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Abstract
The alleles that are detrimental to health, especially in older age, are thought to persist
in populations because they also confer some benefits for individuals (through
antagonistic pleiotropy). The ApoE4 allele at the ApoE locus, encoding apolipoprotein
E, significantly increases risk of poor health and yet it is present in many populations
at relatively high frequencies. Why has it not been replaced by natural selection with
the health-beneficial ApoE3 allele? Apolipoprotein E is a major supplier of
cholesterol precursor for the production of ovarian estrogen and progesterone, thus
ApoE has been suggested as the potential candidate gene that may cause variation in
reproductive performance. Our results support this hypothesis showing that in 117
regularly menstruating women those with genotypes with at least one ApoE4 allele
had significantly higher levels of mean luteal progesterone (144.21 pmol/L) than
women with genotypes without ApoE4 (120.49 pmol/L), which indicates higher
potential fertility. The hormonal profiles were based on daily data for entire menstrual
cycles. We suggest that the finding of higher progesterone in women with ApoE4
allele could provide first strong evidence for an evolutionary mechanism of
maintaining the ancestral and health-worsening ApoE4 allele in human populations.
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1. Introduction
An evolutionary approach to human health, comprising both evolutionary medicine
and evolutionary public health, attempts to explain susceptibility of the human
organism to diseases, especially those that influence ageing and lifespan [1-3].
Moreover, it is focused on individual variation in disease risks, which is due to the
complex interaction of genetic, epigenetic and environmental factors [4].
Alleles that encode traits that increase risk of diseases segregate at many polymorphic
loci in human populations, but one could expect their selective removal from
populations. It is suggested that the alleles that are detrimental to health persist in
populations because they also confer some benefits for individuals. Such
phenomenon, known as antagonistic pleiotropy [for a review see 5] works, for
example, through improving survival of allele carriers in young age or increasing their
reproductive potential at maturity.
More generally, the presence of phenotypic trade-offs between fitness-related traits
(such as survival and fecundity) does not by itself indicate antagonistic pleiotropy,
unless there is also negative genetic correlation between the traits involved in the
trade-off [see 6]. Unfortunately, the observed phenotypic trade-offs in life-history
traits often lack known genetic mechanisms underlying them [7]. First step towards
documenting such form of pleiotropy is to show that genotypes at the locus in
question differ phenotypically in some fitness components. Genetic trade-offs have
been described for many species, including bacteria, yeast, nematodes, flies, birds and
mice [8].
Polymorphism of gene ApoE, encoding apolipoprotein E (ApoE) that is involved in
cholesterol metabolism, is discussed in the literature as a classic example of such
antagonistic pleiotropic effects [9, 10]. In humans, ApoE locus has three commonly
occurring alleles: ApoE4Arg112 ⁄ Arg158, ApoE3Cys112 ⁄ Arg158 and ApoE2Cys112
⁄ Cys158 [11]. ApoE4 is considered the ancestral allele, while the ApoE3 allele is
suggested to have appeared within the last 220,000 years, and ApoE2 was derived
from ApoE3 more recently [12].
Carriers of ApoE4 allele have higher levels of cholesterol, due to more efficient
absorption from the intestine, and, consequently, face a higher risk of hypertension
and of cardiovascular and Alzheimer’s diseases [13-16]. In contrast, the ApoE3 allele
is related to lower levels of cholesterol and a lower disease risk. Since the ApoE4
allele significantly increases the risk of poor health, it needs to be explained why it is
present in many populations at relatively high frequencies [17] and why natural
selection has not replaced it with the health-neutral or health-beneficial ApoE3 allele.
Carrying ApoE4 allele may confer some advantages, however. It may be related to
better development of the cognitive function [18, 19], protection against infectious
diseases [20-23] or to reproductive advantage [24], but the results of studies
conducted in all these areas have been inconclusive [9, 25, 26]. We suggest that the
ApoE4 allele has persisted in the human population because it significantly increases
reproductive potential in women. We show that those women who are carriers of the
ApoE4 allele have higher levels of progesterone in their menstrual cycles, which
implies higher potential fertility.
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2. Population and methods
(a) Subjects
186 Polish women between 24 and 37 years of age (mean age 29.9, SD = 3.54), who
had regular menstrual cycles, did not take any hormonal medication or contraception,
had no fertility problems and had not been pregnant or lactating during the six months
before recruitment, collected daily, morning saliva samples for one entire menstrual
cycle, that is from the first day of menstrual bleeding to the first day of bleeding of
the next menstruation. Women received detailed written and oral instructions for
collecting samples immediately after waking up, before eating, drinking or brushing
their teeth. The women recorded duration and intensity of their daily physical activity,
collected dietary, reproductive history and demographic data by questionnaires and
had anthropometric measurements taken by a trained researcher. A detailed
description of the study was published elsewhere [27]. Mean length of menstrual
cycle was 28.4 days (SD 3.46, range 22–38 days). Of the 186 participants who
provided salivary specimens, 118 agreed to give a blood sample for genetic analysis.
The research protocol was approved by the Bioethical Committee of Jagiellonian
University and informed written consent was obtained from each of the participants.
(b) Genotyping
The apolipoprotein E is encoded by the polymorphic gene with three most common
isoforms E2, E3, E4, based on 2 SNPs (single-nucleotide polymorphisms) at positions
2059 T/C (codon 112 Cys/Arg) and 2197 C/T (codon 158 Arg/Cys). For the
polymorphic discrimination of ApoE genotypes the method of sequence-specific
primers PCR was used [28]. For each DNA sample three PCR mixtures specific for
each ApoE allele were prepared. All mixtures contained: PCR buffer [(NH4)2SO4],
MgCl2, dNTPs, Taq DNA polymerase [Thermoscientific] and reference primers
(primer 5 and 6) for HLA-DR locus in chromosome 6 as the control of positive PCR
amplification. Reaction mixture for ApoE2 contained specific primers: 1 and 3.
Reaction mixture for amplification of ApoE3 isoform contained primers: 1 and 2, and
for ApoE4 primers: 4 and 2.
Primers sequences: Primer 5: TGC CAA GTG GAG CAC CCA A, Primer 6: GCA
TCT TGC TCT GTG CAG AT, Primer 1: CGG ACA TGG AGG ACG TGT (Cys112
specific), Primer 2: CTG GTA CAC TGC CAG GCG (Arg158 specific), Primer 3:
CTG GTA CAC TGC CAG GCA (Cys158 specific), Primer 4: CGG ACA TGG
AGG ACG TGC (Arg112 specific). The PCR cycling condition were: initial
denaturation for 1 min at 96 °C; followed by 5 cycles of 20 s at 96 °C, 45 s at 70 °C,
and 25 s at 72 °C; 21 cycles of 25 s at 96 °C, 50 s at 65 °C, and 30 s at 72 °C; 4 cycles
of 30 s at 96 °C, 60 s at 55 °C, and 120 s at 72 °C. The PCR products were visualized
on 2% agarose gel with Midori Green in TBE buffer. The three specific PCR products
of each sample were run in the neighboring rows.
The results were verified by standard PCR/RFLP method using HhaI restrictase [29].
HhaI enzyme cleaves the GCGC sequence that encodes Arg112 (E4) and Arg158 (E3,
E4), but does not cut the GTGC sequence that encodes Cys112 (E2 and E3) and
Cys158 (E2). The E2/E2 genotype was cut to 91 and 83 bp HhaI fragments. The
E3/E3 genotype was cut to the 91, 48 and 35 bp bands. The E4/E4 sample had 48, 35
and 72bp bands. The heterozygotes had the proper combination of cleaved fragments.
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(c) Hormone assays
Saliva samples from last 14 days (reverse cycle day -1 to -14) of each cycle were
analyzed for the concentration of progesterone (P) and saliva samples from 20 days
(reverse cycle day -5 to -24) of each cycle were analyzed for the concentration of 17b-estradiol (referred to simply as estradiol) by radioimmunoassay. The details of
laboratory analysis are described elsewhere [30]. Prior to statistical analyses of the
estradiol levels, the cycles were aligned based on the identification of the day of the
midcycle estradiol drop (day 0), which provides a reasonable estimate of the day of
ovulation [31]. Estradiol values from 18 consecutive days of each cycle aligned on
day 0 were used in analyses (n = 90). Because of missing samples, a reliable
identification of the day of the midcycle estradiol drop could not be done for 11
subjects (10 for genotypes without ApoE4 and 1 for genotypes with ApoE4) and they
were excluded from estradiol analyses. Data from 117 cycles were used in the P
analyses.
(d) Statistical analysis
Differences in hormonal indices between two genotypic classes of women were tested
in a factorial repeated measures analysis of variance, using JMP 9 (SAS Institute,
Cary, NC, 2011). Genotypic categories, i.e. genotypes with at least one ApoE4 allele
and genotypes without ApoE4 alleles were the first factor. Since energy expenditure is
known to have a strong effect on reducing levels of reproductive hormones in women,
the second factor comprised three groups that were established based on the tertiles of
the distribution of the mean daily physical activity level (low, moderate, and high)
assessed for each woman. Both between-subjects factors were entered into the model
in a full interaction design.
The within-subjects factor was formed either by 14 consecutive measurements of the
progesterone concentrations on days from -14 to -1 or by 18 consecutive
measurements of the estradiol concentrations on days from -9 to +8. We analyzed the
log-transformed cumulative curves created for each woman from individual
measurements. Missing data were imputed with interpolated values, calculating
arithmetic means of two neighboring or two consecutive measurements.
Since the sphericity requirements were violated in both analyses (Mauchly criterion
close to zero, p < 0.0001), which is not surprising considering that the analyzed
profiles are temporal variables [32], adjusted univariate significance tests were carried
out. We used the Huyhn-Feldt correction (H-F) which is recommended when the
compound symmetry assumption is not necessary [33]. The use of univariate tests was
further necessitated by the fact that the number of within-subject variables (14 or 18
days of the hormonal profiles) was greater than the number of subjects in the smallest
group [32].
Several lifestyle and reproductive factors are known to influence levels of ovarian
steroid hormones and fertility in healthy women [27, 34-39]. Therefore, we analyzed
differences between genotypes with at least one ApoE4 allele and without ApoE4
alleles in age, reproductive characteristics (menarcheal age, number of children, age
at first reproduction, length of menstrual cycle), body size (at birth and in adulthood),
levels of daily physical activity and of education.
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The hormonal analyses in our study were based on the daily collected samples for the
entire menstrual cycle which assured high reliability of the hormonal assessment for
each participant [40]. However, due to the fact, that the ApoE4 allele is not present in
most populations with high frequency, our sample size did not allow for multivariate
analyses. Such analyses should be conducted in future studies in order to properly
control for the confounding effects of the environmental and genetic factors [4, 41].
3. Results
Frequencies of ApoE alleles in the studied sample are presented in Table 1. In the
group of 118 participating women, 99 did not have any ApoE4 allele (89 were E3E3
homozygotes, and 10 E2E3 heterozygotes), and 19 had at least one ApoE4 allele. Out
of these 19 women, 3 were ApoE4 homozygotes, 15 – were E3E4 heterozygotes, and
one was of the E2E4 genotype. Genotype frequencies did not differ significantly from
those expected under the Hardy-Weinberg equilibrium (chi-squared test with Yates’
correction 1.07, df = 4, p = 0.899, confirmed by Fisher’s Exact Test, p = 0.862). We
also compared genotype frequencies observed in our study with the frequency
reported in a study on the randomly selected sample of 170 women from the Polish
population [42] and these two samples did not differ significantly in the genotype
frequencies (chi-squared test with Yates’ correction 2.649, df = 5, p = 0.754,
confirmed by Fisher’s Exact Test, p = 0.337).
In 117 regularly menstruating women those with genotypes with at least one ApoE4
allele had higher levels of mean luteal progesterone (144.21 pmol/L) than women
with genotypes without ApoE4 (120.49 pmol/L). The mean progesterone values in the
subsample of 100 women for whom both progesterone and physical activity data were
available, were 141.82 pmol/L for genotypes with ApoE4 (N = 18) and 115.73 pmol/L
for genotypes without ApoE4 (N = 82) – the former were significantly (by over 20%)
higher (between subjects test, F1,94 = 4.273, p = 0.042, Fig. 1). The cumulative
progesterone profiles across 14 days were similar in both genotypic categories, as
shown by the insignificant time-genotype interaction term (F2, 228 = 1.037, p = 0.367,
with H-F correction). The overall effects of physical activity (F2, 94 = 0.032, p = 0.968)
were not detectable, and the interaction between genotypic category and physical
activity was also not statistically significant (F2, 94 = 1.078, p = 0.345). Finally, there
was no significant variation among cumulative profiles of progesterone within six
genotype-activity combinations (F5, 228 = 0.548, p = 0.734, with H-F correction).
Women of genotypes with at least one ApoE4 allele had similar levels of estradiol in
their menstrual cycles to women who did not have the ApoE4 allele (between subjects
test, F1,84 = 0.779, p = 0.380, Fig.1). There was no statistically significant difference
between these two genotypic classes in estradiol levels: mean estradiol values were
17.78 and 19.14 pmol/L (in women with ApoE4 allele and without, N = 17 and N =
73, respectively). The cumulative estradiol profiles across 18 days were similar in
both genotypic categories, as shown by the insignificant time-genotype interaction
term (F2, 202 = 0.307, p = 0.776, with H-F correction). The effects of physical activity
(F2, 84 = 0.429, p = 0.652) and the interaction between genotypic category and physical
activity were not statistically significant (F2, 84 = 1.521, p = 0.224). There was a
marginally significant variation among the cumulative profiles of estradiol within six
genotype-activity combinations (F5, 202 = 2.304, p = 0.048, with H-F correction).
However, small sample sizes within the ApoE4 genotypic category (5, 5, and 7
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women in, respectively, low, moderate, and high physical activity groups) suggest
that further biological interpretations of this result may be premature.
Groups of women with at least one ApoE4 allele and women who did not have the
ApoE4 allele did not differ significantly in the average values of characteristics that
could potentially influence levels of steroid hormones in their cycles and they did not
differ in the number of children or age at first reproduction (Table 2). However,
women participating in our study originated from a controlled fertility population and
were, on average, 30 years old, thus far from completing their lifetime reproduction.
4. Discussion
We show that women with the ApoE4 allele have higher levels of progesterone during
the menstrual cycle and this finding suggests, albeit indirectly, an evolutionary reason
for maintaining the ancestral ApoE4 allele in the human populations. The presence of
the ApoE4 allele is related to several health problems, especially in older age. A metaanalysis showed that carriers of the ApoE4 allele have over 40% higher risk for
coronary heart diseases compared with individuals with the ApoE3/3 genotype [16].
Another meta-analysis documented that the ApoE4 allele was a significant risk factor
for Alzheimer’s disease in all studied ethnic groups, across all ages, and in both men
and women [14], and a recent meta-analysis showed that the ApoE4 allele
significantly increased the risk of progression from mild cognitive impairment to
Alzheimer’s disease [43].
Because the apolipoprotein E (ApoE) is a major supplier of cholesterol precursor for
the production of steroid hormones, including ovarian estrogen and progesterone, the
ApoE has been suggested as the potential candidate gene that may cause variation in
reproductive performance [44]. Our results support this hypothesis - women with
genotypes that include at least one ApoE4 allele have approximately 20% higher
progesterone during their menstrual cycles than women without the ApoE4 allele, that
is of genotypes E3/E3 or E3/E2 (none of our participants had the E2/E2 genotype).
Progesterone is essential for the establishment of pregnancy and its adequate
production is critical to the maintenance of pregnancy until the placenta takes over
this function [45]. Progesterone is involved in endometrial maturation and high levels
of this hormone allow for complete transformation of the endometrium [46].
Progesterone levels in the luteal phase are positively correlated with the chance of
successful conception [47, 48] and negatively correlated with uterine arterial
pulsatility that was found to be associated with recurrent pregnancy loss [49]. In
women undergoing embryo transfer, live birth rates were greater for those receiving
progesterone, compared with those who did not take progesterone [50]. Also in nonhuman mammals there is increasing evidence of an association between the
concentration of the systemic progesterone and an early embryo loss [51].
Progesterone is a physiological regulator of sperm motility and hyperactivation [52]
and has also an immunomodulatory role and is involved in processes related to the
maternal immuno-tolerance of the fetus [53, 54].
The optimal steroid hormone production in the ovary critically depends on the
availability of the cholesterol [55]. Even though the ovary can synthesize cholesterol
de novo, it preferentially utilizes the cholesterol supplied from LDL and HDL
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circulating in the plasma [56, 57], thus higher levels of the circulating cholesterol
present in the ApoE4 carriers may support a higher production of steroid hormones,
including progesterone. The conversion of cholesterol to pregnenolone, which is the
initial step in the synthesis of steroid hormones, is considered a limiting stage in
steroid production [55]. This limitation results from a limited availability of
cholesterol at the substrate site of P450 (enzyme CYP11A1 converting cholesterol to
pregnenolone - a rate-limiting, nonreversible step in the initiation of steroid
biosynthesis), rather than from an insufficient activity of the P450 enzyme itself.
It is, therefore, not surprising that our study documented differences in progesterone
levels but not in estradiol levels, in relation to the ApoE genotype. Progesterone is just
a few metabolic steps away from cholesterol in the steroid production pathway. In
contrast, the production of 17-beta estradiol includes many steps with several
different enzymes involved, thus many more factors, than just the availability of
cholesterol, constitute limiting steps in estradiol production.
Several hypotheses have been proposed to account for the evolutionary rise of the
new ApoE3 allele during the course of human evolution [17, 58-60]. Less interest,
however, has been attracted by the issue of why the ApoE4, the ancestral and healthworsening allele, is still present in human populations. There are at least two possible
explanations. The first relies on the fact that diseases affect the ApoE4 carriers mostly
in older age. Therefore, the efficacy of natural selection as an evolutionary agent
removing detrimental alleles from the gene pool is low, compared to the mutational
pressure which continually restores them. Alternatively, the presence of alleles that
significantly increase the risk of old-age diseases can be explained through the
phenomenon of antagonistic pleiotropy [5]. Carrying the ApoE4 allele may improve
fitness at a younger age and any allele that increases survival at a young age or
improves reproductive success is expected to be favored by natural selection even if it
reduces survival at an older age.
We are unable to determine if the ApoE4 allele is simply being driven to extinction,
but may be observed in the population because the process is very slow .
Alternatively, it may be maintained in the population in a balanced polymorphism at
the ApoE locus. It would be premature to suggest that we are dealing with the latter
scenario, because the conditions for the maintenance of such stable polymorphisms
are sometimes quite stringent (as shown, for example, by Curtsinger et al. [6] for the
case of antagonistic pleiotropy).
Evidence for the antagonistic effects of the ApoE4 have been suggested, but not
proven, for three different areas: the cognitive benefits during childhood
development, the protection against infectious disease and reproductive advantage.
Support for the hypothesis that young ApoE4 carriers have an advantage in
developing cognitive function comes from studies documenting better memory and
neural development [61], greater hippocampal activation when performing some tasks
[19], advantage on tasks mediated by the frontal lobe [18] and a greater activation in
medial frontal and anterior cingulate areas when using a working memory paradigm
[62]. However, a recent meta-analysis of 20 studies shows that the ApoE4 allele is not
associated with statistically significant cognitive benefits in young adults, adolescents
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or children. Thus, the pleiotropic effect of the ApoE4 in cognitive abilities across the
life span has not been proven [25].
The evidence for an increased protection against infectious diseases in the ApoE4
carriers is also inconclusive. The most convincing evidence comes from a small
sample of Brazilian shanty-town children where those with a lower diarrhea burden
had a higher frequency of the ApoE4 allele, which suggests a potential protective
effect of this allele [20]. A recent review pointed out that the ApoE4 seems to be
protective against a chronic hepatitis C virus infection, is associated with less severe
liver disease in patients with chronic hepatitis B and C and HBV than in ApoE3
carriers [21, 22], and reduces progression of fibrosis [23].
However, the ApoE4 is clearly detrimental in cases of other infectious diseases. In
infections with the human immunodeficiency virus, having the ApoE4 accelerates cell
entry and is related to a faster disease progression [63]. Similarly, in the herpes
simplex virus infection, the ApoE4 intensifies latency of the virus and is related to an
increased oxidative damage to the central nervous system [23] and it also increases
the susceptibility to Chlamydia pneumoniae [64]. The evidence that having the ApoE4
protects against malaria parasites [65] is also inconclusive and, for example, the
ApoE4 allele was associated with higher malaria parasite densities in Gabonese
children, most likely due to a higher concentration of cholesterol which is needed for
parasite growth and replication [26].
Reproductive benefits associated with carrying the ApoE4 allele have been suggested
by a study on two natural fertility populations from Ecuador where the frequency of
ApoE4 allele was higher among women with high fertility (9-17 children) than among
those with lower fertility [24]. In contrast, in Italy the ApoE4 allele was found to be
associated with a lower fertility than was the ApoE3 allele [9], but it is important to
emphasize that the result was likely spurious: the women in the study group had low
fertility in general and came from a controlled-fertility population. Further, the
number of children in modern populations is not a good measure of reproductive
potential since it is affected by many socio-cultural factors [2].
Why would the ApoE4 carriers have higher fertility in natural fertility populations?
Other mechanisms, in addition to the one of the higher progesterone levels observed
in our study, could be suggested. The presence of the ApoE4 allele was related to the
later age at menopause and a longer reproductive lifespan in Chinese women [66].
Having the ApoE4 allele was also related to less frequently occurring spontaneous
abortions, suggesting some protective effects during embryogenesis [67, 68].
Our results provide support, although indirect, for the hypothesis that carriers of the
ApoE4 have reproductive advantage. Higher levels of progesterone in the menstrual
cycle are related to a higher fecundity (potential fertility) and thus contribute to a
higher reproductive success in women who are ApoE4 carriers. Finally, our results
also suggest another, potentially important, pleiotropic effect of the ApoE
polymorphism, namely that of a tradeoff between higher reproductive potential at a
younger age and an increased breast cancer risk in the post-reproductive years. High
lifetime levels of reproductive steroid hormones, including progesterone, are a major
risk factor for breast cancer [69-71]. Evidence that women with ApoE4 have higher
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levels of progesterone suggests a causal link to the observed increased breast cancer
risk in the ApoE4 carriers [72-74]. Consequently, we believe that the reported results
document conditions for the antagonistic pleiotropy as an explanation for the
persistence of the deleterious allele ApoE4 in the human population.
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Table 1. ApoE alleles’ frequencies in our study and two previous studies [42, 75]
conducted in Poland.
Our study
Kowalska et al.,
Bednarska-Makaruk
1998
et al., 2001
ApoE2
4.7%
5.5%
7.6%
ApoE3
86.0%
83.9%
81.8%
ApoE4
9.3%
10.6%
10.6%

Table 2. Characteristics of groups of women with ApoE4 allele and without ApoE4
allele. None of the differences (analyzed by t-tests) was statistically significant.
Numbers varied (from 118) due to missing observations.
Genotypes with
Genotypes without
ApoE4
ApoE4
N = 19
N = 99
Mean (SD)
Mean (SD)
t
p
Age (years)
30.4 (3.02)
29.4 (3.38)
1.17
0.24
Age at menarche (years) 13.4 (1.07)
13.3 (1.23)
0.35
0.73
Age at first birth (for
22.2 (8.65)
22.9 (2.68)
0.48
0.63
parous women; years)
Number of children
0.68 (0.82)
1.01 (1.23)
1.10
0.27
Body weight (kg)
58.2 (8.61)
61.3 (10.36)
1.23
0.22
Body height (cm)
162.7 (5.39)
163.5 (6.38)
0.53
0.59
2
BMI (kg/m )
22.1 (2.83)
23.0 (3.79)
1.08
0.28
Body fat (%)
25.6 (4.69)
26.5 (7.59)
0.53
0.60
Birth weight (gr)
3197.0 (788.68)
3310.2 (600.0)
0.67
0.50
3
Ponderal index (kg/m )
19.96 (6.14)
21.40 (4.96)
0.99
0.32
Physical activity
43.5 (14.61)
42.8 (12.10)
0.22
0.83
(MET/day)
Length of menstrual
28.5 (3.49)
28.6 (3.60)
0.14
0.89
cycle (days)
Education (number of
16.3 (3.0)
15.3 (3.29)
1.21
0.23
years)
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Fig. 1
Profiles of progesterone and 17-b-estradiol in groups of reproductive age women with
genotypes with at least one ApoE4 allele and genotypes without ApoE4 alleles.
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