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Abstract Sphingosine-1-phosphate (S1P) mediates several
cytoprotective functions of HDL. apoM acts as a S1P bind-
ing protein in HDL. Erythrocytes are the major source of
S1P in plasma. After glomerular filtration, apoM is endocy-
tosed in the proximal renal tubules. Human or murine HDL
elicited time- and dose-dependent S1P efflux from erythro-
cytes. Compared with HDL of wild-type (wt) mice, S1P ef-
flux was enhanced in the presence of HDL from apoM
transgenic mice, but not diminished in the presence of HDL
from apoM knockout (Apom ') mice. Artificially reconsti-
tuted and apoM-free HDL also effectively induced S1P ef-
flux from erythrocytes. S1P and apoM were not measurable in
the urine of wt mice. Apom™’~ mice excreted significant
amounts of S1P. apoM was detected in the urine of mice with
defective tubular endocytosis because of knockout of the
LDL receptor-related protein, chloride-proton exchanger
CIC-5 (Clen5~'7), or the cysteine transporter cystinosin. Uri-
nary levels of S1P were significantly elevated in Clen5™’~ mice.
In contrast to Apom_/ ~ mice, these mice showed normal
plasma concentrations for apoM and S1PHE In conclusion,
HDL facilitates S1P efflux from erythrocytes by both apoM-
dependent and apoM-independent mechanisms. Moreover,
apoM facilitates tubular reabsorption of S1P from the urine,
however, with no impact on S1P plasma concentrations.—Sutter,
I, R. Park, A. Othman, L. Rohrer, T. Hornemann, M. Stoffel, O.
Devuyst, and A. von Eckardstein. Apolipoprotein M modulates
erythrocyte efflux and tubular reabsorption of sphingosine-
1-phosphate. J. Lipid Res. 2014. 55: 1730-1737.
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Sphingosine-1-phosphate (S1P) acts both as an intracel-
lular signaling molecule and an extracellular agonist of at
least five different G protein-coupled receptors. By its dual
functions, S1P regulates the survival, proliferation, and
migration as well as the functionality of many cells, eventu-
ally in opposite directions (1-4). Therefore the absolute
and relative abundance of S1P in intracellular and extra-
cellular compartments appears to be important for its bio-
logical functionality (4).

Most cells form SIP by the phosphorylation of sphingo-
sine, a degradation product of ceramides, through sphin-
gosine kinase and degrade S1P to phosphoethanolamine
and fatty aldehyde through S1P-lyase (1-4). By contrast,
not only erythrocytes and platelets, but also other cells
which have low or no lyase activity, release S1P (4-6), prob-
ably by an as yet unidentified ABC transporter (4, 7, 8).
Within the plasma compartment, the majority of S1P is trans-
ported by HDLs in which it exerts many cyto-protective and
anti-inflammatory effects, for example, on endothelial cells
(8-10). The enrichment of S1P in HDL has been explained
by the presence of a specific S1P binding protein, namely
apoM (10). Purified and recombinant apoM binds S1P
with an IC;, of 0.9 wmol/1, which is in the range of physi-
ological SIP plasma concentrations (11). X-ray crystallog-
raphy of apoM identified an S1P binding domain which
was confirmed by the recombinant generation of non-S1P
binding apoM mutants (11). In agreement with these
physicochemical data, S1P was copurified with apoM con-
taining HDL, but not apoM-free HDL, from both human
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and murine plasma. Moreover, S1P concentrations were
dramatically decreased in HDL of the apoM knockout
(Apomf/f), but increased in HDL of mice transgenic for
apoM (Apomtg). As an in vitro indication of functional
relevance, the stimulatory effects of SIP on nitric oxide
production by endothelial cells were mimicked by apoM-
containing HDL, but not by apoM-free HDL. Finally, the
physiological relevance of S1P binding by apoM was indi-
cated by the reduced basal endothelial barrier function in
lungs of Apom ’~ mice (12). Despite this very strong in vi-
tro and in vivo evidence for the limiting effect of apoM on
the transport and function of SIP in plasma and HDL,
concentrations of S1P and apoM in either plasma or HDL
do not correlate with each other (12, 13). Moreover, stoi-
chiometric calculations revealed that apoM is not satu-
rated with S1P but present at an up to 8-f molar excess (12,
13). We therefore investigated the impact of apoM on two
other potential pathways of S1P metabolism, namely ef-
flux from erythrocytes and urinary excretion.

Plasma concentrations of S1P were recently shown to
correlate with red blood cell counts (5, 6, 14), probably
because the lack of the SIP-degrading lyase makes erythro-
cytes the main source of SIP in plasma (4, 5). Because
HDL was previously found to induce S1P efflux from eryth-
rocytes (5), we compared the S1P efflux capacity of HDL
from wild-type (wt), Apomf/ ~,and Apomtg mice (15).

After glomerular filtration, apoM is reabsorbed from
the primary urine into proximal tubular epithelial cells by
binding to the endocytic receptor megalin [LDL receptor-
related protein 2 (LRP2) ]. Accordingly, mice with a condi-
tional renal knockout of megalin excrete apoM in urine
(16). Megalin and its coreceptor cubilin also mediate the
tubular reabsorption of several small plasma proteins
which carry small molecules and are filtrated through the
glomeruli (17, 18). Not only megalin and cubilin, but also
endosomal and lysosomal proteins such as chloride-proton
exchanger CIC-5 (mutated in Dent’s disease) and the cys-
tine transporter cystinosin (mutated in cystinosis), respec-
tively, are key components of the machinery that rescues
essential molecules such as vitamin B12 and vitamin D
from inappropriate urinaryloss (17, 19, 20). To test whether
this is also of relevance for the metabolism of S1P, we com-
pared the urinary excretion of SIP and apoM in wt and
Aj)om_/ " mice (15), as well as in mice with dysfunctional
megalin (Lrp2_/ 7) (21), CIC5 (Clen5 7)) (22), or cystinosin
(Ctns ™) (23).

METHODS

Plasma and urine collection from mice

Mice with knockout of apoM (Apomf/f) or transgenic overex-
pression of human apoM (A[mmlg) (15), as well as mice with de-
fective expression of megalin (Lrpi/f) (21), CIC-5 (Clen5 ')
(22), or cystinosin (Cins ') (23) were previously described.
Blood samples were obtained by cardiac puncture immediately
after euthanization. Plasma was prepared by 15 min of centrifu-
gation of blood at 2,000 g. Urine samples were collected in meta-
bolic cages for 8 h (Clcn57/ =, Cms~’”, and their littermate controls),

16 h (Lrp2”’~ and their littermate controls), or 24 h (Apom
Apom®, and their littermate controls) according to standard pro-
tocols. Each drop of urine was immediately cooled down to —20°C
in the collector of the metabolic cages. All plasma and urine
samples were kept frozen at —80°C before further use or analysis.
The age of the mice, at which samples were obtained, is reported
in the Results section. All animal procedures were approved by
the appropriate National Research Council Guide for the Care
and Use of Laboratory Animals/Animal Ethics Committee.

Isolation and reconstitution of HDL

Human HDL was isolated from plasma of healthy blood do-
nors (Kantosspital Schaffhausen, Switzerland) or mouse plasma
by stepwise ultracentrifugation (d = 1.063-1.21 kg/1) at 360,000 g
for 15 h at 15°C, as described previously (24), using solid potas-
sium bromide (Sigma Aldrich, Buchs, Switzerland) for density
adjustment. apoA-I was further purified from delipidated HDL as
described previously (24). Discoidal reconstituted HDL (rHDL)
particles were produced by the cholate dialysis method and con-
tained apoA-I, POPC (Sigma), and sodium cholate (Sigma) in a
molar ratio of 1/100/100 (24).

S1P efflux from erythrocytes

Erythrocytes were isolated from the blood of healthy adult vol-
unteers. The blood was anticoagulated with sodium citrate and
then centrifuged at 2,000 g for 5 min at 4°C. After removing the
plasma, the sedimented erythrocytes were washed three times
with sterile PBS and resuspended 1:1 in PBS (v/v) containing ei-
ther BSA, human or murine HDL, rHDL, or lipid-free apoA-I at
the concentrations indicated in the Results section and incu-
bated at 37°C. Aliquots were removed at different time points (as
indicated in the Results section) and immediately centrifuged at
2,000 g for 3 min at 4°C to sediment erythrocytes. The superna-
tants were carefully transferred into new tubes avoiding any con-
tamination with erythrocytes. For S1IP measurement, 25 pl aliquots
of the supernatant were taken and processed as described
below.

Quantification of S1P in plasma, HDL, and urine

S1P was quantified by LC-MS/MS after derivatization with ace-
tic anhydride. The S1P concentrations in plasma or erythrocyte
supernatants (25 pl), HDL (50 pg), and urine (500 pl) were ana-
lyzed after adding 10 pmol internal standard (D,S1P; Avanti Polar
Lipids, Alabaster, AL). For calibration, SIP (Avanti Polar Lipids)
was dissolved in DMSO/concentrated-HCI (100:2, v/v) at a con-
centration of 0.28 mmol/1 stock solution. Each series of measure-
ments was calibrated with 1, 2.5, 5, 10, 15, 20, and 25 pmol of S1P
supplemented with 10 pmol of D;SIP as the internal standard
(IS). Quality control samples with 7.5 and 22.5 pmol SIP were
evaluated at the beginning and at the end of each sample series.
Double blank and blank samples for carry-over control were pre-
pared by adding methanol and internal standard, respectively, to
25 wl of water and processed as plasma samples.

Lipids were extracted with 1 ml of an organic solution consisting
of ethyl acetate/2-propanol (6:1, v/v) and 50 pl of concentrated
formic acid was added for phase separation (25). The upper or-
ganic phase was separated and evaporated to dryness under a
stream of nitrogen. For the derivatization of the primary amino
and secondary alcohol groups of S1P (26), the dried lipids were
dissolved in 100 pl of pyridine and 50 pl of acetic anhydride and
incubated at 40°C for 20 min. After evaporating the acetylation
reagents, the reaction products were dissolved in 100 wl of meth-
anol and transferred to glass vials prior to LC-MS/MS analysis.

Acetylated S1P [S1P(Ac),] was analyzed on an LC-MS system
consisting of an HTC PAL autosampler (CTC Analytics, Zwingen,
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Switzerland), a Rheos 2200 HPLC pump (Flux Instruments, Re-
inach, Switzerland), and a TSQ Quantum Access mass spectrom-
eter (Thermo Fisher Scientific, Waltham, MA). Chromatographic
conditions for reverse-phase separation of S1P(Ac), were modi-
fied from Berdyshev et al. (26). Separation of S1P(Ac), was done
on a Nucleosil C18 HD column (125 x 2 mm, 100 A5 pm) at
40°C. Mobile phase A consisted of water/methanol/formic acid
(20:80:0.5, v/v) and mobile phase B consisted of methanol/acetoni-
trile/formic acid (59:40:0.5, v/v), both containing 5 mM ammonium
formate. Elution started with 100% A for 1.0 min (0.25 ml/min)
and increased to 100% B within 4.0 min and was then kept con-
stant for 4 min. Finally the column was reequilibrated with 100%
mobile phase A for 5.5 min. The injection volume was 10 pl. The
injection system and syringe were washed twice with methanol/
acetone/2-propanol (1:1:1, v/v), containing HCOOH 0.1% and
acetone/methanol/water (2:2:1, v/v) solutions after every injec-
tion. S1P(Ac), and D;S1P(Ac), eluted at t, ~6.3 min. Double
blank and blank samples were analyzed before each set of calibra-
tors and samples to exclude carryover.

For ionization, ESI was used and detection was performed in
the positive mode, monitoring [M-H201]" ions using selective re-
action monitoring for the transitions of m/z446.2 — 264.2 (30 V)
for SIP(Ac)y and m/z453.2 — 271.2 (27 V) for D,S1P(Ac), (spray
voltage 5,000 V, skimmer offset 10 V, and ion transfer capillary
temperature 300°C). Further ionization and detection parameters
were optimized by tuning the system with S1P(Ac), standard. Data
analysis was performed on XCalibur 2.0.6 (Thermo Scientific).

The standard curve was constructed by plotting the S1P/
D;S1P peak area ratios against the concentrations of the S1P stan-
dards. The SIP concentration in samples was determined by lin-
ear regression obtained from the standard curve. The lower level
of quantification was defined as the 10% functional assay sensitiv-
ity and amounted to 1 pmol extracted S1P corresponding to 40
nmol/1 plasma or 2 nmol/l urine. At amounts of 7.5 and
22.5 pmol, the intra-day imprecision was 5.8 and 2.3%, respectively,
and the inter-day imprecision was 4.3 and 8.1%, respectively.

Western blotting of apoM in plasma and urine

Proteins were separated on 14% SDS polyacrylamide gels and
transferred onto nitrocellulose membrane. The membranes
were blocked with 5% milk in 0.1% TBS Tween (TBS-T) buffer
for 1 h at room temperature. Thereafter, the membranes were
incubated overnight at 4°C with a commercially available apoM
antibody (LC-C51665; LifeSpam BioSciences). The 1:1,000 dilu-
tion of antibody was made in 5% milk TBS-T. The membranes
were then washed three times with TBS-T and incubated with
secondary antibody anti-rabbit coupled with HRP (1:10,000). Af-
ter washing three times for 10 min, the membrane was developed
with ECL Plus Western blotting detection reagent (Pierce) ac-
cording to the manufacturer’s instructions.

Statistical analyses

Statistical analyses were performed by using Graph-Pad. Nor-
mality of the data was determined by using the Kolmogorov-
Smirnov test. Normally distributed data were analyzed by the
two-tailed unpaired Student’s #test, and data that was not nor-
mally distributed by the Mann-Whitney U test. Differences in
prevalences were analyzed by chi-square test.

RESULTS

HDL and apoM promote S1P efflux from erythrocytes

To confirm previous data that HDL induces S1P efflux
from erythrocytes (5), 1 ml of washed human erythrocytes
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were incubated with two different concentrations of hu-
man HDL for increasing time. Figure 1A, B shows the
time-dependent accumulation of S1P in human HDL with-
out and with correction for the endogenous S1P content,
respectively. Maximal efflux, which doubled the concen-
tration of S1P preexisting in HDL, was reached after 4 h.
Half-maximal efflux was reached after 1-2 h of incubation.
Albumin (500 pg/ml), which is the second most impor-
tant carrier of S1P in plasma (4, 10), elicited very little S1P
efflux under the same conditions.

Next we monitored the time-dependent S1P efflux from
erythrocytes in the presence of 300 pwg/ml HDLs which
were isolated from the plasma of wt, Apom ', or Apom
mice in comparison with 300 pwg/ml albumin. As reported
previously, HDLs of these three mouse strains differ by en-
dogenous S1P content (see also baseline data in Fig. 1C).
Therefore, we present S1P efflux before and after correc-
tion for the endogenous SI1P content of HDLs (Fig. 1C
and Fig. 1D, respectively). During 8 h of incubation, S1P
concentrations increased steadily in the HDL of all three
mouse strains. S1P efflux capacity of HDL from wt mice
resembled that of human HDL. The maximal net S1P ef-
flux measured was significantly increased in the presence
of HDL from A[)om’g mice, but not decreased in the pres-
ence of HDL from A[)omﬁf mice (Fig. 1D). Also of note,
S1P efflux in the presence of HDL from both wt and
Apomfﬁ mice reached saturation after 2—4 h, whereas S1P
efflux in the presence of HDL from Apomtg mice did not
reach saturation within 8 h, the maximal time the experi-
ment could be performed without hemolysis.

To provide further evidence that HDL can elicit S1P efflux
independently of apoM, we compared the capacity of na-
tive HDL, rHDL, lipid-free apoA-I, and albumin to induce
S1P efflux. Whereas lipid-free apoA-I was not capable of in-
ducing S1P efflux, reconstituted apoM-free HDLs were even
more active in stimulating S1P efflux than native HDLs at
a concentration of 200 wg/ml (Fig. 2).

Urinary excretion of SIP is increased in Apom /™ mice,
as well as in mice with dysfunctional tubular protein
reabsorption

As reported previously (12, 13) and as compared with
their wt littermates, S1P levels in plasma and HDL were
significantly decreased by 20 and 50%, respectively, in
12-14-week-old Apomf/ ~ mice, and were significantly in-
creased by factors three and five, respectively, in plasma
and HDL of age-matched Apom® mice (Fig. 3A, B).

In 21 urine samples of wt mice, we measured S1P at very
low concentration below or close to the lower level of
quantification of our method (10% functional assay sensi-
tivity: 1 pmol SIP corresponding to 2 nmol S1P per liter of
urine). In fact, only 5 of 21 samples of wt mice, but 4 of 5
samples Apom '~ mice, had S1P levels above this threshold
(P = 0.018, chisquare test). In the direct comparison,
urine concentrations of SIP were significantly higher in
6- and 16-week-old Apom '~ mice than in 6- and 16-week-
old wt controls (P < 0.05, Fig. 3C).

Next, we investigated whether disturbances of tubular
apoM reabsorption are associated with increased urinary
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S1P excretion. By Western blotting, we found apoM pres-
ent in the urine samples of mice with nonfunctional
megalin (LrpZ_/ ), CIGH (Clen5 '), or cystinosin (Ctns ™)
(Fig. 4A). ApoM was not detectable in the urine of wt
littermates.

In the urine samples of 21 wt mice from three different
laboratories, S1P was below or close to the level of quanti-
fication (2 nmol/1). By contrast, three of four urine sam-
ples from 1l-week-old LrpZ_/ " mice and six of seven
samples from 12-16-week-old Clen5’” mice contained
clearly quantifiable concentrations of S1P (Fig. bA, B).
Upon direct comparison of mutant mice and littermate
controls, SIP excretion was significantly increased in Clen5 '~
mice (Fig. 5B), which are known to suffer from a severe
dysfunction of the proximal tubule (27). At ages of 18
weeks, 20-24 weeks, or 30-38 weeks, neither male nor fe-
male Cins /™ mice showed increased S1P excretion.

Western blotting did not provide any evidence for grossly
altered concentrations of apoM in the plasma of Lrp2™/~,
Clen5'”, or Cins /™~ mice (Fig. 4B). These three mouse
models with tubular apoM proteinuria also did not show
any statistically significant or consistent differences in
plasma concentrations of S1P (Fig. 5D-F).

DISCUSSION

Previous work by the laboratories of Dahlbédck and col-
leagues and Nielssen and colleagues (11, 12) identified apoM
as a physiologically relevant binding protein of SIP in HDLs
of plasma. Our lab previously confirmed the limiting effect
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of apoM on SIP levels in plasma, but also found indica-
tions for more complex relationships between HDL,
apoM, and S1P (13). Most notably, concentrations of
apoM and SIP in total or apoB-depleted plasma did not
correlate with each other (13), possibly due to the molar
excess of apoM compared with its ligand S1P, which varies
inter-individually between factors 1.2 and 8 and/or in the
presence of alternative ligands, which compete with S1P

900-
5 800- i
Q L
o T
& 200-
100
0_
(Q\ D AN ™ o A
& v\& x}°}® \>°-’\<° \9& x}q\&
P P D P D O
O o & o B
b S & 89 ?Qo P

Fig. 2. Net S1P efflux from washed human erythrocytes in the
presence of native and rHDL, lipid-free apoA-I, or BSA. Presented
are net amounts of SIP released by erythrocytes in 1ml of superna-
tant after 4 h incubation with 20 pg/ml or 200 pwg/ml HDL iso-
lated either from human plasma or artificially reconstituted by
cholate dialysis of apoA-I and POPC (rHDL), 20 pg/ml lipid-free
apoA-I, or 200 wg/ml BSA. Values are mean + SD.
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Fig. 3. ApoM determines S1P concentration in plasma (A), HDL
(B), and urine (C) of wt, Apomf/f, and Apom® mice. A, B: STP levels
in plasma and HDL samples from 12—-14-week-old wt, Apomf/f, and
Apom® mice. C: Urinary SIP excretion by 6- and 16-week-old
Aj)omf/ ~ mice and their wt littermates. Each point identifies data
from individual mice. Solid lines indicate median values. The
dashed line indicates the lower level of quantification of S1P by LC-
MS in urine samples. *P < 0.05, **P < 0.01, ***P < 0.001; Mann-
Whitney U-test.

for binding to apoM (10, 13). However, we also observed
statistically significant correlations of SIP concentrations
with concentrations of HDL-cholesterol, apoA-I, and other
measures of HDLs (13). This raised the questions whether
HDLs can handle SI1P also independently of apoM and
whether apoM may influence S1P plasma levels indepen-
dently of its transport function in plasma.

To answer the first question, we investigated the capac-
ity of HDLs to induce S1P efflux from erythrocytes. HDLs
of both humans and wt mice were found to induce time-
dependent and saturable SI1P efflux leading to maximal
doubling of the endogenous SI1P concentration in normal
human or murine HDLs (400 pmol/1S1P per mg HDL pro-
tein). Assuming that 80% of HDL protein mass corresponds
to apoA-], i.e., the predominant protein of HDLs which
has a molecular mass of 28 kDa, the molar concentration
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Fig. 4. Western blotting of apoM in urine (A) and plasma (B) of
Apom, Apom® mice and mice with defective megalin (Lrp2 /"), CIC-5
(Clen5~’7), and cystinosin (Ctns™’7) and their wt controls. Urine
(20 pl) or 11.5 pl of 1/10 diluted plasma were separated by SDS-
PAGE and immunoblotted as described in the Methods section.
Note the absence of apoM from the urine samples of wt mice, but
the presence in urine samples of mice with defective tubular trans-
port (A). By contrast apoM plasma levels appear indistinguishable
between wt mice and the different tubular proteinuria models.

of S1P per apoA-I amounts to 1/72. Assuming that the
HDL particles contain an average of three molecules of
apoA-I (28, 29), every 24th HDL particle in our experi-
ments contained one molecule of S1P at baseline. The
doubling of SIP content by efflux indicates the saturation
of S1P efflux much below the HDL particle concentration.
This can be explained by the presence of a specific S1P
binding site in HDLs which is not saturated in HDLs iso-
lated from plasma, such as apoM (10-12). At first sight
and in agreement with this explanation, we found the net
S1P efflux capacity of HDLs from Apom® mice significantly
increased without reaching saturation. By contrast, HDLs
from both wt and Apom ’~ mice elicited time-dependent
and saturable S1P efflux from erythrocytes, which did not
differ from each other and that was markedly greater than
in the presence of albumin. Moreover, rHDL consisting
only of apoA-I and POPC induced S1P efflux from eryth-
rocytes. The apparent 2- to 3-fold higher efficacy of rHDL,
as compared with native HDL, probably reflects the
higher particle concentration at identical protein mass
concentrations, because rHDL contains two molecules
of apoA-I, whereas native HDL contains at least three
molecules of apoA-I plus other proteins. Our finding of
rHDL-induced S1P efflux does also explain the previous
observation that, initially, S1P-free rHDLs exert cytopro-
tective effects on cardiomyocytes in a SIP receptor-
dependent fashion (30).
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Fig. 5. Concentrations of S1P in urine (A-C) or plasma (D-F) of mice with defective megalin (Lrpi/f)
(A, D), CIC-5 (Clen5 ™) (B, E), or cystinosin (Ctmns™’7) (G, F) as compared with their wt controls. Each point
represents data from an individual mouse sample. A, D: Urine and plasma levels of S1P in 11-week-old
Lrp2~’~ mice (open symbols). B, E: Urine and plasma levels of S1P in 12-16-week-old Clen5 /™ mice (open
symbols). C, F: Urine and plasma S1P levels in 18-week-old Cins”’~ mice (open symbols), in 20-24-week-old
Cins '~ mice (closed symbols), and in 30-38-week-old Ctns”~ mice (crossed symbols). Dashed lines indicate
the lower level of quantification of SIP by LC-MS in urine samples. **P < 0.01; Mann-Whitney U-test. Note
the higher medians of SIP excretion in mice with defective tubular protein reabsorption as compared with

wt controls.

Taken together, our findings indicate the presence of
an additional apoM-independent mechanism by which
HDLs can induce efflux and/or mediate the binding of
S1P. Because of the saturation much below the concentra-
tion of HDL particles or phospholipids, it is unlikely that
this apoM-independent fraction of HDL-induced SIP ef-
flux is unspecific, for example, as the result of association
with phospholipids. The nonsaturation of SIP efflux in
the presence of HDLs from Apom® mice indicates that
apoM, rather than phosphatidylcholine, acts as the slow
determinant of SIP binding capacity. The saturable S1P
efflux in the presence of HDLs from Apom /™ mice points
to the presence of an as yet unknown relatively fast inducer
of S1P efflux. Because the rHDL only contains apoA-I
in addition to phospholipids, apoA-I is the prime candi-
date for this activity. In this respect, it is noteworthy that
ABCA1, ABCGI1, and scavenger receptor B1, which are
important cellular interaction partners for apoA-I- or
HDL-induced efflux of cholesterol or phosphatidylcho-
line, have been suspected to promote or modulate cellular
S1P efflux as well (4, 8). In fact, glyburide, a pharmaco-
logical inhibitor of ABC transporters including ABCAI,

apoM modulates cellular efflux and urinary excretion of S1P

was previously found to inhibit SIP efflux from red blood
cells. However, although present in erythrocytes, functional
experiments excluded ABCA1 and ABCA7 as the media-
tors of S1P efflux from these cells (7). In agreement with
the lack of involvement of ABCA1, we did not find any S1P
efflux induced by lipid-free apoA-I, which, as the primary
interaction partner of ABCAI, stimulates efflux of choles-
terol and phosphatidylcholine from many cells. The roles
of ABCGI1 and scavenger receptor BI, which typically inter-
act with both native and artificially lipidated HDL (29) for
S1P efflux, are as yet unknown.

To address the second question, whether apoM may
regulate S1P plasma concentrations beyond transport in
plasma, we compared the urinary excretion of SIP of wt
and Apomf/ ~ mice. Not unexpectedly, the urine of wt mice
did not contain much S1P. However, quantifiable amounts
of SIP were excreted with the urine by Apom_/ ~ mice.
These data indicated that apoM plays some role for prevent-
ing urinary S1P excretion, but does not indicate whether
the excreted SIP is of plasmatic or renal origin. On the
one hand and next to hepatocytes, the epithelial cells lin-
ing the proximal tubules of the kidney are the only cells
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which express apoM (31). Hence, kidney-derived apoM
may play an important role in handling S1P, for example
for the interaction with SIP receptors. In fact, SIP and
S1P receptors were reported to convey protection of the
proximal tubule epithelium against oxidative stress in-
duced by ischemia/reperfusion injury (32). On the other
hand, the plasma-derived 22 kDa large murine apoM or
the 26 kDa large human apoM is ultrafiltrated through
glomeruli and reabsorbed from the primary urine by the
endocytic receptor megalin into the proximal tubule epi-
thelial cells (16), so that the lack of apoM could interfere
with the tubular recovery of SI1P. To discriminate between
these two explanations, we investigated the urinary excre-
tion of apoM and S1P by mice which lack megalin, the
chloride-proton exchanger CIC-5, or the lysosomal cys-
tine transporter cystinosin, which all play important roles
for the tubular reabsorption of carrier proteins and their
cargo from the primary urine (17, 19, 20). We confirmed
the previously observed urinary apoM excretion by mega-
lin knockout mice (16). In addition, mice without CL.C-5
or cystinosin showed a urinary loss of apoM. Like Apom_/_
mice, Lrj)Z_/_ and Clen5 '~ mice showed clearly in-
creased urinary SI1P excretion. This difference in urinary
S1P excretion was much less prominent, if not absent, in
Ctns~’~ mice. This may reflect the fact that the cystinosis
model develops tubular dysfunction later in life (33). In
our hands, even at the age of 30-38 weeks when tubular
dysfunction is manifested, we did not see any increase in
S1P excretion, although apoM was excreted with the
urine. Nevertheless, the unusual urinary excretion of S1P
in the urine of Apomf/f, Lrpi/f, and Clen5 ' mice sug-
gests that tubular reabsorption of apoM interferes with
the urinary loss of S1P. However, in Lrp27/7 and Clen5 '~
mice, the urinary loss of apoM and S1P appears to be too
low to substantially decrease the plasma concentrations
of apoM and SI1P. Therefore, it is also unlikely that the
urinary loss contributes to the lower plasma and HDL-
S1P levels observed in Aj)om_/_ mice (12, 13). However,
cubilin deficiency was previously reported to increase the
turnover and decrease plasma albumin and apoA-I con-
centrations slightly, but significantly (18). Quantitative
studies in larger numbers of mice may hence unravel
subtle differences.

In conclusion, our studies of mice differing by the ex-
pression of apoM or the activity of proteins involved in
the tubular endocytosis of apoM indicate that binding of
S1P by apoM plays at least two further roles in S1P me-
tabolism beyond mediating SIP transport in HDL. First,
HDL facilitates SIP efflux from erythrocytes by both
apoM-dependent and apoM-independent mechanisms.
Second, apoM facilitates the reabsorption of SIP from
the primary urine into tubular epithelial cells, however,
with no impact on SIP plasma concentration. By the two
newly identified activities, apoM may modulate the para-
crine and autocrine interactions of S1P with vascular en-
dothelial and renal tubular epithelial cells, respectively.
In addition we provide evidence for an additional HDL-
associated factor which contributes to S1P efflux and
transport by HDLs.Hl
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