
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=irst20

Journal of Receptors and Signal Transduction

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/irst20

Regulation of the apolipoprotein M signaling
pathway: a review

Gangli Cheng & Lu Zheng

To cite this article: Gangli Cheng & Lu Zheng (2021): Regulation of the apolipoprotein
M signaling pathway: a review, Journal of Receptors and Signal Transduction, DOI:
10.1080/10799893.2021.1924203

To link to this article:  https://doi.org/10.1080/10799893.2021.1924203

© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 18 May 2021.

Submit your article to this journal 

Article views: 172

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=irst20
https://www.tandfonline.com/loi/irst20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10799893.2021.1924203
https://doi.org/10.1080/10799893.2021.1924203
https://www.tandfonline.com/action/authorSubmission?journalCode=irst20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=irst20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10799893.2021.1924203
https://www.tandfonline.com/doi/mlt/10.1080/10799893.2021.1924203
http://crossmark.crossref.org/dialog/?doi=10.1080/10799893.2021.1924203&domain=pdf&date_stamp=2021-05-18
http://crossmark.crossref.org/dialog/?doi=10.1080/10799893.2021.1924203&domain=pdf&date_stamp=2021-05-18


REVIEW ARTICLE

Regulation of the apolipoprotein M signaling pathway: a review

Gangli Cheng and Lu Zheng

Clinical Medical Research Center, the Third Affiliated Hospital of Soochow University, Changzhou, China

ABSTRACT
Apolipoprotein M (apoM), an apolipoprotein predominantly associated with high-density lipoprotein
(HDL), is considered a mediator of the numerous roles of HDL, including reverse cholesterol transport,
anti-atherosclerotic, anti-inflammatory and anti-oxidant, and mediates pre-b-HDL formation. ApoM
expression is known to be regulated by a variety of in vivo and in vitro factors. The transcription fac-
tors farnesoid X receptor, small heterodimer partner, liver receptor homolog-1, and liver X receptor
comprise the signaling cascade network that regulates the expression and secretion of apoM.
Moreover, hepatocyte nuclear factor-1a and c-Jun/JunB have been demonstrated to exert opposing
regulatory effects on apoM through competitive binding to the same sites in the proximal region of
the apoM gene. Furthermore, as a carrier and modulator of sphingosine 1-phosphate (S1P), apoM
binds to S1P within its hydrophobic-binding pocket. The apoM/S1P axis has been discovered to play a
crucial role in the apoM signaling pathway through its ability to regulate glucose and lipid metabol-
ism, vascular barrier homeostasis, inflammatory response and other pathological and physiological
processes. Using the findings of previous studies, the present review aimed to summarize the regula-
tion of apoM expression by various factors and its role in different physiological and pathological con-
ditions, and provide a new perspective for the further treatment of these diseases.

ARTICLE HISTORY
Received 11 December 2020
Revised 17 April 2021
Accepted 27 April 2021

KEYWORDS
Apolipoprotein M;
sphingosine 1-phosphate;
high-density lipoprotein;
signaling pathway;
transcription factor

Introduction

Apolipoprotein M (apoM) is a member of the lipocalin super-
family, which was initially discovered to be present in trigly-
ceride-rich lipoproteins by Xu et al. [1] in 1999. ApoM is
predominantly present in high-density lipoprotein (HDL),
with a small proportion present in low-density lipoprotein
(LDL) and very low-density lipoprotein (VLDL). The human
apoM gene is located on chromosome 6 in the major histo-
compatibility complex class III region, which is rich in genes
involved in immunity and inflammation, and encodes a pro-
tein with a molecular weight of �26 kDa [1]. Owing to the
lack of a signal peptidase cleavage site, the mature apoM
protein retains its hydrophobic signal peptide, which is anch-
ored to the phospholipid monomolecular layer of HDL and
prevents apoM from being filtered through the glomerulus.
ApoM secreted by tubular epithelial cells is reabsorbed in a
megalin-dependent manner; therefore, it is not detected in
urine under physiological conditions [2–4].

Sphingosine 1-phosphate (S1P) is a bioactive sphingolipid
that acts as a secondary messenger through five G protein-
coupled receptors [S1P receptor (S1PR1–5)]. S1P can bind to
the hydrophobic-binding pocket of the apoM molecule, and
together, apoM, S1P, and HDL regulate multiple biological
functions [5,6]. For example, apoM delivers S1P to S1P recep-
tors in endothelial cells, which activates the phosphorylated
AKT signaling, and subsequently protecting endothelial cells

(ECs) and maintaining the integrity of the vascular endothe-
lial barrier [7,8].

Given the location of the apoM gene, it is unsurprising that
single nucleotide polymorphisms in the apoM gene are associ-
ated with numerous diseases, including type 2 diabetes mellitus
(T2DM) [9–12], chronic obstructive pulmonary disease [13], and
systemic lupus erythematosus [14]. For instance, in a previous
study, the blood glucose levels in apoM�/� mice were
decreased compared with those in wild-type mice, and apoM
was suggested to promote insulin secretion and sensitivity
[15–17]. ApoM has also been shown to play a role in lipid
metabolism; in particular, it was found to be essential for the
formation of pre-b-HDL and reverse cholesterol transport
[18,19]. ApoA1, the most abundant apolipoprotein in HDL, has
been demonstrated to interact with ATP-binding cassette trans-
porter A1 (ABCA1) to play a key role in reverse cholesterol
transport. Faber et al. [20] reported that apoM levels in apoA1-
deficient mice were decreased compared with those in wild-
type mice, which indicated a potential link between apoM and
the biological effects of HDL, suggesting that apoM might
affect the pathogenesis of several cardiometabolic diseases.

To improve current understanding of the association
between apoM and numerous types of disease, and provide
evidence to support apoM as a possible therapeutic target, it
is vital to study the regulatory mechanisms of the signaling
pathways between apoM and different molecules.
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Regulation of apoM expression levels

ApoM expression is highly tissue-specific and is primarily
localized into the liver and kidney, particularly in hepatocytes
and renal tubular epithelial cells, in humans [21]. Plasma
apoM is mainly derived from hepatocytes. Recently, several
studies have reported the function of apoM expression in
and secretion by other types of cells, including adipocytes
[22] and porcine brain capillary ECs [23]. As a component of
HDL, apoM is essential for the formation and particle size of
pre-b-HDL through its regulation of ABCA1 [19] and for the
reverse cholesterol transport of excess cholesterol from the
peripheral tissues to the liver for secretion, which is consid-
ered an important mechanism for the anti-atherosclerotic
effect of HDL. In recent years, the regulation of apoM expres-
sion and secretion has been extensively studied. Hepatocyte
nuclear factor (HNF)-1a, HNF-4a, liver receptor homolog-1
(LRH-1), ABCA1 and apoA1 upregulate apoM expression lev-
els, whereas liver X receptor (LXR), retinoid X receptor (RXR),
farnesoid X receptor (FXR) and small heterodimer partner
(SHP) downregulate expression levels of apoM. These regula-
tory factors are presented in Table 1.

HNF-1a and HNF-4a

HNF-1a is an important transcription factor for gene expres-
sion in the intestine, liver, and kidney and pancreatic b-cells.
Additionally, HNF-1a is indispensable for apoM expression.
Compared with HNF-1aþ/þ mice, HNF-1a�/� mice had mark-
edly downregulated apoM mRNA and protein levels [42].
Mosialou et al. [43] demonstrated that the phorbol-induced
transcriptional repression of apoM during inflammation was
the result of competitive binding of Jun and HNF-1 to the
same regulatory element in the proximal apoM promoter
region. Moreover, Ma et al. [24] reported that propofol, a
common clinical intravenous anesthetic, compensated for
the suppression of apoM expression in LPS-induced inflam-
mation by upregulating HNF-1a levels, which has an anti-
inflammatory role in vitro. Simvastatin, a lipid-lowering agent,
was found to upregulate apoM and HNF-1a expression levels

and downregulate LXRa expression in HepG2 cells.
Furthermore, the increase in apoM expression was sup-
pressed in the presence of the HNF-1a inhibitor (UCDA) or
LXRa agonist (TO901317) suggesting that apoM may be
involved in the lipid-lowering action of simvastatin by regu-
lating the HNF-1a and LXRa pathways [25]. Mutations in the
HNF-1a gene are responsible for development of maturity-
onset diabetes in the young (MODY3). However, the results
of a previous case-control study concluded that there were
no significant differences in the plasma apoM concentration
between MODY3 and type 2 diabetes patients; thus, apoM
cannot be used as a specific biomarker for MODY3 [44]. It
has recently been reported that apoM expression levels are
downregulated in cases of hepatitis C virus (HCV) infection
in vitro and in vivo and that apoM is indispensable for HCV
replication [26]. Therefore, based on previous studies that
suggested HCV infection might downregulate the expression
levels of HNF-1a and forkhead box A2 (FOXA2), both of
which could regulate apoM transcription in the liver [30], we
hypothesized that apoM expression might be suppressed
through the HNF-1a/FOXA2 signaling pathway in HCV infec-
tion, which might provide a novel perspective for research
into antiviral therapies.

HNF-4a is an upstream regulator of HNF-1a. Mutations in
the human HNF-4a gene cause an autosomal dominant dis-
ease, MODY1. HNF-4a binds to the �33/-21 region of the
hormone response element in the proximal apoM promoter
and positively regulates the expression of apoM [45]. Ding
et al. [27] demonstrated that, compared with the liver tissue
of young mice, the expression level of regulatory factor HNF-
4a in liver tissue of old mice was significantly inhibited and
the synthesis of apoM was reduced, resulting in attenuated
S1P signaling. Furthermore, they demonstrated that the sup-
pression of HNF-4a expression was associated with reduced
sirtuin-1 level in the livers of aged mice. In summary, activa-
tion of the sirtuin-1/HNF-4a/apoM/S1PR1 pathway promoted
regeneration and anti-fibrosis in injured lungs and kidneys.
Targeting the apoM signaling pathway in the liver to pro-
mote regeneration of distant organs is therefore a potential
therapy for age-related fibrosis.

Table 1. Regulation of apoM expression and function. " indicates an increased apoM expression level, and # indicates a decreased apoM expression level.

Regulatory factors ApoM expression Functions References

HNF-1A " Anti-inflammatory, anti-viral [24,25,26]
HNF-4A " Promoted regeneration and mitigated fibrosis [27]
LXR " in intestine

# in liver
Regulated lipid metabolism [28,29]

FOXA2 " Anti-inflammatory, anti-atherosclerotic [30,31]
LRH-1 " Regulated bile acids metabolism, lipoprotein metabolism and cholesterol homeostasis [32,33]
PPARc " Regulated insulin sensitivity, maintained S1P homeostasis [34,35]
LncRNA HCG11 " Inhibited laryngeal carcinoma progression [36]
ABCA1 " Promoted HDL formation [37]
ER-a " Presumably associated with lipid metabolism [38]
HCV # Associated with HCV production [26]
FXR/SHP # Regulated bile acids metabolism [32]
PPARb/d # Regulated lipid metabolism [39]
LncRNA TUG1 # Deteriorated atherosclerosis [40]
TGF-b # No further research [41]

ApoM: apolipoprotein M; S1P: sphingosine 1-phosphate; HNF: hepatocyte nuclear factor; LXR: liver X receptor; LRH-1: liver receptor homolog-1; PPAR: peroxisome
proliferator-activated receptor; lncRNA HCG11: long non-coding RNA HLA complex group 11; lncRNA TUG1: long non-coding RNA taurine up-regulated gene 1;
ABCA1: ATP-binding cassette transporter A1; ER-a: estrogen receptor-a; HCV: hepatitis C virus; FXR: farnesoid X receptor; SHP: small heterodimer partner.
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LXR

LXR is a member of the nuclear receptor superfamily, and it
is implicated in lipid metabolism and inflammation. Activated
LXR forms heterodimers with RXR to regulate lipid homeosta-
sis. Zhang et al. [46] revealed that hepatic apoM expression
levels were significantly downregulated by the synthetic LXR
agonist, TO901317, in HepG2 cells. Moreover, synergistic
effect was achieved with the combination of 9-cis retinoic
acid and TO901317 via the LXR/RXR signaling pathway.
ABCA1 is critical for the binding of apoA1 to free cholesterol
to form pre-b-HDL. TO901317 has been found to activate
ABCA1 to promote reverse cholesterol transport to HDL. In
addition, dihydrocapsaicin, a capsaicinoid associated with
cardiovascular disease, could suppress FOXA2 and promote
LXRa expression to downregulate apoM expression in HepG2
cells [47]. Interestingly, Di et al. [37] demonstrated that
ABCA1 upregulated apoM expression via the RXR/LXR signal-
ing pathway in HepG2 cells, whereas LRH-1 was not
involved. Calayir et al. [28] also reported that the LXR agonist
could upregulate apoM expression levels in the small intes-
tine, and not in the liver, which was further supported by
the findings of another study [29]. Zhu et al. [29] revealed
that TO901317 markedly upregulated apoM expression in
Caco-2 cells, whereas the FXR antagonist guggulsterone elim-
inated this positive regulatory effect, indicating that
TO901317 may upregulate apoM expression via the LXR/FXR
signaling pathway in Caco-2 cells. Although the underlying
mechanism remains to be clarified, a possible reason for the
dual effect on the regulation of apoM levels in the liver and
intestine exhibited by TO901317 may be that TO901317 is
more potent in activating FXR than its natural ligand and
LRH-1 is present in low concentration in the intestine. Niacin,
an important nutrient for humans, has been shown to effect-
ively increase HDL-C levels. In vivo and in vitro experimental
studies have revealed that niacin upregulated apoM mRNA
and protein expression levels in a dose-dependent manner,
which was subsequently inhibited by an LXRa inhibitor or
short hairpin RNA targeting LXRa [48].

LRH-1/SHP

LRH-1 is an orphan nuclear receptor mainly expressed in tis-
sues of endodermal origin [49], and it is involved in a diverse
array of biological effects, including lipid and bile acid
metabolism [50,51], inflammation [52], and cell differentiation
and proliferation [53,54]. Bile acids are produced by choles-
terol in the liver and are regulated via negative feedback.
Bile acids first bind to FXR to initiate the transcription of
SHP, thereby leading to the suppression of LRH-1 transcrip-
tion and cholesterol 7a-hydroxylase gene expression, which
is a rate-limiting enzyme in bile acid synthesis [50,55].
Venteclef et al. [32] demonstrated that the expression levels
of apoM were significantly downregulated (�60%) in HepG2
cells following LRH-1 knockdown. In contrast, the expression
levels of apoM were upregulated four-fold in HepG2 cells fol-
lowing the overexpression of LRH-1, which occurred in a
dose-dependent manner. LRH-1 is bound to the LRH-1

response element, which is located in the proximal promoter
region of apoM, where it can directly promote apoM tran-
scription. This binding was reported to be suppressed by
SHP, as both LRH-1and SHP have been observed to bind to a
similar regulatory region, which suggests a competitive
inhibitory relationship between SHP and LRH-1. Therefore,
bile acids are suggested to exert an inhibitory effect on
apoM expression [32].

Peroxisome proliferator-activated receptors (PPARs)

PPARs are ligand-activated transcription factors comprising
three subtypes: PPARa, PPARc, and PPARb/d. Luo et al. [39]
demonstrated that in HepG2 cells, palmitic acid inhibited
apoM expression levels, which could not be counteracted by
either the PI3K inhibitor (LY294002) or protein kinase C
inhibitor (GFX), but reversed by PPARb/d antagonist
(GSK3787), suggesting that palmitic acid-mediated apoM
downregulation occurs via the PPARb/d pathway.
Furthermore, they showed that rosiglitazone, a PPARc activa-
tor, mediated the increased expression of hepatic apoM and
downregulation of ABCA1 in rats [34]. This result is appar-
ently at odds with the notion that ABCA1 upregulates apoM
expression levels. Presumably, rosiglitazone upregulated
apoM by directly binding to the gene promoter region of
apoM rather than via the ABCA1 pathway. By overexpressing
and knocking down the expression of PPARc in HepG2 cells,
Kurano et al. [35] reported that PPARc-regulated apoM
expression levels demonstrated a bell-shaped curve, that is,
both overexpression and knockdown of PPARc downregu-
lated apoM expression levels and only in the presence of
mild inhibition increased the expression levels of apoM. The
different types of models used (in vivo or in vitro) may
account for the controversial conclusions regarding the regu-
lation of apoM by PPARc in these studies.

Long non-coding RNAs

Long non-coding RNAs (lncRNAs) are a class of transcripts
which can exceed 200 nt in length and lack the ability to
encode proteins. LncRNAs have been associated with many
diseases, including cancer and atherosclerosis. Xue et al. [36]
observed that both lncRNA HLA complex group 11 (HCG11)
and apoM levels were downregulated in laryngeal carcinoma
tissues and cells. Further cell experiments verified that
HCG11 suppressed laryngeal carcinoma cell proliferation and
promoted cell apoptosis by sponging miR-4469 and upregu-
lating apoM expression. Utilizing animal and cell models with
lncRNA taurine up-regulated gene 1 (TUG1) gain- and loss-
of-function, Yang et al. [40] demonstrated a promoting effect
of TUG1 on the progression of atherosclerosis. Subsequently,
this mechanism was clarified, indicating that TUG1 could
competitively inhibit the binding of FXR1 and miR-92a,
thereby promoting FXR1 to further downregulate apoM
expression, together with elevated inflammatory cytokines
and impeded cholesterol efflux; this resulted in deterioration
of atherosclerosis. The mechanism of apoM regulation by
lncRNAs in disease requires further in-depth research.
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Other regulatory factors

Sramkova et al. [22] were the first to identify apoM expres-
sion in adipocytes. Their results revealed that the expression
levels of apoM, a novel adipokine, were downregulated in
obese individuals compared with those in lean individuals,
and calorie restriction in obese individuals subsequently
upregulated the expression levels of apoM in adipose tissue.
The participants were then provided a high-carbohydrate
diet instead of a diet high in monounsaturated fats, and ana-
lysis identified that apoM was removed from HDL in individ-
uals with a high-carbohydrate diet. Additionally, the
hypercatabolic state of the HDL proteins was suggested to
be a potential indicator of cardioprotective properties of HDL
[56]. Although apoM is present to a less extent in LDL and
VLDL, it is associated with the catabolism of LDL and VLDL.
In mice lacking LDL receptors or LDL receptor-related protein
1, apoM expression levels were found to be upregulated,
whereas the clearance of apoM-enriched VLDL and LDL from
the plasma was decreased, which was inconsistent with the
reported anti-atherogenic effects of apoM [57]. Estrogen is
an important factor in the regulation of lipid metabolism.
Wei et al. [38] determined that estrogen receptor-a could
bind to the �1580 to 1575 bp promoter region (-GGTCA-) of
the human apoM gene to promote transcriptional activity,
resulting in upregulation of apoM expression by estrogen.
Furthermore, Ren et al. [41] revealed that TGF-b downregu-
lated apoM expression levels via the transforming growth
factor-b-activated kinase 1/JNK/c-Jun signaling pathway in
HepG2 cells.

ApoM-mediated signal transduction

Recently, apoM/S1P signaling is an axis of the apoM signal-
ing pathway that has attracted significant attention. Studies
have demonstrated that S1P is involved in the regulation of
various biological functions. For example, S1P could promote
lymphocyte trafficking in the presence of S1PR1 [58], serving
an important role in maintenance of vascular integrity and
regulation of endothelial barrier function, and its role has
been implicates in the process of angiogenesis [59–62]. The
primary source of S1P is erythrocytes, followed by platelets
and ECs [63]. Notably, apoM has been found to affect the
S1P export from erythrocytes [64]. S1P in the plasma is
mainly associated with apoM-containing HDL, of which
�30% binds to albumin [5,65]. One previous study reported
that S1P levels were downregulated in apoM-deficient mice
compared to those in control mice [5]. As a carrier of S1P,
apoM is known to mediate the interaction between S1P and
HDL. Therefore, S1P may be a crucial molecule for future
apoM-HDL research.

Kobayashi et al. [66] demonstrated that in high-glucose
conditions, apoM polymerizes and demonstrates a weakened
ability to bind to S1P, resulting in a decrease in HDL particles
containing S1P and an attenuation in numerous HDL func-
tions. ApoM-containing HDL suppressed lymphopoiesis and
lymphocyte proliferation by activating the S1P/S1PR1 signal-
ing in bone marrow lymphocyte progenitors [67]. Endothelial

dysfunction, as a manifestation of vascular disease, is associ-
ated with vascular permeability. The suppression of circulat-
ing apoM in aged mice was found to reduce S1P signaling
associated with S1PR1, which is the most abundantly
expressed S1PR in ECs, resulting in enhanced vascular leak-
age and further promoting fibrosis in injured lungs and kid-
neys [27]. These findings are consistent with the concept
that age causes a gradual decrease in the regenerative cap-
acity of tissues and organs. Endothelial permeability was
increased in the lungs of apoM-/- mice compared with wild-
type mice, which was reversed following the injection of
apoM/S1P-enriched plasma or the activation of S1P/S1PR1
signaling [68]. In addition, apoM-deficient mice exhibited
increased blood-brain barrier permeability to small molecules
and upregulated transcellular transport, which were elimi-
nated by stimulating the S1PR1 signaling pathway [69].

The apoM/S1P/S1PR1 axis plays an important role in pro-
tecting the vascular barrier and regulating inflammation.
Immune complex (IC) deposition is associated with vascular
permeability. In mouse models of IC-induced vascular injury,
an S1PR1 agonist (CYM-5542) was reported to increase the
resistance to inflammation in response to ICs, which was
subsequently mitigated by S1P carried by apoM [60]. A
recombinant soluble apoM therapeutic, apoM-Fc, was
devised to stabilize apoM-bound S1P to achieve sustained
activation of S1PRs by protecting apoM-Fc from degradation,
thereby restoring the homeostasis of the endothelium from
a pathological state [70]. In addition, an apoM-Fc fusion pro-
tein was found to prevent fibrosis, promote regeneration of
the kidney following injury, increase EC barrier function and
attenuate the inflammatory response [27,60].

Following binding to the ligand-binding pocket of apoM,
S1P interacts with S1PRs by lifting the N-terminal S1PR1 cap
to activate downstream signaling pathways involved in
inflammation, cardiovascular diseases, and glucose and lipid
metabolism [71]. The apoM-S1P complex could induce AKT
and MAPK phosphorylation via S1PR1 to protect the endo-
thelial barrier [5]. Tumor necrosis factor-a (TNF-a), a pro-
inflammatory cytokine, is involved in systemic inflammation
and is secreted by a variety of cells, including activated
monocyte-macrophages, fat cells, T cells and B cells. S1P sig-
naling through S1PRs activates the serine/threonine kinase
AKT and endothelial nitric oxide synthase phosphorylation
[72]. Liu et al. [73] demonstrated that apoM delivered S1P to
S1PR2, thereby activating the PI3K/AKT signaling pathway
and resulting in alleviation of TNF-a-induced injury and
inflammation in human umbilical vein endothelial cells
(HUVECs). Consistently, the HDL/apoM/S1P complex could
prevent apoptosis of HUVES through S1PR1 and/or S1PR3,
which depended on the activation of AKT and ERK1/2 [7].
Zheng et al. [8] induced an inflammatory model of HUVECs
through stimulation with oxidized LDL (ox-LDL) and demon-
strated that S1PR2 expression levels were significantly upre-
gulated in the presence of ox-LDL. By activating the S1PR2/
PI3K/AKT signaling pathway and inhibiting nuclear transloca-
tion of NF-jB, apoM-S1P inhibited the expression levels of
several pro-inflammatory factors, thus alleviating inflamma-
tion. Gao et al. [74] discovered that TNF-a could induce the
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phosphorylation of inhibitor of NF-jB-a and the activation of
NF-jB signaling to increase intracellular adhesion molecule-1
and vascular cell adhesion molecule-1 (VCAM-1) expression
in HepG2 cells, the effect of which was significantly sup-
pressed by apoM overexpression or markedly enhanced by
small interfering RNA targeting apoM. Additionally, similar to
HDL-apoM in adults, Gaudio et al. [75] reported that neonatal
HDL-apoM delivered S1P to S1PR1 to suppress the phosphor-
ylation of NF-jB and alleviate inflammation induced by
TNF-a stimulation.

Frej et al. [76] demonstrated that apoM/S1P complexes
move from dense HDL particles to light HDL particles, which
are unable to activate AKT signaling and inhibit TNF-
a-induced VCAM-1 expression in women with type 1 dia-
betes mellitus. Yao et al. [16] reported that apoM-deficient

mice had increased insulin resistance, reduced levels of AKT
phosphorylation, and developed a glucose metabolism dis-
order, which eventually resulted in diabetes. Consistent with
these findings, Kurano et al. [77] demonstrated that apoM/
S1P protected against insulin resistance by activating the
AKT and AMPK signaling via S1PR1 and/or S1PR3. However, a
recent prospective study of a Danish population showed that
although plasma apoM concentration was inversely corre-
lated with the risk of T2DM, the causal relationship between
apoM levels and T2DM remains unclear [12]. The role of
apoM in diabetes and glucose metabolism warrants further
investigation.

In addition to inflammation and diabetes, several studies
were conducted on the mechanism of apoM in various dis-
eases. Zhu et al. [78] reported that, compared with normal

Figure 1. Regulation of the apoM signaling pathway. The regulatory factors regulate the expression levels of apoM directly or indirectly. ApoM binds to S1P and
delivers it to S1PRs to serve an anti-inflammatory, anti-atherosclerotic, and vascular endothelial protective role. ApoM: apolipoprotein M; S1P: sphingosine 1-phos-
phate; JNK: c-Jun N-terminal kinase; HNF: hepatocyte nuclear factor; LRH-1: liver receptor homolog-1; FXR: farnesoid X receptor; SHP: small heterodimer partner;
LXR: liver X receptor; ABCA1: ATP-binding cassette transporter A1; PPAR: peroxisome proliferator-activated receptor; ER-a, estrogen receptor-a.
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lung tissues, apoM expression levels in non-small cell lung
cancer (NSCLC) tissues were significantly higher. By overex-
pressing apoM in vitro and in vivo, it was demonstrated that
apoM/S1P/S1PR1 promoted the proliferation and invasion of
NSCLC by activating the PI3K/AKT and ERK1/2 pathways. In
contrast, apoM inhibited proliferation in the hepatocellular
carcinoma cell line SMMC7721 cells via the vitamin D recep-
tor [79]. ApoM appears to exert different functions by acting
specifically in cancer cells. Moreover, apoM could improve
the survival rate of LPS-treated mice and have a protective
effect on organ injury, which might imply the role of apoM
in the treatment of sepsis [80]. In summary, currently,
research on apoM-mediated signal transduction has mainly
focused on inflammation, diabetes, and cancer. In most
cases, apoM relies on the apoM/S1P axis to perform its bio-
logical function. With respect to cancer, the role of apoM is
highly controversial and the underlying mechanism needs to
be further explored.

Conclusion

Recently, numerous studies have reported changes in apoM
levels in various types of disease and have further investi-
gated the underlying mechanisms; however, to date, the
knowledge of apoM regulation and associated signaling
pathways remains limited. Certain transcription factors,
including HNF-1a, c-Jun/JunB, LRH-1 and SHP, directly bind
to the regulatory elements located in the apoM proximal
promoter region to regulate apoM expression at the tran-
scriptional level. Structurally, apoM binds to S1P and apoM-
S1P complexes subsequently associates with S1PR1–5 and
regulates the phosphorylation levels of downstream mole-
cules, which form an amplified cascade leading to the
homeostasis of the vascular barrier, and glucose and lipid
metabolism. For example, the apoM/S1P/S1PR2/PI3K/AKT sig-
naling pathway was found to play a role in mitigating
inflammation and protecting the vascular endothelium.
ApoM was reported to improve insulin sensitivity via AKT sig-
naling and protect against insulin resistance, whereas in dia-
betic patients, the ability to form apoM-S1P-HDL complexes
is impaired because of apoM glycosylation and decreased
levels of apoM. Figure 1 shows a schematic diagram of the
regulation of apoM expression levels and the role of
apoM/S1P.

However, despite the controversy surrounding the anti-
atherosclerotic effect of apoM, it remains a potential thera-
peutic target for atherosclerosis and diabetes mellitus. To the
best of our knowledge, the roles of the apoM signaling path-
way in numerous diseases and under normal physiology
have not been completely elucidated. Further studies are
required to thoroughly investigate the mechanism of apoM
in the pathogenesis of these diseases and determine its
potential as a novel therapeutic target.
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