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ABSTRACT

Introduction: Mannose binding lectin (MBL) is one of the three initiators of complement acti-
vation of the innate immune system. MBL deficiency has been associated to the development
of atherosclerosis. However, the mechanism of this relationship is unclear. Since atherosclerosis,
inflammation and postprandial lipemia are linked to the complement system, we studied the
effects of MBL deficiency on the metabolism of postprandial lipoproteins.

Methods: We performed an observational study in 107 volunteers of whom 23 were MBL
deficient. Baseline cardiovascular risk factors were determined in all and oral fat loading tests
(OFLTs) were carried out in 8 MBL deficient and 14 MBL sufficient subjects. Postprandial lipopro-
tein responses were calculated as area under the curve.

Results: MBL activity in the 23 deficient subjects was (mean+SEM) 0.22+0.02 mg/L and in
MBL sufficient subjects 1.38+0.09 mg/L (P<0.005). There were no differences in baseline
cardiovascular risk factors between MBL deficient and sufficient subjects. The prevalence of
coronary artery disease in the families of MBL deficient subjects was significantly higher than
in MBL sufficient subjects (50% vs. 15%; P=0.002). Postprandial plasma TG changes were similar
between the groups. Postprandially, MBL deficient subjects had a significant 71% higher VLDL1-
apoB100 response and 49% higher VLDL1-TG response compared to MBL sufficient subjects.
Interestingly, MBL deficients showed a 61% lower chylomicron-apoB48 response suggesting
preferential clearance of apoB48 containing lipoproteins. MBL activity was inversely related to
the postprandial VLDL1-TG increase (r=-0.58, P= 0.005). Furthermore, MBL sufficient subjects
showed a postprandial C3 increase of 7% at 2 hours, whereas this response was absent in MBL
deficient subjects.

Conclusions: The atherogenic tendency of MBL deficient subjects may in part be explained
by accumulation of VLDL1 lipoproteins. The postulated mechanism involves impairment of

postprandial complement activation.
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MBL Deficiency and Postprandial Lipoprotein Metabolism

INTRODUCTION

Atherosclerosis is one of the major causes of death in the world. Several investigators have
suggested that inflammation is closely linked to atherosclerosis (1,2). In the past few years
many inflammatory genes have been identified, which have been suggested to play a role in
atherosclerosis. Mannose binding lectin (MBL) is one of these genes. MBL is the key activating
factor in the lectin pathway of the complement system, one of the three well-known routes of
complement activation (3).

Mutations of the MBL gene, resulting in decreased activity, have been associated with coronary
artery disease (CAD) and increased intima-media thickness of the carotid arteries (4-6). High
MBL levels have been associated with decreased risk of myocardial infarction in diabetic and
hypercholesterolemic patients (7). Furthermore, MBL deficiency may be implicated in the gen-
eration of atherosclerosis in patients with systemic lupus erythematosus (8), Kawasaki disease
(9) and other clinical situations (10,11). The mechanism responsible for atherogenesis in MBL
deficiency has not been elucidated.

Activation of the complement pathways results in cleavage of complement component 3 (C3)
into C3a and C3b (3). In plasma C3a exits only in the desarginated form (C3adesArg) (12). This
inactivated C3 split product is also known as acylation stimulating protein (ASP) and has been
closely linked to free fatty acid (FFA) and chylomicron metabolism (12,13). Upon inflammation,
C3b leads to the formation of the membrane attack complex, eventually facilitating opsoniza-
tion of the pathogens (3).

Recent studies have described that C3 levels are associated with CAD, insulin resistance, obe-
sity, elevated fasting and postprandial TG and disturbed postprandial FFA handling (15-18).
Evidence suggests that the complement system is involved in the metabolism of apolipopro-
tein B (apoB)-containing lipoproteins. C3 binds to the candidate remnant-receptor, the low
density lipoprotein receptor-related protein/a2-macroglobulin receptor (19). In vitro studies
have shown that chylomicrons are among the most potent stimulators of adipose tissue C3
production (20).

Impaired activation of the complement system could play a role in the regulation of post-
prandial lipemia, thereby promoting atherosclerosis. This study was designed to investigate
the differences in baseline risk factors and in the postprandial metabolism of triglyceride-rich
lipoproteins (TRLs) in MBL deficient subjects.
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MATERIALS AND METHODS

Subjects

All subjects gave written informed consent. The study was approved by the Independent Ethics
Committee of Institutional Review Board of the University Medical Center Utrecht. Patients
attending our out-patient lipid clinic with referred for hyperlipidemia, type 2 diabetes or car-
diovascular risk analysis were also asked to participate. Unrelated healthy males and females,
aged 20 to 60 years, were recruited by advertisement.

Our goal was to include a sufficient amount of subjects of whom at least 15-20% were MBL deficient
subjects, in order to have sufficient candidates to participate in the oral fat loading tests (OFLT). The
reported frequency of MBL deficiency in the literature ranges from 11.1% to 41.5% (5,8,21).
Exclusion criteria were: fasting dyslipidemia (plasma cholesterol > 6.5 mM or plasma TG > 2.0
mM), fasting plasma glucose >6.5 mM, body mass index (BMI) > 30 kg/m?, alcohol intake >2 U/
day, the presence of renal and liver diseases and apo E2/E2.

The use of medication and family history for CAD were also recorded. Positive family history
was defined as early-onset CAD (diagnosed at or before age 60 years) in first-degree relatives.

Study design

The study was carried out in two phases. Firstly, baseline cardiovascular risk factors were
determined and compared between MBL deficient and MBL sufficient subjects. These subjects
visited the hospital after an overnight fast of 12 hours, without drinking alcohol on the day
before. Secondly, all subjects were asked to participate in the postprandial studies. The sub-
jects, who were willing to participate, underwent a 6 hours OFLT to study the differences in
postprandial lipoprotein clearance. Before administration of the fat load a venous cannula for
blood sampling was placed and subjects rested for 30 minutes. For the fat load, fresh cream
was used; this is a 40% (w/v) fat emulsion with a polyunsaturated/saturated fat ratio of 0.10,
containing 0.001% (w/v) cholesterol and 3% (w/v) carbohydrates, representing a total energy
content of 3,700 kCal/L. Cream was ingested within 5 minutes at a dose of 50 g fat per m? body
surface (22). During each test, the participants remained supine and were allowed to drink
mineral water only. Blood samples were obtained in sodium EDTA (2 mg/mL) before and at
regular time intervals up to 6h postprandially, then kept on ice and centrifuged immediately for
15 minutes at 800 g at 4 °C, finally plasma was stored at -80 °C.

Lipoproteins separation and SDS-PAGE for determination of apoB100 and apoB48

Lipoproteins were subfractionated by cumulative density gradient ultracentrifugation as
described previously in detail (23,24). Briefly, plasma was adjusted to d=1.10 g/mL with solid
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KBr. A discontinuous density gradient consisting of 4 mL of d=1.10 g/mL of plasma, 3 mL of
d=1.063 g/mL, 3 mL of d=1.019 g/mL and 2.8 mL d=1.006 g/mL KBr solutions was formed in
Ultraclear tubes (Beckman Instruments Inc, Palo Alto, CA, USA, 14*95 mm). Ultracentrifuga-
tion was performed in a Beckman SW40 Ti bucket rotor at 40.000 rpm at 4°C in a Beckman
LE-80 ultracentrifuge. Consecutive runs were carried out to float Sf >400 (32 min.), Sf 60-400
(3h28min.) and Sf 20-60 (17h) lipoprotein fractions were made. These fractions correspond to
chylomicrons, VLDL1 and VLDL2 fractions, respectively. After each ultracentrifugation step, the
top 1 mL of the gradient containing the respective lipoprotein subclass was aspirated, and 1 mL
of d=1.006 g/mL was used to refill the buckets before the next run. Plasma samples were stored
at -20°C immediately after centrifugation.

For measuring apoB48 and apoB100 in TRLs the method earlier described by Karpe et al. (23)
was used with minor modifications (24). Samples of 500 uL chylomicrons, VLDL1 and VLDL2
fractions were delipidated in a methanol/diethylether solvent system by gently dripping the
sample into 4 mL methanol in a 10-mL round bottom glass tube with polystyrene stoppers.
A volume of 4 mL ice cold diethylether was added. The delipidation cocktail was mixed and
centrifuged for 48 minutes at 25009 at 1°C. The supernatant was removed by a water suction
device and 4 mL of ice cold diethylether was added. The sample was mixed and again centri-
fuged for 32 minutes at 25009 at 1°C, whereafter the supernatant was removed. The sample
was dried by vaporisation and 50 pL of sample buffer, containing 0.15 M sodium phosphate,
12.5% glycerol, 5% B-mercapto-ethanol, 2% SDS and 0.005% bromophenol blue, was added.
The material was dissolved for 30 minutes at room temperature and then heated at 80°C for
10 minutes. After denaturation the tubes were centrifuged for 3 minutes at 25009 to retain
the condensed water in the sample. Aliquots for apoB determination were stored at -80°C, and
assayed within 3 months on 3-5% SDS-PAGE. The amount of apoB100 in the TRL fractions is
usually too high to quantitate directly by SDS-PAGE; therefore, each sample was diluted 20
times with sample buffer and then loaded on the gel. For quantitation of apoB48, each sample
was loaded on the gel undiluted. The standard curve was made by delipidated LDL with known
absolute amounts of proteins. In order to assess the equality of chromogenicities of apoB48
and apoB100, human chylous ascites, containing significant amounts of apoB48, was also
delipidated and run on each gel. The running time for the gels was 30 min. at 40 V, continued
by approximately 100 min. at 80 V in running buffer (0.19 M glycine, 25 mM tris and 0.2% SDS,
pH 8.5). The proteins were stained with the Colloidal Blue Staining kit from Novex (Invitrogen,
Carlsbad, CA, USA), containing Coommassie G-250, and destained by washing the gels at least
four times with distilled water. For quantitation of apoB isoforms a PC-based image analysis
system was used. A program was developed using the KS400 version 3.0 software package
(Carl Zeiss Vision, Oberkochen, Germany). After geometrical calibration, the gels were scanned
with a Sony b/w CCD camera type XC-77CE (frame size 640 x 512; 256 grey levels). To delimit the
bands, the so-called dynamic discrimination technique was applied. This method operates with
a threshold that is dependent of the grey level of the local neighbourhood region. In order to

125



verify visually whether the band detection was correct, the delineated bands of interest were
displayed in overlay on the monitor over the image and, if necessary, interactively corrected.
Since the background of the gels is often not equally grey, background reconstruction was
carried out. To determine the integrated optical density of each band, measurements were per-
formed in both the original image and in the background reconstructed image and subtracted
from each other. Overall, the postprandial recovery of TG was 80-90%.

Analytical methods

For measurement of MBL activity serum samples were used in a functional hemolytic assay,
which has been described in detail by Kuipers et al (25). MBL deficiency was defined as MBL
activity <0.42 micrograms MBL equivalents/ml (25).

For other analyses blood was collected in EDTA. All blood samples were chilled and centrifuged
immediately for 15 minutes at 800g at 4° C and stored at -80° C. For FFA measurements, a lipase
inhibitor (Orlistat) was added to the plasma in order to block ex vivo lipolysis (24). Total serum
C3 levels were measured by nephelometry (Dade Behring Nephelometer type Il) (16,17). The
total plasma C3 measured in our study represented C3, C3b and C3c. Because C3a is the least
immunogenic part of C3 and is much smaller than the complete C3 molecule, the contribution
of C3a or ASP to the total C3 measured in our study was negligible (21). Hydroxybutyric acid
(HBA) was measured spectrophotometrically by the principle of NADPH to NAD+ conversion
after adding 3-hydroxybutyrate dehydrogenase (26). For this purpose, 0.5 mL blood from the
lithium-heparin tubes was denutriated by adding 1 mL of 0.7 M HCIO,,. Total cholesterol, HDL-
cholesterol obtained after precipitation with heparin/MnCl, and TG were measured in duplicate
by colorimetric assay with the CHOD-PAP and GPO-PAP kits respectively (Roche diagnostics,
Germany) (16,17). FFA were measured by an enzymatic colorimetric method (Wako Chemicals
GmbH, Neuss, Germany) (24). Total plasma apolipoprotein B (apo B) was quantitated by immu-
noturbidemitry as described (16,17). Glucose was measured by glucose oxidase dry chemistry
(YSI, USA). Insulin was measured by ELISA (Mercodia, Uppsala, Sweden).

Statistics

Data are given as mean + SEM in the text and in the figures. The area under the curve (AUC) for
TG and chylomicron and VLDL fractions were calculated by the trapezoidal rule using Graphpad
Prism version 4.0 (LA, USA). Incremental integrated AUC's (dAUC) were calculated after correc-
tion for baseline values. Differences were tested by analysis of variance (ANOVA) or paired t-test
where indicated. Fisher’s Exact Test was used to evaluate dichotomous variables between the
groups. Correlation analyses were carried out using Spearman rank test for nonparametric
variables. For statistical analysis SPSS version 15.0 was used. P values < 0.05 (2-tailed) were
considered statistically significant.
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RESULTS

General characteristics of MBL deficient and sufficient subjects (Table 1)

In total 107 subjects were included of whom 21% was MBL deficient (Table 1). There were no
differences in age, BMI, waist, insulin, fasting plasma triglycerides, cholesterol, LDL, HDL, apoB,
free fatty acids and C3 between the two groups (Table 1).

There were no significant differences in gender, the presence of clinical coronary atherosclero-
sis or the use of medication. However, the occurrence of CAD in the families of MBL deficient
subjects was significantly higher than in MBL sufficient subjects (50% vs. 15%; P=0.002).

Table 1. General characteristics and fasting plasma measurements in 23 subjects with MBL deficiency
compared to 84 subjects with normal MBL activity in serum.

MBL deficient subjects (n=23) MBL sufficient subjects (n=84)
MBL (micrograms/ml) 0.22 (0.02) 1.38 (0.09)**
Age (years) 48.9(2.7) 47.9 (1.2)
Body mass index (kg/m?) 25.4(0.9) 26.7 (0.5)
Waist (m) 0.89 (0.03) 0.91 (0.02)
Systolic blood pressure (mmHg) 141 (5) 133 (2)
Diastolic blood pressure (mmHg) 86 (2) 84 (1)
Glucose (mM) 5.58 (0.15) 5.79 (0.19)
Insulin (mU/L) 4(3.2) .7(0.8)
Plasma triglycerides (mM) 1.50(0.17) 1.47 (0.09)
Cholesterol (mM) 5.28(0.23) 5.20 (0.14)
LDL-cholesterol (mM) 3.35(0.28) 3.52(0.14)
HDL-cholesterol (mM) 1.07 (0.06) 1.05 (0.04)
Apolipoprotein B (g/L) 0.97 (0.05) 0.96 (0.03)
Free fatty acids (mM) 0.51 (0.04) 0.49 (0.03)
Complement component 3 (g/L) 1.02 (0.06) 1.05 (0.03)

Data are £ SEM. **:P<0.005 compared to MBL deficient subjects

Postprandial TG, chylomicron and VLDL clearance (Table 2, Figures 1-3)

Fourteen MBL sufficient and 8 MBL deficient subjects underwent the OFLT. Baseline character-
istics of these subjects are listed in Table 2. There were no differences between these groups in
baseline lipid levels and anthropometric parameters (Table 2). None of the subjects was carrier
of the apoE2 genotype.

There were no differences in the postprandial response of plasma TG, FFA, HBA and C3 between
MBL deficient and MBL sufficient subjects (Figure 1).

The postprandial increase of TG in the Sf 60-400 fraction was higher in MBL deficient subjects
(Figure 2B), which resulted in a higher Sf 60-400-TG-dAUC (1.85+0.27 vs. 0.94+0.14 mmol.h/I,
P=0.003). Moreover, MBL activity correlated negatively with the postprandial Sf 60-400-TG
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Table 2. General characteristics and fasting plasma measurements in 8 subjects with MBL deficiency
compared to 14 subjects with normal MBL activity in serum, who underwent an oral fat loading test.

MBL deficient subjects (n=8) MBL sufficient subjects (n=14)

MBL (micrograms/ml) 0.21 (0.03) 1.65 (0.21)**
Age (years) 45 (6) 41 (3)
Body mass index (kg/m?) 23.5(1.2) 23.3(0.9)
Systolic blood pressure (mmHg) 140 (11) 131 (5)
Diastolic blood pressure (mmHg) 83 (4) 0(2)
Glucose (mM) 4.88(0.13) 4.89 (0 5)
Insulin (mU/L) 6.59(1.61) 2(0.6)
Plasma triglycerides (mM) 1.34(0.12) 1.17(0.12)
Cholesterol (mM) 4.54(0.37) 4.25(0.29)
LDL-cholesterol (mM) 2.91(0.33) 2.74 (0.28)
HDL-cholesterol (mM) 1.03(0.07) 0.98 (0.08)
Apolipoprotein B (g/L) 0.79 (0.08) 0.81 (0.06)
Free fatty acids (mM) 0.47 (0.05) 0.49 (0.05)
Complement component 3 (g/L) 0.88 (0.03) 0.87 (0.04)
Hydroxybutyric acid (mmol/l) 0.028 (0.006) 0.045 (0.014)

Data are + SEM. **:P<0.005 compared to MBL deficient subjects
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Figure 1. Mean + SEM plasma triglycerides (A), free fatty acids (B), hydroxybutyric acid (C) and complement
component 3 (D) after ingestion of a standardized oral fat load in 8 MBL deficient (closed squares) and 14
MBL sufficient (open circles) subjects. *: P=0.05 compared to MBL deficient subjects on t=2 hrs.
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Figure 2. Mean + SEM triglycerides in Sf >400 particles (A), Sf 60-400 (B) and Sf 20-60 (C) after ingestion of a
standardized oral fat load in 8 MBL deficient (closed squares) and 14 MBL sufficient (open circles) subjects.

increase (r=-0.58, P= 0.005). The increase of TG in Sf 20-60 particles in MBL deficient subjects
was higher than MBL sufficient subjects (0.25+0.05 vs. 0.08+0.06 mmol.h/I, P=0.04, Figure 2C).
The postprandial Sf>400-apoB48-AUC in MBL deficient subjects tended to be lower than in MBL
sufficient subjects (0.46+0.21 vs. 1.09+£0.27 mmol.h/I, P=0.09, Figure 3A). MBL deficient subjects
showed a significantly higher increase of Sf 60-400-apoB100, which resulted in a higher Sf
60-400-apoB100-dAUC (106.88+38.76 vs. 30.87+11.39 mmol.h/l, P=0.03, Figure 3D). A trend for
elevated Sf 60-400-apoB48-dAUC was also observed (2.60+0.68 vs. 6.38+1.55 mmol.h/I, P=0.06,
Figure 3C). There were no differences between the groups in the TG content of Sf>400 (2A),
Sf>400-apoB100 (Figure 3B), Sf 20-60-apoB48 (Figure 3E) and Sf 20-60-apoB100 (3F).
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Figure 3. Mean + SEM Sf>400-apoB48 (A) and apoB100 (B), Sf 60-400-apoB48 (C) and apoB100 (D), Sf20-
60-apoB48 (E) and apoB100 (F) after ingestion of a standardized oral fat load in 8 MBL deficient (closed
squares) and 14 MBL sufficient (open circles) subjects.

DISCUSSION

MBL deficiency has been associated with the development of atherosclerosis (4-11). These
subjects are normolipidemic in the fasting situation, and cannot be identified by other classical
cardiovascular risk factors. It has been speculated that the atherogenic tendency could have
been induced by infections, damage to the endothelium and reduced clearance of atherogenic
agents (4-11). This is the first study showing that MBL deficiency is associated to lower levels
of Sf >400 particles, but accumulation of lipoproteins in the Sf 60-400 fraction, providing an
alternative explanation for the increased cardiovascular risk.

Atherosclerosis has been suggested to be a postprandial phenomenon (27,28). The fact that
40% of all patients with CAD have normal fasting plasma lipids (29,30), whereas many of these

130



MBL Deficiency and Postprandial Lipoprotein Metabolism

patients have impaired clearance of postprandial lipoproteins, suggests a connection between
postprandial lipemia and coronary atherosclerosis (31,32). TRL's are mainly produced in the
postprandial phase (28). In this phase, due to limited LPL availability, competition at the level of
LPL will occur, which results in accumulation of TRL's. This competition is most likely when fast-
ing hypertriglyceridemia is present, as in type 2 diabetes or in familial combined hyperlipidemia
(FCH), and is confirmed by the strong positive correlation between fasting and postprandial
TG (16,17,31,33). However, the differences in postprandial lipoproteins between MBL sufficient
and deficient subjects were independent of fasting plasma TG. In comparison with type 2 dia-
betics, where fasting and postprandial overproduction of both intestinal and hepatic TG and
TRL’s may occur, MBL deficient subjects tend to have lower concentrations of Sf>400 particles.
Assuming that the production of these lipoproteins is undisturbed, one could conclude that
the turnover is enhanced. In theory, this could lead to enhanced delivery of dietary lipids to
the liver, overproduction of postprandial Sf 60-400 particles and therefore accumulation of
VLDL1-like particles in the bloodstream as demonstrated in this study. Alternatively, efficient
postprandial clearance of Sf>400 particles could lead to accumulation of the Sf 60-400 particles
by competition at the level of LPL (34). The negative correlation found between Sf 60-400-TG
and MBL activity, suggests that this pathway may in some way be involved in the lipolysis of
these TRLs. So far, Sf 60-400-TG concentrations were supposed to be determined mainly by
LPL activity and apoCll and apoClil levels (35,36). However, it is unlikely that our results can be
explained by defects in the classical lipolytic cascade since fasting plasma TG concentrations
were normal in both groups. Thus, the postprandial lipoprotein profile in MBL deficiency is
unique in different ways. Firstly, Sf>400-apoB48 clearance is not delayed as is the case in type
2 diabetes and in FCHL. Secondly, in our view, there is no postprandial overproduction of TRLs
since fasting lipids and apoB were normal. Finally, FFA trapping appears to be normal as sug-
gested by similar fasting and postprandial FFA and HBA concentrations in both groups. HBA,
which is formed in the liver exclusively from FFA oxidation, serves as a marker for this process
and reflects hepatic FFA delivery (17,26).

A possible mechanistic explanation for the accumulation of Sf 60-400 lipoproteins could be
that C3 bound to these lipoproteins is necessary for receptor mediated particle removal. C3
activation can only occur on a surface with specific monosaccharides such as fucose and man-
nose. Since these monosaccharides are present on apoB (37), we suggest that MBL-mediated
C3 activation can occur on apoB-containing lipoproteins. In order to activate the complement
system, MBL complexes with MBL-associated serine proteases (MASPs) in the blood (3). When
MBL binds to its target (microorganisms or, in this case, lipoproteins), the MASP functions as a
convertase to clip C3 into C3a and C3b. Recent work from Vaisar and colleagues (38) has shown
that HDL carries C3 on their surface. Preliminary results from our laboratory show that C3 is
also present on TRL fractions (unpublished data). In theory, MBL deficient subjects may be less
efficient in the process of C3-clipping and if C3 activation is necessary for Sf 60-400 particle
removal, this will result in accumulation of these lipoproteins. In our study we did not observe
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a difference in fasting and postprandial plasma C3 levels between MBL deficient and sufficient
subjects, but the above mentioned mechanism does not necessarily imply changes in plasma
C3 levels. Further studies need to address the role of MASPs and C3 binding to lipoproteins
in order to confirm the proposed mechanism whereby complement activation is linked to
lipoprotein metabolism.

In conclusion, this is the first study showing that MBL deficient subjects show lower post-
prandial Sf>400 concentrations and increased Sf 60-400 lipoproteins. These data may, in part,

explain the pro-atherogenic tendency of MBL deficient subjects.
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