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Apolipoprotein M (apoM) is a member of the lipocalin superfamily and is predominantly associated with highdensity lipoprotein (HDL). It was found that apoM is the chaperon to the bioactive sphingolipid, sphingosine-1phosphate (S1P). Several studies have since contributed to expand the knowledge on apoM, S1P, and the apoM/
S1P-complex in cardiovascular diseases. For instance, the HDL-bound apoM/S1P complex serves as a bridge
between HDL and endothelial cells, maintaining a healthy endothelial barrier. Evidence indicates, however, that
the apoM/S1P complex may has both protective and harmful effects on the cardiovascular system, which sug
gests the need for more research to understand the interplay between these molecules. This review aims to shed
light on the most recent findings on apoM/S1P-signaling and its impact on endothelial dysfunction, inflamma
tion, and cardiovascular diseases. Finally, it will be discussed whether drugs that target apoM and/or S1Psignaling may be beneficial to patients with cardiovascular and inflammatory diseases.

1. Background
1.1. The discovery of apoM and S1P
In 1999, Xu and Dahlbäck identified a novel protein of 26 kDa, not
previously registered in any public databases. This unknown protein
fulfilled the criteria of an apolipoprotein. The protein was named
apolipoprotein M (apoM). The first 20 amino acid residues of apoM
showed characteristic features of a signal peptide but remained attached
to the mature protein due to the lack of a signal peptide cleavage site [1].
ApoM is synthesized in the kidneys, liver, and to a minor extent also by
adipocytes [2,3]. In the circulation, apoM binds primarily to
high-density lipoproteins (HDL) but can also be associated with other
lipoproteins, such as low-density lipoproteins (LDL), very-low-density
lipoproteins (VLDL), and chylomicrons [1]. Unlike most apolipopro
teins, apoM showed a hydrophobic binding pocket resembling lipocalins
– small proteins with a unique lipophilic binding pocket that enables
biological actions [2]. At that time, it was already well-established that
changes in lipoprotein concentrations and cholesterol content were
associated with cardiovascular diseases in various ways. Therefore, the
apoM research field was focused on understanding the role of apoM in
cardiovascular disease (CVD) using tools such as genetically modified

apoM mice [4,5], suggesting a protective role of apoM in atherosclerosis.
Early on, it was also seen that apoM-containing HDL had atheropro
tective properties such as the ability to protect against LDL-oxidation,
stimulate cholesterol efflux from macrophages and regulate pre-beta
HDL formation [4–6]. In human studies, the challenge has been the
lack of robust and reliable methods to analyze plasma concentrations of
apoM. The nature of the apoM protein, with a hydrophobic signal pep
tide anchoring it to the phospholipid layer of multiple lipoproteins,
made it difficult to develop specific antibodies, but also reliable assay
conditions and control materials. Axler et al. developed the first vali
dated sandwich ELISA using in-house produced monoclonal antibodies
and standardized reference material [7]. Later, other assays using
commercial antibodies [8] but also aptamer-based proteomic assays [9]
have appeared and together made it possible to explore the role of apoM
in humans with cardiovascular disease.
In the late 19th century, neuroscientists were intrigued by the un
known biological functions of bioactive lipid molecules present in the
brain. Consequently, these molecules were named sphingolipids,
inspired by the Sphinx from Greek mythology [10]. S1P is synthesized
intracellularly and exerts autocrine and paracrine signaling via the
G-protein coupled S1P-receptor family. The receptors to S1P are known
as S1P1, S1P2, S1P3, S1P4, and S1P5 receptors (S1P1-5). S1P1, S1P2

* Corresponding author. Department of Clinical Biochemistry, Rigshospitalet Blegdamsvej 9, 2100, Copenhagen, Denmark.
E-mail address: christina.christoffersen@regionh.dk (C. Christoffersen).
https://doi.org/10.1016/j.atherosclerosis.2021.08.039
Received 22 May 2021; Received in revised form 25 August 2021; Accepted 26 August 2021
Available online 27 August 2021
0021-9150/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

I. Yao Mattisson and C. Christoffersen

Atherosclerosis 334 (2021) 76–84

present [24]. S1P-binding to apoM explains partly some of the potential
beneficial effects of HDL particles on endothelial cells, how the S1P
concentration can be regulated locally and released from the apoM-HDL
particles in favor of the higher affinity on S1P-receptors [25], and likely
also some of the beneficial effects described for apoM-containing HDL
particles over the years. However, apoM binds to HDL and S1P binds to
its receptors, but how S1P is released from the complex, and whether
apoM interacts directly with the S1P-receptors or S1P interacts with
other receptors is still not known. An important receptor candidate may
be the endothelial scavenger-receptor class B type 1 (SR-BI), a choles
terol sensor responsible for uptake of HDL-derived cholesteryl esters
[26]. Specifically, S1P bound to recombinant HDL initiated closer
proximity between S1P1 and SR-BI on the plasma membrane followed
by an intracellular calcium release and S1P1 initialization [26]. This
could not be initiated by HDL without S1P or S1P alone. It is tempting to
suggest that apoM-containing HDL provide such a bridge or communi
cation option between the SRBI and S1P1 receptors. However, studies
from Sattler et al. suggest that HDL without apoM can also be loaded
with S1P at least in vitro and provide biological relevant functionalities
[27]. Hence, the role of apoM per se is still open for discussion. A recent
study suggests that apoM is an essential driver for functional cholesterol
uptake and efflux in mouse macrophages via SR-BI. Herein, apoM-rich
HDL mediated higher cholesterol efflux compared to apoM-deficient
HDL [28]. However, the discovery of the apoM/S1P-complex paved
the ground for substantial research to use the beneficial properties of
S1P-signaling as a potential therapeutic target for CVD. Fig. 1 captures
key findings of apoM, S1P, and apoM/S1P from the discovery up to now.

Fig. 1. Graphical overview.
The links between apoM/S1P-complex and pathophysiological disease states.

and S1P3 are expressed in vascular tissues, whereas S1P4 and S1P5 are
restricted to the hematopoietic and nervous system [11,12]. In the late
1990s, Hla and colleagues discovered the first receptor to S1P, namely
S1P1, abundant on the endothelium and essential for vascular formation
and function [13,14]. Proia and colleagues established that S1P1 is
needed in the vascular system, as shown by the embryonic deleterious
effect of S1P1 in mice [14]. Further, the so-called S1P-gradient was
discovered that regulates lymphocyte trafficking and tissue egress
extracellularly via the guidance of S1P1-expressing cells to S1P-high
sites [15]. Finally, in animals, Nofer and colleagues have shown in
extensive studies the potential beneficial role of endogenous produced
S1P in protection against atherosclerosis [16–19]. Apart from this, S1P
may also regulates calcium influx/efflux, DNA synthesis, and ‘insi
de-out’-signaling intracellularly [15,20]. These heterogeneous proper
ties of S1P on the vascular and immune systems convinced the
community to develop S1P-agonists and antagonists to manage
lymphocyte activation [20]. At that point, the beneficial effects of apoM
and S1P were well-established, individually, but their relationship was
yet to be determined.

2. ApoM/S1P, lipoproteins, and atherosclerosis
The HDL particle serves as a link between the apoM/S1P-complex
and endothelial cells. To understand the potential impact of such link
in the development of atherosclerosis, pathways potentially affecting
the content of apoM/S1P in the HDL particles needs to be discussed.
2.1. The impact of being an exchangeable apolipoprotein
ApoM mainly interacts with HDL in the circulation but can bind to
and exchange other lipoproteins such as LDL, VLDL, and chylomicrons
via its signal peptide sequence [1]. An introduction of a cleavage site to
the peptide sequence abrogates the binding between apoM and lipo
proteins [29]. It is well-known that HDL can protect against athero
genesis by mediating reverse cholesterol transport from the foam cells in
the vessel wall to the liver for cholesterol excretion among other
mechanisms. Several prospective epidemiological studies are consistent
and present an inverse relation between HDL-cholesterol (HDL-C) and
the risk of atherosclerosis [30]. However, Mendelian randomization
studies indicate that the relationship between genetically induced low
plasma HDL and the outcome of CVD is not causal [31,32]. Interestingly,
despite that apoM mainly circulates associated with HDL, plasma apoM
concentration does not consistently associate with the outcome of CVD
in humans [33,34]. ApoM is positively associated with both HDL and
LDL-cholesterol [7] and is exchangeable between HDL and LDL particles
[35,36]. This action may contribute to the clearance rate of circulating
LDL particles. For instance, apoM has an inverse relationship with the
fractional catabolic rate of LDL in humans [35]. Moreover, apoM con
centrations are affected by the apolipoprotein B (apoB) clearance via the
LDL-receptor (LDL-r). Individuals that carry a mutation that affects
LDL-r clearance of apoB had significantly higher levels of apoM [35].
Similarly, apoE-deficient mice with LDL-r overexpression had prominent
decreased levels of both apoM and S1P compared to wildtype mice [37].
Finally, in animal models lacking LDL-r, overexpression of apoM
increased the plasma cholesterol level and circulating time of VLDL/LDL
particles [36]. Thus, despite apoM being mainly present on HDL parti
cles, it also affects other important pathways potentially counteracting
such anti-atherogenic properties especially in cases of reduced or

1.2. The crossroad between apoM, S1P, and HDL
The vascular wall provides a tightly regulated structure consisting of
endothelial, smooth muscle, and epithelial cells. Within this, the endo
thelial barrier serves as an important boundary between intra- and
extravascular compartments and acts as a platform to regulate in
teractions between enzymes and lipoproteins. Importantly, the endo
thelial barrier maintains an optimal permeability between each cell to
prevent leakage and transcellular diffusion. At the time of the discovery
of apoM, it was known that HDL but also S1P could protect the endo
thelial cells and modulate the permeability of plasma proteins as well as
inflammatory cells during for example ischemia-reperfusion damage in
the heart [21], but the mechanism was not well known. A key finding
that came to bridge the understanding of the relation between S1P, HDL,
and endothelial function was the discovery of apoM as a chaperone of
S1P [22]. The apoM/S1P complex induced a different cellular response
with tight junction formation compared to albumin/S1P via the S1P1
receptors on endothelial cells [22]. Thus, deficiency of apoM and a
reduced level of S1P induced an increased endothelial permeability in
mice [22,23]. Approximately 70% of S1P is bound to apoM, and the
remaining fraction of S1P circulates freely or bound to albumin [22].
Apo-AIV can act as a chaperone when albumin and apoM deficiency is
77
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Fig. 2. Acute inflammation and its link to endothelial dysfunction.
(1) Inflammatory stimuli activate immunological responses with the downstream signaling pathways. (2) A dysregulated metabolism leads to a disturbed lipid
balance, including imbalance of apoM/S1P. (3) Endothelial dysfunction is presented characterized by (4) increased endothelial permeability and leakage.

Fig. 3. ApoM-Fc-mediated actions to restore endothelial dysfunction via apoM/S1P-signaling.
The engineered apoM is conjugated with an immunoglobulin constant domain (Fc) to retain signaling and sustain the activation of endothelial S1P-receptors.
Mechanism of action of apoM-Fc is stimulation of S1P-receptors, and upregulation of S1P-receptors that subsequently leads to positive feedback on endothe
lial integrity.

compromised LDL-r functionalities.

on how apoM and S1P affect triglyceride turnover. Interestingly,
apoM-Tg reduced triglyceride turnover, partly explained by the elevated
apoM/S1P-signaling that reduced lipid uptake into adipose tissue via
lipase activity and fibroblast growth factor 21 (FGF21), as compared to
wildtype mice [40]. Moreover, the S1P lyase (SGLP1) is an essential
enzyme responsible for the final step of sphingolipid degradation. Lack
of SGLP1 leads to increased S1P, and disruption of the triglyceride
turnover with accumulation of triglycerides in tissues [41]. This notion
implies that patients prescribed S1P-analogues may be subjected to an
increased risk for dyslipidemia and reduced triglyceride turnover.
However, whether apoM/S1P directly affect lipase activity including
lipoprotein lipase or modulate the endothelial integrity and thereby
affect triglyceride turnover needs further investigations, but at least in
animals, high apoM or S1P levels increase plasma triglyceride levels.

2.2. ApoM/S1P and plasma triglyceride rich lipoproteins
Increased plasma level of triglycerides is a well-known phenomenon
related to cardiovascular and metabolic disorders. Plasma triglyceride is
mainly transported by chylomicrons and VLDL particles, and inversely
associated with HDL-cholesterol in humans. Triglyceride turnover is a
dynamic process that controls lipid storage and catabolism in the body.
White adipose tissue (WAT) is responsible for lipid storage, whereas
brown adipose tissue (BAT) can metabolize and utilize lipids for energy
and heat production. The endothelial cells provide not only a natural
barrier between the circulating lipoproteins and surrounding adipocytes
but are an important platform for interactions between lipoprotein
lipase and regulatory factors in the lipoproteins such as apoCII, apoCIII
and apoA-V. Recently, apoM-deficiency was found to reduce post
prandial triglycerides, increase post-heparin lipoprotein lipase activity
and the activity of BAT in mice. These actions are S1P-dependent, as
seen by blocking the S1P1-receptor with the functional S1P-antagonist
fingolimod [38]. Of note, a study by Kurano et al. showed no effect on
adipose tissues volume or distribution in a second apoM-deficient model
[39]. In contrast, Hajny et al. utilized a human apoM-transgenic model
(apoM-Tg), with increased levels of plasma apoM and S1P, to follow up

2.3. ApoM/S1P and metabolic disturbances affecting lipid metabolism
Obesity shows a dysregulated lipid metabolism with low HDL and
high plasma triglycerides, insulin resistance (IR), increased WAT, and
decreased BAT. Overnutrition triggers WAT cells into a low-grade in
flammatory profile, thus propagates IR and metabolic disturbances [42].
Obesity and diabetic mouse models show lower plasma apoM levels
while the S1P levels increase by 50–100%, depending on the model. The
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ApoM is also linked to type 2 diabetes (T2D) [43]. Compared to
healthy individuals, individuals with T2D have 9% lower plasma levels
of apoM [46]. It is also linked to an increased risk of CVD in such patients
[47]. Presumably, apoM/S1P protects against insulin resistance through
the downstream insulin-signaling pathways of S1PR1 and S1PR3 [39].
Not surprisingly, recent studies also suggest that T2D patients present an
alteration in their sphingolipid metabolism that mainly affects HDL
levels. One population-based study showed that plasma apoM and S1P
levels are inversely correlated to mortality in T2D [48]. However, causal
relationships are needed to confirm such correlations. Therefore, a
recent study performed a Mendelian randomization analysis applied to
two Danish cohorts but could not support causality between genetic
determined reduction in apoM and risk of T2D [49]. Other studies
suggest otherwise and stress the point that associations between apoM
and T2D may be influenced by other confounding factors such as
ethnicity [50,51]. Further studies will be important to unravel the
mechanistic role of apoM, but also S1P and the apoM/S1P-complex. The
discrepancies between apoM and S1P deserve more research to under
stand the potential of each of these molecules in either treatment or
monitoring of T2D progression.
2.4. ApoM/S1P, atherogenesis, and CVD
ApoM and S1P individually provide anti-atherogenic potential.
However, as discussed above, high levels of either apoM or S1P may be
linked to dyslipidemia. Therefore, some discrepancies may exist in the
understanding of the role of apoM/S1P in atherogenesis. The current
paradigm of atherosclerosis plaque development suggests that apoBcontaining lipoproteins are the primary cause of the initiation and
progression of atherosclerotic plaque due to the exaggerated load of
cholesterol from apoB-containing LDL and VLDL particles, but also a
constant modification of triglyceride rich lipoproteins inducing reten
tion of larger remnant particles in the vessel wall [52]. As already
mentioned, apoM may affect the turnover rate of LDL particles, increase
the circulation time of VLDL/LDL particles, and affect post-heparin li
poprotein lipase activity (potentially a modulator of remnant particles).
Apart from this, the HDL-associated apoM/S1P-signaling promotes a
healthy vascular system and has an impact on several HDL functional
ities potentially anti-atherogenic. Early on, Stoffel and colleagues
explained the importance of apoM in the protection of atherosclerosis
using animal models. They suggested that apoM regulated the formation
of pre-β HDL and stimulated cholesterol efflux from foam cells. Within
the same study, overexpression of apoM in a mouse model with
LDL-r-deficiency protected against atherosclerosis [4]. This was by large
supported by Christoffersen et al. [5,36] However, it also became
evident that the beneficial effect of apoM on atherosclerosis was only
present in models with unchanged LDL-cholesterol compared to con
trols. Otherwise, overexpression of apoM led to even accelerated
atherosclerosis. The mechanism for such counter initiative effects is
unknown, but the impact of apoM on the circulation time of VLDL/LDL
particles may play a role, and the impact of lipoprotein lipase activity
and its potential harmful modification of remnants particles cannot be
excluded either with the current available studies.
Independent of the finding of how apoM regulated HDL-maturation,
the role of S1P in atherosclerosis was well-characterized in the emerging
S1P-community. The S1P-induced regulation of the vascular and im
mune systems revealed a complex interplay influenced by HDL-bound
apoM. One main finding that supports that S1P is atheroprotective is
the link to macrophages and apoptosis. Nofer and colleagues have
shown that S1P can inhibit macrophage apoptosis and thus the pro
gression of atherosclerotic plaques [16]. In line with this, evidence
supports that apoptotic cells release S1P as a chemoattractant for in
flammatory
cells
[53].
Interestingly,
the
downstream
sphingosine-kinase (Sphk) 2 may have a decisive role in
pro-inflammation and atherosclerotic progression, as shown by aggra
vated atherosclerosis in Sphk 2-deficient mice but not in Sphk

Fig. 4. Illustrative timeline.
Important findings of apoM, S1P and apoM/S1P.

reduced plasma levels of apoM observed in experimental models are
comparable with the levels observed in obese patients [43]. A likely
explanation for reduced apoM levels is the insulin mediated regulation
of the FOXA2 transcription factor suppressing the expression levels of
apoM [44]. The reason for increased S1P levels is however unknown. As
mentioned, apoM binds approximately to 70% of the circulating S1P
[21]. The remaining 30% is bound to albumin, remains free, or can
interact with apoA-IV. Whether this balance is changed during obesity is
unknown, but it has been suggested that obesity can alter the binding
potential of apoM [45]. An imbalance in such chaperones may also
induce or reflect pathological changes in obesity such as degree of
inflammation or stage of dyslipidemia, but this needs further
investigations.
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1-deficient mice [54]. Macrophage recruitment seems to be regulated by
S1P2 as S1P2-deficient hypercholesterolemic mice developed lesser
atherosclerosis, possibly due to the reduced macrophage recruitment
seen along with this [55]. Thus, an increased level of S1P per se seems
beneficial to inhibit or delay the progression of atherosclerosis in animal
models, but in this biological system super-physiological concentrations,
as observed in SGLT2 – deficient mice, it induces dyslipidemia [41] with
a potential harmful effect on the cardiovascular system.
Apart from atherosclerosis, several epidemiological studies present a
relation between apoM and the outcome of CVD. For instance, the single
nucleotide polymorphism (SNP) rs805296 residing in the sequence of
the apoM promoter region reflects an association between apoM and
CVD. In a few studies on human subjects presenting this mutation, there
is an association with an increased risk of CVD. While most of these
studies are underpowered, the collective conclusion in a meta-analysis
of the results showed an increased risk of CVD and suggested that low
levels of apoM caused by rs805296 may be a risk factor for CVD [56].
Importantly to remember, a study on the general Danish population was
not able to identify any associations between plasma apoM and the risk
of CVD [33]. Further, patients with chronic kidney disease suffer from a
significant increased risk of CVD. One study observed that reduced
plasma apoM levels were associated with risk of CVD in patients with
chronic kidney failure [34]. A second study on comparable patients with
end-stage renal failure suggested that the S1P content was increased in
the HDL particles from patients compared to controls and was associated
with improved cardioprotective properties [57]. With the current
knowledge, it is too early to conclude whether changes in plasma apoM
or S1P levels in human individuals are associated with increased risk of
CVD. Likewise, more studies will be needed to address whether the
apoM/S1P complex play an active role in the development of plaque
formations in human individuals. Currently, the research aims to un
derstand the complex regulatory features of apoM/S1P that bring to
atherogenesis and dyslipidemia. Plasma apoM and S1P levels may not
change equivalently in patients suffering from obesity, chronic kidney
failure, or CVD. This highlights the need for not only exploring the role
of the apoM/S1P complex in HDL particles (and LDL/VLDL particles),
but also the separate effect of apoM and S1P in atherosclerosis and T2D.

while maintaining an intact barrier. Influx and efflux of bioactive mol
ecules are restricted to meet the metabolic needs of the brain [60]. The
endothelial permeability allowing transport of biological molecules
across BBB is well-studied in homeostatic and pathological conditions. A
healthy BBB prevents the extravasation of soluble molecules, blood cells,
or pathogens. Given that there is a functional disruption of the BBB,
plasma apoM may accelerate the transport of small molecules across
endothelial structures. Thus, the BBB may be affected in the course of a
potential target for cardiovascular, neurological, and endothelial path
ological states [61]. One report accentuates this and shows that
apoM-deficiency promoted neuroinflammation, which can be circum
vented with HDL-bound S1P to restrain lymphocyte recruitment that
promotes neuroinflammation [62].
The BBB is highly selective and prevents soluble molecules to cross
the endothelial border into the central nervous system. For example, it is
seen that cerebral microvessels take up small molecules via transcytosis
in penetrating arterioles in mice [62,63]. S1P-receptors are expressed on
the endothelial cells and astrocytes within the BBB and may also
contribute to the selective transport of small molecules across the bar
rier. Several studies have been conducted to test whether apoM and S1P
can influence the BBB endothelium. While tight junctions were unaf
fected by apoM-deficiency, another study proposed that brain endo
thelial S1PR1 promotes a selective opening of the BBB permitting small
molecules (<10 kDa) to penetrate the BBB [64]. These data foster the
idea that S1PR1-antagonists might help control the BBB and thereby
improve drug delivery to the brain. With this, apoM/S1P-signaling
provides a future target to modulate S1PR in neurological disease states.
3.2. ApoM/S1P as a target in neuroinflammation
Increased endothelial permeability of BBB advances neuro
inflammation disorders. Despite the essential role of S1P in brain
development and neuronal signaling, S1P may have harmful and cyto
toxic effects in pathological conditions. S1P-activated microglia and
astrocytes are contributing to the progression of neuroinflammation and
neurodegeneration [65,66]. Patients with the autoimmune disease
multiple sclerosis (MS) presents with lymphocyte infiltration and
demyelination of the CNS. To reduce the inflammatory responses
mediated by the lymphocytes, fingolimod (FTY720, Gilenya®) is often
applied, which inhibits the recruitment, trafficking, and egress of the
cells into the CNS. The mechanism of action is well-documented, with
immediate
S1PR1-agonistic
effects
followed
by
transient
S1PR1-antagonistic effects in the long term [67,68]. This suggests that
patients prescribed fingolimod may have hampered levels of apoM/S1P
systemically and concomitant changes in lipoproteins. As mentioned
previously, apoM correlates inversely with FGF21. Surprisingly, one
study suggested that recombinant FGF21 -treatment ameliorated
neurological outcomes and BBB permeability in a T2D mouse model
exposed to distal middle cerebral occlusion [69]. Hence, there is con
flicting evidence on the possible outcomes of apoM/S1P-targeting to
modify permeability and neuroinflammation.

3. ApoM/S1P and inflammation
Vascular inflammation is a driver of endothelial dysfunction and
CVD. From being recognized as another structural brick in the wall,
endothelial cells were shown to possess immunoregulatory properties.
This new paradigm opened new multidisciplinary avenues of research
on endothelial cells immunomodulation, cytokine secretion, and antigen
presentation [58]. With the knowledge of such contributors to the
endothelial barrier imbalances, new therapeutic approaches are needed
to attenuate inflammation and improve the patient’s overall outcome.
Despite limited knowledge about the role of apoM on inflammation and
immune
responses,
extensive
research
corroborates
the
anti-inflammatory effects of S1P. It is therefore highly justified to
speculate on the potential effects of apoM/S1P-modulation as a possible
option to ameliorate cardiovascular inflammation.

3.3. Acute inflammation and endothelial dysfunction in sepsis

3.1. Inflammation-induced permeability in the blood brain barrier

Sepsis is a life-threatening acute inflammation with exaggerated and
dysregulated host-response to viral or bacterial infections. Sepsis man
ifests systemically, presenting organ damage or organ failure from the
host-microorganism interaction that initiates downstream signaling
pathways; danger signaling, alarmins, toll-like receptors, complement
activation, and coagulation cascade [70]. Sustained activation of such
responses will negatively affect the endothelial barrier. Interestingly, the
leading cause of mortality in non-cardiac intensive care units (ICU) is
sepsis [71]. While CVD and sepsis independently arise from different
mechanisms, they have one trait in common: endothelial dysfunction
[72].
Sepsis may lead to sepsis-associated encephalopathy, coma, or

The blood-brain barrier (BBB) is an example of a continuous endo
thelial network that governs the selective extravasation of fluids, mol
ecules, and soluble mediators. The concept of the BBB developed from
early observations that biologically active substances or drugs failed to
enter the brain tissue. To circumvent the biological BBB restriction, the
most effective route of administration was a direct injection into the
brain [59]. The tight junctions and adhesion molecules are the main
guards of the barrier, preventing leakage and transfusion of soluble
substances and materials into the brain tissue and central nervous sys
tem (CNS). Tight junctions prevent para- and trans-cellular diffusion
80
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delirium exposing the patients to a risk of acquiring cognitive impair
ments. The survival rates of sepsis and sepsis-induced coma are 50% and
25%, respectively, and the quality of life is significantly associated with
mortality after discharge of the patients [73]. The main reason for sepsis
manifestations in the brain is a compromised BBB endothelial barrier
[74]. It strongly argues for targeting the BBB endothelium to stabilize
the barrier, thus preventing sepsis-induced impairments.
In a cohort of necrotizing soft-tissue patients, T2D was the most
common comorbidity [75]. Metabolic pathways revealed by omics
prediction analyses may serve as statistically accurate biomarkers for
sepsis mortality. A meta-analysis consisting of 791 patients revealed that
the pre-sepsis lipid profile did not predict the risk of sepsis. However,
low HDL levels were linked to increased mortality in sepsis at the time of
admission [76]. Similarly, patients with sepsis presented with decreased
apoM-levels, along with leaking vessels and reduced endothelial func
tion [77]. In sepsis patients, the plasma levels of S1P did also correlate
with sepsis disease severity and the whole blood S1P1-associated gene
signature observed in sepsis patients could be associated with sepsis
survival [78,79]. Collectively, these data highlight a link between acute
inflammation
and
endothelial
permeability,
where
apoM/S1P-engagement may be protective, Fig. 2.

vascular inflammation was strengthen by results of the CANTOS trial.
This clinical trial used canakinumab to neutralize IL-1b in the
improvement of CVD outcome [86]. Remarkably, S1P regulates the in
tensity of inflammasome activity and may counteract endothelial cell
injury and inflammation.
Although evidence links the inflammasome to CVD, the relationship
between apoM/S1P and the inflammasome is unknown. The evidence
mentioned points to the direction that apoM/S1P can lower
inflammasome-induced endothelial dysfunction (Fig. 2). Future
research on apoM/S1P-directed therapeutics could open the possibility
to interfere with the chronic low-grade systemic inflammation for the
improvement through the known endothelial leakage-protector, apoM/
S1P-complex.
4. Future investigation on targeting the apoM/S1P-axis
ApoM/S1P-modulation in several diseases has emerged as a rela
tively novel therapeutic option with the potential to target endothelial
dysfunction and CVD. To date, there are no available therapies directed
to endothelial integrity and prevention of leakage. Modulating the
apoM/S1P-complex or the S1P-receptor signaling may provide such
possibilities. S1P works in synergy with S1PRs on endothelial cells to
induce cell sprouting and glycocalyx through S1PR1 [87]. In line with
this, apoM-bound HDL have independent anti-inflammatory roles.
However, several disease states raised within this review are subject to
potential
approaches
that
may
be
ameliorated
with
apoM/S1P-regulatory therapies to improve endothelial dysfunction.

3.4. SARS-CoV2 infection and endothelial leakage
There is a growing body of evidence that viral infection with the
novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
leads to detrimental outcomes in patients with a history of CVD, being
the most common patient group admitted to ICU. It has recently become
clear that infection promotes endothelial leakage. In turn, this could be
an important step to unleash a severe immune response with concomi
tant cytokine release syndrome, nitric oxide deficiency, and vessel
constriction that are contributing factors for endothelial dysfunction
[80].
Interestingly,
several
studies
imply
that
the
angiotensin-converting enzyme 2 (ACE2) receptor expressed on endo
thelial cells acts as an entry point of the virus [81]. HDL and LDL may
play a key role in the pathogenesis of SARS-CoV-2. While some studies
failed to show association between lipoprotein levels and mortality,
others suggest that lipoprotein levels correlate inversely to mortality
during viral infection [82]. The newly acquired understanding of the
lipid levels in SARS-CoV-2 provides a basis to cope with endothelial
dysfunction. Currently, there is only a handful of studies published on
the levels of apoM or S1P in patients with SARS-CoV-2 [83] and more
studies will be needed to verify these associations and potential causal
relationships. A recent review speculates on targeting the S1P-system to
disrupt the S1P-gradient that recruits lymphocytes. This could be
accomplished using S1P lyase analogues to disrupt the S1P-gradient and
lymphocyte guidance [84]. Although S1P-targeting treatment options
may be temporary, there is a risk that the apoM/S1P-complex will be
depleted, resulting in detrimental effects on the endothelial barrier.
Collectively, SARS-CoV-2 infection manifests differently on several tis
sues and organs. Precision therapy using S1P-regulators to decrease
lymphocytes may serve as a solution to handle the heterogeneous
symptoms of the disease.

4.1. Evidence on beneficial effects of apoM/S1P-targeting
The most promising application of therapeutic apoM-bound S1P is
the engineered apoM-FC, a soluble apoM fused with the constant
domain of an immunoglobulin. The Fc-portion possesses the property to
overcome the otherwise short half-life of free apoM (apoM without the
signal peptide) thereby significantly retaining apoM/S1P-signaling
(Fig. 3). Experiments with apoM-Fc show sustained activation of endo
thelial S1P-receptors and concomitant vascular tone, adhesion, and
plasma S1P levels with superior effects, compared to albumin and apoMFc-mutant controls. It was seen that apoM-Fc treated mice preserved
their endothelial integrity after ischemic and myocardial insult [88].
Additionally, apoM-FC seems to target only the vascular cells, and so far,
there are no reports on changes in plasma lipoproteins during treat
ments. Thus, it will be interesting to follow the potential of apoM-FC
treatment in further pre-clinical studies with focus on cardiovascular
disease as well as pathological compromised endothelial integrity.
4.2. Potential risks of apoM/S1P-modulation
The balance of the apoM/S1P-axis is complex, and potential risks in
apoM/S1P-modulation are evident. For instance, overexpression of
apoM/S1P results in increased triglyceride and cholesterol accumula
tion. On the other hand, reduced apoM/S1P-levels accelerate the tri
glyceride turnover. Triglyceride is pro-inflammatory and could
potentially be harmful to endothelial cells in cases of compromised
vascular functions such as infections. Moreover, given that fingolimod
has immediate S1P1-agonistic actions followed by S1P1-antagonistic
effects, it potentiates significant risks of side-effects. In response to the
long-term effects of S1P1-antagonist treatment, infiltration of lympho
cytes and CNS cell demyelination will decrease [89]. Interestingly,
various reports indicate that permanent S1P1-deletion in mice can result
in autoimmunity. However, there are experimental studies that oppose
the apparent absence in regulatory lymphocyte recruitment after such
treatment. Although fingolimod shows beneficial effects on lymphocyte
egress and trafficking via S1P-signaling, it is still unknown how this
affects lipid metabolism and inflammation of the cardiovascular system.
Future investigations on S1P-regulating therapies may be an attractive

3.5. Inflammasome-activated endothelial dysfunction
Within the past few years, novel research has revealed that a dys
regulated metabolism activates highly preserved immune responses.
The inflammasome is an innate response to pathogen-associated mo
lecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) in response to external pathogen stimuli. Interestingly, obese
individuals show increased expression of NLRP3 (inflammasome-acti
vating nuclear transcription factor), caspase-1, IL-1β, and IL-18.
Importantly, NLRP3-inflammasome is a mediator of endothelial
dysfunction in the states of obesity, hypertension, T2D, atherosclerosis,
and stroke [85]. A link between innate immunological mechanisms and
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alternative to combat both endothelial dysfunction and inflammation
but also expose a risk to counteract some essential features of the
apoM-biology. Therefore, studies addressing the role of apoM as well as
S1P signaling in combination, but also as separate modulators, are
needed to clarify specific mechanisms, as well as target potentials in the
treatment of cardiovascular diseases and compromised endothelial
functions.

[10]
[11]

[12]

4.3. Summary and conclusion

[13]

The fundamental roles of apoM/S1P have been described based on its
biological functions and pathophysiological consequences, Fig. 4.
Together, the apoM/S1P-complex forms a powerful union possessing
multifunctioning regulation and signaling through S1P receptors.
However, several potential pitfalls of a disturbed apoM/S1Pengagement have been raised. This warrants a complex network of in
teractions where exposure and outcome are yet to be fully understood.
Subsequently, apoM/S1P unites various fields of studies and enables
researchers to take on cross-functional approaches to bridge the un
derstanding. Most importantly, there are still undiscovered mechanisms
of how the apoM/S1P-axis is involved in lipid metabolism and inflam
mation, which argues for further investigations.
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P. Kleinbongard, R. Sabbadini, M. Bröcker-Preuss, R. Erbel, G. Heusch, B. Levkau,
Defects of high-density lipoproteins in coronary artery disease caused by low
sphingosine-1-phosphate content, J. Am. Coll. Cardiol. 66 (13) (2015) 1470–1485,
https://doi.org/10.1016/j.jacc.2015.07.057.
S. Yao, F. Zheng, Y. Yu, Y. Zhan, N. Xu, G. Luo, L. Zheng, Apolipoprotein M
promotes cholesterol uptake and efflux from mouse macrophages, FEBS Open Bio
11 (6) (2021) 1607–1620, https://doi.org/10.1002/2211-5463.13157.
C. Christoffersen, J. Ahnström, O. Axler, E.I. Christensen, B. Dahlbäck, L.B. Nielsen,
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