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ABSTRACT

BACKGROUND Sphingosine-1-phosphate (S1P) is a constituent of high-density lipoproteins (HDL) that contributes to

their beneficial effects. We have shown decreased HDL-S1P in coronary artery disease (CAD) but its functional relevance

remains unclear.

OBJECTIVES This study investigated the functional consequences of reduced HDL-S1P content in CAD and tested if

increasing it may improve or restore HDL function.

METHODS Human HDL from healthy and CAD subjects, as well as mouse HDL, were isolated by ultracentrifu-

gation. HDL-S1P-dependent activation of cell-signaling pathways and induction of vasodilation were examined

in vitro and in isolated arteries using native and S1P-loaded HDL, S1P receptor antagonists, and S1P-blocking

antibodies.

RESULTS HDL-S1P-dependent signaling was clearly impaired and S1P content reduced in CAD-HDL as compared to

healthy HDL. Both healthy and CAD-HDL could be efficiently and equally well loaded with S1P from cellular donors

and plasma. S1P-loading greatly improved HDL signaling and vasodilatory potential in pre-contracted arteries and

completely corrected the defects inherent to CAD-HDL. HDL-S1P content and uptake was reduced by oxidation

and was lower in HDL3 than HDL2. Loading with S1P in vitro and in vivo fully replenished the virtually absent

S1P content of apolipoprotein M-deficient HDL and restored their defective signaling. Infusion of erythrocyte-

associated C17-S1P in mice led to its rapid and complete uptake by HDL providing a means to directly S1P-load

HDL in vivo.

CONCLUSIONS Reduced HDL-S1P content contributes to HDL dysfunction in CAD. It can be efficiently increased by

S1P-loading in vitro and in vivo, providing a novel approach to correcting HDL dysfunction in CAD. (J Am Coll Cardiol

2015;66:1470–85) © 2015 by the American College of Cardiology Foundation.
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H igh-density lipoproteins (HDLs) confer pro-
tection against the development of ather-
osclerosis (1). In addition to their crucial

role in reverse cholesterol transport, HDLs have
several reverse cholesterol transport�independent
properties that potentially contribute to atheropro-
tection (2,3). Patients with clinically manifest athero-
sclerosis not only have low plasma HDL cholesterol
levels but their HDLs are dysfunctional and harbor
harmful metabolites (4). However, the reasons for
this dysfunction and the biochemical, structural,
and molecular correlates of HDL driving it are largely
unknown. Among the most frequently proposed
causes are oxidative modifications of HDL proteins
and lipids (5,6).

In previous work, we and others have shown that
HDLs contain sphingosine-1-phosphate (S1P) that
contributes to several beneficial HDL effects, such as
nitric oxide-dependent vasodilation and car-
dioprotection (3,7–11). Recently, we have shown that
HDLs from patients with coronary artery disease
(CAD) contain considerably lower amounts of S1P
than healthy HDLs (12). However, it remains un-
known whether this reduced S1P content translates
into HDL dysfunction or, conversely, if increasing it
may improve or restore CAD-HDL function.

In the present study, we investigated the func-
tional consequences of low S1P in CAD-HDL. We
compared activation of signaling pathways by healthy
HDLs and CAD-HDLs and have designed strategies to
increase HDL-S1P content in vitro and in vivo to
improve HDL function. We also examined whether
CAD-HDL signaling may be impaired due to low S1P
content and if this can be corrected by S1P-loading.

METHODS

A detailed description of all experimental procedures
is provided in the Online Appendix.

In brief, venous blood was drawn from healthy
human subjects (n ¼ 70) and patients with stable CAD
(n ¼ 64) recruited consecutively to expand the groups
used in our previous studies of S1P in CAD-HDL (12).
The study was approved by the ethics committee of
the University Hospital Essen and complies with the
Declaration of Helsinki. Written informed consent
was obtained from each participant. Demographic
and clinical data are provided in Online Table 1. HDLs
were isolated by sequential density gradient ultra-
centrifugation as described (12) from pooled plasma
(mice) or individual samples (humans).

S1P was measured in plasma and HDLs
using liquid chromatography tandem mass
spectrometry (LCMS) (12) by blinded
investigators.

HDLs were loaded with S1P either by
incubation with sphingosine-laden human
erythrocytes (10 mmol/l sphingosine for 1 h) or
by adding 6 nmol S1P (in vitro studies) or 3
pmol S1P (vasodilation studies) to 0.1 mg
HDL.

C17-laden mouse erythrocytes (10 mmol/l
C17-S1P for 1 h) were extensively washed,
diluted to a hematocrit of 0.5, and injected
intravenously (150 ml).

STATISTICAL ANALYSIS. Data are expressed
by mean � SD or median (range) for contin-
uous variables and frequency count and per-
centage for qualitative variables, respectively. Groups
were compared by unpaired or paired Student t test,
Mann-Whitney U test, or chi-square test. Statistical
significance was assumed for p < 0.05.

RESULTS

IMPAIRED CAD-HDL SIGNALING DUE TO LOWER S1P

CONTENT. We have previously shown that CAD-
HDLs contain lower S1P concentrations than HDLs
from healthy individuals in a total of 95 healthy
subjects and 85 patients with stable CAD (12). To test
whether this translates into impaired S1P-dependent
HDL signaling, we compared the effectiveness of
healthy HDL and CAD-HDL to activate 3 important
intracellular signaling cascades in human umbilical
vein endothelial cells (HUVEC): the extracellular
signal-regulated kinases 1 and 2 (ERK1/2) mitogen
activated protein kinases, the Akt pathway, and the
endothelial nitric oxide synthase (eNOS). We used
Western blotting to detect the active phosphorylation
sites of ERK1/2 (Thr202/Tyr204), Akt (Ser473), and
eNOS (Ser1177). HDL preparations from 14 healthy
subjects and 9 patients with stable CAD (Online
Table 2) were chosen randomly and compared. As
measured by LCMS, CAD-HDL contained 4 to 5 times
less S1P than healthy HDL (45.06 � 6.74 pmol/mg of
HDL protein vs. 273.78 � 15.01 pmol/mg; p < 0.05).
Using this experimental setup, we observed that CAD-
HDLs were much less efficient than healthy HDLs in
activating all 3 kinases both in magnitude and dura-
tion of the evoked signaling response when used at
the same protein concentration (Figure 1A).

To test if the observed differences can be attrib-
uted to the differences in HDL-S1P content, we
established a cellular system in which S1P-dependent
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AB BR E V I A T I O N S

AND ACRONYM S

apo = apolipoprotein

CAD = coronary artery disease

CHO = Chinese hamster

ovarian cells

DOP = 4-deoxypyridoxine

eNOS = endothelial nitric

oxide synthase

ERK1/2 = extracellular signal-

regulated kinases 1/2

HDL = high-density lipoprotein

HNF 1A = hepatocyte nuclear

factor 1 alpha

HUVEC = human umbilical vein

endothelial cell

S1P = sphingosine-1-phosphate
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