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Atherosclerosis is one of the major causes of morbidity and mortality in the western
world. The existing data of elevated expression levels of proteins like DNA damage
and DNA repair enzymes in human atherosclerotic plaques are reviewed. From the
literature, the effect of overexpression of different proteins using adenoviral vectors
or the model of transgenic mice on the development of atherosclerosis will be
discussed. Special focus is placed on the lysosomal acid lipase (LAL), because LAL con-
nects extra-cellular with intra-cellular lipid metabolism and is the only hydrolase for
cleavage of cholesteryl esters delivered to the lysosomes. Patients with a deficiency of
LAL showan accumulation of lipids in the cells and develop pre-mature atherosclerosis.
To answer the question of the influence of LAL in atherosclerosis if overexpressed, we
show for the first time data of transgenic mice overexpressing LAL and the effect on the
lipid level.

Key words: adenovirus, atherosclerosis, DNA damage, lysosomal acid lipase,
protein expression, transgenic mice.

Complications of atherosclerosis are the leading cause of
death in the western world. The disease is characterized
by thickening, hardening, and loss of elasticity of the blood
vessel walls. On the cellular level, atherosclerosis involves
the infiltration of several cell types, including monocytes,
differentiating to macrophages in the vessel wall. After
take-up and accumulation of lipids, macrophages trans-
form to foam cells and secrete both growth factors as
well as metalloproteinases, leading to matrix degeneration
and lesions in the intima.

The causes for this disease are manifold and different
etiologies have been discussed. The primary risk factors
are diabetes, obesity, male gender, family history of coro-
nary heart disease at an early stage, smoking, elevated
blood pressure (hypertension), low HDL cholesterol, and
high LDL cholesterol. However, these factors are not fully
responsible for the whole atherosclerotic risk, since some
patients without any of the above mentioned risk factors
may develop heart attacks. For example, chronic infections
with certain viruses, such as CMV, and bacteria, such as
Chlamydia pneumoniae and Porphyromonas gingivalis,
elevated homocysteine levels in the blood or elevated
blood levels of lipoprotein A, Lp(a), are additional risk fac-
tors which may cause atherosclerosis. Some scientists
believe that emotional stress is also a risk factor, but
the evidence for this is not clear-cut yet.

This review will summarize the existing data of elevated
expression levels of proteins like DNA damage and DNA
repair enzymes in human atherosclerotic plaques. From
the literature, the effect of overexpression of different pro-
teins using adenoviral vectors and the model of transgenic

mice on the development of atherosclerosis will be discus-
sed. Special focus is placed on the lysosomal acid lipase
(LAL), because LAL connects extra- cellular with intra-
cellular lipid metabolism and is the only hydrolase for
cleavage of cholesteryl esters delivered to the lysosomes.
Patients with a deficiency of LAL show an accumulation
of lipids in the cells and develop pre-mature atherosclero-
sis. Thus, overexpression of LAL may be one target for
clinical trials in atherosclerosis. To prove this assumption,
we produced mice stably overexpressing LAL and show
for the first time data of the effect on the lipid level in
those mice.

I. Risk factors for atherosclerosis
Several factors are well known to be involved in the

development of atherosclerosis. There are some factors
which cannot be altered therapeutically. These include
male gender, high age and positive familial anamnesis.
Clinically more interesting are the factors which can be
altered. Probably, the most frequent disorders are elevated
blood pressure, diabetes mellitus and obesity, often
combined with the metabolic syndrome.
Obesity. It is out of the question that increasing

degrees of obesity are accompanied by higher rates of
cardiovascular disease (1, 2). Leptin, a circulating
hormone produced by adipose tissue, regulates body
weight, food intake and metabolism. An increase of leptin,
which is pronounced in obesity, could contribute to cardi-
ovascular events. Leptin increases oxidative stress, leading
to oxidation of lipoproteins and damage in the vessel wall
(3, 4).
Lipids. In atherosclerosis, lipid accumulation in the

artery wall plays a major role. LDL oxidation is the
main cause of endothelial injury and induces the expres-
sion of proinflammatory molecules in endothelial cells.
Other lipids show comparable effects; notably, high
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plasma levels of VLDL are associated with increased risk of
atherosclerosis (5). Hydroxymethylglutaryl coenzyme A
(HMG-Co A)-reductase inhibitors (statins) reduce cardio-
vascular disease events and improve outcomes by lowering
LDL (and perhaps elevating HDL) plasma levels. However,
serial trials have suggested that the clinical benefit of
statins is greater than expected from the lowering effect
on lipids (6). In addition, the statins show pleiotropic effect
by improving endothelial function, enhancing the stability
of atherosclerotic plaques, decreasing oxidative stress,
inflammation, and inhibiting the thrombogenic response
(7–9).
Smoking. Smoking is a major risk factor in the devel-

opment of atherosclerosis. The pathogenesis includes the
formation of free radicals, and this is also true for passive
smoking or environmental tobacco smoke. A 30 min passive
smoking exposure was found to affect coronary flow
velocity reserve in nonsmokers (10, 11).
Hypertension. High blood pressure shows a strong cor-

relation with the development of atherosclerosis. Moder-
ately elevated blood pressure levels can be treated with
changes in life-style, for example by doing more physical
training, and by reduced sodium intake and alcohol con-
sumption. Angiotensin II exhibit an effect on hypertension
on the molecular level and can also promote long-term
changes in vascular smooth muscle cell function by its
ability to induce cellular hypertrophy and extracellular
matrix production (12). Thus, angiotensin-converting
enzyme inhibitors (ACEI) are important medications for
people with hypertension. Besides lowering blood pressure,
ACEI show additional protective effects on atherosclerosis
by having anti-inflammatory activity (13).
Diabetes. Data suggest that diabetic patients have

already developed vascular disease by the time of clinical
diagnosis (14). Cytokine release and processes contribute
to the development of athero-inflammatory complexes (15).
It was shown for example that the blood level of c-reactive
protein is in average higher in diabetic patients than in
normal people indicating that inflammation contributes
to the development of the disease (16). Although type
2 diabetes is the state of increased plasma coagulability,
endothelial dysfunction is the most important factor in
thrombotic complications. It is present more frequently
in type 2 diabetes than type 1 (17).
Chronic infections causing atherosclerosis.

Inflammatory processes are involved in the development
of atherosclerosis and its complications. Mediators of
inflammation can be found at all stages of the life cycle
of the atherosclerotic plaques. These include macrophages
and lymphocytes, cytokines, growth factors, matrix degen-
erating proteinases, and tissue factors (18). Risk factors
such as hypertension, smoking or elevated levels of LDL
result in injury to the endothelial cell of the artery, and this
injury initiates the inflammatory process. However, many
patients with vascular disease do not show these risk
factors. For this reason viral and bacterial pathogens
have been determined as possible causative factors in
the pathogenesis of coronary artery disease (CAD). It
was shown in many publications that infectious agents
like herpes simplex virus (HSV), cytomegalovirus (CMV),
Chlamydia pneumoniae, and H. pylori play a role in the
development of atherosclerosis and its manifestations,
especially in relationship to CAD (19), but C. pneumoniae

is thought to be the most important pathogen related to the
development of atherosclerosis (20, 21).

Burnett et al. infected apoE knockout mice showing the
phenotype of atherosclerosis with murine CMV and C.
pneumonia and demonstrated that infection with murine
CMV alone, C. pneumoniae alone and infection with both
pathogens lead to increased lesion sizes of 84, 70, and 45%,
respectively. Furthermore, the murine CMV-induced
increase in circulating levels of interferon-g, which may
contribute to the increase in lesion size (22).

Cardiovascular disease is also a major problem in
patients with chronic renal failure leading to increased
mortality. A publication by Wolf et al. showed that IgA
seropositivity for C. pneumoniae correlated with elevated
values for C-reactive protein, but neither H. pylori nor
CMV were associated with an increased rate of sympto-
matic atherosclerosis manifestations such as myocardial
infarction or stroke in patients with endstage renal disease
(23). Other groups also found that C-reactive protein is a
risk-factor for subsequent myocardial infarction, but only
in older patients infected with H. Pylori and not with
C. pneumoniae (24).

There have been published other results indicating
that the connection between infection with C. pneumoniae
and atherosclerosis is not really clear yet. For example,
in a study published in 1998, patients with cardiac
transplantation showed evidence of past C. pneumoniae
and CMV infection, but C. pneumoniae did not appear
to have an independent role in the development of
transplant-associated atherosclerosis (25). Furthermore,
C. pneumoniae and CMV are commonly detected in
atherosclerotic plaques of the carotid arteries, but their
presence is not to be measured by detecting serum anti-
bodies (26). Recently, the data of a prospective study
investigating the role of systemic and local infection in
109 patients with high-grade internal carotid artery
stenosis did not support the hypothesis that systemic
C. pneumoniae, HSV or CMV-infection in carotid plaques
causes plaque destabilization and cerebral thromboembo-
lism. However, plaque infection was only observed in
patients with advanced atherosclerosis (27). Overexpres-
sion of heat shock protein 60, which has been found in
atherosclerotic lesions and is involved in the regulation
of cell cycle progression and cell proliferation, may be a
central intracellular event responsible for the mitogenic
effects induced by C. pneumoniae (28).
Periodontal infections. Since the first observations

about 20 years ago (29), multiple epidemiologic studies
suggest that periodontitis is also an important risk factor
for atherosclerosis. Periodontitis induces a peripheral
inflammatory and immune response, reflected in elevated
concentrations of C-reactive protein and antibodies to
periodontal pathogens. Since the major periodontal patho-
gen, P. gingivalis, occur in approximately 40–100% of
patients with adult periodontitis, antibody levels to this
pathogen are determined most often (30, 31). Antibody
levels were found to be significantly associated with
coronary heart disease (32). Moreover, P. gingivalis IgA
antibodies could even predict a coronary event (33). Studies
performed by various groups have shown that P. gingivalis
is capable of stimulating LDL oxidation, foam cell forma-
tion, and rupture of atherosclerotic plaques through inac-
tivation of matrix metalloproteinases (34–37). In addition,

24 O. Zschenker et al.

J. Biochem.

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


among some other pathogens, P. gingivalis DNA has even
been detected in atherosclerotic plaques (38). Choi and
colleagues also isolated P. gingivalis heat-shock protein
specific T-cells in atherosclerotic plaques from subjects
with severe atherosclerosis. Bacterial heat shock proteins
are believed to be involved in regulating autoimmune
mechanisms, and also appear to be associated in the
pathogenesis of periodontitis (39). As periodontitis and
atherosclerosis share common pathogenic factors such as
smoking, the nature of their association is difficult to
explore. Nevertheless, studies performed so far show
clear hints that periodontitis might be an independent
risk factor.

In conclusion, the influence of pathogens in the devel-
opment of atherosclerosis needs further investigation.
Interestingly, it was found that present day markers
suggested as indicators for heart disease susceptibility
such as C-reactive protein and homocysteine are all simi-
larly elevated in tuberculosis, leading to the hypothesis
that tuberculosis may also be involved in the development
of atherosclerosis (40).
DNA damage and DNA repair enzymes in athero-

sclerosis. Numerous studies have linked generation of
reactive oxygen species (ROS) with cellular damage and
atherogenesis (41,42). ROS can provoke cancer by
damaging DNA (43), leading to DNA strand breaks, and
chromosomal aberrations (44), and are also involved in
oxidation of other macromolecules like lipoproteins,
which is considered a fundamental step in the initiation
and progression of atherosclerosis. Additionally, oxidative
DNA damage is also a prominent feature of atherosclerotic
plaques (45,46). Martinet and co-workers found that
several DNA repair enzymes are up-regulated in plaques,
either those involved in base excision repair (XRCC1,
PARP-1) or in non-specific repair pathways (p53, DNA-
PK) (47,48). Figure 1 summarizes these results. The
base excision repair pathway is the major repair pathway
for oxidative DNA repair damage (49). Overexpression of
PARP-1 may contribute to the formation of necrotic cells
which occur in atherosclerotic lesions. PARP-1 interacts
directly with XRCC1 (50) and appears to play an important
role in p53 activation and regulation after DNA damage
(51). XRCC1 gene encodes for a scaffolding protein, which
plays an important role in base excision of DNA repair by
bringing together DNA polymerase b (52) and DNA ligase
III (53), and also NEIL1 and OGG1 (54) at the site of DNA
damage. OGG1 plays an essential role in the repair of
8-hydroxyguanine residues in DNA produced by oxidative
stress, and possesses glycosylase and apurinic site lyase
activity (55). DNA-PK serves as an essential upstream
activator of p53 (56). P53 is activated by two phosphory-
lation sides, and activation is an important regulatory
event in the arterial vessel wall, because p53 deficiency,
specifically in macrophages, leads to a significant doubling
of atherosclerotic lesion size (57). Thus, p53 not only
plays a key role in cancer, but also in the development
of atherosclerosis.
Homocysteine and Lp(a). Impaired homocysteine

metabolism has been implicated as another factor in the
development of atherosclerosis. In addition, direct relation-
ships between enhanced homocysteine valus and other risk
factors like cigarette smoking, diabetes, obesity, and
hypertension have been suggested. Homocysteine is

formed during demethylation of methionine. In the British
Regional Heart Study, homocysteine levels were signi-
ficantly higher in patients with stroke (58). The exact
mechanism by which higher homocysteine levels may
lead to CHD or thrombotic risk remains speculative.
Toxic effects by the molecule on its own or due to oxidative
stress by producing ROS have been postulated.

Studies during the 1970s and 1980s identified elevated
plasma Lp(a) concentrations as a risk factor for athero-
sclerotic disorders including CHD (59, 60). Lp(a) has
not only been considered to possess proatherogenic
properties by virtue of its similarity to LDL, but also
prothrombic properties by virtue of the similarity of
apolipoprotein (a) to plasminogen (61). It has to be mentio-
ned that to date no clinical trials have shown that low-
ering Lp(a) levels decreases CHD risk. In contrast, the
association of elevated Lp(a) with an increased risk
for CHD events is well established. This increased risk
may in part due to the activation of monocytes as major
cells involved in atherogenesis. High concentrations of
plasma Lp(a) were shown to influence the gene expression
of human blood lymphocytes. It was shown by Buechler
and co-workers that purified Lp(a) led to increased
secretion of proinflammatory interleukin-6. Additionally,
they found that mRNA abundance of LAL was reduced
in monocytes of patients with CHD and selective Lp(a)
hyperlipidemia (62).

II. Structure and function of LAL
The molecular structure of LAL. LAL [EC 3.1.1.13]

shows only small expression values in the tissue. More-
over, the instability and hydrophobicity of this enzyme
made biochemical investigations difficult for a long time.
In 1991, Anderson and Sando (63) succeeded to clone the

Fig. 1. Protein expression of several DNA-repair enzymes.
DNA repair enzymes are up-regulated in plaques, either those
involved in base excision repair (XRCC1, PARP-1) or in non-
specific repair pathways (p53, DNA-PK). P53 and PARP-1 show
the highest expression differences in plaques of the carotid artery
compared to non-atherosclerotic control vessels. Interestingly,
DNA polb shows no differences in protein expression. b-actin
was used as a control. This picture is our densitometric analysis
of Western blot data published by Martinet et al. (47, 48).
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cDNA of LAL which finally made it possible to clone it into
vector expression systems (64). The gene is located on chro-
mosome 10q 23,2 and consists of 10 exons with a size of 39
to 1,487 basepairs and 9 introns. The coding region begins
in exon 2 and ends in exon 10. The untranslated 30-region
has a length of 1,255 basepairs, is not interrupted by
introns and represents the largest part of exon 10. The
LAL is composed of the hydrophobous 27 amino acids
long signal sequence which is provided for the transport
of the enzyme from the ribosome to the endoplasmatic
reticulum. In addition, LAL exhibits an assumed propep-
tide with 49 amino acids which serves for protein transport
and stabilization and is separated in the prelysosomal
compartment (65). Possibly, this observation explains
that after purification of the LAL from human liver tissue
two active forms were received with different molecular
weights of 41 and 55 kDa, respectively. N-terminal sequen-
cing of the two forms demonstrated that the mature LAL
begins with A1 and/or G50 (66).

The LAL activity seems to be regulated by the availabi-
lity of different substrates (Fig. 2). When the uptake of LDL
is induced (for example after treatment with either T3 and
insulin or cholesterol-rich diet), LAL activity increases
2–3-fold (67, 68). At the same time, inhibition is caused
by the formation of the products, which means that in
cells showing accumulated amounts of cholesterol the
activity of LAL is reduced. The endogene promoter of
human LAL in monocytes was characterized by Ries
et al. (69). The promoter region is GC-rich and contains
the TATA-box. When the transcription factors Sp1 and
AP-2 bind at the 182bp long promoter sequence, an induc-
tion of LAL expression is induced during differentiation
from monocytes to macrophages (69). However, the lysoso-
mal compartment enlarges during differentiation, leading
to an induction of all lysosomal enzymes, not only LAL (70).

The existence of putative recognition sites for protein
kinases, catalyzing reversible phosphorylations, in addi-
tion indicates regularization of LAL expression. The
sequence of the LAL exhibits four consensus sequences

for the protein kinase C, five for the caseine kinase II
and one for the tyrosin kinase. To our knowledge, no
experimental data concerning phosphorylation of LAL
has been published so far.

The formation of disulphide bridges by cysteine residues
plays a relevant role in folding and stability and thereby
has fundamental meaning for the function of proteins. The
sequence of the LAL exhibits six cysteine residues. Based
on data by X-ray structure analysis of recombinant HGL
expressed in a baculovirus system, a disulphide bridge
between C227 and C236 in LAL was determined (71)
which was previously shown using site-directed mutagen-
esis by Lohse et al. (72). The LAL possesses six potential
N-glycosylation sites and one potential O-glycosylation
site. LAL does not exhibit O-glycosylation. Using a bacu-
lovirus vector system for expression of LAL, it was found
that two N-glycosylation sites were occupied (N134 and
N246) which are essential for stability and activity of
the enzyme. First data concerning the N-glycosylation
site in the propeptide sequence of the LAL suggest that
it is also glycosylated (73). In contradiction to those find-
ings, Du and co-workers found that five of six N-linked
oligosaccharide sites were occupied after expression of
human LAL in CHO cells and Pichia pastoris (74). Prob-
ably, the apparent contradiction is due to the different
expression systems used.
Function of the LAL. Lipoproteins and in particular

LDL, circulating in the blood, are endocytosed by lipopro-
tein receptors into the cells and transported to the lysoso-
mes, where LDL receptors and particles of lipoproteins
dissociate. The latters are hydrolyzed by lysosomal enzy-
mes. In the lysosomes, LAL plays a crucial role by cataly-
zing the hydrolysis of triglycerides and cholesteryl esters.
LAL was also found to be co-localized in the membrane
fractions of early and late endosome markers (75). Fatty
acids, mono glycerides and cholesterol are set free and
transported to the cytoplasm. The free fatty acids are used
for energy production (b-oxidation) or are re-esterified.
Free cholesterol contributes to cholesterol equilibrium

Fig. 2. Impacts on expression and
activity of LAL enzyme and interaction
with endo- and exogenous parameters.
An up-regulation of expression or activity
of LAL is indicated by � and down-
regulation by �. In addition, the substrates
of LAL and which kind of substrate is pre-
ferred if more than one is available are
shown. Abbreviations used are: HMGCoA:
hydroxymethylglutaryl-CoA; LDLR:
LDL-receptor; SMC: smooth muscle cells;
CE: cholesteryl ester; TG: triglyceride;
NPC: Niemann Pick-protein C; Apo A-I:
apolipoprotein A-I; MSCF: mouse stem cell
factor; NCEH: neutral cholesteryl ester
hydrolase; ACAT: acyl-coenzyme
A–cholesteryl-acyl-transferase; CathD:
cathepsin D; Lp(a): lipoprotein (a).
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and is used for membrane stabilization or is transported
out of the cell (efflux), see Fig. 3. It should be taken into
account that altering cellular cholesterol levels induces
mechanism to maintain cholesterol equilibrium. For exam-
ple, there is induction of a number of genes via the tran-
scription factor SREBP if cellular cholesterol levels are
low. These genes include HMG-CoA reductase for increa-
sed production of cholesterol and the LDL-Receptor for
increased endocytosis of cholesterol-rich proteins (76). If
the LAL is not active and/or is missing, triglycerides and
cholesteryl esters accumulate in the cell, resulting in foam
cell formation and as a consequence in atherosclerotic
plaques (Fig. 3).
Wolman disease (WD) and cholesterol ester

storage disease (CESD). The clinical relevance of the
LAL is described by two diseases caused by deficiencies
of the enzyme, namely Wolman disease (WD) and
cholesteryl ester storage disease (CESD) (77).

WD is a pediatric disease with accumulation of tri-
glycerides and cholesteryl esters inside the cells. This is
caused for most different tissues by complete loss of the
catalytic activity of the LAL. WD children suffer from
strong vomiting, diarrhoea, and hepatosplenomegaly and
normally die within the first year after birth. Meanwhile,
more than 90 cases of WD have been described caused
by missense and nonsense, insertion and deletion mutants
in LAL (78, 79).

Patients with CESD exhibit a remainder activity of
10–30% of the LAL. CESD is characterized by an accumu-
lation of triglycerides in the cells and shows a more benign
process. After autopsy of adult patients diagnosed with
CESD, an early outcome of atherosclerosis was found.
To date, CESD has been examined with approximately
70 cases on the molecular level. As is the case for the
Wolman patients, different mutations in the gene of the

LAL were detected (80–82). An overview of the differ-
ences between WD and CESD is described in (83) and
summarized in Fig. 4.

At present, state of the art therapy for patients causing
CESD is treatment with HMGCoA reductase inhibitors
to minimize endogenous synthesis of cholesterol, as well
as treatment with cholestyramin, an anion exchanger
binding bile acid. Treatment has to be combined with a
low fat diet. To our knowledge from literature search,
the only functioning therapy for Wolman patients

Fig. 3. Lipid metabolism in presence of active LAL (A) and in
a LAL-deficient cell (B). LDL and other lipoproteins enter the cell
via endocytosis and are hydrolyzed in the lysosomes by LAL releas-
ing cholesterol, free fatty acids and glycerol. LAL-deficiency or
reduced activity leads to an accumulation of cholesteryl esters
and triglycerides in the lysosomal compartment, which may pro-
mote formation of atherosclerotic plaques. The ABCA1 transporter
converts pools of late endocytic lipids associated with endocytosed

apo A-I which is released from the cell as nascent HDL (105). Please
note that cholesterol is liberated from LDL cholesteryl ester in the
hydrolytic compartment containing LAL and then moves to late
endosome/lysosome before reaching the ER (75). Abbreviations
used are: LDL: low-density lipoprotein; HDL: high-density lipopro-
tein; ER: endoplasmatic reticulum; ACAT: Acyl-coenzyme
A–cholesteryl-acyl-transferase; NCEH: neutral cholesteryl ester
hydrolase.

Fig. 4. Differences of the two diseases, Wolman disease and
cholesteryl ester storage disease, caused by deficiencies of
LAL. For both diseases, there is an accumulation of cholesteryl
esters and triglycerides in the cells, by which cholesteryl ester
storage disease is the benign form, which can be treated with sta-
tins and a low-fat diet. The reason is the more active LAL in these
patients. Wolman patients, dying within the first 12 months of
their lives, show only residual LAL activity.
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so far is bone marrow transplantation. One patient
reached the age of four years after bone marrow
transplantation (84).
Animal models of LAL. We established a transgenic

mouse strain overexpressing LAL which is described
briefly in section III of this review. For the detailed descrip-
tion and data read the up-coming publication by Mayet
et al. (85).

Some animals of a strain of Donryu rats showed typical
symptoms of the WD (86). A substantial accumulation of
cholesteryl esters, free cholesterol and triglycerides was
detected in the liver of these animals. Cholesteryl esters
and free cholesterol were also found in the spleen, but no
triglycerides had accumulated. The activity of LAL was
detected neither in the liver nor in the spleen of the
animals. Heterozygous animals exhibited a middle activity
of LAL and showed no lipid accumulation in liver and
spleen. The cause of the deficiency of LAL in these rats
is a 4.5-kb deletion in the genomic DNA.

Some years ago, Du et al. established the homozygous
LAL knock out mice (87). LAL-deficient mice showed a
normal phenotype at birth, developed normally and were
fertile. However, a substantial accumulation of triglycer-
ides and cholesteryl esters developed in liver, suprarenal
bodies and small intestine of the animals. Additionally, the
animals developed an insulin resistance after injection of
glucose and showed an increased plasma level of free fatty
acids. This model phenotypically resembles CESD, but
resembles biochemically and histopatically WD. A few
years later, the same group succeeded in substituting
LAL transiently in these mice by means of an adenovirus
overexpressing LAL (88). A substantial decomposition in
hepatocytes and macrophages was shown after treatment.
Thus, a therapy of human CESD or WD appears at least
possible by substitution with recombinant enzyme.

III. Stable overexpression of LAL in a
transgenic mouse model

To fully understand the molecular backgrounds of the
regulation and function of specific genes and their failure
in pathologic processes, it is absolutely necessary to carry
out experiments in the whole organism. The transgenic
technology offers the possibility for such an approach
and has brought new aspects to scientists in the fields of
basic research, medicine and pharmacology (89, 90). The

advantage of transgenic animal models is that the induced
phenotype is transmitted from generation to generation,
which makes it possible to analyze individuals not only in
the stage of different ages but also in different generations.

In liver homogenates of female transgenic mice over-
expressing LAL a threefold, in male animals a sevenfold
increase in LAL activity was detected. Probably, the differ-
ent values of LAL activity are caused by sex specific hormo-
nal differences. Mice fed with western type diet showed
significant elevations of plasma VLDL-cholesterol and
hepatocellular lipids compared to controls.

To investigate whether this was an effect of alteration
of lipid uptake into the cells due to the stable overexpres-
sion of the LAL in the transgenic mice, kinetic studies
were performed. Firstly, male transgenic mice were
treated with 125Iod-labeled chylomicrons by intravenous
injection. Changes in the lipoprotein metabolism and/or
content could be determined neither in the serum nor in
the examined tissues (liver, kidney, intestine, heart)
compared to wild-type mice. These experiments were
repeated with labelled 14C-cholesterylester and 3H-
cholesteryloleylether lipoproteins (LDL). Only the ester
binding is hydrolyzed by LAL, while the ether binding is
not. Thus, the molecules containing the ether binding
remain within the cells and could be used as an internal
standard to calculate the rates of hydrolysis in comparison
to the concentrations of 14C-cholesterylester. In these
experiments, no significant differences were found in the
plasma between wild-type and LAL transgenic mice
(Fig. 5). Nevertheless, it was shown that the rate of
intracellular hydrolysis of the lipids in transgenic mice
was significantly elevated compared to wild type mice
(data not shown).

We hypothesize that the higher amounts of cyto-
plasmatic lipids are due to intracellular mechanisms,
which are up-regulated through the high rates of hydro-
lysis. The uptake from the blood is not altered by the high
activity of the LAL. Additionally, the mechanisms to route
out the intracellular amount of lipids are up-regulated,
leading to elevated VLDL plasma levels.

Thus, we suggest that since the LAL does not play a
direct role in the homeostasis of the plasmalipids, its effect
on it and on atherogenesis remains limited. But further
experiments are necessary to finally clear the effect of LAL
when overexpressed.

Fig. 5. Kinetic study of plasma lipids in trans-
genicmice stably overexpressingLALshowsno
differences compared towild-typemice. The fig-
ure shows the content of 14C-cholesterylester in the
plasma of transgenic and wild-type mice, respec-
tively. The grey curve shows the content for wild-type
mice, while the black curve for LAL-transgenic mice.
The experiment was performed for a period of 22
hours, and curves are calculated from the amount
of radioactive substrate at 2 min.
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IV. Other transgenic mice models for
atherosclerosis

The first famous study in the field of atherosclerosis
using transgenic mice was published in Science magazine
in the year 1993. The study revealed that transgenic mice
overexpressing mouse apolipoprotein (apo) A-II had eleva-
ted HDL cholesterol concentrations, but nevertheless had
exhibited increased atherosclerotic lesion development as
compared to normal mice. This was by means of larger
HDL molecules in transgenic mice and an increased
ratio of apo A-II to apo A-I in HDL particles. Thus, both
the composition and the amount of HDL appear to be
important determinants of atherosclerosis (91).

In order to assess the role of human apolipoprotein A-I
and HDL in atherosclerosis susceptibility, transgenic mice
overexpressing the human apo-AI gene were crossed with
apo E–deficient mice. Apo E–deficient mice are highly
susceptible to atherosclerosis. It was shown that human
apo A-I gene expression as well as overexpression using an
adenovirus vector in mice increased HDL and suppresses
atherosclerosis in the apo E–deficient mouse (92).

The two studies clearly demonstrated that transgenic
mice overexpressing either apo A-I or apo A-II both exhibit
elevated levels of HDL cholesterol, but whereas the apo A-I
transgenic mice are protected against atherosclerosis,
the apo A-II transgenic mice show increased lesion deve-
lopment. The reason for this observation is based on
two effects. Firstly, HDL taken from apo A-II transgenic
mice but not from either the apo A-I transgenics or non-
transgenic littermate controls by itself stimulates lipid
hydroperoxide formation in artery wall cells, indicating
that the apo A-II transgenic HDL is in fact proinflamma-
tory. Secondly, the loss of function of apo A-II transgenic
HDL as an antioxidant is associated with a decreased
content of paraoxonase 1, an enzyme that may protect
against oxidation (93). The results from paraoxonase 1
in vitro studies and experiments using knock out and
transgenic mice suggest that this protective effect may
be attributed to the ability of paraoxonase 1 to attenuate
the oxidative modification of lipoprotein particles. This
member of the paraoxonase gene family is down-regulated
by the influence of oxidative stress, whereas paraoxonase 2
is up-regulated in response to oxidative stress [for details
see review by Ng et al. (94)]. In addition to the two effects
described, expression of apo A-II in apo E–deficient mice
induced a dose-dependent increase in VLDL of up to 24-fold
in these kind of animals (95). In conclusion, higher expres-
sion levels of apo A-II might contribute to an increased
susceptibility to atherosclerosis.

Higher plasma levels of triglycerides were also measured
when apo C-I was overexpressed in apo E knockout mice.
Additionally, these mice showed a near doubling of choles-
terol, leading to increased atherosclerosis. HDL from apo
C-I transgenic mice have a marked inhibitory effect on
hepatic lipase activity, but Lipoprotein Lipase is only mini-
mally affected. Probably, inhibition of hepatic lipase is an
important mechanism of the decrease in lipoprotein clear-
ance mediated by apo C-I (96).

Toll-like receptors (TLR) are expressed in atherosclerotic
plaques and are associated with inflammatory activation of
endothelial cells and macrophages. Lipopolysaccharide
interacts with ligand-binding protein and CD14, a LPS

receptor, to present LPS to TLR4 which then activates
the expression of inflammatory genes (97). Thus, lipopoly-
saccharides released during acute infection might link
bacterial infection, immune response and inflammation
through TLR activation in plaque cells, endothelial cells
and macrophages. Some of these potential TLR-activating
bacterial factors may be of oral origin. The potential of
periodontal and some other oral pathogens to activate
TLRs is suggested by findings from cell culture experi-
ments and animal models. It is known that P. gingivalis,
one of the major pathogens involved in periodontitis
(see Section I), is capable of stimulating LDL oxidation
(37). Miller and colleagues clearly demonstrated that an
early form of ox-LDL, minimally modified LDL (mmLDL),
activates TLR4-dependent and -independent signaling
pathways in J774 and primary peritoneal macrophages,
resulting in secretion of proinflammatory cytokines (98).
Moreover, in a femoral artery cuff model in atherosclerotic
apo E3 (Leiden) transgenic mice, TLR4 activation by
lipopolysaccharides stimulated plaque formation and sub-
sequent outward arterial remodeling. Carotid artery liga-
tion in wild-type mice resulted in outward remodeling in
the contralateral artery, which was associated with an
increase in TLR4 expression and heat-shock protein
mRNA levels. In contrast, outward remodeling was not
observed in TLR-deficient mice (99). Thus, elevation in
TLR4 expression leads to outward remodeling, which was
found to be associated with aneurysm formation (100).
Future research using animal models will provide more
insights into TLR implication in oral-pathogen–mediated
atherosclerotic processes.

Lipoprotein lipase is a key enzyme in the hydrolysis of
triglyceride-rich lipoproteins. It was shown that LDL-
receptor knockout mice overexpressing lipoprotein lipase
were resistant to diet-induced atherosclerosis due to the
suppression of remnant lipoproteins (101). Levels of choles-
terol, apo A-I, and apo A-IV were increased in HDL in apo
E–knockout mice overexpressing the human lipoprotein
lipase and had lower triglyceride content than controls
(apo E knockout mice). Therefore, the apo E-knockout
mice overexpressing lipoprotein lipase developed 2-fold
smaller fatty streak lesions in the aortic sinus. In conclu-
sion, overproduction of lipoprotein lipase is protective
against atherosclerosis even in the absence of apo E (102).

Macrophage-specific overexpression of cholesteryl ester
hydrolysis in hormone-sensitive lipase (HSL) transgenic
female mice paradoxically increases cholesterol esterifica-
tion and cholesteryl ester accumulation in macrophages,
and thus increases susceptibility to diet-induced athero-
sclerosis compared to non-transgenic control C57BL/6
mice (103). It was suggested that whereas increased choles-
terol uptake could contribute to transgenic foam cell
formation, there are no differences in cholesterol synthesis
and the expression of cholesterol efflux mediators like
ABCA1, ABCG1, apo E, PPARg, and LXRa compared to
wild-type macrophages. Increased atherosclerosis in HSL
transgenic mice appears to be due to coupling of the effi-
cient re-esterification of excess free cholesterol to its limi-
ted removal mediated by the cholesterol acceptors in these
mice. Thus, the overexpression of cholesterol acceptors in
HSL-apo A-IV double-transgenic mice increases plasma
HDL levels and decreases diet-induced atherosclerosis
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compared to HSL transgenic mice with aortic lesions
reduced to sizes compared to those in non-transgenic
littermates (104).

Tangier disease (TD) is a genetic disorder caused by
mutations in the ABCA1 gene. The function of ABCA1
in normal cells is to mediate phospholipids efflux to
lipid-poor apo-AI which generates the HDL particle
(105). Cholesterol efflux to the nascent HDL particle via
ABCA1 will depend upon the cholesterol status of the cell.
Individuals with TD are unable to eliminate cholesterol
from cells, leading to its build-up in the tonsils and
other organs (106). To investigate the role of ABCA1 in
atherogenesis, diet-induced atherosclerosis in transgenic
mice overexpressing ABCA1 was analyzed. Beneficial
changes in the lipid profile led to significantly lower aortic
atherosclerosis in those mice, giving evidence of an
anti-atherogenetic role for the ABCA1 transporter. Thus,
overexpression of ABCA1 leading to increased HDL levels
is clearly atheroprotective (107).

A subset of patients with high plasma HDL concentra-
tions shows enhanced rather than reduced atherosclerosis.
Analysis of transgenic mice overexpressing human lecithin
cholesteryl acyl-transferase (LCAT) showed both elevated
HDL and increased diet-induced atherosclerosis (108).
Another study by Mehlum and co-workers found that
LCAT activity was 35-fold higher in serum of the homo-
zygous transgenic mice than in murine controls and
decreased 11–20% in the transgenic mice when fed with
atherogenic diet. They found that the development of
atherosclerosis was similar in transgenic and control
mice. Thus, the higher LCAT activity had no significant
influence on the development of diet-induced atherosclero-
sis (109). However, it is not clear so far why there are these
differences in the two studies discussed.

Plasma phospholipids transfer protein (PLTP) is thought
to be involved in the remodelling of HDL, which are ather-
oprotective. It is also involved in the metabolism of VLDL.
From experiments with PLTP overexpressing mice it is
concluded that PLTP increases susceptibility to athero-
sclerosis by lowering HDL concentrations (110). However,
mice do not express cholesteryl ester transfer protein
(CETP), which is involved in the same metabolic pathways
as PLTP. Therefore, Lie and co-workers (111) studied athe-
rosclerosis in heterozygous LDL-receptor–deficient mice
expressing both human CETP and human PLTP. Expres-
sion of PLTP in this animal model resulted in increased
atherosclerosis in spite of reduced apo B–containing
lipoproteins, by reduction of HDL and HDL-associated
antioxidant enzyme activities.

As already mentioned, studies that have investigated the
effect of antioxidants on atherosclerosis showed inconsis-
tent results, e.g. atherosclerosis was either retarded or not
changed by dietary antioxidants. Overexpression of Cu/Zn-
superoxide dismutase (SOD; removing superoxide radi-
cals) and /or catalase (removing hydrogen peroxide) in
apo E–lacking mice showed that endogenously produced
hydrogen peroxide but not superoxide radicals contribute
to the formation of oxidized lipids and the development of
atherosclerosis in apo E knockout mice (112).

The initiation step of atherosclerosis is accompanied by
the accumulation of modified lipoproteins in the vessel
wall. Group IIa secretory phospholipase A2 (sPLA2 IIa)
may be a key player in the enzymatic modification of

LDL. After 10 weeks of high-fat diet, mice overexpressing
sPLA2 AIIa in macrophages showed 2.3-fold larger lesions
compared with control mice. However, smooth muscle cells
or fibroblasts in the lesions were not affected. Neverthe-
less, data evaluated so far clearly indicate that macrophage
sPLA2 IIa is a proatherogenic factor and suggest that the
enzyme regulates collagen production in the plaque and as
a consequence fibrotic cap development (113).

As mentioned in Section I, efforts to elucidate the role of
Lp(a) in atherogenesis had been hampered by the lack of an
animal model with high plasma Lp(a) levels. Recently,
Schneider and co-workers were able to produce two lines
of transgenic mice expressing apo A in the liver and crossed
them with mice expressing human apo B-100, generating
two lines of Lp(a) mice. They found an increase in oxidized
lipids specific to Lp(a) in high-level apo A–expressing mice,
suggesting a mechanism by which increased circulating
levels of Lp(a) could contribute to atherosclerosis (114).

Ox-LDL has been implicated in the pathogenesis of
atherosclerosis. Increased expression of lectin-like oxidized
LDL receptor-1 (LOX-1), the receptor for Ox-LDL in
endothelial cells has been found in atherosclerotic plaques.
Analysis of mice overexpressing LOX-1 in C57BL/6 and apo
E knockout backgrounds demonstrated that LOX-1 over-
expression promotes inflammatory intramyocardial vascu-
lopathy in a hyperlipidemic mouse model, and this effect is
probably mediated through the endothelial dysfunction
induced by overexpression of LOX-1 (115).

As a conclusion, there are many proteins which seem to
have huge influences in the development or protection of
atherosclerosis. Nevertheless, there are conflicting results
remaining from transgenic mice and other animal models.
SNPs in genes expressed in transgenic mice. Most

forms of atherosclerosis are the product of many genes of
different pathways with small effects which are modified
by the environment or the effects of other genes, rather
than of a single highly penetrant gene. For an overview of
candidate genes for genetic susceptibility see Lusis et al.
(116). Several approaches using those candidate genes
have been performed in order to identify genetic differ-
ences among individuals and common genetic variations,
so-called ‘‘single-nucleotide polymorphisms’’ (SNPs), which
are thought to underlie the different susceptibility to
atherosclerosis.

The human genome contains approximately ten million
SNPs with an estimated two common missense variants
per gene (117). SNPs that might be relevant for studies of
human diseases are non-synonymous SNPs leading to an
amino acid exchange after translation, or lie within puta-
tive regulatory regions of genes affecting the expression,
tissue specificity or function of relevant proteins, or are
localized in splice-sites, leading to a gain or loss of active
splice-variants of proteins in the cell. In atherosclerosis,
SNP’s in genes involved in lipid and lipoprotein meta-
bolism, inflammation, oxidative stress, lipid oxidation,
endothelial cell function, and those involved in maintain-
ing the integrity of extracellular matrix are primary
candidates for susceptibility.

Ath1 is a quantitative trait locus on mouse chromosome
1 that renders C57BL/6 mice susceptible and C3H/He mice
resistant to diet-induced atherosclerosis. Tnfsf4 is one gene
encompassed by this region, which encodes OX40 ligand,
the ligand for OX40 on activated CD4+ cells. Ligand of
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OX40 seems to be involved in allergic processes and play a
critical role in autoimmunity, perhaps leading to systemic
anti-tumor immunity (118, 119). It was found that mice
with targeted mutations in Tnfsf4 had significantly smal-
ler atherosclerotic lesions than did control mice. In addi-
tion, mice overexpressing Tnfsf4 had significantly larger
atherosclerotic lesions. That is interesting, because in two
independent human populations the less common allele of
SNP rs3850641, which is localized in an intron region of
TNFSF4, was significantly more frequent in individuals
with myocardial infarction than in controls (120).

There are many other studies showing SNPs having
either a protective or promoting effect on atherosclerosis
in human beings (121, 122). However, this is not the topic
of this review. For further information, readers should
read the references mentioned.

A summary of proteins leading to an increase of athero-
sclerotic processes if overexpressed in transgenic mice is
given in Fig. 6.

V. Adenoviral expression of LAL
Recombinant adenoviruses are commonly used vectors

for experimental gene transfer. Uptake of adenovirus into
cells takes place by high-affinity binding receptor-
mediated endocytosis. Adenoviruses can infect a variety
of both dividing and non-dividing cells and can also be
grown to high titer [1010–12 plaque-forming units (pfu)/
ml], making these one of the best tools for gene transfer.
Disadvantages include only a transient expression of
the transducted gene and immune reactions of the host.
However, second- and third-generation vectors have been
constructed by deleting virus genes responsible for the
immune response (123, 124). Strategies for increasing
the effectiveness of adenoviral gene transfer have been
studied widely. For example, such a strategy has been
made in the development of tissue-specific adenoviral
vectors for arterial gene transfer (125). Further progress
has been made also in improving adenovirus endocytosis
efficiency, influencing factors that affect delivery of

transgenes into the cell, and ensuring the expression of
the transgene (126).

To produce the adenoviral vector overexpressing LAL,
the cDNA of human LAL was cloned into the transfer vec-
tor pAcCMVpLpA (127). The vector was co-transfected
with adenovirus type 5-plasmid pJM17 (128) using the
helper cell line 293 (human embryonic kidney cells)
(129). Adenoviruses were plaque-purified using the same
cell line and titers determined were between 5 · 1010 and
1 · 1012 plaque forming units (pfu/ml).

Cultivated skin fibroblasts (MRC5-cells, ATCC No. CCL
171) were transfected with an adenovirus in different
solutions expressing human LAL (AdCMVhLAL). High
expression of LAL was detectable up to 12 days after trans-
fection. In addition, a significant mobilization of accu-
mulated cholesteryl esters was detected in transduced
fibroblasts of Wolman patients. These data clearly demon-
strate that the deficient activity of LAL enzyme is
substitutable in cultivated fibroblasts (130).

In studies performed by Du and co-workers, recombinant
human LAL was given intravenously or intraparitoneally
in an effort to decrease atherosclerotic lesions in mouse
models (131). In the LAL-deficient mice, recombinant
LAL showed direct effects on mannose receptor positive
cells, but had relatively minor, if any, effects on lysoso-
mal storage within hepatocytes (132). Based on this
study, the LDL-receptor deficient mouse on a high-fat/
high-cholesterol diet was used to test the effects of LAL
administration. Interestingly, a 50% reduction in lesion
size was found in the treated mice compared to untreated
mice. To evaluate targeting of LAL to the lesions, a
LAL:Apo E double knockout mice was used. Compared
to apo E knockout mice, the atherosclerosis development
is accelerated in the double knockout mice. By immuno-
histochemical staining, LAL was found to be localized to
the macrophages of the lesions and to sub-endothelial
regions in advanced lesions. When considering the role
of a particular protein in atherosclerosis, studies using
both transgenic and knockout animals should be used.

Fig. 6. Proteins causing atherosclerosis if
overexpressed stably in transgenic mice.
Abbreviations used are: LCAT: lecithin choles-
terol acyl-transferase; HSP: heat shock pro-
tein; LDL: low-density lipoprotein; LOX1:
oxidized LDL receptor 1; ICAM1: intracellular
adhesion molecule 1; VCAM1: vascular cell
adhesion molecule 1; TLR4/CD14: complex of
Toll-like receptor/CD14; TNFSF4: encodes
OX40 ligand; SPLA2 IIa: group IIa secretory
phospholipase A2; PLTP: plasma phospholi-
pids transfer protein; HSL: hormone sensitive
lipase.
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VI. Adenoviral expression of other proteins
involved in atherosclerosis

For CHD, hypercholesterolemia and dyslipoproteinemia
are the major risk factors. A therapeutical strategy consists
in increasing the serum HDL cholesterol concentration
in order to improve the ‘reverse cholesterol transport’.
Studies in transgenic mice (see Section III and IV) and
rabbits for human apo A-I showed that overexpression of
these proteins increases serum HDL cholesterol concentra-
tion and reduces diet-induced atherogenesis. Adenovirus-
mediated transfer of human apo A-I gene in mice also
increases circulating apo A-I. Apo A-I is one potential
target for gene therapy of patients with atherosclerosis
associated with a low HDL cholesterol level.

The experimental proof that overexpression of apo A-I
in mice really inhibits atherosclerosis was brought by
Zhang and co-workers (133). In this study, mice were
injected with apo A-I adenovirus (1011 particles per animal)
3 days before 3H-labeled J774-macrophages loaded with
cholesterol by incubation with acetylated LDL were
injected. Apo A-I overexpression led to significantly higher
3H-cholesterol in plama, liver, and feces. The authors con-
cluded that injection of 3H-cholesterol–labeled macrophage
foam cells is a method of measuring reverse cholesterol
transport specifically from macrophages to feces in vivo,
and apo A-I promotes macrophage-specific reverse
cholesterol transport.

The scavenger receptor class B, type I (SR-BI) is an
HDL receptor that mediates selective cholesterol uptake
from HDL to cells (134). In rodents, SR-BI has a critical
influence on plasma HDL-cholesterol concentration and
structure, the delivery of cholesterol to steroidogenic
tissues, female fertility, and biliary cholesterol concen-
tration. SR-BI can also serve as a receptor for non-HDL
lipoproteins and appears to play an important role
in reverse cholesterol transport. Different studies using
adenovirus-mediated expression of SR-BI indicate a
protective effect of SR-BI against atherosclerosis. Thus,
it may also become an attractive target for therapeutic
intervention (135).

Endothelial cells produce superoxide anions (O2
–), which

are removed in the cells by copper/zinc superoxide dismu-
tase (Cu/ZnSOD). Adenoviral infection with an adenoviral
vector containing cDNA for human Cu/ZnSOD increased
content and activity of the enzyme in bovine aortic endo-
thelial cells, leading to reduced cellular superoxide radical
release. When cells infected with the adenovirus were
incubated with LDL, formation of malondialdehyde and
oxidation of LDL were decreased (136). It seems that
SOD overexpression leads to protection against athero-
sclerosis and may also be a good gene therapy target. In
another study, intravenous administration of an adeno-
virus overexpressing extracellular SOD in LDL receptor
knockout mice induced a 3.5- to 7-fold increase in plasma
total SOD-activity. Results showed a tendency for a
reduction in the overall lesion area after SOD gene transfer
as compared with LacZ transduced control mice. However,
the difference did not reach statistical significance. It was
concluded that short-term overexpression of extracellular
SOD in vivo does not affect atherogenesis in LDL-receptor
knockout mice (137). In contrast to this study, Fennell and
co-workers found that adenovirus-mediated overexpres-
sion of extracellular SOD, but not MnSOD in vivo resulted

in improved endothelial function in a rat model of hyper-
tension (138). In conclusion, further studies are necessary
to prove whether SOD is really a protective protein against
atherosclerosis and if yes as a co-factor or by localization.

Catalase, another anti-oxidant, attenuates ROS pro-
duction and cell apoptosis when overexpressed in human
arterial endothelial cells using an adenoviral vector. The
protective effect is mediated through the down-regulation
of JNK and the up-regulation of ERK1/2 phosphorylation
as well as AP-1inactivation (139).

Apo E is a multifunctional protein synthezised by the
liver and by tissue macrophages. Plasma apo E (derived
primarily from the liver) regulates plasma lipoprotein
metabolism, but macrophage-derived apoE was shown
to slow the progression of atherosclerosis independent of
plasma lipid levels. The hypothesis was tested in a study,
whether hepatic expression of human apo E could inhibit
atherogenesis even in a model in which apo E expression
had little effect on plasma lipoproteins. Using a second
generation recombinant adenovirus, hepatic expression
of apo E in LDL-Receptor knockout mice fed with Western
type diet was associated with significantly reduced athero-
sclerosis without reducing plasma cholesterol levels. This
finding indicated that liver-derived plasma apo E can influ-
ence early atherogenesis through mechanisms other than
modulation of lipoprotein metabolism and that liver-
directed gene transfer and overexpression of apo E may
also be a therapeutic approach to atherosclerosis.

It was already described that cholesteryl ester-loaded
foam cells are a hallmark of atherosclerosis. Stimulation
of the hydrolysis of cytosolic cholesteryl esters may be used
as a therapeutic modality of atherosclerosis. For this pur-
pose, hormone-sensitive Lipase (HSL) was overexpressed
by adenovirus-mediated gene delivery in THP-1 macro-
phage-like cells. Overexpression of HSL increased neutral
cholesterylester hydrolase (NCEH) activity and eliminated
cholesteryl esters completely in the cells which were pre-
loaded with cholesteryl esters by incubation with acety-
lated low density lipoprotein (140). Data show that
cholesterol efflux was stimulated in the absence or pre-
sence of HDL which might be at least partially explained
by the expression of ABCA1. Importantly, these effects
were achieved without the addition of ACAT inhibitor,
cAMP, or even HDL. Moreover, it is important to note
that elimination of cholesteryl esters did occur not only
by increasing efflux but also by decreasing influx of
cholesterol.

Mice with combined leptin and LDL receptor deficiency
are obese and show severe dyslipidemia and insulin resis-
tance. Double mutant mice have higher levels of HDL
and non-HDL cholesterol, and triglycerides. They also
show higher oxidative stress, determined by higher titers
of autoantibodies against malondialdehyde-modified LDL.
Higher macrophage homing and accumulation of oxidi-
zed apolipoprotein B-100–containing lipoproteins are asso-
ciated with larger plaque volumes in the aortic root. In
addition, the activities of the HDL-associated antioxidant
enzymes paraoxonase 1 and LCAT are lower in double-
mutant mice. Adenovirus-mediated LCAT gene transfer
in this mouse strain increased plasma LCAT activity and
reduced the titer of the antibodies and plaque volume in
the aortic root (141). It was concluded from this study
that transient LCAT overexpression is associated with a
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reduction of oxidative stress and atherosclerosis which is
in contradiction to the results found by overexpression
experiments in LCAT transgenic mice (see Section IV),
making it necessary to further evaluate the data con-
cerning overexpression of LCAT and its influence on
atherosclerosis.

Atherosclerosis results not only from accumulation
of macrophages but also of extracellular matrix in the
arterial wall. Decorin, a small matrix proteoglycan, regu-
lating cell proliferation, migration and growth factors’
activity, was overexpressed in apo E–deficient mice. Syste-
mic overexpression of decorin using an adenoviral vector
reduced inflammation, triglycerides and fibrosis in athero-
sclerotic plaques, the latter by forming complexes with
transforming growth factor-b (TGFb-1) (142).

Matrix metalloproteinases (MMPs) are often in suspicion
of having an effect on atherosclerosis (143). These proteins
cause matrix degradation and may be involved in the rup-
ture of atherosclerotic plaques by degrading fibrous caps,
resulting in the intravascular thrombus formation. For
example, overexpression of MMP-9 by injection of adeno-
virus in porcine coronary arteries led to intravascular
thrombus formation at the MMP-transfected site but not
at the LacZ-transfected site. Co-transfection of tissue inhi-
bitor of MMP (TIMP-1) with MMP-9 prevented the throm-
bus formation. Western Blot analysis revealed the reduced
expression of intact tissue factor pathway inhibitor-1 and
the increased tissue factor (TF) expression at the MMP-
9–transfected cells (144). Thus, overexpression of MMP-9
promotes intravascular thrombus formation due in part
to the activation of TF-mediated coagulation cascade. In
addition, Rouis and co-workers investigated the impact of
adenovirus-mediated elevation in the circulating levels
of human TIMP-1 in atherosclerosis-susceptible apo
E–knockout mice. They found that overexpression of
TIMP-1 in fact reduces atherosclerotic lesions in the
mouse model (145).

Atherosclerosis susceptibility is decreased in mice with
PLTP deficiency. To study the effect of PLTP on the devel-
opment of atherosclerosis, PLTP was overexpressed in
apo E–knockout mice using an adenovirus-associated
(AAV)-mediated system. It was found that increased
PLTP activity results in (a) a decrease in HDL cholesterol,
HDL phospholipids, and apo A-I levels, (b) a decrease
in vitamin E contents, (c) an increase in lipoprotein

oxidizability, (d) an increase in autoantibodies against oxi-
dized apo B–containing particles, and (e) an increase in
atherosclerosis lesions in proximal aorta (146). These
results confirm data obtained by studying transgenic
mice overexpressing PLTP (see Section IV).

The presence of the tumor-suppressor gene p53 in
advanced atherosclerotic plaques and the sensitivity to
p53-induced cell death of smooth muscle cells isolated
from these plaques gave rise to speculation about the
role of p53 in atherogenesis (see also Section I). To give
insights, atherosclerotic plaques in apo E knockout mice
were incubated transluminally with recombinant adeno-
virus carrying either a p53 or LacZ transgene as a control.
P53 transfection led to an increase in cap cell apoptosis 1
day after transfer. Overexpression of p53 resulted in a
marked decrease in the cellular and extracellular content
of the cap which is a characteristic feature of plaque
vulnerability to rupture (147). It is well established that
plaques with a high-lipid content are more vulnerable to
rupture. However, coronary arteries may respond to
plaque growth by either outward expansion of the vessel
wall (positive remodeling), or vessel shrinkage (negative
remodeling). There is the apparent paradox that positive
remodelling may be advantageous (providing benefit in
terms of avoiding luminal stenosis), but also harmful in
that marked compensatory remodelling, which may
make the plaque more vulnerable. In contrast, lesions
with negative remodelling may be associated with higher
grade stenosis, but may appear more stable. It was
reported that plaques with positive remodelling have a
higher lipid content and macrophage count, both markers
of plaque vulnerability. This might stimulate MMP produc-
tion, leading to cell matrix breakdown (148). Thus, in our
opinion there is no doubt that plaque vulnerability is a
dangerous event (Fig. 7).

The death receptor Fas and Fas ligand (FasL), like p53
playing a crucial role in apoptosis, are present in human
advanced atherosclerotic plaques. In a study by Zadelaar
and co-workers, carotid atherogenesis was initiated in apo
E–deficient mice. The resulting plaques were incubated
with recombinant adenovirus overexpressing FasL or
lacZ as a control. Interestingly, three days after transfer,
FasL expression led to a 38% reduction in the number of
cap cells. However, two weeks after transfer, non-thrombic
rupture, intra-plaque haemorrhage, buried caps and iron

Fig. 7. Proteins causing atherosclerosis if
overexpressed transiently in mice by adeno-
viral gene transfer. Abbreviations used are:
PLTP: plasma phospholipids transfer protein;
VSMC: vascular smooth muscle cells; FASL: Fas
ligand; HSP: heat shock protein; HDL: high-
density lipoprotein; LDL: low-density lipoprotein.
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deposits were observed in 6 out of 17 Ad-FasL–treated
carotid arteries versus 0 out of 17 controls, indicating
enhanced plaque vulnerability (149).

A summary of proteins leading to an increase of
atherosclerotic processes if overexpressed after adenoviral
transfer in mice is given in Fig. 7.

VII. Conclusion and future perspectives
Diet, hormone status, and in addition many other factors

have influence on the activity and expression of the LAL.
Changes of the activity and expression rate of this enzyme
can change the expression of many other enzymes and the
meaning of other pathways of the lipid metabolism. The
influences and reciprocal effects on the LAL known so far
are summarized in Fig. 2.

Without going into details, it should be mentioned that
NPC (see Fig. 2) belongs to the gene products of NPC1 or
NPC2, respectively. Mutations in either the NPC1 or NPC2
gene cause Nieman-Pick disease type C which is inherited
in an autosomal recessive kind of way and is characterized
by accumulation of lipids in the spleen, liver, lungs, bone
marrow, and brain. The NPC1 gene produces a protein that
is located in membranes of the cell and is involved in the
movement of cholesterol and lipids within cells. The NPC2
gene produces a protein that binds and transports choles-
terol, although its exact function is not fully understood.
Extremely low levels or deficiency of these proteins lead to
abnormal accumulation of lipids and cholesterol within the
cells which is similar to the effect of non-functioning LAL.
Additional information about Nieman-Pick disease is
summarized by Ory (150).

Despite the central role of the LAL, a stable over-
expression does not have huge effects on the lipid meta-
bolism at least in the mouse model. Further crossing
experiments of the LAL transgenic mouse-strain with
apo E–knockout mouse and other atherosclerosis-sensitive
mouse strains need to be performed. Hereby it should
be examined whether there are differences in develop-
ment and expiration of atherosclerosis in LAL over-
expressing mice. Although it was recently shown in the
mouse model that by administration of LAL atherosclerotic
plaques were reduced quantitatively and qualitatively
(131), the results won so far lead to the assumption
that despite the activity and expression of the LAL still
many other factors on the molecular level for the deve-
lopment of atherosclerosis play an important role. As
shown in this review, many proteins especially if over-
expressed and other factors seem to have huge influences
on the development of atherosclerosis. Thus, the molecular
causes of atherosclerosis should not be examined by
investigations of only one enzyme after diagnosis, but
rather by means of many proteins and perhaps SNP’s in
certain genes in combination mentioned in this review to
determine a spectrum as broad as possible of potential
targets for therapy.
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