
The neutral lipids carried in the core of lipoproteins (tri-
glycerides and esterified-cholesterol) are insoluble in water. 

Therefore, proteins as well as phospholipids and free cholesterol 
are required in their surface for their solubility in the plasma. 
These proteins, called apolipoproteins, participate in lipoprotein 
metabolism by interacting with 
specific receptors and by affect-
ing transport activity, name-
ly modulating the uptake and 
clearance of lipoproteins. The 
older and more familiar apoli-
poprotein A (ApoA) and apoli-
poprotein B (ApoB) families of apolipoproteins are structural 
components of HDL and LDL particles, respectively. Historical-
ly, the arginine-rich protein, which increased substantially in the 
plasma after feeding animals with high fat and high-cholesterol 

diets, was an apolipoprotein discovered later and named apoli-
poprotein E (ApoE). Figure 1 shows the role of ApoE in lipopro-
teins metabolism. Interestingly, ApoE evolved from an apolipo-
protein involved in lipoprotein metabolism and cardiovascular 
medicine into a major topic in neuropathology and neurodegen-
eration research. In this concise review, the major achievements 
in ApoE research are provided. Special tribute is given to those 
whose work has advanced this field. The contribution of Israeli 
physicians and scientists is also acknowledged. 

Starting in Boston and moving to Rockefeller University in New 
York, Plump [1] and the Rockefeller University team in New York, 
USA, generated a mouse deficient in ApoE by gene targeting in 
embryonic stem cells. Severe hypercholesterolemia and athero-
sclerosis followed this manipulation. When fed a low fat diet, the 

-

This degree of hypercholesterolemia is mainly found in the athero-
genic ApoB-containing lipoproteins, very-low-density lipoprotein 
(VLDL), intermediate density lipoproteins (IDL), and low-density 
lipoprotein (LDL). This condition resulted in early development 
and progression of atherosclerosis even on low fat diet in an an-
imal, which is usually resistant to atherosclerosis [2]. The devel-
opment of atherosclerotic lesions in the aortic arch of ApoE-defi-
cient mice exhibited a course similar to humans with initial foam 
cell formation of macrophages through fibrous cap formation, 
calcification, and vessel lumen occlusion [3]. In contrast to ho-

mozygote mice, heterozygous 
ApoE-deficient mice have suf-
ficient amounts of ApoE, which 
corrects the disturbed lipoprotein 
profile to the low cholesterol lip-
id profile, which is almost entire-
ly distributed on protective HDL 

particles. At the lipid research lab at Rambam Health Care Cam-
pus in Haifa, Hayek and colleagues [4] conducted research using 
the ApoE-deficient mouse model of atherosclerosis. Together with 
Coleman’s team [3], they tested the potential beneficial effects 



of different functional foods on development and progression of 
atherosclerosis. Among others, red wine and its polyphenols and 
pomegranate juice were studied [4-6]. These functional foods at-
tenuated atherosclerosis progression and lipid peroxidation to a 
significant degree in ApoE-deficient mice. Keidar and co-authors 
[7] utilized this model to investigate the role of the renin–angio-
tensin–aldosterone system (RAAS) and its effect on atherosclero-
sis. For example, the angiotensin 
converting enzyme inhibitor 
fosinopril and the angiotensin II 
receptor antagonist losartan at-
tenuated the progression of ath-
erosclerosis in ApoE-deficient 
mice [6]. Losartan also abolished the increased uptake of oxidize 
LDL by macrophages exposed to angiotensin II in atherosclerotic 
mice [7]. Thus, the ApoE-deficient mouse model provided a very 
useful platform for exploring the accelerated development of ath-
erosclerosis and its inhibition by different manipulations. Homo-
zygous ApoE deficiency has been rarely described in humans and 
it is manifested with severe hypercholesterolemia, xanthomas, and 
premature cardiovascular disease [8].

The classic Frederickson classification described type III hyper-
lipoproteinemia as elevation of both plasma cholesterol and tri-
glycerides. Early definitions of this dyslipidemia were based on 
the appearance of a broad beta band on agarose gel electrophore-

VLDL of more than 0.8 or 0.3 in mg [9]. These cholesterol-rich 
particles in type III hyperlipoproteinemia are the remnants of tri-
glyceride-rich lipoproteins. Therefore, dysbetalipoproteinemia 
and broad beta disease are synonymous names attributed to type 
III hyperlipoproteinemia. The clinical presentation of this dyslip-
idemia includes the premature development of severe coronary 
and peripheral artery disease. Skin involvement shows character-

istic joints, knees, and buttocks 
xanthomas giving the old name 
of  to the 
disease. Also, palmar xanthomas 
and yellow fat eruptions are dis-
tinctive of this dyslipidemia. An 

early report on the association of ApoE with dyslipoproteinemia 
showed that VLDL from seven patients contained unusually large 
amount of the arginine-rich protein [10]. Fainaru and colleagues 
[11] observed two fractions in the beta: migrating VLDL from 
cholesterol fed dogs and from humans with type III hyperlipopro-
teinemia. This study was conducted in the Gladstone Cardiovas-
cular Research Institute in San Francisco, CA, USA, which was 
established by Robert W. Mahley [12] who is among the research-
ers most recognized with the evolution of ApoE research. Mahley 
elucidated mechanisms of plasma lipoproteins clearance and de-
termined the molecular features of ApoE, both in the circulation 
and in the brain [12]. The arginine-rich apolipoprotein became 
known as ApoE in 1982 [13]. The ApoE gene resides on chromo-

rise to six phenotypes [Figure 2]. E3 is the normative wild type 
isoform and the most abundant while E2 is the least prevalent. 



A single base change in the ApoE gene is responsible for 
the three ApoE protein isoforms: ApoE2, ApoE3, ApoE4. 
Plasma ApoE stems mainly from the liver with the brain as the 
second most common source [14]. The ApoE2 isoform binds 
poorly to the LDL-receptor and homozygous ApoE2 pheno-
type can result in type III hyperlipoproteinemia [15]. Howev-
er, other disorders such as obesity, diabetes, hypothyroidism, 

or LDL receptor inhibition and can limit the clearance of tri-
glycerides and beta VLDL. Thus, only a minority of individ-
uals with ApoE2 phenotypes will develop the overt high-risk 
hyperlipidemia. 

We previously described the combined presentation of type 
III hyperlipidemia with familial hypercholesterolemia [16]. Due 
to its very aggressive behavior, 
type III hyperlipoproteinemia 
should be treated immediately 
and intensively. In contrast to 
familial hypercholesterolemia, 
the lipid abnormality is high-
ly responsive to fibrates such 
as gemfibrozil, ciprofibrate, and bezafibrate [17]. A European 
cross-sectional study showed that only half of the patients used 
these intensive lipid-lowering medications [18].

An extraordinary occurrence of type III hyperlipoprotein-
emia was demonstrated in two men with multiple myeloma 
[19]. High IgA was associated with IDL and LDL. In another 
study led by Turner’s team from St. Thomas’s hospital, Lon-
don [20], the kinetics of ApoB-containing VLDL, IDL, and 
LDL was studied by tracking autologous radioiodinated lipo-
proteins. Dysbetalipoproteinemia was associated with pro-
nounced impairment in catabolism of both VLDL-apoB and 

IDL-apoB. The same catabolic defect was apparent in patients 
with myelomatosis and type III hyperlipoproteinemia [19]. 

Using the vitamin A fat loading test, which distinguishes li-
poproteins from intestinal origin, Weintraub and colleagues [21] 

clearance of chylomicrons. Such results may explain the differ-
ences in LDL concentrations related to ApoE isoforms (higher 
LDL: E4 > E3 > E2). Thus, it has been shown that ApoE phe-
notype affects LDL cholesterol levels in the general population.

Utermann [22] contributed extensively to the detection of ApoE 
polymorphisms, their distribution in the population, and their re-
lationship with type III hyperlipoproteinemia. Despite differences 

in genetic background and genetic 
factors, allele frequencies and ef-
fects on cholesterol levels acted 
in a relatively uniform manner in 
nine different populations [23]. 

Compared to the predomi-

associated with lower cholesterol and ApoE4 with higher cho-
lesterol levels. As much as 16% of genetic variance for LDL 
cholesterol could be accounted for by the ApoE gene [24]. Con-
sequently, ApoE genotype was associated with prevalence of 
cardiovascular and peripheral arterial disease [25,26].

Mahley [12] and Ignatius et al. [27] were the first to demon-
strate that ApoE was the enigmatic protein synthesized and se-
creted after nerve injury and regeneration. Importantly, periph-
eral ApoE does not pass the blood brain barrier. Consequently, 



many central nervous system (CNS) cell types produce ApoE, 
including astrocytes, glial cells, vascular cells, and choroid 
plexus. ApoE polymorphism is the strongest inherited marker 
of Alzheimer's disease (AD). Compared to homozygous E3 in-
dividuals, Apo E2 confers protection and Apo E4 increases the 
risk of AD by 4 and 15 folds, depending on the presence of one 
or two alleles, respectively. Apo E4 also lowers the age of AD 
onset [28]. Strittmatter and colleagues from Duke University, 
USA [29] are pioneers in the field of neurogenetics. They were 

after a few minutes, whereas binding to ApoE3 required hours. 
ApoE2 was associated with lower incidence of AD [30]. Thus, 
the ApoE–AD connection has started an enormous effort to-
ward the understanding of its pathogenesis. AD is character-

by a specific pattern observed in PET scans, which can de-
tect such amyloid depositions. It is conceivable that ApoE4 

and impaired clearance. Also, proteolysis of ApoE4 results in 
the generation of neurotoxic fragments. ApoE4 is defective in 
terms of cholesterol acquisition and delivery to regenerative 
sites in the CNS. ATP-binding cassette cholesterol transport-
ers (ABCA1 and ABCG2) mediate cholesterol mobilization to 
new ApoE particles in the brain. 
Induction of ABCA1 increases the 
lipidation of ApoE and inhibits 

-
tion mutation in ABCA1 is strongly associated with a higher 
risk of AD. Bexarotene, a third generation retinoid that has 
been approved as an oral drug for T cell cutaneous lympho-
ma, is a retinoid X receptor (RXR), which increases ApoE 
and ABCA1 production. Very promising results have shown 
protection against AD in transgenic mice, thus RXR has been 
studied in humans expressing AD mutations [31]. However, in 
a small proof of concept study both brain imaging and clini-
cal measures did not change in patients with AD [32]. ApoE4 
augments Tau protein hyper-phosphorylation, which disrupts 
the integrity of the neuronal cytoskeleton [33]. There are far 
more suggested pathways based on experimental knockout and 

and non-related Apo E4 toxic effects in the brain [34]. Mul-
tiple strategies for AD therapy are proposed, such as ApoE4 
structure correctors, ApoE lipidation enhancement, ApoE 
immunotherapy, and an increase of ApoE receptors [35]. The 
Michaelson lab oratory from Tel Aviv University [33,36,37] 
contributed  extensively to the field by studying mechanisms 
underlying AD neuropathology. Michaelson is the former di-
rector of the Institute of Neurobiology at Tel Aviv Universi-
ty. Using ApoE transgenic mice he demonstrated that ApoE4 

in an isoform related fashion. ApoE associations with different 

neurodegenarative disorders were studied. For example, Chap-
man and colleagues [37] showed that ApoE4 was associated 
with significantly faster progression of disability in multiple 
sclerosis. In an extensive review, the authors suggested that 
ApoE4 is a promising AD therapeutic target as investigated 
in animal models. Loss of protective effect vs. toxic effect of 
ApoE4 is discussed thoroughly in the review [38]. This dy-
namic field of research gives hope to curative ApoE-dependent 
interventions in AD in the future. 

In contrast to ApoA and ApoB, ApoE determination in plas-
ma, is not contributing to any clinical lipids work up. ApoE 
isoforms analysis, despite an important marker of AD, is not 
recommended routinely; ApoE4 existence is not necessarily ac-
companied by AD. AD may develop in persons with ApoE3 and 
ApoE4 isoforms.

The novel coronavirus disease-2019 (COVID-19) has a global 
spread with morbidity and mortality mainly from severe respirato-
ry syndrome challenging the capacity of many national healthcare 
systems. A recent analysis of 382,188 participants of European 
ancestry in the United Kingdom Biobank revealed high risk for 
severe COVID-19 in the homozygous ApoE4 population (2.36%). 
This risk was two times higher, compared to homozygous ApoE3. 

This pattern persisted after exclusion 
of common COVID-19 risk factors 
(dementia, hypertension, coronary 
artery disease, and type 2 diabetes). 

Moreover, ApoE4 was associated with double positive COVID-19 
tests (odds ratio [OR] 2.24) and four times higher mortality rate 
(OR 4.29) [39,40]. The ApoE4 COVID-19 connections are com-
plex: one proposed mechanism links angiotensin converting en-
zyme 2 (ACE2), which is a receptor for the virus, and its activity 
is reduced in ApoE4 individuals. Thus, angiotensin II level is el-
evated resulting in significant vasoconstriction instead of normal 
conversion to peptides with vasodilatory activity [40]. 



Zika virus infection during pregnancy causes 
microcephaly (small head circumference) in children. 
Pang et al. examined mouse brains infected with Zika 
virus and found alterations in the nicotinamde adenine 
dinucleotide (NAD+) metabolic pathways, including 

supplementation of Zika virus-infected pregnant mice and 
their neonates with nicotinamide riboside (a precursor of 

NAD+) reduced cell death in mouse brains, increased 
brain and body weight, and improved survival. Thus, 
dysregulated metabolic pathways may cause neuronal 
cell death and consequent microcephaly in offspring, but 
exactly how Zika virus induces these metabolic changes 
is unknown.


