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Cardiometabolic diseases—including Type 2 dia-
betes and obesity—remain leading causes of global
mortality. Recent advancements in metabolomics
have facilitated the identification of metabo-
lites that are integral to the development of
insulin resistance, a characteristic feature of car-
diometabolic disease. Key metabolites, such as
branched-chain amino acids (BCAAs), ceramides,
glycine, and glutamine, have emerged as valu-
able biomarkers for early diagnosis, risk strat-
ification, and potential therapeutic targets. Ele-
vated BCAAs and ceramides are strongly asso-
ciated with insulin resistance and Type 2 dia-
betes, whereas glycine exhibits an inverse relation-

ship with insulin resistance, making it a promis-
ing therapeutic target. Metabolites involved in
energy stress, including ketone bodies, lactate,
and nicotinamide adenine dinucleotide (NAD),
regulate insulin sensitivity and metabolic health,
with ketogenic diets and NAD" precursor supple-
mentation showing potential benefits. Addition-
ally, the novel biomarker N-lactoyl-phenylalanine
further underscores the complexity of metabolic
regulation and its therapeutic potential. This
review underscores the potential of metabolite-
based diagnostics and precision medicine, which
could enhance efforts in the prevention, diagnosis,
and treatment of cardiometabolic diseases, ulti-
mately improving patient outcomes and quality
of life.
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Impact of cardiometabolic diseases and metabolite
disruptions

Cardiometabolic diseases represent the leading
cause of death worldwide, with ischemic heart
disease alone representing 16% of global mortality
[1]. Diabetes is the sixth cause of death from
noncommunicable diseases [1] and is a prominent
cardiovascular disease risk factor [2]. Although
hyperglycemia remains the hallmark of diabetes
and insulin resistance, the number of metabolites
associated with Type 2 diabetes has increased over
the past decade. Advances in metabolomics tech-
nologies have enabled the detection of increasingly
lower concentrations of metabolites in progres-

sively smaller biological samples. This has facil-
itated the identification of numerous metabolites
and pathways disrupted in the context of insulin
resistance, many of which serve as biomarkers and
predictors of disease. By profiling the metabolic
fingerprint of individuals, metabolomics allows for
the detection of alterations that may precede the
onset of clinical symptoms, rendering metabolites
valuable tools for early diagnosis and risk strat-
ification. Recent advances in metabolomics—a
powerful tool for profiling metabolites in biolog-
ical systems—have revolutionized our ability to
detect early biomarkers and predict the onset of
disease.
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Metabolites in insulin resistance: mechanisms and
therapeutic implications

Historically, metabolites have been regarded as
passive intermediates in metabolic pathways. How-
ever, these small molecules play a pleiotropic role
in cell and systemic homeostasis. Metabolites act
not only as substrates for metabolic pathways and
protein post-translational modifications but also
as allosteric regulators of key enzymes involved in
metabolic flux and as signaling molecules (Fig. 1).
For example, alterations in lipid metabolites—such
as ceramides and diacylglycerols—have been impli-
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Fig. 1 Metabolite-mediated regulation of cellular func-
tion. Metabolites regulate cellular processes through four
main mechanisms: (1) Substrate availability—metabolites
act as precursors or intermediates in enzymatic reactions,
thereby controlling the production of downstream products
and influencing metabolic flux. (2) Allosteric regulation—
metabolites bind to enzymes at non-active sites, alter-
ing the conformation and activity of proteins to fine-tune
metabolic flux based on cellular demands. (3) Signal-
ing molecules—metabolites act as signaling molecules by
interacting with receptors or proteins to activate path-
ways that regulate cellular processes, such as energy bal-
ance, growth, and stress responses. (4) Post-translational
modifications—metabolites such as glucose (Glu), acetate
(Ac), lipids (Lip), glucose derivatives (Glc), lactate (Lac),
and methyl groups (Me) directly modify proteins, thereby
altering function, stability, or localization, to regulate cel-
lular activities. Additionally, the metabolic flux between
anaplerosis (replenishment of intermediates) and cata-
plerosis (removal of intermediates) ensures mitochondrial
metabolic balance. Therefore, alterations in metabolite lev-
els can trigger widespread disruptions in cellular pro-
cesses, amplifying effects through changes in enzyme
activity, signaling pathways, and protein function. Source:
Created in BioRender. Rizo Roca, D. (2025) https://
BioRender.com/v67h675.

cated in insulin resistance and the progression to
Type 2 diabetes. These lipids disrupt insulin sig-
naling pathways, impairing glucose uptake and
utilization in skeletal muscle and adipose tissue.
Similarly, disruptions in branched-chain amino
acid (BCAA) metabolism have been linked to
insulin resistance through their effect on vascu-
lar fatty acid transport [3]. BCAAs have emerged
as some of the most robust biomarkers for car-
diometabolic diseases, including obesity and Type
2 diabetes [4]. Thus, in addition to their roles
as biomarkers and disease predictors, metabolites
contribute to the development or exacerbation of
insulin resistance and other cardiometabolic dis-
eases. Consequently, they represent therapeutic
targets for the treatment or prevention of insulin
resistance.

This review aims to examine the primary metabolite
families associated with the development of Type
2 diabetes, current insights into the roles these
metabolites play in molecular pathophysiology,
and potential therapeutic interventions designed
to modulate their activity (Table 1). The focus
is on prospective studies that assess metabo-
lite levels prior to the onset of disease. Altered
metabolites detected before diabetes develops are
more likely to be involved in disease pathophysiol-
ogy, making these metabolites relevant for further
investigation.

Metabolite families implicated in Type 2 diabetes and
insulin resistance

Amino acids in insulin resistance: disruptions in
metabolism and disease progression

Amino acids are increasingly recognized as
key contributors to the development of insulin
resistance and Type 2 diabetes. Disruptions
in metabolic processes involving amino acid
metabolism and protein turnover are evident in
conditions such as insulin resistance, diabetes,
and obesity, underscoring the role of metabo-
lites in the pathophysiology of these disorders
(Fig. 2a). Specifically, alterations in circulating
BCAAs, aromatic amino acids, and glycine have
been observed for more than five decades [5, 6].
Although amino acids in general play critical roles
in insulin resistance, BCAAs stand out as key
players, both as biomarkers and as contributors
to metabolic dysfunction
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Fig. 2 Metabolites associated with insulin resistance. (a) Amino acids—role of amino acids, particularly branched-chain
amino acids (BCAAs), glutamine (Gln), glycine (Gly), and phenylalanine (Phe), in insulin resistance. Impaired BCAA
catabolism leads to the accumulation of intermediates such as 3-hydroxyisobutyrate (3-HIB), which facilitates fatty acid
(FA) uptake and contributes to lipotoxicity in skeletal muscle. Low levels of glutamine are associated with inflammation
and decreased production of glucagon-like peptide-1 (GLP-1). Changes in gut microbiota and increased degradation lead
to lower levels of glycine in individuals with insulin resistance. These changes are potentially associated with increased
food intake and hepatic glucose production. Lysine phenylalanylation of the B-subunit of the insulin receptor increases in
a dose-dependent manner and inhibits insulin signaling. (b) Lipids—Lipid metabolism and its impact on insulin resistance.
Increased ceramide (Cer) synthesis contributes to insulin resistance through protein kinase C zeta (PKC¢)-mediated inhibi-
tion of protein kinase B (Akt). Insulin resistance is further exacerbated by endoplasmic reticulum (ER) stress associated with
lipid overload. Impaired BCAA catabolism and incomplete FA oxidation (FAO) enhance the production of acylcarnitines, lead-
ing to the concomitant exacerbation of Cer synthesis. Lysophosphatidylcholine (LPC) can activate G-protein-coupled recep-
tor 119 (GPR119) and stimulate insulin secretion from pancreatic p-cells. Therefore, lower circulating LPC levels observed
in Type 2 diabetes may contribute to impaired insulin release and B-cell dysfunction. (c) Energy stress—Perturbations in
cellular energy homeostasis, including alterations in nicotinamide adenine dinucleotide (NAD" )-dependent pathways and
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Branched-chain amino acids: mediators of insulin
resistance and therapeutic targets

Valine, leucine, and isoleucine are essential amino
acids characterized by their branched side chains.
Due to this structure, BCAAs undergo catabolism
through a distinct pathway—primarily in skeletal
muscle—in contrast to most other amino acids.
Elevated circulating levels of BCAA have been
associated with metabolic disorders, particularly
insulin resistance and obesity [7-11]. Notably,
plasma concentrations of all three BCAAs have
been identified as predictive biomarkers of Type 2
diabetes, often years before diagnosis [12].

The elevated levels of BCAAs observed in condi-
tions of glucose intolerance are likely attributable
to reduced gene expression of key genes in BCAA
catabolism in skeletal muscle [13]. A genome-
wide study has highlighted the importance of the
PPM1K gene in this process [14]. PPM1K encodes
a mitochondrial phosphatase that activates the
branched-chain alpha-keto acid dehydrogenase
complex, a rate-limiting step in BCAA catabolism.
Consequently, impaired skeletal muscle BCAA
catabolism is associated with the development of
Type 2 diabetes. Additionally, RNA sequencing of
adipose biopsies from monozygotic twin pairs—one
obese and one healthy—revealed a downregulation
of BCAA catabolic genes in the obese twins [15],
which was concomitant with higher plasma BCAA
levels [16]. Furthermore, individuals who under-
went Roux-en-Y gastric bypass surgery showed
both a reduction in circulating BCAAs and an
increase in the content of BCAA aminotransferase
and branched-chain alpha-keto acid dehydroge-
nase in adipose biopsies [17]. This finding further
suggests that adipose tissue, in conjunction with
skeletal muscle, serves as an important site for
BCAA catabolism. Beyond changes in the expres-

sion of BCAA catabolic enzymes, insulin resistance
also leads to a disrupted proteolysis/protein syn-
thesis balance that further contributes to elevated
circulating BCAA levels [18].

The breakdown  product of wvaline, 3-
hydroxyisobutyrate (3-HIB), is elevated in skeletal
muscle biopsies from patients with Type 2 diabetes
[3]. Circulating levels of 3-HIB correlate with hyper-
glycemia and insulin resistance and are reduced in
obese patients following bariatric surgery [19]. Ele-
vated 3-HIB levels promote skeletal muscle fatty
acid uptake, which subsequently increases diacyl-
glycerol content and impairs Akt-mediated insulin
signaling [3]. Similarly, 3-HIB enhances fatty acid
uptake in both hepatocytes [20] and adipocytes
[19], while impairing insulin-stimulated glucose
uptake in the adipocytes [19]. Conversely, reduc-
ing the expression of 3-hydroxyisobutyryl-CoA
hydrolase improves insulin signaling in hepato-
cytes [20]. In addition to 3-HIB, BCAA-derived
branched-chain «-keto acids also inhibit insulin-
stimulated glucose uptake in myotubes [21, 22].
Thus, elevated intracellular levels of BCAA inter-
mediates may contribute to the development of
insulin resistance.

Disentangling the precise effects of BCAAs on
human metabolism is complicated by the chal-
lenges of administering controlled diets with
varying BCAA content while maintaining both
isocaloric and isonitrogenous conditions. Conse-
quently, studies that employ such an approach are
limited. Reducing BCAA content in an isocaloric
diet lowers postprandial insulin secretion without
affecting insulin sensitivity [23], whereas BCAA
supplementation does not affect glucose uptake or
insulin secretion in overweight individuals [24, 25].
In contrast, pharmacological activation of BCAA
catabolism using sodium phenylbutyrate reduces

lactate production, may exacerbate insulin resistance. Increased reliance on glycolysis, especially under insulin-resistant
conditions, leads to enhanced lactate production, which in turn contributes to hepatic glucose production via the Cori cycle.
Reduced NAD" levels lead to decreased activity of insulin-sensitizing sirtuins (SIRTs), such as SIRT1, impairing metabolic
regulation and contributing to the development of insulin resistance. Under certain dietary conditions, such as caloric restric-
tion or ketogenic diets, ketogenesis is enhanced, leading to the production of ketone bodies like $-hydroxybutyrate (3HB),
which can modulate key metabolic regulators such as peroxisome proliferator-activated receptors (PPARs) and AMP-activated
protein kinase (AMPK), potentially improving insulin sensitivity and metabolic flexibility. (d) Metabolite network: Overview
of the interconnected metabolite network associated with insulin resistance. This network illustrates the complex interplay
between different metabolic pathways, including gluconeogenic and ketogenic amino acids, glycolysis, the tricarboxylic
acid (TCA) cycle, ketogenesis, and lipolysis. CERS6, ceramide synthase 6; CNDP2, carnosine dipeptidase; FFA, free fatty
acids; GCS, glycine cleavage system; GLS, glutaminase; Glu, glutamate; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A;
NMDA, N-methyl-d-aspartate; PKA, protein kinase A; PAH, phenylalanine hydroxylase; SMase, sphingomyelinase. Source:
Created in BioRender. Rizo Roca, D. (2025) https://BioRender.com/v15d089(?PMU ?).
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plasma BCAA and glucose levels, improves periph-
eral insulin sensitivity, and enhances muscle mito-
chondrial oxidative capacity in individuals with
Type 2 diabetes [26]. Although further clinical tri-
als are needed, these findings suggest that target-
ing BCAA metabolism may be a promising strategy
for treating insulin resistance.

Aromatic amino acids: pathophysiological roles of
phenylalanine in insulin resistance and glucose
homeostasis

In addition to BCAAs, aromatic amino acids—
particularly phenylalanine—have also been linked
to insulin resistance, with mechanisms that may
further unravel the pathophysiology of Type 2 dia-
betes. Phenylalanine is an essential amino acid
and a precursor for tyrosine, dopamine, nore-
pinephrine, and epinephrine. Along with BCAAs,
phenylalanine was among the first amino acids to
be linked with Type 2 diabetes [5]. The association
between phenylalanine and the risk of Type 2 dia-
betes has been extensively validated over the past
few decades through multiple cohorts and prospec-
tive studies [12, 27-29]. Furthermore, phenylala-
nine is not only linked to insulin resistance but also
with reduced insulin secretion [30].

As with other amino acids, elevated plasma levels
of phenylalanine may result from the dysregula-
tion of protein turnover and amino acid catabolism
in skeletal muscle and liver, conditions commonly
observed in Type 2 diabetes. Additionally, a sin-
gle nucleotide polymorphism in the phenylalanine
hydroxylase gene (rs2245360, AA genotype) has
been linked to an increased incidence of impaired
fasting glucose [31]. Phenylalanine hydroxylase
is the rate-limiting enzyme in the liver that cat-
alyzes the conversion of phenylalanine to tyro-
sine; thus, mutations in this gene may lead to
the accumulation of phenylalanine in the blood.
Conversely, increased phenylalanine hydroxylase
expression and elevated phenylalanine hydroxyla-
tion rates have been observed in liver cells from
streptozotocin-induced diabetic rats [32]. These
seemingly contradictory results may be attributed
to the specific characteristics of streptozotocin-
induced models of diabetes or the possibility that
compensatory increases in phenylalanine hydroxy-
lation are insufficient to fully metabolize the excess
phenylalanine.

Phenylalanine impairs insulin signaling and glu-
cose uptake by modifying lysine residues 1057 and

1079 on the B subunit of the insulin receptor [33].
Lysine phenylalanylation, along with the inhibi-
tion of insulin signaling, increases in a pheny-
lalanine dose-dependent manner in human white
blood cells. Consistently, elevated lysine pheny-
lalanylation has been observed in white blood cells
from individuals with Type 2 diabetes compared
to matched controls, and this modification cor-
relates with HbAlc. Furthermore, treatment of
human hepatocytes with phenylalaninol, a pheny-
lalanine analog, resulted in reduced lysine pheny-
lalanylation and enhanced glucose uptake. Simi-
larly, mice fed a phenylalaninol-supplemented diet
demonstrated improved insulin signaling, reduced
body weight, and lower blood glucose levels. How-
ever, in healthy individuals, acute administration
of phenylalanine suppresses energy intake and
reduces plasma glucose in response to a meal chal-
lenge [34]. Thus, similar to BCAAs, the effects of
amino acid supplementation can vary considerably
depending on the metabolic health of the individ-
ual, as well as the dosage and duration of supple-
mentation.

Glycine: metabolic insights and potential for therapeutic
intervention in Type 2 diabetes

Glycine is a non-essential, proteinogenic, and
glucogenic amino acid. In contrast to most
biomarkers and predictors of Type 2 diabetes—
which are typically elevated due to impairments
in key enzymes within corresponding metabolic
pathways—glycine levels exhibit an inverse asso-
ciation with insulin resistance [5]. Consequently,
reduced plasma glycine concentrations have been
consistently observed in individuals with pre-
diabetes and diabetes for decades [5, 35-37], and it
serves as a strong predictor of incident Type 2 dia-
betes [35, 36]. In contrast, plasma glycine levels
increase following exercise and bariatric surgery,
correlating with improved insulin sensitivity [38,
39]. Notably, glycine levels are positively associated
with insulin secretion in individuals with Type 2
diabetes [30], suggesting that this amino acid may
play a role in the pathogenesis of insulin resis-
tance.

Although substantial evidence indicates glycine
levels are reduced in Type 2 diabetes, the under-
lying cause of this alteration remains unclear.
Proposed mechanisms include alterations in gut
microbiota in patients with Type 2 diabetes and the
metabolism of glycine by bacteria [40], glucagon-
stimulated hepatic glycine degradation [41, 42],
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and increased urinary excretion of glycine precur-
sors such as betaine [43]. Additionally, glycine uti-
lization may be enhanced due to increased conju-
gation with fatty acids and BCAA catabolic inter-
mediates, both of which are elevated in Type 2
diabetes. As glycine serves as an acceptor of acyl
groups from these intermediates, this could con-
tribute to a reduction in plasma glycine levels [44].

In individuals with Type 2 diabetes, glutathione
synthesis and content are reduced up to 60% and
50%, respectively [45, 46]. Glutathione is the most
abundant non-enzymatic antioxidant and is syn-
thesized from glycine, cysteine, and glutamate.
Therefore, reduced glycine availability may limit
glutathione synthesis. Consistent with this, dietary
supplementation with glycine and cysteine par-
tially restores glutathione synthesis in individuals
with diabetes [45]. In animal models, glycine sup-
plementation stimulates glutathione biosynthesis
and mitigates atherosclerosis [47]. Thus, reduced
plasma glycine levels may both reflect and exac-
erbate the increased oxidative stress characteristic
of Type 2 diabetes. Furthermore, glycine enhances
the activation of N-methyl-D-aspartate receptors
in the brainstem dorsal vagal complex, inhibiting
hepatic glucose production [48] and reducing food
intake [49]. Glycine is also a substrate for glycine-
N-methyltransferase, an enzyme that regulates the
pool of S-adenosylmethionine (SAM) in the liver.
Because SAM is involved in methyl group transfer
during DNA methylation, changes in glycine lev-
els could influence genetic stability [S0]. Glycine is
also the primary amino acid of collagen, the most
abundant protein in humans and a key compo-
nent of the extracellular matrix, including in joints
and vascular walls. Consequently, reduced glycine
availability may impair collagen turnover, poten-
tially increasing the risk of vascular complications
and osteoarthritis—conditions for which individu-
als with Type 2 diabetes are at increased risk [51,
52].

Dietary glycine intake in adults is approximately
3 g/day [53]. In individuals with Type 2 diabetes,
oral supplementation with 15 g/day glycine for
3 months has been shown to reduce HbAlc lev-
els, decrease the expression of the Tumor necro-
sis factor receptor 1, and increase plasma levels
of interferon gamma [54]. Similarly, glycine sup-
plementation (15 g/day, 3 months) reduced lipid
peroxidation and systolic blood pressure in indi-
viduals with metabolic syndrome [55]. Studies in
healthy individuals have also demonstrated that a

single 5-g dose improves insulin sensitivity during
an euglycemic-hyperinsulinemic clamp and during
a glucose challenge [56, 57]. Despite these results,
the evidence supporting the metabolic benefits of
glycine supplementation in managing Type 2 dia-
betes remains limited due to the small number of
studies performed in humans. Consequently, addi-
tional clinical trials are needed to establish the
effectiveness of glycine supplementation.

Glutamine: insights into energy regulation,
inflammation, and insulin resistance

Although the role of glycine in Type 2 diabetes is
primarily associated with oxidative stress and the
dorsal vagal complex inhibition of liver glucose out-
put, glutamine—though similarly an amino acid—
contributes to insulin resistance through distinct
metabolic pathways. Glutamine and glutamate
are interconvertible polar amino acids involved
in numerous cellular processes, including tri-
carboxylic acid cycle (TCA) anaplerosis. Circu-
lating levels of glutamine and glutamate exhibit
an inverse correlation, with glutamine reduced
and glutamate elevated both before and after the
onset of Type 2 diabetes [35, 36, 58-61]. Accord-
ingly, plasma glutamine levels and the glutamine-
to-glutamate ratio are strongly associated with
insulin sensitivity [58, 59].

The expression of glutamine-metabolizing
proteins—such as glutamine synthetase (GLUL)
and glutaminase (GLS)—is altered in white adi-
pose tissue from individuals with obesity [59, 62]
and is normalized after bariatric surgery [62].
Adipose tissue takes up glutamate and releases
glutamine [63], and mice with adipose tissue-
specific knockout of GLS display altered plasma
profiles of both glutamine and glutamate [59].
Conversely, neither GLUL nor GLS appears to
be altered in skeletal muscle [58], which is the
primary source of endogenous glutamine. Thus,
the metabolism of glutamine in white adipose
tissue plays a preponderant role in regulating
the plasma glutamine-to-glutamate ratio in the
context of insulin resistance and obesity. Addition-
ally, glutamine contributes to gluconeogenesis,
a process that is enhanced in Type 2 diabetes,
further exacerbating the reduction in circulating
glutamine levels [64].

Glutamine acts as a potent glucagon-like pep-
tide 1 (GLP-1) secretagogue by elevating both
cytosolic Ca?* and cAMP levels in intestinal L
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cells [65]. Furthermore, glutamine is converted
into a-ketoglutarate—a critical intermediate in the
TCA cycle—making it an essential substrate for
mitochondrial energy production. Consequently,
reduced glutaminolysis has been associated with
increased glucose utilization in human adipocytes
and elevated energy expenditure in both lean and
insulin-resistant mouse models [59]. Decreased
glutamine metabolism results in the activation
of proinflammatory genes by increasing chro-
matin O-GlcNAcylation in human adipocytes [62],
whereas glutamine availability regulates the bal-
ance between T helper 1 cells and regulatory T
cells [66]. Therefore, glutamine plays a role in the
regulation of immunometabolism, and its reduc-
tion may contribute to a state of low-grade chronic
inflammation characteristic of obesity and Type 2
diabetes. In addition to these specific functions,
glutamine plays a role in inter-organ nitrogen
exchange via ammonia and serves as a substrate
for nucleotide synthesis. Due to the pleiotropic and
indirect nature of these effects, establishing clear
associations between glutamine availability and its
diverse physiological impacts is challenging.

A single dose of glutamine (30 g) is sufficient to
increase both fasting and postprandial circulating
concentrations of GLP-1, glucagon, and insulin in
both lean and obese individuals, regardless of dia-
betes status [67, 68]. In contrast, encapsulated
glutamine totaling 6 g failed to recapitulate these
findings [69], suggesting that a higher therapeutic
dose is required to improve glycemia. Indeed, glu-
tamine supplementation (30 g/day for 6 weeks) sig-
nificantly reduced body fat mass, waist circumfer-
ence, fasting blood glucose, and HbAlc in individu-
als with Type 2 diabetes [70], whereas 15 g/day for
4 weeks reduced HbAlc and improved glucose tol-
erance, although these effects may be due to a mild
increase in plasma volume [71]. Although the role
of glutamine as a potent effector of GLP-1 secretion
in intestinal L cells is well established, the poten-
tial anti-inflammatory effects of glutamine supple-
mentation remain in a preclinical phase [58, 62]
and warrant further investigation.

N-Lactoyl-phenylalanine: a novel link between
metabolism and diabetes. Beyond the known
amino acids, untargeted metabolomics continues
to identify novel biomarkers—such as N-lactoyl-
phenylalanine (Lac-Phe)—which could alter the
landscape of diabetes diagnosis and treatment.
N-lactoyl amino acids were identified in human
plasma less than a decade ago [72] and were often

misidentified as 1-carboxyethyl amino acids. With
advancements in metabolomic technologies, these
metabolites are gaining increasing research atten-
tion. Among them, Lac-Phe—a conjugate of lactate
and phenylalanine—is the most abundant. Circu-
lating Lac-Phe has been identified as a risk indi-
cator for diabetes pathogenesis—showing an asso-
ciation with HbAlc progression rates [6]—and an
increased risk of diabetic retinopathy in patients
with Type 2 diabetes [73]. Systematic reanalysis
and correction of previously mislabeled Lac-Phe
in older studies have also demonstrated elevated
serum concentrations of this metabolite in Type
2 diabetes [74, 75]. Paradoxically, at supraphys-
iological doses, Lac-Phe suppresses food intake,
reduces body fat, and improves glucose tolerance
in obese mice [76]. This metabolite is also induced
by exercise in both mice and humans [76]. Further-
more, higher levels of exercise-induced Lac-Phe
were associated with greater reductions in abdom-
inal subcutaneous fat in young obese individuals
following an 8-week training protocol [77]. This
apparent contradiction was recently addressed
by the discovery that Lac-Phe levels increase in
response to both acute and chronic metformin
administration [75]. Reanalysis of older studies
showed that Lac-Phe was elevated only in individ-
uals with Type 2 diabetes treated with metformin
[75]. As metformin is a first-line treatment for Type
2 diabetes, this finding explains the frequent obser-
vation of elevated Lac-Phe levels in this patient
group.

Exercise and metformin increase Lac-Phe by
enhancing glycolytic flux and lactate production,
which is then fused with phenylalanine through
the action of the enzyme carnosine dipeptidase 2
[72]. Although the molecular mechanisms explain-
ing its appetite-suppressing effects remain unex-
plored, Lac-Phe has been hypothesized to act
as a paracrine or endocrine signaling molecule
targeting appetite-regulating neurons, potentially
through binding to a G-protein-coupled receptor
sensor [78].

Despite its potential, Lac-Phe remains a promis-
ing yet underexplored metabolite, with limited
research available at both clinical and preclinical
levels. Additionally, Lac-Phe is not orally bioavail-
able, and studies in animal models have used
high pharmacological levels [76], complicating its
evaluation as a therapeutic supplement. Never-
theless, the discovery of Lac-Phe underscores the
transformative potential of advanced metabolomic
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technologies to identify novel biomarkers and
mediators of insulin resistance, even within older
datasets.

Lipids and Type 2 diabetes pathophysiology

Lipids play a central role in the pathogenesis of
Type 2 diabetes, as dysregulated lipid metabolism
contributes to insulin resistance and metabolic
stress (Fig. 2b). Altered lipid handling promotes
ectopic fat deposition in non-adipose tissues, such
as the liver and skeletal muscle, which inter-
feres with insulin signaling pathways. Ectopic fat
accumulation and defective fatty acid catabolism
are associated with lipotoxicity, wherein toxic
lipid intermediates disrupt cellular processes and
exacerbate insulin resistance. These alterations
establish a deleterious feedback loop in which
lipid-induced metabolic stress further aggravates
insulin resistance, driving the progression of Type
2 diabetes.

Sphingolipids: key contributors to insulin resistance

Having established the central role of lipids in
insulin resistance and metabolic stress, it is cru-
cial to delve deeper into specific lipid species
that have a profound impact on diabetes patho-
physiology. One such group is sphingolipids,
which play a pivotal role in the development of
insulin resistance. Sphingolipids—a class of lipids
characterized by a sphingoid base backbone—
are divided into sub-groups, such as glycosphin-
golipids, sphingomyelins, and ceramides. Among
these, ceramides and sphingomyelins are strongly
linked to Type 2 diabetes and metabolic syn-
drome risk [79-81]. Ceramides are regarded as
potent lipotoxic disruptors of metabolism. Long-
chain and very long-chain ceramides are highly
correlated with insulin resistance [82-84]. Elevated
ceramide levels in skeletal muscle [85], liver [86],
and adipose tissue [87] have been shown to cor-
relate with reduced insulin sensitivity, strongly
implicating aberrant ceramide metabolism in key
metabolic tissues. For instance, the expression of
the ceramide synthase, CERS6, in white adipose
tissue is inversely correlated with glucose infusion
rates during euglycemic-hyperinsulinemic clamps
[88]. Certain sphingolipid species, such as hydrox-
ysphingomyelins and hexosylceramides, are asso-
ciated with improved glucose homeostasis [81].
Plasma sphingomyelin levels are positively linked
with lower HOMA-IR values, even in individuals
with normal body mass index (BMI) [82].

Ceramide-mediated insulin resistance: mechanisms and
tissue-specific impacts

Within the class of sphingolipids, ceramides stand
out due to their strong association with insulin
resistance and metabolic dysfunction. This sec-
tion explores the mechanisms by which ceramides
specifically contribute to these metabolic disrup-
tions. The liver—as a central hub for ceramide
metabolism—plays a key role in the connection
between ceramides and non-alcoholic fatty liver
disease (NAFLD), a common comorbidity in Type
2 diabetes [89, 90]. Serum ceramide levels are
elevated in patients with NAFLD compared to
both controls and patients with chronic hepatitis
B [91], indicating a specific association between
ceramides and fatty liver rather than general
liver damage. Moreover, hepatic pro-ceramide gene
expression is increased in non-alcoholic steato-
hepatitis. Lifestyle interventions that reduce hep-
atic lipid content over 1 year also decrease pro-
ceramide gene expression and serum ceramide lev-
els [92].

Ceramides have a direct role in impairing insulin
signaling. In myotubes [93] and adipocytes [94],
ceramides activate protein kinase C zeta, which
inhibits Akt, a central node in the insulin signal-
ing pathway. In hepatocytes, ceramides disrupt the
mitochondrial electron transport chain and inhibit
fatty acid oxidation, further impairing insulin sig-
naling through reduced Akt activation [95]. Mecha-
nistic evidence distinguishes ceramides from other
lipid biomarkers, supporting a causal role in the
development of insulin resistance.

Dietary intake of saturated fatty acids drives
increased ceramide synthesis and circulating lev-
els compared to unsaturated fatty acids (Table 2),
underscoring the importance of limiting saturated
fat consumption [96, 97]. Interventions such as
bariatric surgery reduce skeletal muscle sphin-
golipid levels, with exercise further decreasing
ceramide content in skeletal muscle [98]. The anti-
diabetic drug pioglitazone is an effective approach
to reducing ceramides in insulin-resistant patients
[99]. Although strategies to stimulate ceramide
degradation or inhibit ceramide biosynthesis have
shown promise in alleviating insulin resistance
and related metabolic disorders in rodent models
[100], the development of drugs targeting ceramide
metabolism has been hindered by toxicity con-
cerns, as observed with fumonisin Bl analogs
[101].

© 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine. 593

Journal of Internal Medicine, 2025, 297; 584-607



JIM Metabholites in cardiometabolic diseases / D. Rizo-Roca et al.

(panunuo))

[26 ‘96] spioe Ayyey pajeinjyesun
0} pareduwrod S[AQ] SUNIBNOIIO PUE SISIYIUAS OPIUIBID PISBIIOUT SIALIP SPIOk A}je] pajeinjes Jo oxejur Arejarq
[201] SToA9] 2uUIOA[3 paseaIoul Y3Im PIJEBIOOSSE ST SUIPISJISA0 JULINP JIIP UTR)0Id-MmOT
[601] S[eA9] aUTOAS JoMO] YIIM PIJeIOOSSE ST 12Ip Ure101d-y3Iy paseq-q[iwu Aep-/, ¥
[90T] 301p xapur
OTIIa0AT3-y31y 03 pareduiod }3IP X9PUT OTWIOA[S-MO] B SUIMOT[O] STENPIATPUT UT JIOYSIIY 9T SUIOA[S JO S[OAQ] BWSE[]
[£0T] 3somo01 93 pey S$I19)e2-1BoW SEIIYM ‘QUIOAIS JO UOBIJUIOUO0D
1soy31y 23 pey suedaa ‘suedon pue ‘SueLIe}adoa ‘sisjes-ysly ‘siojea-jeawr 3urpnjour Apnjs aanoadsoid e up
[S0T1] 391p yorI-3eaW B 03 PaseduIod S[9AJ] QUIOAIS POsSBaIOUl YIIM PIJEIO0SSE SI JAIP UE3A oam-{ Y
[801] s[ea9] suTwreIN[3 WNILS SISBIIOIP JAIP OTU230319y Y
[201] s1eas] surreInN[3 paseaIoul Yim Pajeroosse sI UIPasfIaso 3urinp Ja1p urejord mo
[601] 2uturein3 1omo[ YIMm Pajeroosse st 391p urejord-y31y paseq-3[ru Aep-/, v
[s01] 3°1p yoLI-3eoUW B 03 pareduwiod SJOAJ] QUIWEIN]S PISEAIOUT YIIM PIJBIOOSSE ST JAIP Ue3oA oom-1 ¥
[201] s1ea9] aurturerejAuayd PasLAIOUL YIIM PIJEIO0SSe A[oARIsod ST 3UTPasjioso 3unnp juajuod urejoxd Arejarq
[#01] punoj a1om JUa3U0D
suruerejAuayd Ul S90UQIIMIP OU ‘SUEB3oA PUR ‘SUBLIBIOZAA ‘SI91Ba-USI ‘SIojea-jeawt 3urpnjour Apn3s aanoadsoid e up
[60T] s1ea9] aururerejAuayd Jomo[ YIm Pajeroosse ST Jo1p urojord-y3ry paseq-3[iur Aep-/ v
[801] VvOg winias saseasour 321p OTua3039y Y
[201] SToA9] oUITEA POSEBAIOAP UM PIJRIO0SSE ST JUIPIJIaA0 JuLImp 321p urejord mog
[901] 301p
JeJ-mo] 0} pareduiod 19IP XIPUI OTWAIATS-MO[ B SUIMO[[O] STENPIAIPUT UT JOMO] 28 SUIeA PUEB QUIONI[ JO S[OAS] BWSE[]
[c01] 301p UES9A B 03 paredwod STOAS] YYD PISBIOUT UM PIJBIOOSSE ST 121 YOLI-JBdW oM~
[£01] punojy a1om juaju00
VYVOd Ul Se0URIJIp Jofewr ou ‘suedoa pue ‘sueLIe}adoa ‘sisjes-ysy ‘sioyed-jeawr 3urpnjour Apnjs aanoadsoid e up
[€0T ‘TOT] VVOH JO S[oAS] SUNENOIO puE Xejul yvOd
U99M}9( UOIJBIO0SSE JBaM [[BIA0 Uk ST 919U} INg ‘YyDd JO $20In0s pooj Jofewr are syonpoid AIrep pue ‘Ysiy ‘s}edy

Soprurera)

QUIDATD

surwreInn

surueelAusayd

SpIoe ourure ureyo-payouerg

UONIUIAINUI }2IJ

a)[oqeIaN

'S]2012] 231]0qDIDW U0 UOLUDAL2IUL 321D JO SI02[JH *Z dlqeL

594  © 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.

Journal of Internal Medicine, 2025, 297; 584-607



JIM Metabolites in cardiometabolic diseases / D. Rizo-Roca et al.

*9pr10s[ONUIP SUIUSPE 9PIWEBUN0dIU , QYN :UOIBIARIqQY

'S931j0geIdW FUTIRINOIIO JO UONEIIU0U0D a3 uo 1oedwr punojoid e asey o) Jeadde ‘O[qe] SIY) Ul PassaIppe JoU aJe YoIym ‘snjels SuIpas)

pue ‘yijreay orogelawr ‘93e ‘Xas S Yons ‘sI1030e] ‘A[osIoauo)) ‘paje[n3al A[3YSn SI SISB)sodwoy pIoe ourwre jey)} 3unsod3ns ‘oxeljul proe ourwre AIejaip
JOLITW A[LIESS209U 10U OP SUONBIIUSOUO0D POk ouTwre June[nor) 'sajaqerp g odAJ, J0 A11S900 Sk [ons SISeasIp J[[0qe}owoIpIed pue sassa001d orjoqejawt
Qouonpur Aew yey) sdriysuonyerar Sunysnysiy ‘S[OAd] 2JI[0qEIOW A3 JO9Jje SUOIIUIAIIUL ATEISIP PUE SISIP SNOLIBA MOU SIZLIBWWNS (e} SIY] 90N

[£11] stopowr Juspor ur oryer HAVN/AVN Y} S9S€2109p (391P 383-USIY '3'9) PEO[I9A0 A3IoUjy
[911] s101p UIeISOM UT JUBPUNQE ST ‘, (YN JO J0SInoa1d £o3 & ‘UToRIN
[STT] sunsajur [rewss oY) ur pazAJoIpAY Afurewr st QVN ATe19rq
[b11]
UOIJBIJUI0UO0D 93€)0e[ Bwse[d JoMmO] JUIJU0D 93IPAYOQIED PIONPAI IO /PUE XOPUI JTWIAIS MO M I3IP oM~ ¥
[T 1] S[eA9] ou03a3] pajeasra ur SunRNsal ‘A3I19Us J0j Jej Jo uoneziynn ajowoid s}91p SLIO[ed-MO] AIIA
[801] sarpoq auo3as]
jo wonponpoxd PaseaIour 0} Spe9Y (93Ul JBIPAY0qIed Mo] A19A pue ‘urejoid ayeropour ‘yejy y3Iy) S}aIp OTu230393]
[901] s1ea9] auroyoiAprreydsoydosA] 9sBa10UT SIATP JBJ-MO] PUE OTUWAOA[3-MOT
1T ‘T11]
A)IIqeLIEA [ENPIAIPUT PUE 3X23U0D JI[0qe}aW 91} U0 Surpuadap S9UW00)NO0 JUIISISUOIUT $20Npotd UOTJOLI}SAI OLIO[BD)

+dVN

areloe]

SOTPOQ U0}
souroydiAprreydsoydosAg

[9071] s1easr aurjoyoidpryeydsoyd 9sBaI09p S$32IP OTWRIAI3-MOT saurjoyoiApneydsoyd
[011] seuntureo[foe O:4 1D PUe O:ETD JO SUOIBIJUIDUOD YIIM PIIBIOOSSE AJ9SIOAUTL ST a3eiul
10 91qe1232A SBAIOUM ‘SoUunIuIed[Aoe 0:1 1D Pue 0:6D JO SUOIJBIJUIIUOD UM PIJeroosse A[3UuoI)s ST a3[ejur Joyng
[801] uoryeprxo
p1oe A)3e] paseatoul 3unsagdans ‘s[ead] Areurin 3Uonpal oYM SOUNIUIEI[AOB WIS 9)BA[d SIAIP JTU30393] SOUTTUIBI[AOY
UORUIAIRUIL J9I(J SH[oqeISN

(ponunuop) *g s|qelL

595

of The Journal of Internal Medicine.

ion for Publi

© 2025 The Author(s). Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of A

Journal of Internal Medicine, 2025, 297; 584-607



JIM Metabholites in cardiometabolic diseases / D. Rizo-Roca et al.

Acylcarnitine dysregulation: implications for insulin
resistance and metabolic health

Although ceramides have a direct role in impair-
ing insulin signaling, another important lipid
class, acylcarnitines, also plays a central role in
metabolic regulation. Acylcarnitines are key inter-
mediates in fatty acid oxidation, and their altered
metabolism has been implicated in insulin resis-
tance. Acylcarnitines act as intermediates that
facilitate the transport of acyl groups from the
cytosol into mitochondria, where they undergo
fatty acid oxidation. Although medium-chain fatty
acids can diffuse freely across the mitochondrial
membrane, long-chain fatty acids require esteri-
fication to L-carnitine for transport to mitochon-
dria via the carnitine shuttle. This process leads
to the formation of acylcarnitines. The quantifica-
tion of acylcarnitines serves as a proxy for assess-
ing fatty acid oxidation, with elevated levels often
indicating impaired beta oxidation. Notably, the
plasma acylcarnitine profile is considered a strong
biomarker and risk factor for Type 2 diabetes [8,
118-120]. For example, short- and medium-chain
acylcarnitines are elevated in the liver, plasma,
and pancreatic islets of individuals with Type 2
diabetes [121]. Even in men without diabetes,
medium-chain acylcarnitines are inversely asso-
ciated with insulin sensitivity [122]. Very short-
chain acylcarnitines are reduced in skeletal mus-
cle of individuals with Type 2 diabetes, under-
scoring the tissue-specific variations in acylcar-
nitine metabolism during metabolic dysfunction
[121]. The diversity of acylcarnitine species and the
complexity of quantification methods often result
in inconsistencies across studies. For example,
decreased levels of long-chain C18 acylcarnitine
have been reported as predictors of Type 2 diabetes
[123]. Similarly, while increased short-chain acyl-
carnitines and decreased medium- and long-chain
acylcarnitines are observed in some individuals
with Type 2 diabetes [124], other studies report
contrary findings. Elevated acylcarnitine levels are
primarily attributed to disruptions in mitochon-
drial fatty acid oxidation and BCAA catabolism,
resulting in the accumulation of intermediate acyl-
carnitines in the blood [125]. C3 and C5 acyl-
carnitines, intermediates of BCAA metabolism,
may contribute to this accumulation when BCAA
catabolism is impaired.

Acylcarnitines likely exacerbate insulin resistance
through multiple mechanisms. They increase the
intracellular abundance of fatty acyl CoAs and dia-

cylglycerol, which inhibit insulin signaling [126,
127]. Additionally, they contribute to ceramide
synthesis, which directly impairs insulin signaling
via Akt [93, 94]. Acylcarnitine-driven fatty acid oxi-
dation may also produce excessive acetyl CoA, cre-
ating feedback inhibition that dampens glycolysis
and glucose uptake [128]. Acylcarnitines are not
only effective biomarkers but also represent poten-
tial therapeutic targets for insulin resistance and
related disorders. Strategies to modulate acylcar-
nitine levels focus on enhancing fatty acid oxida-
tion. For example, exercise transiently increases
circulating acylcarnitines while reducing urinary
levels, reflecting the utilization of acylcarnitines as
an energy source [129]. Similarly, ketogenic diets
in healthy individuals elevate serum acylcarnitines
while reducing urinary levels (Table 2), suggesting
increased fatty acid oxidation [108].

Phospholipid metabolism, dietary interventions, and
impact on insulin sensitivity

Beyond ceramides and acylcarnitines, phospho-
lipids such as phosphatidylcholine (PC) and
lysophosphatidylcholine (LPC) have also emerged
as important players in metabolic dysfunction.
Their roles in lipid metabolism and insulin sen-
sitivity warrant further examination. PC is the
most abundant phospholipid, comprising 40%—
50% of cellular phospholipid content. Numerous
studies have reported reduced circulating PC lev-
els in individuals with Type 2 diabetes [130-133],
though some studies indicate a positive correla-
tion between certain PCs and BMI [134, 135].
The PC family exhibits structural heterogeneity,
which likely accounts for conflicting findings. PCs
with one ester- and one ether-linked fatty acid are
inversely associated with BMI and obesity [130,
132, 135, 136], whereas PCs with two ester-linked
fatty acids show a positive correlation [132, 134,
136]. This divergence can be attributed to distinct
metabolic roles. Ester-linked PCs primarily sup-
port very low-density lipoprotein (VLDL) release
[137], a process that is upregulated in states of
increased fatty acid availability, such as obesity.
In contrast, ether-linked PCs act as antioxidants,
mitigating lipotoxicity [138]. Elevated fatty acid
availability in obesity drives greater VLDL syn-
thesis, which may increase ester-linked PC levels,
whereas the heightened lipotoxic stress depletes
antioxidant-linked PCs.

LPCs, produced through cleavage of PCs, play
important roles in mitochondrial membranes and
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oxidized low-density lipoproteins. Skeletal muscle
biopsies from insulin-resistant individuals show
reduced LPC levels alongside elevated PCs, sug-
gesting opposing roles in metabolic dysfunction
[133]. Plasma LPCs negatively correlate with BMI
[131, 132, 139, 140] and are reduced in Type 2
diabetes [133, 136, 141], with the exception of
lysoalkylphosphatidylcholine, which shows a pos-
itive association [132, 135, 136]. Structural differ-
ences, such as the substitution of an acyl chain
with an alkyl chain, may alter signaling path-
ways via G-protein-coupled receptors. This struc-
tural change may affect signaling pathways typi-
cally mediated by circulating LPCs, including path-
ways involved in glucose-driven insulin secretion
by pancreatic g cells [142-144]. Similarly, reduced
circulating levels of LPCs may have an attenuated
action as secretagogues for insulin release.

Dietary interventions produce varied effects on PC
and LPC levels, reflecting the complexity of lipid
metabolism (Table 2). Low-glycemic and low-fat
diets have been shown to increase LPC levels while
simultaneously reducing PC levels [106]. Caloric
restriction, however, produces inconsistent out-
comes, with some studies reporting increases in PC
levels [111] and others noting decreases, depend-
ing on the metabolic context and individual vari-
ability [112]. Experimental evidence from rodent
studies suggests that PC supplementation exerts
anti-glycemic effects [145], though similar evidence
in humans remains limited due to a lack of clin-
ical trials. Observational studies further compli-
cate the picture, indicating PC consumption may
elevate the risk for Type 2 diabetes [146], pos-
sibly due to the production of trimethylamine,
a gut-derived metabolite strongly linked to Type
2 diabetes [147, 148]. Thus, although PCs and
LPCs are robust biomarkers for metabolic dysfunc-
tion, understanding the precise role and therapeu-
tic potential of these metabolites requires further
investigation, particularly in the context of dietary
interventions and human clinical outcomes.

Energetic stress metaholites

Energetic stress refers to a condition in which cel-
lular energy demands exceed the available sup-
ply, triggering compensatory metabolic pathways
to restore energy balance. Energy stress metabo-
lites are central to this adaptive response, playing
crucial roles in maintaining metabolic equilibrium
and responding to shifts in energy availability.
These metabolites regulate key processes essen-

tial for preserving insulin sensitivity and over-
all metabolic health. Variations in the concen-
trations and activities of these metabolites often
reflect disruptions in energy homeostasis, such
as those observed in obesity and Type 2 diabetes
(Fig. 2c). Beyond serving as markers of metabolic
imbalance, energy stress metabolites act as signal-
ing molecules, activating adaptive pathways that
enhance metabolic flexibility. This adaptive capac-
ity may mitigate insulin resistance and improve
metabolic function. However, due to the ubiquitous
roles of these metabolites in cellular biology, estab-
lishing a direct causal relationship between spe-
cific metabolites and the onset of diabetes remains
challenging.

Ketone bodies: metabolic adaptors in energy deficiency
and insulin sensitivity

Among the energetic stress metabolites, ketone
bodies—particularly B-hydroxybutyrate—have
gained attention for their potential role in
improving insulin sensitivity. Their therapeu-
tic applications—especially in ketogenic diets—are
explored in the following section. Ketone bodies
are the products of liver ketogenesis, a process
triggered by conditions of low insulin and glu-
cose availability, such as fasting, starvation,
intense exercise, or untreated Type 1 diabetes.
During ketogenesis, oxaloacetate exits the TCA
cycle prematurely to support gluconeogenesis,
leading to the accumulation of acetyl CoA. This
excessive acetyl CoA is converted into the ketone
bodies acetoacetate and B-hydroxybutyrate, with
acetoacetate also capable of being further metab-
olized into acetone. This section explores the
mechanisms by which ketone bodies—particularly
B-hydroxybutyrate—improve insulin sensitivity
and glucose tolerance, with potential applications
for therapeutic strategies.

Ketogenic diets, characterized by a high fat intake
(>60% of total calories) and minimal carbohydrate
consumption (<5%-10%), have shown beneficial
effects for individuals with Type 2 diabetes. Meta-
analyses indicate improvements in key outcomes
such as body weight, HbAlc, and fasting blood glu-
cose levels [149]. The benefits of ketogenic diets
for weight loss and glycemic control in individu-
als with obesity and Type 2 diabetes often surpass
those achieved with low-fat or low-carbohydrate
diets, even without caloric restriction [113, 150—
152]. However, low long-term adherence to keto-
genic diets may limit effectiveness in improving
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glycemic control when compared to a chronic inter-
vention. Although HbAlc reduction is apparent
within the first 6 months of a ketogenic diet, the
effect diminishes after 2 years [153], suggesting the
diet’s utility as a short-term strategy rather than a
chronic solution for managing glycemic control.

The primary mechanism by which ketogenic
diets enhance insulin sensitivity is through a
reduction in circulating glucose. Additionally, 8-
hydroxybutyrate acts as a signaling molecule by
binding to the GPR109a receptor [154], a path-
way linked to improved insulin sensitivity in
humans, albeit via another agonist [155], and
improved glucose tolerance in preclinical models.
Binding of B-hydroxybutyrate to GPR109a acti-
vates signaling cascades involving protein kinase
A and peroxisome proliferator-activated receptor y
[156], which enhance insulin sensitivity. Activa-
tion of hepatic AMP-activated protein kinase by -
hydroxybutyrate further contributes to improved
insulin sensitivity [157].

In addition to ketogenic diets, sodium-glucose
cotransporter 2 (SGLT-2) inhibitors also elevate
circulating levels of A-hydroxybutyrate. These
inhibitors primarily exert therapeutic effects by
reducing renal glucose reabsorption but are
associated with cardioprotective effects in Type
2 diabetes. The benefit is thought to arise
from enhanced fatty acid oxidation in cardiac
cells [158]. SGLT-2 inhibition—alongside increased
B-hydroxybutyrate levels—has been linked to
reduced liver fat content, strongly suggesting a role
in enhancing hepatic fatty acid oxidation [159].
These findings highlight g-hydroxybutyrate as a
potential therapeutic mediator, offering metabolic
and cardioprotective benefits through various
treatment modalities beyond ketogenic diets.

Lactate: from byproduct to key regulator of metabolism
and insulin sensitivity

In addition to ketone bodies, lactate has emerged
as an important regulator of metabolism. Although
traditionally viewed as a byproduct of anaero-
bic metabolism, lactate has emerged as a key
metabolic intermediate involved in tissue-to-tissue
energy exchange, regulation of redox balance, and
signaling in various biological processes [160]. This
section delves into the mechanisms by which lac-
tate affects glucose utilization and its contribu-
tion to the metabolic dysfunction seen in Type 2
diabetes. Lactate’s role in insulin secretion and

lipolysis inhibition through receptor activation is
also highlighted, suggesting its complex effects on
metabolic health. Elevated circulating lactate lev-
els are considered a risk factor for Type 2 dia-
betes [161-164], potentially signaling early impair-
ments in oxidative metabolism. Individuals with
Type 2 diabetes who carry a polymorphism in the
lactate transporter gene MCTI—associated with
enhanced lactate transport—display lower fasting
plasma glucose compared to those with the wild-
type gene [165]. This suggests that enhanced lac-
tate clearance capacity may contribute to better
glucose control.

In insulin-resistant skeletal muscle, glycolysis and
lactate production are markedly increased [166].
Concomitantly, expression of the lactate trans-
porter MCT1 is reduced in the skeletal muscle of
individuals with Type 2 diabetes [166]. MCT'1 facil-
itates the transport of lactate from glycolytic fibers
to oxidative fibers, where it is oxidized to pyru-
vate and enters the TCA cycle [167]. Reduced MCT1
expression not only deprives oxidative muscle cells
of a key fuel substrate but also contributes to the
elevated circulating lactate levels. Lactate produc-
tion is further elevated during hyperinsulinemic—
euglycemic clamp studies, a condition that mimics
the hyperinsulinemia characteristic of early stages
of Type 2 diabetes [168].

Whether elevated lactate directly contributes to
insulin resistance remains unclear, but evidence
suggests it may play a role. In the liver, lactate is
converted to glucose, and excessive blood lactate
could exacerbate hyperglycemia in the context of
hepatic insulin resistance. Furthermore, “lactate
clamp” studies demonstrate that lactate reduces
glucose oxidation [169], and ex vivo experiments
indicate that lactate inhibits glycolytic enzyme
activity [170]. These observations suggest a feed-
back loop in which elevated lactate reduces glucose
utilization and oxidation, potentially exacerbating
metabolic dysfunction.

Lactate stimulates insulin release in pB-cells
when combined with other insulin secretagogues,
such as ketone bodies [171]. Although this may
enhance insulin-mediated responses under phys-
iological conditions—such as during exercise—
chronic hyperlactatemia may worsen hyperinsu-
linemia and B-cell exhaustion in Type 2 diabetes.
Lactate additionally acts as a signaling molecule
to inhibit lipolysis via activation of the G-protein-
coupled receptor hydroxycarboxylic acid receptor
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1 [172]. However, in vitro studies suggest chronic
lactate exposure can either impair or improve mito-
chondrial respiration and may enhance reactive
oxygen species production, depending on experi-
mental conditions [173, 174].

Beyond metabolic regulation, lactate has been
shown to modify proteins post-translationally
through a process termed lactylation, where lactyl
groups are covalently attached to lysine residues
[175]. Histone lactylation activates homeostatic
gene expression in macrophages [175], positioning
lactate as a link between metabolism and immu-
nity. Consistent with higher lactate in prediabetic
conditions, protein lactylation is elevated in skele-
tal muscle from obese, insulin-resistant women
compared to lean controls [176]. Despite these
findings, the potential role of lactate in Type 2 dia-
betes pathophysiology remains speculative. Most
studies are preliminary and have yet to be repli-
cated, whereas changes in circulating lactate often
coincide with alterations in whole-body glucose
metabolism, local pH, and redox status.

NAD* and related metabolites: central players in energy
homeostasis and insulin sensitivity

Nicotinamide adenine dinucleotide (NAD') is an
essential redox cofactor involved in cellular energy
metabolism, facilitating electron transfer from gly-
colysis and the TCA cycle to the electron transport
chain for ATP production. Beyond its primary role,
NAD™ also serves as a substrate for enzymes such
as deacylase and poly(ADP-ribose) polymerase,
which are involved in cellular signaling and DNA
repair. The ratio between NAD™' and its reduced
form NADH (NAD'/NADH ratio) is a key indica-
tor of metabolic homeostasis. A high NAD*/NADH
ratio reflects active oxidative phosphorylation and
is commonly associated with favorable metabolic
health. This section discusses the role of NAD*
in energy metabolism, its association with Type
2 diabetes, and how NAD*"-dependent enzymes—
such as sirtuins—impact insulin sensitivity and
metabolic function.

Although direct evidence linking NAD" to metabolic
diseases remains limited, a cross-sectional
study has found a positive association between
whole-blood NADT levels and the prevalence of
metabolic disease [177]. The enzyme nicotinamide
N-methyltransferase (NNMT) impedes NAD' syn-
thesis by converting nicotinamide into methylated
nicotinamide. A single-nucleotide polymorphism

in the NNMT gene is associated with Type 2 dia-
betes [178]. Elevated plasma levels of methylated
nicotinamide and increased NNMT expression
in white adipose tissue have been observed in
individuals with Type 2 diabetes, with plasma
methylated nicotinamide correlating positively
with fasting glucose [179, 180]. These findings
suggest that increased NNMT activity may lower
NAD™ levels in white adipose tissue during obe-
sity, as shown by reductions in NNMT expression
and concurrent increases in NAD' levels in adi-
pose tissue following bariatric surgery in obese
individuals [179, 181]. These observations may
indicate a specific role for NAD" in white adipose
tissue metabolic dysfunction. This is further sup-
ported by the downregulation of NAD*-producing
genes in adipose tissue of the heavier co-twin in
BMI-discordant twin studies [182].

The metabolic effects of altered NAD' levels
are likely mediated, at least in part, by NAD*-
dependent Sirtuin enzymes (SIRT1-7). The loss
of SIRT1 specifically in adipose tissue impairs
insulin sensitivity [183], whereas SIRT1 deletion in
the liver results in hepatic steatosis [184]. SIRT1
expression in skeletal muscle and adipose tissue is
frequently reduced in individuals with obesity and
Type 2 diabetes [185, 186], and this reduction is
associated with insulin resistance [186].

NAD* precursor supplements: potential benefits in
metabolic disease treatment

Given the apparent role of NAD' in metabolic
health, supplementation with NAD*' precursors
such as nicotinic acid and nicotinamide riboside
(NR) has been explored as a potential strategy for
managing metabolic diseases, including Type 2
diabetes. This section reviews the evidence on the
efficacy of NAD" precursors in improving insulin
sensitivity, glucose regulation, and dyslipidemia.
Although the results are mixed, there is promise
in certain contexts, particularly in combination
with exercise or for managing lipid metabolism.
NAD™" precursors effectively increase NAD™' levels
in human white blood cells and skeletal muscle
[187, 188]. Nicotinic acid, an NAD" precursor, has
been used for decades as an antilipolytic agent
[189], whereas its analog acipimox is currently
being investigated as a treatment for metabolic dis-
orders. In healthy individuals, acipimox has been
shown to reduce fasting free fatty acids without
affecting insulin or glucose levels [190]. In indi-
viduals with Type 2 diabetes, the effects are more
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variable. Some studies have demonstrated reduc-
tions in fasting insulin, glucose, and mean glucose
during oral glucose tolerance tests [191], but its
effects on improving insulin sensitivity—as mea-
sured by a euglycemic clamp—have been inconsis-
tent in other studies [192]. However, acipimox may
be most effective when used in conjunction with
exercise, as it significantly lowers post-exercise
insulin and glucose levels in individuals with Type
2 diabetes [193]. NR—another NAD' precursor—
has been explored as a treatment for metabolic dis-
orders but has generally yielded minimal results.
Studies in obese and insulin-resistant individuals
have shown that NR supplementation does not sig-
nificantly affect metabolic indicators, such as glu-
cose, insulin, GLP-1, or body composition mea-
sures, nor does it appear to improve insulin sen-
sitivity or lipid metabolism [103, 104]. Overall,
although NAD™ precursors may offer limited value
in treating insulin resistance or glucose regulation
independently, they show promise in specific con-
texts, such as in combination with exercise, and
have an established role in managing dyslipidemia.

Conclusions

The field of metabolomics has advanced our under-
standing of cardiometabolic diseases, particularly
in identifying key metabolites associated with
insulin resistance and diabetes. Metabolites, such
as BCAAs, ceramides, glycine, and glutamine, have
emerged as promising biomarkers for early diag-
nosis, risk assessment, and targeted therapeu-
tic interventions. Elevated levels of BCAAs and
ceramides, for instance, are strongly linked to
insulin resistance, whereas glycine shows poten-
tial as a therapeutic target with its inverse correla-
tion to insulin resistance. Energy stress metabo-
lites such as ketone bodies, lactate, and NAD™"
also play critical roles in regulating metabolic
health and insulin sensitivity, offering poten-
tial avenues for therapeutic development. Keto-
genic diets—which boost ketone body production—
and NAD" precursor supplementation have shown
promise in improving insulin sensitivity, particu-
larly when combined with exercise, although long-
term efficacy remains an area of ongoing research.
The novel biomarker Lac-Phe further highlights
the complexity of metabolic regulation and its
potential for therapeutic application. Ultimately,
these metabolites form intricate metabolic net-
works, creating a complex landscape of biochem-
ical interactions (Fig. 2d). Understanding the pre-
cise roles of these metabolites and their impact

on metabolic pathways could lead to personal-
ized treatment plans, offering more effective man-
agement of diabetes and related conditions. Clin-
ically, metabolite-based diagnostics and precision
medicine approaches could potentially aid in the
prevention, early detection, and tailored thera-
pies for individuals at risk of or living with car-
diometabolic diseases.
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