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Abstract: Serum lipid levels are closely related to the structure and function of blood vessels. Chronic hyperlipi-

demia may lead to damage in both the cardio- and the cerebrovascular systems. Vascular dysfunctions, including 
impairments of the blood-brain barrier, are known to be associated with neurodegenerative diseases. A growing 

number of evidence suggests that cardiovascular risk factors, such as hyperlipidemia, may increase the likelihood 

of developing dementia. Due to differences in lipoprotein metabolism, wild-type mice are protected against diet-

induced hypercholesterolemia, and their serum lipid profile is different from that observed in humans. Therefore, 

several transgenic mouse models have been established to study the role of different apolipoproteins and their 

receptors in lipid metabolism, as well as the complications related to pathological lipoprotein levels. This mini-
review focused on a transgenic mouse model overexpressing an apolipoprotein, the human ApoB-100. We 

discussed literature data and current advancements on the understanding of ApoB-100 induced cardio- and cere-

brovascular lesions in order to demonstrate the involvement of this type of apolipoprotein in a wide range of 

pathologies, and a link between hyperlipidemia and neurodegeneration. 

Keywords: ApoB-100 lipoprotein, hyperlipidemia, atherosclerosis, blood-brain barrier (BBB), endothelial dysfunction, cerebrovascular  
disease, neurodegeneration, dementia, transgenic mice.  

1. INTRODUCTION 

 Lipids, as being water-insoluble molecules, are transported in 
the blood as protein-bound structures, called lipoprotein particles. 
These are composed of a hydrophobic core consisting of triglyc-
erides and cholesterol esters, encompassed by a hydrophilic phos-
pholipid monolayer containing embedded apolipoproteins. Lipopro-
tein particles are classified into different groups according to their 
density, size, lipid and apolipoprotein contents. Apolipoproteins are 
essential structural molecules of lipoprotein particles, and play an 
important role in lipid metabolism by regulating numerous meta-
bolic enzymes, as well as mediating molecular interactions with 
lipoprotein receptors [1, 2]. 

 Following intestinal absorption, dietary fats are packaged into 
chylomicron (CM) particles within the enterocytes, and are deliv-
ered to the circulation. The core protein component of CMs is apol-
ipoprotein B (ApoB)-48, which is the truncated variant of ApoB-
100, produced by the ApoB mRNA editing enzyme, APOBEC1 [1, 
3]. In the capillaries, triglycerides carried in CMs are hydrolyzed by 
lipoprotein lipase. Released free fatty acids are taken up by muscle 
cells and adipocytes, while triglyceride-depleted chylomicron rem-
nants (smaller particles) are removed from the circulation by the 
liver [1-3]. In the liver, triglycerides and cholesterol esters (from 
chylomicron remnants, as well as those newly synthesized by hepa-
tocytes) are incorporated into triglyceride-rich, very-low-density 
lipoprotein (VLDL) particles, and are secreted into the blood. In 
humans, the core structural protein of VLDL is ApoB-100, while in 
mice VLDL contains both apoB-100 and apoB-48 due to the he-
patic expression of APOBEC1 in mice and rats [3-5]. Fatty acids 
are released from VLDL particles by lipoprotein lipase in peripheral  
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tissues, leading to the formation of cholesterol-enriched intermedi-
ate-density lipoprotein (IDL) particles. IDL particles are partially 
cleared from circulation via hepatocytes LDL receptors (LDLRs) 
and LDL receptor-related proteins (LRPs) which recognize the 
ApoE protein present in IDL particles. The rest of the IDL under-
goes further triglyceride hydrolyzation by hepatic lipase, leading to 
the formation of low-density lipoproteins (LDLs). Therefore, in 
humans, LDL particles contain mainly cholesterol esters and ApoB-
100 [2, 3]. Hepatic LDLRs play a crucial role in the control of se-
rum LDL levels, as the clearance of LDL from the blood is medi-
ated mainly by these receptors. A smaller fraction of LDL is taken 
up by peripheral tissues [2]. Data on the clearance of ApoB-48 and 
ApoB-100 indicate that ApoB-48 is removed faster from circulation 
than ApoB-100, which may partially explain why mice have lower 
serum LDL and VLDL levels as compared to humans [3, 6]. High-
density lipoprotein (HDL) particles, containing ApoA1, are respon-
sible for reverse cholesterol transport. Cholesterol esters of HDL 
particles are transferred into ApoB containing particles by the cho-
lesterol ester transfer protein (CETP) in humans. In contrast, mice 
lack CETP activity, therefore the predominant lipoproteins carrying 
cholesterol are HDL in mice, and they are typically characterized 
by quite low LDL levels [2, 3]. The differences in lipoprotein me-
tabolism result in a different serum lipid profile between humans 
and wild-type mice. Due to the low LDL to HDL ratio, wild-type 
mice are protected against hypercholesterolemia, and are resistant 
to atherosclerosis [7]. Therefore, several transgenic mouse models 
have been established for the animal studies of hyperlipidemia and 
hypercholesterolemia [3]. Although the lipid profile of these ani-
mals is still not completely equal to that of humans, they are useful 
tools to study the role of different apolipoproteins and receptors 
involved in lipid metabolism, and the consequences of pathological 
lipoprotein levels. For example, the LDLR -/- mouse strain, which 
expresses exclusively ApoB-100 in the liver, is an accepted rodent 
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model of familial hypercholesterolemia [8]. Another transgenic 
mouse model of dyslipidemia, the ApoE -/- strain, develops athero-
sclerotic lesions showing even more severe symptoms on high-fat 
or high-cholesterol diet [7]. Moreover, many different genetically 
modified mouse lines have been generated to study the role of 
ApoB proteins in lipid metabolism and atherogenesis [5].  

2. THE APOB-100 TRANSGENIC MOUSE STRAIN: A 
MODEL OF HYPERLIPIDEMIA AND ATHEROSCLEROSIS 

 One of the first ApoB-100 transgenic mouse strains was gener-
ated in Hobbs’s laboratory in the early 1990s [9]. They used a 
minigene construct containing exons 1-26 of the human ApoB-100 
cDNA, and the last three exons and introns from the human ApoB 
gene, including 2.3 kb of the 3’-untranslated region driven from the 
mouse transthyretin promoter/enhancer sequences. Transgenic hu-
man ApoB was detected in the liver, kidney and brain of these 
mice. The researchers found that human ApoB-100 mRNA was 
edited in the mouse liver with a slightly decreased efficiency as 
compared to the endogenous mouse transcript. Soon after that, the 
same group generated transgenic mice using a 79.5-kb genomic 
DNA fragment spanning the entire human ApoB gene, inserted into 
P1 phagemid. In these transgenics, the human ApoB transgene was 
expressed at high levels in the liver, but not in the intestine [10, 11]. 

 Almost simultaneously, another ApoB-100 transgenic strain 
was developed in Rubin’s laboratory in 1993 [12]. They cloned the 
complete human ApoB-100 transcription unit into a P1 phagemid 
vector. This construct expressed the human ApoB-100 similarly to 
the endogenous mouse protein, due to the long 5’ promoter, in-
tragenic and 3’specific enhancer/silencer sequences. 

 Our group produced transgenic mice overexpressing the human 
ApoB-100 protein in 2005, using the same P1 phagemid transgene 
(Fig. 1) for microinjection as the one constructed in Rubin’s labora-
tory (kindly provided by Prof. Rubin) [13]. We have been maintain-
ing this transgenic strain on the C57B6N genetic background, being 
stable for 14 years without any modification in the transgene ex-
pression.  

 ApoB-100 deficient mice were produced in Jan Breslow’s lab 
in 1995 [14]. Homozygote knockout animals were not viable; em-
bryos died at embryonic day 9 (E9). Heterozygote animals were 
viable, but showed increased intrauterine lethality due to incom-
plete neural tube closure. Several newborn heterozygotes developed 
hydrocephalus. Heterozygote male mice were mostly sterile. 
Plasma triglyceride levels were normal, but total, LDL, and HDL 
cholesterol levels were substantially reduced. Independently, an-
other ApoB-100 deficient mouse line was established by Farese and 
coworkers, who found that heterozygote animals were protected 
against hypercholesterolemia induced by a diet enriched in fat and 
cholesterol [15]. 

 ApoB-100 is the major constituent of lipoprotein particles that 
are considered to be atherogenic [5]. The majority of plasma ApoB-
100 molecules are associated with LDL, although they are also 
found in VLDL and IDL particles. As each LDL particle contains a 
single molecule of ApoB-100, increasing concentrations of ApoB-
100 induce the elevation of LDL particle number in the blood [2, 

16]. Therefore, the plasma lipid profile of mouse strains overex-
pressing ApoB-100 is similar to that of humans. 

 Experiments with the first ApoB-100 transgenic mice model 
revealed that transgenics have elevated serum levels of ApoB, total 
and LDL cholesterol, as well as triglyceride [10-12]. Transgenic 
mice on a high-fat or high-cholesterol diet had significantly in-
creased serum levels of total and LDL cholesterol as compared to 
non-transgenic animals fed with the same diet [11, 12]. Our results 
also demonstrated that ApoB-100 transgenics receiving a regular 
chow diet had permanently elevated plasma triglyceride levels as 
compared to wild-type controls at the age of 3, 7, 9 and 12 months 
[17, 18]. ApoB-100 transgenic mice on a high-cholesterol diet 
showed increased levels of serum total and LDL cholesterol, while 
serum HDL levels did not change [19]. Interestingly, serum triglyc-
eride levels were normalized by the cholesterol-enriched diet in our 
transgenic mice [19]. This coincides with the results of Young and 
coworkers, who found that lipoproteins containing the ApoB-100 
protein were enriched in triglycerides in transgenic mice receiving 
normal chow, while in those fed with high-fat diet LDL particles 
contained very low levels of triglycerides [5, 10, 11]. Therefore, 
two different types of hyperlipidemia can be modelled by ApoB-
100 overexpressing mice depending on the diet: hypertriglyceride-
mia on regular chow, and hypercholesterolemia induced by choles-
terol supplementation. The severity of hyperlipidemia induced by 
ApoB-100 overexpression can be increased by combining this 
transgene with other mutations. For example, LDLR deficient 
ApoB-100 transgenic mice show a markedly increased plasma LDL 
level, and develop atherosclerotic lesions by the age of 6 months on 
a regular diet [20]. Transgenic mice expressing the human CETP 
protein along with ApoB-100 and fed with a normal diet also show 
an increased ratio of LDL to HDL fraction, which resembles the 
plasma cholesterol distribution of normolipidemic humans [21].  

 Several studies confirm that hyperlipidemia and increased se-
rum levels of LDL cholesterol are important risk factors for 
ischemic heart disease [22]. Accumulation of LDL in the arterial 
wall is a key event in early atherogenesis, as it promotes the aggre-
gation and oxidation of LDL particles, leading to inflammation and 
the formation of atherosclerotic lesions [23]. As ApoB-100 overex-
pressing mice are not protected against diet-induced hypercholes-
terolemia, a lipid-enriched diet induces the formation of atheroscle-
rotic plaques in these animals. Oil-Red O stained sections of the 
proximal aorta of ApoB-100 transgenic mice fed with an athero-
genic, fat- and cholesterol-rich diet showed significantly increased 
plaque numbers as compared to non-transgenics [11, 24]. The aorta 
in these transgenic mice was characterized by fatty streak lesions 
along its entire length. The features of these lesions, including the 
presence of oxidized lipoproteins, macrophages, and immunoglobu-
lins, were identical to those commonly seen in human lesions [24]. 
Electron microscopic studies revealed the presence of foam cells 
and cholesterol crystal deposits in the wall of the thoracic aorta 
[11]. ApoB-100 transgenic mice fed with a cholesterol-rich (2%) 
diet for 18 weeks demonstrated significantly increased levels of 
myocardial superoxide, NADPH oxidase and nitrotyrosine [19]. In 
addition, serum malondialdehyde level, a marker of systemic lipid 
oxidation and oxidative stress, was considerably increased as well. 

 
Fig. (1). Physical map of human ApoB-100 transgene. Based on Callow et al. 1994. PNAS, 91. 2130-34. 
A transgenic mouse strain overexpressing the human ApoB-100 protein was established in our laboratory in 2005 [13], using the transgene presented here. The 
gene construct was produced in Rubin’s laboratory in 1993 [12]. The construct contained the complete human ApoB-100 transcription unit, including the long 
5’ promoter, as well as intragenic and 3’specific enhancer/silencer sequences, cloned into a P1 phagemid vector. 
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These biochemical alterations in myocardial tissues led to de-
creased aortic flow and reduced cardiac work in cholesterol-fed 
transgenic mice, as measured in isolated working hearts [19].  

 Chronic hyperlipidemia affects not only the cardiovascular, but 
also the cerebrovascular system. An early cross-sectional study 
revealed that hallmarks of atherosclerosis, such as an increased 
thickness of vessel walls or accumulation of plaques in the carotid 
arteries, are related to vascular dementia and Alzheimer’s disease 
(AD) [25]. A growing number of evidence suggests that established 
risk factors of cardiovascular disease, including mid-life obesity, 
high systolic blood pressure, diabetes or hyperlipidemia, may also 
increase the probability of developing dementia, and may accelerate 
the cognitive decline in AD patients [26-30]. A follow-up study 
showed that the cognitive performance of elderly persons was nega-
tively affected by a history of vascular disease, and this effect was 
most pronounced in AD patients. Moreover, the development of 
cardiovascular diseases was more prevalent in the AD group [28].  

3. BLOOD-BRAIN BARRIER 

 Atherosclerotic changes may occur throughout the entire vascu-
lature, including blood vessels supplying the brain. The structure 
and function of brain capillaries are tailored to the requirements of 
maintaining a strictly controlled microenvironment essential for 
proper neural functioning. The interface between the circulating 
blood and the neural tissue is the blood-brain barrier (BBB), which 
is formed by endothelial cells closely interacting with astrocytic 
endfeet and pericytes surrounding brain capillaries. The brain re-
ceives its nutrient supply through the BBB, while at the same time, 
the BBB protects the brain from toxic compounds and pathogens. 
Gases (i.e., oxygen and carbon dioxide) transported in the blood, as 
well as lipid-soluble compounds, diffuse passively through the 
BBB. In contrast, the exchange of water-soluble molecules between 
the blood and the brain is dynamically and actively regulated by the 
BBB [31].  

 The basic cellular components of the BBB are capillary endo-
thelial cells. They are characterized by a lack of fenestrae, low rate 
of transcytosis and expression of tight junctions (TJs), extrusion 
pumps and selective transporters. TJs represent the most character-
istic feature of the BBB. They are contact points between endothe-
lial cells where transmembrane proteins, mainly occludin, claudin-5 
and junctional adhesion molecules, span the intercellular cleft. TJ 
transmembrane proteins are anchored to scaffolding proteins (e.g., 
zonula occludens-1 (ZO-1)) regulating TJ assembly [32]. TJs block 
the paracellular transport of macromolecules and restrict the diffu-
sion of ions and small water-soluble molecules through the intercel-
lular cleft between endothelial cells. Another function of TJs is the 
maintenance of polarized distribution of endothelial membrane 
proteins, including extrusion pumps and selective transporters. Wa-
ter-soluble nutrients, such as glucose, amino acids, neurotransmitter 
amino acids GABA and glycine, monocarboxylates and vitamins, 
as well as organic anions and cations pass through endothelial cells 
using their specific transporters [33]. Lipids, which are transported 
in the blood in the form of lipoprotein complexes, also use specific 
transporters for their uptake by endothelial cells [34, 35]. Brain 
capillary endothelial cells express not only transporters that mediate 
the entry of nutrients into the brain, but also efflux transporters that 
are involved in removing harmful, potentially toxic substances, like 
amyloid-β (Aβ) peptides, from the brain into the blood. The major 
efflux transporters, such as P-glycoprotein (Pgp), multidrug resis-
tance associated proteins and breast cancer resistance protein be-
long to the B and G subfamilies of ATP binding cassette transport-
ers [36]. 

 The induction and maintenance of brain endothelial characteris-
tics are largely dependent on astroglial cells [37]. Endothelial cells, 
in turn, also influence astrocyte function [38]. The anatomical basis 
of astroglia-endothelial cross-talk is a network of fine lamellae 
made of astrocytic endfeet opposed to the outer surface of brain 

capillary endothelial cells [39]. Direct contact between endothelial 
and astroglial cells is required for the proper expression of TJ pro-
teins, including occludin, claudin-5 and ZO-1, in endothelial cells 
[40]. On the other hand, endothelial-astroglial interaction plays a 
role in the polarized expression of the water-channel protein aq-
uaporin-4 in glial endfeet [41, 42]. Aquaporin-4 is essential for the 
maintenance of volume and osmotic balances of the neuronal mi-
croenvironment [43].  

 Pericytes are embedded in the basement membrane of small 
blood vessels, such as pre-capillary arterioles, capillaries and post-
capillary venules. They regulate the thickness of basal lamina by 
producing and depositing its components or synthesizing proteases 
[44, 45]. Pericytes are contractile cells with processes surrounding 
the vessel wall. They actively communicate with endothelial cells, 
astrocytes and neurons [46, 47], regulate cerebral blood flow [48], 
as well as the expression of TJ and adhesion junction proteins [49], 
neuroinflammation [50], angiogenesis [51], clearance [52], and 
stem cell activity [53]. During development, features, specific for 
brain capillary endothelial cells are induced by pericytes, and later 
by astrocytes [54]. 

4. DYSLIPIDEMIA-RELATED CHANGES IN BBB FUNC-
TION 

 The cellular components of the BBB communicate with each 
other through cytokines. Each cell type has a specific pattern of 
cytokine secretion, and all of them are capable of producing pro- 
and anti-inflammatory cytokines [55]. Upon a shift towards proin-
flammatory cytokine secretion (e.g., tumor necrosis factor-α or 
interleukin-6), an increase in BBB permeability can be observed 
[56]. BBB functional damage may include microbleeds, leukocyte 
infiltration and entry of blood-derived macromolecules (fibrinogen, 
thrombin, albumin, IgG, haemosiderin) into the brain, as well as 
impaired glucose transport and Pgp function. BBB dysfunction is 
usually accompanied by morphological alterations, such as dis-
rupted TJs, basement membrane changes and pericyte loss. Most 
signs suggesting a compromised BBB are observed in neurodegen-
erative diseases, including AD, Parkinson’s disease, Huntington’s 
disease, amyotrophic lateral sclerosis, multiple sclerosis and HIV-
associated dementia [57].  

 Inflammatory processes may be induced by a series of factors, 
including injuries, infections, ischemia and metabolic disorders, 
such as hyperglycemic and hyperlipidemic conditions [58-60]. 
Dyslipidemia is a known risk factor for intracranial atherosclerosis 
[61, 62], and is prevalent in 75% of AD patients with BBB impair-
ment [63]. Brain capillary endothelial cell functions may be af-
fected by an increased production of arachidonic acid metabolites, 
which occurs in hyperlipidemic conditions. These metabolites are 
reported to modulate serine/threonine phosphorylation of TJ pro-
teins, leading to TJ disruption and barrier dysfunction [64]. Lipoly-
sis products of triglyceride-rich lipoproteins may also increase BBB 
permeability via the disruption of intercellular junctions, which in 
turn induces apoptosis and influences lipid raft morphology and 
composition [65, 66]. Reactive oxygen species might also be in-
volved in endothelial cell injury induced by triglyceride-rich lipo-
proteins [66, 67]. Indeed, serum triglyceride levels in humans are 
positively correlated with the level of protein oxidation, irrespective 
of total cholesterol levels [68]. An in vivo study performed in mice 
confirmed that lipolysis products of triglyceride-rich lipoproteins 
transiently increased the BBB transfer coefficient. It suggests that 
serum lipids may induce neurovascular injury, which may be in-
volved in the development of cognitive dysfunction [69].  

 Dyslipidemia-related permeability changes of the BBB may 
also result from alterations in endothelial transport systems. Glu-
cose transporter-1 (Glut-1) expression in brain endothelial cells was 
transiently downregulated in mice fed with a high-fat diet, which 
was followed by a compensatory Glut-1 upregulation leading to 
cognitive disturbances through inflammatory pathways [70]. In-
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flammatory conditions also modulate the expression and function of 
BBB efflux transporters, including Pgp and LRP1 [71]. A reduction 
in either LRP1 or Pgp levels or both leads to impaired Aβ clearance 
from the brain and to cognitive deficits in mice [72, 73]. This find-
ing is in accordance with verapamil-PET studies showing a de-
crease in Pgp function in the brain of patients with AD or Parkin-
son’s disease [57].  

 Besides endothelial cells, pericytes may also participate in 
dyslipidemia-induced permeability changes of the BBB. Hyperlipi-
demia was reported to prevent the effects of vascular endothelial 
growth factor on pericytes in mice, provoking a decrease in pericyte 
coverage of brain capillaries and an increase in BBB permeability 
[74]. 

5. ROLE OF DYSLIPIDEMIA IN NEURODEGENERATIVE 
DISEASES 

 Long-term high dietary intake of cholesterol reduces the density 
of vessel branches in the brain [75]. Pathological changes linked to 
hypercholesterolemia can be observed despite the fact that the BBB 
blocks cholesterol entry into the brain. Oxidized cholesterol me-
tabolites, such as 24S-hydroxycholesterol and 27-hydroxy-
cholesterol, however, are able to cross the BBB, and recent data 
suggest that they contribute to the development of AD [76]. Moreo-
ver, significantly increased serum levels of LDL and decreased 
levels of HDL cholesterol were measured in AD patients compared 
to healthy controls, while only a slight, non-significant difference 
regarding total cholesterol levels was observed between the groups 
[77]. Higher serum LDL levels were associated with early-onset 
AD [78], and with compromised integrity of white matter tissue in 
different brain regions, even in healthy individuals [79]. 

 Dysregulation of circulatory apolipoprotein composition may 
be an early sign of cognitive decline. Patients with mild cognitive 
impairment were found to have an increased ApoB/ApoA1 ratio, 
which was negatively correlated with the volume of the hippocam-
pus, and positively correlated with the incidence of later-onset cog-
nitive decline [80]. Other studies also indicated that plasma ApoB-
100 levels were 20-25% higher in AD patients as compared to con-
trols, and a positive correlation was observed between plasma 
ApoB-100 and brain Aβ42 concentrations [16, 77]. On the other 
hand, the reduced ApoA1 level was strongly correlated with cogni-
tive decline in AD patients [81, 82].  

 Interestingly, the accumulation of ApoB-100 protein in senile 
plaques and neurofibrillary tangles was found in the brain of AD 
patients [83], and this observation was experimentally confirmed in 
APP/PS1 transgenic mice using a highly sensitive 3-dimensional 
immuno-fluorescence microscopy technique [84]. ApoB-100 is 
known to be synthesized mainly in the liver and small intestine, and 
serum ApoB-100 is generally unable to cross the BBB. However, 
pathological alterations of the BBB found in AD may allow differ-
ent serum-derived proteins to penetrate the brain. ApoB-100 was 
identified in the cholesterol-enriched membrane microdomains of 
human primary cerebral endothelial cells in vitro [85], and our stud-
ies confirmed the presence of the ApoB-100 protein in brain capil-
lary endothelial cells in mice as well [86].  

 Increased serum triglyceride levels may also be involved in the 
development of neurodegenerative diseases. Hypertriglyceridemia 
has been found to significantly increase the risk of vascular demen-
tia in elderly subjects [87]. Increased serum triglyceride levels in 
midlife can predict the later development of Aβ and tau pathology 
in cognitively normal individuals [88]. Moreover, transgenic mouse 
models of AD with high levels of circulating Aβ show an increase 
in plasma triglyceride levels prior to amyloid plaque formation 
[89]. Elevated levels of triglyceride-rich lipoproteins and their de-
rivatives produced by lipolysis may contribute to neurodegeneration 
via inducing oxidative stress, inflammation and dysfunction of the 
BBB.  

 Certain mutations in the genes of apolipoproteins or their recep-
tors, frequently leading to dyslipidemia, are also associated with 
neurodegeneration. For example, the presence of the E4 allele of 
ApoE is a known risk factor for developing atherosclerosis, and is 
involved in AD pathology as well. Two copies of the E4 allele are 
established to lead increased serum cholesterol levels and accelerate 
the development of both diseases [29, 90]. Indeed, the frequency of 
the E4 allele is significantly increased in patients with AD as com-
pared to controls or unaffected siblings [91]. These findings are 
experimentally confirmed in transgenic mice as well, demonstrating 
that ApoE4 knock-in diminishes adult hippocampal neurogenesis 
[92]. A recent study has also shown that ApoE4 can negatively 
influence microvascular functions of the brain, thereby contributing 
to white matter degradation and cognitive impairment [93]. Fur-
thermore, ApoE4 expression in a mouse model of AD is reported to 
exacerbate the accumulation of Aβ plaques in the hippocampus [94-
96]. Interestingly, polymorphism of the ApoE gene may influence 
serum levels of other lipoproteins as well, for example, E4 carriers 
show significantly increased serum levels of ApoB [80].  

 Although ApoE is probably the most studied factor related to 
lipid metabolism and AD, there are other potential candidates that 
may play a role in linking serum lipid regulation to cognitive func-
tions. LDLR mutations are known to be involved in familial hyper-
cholesterolemia [97], which in turn may increase the risk of mild 
cognitive impairment [98]. In transgenic animals, brain LDLR defi-
ciency can induce processes similar to those occurring in AD, such 
as cognitive decline or increased levels of oxidative stress [99-102].  

 More interestingly, it was found that rare variants of the ApoB 
gene are more frequent in patients with early-onset AD. These po-
lymorphisms in the ApoB gene probably lead to an altered level, 
structure or function of the protein, suggesting a direct link between 
ApoB and dementia [78]. 

6. BBB CHARACTERISTICS AND NEURODEGENERA-

TION IN APOB-100 TRANSGENIC MICE 

6.1. Expression of the Human ApoB-100 Protein in Transgenic 
Mice 

 Data from our laboratory, as well as other studies, suggest that 
dyslipidemia and/or altered levels of certain apolipoproteins, in-
cluding ApoB-100, might be involved in neurodegenerative proc-
esses [18, 103]. We showed that serum triglyceride levels in ApoB-
100 transgenic mice were two-fold higher as compared to those 
seen in wild-types when fed with a normal diet. Moreover, fluores-
cent immunohistochemical staining revealed that the human ApoB-
100 protein was accumulated in the capillaries of the thalamic re-
gion in our transgenic mice [104]. The presence of transgenic 
ApoB-100 protein in brain vessels may result either from extravasa-
tion or from in situ production. Our unpublished RT-PCR studies 
demonstrated the presence of mRNA encoding the human ApoB-
100 protein in the microvessel fraction isolated from the brains of 
transgenic mice. It can be assumed that ApoB-100 overexpression, 
together with abnormal serum lipid levels, may disturb cerebrovas-
cular functions (Fig. 2).  

6.2. Morphological Characteristics of the BBB in ApoB-100 
Transgenic Mice 

 These transgenic mice are characterized by a decrease in den-
sity and an increase in lumen diameter of cortical microvessels 
[105]. An increase in permeability for sodium fluorescein (376 Da) 
was observed in the hippocampus of ApoB-100 overexpressing 
mice, suggesting TJ impairment. In accordance with this finding, a 
decreased expression of genes encoding TJ proteins occludin and 
ZO-1 was detected in microvessels isolated from ApoB-100 trans-
genic mice, as compared to wild-type controls. In contrast, the 
mRNA level of claudin-5, another key TJ protein, did not change 
significantly. Other BBB-associated genes, including the mesen-
chyme homeobox 2 (Meox2) gene regulating BBB functions [106] 
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also showed a decreased expression in the ApoB-100 transgenic 
group as compared to wild-type mice. Reduced mRNA levels were 
also detected for genes encoding selected key BBB transporters, 
such as Glut-1, docosahexaenoic acid transporter (encoded by the 
Major Facilitator Superfamily Domain Containing 2A (Mfsd2a) 
gene), and Pgp, one of the main efflux transporters involved in Aβ 
clearance (encoded by the ATP-binding cassette transporter B1a 
(Abcb1a) gene) [18]. These findings coincide with earlier observa-
tions showing a decreased expression and function of these BBB 
transporters in AD-related conditions [103, 107]. A difference in 
the morphology of brain capillaries was also evident upon compar-
ing ApoB-100 transgenic mice and wild-type controls. Using im-
munohistochemical labeling, a reduced immunofluorescence inten-
sity for Pgp and vimentin, a cytoskeletal protein, and for the astro-
glia marker glial fibrillary acidic protein (GFAP) was demonstrated 
in the cortex of ApoB-100 transgenic animals. In contrast, TJ pro-
tein staining patterns were unchanged as compared to wild-type 
controls. At the ultrastructural level, several discontinuous TJs, 
edematic astroglial endfeet, a thickened basal membrane, and a 
reduction of pericyte coverage were detected in ApoB-100 trans-
genic mice [18]. The observed structural changes may lead to in-
creased BBB permeability and are in line with pathological altera-
tions occurring in AD [103, 108].  

 The morphology and immunostaining patterns of endothelial 
cells, astroglia and pericytes of ApoB-100 transgenic and wild-type 
mice were also compared in cell cultures. Claudin-5 immunolabel-
ing of endothelial cells, GFAP immunostaining of astroglial cells 
and α-smooth muscle actin labeling of pericytes were similar in 
both experimental groups, while the immunofluorescence intensi-
ties of cytoplasmic linker proteins ZO-1 and β-catenin were higher 
in cells isolated from the transgenic group. Increased basal produc-
tion of reactive oxygen species was detected in ApoB-100 trans-
genic endothelial cells, which was further elevated following expo-
sure to oxidized LDL. Endothelial cells from the transgenic group 
showed higher membrane rigidity as compared to wild-type cells, 
which remained unchanged after treatment with oxidized LDL. In 
contrast, oxidized LDL treatment resulted in increased membrane 
rigidity in wild-type cells [86]. 

6.3. Biochemical Characteristics of ApoB-100 Transgenic Mice 

 The lipoprotein profile of ApoB-100 transgenic mice was sig-
nificantly different from that of wild-type controls: a decrease in 
ApoA and an increase in ApoE and LDLR levels were observed in 
6-month-old transgenic animals, which might predict later-onset 
cognitive decline. Using Nile red staining, triglyceride droplets 
were detected in the cortex and hippocampus of ApoB-100 trans-
genic mice, suggesting an altered brain lipid homeostasis [17]. In 
accordance with previous data showing a link between serum 
triglyceride levels and oxidative stress [68], the level of malonalde-
hyde, an indicator of lipid peroxidation, was significantly increased 
in the hippocampus and cortex of hypertriglyceridemic ApoB-100 
transgenic mice [104].  

 Overexpression of the human ApoB-100 protein in transgenic 
mice was found to affect the level of amyloid precursor protein 
(APP) in a diet-dependent manner. An increase in the level of 
membrane-bound APP was detected in transgenic mice fed with a 
high-cholesterol diet, while a decrease in membrane-bound APP 
levels was observed in those on a normal diet, compared to wild-
type controls [13]. Abnormal lipid metabolism was linked to Aβ 
plaque formation in the brain of homozygous ApoB transgenic 
mice, but not in hemizygous animals, as detected by immunohisto-
chemical labeling [109, 17]. However, Löffler et al. demonstrated 
elevated Aβ levels even in the brain of hemizygous ApoB-100 
transgenic animals with an Aβ Triplex assay. The concentration of 
Aβ in hemizygous ApoB-100 transgenic mice may not be sufficient 
for plaque formation or may be below the detection limit of immu-
nohistochemical stainings [104]. In contrast to Aβ plaque forma-

tion, increased levels of Tau phosphorylation, another major patho-
logical hallmark of AD, were observed in hemizygous ApoB-100 
overexpressing mice using immunohistochemical labeling and 
western blot analysis [17]. 

 
Fig. (2). Neurodegenerative changes in the brain of ApoB-100 transgenic 
mice. 
In ApoB-100 transgenic mice, characterized by high serum levels of triglyc-
eride (1), extensive accumulation of the ApoB-100 protein in cerebral blood 
vessels and brain parenchyma was observed (2). Overexpression of the 
human ApoB-100 protein resulted in morphological alterations of the BBB, 
including swollen astrocyte endfeet (3), discontinuous intercellular junctions 
(4) and a thick, fragmented basal membrane, suggesting neurovascular 
dysfunction (5). Further pathological changes indicating perturbed brain 
homeostasis include large lipid droplets (6) found in the cortex of aged 
transgenic animals. This abnormal brain metabolism induced oxidative 
stress (7). Elevated level of Aβ in the brain of hemizygous mice was de-
tected (8), and in homozygous animals, this same alteration reached the 
concentration level required for plaque formation (9). The level of Tau 
phosphorylation was also increased in the brain of ApoB-100 transgenic 
mice, leading to a disorganized neural microtubular network and the forma-
tion of neurofibrillary tangles (10), which were reported to associate with 
neurodegenerative processes. Smaller PPF ratios and reduced LTP were 
measured in the brain of ApoB-100 transgenic mice as compared to wild-
type controls, indicating synaptic dysfunction (11). The observed molecular 
alterations might contribute to a high rate of neuronal apoptosis (12) de-
tected in several brain areas of ApoB-100 transgenic mice. 
Abbreviations: N - Neuron, A - Astroglia, Pc - Pericyte, E - Endothelial cell. 

6.4. Neuropathological Changes in ApoB-100 Transgenic Mice 

 Our group reported a high rate of neuronal cell death mainly in 
the hippocampal, cerebrocortical and hypothalamic brain areas of 
ApoB-100 transgenic animals, detected in a TUNEL assay. This 
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finding was confirmed with Fluoro Jade C staining. Western blot 
analysis of signaling proteins indicating ongoing apoptosis, such as 
the proline-rich tyrosine kinase 2 and the mitogen-activated protein 
kinase, revealed increased expression in the brain of ApoB-100 
transgenic animals as compared to wild-type controls. In addition, 
homozygous ApoB-100 transgenic mice also showed elevated pro-
duction of proteins associated with neuronal damage, such as 
S100B, glutamine synthetase, heat shock protein 70, syntaxin, and 
neuronal nitric oxide synthase. The observed neuronal cell death 
was associated with an enlargement of the third and lateral ventri-
cles, according to MRI studies [109]. 

 The neuronal function was assessed using electrophysiological 
methods, including paired-pulse facilitation (PPF) and long-term 
potentiation (LTP) measurements. Transgenic mice overexpressing 
the human ApoB-100 protein showed smaller PPF ratios at each 
interstimulus interval at the age of 3 and 6 months as compared to 
wild-type littermates, suggesting impaired presynaptic function. 
Long-term synaptic plasticity, another aspect of synaptic activity, 
was analyzed in LTP induction measurements. Reduced LTP was 
detected in ApoB-100 transgenic mice as compared to the wild-type 
control group [17]. In line with these findings, at the age of 12 
months, ApoB-100 transgenic mice showed disturbed spatial and 
emotional memory and learning deficits as evaluated with Morris 
Water Maze and Contextual Fear Conditioning tests, respectively 
[104]. 

CONCLUSION 

 A growing number of evidence suggests that the transgenic 
mouse strain overexpressing the human ApoB-100 protein is not 
only a model of atherosclerosis and cardiovascular diseases, but it 
may serve as an animal model to study neurodegenerative altera-
tions as well. An excess of the ApoB-100 protein leads to cere-
brovascular dysfunctions, which in turn, result in synaptic abnor-
malities, cognitive impairment and neuronal cell death. Further 
studies are needed to shed more light on the specific molecular and 
cellular mechanisms linking hyperlipidemia to cerebrovascular and 
neuronal dysfunctions.  
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