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Sphingolipids, as members of the large lipid family, are important components of
plasma membrane. Sphingolipids participate in biological signal transduction to
regulate various important physiological processes such as cell growth,
apoptosis, senescence, and differentiation. Numerous studies have
demonstrated that sphingolipids are strongly associated with glucose
metabolism and insulin resistance. Insulin resistance, including peripheral
insulin resistance and brain insulin resistance, is closely related to the
occurrence and development of many metabolic diseases. In addition to
metabolic diseases, like type 2 diabetes, brain insulin resistance is also involved
in the progression of neurodegenerative diseases including Alzheimer's disease
and Parkinson'’s disease. However, the specific mechanism of sphingolipids in
brain insulin resistance has not been systematically summarized. This article
reviews the involvement of sphingolipids in brain insulin resistance, highlighting
the role and molecular biological mechanism of sphingolipid metabolism in
cognitive dysfunctions and neuropathological abnormalities of the brain.

KEYWORDS

sphingolipid metabolism, brain insulin resistance, ceramide, sphingosine-1-phosphate,
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1 Introduction

Since the first actual sphingolipid was isolated from brain tissue in the late 19th
century, the structure, metabolism and significance of sphingolipids in biological processes
have been deeply explored. Through the continuous development of analytical tools and
methods, the understanding of sphingolipids signal transduction has also been enhanced.

Abbreviations: AD, Alzheimer’s disease; PD, Parkinson’s disease; DM, diabetes mellitus; Cer, ceramide; S1P,
sphingosine-1-phosphate; Ch, cholesterol; SM, sphingomyelin; LacCer, lactose ceramide; C1P, ceramide-1-
phosphate; CoA, coenzyme A; BIR, brain insulin resistance; AR, Amyloid beta; SK, sphingosine kinase; BBB,
blood-brain barrier; GLUT4, glucose transporter type 4; ApoM, Apolipoprotein M; GlcCer,
Glucosylceramide; SGMS1/2, sphingomyelin synthase 1 and 2.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1243132/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1243132/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1243132/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1243132&domain=pdf&date_stamp=2023-10-06
mailto:zhaojing001@bucm.edu.cn
mailto:liyang2@zgwhfe.com
https://doi.org/10.3389/fendo.2023.1243132
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1243132
https://www.frontiersin.org/journals/endocrinology

Mei et al.

These findings link sphingolipids to a large amount of human
endocrine diseases, including obesity, diabetes, insulin resistance
and neurodegenerative disorders (1, 2). Additionally, brain is rich in
sphingolipids, and the pathophysiological processes of the brain are
closely related to sphingolipids. Emerging evidence verified that the
significant changes of sphingolipids and its metabolism were
involved in various neurological diseases such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), amyotrophic lateral
sclerosis, Gaucher disease, as well as Farber disease. However, the
biochemical and molecular basis of the bioactive sphingolipids
remains challenging, including the identification of molecular
mechanisms, the study of lipid-protein interactions and the
development of appropriate therapeutic strategies.

1.1 Diversity of sphingolipids

With the development of lipidomic technology, more than 600
sphingolipids have been detected in human beings (3).
Sphingolipids are amphoteric lipids with a long-chain fatty acid at
one end and a polar alcohol at the other end. In terms of structure,
sphingosine is one of the main sphingosine bases, making it possible
to distinguish sphingolipids from other lipids (4). Variations in the
length of the terminal chain and the number as well as the position
of functional groups (including double bonds, hydroxyl groups, etc.)
can be combined with different polar head group arrangements to
produce thousands of unique compounds (5). Among
sphingolipids, the bioactive sphingolipids mainly include
sphingosine, ceramide (Cer) and sphingosine-1-phosphate (S1P).
In addition, sphingomyelin (SM), ceramide-1-phosphate (CI1P),
glucosylceramide, lactosylceramide, and certain gangliosides are
also considered as bioactive sphingolipids candidates (4). The
diversity of sphingolipids directly or indirectly contributes to the
multiple biological functions of sphingolipids.

1.2 Metabolism and function
of sphingolipids

Sphingolipids are commonly found in plant and animal
membranes, and their primary function is to serve as basic
structural components in eukaryotic membranes (6). In addition,
sphingolipids are involved in regulating a variety of signaling
pathways. Bioactive sphingolipids and their metabolites are
important bioactive signaling molecules in mediating numerous
biological functions, and participate in regulating various biological
processes such as inflammation, apoptosis, cell cycle and
metabolism (7, 8).

The lipid raft model was first proposed by K. Semons et al,
which refers to the lipid bilayer plasma membrane, cholesterol (Ch)
and sphingolipids form a relatively ordered lipid phase, like floating
on the lipid bilayer “raft” (9). Sphingolipids contain long and
saturated fat acyl chains. The arrangement of these chains is
highly ordered with a large amount of Ch filling between their
tight packing, forming a dense and Ch-enriched microdomain. The
lipids that make up membrane rafts, including sphingolipids
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(glycosphingolipids and sphingomyelins) and Ch, are collectively
referred to as raft lipids. Lipid rafts carry a variety of membrane
proteins and serve as platforms for protein fixation to perform
biological functions (10).

The metabolic process of sphingolipids is divided into synthesis,
degradation, transport (recycling) and utilization (mutual
conversion) in vivo (11). With Cer as the metabolic center, the de
novo synthesis of sphingolipids begins with serine and palmitoyl-
coenzyme A (palmitoyl CoA). They are catalyzed and condensed
by serine palmitoyl transferase (SPT) in the endoplasmic reticulum
to form sphingosine bases (12). Further N-acylation by
various fatty acyl-CoA enzymes to form N-acylsphingosine
(dihydrosphingosine) is followed by desaturation, and thus
produces Cer (13, 14) (Figure 1A). In addition to de novo
synthesis, Cer is also remedied by converting complex
sphingolipids (e.g. SIP, etc.) to sphingosine, and then formed by
the action of ceramide synthase to N-acylate sphingosine, which is
called salvage pathway. Sphingosine is phosphorylated by
sphingosine kinase (SK) to form sphingosine-1-phosphate
(Figure 1B). Subsequently, SIP is irreversibly cleaved to
phosphorylethanolamine and cetylaldehyde by sphingosine-1-
phosphate lyase. The direct hydrolysis of SM can also produce
Cer (15). Cer can be metabolized into more complex sphingolipids
by the addition of head groups. For example, Cer is connected with
phosphocholine or carbohydrate head to form sphingomyelins or
glycosphingolipids, respectively. Moreover, Cer is phosphorylated
to ceramide-1-phosphate (C1P) by ceramide kinase (CERK) or
hydrolyzed to sphingosine by ceramidase (Figures 1C-E).
Sphingolipid metabolism varies depending on the organism. For
example, there are at least five different ceramidases and five
different sphingomyelinases (SMase) located in the plasma
membrane, organelles (endoplasmic reticulum, golgi apparatus,
nucleus, lysosome and mitochondria) and extracellular space.
Studies have shown that about 40 enzymes in mammals are
involved in the regulation of this series of biological metabolic
processes (4).

The diversity of sphingolipid metabolism determines that
defects in sphingolipids synthesis and decomposition are
associated with various human diseases and pathological
conditions. For example, Cer promotes the occurrence and
development of PD by regulating mitochondrial autophagy (16,
17). The production of sphingosine and/or Cer may mediate cancer
cell death by activating de novo synthesis pathways, SM hydrolysis,
and salvage pathway (18, 19). Furthermore, SM is identified as one
of the biomarkers of the recurrence and death after myocardial
infarction. Reducing Cer levels promotes cell survival and thus
provides cardiac protection after myocardial infarction (20, 21). In
the future, the link between sphingolipid and various diseases and
the corresponding therapeutic targets will continue to be discovered
and supplemented.

1.3 Intracerebral sphingolipids

Central nervous system contains lipids such as phospholipids,
sphingolipids and cholesterol. Sphingolipids are especially
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FIGURE 1

Schematic diagram of sphingolipid metabolism. Sphingolipid metabolism is divided into several chunks centered on Cer. (A) The de novo
biosynthetic pathway is SPT-initiated action of serine and palmitoyl-CoA in the endoplasmic reticulum, followed by successive reactions that
produce Cer. (B) In the salvage pathway, complex sphingolipids, such as S1P, is converted into Cer with the influence of sphingosine kinase and
ceramide synthase. Correspondingly, Cer is deacylated to sphingosine, which is phosphorylated to S1P. (C-E) In the sphingolipid catabolic pathway,
SM, C1P, and GlcCer are hydrolyzed, leading to Cer formation. S1P, sphingosine-1-phosphate; SM, sphingomyelin; C1P ceramide-1-phosphate;

CERK, ceramide kinase; GlcCer, glucosylceramide.

abundant in central nervous system compared with other parts. The
central nervous system mainly consists of neurons and glial cells.
Sphingolipids play different signaling roles in different cells due to
the influence of enzymes and proteins presented in the local
environment. Similarly, even if the same lipid is produced in the
plasma membrane, endoplasmic reticulum, lysosome or
mitochondria, it also exerts different biological effects (22).

1.3.1 Neuron

Neurons are the most basic structure and function unit of
central nervous system. Lipids play an important role in the
structure and function of neurons. Sphingolipids are not only
related to the development of neurons, but also affect the
secretion of neuronal exosomes, thus influencing the conduction
of nerve impulses. The sphingolipids metabolic pathway of
dopaminergic neurons in the substantia nigra is involved in
neuroimmunoinflammation and neurodegeneration in PD. The
dopamine neuron-specific translation group showed that
sphingolipids synthesis pathway was significantly down-regulated
in MPTP treated mice (23), which indicated that the destruction of
sphingolipid metabolism could lead to significant neuronal damage.
Sphingolipid metabolism is compartmentalized, so its metabolism
in different organelles may affect the function of neurons through
different pathways. Studies showed that imbalances in lipids
(including Cer and sphingolipid intermediates) led to
mitochondrial and endolysosome dysfunction, thus resulting in
neuron death (11). Kohei Yuyama et al. found that neuronal
exosome secretion was regulated by sphingolipids metabolizing
enzymes including neutral sphingomyelinase and sphingomyelin
synthase (SMS) (24). Both S1P and Cer are called “bioactive
sphingolipids”, but their functions are antagonistic in many ways.
In central nervous system, Cer and S1P are involved in the
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regulation of neuronal survival and death, therefore participating
in physiological and pathological processes such as aging, AD and
PD (25).

1.3.2 Microglia

A century ago, Spanish neuroscientists first proposed that
microglia were a unique group of cells in central nervous system.
Microglia play an extremely crucial role in the physiological process
of the central nervous system as the intrinsic immune-effector cells
(26). Similar to the properties of macrophages, microglia are a
double-edged sword in disease process. On the one hand, microglia
release a large amount of pro-inflammatory factors and neurotoxic
substances, which aggravates the injury. On the other hand, through
the phagocytosis function and secretion of neurotrophic factors,
microglia promote nerve repair. Active sphingolipid metabolites
lead to neuroinflammation and activate microglia. For example, S1P
activates the volume-regulated anion channels on microglia that
controls ATP release, which is an important inflammatory mediator
in neuropathic pain (27). The role of microglia in regulating the
neurodegeneration of AD and PD has been well studied.
Researchers pointed out that the lipid metabolism of microglia
reflected the sensitivity of the brain to amyloid accumulation (28).
Genetic studies have shown that the genetic risk of PD is enriched in
sphingolipid-related factors (29). Among them, glucocerebrosidase
B1 (GBA1) has been widely concerned as one of the biggest risk
factors for PD (30). Notably, recent single-cell maps of mouse
brains showed that most risk genes, including GBAL, are expressed
by microglia rather than neurons (31). Chronic o-synuclein
dysfunction in PD, dementia with Lewy bodies, and multiple
system atrophy can be caused by microglia’s pathological
modification on o-synuclein, which is mediated by unbalanced
sphingolipid metabolism (28).
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1.3.3 Astrocyte

Astrocytes are essential support cells in the brain and secrete
neurotrophic factors, which regulate synaptogenesis, neuronal
differentiation and neuronal survival. These biological functions
determine that astrocytes are an important link in the occurrence
and development of neurological diseases (32). However, the
mechanisms involved in these processes have not been fully
illustrated. Proinflammatory stimulation-induced disordered
sphingolipid metabolism affects the metabolism of astroglia.
Researchers established experimental models of autoimmune
encephalomyelitis and multiple sclerosis using non-obese diabetic
mice. Further, through gene expression and knockout analysis, it was
confirmed that lactosylceramide (LacCer) in astrocytes could
exacerbate the occurrence and development of experimental
autoimmune encephalomyelitis in non-obese diabetic mice through
biosynthetic pathway. It has also been demonstrated that
sphingomyelin metabolism could enhance the pathogenicity of
astrocytes in a variety of neuropathic diseases by activating the
nuclear factor-kappa B pathway (33). Additionally, modulation or
elimination of S1P receptor 1 (SIPRI) in astrocytes could promote
neuronal survival and relieve the pathological injury of experimental
autoimmune encephalomyelitis mice (34, 35).

1.4 Mechanism of sphingolipids causing
nervous system diseases

The most characteristic pathology of AD is neurofibrillary tangles
formed by deposition of amyloid beta (AP) and phosphorylated
microtubule-associated protein Tau in extracellular amyloid plaques.
Cer promotes AP formation by affecting the cleavage of the
transmembrane protein amyloid precursor protein (36, 37). In
mitochondria, increased Cer impaired oxidative phosphorylation,
disrupted membrane potential, and facilitated the release of pro-
apoptotic proteins into the cytoplasm (38-41). Organelles with Cer-
rich membranes, such as endoplasmic reticulum and endosomes, could
also cause neuronal and glial damage due to oxidative stress or damaged
proteostasis, which led to the accumulation of neurotoxic peptides or
proteins (e.g. AP, tau, synuclein and Huntington protein). Exposure of
hippocampal neurons to AP induced membrane oxidative stress and
accumulation of Cer and cholesterol, whereas treatment with alpha-
tocopherol or sphingomyelin synthesis inhibitors prevented lipid
overload, thereby protecting them from Ap-induced death. These
findings suggest that membrane-related oxidative stress induced by AR
in the pathogenesis of AD may lead to the dysfunction of Cer and
cholesterol metabolism, thereby triggering a cascade of neurological
insults (42).

Autophagy-lysosomal pathway (ALP) is essential for the survival of
undivided neurons and the maintenance of nervous system
homeostasis through clearance of abnormal protein aggregates and
damaged organelles. The acidic cavity of lysosome contains a large
number of hydrolases, including proteases, lipases and nucleases (43).
The metabolism of glycosphingolipids (GSLs) to Cer mainly occurs in
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lysosomes. When the hydrolases are insufficient in this process, it can
lead to the accumulation of corresponding substrate. Since brain
neurons are particularly sensitive to lipid accumulation, lysosomal
lipid storage disorders, such as sphingolipids and ganglioside
deposition, often affect the brain. Some specific type of lysosomal
lipid storage disorders were associated with altered amyloid precursor
protein and tau metabolism, which was also observed in AD (44).
Additionally, excessive phosphorylation of tau protein also contributed
to the instability of neuronal microtubules and triggered autophagy
dysfunction, which affected the location and function of lysosomes.
Amyloid precursor protein can be cleaved through non-amyloid or
amyloid pathways. If lysosome function is impaired or AP production
is increased, AP will accumulate in neurons, leading to cell death and
thus causing pathological response of AD. Yumiko V Taguchi et al.
have shown that glucosyl sphingosine acts as an inducer of endogenous
o~ synuclein aggregation in human and mammalian neurons (45).
Therefore, targeting acid ceramidase 1 and glucocerebrosidase 2, which
regulate the production and metabolism of glucosylsphingosine, holds
a promising prospect for the treatment of mutant GBA-associated PD.
Aside from neurodegenerative diseases, sphingolipids also play an
important role in other neurological diseases. Cer chronically inhibited
ionotropic glutamate receptor-mediated synaptic transmission in
hippocampus and its mechanism might possibly due to the
activation of postsynaptic protein phosphatase, which was one of the
common mechanisms between Cer-induced persistent depression and
long-term depression (46). Furthermore, SIP expression in astrocytes
has been shown to influence the severity of experimental autoimmune
encephalomyelitis, and relevant data suggested that the S1P signaling
pathway in the CNS was a target for MS therapy (35). The S1P-related
signaling pathway was divided into two main modes of action:
extracellular and intracellular mechanism. After the production of
S1P, it acted on the cell surface receptor through autocrine or
paracrine, thus producing cell proliferation, migration, inflammatory
cytokine infiltration, autoimmunity and other extracellular effects. It
could also exercise the second messenger function in the cell, directly
acting on the intracellular target to regulate gene transcription, protein
modification and Ca®* level. The S1P analogue, fingolimod (FTY720),
is the first new immunosuppressant to be used orally for the treatment
of MS. As a prodrug of sphingosine, FTY720 did not directly inhibit the
activation and proliferation of lymphocytes. Instead, fingolimod was
phosphorylated by SphK1 into active metabolite p-FI'Y720, which
bound to specific SIP receptors except SIPR2, affected chemokine-
mediated lymphocyte homing, reduced the number of peripheral blood
lymphocytes and inhibited lymphocyte activity, thus played an
immunosuppressive role (47). Meanwhile, FTY720 easily crosses the
blood-brain barrier due to its lipophilicity. When acting on the
endothelial cells of blood-brain barrier, it could reduce cell death
induced by inflammatory cytokines. FTY720 significantly down-
regulated the release of lipopolysaccharids-stimulated microglia
inflammatory mediators, thereby alleviating neuroinflammation (48).
In addition, FT'Y720 was able to reduce sphingosine-1-phosphate lyase,
thereby increasing S1P concentrations in the brain, which was
consistent with a significant reversal of neurological deficits (49).
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2 Association between brain insulin
resistance and disease

ATP is the main form of energy in brain, and about 95% of ATP
is produced by oxidative phosphorylation of glucose in the
mitochondria and supplemented by aerobic glycolysis in the
cytoplasm (50). Glucose passes through the blood-brain barrier
by proteins in the family of sodium-dependent glucose
cotransporters (SGLT1 and SGLT2) and the sodium-independent
glucose transporters (GLUTS) (51). Neurons have the highest
demand for energy and require a constant supply of glucose, so
the ability to transport glucose to the brain exceeds the brain’s
energy requirements by two to three times under normal conditions
(52). Increasing evidence showed that impaired brain energy
metabolism was involved in the progression of neurodegenerative
diseases in the brain, and the low glucose metabolism in the brain of
patients with central nervous system diseases has multiple causes,
these include, but are not limited to the reduced glucose uptake by
neurons, abnormal tricarboxylic acid circulation and glycolysis, loss
of energy support by glia to neurons, and brain sugar processing
problems caused by brain insulin resistance (53-55). Literatures
suggested that insulin signaling regulates synaptic plasticity,
neurogenesis, and glucose metabolism in the brain, thereby
promoting learning and memory (56).

2.1 Brain insulin resistance

Insulin is a peptide hormone secreted primarily by pancreatic 8
cells and is known to regulate glucose metabolism in peripheral
tissues. Insulin receptors, which are expressed early in the
ontogenetic development, play an important role in regulating the
metabolism of carbohydrates, lipids as well as proteins and
controlling the level of brain neurotransmitters. The dysfunction
of insulin receptors is associated with a variety of diseases (57).

Brain is one of the insulin-sensitive tissues, and insulin receptors
are distributed in most cells of the brain. The highest density of insulin
receptors is found in the hypothalamus, olfactory bulb, hippocampus,
striatum, cerebral cortex and cerebellum. Evidence suggested that
cerebral insulin regulated energy homeostasis by coordinating
nutrient distribution (58). However, it is worth noting that a
significant number of people have reduced or even nonexistent brain
response to insulin, which is a condition known as cerebral insulin
resistance (also named brain insulin resistance, BIR) (59). Insulin
resistance is generally defined as reduced sensitivity of target tissues
to insulin action or altered biological response of target tissues to
insulin stimulation, resulting in reduced or loss of insulin-stimulated
glucose uptake and utilization (60). Peripheral metabolic changes led to
neuroinflammation and insulin resistance in the brain, which resulted
in defects in neuronal signaling and synaptic plasticity (61).
Correspondingly, persistent peripheral insulin resistance could also
cause misalignment of signal transduction in the brain insulin
receptors, leading to the development of BIR. Brain sugar processing
problems caused by BIR are also known as “hypoglycemia”, where
brain cells do not respond to insulin as they normally would. This
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means that brain cells do not have enough insulin to burn glucose, and
glucose metabolism becomes increasingly sluggish, which often
impairs the brain’s synaptic, metabolic, and immune response
functions. Thus, BIR may increase the risk of neuroinflammation
and neurodegeneration. These brain cells, which lack the ability to
metabolize glucose, decline, thus leading to symptoms of a variety of
diseases, including diabetes, cancer and neurodegenerative diseases
such as AD and PD.

2.2 Brain insulin resistance is involved in a
variety of diseases

2.2.1 Advances in brain insulin resistance and
type 2 diabetes mellitus

Diabetes mellitus (DM) is one of the most common metabolic
diseases. In 2021, about 537 million people aged 20 to 79 have diabetes.
The number is expected to grow to 783 million by 2045. There are two
types of diabetes depending on the etiology. Type 1 diabetes mellitus is
caused by genetic or autoimmune destruction of insulin-producing islet
beta cells and accounts for 5-10% of total diabetes cases.
Correspondingly, type 2 diabetes (T2 DM) accounts for about 90%
of all diabetes cases and is mainly characterized by insulin resistance
(62, 63). Neuroimaging studies have shown that the brain structure and
function of patients with T2 DM are different from those of healthy
people. However, there is no evidence to prove that T2 DM related
cognitive impairment and neuroimaging changes are the results of BIR
(64, 65). Nevertheless, existing animal studies suggested that T2 DM
was associated with systemic and cerebral insulin resistance. For
example, all genetic models of T2 DM, pharmacologically induced
models, and high-fat diets rodents exhibited systemic insulin resistance,
hyperglycemia, and cerebral insulin resistance, as well as other brain
defects such as synaptic abnormalities (structural, molecular, and
neurophysiological) and memory deficits (66, 67). There have also
been some human studies suggested that intranasal insulin
administration could normalize cerebral hemispheric connectivity,
improve local cerebral perfusion and enhance cognitive performance
in T2 DM patients with cognitive dysfunction (68, 69). These findings
indicate that cerebral insulin resistance may be overcome with higher
doses of insulin to improve systemic or cerebral impaired function in
patients with T2 DM.

2.2.2 Brain insulin resistance and
Alzheimer's disease

The molecular signaling pathway of insulin also plays a role in
regulating synaptic neurotransmission, neuronal and glial
metabolism, and neuroinflammatory responses in the brain. AD
and type 2 diabetes share the similar pathogenic mechanisms such
as inflammation, oxidative stress, dyslipidemia, impaired
mitochondrial and synaptic function, and impaired insulin
signaling in the brain (70). It has been reported that compared
with healthy people, patients with AD have reduced or mislocated
(not located on the membrane surface) insulin receptors in the
brain and the affinity of insulin receptors is likely to decrease (71).
Insulin directly affected the pathologic progression of AD by
interacting with AP peptide. Co-localization of neurofibrillary
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tangles and brain markers of insulin resistance has also been shown
in neuropathologic studies in patients with AD (72). In addition to
increasing AP accumulation and promoting the formation of AR
oligomers and neurofibrillary tangles, BIR also caused a surge in the
activity of glycogen synthetase kinase-3B (73), phosphorylate
tubulin associated unit excessively (74), thus became direct
contributor to the progress of AD pathology. These evidences
suggest that BIR is indeed involved in the development and
progression of AD by affecting glucose metabolism. In this way,
the level of glucose metabolism in the brain can be served as an early
biomarker of AD.

2.2.3 Brain insulin resistance and
Parkinson’s disease

PD is often characterized by static tremor, decreased voluntary
movement, increased stiffness, slow movement and postural instability,
which often overlaps with AD, and the incidence of PD is second only
to AD among neurodegenerative diseases (75). It has been mentioned
above that the course of AD is related to BIR, whether the same
situation also occurs in PD? BIR affected mesencephalon cortex
circuits, including the prefrontal cortex, striatum, and hippocampus,
which were participants of the major dopamine pathways that regulate
energy-related behaviors. Studies have shown that BIR is associated
with o-synuclein changes and dopamine loss in brain regions, and
further corresponds to classic motor symptoms of PD (76). It has been
reported that the insulin receptor mRNA in the substantia nigra of PD
patients was significantly reduced compared to the control group of the
same age (77). Andre Kleinridders et al. found that, after knocking out
neuron-specific insulin receptors, the activities of monoamine oxidase
and mitochondria in mice were impaired, and dopamine reuptake
was enhanced (78). Perruolo et al. established a PED/PEA-15
overexpression animal model with a low dopaminergic phenotype
and decreased activity, which was similar to Parkinson-like symptoms.
The hypokinetic behavior of these animals might be due to the BIR and
the depletion of dopamine in the striatum (79). Furthermore, studies
have shown that BIR is associated with mitochondrial membrane
potential depolarization, mitochondrial biogenesis impairment and
ROS increase, and mitochondrial dysfunction is the most basic
feature of PD pathogenesis (80, 81).

2.3 Sphingolipid metabolism in AD and PD

Abnormal sphingolipid metabolism has been shown to play a key
role in the pathogenesis of neurodegenerative diseases including AD
and PD. Timothy A Couttas et al. ‘s study showed that SIP decreased
with the increase of Braak stage in brain regions with AD lesions, which
demonstrates the loss of neuroprotective factor SIP in the pathogenesis
of AD (82). In the early stages of AD, multiple glucoside deficiencies
and elevated Cer were observed in the lesion area (42, 83). Changes in
sphingolipid metabolism are also detected in plasma samples.
Lipidomics showed that serum sphingolipids was reduced in AD
patients compared to the healthy controls, and accompanied by the
increased Cer levels (84). This claim is further validated by sphingomic
studies demonstrating similar sphingolipid changes in the plasma of
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AD patients (85, 86). Additionally, several studies also revealed that
gangliosides, especially GM 2 and GM 3, were up-regulated in AD
model mice (87-90), while gangliosides GD1 was down-regulated (87).
Despite the direct sphingolipid type changes, corresponding alterations
in various sphingolipid metabolic enzymes have also been studied, such
as the elevated expression of serine palmitoyl transferase and Cer
synthase 1, 2 and 6 in the cortex, hippocampus, caudate nucleus and
putamina nucleus (91). The sphingomyelinases of frontotemporal
region and glucosyl ceramidase in cortices also showed an upward
trend (92, 93).

An untargeted metabolomic and proteomic analysis of 36 PD
patients and healthy people revealed that 83 metabolites were
differentially expressed, of which 63% were fats and lipid
molecules, and sphingolipids accounted for 25% of these lipid
molecules. Further analysis of related metabolic pathways of the
differentially expressed metabolites showed that only sphingolipids
metabolic pathways were significantly enriched, while 6 metabolites
involved in sphingolipid metabolism were significantly increased,
suggesting that sphingolipids metabolic activation might be one of
the potential pathogenesis of PD (94). In another multiracial cohort
study of PD patients and healthy individuals, about 1,000 lipids
were analyzed in the serum of each volunteer. Among them, the
main lipids that distinguish PD patients/LRRK2 mutation carriers
from healthy subjects included Cer, triglycerides, SM, etc., and
significant changes in triglycerides and SM were also reflected in
cerebrospinal fluid. The KEGG compound/pathway database is
used to determine whether the target lipids are enriched in
certain pathways. Results showed that sphingolipid metabolism,
insulin signaling and mitochondrial function were the main
metabolic pathways of dysregulation in PD. More interestingly,
Cer and TG were mainly enriched in glycogen production, glucose
transporter type 4 (GLUT4) translocation and glucose uptake
pathway, which were also sub-pathway in the “insulin resistance”
pathway (Table 1) (95).

As previously mentioned, SIP acts as an autocrine or paracrine
messenger. Sphingosine kinases, which are mainly divided into Sphk1
and Sphk2, are biological enzymes responsible for S1P synthesis and
regulation of bioactive sphingosine lipid homeostasis. Sphingosine
kinase 2 is significantly down-regulated in the substantia nigra region
of the midbrain of MPTP induced mice PD (96). It has also been found
that inhibition of Sphkl in PD model will further aggravate caspase-
dependent apoptosis, thus causing the death of dopaminergic neurons
(97). The most abundant sphingolipid in eukaryotic cells and plasma is
SM. SM locates in the endoplasmic reticulum, Golgi apparatus, and
nucleus is metabolized by neutral SMasel. In the mesencephalon of
MPTP-induced PD mice, neutral SMasel was reduced and SM was
accumulated (98). The role of SM accumulation in the pathogenesis of
PD may be multifaceted and related to mitochondrial dysfunction,
inflammation, and o= synuclein aggregation (17, 98).

2.4 Mechanisms of brain insulin resistance

The possible mechanisms of BIR are downregulated expression
of insulin receptor, defective binding of insulin to its receptor and
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TABLE 1 The sphingolipids in BIR and neurological disease.

Sphingolipids Influence in BIR AD PD
1 194,
(42) 95)

Cause oxidative
stress and
1. Inhibit insulin signaling pathway impair protein
(PI3K-AKT/GLUT4/IRS tyrosine
phosphorylation/IKK-NF-xB) (95,
100, 104, 105)
2. Induce mitochondrial damage and

homeostasis,
leading to
neuronal and
glial damage
Affect the
cleavage of

Ceramide
lead to impaired glucose utilization
(106)
3. Induce endoplasmic reticulum
stress (107, 108)

transmembrane
protein amyloid
precursor
protein and
promote the
formation of
AP (42, 109)

l (7,
(92) 98)

Lysosomal
sphingomyelin
storage
disorders,

1. Inhibit the activity of y-secretase
2. Reduce the accumulation of AB
3. Weaken sphingomyelin enzyme

Sphingomyelin associated with

activity, reduce Cer, and play a altered

protective role metabolism of
amyloid
precursor
protein and tau

(44)

|

©2) *(25)

S1PRI: reduce
o-synaptic
protein

1. Increase phosphorylated PI3K-

AKT protein level (97)

2. Increase the ability of insulin .
aggregation and

resistant cells to take up glucose . .
increase brain-

derived

neurotrophic

factor (110)

T l
(112) | (113)

The depletion
of GBA
promotes the

1. Inhibit the activation of IRS-1

Ganglioside GM1/ . K
2. GM3 causes insulin receptors to

GM3 .
separate from caveolin-1 (111)

transfer of
alpha-synuclein
copolymers (45)

* indicates a lack of clinical data on SIP in PD. PI3K-AKT, phosphatidylinositol-3-kinase-
protein kinase B signaling pathway; GLUT4, glucose transporter type 4; IRS, insulin receptor
substrate; IKK-NF-kB, IkB kinase-nuclear factor kappa B; AP, Amyloid beta; GBA,
glucocerebrosidase. 1: upregulate |: downregulate

obstruction of insulin signaling pathway. These are often the results
of multiple factors, including but not limited to age, genetic
background, blood glucose levels, obesity, inflammation, and
sensitivity to BBB transporters. Chronic hyperinsulinemia with
overnutrition activated the mTOR/S6 kinase pathway and
enhanced phosphorylation of insulin receptor substrate 1 (IRS-1)
serine to induce hypothalamic insulin resistance (99). Various
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phosphatases are also involved in the regulation of insulin
sensitivity. Protein phosphatase 1B and T-cell protein tyrosine
phosphatase were involved in insulin signaling in the brain by
dephosphorylating tyrosine residues of insulin receptors (100).
Sphingolipids, which are involved in various physiological
functions in the central nervous system, can also mediate the
occurrence of BIR. Lipid-induced insulin resistance was described
as early as 1941. After intravenous infusion of lipids, rabbits were
found to be insensitive to insulin-induced hypoglycemia (101).
Subsequently, it has been shown that neurodegeneration of
cerebral insulin resistance can be mediated by neurotoxic Cer,
which is easy to cross the BBB (102).

At present, a large number of studies have reported the
relationship between elevated circulating fatty acids and insulin
resistance. The increase in fatty acid lipids results in the
accumulation of lipid droplets in various organs and tissues. In
this way, sphingolipids such as Cer and other lipid intermediates are
also formed successively (103). These bioactive lipids are associated
with the pathogenesis of insulin resistance. However, the
mechanism of sphingolipids, such as Cer and sphingomyelin,
participating in BIR has not been systematically summarized yet.

3 Sphingolipid metabolism involved in
brain insulin resistance

Previous studies have shown that insulin and glucose
concentrations in peripheral blood receive and respond to central
insulin signals through the pancreatic axis (114). Conversely,
peripheral insulin resistance induced by high sugar leads to
accumulation of insulin, which results in hyperinsulinemia. Then,
hyperinsulinemia causes damage to target organs, including the
brain. The main reason for this consequence is that insulin in the
peripheral blood is actively transported into the brain. Short-term
brain exposure to insulin has a positive effect on neuronal
metabolism. However, prolonged exposure may cause
hyperinsulinemia in the brain, which induces insulin resistance in
central system neurons and increases the risk of developing
neurological disease. Related studies have found that peripheral
hyperinsulinemia contributes to increased insulin levels in the brain
and further leads to insulin resistance in neurons (115). Based on
the above, we should recognize the bidirectional relationship
between peripheral insulin resistance and BIR. That is, peripheral
insulin resistance can disrupt brain insulin activity and vice versa,
thus leading to a vicious cycle (116).

3.1 Ceramide in BIR

Cer is mainly distributed in cell membranes and is the product
of de novo biosynthesis or degradation of sphingolipids, as well as
the precursors of a variety of sphingolipids. Cer and its related
molecules are key components involved in the pathogenesis of BIR.
They can be produced in muscle, liver, adipose tissue and brain. In
skeletal muscle, Cer reduced AKT activity via protein kinase C{
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(PKCC) and protein phosphatase 2A, leading to skeletal muscle
insulin resistance (101). When obese mice induced by a high-fat
diet were injected with myriocin, an inhibitor of the Cer de novo
synthesis pathway, it could promote the phosphorylation of AKT in
liver and muscle, sensitize insulin signaling, and promote glucose
utilization and balance in the body (117). In this way, researchers
indirectly demonstrate the role of Cer in insulin resistance.

At the same time, Cer is liposoluble and easy to cross the BBB,
causing cerebral insulin resistance (102). Increased Cer in the
central nervous system antagonized insulin signaling via AKT
pathway. When insulin bound to its receptor, tyrosine residues in
the insulin receptor substrate (IRS) were phosphorylated, thus
triggering a number of signaling cascades through activated
kinases (118). Phosphorylation at the IRS tyrosine site activated
the phosphoinositide 3-kinase-AKT (PI3K-AKT) pathway, while
phosphorylation at the serine site inhibited it (105). After AKT
activation, the critical molecule GLUT4 in the downstream pathway
translocated to the plasma membrane for glucose uptake in neurons
of the cerebral cortex, hippocampus, and cerebellum (119). When
there was an excess of Cer in the brain, this pathway could be
antagonized. Long-term elevation of Cer in tissues led to sustained
impairment of metabolic homeostasis, driving insulin resistance
and such kind of damage might be irreversible (120, 121). Excess
saturated fatty acids in tissues mediated abnormal Cer formation,

Glucosylceramide
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which further induced endoplasmic reticulum stress, mitochondrial
dysfunction and ROS formation, while hypoxia-induced
dyshomeostasis of Ca®" could also be attributed to increased de
novo lipid synthesis and accumulation of saturated fatty acids.
Elevated intracellular Ca** phosphorylated insulin receptors and
substrates of insulin resistance by activating Ca®*-dependent serine/
threonine protein kinases, leading to the development of insulin
resistance (121) (Figure 2).

3.2 Sphingosine-1-phosphate in BIR

SIP is a multifunctional lipid mediator involved in physiological
processes including cell survival, neovascularization, inflammation, as
well as neuronal development. Existing studies have shown that S1P is
associated with important intracellular targets related to cancer,
diabetes and neurological diseases. S1P possesses the capability to
interconvert with Cer. Ceramidase catalyzes the deacylation of Cer to
sphingosine, and SK phosphorylates the generated sphingosine base to
S1P. SIP acts directly on intracellular targets as a second messenger.
Besides, it can also be transported to extracellular by transporters and
bind to corresponding S1P receptors to exert biological effects. The
receptors mainly including five G-protein-coupled receptors, named
S1PR 1-5 (122). Among them, SIPR1, SIPR2 and SIPR3 are mainly
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The mechanism of sphingolipid metabolism involved in brain insulin resistance and neurological diseases. Sphingolipids induce brain insulin resistance
through different pathways, which directly or indirectly leads to neurological diseases (1). Accumulation of sphingolipids (such as Cer, ganglioside, and
sphingomyelin) in the brain leads to lysosomal lipid storage disorders and dysfunction of the ALP, thus affecting amyloid precursor protein and tau

metabolism (2). Excess saturated fatty acids and other sphingolipids in tissues prol

mote Cer formation, induce endoplasmic reticulum stress, and further lead

to insulin resistance (3). S1IP antagonizes brain insulin resistance by activating the insulin signaling pathway (AKT/AMPK) through the receptor subtypes SIPR1

and S1PR3, while receptor subtype SIPR2 activation results in BIR (4). Excess Cer

in the brain antagonizes the activation of AKT, inhibits the translocation of

GLUT4 to the plasma membrane, affects glucose uptake, and causes brain insulin resistance (5). Cer induces mitochondrial dysfunction and ROS formation,
which contributes to increased oxidative damage to mitochondrial DNA and impaired electron transport chain function, resulting in impaired ca*t

processing capacity. Intracellular Ca®* elevation phosphorylates insulin receptors

and insulin resistance substrates, thus leading to brain insulin resistance (6).

Elevated peripheral Cer reduces AKT activity through PKC  and protein phosphase 2A, leading to peripheral insulin resistance. Insulin crosses the BBB and
causes chronic hyperinsulinemia, which in turn activates the mTOR/S6 kinase pathway, enhances the phosphorylation of IRS-1 serine and ultimately induces

hypothalamic insulin resistance. ALP, autophagy-lysosomal pathway; AKT, protein

kinase B; AMPK, adenosine 5-monophosphate (AMP)-activated protein

kinase; GSK3, glycogen synthase kinase-3; GLUT4, glucose transporter type 4; GBA, glucocerebrosidase; SMS, sphingomyelin synthase; SMase,
sphingomyelinase; PKC {, protein kinase C ; PP2A, protein phosphase 2A; BBB, blood-brain barrier; IRS, insulin receptor substrate; mTOR/S6K, mammalian

target of rapamycin S6 kinase pathway.
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expressed in the immune, cardiovascular and central nervous system,
which are related to hypertension, PD and other diseases (123). In
mice, the absence of the S1P vector (Apolipoprotein M, ApoM) was
associated with worsening insulin resistance. Similarly, serum ApoM
levels were lower in T2 DM patients and negatively correlated with
insulin resistance. In vitro and in vivo, the inhibition effect of SIP on
insulin signaling was eliminated in the presence of the S1PR 2
antagonist JTE-013, suggesting that SIPR 2 impaired insulin
signaling. In contrast, ApoM was shown to promote insulin secretion
and antagonize insulin resistance after activating SIPR1 and/or SIPR3
signaling (124). The immunomodulator FTY720-phosphate bound to
all S1P receptors except SIPR2, but this binding did not reduce insulin
signaling (125). The different effects of S1P on insulin resistance were
not contradictory, which was mainly related to the binding of S1P with
different transporters. S1P played a protective role against insulin
resistance by activating insulin signaling pathways such as AKT and
AMPK via receptor subtypes S1PR1 and/or SIPR3 (Figure 2, Table 1),
and improved mitochondrial function to promote glucose metabolism
in cells, implying that S1P is considered as a new target for screening
hypoglycemic agents (126). The interaction of SIP with SIPR2 and
peripheral insulin resistance after conversion into Cer could also affect
the brain through the pancreatic axis, inducing insulin resistance of
neurons and increasing the risk of neurological diseases (Figure 2).

3.3 Glucosylceramide in BIR

Glucosylceramide (GlcCer) is obtained by adding glucose to Cer
scaffold structure, which can be used as the precursor of complex
ganglioside. It is also a special sphingolipid type that integrates
amino acids, fatty acids and sugars. GlcCer is an independent
antagonist of insulin signaling, which is similar to Cer (127).
Neuronal activity triggered the synthesis of GlcCer in neurons,
which was secreted by neurons via exosomes and subsequently
absorbed by glial cells (128). B-glucose ceramidase in lysosomes
hydrolyzes GlcCer to glucose and Cer. Subsequently, the generated
central and peripheral Cer inhibited AKT insulin pathway via PKC{
or protein phosphatase 2A (Figure 2). Ceramide-glucosyltransferase
inhibitors have been shown to increase insulin sensitivity and
improve glucose tolerance in leptin deficient and diet-induced
obesity mice and leptin receptor deficient rats (129, 130).
Gangliosides are produced by adding hexose, sialic acid, or
hexosamine to the GlcCer structure. Ganglioside GM3 has been
shown to impair insulin signaling and block glucose uptake in cell
culture studies (127). In agreement, mice lacking GM3 synthase, the
enzyme that catalyzes the formation of GM3 ganglioside, showed
reduced fasting blood glucose levels and improved glucose
tolerance. When challenged with a high-fat diet, GM3 synthase-
deficient mice maintained glucose tolerance and increased
inhibition of glucose output from the liver (131).

3.4 Sphingomyelin in BIR

Sphingomyelin (SM) is one of the most abundant sphingolipids
in the body. It is produced by the migration of the phosphocholine

Frontiers in Endocrinology

10.3389/fendo.2023.1243132

portion from phosphatidylcholine to the Cer main chain. SM is
hydrolyzed by sphingomyelin enzymes to produce a series of
bioactive lipids such as Cer, thus participating in the regulation of
downstream pathways. Researchers refered to the dynamic system
composed of sphingomyelin, Cer and sphingosine as
“sphingomyelin rheostat”, which plays a role in regulating cell
survival and proliferation (132). The biosynthesis of SM in vivo is
mainly dependent on sphingomyelin synthase 1 and 2 (SGMS1/2).

SGMS1-induced golgi-dependent protein kinase D activation
negatively regulated Cer transport protein activity by controlling
phosphatidylinositol 4-phosphate level, and SGMS2 was required
for SM-induced BIR (133). Jiang et al. found that SGMS2 affected
the metabolism of lipid and sugar, and could directly regulate
sphingomyelin composition of lipid rafts. After SGMS2 gene
knockout, the mice not only survived healthy but also resisted
atherosclerosis, obesity, fatty liver, T2 DM and insulin resistance
caused by a high-fat diet (134). Further evidence of sphingomyelin’s
involvement in glucose metabolism disorders also comes from
interference with sphingomyelin synthase genes. After ablating
the SGMS2 gene in mice fed with a high-fat diet, SM plasma
membrane levels and weight gain were reduced, while glucose
tolerance and insulin sensitivity were increased (135, 136).
Therefore, selective inhibition of SGMS2 is considered as a
potential new therapeutic target for metabolic diseases.

3.5 Sphingolipid metabolism enzymes
involved in BIR

As demonstrated previously, mice with less Cer were less likely
to develop insulin resistance (137). Palmitic acid is the substrate for
sphingolipids synthesis, and de novo synthesis of Cer is controlled
by palmitoyl CoA, which activates the rate-limiting enzyme serine-
B palmitoyl transferase. Palmitic acid activates serine-f3 palmitoyl
transferase, which is involved in Cer accumulation in astrocytes,
enhances cytokine release and activates signaling cascades in
neurons (138). CIP is an important metabolite of Cer, which is
catalyzed by CERK. Notably, C1P promoted the production of pro-
inflammatory eicosanoid (e.g. arachidonic acid), which was a
powerful signaling molecule that contributed to chronic
inflammation in diseases such as cancer, asthma, atherosclerosis,
and thrombosis. In periphery, C1P disrupted the proliferation of
adipocyte, forcing them to hypertrophy. Inflammatory signals
triggered cell production of C1P from other harmless adipose
tissue. When C1P accumulated to a certain level, it inhibited the
proliferation of adipocytes, causing them to grow larger and
increase insulin resistance (139). Numerous researches have
shown that CERK plays an important role in cellular
inflammation processes (140, 141). In animal models, CERK™”"
mice showed lower blood sugar levels than wild-type mice,
suggesting that CERK deficiency can improve insulin sensitivity
(142). In a study of Cannabidiol, researchers observed that
cannabidiol inactivated GSK-3 in the rats treated with a high-fat
diet, leading to increased insulin sensitivity and thus reducing the
occurrence of cerebral insulin resistance. The expression of serine
palmitoyl transferase 2 and Cer synthase 4 and 6, which are
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involved in the de novo synthesis pathway, was also significantly
reduced. These results suggest that the remission of insulin
resistance may be indirectly caused by the intervention of
cannabidiol on sphingolipid metabolism enzymes (143). In
addition, it has been shown that stimulating SMase activity in
neurons could cause the subsequent accumulation of ceramide and
ROS (two neurotoxic intermediates) (144).

4 Discussion

Cognitive impairment occurs as a secondary outcome of DM,
and the severity and prevalence of this complication appear to be
greater in T2 DM. With the increasing research on the mechanism
of sphingolipids in T2 DM, insulin resistance and other human
diseases, intervening sphingolipids to improve insulin resistance has
become a new strategy for the prevention and treatment of central
nervous system dysfunction. Lipid metabolomics studies found that
compared with the control group, blood sphingomyelin (145-147),
hexose ceramide (94, 148), Cer (145, 146) and other sphingolipids
in PD patients significantly changed. In a pathway analysis of the
sera of patients with PD, researchers determined that abnormal
sphingolipid metabolism induced insulin resistance was the most
important pathogenic factor for the disorder (95). An
epidemiological meta-analysis reported that lipid-lowering statins
were protective against Parkinson’s symptom (149). Furthermore,
the incidence of PD was significantly reduced in diabetic patients
using certain diabetes drug classes, such as glucagon-like peptide-1
(GLP-1) receptor agonists and GLP-1-degrading enzyme dipeptidyl
peptidase 4 inhibitors (150). These studies reveal a link between
sphingolipids dysregulation and metabolic pathway function in
neurodegenerative diseases including PD, which is of great
importance to neurodegenerative diseases therapy. In diseases
induced by mutations in sphingolipid metabolism genes, extreme
changes in plasma sphingolipids levels may aid in diagnosis, for
example, the GlcCer for Gaucher disease (151). However, plasma
sphingolipids are less applicable in the diagnosis of sporadic
neurodegenerative diseases, such as AD, PD, and Lewy body
dementia. The ability of changes in sphingolipids and
sphingolipid metabolism enzymes to predict and diagnose
occasional diseases of the nervous system remains to be explored,
and it is recommended to combine with lipidomics or exosome
diagnostic strategies.

At present, the methods to control sphingolipids level mainly
focused on the intervention of sphingolipids synthesis. Inhibitors like
myriocin, L-cycloserine and C8-cyclopropenylceramide are used to
inhibit Cer synthesis, while AMP-DNM and Genz-123346 are used to
inhibit glucosylceramide synthase. In recent years, it has become a
hot topic to design drugs to treat diseases by targeting enzymes
involved in sphingolipid metabolism. The most successful attempt is
the S1P agonist, fingolimod (FTY720), a structural analogue of
sphingosine that is phosphorylated by SK2 in vivo. Its development
is attributed to scientists’ exploration of small molecule
immunosuppressants. Myriocin, found in the Chinese herb
Cordyceps sinensis Sacc, undergoes a series of structural
modifications to obtain fingolimod. The drug was approved by the
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Food and Drug Administration in 2010 and was the first oral
formulation approved for the treatment of multiple sclerosis. At the
same time, based on the structure and pharmacological action of
fingolimod, continuously optimized drug molecules have emerged in
an endless stream. Selective activation/inhibition of different SIPR
can produce better targeted drugs, such as siponimod, which can
selectively bind to the SIPRI receptor subtype expressed on the
surface of lymphocytes, and prevent lymphocytes from entering the
central nervous system of MS patients, thereby reducing
inflammation. In addition, KRP203 and CS-0777 are also under
clinical studies. However, the research and development of drugs
treated AD/PD are still controversial and bottleneck. Insulin
resistance is the culprit behind T2 DM, nevertheless, it is unlikely
that a single factor is the main cause of neurocognitive dysfunction in
T2 DM patients. Complex pathomechanism elements such as
hyperglycemia, obesity, neuroinflammation, oxidative stress, and
AP plaques also play a crucial role in cognitive abnormalities
individually or synergistically. Abnormal sphingolipid metabolism,
as one of the mechanisms of brain insulin resistance, is controversial
on the position in the pathogenesis of multiple factors. Therefore,
targeting sphingolipid-only strategies may be of limited use in
patients with neurological diseases whose pathogenesis is unclear.
Although many destructive effects of abnormal sphingolipid
metabolism have been known, its etiology and pathophysiology still
remain unclear. Studies on the biological effects of sphingolipids and
brain insulin resistance are still inconsistent. The mechanism by
which they regulate the function of nerve cells is very complex and
requires further investigation.

5 Summary and prospect

Sphingolipids are a large family of active lipids with important
physiological functions. Their biological effects are rich and varied,
and they are associated with many diseases such as inflammation,
autoimmune diseases, tumors, diabetes and insulin resistance. The
signaling pathways that sphingolipids participate in can regulate the
production or degradation of sphingolipids or regulate the receptors
of sphingolipids, so as to treat and alleviate diseases. Many enzymes
involved in sphingolipid synthesis or metabolism have become
potential therapeutic targets for a variety of metabolic diseases.

This article reviews the research progress of sphingolipids in
insulin resistance, especially in BIR. sphingolipids, not only
constitute the structure of plasma membrane, but also directly or
indirectly participate in cellular glucose metabolism and insulin
resistance through the classical insulin signaling pathway, such as
PI3K-AKT-mTOR. Insulin resistance in the brain, where sugar
metabolism is unusually active, has been linked to various
neurological diseases to varying degrees. In-depth understanding
of the mechanism of cerebral insulin resistance is helpful for
etiological research and subsequent development of new drugs.
Currently, there have been drugs targeting sphingolipids (such as
S1PR modulators), or studies targeting palmitoleic acid isomer, the
precursor of sphingolipids, entered clinical trials. The study of
palmitoleic acid was aimed at enhancing insulin sensitivity
(NCT02311790) (Table 2). It is believed that with the continuous
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TABLE 2 Progress of clinical trials on sphingolipids and insulin resistance and related diseases.

Study title Conditions Status Year Reference
source
Brain Imaging Study of Rosiglitazone Efficacy and Safety in Alzheimer’s Disease AD Completed 2005 NCT00265148
Rosiglitazone Effects on Cognition for Adults in Later Life Mild Cognitive Impairment Unknown 2005 NCT00242593
Mutations Associated with Parkinson s Disease PD Terminated 2012 NCT01547832
AD, V. lar D ia, D ia,
Effect of Insulin Sensitizer Metformin on AD Biomarkers aseuar emen’fla ementia Completed 2013 NCT01965756
Memory Impairment
Alzheimer’s Disease Biomarkers in Cerebrospinal Fluid in Insulin-resistant Men AD Completed 2013 NCT02010476
Palmitoleic Isomer Study Insulin Sensitivity Completed 2014 NCT02311790
Prediabetic State, Insulin Resistance,
Macronutrient Effects on Alzheimer’s Disease (MEAL-2) re 1a. etic State, fnsulin Resistance Completed 2015 NCT02463084
Middle Age, (and 2 more...)
Int ittent Calorie Restriction, Insulin Resist: , and Bi k f Brai
ntermittent Calorie Restriction, Insul m' esistance, and Biomarkers of Brain AD, Obesity, Diabetes Mellitus Completed 2015 NCT02460783
Function
BDPP Treatment for Mild Cognitive Impairment (MCI) and Prediabetes or Type 2 . . .
Mild C tive I t, AD Ci leted 2015 NCT02502253
Diabetes Mellitus (T2 DM) fid Sognitive impatrmen omplete
Phospholipid and Sphingolipids C ition of High-density Li teins (HDL
OSpAcHPH . anc SpIINgo lp,l s .ompf)51 10nf) '8 ex‘m ¥ Lipoproteins ( ) Metabolic Syndrome Completed 2016 NCT02851602
in Obese Non-diabetic Patients with Metabolic Syndrome
T 2 Diabetes Mellitus, Prediabeti
Serum Sphingolipidomic Analyses in Healthy, Diabetic and Prediabetic Subjects ¥pe & Diabetes St : Hus, Frediabetic Unknown 2016 NCT02826759
ate
Effects of Chromium on Insulin Resistance in Alzheimer Disease Patients Alzheimer Disease Unknown 2017 NCT03038282
Skeletal Muscle Diacylglycerol anc? Sphir'lgolipid's-lmpact of Localization and Type 2 l?iabetes Mell.itus, Pre- Completed 2017 NCT03077360
Species on Insulin Resistance in Humans diabetes, Obesity
Ceramides in Muscle During Insulin Resistance Insulin Resistance Withdrawn 2018 NCT03731598
Plasma Dihydroceramides Are Associateq with Hepatic Steatosis in Type 1 and Type 2 Di.abetes Melli'tus, Type 1 Completed 2018 NCT03447964
Type 2 Diabetes Diabetes Mellitus
Alzheimer Di , Aging, Aged, 80 )
Vanderbilt Memory and Aging Project Ehelmer isease, AgNg, Age Recruiting 2022 NCT05372159

deepening of research, the mechanism of sphingolipids’
involvement in insulin resistance and the mechanism of brain
lesions will become clearer, which will bring new targets and
hope for the treatment of diabetes, AD, PD, tumor and other
related diseases.
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