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Abstract

High-density lipoprotein (HDL) has several pleiotropic effects, including a role in the reverse choles-
terol transport system. These include vasoprotective, anti-apoptotic, anti-inflammatory, antioxidant,
and anti-thrombotic effects. Some of these properties may be ascribed to the minor apolipopro-
teins that associate with HDL. In particular, apolipoprotein M (ApoM) is a carrier of sphingosine
1-phosphate (S1P), which is a multifunctional bioactive lipid. ApoM bound to S1P exhibits a biased ago-
nistic property for S1P1, which can exert beneficial effects on human health. The ApoM/S1P axis may
be responsible for the protective effects of HDL in the pathogenesis of cardiovascular diseases, dia-
betes, infectious diseases, kidney diseases, liver diseases, autoimmune disorders, and Alzheimer’s
disease through its vasoprotective, anti-apoptosis, anti-thrombosis, and anti-fibrosis properties. In ad-
dition to ApoM, several minor apolipoproteins, such as ApoD, ApoL1, ApoH, ApoO, ApoF, and ApoJ, may
contribute to the pleiotropic effects of HDL, because they are associated with human diseases other
than atherosclerotic diseases. Of these, ApoD may be attributed to its anti-inflammatory properties, and
ApoL1 to its anti-infectious effects. Although further studies are needed to elucidate the biological

properties of these minor apolipoproteins, they may have diagnostic and therapeutic applications.
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INTRODUCTION

High-density lipoprotein (HDL) is a protein that trans-
ports lipids, including cholesterol and phospholipids, as
well as various apolipoproteins. The primary role of
HDL is in the reverse cholesterol transport system
(Rader and Hovingh 2014). HDL takes up excess
cholesterol from peripheral tissues, such as endothelial
vessels, and transfers it to low-density lipoprotein
(LDL) and then to the liver. Cholesterol is subsequently
secreted into the bile directly or following conversion
to bile acids. Thus, low HDL cholesterol levels are an
established risk factor for atherosclerotic disease
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(Gordon et al. 1977).

In addition to the role of HDL in the reverse
cholesterol transport system, HDL cholesterol (HDL-C)
levels are associated with various human diseases
other than atherosclerosis. For example, lower HDL-C
levels are associated with outcomes of severe infectious
diseases, the progression of kidney disease, morbidity
of diabetes, and cancer prognosis. Considering the
pathogenesis of these diseases, HDL may exhibit
pleiotropic effects other than its role in the reverse
cholesterol transport system (Endo et al. 2025; Men et
al. 2025). An elegant series of basic experiments
suggested the existence of vasoprotective, anti-
apoptotic, anti-inflammatory, anti-oxidative, and anti-
thrombotic effects of HDL (Brewer 2011).
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Regarding the underlying mechanisms for the effects
of HDL, its components may contribute to these
properties. HDL is composed of free cholesterol,
cholesteryl ester, phospholipids, and other lipids, such
as sphingolipids, as well as proteins. Of the proteins
bound to HDL, apolipoprotein A-I (ApoA-I), apolipo-
protein A-II, and apolipoprotein E (ApoE) are the major

Inside Outside

components. Several other proteins, or minor apolipo-
proteins, are also present (Deng et al. 2022; Rosales et al.
2016) (Fig. 1). In this review, we discuss the potential
roles of these minor apolipoproteins in the pleiotropic
effects of HDL, with a focus on bioactive lipids and their
association with human diseases.
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Phospholipids
free cholesterol

1) Major apolipoproteins
(component protein):

ApoA-1, ApoA-1I, ApoE
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(functions are not well
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L ApoH, ApoF, etc.

Fig.1 Schematic figure for HDL components. A scheme for HDL components is shown

BIOACTIVE LIPIDS

Bioactive lipids are involved in various human diseases
(Fig. 2). Eicosanoids, such as leukotrienes and prosta-
glandins, are primarily derived from arachidonic acids.
They are considered first-generation lipid mediators,
which are mainly produced by the cyclooxygenase
(COX) enzymes. COX-1 is constitutively expressed and
has an important role in homeostasis, whereas COX-2 is
induced during inflammation. In human diseases, they
have important roles in inflammation (Jo-Watanabe et
al. 2019; Park 2026) (Fig. 2A). They represent
therapeutic targets, of which COX-2 inhibitors are
widely used (Qiang and Xu 2024; Yokomizo and
Shimizu 2023). The lipid mediators derived from w-3
fatty acids, such as EPA and DHA, are considered third-
generation lipid mediators and include resolvins and
marresines (Hirakata et al. 2019). They exert anti-
inflammatory effects (Fig. 2B).

In addition to these lipid mediators, lysophospho-
lipids are known as second-generation lipid mediators,
and include sphingosine 1-phosphate (S1P), lysophos-
phatidic acids (LPA), and lysophosphatidylserine
(LysoPS) (Kano et al. 2022; Takagi et al. 2022; Yatomi
et al. 2018). Lysophospholipids are phospholipids with
only one fatty acid. Therefore, they contain
hydrophobic and hydrophilic parts, which can lyse cells
at extremely high concentrations. Based on their

2 | June 2026 | Volume 12 | Issue X

backbone, lysophospholipids may be divided into two
classes, glycerolysophospholipids and sphingolyso-
phospholipids (Fig. 2C). Glycerolysophospholipids are
composed of a glycerol backbone. Depending on the
functional group, they may be classified as LPA,
lysophosphatidylcholine (LPC), LysoPS, lysophospha-
tidylinositol (LPI), lysophosphatidylglycerol (LPG),
and lysophosphatidylethanolamine (LPE). Sphingolyso-
phospholipids contain a sphingosine backbone. Of
these, S1P is the most studied. It exerts various
biological activities as described below. Specific G-
protein coupled receptors have been identified for
some of the lysophospholipids, including LPA1-6 for
LPA. GPR34, P2Y10, and GPR174 for LysoPS, GPR55 for
LPI and LPG, and S1P1-5 for S1P (Blaho and Chun 2018;
Makide et al 2014) (Fig. 2D). Overall, lysophos-
pholipids have been well studied and represent
potential therapeutic targets.

APOLIPOPROTEIN M (ApoM)

ApoM is an apolipoprotein with a molecular weight of
~21 kDa, and is associated with HDL (Xu and Dahlback
1999). Human ApoM has a slightly higher molecular
weight because of glycation (Kobayashi et al. 2021). In
humans, ApoM is primarily expressed in hepatocytes,
followed by renal tubular cells (Xu and Dahlbdck 1999).
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Fig. 2 Bioactive lipids. A First-generation lipid mediators. Eicosanoids, including prostaglandins and leukotrienes. B Third-generation
lipid mediators. w-3 fatty acid derivatives. C Second-generation lysophospholipids. Representative glycerolysophospholipids and sphin-
golysophospholipids are shown. D Receptors for lysophospholipid mediators are shown

Among the lysophospholipids, S1P is unique in that
approximately two-thirds of plasma S1P is bound to
HDL (Okajima 2002), whereas other lysophospholipids
are normally distributed in the lipoprotein-depleted
plasma (Kurano et al. 2019a), and bound to albumin
(Kurano et al. 2019¢) (Fig. 3A). Because S1P is involved
in anti-apoptosis, vasoprotection, and cell proliferation,
which partly overlap with the pleiotropic effects of
HDL, S1P contributes to the pleiotropic effects of HDL
(Kurano and Yatomi 2018; Xiong and Hla 2014) (Fig.
3B). However, the basis for the unique distribution of
S1P has remained unclear. In 2011, Christoffersen et al.
found that ApoM carries S1P on HDL (Christoffersen et
al. 2011). ApoM has a pocket in its structure, which may
contain S1P. This finding is very important for S1P
biology, as it confirmed the contribution of S1P to the
pleiotropic effects of HDL and enabled further studies
of its functions in vivo. Exogenously administered S1P,
using albumin as a vehicle, is rapidly degraded by lipid
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phosphate phosphatase, whereas ApoM overexpression
or knockout can modulate plasma S1P levels. ApoM also
regulates S1P by preventing its degradation, and ApoM
controls the total mass of S1P in the body (Kurano et al.
2013).

In addition to the effect of ApoM on the metabolism
and amount of S1P, it influences the biological
properties of S1P (Kano et al. 2022). Five S1P receptors
have been identified. Of these, S1P1, S1P2, and S1P3 are
ubiquitously expressed in whole body tissues. S1P1 and
S1P3 have beneficial properties for human health, such
as anti-apoptosis and vasoprotective effects, whereas
S1P2 exerts harmful activity, such as a contraction
response through the Rho/Rock pathway (Takuwa et
al. 2012). Although all five S1P receptors are expressed
in pancreatic p-cells, we found that the effects of S1P
bound to ApoM on insulin secretion from pancreatic 3-
cells were inhibited only by VPC23019, an S1P1 and
S1P3 antagonist, but not by JTE013, an S1P2 antagonist.
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Fig. 3 Apolipoprotein M (ApoM) and sphingosine 1-phosphate (S1P). A Distribution of S1P in plasma. B ApoM-S1P contributes to the
pleiotropic effects of HDL. C Differences in the agonistic properties for S1P receptors between ApoM-bound S1P and albumin-bound S1P

This suggests that S1P bound to ApoM exerts an
agonistic effect through S1P1 and/or S1P3, but not
S1P2 (Kurano et al. 2014) (Fig. 3C). These effects of S1P
bound to ApoM have also been observed in vivo. For
example, ApoM overexpression ameliorated IgA ne-
phropathy, which was reversed with VPC23019, but not
JTEO013 (Kurano et al. 2019b). In 2015, Hla et al. demon-
strated that S1P bound to ApoM is an S1P1 agonist
(Galvani et al. 2015). Because the binding sites for S1P
of S1P1 exist in the membranous position of S1P1
(Fujiwara et al. 2007; Hanson et al. 2012), and S1P
bound to ApoM, but not S1P to albumin, increases the
membranous content of S1P (Kurano et al. 2023b), S1P
bound to ApoM may selectively activate S1P1 (Fig. 3C).
ApoM may be involved in the epidemiological
associations between HDL-C and human diseases. HDL-
C levels are negatively associated with atherosclerotic
diseases (Gordon et al. 1977). Although this association
has been attributed to the role of HDL in the reverse
transport system (Rader and Hovingh 2014), the
vasoprotective roles of HDL may also be involved. In
animal models, S1P bound to ApoM protects against
myocardial infarction and cerebral infarction, by main-
taining endothelial cell barrier function and exerting
anti-inflammatory and anti-hypertensive effects
(Swendeman et al. 2017). In this paper, it is notable
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that the therapeutic application of an engineered ApoM
was demonstrated in mice.

In diabetes, HDL-C levels are negatively associated
with insulin resistance, primarily through the decreas-
ed production of HDL and the suppression of lipase
activity in obesity (Yanai et al. 2022). Interestingly, HDL-
C levels are associated with the occurrence of type-2
diabetes (Haase et al. 2015; Schmidt et al. 2005; Wilson
et al. 2007). Recent studies have suggested that
ApoM/S1P is partly responsible for these effects.
Palmitate suppresses ApoM expression through
PPARB/S (Luo et al. 2014). The activities of PPAR are
modulated during diabetes. It regulates ApoM and S1P
levels in a bell-shaped manner, with the greatest levels
of ApoM observed when PPARy is mildly activated
(Kurano et al. 2018a). Insulin and leptin also suppress
ApoM expression (Luo et al. 2005; Nojiri et al. 2014). In
humans, serum ApoM levels are higher in individuals
with type-2 diabetes, and ApoM polymorphisms are
associated with type-1 diabetes (Kurano et al. 2020). In
addition, ApoM is positively regulated by HNF1, and its
mutation results in MODY3 (Mughal et al. 2013; Richter
et al. 2003). During the pathogenesis of diabetes, S1P
promotes insulin secretion from pancreatic (3-cells and
their survival through S1P1. It may promote insulin
secretion because it prevents apoptosis, increases the
expression of Pdx-1, and attenuates ER stress (Kurano
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et al. 2014). Along with its effects on insulin secretion,
S1P-bound ApoM may attenuate insulin resistance
(Kurano et al. 2020; Yu et al. 2020). It also activates the
PI3K-AKT pathway, which overlaps with the insulin
signal. In addition, S1P bound to ApoM protects
mitochondrial function by increasing SIRT1 protein
levels through the activation of S1P1 (Kurano et al
2020; Yu et al 2020).

HDL-C levels are associated with the progression of
kidney diseases. In the subjects with chronic kidney
diseases, in which a decrease in renal function occurs
more rapidly in subjects with lower HDL-C levels
(Hanai et al. 2012; Russo et al. 2016; Tu et al. 2010).
The S1P1 pathway protects against kidney injuries
(Awad et al 2006), whereas the S1P2 pathway
facilitates kidney injuries (Liu et al. 2012). ApoM bound
to S1P ameliorated the phenotypes of IgA nephropathy
(Kurano et al 2019b) and diabetic nephropathy
(Kurano et al 2023b) model mice through the
suppression of mesangial expansion and fibrosis, as
well as the protection of mitochondrial function
through S1P1. In contrast, ApoM expressed in renal
tubular cells did not alter the phenotype of cisplatin-
induced kidney injuries (Bisgaard et al. 2024). In renal-
specific ApoM transgenic mice, however, because
circulating ApoM and S1P were increased, but not
enough to prevent Kkidney injuries, the role of
circulating ApoM, which is mainly derived from the liver,
remains unclear. In humans, serum ApoM levels were
lower in subjects with diabetic nephropathy and
associated with the progression of renal dysfunction
over five years (Kurano et al 2023b). A similar
association of ApoM with poor prognosis was observed
in subjects with type-1 diabetes (Baker et al. 2022).
Interestingly, urinary ApoM levels were higher in
patients with acute kidney disease (Svarrer et al. 2016).
Although urinary ApoM is taken up again through
tubular megalin (Faber et al. 2006), its significance in
the pathogenesis of kidney disease should be
determined.

HDL-C levels are lower in patients with severe
infectious diseases and associated with prognosis
(Apalama et al. 2025; Gordon 2004; Tsai et al. 2009).
Several studies have also demonstrated that serum
ApoM levels are lower in patients with severe
infectious diseases, especially sepsis (Kumaraswamy et
al. 2012; Palmiere et al. 2015). During the COVID-19
pandemic, serum ApoM levels were found to be lower
in individuals infected with SARS-CoV-2, and those with
a poor prognosis had even lower levels (Marfia et al.
2021). The overexpression of ApoM protects against
death and organ injuries resulting from the
administration of lipopolysaccharide, whereas ApoM
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knockout had the opposite effect (Kurano et al. 2018b).
The protective mechanisms of ApoM/S1P in
lipopolysaccharide-induced septic mouse models
included decreased apoptosis through S1P1 or S1P3
(Kurano et al. 2018b). Its anti-inflammatory properties
are controversial and may depend on the experimental
model (Kurano et al. 2018b; Wang et al. 2019; Zhu et al.
2018). In addition to the protective properties of
ApoM/S1P, studies suggest that ApoM/S1P exerts anti-
DIC effects. A decrease in platelet counts and an
increase in PAI-1, as well as the existence of thrombosis
in the kidneys stained with PTAH, were inhibited by
ApoM/S1P (Kurano et al. 2018b). Protection against
NETosis through S1P4 may be involved (Kurano et al.
2023c), whereas the prothrombin time was somewhat
elongated in ApoM-overexpressing mice administered
lipopolysaccharides. Further studies indicated that this
does not result from the aggregation of DIC, but from
the suppression of thrombin secretion from
hepatocytes through ARID5B, which is regulated by
ApoM (Kurano et al. 2025b).

In addition to the diseases described above, an
elegant series of experiments demonstrated that
ApoM/S1P protects against other human diseases.
ApoM/S1P has protective roles in liver diseases
through the facilitation of hepatic regeneration and the
suppression of fibrosis (Ding et al. 2016). ApoM/S1P
also protects against autoimmune diseases through the
enhancement of endothelial integrity (Burg et al. 2018)
and perhaps through the suppression of lymphocyte-
mediated inflammation (Blaho et al. 2015). Moreover, a
recent study demonstrated that ApoM/S1P protects
against Alzheimer’s disease by promoting the
proliferation and polarization of ependymal cells in the
brain (Choi et al. 2025). In humans, serum ApoM levels
were higher in patients with liver injuries,
hepatocellular carcinoma (Jiang et al 2008), and
rheumatic arthritis (Huang et al. 2014), whereas they
were lower in individuals with activated SLE (Tydén et
al. 2019). Although the reports are limited, ApoM levels
in the cerebrospinal fluid (CSF) were lower in patients
with Alzheimer’s disease (Khoonsari et al 2016).
Because some studies have indicated a role for ApoM in
the pathogenesis of cancer, its negative association with
HDL-C levels (Loosen et al. 2022) may be explained by
the ApoM/S1P axis (Mu et al. 2021; Zhou et al. 2022).

APOLIPOPROTEIN D (ApoD)

HDL exhibited anti-inflammatory effects in a series of
experimental studies; however, the underlying
mechanisms remain unclear. Genome-wide association
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studies were conducted in the Japanese population to
identify single-nucleotide polymorphisms associated
with serum C-reactive protein (CRP) levels as well as
other lipid parameters (Kurano et al 2016).
Apolipoprotein D (ApoD) is associated with CRP
(Kurano et al. 2023a). In basic experiments, ApoD
overexpression protected against inflammation caused
by lipopolysaccharide or a high-fat diet. ApoD
modulates lipid mediators in an anti-inflammatory
direction. ApoD increased eicosapentaenoic acid and
docosahexaenoic acid, as well as their metabolites. It

also increased anti-inflammatory lysophospholipids,
such as S1P, and decreased pro-inflammatory LPA and
LPI. ApoD binds to some of these lipid mediators,
whereas it increases ApoM, an S1P carrier, and
decreases autotaxin, an enzyme that produces LPA. In
addition, ApoD suppresses osteopontin expression,
which may also act as an anti-inflammatory modulator
(Fig. 4A). In humans, serum ApoD levels were higher in
diabetic subjects and negatively correlated with serum
osteopontin and autotaxin levels, as well as IL-6 and
TNF-a levels (Kurano et al. 2023a).
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In other human studies, serum or plasma ApoD levels
were associated with women who later developed pre-
eclampsia (Dong et al. 2025) or gestational diabetes
(Faurg et al. 2025). Better overall survival in breast
cancer patients (negative) (Gao et al. 2025), risk of large-
for-gestational-age infants (negative), aortic disease in
obese individuals (positive) (Wang et al. 2024), poor
prognosis of coronary arterial disease (positive)
(Annema et al. 2022), cerebral amyloid angiopathy (up)
(Kuiperij et al. 2020), and schizophrenia (up) (Mahadik
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et al. 2002) have been reported. In the CSF and brain,
ApoD levels are associated with multiple sclerosis (up)
(Reindl et al. 2001), schizophrenia (up) (Thomas et al
2001), and Alzheimer’s disease (up) (Kalman et al
2000). Based on these reports, it remains contro-
whether ApoD has
pro-inflammatory properties and whether its modu-

versial anti-inflammatory or

lation is responsible for the pathogenesis of human
diseases or compensatory changes.
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APOLIPOPROTEIN L1 (ApoL1)

Apolipoprotein L1 (ApoL1) is known for its association
with kidney diseases, especially in African individuals.
A genome-wide association study suggested that its
variant can explain the risk of kidney diseases in this
population (Freedman et al. 2018). Compared with the
wild-type genotype (GO), the G1 or G2 variants are
associated with an increased risk of kidney diseases,
including local segmental glomerulosclerosis, human
immunodeficiency virus (HIV)-associated nephropathy,
lupus nephritis, sickle cell nephropathy, and solidified
glomerulosclerosis, as well as rapid failure of trans-
planted kidneys from donors with APOL1 renal-risk
genotypes (Freedman et al 2018). These kidney
diseases are classified as APOL1-mediated kidney
diseases. Individuals with ApoL1 variants are resistant
to Trypanosoma, which may cause the natural selection
of ApoL1 variants in the African population (Pays et al.
2023). The natural roles of ApoL1 have not been fully
elucidated (Fig. 4B), whereas ApoL1l variants cause
podocytopathy. APOL1 may participate in lipid droplet
biogenesis (Adeva-Andany et al. 2023) and membrane
remodeling associated with inflammation (Pays 2024).
It is reportedly bound to phosphatidic acid (PA) and
cardiolipin (CL) as well as the phosphoinositides (PIPs),
including PI4P, and cholesterol (Uzureau et al. 2020;
Wan et al. 2008). In addition, ApoL1 damages cells by
disturbing the endolysosomal and autophagic system,
mitochondrial function, ER homeostasis, and promoting
inflammation (Hoffken et al. 2025).

In addition to the associations of ApoL1 variants with
kidney diseases and Trypanosoma infection in humans
as described above, serum ApoL1 levels are positively
associated with frontotemporal dementia (Katzeff et al
2020) and a high risk for type-2 diabetes (Croyal et al
2022). However, there are few studies describing the
significance of the quantity of ApoL1 in kidney diseases,
which warrants further study.

APOLIPOPROTEIN A4 (ApoA4)

Along with ApoM, ApoD, and ApoL-1, other minor
apolipoproteins are associated with HDL. Although
their properties have not been elucidated, some have
been demonstrated to be associated with human
diseases.

Apolipoprotein A4 (ApoA4) was shown to carry
S1P in addition to ApoM in the special conditions
where ApoM and Albumin are deleted. In ApoM- and
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albumin-knockout mice, Obinata et al. found that S1P is
associated with ApoA4 in plasma (Obinata et al. 2019),
although the contributions of ApoA4 to the binding of
S1P to HDL might be small in human subjects and wild-
type mice. Serum ApoA4 levels were associated with
flow-mediated dilation (Li et al. 2022), suggesting that
it protects endothelial function. Although the un-
derlying mechanisms remain unclear, clinical studies
suggest that ApoA4 is associated with maternal
disturbance (Matsuo et al. 2024), Alzheimer’s disease
(down) (Lu et al. 2023; Zhang et al. 2022), obstructive
sleep apnea (up) (Tang et al 2021), schizophrenia
(down) (Li et al. 2021), chronic kidney diseases (up)
(Kronenberg et al. 2002; Stangl et al. 2015), pro-
gression of chronic kidney diseases (positive) (Boes et
al. 2006), peripheral artery diseases (negative)
(Dittrich et al. 2019), liver fibrosis (up) (Wang et al.
2017), seasonal allergic rhinitis (up) (Makino et al
2010), cardiovascular diseases in hemodialysis patients
(down) (Omori et al. 2010), and chronic pancreatitis
(down) (Koga et al. 1985). In type-2 diabetic patients,
serum ApoA4 levels were higher compared with
normal subjects, but decreased in those with diabetic
foot syndrome (Ji et al. 2023a). For individuals with
aneurysmal subarachnoid hemorrhage, a low con-
centration of ApoA4 in HDL is associated with its lack of
anti-inflammatory effects (de Azda-Lépez et al. 2023).
The anti-inflammatory properties of ApoA4 were also
demonstrated in an animal experiment (Roula et al
2020).

APOLIPOPROTEIN H (ApoH)

Apolipoprotein H (ApoH) exists mainly as a free form,
while a smaller amount of ApoH was reportedly in
chylomicrons, VLDL, LDL and HDL (Gambino et al
1999; Polz and Kostner 1979). Considering the
important roles and associations with human diseases,
ApoH in HDL might somehow contribute to the
pleiotropic effects of HDL. ApoH is also called 2-
glycoprotein I, and is a cofactor for the binding of
antiphospholipid antibodies (APA) to anionic phospho-
lipids, such as phosphatidylserine or cardiolipin
(Valesini and Shoenfeld 1992). The binding capacity is
influenced by the genetic variation of ApoH (Kamboh
and Mehdi 1998; Schwarzenbacher et al. 1999). ApoH
polymorphisms are associated with a susceptibility to
recurrent pregnancy loss in women with anti-
phospholipid syndrome (Deng et al. 2023). Although
ApoH polymorphisms are associated with anti-
phospholipid syndrome, the association of serum ApoH
levels with this syndrome has not been established.
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In addition to its potential involvement in the
pathogenesis of thrombosis, ApoH reportedly inhibits
ferroptosis through the PI3K-AKT-SREBP pathway and
increases monounsaturated fatty acid-containing
phospholipid levels (He et al. 2024). Serum ApoH is
associated with gestational diabetes (up) (Faurg et al.
2025), poor outcomes in severe influenza infection
(down) (Garcinufio et al. 2024), acute myeloid leukemia
(up) (Jajula et al. 2024), fatty liver (down) (Liu et al.
2023, 2024b), type-2 diabetes (up) (Croyal et al. 2022),
hepatocellular carcinoma (down) (Liu et al. 2024a),
sepsis (down) (Yu et al. 2024), and clinical phenotypes
of Crohn'’s disease (Gazouli et al. 2013).

APOLIPOPROTEIN F (ApoF)

Apolipoprotein F (ApoF) is a natural inhibitor of
cholesteryl ester transfer protein (CETP). Interestingly,
it does not completely inhibit CETP activity, but
reportedly inhibits CETP activity associated with LDL
(Liu and Morton 2020). Although the modulation of
specific bioactive lipids by ApoF has not been
determined, CETP overexpression attenuates the
distribution of cholesterol as well as other bioactive
lipids, including S1P, among lipoproteins (Kurano et al
2017). For example, the overexpression of CETP
increased the S1P content in VLDL and LDL, whereas it
decreased that in HDL. These alterations appear to be
harmful to human health. The overall effects of S1P on
the activation of eNOS in vascular endothelial cells and
insulin secretion from [-cells are enhanced. The
biological effects of S1P may be more pronounced
when bound to ApoB-containing lipoproteins than HDL
(Kurano et al. 2017). In addition to S1P, CETP over-
expression modulates other glycerol-lysophospholipids
(Kurano et al. 2019a), which suggests that ApoF can
regulate the pleiotropic properties of lipoproteins
indirectly by modulating bioactive lipids.

In clinical studies, ApoF levels are associated with
severe COVID-19 (up) (Souza Junior et al 2021),
schizophrenia (up) (Li et al. 2021), hepatic steatosis
(down) (Deprince et al. 2023), and type-2 diabetes (up)
(Croyal et al 2022). Compared with other minor
apolipoproteins, there have been fewer clinical studies
to date.

APOLIPOPROTEIN O (ApoO)
Apolipoprotein O (ApoO) is another minor apolipo-

protein that is predominantly bound to HDL. ApoO was
identified as a novel apolipoprotein that is elevated in
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the heart of human diabetic subjects (Lamant et al
2006; Turkieh et al. 2014). Although the detailed role of
ApoO in the pleiotropic effects of HDL is unknown,
ApoO increases the degree of phospholipid
unsaturation by inhibiting NRF2 and CYB5R3 to
activate autophagy and apoptosis by regulating the p38
signaling pathway, and to cause mitochondrial
degenerative changes (Chen et al. 2024; Liu et al. 2022;
Turkieh et al. 2014). In humans, however, few studies
have determined an association between ApoO and
diseases; however, plasma ApoO levels were shown to
be higher in subjects with acute coronary syndrome
(Yuetal 2012).

APOLIPOPROTEIN | (Apo])

Apolipoprotein ] (Apo]) is also known as clusterin. It is
present on circulating HDL, whereas Apo] is a
component of lipoproteins in the central nervous
system, as well as ApoE (Calero et al. 2000). Although
the properties of Apo] have not been fully elucidated,
several studies suggest that Apo] has various biological
effects. Apo] plays a role in AD pathogenesis through
various processes, such as aggregation and clearance of
AB, neuroinflammation, lipid metabolism, and the
regulation of neural cell death and survival (Foster et
al. 2019; Matsubara et al. 1995; Xie et al. 2005). In
addition to its physiological roles in the CNS, Apo] may
also be involved in the pathogenesis of human diseases.
Apo] aggravates hepatic fibrosis by activating STAT3
signaling (Liu et al. 2025). It also regulates muscle
glucose metabolism and insulin sensitivity through
low-density lipoprotein receptor-related protein-2
(LRP2), which is coupled with insulin receptor
signaling (Seo et al. 2020).

Clinical studies have indicated that Apo] is associated
with central nervous diseases. Apo] levels in
cerebrospinal fluids are decreased in Alzheimer’s
disease (Ko et al. 2022) and elevated in Parkinson’s
disease (Paslawski and Svenningsson 2023). In
addition to its measurement in the cerebrospinal fluid,
serum Apo] levels are associated with cognitive
disorders (Romagnoli et al. 2021). Higher plasma Apo]
is also reportedly associated with poor prognosis of
intracerebral hemorrhage (Wu et al. 2022) and a higher
risk for type-2 diabetes (Croyal et al. 2022). Apo] levels
in synovial and systemic fluids may also have
translational potential as a biomarker of early repair
responses in rheumatoid arthritis or osteoarthritis
(Kalvaityte et al. 2022).

© The Author(s) 2026
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OTHER PROTEINS

Other proteins are present in HDL that are not usually
called apolipoproteins. For example, paraoxonase 1
(PON-1) is known for its contribution to HDL function.
HDL is may exert anti-oxidative effects, and PON-1 is
considered an important protein transported by HDL
and contributes to its anti-oxidative effects (Ceron et al
2014; Martinelli et al. 2013). Reduced PON-1 activity
has been associated with cardiovascular diseases
(Camps et al. 2009; Rasic-Milutinovic et al. 2012). The
anti-oxidative properties of PON-1 are attributed to its
role in the hydrolysis of toxic oxon metabolites. In
addition, PON-1lincreased the LysoPS levels indirectly,
while direct enzymatic hydrolysis has not been
confirmed (Shimura et al. 2025). The role of LysoPS
remains to be fully elucidated, although it has been
reported to modulate the immune system, particularly
lymphocytes and macrophages (Yaginuma et al. 2023).
Therefore, PON-1 may contribute to the pleiotropic
effects of HDL by attenuating LysoPS.

Recent studies have suggested that CRP is not just a
mere biomarker, but also a bioactive protein (Ji et al
2023b). We recently found that CRP modulates lipid
mediators in a pro-inflammatory direction (Kurano et
al. 2025a). In addition, although we did not describe it
in the previous paper, we also observed that CRP
overexpression modulates the level of lipid mediators
of lipoproteins, including HDL (Fig. 5). Because CRP is
an established biomarker for inflammation as well as a
risk factor for cardiovascular disease (Kawase Ishihara
et al. 2015; The Emerging Risk Factors Collaboration
2012), it may have several roles in modulating the
pleiotropic effects of HDL, especially related to its anti-
inflammatory properties. Concordantly, the HDL
contents of LPC, LPA, LPI, and LPG, which are deemed
to possess pro-inflammatory properties, are increased
in the CRP-overexpressing mice (Fig. 5), while these
modulations might be caused only in inflammation and
CRP is not an integrated structural component of HDL.
Further investigations are required to elucidate the
possible roles of CRP.

Table 1 Potential use of ApoM for human diseases as biomarkers

. 4004 # [ Control
= [ crp
£ % 300

2%

T E 1 *

wn O * *

£ & 2001

g3 ,
= £

8 =

S 8 1004

=

2

LPC LPA LPE LPG LPI

LysoPS S1P

Fig. 5 Modulations of lysophospholipids in HDL by CRP. The
modulations of the contents of lysophospholipids in HDL by the
overexpression of CRP in mice are shown. * represents the signifi-
cant difference. The detail methods are shown in our previous
paper (Kurano et al. 2025a)

SUMMARY

This review discussed the possibility that minor
apolipoproteins may contribute to the pleiotropic
properties of HDL, as their presence has been detected
in clinical and basic studies. The underlying
mechanisms of these molecules involve the modulation
of bioactive lipids, particularly the association between
ApoM and S1P. Although further basic and clinical
studies are necessary, minor apolipoproteins may be
useful for diagnostic and therapeutic applications.
ApoM and other minor apolipoproteins may also
represent novel markers for various human diseases
(Tables 1 and 2). With respect to therapeutic
applications, Hla et al. produced an engineered S1P
chaperone (Swendeman et al. 2017), which was based
on ApoM, recombinants or liposomes that may be used
for the treatment of various diseases.

Disease

Potential use as biomarkers

Cardiovascular diseases
Diabetes
Infectious diseases

Kidney diseases

Low levels of ApoM suggest impaired anti-atherosclerotic properties of HDL
Low levels of ApoM suggest susceptibility to advanced diabetic nephropathy
Low levels of ApoM suggest poor prognosis and disease severity

Low levels of ApoM suggest poor outcomes in chronic kidney diseases

© The Author(s) 2026
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Table 2 Potential use of minor apolipoproteins other than ApoM as biomarkers for human diseases

Disease Potential use as biomarkers

ApoD

Coronary artery disease
prognosis

Alzheimer’s disease

ApoL1

Renal diseases

Trypanosoma infection

ApoH

Antiphospholipid syndrome

Infectious disease

High levels of ApoD suggest the necessity for more intensive care because of a potentially poor

High levels of CSF ApoD are a possible diagnostic or risk biomarker for Alzheimer’s disease

Variants of ApoL.1 are a risk for renal diseases

Variants of ApoL1 confer resistance to Trypanosoma infection

Polymorphisms of ApoH are associated with susceptibility to antiphospholipid syndrome

Low levels of serum ApoH may be associated with severe infectious diseases, such as sepsis and its

consequent pro-coagulant conditions

Apo]
Alzheimer’s disease

Low levels of CSF Apo] are possible diagnostic or risk biomarkers for Alzheimer’s disease

Abbreviations

ApoA-1 Apolipoprotein A-I
ApoA4 Apolipoprotein A4

ApoD Apolipoprotein D

ApoE Apolipoprotein E

ApoF Apolipoprotein F

ApoH Apolipoprotein H

Apo] Apolipoprotein ]

ApoL1 Apolipoprotein L1

ApoM Apolipoprotein M

ApoO Apolipoprotein O

CoX Cyclooxygenase

CRP C-reactive protein

CSF Cerebrospinal fluids

HDL High-density lipoprotein
LPA Lysophosphatidic acids
LPC Lysophosphatidylcholine
LPE Lysophosphatidylehanolamine
LPG Lysophosphatidylglycerol
LPI Lysophosphatidylinositol
LysoPS Lysophosphatidylserine
PON-1 Paraoxonase 1

S1P Sphingosine 1-phosphate
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