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Abstract

Sphingolipids are biomolecules with diverse
physiological functions in signaling as well
as plasma membrane structure. They are
associated with either cellular membranes or
plasma lipoproteins and any changes in their
levels may contribute to certain metabolic
diseases. Sphingolipids are evenly distributed
in lipoproteins and may be used as prognostic
and diagnostic markers. Mechanisms involved
in the transport of sphingolipids have been
recently explored and here we discuss the
most recent advances in the molecular
mechanisms of sphingolipids transport by
lipoproteins. It has been shown that micro-
somal triglyceride transfer protein (MTP) and
ATP-binding cassette transporter family A
protein 1 (ABCA1) play an important role in
plasma sphingolipid homeostasis. However,
the exact mechanisms are not well known.
Though much research has already been done
to emphasize the impact of sphingolipids
changes in many pathological disorders,
understanding mechanisms by which
circulating lipoproteins assist in transporting

sphingolipids may provide novel information
that may help in devising strategies to thera-
peutically target these pathways to treat vari-
ous metabolic disorders.
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PLTP Phospholipid transfer protein
SR-B1 Scavenger receptor B1
SM Sphingomyelin
SMS1 Sphingomyelin synthase 1
S1P Sphingosine-1-phosphate
VLDL Very low density lipoproteins

5.1 Introduction

Sphingolipids are not only involved in membrane
organization as structural lipids but also act as
essential signaling biomolecules [1]. The homeo-
stasis of sphingolipids is maintained by regulating
their synthesis and degradation in the cells.
Ceramides (Cer) act as key precursors in the de
novo synthesis of other sphingolipids such as
glycosphingolipids, sphingomyelin (SM), sphin-
gosine-1-phosphate (S1P), etc. [1]. Sphingolipids
can also be synthesized through salvage pathway
by the re-acylation of sphingosine in the
lysosomes to form Cer or its derivatives
[2]. Newly synthesized sphingolipids are secreted
and transported by lipoproteins or remain
associated within cells as structural lipids. In
recent years new knowledge has been gained in
understanding intracellular transport and secre-
tion of different sphingolipids. Here, we summa-
rize an overview of the most recent advances that
have been made to understand pathways involved
in the intracellular transport of sphingolipids by
lipoproteins and highlight deficiencies that need
to be resolved in future research.

5.2 Biosynthesis of Sphingolipids

Biosynthesis of sphingolipids involves either de
novo synthesis in the endoplasmic reticulum
(ER) or catabolism of other sphingolipids via
the salvage pathway [1, 2]. Cer acts as central
precursor molecules in the synthesis of other
sphingolipids. They are transported from the ER
to Golgi via either transport vesicles or ceramide
transfer protein (CERT) [3]. The mode of trans-
port from the ER to Golgi may determine the fate
of Cer as a precursor molecule for biosynthesis of

different sphingolipids [3]. CERT dependent
transport of Cer from the ER to Golgi appears to
be necessary for the synthesis of SM [4, 5] as
dysfunctional CERT in cells reduces the levels of
SM but not glucosylceramides (GluCer)
[5]. Sphingomyelin synthase 1 (SMS1) inside
the Golgi lumen helps in the synthesis of SM
from Cer by transferring a phosphorylcholine
group from phosphatidylcholine onto Cer
[6, 7]. The synthesized SM is then transported to
the plasma membrane to form lipid rafts with
cholesterol [7]. Synthesis of GluCer from Cer
that are transported via transport vesicles from
ER to Golgi occurs on the cytoplasmic side of
the cis Golgi. Translocation of Cer from the
lumenal side to cytoplasmic side for the biosyn-
thesis of GluCer involves possibly unidentified
transporters. These glycosylated Cer can be
translocated back to the Golgi lumen and trans-
ferred to the trans Golgi network by both vesicu-
lar and non-vesicular transport for the
biosynthesis of lactosylceramides (LactCer)
which are precursors for more complex
glycosphingolipids [3]. Besides SM and GluCer,
Cer can also be de-acylated in the ER to form
sphingosine, which is further phosphorylated to
form S1P. They can also be phosphorylated in the
Golgi to form ceramide 1-phosphate (C1P) [8].

5.3 Lipoproteins as Lipid
Transporters

Since lipids are insoluble in water, they need to
associate with proteins in order to transport in the
circulation [9, 10]. Lipoproteins are complex
particles containing both polar and non-polar
lipids along with apolipoproteins. Classification
of lipoproteins is based on their size and flotation
densities [9]. They are mainly classified into four
major entities from low density to high density as
chylomicrons, very low density lipoproteins
(VLDL), low density lipoproteins (LDL), and
high density lipoproteins (HDLs) [9]. Liver and
intestine are the main two organs that produce
these lipoproteins. Chylomicrons are the largest
size triglyceride rich particles which share a com-
mon structural apolipoprotein, apolipoprotein B
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(apoB), with VLDL and LDL. Conversely, HDL
lacks this protein and contains apolipoprotein A1
(apoA1) as the core structural protein. Assembly
of chylomicrons and VLDL takes place in the
intestine and liver, respectively, and essentially
requires the presence of MTP for the lipidation of
apoB [11, 12]. Formation of LDL occurs after the
hydrolysis of triglycerides on VLDL by the
lipases. These LDL are then taken up by the
peripheral tissues as a source of fatty acids
through LDL receptors.

Unlike chylomicrons and VLDL, HDL is
synthesized extracellularly after the secretion of
apoA1 by the enterocytes and hepatocytes.
ApoA1 from intestine and liver interact with the
membrane bound ABCA1 and accept
phospholipids and unesterified cholesterol to
form discoidal pre-β HDL which is then
converted to HDL in the plasma after the esterifi-
cation of cholesterol by lecithin–cholesterol
acyltransferase (LCAT) [13, 14]. HDL accepts
more cholesterol from these peripheral tissues
through ABCA1 and ABCG1 cholesterol efflux
which is then delivered to the liver and steroido-
genic tissues after the interaction with the scaven-
ger receptor B1 (SR-B1) [15].

Lipoproteins play an important role in the
absorption and transport of dietary lipids in the
circulation to peripheral tissues. Any abnormality
in the functioning of MTP or ABCA1 leads to
conditions that affect the lipoprotein levels in
the circulation. Abetalipoproteinemia is one of
the rare diseases characterized by a defect in the
assembly or secretion of plasma VLDL and
chylomicrons due to mutations in MTP [16]. Sim-
ilarly, mutation in ABCA1 leads to a condition
called Tangier disease which is characterized by
low HDL levels in the plasma [17].

5.4 Secretion and Transport
of Sphingolipids

Plasma sphingolipids may be used as potential
biomarkers for several metabolic disorders
[6, 18–25]. However, there is not much informa-
tion known about the mechanisms that regulate
plasma sphingolipids. It was recently shown that

the pathways involved in the transport of
sphingolipids from the intestine and liver are
more complex than those involved in other lipids
[26, 27]. Like other lipids, sphingolipids also
need apolipoproteins for their transport in the
circulation. There are around 200 species of
sphingolipids that are distributed on
chylomicrons, VLDL, LDL, HDL, and albumin
in the circulation [28–30]. These sphingolipids
may be secreted from the cells and associated
intracellularly with apoA1 or apoB-containing
lipoproteins or effluxed to extracellular acceptors
such as HDL or albumin from the plasma mem-
brane. Here, we summarize the recent advances
that have been made to understand the molecular
mechanisms that are involved in the transport of
sphingolipids.

5.4.1 Transport of Ceramides

Ceramides which constitute around 3% of plasma
sphingolipids are equally distributed in apoB-
(~49%) and apoA1-containing (~41%)
lipoproteins (Table 5.1) [30]. However, similar
to triglycerides, transport of Cer to the plasma is
critically dependent on the presence of MTP in
the liver and intestine. We have previously shown
that mutation in MTTP gene in abetalipopro-
teinemia subjects or mice lacking hepatic and
intestinal MTP (L,I-Mttp�/�) resulted in
~82–95% decrease in plasma Cer compared to
controls (Tables 5.2 and 5.3). Furthermore,
tissue-specific ablation of MTP suggests that
liver and intestine are both important in regulating
the levels of Cer in the plasma [27]. This obser-
vation points to significant role MTP plays in Cer
transfer to apoB-containing lipoproteins for their
transport to plasma [26]. It is possible that other
unknown proteins and mechanisms may exist to
enrich lipoproteins with Cer. We have also shown
that deficiency of ABCA1 in the intestine and
liver tends to associate with lower plasma Cer
levels (Table 5.4) [27], but the decrease was not
as significant as that shown in MTP deficiency
(Table 5.3) [26]. Similar findings were observed
in Tangier subjects where the decrease in the
plasma Cer level was only 35% as opposed to
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an 82% decrease in abetalipoproteinemia subjects
compared to controls (Table 5.2). Interestingly,
only hepatic ABCA1 and not intestinal ABCA1
play a major role in regulating the plasma Cer
level (Table 5.4). Although ABCA1 may be
involved in determining the plasma levels of Cer
to some extent, but the data points towards MTP
as being the major determinant of plasma Cer.

It is intriguing to see that transport and plasma
levels of Cer are completely dependent on the
presence of MTP and apoB-containing
lipoproteins since Cer are synthesized by other
cells also, apart from enterocytes and hepatocytes,
that do not synthesize and assemble apoB-
lipoproteins. Whereas hepatocytes and
enterocytes may synthesize Cer for delivery to
other tissues, it is possible that the non-apoB
synthesizing cells may use Cer not for secretion
but to synthesize other sphingolipids. Although
the presence of MTP may be critical in determin-
ing the levels of plasma Cer, significant amounts
of Cer are also found on HDL particles [30]. Not
much is known about the mechanisms of
incorporation of Cer onto HDL particles. It is
likely that other plasma lipid transfer proteins
such as phospholipid transfer protein (PLTP)
which transfers phospholipids between HDL
particles and cholesteryl ester transfer protein
(CETP) which transfers cholesteryl ester from
HDL to apoB-containing lipoproteins in

exchange for triglycerides may transfer Cer from
apoB-lipoproteins to HDL. Additionally, the deg-
radation of SM by sphingomyelinases or direct
efflux of Cer from plasma membranes may also
contribute to HDL Cer. Further studies are needed
to investigate all potential possibilities.

5.4.2 Transport of Sphingomyelin

Sphingomyelin constitutes around 20% of total
phospholipids [31] and 87% of total
sphingolipids [30] in the plasma. It is the most
abundant sphingolipid in lipoproteins and is
distributed around ~36% in VLDL/LDL and
~64% in HDL (Table 5.1) [30]. SM uses both
apoB-dependent and apoB-independent pathways
to reach circulation. Absence of MTP in
abetalipoproteinemia subjects and liver and intes-
tine (L,I-Mttp�/�) mice was associated with a
decrease of ~41% and ~59% (Tables 5.2 and
5.3), respectively, in plasma SM levels compared
to controls [26]. Conversely, absence of ABCA1
in Tangier subjects and mice was associated with
a reduction of about 40% and 86% (Tables 5.2
and 5.4), respectively, in plasma SM levels
[27]. These data suggest that MTP and ABCA1
could play a major role in modulating plasma SM
levels in both humans and mice. Interestingly,
liver specific ablation of MTP or ABCA1 in

Table 5.1 Distribution of sphingolipids on human plasma lipoproteins

VLDL LDL HDL HDL2 HDL3

Cer 8.8 39.9 — 28.7 22.6
SM 3.2 32.9 — 34.1 29.8
HexCer 8.0 49.1 42.0 — —

LactCer 8.2 46.4 44.4 — —

S1P 1.3 3.7 — 16.4 78.6

Data were partially adapted and modified from references [30, 34] and are presented as percent distribution among
different lipoproteins

Table 5.2 Plasma levels of sphingolipids in Abetalipoproteinemia and Tangier disease subjects

Cer (μM) SM (μM) HexCer (μM) LactCer (μM) S1P (μM)

Normal subjects 5.87 280 3.72 2.06 0.67
Abetalipoproteinemia 1.06 (�82%) 164 (�41%) 5.21 (+40%) 1.66 (�19%) 1.64 (+145%)
Tangier disease 3.84 (�35%) 167 (�40%) 1.15 (�69%) 3.64 (+77%) 1.19 (+78)

Data were partially adapted and modified from references [26, 27]
Values in parentheses represent percentage change from normal subjects
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mice decreased the plasma SM levels by ~69%
and ~88% (Tables 5.3 and 5.4), respectively [27],
suggesting that liver may be the major contributor
of SM in the plasma.

Neither MTP nor ABCA1 is involved in the
synthesis of Cer or SM. However, MTP has been
shown to transfer both Cer and SM between
vesicles in vitro, suggesting that it can add Cer
and SM during apoB-lipoprotein synthesis
[26]. Similar to its role in cholesterol efflux, we
predicted that ABCA1 might also be involved in
SM efflux. However, ablation, downregulation,
or overexpression of ABCA1 gene did not affect
SM efflux to HDL suggesting that it may not
directly participate in SM efflux [27]. These stud-
ies suggest that ABCA1 is indirectly involved in
bringing SM to plasma compartment. It is possi-
ble that reduction of HDL due to absence of
ABCA1 in Tangier subjects or ABCA1 ablated
mice may indirectly diminish SM efflux to
plasma HDL via an unknown membrane-
embedded protein. Reduction in plasma SM in
SMS2 knockout mice suggest that synthesis of
SM by SMS2 on the plasma membrane may also
contribute to HDL SM [32]. Furthermore, ability
of PLTP to transfer SM between vesicles in vitro
suggests that it may be involved in the transfer of

SM from VLDL to HDL [33]. Further studies are
needed to evaluate the possibility of other
transporters in SM efflux.

5.4.3 Transport
of Glycosphingolipids

Out of more than 50 species of complex
glycosphingolipids that make up about 9–10%
of plasma sphingolipids, the most abundant are
GluCer and LactCer. They are mostly distributed
on VLDL/LDL (~54–57%) and HDL (~42–44%)
(Table 5.1) [30, 34]. Although reduction in
plasma glycosphingolipid levels ameliorates ath-
erosclerosis [35], very little is known about their
origin in plasma lipoproteins. Unlike SM and Cer,
MTP neither transfers glycosphingolipids
between vesicles in vitro nor does its deficiency
in humans and mice have any effect on plasma
glycosphingolipids concentrations [26]. It is pos-
sible that glycosphingolipids may be effluxed to
HDL in the plasma through yet unidentified pro-
tein(s) or mechanisms. ABCC1 and ABCA12
have been shown to transport GluCer in vitro
[36] and in keratinocytes [37]. However, their
role to efflux glycosphingolipids to apoA1 or

Table 5.3 Plasma levels of sphingolipids in MTP knockout mice

Cer (μM) SM (μM) HexCer (μM) LactCer (μM) S1P (μM)

Wildtype 1.48 63.8 3.54 0.08 1.22
L-Mttp�/� 0.44 (�70%) 19.6 (�69%) ND ND 0.93 (�24%)
I-Mttp�/� 0.57 (�61%) 48.8 (�24%) ND ND 1.01 (�17%)
L,I-Mttp�/� 0.07 (�95%) 26.4 (�59%) 2.85 (�20%) 0.11 (+38%) 0.69 (�43%)

Data were partially adapted and modified from references [26, 27]
Values in parentheses represent percentage change from wildtype mice
ND not determined, L-Mttp�/� liver specific MTP knockout, I-Mttp�/� intestine specific MTP knockout, L,I-Mttp�/�

liver and intestine specific MTP knockout

Table 5.4 Plasma levels of sphingolipids in ABCA1 knockout mice

Cer (μM) SM (μM) HexCer (μM) LactCer (μM) S1P (μM)

Wildtype 1.55 98.4 5.62 0.10 1.18
L-Abca1�/� 0.63 (�59%) 12.0 (�88%) 0.84 (�85%) 0.04 (�60%) 0.49 (�58%)
I-Abca1�/� 1.36 (�12%) 114.0 (+16%) 6.48 (+15%) 0.11 (+10%) 1.55 (+31%)
L,I-Abca1�/� 0.61 (�61%) 13.3 (�86%) 0.64 (�89%) 0.02 (�80%) 0.53 (�55%)

Data were partially adapted and modified from references [26, 27]
Values in parentheses represent percent change from wildtype mice
L-Abca1�/� liver specific ABCA1 knockout, I-Abca1�/� intestine specific ABCA1 knockout, L,I-Abca1�/� liver and
intestine specific ABCA1 knockout
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HDL in plasma is still unknown. We have
recently shown for the first time that ABCA1 is
a critical determinant of plasma glycosphin-
golipids [27]. Deficiency of ABCA1 in humans
and mice was associated with reduced plasma
hexosylceramides (HexCer) levels. A reduction
of ~69–89% in the levels of HexCer in
Tangier subjects and liver and intestine ABCA1
knockout (L,I-Abca1�/�) mice (Tables 5.2 and
5.4) possibly suggest the existence of additional
mechanisms in their transport from tissues to the
plasma compartment. Hepatic ABCA1 plays a
crucial role in determining plasma HexCer level
since tissue-specific ABCA1 ablation in mice
had predominant effect on their plasma levels
(Table 5.4) [27]. In contrast, ablation or chemical
modification of ABCA1 in Huh7 cells had no
effect on GluCer efflux to HDL suggesting that
ABCA1 may not be directly involved in their
efflux [27]. These data may implicate that
the reductions in plasma HexCer in ABCA1 defi-
cient humans or mice may be secondary to low
levels of HDL which may be needed to interact
with different transporter proteins on plasma
membranes for the efflux of HexCer. Further
studies are needed to identify possible
transporters that are involved in this process.

We have previously shown that plasma
concentrations of LactCer in humans and mice
differ significantly with humans containing higher
concentrations of LactCer than mice [26, 27]. Fur-
thermore, deficiency of ABCA1 reduces LactCer
only in mice but not in humans (Tables 5.2 and
5.4) [27] suggesting that their levels may be
regulated by different mechanisms. Conversely,
studies have shown that deficiency of MTP in
mice and humans has no effect on plasma LactCer
(Tables 5.2 and 5.3) [26]. One plausible explana-
tion is that ABCA1 and MTP probably do not play
a significant role in regulating plasma LactCer
level. Further studies are needed to determine
potential proteins that are involved in this process.

5.4.4 Transport of Sphingosine
1-Phosphate

Sphingosine 1-phosphate is a bioactive signaling
molecule abundant in plasma [38] and found

mainly on HDL and albumin [29, 39]. Among
all the lipoproteins, about 95% of S1P is present
on HDL (Table 5.1). Majority of plasma S1P
comes from erythrocytes, platelets, and endothe-
lial cells [39, 40] with some contribution from
liver [41]. In our recent studies, we have shown
that abetalipoproteinemia or Tangier subjects
have no significant difference in the levels of
S1P compared with controls suggesting that nei-
ther MTP nor ABCA1 may be involved in the
transport of S1P in humans (Table 5.2)
[26, 27]. Even though we observed a decrease of
around 43–55% in the plasma SIP levels in MTP
and ABCA1 deficient mice (Tables 5.3 and 5.4),
this difference was not statistically significant
[26, 27]. These data suggest that MTP and
ABCA1 may not play a significant role in S1P
transport from the cells to the circulation. Several
proteins have been implicated in regulating the
levels of plasma S1P. Cell surface membrane
protein, spinster2, exports S1P to plasma
[42]. Apolipoprotein M (apoM) plays an impor-
tant role in the transport of S1P to plasma
[43, 44]. Besides apoM, PLTP has also been
shown to play a role in regulating plasma S1P
levels [45].

5.5 Conclusion

In conclusion, we have summarized here that
dependence of sphingolipids on lipoproteins as
transporters is different among sphingolipids
family. Sphingolipids utilize different
mechanisms and carriers for their transport from
cell membrane to plasma. Although MTP and
ABCA1 seem to play an important role in
regulating the levels of plasma sphingolipids
(Fig. 5.1), their transport involve more complex
and diverse mechanisms than are known for
glycerolipids and sterol transport through
apoB-lipoproteins or HDL. ABCA1- and
MTP-dependent pathways may not be universal
for all sphingolipids. Some of the sphingolipids
such as LactCer, sphingosine, S1P,
dihydrosphingosine, dihdyrosphigosine-1P, and
dihydroceramide may reach circulation indepen-
dently of these pathways [26, 27].
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Our recent findings suggest that transport of
sphingolipids apparently involves at least three
different mechanisms (Fig. 5.1). First, MTP may
contribute to plasma levels of sphingolipids by
directly transferring Cer and SM to apoB-
containing lipoproteins [26]. Second, HDL may
act as an acceptor for Cer, HexCer, and SM from
cells [27]. Third, some of the sphingolipids such
as LactCer and S1P may reach circulation via
different pathways independently of apoB-
containing lipoproteins and HDL [26, 27]. The
reason why sphingolipids use different
mechanisms for their transport might be related
to their diverse functions. These new findings
highlight the importance of plasma lipoproteins
in transporting sphingolipids and provide novel

insights into mechanisms of sphingolipids secre-
tion and transport. Further studies are warranted
to unravel the existence of multiple mechanisms
involved in the sphingolipids transport pathways.
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Fig. 5.1 Impact of MTP and ABCA1 deficiencies on
plasma sphingolipids transport. MTP and ABCA1 play
an important role in the regulation of sphingolipids in the
plasma mainly through their transport to apoB-
lipoproteins or HDL. Presence of MTP and ABCA1 is
critical for the transport of Cer and SM to plasma in
humans and mice (a–d). Levels of Cer in the plasma are
changed by both hepatic (e) and intestinal (g) MTP

activity. Conversely, only hepatic (f) and not intestinal
(h) ABCA1 regulates Cer level in the plasma. Further-
more, levels of SM in the plasma are modulated by the
presence of MTP and ABCA1 in the liver only (e, f) and
not in the intestine (g, h). In contrast to SM which is
regulated by both hepatic MTP and ABCA1, only hepatic
and not intestinal ABCA1 regulates the levels of HexCer,
LactCer, and S1P in the plasma (f)
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