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Abstract

Antagonistic pleiotropy is a phenomenon where one gene has both beneficial and detrimental effects. Apolipoprotein E is
of particular interest due to its pleiotropic effects. It is encoded by the ApoE gene, which has three variants: ApoE2, ApoE3,
and ApoE4. The ApoE4 allele is a classic example of antagonistic pleiotropy. On the one hand, its presence increases the risk
of diseases related to cholesterol metabolism, such as ischemic heart disease and Alzheimer’s disease. On the other hand,
ApoE4 can increase fertility, indicating potential reproductive benefits. This article provides an overview of the established
detrimental effects of the ApoE4 allele and a comprehensive analysis of eight studies (1996-2023) on the effects of APOE poly-
morphism on fertility. Antagonistic pleiotropy plays a crucial role in the evolution of the human genome, explaining why
some deleterious gene variants persist in populations. Understanding these mechanisms is key to explaining the complexity

of human evolution and health.

What is antagonistic pleiotropy?

Human genes can exist in several variants called
alleles. Different alleles can encode different protein
variants or affect their expression [1]. Some alleles
may be associated with a higher risk of disease, while
others may have a more beneficial effect on health [2].
There are also alleles that have pleiotropic effects on
health; that is, they affect many different traits [3].
There are also cases when this influence is both posi-
tive and negative. This phenomenon is what we call
antagonistic pleiotropy, or pleiotropy with opposite
effects. If an allele has a positive effect on physical
fitness early in life and a detrimental effect later in
life, it is often the case that the former compensates
for the latter, as it increases the power of selection
in the early years of life, when genes are still being
passed on to the next generation. Alleles that increase
the risk of disease later in life have already been passed
on to the next generation before they show their del-
eterious effects. Therefore, such pleiotropic genes are
not removed by mechanisms of natural selection and
will persist in the population [3-5].

The activity of the gene encoding apolipoprotein E
(APOE) is an example of antagonistic pleiotropy. This
article is structured into two parts. The first section
provides an overview of the well-established detrimen-
tal effects of the ApoE4 allele. The second section pres-
ents a comprehensive review of all studies (eight papers
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published between 1996 and 2023) investigating the ef-
fects of APOE polymorphism on reproductive func-
tions, a topic that remains less thoroughly explored.

Apolipoprotein E

APOE is a major component of plasma lipopro-
teins — the protein-fat molecules responsible for lipid
transport in the human body. Most plasma APOE is
derived from hepatocytes in the liver, but it can also
be synthesized by brain cells, adipocytes, myeloid im-
mune cells, kidney cells, vascular smooth muscle cells,
and adrenal cells [6]. APOE plays a significant role in
lipid metabolism that includes being responsible for
lipid mobilization, transport, and removal [7-9]. An
important role of APOE is also to maintain cholesterol
homeostasis in the body [7, 10].

APOE is encoded by the gene of the same name
(ApoE). 1t is a polymorphic gene located on chromo-
some 19, and it encodes a protein composed of 299 ami-
no acids [11]. There are 3 versions (alleles) of the ApoE
gene. Depending on the allele present (ApoE2, ApoE3,
ApoE4), the corresponding protein isoforms are encod-
ed as follows: APOE2, APOE3, APOE4 [12] (Table 1).
The differences between these isoforms are the chang-
es in the position of arginine and cysteine at positions
112 and 158 of the protein in question [13]. This poly-
morphism can result in 6 different genotypes: ApoE2/
ApoE2, ApoE3/ApoE3, ApoE4/ApoE4 (homozygotes) and
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Table 1. APOE isoforms and their general biological characteristics

Isoform Amino Frequency in Populations with  Time of emergence Effect on lipid
acid change populations highest frequency (evolution) metabolism
APOE4 Argll2, 10-15%* (more Pygmies, Aborigines Oldest allele; Alters lipid metabolism
Argl58 common among of Malaysia and ancestral form significantly; higher LDL
indigenous groups in  Australia, Papuans level; less efficient lipid
Asia-Pacific countries) transport
APOE3 Cysl12, ~70-80% (most European Emerged ~220,000  Neutral effect on lipid
Argl58 common worldwide) populations, years ago from metabolism; reference
including Poland ApoE4 isoform
APOE2 Cysl12, 5-10% (rare; absent Rare in Europe, Last to emerge, Reduced binding to LDL
Cys158 in some groups, e.g. absent in Native after ApoE3 receptor; lower LDL level
Native Americans)  Americans, low/rare
in most populations

*Applies only to Europe.

ApoE2/ApoE3, ApoE3/ApoE4, ApoE2/ApoE4 (heterozy-
gotes) [14]. The ApoE4 allele, unlike ApoE2 and ApoE3,
significantly alters lipid metabolism [10].

ApoE4 is considered to be the oldest allele evolu-
tionary-wise. The ApoE3 allele appeared about 220,000
years ago, and only then it gave rise to the last allele,
ApoE2 [15]. Studies by several independent research-
ers show that the most common allele in Poland is
the ApoE3 allele. This score is followed by a much less
frequent ApoE4, and the rarest is ApoE2 [16-18]. A simi-
lar distribution of alleles has also been observed in oth-
er neighbouring European countries [17]. In the Native
American group, the ApoE2 allele was observed to be
absent, and the ApoE3 allele appeared more frequently
compared to ApoE4 [19]. The ApoE4 allele is most com-
mon for indigenous peoples such as Pygmies, Aborigi-
nes of Malaysia and Australia, and Papuans [20].

Detrimental effect of the ApoE4 allele

Many studies have shown that the presence
of the ApoE4 allele in the genome can be detrimen-
tal to health. As early as in 1985, it was shown that
people with the ApoE4 allele (ApoE4/ApoE2, ApoE4/
ApoE3, ApoE4/ApoE4) had 11.5 mg/dl higher total
cholesterol and 9.6 mg/dl higher low density lipopro-
tein (LDL) cholesterol than those without the ApoE4
allele [21]. ApoE4 holders on a diet rich in saturated
fats have elevated cholesterol levels when compared
to non-holders on a similar diet [22]. A meta-analysis
of the 82 studies on lipid levels in relation to the ApoE
gene polymorphism confirmed that, on average, hold-
ers of the ApoE4/ApoE4 genotype have 31% higher
LDL levels than the holders of the genotype encod-
ing the lowest levels, ApoE2/ApoE2 [23]. Cholesterol
is a precursor to steroid hormones, which in turn are
precursors to bile acids that play an important role in
the intestinal absorption of lipids from food. Exces-
sive or reduced levels of cholesterol in tissues result
in diseases, both at the embryonic stage and in adult
life [24]. Thus, having ApoE4 increases the risk of dis-

eases for which elevated cholesterol is an important
risk factor. These include diseases that are one of most
common causes of death worldwide, i.e. cardiovascu-
lar disease and cancer [25].

An example of a disease associated with high cho-
lesterol concentrations is an ischemic heart disease.
It is caused by atherosclerosis, in the development
of which ApoE may play a key role in terms of, among
other things, receiving lipoproteins from the circula-
tion, and controlling the transport of cholesterol to
and from the cell [26]. Having at least one ApoE4 allele
increases the risk of ischemic heart disease by 42% in
comparison to the ApoE3/ApoE3 genotype holders [27].
For the individuals with the ApoE4 allele who have
had a myocardial infarction, the risk of death is almost
twice as high compared to the others [28]. A strong
association between having the ApoE4 allele and hy-
pertension has also been shown. For the individuals
with ApoE3/ApoE4 genotypes or ApoE4 homozygotes,
the risk of developing hypertension was twice as high
compared to other genotypes [29]. A study summa-
rizing 121 articles on the relationship between ApoE
gene polymorphisms and the risk of coronary heart
disease showed that it increases linearly in the follow-
ing order: ApoE2/ApoE2, ApoE2/ApoE3, ApoE2/ApoE4,
ApoE3/ApoE3, ApoE3/ApoE4, ApoE4/ApoE4 [23].

Another disease the risk of which is carried by the
presence of the ApoE4 allele is Alzheimer’s disease [7].
Alzheimer’s disease is responsible for about 60-80%
of cases of dementia, which is a debilitating type
of abnormal cognitive aging. In addition to its adverse
effects on cognitive decline and quality of life, Al-
zheimer’s disease is one of the leading causes of death
among 65-year-olds and older [30]. The ApoE4 gene
expresses itself at lower brain levels, and cerebrospi-
nal fluid in other neurodegenerative diseases as well
[10]. Several studies have shown that the ApoE4 allele
plays a role in the pathophysiology of Alzheimer’s dis-
ease. A meta-analysis showed that patients with ApoE4
have smaller hippocampal volume because of the be-
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Table 2. Studies of the effects of APOE polymorphism on reproductive functions

Population studied
[reference no.]

Participants, n

Southern Poland — Women, n = 118,
rural [18] aged 24-37
Bolivia — Women, n = 795,
pre-industrial [34] aged 13-90

Ghana — Women, n =197,
rural [35] aged 44-64
Ecuador - Women, n = 164
pre-industrial [20] aged 15-82

ltaly — rural [37] Women and men,

n =160, aged 70-100

Denmark — Men, n = 379,
urban [28] aged 40
Puerto Rico — Women, n = 616,
urban [36] aged 16-50

Main finding

ApoE4 carriers produced ~20% more progesterone during

the menstrual cycle.

ApoE4 carriers had 0.3 to 0.5 more children than ApoE3/3
homozygotes; ApoE4/4 homozygotes had 1.4 to 2.1 more children

than ApoE3/3 homozygotes.

ApoE4 carriers had 1 child more; ApoE4/4 homozygotes had

3.5 more children than non-carriers.

ApoE3/4 heterozygotes had 1.5 more children than other genotypes

(not ApoE4/4).

ApoE3/3 homozygotes had 1.5 more children, more pregnancies

than other genotypes.

ApoE3/3 homozygotes had 1.22 more children than ApoE3/4
heterozygotes, ApoE4/4 homozygotes and ApoE2 carriers.

No semen quality difference [38].

ApoE4 carriers reported 2 times fewer spontaneous miscarriages.

ta-amyloid deposition. This results in the brain hypo-
metabolism, which is a biomarker of Alzheimer’s dis-
ease [31]. The risk of developing the disease increases
two to three times in the heterozygous system and
five to ten times in the homozygous system compared
to the general population [14].

Beneficial effects of the ApoE4 allele

All of the examples above clearly indicate that
the ApoE4 allele has greater negative effects com-
pared to its isoforms. However, having the ApoE4 al-
lele may also be related to potential benefits. Based on
the knowledge that ApoE4 is responsible for elevated
cholesterol, researchers have hypothesized that ApoE
may also be involved in the regulation of sex hor-
mones. Cholesterol is a precursor to the synthesis
of steroid hormones such as oestrogens and testos-
terone. This fact may suggest that the gene may play
some role in reproduction processes [32] (Table 2).

A study conducted in a rural community in south-
ern Poland found that young women carrying at least
one ApoE4 allele produce 20% more progesterone
during their menstrual cycle compared to women
with other genotypes [18]. Progesterone plays a key
role during embryo implantation in the uterus and
maintenance of pregnancy [33]. Therefore, women
with at least one ApoE4 allele may have higher poten-
tial fertility.

The effect of ApoE4 on fertility has also been
demonstrated by the works examining the relation-
ship between APOE polymorphisms and the number
of children. A study conducted in a rural community
in South America found that women with at least
one ApoE4 allele gave birth to 0.3 to 0.5 more chil-
dren than women with ApoE3/ApoE3 homozygotes,

Medical Studies

while those with two ApoE4 alleles gave birth to 1.4 to
2.1 more children in similar comparison [34]. The as-
sociation between the ApoE4 allele and having more
children was also confirmed by another study. In
a rural setting in Ghana, women carrying one ApoE4
allele gave birth to, on average, one more child, and
women carrying two ApoE4 alleles had, on average,
3.5 times more children than women who did not
carry the ApoE4 allele [35]. Another study indicated
that ApoE4 holders started reproduction on average
0.8 years earlier, had interbirth intervals shorter by
0.23 years [34], and were pregnant on average 1.5 ti-
mes more often than women with other alleles [20].
All of these results suggest that the ApoE4 allele may
be associated with higher fertility rates; and in conse-
quence with a higher reproductive success.

The ApoE4 allele may have a positive effect not
only on the number of children and potential fertil-
ity, but also on pregnancy maintenance. High concen-
trations of progesterone are essential for the mainte-
nance and proper course of pregnancy [33]. A study
from Puerto Rico found that endometriosis patients
with the ApoE4 allele reported spontaneous miscar-
riage twice less often as women with other alleles [36].

However, the research results are inconsistent.
A study conducted in a pre-industrial population in
Ecuador found that women with the ApoE3/ApoE4
genotype had, on average, 1.5 times more children
than women with the ApoE3/ApoE3, ApoE3/ApoE2,
ApoE4/ApoE4, and ApoE4/ApoE2 genotypes [20].
Thus, it was not the ApoE4/ApoE4 genotype that was
the most favourable fertility-wise. Another study from
Italy found that it was those with the ApoE3/ApoE3
genotype that had an average of/on average 1.5 ti-
mes more children compared to the ApoE2/ApoE2,



ApoE3/ApoE2, and ApoE4/ApoE3 genotypes, and were
pregnant an average of 1.4 times/pregnant on average
1.4 times more often than those with the ApoE3/ApoE2
and ApoE4/ApoE3 genotypes [37]. The study examin-
ing the effect of the APOE polymorphism on the male
fertility only showed that it was also the ApoE3 allele
that was associated with having the highest num-
ber of children among the participants. Men with
the ApoE3/ApoE3 genotype had an average of/had on
average 1.22 more children compared to men with
genotypes such as ApoE3/ApoE4, ApoE4/ApoE4, ApoE3/
ApoE2, and ApoE2/ApoE2 [28]. It is worth noting that
the men studied were 40 years old, so their reproduc-
tion was, as the authors suggest themselves, not yet
complete. The APOE polymorphism is also not as-
sociated with semen quality [38]. The studies above
suggest that in pre-industrial populations, the allele
responsible for more children is ApoE4, while in in-
dustrial ones it is ApoE3.

In addition to the advantage of the ApoE4 allele in
terms of higher fertility, a number of other benefits
of having this gene variant have also been demon-
strated. In regions with a high load of pathogens and
parasites, women with the ApoE4 allele had a higher
survival rate. For the researchers, this fact constitutes
yet another reason to consider this allele to be evo-
lutionarily adaptive [35]. It has been also shown that
ApoE4 holders may have a less severe course of hepa-
titis B [39].

The allele in question may also positively affect
cognitive abilities in early years of life. Young indi-
viduals with the ApoE4 allele from a tribe living in
the pathogen-rich Amazonian equatorial forest were
observed to have better cognitive performance [40].
In a slum area in Brazil, children carrying the allele
in question had a lower predisposition to diarrhoea
compared to children with the ApoE2 allele, who in
turn showed a high predisposition to diarrhoea [41].
Individuals with the ApoE4 allele, before the onset
of Alzheimer’s disease, have been shown to have an
advantage in cognitive function, memory and con-
centration compared to those without the allele [42].

Conclusions

ApoE4 is the second most common allele of the
ApoE gene worldwide, despite the fact that it increases
the risk of death at a later stage of life. This non-random
distribution of alleles in populations may suggest that,
on the one hand, it may give an advantage in early life
that counteracts deleterious effects in later life, the phe-
nomenon of which is called antagonistic pleiotropy.

The most popular theory, however, in the context
of defective alleles being preserved in a population is
the life history theory. It claims that their relationship
results from the trade-offs between competing bio-
logical functions — human reproduction and the con-
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comitant high risk of diseases in old age. The latter in-
clude cardiovascular disease, coronary heart disease,
and myocardial infarction. This trade-off between
enhanced body adaptation and higher disease risk is
often caused by a single gene or allele. An example
of such a relationship is the ApoE4 allele, the presence
of which can boost fertility at reproductive age, but
at the same time can increase the risk of developing
diseases, such as Alzheimer’s disease, later in life.

The mechanism of antagonistic pleiotropy is still
largely underestimated and underutilized in research
on disease aetiology, despite the fact that there are
a lot of studies suggesting that antagonistic pleiotropy
can affect many human diseases. This issue is very
important, as it may help explain why certain genetic
diseases are more common in the population than
expected. With gene modification and gene thera-
pies becoming increasingly feasible, the phenomenon
of antagonistic pleiotropy and its evolutionary mech-
anism must be thoroughly understood and studied.
Removing a potentially deleterious allele may be
harmful, as it also has some beneficial functions.

It is important to remember that although having
the ApoE4 allele carries a higher risk of Alzheimer’s
disease, among other things, contracting any dis-
ease is not guaranteed. It all depends on the lifestyle
of the ApoE4 holders. If it is rich in physical activity
and healthy habits such as avoiding high-fat foods,
the cholesterol levels are significantly lower, and so
is the risk of dangerous diseases related to lipid me-
tabolism.
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