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Abstract ApoM is mainly associated with HDL. Neverthe-
less, we have consistently observed positive correlations of
apoM with plasma LDL cholesterol in humans. Moreover,
LDL receptor deficiency is associated with increased plasma
apoM in mice. Here, we tested the idea that plasma apoM
concentrations are affected by the rate of LDL receptor-
mediated clearance of apoB-containing particles. We mea-
sured apoM in humans each carrying one of three different
LDL receptor mutations (n = 9) or the apoB3500 mutation
(n = 12). These carriers had increased plasma apoM (1.34 =
0.13 pM, P = 0.003, and 1.23 + 0.10 pM, P = 0.02, respec-
tively) as compared with noncarriers (0.93 = 0.04 pM). When
we injected human apoM-containing HDL into Wt (n = 6) or
LDL receptor-deficient mice (n = 6), the removal of HDL-
associated human apoM was delayed in the LDL receptor-
deficient mice. After 2 h, 54 + 5% versus 90 + 8% (P< 0.005)
of the initial amounts of human apoM remained in the
plasma of Wtand LDL receptor-deficient mice, respectively.
Finally, we compared the turnover of radio-iodinated LDL
and plasma apoM concentrations in 45 normocholester-
olemic humans. There was a negative correlation between
plasma apoM and the fractional catabolic rate of LDL (r =
—0.38, P = 0.009).H0 These data suggest that the plasma
clearance of apoM, despite apoM primarily being associ-
ated with HDL, is influenced by LDL receptor-mediated
clearance of apoB-containing particles.—Christoffersen,
C., M. Benn, P. M. Christensen, P. L. S. M. Gordts, A. J. M.
Roebroek, R. Frikke-Schmidt, A. Tybjaerg-Hansen, B.
Dahlback, and L. B. Nielsen.The plasma concentration of
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HDI -associated apoM was recently shown to be a physio-
logical carrier of sphingosine-1-phosphate (S1P) (1). S1P
affects vascular integrity, and the S1P-dependent effects of
HDL are dependent on apoM. Moreover, several studies have
suggested that apoM can accelerate efflux of cholesterol
from foam cells, delay oxidation of LDL, and increase pro-
duction of pre3-HDL, suggesting that apoM affects anti-
atherogenic functions of HDL (2—4). However, little is known
about the plasma metabolism of apoM. ApoM is anchored in
HDL via a retained hydrophobic signal peptide (5). Loss of
the signal peptide abolishes apoM’s binding to HDL, causing
rapid clearance of the truncated apoM in the kidney. Even
though >90% of plasma apoM resides in HDL plasma, apoM
concentration has consistently been shown to be positively
correlated with plasma LDL cholesterol in humans (6-8).
Moreover HDL-associated plasma apoM is increased 2-fold
in Ldl/" mice lacking functional LDL receptors (9). These
observations might reflect that plasma apoM is controlled by
the rate of LDL receptor-mediated clearance of apoB-
containing particles.

LDL receptor binding and internalization of LDL rep-
resent a major pathway controlling plasma LDL levels
(10, 11), and the ligand binding domain of the LDL re-
ceptor, as well as the LDL receptor binding domain in
apoB, have been extensively characterized (12, 13). The
clinical diagnosis of familial hypercholesterolemia (FH)
and impaired clearance of LDL can be caused by muta-
tions in the LDLR and APOB genes (14). Genetic studies
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have identified multiple mutations in the LDL receptor
causing FH, whereas the most important cause of FH re-
lated to the apoB gene is the R3500Q) mutation resulting
in impaired binding of apoB to the LDL receptor (15-17).
The most frequent LDL receptor mutations in Danish FH
patients are the W23X, W66G, and W556S mutations (18),
accounting for approximately 45% of mutations in the LDL
receptor.

In the present study, we have tested the hypothesis that
the LDL receptor-mediated clearance of apoB-containing
particles influences plasma apoM levels. Hence, we have
examined A) whether carriers of mutations in the LDL re-
ceptor gene or apoB gene have increased plasma apoM
levels, B) whether the clearance of apoM-containing HDL
is delayed in mice lacking the LDL receptor, and C) whether
plasma apoM concentrations correlate with in vivo LDL
receptor-mediated clearance of apoB-containing particles
estimated as the fractional catabolic rate of LDL in normo-
cholesterolemic individuals.

METHODS

Subjects

Individuals with mutations in the LDLR [W23X (n = 2), W66G
(n =6), and W556S (n =1)] or in APOB (R3500Q, n = 12) were
identified by genotyping (16, 19) individuals from the prospec-
tive Copenhagen City Heart Study comprising individuals ran-
domly selected on the basis of the Danish Central Population
Register to reflect the adult general population (20, 21).

Controls (n = 42) matched on age and gender were collected
from the general population, and did not have mutations in the
LDLR or APOB. Two wild-type individuals were matched to each
mutation carrier. At time of examination (1991-1994), plasma lip-
ids, apoB, and apoA-I concentrations were measured as described
previously (22). Samples were stored at —80°C. Plasma apoM was
measured by ELISA (7). The study was approved by institutional
review boards and a Danish ethical committee (no.KF-100.2039/91),
and conducted according to the Declaration of Helsinki.

Random leftover aliquots of plasma with elevated LDL-
cholesterol or elevated triglycerides that had been taken for
diagnostic purposes at the Department of Clinical Biochemistry, Rig-
shospitalet were collected without knowledge of patient identity.

LDL turnover study in humans

Individuals (n = 45) were selected from The Copenhagen City
Heart Study and reexamined between 2002 and 2005 (23-25).
LDL (density 1.019-1.050 g/ml to exclude lipoprotein [a]) was
isolated from each individual and labeled as previously described
with either 18.5 MBq 1 or P11 per 5 mg LDL protein before
reinjection into the same individuals (26). Blood samples were
taken at 1, 2, 4, 6, and 8 h and daily for the ensuing 8 days (23).
Radioactivity was measured in total plasma after precipitation
with trichloracetic acid (26). Fractional catabolic rate (pools per
day) of LDL after injection was calculated as described (24, 27).
Individuals with mutations in the LDLR gene (W23X, W66G,
Wb556S) and APOB gene (R3500Q, R3531C, E4154K) affecting
the fractional catabolic rate of LDL were excluded (25). Ten
individuals with APOB mutations [R3611Q (n =4), T2488T (n=5),
P2712L (n = 1)] with no known effects on the fractional catabolic
rate of LDL were included (25). Samples taken prior to injection
of labeled LDL (2002-2005) were stored at —80°C and used for
measurement of apoM (7).

Distribution of apoM between lipoproteins

Two individuals heterozygous for a mutation (N1800OH and
R2144X) in the ABCAI gene were identified (21). Aliquots (250 pl)
of plasma from the two carriers, a plasma pool from 5 indi-
viduals with elevated plasma triglycerides (2.4-4.6 mM and LDL
<2.5 mM), a plasma pool from 9 individuals with elevated plasma
LDL (3.8-4.4 mM and triglyceride <1.4 mM), or a plasma pool
from 10 individuals with normal plasma triglyceride (1.2 mM) and
LDL (2.5 mM) were subjected to fast-protein liquid chromatog-
raphy (FPLC) analyses on a Superose 6 column (3). The concen-
tration of cholesterol and triglyceride in each fraction was
measured, and fractions containing VLDL, LDL, or HDL were
pooled. Fifteen microliters of the pools were loaded on a 12% SDS-
PAGE gel prior to Western blotting with a monoclonal mouse anti-
human apoM antibody (EPR2904, GeneTex; Labinova, Denmark)
or a polyclonal rabbit anti-human apoA-I antibody (Q492; Dako,
Denmark).

Mice

Human apoM transgenic (ApoM—TgH) and Ldlr’~ mice were
housed at the Panum Institute (University of Copenhagen, Den-
mark) in a temperature-controlled facility with a 12-h dark/light
cycle and fed standard chow. ApoM—TgH mice were backcrossed
more than seven times on a C57B6/j background (9).

Blood samples were drawn from the venous plexus in the orbital
cavity into Nay,ETDA tubes and kept on ice. Plasma was isolated
by centrifugation at 3,000 rpm for 10 min at 4°C and was used the
same day for injection into recipient mice or stored at —80°C for
human apoM analysis.

Liver biopsies were collected from Wi, Ldlr’~, and Apoe /"~
mice housed in Leuven, Belgium (28). Biopsies were stored at
—80°C until extraction of RNA. Mouse apoM mRNA was mea-
sured with real-time RT-PCR (2). All procedures were approved
by the Animal Experiments Inspectorate, Ministry of Justice,
Denmark, and the Institutional Animal Care and Research Advisory
Committee of the KU Leuven.

Metabolism of apoM-containing HDL in mice

To compare clearance of apoM-containing HDL in Wt and
Ldlr™’" mice, plasma from nine ApoM—TgH mice was pooled and
injected (110 pl/mouse) intravenously into Wt (n = 6) or Ldlr ™
mice (n = 6). Blood samples were taken 5, 30, 60, and 120 min
after injection, and human apoM in plasma was measured by
ELISA (using two monoclonal antibodies against human apoM)
which has no cross-reactivity with mouse apoM (7). Plasma taken
after 120 min was pooled and used for FPLC analyses on a Su-
perose 6 column. Human apoM in FPLC fractions was measured
with ELISA (7). Additional data from this study have been pub-
lished previously (9).

Statistics

Medians were compared between groups by a Kruskal-Wallis
ANOVA, with the Mann-Whitey U test as a posthoc test. Associa-
tion between compounds was analyzed using the Spearman rank-
based correlation. Comparisons at different time points in mice
studies were done by Student’s #test.

RESULTS

Plasma apoM is increased in carriers with mutations in
the APOB or LDLR genes

Carriers of mutations in APOB [R3500Q (n = 12)] or
LDLR [W23X (n =2), W66G (n = 6), and W556S (n=1)]
were identified by genetic screening of ~9,257 Danish
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TABLE 1.

Characteristics of individuals with functional mutations in APOB (R3500Q) or LDLR

(W23X, W66G, W5568S)

APOB (R3500Q) LDLR (W23X, W66G, W556S) Non-carrier Controls P
Number 12 9 42
Age (year) 53.5 (42-60.5) 5% (44-61) 5% (44-61) NS
Gender (female/male) 4/8 6/3 20/22
P-cholesterol (mM) 6.8 (6.3-8.9)" 8.05 (6.85-8.95)" 5.8 (5.1-7.1) 0.004
P-LDL (mM) 4.71 (8.8-6.5)" 5.82 (4.85-6.99)" 3.52 (2.97-4.51) 0.0006
P-HDL (mM) 1.1 (0.8-1.4)° 1.38 (1.25-1.6) 1.4 (1.3-1.75) 0.047
P-triglyceride (mM) 1.79 (0.98-2.76) 1.08 (0.83-1.53) 1.41 (1.03-2.45) NS
P-apoB (mg/dl) 111 (98-188.5)° 119 (103-142)° 83.5 (70-96.5) P<0.0001
P-apoA-I (mg/dl) 117 (105-147) 120 (107.5-171.5) 137.5 (119.5-152.5) NS

Individuals with functional mutations in APOB (R3500Q) or LDLR (W23X, W66G, W556S) were each matched with two controls on age and
gender. Values are medians and interquartile range. Median values between groups are compared with a Kruskal-Wallis variance test, followed by

Mann-Whitey U test as a posthoc test. P, plasma.
“P< 0.05 compared with the control group.
’P<0.005 compared with the control group.
‘P< 0.0005 compared with the control group.

individuals from the general population (16, 19). As com-
pared with age- and gender-matched controls, the plasma
total and LDL cholesterol and apoB concentrations were
increased in both groups of carriers (Table 1). APOB
R3500Q carriers also had significantly reduced plasma
HDL cholesterol levels (Table 1). The plasma apoM con-
centration was increased in both carriers of mutations
in the LDLR [1.14 (interquartile range: 1.04-1.82) uM,
P=0.003] and APOBR3500Q mutation [1.35 (interquartile
range: 0.92-1.42) uM, P=0.02] as compared with noncar-
riers [0.92 (interquartile range: 0.76-1.04) pM] (Fig. 1).
This result suggests that delayed clearance of plasma LDL
due to mutations in either LDLR or APOB causes increased
plasma apoM.

Clearance of apoM-containing HDL in Ldlr/~ mice

Principally, the previously observed ~2-fold increased
plasma apoM in Ldl '~ mice (9) could reflect decreased
clearance or increased production of apoM. To assess
whether the clearance of HDL-associated apoM is affected
by the LDL receptor, we injected plasma from human
apoM-transgenic mice [where the human apoM is associ-
ated with HDL (2)] into Ldlr /~ or Wt mice and measured
human plasma apoM with a human apoM-specific ELISA.
The clearance of human apoM was markedly slower in
Ldly”’" than in Wi mice (Fig. 2A), suggesting that the LDL
receptor-mediated clearance of apoB-containing particles
affects the plasma clearance of apoM.

On gel filtration analyses, the Ldlr”’” mice had increased
LDL and VLDL cholesterol as compared with the Wi mice.
At 120 min after injection of HDL-associated human
apoM, the human apoM was also present in the VLDL/
LDL fractions of the Ldl "/~ mice, but remained associated
with HDL in W¢mice (Fig. 2B, C).

The apoM mRNA expression in the liver was similar in
Ldlf/f, Apoef/f, and Wi mice (Fig. 2D).

LDL fractional catabolic rate and plasma apoM
in humans

To further assess whether the clearance of apoB-containing
particles affects plasma apoM levels in humans, we mea-
sured plasma apoM in 45 normocholesterolemic individuals
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without cholesterol-raising mutations in the LDLR or
APOB genes (Table 2), where the efficiency of the
clearance of apoB-containing particles was estimated as
the fractional catabolic rate of LDL (23, 24, 27). Linear
regression analysis showed a significant inverse relation-
ship (r= —0.38, P = 0.009, n = 45) between the plasma
apoM concentration and the fraction catabolic rate of
LDL (Fig. 3A), even when analyzing carriers (r = —0.80,
P =0.007, n = 10) and noncarriers (r = —0.32, P = 0.02,
n = 35) separately. This result further supports the notion that
the LDL receptor-mediated clearance of apoB-containing
particles can contribute to inter-individual variations in
plasma apoM. There was a significant inverse relationship
between the fractional catabolic rate and LDL cholesterol
(r=—0.41, P=0.005, n = 45, Fig. 3B).

Distribution of apoM between lipoproteins in humans
with low HDL, high LDL, or high triglyceride

To study the effect of low HDL cholesterol, elevated
LDL cholesterol, or elevated triglycerides on the distribu-
tion of apoM between the plasma lipoprotein fractions, we
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Fig. 2. Plasma clearance of human apoM in mice. A: Plasma from ApoM—TgH mice containing human apoM
in HDL (110 pl) was injected into Ldlh™’™ mice (n=6) or Wtmice (n = 6). Plasma samples were taken after
5, 30, 60, and 120 min for quantification of human apoM. Filled circles represent Ly~ mice; open circles
represent Wt mice. Bars indicate SEM values at each time point. ¥ P< 0.005 on Student’s #test. Plasma from
Wi (B) and Ldl’~ (C) mice 120 min after injection of human apoM-containing HDL was pooled and sub-
jected to gel filtration. The content of cholesterol (open circles) and human apoM (closed circles) was
measured in each fraction. D: Mouse apoM mRNA expression in liver tissue from Wi (n = 6), Ldi’"~ (n=5),

and Apoe "~ (n = 6) mice. Bars represent mean = SEM.

examined gel filtration profiles of plasma from two heterozy-
gous carriers of mutations in the ABCAI gene with low
HDL cholesterol (~0.7 mM in both carriers) (21), pooled
plasma with elevated LDL cholesterol, and pooled plasma
with elevated triglycerides.

ApoM was mainly present in apoA-I-containing HDL in
normal individuals, whereas a significant fraction of the
apoM was found in the LDL fraction in plasma with low
HDL (Fig. 4A, B). Plasma with elevated LDL cholesterol
also displayed apoM in the LDL fraction, whereas plasma
with increased triglycerides displayed apoM in both the
LDL and VLDL fractions (Fig. 4C, D, E). Hence, in human
plasma, apoM is distributed between lipoprotein classes in
proportion to their relative concentrations.

DISCUSSION

This study provides three independent sets of data sug-
gesting that impairment of the LDL receptor-mediated
clearance of apoB-containing lipoproteins increases plasma
concentration of apoM due to delayed clearance. As such, the
data provide a likely explanation for the positive association

between plasma LDL cholesterol and plasma apoM in hu-
mans. Furthermore, the results are compatible with recent
findings that use of statins lowers plasma apoM (29) and
that plasma apoM concentrations are positively associated
with plasma levels of the LDL receptor-degrading protease
proprotein convertase subtilisin/kexin type 9 (30) in
humans. Hence, the available data suggest a so-farrunknown
link between LDL receptor-mediated clearance of apoB-
containing lipoproteins and the metabolism of a mainly
HDL-associated apolipoprotein.

TABLE 2. Characteristics of individuals prior to LDL turnover study
Individuals
Number 45
Gender (female/male) 17/28
P-cholesterol (mM) 5.5 (4.7-6.4)
P-LDL (mM) 3.4 (2.7-4.1)
P-HDL (mM) 1.5 (1.3-1.9)
P-triglyceride (mM) 0.94 (0.73-1.50)
P-apoB (mg/dl) 111.5 (83.0-124.5)
P-apoE (mg/dl) 33.4 (28.0-42.3)
P-apoM (pM) 0.93 (0.82-0.99)
Values are medians and interquartile range.
LDL clearance affects plasma apoM 2201
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Why is the clearance of HDL-associated apoM delayed
when the LDL receptor-mediated clearance of apoB-
containing lipoproteins is impaired? Theoretically, apoM
itself or other HDL apolipoproteins (e.g., apoE) could be
internalized by the LDL receptor. Even though apoM is a
ligand for another member of the LDL receptor family
(i.e., megalin), it does not bind LDL receptor-related protein
1 in surface plasmon resonance studies, and the apoM struc-
ture does not contain an LDL receptor binding domain,
arguing against a direct binding of apoM to the LDL re-
ceptor (31, 32). ApoM-containing HDL can indeed con-
tain apoE (2, 3), which is a known ligand for the LDL re-
ceptor. ApoE-deficient mice, however, do not have elevated
plasma apoM, arguing against a major role of apoE in the
clearance of plasma apoM (9). Further strong argumenta-
tion against the possibility that apoM-containing HDL is
cleared by the LDL receptor pathway via direct binding of
apoM or other HDL apolipoproteins comes from the pres-
ent observation that carriers of the APOBR3500Q) mutation
have increased plasma apoM, even though these carriers
are most likely to have intact and functional LDL receptors.

Another possible explanation for the present observations
and the positive association between plasma LDL and
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apoM could be that apoM clearance is delayed by hyperc-
holesterolemia irrespective of the underlying cause. How-
ever, despite marked hypercholesterolemia, apoE-deficient
mice have normal plasma apoM and plasma apoM cor-
related with the fractional catabolic rate of LDL even in
normocholesterolemic individuals, arguing against this
proposition (9).

Instead, we suggest a model in which apoM rapidly ex-
changes between HDL and VLDL/LDL particles and is
mainly cleared together with the apoB-containing lipo-
proteins. In support of such a model, we have observed an
extremely rapid exchange of apoM between HDL and
VLDL/LDL particles in vivo (9). Here we show the presence
of human apoM in the VLDL/LDL-sized lipoproteins of
Ldl™'" mice at 120 min after injection of apoM-containing
HDL. Hence, the distribution of apoM between lipopro-
tein classes in humans may to a large extent simply reflect
the much higher molar plasma concentration of HDL
particles (~20 pM) than of LDL particles (~1 pM). Ac-
cordingly, apoM, which normally is mainly associated with
HDL (>90%) in human plasma, was present in LDL-sized
lipoproteins in two individuals with low HDL cholesterol
due to heterozygosity for mutations in the ABCAI gene.
Also, apoM was present in LDL and VLDL/LDL in plasma
with elevated LDL-cholesterol and VLDL/LDL triglycer-
ides, respectively. These results agree with data from
Karuna et al. (33), who saw that apoM preferentially was
bound in plasma LDL in individuals with low HDL due to
LCAT deficiency, and a negative correlation between the
HDL cholesterol concentration and the apoM content of
apoB-containing lipoproteins. Moreover, in humans,
a fatty meal causes a shift of apoM into triglyceride-rich
(d<1.006 g/ml) lipoproteins without affecting total apoM
levels (34).

The apparent ability of apoM to exchange between
plasma lipoprotein classes suggests that the VLDL/LDL
pool of apoM will quickly be replenished from the HDL
pool of apoM upon clearance of an apoM molecule to-
gether with the apoB-containing particle. This indicates
that delayed clearance of LDL, irrespective of whether it
is due to dysfunctional LDL receptors or apoB, will delay
the clearance of apoM and hence is compatible with the
observed increase of plasma apoM in carriers of both the
APOBR3500Q and LDLR mutations. Moreover, the model
is compatible with another observation, i.e., that human
apoB-transgenic mice have ~50% decreased plasma apoM
(9). Hence, in the apoB-transgenic model, the LDL/HDL
ratio is increased, which, according to the proposed
model, would favor the presence of apoM in the LDL
fraction. Because the turnover rate of LDL is higher than
that of HDL in mice (35), this could lead to the observed
reduction of plasma apoM levels in apoB-transgenic mice.

Plasma apoM is decreased in patients with metabolic
syndrome (36), who often display reduced HDL and in-
creased VLDL/IDL. However, at this stage, it is unknown
whether the metabolic syndrome impairs apoM produc-
tion in the liver or increases clearance of HDL-associated
apoM by pathways other than the LDL receptor. This un-
derscores that more data, e.g., from metabolic turnover
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studies with stable isotopes, are needed to fully understand
how apoM is metabolized in humans, and that extrapola-
tions from animals and extreme patient samples should be
interpreted with caution.

ApoM has anti-atherogenic properties, such as acceler-
ating pre-B-HDL formation, stimulating efflux of choles-
terol from foam cells, delaying oxidation of LDL, and
carrying S1P in HDL (1-3, 8). Accordingly, increased
apoM protects against atherosclerosis in transgenic mice
(2, 4). Nevertheless, in two human case-control studies,
plasma apoM was not associated with cardiovascular risk
(6). The presently suggested link between high plasma
apoM and slow turnover of plasma LDL provides a possible

explanation for these apparently contradictory findings. In-
creased residence time of LDL increases the propensity of
LDL modification (e.g., by oxidation, carbamylation, or
glycosylation), thereby probably increasing the atheroge-
nicity of the plasma LDL particles (37). A high plasma
apoM concentration could thus be associated with a more-
atherogenic population of LDL particles, which might
counteract the otherwise-beneficial effects of apoM with
respect to development of atherosclerosis. Bl
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