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ABSTRACT. THE PROPOSED HYPOTHESIS will address the pathophysiologic link between the metabolic syndrome (MS) and atherosclerosis. Visceral obesity is a prominent feature of the syndrome and has been shown to
associate with hepatic insulin resistance. Based on epidemiologic, clinical and
experimental data we propose that the metabolic syndrome if associated with
hepatic insulin resistance results in a dysfunction of the hepatic low-density
lipoprotein receptor-related protein (LRP) clearance pathway. This pathway is
responsible for the clearance and regulation of plasma levels of more than 35
pro-atherothrombotic and antifibrinolytic proteins. Many of these factors are
known to be increased, or to play a role in MS and diabetes on the one hand,
and on atherosclerosis on the other. Examples are apolipoprotein E, a key
apoprotein in the clearance of very low density lipoprotein, metalloprotease-9
important in plaque vulnerability, and PAI-1 a key regulator of fibrinolysis. In
addition, hepatic LRP deficiency resulted in increased measures of
atherosclerosis in an experimental setting. Dysregulation and accumulation of
LRP ligands in MS-associated hepatic insulin resistance likely is a
pathophysiologic link to atherosclerosis.
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1. THE METABOLIC SYNDROME AND HEPATIC
INSULIN RESISTANCE

Metabolic syndrome (MS) is a clustering of
cardiovascular risk factors. The working definitions
of the syndrome are a compilation of antropometry
(waist circumference or waist-to-hip ratio),
dyslipidemia characterized by high triglyceride
levels and low high density lipoprotein (HDL)
cholesterol levels, hypertension, and increased
fasting glucose or a measure of insulin resistance
[1]. MS is often characterized by increased visceral
fat stores. This visceral adiposity may well be the
driving force behind the syndrome [2,3]. Visceral
fat stores are known to be metabolic active and are
for instance the source of many adipocytokines.
Not surprisingly, visceral fat accumulation can
contribute to insulin resistance [4]. In the case of
hepatic insulin resistance this will result in for
instance increased hepatic glucose and very low
density lipoprotein (VLDL) production [2]. The
early development of hepatic insulin resistance can
be experimentally studied. Mice fed with high fat
diets develop hepatic insulin resistance early in
their natural history eventually leading to full
blown diabetes [5].
2. THE MS CONTRIBUTES TO INCREASED
CARDIOVASCULAR MORTALITY

The metabolic syndrome is associated with an
increase of cardiovascular morbidity and mortality.
Patients with the syndrome have been shown to
have more atherosclerosis [6]. Furthermore, at the
same levels of atherosclerosis they suffer from
increased rates of cardiovascular events [7,8]; also
designated as an increase of atherothrombosis. The
adverse effects of the MS phenotype even persist in
patients with diabetes [9]. Lastly, MS results in a
higher incidence of Type 2 diabetes, further
contributing to its devastating vascular effects.
From a pathophysiologic point of view, the syndrome is considered to be causally related to
atherosclerosis and thrombosis. The impact on
atherosclerosis is straight forward for some MS
components such as the atherogenic dyslipidemia
and hypertension. However, the pathophysiologic
link of MS to atherosclerotic phenomena such as

plaque evolution, vulnerability, rupture and resultant thrombosis has not been fully elucidated.
These areas are an important focus of research:
from the vulnerable plaque to the vulnerable patient
[10].
3. PRO-ATHEROTHROMBOTIC AND ANTIFIBRINOLYTIC FACTORS ARE ASSOCIATED TO THE MS

Pro-atherothrombotic and antifibrinolytic factors associate with the MS. Examples are increased
plasma levels of MMP-9, FVIII, tPA and PAI-1 [1113]. Of these, especially PAI-1 has been proposed
as syndrome-defining criteria. The molecular
mechanism(s) underlying the increased plasma levels of these proteins remain largely unknown,
although for some increased expression or production has been found. However, in general plasma
protein levels are the result of a delicate balance
between production and clearance. Intriguingly,
many of the pro-atherothrombotic and anti-fibrinolytic proteins of MS share one characteristic, and
they are ligands for the same receptor LRP.
4. LOW-DENSITY LIPOPROTEIN (LDL)
RECEPTOR-RELATED PROTEIN (LRP)

LRP is a member of the well-known LDL
receptor gene family [14]. The receptor is a multiligand (>35 ligands) endocytic receptor involved in
the tight regulation of its ligands in plasma. Among
these ligands are proteins such as apolipoprotein E
(ApoE, hepatic clearance VLDL-remnants), hepatic
lipase (HL), lipoprotein lipase (LPL), tissue-type
plasminogen activator (tPA), factor VIII, several
metalloproteases (MMPs), tissue factor pathway
inhibitor (TFPI), and plasminogen activator inhibitor 1 (PAI-1) [11,12,15-17]. A few examples are
summarised in TABLE 1. Intruigingly, hepatic LRP
clearance dysfunction resulted in increased measures of atherosclerosis as we have recently showed
in LRP knockout mice [18].
5. HYPOTHESIS

We hypothesize that MS, if associated with
hepatic insulin resistance, results in dysfunction of
the LRP hepatic clearance pathway. As a conse-
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TABLE 1. EXAMPLES OF LRP LIGANDS RELATED TO THE METABOLIC SYNDROME.
FACTOR

ASSOCIATION WITH LRP

ASSOCIATION WITH MS

Apo E

LRP is an important ApoE
clearance receptor.

Increased triglycerides levels are a Apo E is necessary for hepatic clearance of
MS defining criterium.
proatherogenic VLDL- and chylomicronremnants.

PAI-1

Clearance of PAI-1 by LRP. PAI-1
has a high affinity to LRP
especially when complexed to tPA.

Increased PAI-1 levels are
strongly related to the MS in
epidemiolocal, clinical and
experimental studies.

A very important inducible antifibrinolytic protein. Direct causal relation
with insulin resistance.

tPA, uPA Clearance of tPA/PAI-1 or
uPA/PAI-1 complexes. LRP has
has also been found to act as a
receptor involved in cell-signalling
for these ligands.

Increased tPA levels are strongly
related to the MS in
epidemiolocal, clinical and
experimental studies, although to
a lesser extent than PAI-1.

tPA and uPA also have been found in the
atherosclerotic plaque and seem to have
local pro-atherogenic functions.

MMP-9

MMP-9 is a LRP ligand.

Increased MMP-9 levels have
been observed in DM2.

Metalloproteinase is important in matrix
biology and observed in high levels at the
vulnerable shoulder of the plaque. The
temporal relation of expression and rupture
suggests direct MMP involvement.

FVIII

LRP is the hepatic FVIII clearance
receptor.

Increased fVIII levels have been
An important factor in the humoral
related to the MS in epidemiolocal hemostasis. Associated with increased
studies, although not as
arterial and venous thrombosis.
consistently as PAI-1 and tPA.

quence,
chronic
accumulation
of
proatherothrombotic and anti-fibrinolytic LRP ligands
could accelerate atherosclerosis, have an adverse
impact on plaque-structure, and worsen the outcome in case of an acute thrombotic event. Thus,
LRP clearance pathway dysfunction would be a
candidate pathophysiologic explanation linking MS
to atherosclerosis and thrombosis adding to the
direct effects of dyslipidemia, hypertension and
slightly increased glucose levels.
6. EVIDENCE FROM LITERATURE IN FAVOUR OF
THE HYPOTHESIS

Thus far, much of the evidence is indirect or
circumstantial. Nevertheless, when reviewing
literature there are data supporting the hypothesis:
● A strong correlation exists between several
LRP-ligands and the MS in epidemiologic, clinical
and experimental studies as exemplified in TABLE 1.

FUNCTIONS

● LRP has been found to be under PPAR control in adipocytes. The LRP gene contains a peroxisome proliferator-activated receptor (PPAR)
responsive element in its promotor region that can
be activated by the insulin-sensitising agent
rosiglitazone in vitro [19].
● LRP expression could be modulated by insulin in vitro [20,21].
In addition, preliminary observations from our
laboratory are in support of the hypothesis. Six
weeks administration of a high-fat diet readily
induced hepatic insulin resistance in mice, like
previously shown [5]. Insulin resistance coincided
with chronic increased plasma levels of the LRP
ligands factor VIII and tPA, which was the result of
a decreased clearance rate from plasma, as determined by intravenously infused purified proteins.
The observed effects approached the results
obtained with our mouse model of conditional
LRP-deficiency, under normal feeding conditions
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[22].
Why would the hypothesis be attractive? The
hypothesis connects MS to atherothrombosis via an
alternative pathophysiologic route. It can add to the
explanation of a variety of proatherothrombotic and
antifibrinolitic serologic alterations frequently
observed in association with the syndrome.
Changes include key features such as increased
levels of VLDL remnants and other associated
features such as for instance PAI-1. The hypothesis,
including over 35 LRP ligands may point at sofar
not identified markers of disease. Furthermore, the
hypothesis adds to the biologic basis of the
increased vulnerability of metabolic syndrome
patients, and to their seemingly adverse outcome
when faced with an event. Lastly, the hypothesis
may be of help to get insight in the complexity and
difficulties encountered in the MS research.
Regarding MS defining or associated factors, not
only production variables should be accounted for.
Their blood and tissue levels are also defined by
clearance characteristics: each LRP ligand has specific characteristics and LRP binding affinities. In
addition, ligand competition at the hepatic LRP-site
and the patency of hepatocyte surface anchored
HSPG’s may be of importance. Differences in
ligand expression by specific genetic or environmental backgrounds can modify the phenotypic
appearances even further. In this perspective, an
interesting gene polymorphism has recently been
associated with metabolic syndrome in cardiovascular patients [23]. It regarded RAP an important intracellular regulatory protein of LRP expression.
7. CONCLUSION

Thus, based on epidemiologic, clinical and
experimental data, we propose that the MS, if
associated with hepatic insulin resistance, would
result in a dysfunction of the hepatic LRP clearance
pathway. This pathway is responsible for the
clearance and regulation of plasma levels of over
35 pro-atherothrombotic and antifibrinolytic
proteins. Many of these factors are known to be
increased, or to play a role in MS on the one hand
and in atherosclerosis on the other hand. Dys-

regulation and accumulation of such factors could
contribute to the pathophysiology of atherosclerosis
in MS patients. Intriguingly, hepatic LRP deficiency has indeed been shown to result in increased
measures of atherosclerosis in mice.
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