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Abstract

Background/Objectives: Dietary patterns characterized by excess saturated fat intake
contribute to obesity, type 2 diabetes, and cardiac metabolic dysfunction. Ceramides, bio-
active sphingolipids synthesized in response to nutrient overload, have emerged as key
molecular mediators linking dietary lipid composition to alterations in cardiac metabolic
signaling. This review aims to integrate current evidence on diet-induced ceramide re-
modeling and its impact on intracellular pathways regulating cardiac metabolism. Meth-
ods: We analyzed experimental and clinical studies investigating the effects of high-fat
and Western-type diets on myocardial ceramide synthesis, lipidomic remodeling, and
downstream signaling pathways. Evidence from animal models, genetic and pharmaco-
logical interventions, nutritional studies, and circulating biomarker analyses was exam-
ined to delineate mechanistic and translational insights. Results: Saturated fatty acid ex-
cess, particularly palmitate, activates the de novo ceramide synthesis pathway in the my-
ocardium, promoting accumulation of specific ceramide species. This remodeling impairs
insulin signaling through Akt inhibition, protein phosphatase 2A activation, and PKCC-
dependent mechanisms, contributing to cardiac metabolic inflexibility. Ceramides further
disrupt mitochondrial function by altering electron transport chain activity, increasing
reactive oxygen species production, and modulating mitophagy and apoptotic signaling.
Lipidomic studies highlight species-specific effects, with C16-ceramides frequently asso-
ciated with adverse metabolic and cardiovascular outcomes, whereas very-long-chain
ceramides may exert distinct functional roles. Circulating ceramide profiles have also

Nutrients 2026, 18, 2239

https://doi.org/10.3390/nu18142239


https://doi.org/10.3390/nu18142239
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Nutrients 2026, 18, 2239

2 of 21

been linked to diet-associated cardiovascular risk. Conclusions: Diet-induced ceramide
remodeling represents a central molecular axis connecting dietary lipid excess to altered
cardiac metabolic signaling. Targeting sphingolipid metabolism through nutritional or
pharmacological strategies may offer novel opportunities for preventing and managing
diet-associated cardiac dysfunction.

Keywords: ceramides; sphingolipid metabolism; cardiac metabolic dysfunction

1. Introduction

The global rise in obesity and type 2 diabetes represents a major public health chal-
lenge and is closely associated with an increased risk of cardiovascular disease [1]. Among
the organs affected by metabolic disturbances, the heart is particularly sensitive to altera-
tions in nutrient availability and substrate utilization [2]. Under physiological conditions,
the adult myocardium exhibits remarkable metabolic flexibility, being able to switch be-
tween fatty acids, glucose, lactate, and ketone bodies to meet its high energetic demands
[3]. However, chronic nutrient excess—especially diets rich in saturated fatty acids and
refined carbohydrates —can disrupt this metabolic adaptability, promoting lipid accumu-
lation, mitochondrial dysfunction, and impaired cardiac performance [3]. In recent years,
increasing attention has been directed toward the role of lipid intermediates in mediating
the detrimental effects of nutrient overload on cardiac metabolism [4]. While triglyceride
accumulation was initially considered the main hallmark of cardiac lipotoxicity, it is now
widely recognized that bioactive lipid species, rather than neutral lipid storage, are major
drivers of metabolic dysfunction [5]. Among these molecules, ceramides have emerged as
key mediators linking dietary lipid excess to cellular stress responses and altered meta-
bolic signaling [6]. Ceramides are sphingolipids generated through multiple pathways,
including de novo synthesis from saturated fatty acids, sphingomyelin hydrolysis, and
salvage pathways [7]. Notably, saturated fatty acid overload, including increased palmi-
tate availability, promotes endogenous ceramide accumulation through the de novo
sphingolipid pathway and contributes to insulin resistance and cardiac lipotoxicity [8-
10]. Palmitate is a saturated fatty acid commonly enriched in Western-style diets [9,11].
Growing evidence indicates that ceramide accumulation plays a central role in the devel-
opment of metabolic disorders, including insulin resistance, obesity, and cardiovascular
disease [11]. In the heart, ceramides have been shown to interfere with insulin signaling
pathways, impair mitochondrial function, and promote oxidative stress, inflammation,
and apoptosis [12]. These effects ultimately contribute to cardiac metabolic inflexibility
and structural remodeling, processes that are frequently observed in conditions such as
obesity-related cardiomyopathy and diabetic cardiomyopathy [13]. Importantly, ad-
vances in lipidomic technologies have revealed that ceramides are not a homogeneous
class of molecules. Distinct ceramide species, characterized by differences in acyl chain
length and saturation, may exert diverse biological effects [7]. For instance, human lip-
idomic studies have shown that individual ceramide species and ceramide-based ratios
are differentially associated with cardiometabolic risk. In the PREDIMED trial, plasma
ceramide profiles were associated with cardiovascular disease, while adherence to a Med-
iterranean dietary pattern appeared to attenuate ceramide-associated cardiovascular risk
[14]. CerS6-derived Cl6-ceramides have been shown in genetic mouse models to promote
weight gain, glucose intolerance, and adverse metabolic remodeling, whereas very-long-
chain ceramides may exert distinct and context-dependent biological functions [15,16]. In
parallel, circulating ceramide profiles have recently gained attention as potential bi-
omarkers of cardiometabolic risk, highlighting the translational relevance of sphingolipid
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metabolism in cardiovascular disease [17]. Moreover, emerging studies suggest that die-
tary composition and nutritional interventions may influence ceramide synthesis and dis-
tribution, providing new opportunities to modulate these pathways through lifestyle-
based strategies [18]. Given the growing body of evidence linking diet, ceramide metabo-
lism, and cardiac dysfunction, a comprehensive understanding of the molecular mecha-
nisms involved is essential [19]. This review summarizes current knowledge on diet-in-
duced ceramide remodeling in the heart, focusing on the molecular signaling pathways
through which ceramides influence cardiac metabolism and function. In addition, we dis-
cuss species-specific effects of ceramides, their potential role as biomarkers of cardiovas-
cular risk, and emerging nutritional and pharmacological approaches targeting sphin-
golipid metabolism.

2. Materials and Methods
2.1. Literature Search Strategy

This review was designed as a narrative review supported by a structured literature
search, rather than as a systematic review or meta-analysis. Studies were selected narra-
tively based on their relevance to the molecular mechanisms linking diet-induced
ceramide remodeling and cardiac metabolic signaling, rather than through a formal sys-
tematic review screening process. A comprehensive literature search was conducted to
identify studies investigating the relationship between dietary factors, ceramide metabo-
lism, and cardiac metabolic dysfunction. Electronic databases including PubMed, Scopus,
and Web of Science were searched for articles published up to March 2026. The search
strategy combined relevant keywords and Medical Subject Headings (MeSH), including:
ceramides, sphingolipids, lipidomics, cardiac metabolism, cardiomyocytes, lipotoxicity,
diet, high-fat diet, saturated fatty acids, palmitate, cardiovascular disease, biomarkers, in-
sulin resistance, and diabetic cardiomyopathy. Boolean operators (AND, OR) were used
to refine the search and improve specificity. To ensure broad coverage of the literature,
the reference lists of selected articles and recent review papers were manually screened to
identify additional relevant studies.

2.2. Study Selection Criteria

Studies were selected based on their relevance to the molecular mechanisms linking
diet-induced ceramide remodeling and cardiac metabolic signaling. The inclusion criteria
were as follows: (i) experimental studies investigating ceramide metabolism in cardiac
cells or myocardial tissue; (ii) animal studies evaluating the effects of dietary interven-
tions, including high-fat diets and lipid overload, on ceramide accumulation and cardiac
metabolism; (iii) clinical studies assessing circulating ceramides as biomarkers of cardio-
vascular or metabolic disease; (iv) review articles providing mechanistic or translational
insights into sphingolipid metabolism in cardiometabolic disorders. Studies were excluded if
they: (i) did not address ceramide metabolism or sphingolipid pathways; (ii) focused exclu-
sively on non-cardiac tissues without clear cardiometabolic relevance; (iii) were not peer-re-
viewed (e.g., conference abstracts, editorials); (iv) were not available in English.

2.3. Data Extraction and Synthesis

Relevant information from the selected studies was qualitatively extracted, including
study design, experimental model, type of dietary exposure, ceramide biosynthetic path-
ways, individual ceramide species investigated, lipidomic profiles, molecular signaling
mechanisms, circulating biomarkers, and principal cardiometabolic outcomes. The evi-
dence was synthesized narratively to provide an integrated and mechanistic overview of
the role of ceramides in diet-associated cardiac metabolic dysfunction, with particular em-
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phasis on insulin signaling pathways, mitochondrial function, oxidative stress, inflamma-
tory responses, species-specific ceramide effects, and translational applications in cardio-
vascular risk assessment. To improve mechanistic interpretation, we distinguish, when-
ever possible, between studies investigating endogenous ceramide accumulation and
those based on exogenous ceramide administration. Endogenous ceramides refer to
ceramide species generated within cells or tissues through de novo synthesis, sphingomy-
elin hydrolysis, or salvage pathways, typically in response to nutrient excess, saturated
fatty acid exposure, high-fat diet, or metabolic stress. In contrast, exogenous ceramides
are experimentally administered to cultured cells or tissues to dissect specific downstream
signaling pathways. This distinction is relevant because endogenous ceramide accumula-
tion more closely reflects diet- or disease-associated sphingolipid remodeling, whereas
exogenous ceramide exposure represents a reductionist experimental approach useful for
identifying direct molecular targets and signaling mechanisms. Therefore, throughout the
revised manuscript, evidence has been interpreted according to the experimental model
used, including in vitro, in vivo, and clinical studies.

2.4. Methodological Considerations

Given the narrative nature of this review, the included studies were heterogeneous
in terms of experimental models, dietary interventions, and analytical approaches. Both
preclinical and clinical evidence were considered to provide a comprehensive overview
of the current knowledge. While this approach allows integration of mechanistic and
translational insights, it may also introduce variability in study design and outcome in-
terpretation. As this review was conceived as a narrative synthesis rather than a system-
atic review or meta-analysis, we did not include a PRISMA flow diagram, perform a for-
mal risk-of-bias assessment or standardized study quality appraisal, or conduct a quanti-
tative meta-analysis. To facilitate the interpretation of the evidence discussed throughout
this review, the principal mechanisms by which ceramides contribute to cardiac metabolic
dysfunction, their downstream metabolic effects, and representative supporting evidence
are summarized in Table 1. In addition, representative experimental, preclinical, and clin-
ical studies supporting the mechanistic and translational conclusions of this review are
summarized in Table 2.

Table 1. Main mechanisms linking diet-induced ceramide accumulation to cardiac metabolic dys-

function, associated metabolic consequences, and representative evidence.

Consequences for Cardiac

Mechanism Main Molecular Events . Representative Evidence
Metabolism
Increased Saturated fatty acids (especiall
. . v ) (esp y Myocardial ceramide accu-  High-fat diet and Western
ceramide synthe- palmitate) activate de novo . ) . .
) . . mulation and lipotoxicity diet models
sis ceramide synthesis through SPT

Impaired insulin

Activation of PP2A and PKClin-  Reduced glucose utilization

Experimental studies in
cardiomyocytes and ani-

signaling hibits Akt signaling and metabolic inflexibility mal models
Mitochondrial Alt(.ered ETC act1v1ty., red.uced X Impaired ATP generation  Preclinical studies of lipid
. dative phosphorylation, increased P
dysfunction and energetic inefficiency overload

ROS production

Inflammation and
ER stress

Activation of NF-xB, NLRP3 in-
flammasome and UPR pathways

Chronic inflammatory sig-
naling and adverse remodel-

ing

Experimental and transla-
tional studies
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Apoptosis and au-
tophagy dysregu-
lation

Caspase activation and altered au-
tophagic flux

Cardiomyocyte loss and im-

. . Mechanistic studies
paired cellular homeostasis

Ceramide species-
specific effects

Differential actions of C16-, C18-,
and very-long-chain ceramides

Variable cardiometabolic im-

Lipidomic studies
pact

Clinical relevance

Increased circulating ceramides
and elevated CERT/CERT?2 scores

Higher risk of CAD, heart
failure, and cardiovascular Human cohort studies

mortality

Nutritional modu-

Mediterranean diet, caloric re-
striction, and unsaturated fatty ac-

Improved cardiometabolic ~ Dietary intervention stud-

lation . ] rofile ies
ids reduce ceramide burden P
Table 2. Representative experimental, preclinical, and clinical studies linking diet-induced ceramide
remodeling to cardiometabolic dysfunction.
. Dietary or Meta- Ceramide Spe- Analytical
Au- Experimental
tudy T lic E In- cies/Path In-  Platf Ap- Key Findi
thor/Year Study Type model/Population bolic xpos.ure/ n- cies/Pa : way In atform/Ap ey Findings
tervention vestigated proach
Inhibiti f
Rodent models of Saturated fat expo- ceramij);téoit;esis
Holland et Preclini-  saturated fat-, glu- sure, obesity, gluco- De novo ceramide  Biochemical . ¥
. .. .. . . ameliorated saturated
al,, 2007  cal/mechanis- cocorticoid-, and corticoid treatment;  synthesis path- and metabolic L
. _ . o fat- and obesity-in-
[8] tic obesity-induced in-  inhibition of way analyses . .
. . ) . duced insulin re-
sulin resistance  ceramide synthesis .
sistance.
Ceramide accumula-
Park et al., Preclinical/car- Expermtlental . Cardiac lipid over- Cardiac ceramide Lipid an'd .t101’1 C(?ntrlbu.ted to
. model of lipotoxic . metabolic lipotoxic cardiomyo-
2008 [9] diac . load accumulation .
cardiomyopathy analyses pathy and cardiac
dysfunction.
Western diet in-
Butler et .. . . . . creased cardiac
Preclinical/nu- Healthy and hy- Western diet expo- Cardiac ceramide  Cardiac lipid . .
al., 2017 . . . ceramide content in
tritional ~ pertrophied hearts sure content analysis
[10] healthy and hypertro-
phied hearts.
. Mouse models of . Genetic, lip- CerS6-depe.ndent
Turpin et .. . . Obesity-related met- . ) . C16:0 ceramide pro-
Preclinical/ge- obesity-associated . CerS6-derived idomic, and .
al., 2014 . . abolic stress; CerS6 . . duction promoted
netic metabolic dysfunc- . C16:0 ceramide metabolic . -
[15] . modulation weight gain and glu-
tion analyses |
cose intolerance.
Chaurasia Preclini- Experimen.tal mod- Targeting ceramide Cerarr.\ide remod- Genetic/phar- Targeti'ng C'eramide
. els of obesity-asso- ; eling and macological =~ remodeling improved
etal.,, 2019 cal/mechanis- . . . desaturation/remod- . . . . -
. ciated insulin re- . ceramide double  and metabolic insulin resistance and
[16] tic . eling . .
sistance bond analyses hepatic steatosis.
Plasma ceramides
Haus et . Obese subjects . .. were elevated and
H lini- Obesit d type 2 Pl lipid
al., 2009 wman i ih type 2 diabe- est y NG LYPEL  plasma ceramides asma 1.p1 correlated with the
cal diabetes analysis . . .
[20] tes severity of insulin re-

sistance.
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. . Plasma ceramides, Plasma ceramides
Patients with stable . . . .
Laaksonen coronary arter including predicted cardiovas-
Human clini- . y Y Cardiovascular dis- Cer(d18:1/16:0), Plasma lip- cular death beyond
etal., 2016 disease and acute . . . . .
cal ease cohorts Cer(d18:1/18:0), idomics conventional lipid
[21] coronary syn- . .
dromes and markers, including
Cer(d18:1/24:1) LDL cholesterol.
Patient: ith stabl
. auents with s a. ¢ . . Plasma lip- Ceramide-phospho-
Hilvo et .. coronary heart dis- Residual cardiovas- . . . .. .
Human clini- .. . . Ceramide-phos- idomics and  lipid score improved
al., 2020 ease receiving opti- cular risk under op- .. . . .
cal . . pholipid score risk-score prediction of residual
[22] mal medical ther- timal therapy . . .
analysis cardiovascular risk.
apy
hingolipid
Serum sphin- Machine Serum ,sp m.g.o 1pras
. . Human cohort for . L. . were identified as
Poss etal, Human clini- Coronary artery dis-  golipids and learning and .
. . coronary artery . . cholesterol-independ-
2020 [23] cal/lipidomics . ease (CAD) ceramide-related serum lip- .
disease assessment . . . ent biomarkers of cor-
lipid signatures idomics .
onary artery disease.
Plasma ceramide pro-
files were associated
Mediterranean diet with incident cardio-
Wang et Human nutri- PREDIMED trial mterventlo.n supple- . Plasma lip- vascular c?1sease, and
al., 2017 . . mented with extra- Plasma ceramides . . the Mediterranean
tional cohort population . . idomics .
[24] virgin olive oil or diet appeared to at-
nuts tenuate ceramide-as-

sociated cardiovascu-
lar risk.

Abbreviations: CAD, coronary artery disease; CerS6, ceramide synthase 6; LDL, low-density lipo-
protein; PREDIMED, Prevencion con Dieta Mediterranea.

3. Dietary Regulation of Ceramide Synthesis

Dietary patterns characterized by excessive caloric intake and high levels of saturated
fatty acids are major contributors to cardiometabolic disorders [25]. In particular, West-
ern-style diets, which are enriched in saturated fats and refined carbohydrates, promote
systemic lipid overload and metabolic imbalance [26]. Under these conditions, circulating
free fatty acids—especially palmitate—are increased and readily taken up by peripheral
tissues, including the myocardium [27]. The heart relies heavily on fatty acid oxidation for
energy production; however, chronic lipid oversupply exceeds the oxidative capacity of
cardiomyocytes, leading to intracellular lipid accumulation [28]. While part of this lipid
excess is stored as triglycerides, an increasing body of evidence indicates that bioactive
lipid intermediates, rather than neutral lipid pools, are primarily responsible for lipotoxic
effects [29]. Among these intermediates, ceramides have emerged as key mediators link-
ing dietary lipid excess to cardiac metabolic dysfunction [6].

3.1. Fatty Acid Composition and De Novo Ceramide Synthesis

Dietary fatty acid composition plays a critical role in modulating ceramide biosyn-
thesis. Saturated fatty acids, particularly palmitate, serve as direct substrates for the de
novo ceramide synthesis pathway, thereby promoting ceramide production in metaboli-
cally active tissues, including the heart [7,30]. Elevated palmitoyl-CoA availability en-
hances the activity of serine palmitoyltransferase (SPT) [30], the rate-limiting enzyme in
this pathway, leading to increased formation of sphingoid bases and subsequent ceramide
accumulation. In contrast, unsaturated fatty acids—such as monounsaturated and poly-
unsaturated fatty acids—appear to exert neutral or protective effects on ceramide metab-
olism, either by reducing substrate availability for ceramide synthesis or by promoting
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lipid partitioning toward less harmful storage forms [31]. These observations highlight
the importance of dietary fat quality, rather than quantity alone, in regulating sphin-
golipid metabolism [32]. In addition to fatty acids, other dietary factors, including caloric
excess and altered glucose metabolism, may indirectly influence ceramide synthesis by
modulating substrate flux and enzymatic activity within lipid metabolic pathways [33].

3.2. Clinical Evidence Linking Diet-Induced Ceramide Accumulation to Cardiometabolic Risk

Clinical studies further support the relationship between diet, ceramide metabolism,
and cardiovascular risk. Elevated circulating ceramide levels have been consistently associ-
ated with obesity, insulin resistance, metabolic syndrome, and cardiovascular disease. In
particular, large cohort studies have identified specific ceramide species as strong predictors
of adverse cardiovascular outcomes, leading to the development of clinically relevant
ceramide-based risk scores [22]. Seminal studies by Laaksonen et al. [21] demonstrated that
circulating ceramides, particularly Cer(d18:1/16:0), Cer(d18:1/18:0), and Cer(d18:1/24:1),
were independently associated with cardiovascular mortality in patients with stable coro-
nary artery disease, even after adjustment for conventional lipid parameters such as LDL
cholesterol. These findings contributed to the development of the CERT (Coronary Event
Risk Test) score, which integrates specific ceramide species and their ratios to improve car-
diovascular risk stratification. Subsequent validation studies confirmed that elevated
ceramide-based scores predict major adverse cardiovascular events, heart failure progres-
sion, and all-cause mortality across different patient populations [23]. Additional human
studies have shown that circulating ceramide concentrations correlate closely with markers
of metabolic dysfunction. Individuals with obesity and type 2 diabetes exhibit significantly
increased plasma ceramide levels, particularly long-chain species associated with insulin
resistance and impaired metabolic flexibility [20]. Importantly, these alterations appear to
precede overt cardiovascular manifestations, suggesting that ceramides may act not only as
biomarkers of disease progression but also as early indicators of cardiometabolic dysfunc-
tion [34]. Although direct quantification of myocardial ceramide accumulation in humans
remains limited due to the invasive nature of cardiac tissue sampling, circulating ceramide
profiles are increasingly considered reliable surrogate markers of systemic sphingolipid
dysregulation. Lipidomic analyses have further revealed that distinct ceramide species exert
differential clinical significance [35]. For example, elevated levels of C16- and C18-ceramides
are frequently associated with adverse cardiometabolic outcomes, whereas very-long-chain
species may display neutral or context-dependent effects [6]. Emerging evidence also indi-
cates that dietary interventions can modulate circulating ceramide levels in humans. Adher-
ence to Mediterranean-style dietary patterns, caloric restriction, and diets enriched in un-
saturated fatty acids have been associated with reduced circulating ceramides and im-
proved metabolic profiles [24]. In contrast, high intake of saturated fatty acids promotes
ceramide accumulation and exacerbates insulin resistance and inflammatory signaling [24].
These observations reinforce the concept that dietary composition plays a critical role in
regulating sphingolipid metabolism and may directly influence cardiovascular risk through
modulation of ceramide pathways.

4. Ceramide-Mediated Molecular Signaling in Cardiomyocytes

Beyond their structural role in membrane organization, ceramides are increasingly
recognized as potent bioactive lipids capable of modulating multiple intracellular signal-
ing pathways involved in cardiac metabolism and stress adaptation [36]. Under condi-
tions of nutrient excess, ceramide accumulation acts as a molecular transducer linking di-
etary lipid overload to metabolic dysfunction in cardiomyocytes. In this context,
ceramides function not merely as passive byproducts of altered lipid metabolism but as
active signaling mediators that influence insulin sensitivity, mitochondrial homeostasis,
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inflammatory responses, and cell survival [35]. Importantly, the biological effects of
ceramides appear to depend on several factors, including acyl-chain composition, intra-
cellular localization, and the specific enzymatic pathways involved in their synthesis. This
complexity highlights the multifaceted role of ceramide signaling in the progression of
diet-associated cardiac dysfunction [37].

4.1. Species-Specific Effects of Ceramides

Although ceramides are commonly considered a single class of bioactive sphin-
golipids, increasing evidence indicates that their biological effects are highly species-spe-
cific [7]. Differences in acyl-chain length, degree of saturation, subcellular localization, and
the ceramide synthase isoform involved in their generation may substantially influence
their metabolic and signaling properties [38]. A major determinant of ceramide heteroge-
neity is the substrate specificity of ceramide synthase (CerS) isoforms. CerS enzymes dis-
play partially overlapping but preferential acyl-chain specificities: CerS1 mainly generates
C18-ceramides, CerS2 preferentially produces very-long-chain ceramides such as C22-
and C24-ceramides, Cer54 contributes to C18-C20 species, whereas CerS5 and CerS6 are
major sources of Cl6-ceramides. This isoform specificity is mechanistically relevant be-
cause changes in CerS expression or activity may alter not only total ceramide abundance
but also the relative balance among individual ceramide species with potentially distinct
biological effects [39]. In cardiac and metabolically active tissues, this balance may influ-
ence several cellular processes. Long-chain ceramides, particularly C16- and C18-
ceramides, have been repeatedly associated with impaired insulin signaling, mitochon-
drial dysfunction, oxidative stress, apoptosis, and adverse cardiometabolic outcomes [39].
By contrast, very-long-chain ceramides, such as C22- and C24-ceramides, may exert more
complex and context-dependent effects, potentially contributing to membrane organiza-
tion, lipid raft stability, and cellular homeostasis under specific conditions [7]. These spe-
cies-specific effects may also depend on subcellular compartmentalization. Ceramides
generated in the endoplasmic reticulum through the de novo pathway may influence ER
stress, lipid metabolic flux, and intracellular trafficking, whereas ceramides accumulating
in mitochondrial-associated membranes or mitochondrial compartments may directly af-
fect mitochondrial permeability, respiratory function, reactive oxygen species production,
and apoptotic signaling. Therefore, the biological impact of ceramide accumulation is
likely determined not only by the total amount of ceramides but also by the specific spe-
cies generated, the CerS isoforms involved, and the cellular compartment in which these
lipids accumulate [40]. However, whether C16-ceramides and very-long-chain ceramides
exert intrinsically distinct biological functions or instead reflect different metabolic pools
remains incompletely resolved [38,41]. Current evidence suggests that their effects are
highly context-dependent and may vary according to cell type, nutritional status, CerS
isoform expression, subcellular localization, and disease stage [38—41]. Therefore, species-
specific ceramide profiles should not be interpreted simply as isolated biomarkers, but
rather as indicators of broader sphingolipid remodeling with potential functional conse-
quences for cardiac metabolic signaling [39-41]. This species-specific complexity is partic-
ularly relevant in the cardiovascular setting, where circulating ceramide profiles and
ceramide-based risk scores have shown prognostic value beyond conventional lipid pa-
rameters [40]. Therefore, distinguishing among individual ceramide species is essential
for interpreting mechanistic studies, understanding diet-induced sphingolipid remodel-
ing, and translating lipidomic findings into clinically meaningful biomarkers or therapeu-
tic targets [41]. The principal biological effects and clinical relevance of the major ceramide
species discussed in this review are summarized in Table 3.
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Table 3. Major ceramide species, their biosynthetic enzymes, biological functions, and clinical relevance.

Ceramide Species

Main
Source/Enzyme

Principal Biological Effects Clinical Relevance

Cer(d18:1/16:0)
(Cl6-ceramide)

Mainly CerS6 dysfunction, ROS production,

Insulin resistance, mitochondrial . . .
Strongly associated with obesity, T2D,

. CAD, and cardiovascular mortality
apoptosis

Cer(d18:1/18:0)
(C18-ceramide)

Impaired glucose metabolism, met-  Associated with cardiometabolic dys-

CerS1 abolic inflexibility, cellular stress function and adverse cardiovascular

responses outcomes

Cer(d18:1/20:0)

CerS4

Regulation of membrane organiza- Emerging biomarker in cardiometabolic

tion and cellular signaling disease
Cer(d18:1/22:0) CerS2 Modulation of lipid horrTe.ostas1s Variable assoc1at10r.1 with cardiovascular
and membrane stability risk
18:1/24:
Cer(d18:1/2 0,) Maintenance of membrane integ-  May exert neutral or potentially protec-
(Very-long-chain CerS2 . . ) ) .
; rity and cellular homeostasis tive effects in some settings
ceramide)
Reeulation of lipid metabolism Included in CERT/CERT?2 scores and as-
Cer(d18:1/24:1) CerS2 & P sociated with cardiovascular risk predic-

and cellular stress responses .
tion

CerS, ceramide synthase; ROS, reactive oxygen species; T2D, type 2 diabetes; CAD, coronary artery
disease; CERT, Coronary Event Risk Test.

4.2. Ceramide-Induced Impairment of Insulin Signaling

Evidence from both in vitro and in vivo studies has demonstrated that excessive
ceramide accumulation disrupts insulin signaling pathways. In cultured cardiomyocytes
and skeletal muscle cells, ceramides inhibit Akt activation through PP2A-mediated
dephosphorylation and PKCC-dependent impairment of Akt translocation to the plasma
membrane [9,41]. In vivo, rodent models of high-fat diet-induced obesity have confirmed
that increased endogenous ceramide synthesis contributes to myocardial insulin re-
sistance and metabolic inflexibility [42]. Reduced Akt signaling impairs glucose utilization
and shifts myocardial substrate preference toward excessive fatty acid oxidation, ulti-
mately promoting metabolic inflexibility. In the context of chronic nutrient overload, this
metabolic shift contributes to inefficient ATP production, increased oxygen consumption,
and further lipid accumulation within cardiomyocytes [43]. Importantly, impaired insulin
signaling is not only a metabolic abnormality but also a key contributor to the structural
and functional remodeling observed in obesity-related and diabetic cardiomyopathy.
Emerging evidence additionally suggests that ceramides may interfere with insulin recep-
tor substrate (IRS) signaling and downstream nutrient-sensing pathways, further ampli-
fying metabolic dysfunction under lipotoxic conditions (Figure 1) [43].
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Figure 1. Ceramide-mediated impairment of insulin signaling in cardiomyocytes: Ceramide accu-
mulation inhibits the IRS-PI3K-Akt pathway through PP2A-mediated Akt dephosphorylation and
PKCC-dependent blockade of Akt membrane translocation, leading to reduced glucose uptake, im-

paired substrate utilization, and metabolic inflexibility.

4.3. Mitochondrial Dysfunction and Oxidative Stress

Mitochondria are central regulators of cardiac energy metabolism, and their dysfunc-
tion represents a hallmark of diet-induced cardiometabolic disease. Ceramide accumulation
has been strongly associated with mitochondrial abnormalities in cardiomyocytes, particu-
larly under conditions of saturated fatty acid excess [44]. Several mechanisms have been
proposed to explain ceramide-induced mitochondrial dysfunction. Ceramides can directly
alter mitochondrial membrane permeability and disrupt electron transport chain (ETC) ac-
tivity, leading to impaired oxidative phosphorylation and reduced ATP synthesis. In paral-
lel, defective electron transport enhances the leakage of electrons and promotes excessive
generation of reactive oxygen species (ROS) [45]. Increased oxidative stress contributes to
lipid peroxidation, protein oxidation, mitochondrial DNA damage, and activation of stress-
responsive signaling pathways. This creates a self-amplifying cycle in which mitochondrial
dysfunction further enhances ceramide accumulation and lipotoxic signaling. Ceramides
have also been implicated in the regulation of mitochondrial dynamics, including mitochon-
drial fission, fusion, and mitophagy [46]. Alterations in these processes impair mitochon-
drial quality control and promote the persistence of dysfunctional organelles within cardi-
omyocytes. Experimental studies indicate that specific ceramide species, particularly C16-
ceramides, may preferentially localize to mitochondrial membranes and exert pronounced
detrimental effects on mitochondrial integrity [47]. Given the exceptionally high energetic
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demands of the myocardium, even modest mitochondrial impairment may significantly
compromise cardiac function over time [48].

4.4. Ceramides, Inflammation, and Cellular Stress Responses

In addition to metabolic dysregulation, ceramides contribute to the activation of in-
flammatory and stress-related signaling pathways in the heart. Excessive ceramide accumu-
lation has been shown to activate nuclear factor kB (NF-kB), a major transcriptional regula-
tor of inflammatory gene expression [7]. This activation promotes the production of pro-
inflammatory cytokines and chemokines that contribute to myocardial inflammation and
adverse cardiac remodeling. Ceramides have also been associated with activation of the
NLRP3 inflammasome, a multiprotein complex involved in innate immune signaling and
metabolic inflammation [49]. Inflammasome activation promotes maturation of interleukin-
13 (IL-1PB) and interleukin-18 (IL-18), thereby amplifying inflammatory responses within
cardiac tissue. Simultaneously, ceramide accumulation induces endoplasmic reticulum (ER)
stress through disruption of protein folding homeostasis and activation of the unfolded pro-
tein response (UPR) [50]. Persistent ER stress contributes to impaired cellular adaptation,
calcium dysregulation, and apoptotic signaling. Importantly, these inflammatory and
stress-related pathways do not occur independently but rather interact closely with mito-
chondprial dysfunction and insulin resistance, generating a complex network of maladaptive
signaling events that accelerate cardiometabolic deterioration [51].

4.5. Requlation of Apoptosis and Autophagy

Ceramides are well-established regulators of cell fate and play a major role in apop-
tosis under conditions of metabolic stress. In cardiomyocytes, excessive ceramide accu-
mulation promotes apoptotic signaling through both mitochondrial-dependent and re-
ceptor-mediated pathways [7]. At the mitochondrial level, ceramides facilitate outer mi-
tochondrial membrane permeabilization, cytochrome c release, and activation of caspase
cascades. These events ultimately result in programmed cell death and contribute to pro-
gressive loss of functional cardiomyocytes [52]. In parallel, ceramides influence au-
tophagic pathways, although their effects appear to depend on the duration and severity
of metabolic stress. Moderate activation of autophagy may initially represent a compen-
satory mechanism aimed at removing damaged organelles and maintaining cellular ho-
meostasis [53]. However, chronic ceramide accumulation can dysregulate autophagic
flux, leading to defective cellular quality control and further metabolic impairment. The
balance between adaptive autophagy and apoptotic signaling is therefore likely to repre-
sent a critical determinant of cardiomyocyte survival during nutrient overload [54].

4.6. Integrated View of Ceramide Signaling in Diet-Associated Cardiac Dysfunction

Collectively, ceramides integrate multiple nutrient-sensitive signaling pathways in-
volved in the pathogenesis of cardiac metabolic dysfunction [19]. Through simultaneous
modulation of insulin signaling, mitochondrial homeostasis, oxidative stress, inflamma-
tion, ER stress, and cell survival pathways, ceramides act as central mediators of lipotoxic
cardiac remodeling [55]. Importantly, these mechanisms are closely interconnected and
may reinforce one another under conditions of chronic dietary lipid excess. This inte-
grated signaling network ultimately contributes to the development of metabolic inflexi-
bility, impaired cardiac energetics, and structural remodeling characteristics of obesity-
related and diabetic heart disease [56]. The recognition of ceramides as active signaling
mediators rather than passive lipid intermediates has important translational implica-
tions. Targeting ceramide metabolism and downstream signaling pathways may therefore
represent a promising strategy to attenuate nutrient-induced cardiac dysfunction and im-
prove cardiometabolic health [36].
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5. Clinical and Translational Evidence

While experimental studies have provided substantial mechanistic insight into the
role of ceramides in cardiac metabolic dysfunction, increasing efforts have been directed
toward translating these findings into clinically relevant applications [15,16]. Evidence
from both preclinical and human studies supports the concept that ceramide accumula-
tion is closely associated with cardiometabolic disease progression and adverse cardio-
vascular outcomes [21]. In addition to their pathogenic role, circulating ceramides have
emerged as promising biomarkers of cardiovascular risk and potential targets for nutri-
tional and pharmacological interventions [23]. The following sections summarize the cur-
rent preclinical and clinical evidence supporting the translational relevance of ceramide
metabolism in cardiometabolic disease.

5.1. Preclinical Evidence

Preclinical studies provide strong mechanistic evidence supporting the role of
ceramides as mediators of diet-induced cardiac metabolic dysfunction. In rodent models,
chronic exposure to high-fat diets (HFDs) rich in saturated fatty acids induces myocardial
ceramide accumulation, particularly through activation of the de novo sphingolipid synthe-
sis pathway [8,57]. Increased availability of palmitoyl-CoA enhances serine palmitoyltrans-
ferase (SPT) activity, thereby promoting ceramide biosynthesis in cardiomyocytes [58]. Ex-
perimental evidence indicates that myocardial ceramide accumulation contributes directly
to insulin resistance, mitochondrial dysfunction, oxidative stress, and apoptosis. Turpin et
al. demonstrated that genetic modulation of ceramide synthesis significantly affects meta-
bolic homeostasis, with ceramide accumulation promoting systemic and cardiac insulin re-
sistance [15]. Similarly, Chaurasia et al. reported that CerS6-derived C16-ceramides contrib-
ute to mitochondrial fragmentation and impaired glucose metabolism in obesity-associated
metabolic dysfunction [16]. In cardiac tissue, ceramide accumulation has also been linked to
impaired mitochondrial oxidative phosphorylation and increased reactive oxygen species
(ROS) production. Ussher and colleagues showed that lipid overload reduces metabolic
flexibility in the myocardium and promotes maladaptive substrate utilization under obese
and diabetic conditions [59]. Importantly, pharmacological inhibition of ceramide synthesis
using agents such as myriocin attenuates lipotoxicity, improves insulin signaling, and par-
tially restores cardiac metabolic function in experimental models [9]. Collectively, these
findings strongly support a causal role of ceramides in nutrient-induced cardiac metabolic
remodeling rather than a simple association with lipid overload.

5.2. Human Studies

Clinical studies further support the relationship between ceramide metabolism and
cardiovascular disease. Human lipidomic studies have provided original clinical evidence
supporting the role of circulating ceramides as biomarkers of cardiovascular and cardi-
ometabolic risk. Elevated circulating ceramide levels have been consistently associated
with obesity, insulin resistance, metabolic syndrome, coronary artery disease (CAD), and
heart failure [20-23]. A landmark study by Laaksonen et al. demonstrated that specific
plasma ceramides, particularly Cer(d18:1/16:0), Cer(d18:1/18:0), and Cer(d18:1/24:1), in-
dependently predicted cardiovascular death in patients with stable CAD and acute coro-
nary syndromes beyond conventional lipid markers such as LDL cholesterol [21]. These
findings represented a major advance in cardiovascular lipidomics and laid the founda-
tion for the development of ceramide-based risk stratification tools. Subsequent studies
confirmed that elevated circulating ceramide concentrations correlate with metabolic dys-
function and adverse cardiovascular outcomes. Haus et al. reported significantly in-
creased plasma ceramide levels in obese individuals with type 2 diabetes, with strong as-
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sociations between ceramides and insulin resistance indices [23]. Similarly, Poss et al.
identified circulating sphingolipid signatures capable of predicting coronary artery dis-
ease independently of traditional cardiovascular risk factors [22]. Although direct quanti-
fication of myocardial ceramides in humans remains limited, circulating ceramide profiles
are increasingly considered surrogate markers of systemic sphingolipid dysregulation
and metabolic stress. Overall, these original clinical studies support the translational rel-
evance of ceramide-based lipidomic profiling for cardiovascular risk stratification.

5.3. Ceramides as Cardiometabolic Biomarkers

One of the most clinically relevant aspects of ceramide biology is their emerging role
as cardiovascular biomarkers. Advances in mass spectrometry-based lipidomics have en-
abled the identification of specific ceramide species strongly associated with cardiovascu-
lar risk and disease progression [60]. In particular, the CERT and CERT?2 scores integrate
circulating ceramide species and phospholipid ratios to improve cardiovascular risk pre-
diction beyond traditional lipid parameters [61,62]. Elevated levels of Cer(d18:1/16:0),
Cer(d18:1/18:0), and Cer(d18:1/24:1) have been associated with increased risk of myocar-
dial infarction, heart failure, and cardiovascular mortality [21,61]. Importantly, ceramide-
based risk scores appear to capture residual cardiovascular risk even in patients receiving
optimal lipid-lowering therapies [62]. This suggests that sphingolipid metabolism may
represent a pathogenic pathway distinct from classical cholesterol-mediated mechanisms.
Recent evidence also suggests that distinct ceramide species exert differential biological
and clinical effects. Long-chain ceramides, particularly C16 species, are frequently associ-
ated with insulin resistance and adverse cardiovascular outcomes, whereas very-long-
chain ceramides may exert neutral or context-dependent effects [6,58]. These observations
highlight the complexity of ceramide biology and underscore the importance of species-
specific lipidomic profiling.

5.4. Analytical Approaches for Ceramide Quantification

The increasing clinical and translational interest in circulating ceramides has been
largely driven by advances in mass spectrometry-based lipidomics. Ceramides are most
commonly quantified in plasma, serum, or tissue extracts using liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS), which provides high sensitivity and
specificity for individual ceramide species [63]. Targeted lipidomics approaches, often
performed on triple quadrupole instruments using multiple reaction monitoring, are par-
ticularly suitable for the accurate quantification of predefined ceramide species and are
commonly used in studies evaluating ceramide-based cardiovascular risk scores such as
CERT and CERT2 [21,61,64]. In contrast, untargeted or semi-targeted lipidomics plat-
forms, frequently based on high-resolution mass spectrometry, allow broader profiling of
sphingolipid remodeling and may identify additional lipid species or ratios associated
with cardiometabolic risk [23,25,63].

Sample preparation is a critical step for reliable ceramide measurement. Lipids are
typically extracted from biological samples using liquid-liquid extraction protocols, such
as Folch- or Bligh and Dyer-based methods, or solid-phase extraction approaches when
additional lipid class enrichment or sample cleanup is required [14,65]. Quantitative ac-
curacy depends on the use of appropriate internal standards, including non-endogenous
ceramide analogs such as Cl7-ceramide or stable isotope-labeled/deuterated ceramide
standards, which correct for extraction efficiency, matrix effects, and analytical variability
[63,64]. Analytical performance is commonly assessed through parameters such as lower
limits of quantification, intra- and inter-assay coefficients of variation, linearity, recovery,
and reproducibility across batches [63]. Several representative clinical lipidomic studies
have applied these approaches to quantify circulating ceramides and derive clinically rel-
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evant risk scores. For example, Laaksonen et al. measured plasma ceramide species to
demonstrate their ability to predict cardiovascular death beyond LDL cholesterol [21],
while Hilvo et al. developed ceramide-phospholipid scores for residual cardiovascular
risk prediction [61]. Similarly, Poss et al. used lipidomic and machine-learning approaches
to identify serum sphingolipids as cholesterol-independent biomarkers of coronary artery
disease [23], and Wang et al. applied plasma lipidomic profiling in the PREDIMED trial
to evaluate the interaction between Mediterranean diet, ceramide profiles, and incident
cardiovascular disease [24]. These examples highlight how analytical lipidomics has
transformed ceramides from mechanistic lipid mediators into measurable biomarkers
with potential clinical and nutritional relevance.

5.5. Dietary Interventions and Nutritional Modulation of Ceramide Metabolism

Emerging evidence indicates that dietary interventions can significantly modulate
ceramide metabolism and circulating sphingolipid profiles. Nutritional strategies aimed at
reducing saturated fatty acid intake and improving metabolic flexibility appear particularly
relevant for limiting ceramide accumulation [24]. Adherence to Mediterranean dietary pat-
terns has been associated with lower circulating ceramide concentrations and reduced car-
diovascular risk, as observed in the PREDIMED trial, where higher adherence to a Mediter-
ranean diet supplemented with extra-virgin olive oil or nuts was associated with favorable
lipidomic profiles, including reduced levels of ceramide species linked to cardiovascular
events [66]. Similarly, diets enriched in monounsaturated and polyunsaturated fatty acids
may attenuate ceramide synthesis by reducing palmitate availability and promoting more
favorable lipid partitioning [24]. Omega-3 fatty acids have also been reported to improve
mitochondrial function and reduce inflammatory signaling pathways associated with
ceramide accumulation [67]. Caloric restriction and exercise interventions further influence
ceramide metabolism by improving insulin sensitivity and enhancing fatty acid oxidation
[68]. Notably, reductions in circulating ceramide concentrations have been observed follow-
ing weight loss interventions and lifestyle modification programs in individuals with obe-
sity and metabolic syndrome [69]. Collectively, these findings support the concept that die-
tary composition directly influences sphingolipid metabolism and suggest that ceramide
modulation may represent a mechanistic link between nutrition and cardiovascular health.
Taken together, the available evidence supports a translational framework in which
ceramides act at the interface between dietary exposures, metabolic dysfunction, and cardi-
ovascular disease. Findings from preclinical models demonstrate a mechanistic role for
ceramide accumulation in the development of insulin resistance, mitochondrial dysfunc-
tion, and lipotoxic cardiac remodeling, whereas human studies have identified specific
ceramide species as robust predictors of adverse cardiometabolic outcomes. Importantly,
the responsiveness of ceramide metabolism to dietary modification suggests that sphin-
golipid pathways may represent a biologically plausible mechanism through which nutri-
tional interventions exert cardiovascular benefits. These observations strengthen the ra-
tionale for considering ceramides not only as biomarkers of cardiometabolic risk but also as
potential targets for future preventive and therapeutic strategies.

6. Discussion

The evidence reviewed herein supports the concept that ceramides represent a criti-
cal molecular link between dietary nutrient excess and cardiac metabolic dysfunction.
While alterations in substrate utilization and lipid accumulation are recognized features
of obesity- and diabetes-associated cardiomyopathy, increasing evidence suggests that bi-
oactive lipid intermediates, rather than neutral lipid storage itself, are major drivers of
myocardial metabolic impairment [70]. In this context, ceramides emerge as central regu-
lators of insulin sensitivity, mitochondrial homeostasis, inflammation, and cell survival

https://doi.org/10.3390/nu18142239


https://doi.org/10.3390/nu18142239

Nutrients 2026, 18, 2239

15 of 21

[7]. A key observation from both experimental and clinical studies is that dietary lipid
quality strongly influences ceramide accumulation. Saturated fatty acids, particularly pal-
mitate, promote de novo ceramide synthesis, whereas dietary patterns rich in monoun-
saturated and polyunsaturated fatty acids, such as the Mediterranean diet, have been as-
sociated with lower circulating ceramide concentrations and improved cardiometabolic
outcomes [36]. These findings support the hypothesis that some of the adverse cardiovas-
cular effects of Western dietary patterns may be mediated through ceramide-dependent
mechanisms. Recent advances in lipidomics have highlighted the biological heterogeneity
of ceramides [10]. Long-chain species, particularly C16- and C18-ceramides, are consist-
ently associated with insulin resistance, mitochondrial dysfunction, and adverse cardio-
vascular outcomes. However, not all ceramide species appear to exert uniformly detri-
mental effects. Very-long-chain ceramides may display more complex and context-de-
pendent biological functions, emphasizing the need to move beyond measurements of
total ceramide content and focus on species-specific effects and tissue distribution. The
translational relevance of ceramide metabolism is further supported by the increasing use
of circulating ceramides as biomarkers of cardiovascular risk [7]. Ceramide-based scores
such as CERT and CERT2 have demonstrated prognostic value beyond conventional lipid
parameters. Nevertheless, important challenges remain, including the lack of methodo-
logical standardization across lipidomic platforms and the need for validation in larger
and more diverse populations before widespread clinical implementation [71]. Targeting
ceramide metabolism represents a promising therapeutic strategy. Both pharmacological
inhibition of ceramide synthesis and lifestyle interventions have shown beneficial effects
on metabolic function and circulating ceramide levels. However, it remains unclear
whether ceramides act primarily as causal mediators of disease progression or as sensitive
biomarkers of broader metabolic disturbances [72]. Furthermore, much of the current
mechanistic knowledge derives from animal models, and direct evidence from human
myocardial tissue remains limited. Overall, diet-induced ceramide remodeling appears to
play a central role in the pathogenesis of cardiac metabolic dysfunction [35]. However, the
biological heterogeneity of ceramide species, the limited availability of human myocardial
data, and the lack of standardized lipidomic methodologies highlight the need for further
investigation [73]. A deeper understanding of the interactions between nutrition, sphin-
golipid metabolism, and cardiac signaling pathways may facilitate the development of
precision nutrition approaches and novel therapeutic strategies aimed at reducing cardi-
ometabolic risk [74].

Limitations and Future Directions

Despite the growing evidence linking diet-induced ceramide remodeling to cardiac
metabolic dysfunction, several aspects remain incompletely clarified. The current litera-
ture is characterized by substantial heterogeneity in experimental models, dietary inter-
ventions, biological matrices, lipidomic platforms, and analytical workflows. This hetero-
geneity may limit the direct comparison of findings across studies and should be consid-
ered when interpreting the translational relevance of ceramide profiles in cardiometabolic
disease. A major unresolved issue concerns the relationship between circulating
ceramides and tissue-specific sphingolipid remodeling. Although plasma and serum
ceramide profiles have shown promising associations with cardiometabolic risk and car-
diovascular outcomes, they may not fully reflect myocardial ceramide accumulation, sub-
cellular compartmentalization, or local signaling events within cardiomyocytes. Direct ev-
idence from human cardiac tissue remains limited, and further studies are needed to de-
termine how circulating ceramide species relate to myocardial lipid remodeling, mito-
chondrial dysfunction, insulin signaling impairment, inflammation, and structural car-
diac remodeling. Another important knowledge gap relates to the functional interpreta-
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tion of individual ceramide species. Increasing evidence suggests that long-chain and
very-long-chain ceramides may have distinct biological and clinical associations; how-
ever, whether these differences reflect intrinsically divergent biological functions, CerS
isoform activity, subcellular localization, or broader metabolic remodeling remains to be
fully established. Future studies should therefore integrate species-resolved lipidomics
with mechanistic analyses of CerS isoform regulation, intracellular ceramide trafficking,
and compartment-specific signaling pathways. From a nutritional and translational per-
spective, additional longitudinal and intervention studies are needed to clarify whether
changes in ceramide profiles mediate the cardiovascular effects of dietary patterns, weight
loss, exercise, or pharmacological modulation of sphingolipid metabolism. In particular,
studies combining detailed dietary assessment, targeted and untargeted lipidomics, and
functional cardiac phenotyping may help define whether ceramides act primarily as bi-
omarkers of metabolic stress or as causal mediators of diet-associated cardiac dysfunction.
Finally, improved standardization of lipidomic workflows will be essential for advancing
the field. Harmonized protocols for sample collection, lipid extraction, internal standard
selection, mass spectrometry acquisition, data processing, and reporting of analytical per-
formance would increase reproducibility and facilitate comparison across studies. Such
efforts may support the future implementation of ceramide-based biomarkers in precision
nutrition, cardiovascular risk stratification, and targeted therapeutic strategies.

7. Conclusions

Diet-induced ceramide remodeling has emerged as a pivotal molecular mechanism
linking nutritional excess to cardiac metabolic dysfunction. Current evidence indicates
that excessive intake of saturated fatty acids promotes ceramide accumulation within the
myocardium, triggering a complex network of maladaptive responses that includes im-
paired insulin signaling, mitochondrial dysfunction, oxidative stress, inflammation, and
dysregulation of cell survival pathways. Together, these alterations contribute to meta-
bolic inflexibility and progressive cardiac remodeling associated with obesity and type 2
diabetes. Advances in lipidomic technologies have further highlighted the biological het-
erogeneity of ceramide species, revealing distinct associations between specific ceramides
and cardiometabolic risk. In parallel, the growing clinical utility of circulating ceramide
profiles as biomarkers of cardiovascular disease underscores the translational relevance
of sphingolipid metabolism. Importantly, accumulating evidence suggests that dietary in-
terventions and lifestyle modifications can influence ceramide metabolism, supporting
the concept that nutritional strategies may represent effective approaches to reduce
ceramide burden and improve cardiometabolic health. Nevertheless, significant
knowledge gaps remain regarding the tissue-specific functions of individual ceramide
species, their causal contribution to cardiac dysfunction, and their responsiveness to long-
term dietary interventions in humans. Overall, ceramides represent both promising bi-
omarkers and potential therapeutic targets in diet-associated cardiovascular disease. A
deeper understanding of the interactions between nutrition, sphingolipid metabolism,
and cardiac signaling pathways may facilitate the development of precision nutrition and
targeted therapeutic strategies aimed at preventing and mitigating obesity- and diabetes-
related cardiac complications.
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Akt Protein Kinase B
ATP Adenosine Triphosphate
CAD Coronary Artery Disease

CERT Coronary Event Risk Test
CerS6 Ceramide Synthase 6

ER Endoplasmic Reticulum
ETC Electron Transport Chain
HFD High-Fat Diet

IL-1B Interleukin-1 Beta

IL-18 Interleukin-18

IRS Insulin Receptor Substrate
LDL Low-Density Lipoprotein

NF-«xB Nuclear Factor Kappa B

NLRP3 NOD-, LRR- and Pyrin Domain-Containing Protein 3
PIBK Phosphoinositide 3-Kinase

PKCC Protein Kinase C Zeta

PP2A Protein Phosphatase 2A

ROS Reactive Oxygen Species

SPT Serine Palmitoyltransferase
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