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Article history: Background: Ceramides (Cer) are signaling sphingolipids that participate in insulin signaling, mito-
Received 21 August 2025 chondrial integrity, and inflammation. In obesity and insulin resistance (IR), Cer biosynthesis is exac-

Accepted 25 November 2025 erbated, leading to metabolic dysfunction and chronic diseases.

Objective: This narrative review synthesizes current evidence on how Cer metabolism can be modulated
Keywords: through dietary components and dietary patterns, with emphasis on lipidomic analyses.

Ceramides Key findings: The synthesis and accumulation of Cer are influenced by dietary abundance and quality,
g[l))l;lsril;g;llplds such as carbohydrates, fat and phenolic compounds. High-fructose corn syrup and saturated fatty acids
Insulin resistance promote Cer accumulation and IR, while monounsaturated and polyunsaturated fatty acids—abundant
Lipid metabolism in the Mediterranean and Nordic diets—attenuate these effects. Polyphenol-rich foods and caloric re-
Nutritional treatment striction may also reduce Cer concentrations and improve metabolic markers. The emerging evidence
Dietary interventions from lipidomic analyses is expanding our knowledge on the role of diet in Cer modulation.

Lipidomics Conclusion: Nutritional strategies targeting ceramide metabolism represent a promising approach to

improve metabolic health. Beyond their therapeutic potential, ceramides also emerge as dynamic lip-

idomic biomarkers capable of reflecting early metabolic changes and monitoring the efficacy of nutri-

tional interventions.
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1. Introduction 537 million adults globally were diagnosed with type 2 diabetes
(T2D), a number projected to rise by 2045 [1-3]. Lipidomics has

Obesity and insulin resistance (IR) are risk factors for metabolic identified ceramides (Cer), the primary signaling sphingolipids
diseases and represent a growing public health concern. In 2022, (SLs) involved in metabolic regulation, as key lipid molecules
890 million adults were living with obesity, while an estimated implicated in metabolic dysregulation, including IR and T2D [4,5].
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Mechanistical studies indicate that excessive ceramide accu-
mulation impairs insulin signaling by promoting mitochondrial
dysfunction, endoplasmic reticulum stress, and inflammation
[6,7]. Specifically, increased abundance of long-chain ceramides
(C16:0 and C18:0) in adipose tissue and the liver, shows strong
correlations with IR and lipid accumulation [8]. This is in line with
recent evidence that observed elevated Cer and other complex
sphingolipid species in obesity and type 2 diabetes (T2D) [9].
Furthermore, hepatic levels of dihydroceramides and Cer are
markedly increased in subjects with IR [9,10]. Conversely, circu-
lating total Cer have been inversely correlated with insulin sensi-
tivity in individuals with IR and obesity [10]. This evidence is
positioning Cer as potential metabolic drivers of adipose tissue
dysfunction and hepatic injury.

These observations also support the growing interest in Cer and
SLs as potential therapeutic targets for metabolic diseases, so
different therapeutic strategies are being explored, including anti-
diabetic therapies (e.g., thiazolidinediones, metformin, GLP-1 re-
ceptor agonists) — which may reduce the synthesis of reactive SLs
species in non-adipose tissues [9] — and emerging nutritional
strategies. Given the growing burden of obesity and type 2 dia-
betes (T2D), understanding the link between Cer metabolism and
metabolic disorders can help in the design of novel therapeutic
targets and dietary strategies to prevent excessive Cer accumula-
tion in metabolic tissues [8].

Considering the critical role of Cer and SLs in metabolic dis-
eases, a targeted, data-driven approach to dietary therapies is
essential for optimizing nutrient quantity and quality in order to
finely tune Cer biosynthesis for the maintenance of metabolic
health and addressing diverse metabolic conditions. From this
perspective, research has revealed that nutritional treatments or
specific nutritional patterns can impact the biochemical pathways
governing lipids and Cer synthesis and degradation [11]. However,
despite their biological importance, the wide variety of SLs species
in the human body makes their identification and elucidation of
specific roles difficult to assess. Lipidomics has emerged as a
critical and robust tool to address these difficulties. However, the
role of SLs in different health conditions are still poorly under-
stood, primarily due to the limited number of lipidomics studies
conducted to date [12].

This study is a narrative review that aims to synthesize the
current evidence on how nutritional patterns modulate ceramide
metabolism in the context of obesity and IR. Specifically, it ex-
plores the metabolism and physiological role of Cer, their
involvement in metabolic disorders, the impact of specific nutri-
ents on Cer regulation and the influence of dietary patterns, to
provide perspectives for future research and clinical implications.

2. Methods
2.1. Scope of the review

This narrative review aims to link findings of current evidence
on how ceramides (Cer) can be modified through nutrient-
mediated modulation and dietary patterns, with a specific focus
on obesity and insulin resistance (IR). By integrating evidence from
molecular, physiological, and clinical studies, this approach allows
the interpretation and synthesis of data to support a conceptual
framework of the nutritional modulation of ceramides.

This work was conducted as a Structured Narrative Review [13],
as our goal is to explore and contextualize the influence of diet on
ceramide metabolism. This strategy allows for a comprehensive
approach to integrate diverse forms of evidence, determining the
mechanistic, physiological, and clinical perspectives on how
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dietary factors impact ceramide metabolism, thus enhancing the
understanding of their role in human health.

2.2. Search strategy

A literature search was conducted in PubMed and Scopus da-
tabases. The literature search was performed using Medical Sub-
ject Headings (MeSH) and Boolean operators. The search terms
used are as follows: (Obesity [MeSH] OR “Insulin Resistance"|[-
MeSH]) AND (Ceramides [MeSH] OR “lipidomics"[TIAB]) AND
(“Diet Therapy"[MeSH]) AND (y_10[Filter]). Inclusion criteria
comprised original human studies (interventional and observa-
tional) that quantified ceramides or sphingolipids (preferably us-
ing lipidomic or targeted analyses) and evaluated their association
with nutritional factors such as caloric restriction, dietary fat
quality, polyphenols, or established diet patterns. Eligible studies
included adults with overweight, obesity, insulin resistance,
metabolic syndrome, or type 2 diabetes. Mechanistic and pre-
clinical studies were selectively included to illustrate biochemical
pathways underlying ceramide metabolism. Exclusion criteria
included reviews, meta-analyses, conference abstracts, and
studies lacking quantitative ceramide data or a nutritional
component. Studies exclusively involving pharmacological in-
terventions, non-metabolic conditions, or special populations
(pregnant women, children) were excluded. This structured yet
flexible approach emphasizes conceptual synthesis and trans-
lational interpretation.

The extracted information was organized thematically accord-
ing to the biological and clinical hierarchy of evidence. Mechanistic
findings describing ceramide biosynthesis pathways and their
metabolic effects were grouped in Sections one and two to provide
the molecular framework. Nutritional evidence was then stratified
by the level of dietary complexity from single nutrients to dietary
patterns in Sections 3 and four. Methodological aspects such as
study design and consistency of findings were considered to
interpret the evidence. A summary of key nutritional intervention
studies assessing Cer modulation for clinical interpretation is
provided in Supplementary Table 1.

3. Results and discussion

The database search retrieved 68 papers. Following title, ab-
stract, and full text screening, 52 studies were excluded as they
report results of pharmacological treatments or non-metabolic
pathologies. A total of 16 studies met the eligibility criteria and
were included in the present review. As expected, the low number
of eligible studies was limited as the integration of lipidomic
profiling into nutritional intervention research is still developing.

3.1. Sphingolipid and ceramide metabolism and physiological
functions

Lipids are a diverse class of biomolecules essential for cellular
structure, extracellular signaling, and energy storage. Among
them, SLs represent approximately 10 %-20 % of total cellular
lipids, of which Cer are the central molecule of sphingolipid
metabolism [14]. Cer act as precursor molecules for more complex
SLs, and are primarily synthesized via the de novo pathway [15,16].

SLs are a complex class of lipids derived from sphingosine, an
aliphatic amino alcohol O-linked to ethanolamine, serine, or
choline. Sphingosine is also amide-linked to fatty acids. SLs are
classified into three major types: Cer, sphingomyelins, and glyco-
sphingolipids, which are fundamental components of eukaryotic
cell membranes, playing critical roles in both physiological and
pathological processes [10,12,14]. They contribute to membrane
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structure and integrity, regulate cellular signaling pathways, and
are involved in key metabolic and stress-related responses,
including lipid and carbohydrate metabolism, inflammation,
apoptosis and autophagy [14,17]. Moreover, several SLs bind to
proteins to regulate their activity, acting as first or second mes-
sengers of several signal transduction pathways. For example,
Sphingosine-1-phosphate (S1P) regulates cell migration, embry-
onic development of the heart, and lymphocyte trafficking as a
first messenger [18].

Cer are composed of a sphingosine linked to a fatty acid varying
in length from C14 to C32 (Fig. 1). Sphingomyelin (SM) consists of a
sphingosine base with an 18-carbon chain and a double bond at
position 4, attached to a phosphorylcholine fatty acid [18]. Gly-
cosphingolipids (GSL) consist of a carbohydrate attached to the 1-
hydroxyl of ceramides through a glycosidic bond in the g config-
uration, which are subdivided into different groups: cerebrosides
(which has a single glucose or galactose at the 1-hydroxy posi-
tion); gangliosides (which are sialic acid-containing glyco-
sphingolipids) [19]; and globosides (which contain two or more
sugar residues and an N-acetylgalactosamine group linked to Cer)
[20].

Cers are predominantly found in the liver, adipose tissue, and
neural tissue, where they modulate several signaling pathways.
Three major metabolic pathways are involved in ceramide
biosynthesis: the de novo, the salvage pathway, and the sphingo-
myelinase pathway [15,16,21] as represented in Fig. 2.

In the de novo pathway occurs on the cytoplasmic surface of
the endoplasmic reticulum (ER) and comprises the most impor-
tant source of Cer in the body. This pathway begins with the
condensation of L-serine and a fatty-acyl CoA such as palmitoyl-
CoA, myristoyl-CoA, or stearoyl-CoA at the ER membrane, cata-
lyzed by the enzyme serine palmitoyltransferase (SPT) to form 3-
ketosphinganine, which is then reduced to dihydrosphingosine
by the NADH-dependent 3-ketosphinganine reductase (KDSR).
Ceramide synthases (CerS) catalyze the acylation of dihy-
drosphingosine to dihydroceramide (Fig. 3). The genes encoding
CerS enzymes differ in their spatial and temporal expression pat-
terns, as well as in their ability to produce ceramides with varying
chain lengths. Although all identified CerS enzymes exhibit similar
Km values (affinity for substrates), they vary in their selectivity for
acyl-CoAs depending on the length of the acyl chain [15,22]. Ac-
cording to their carbon chain lengths, six CerS isoforms have been
reported in mammals displaying selective specificity for acyl CoAs.
CerS1 attaches the C18 fatty acyl CoA (long chain); CerS2 exhibits
activity toward the very long acyl CoAs such as C22-C24; CerS3
attaches the ultra-long fatty acyl CoA as C26, CerS4 is specific for
the C18-C20 CoA; whereas CerS5 and CerS6 have specificity for the
C14-C16 CoA [13-15,21]. The abundance of the different Cer
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Fig. 1. Structure of a ceramide molecule: sphingosine and fatty acid linked by an
amide bond.
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Fig. 2. Three major metabolic pathways for ceramide biosynthesis. Ceramides are
synthesized via three interconnected routes: the de novo pathway, starting with
serine and palmitoyl-CoA; the sphingomyelinase pathway, which hydrolyzes sphin-
gomyelins; and the salvage pathway, which recycles sphingosine from sphingolipid
catabolism.

species is dependent on the tissue-specific distribution of the
different CerS. For instance, CerS1 is mainly expressed in the brain,
CerS2 is highly abundant in the liver and kidney, CerS3 is highly
expressed in the testis and skin, CerS4 mRNA is found in the skin,
heart, liver, and leukocytes, CerS5 is mainly expressed in lung
epithelia and brain, whereas CerS6 show high expression in the
intestine [22-25]. The final step in Cer biosynthesis is mediated by
a desaturation reaction by the dihydroceramide desaturase
(DDase) which expression is ubiquitous [22,26]. This evidence
suggests that the distribution of the different Cer species in the
body is dependent on the tissue-specific distribution of individual
CerS. However, the transcriptional and post-transcriptional regu-
lation of CerS in the different metabolic organs is not yet fully
understood [15].

As illustrated in Fig. 3, in the salvage pathway, Cer is generated
from partial degradation of membrane glycolipids by gluco-
sylceramidase (GCase). Also, in the sphingomyelin pathway,
complex sphingolipids are hydrolyzed by sphingomyelinases
(SMase) in lysosomes. Next, Cer is transported to the Golgi com-
plex through vesicular and nonvesicular protein ATP-dependent
coupling, allowing the production of complex SLs. Once syn-
tesised, Cer is used as substrate for four major pathways, in whose
Cer is either: 1) phosphorylated by the ceramide kinase (CERK) to
form ceramide-1-phosphate (C1P); 2) incorporated into
sphingomyelin-by-sphingomyelin synthase (SMS); 3) converted
into glucosylceramide-by-glucosylceramide synthases (GCS),
leading to the generation of complex SLs such as cerebrosides,
gangliosides, sulfatides and globosides; and; 4) deacylated by the
ceramidases (CDase) to produce sphingosine. Sphingosine kinases
(SKs) phosphorylate sphingosine to produce S1P, which is
degraded by sphingosine phosphate phosphatase (SPP) or S1P
lyase, synthesizing sphingosine. These molecules are crucial for
membrane stability and cellular signaling and can be broken down
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for the synthesis of sphingolipids such as glycosphingolipids.

in lysosomes to regenerate Cer. This process further produces
sphingosine and S1P, both important for metabolic regulation [15].

Interestingly, Cer can be synthesized by the mitochondria itself.
For instance, initial reports in murine models identified three CerS
subtypes CerS1/2/6 in the mitochondria of mouse brain [27,28]. In
fact, CerS2 colocalizes with the translocase of outer mitochondrial
membrane 20 (TOM20) on the outer mitochondrial membrane,
and the CerS6 associates with the adenine nucleotide translocase
(ANT) on the inner mitochondrial membrane [28,29]. In addition,
mitochondria has been shown to recruit additional enzymes
related to Cer metabolism, including neutral sphingomyelinase
(nSMase) [27,28] and neutral ceramidase, potentially by its inter-
action to ER [28,30]. This suggests that mitochondria by itself
possess the enzymatic machinery to properly regulate Cer abun-
dance and thus, its Cer-dependent biological activities.

Cer synthesis and abundance are also responsive to metabolic
cues. Under states of obesity and lipid overload, Cer synthesis is
increased, leading to their accumulation, favoring metabolic dys-
regulation [16,21]. Also, given their role as bioactive lipids in
mitochondria, Cers have been implicated in several metabolic
disorders mediated by mitochondrial dysfunction [14].

Based upon the previous information, CerS6 and CerS5 (to a
lesser extent) are particularly relevant in the context of IR and
obesity. These isoforms synthesize C16:0 and C18:0 ceramides
which are consistently associated with impaired insulin signaling,
mitochondrial dysfunction, and adipose tissue inflammation. In
contrast, very-long-chain ceramides such as C22:0-C24:0, mainly
generated by CerS2 are associated to a better metabolic health.

3.2. Ceramides and their implication in metabolic disorders: the
underlying cause

Accumulating evidence has positioned Cer as a critical medi-
ator in the pathogenesis of metabolic disorders such as obesity, IR,
hepatic steatosis and dyslipidemia, which in turn progress to
chronic diseases such as metabolic dysfunction-associated stea-
tohepatitis, cardiovascular diseases, atherosclerosis, chronic kid-
ney disease, and T2D. Excess Cer accumulation induces metabolic
derangements in metabolic tissues -as the liver, skeletal muscle,
and adipose tissue-by at least three well-defined mechanisms: 1)
impairing insulin signaling, leading to reduced glucose uptake and
ATP synthesis 2) altering mitochondrial electron transport chain
and inducing mitochondrial fragmentation, leading to mitochon-
drial dysfunction, impaired respiration and augmented release of
radical oxygen species (ROS) [16]. 3) Induction of endoplasmic
reticulum (ER) stress, increasing lipid synthesis and pro-
inflammatory signaling [7,21]. The combination of energetic
stress, oxidative stress, lipotoxicity, and inflammation disrupts
vital cellular functions, leading to necrotic cell death (Fig. 4).

3.2.1. Ceramides impair the insulin signaling pathways

The first mechanism of Cer-mediated metabolic alterations is
the impairment of insulin signaling: in skeletal muscle, liver, and
adipose tissue, Cer inhibits insulin receptor-IRS-Akt signaling
pathway, a crucial regulator of glucose uptake and metabolism.
This occurs through the activation of protein phosphatase 2A
(PP2A), which dephosphorylates the activatory tyrosine residues
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Fig. 4. Mechanisms of cellular damage induced by ceramides. Excess ceramide accumulation disrupts insulin signaling, mitochondrial function, and endoplasmic reticulum
homeostasis, promoting oxidative stress, inflammation, and lipotoxicity. These processes lead to metabolic dysfunction and cell death.

of insulin receptor substrates (IRS) and Akt, and atypical protein
kinase zeta (PKC¢), which phosphorylates both IRS and Akt on
inhibitory serine residues, rendering them inactive. Reduction of
Akt activity in skeletal muscle and adipose tissue prevents insulin-
induced glucose transporter type 4 (GLUT4) translocation to the
cell membrane and thereby reduces glucose uptake [16], whereas
in the liver, Akt inhibition disrupts the insulin-induced suppres-
sion of hepatic gluconeogenesis, leading to uncontrolled glucose
release. Thus, Cer accumulation impairs glucometabolic activities
in metabolic tissues, resulting in hyperglycemia [18].

Elevated Cer content in adipose tissue also impairs insulin-
mediated inhibition of lipolysis, increasing free fatty acids (FFA)
release to circulation. Unrestrained lipolysis increases lipid uptake
in tissues as the liver, kidney, heart and skeletal muscle, leading to
lipid overaccumulation and lipotoxicity. Accordingly, increased Cer
content in adipose tissue is strongly associated with metabolic
alterations, such as IR, hepatosteatosis and myosteatosis, as
observed in obesity [31].

Insulin signaling also favors cell growth and survival. The
anabolic activities of insulin are mediated by the Ras/Raf/MEK/
extracellular signal-regulated kinase (ERK) signaling pathway and
the activation of the mechanistic target of rapamycin (mTOR) and
S6 kinase beta-1 (S6K1) pathway. Cer accumulation inhibits both
the ERK and mTOR signaling pathways, leading to impaired cell
growth and survival [32].

The mechanisms involving Cer inhibition of insulin signaling
involves the formation of highly structured lipid microdomains in
the plasma membrane by Cer. Within these caveolin-enriched

domains, ceramide specifically reduces the association of PKC¢
with 14-3-3, a scaffold protein typically localized to less structured
membrane regions. This dissociation leads to PKC¢ activation and
subsequent phosphorylation of Akt3 at Ser34. Hence, structured
membrane microdomains are necessary for ceramide-induced
PKC¢ activation, which leads to the suppression of Akt activity
and impairs the insulin signaling pathway [33].

Notably, specific acyl chain length and intracellular localization
of Cers are important determinants of their metabolic effects [7].
For instance, long-chain ceramides, such as C16:0 and C18:0, have
been closely associated with IR and hepatic steatosis. These
ceramides are primarily produced by ceramide synthase 6 (CerS6)
in adipose and liver tissue, and CerS1 in skeletal muscle [7,8,34],
where they might also alter mitochondrial function.

3.2.2. Ceramides induce mitochondrial dysfunction

The second mechanism of Cer-mediated metabolic alterations
is the induction of mitochondrial dysfunction. Ceramides accu-
mulate in the mitochondrial membranes, leading to mitochondrial
dysfunction by several pathways. Initially, C16:0 and C2:0-
ceramides can self-assemble into large, barrel-like channels in
the mitochondrial outer membrane [35]. These membrane chan-
nels are formed from columns of ceramides that arrange in an anti-
parallel fashion, making a cylindrical shape spanning the hydro-
phobic interior of the mitochondrial outer membrane. Each col-
umn is composed of six Cer molecules associated to the MOMP and
mitochondria permeabilization [14]. The formation of ceramide-
induced pores has been associated with interactions between
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ceramides and proteins such as Bax or the voltage-dependent
anion channel (VDAC), which facilitate cytochrome c release and
initiate apoptosis [36,37].

Researchers have identified that mitochondrial permeability
transition pore (mPTP) is particularly sensitive to C2 ceramide,
favoring the escape of ROS from the mitochondrial matrix [38].
Conversely, the accumulation of C16:0 ceramide has been shown
to alter the balance between sphingolipids, phospholipids, and
other membrane constituents, leading to increased membrane
rigidity and permeability [21]. Additionally, in isolated liver
mitochondria, C16:0 ceramides induce a significantly higher
number of membrane channels compared to C22:0 ceramide [39].

Cer also modulates mitochondrial permeability by influencing
external stimuli such as calcium concentration, cellular pH, redox
balance, and conformational changes in the adenine nucleotide
translocase (ANT). These alterations contribute to the opening of
the mPTP, thereby affecting mitochondrial integrity and cell fate.
Globally, changes in the lipidomic profile of mitochondrial mem-
branes by particular ceramide species compromise their per-
meabilization, favoring metabolic dysfunction.

Mitochondrial permeability also disrupts the mitochondrial
membrane potential, resulting in mitochondrial depolarization.
Reduced membrane potential impairs the respiratory chain ac-
tivity, leading to a loss of oxidative phosphorylation, blocking ATP
synthesis. Ceramide accumulation has been reported to reduce
mitochondrial membrane potential by 30-50 % in specific cell
types [40]. Studies in mice have shown that genetic over-
expression of CerS2 reduces mitochondrial membrane potential
compared to a control group [41]. Accordingly, the accumulation of
ceramides in the mitochondria of skeletal muscle cells showed loss
of the mitochondrial respiratory chain components, resulting in
mitochondrial dysfunction and IR [42].

The alteration in the electron transport chain (ETC) induced by
Cer accumulation also increases ROS production, leading to
oxidative stress and further promoting cell death [38]. A recent
study shown that the C2:0 ceramide species blocks the activity of
Complex III favoring ROS production, tentatively by electron
transfer to molecular oxygen at or near the same site where
antimycin A acts within the Q-cycle of Complex III [43,44]. The
C16:0 ceramide was also reported to inhibit the Complex IV ac-
tivity in isolated liver mitochondria and induce ROS production
[45]. In pancreatic B-cells, the accumulation of ROS induced by Cer
buildup impairs insulin secretion and ultimately triggers p-cell
death [31].

Crivelli and colleagues (2024) reported that elevated levels of
18:0, 22:0, and 24:1 ceramide also reduces the ETC and increase
ROS production in brain cells [46,47]. Mechanistically, C16:0 cer-
amide potentially disrupts mitochondrial g-oxidation by inhibiting
carnitine palmitoyltransferase 1 (CPT1), a key enzyme regulating
the entry of long-chain fatty acids into mitochondria for oxidation
[45]. Based on this scenario, it is expected that inhibition of
mitochondrial oxidation results in a lipid overload state, where
non-oxidized fatty acids are diverted into SLs biosynthetic path-
ways. The effect is the increased production of ceramides, thereby
perpetuating a self-reinforcing cycle of metabolic stress and
dysfunction, which worsens IR and cellular damage [7,21,48].

A study in rat cardiomyocytes found that the decrease in
mitochondrial membrane potential induced by C2-ceramide was
accompanied by fragmentation of the mitochondrial network [49].
This finding indicates that Cer accumulation also alters mito-
chondrial dynamics. Mitochondrial networks are in continuous
remodeling, to match mitochondrial activity with energy de-
mands. In this respect, mitochondrial fusion increases mitochon-
drial size for greater energy production during conditions of high
metabolic activity, whereas fission reduces oxidative capacity and
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ATP synthesis when energy demands are met. Mitochondrial
fission also facilitates the removal of damaged mitochondria via
mitophagy [50]. In fact, recent exciting evidence has documented
that mitochondria split into two separate types, one of which is
concentrated on energy production, whereas the other on ana-
plerosis, to produce essential cellular building blocks [51].

Cellular Cer accumulation alters the delicate balance between
fission and fusion, leading to mitochondrial dysfunction and
contributing to the pathogenesis of metabolic disorders, neuro-
degeneration, and organ injury. Ceramide promotes mitochondrial
fission by increasing the activity and recruitment of proteins such
as Drp1 and Fis1, resulting in mitochondrial fragmentation. At the
same time, it suppresses fusion by downregulating key proteins
like mitofusin 2 (MFN2) and OPA1, further driving mitochondrial
stress. These effects are observed across various cell types such as
cardiomyocytes, skeletal myocytes, neurons, hepatocytes,
pancreatic beta cells, and glomerular cells [52].

For instance, C18:0 ceramide, synthesized CerS1 has been
shown to mediate mitophagy in the brain by targeting damaged
mitochondria [51,53]. This selective targeting is facilitated by the
mitochondrial transport protein p17/PERMIT, which translocates
CerS1 to the outer mitochondrial membrane to initiate C18:0
ceramide-dependent mitophagy [53]. In carcinoma cells, CerS1
and its metabolic product, C18-ceramide [54], induce non-
apoptotic Bax/Bak and caspase-independent lethal mitophagy
[55]. Recent findings highlight the importance of ceramide-LC3-II
interactions as a key mechanism linking ceramide signaling to
mitophagy [55]. Overall, ceramide metabolism emerges as a crit-
ical regulator of mitochondrial dynamics and a promising thera-
peutic target in diseases driven by mitochondrial dysfunction.

3.2.3. Ceramides activate the unfolded protein response by
inducing endoplasmic reticulum stress

The third mechanism of Cer-mediated metabolic alterations is
the activation of the UPR by inducing ER stress. The UPR is a critical
cellular mechanism activated in response to alterations in ER ho-
meostasis, which includes accumulation of unfolded or misfolded
proteins, calcium depletion and changes in the ER membrane lipid
composition. The ER stress activates three protein sensors, named
IRE1, PERK, and ATF6, which initiate the UPR signaling pathways to
restore homeostasis. However, if these adaptive responses fail,
prolonged UPR activation disrupts cellular homeostasis, impairing
insulin signaling as occurs in skeletal muscle, liver, and adipose
tissue [56]. Additionally, ER stress promotes lipogenesis and lipid
accumulation, leading to lipotoxicity. It also activates the NFkB-
inflammasome pathway, ultimately leading to cell death.

Ceramide induces ER stress by two main mechanisms; 1) dis-
rupting calcium homeostasis through inhibition of the SERCA
pump, leading to depletion of ER calcium stores and 2) generating
lipid bilayer stress, which is sensed by the IRE1 through a
specialized intermembrane amphipathic helix [57]. Both cer-
induced alterations in ER homeostasis activate the protein chap-
erone BiP/GRP78m, which binds and activates the three UPR
sensors. In response to Cer accumulation, ATF6 activation induces
SREBP1 transcription and activity, which then induces lipogenic
gene expression, leading to lipid biosynthesis. PERK activates the
elongation initiation factor 1a (elF2a), which increases translation
of specific proteins, such as the transcription factor CHOP, which in
turn increases the expression of the NLRP3 inflammosome. Cer-
induced IREla activity activates the pro-inflammatory in-
termediates JNK and NFkb, along with the activation of the tran-
scription factor XBP1, which in turn increases the transcription of
pro-inflammatory genes [58]. The combined activity of the three
UPR sensors in response to Cer overload induces inflammation,
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mitochondrial dysfunction, and ROS generation, leading to
necrotic cell death [59].

Together, dysbalance in Cer synthesis and metabolism lead to
Cer overload in different tissues, impairing insulin signaling,
altering mitochondria dynamics and bioenergetics and inducing
ER stress. These cellular alterations lead to activation of pro-
inflammatory and pro-apoptotic signals, causing metabolic
dysfunction in critical organs such as the liver, skeletal muscle,
adipose tissue and kidney. These metabolic alterations progress to
chronic diseases such as obesity, T2D, cardiovascular diseases,
atherosclerosis, MASLD, chronic kidney disease, and neuro-
degeneration. The primary cause of Cer accumulation in tissues is
overnutrition [21]. Long-term consumption of calorie-rich foods
containing simple sugars or high-fructose corn syrup (HFCS) [60]
and saturated fatty acids (SFAs) [61] increases lipid synthesis and
ceramide production. This evidence highlights the significance of
dietary choices on Cer accumulation and cellular dysfunction.

Based on the provided information, we next discuss the effect
of specific nutrients and dietary patterns in human intervention
studies.

3.3. Nutrient-mediated modulation of ceramide metabolism

3.3.1. Dietary fatty acids

Ceramides are increasingly recognized as key lipid signaling
molecules that link nutrient intake to metabolic dysfunctions.
Among the dietary components, the quality of dietary fat stands
out as a major determinant of alteration in Cer profiles in humans.
Diets rich in simple sugars and SFAs consistently promote Cer
accumulation and adverse metabolic effects. In contrast, unsatu-
rated fatty acids have been shown to attenuate ceramide levels and
support beneficial lipidomic remodeling (Fig. 5). Mechanistically,
SFA excess increases a substrate flux through SPT and CerS6,
leading to the accumulation of C16:0-Cer that inhibits Akt/PKB
signaling [62]. At the same time, MUFA and PUFA fats have been
reported to favor CerS2-derived very long chain Cers (C22-C24)
and activate ceramidase, promoting sphingosine and S1P forma-
tion that support insulin signaling [63].
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In a controlled crossover trial, Kien et al. [64] evaluated how
dietary fatty acid composition affects lipid metabolism and insulin
sensitivity in 26 healthy adults. Both diets provided 40 % of total
energy from fat: one high in palmitic acid (~16 % SDA, 16 % MUFA)
and the other high in oleic acid (~2.4 % SFA, 28.8 % MUFA). The high
oleic diet significantly reduced total and muscle ceramide con-
centrations and improved insulin sensitivity, particularly in
women. These findings reflect a shift in acyl-CoA utilization
whereby oleate competes with palmitate, decreasing CerS6 ac-
tivity and enhancing SCD1-mediated desaturation, ultimately
limiting C16:0 ceramide formation and improving insulin
signaling.

Consistent with these results, Rosqvist et al. [65] compared
overfeeding with SFA-and PUFA rich diets for seven weeks in 39
overweight adults. The SFA group (butter-based, ~19 % of energy as
SFA) exhibited increases in Cer(d18:1&16:0), Cer(18:1/18:0) and
Cer(d18:1/24:1), along with higher hepatic fat and alanine
aminotransferase (ALT), whereas the PUFA group (sunflower-oil-
based, 12 % of energy as PUFA) prevented hepatic lipid accumu-
lation and maintained lower ceramide concentrations despite
equivalent weight gain. These findings demonstrate that the
quality rather than the quantity of dietary fat determines ceramide
remodeling and metabolic impact.

Supporting evidence comes from interventions using MUFA
and PUFA rich foods. A short-term study with extra virgin oil
significantly decreased Cer (d18:1/16:0) and improved insulin-
resistant markers compared with a palm-oil-rich diet, which
increased the same ceramide species as sphingomyelin C18:0
[66]. Replacing palmitate with oleate-rich sources thus limits
ceramide accumulation, mitigating cellular stress. Furthermore,
the study by Lankinen et al. [67] showed that consuming fatty
fish (150-300g per week for 12 weeks) decreased Cer species
d18:1/23:0 and d18:1/24:1 along with diacylglycerols and lyso-
phosphatidylcholines, lipids association with inflammation and
IR. In contrast, Ottestad et al. [68] found that supplementing 36
healthy adults with 1.6 g/day EPA + DHA for seven weeks within
a controlled diet (24.4 % fat) did not change ceramide levels but
enriched plasma phospholipids and triglycerides with long-
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chain n-3PUFAs. This lipidomic remodeling, in the absence of
ceramide reduction, suggests that fish-oil benefits arise from
changes in membrane composition and ant inflammatory
signaling rather than direct suppression of ceramide synthesis
[69].

On the other hand, plant-based PUFAS exert comparable ef-
fects. Tuccinardi et al. [70] demonstrated that short term walnut
consumption (48 g/day) for five days significantly reduced plasma
ceramides, hexocylceramides and sphingomyelins while
increasing sphingosine levels, consistent with enhanced ceramide
degradation. These changes were accompanied by lower small
dense LDL, higher large HDL, and improved insulin resistance
indices. The effect likely involves activation of ceramidase and
production of sphingosine 1 phosphate, a metabolite that supports
insulin sensitivity and endothelial protection.

Additional information highlights the broader physiological
effects of PUFAs. Supplementation with n-3 omega fatty acids
modifies ceramide profiles and improves cognitive and metabolic
function, particularly through modulation of phospholipase A2
and membrane fatty acid composition [71-73]. Experimental
studies also show that omega-3 fatty acids protect against sphin-
golipid turnover induced by ethanol [74], and that DHA prevents
oxidative stress-infuced apoptosis by reducing neuronal ceramide
levels [75,76]. Collectively, these findings suggest that omega-3
fatty acids favor sphingolipid remodeling toward neuroprotective
and anti-inflammatory pathways, consistent with their metabolic
effects.

Furthermore, Eichelmann et al. (2024) applied lipid network
analysis and identified a distinct ceramide-enriched clus-
ter—including Cer(d18:0/24:0) and Cer(d18:1/16:0)—that was
particularly responsive to changes in fatty acid composition [77].
These Cer, known for their pro-inflammatory and IR-promoting
properties, were elevated following high saturated fat intake and
decreased when SFAs were replaced by MUFAs or PUFAs [77].
Many of these ceramides also contributed to a reduced multi-lipid
score (rMLS), a biomarker predictive of cardiometabolic risk across
independent cohorts, highlighting the potential of ceramide
profiling as a precision nutrition tool to assess fat quality-driven
metabolic effects.

Although several studies report reductions in circulating
ceramides following PUFA supplementation, findings remain
heterogeneous, likely reflecting differences in intervention dura-
tion, tissue specificity, and baseline metabolic status. Overall,
MUFA and PUFAS promote a more favorable sphingolipid profile
through modulation of synthesis and degradation pathways, while
SFAs favor the accumulation of ceramide species associated with
IR and hepatic lipid deposition.

Of note, while the preponderance of evidence suggests a
beneficial remodeling of the ceramide profile towards less dele-
terious species (e.g., increasing C24:0/C16:0 ratio), the effects on
total ceramide concentrations are inconsistent. These in-
consistencies can be attributed to factors like intervention dura-
tion, specific ceramide species measured, tissue compartment
(circulating vs. tissue), and the baseline metabolic status of the
population.

3.3.2. Polyphenols

Although current evidence remains limited, some studies
suggest that polyphenols may play a significant role in regulating
ceramide metabolism and its cardiometabolic effect. Polyphenols
are a broad class of plant-derived bioactive compounds charac-
terized by multiple phenolic rings, recognized for their antioxidant
and anti-inflammatory properties [78,79]. Common dietary sour-
ces include green tea, coffee, red wine, fruits and vegetables, and
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higher habitual intake has consistently associated with improved
lipid metabolism and reduced cardiometabolic risk [80].

In a randomized controlled study, Rodriguez-Moraté et al.
(2021) demonstrated that white wine enriched with tyrosol
significantly reduced ceramide ratios associated with endothelial
dysfunction (C16:0/C24:0, C18:0/C24:0, and (C24:1/C24:0) and
simultaneously attenuated diacylglycerol accumulation in adults
at high cardiovascular risk [81].

The lipidomic shifts were also accompanied with enhanced
nitric oxide-related vasodilatory biomarkers, that could be derived
by wine-phenolics that leads to vascular lipid remodeling by
attenuating ceramide accumulation in the endothelial tissue.

The study also noted baseline variability in several ceramide
species by sex, smoking status, and BMI, that are potential meta-
bolic modifiers of the polyphenol response [81]. Importantly, the
conversion of tyrosol to hydroxytyrosol, mediated by poly-
morphisms in CYP2A6 and CYP2D6, may also underlie interindi-
vidual differences [82]. This nutrigenetic effect of the lipidomic
effects of Mediterranean dietary components, enhances antioxi-
dant capacity and contributes to improved endothelial function.

Similar evidence from an RCT by Zhao et al. (2021) [83]showed
that 12-week supplementation with anthocyanins (320 mg/day)
led reductions in plasma Cer(d18:1/16:0) and Cer(d18:1/24:0),
accompanied by improved lipid profiles and increased cholesterol
efflux capacity. Since the observed changes in ceramides corre-
lated positively with reductions in non-HDL-C and ApoB, its hy-
pothesize that anthocyanins could enhance lipoprotein catabolism
and hinder the secretion and transport of sphingomyelin- and
ceramide-rich ApoB-containing particles.

While the magnitude of ceramide lowering was smaller than
that achieved with pharmacological lipid-lowering agents (fibrate
or statins), anthocyanins were well tolerated even at high doses,
supporting their potential as a safe dietary strategy for ceramide
modulation. Moreoever, the doses used in the present study are
attainable through regular dietary intake, as berry fruit such as
blueberries and raspberries contain particularly high anthocyanin
levels, up to 487 mg and 687 mg per 100g of fresh fruit, respec-
tively [83].

3.3.3. Fructose

High-carbohydrate diets are widely associated with the devel-
opment of metabolic diseases. However, complex carbohydrates
such as amylose and resistant starch, derived from sources like
brown rice, lentils, and sweet potatoes, have long been part of
traditional human diets without triggering the widespread prev-
alence of chronic conditions observed today. Notably, the sharp
rise in metabolic disorders—including obesity, type 2 diabetes,
and non-alcoholic fatty liver disease—has paralleled the mass
introduction of simple sugars and high-fructose corn syrup (HFCS)
into processed foods [84]. This evidence indicates that simple
sugars and HFCS, rather than carbohydrates in general, are a key
dietary contributor to the current epidemic of chronic metabolic
diseases.

High fructose intake is increasingly recognized as a potent
contributor to metabolic dysfunction through its impact on he-
patic lipid metabolism and de novo lipogenesis (DNL). Recent
studies have shown that fructose, particularly high fructose syrup,
increases hepatic ceramide accumulation by driving de novo
lipogenesis through the upregulation of the sterol regulatory
element-binding protein (SREBP1) transcription factor, thereby
generating abundant palmitoyl CoA. The excess palmitoyl-CoA
combines with serine via SPT to form ceramide through the de
novo pathway [15,22,85]. Furthermore, emerging data demon-
strate that fructose intake induces the expression of thioredoxin-
interacting protein (TXNIP), a multifunctional regulator of
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cellular redox state and carbohydrate metabolism. TXNIP directly
interacts with fructose transporters GLUT2 and GLUT5, promoting
their activity and thereby facilitating increased fructose absorption
in the small intestine and transport into peripheral tissues. An
elevated TXNIP enhances fructose uptake and its shuttling to the
liver, increasing substrate availability for de novo lipogenesis and
lipotoxic ceramide generation. As a result, excessive fructose
intake may increase ceramide generation, thereby promoting lip-
otoxicity, endoplasmic reticulum (ER) stress, and insulin resistance
[86].

Evidence suggests that fructose restriction, even over a short
duration, leads to favorable remodeling of ceramide profiles,
reduction of hepatic lipogenesis, and improvement in insulin
sensitivity. Olson et al. (2022) reported that a short-term reduction
in fructose intake in children with obesity and metabolic syn-
drome led to decreased circulating ceramides and improved in-
sulin sensitivity [60]. Despite maintaining total caloric intake,
fructose reduction from 12 % to 4 % of total energy led to significant
decreases in hepatic DNL and marked reductions in multiple cer-
amide species, including Cers C14:0, C20:0, C22:0, and C24:0.

Similarly, findings from the Framingham Offspring Cohort
provide large-scale epidemiological support for the link between
chronic fructose exposure and sphingolipid dysregulation. In this
study, Walker et al. (2020) reported that higher cumulative intake
of sugar-sweetened beverages (SSBs) (the principal dietary source
of fructose) was positively associated with circulating concentra-
tions of Cer(d18:1/16:0) and Cer(d18:1/22:0), as well as higher
Cer(d18:1/24:0) levels among individuals with prediabetes or type
2 diabetes [87]. As previously mentioned, these ceramide species
have been consistently implicated in the pathogenesis of insulin
resistance, hepatic steatosis, and cardiometabolic disease, rein-
forcing the hypothesis that dietary sugars contribute to metabolic
deterioration through the activation of ceramide biosynthetic
pathways [87].

3.4. Dietary patterns and their impact on ceramide modulation

Dietary patterns—combinations of foods and nutrients habit-
ually consumed—play a major role in shaping health outcomes.
Research consistently shows that what people eat as a whole,
rather than individual foods or nutrients, is strongly linked to the
risk of chronic diseases, mental health, and overall quality of life
[88]. Alongside calorie restriction as a dietary strategy, the most
extensively studied healthy dietary patterns include the Mediter-
ranean diet, the Nordic diet, and vegetarian diets (Fig. 5).

3.4.1. Calorie restriction

Calorie restriction (CR) has been associated with improved in-
sulin sensitivity and reduced risk of T2D in individuals with
obesity. Although reductions in long-chain Cer, such as Cer C24:0
and C18:0 have been linked to favorable metabolic outcomes,
direct evidence on Cer modulation by CR in humans remains
limited [89]. In a 16-week intervention, CR significantly enhanced
insulin sensitivity, as shown by increased glucose infusion rates
during hyperinsulinemic-euglycemic clamps. However, these im-
provements occurred without changes in skeletal muscle Cer,
suggesting that other mechanisms, like the suppression of
thioredoxin-interacting protein (TXNIP) (a regulator of oxidative
stress), may mediate the metabolic benefits of CR [89]. While CR
has been recognized for its benefits in metabolic regulation
(improve insulin sensitivity in absence of detectable reductions in
skeletal muscle ceramides), the macronutrient distribution could
have a more pronounced effect in modulating Cer levels due to the
complexity of lipid-metabolism interactions [89].
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3.4.2. Mediterranean diet, Nordic diet, and vegetarian diet

Different dietary patterns rich in plant-based foods and un-
saturated fats, such as the Mediterranean (MedDiet), Nordic, and
vegetarian diets, are known for their cardiometabolic benefits, and
it is suggested that part of these effects involve the modulation of
Cer metabolism [90-92].

The MedDiet, characterized by a high intake of fruits, vegeta-
bles, olive oil, legumes, and whole grains, has shown consistent
associations with favorable shifts in Cer profiles. Studies have re-
ported reductions in Cer species such as C24:0 and C18:0 and in-
creases in the C24:0/C16:0 ratio—changes associated with lower
cardiovascular risk, improved vascular function, and reduced
inflammation [90-92]. These effects were observed both in clinical
trials and in population-based cohorts. Additionally, adherence to
the MedDiet has been associated with improvements in endo-
thelial function, lipid profiles, and adipokines [91].

A similar trend has been observed in the Nordic diet, which
emphasizes whole grains, berries, vegetables, fish, and plant oils.
In a randomized trial, adherence to a healthy Nordic diet for 12-24
weeks led to transient reductions in circulating Cer such as Cer
d18:1/22:0 and d18:1/24:0, as well as increases in plasmalogens
(lipids associated with antioxidant function) [93].

Vegetarian diets, typically low in SFAs and centered around
fruits, vegetables, and legumes, have been linked to reduced sys-
temic inflammation and improved metabolic markers. In a small
study comparing vegetarians and omnivores with obesity and
similar body composition, vegetarians consumed less saturated
fat, had lower plasma palmitic acid levels, and showed reduced
inflammatory activity in adipose tissue. Although no differences in
muscle Cer abundance were observed, these findings suggest that
vegetarian diets may support a metabolic profile less conducive to
Cer accumulation [94].

The studies reviewed indicate that nutritional interventions do
not merely modify total ceramide levels, but rather reshape the
composition and balance individual ceramide species, reflecting
specific regulatory effects on sphingolipid metabolism [93].
Overall, Mediterranean, Nordic, and plant-based dietary patterns
have been associated with improved insulin sensitivity and lip-
idomic profiles, partly through reductions in deleterious ceramide
species and enrichment in protective long-chain lipid species.

3.5. Clinical and translational perspectives

Distinct dietary components modulate specific ceramide syn-
thase (CerS) isoforms and their associated ceramide species: diets
enriched in saturated fatty acids tend to up-regulate CerS5 and
CerS6, leading to higher synthesis of C16:0 and C18:0 ceramides,
which are, as previously described, drivers of IR and mitochondrial
dysfunction. In contrast, monounsaturated and polyunsaturated
fatty acids (MUFA and PUFA) down-regulate these isoforms while
favoring the production of very-long-chain ceramides such as
C22:0-C24:0.

Despite growing evidence that diet can modulate ceramide
metabolism, translating the current results into clinical practice
remains a challenge. Intervention trials suggest that measurable
changes in ceramide profiles typically require 6-12 weeks of sus-
tained dietary modification (Supplementary Table 1). For instance,
Ottestad et al. (2012) observed that a 7-week intervention with
fish oil providing 1.6 g/day of EPA + DHA in healthy adults did not
significantly alter total ceramide levels, suggesting that longer or
more intensive interventions may be necessary to remodel
sphingolipid metabolism [68].

But interventions involving Mediterranean diets or higher
habitual intake of polyunsaturated fatty acids (PUFAs) tend to
produce more consistent improvements in ceramide ratios,
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particularly an increase in the C24:0/C16:0 ratio, over longer pe-
riods. For bioactive compounds such as polyphenols, evidence
indicates that regular dietary consumption (rather than short-
term supplementation) may have a more meaningful role in
long-term lipidome remodeling.

From a biomarker perspective, ceramides show potential as
early indicators of metabolic risk and response to intervention,
however the clinical implementation is still limited. Compared
with established markers such as HOMA-IR or HbAlc, lipidomic
assays are costly, less standardized, and not yet widely accessible
[95] so ceramide profiling should currently be viewed as a com-
plementary research biomarker in metabolic diseases.

Inter-individual variability is another factor that may explain
the variability in ceramide responses to diet. These may include
genetic differences in key enzymes of sphingolipid metabolism,
such as ASAH1, ASAH2, and ACER3 gene variants, which influence
the balance between ceramide synthesis and degradation and are
essential for systemic sphingolipid regulation [96].

4. Conclusion

Ceramides can be potential lipidomic biomarkers for early
metabolic dysfunction and as tools for monitoring nutritional
response. Future research should prioritize longitudinal and
interventional studies integrating lipidomics and dietary assess-
ment to translate these results into precision nutrition strategies
and clinical practice.

Evidence summarized in this review supports the role of spe-
cific nutrients—particularly MUFAs, PUFAs, and polyphenols—as
well as dietary strategies as CR and dietary patterns such as the
Mediterranean, Nordic, and vegetarian diets, in modulating
circulating and tissue-specific ceramide levels. These dietary
components may contribute to preserving metabolic homeostasis
in healthy individuals, preventing the development of chronic
metabolic diseases, and as therapeutic strategies for individuals
with metabolic diseases by attenuating ceramide-driven mecha-
nisms of IR and inflammation. Finally, as a structured narrative
review, this work provides an integrative perspective while
recognizing the need of greater methodological standardization
and harmonization in future studies.

CRediT author statement

Ana T. Arias-Marroquin: Conceptualization, Methodology,
Investigation, Writing — Original Draft, Writing — Review & Editing;
Omar Granados Portillo: Conceptualization, Investigation, Re-
sources, Writing — Review & Editing; Ivan Torre-Villalvazo:
Conceptualization, Investigation, Resources, Writing — Review &
Editing; Mariana Villegas-Romero: Conceptualization, Investiga-
tion, Resources, Writing — Review & Editing; Armando R. Tovar:
Critical Review, Supervision, Writing — Review & Editing; Carlos A.
Aguilar-Salinas: Critical Review, Supervision; Daniel Illescas-
Zarate: Supervision, Writing — Review & Editing; Natalia Vazquez-
Manjarrez: Conceptualization, Supervision, Writing — Review &
Editing, Funding Acquisition.

Data availability
Not applicable.

Declaration of generative Al and Al-assisted technologies in
the writing process

During the preparation of this work the author(s) used Gram-
marly and ChatGPT, in order to improve readability. After using

Clinical Nutrition ESPEN 71 (2026) 102836

this tool/service, the author(s) reviewed and edited the content as
needed and take(s) full responsibility for the content of the
publication.

Funding

The current work was supported by the Periodic Table of Food
Initiative and the FOODEDU Good Food Fellows initiative through
the American Heart Association.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

The authors thank the Periodic Table of Food Initiative and the
FOODEDU Good Food Fellows initiative through the American
Heart Association for their support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.clnesp.2025.11.156.

References

[1] Chew NWS, Ng CH, Tan DJH, Kong G, Lin C, Chin YH, et al. The global burden
of metabolic disease: data from 2000 to 2019. Cell Metab [Internet] 2023 Mar
7:35(3):414-428.e3 [cited 2025 Feb 23];Available from: https://www.cell.
com/action/showFullText?pii=S1550413123000396.

Obesity and overweight [Internet]. [cited 2025 Feb 23]. Available from:

https://www.who.int/news-room/fact-sheets/detail/obesity-and-

overweight.

IDF diabetes atlas [Internet]. [cited 2025 Feb 23]. Available from: https://

diabetesatlas.org/.

Blachnio-Zabielska AU, Koutsari C, Tchkonia T, Jensen MD. Sphingolipid

content of human adipose tissue: relationship to adiponectin and insulin

resistance. Obesity 2012 Dec;20(12):2341-7.

Akawi N, Checa A, Antonopoulos AS, Akoumianakis [, Daskalaki E,

Kotanidis CP, et al. Fat-secreted ceramides regulate vascular redox state and

influence outcomes in patients with cardiovascular disease. ] Am Coll Cardiol

[Internet] 2021 May 25;77(20):2494-513 [cited 2024 Dec 11];Available

from: https://pubmed.ncbi.nlm.nih.gov/34016263/.

Chaurasia B, Talbot CL, Summers SA. Adipocyte ceramides—the nexus of

inflammation and metabolic disease. Front Immunol 2020;11. Frontiers

Media S.A.

Turpin-Nolan SM, Briining JC. The role of ceramides in metabolic disorders:

when size and localization matters. Nat Rev Endocrinol 2020;16:224-33.

Nature Research.

Green CD, Maceyka M, Cowart LA, Spiegel S. Sphingolipids in metabolic

disease: the good, the bad, and the unknown. Cell Metab 2021;33:1293-306.

Cell Press.

Ramos-Molina B, Rossell ], Pé rez-Montes de Oca A, Pardina E, Genua I, Rojo-

L6 pez MI, et al. Therapeutic implications for sphingolipid metabolism in

metabolic dysfunction-associated steatohepatitis open access edited by Front

Endocrinol 2024;15:1400961.

[10] Hammad SM, Lopes-Virella MF. Circulating sphingolipids in insulin resis-
tance. Diab Associated Comp 2023. https://doi.org/10.3390/ijms241814015
[cited 2025 Mar 2].

[11] Mathews AT, Famodu OA, Olfert MD, Murray PJ, Cuff CF, Downes MT, et al.
Efficacy of nutritional interventions to lower circulating ceramides in young
adults: FRUVEDomic pilot study. Phys Rep 2017 Jul 1;5(13).

[12] Hornburg D, Wu S, Moqri M, Zhou X, Contrepois K, Bararpour N, et al. Dy-
namic lipidome alterations associated with human health, disease and
ageing. Nat Metab 2023 Sep 1;5(9):1578-94.

[13] Siddaway AP, Wood AM, Hedges LV. How to Do a systematic review: a best
practice guide for conducting and reporting narrative reviews, meta-
analyses, and meta-syntheses. Annu Rev Psychol [Internet] 2025;70:
747-70. https://doi.org/10.1146/annurev-psych-010418-102803.

[14] Abou-Ghali M, Stiban J. Regulation of ceramide channel formation and
disassembly: insights on the initiation of apoptosis. Saudi ] Biol Sci 2015 Nov
1;22(6):760-72.

[15] Mullen TD, Hannun YA, Obeid LM. Ceramide synthases at the centre of
sphingolipid metabolism and biology. Biochem ] 2012;441:789-802.

[2

3

[4

(5

(6

[7

[8

[9


https://doi.org/10.1016/j.clnesp.2025.11.156
https://www.cell.com/action/showFullText?pii%3DS1550413123000396
https://www.cell.com/action/showFullText?pii%3DS1550413123000396
https://www.who.int/news%2Droom/fact%2Dsheets/detail/obesity%2Dand%2Doverweight
https://www.who.int/news%2Droom/fact%2Dsheets/detail/obesity%2Dand%2Doverweight
https://diabetesatlas.org/
https://diabetesatlas.org/
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref4
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref4
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref4
https://pubmed.ncbi.nlm.nih.gov/34016263/
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref6
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref6
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref6
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref7
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref7
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref7
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref8
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref8
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref8
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref9
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref9
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref9
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref9
https://doi.org/10.3390/ijms241814015
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref11
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref11
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref11
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref12
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref12
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref12
https://doi.org/10.1146/annurev%2Dpsych%2D010418%2D102803
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref14
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref14
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref14
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref15
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref15

A.T. Arias-Marroquin, . Torre-Villalvazo, O. Granados Portillo et al.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

PanY, Li ], Lin P, Wan L, Qu Y, Cao L, et al. A review of the mechanisms of
abnormal ceramide metabolism in type 2 diabetes mellitus, Alzheimer's
disease, and their co-morbidities. Front Pharmacol 2024;15. Frontiers Media
SA.

Ali-Berrada S, Guitton ], Tan-Chen S, Gyulkhandanyan A, Hajduch E, Le
Stunff H. Circulating sphingolipids and glucose homeostasis: an update. Int ]
Mol Sci 2023;24. Multidisciplinary Digital Publishing Institute (MDPI).
Futerman AH. Sphingolipids. In: Biochemistry of lipids, lipoproteins and
membranes. Elsevier; 2016. p. 297-326.

Futerman AH, Platt FM. The metabolism of glucocerebrosides — from 1965 to
the present. Mol Genet Metabol [Internet] 2017 Jan 1;120(1-2):22-6 [cited
2025 Jun 16];Available from: https://www.sciencedirect.com/science/article/
abs/pii/S1096719216303559.

Bhagavan NV, Ha CE. Lipids II. In: Essentials of medical biochemistry.
Elsevier; 2015. p. 299-320.

Fucho R, Casals N, Serra D, Herrero L. Ceramides and mitochondrial fatty acid
oxidation in obesity. FASEB ] 2017;31:1263-72.

Bernal-Vega S, Garcia-Judrez M, Camacho-Morales A. Contribution of
ceramides metabolism in psychiatric disorders. ] Neurochem 2023 Mar
1;164(6):708-24.

Brachtendorf S, El-Hindi K, Grosch S. Ceramide synthases in cancer therapy
and chemoresistance. Prog Lipid Res [Internet] 2019 Apr 1;74:160-85 [cited
2025 Jun 16];Available from: https://www.sciencedirect.com/science/article/
abs/pii/S0163782719300128.

Levy M, Futerman AH. Mammalian ceramide synthases. [UBMB Life [Internet]
2010 May;62(5):347-56 [cited 2025 Jun 16];Available from: https://pubmed.
ncbi.nlm.nih.gov/20222015/.

Canals D, Clarke CJ. Compartmentalization of Sphingolipid metabolism: im-
plications for signaling and therapy. Pharmacol Ther [Internet] 2021 Apr
1;232:108005 [cited 2025 Jun 16];Available from: https://pmc.ncbi.nlm.nih.
gov/articles/PMC9619385/.

Quinville BM, Deschenes NM, Ryckman AE, Walia JS. A comprehensive re-
view: sphingolipid metabolism and implications of disruption in sphingoli-
pid homeostasis. Int ] Mol Sci [Internet] 2021 Jun 1;22(11):5793 [cited 2025
Jun 16];Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC8198874/.
Novgorodov SA, Chudakova DA, Wheeler BW, Bielawski ], Kindy MS,
Obeid LM, et al. Developmentally regulated ceramide synthase 6 increases
mitochondrial Ca2+ loading capacity and promotes apoptosis. ] Biol Chem
[Internet] 2010 Feb 11;286(6):4644 [cited 2025 Jun 16];Available from:
https://pmc.ncbi.nlm.nih.gov/articles/PMC3039377/.

Ding C, Wu Y, Chen X, Chen Y, Wu Z, Lin Z, et al. Global, regional, and national
burden and attributable risk factors of neurological disorders: the global
burden of disease study 1990-2019. Front Public Health [Internet] 2022 Nov
29;10:952161 [cited 2025 Jun 16];Available from: https://pmc.ncbi.nlm.nih.
gov/articles/PMC9745318/.

Yabu T, Shimuzu A, Yamashita M. A novel mitochondrial sphingomyelinase
in zebrafish cells. ] Biol Chem [Internet] 2009 Jul 24;284(30):20349 [cited
2025 Jun 16];Available from: https://pmc.ncbi.nlm.nih.gov/articles/PMC2740
460]/.

Rajagopalan V, Canals D, Luberto C, Snider ], Voelkel-Johnson C, Obeid LM,
et al. Critical determinants of mitochondria-associated neutral sphingo-
myelinase (MA-nSMase) for mitochondrial localization. Biochim Biophys
Acta Gen Subj [Internet] 2015 Apr 1;1850(4):628-39 [cited 2025 Jun
16];Available from: https://www.sciencedirect.com/science/article/abs/pii/
S0304416514003961.

Li Y, Talbot CL, Chaurasia B. Ceramides in adipose tissue. Front Endocrinol
2020;11. Frontiers Media S.A.

Jiang S, Wang Q, Feng M, Li ], Guan Z, An D, et al. C2-ceramide enhances
sorafenib-induced caspase-dependent apoptosis via PI3K/AKT/mTOR and Erk
signaling pathways in HCC cells. Appl Microbiol Biotechnol [Internet] 2017
Feb 1;101(4):1535-46 [cited 2025 Jul 22[;Available from: https://link.
springer.com/article/10.1007/s00253-016-7930-9.

Fox TE, Houck KL, O'Neill SM, Nagarajan M, Stover TC, Pomianowski PT, et al.
Ceramide recruits and activates protein kinase C ¢ (PKC¢) within structured
membrane microdomains. ] Biol Chem [Internet] 2007 Apr 27;282(17):
12450-7 [cited 2025 Jul 22];Available from: https://www.jbc.org/action/
showFullText?pii=S0021925818950179.

Turpin SM, Nicholls HT, Willmes DM, Mourier A, Brodesser S,
Wunderlich CM, et al. Obesity-induced CerS6-dependent C16:0 ceramide
production promotes weight gain and glucose intolerance. Cell Metab
[Internet] 2014 Oct 7;20(4):678-86 [cited 2025 Mar 14];Available from:
https://www.cell.com/action/showFullText?pii=S1550413114003684.
Siskind LJ, Colombini M. The lipids C2- and C16-Ceramide form large stable
channels: implications for apoptosis. ] Biol Chem [Internet] 2000 Dec
8;275(49):38640 [cited 2025 Jun 16];Available from: https://pmc.ncbi.nlm.
nih.gov/articles/PMC2094390/.

Siskind LJ, Kolesnick RN, Colombini M. Ceramide forms channels in mito-
chondrial outer membranes at physiologically relevant concentrations.
Mitochondrion [Internet] 2006 Jun;6(3):118 [cited 2025 Jun 16];Available
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC2246045/.

Pastorino ]G, Shulga N, Hoek JB. Mitochondrial binding of hexokinase II in-
hibits Bax-induced cytochrome c¢ release and apoptosis. J Biol Chem

1

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Clinical Nutrition ESPEN 71 (2026) 102836

[Internet] 2002 Mar 1;277(9):7610-8 [cited 2025 Jun 16];Available from:
https://pubmed.ncbi.nlm.nih.gov/11751859/.

Garcia-Ruiz C, Colell A, Mari M, Morales A, Ferndndez-Checa ]C. Direct effect
of ceramide on the mitochondrial electron transport chain leads to genera-
tion of reactive oxygen species: role of mitochondrial glutathione. ] Biol
Chem [Internet] 1997 Apr 25;272(17):11369-77 [cited 2025 Jun 16];Avail-
able from: https://pubmed.ncbi.nlm.nih.gov/9111045/.

Stiban J, Perera M. Very long chain ceramides interfere with C16-ceramide-
induced channel formation: a plausible mechanism for regulating the initi-
ation of intrinsic apoptosis. Biochim Biophys Acta Biomembr [Internet]
2015;1848(2):561-7 [cited 2025 Jun 16];Available from: https://pubmed.
ncbi.nlm.nih.gov/25462172/.

Novgorodov SA, Gudz TI, Obeid LM. Long-chain ceramide is a potent inhibitor
of the mitochondrial permeability transition pore. ] Biol Chem [Internet]
2008 Sep 5;283(36):24707-17 [cited 2025 Jun 16];Available from: https://
pubmed.ncbi.nlm.nih.gov/18596045/.

Qiu W, Fu Z, Xu GG, Grassucci RA, Zhang Y, Frank ], et al. Structure and ac-
tivity of lipid bilayer within a membrane-protein transporter. Proc Natl Acad
Sci U S A [Internet] 2018 Dec 18;115(51):12985-90 [cited 2025 Jun
16];Available from: https://pubmed.ncbi.nlm.nih.gov/30509977/.
Diaz-Vegas A, Madsen S, Cooke KC, Carroll L, Khor JXY, Turner N, et al.
Mitochondrial electron transport chain, ceramide, and coenzyme Q are
linked in a pathway that drives insulin resistance in skeletal muscle. eLife
[Internet] 2023 Dec 27;12 [cited 2025 Jun 16];Available from: https://
pubmed.ncbi.nlm.nih.gov/38149844/.

Fato R, Bergamini C, Bortolus M, Maniero AL, Leoni S, Ohnishi T, et al. Dif-
ferential effects of mitochondrial complex I inhibitors on production of
reactive oxygen species. Biochim Biophys Acta Bioenerg [Internet] 2009
May;1787(5):384-92 [cited 2025 Jun 16];Available from: https://pubmed.
ncbi.nlm.nih.gov/19059197/.

Gudz TI, Tserng KY, Hoppel CL. Direct inhibition of mitochondrial respiratory
chain complex III by cell-permeable ceramide. J Biol Chem [Internet] 1997
Sep 26;272(39):24154-8 |[cited 2025 Jun 16];Available from: https://
pubmed.ncbi.nlm.nih.gov/9305864/.

Zigdon H, Kogot-Levin A, Park JW, Goldschmidt R, Kelly S, Merrill AH, et al.
Ablation of ceramide synthase 2 causes chronic oxidative stress due to
disruption of the mitochondrial respiratory chain. ] Biol Chem [Internet]
2013 Feb 15;288(7):4947-56 [cited 2025 Jun 16];Available from: https://
pubmed.ncbi.nlm.nih.gov/23283968/.

Crivelli SM, Quadri Z, Elsherbini A, Vekaria HJ, Sullivan PG, Zhi W, et al.
Abnormal regulation of mitochondrial sphingolipids during aging and alz-
heimer's disease. ASN Neuro [Internet] 2024;16(1):2404367 [cited 2025 Jun
16];Available from: https://pubmed.ncbi.nlm.nih.gov/39499163/.

Carr ST, Saito ER, Walton CM, Saito ]JY, Hanegan CM, Warren CE, et al.
Ceramides mediate insulin-induced impairments in cerebral mitochondrial
bioenergetics in ApoE4 mice. Int J Mol Sci [Internet] 2023 Dec 1;24(23)
[cited 2025 Jun 16];Available from: https://pubmed.ncbi.nlm.nih.gov/
38068958.

Serra D, Mera P, Malandrino MI, Mir JF, Herrero L. Mitochondrial fatty acid
oxidation in obesity. Antioxidants Redox Signal [Internet] 2013 Jul 20;19(3):
269-84 [cited 2025 Jun 16];Available from: https://pubmed.ncbi.nlm.nih.
20v/22900819)/.

Parra V, Moraga F, Kuzmicic ], Lopez-Crisosto C, Troncoso R, Torrealba N, et al.
Calcium and mitochondrial metabolism in ceramide-induced cardiomyocyte
death. Biochim Biophys Acta Mol Basis Dis [Internet] 2013 Aug;1832(8):
1334-44 [cited 2025 Jun 16];Available from: https://pubmed.ncbi.nlm.nih.
20v/23602992/.

Scheibye-Knudsen M, Fang EF, Croteau DL, Wilson DM, Bohr VA. Protecting
the mitochondrial powerhouse. Trends Cell Biol [Internet] 2015 Mar 1;25(3):
158-70 [cited 2025 Jun 16];Available from: https://pubmed.ncbi.nlm.nih.
20v/25499735/.

Ryu KW, Fung TS, Baker DC, Saoi M, Park ], Febres-Aldana CA, et al. Cellular
ATP demand creates metabolically distinct subpopulations of mitochondria.
Nature [Internet] 2024 Nov 6;635(8039) [cited 2025 Jun 16];Available from:
http://www.ncbi.nlm.nih.gov/pubmed/39506109.

Law BA, Liao X, Moore KS, Southard A, Roddy P, Ji R, et al. Lipotoxic very-
long-chain ceramides cause mitochondrial dysfunction, oxidative stress,
and cell death in cardiomyocytes. FASEB (Fed Am Soc Exp Biol) ] [Internet]
2018 Mar 1;32(3):1403-16. https://doi.org/10.1096/fj.201700300R [cited
2025 Jul 22];Available from:.

Oleinik N, Albayram O, Kassir MF, Atilgan FC, Walton C, Karakaya E, et al.
Alterations of lipid-mediated mitophagy result in aging-dependent sensori-
motor defects. Aging Cell [Internet] 2023 Oct 1;22(10) [cited 2025 Jun
16];Available from: https://pubmed.ncbi.nlm.nih.gov/37614052/.

Dany M, Ogretmen B. Ceramide induced mitophagy and tumor suppression.
Biochim Biophys Acta Mol Cell Res [Internet] 2015 Oct 1;1853(10):2834-45
[cited 2025 Jun 16];Available from: https://pubmed.ncbi.nlm.nih.gov/
25634657/.

Sentelle RD, Senkal CE, Jiang W, Ponnusamy S, Gencer S, Panneer Selvam S,
et al. Ceramide targets autophagosomes to mitochondria and induces lethal
mitophagy. Nat Chem Biol [Internet] 2012;8(10):831-8 [cited 2025 Jun
16];Available from: https://pubmed.ncbi.nlm.nih.gov/22922758/.


http://refhub.elsevier.com/S2405-4577(25)03150-X/sref16
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref16
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref16
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref16
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref17
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref17
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref17
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref18
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref18
https://www.sciencedirect.com/science/article/abs/pii/S1096719216303559
https://www.sciencedirect.com/science/article/abs/pii/S1096719216303559
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref20
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref20
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref21
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref21
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref22
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref22
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref22
https://www.sciencedirect.com/science/article/abs/pii/S0163782719300128
https://www.sciencedirect.com/science/article/abs/pii/S0163782719300128
https://pubmed.ncbi.nlm.nih.gov/20222015/
https://pubmed.ncbi.nlm.nih.gov/20222015/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9619385/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9619385/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8198874/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3039377/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9745318/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9745318/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2740460/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2740460/
https://www.sciencedirect.com/science/article/abs/pii/S0304416514003961
https://www.sciencedirect.com/science/article/abs/pii/S0304416514003961
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref31
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref31
https://link.springer.com/article/10.1007/s00253%2D016%2D7930%2D9
https://link.springer.com/article/10.1007/s00253%2D016%2D7930%2D9
https://www.jbc.org/action/showFullText?pii%3DS0021925818950179
https://www.jbc.org/action/showFullText?pii%3DS0021925818950179
https://www.cell.com/action/showFullText?pii%3DS1550413114003684
https://pmc.ncbi.nlm.nih.gov/articles/PMC2094390/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2094390/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2246045/
https://pubmed.ncbi.nlm.nih.gov/11751859/
https://pubmed.ncbi.nlm.nih.gov/9111045/
https://pubmed.ncbi.nlm.nih.gov/25462172/
https://pubmed.ncbi.nlm.nih.gov/25462172/
https://pubmed.ncbi.nlm.nih.gov/18596045/
https://pubmed.ncbi.nlm.nih.gov/18596045/
https://pubmed.ncbi.nlm.nih.gov/30509977/
https://pubmed.ncbi.nlm.nih.gov/38149844/
https://pubmed.ncbi.nlm.nih.gov/38149844/
https://pubmed.ncbi.nlm.nih.gov/19059197/
https://pubmed.ncbi.nlm.nih.gov/19059197/
https://pubmed.ncbi.nlm.nih.gov/9305864/
https://pubmed.ncbi.nlm.nih.gov/9305864/
https://pubmed.ncbi.nlm.nih.gov/23283968/
https://pubmed.ncbi.nlm.nih.gov/23283968/
https://pubmed.ncbi.nlm.nih.gov/39499163/
https://pubmed.ncbi.nlm.nih.gov/38068958/
https://pubmed.ncbi.nlm.nih.gov/38068958/
https://pubmed.ncbi.nlm.nih.gov/22900819/
https://pubmed.ncbi.nlm.nih.gov/22900819/
https://pubmed.ncbi.nlm.nih.gov/23602992/
https://pubmed.ncbi.nlm.nih.gov/23602992/
https://pubmed.ncbi.nlm.nih.gov/25499735/
https://pubmed.ncbi.nlm.nih.gov/25499735/
http://www.ncbi.nlm.nih.gov/pubmed/39506109
https://doi.org/10.1096/fj.201700300R
https://pubmed.ncbi.nlm.nih.gov/37614052/
https://pubmed.ncbi.nlm.nih.gov/25634657/
https://pubmed.ncbi.nlm.nih.gov/25634657/
https://pubmed.ncbi.nlm.nih.gov/22922758/

A.T. Arias-Marroquin, . Torre-Villalvazo, O. Granados Portillo et al.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Hetz C, Zhang K, Kaufman R]. Mechanisms, regulation and functions of the
unfolded protein response. Nat Rev Mol Cell Biol [Internet] 2020 Aug 1;21(8):
421-38 [cited 2025 Jul 22];Available from: https://www.nature.com/articles/
s41580-020-0250-z.

Albert V, Hall MN. mTOR signaling in cellular and organismal energetics. Curr
Opin Cell Biol [Internet] 2015 Apr 1;33(1):55-66 [cited 2025 Jul 22];Available
from:  https://www.sciencedirect.com/science/article/abs/pii/S095506741
4001422.

McNally BD, Ashley DF, Hanschke L, Daou HN, Watt NT, Murfitt SA, et al.
Long-chain ceramides are cell non-autonomous signals linking lipotoxicity to
endoplasmic reticulum stress in skeletal muscle. Nat Commun [Internet]
2022 Apr 1;13(1):1-17 [cited 2025 Jul 22];Available from: https://www.
nature.com/articles/s41467-022-29363-9.

Fernandes-da-Silva A, Miranda CS, Santana-Oliveira DA, Oliveira-Cordeiro B,
Rangel-Azevedo C, Silva-Veiga FM, et al. Endoplasmic reticulum stress as the
basis of obesity and metabolic diseases: focus on adipose tissue, liver, and
pancreas. Eur J Nutr [Internet] 2021 Mar 19;60(6):2949-60 [cited 2025 Jul
22];Available from: https://link.springer.com/article/10.1007/s00394-021-
02542-y.

Olson E, Suh JH, Schwarz JM, Noworolski SM, Jones GM, Barber ]R, et al. Ef-
fects of Isocaloric Fructose Restriction on Ceramide Levels in Children with
Obesity and Cardiometabolic Risk: relation to Hepatic De Novo Lipogenesis
and Insulin Sensitivity. Nutrients 2022 Apr 1;14(7).

Lee ]S, Pinnamaneni SK, Su JE, In HC, Jae HP, Chang KK, et al. Saturated, but
not n-6 polyunsaturated, fatty acids induce insulin resistance: role of
intramuscular accumulation of lipid metabolites. ] Appl Physiol [Internet]
2006 May;100(5):1467-74. https://doi.org/10.1152/japplphysiol.01438.2005
[cited 2025 Jul 22];Available from:.

Raichur S, Brunner B, Bielohuby M, Hansen G, Pfenninger A, Wang B, et al.
The role of C16:0 ceramide in the development of obesity and type 2 dia-
betes: CerS6 inhibition as a novel therapeutic approach. Mol Metabol
[Internet] 2019 Mar 1;21:36-50 [cited 2025 Oct 21];Available from: https://
pubmed.ncbi.nlm.nih.gov/30655217/.

Oh ], Muralidharan S, Zhao Q, Scholz J, Zelnik ID, Blumenreich S, et al. Deep
sphingolipidomic and metabolomic analyses of ceramide synthase 2 null
mice reveal complex pathway-specific effects. J Lipid Res [Internet] 2025 Jul
1;66(7):100832 [cited 2025 Oct 21];Available from: https://www.jlr.org/
action/showFullText?pii=S0022227525000926.

Kien CL, Bunn JY, Poynter ME, Stevens R, Bain ], Ikayeva O, et al. A lipidomics
analysis of the relationship between dietary fatty acid composition and in-
sulin sensitivity in young adults. Diabetes 2013 Apr;62(4):1054-63.
Rosqvist F, Kullberg J, Stahlman M, Cedernaes ], Heurling K, Johansson HE,
et al. Overeating saturated fat promotes fatty liver and ceramides compared
with polyunsaturated fat: a randomized trial. ] Clin Endocrinol Metab 2019
Dec 1;104(12):6207-19.

Tuccinardi D, Di Mauro A, Lattanzi G, Rossini G, Monte L, Beato I, et al. An
extra virgin olive oil-enriched chocolate spread positively modulates insulin-
resistance markers compared with a palm oil-enriched one in healthy young
adults: a double-blind, cross-over, randomised controlled trial. Diabetes
Metab Res Rev 2022 Feb 1;38(2).

Lankinen M, Schwab U, Erkkila A, Seppdnen-Laakso T, Hannila ML,
Mussalo H, et al. Fatty fish intake decreases lipids related to inflammation
and insulin signaling - a lipidomics approach. PLoS One 2009 Apr 23;4(4).
Ottestad [, Hassani S, Borge GI, Kohler A, Vogt G, Hyotyldinen T, et al. Fish oil
supplementation alters the plasma lipidomic profile and increases long-
chain PUFAs of phospholipids and triglycerides in healthy subjects. PLoS
One 2012 Aug 28;7(8).

Oppedisano F, Macri R, Gliozzi M, Musolino V, Carresi C, Maiuolo ], et al. The
anti-inflammatory and antioxidant properties of n-3 PUFAs: their role in
cardiovascular protection. Biomedicines [Internet] 2020 Sep 1;8(9) [cited
2025 Oct 21];Available from: https://pubmed.ncbi.nlm.nih.gov/32854210/.
Tuccinardi D, Farr OM, Upadhyay ], Oussaada SM, Klapa MI, Candela M, et al.
Mechanisms underlying the cardiometabolic protective effect of walnut
consumption in obese people: a cross-over, randomized, double-blind,
controlled inpatient physiology study. Diabetes Obes Metabol 2019;21(9):
2086-95.

Amminger GP, Schifer MR, Papageorgiou K, Klier CM, Cotton SM,
Harrigan MSM, et al. Long-chain »-3 fatty acids for indicated prevention of
psychotic disorders: a randomized, placebo-controlled trial. Arch fiir Genet
Psych [Internet] 2010 Feb;67(2):146-54 [cited 2025 Jun 16];Available from:
https://pubmed.ncbi.nlm.nih.gov/20124114/.

Amminger GP, Mechelli A, Rice S, Kim SW, Klier CM, McNamara RK, et al.
Predictors of treatment response in young people at ultra-high risk for
psychosis who received long-chain omega-3 fatty acids. Transl Psychiatry
[Internet] 2015 Jan 1;5(1) [cited 2025 Jun 16];Available from: https://
pubmed.ncbi.nlm.nih.gov/25585167/.

Smesny S, Milleit B, Hipler UC, Milleit C, Schafer MR, Klier CM, et al. Omega-3
fatty acid supplementation changes intracellular phospholipase A 2 activity
and membrane fatty acid profiles in individuals at ultra-high risk for

12

[74]

[75]

Clinical Nutrition ESPEN 71 (2026) 102836

psychosis. Mol Psychiatr [Internet] 2014 Mar;19(3):317-24 [cited 2025 Jun
16];Available from: https://pubmed.ncbi.nlm.nih.gov/23478748|.

Babenko NA, Semenova YA. Sphingolipid turnover in the hippocampus and
cognitive dysfunction in alcoholized rats: correction with the help of
alimentary n-3 fatty acids. Neurophysiology [Internet] 2010 Nov 27;42(3):
169-74 [cited 2025 Jun 16];Available from: https://link.springer.com/article/
10.1007/s11062-010-9147-3.

German OL, Miranda GE, Abrahan CE, Rotstein NP. Ceramide is a mediator of
apoptosis in retina photoreceptors. Investig Ophthalmol Vis Sci [Internet]
2006 Apr;47(4):1658-68 |[cited 2025 Jun 16];Available from: https://
pubmed.ncbi.nlm.nih.gov/16565407/.

[76] Jana A, Hogan EL, Pahan K. Ceramide and neurodegeneration: susceptibility

[77]

[78]

[79]

[80]

(81]

(82]

(83]

[84]

(85]

(86]

[87]

of neurons and oligodendrocytes to cell damage and death. ] Neurol Sci
[Internet] 2009 Mar 15;278(1-2):5-15 [cited 2025 Jun 16];Available from:
https://pubmed.ncbi.nlm.nih.gov/19147160/.

Eichelmann F, Prada M, Sellem L, Jackson KG, Salas Salvadd ], Razquin
Burillo C, et al. Lipidome changes due to improved dietary fat quality inform
cardiometabolic risk reduction and precision nutrition. Nat Med 2024 Oct
1;30(10):2867-77.

Zagoskina NV, Zubova MY, Nechaeva TL, Kazantseva VV, Goncharuk EA,
Katanskaya VM, et al. Polyphenols in plants: structure, biosynthesis, abiotic
stress regulation, and practical applications (Review). Int ] Mol Sci 2023 Sep
9;24(18):13874. https://doi.org/10.3390/ijms241813874. PMID: 37762177;
PMCID: PMC10531498.

Gasmi A, Mujawdiya PK, Noor S, Lysiuk R, Darmohray R, Piscopo S, et al.
Polyphenols in metabolic diseases. Molecules 2022 Sep 23;27(19):6280.
https://doi.org/10.3390/molecules27196280. PMID: 36234817; PMCID: PMC
9570923.

Cory H, Passarelli S, Szeto ], Tamez M, Mattei ]J. The role of polyphenols in
human health and food systems: a mini-review. Front Nutr 2018;5. Frontiers
Media S.A.

Rodriguez-Moraté ], Boronat A, Serreli G, Enriquez L, Gomez-Gomez A,
Pozo O], et al. Effects of wine and tyrosol on the lipid metabolic profile of
subjects at risk of cardiovascular disease: potential cardioprotective role of
ceramides. Antioxidants 2021 Nov 1;10(11).

Boronat A, Mateus ], Soldevila-Domenech N, Guerra M, Rodriguez-Moraté ],
Varon C, et al. Cardiovascular benefits of tyrosol and its endogenous con-
version into hydroxytyrosol in humans. A randomized, controlled trial. Free
Radic Biol Med [Internet] 2019 Nov 1;143:471-81 |[cited 2025 Oct
21];Available from: https://pubmed.ncbi.nlm.nih.gov/31479717/.

Zhao Y, Xu H, Tian Z, Wang X, Xu L, Li K, et al. Dose-dependent reductions
in plasma ceramides after anthocyanin supplementation are associated
with improvements in plasma lipids and cholesterol efflux capacity in
dyslipidemia: a randomized controlled trial. Clin Nutr 2021 Apr 1;40(4):
1871-8.

Sigala DM, Hieronimus B, Medici V, Lee V, Nunez MV, Bremer AA, et al.
Consuming Sucrose- or HFCS-sweetened beverages increases hepatic lipid
and decreases insulin sensitivity in adults. ] Clin Endocrinol Metab [Internet]
2021 Oct 21;106(11):3248-64. https://doi.org/10.1210/clinem/dgab508
[cited 2025 Jul 22].

Hanada K. Serine palmitoyltransferase, a key enzyme of sphingolipid meta-
bolism. Biochim Biophys Acta Mol Cell Biol Lipids [Internet] 2003 Jun
10;1632(1-3):16-30 [cited 2025 Oct 21];Available from: https://pubmed.
ncbi.nlm.nih.gov/12782147/.

Summers SA, Chaurasia B, Holland WL. Metabolic messengers: ceramides.
Nat Metab [Internet] 2019 Nov 1;1(11):1051-8 [cited 2025 Oct 21];Available
from: https://pubmed.ncbi.nlm.nih.gov/32694860/.

Walker ME, Xanthakis V, Moore LL, Vasan RS, Jacques PF. Cumulative sugar-
sweetened beverage consumption is associated with higher concentrations
of circulating ceramides in the Framingham offspring cohort. Am J Clin Nutr
2020 Feb 1;111(2):420-8.

[88] Jayedi A, Soltani S, Abdolshahi A, Shab-Bidar S. Healthy and unhealthy di-

etary patterns and the risk of chronic disease: an umbrella review of meta-
analyses of prospective cohort studies. Br ] Nutr [Internet] 2020 Dec
14;124(11):1133-44 [cited 2025 Jul 22];Available from: https://www.
cambridge.org/core/journals/british-journal-of-nutrition/article/healthy-
and-unhealthy-dietary-patterns-and-the-risk-of-chronic-disease-an-umbre-
lla-review-of-metaanalyses-of-prospective-cohort-studies/43B66315431926
E71F4A5A789845E6BO0.

[89] Johnson ML, Distelmaier K, Lanza IR, Irving BA, Robinson MM, Konopka AR,

[90]

[91]

et al. Mechanism by which caloric restriction improves insulin sensitivity in
sedentary obese adults. Diabetes 2016 Jan 1;65(1):74-84.

Wang DD, Toledo E, Hruby A, Rosner BA, Willett WC, Sun Q, et al. Plasma
ceramides, mediterranean diet, and incident cardiovascular disease in the
PREDIMED trial (prevencion con dieta mediterrdnea). Circulation 2017 May
23;135(21):2028-40.

Daidone M, Casuccio A, Puleo MG, Del Cuore A, Pacinella G, Di Chiara T, et al.
Mediterranean diet effects on vascular health and serum levels of adipokines
and ceramides. PLoS One 2024 May 1;19(5 May).


https://www.nature.com/articles/s41580%2D020%2D0250%2Dz
https://www.nature.com/articles/s41580%2D020%2D0250%2Dz
https://www.sciencedirect.com/science/article/abs/pii/S0955067414001422
https://www.sciencedirect.com/science/article/abs/pii/S0955067414001422
https://www.nature.com/articles/s41467%2D022%2D29363%2D9
https://www.nature.com/articles/s41467%2D022%2D29363%2D9
https://link.springer.com/article/10.1007/s00394%2D021%2D02542%2Dy
https://link.springer.com/article/10.1007/s00394%2D021%2D02542%2Dy
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref60
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref60
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref60
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref60
https://doi.org/10.1152/japplphysiol.01438.2005
https://pubmed.ncbi.nlm.nih.gov/30655217/
https://pubmed.ncbi.nlm.nih.gov/30655217/
https://www.jlr.org/action/showFullText?pii%3DS0022227525000926
https://www.jlr.org/action/showFullText?pii%3DS0022227525000926
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref64
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref64
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref64
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref65
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref65
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref65
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref65
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref66
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref66
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref66
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref66
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref66
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref67
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref67
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref67
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref68
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref68
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref68
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref68
https://pubmed.ncbi.nlm.nih.gov/32854210/
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref70
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref70
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref70
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref70
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref70
https://pubmed.ncbi.nlm.nih.gov/20124114/
https://pubmed.ncbi.nlm.nih.gov/25585167/
https://pubmed.ncbi.nlm.nih.gov/25585167/
https://pubmed.ncbi.nlm.nih.gov/23478748/
https://link.springer.com/article/10.1007/s11062%2D010%2D9147%2D3
https://link.springer.com/article/10.1007/s11062%2D010%2D9147%2D3
https://pubmed.ncbi.nlm.nih.gov/16565407/
https://pubmed.ncbi.nlm.nih.gov/16565407/
https://pubmed.ncbi.nlm.nih.gov/19147160/
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref77
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref77
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref77
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref77
https://doi.org/10.3390/ijms241813874
https://doi.org/10.3390/molecules27196280
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref80
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref80
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref80
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref81
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref81
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref81
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref81
https://pubmed.ncbi.nlm.nih.gov/31479717/
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref83
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref83
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref83
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref83
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref83
https://doi.org/10.1210/clinem/dgab508
https://pubmed.ncbi.nlm.nih.gov/12782147/
https://pubmed.ncbi.nlm.nih.gov/12782147/
https://pubmed.ncbi.nlm.nih.gov/32694860/
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref87
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref87
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref87
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref87
https://www.cambridge.org/core/journals/british%2Djournal%2Dof%2Dnutrition/article/healthy%2Dand%2Dunhealthy%2Ddietary%2Dpatterns%2Dand%2Dthe%2Drisk%2Dof%2Dchronic%2Ddisease%2Dan%2Dumbrella%2Dreview%2Dof%2Dmetaanalyses%2Dof%2Dprospective%2Dcohort%2Dstudies/43B66315431926E71F4A5A789845E6B0
https://www.cambridge.org/core/journals/british%2Djournal%2Dof%2Dnutrition/article/healthy%2Dand%2Dunhealthy%2Ddietary%2Dpatterns%2Dand%2Dthe%2Drisk%2Dof%2Dchronic%2Ddisease%2Dan%2Dumbrella%2Dreview%2Dof%2Dmetaanalyses%2Dof%2Dprospective%2Dcohort%2Dstudies/43B66315431926E71F4A5A789845E6B0
https://www.cambridge.org/core/journals/british%2Djournal%2Dof%2Dnutrition/article/healthy%2Dand%2Dunhealthy%2Ddietary%2Dpatterns%2Dand%2Dthe%2Drisk%2Dof%2Dchronic%2Ddisease%2Dan%2Dumbrella%2Dreview%2Dof%2Dmetaanalyses%2Dof%2Dprospective%2Dcohort%2Dstudies/43B66315431926E71F4A5A789845E6B0
https://www.cambridge.org/core/journals/british%2Djournal%2Dof%2Dnutrition/article/healthy%2Dand%2Dunhealthy%2Ddietary%2Dpatterns%2Dand%2Dthe%2Drisk%2Dof%2Dchronic%2Ddisease%2Dan%2Dumbrella%2Dreview%2Dof%2Dmetaanalyses%2Dof%2Dprospective%2Dcohort%2Dstudies/43B66315431926E71F4A5A789845E6B0
https://www.cambridge.org/core/journals/british%2Djournal%2Dof%2Dnutrition/article/healthy%2Dand%2Dunhealthy%2Ddietary%2Dpatterns%2Dand%2Dthe%2Drisk%2Dof%2Dchronic%2Ddisease%2Dan%2Dumbrella%2Dreview%2Dof%2Dmetaanalyses%2Dof%2Dprospective%2Dcohort%2Dstudies/43B66315431926E71F4A5A789845E6B0
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref89
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref89
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref89
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref90
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref90
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref90
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref90
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref91
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref91
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref91

A.T. Arias-Marroquin, . Torre-Villalvazo, O. Granados Portillo et al.

[92]

[93]

[94]

Walker ME, Xanthakis V, Peterson LR, Duncan MS, Lee ], Ma ], et al. Dietary
patterns, ceramide ratios, and risk of all-cause and cause-specific mortality:
the framingham offspring study. ] Nutr 2020 Nov 1;150(11):2994-3004.
Lankinen M, Schwab U, Kolehmainen M, Paananen |, Nygren H, Seppdnen-
Laakso T, et al. A healthy Nordic diet alters the plasma lipidomic profile in
adults with features of metabolic syndrome in a multicenter randomized
dietary intervention. ] Nutr 2016 Apr 1;146(4):662-72.

Morgan-Bathke ME, Jensen MD. Preliminary evidence for reduced adipose
tissue inflammation in vegetarians compared with omnivores. Nutr J 2019
Aug 12;18(1).

13

[95]

[96]

Clinical Nutrition ESPEN 71 (2026) 102836

Torta F, Hoffmann N, Burla B, Alecu I, Arita M, Bamba T, et al. Concordant
inter-laboratory derived concentrations of ceramides in human plasma
reference materials via authentic standards. Nat Commun [Internet] 2024
Dec 1;15(1):1-15 [cited 2025 Oct 21];Available from: https://www.nature.
com/articles/s41467-024-52087-x.

Parveen F, Bender D, Law SH, Mishra VK, Chen CC, Ke LY. Role of ceramidases
in sphingolipid metabolism and human diseases. Cells [Internet] 2019 Dec
4;8(12):1573 [cited 2025 Oct 21];Available from: https://www.mdpi.com/
2073-4409/8/12/1573/htm.


http://refhub.elsevier.com/S2405-4577(25)03150-X/sref92
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref92
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref92
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref93
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref93
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref93
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref93
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref94
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref94
http://refhub.elsevier.com/S2405-4577(25)03150-X/sref94
https://www.nature.com/articles/s41467%2D024%2D52087%2Dx
https://www.nature.com/articles/s41467%2D024%2D52087%2Dx
https://www.mdpi.com/2073%2D4409/8/12/1573/htm
https://www.mdpi.com/2073%2D4409/8/12/1573/htm

	Modulation of ceramides through nutrition: A new target in obesity and insulin resistance (Narrative Review)
	1. Introduction
	2. Methods
	2.1. Scope of the review
	2.2. Search strategy

	3. Results and discussion
	3.1. Sphingolipid and ceramide metabolism and physiological functions
	3.2. Ceramides and their implication in metabolic disorders: the underlying cause
	3.2.1. Ceramides impair the insulin signaling pathways
	3.2.2. Ceramides induce mitochondrial dysfunction
	3.2.3. Ceramides activate the unfolded protein response by inducing endoplasmic reticulum stress

	3.3. Nutrient-mediated modulation of ceramide metabolism
	3.3.1. Dietary fatty acids
	3.3.2. Polyphenols
	3.3.3. Fructose

	3.4. Dietary patterns and their impact on ceramide modulation
	3.4.1. Calorie restriction
	3.4.2. Mediterranean diet, Nordic diet, and vegetarian diet

	3.5. Clinical and translational perspectives

	4. Conclusion
	CRediT author statement
	Data availability
	Declaration of generative AI and AI-assisted technologies in the writing process
	Funding
	Conflict of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


