeutic outcomes.

Consistent with this, an 8-day KD intervention reduced body weight, fat mass, liver
weight, fasting glucose, and insulin levels, largely mimicking the effects of protein restric-
tion in a mouse model [72]. These changes were also accompanied by distinct alterations in
hepatic gene expression [72]. However, an extended KD appears to be associated with a pro-
gressive divergence between glycaemic control and lipid homeostasis. Indeed, in the T2D
mouse model, 8 weeks of KD improved glucose and insulin tolerance, but promoted dys-
lipidaemia, increased adipose tissue mass, and significant hepatic lipid accumulation [73].
This raises concerns about long-term hepatic safety despite improved glycaemic control.
A study by Gallop et al. [74] found that mice fed a KD for nearly 1 year developed severe
hyperlipidaemia, hepatic dysfunction, marked glucose intolerance, insulin resistance and
impaired insulin secretion. Notably, the extended KD induced ER and Golgi stress in
pancreatic β-cells, disrupting insulin granule trafficking and secretory capacity.

However, the glycaemic reduction induced by a KD may directly reduce the workload
on pancreatic β-cells, thereby improving their functionality. For instance, a clinical study in
overweight or obese patients with metabolic hypogonadism demonstrated improved β-cell
function following a KD [75]. After 12 weeks of intervention, proinsulin levels returned to
the normal range, with no change in the proinsulin-to-insulin ratio. Indeed, proinsulin levels
increase when β-cells are under stress or when secretory pressure is excessive [75]. These
clinical outcomes indicate that the KD intervention primarily reduces the β-cell secretory load
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rather than correcting intrinsic proinsulin-processing defects. Additionally, a study by Furth-
Lavi et al. [76] involving doxycycline-inducible β-cell-damaged mice shows that a 4-week KD
intervention helps regenerate existing β-cells, thereby increasing β-cell mass and improving
glucose regulation. The regeneration of existing β-cells is crucial for people with diabetes, and a
KD may support this process. Overall, while a short-term KD promotes metabolic flexibility
and anti-inflammatory signals, a prolonged KD induces cumulative lipid and secretory stress
that may ultimately impair β-cell function and compromise glucose regulation, highlighting the
importance of carefully considering dietary duration and composition in therapeutic settings.

Clinical Case Reports and Preclinical Studies on KD Using Antidiabetic Medications

GLP-1 receptor agonists (GLP-1RAs) are approved medications for the treatment
of obesity and T2D, with benefits in weight loss and improved glycaemic control [77].
Although current guidelines for combining GLP-1 RAs with a KD lack robust clinical
evidence, some reports suggest synergistic effects [64,78]. For example, combining a KD
with dulaglutide significantly improved glucose and lipid metabolism and enhances insulin
sensitivity in 104 patients with T2D, as shown by lower blood glucose and lipid levels after
six months of treatment [64].

SGLT-2 inhibitors, including canagliflozin, dapagliflozin, and empagliflozin, lower
blood glucose by increasing urinary glucose excretion and reducing insulin demand,
thereby alleviating metabolic stress on pancreatic β-cells [79–81]. Similarly to KD, these
agents improve metabolic health through distinct mechanisms. KD enhances fatty acid
oxidation and ketone-based energy metabolism, whereas SGLT-2 inhibitors reduce hyper-
glycaemia through renal glucose disposal. Dapagliflozin promotes WAT browning via the
FGFR1–LKB1–AMPK pathway and modulates glucagon secretion by α-cells under high-
glucose conditions, thereby improving energy metabolism and hormonal regulation [82,83].
Therefore, both KD and SGLT-2 inhibitors may offer a multifaceted approach to managing
obesity and diabetes by supporting metabolic and hormonal balance through various path-
ways. Combining these applications can thus help maintain normal blood glucose levels
by promoting renal glucose excretion and regulating endogenous glucose production.

Nevertheless, interactions between these pharmacological therapies and dietary interven-
tions may lead to unexpected metabolic risks that vary among individuals. Severe diabetic
ketoacidosis (DKA) has been reported in patients with T2D following initiation of a KD while
concurrently being treated with SGLT-2 inhibitors [84,85]. Importantly, euglycaemic diabetic
ketoacidosis (euDKA), characterised by severe acidosis with normal or mildly elevated blood
glucose (typically less than 250 mg/dL), poses a significant risk of missed or delayed diagnosis
of severe DKA in patients with T2D [84,86]. When combined with SGLT-2 inhibitors and a KD,
this combination can precipitate ketogenesis beyond physiological adaptation, causing adverse
effects, as reported in a recent case study of a patient with T2D [85]. In contrast, another case
study of a woman with T2D reported that adverse outcomes are not necessarily intrinsic to
ketogenic interventions [87]. In this case, a KD was successfully reintroduced after euDKA by
discontinuing the SGLT-2 inhibitor, maintaining continuous metabolic monitoring, gradually
reducing carbohydrate intake, and individualising insulin titration [87]. Nevertheless, caution is
warranted when combining a KD with SGLT-2 inhibitors, as this combination has been linked to
an increased risk of euDKA. Such interventions should be undertaken only under strict medical
supervision with careful metabolic monitoring. Although the American Diabetes Association and
the European Association for the Study of Diabetes guidelines do not provide explicit recommen-
dations on intentionally combining a KD with SGLT-2 inhibitors [88,89], several expert consensus
statements caution against this approach because of the increased risk of euDKA [90,91].

Although a gap remains between animal models and the clinical application of dietary
interventions, preclinical findings could provide a mechanistic rationale for considering
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KD in combination with antidiabetic medications. Fujita Y. et al. [92] observed that Akita
mice fed a KD in combination with the SGLT-2 inhibitor ipragliflozin for 8 weeks showed
improved glycaemic control and partially preserved islet morphology, with an increased
β-/α-cell area ratio, indicating synergistic benefits compared with untreated mice. This
suggests interactions between antidiabetic drugs and diet may converge on islet architec-
ture, beyond improved glucose regulation. Preclinical studies and large-scale clinical trials
are required, however, to better understand the therapeutic potential of combining KDs
with SGLT-2 inhibitors.

Given that chronic inflammation and cellular stress contribute to the progression of
obesity and diabetes, emerging studies have begun to examine whether KDs influence
cellular senescence pathways. In mice, KD-related senescence and circulating senescence-
associated secretory phenotype (SASP) markers were reduced by senolytic drugs and
altered by an intermittent KD [93]. Additionally, a study by M. Wakita et al. [94] found
that KD-induced metabolic stress increased the vulnerability of senescent cells to senolytic
therapies, likely by increasing mitochondrial workload and lowering resistance [94]. These
observations are currently limited to preclinical mouse studies, so the human translational
relevance remains uncertain.

Overall, these findings highlight that the risks and benefits of KD as a therapeutic
strategy depend heavily on individual metabolic status, medication use, and medication
interactions (Figure 3). These observations further support the emerging concept of preci-
sion nutrition in the management of obesity and T2D, in which dietary interventions are
tailored to the metabolic context, pharmacological treatment, and ongoing clinical monitor-
ing. However, despite the mechanistic promise of these integrated therapeutic approaches,
current evidence remains limited and is derived predominantly from preclinical studies,
small clinical cohorts, or case reports. Therefore, larger, well-controlled clinical trials are
required before such strategies can be broadly implemented in routine clinical practice.

Figure 3. Potential benefits and risks of combining KD with antidiabetic medications. Schematic
illustration of how KD affects health outcomes with different antidiabetic drugs. The effects of GLP-
1RAs, metformin, and SGLT-2 inhibitors were assessed in both preclinical and clinical studies, whereas
senolytic drugs were examined only in preclinical mouse models. Abbreviations: GI, gastrointestinal;
euDKA, euglycaemic diabetic ketoacidosis.
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4. KD and Gut Health in Obesity and Diabetes
Gut health, as reflected in the gut microbiota, plays a vital role in linking host health

outcomes directly to diet through nutrient sources, compositions, and proportions [95,96].
A comprehensive metabolomic study of obese individuals examined how a KD alters
intestinal permeability [97]. Using urinary and faecal samples, the study linked changes
in permeability to circulating interleukins and lipopolysaccharides, highlighting the role
of low-grade inflammation in obesity-related conditions. In healthy adults, a 12-week KD
impacted gut microbial diversity and skeletal muscle phenotype. While alpha diversity
remained stable, the KD induced a significant shift in beta diversity, marked by a substantial
and sustained decrease in Bifidobacterium and Planococcus. Simultaneously, skeletal muscle
underwent metabolic reprogramming towards fat oxidation, as indicated by the induction
of PDK4 and the suppression of INSR, AMPK, GLUT4, and PLIN [98]. However, despite
improvements at 4 weeks, fasting glucose was not improved at 12 weeks [98].

Ang et al. [99] observed significant changes in the gut microbiota and increased
circulating ketone bodies in 17 overweight or obese, non-diabetic participants during
a 4-week KD. Among the microbial changes, Bifidobacterium, particularly B. adolescentis,
showed a marked reduction. Although Bifidobacterium is generally considered beneficial
for human health, its decreased abundance during a KD may reflect altered substrate
availability and ketone-driven microbial selection rather than unequivocally adverse dys-
biosis. Mechanistically, the ketone body βHB appears to suppress the growth of specific
bifidobacterial species through a dose-dependent, pH-mediated mechanism. Consistent
with this, ketone ester supplementation under carbohydrate restriction also suppressed
bifidobacterial growth in HFD-fed mice [99]. Notably, transplantation of the KD human
microbiota into germ-free mice further reduced levels of pro-inflammatory Th17 cells in
the gut [99]. In a mouse study by S. Zhai et al. [100], butyrate, a ketogenic metabolite
produced through gut microbial fermentation, supported gut health by modulating the gut
microbiota rather than through direct KD intervention. Butyrate treatment in mice eating an
HFD increased the number of short-chain fatty acid-producing bacteria while lowering po-
tentially pathogenic bacterial populations, with reduced IL-1β, IL-6, and MCP-1 (monocyte
chemotactic protein-1)/CCL2 [100]. In contrast, Daïen and colleagues suggested that a diet
low in microbiota-accessible carbohydrates may disrupt the gut microbiota, weaken the gut
barrier, and impair immune regulation [101]. In particular, when dietary fibre availability
is low, gut bacteria may shift toward degrading the intestinal mucus layer, promoting
mucus-degrading bacteria, increasing gut permeability, and contributing to altered T cell
responses, reduced IgA/IgG production, and impaired resolution of inflammation [101].
These findings suggest that a KD and its metabolites might influence immune regulation
through microbiome-dependent mechanisms. The proposed interactions among KD, the
gut microbiota, bile acid metabolism, and metabolic health are summarised in Figure 4.

In addition to the ketone body-driven KD, a recent study highlighted the role of bile
acid metabolism in the gut microbiota. X. Li et al. [102] identified a new gut microbiota-
dependent mechanism that links KD consumption to metabolic benefits via changes in
bile acid metabolism. In their mouse model, KD feeding increased circulating levels of
taurine-conjugated bile acids, taurodeoxycholic acid (TDCA) and tauroursodeoxycholic
acid (TUDCA). Mechanistically, KD induced remodelling of the gut microbiota, including a
decrease in Lactobacillus murinus ASF361 [102]. Under normal conditions, this bacterium
helps deconjugate taurine-conjugated bile acids (TDCA and TUDCA) [103,104]. However,
KD-induced reduction in this bacterium leads to a decline in intestinal bile salt hydrolase
activity, thereby permitting greater resorption of TDCA/TUDCA, higher circulating bile
acids and improved metabolism [102]. These associations were also observed in people
with overweight or obesity, in which increases in TDCA and TUDCA were associated
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with lower body weight and fasting glucose [102]. Overall, these findings support a
potential interaction among KDs, the gut microbiota, and bile acid metabolism, although
the metabolic consequences may vary depending on host and dietary context.

Figure 4. The mechanistic link between a KD, the gut microbiota, and metabolic health. A KD induces
a significant shift in beta diversity within the gut microbiota, characterised by a substantial and
sustained depletion of Bifidobacterium and Planococcus. Simultaneously, skeletal muscle undergoes
metabolic reprogramming toward enhanced fat oxidation, as evidenced by the induction of PDK4
and the suppression of INSR, AMPK, GLUT4, and PLIN. Within the intestinal environment, the
KD-associated microbiota reduces the prevalence of pro-inflammatory Th17 cells. The KD metabolite
butyrate increases the abundance of SCFA-producing bacteria while suppressing pathogenic popula-
tions, thereby reducing hepatic levels of IL-1β, IL-6, and MCP-1/CCL2. Furthermore, a KD elevates
circulating levels of TDCA and TUDCA, both of which are correlated with reduced body weight and
improved fasting glucose. Additionally, a KD modulates serum valine levels via microbial activity,
thereby modulating hepatic Fgf21 expression and circulating FGF21 levels. Abbreviations: INSR,
insulin receptor; PDK4, pyruvate dehydrogenase kinase 4; PLIN, perilipin family protein; SCFA,
short-chain fatty acid; TDCA, taurodeoxycholic acid; TUDCA, tauroursodeoxycholic acid.

Given that the effects of a KD on the gut microbiota appear important for weight loss
and glucose metabolism, a mouse model study aimed at uncovering these mechanisms
confirmed that a KD interacts with the gut microbiota to alter serum valine levels [105].
This alteration was associated with changes in hepatic FGF21 expression, which may
contribute to the regulation of body weight and glucose metabolism [105]. As described
earlier, FGF21 is implicated in pathways regulating insulin sensitivity, energy expenditure,
lipid metabolism, and inflammatory responses [106]. Another mouse study suggested
that gut microbiota-associated activation of FGF21-related pathways may represent an
adaptive stress response during dietary restriction, particularly under conditions of limited
protein intake [107]. Altogether, these findings suggest a potential interaction between
KDs, the gut microbiota, and FGF21 signalling in metabolic regulation. However, the
long-term consequences of KD-induced microbial alterations, as inferred from preclinical
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studies, remain uncertain in clinical practice, as these changes may confer both adaptive
and maladaptive metabolic adaptations in a host-dependent manner. Collectively, these
studies suggest that FGF21 acts as a central node integrating a KD, the microbiota, and
metabolic adaptation, but human data are limited. Moreover, human data on long-term
KD-induced changes in the gut microbiota remain sparse and heterogeneous, limiting
conclusions about their long-term metabolic and clinical significance.

Metformin is the usual first-line agent for treating T2D [108]. Interestingly, metformin
increases circulating ketone levels, albeit only slightly, in healthy individuals [109]. Met-
formin impacts the gut microbiota [110]. For example, metagenomic analysis in T2D
patients shows increased abundance of certain bacterial species with higher growth rates
following metformin treatment [111]. This suggests that metformin promotes the growth
of specific gut bacteria. Particularly, changes in the gut microbiota vary across dietary
interventions, including KDs, indicating that diet influences bacterial composition and
cellular metabolism [111]. Notably, bacterial species that increase after a KD produce
proline, valine, and carnosine, amino acid metabolites potentially linked to obesity or
depression-like states [96,112].

SGLT-2 inhibitors and KDs both increase endogenous ketone body production, raising
the risk of euDKA, as described in the clinical case reports and preclinical studies section.
Due to this increased risk, the adverse effects of ketoacidosis outweigh the potential bene-
fits of combining SGLT-2 inhibitors with KD, although each approach separately lowers
blood glucose levels. Nonetheless, studies on SGLT-2 inhibitors report that they alter the
host microbiome, particularly reducing harmful bacteria [113]. These effects also help de-
crease diabetes complications, organ damage, and inflammatory responses [113]. However,
the long-term safety and efficacy of this therapeutic approach remain to be fully estab-
lished, and several expert consensus statements caution against intentionally combining
KD with SGLT-2 inhibitors due to the increased risk of euDKA [90,91]. Therefore, caution
may be warranted when considering concurrent use of a KD and SGLT-2 inhibitors. In
some contexts, pharmacological treatment with SGLT-2 inhibitors combined with alter-
native metabolic strategies, such as short-chain fatty acid supplementation, may provide
metabolic and gut-related benefits while potentially reducing the risk of excessive ketone
accumulation and ketoacidosis.

5. Disadvantages and Limitations of KDs
Despite the potential metabolic benefits of a KD, several limitations and safety con-

cerns should be considered. Due to the restrictive nature of KDs, long-term adherence
remains a major challenge across multiple clinical settings. Studies in obesity and T2D
populations have reported difficulties sustaining strict carbohydrate restriction over time,
particularly because of dietary monotony, psychosocial burden, and meal preparation
demands. In addition, carbohydrate restriction may compromise the intake of several
essential micronutrients, including thiamine, folate, vitamin A, magnesium, iron, and
iodine [114].

A KD adversely affects lipid profiles in many individuals; increasing total and LDL
cholesterol [115]. While KD interventions often improve triglyceride levels and increase
HDL cholesterol, some individuals show marked increases in LDL cholesterol and ApoB-
containing lipoproteins. For example, a meta-analysis reported that a KD significantly
increased total and LDL-cholesterol concentrations in normal-weight individuals compared
with control diets [116]. Likewise, an umbrella review by Chen et al. [117] demonstrated
that a KD may increase LDL-cholesterol, total cholesterol, and HDL-cholesterol. Although
increases in HDL cholesterol may be metabolically favourable, elevated LDL and total
cholesterol levels could potentially increase atherosclerotic and cardiovascular risks, par-

https://doi.org/10.3390/nu18122004

https://doi.org/10.3390/nu18122004


Nutrients 2026, 18, 2004 15 of 23

ticularly in individuals with pre-existing cardiovascular risk factors. In addition, KDs are
associated with an increased risk of kidney stones, with an estimated incidence of approxi-
mately 6% [118]. Proposed mechanisms include mild metabolic acidosis, hypocitraturia,
urine pH imbalance, and hypercalciuria.

Several limitations should also be considered when interpreting the current evidence
surrounding KD interventions. Most clinical studies investigating KDs have been rela-
tively short-term, leaving the long-term safety, sustainability, and clinical effectiveness of
these dietary strategies uncertain. Furthermore, many mechanistic insights derive from
animal models or highly controlled experimental conditions that may not fully reflect the
heterogeneity of human dietary adherence, genetics, medication use, and lifestyle factors.
Consequently, direct translation of preclinical findings into long-term human metabolic out-
comes remains challenging. In addition, substantial heterogeneity exists among ketogenic
dietary interventions in macronutrient composition, caloric restriction, achievement of
ketosis, participant characteristics, and intervention duration, complicating direct compar-
isons across studies. Long-term randomised controlled trials in diverse human populations
remain limited, and many exploratory or preclinical findings require further validation in
larger and longer-term clinical studies. Future research is therefore essential to clarify the
long-term safety, practicality, and therapeutic efficacy of ketogenic interventions in obesity
and diabetes management.

6. Summary and Future Directions
KDs have gained significant attention as a dietary approach to improve metabolic

health in individuals with obesity and diabetes. Clinical studies report that a KD typ-
ically results in 1–2 kg weight loss per month early on. Recent umbrella reviews and
meta-analyses suggest that a KD typically produces approximately 5–10% weight loss
within 3–6 months, with partial maintenance of approximately 7–12% at 12 months in some
individuals [119,120]. However, the reduction usually plateaus over time. Furthermore,
individual metabolic adaptations—such as β-cell function, medication use, and diabetes
progression—as well as insulin resistance in responsive tissues are critical determinants of
weight loss. In particular, individuals with T2D, especially those with aggressive disease,
may show only modest weight loss. By promoting ketogenesis and elevating circulating
ketone bodies, a KD induces profound metabolic adaptations that affect glucose regulation,
lipid metabolism, and inflammatory signalling pathways. Emerging evidence also indi-
cates that a KD can alter the composition of the gut microbiota and microbial metabolite
production, thereby supporting metabolic regulation via the gut–metabolism axis. Overall,
these findings highlight the complex and heterogeneous metabolic effects of KDs, although
the long-term clinical implications remain incompletely understood.

Most clinical studies on KDs have been relatively or very short-term, leaving the long-
term safety and viability of such dietary strategies uncertain. Similarly, many mechanistic
insights discussed in this review derive from short-term interventions or preclinical studies
based on rodent models, and their direct translatability to long-term human metabolic
outcomes remains uncertain. Rodent studies often employ highly controlled dietary com-
positions and metabolic conditions that may not fully reflect the heterogeneity of human
dietary adherence, genetics, medication use, and lifestyle factors.

When treating overweight, obesity, and diabetes caused by β-cell dysfunction, it is
crucial to consider the effects on pancreatic islet function and neighbouring tissues when
aiming for a synergistic effect with a KD, especially during ongoing medication. A deep
understanding of how different pancreatic endocrine cells, including β-cells, respond to
nutrient imbalances and stress under the low-carbohydrate, high-fat dietary conditions of
KD, and how they interact with each other, is essential. Additionally, advances in continu-
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ous metabolic monitoring technologies, including systems capable of tracking both glucose
and ketone dynamics, may further support safer and more individualised implementation
of ketogenic interventions. Several scientific and clinical associations have recognised low-
carbohydrate and ketogenic diets as potential nutritional strategies for managing obesity
and diabetes. The American Diabetes Association recognises low-carbohydrate eating as
a possible way to improve glycaemic control and reduce the need for glucose-lowering
medication in selected individuals with diabetes, highlighting its potential benefits [88].
While not a classic ketogenic diet, Diabetes UK recommend a lower-carbohydrate diet
with 50–130 g/day as a short-term option for adults with T2D, but not for those with T1D.
In contrast, the European Association for the Study of Diabetes considers carbohydrate
restriction a strategy for weight loss and glycaemic management, but emphasises the
importance of individualised therapy, overall dietary quality, nutritional adequacy, and
long-term sustainability, rather than endorsing specific macronutrient ratios [89]. Both
current guidelines consider low-carbohydrate diets a potential option for some people with
obesity and diabetes. Importantly, KD is not synonymous with all low-carbohydrate diets.
Many low-carbohydrate dietary interventions, particularly those that are less restrictive or
implemented intermittently, may not achieve sustained nutritional ketosis and therefore
may produce different metabolic effects. To better inform clinical practice and policy, robust,
long-term research is essential.

This review has several limitations. First, as a narrative review, it may not have
captured all relevant publications, and formal systematic review methodologies were not
applied. Second, substantial heterogeneity exists among ketogenic dietary interventions
in macronutrient composition, caloric restriction, achievement of ketosis, participant char-
acteristics, and intervention duration, complicating direct comparisons between studies.
Third, many mechanistic findings are derived from animal models or short-term human
interventions, while long-term randomised controlled trial data in humans remain limited.
Consequently, interpretation of long-term clinical outcomes is constrained by species-
specific metabolic differences and heterogeneous clinical conditions among individuals.
Finally, the strength of evidence varies considerably across the literature, with many ex-
ploratory or preclinical findings requiring further validation in larger, longer-term human
studies. Long-term implementation of KD may also require individualised dietary supervi-
sion to ensure appropriate dietary composition and micronutrient intake. Future studies
examining ketone supplementation, rather than sustained carbohydrate restriction alone,
may provide additional therapeutic insight.
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Abbreviations
The following abbreviations are used in this manuscript:

AcAc Acetoacetate
AMPK AMP-activated protein kinase
ATP Adenosine triphosphate
BGL Blood glucose level
βHB β-hydroxybutyrate
CNDP2 Carnosine dipeptidase 2
DKA Diabetic ketoacidosis
euDKA Euglycaemic diabetic ketoacidosis
FADH2 Flavin Adenine Dinucleotide
FAs Fatty acids
FGF21 Fibroblast growth factor 21
FGFR1 Fibroblast growth factor receptor 1
FU Follow up
GLP-1 Glucagon-like peptide-1
GLP-1RAs GLP-1 receptor agonists
HDACs Histone deacetylases
INSR Insulin receptor
KD Ketogenic diet
LCD Long-chain triglyceride
MCT Medium-chain triglyceride
MnSOD Manganese superoxide dismutase
mTOR Mechanistic target of rapamycin
NADH Nicotinamide Adenine Dinucleotide
OXPHOS Oxidative phosphorylation
PDK4 Pyruvate dehydrogenase kinase 4
PLIN Perilipin family protein
PPAR Peroxisome proliferator-activated receptor
PYY Peptide YY
ROS Reactive oxygen species
SASP Senescence-associated secretory phenotype
SCOT Succinyl-CoA:3-ketoacid CoA transferase
SGLT-2 inhibitors Sodium–Glucose Transport 2 inhibitors
SKD Standard ketogenic diet
T1D Type 1 diabetes
T2D Type 2 diabetes
TCA Tricarboxylic acid
TDCA Taurodeoxycholic acid
TUDCA Tauroursodeoxycholic acid
VLCKD Very low-calorie ketogenic diet
WAT White adipose tissue
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