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An ELISA for apolipoprotein M reveals a strong correlation
to total cholesterol in human plasma
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Malmo, SE-20502 Malmo, Sweden

Abstract Apolipoprotein M (apoM) is a 188 amino acid,
25 kDa protein belonging to the lipocalin protein super-
family. Although predominantly associated with high density
lipoprotein, apoM is found in all major lipoprotein classes.
To facilitate clinical studies of apoM, we have developed
a sandwich ELISA for the measurement of apoM in hu-
man plasma. This method has been used to investigate nor-
mal apoM variation and to establish reference values for
healthy individuals through the measurement of 598 sam-
ples from the Nordic Reference Interval Project Bio-bank
and Database (NOBIDA) biobank. For women 18-49 years
old, the reference interval for apoM was 0.58-1.18 pumol/1,
whereas for women 50+ years and for men, the reference
range was 0.61-1.30 pumol/l. Correlation studies of apoM
with 26 common clinical chemical analytes from the
NOBIDA database revealed a marked positive correlation
with plasma total cholesterol (r = 0.52) and LDL and HDL
cholesterol (r = 0.43 and 0.36, respectively). There was no
statistically significant correlation with HDL/total choles-
terol ratio or body mass index.Hll In conclusion, a sandwich
ELISA for the measurement of apoM in human plasma
shows that apoM concentration is strongly correlated to total
cholesterol in healthy individuals.—Axler, O., J. Ahnstrém,
and B. Dahlbéick. An ELISA for apolipoprotein M reveals a
strong correlation to total cholesterol in human plasma.
J- Lipid Res. 2007. 48: 1772-1780.
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In blood, cholesterol and triglycerides are transported
in the form of lipoproteins. Lipoproteins have a hydro-
phobic core of triglyceride and esterified cholesterol
surrounded by cholesterol, phospholipid, and apolipo-
proteins (1, 2). The apolipoproteins provide structural
stability and functional specificity to the lipoprotein par-
ticle (3). They bind to specific cellular receptors, regulate
lipolytic enzymes, and take part in the process of inter-
particle exchange and transfer. By tradition, lipoproteins
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are classified according to density as high, low, interme-
diate, and very low density lipoproteins and chylomicrons.

Apolipoprotein M (apoM) was first described in 1999
(4). The protein is composed of 188 amino acids, with an
apparent size of 25 kDa. It belongs to the lipocalin protein
superfamily (5, 6). The signal peptide remains uncleaved
in the circulating protein, a feature that to our knowledge
only has been described for two other plasma proteins,
paraoxonase 1 and haptoglobin-related protein, both of
which are lipoprotein-associated (7, 8). Although apoM
was originally found in chylomicrons and is found in all
major lipoprotein classes, the majority of apoM is found in
HDL in normal human and mouse plasma (4).

The biological role of the protein is not fully under-
stood. An important role for apoM was relatively recently
described in pref3 HDL formation, as small inhibitory RNA
silencing of apoM expression resulted in the accumulation
of cholesterol in large HDL particles, whereas the conver-
sion of HDL to pref HDL was impaired (9). In the same
study, overexpression of apoM in LDL receptor knockout
mice protected against atherosclerosis when the mice were
challenged with a cholesterol-enriched diet (9).

ApoM-containing particles from human plasma were
recently isolated and described (10). ApoM was associated
with plasma lipoproteins that are heterogeneous in size
and charge as well as in protein and lipid composition.
Compared with apoM-free HDL, human apoM-containing
HDL particles had an enhanced ability to reduce LDL
oxidation and promote cholesterol efflux. The actual bio-
logical implications of these findings are uncertain, how-
ever, as apoM-containing HDL represents only a small
fraction of total HDL in plasma (10).

Quantification of apoM has hitherto been done by
semiquantitative Western blot or dot blot-based methods
in mouse and human plasma. Significantly reduced
plasma apoM levels have been described in mice lacking
apoA-I (11), which had a mean plasma level of 33% of
normal concentration. Reduced plasma levels of apoM
have also been described in leptin- and leptin receptor-
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deficient mice (12). Most dramatically, mice homozygous
for mutations in the transcription factor hepatic nuclear
factor (HNF)-la had undetectable levels of apoM (13),
showing that HNF-la is required for apoM expression
in vivo. Mutations in HNF-1a, in heterozygous form, are
responsible for the development of maturity-onset diabe-
tes of the young (MODY) type 3 in humans, and reduced
plasma apoM levels were found in MODY 3 patients (13).

To confirm these findings and expand apoM research in
the direction of clinical studies, a specific, quantitative
method for the measurement of apoM in humans is
desirable. Here, we present a sandwich ELISA method for
the quantification of apoM in human plasma. We also
present reference values for healthy individuals, based on
measurements from 598 samples from the Nordic Refer-
ence Interval Project Bio-bank and Database (NOBIDA)
biobank, together with results from studies of correlation
between plasma apoM concentration and 26 common
clinical chemical analytes.

METHODS

Expression and purification of recombinant apoM

Human truncated apoM (amino acids 22-188; i.e., without
the signal peptide), originally amplified from a human liver 5-
stretch plus cDNA library (Clontech), was cloned into pET-
30Xa/LIC vector (Novagen) containing N-terminal His and
S tags. Escherichia coli strain BL21/DE3 (Stratagene) bearing the
plasmid was cultured at 37°C in Luria-Bertani medium contain-
ing 100 pg/ml ampicillin until absorbance measured at 600 nm
was 0.8. Protein expression was induced by the addition of
isopropyl-B-p-thiogalactopyranoside to a final concentration of
1 mM. The culture was centrifuged at 2,700 g for 20 min at 4°C,
and the supernatant was discarded. The pellet was resuspended
twice in 200 ml of ice-cold 20 mM Tris-HCI, pH 8.0, and 0.15 M
NaCl and recentrifuged at 2,700 g The pellet was then
resuspended in 40 ml of 20 mM Tris, pH 8.0, and 0.15 M NaCl.
Lysozyme and benzamidine were added to final concentrations
of 100 pg/ml and 500 pwM, respectively, and samples were
incubated at 30°C for 15 min. The solution was then sonicated in
intermittent 5 s bursts for 30 min until it was clear and non-
viscous. The solution was centrifuged at 2,700 gfor 15 min at4°C,
and the supernatant was discarded. The pellet was washed twice
in 200 ml of ice-cold 20 mM Tris-HCI, pH 8.0, and 0.15 M NaCl
with centrifugation at 2,700 g The supernatant was discarded,
and the pellet was dissolved in 20 mM Tris-HCI, pH 8.0, 0.15 M
NaCl, 6 M guanidine-HCI, and 10 mM reduced glutathione and
subjected to gentle shaking at room temperature overnight.

The solution was centrifuged at 15,500 g for 90 min at 20°C,
and the supernatant was loaded onto a 40 ml nickel-nitrilotri-
acetic acid agarose superflow column (Qiagen) equilibrated in
the same buffer. The column was washed until absorbance, mea-
sured at 280 nm, returned to baseline. Bound protein was eluted
by a 0-500 mM linear gradient of imidazole in the same buffer.
The main protein-containing fractions were pooled and refolded
through sequential dialysis. The initial refolding buffer con-
tained 20 mM Tris-HCI, pH 8.0, 0.15 M NaCl, 4 mM reduced
glutathione, 0.4 mM oxidized glutathione, 10% glycerol, and 6 M
guanidine-HCl. The second and third refolding buffers had
identical composition apart from containing 3 M and 0 M
guanidine-HCI, respectively. Iodacetamide was then added to a
final concentration of 100 mM, and the protein was dialyzed

extensively against 20 mM Tris-HCI, pH 8.0. To remove polymeric
protein, refolded protein was purified by ion-exchange chroma-
tography. The protein was loaded onto a 10 ml Q-Sepharose Fast
Flow column (Pharmacia) equilibrated with 20 mM Tris-HCI,
pH 8.0, and the protein was eluted by a 0-500 mM linear gradient
of NaCl and analyzed by 12% SDS-PAGE followed by silver
staining. Monomeric apoM eluted in early fractions, which were
pooled and dialyzed against 20 mM Tris-HCI, pH 8.0, and 0.15 M
NaCl and stored at —20°C.

Recombinant apoM used in the Biacore analysis (see below)
lacked His and S tags and was produced as described (6).

Monoclonal antibodies

BALB/c mice were injected intracutaneously with 10 pg of
purified recombinant apoM (see above) together with complete
Freund’s adjuvant and 0.15 M NaCl. This was followed by booster
injections with incomplete Freund’s adjuvant after 1 and 3 weeks.
The mice were bled and serum was tested for immunoreactiv-
ity against recombinant apoM by ELISA. The mouse with the
strongest anti-apoM response was injected intraperitoneally for
4 consecutive days with 200 pug of purified recombinant apoM.
On the 5th day, the mice were euthanized, and splenocytes were
extracted and fused with SP2/2AG14 myeloma cells using stan-
dard techniques (14). The fused cells were seeded with feeder
cells onto 96-well microtiter plates containing Dulbecco’s modi-
fied Eagle’s medium supplemented with hypoxanthine, ami-
nopterin, and thymidine. The hybridoma supernatants were
screened by ELISA, and cells producing antibodies reacting with
recombinant apoM were subcloned twice by the limiting dilution
method on 96-well plates and subsequently cultured in a
Tecnomouse (Integra Biosciences) hollow fiber chamber. Con-
ditioned media were collected and stored at —20°C until used.

Purification and biotinylation of antibodies

A Protein G-coupled 5 ml HiTrap column (Amersham) was
equilibrated in 20 mM Na-phosphate buffer, pH 7.0, and antibody-
containing medium was applied at a flow rate of 1 ml/min. The
column was washed with 20 mM Na-phosphate buffer, pH 7.0,
until baseline returned to zero. Antibodies were eluted with 0.1 M
glycine-HCI, pH 2.7, and collected in 1 ml fractions in tubes con-
taining 50 wl of Tris-HCI, pH 9.0. Protein-containing fractions
were pooled, and the preparation was dialyzed extensively against
0.1 M borate buffer, pH 8.0. N-(+)-Biotinyl-6-aminocaproic acid
N-succinimidyl ester (Fluka) was dissolved in 100 pl of dimethyl
sulfoxide (Duchefa) and added in a 100:1 molar ratio to protein.
After incubation overnight at 4°C, glycine was added to a final
concentration of 50 mM. The preparation was dialyzed overnight
against TBS, pH 7.5, and stored at —20°C until used.

SDS-PAGE and Western blot

SDS-PAGE and Western blot analysis were performed accord-
ing to a procedure described previously (11). In the experiments
using monoclonal antibodies, a slightly modified protocol was
used. Biotinylated antibody (see above) was added at a concen-
tration of 0.1 pg/ml. After wash, the membranes were incubated
with alkaline phosphate-conjugated StreptABComplex (Dako)
prepared according to the manufacturer’s instructions. After
another round of washes, the membranes were developed with
5-bromo-4-chloro-3-indolylphosphate-f-toluidine salt and p-nitro-
blue tetrazolium (Sigma-Aldrich).

Surface plasmon resonance analysis

Binding of recombinant apoM (lacking His and S tags) to
immobilized monoclonal antibodies M23, M42, and M58 was
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studied with surface plasmon resonance analysis in a Biacore
2000 instrument (Biacore). Immobilization of the antibodies to a
sensor chip through amine coupling was performed with 10 mM
HEPES, 0.15 M NaCl, and 0.005% Tween 20, pH 7.4, as flow
buffer. Immobilization levels of 1,500 and 3,000 resonance units
were tested and gave identical results. The sensor chip CMb5 and
amine coupling kit containing N-hydroxysuccinimide, N-ethyl-N "~
(3-[diethylamino]propyl) carboxydiimide and ethanolamine hydro-
chloride were purchased from Pharmacia Biosensor AB.

Binding of apoM to monoclonal antibodies M23, M42, and
M58 was performed using 10 mM HEPES, 0.15 M NaCl, and
0.005% Tween 20, pH 7.4, as flow buffer. A total of 250 wl of
apoM was injected at concentrations of 3.2-25.8 nM, with a flow
rate of 30 pl/min. The dissociation into pure buffer was followed
for 800 s. The remaining bound apoM was removed by washing
two times with 10 pl of 0.1 M HCI and 2 M NaCl. The binding
kinetics were analyzed using BIAevaluation software, version 4.1
(Biacore). The association and dissociation rate constants were
fitted separately using global settings for parameters.

Purification of plasma apoM

Purification of apoM-containing particles from human plasma
was performed as described previously (10). Particles were then
reloaded onto a 5 ml HiTrap N-hydroxysuccinimide-activated
column (Amersham Biosciences AB) to which monoclonal anti-
bodies against apoM (M23) were coupled at 10 mg/ml according
to the manufacturer’s instructions. The column was washed with
25 ml of TBS (50 mM Tris-HCI and 150 mM NaCl, pH 7.4)
followed by 25 ml of 50 mM Tris-HCI, 0.5 M NaCl, pH 7.4, and
10 ml of TBS. The particles were then dissolved on-column by
washing with 5 ml of TBS containing 100 mM octyl glucoside
(OG; N-octyl-B-np-glucopyranoside) (Calbiochem, EMD Bio-
sciences) followed by 5 ml of TBS containing 50 mM OG and
finally 5 ml of TBS containing 10 mM OG. ApoM was eluted with
0.1 M glycine, pH 2.2, containing 10 mM OG, and 1 ml fractions
were collected in tubes containing 50 pl of 1 M Tris (pH 9.0).
Purity was assessed by SDS-PAGE followed by silver staining,
which showed no band other than those expected for apoM. The
amino acid composition was determined and the molar concen-
tration of apoM calculated after acid hydrolysis (6 M HCI, 24 h,
110°Cin vacuum) using an amino acid analyzer (Beckman 6300).

ELISA procedure

Costar 3590 96-well plates (Corning) were coated with 100 pl
of monoclonal M58 at a concentration of 10 wg/ml in carbonate
buffer, pH 9.6. The plates were quenched with 200 pl of 2% BSA
(Sigma-Aldrich) in TBS overnight at 4°C. Samples, together
with a plasma standard curve, were diluted in TBS with 1% Triton
X-100 (Sigma-Aldrich) and 1% BSA, and 100 wl was added to
each well. After incubation overnight at room temperature,
plates were washed in washing buffer (TBS with 0.1% Triton
X-100), after which 100 pl of biotinylated M42, diluted to a final
concentration of 0.5 pg/ml in TBS with 0.1% Triton X-100 and
1% BSA, was added and plates were incubated for 2 h at room
temperature followed by wash. Streptavidin-avidin complex with
horseradish peroxidase (Dako) was prepared according to the
manufacturer’s instructions, diluted in TBS with 0.1% Triton
X-100 and 1% BSA, and 100 pl was added. After wash, peroxide
and o-phenylenediamine dihydrochloride (Dako) was prepared,
and 100 pl was added according to the manufacturer’s instruc-
tions. After 9 min, the reaction was terminated and absorbance at
490 nm was read by plate reader (EL808; BioTek Instruments)
with Deltasoft 3 software.

The final standard dilution of the plasma samples in the assay
was 1:3,249. A standard curve was prepared from a Li-heparin
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plasma pool stored at —80°C from 16 healthy individuals. The
range was from 1:9,177 (35% of standard concentration) to
1:1,197 (271%). Because of the sigmoidal shape of the standard
plasma curve, this was fitted by applying least-squares principles
to a five-parameter sigmoidal model (equation 1) in which x rep-
resents apoM concentration and y represents measured absor-
bance at 490 nm:

a—d
x:7b+d+e

Q)

Calculated apoM concentration was expressed as pmol/l based
on the concentration of the plasma pool (0.94 wmol/1).

(Eq. 1)

Recovery

ApoM purified from human plasma (see above) in TBS with
10 mM OG was added to plasma samples diluted 1:10 in TBS
from six individuals, and apoM was quantified by ELISA. Re-
covery was calculated as the difference between spiked and
unspiked plasma samples, expressed as a percentage of the mea-
sured level of purified apoM.

Preparation of apoM-depleted human plasma

Human pooled Li-heparin plasma from 16 healthy individuals
was diluted 1:10 in TBS with or without 1% Triton X-100 to a
total volume of 1 or 1.5 ml and applied to a 1 ml HiTrap N
hydroxysuccinimide-activated column (Amersham Biosciences)
to which monoclonal antibodies against apoM (M23, M42, or
Mb58) had been coupled at 10 mg/ml according to the manu-
facturer’s instructions. Flow-through was collected in 300 pl frac-
tions, and absorbance at 280 nm was measured. The top fractions
were analyzed for apoM with ELISA and Western blot using poly-
clonal antiserum. Additional dilution of the plasma during the de-
pletion, according to the absorbance at 280 nm, was corrected for.

Determination of molar apoM concentration

Two fractions of purified plasma apoM for which the molar
concentration of apoM had been calculated were used to de-
termine the molar concentration of the standard plasma pool.
The fractions were quantified by ELISA against the standard
plasma pool using the standard procedure. Each fraction was
analyzed at least twice in independent runs, and the molar apoM
concentration of the plasma pool was calculated.

NOBIDA plasma samples

Plasma samples were from the NOBIDA biobank, a resource
established as part of the Nordic Reference Interval Project
(NORIP) administered by Dansk Institut for Ekstern Kvalitetsikring
for laboratorier i Sundhetssektoren, Herlev Hospital, in Denmark
(15, 16). In this project, blood samples from 3,035 individuals were
collected at 103 clinical laboratories in the five Nordic countries.
To participate in the study, subjects had to be subjectively healthy
and older than 18 years of age. The exclusion criteria were as fol-
lows: hospitalization in the month before sampling, having had
more than two glasses of wine or two bottles of strong beer within
the last 24 h, having smoked less than 1 h before sampling, having
donated blood in the last 5 months, being pregnant or breast-
feeding a child, and having taken prescription medication in the
last 2 weeks (contraceptives and estrogens excluded). In conjunc-
tion with blood sampling, subjects also gave information on age,
sex, smoking habits, medication, physical activity, etc. In the NORIP
project, a number of clinical chemical analytes had been measured
by the participating laboratories, with results recalculated after
harmonization with reference samples (17).
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The samples for this study were chosen on the basis of ran-
domization within country, within age group (18-29, 30-39, 40—
49, 50-59, 60-69, and 70+ years), and within sex to achieve an
even distribution for these three parameters. Icelandic samples
were few (n = 39), and all were included in the study. For several
individuals, analytes had been measured for serum as well as
plasma. As the majority of individuals (91%) had been analyzed
using thawed serum, this was preferred when there were several
entries in the database; thereafter, fresh serum and thawed
plasma were used in that order of priority.

Mathematical analysis

All mathematical analyses were performed in Microsoft Excel
for Mac, version 10.0.0, except for Spearman’s rank-based cor-
relation and multiple regression analyses, which were performed
using Wessa Statistics Software, version 1.1.20 http://www.wessa.
net), and GraphPad Instat 3.

Ethics approval

This study, including the manufacture of monoclonal anti-
bodies and the biobank analysis, was approved by the local ethics
committee. Informed consent was received from all participants
in the study. The consent form is included in Ref. 15.

RESULTS

Monoclonal antibodies

Three monoclonal antibodies (M23, M42, and Mb58) re-
acting against human native apoM were obtained. Binding
of purified recombinant apoM to immobilized antibody
was analyzed with surface plasmon resonance using Biacore
2000. The mean dissociation constants for the binding of
apoM to M42 and M58 were 4.8 * 0.61 and 0.89 = 0.46 nM,
respectively. The dissociation constant for monoclonal M23
was of an order of magnitude larger than those for M42 and
M58, and it was not used in the ELISA. On Western blot
analysis of plasma, M42 and M58 showed reaction against a
protein with a size corresponding to the molecular mass of
apoM (Fig. 1). An assay using M58 as immobilized antibody
and M42 as the labeled antibody showed a dose-dependent
response to apoM with good sensitivity.

Three detergents were evaluated: Tween 20, Triton
X-100, and CHAPS. Of these, Triton X-100 gave the best
signal-to-noise ratio and was chosen for the assay. As apoM
retains its hydrophobic signal peptide, a relatively high de-
tergent concentration of 1% Triton X-100 was used for
plasma dilution in the assay.

Because of the sigmoidal shape of the dose-response
curve, this was fitted by applying least-squares principles to
a sigmoidal model. ApoM concentration was expressed as
pmol/1 based on the concentration of apoM in the stan-
dard plasma pool (see below). A typical standard curve for
the measurements is shown in Fig. 2.

Method evaluation

Determination of molar apoM concentration. ApoM
concentration in the plasma pool was determined by mea-
surement against apoM purified from human plasma. The
concentration of apoM in the plasma pool was 0.94 wmol/1.

M42 M58
5

75 —

50 —

37 —

25 —

20 — W% N

15 —

h-...

Fig. 1. Specific reaction of M42 and M58 to apolipoprotein M
(apoM) in human plasma. Western blots are shown after separation
on 15% SDS-PAGE under unreducing conditions. Pooled human
plasma (0.5 pl) was loaded in each well, and apoM was probed with
biotinylated monoclonal antibodies M42 and M58 at a concentra-
tion of 0.1 wg/ml. The markers represent apparent molecular
mass in kilodaltons derived from a molecular mass standard run in
an adjacent lane. In unreducing conditions, apoM migrates as a
markedly lower molecular mass protein (~20 kDa) as a result of
three internal disulfide bonds. The lower molecular mass band
represents unglycosylated apoM.

Variability. Between-run variability (n = 11) was 4.9% at
the 0.94 pmol/1 level and 5.1% at the 0.47 pmol/1 level.
Within-run variability was 5.0% at the 0.94 pmol/1 level
(n = 14) and 4.5% at the 0.47 pmol/I level (n = 20).

Stability of samples. Plasma samples (n = 10) were stored
at 4°C for 7 days without any significant change in mea-
sured apoM concentration.

Recovery of apoM. ApoM purified from human plasma
was added at a concentration of 0.66 pmol/l to plasma

2.0

1.5 1

1.0 -

0.5

Absorbance 490 nm

0.0 —tt
0.0 0.5 1.0 1.5 2.0 2.5 3.0
ApoM (umoliL)

Fig. 2. A typical ELISA standard curve from the apoM quantifi-
cation experiments in this study. Standard curve measurements are
shown as black diamonds, and the sigmoidal curve fit is shown by
the line.
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TABLE 1. Recovery of apoM from plasma samples from six individuals

Measured Expected
Sample No. Unspiked Spiked Difference Difference Recovery
1 0.69 1.37 0.68 0.66 104%
2 0.86 1.51 0.65 0.66 99%
3 1.00 1.65 0.65 0.66 99%
4 0.71 1.34 0.63 0.66 97%
5 0.86 1.53 0.67 0.66 102%
6 0.97 1.58 0.61 0.66 93%

ApoM, apolipoprotein M. Plasma purified apoM was added to
plasma samples from six individuals, increasing the concentration by
0.66 pmol/l. Their respective apoM concentrations before and after
the addition of apoM are shown in the unspiked and spiked columns,
respectively. Measured difference represents the difference in concen-
tration between spiked and unspiked samples (i.e., the spike), and
expected difference represents the concentration in the reference
sample containing no plasma. Results are in pmol/l, except for re-
covery, which represents the measured spike expressed as a percent-
age of the expected value.

samples from six individuals. Recovery was calculated from
the measured difference between spiked and unspiked
samples. Mean recovery was 99.0% with a SD of 3.9%. The
results of the individual measurements are presented in
Table 1.

Specificity of the assay. To evaluate the specificity of the
assay, the monoclonal antibodies M23, M42, and M58, the
first of which was not used in the assay, were coupled to
a HiTrap column, and pooled human plasma from 16 in-
dividuals was applied and collected. The resulting apoM-
depleted plasma gave an apoM signal in the ELISA of 3%
or less compared with the original sample for all three
preparations. To ensure that no fraction of plasma apoM
went undetected by the assay, Western blot using poly-
clonal rabbit anti-apoM was performed, showing no reac-
tion against apoM in depleted plasma preparations (data
not shown).

To ensure that individual plasma samples displayed the
same dose-response relationship as the standard plasma
pool, five individual samples (apoM concentration range
0.63-1.13 pmol/1) were analyzed at different dilutions. Two

160 T
140 - —[ ]
120 +
100 T -
80 1
60 T
40 T

Lol B

0.50.60.70.80.91.01.11.21.31.41.51.6
ApoM (pmol/L)

Frequency

Fig. 3. Frequency distribution of apoM concentrations in samples
from 598 individuals from the Nordic Reference Interval Project
Bio-bank and Database (NOBIDA) biobank.
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Fig. 4. Distribution of apoM concentrations for 303 women (age
range, 18-90 years) from the NOBIDA biobank.

samples contained uncommonly high cholesterol concen-
trations (7.7 and 7.8 mmol/1), and two contained uncom-
monly low cholesterol concentrations (3.6 and 4.1 mmol/1).
The individual and standard plasma log(dose)-response
curves were found to be parallel (data not shown).

Analysis of NOBIDA samples

To establish reference values for healthy individuals,
598 plasma samples from the NOBIDA biobank, a resource
established as a part of the NORIP, were analyzed for
apoM by ELISA. The population consisted of 303 women
and 295 men, and the age range was 18-91 years. The dis-
tribution of apoM concentrations in the population was es-
sentially Gaussian (Fig. 3). The mean apoM concentration
in the study population was 0.92 wmol/l1, and the median
value was 0.92 wmol/1.

Establishment of apoM reference intervals

We observed that for women, apoM concentration was
positively correlated with age (r= 0.24, P<0.001) (Fig. 4).
Women aged 18-49 years had lower apoM plasma con-
centration (mean, 0.86 pmol/l; n = 136) than women
aged 50 or older (mean, 0.95 pmol/l; n = 167, P < 0.001)
or men (mean, 0.94 pmol/I). For men, there was no sig-
nificant linear correlation with age (r = 0.058, P > 0.05)
(Fig. 5). A common reference interval for the whole popu-
lation was discarded, as an unacceptably large proportion

1.8 T
= 16 T -,
% :Il-g T ‘°. i .;'o ...
£ 121 Ry 2 R T
I 1.0 + Y q;g,' 8
= 0.8+ \’?trf-..-yg 4
E " “". $. FA . °
g- 0_6 -4 0 'xd ...-
04 +
<02+
0.0 f f f f i
0 20 40 60 80 100

Age (Years)

Fig. 5. Distribution of apoM concentrations for 295 men (age
range, 18-91 years) from the NOBIDA biobank.
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Fig. 6. Relationship between apoM concentration and total cho-
lesterol (r = 0.52, n = 591). ApoM was measured by ELISA. Data
for total cholesterol are from the NOBIDA database.

(>7%) of the younger group of women had an apoM
concentration below the lower common reference limit.
This is well outside the proportion limits 0.9-4.1% sug-
gested by Lahti et al. (18) and used for partitioning de-
cisions in the NORIP project. Calculations using the
method of Harris and Boyd (19) using the original
threshold zvalue of 3V (n/120) also supported partitioning
into two subgroups. Reference intervals were calculated
using the nonparametric method, which is recommended
by the Clinical and Laboratory Standards Institute (20).
For women 18-49 years, the reference interval was 0.58-
1.18 pwmol/1, and for women 50 years and older and men,
the reference interval was 0.61-1.30 pmol/1.

Correlation analyses

In the NORIP project, several common clinical chem-
ical analytes were measured for each sample by the par-
ticipating laboratories. The results of these measurements
were used for studies of covariation with apoM concen-
tration. For seven of the analytes, alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), bilirubin,
glucose, glutamyl transferase (GT), lactate dehydroge-
nase, and triglyceride, data distribution was significantly
skewed, and the nonparametric Spearman rank-order cor-
relation coefficient was calculated instead of the Pearson
correlation coefficient used for the other analytes.
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Fig. 7. Relationship between apoM concentration and LDL cho-
lesterol (r = 0.43, n = 245). ApoM was measured by ELISA. Data
for LDL cholesterol are from the NOBIDA database.

ApoM level correlated well with plasma total choles-
terol (r = 0.52) (Fig. 6), LDL cholesterol (r = 0.42)
(Fig. 7), and HDL cholesterol (r = 0.36) (Fig. 8). There
was no statistically significant correlation between the
calculated total cholesterol/HDL cholesterol ratio and
apoM concentration (P > 0.05, n = 556). Less strong
but still statistically significant (P < 0.01) correlations
with apoM concentration were observed for apoM and
albumin, ALT, AST, calcium, GT, total iron binding
capacity (TIBC), and urate. Borderline significant corre-
lations (P = 0.01-0.05) were observed for alkaline phos-
phatase (ALP) and sodium (Table 2).

Apart from total, LDL, and HDL cholesterol, the analyte
most significantly correlated with apoM concentration was
GT (Spearman r = 0.24, P < 0.001). However, this analyte
was significantly correlated to total and LDL cholesterol
(Spearman r = 0.31 and 0.35 for total and LDL choles-
terol, respectively). Multiple regression analysis of apoM,
with GT/log GT and LDL cholesterol as independent
variables, showed only small partial correlations of 0.08
and 0.07 for GT and its logarithm, respectively (n = 334,
P = 0.034 and 0.041, respectively).

Additional data from the NOBIDA database were in-
vestigated for correlation with apoM. For smoking, the
study participants had been separated according to daily
consumption into zero (n = 519), one to five (n = 26),
and more than five cigarettes a day (n = 53). Single-factor
ANOVA demonstrated no significant difference between
the three groups (P = 0.29).

In the original NORIP study, partitioning of alcohol
consumption in the week before testing had been similarly
done into zero, 1 to 21, and >21 units of alcohol (1 unit
equals 10 ml or ~8 g of alcohol). However, as the highest
consumption group only contained five individuals, apoM
concentration was compared between zero-consumption
individuals (n = 286) and others (n = 307). The alcohol
consumption group showed a significantly higher mean
apoM concentration (0.96 vs. 0.88 umol/I; P < 0.001).
There was no significant difference in total cholesterol con-
centration between the two groups (5.36 vs. 5.41 mmol/I;
P > 0.05). Neither was the difference attributable to sex,
as sex, when analyzed by multiple regression together with
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Fig. 8. Relationship between apoM concentration and HDL cho-
lesterol (r = 0.36, n = 566). ApoM was measured by ELISA. Data
for HDL cholesterol are from the NOBIDA database.
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TABLE 2. Results from correlation studies of apoM plasma
concentration as measured by ELISA and 26 analytes from the
Nordic Reference Interval Project Bio-bank and Database

Analyte n r P
Albumin 583 0.11 0.0091*
Alkaline phosphatase 227 0.14 0.033*
Alanine aminotransferase 516 0.15" <0.001**
Amylase 149 0.069 >0.05
Pancreatic amylase 129 0.13 >0.05
Aspartate aminotransferase 478 0.18" 0.0058%*
Bilirubin 582 0.064" >0.05
Calcium 572 0.14 <0.001%#*
Carbamide 563 0.052 >0.05
Cholesterol 591 0.52 <0.001%#*
Creatine kinase 434 0.078 >0.05
Creatininium 556 0.076 >0.05
Glucose 191 0.10" >0.05
Glutamyl transferase 336 0.24" <0.001%#*
HDL cholesterol 566 0.36 <0.001%**
Iron 514 0.024 >0.05
Lactate dehydrogenase 114 0.12" >0.05
LDL cholesterol 245 0.43 <0.001%*
Magnesium 472 —0.019 >0.05
Phosphate 565 0.029 >0.05
Potassium 587 0.068 >0.05
Protein 421 0.086 >0.05
Sodium 590 0.094 0.022%
Total iron binding capacity 164 0.21 0.0076%*
Triglyceride 265 0.053" >0.05
Urate 571 0.13 0.0018%*

n denotes the number of individual measurements for the analyte
in the database (maximum, 598). Analytes displaying a skewed distri-
bution, for which Spearman rank-order correlation coefficient was
calculated instead of the Pearson correlation coefficient, are marked
with daggers. P values < 0.05 are marked with asterisks, and P values
< 0.001 are marked with double asterisks.

age and apoM, did not make a significant contribution to
the model. The subgroup of five individuals (all males) who
had consumed >21 units had a substantially higher mean
apoM concentration than the zero-consumption group,
which was statistically significant (1.20 = 0.23 wmol/];
P = 0.037, assuming unequal variances).

To investigate whether apoM levels are affected by fast-
ing or time of day, the number of hours from the last meal
(n = 598) and the hour of sampling (n = 595) were
correlated with apoM. There was no statistically significant
correlation of apoM with either parameter, nor was there
any correlation with body mass index (n = 596).

Whether strenuous sporting activity in the week before
sampling affected apoM concentration was investigated
with Student’s #test. The group that had performed
strenuous exercise (mean concentration, 0.87 pmol/1;
n = 71) showed a statistically significantly lower mean
apoM concentration compared with the nonexercise
group (mean concentration, 0.93 wmol/1; n = 524, P =
0.019). However, the exercise group also had a signifi-
cantly lower mean plasma cholesterol level (4.8 vs.
5.5 mmol/1l; P < 0.001), and in a multiple regression
analysis of apoM concentration, with cholesterol as the
other independent variable, exercise did not contribute
significantly to the model.

There was no statistically significant difference in apoM
level between subjects with and without first-degree rela-
tives with diabetes.
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DISCUSSION

The development of a simple, specific quantitative assay
for the measurement of human apoM is important for the
expansion of apoM research in the direction of clinical
studies. Here, we describe a sandwich ELISA for the quan-
tification of apoM in human plasma using two monoclonal
antibodies. Between-assay and within-assay variability in
the ELISA was ~5%, and mean recovery at the 0.66 pmol/1
level was 99.0 = 3.9%.

ApoM content in the healthy human plasma pool was
0.94 uM, or ~23 mg/1. This roughly corresponds to 1/50th
of the mean molar concentration of apoA-I in plasma (21).
As the majority of apoM is associated with HDL and two
or three apoA-I molecules are associated with each HDL
particle, this is in good agreement with earlier results from
experiments based on apoM immunoaffinity chromatogra-
phy of HDL prepared by ultracentrifugation, in which it was
estimated that ~5% of HDL particles contain apoM (10).

To establish normal reference ranges, the assay has
been used to quantify apoM in 598 plasma samples from
healthy subjects. We observed significantly lower apoM
levels in younger women compared with the other subjects
(mean concentration, 0.86 vs. 0.94 pmol/1; P < 0.001).
For this reason, a separate reference interval for women
18-49 years of age is necessary. The reason for the lower
apoM levels observed in younger women is presumably
the lower plasma cholesterol in this group. There is an
increase in plasma cholesterol with age in women, occur-
ring mainly during menopause (22-24), and in a multiple
regression analysis of apoM concentration in all women,
using cholesterol and age as independent variables, age
did not contribute significantly to the model.

Indeed, the most striking finding from the correlation
studies with other analytes is the clear correlation (r =
0.52) of apoM with plasma total cholesterol. The correla-
tion of apoM with either LDL or HDL cholesterol was
substantially weaker (r = 0.43 and 0.36, respectively). As
the majority of plasma apoM-containing particles are
of the HDL subclass, it is perhaps surprising to observe a
weaker correlation of apoM with HDL cholesterol than
total cholesterol. Mice that lack the LDL receptor or apoE
have dramatically higher plasma cholesterol but do not
exhibit significantly increased total apoM levels (25). This
may suggest that high plasma cholesterol per se is insuf-
ficient to increase the level of apoM. Wolfrum, Poy, and
Stoffel (9) measured increased plasma total cholesterol
in mice in which apoM was overexpressed using an adeno-
virus vector and reduced cholesterol levels in mice in
which apoM expression had been attenuated using small
inhibitory RNA. However, the data indicate that this ef-
fect is mainly one of regulating HDL metabolism. In con-
trast to humans, rodent plasma cholesterol is present
mainly in HDL (26). The results of the present study
show that the correlation of apoM with HDL cholesterol
is considerably weaker than the correlation with total cho-
lesterol in healthy humans. Indeed, there was no statisti-
cally significant correlation between apoM and the HDL/
total cholesterol ratio, further supporting the apparent

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

unimportance of which lipoprotein subclass is quantita-
tively dominant.

Of the other studied analytes, any correlation with
apoM concentration observed was considerably weaker.
The correlation coefficient range was ~0.1-0.2 for the
nine other significantly correlated analytes, the highest
being GT (r = 0.24). A majority of these analytes are
connected to liver metabolism (albumin, ALP, ALT, AST,
GT, and TIBC), which may imply a connection to liver
apoM synthesis or metabolism, although these results
should be interpreted with caution considering the low
correlation coefficients.

There was a significantly higher (~9%) mean apoM
level in the group of individuals who had consumed
alcohol in the week before testing. The other two analytes
for which a significant difference between groups was ob-
served were GT and urate. Both analytes are known to
increase with alcohol consumption (27, 28).

The absence of any correlation with time of day or num-
ber of hours since the last meal implies that apoM can be
measured at any time of day and that a fasting sample is not
needed. The intraindividual variability of apoM concentra-

tion is still unknown and will have to be studied separately.

In view of the report of a strong positive correlation
of apoM and leptin in normal and obese subjects (29)
and the well-established correlation between leptin and
amount of body fat (30-32), the absence of any statisti-
cally significant correlation between apoM and body mass
index in this study is somewhat surprising. Additionally,
in the earlier study (27), a negative relationship with total
cholesterol was found (r = —0.41), a result in stark con-
trast to the positive relationship found in the present
study. The discrepancy may be attributable to differences
in methodology or to the earlier report’s inclusion of obese
subjects in the study group.

There is a well-established relationship between plasma
total cholesterol and the risk of development of myocardial
infarction (33-35). The strong correlation with plasma
cholesterol, together with the finding that overexpression
of apoM in LDL receptor deficient mice can protect
against atherosclerosis, make it interesting to investigate
whether apoM is a predictor of cardiovascular disease.Hl}

This work was supported by grants from the Swedish Research
Council (Grant 71430), the Swedish Heart-Lung Foundation,
the Vascular Wall Program at Lund University, the Pahlsson
Foundation, and research funds from the University Hospital in
Malmé. The authors thank Dr. Lars-Bo Nielsen for valuable
discussions and Mrs. Astra Andersson and Miss Lijun Guo for
valuable technical assistance.

REFERENCES

1. Cox, R. A., and M. R. Garcia-Palmieri. 1990. Cholesterol,
triaglycerides, and associated lipoproteins. /n Clinical Methods.
3" edition. H. K. Walker, W. D. Hall, and J. W. Hurst, editors.
Butterworth Publishers, Stoneham, MA. 153-160.

2. Gotto, A. M., Jr., H. J. Pownall, and R. J. Havel. 1986. Introduction
to the plasma lipoproteins. Methods Enzymol. 128: 3—41.

3. Patsch, W., and A. M. Gotto, Jr. 1996. Apolipoproteins: pathophys-
iology and clinical implications. Methods Enzymol. 263: 3-32.

4. Xu, N., and B. Dahlback. 1999. A novel human apolipoprotein
(apoM). J. Biol. Chem. 274: 31286-31290.

5. Duan, J., B. Dahlback, and B. O. Villoutreix. 2001. Proposed
lipocalin fold for apolipoprotein M based on bioinformatics and
site-directed mutagenesis. FEBS Leit. 499: 127-132.

6. Ahnstrom, J., K. Faber, O. Axler, and B. Dahlback. 2007. Hydro-
phobic ligand binding properties of the human lipocalin apolipo-
protein M. J. Lipid Res. 48: 1754-1762.

7. Smith, A. B., J. D. Esko, and S. L. Hajduk. 1995. Killing of try-
panosomes by the human haptoglobin-related protein. Science. 268:
284-286.

8. Sorenson, R. C., M. Aviram, C. L. Bisgaier, S. Billecke, C. Hsu, and
B. N. La Du. 1999. Properties of the retained N-terminal hydro-
phobic leader sequence in human serum paraoxonase/arylesterase.
Chem. Biol. Interact. 119-120: 243-249.

9. Wolfrum, C., M. N. Poy, and M. Stoffel. 2005. Apolipoprotein M is
required for prebeta-HDL formation and cholesterol efflux to HDL
and protects against atherosclerosis. Nat. Med. 11: 418-422.

10. Christoffersen, C., L. B. Nielsen, O. Axler, A. Andersson, A. H.
Johnsen, and B. Dahlback. 2006. Isolation and characterization of
human apolipoprotein M-containing lipoproteins. J. Lipid Res. 47:
1833-1843.

11. Faber, K., V. Hvidberg, S. K. Moestrup, B. Dahlback, and L. B.
Nielsen. 2006. Megalin is a receptor for apolipoprotein M, and
kidney-specific megalin-deficiency confers urinary excretion of
apolipoprotein M. Mol. Endocrinol. 20: 212-218.

12. Xu, N, P. Nilsson-Ehle, M. Hurtig, and B. Ahren. 2004. Both leptin
and leptin-receptor are essential for apolipoprotein M expression
in vivo. Biochem. Biophys. Res. Commun. 321: 916-921.

13. Richter, S., D. Q. Shih, E. R. Pearson, C. Wolfrum, S. S. Fajans, A. T.
Hattersley, and M. Stoffel. 2003. Regulation of apolipoprotein M
gene expression by MODY3 gene hepatocyte nuclear factor-lalpha:
haploinsufficiency is associated with reduced serum apolipoprotein
M levels. Diabetes. 52: 2989-2995.

14. Borrebaeck, C. A., and M. E. Etzler. 1981. Production and
characterization of a monoclonal antibody against the seed lectin
of the Dolichos biflorus plant. J. Biol. Chem. 256: 4723-4725.

15. Felding, P., P. Rustad, A. Martensson, V. Kairisto, L. Franzson, P.
Hyltoft Petersen, and A. Uldall. 2004. Reference individuals, blood
collection, treatment of samples and descriptive data from the
questionnaire in the Nordic Reference Interval Project 2000.
Scand. J. Clin. Lab. Invest. 64: 327-342.

16. Rustad, P., P. Simonsson, P. Felding, and M. Pedersen. 2004. Nor-
dic Reference Interval Project Bio-bank and Database (NOBIDA):
a source for future estimation and retrospective evaluation of ref-
erence intervals. Scand. J. Clin. Lab. Invest. 64: 431-438.

17. Rustad, P., P. Felding, A. Lahti, and P. Hyltoft Petersen. 2004.
Descriptive analytical data and consequences for calculation of
common reference intervals in the Nordic Reference Interval
Project 2000. Scand. J. Clin. Lab. Invest. 64: 343-370.

18. Lahti, A., P. Hyltoft Petersen, J. C. Boyd, C. G. Fraser, and N.
Jorgensen. 2002. Objective criteria for partitioning Gaussian-
distributed reference values into subgroups. Clin. Chem. 48: 338-352.

19. Harris, E. K., and J. C. Boyd. 1990. On dividing reference data into
subgroups to produce separate reference ranges. Clin. Chem. 36:
265-270.

20. NCCLS. 2000. How to Define and Determine Reference Inter-
vals in the Clinical Laboratory: Approved Guideline. 2" edition.
National Committee for Clinical Laboratory Standards, Wayne, PA.

21. Jungner, I., S. M. Marcovina, G. Walldius, I. Holme, W. Kolar, and
E. Steiner. 1998. Apolipoprotein B and A-I values in 147576 Swedish
males and females, standardized according to the World Health
Organization-International Federation of Clinical Chemistry First
International Reference Materials. Clin. Chem. 44: 1641-1649.

22. Schulte, H., P. Cullen, and G. Assmann. 1999. Obesity, mortality
and cardiovascular disease in the Munster Heart Study (PROCAM).
Atherosclerosis. 144: 199-209.

23. Bakx, J. C., H. J. van den Hoogen, P. Deurenberg, ]J. van
Doremalen, and W. J. van den Bosch. 2000. Changes in serum
total cholesterol levels over 18 years in a cohort of men and
women: the Nijmegen Cohort Study. Prev. Med. 30: 138-145.

24. Adult Treatment Panel III. 2002. Third report of the National
Cholesterol Education Program (NCEP) Expert Panel on Detection,
Evaluation, and Treatment of High Blood Cholesterol in Adults
(Adult Treatment Panel III). Final report. Circulation. 106: 3237-3240.

ApoM correlates with plasma cholesterol 1779

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

. D D D

A

" ASBVIB

JOURNAL OF LIPID RESEARCH

I

25.

26.

27.

28.

29.

30.

1780

Faber, K., O. Axler, B. Dahlback, and L. B. Nielsen. 2004. Char-
acterization of apoM in normal and genetically modified mice.
J- Lipid Res. 45: 1272-1278.

Camus, M. C., M. J. Chapman, P. Forgez, and P. M. Laplaud. 1983.
Distribution and characterization of the serum lipoproteins and
apoproteins in the mouse, Mus musculus. J. Lipid Res. 24: 1210-1228.
Whitehead, T. P., C. A. Clarke, and A. G. Whitfield. 1978. Bio-
chemical and haematological markers of alcohol intake. Lancet. 1:
978-981.

Burke, V., I. B. Puddey, L. J. Beilin, R. Vandongen, and J. R.
Masarei. 1992. Changes in markers of alcohol intake in man below
‘safe’ drinking levels. Alcohol Alcohol. 277: 677-683.

Xu, N., P. Nilsson-Ehle, and B. Ahren. 2004. Correlation of apo-
lipoprotein M with leptin and cholesterol in normal and obese
subjects. J. Nutr. Biochem. 15: 579-582.

Considine, R. V., M. K. Sinha, M. L. Heiman, A. Kriauciunas, T. W.
Stephens, M. R. Nyce, J. P. Ohannesian, C. C. Marco, L. ]J. McKee,
T. L. Bauer, et al. 1996. Serum immunoreactive-leptin concentra-
tions in normal-weight and obese humans. N. Engl. J. Med. 334:
292-295.

Journal of Lipid Research Volume 48, 2007

32.

33.

34.

35.

. Ostlund, R. E., Jr., J]. W. Yang, S. Klein, and R. Gingerich. 1996. Rela-

tion between plasma leptin concentration and body fat, gender, diet,
age, and metabolic covariates. J. Clin. Endocrinol. Metab. 81: 3909-3913.
Rosenbaum, M., M. Nicolson, J. Hirsch, E. Murphy, F. Chu, and
R. L. Leibel. 1997. Effects of weight change on plasma leptin con-
centrations and energy expenditure. J. Clin. Endocrinol. Metab. 82:
3647-3654.

Kannel, W. B., W. P. Castelli, T. Gordon, and P. M. McNamara.
1971. Serum cholesterol, lipoproteins, and the risk of coronary
heart disease. The Framingham Study. Ann. Intern. Med. 74: 1-12.
Kannel, W. B., J. D. Neaton, D. Wentworth, H. E. Thomas, J.
Stamler, S. B. Hulley, and M. O. Kjelsberg. 1986. Overall and
coronary heart disease mortality rates in relation to major risk
factors in 325,348 men screened for the MRFIT. Multiple Risk
Factor Intervention Trial. Am. Heart J. 112: 825-836.

Mensah, G. A, D. W. Brown, ]. B. Croft, and K. J. Greenlund. 2005.
Major coronary risk factors and death from coronary heart disease:
baseline and follow-up mortality data from the Second National
Health and Nutrition Examination Survey (NHANES II). Am.
J- Prev. Med. 29 (Suppl. 1): 68-74.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

