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Abstract

6Centro de Pesquisa da EMPRAPA, Sobral, CE, Brasil

A series of studies have shown that the heavy burdens of diarrheal diseases in the first 2 formative years of life in children living
in urban shanty towns have negative effects on physical and cognitive development lasting into later childhood. We have shown
that APOEA4 is relatively common in shanty town children living in Brazil (13.4%) and suggest that APOE4 has a protective role in
cognitive development as well as weight-for-height in children with heavy burdens of diarrhea in early childhood (64/123; 52%),
despite being a marker for cognitive decline with Alzheimer’s and cardiovascular diseases later in life. APOE2 frequency was
higher among children with heaviest diarrhea burdens during the first 2 years of life, as detected by PCR using the restriction
fragment length polymorphism method, raising the possibility that ApoE-cholesterol balance might be critical for growth and
cognitive development under the stress of heavy diarrhea burdens and when an enriched fat diet is insufficient. These findings
provide a potential explanation for the survival advantage in evolution of genes, which might raise cholesterol levels during
heavy stress of diarrhea burdens and malnutrition early in life.
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Introduction

The vicious cycle between diarrhea and malnutrition
is well known and may even occur with enteric infections
without overt diarrhea (1). Furthermore, recent data from
studies in Brazil and Peru have documented a lasting impact
of diarrhea (as with malnutrition and intestinal helminthic
infections) on child development with ill effects on cognition,
growth, and educational performance (2,3).

Apolipoprotein E (Apoe) is a critical carrier protein,
which delivers cholesterol to somatic cells and to the liver
to be metabolized, therefore playing a crucial role in lipid
homeostasis (4). The single structural locus of the human
APOE gene has three alleles on chromosome 19: APOE2,
APOES3, the most frequent allele in populations studied to
date (4), and APOE4, which has been found to increase
the risk for developing late-onset Alzheimer’s disease (5).
APQOE4 bearers are more likely to have a poor prognosis fol-

lowing cerebrovascular disease (6) and other forms of brain
injury (7). However, the role of APOE alleles in cognitive
development in pediatric populations is poorly explored.

Recent findings suggest that early cognitive develop-
ment under the stresses of environmental toxins (8), early
childhood diarrhea and malnutrition (9) may be protected
by the APOE4 alleles, although not in healthy children in
resource-rich countries (10), or even in shanty town children
with low diarrhea burdens (11). Nevertheless, some studies
have found an association of the APOE4 allele with better
school performance and motor activity in children from
developed countries (12), although some of these findings
were not reproduced by others (13).

In the present study, we have updated our ongoing
cohort project with new APOE polymorphism data focusing
on the effect of APOE alleles during early development in
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children afflicted with the stress of heavy diarrhea burdens
and enteric infections, with a novel association with cognitive
scores. Based on these findings, we suggest that genes that
potentially raise cholesterol levels among non-exclusively
breast-fed children receiving poor-fat diets might benefit
adaptations and recovery from early childhood infection
and malnutrition towards improved growth and cognition,
despite the negative correlates with Alzheimer’s and car-
diovascular diseases later in life.

Material and Methods

Population

The study was conducted in the Gongalves Dias
community, a shanty town (“favela”) located in Fortaleza
(population estimated at 2.3 million), the capital city of the
State of Ceara (population approximately 8 million), one
of the poorest states in the Northeast of Brazil (Brazilian
Institute of Geography and Statistics, refer to www.ibge.gov.
br). The Gongalves Dias community has been described
in greater detail elsewhere (14). The children’s population
of this urban slum (<5 years old) has a history of endemic
diarrhea rates, which have been associated with seasonal
rainfall and discontinuation of exclusive breast-feeding.

Enteric infection and diarrhea survey

During the study period, cups for the collection of stool
specimens were distributed to the households of children
with diarrhea. We used World Health Organization (WHO)
guidelines to recognize an episode of diarrhea, as described
in former cohort studies (15). One episode of diarrhea was
defined as the excretion of three or more liquid or semiliquid
stools during a 24-h period. A new episode was defined
as diarrhea after a 248-h interval not meeting the diarrhea
definition. Active surveillance for diarrhea episodes was
performed three times a week by the field team visiting the
community households. Recurrent and persistent episodes
of diarrhea in this setting have been most significantly as-
sociated with Cryposporidium, Giardia, and enteroaggrega-
tive Escherichia coli infections (14). Human Investigation
Committees at both the University of Virginia and at the
Federal University of Ceara approved the study protocol.
The parent/legal guardian of the eligible study children
agreed to read and signed the approved consent form. A
questionnaire was provided to assess socioeconomic and
demographic data.

Anthropometric measurements

The field team consisting of a local nurse and 3 health
workers conducted the anthropometric measurements.
Height was measured with the child in the supine position
to the nearest 0.1 cm with a measuring board. Height-per-
age z score (HAZ), weight-per-age z score (WAZ), and
weight-per-height z score (WHZ), were calculated using
the anthropometric Epi-Info software (Centers for Disease
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Control, Atlanta, GA, USA), as markers of physical develop-
ment and nutritional status. These anthropometric z scores
are the number of SD above or below the median values
for the National Center for Health Statistics (NCHS) and
International Reference Population (16). Each child was also
screened for head circumference, since this parameter has
been correlated with early postnatal cognitive development
in other studies (16).

Buccal cell collection and DNA extraction

The buccal cell collection was conducted as described
in Ref. 9. Briefly, the health worker asked the subject to
brush the buccal surface 10 times on one side and then to
expectorate the saliva into a 50-mL sterile polypropylene
centrifuge tube, repeating the process on the opposite
side of the cheek. The subject then swished 10 mL water
for 45 s, with the health worker timing, and expectorated
into the same 50-mL tube, which was properly stored and
delivered to the laboratory for processing. On the following
day, the DNA from buccal cell samples was purified using a
Gendra Puregene kit according to manufacturer instructions
(Gendra System, USA).

APOE genotyping

The experimental protocol involved the amplification of
APOE sequences from genomic DNA and digestion with
the Hhal restriction enzyme (18). DNA from buccal cells
was amplified by PCR in a thermal cycler using oligo-
nucleotide primers F4 (5-GCACGGCTGCCAAGGAGCTG
CAGGC-3’) and F6 (5-GGCGCTCGCGGATGGCGCTG
AG-3’), as described elsewhere (19). The PCR master
mix with Taq polymerase and nucleotide components was
obtained from Roche Molecular Biochemicals, USA. Each
amplification reaction contained about 1 pg buccal cell
DNA, 1-2 uM of each primer, and 10% DMSO in a final
volume of 50 yL. The PCR conditions included an initial
step at 95°C for 4 min, 62°C for 30 s and 72°C for 1 min,
followed by 39 cycles (95°C, 15s;62°C, 15s;70°C, 15 s),
and by a final extension at 72°C for 3 min with a 4°C hold.
The uncut amplification products, 10 uL of the 50 yL PCR
product, were electrophoresed onto 2% Ultrapure agarose
gel (Invitrogen, USA), containing 0.4 pg/mL ethidium
bromide and 1.0X Tris-acetate-EDTA (TAE). After PCR
amplification, 5 units Hhal (New England BioLabs, USA)
were added directly to each reaction mixture for digestion
of APOE sequences (3 h at 37°C). Each reaction mixture
was loaded onto a 4% agarose gel (3% Nursuive GTG gel
+ 1% Ultrapure gel), containing ethidium bromide in 0.5X
Tris-borate-EDTA (TBE) and electrophoresed for 1 h under
constant voltage (100 V). The gel was cast on a 10- x 15-
cm tray. After electrophoresis, digested fragments were
visualized by UV illumination. The sizes of Hhal fragments
were estimated by comparison with known DNA ladders.
Ambiguous APOE genotypes were further differentiated
by either repeating the former protocol, after a series of
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DNA dilutions or by DNA sequencing after purifying the
amplicons (Qia-Quick PCR Purification Kit, Qiagen, USA)
generated by a forward primer as originally described by
Hixson and Vernier (17).

Cognitive tests

A short battery of cognitive tests was selected based
on their ability to evaluate executive function, 1Q and
language skills and on easy acceptance by the study
children. These tests (18,19) have been successfully
used, among others, in our prior studies with Gongalves
Dias children of a similar age range. The short battery
was applied in a standardized manner with instructions
given in Portuguese in a quiet room by a nurse trained
by the study neuropsychologist and assisted by the field
health workers. The battery chosen included only three
subtests: verbal fluency (semantic + phonetic fluency),
WISC-IIl coding subtest, and the test of nonverbal intel-
ligence Il (TONI-III, Pro-Ed, USA). All cognitive tests were
applied blindly regarding the children’s diarrhea history.
The verbal fluency tests were applied according to the
NEPSY Developmental Neuropsychological Assessment
booklet (The Psychological Corporation, USA), in order to
assess the ability to generate words in semantic categories
and with phonetic constraints (9,19). The total score was
obtained by the number of words said, excluding proper
names and avoiding words that did not belong to the
category requested. In the coding test, paired associated
symbol recall was determined according to the standard
WISC-III (The Psychological Corporation) to evaluate visual
short-term memory and psychomotor skills. The child was
required toremember symbols associated with specific digits
and to draw the corresponding symbol for each digit. The
coding subtest scores the total number of errors in a 120-s
trial and the number of correctly drawn symbols at each 30-s
interval. The child was awarded 1 point for each correctly
drawn symbol. The total raw score was converted to a scaled
score according to the WISC-III record form.

Statistical analysis

Data were analyzed with the SPSS statistical software
package (SPSS, Inc., USA). Allelic frequencies were de-
termined by counting different alleles and calculating their
proportions. Demographic characteristics were described
in terms of rates and percentages. Analyses of contingency
tables were used to investigate categorical variables us-
ing the x2 test corrected by Mantel-Haenszel or the Fisher
exact test. In order to determine whether the observed al-
lele frequencies agreed with those expected, frequencies
were input to confirm the hypothesis of Hardy-Weinberg
equilibrium, using a x2 goodness-of-fit test. Multilinear
regression and correlation analyses were performed to
avoid other potential confounders, controlling for malnutri-
tion indicators, socioeconomic status, mother’s educational
level, and intestinal parasites. The unpaired Student t-test
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was used for continuous terms. P < 0.05 was considered
to be statistically significant.

Results

In order to understand how APOE polymorphisms may
contribute to adaptations after environmental challenges,
we conducted APOE genotyping in Brazilian children under
active cohort surveillance after birth with different histories
of diarrhea burdens in their first two years of life. Building
upon preliminary results for 72 children, we now have 123
cohort children (246 alleles) that confirm and strengthen our
findings that APOE4 protects shanty town children against
heavy diarrhea outcomes, and among those with heavy
diarrhea it protects against the long-term cognitive sequelae
of the condition. No statistical difference was found in the
sociodemographic profile of the total study cohort regarding
the APOE alleles in the total population, i.e., neither APOE4
children (who harbor genotypes 2/4, 3/4, 4/4) nor APOE3
children (who harbor genotypes 3/3, 2/3, 3/4) or APOE2
children (who harbor genotypes 2/2, 2/3, and 2/4) differed
in their cohort characteristics, social backgrounds and nutri-
tional status on average (Table 1). Nevertheless, now with a
larger number of subjects, it is noteworthy that we could find
a higher frequency of allele 4 among children with higher
WHZ at two years of age in the total population and in the
group with heaviest diarrhea burdens (Table 2).

Overall, we detected a slightly higher frequency of the
APOEA4 allele than expected (13.41 vs 10-12% expected)
and an increased frequency in children with lower diarrhea
burdens (15.83%) vs those with heavier diarrhea burdens
(11.29%). We also noted a significantly higher occurrence
of the APOE2 allele among children with heavy diarrhea
burdens (9.38 vs 2.59% with lower diarrhea; P < 0.033),
as shown in Table 2. By comparing the heterozygosis be-
tween the 2/3 and 3/4 genotypes, shown in bold in Table 2
(meaning one change from allele 2 to allele 4, and assuming
that allele 3 is neutral), children carrying the 2/3 genotype
exhibit a 3-fold higher relative risk to present heavy diarrhea
than children bearing the 2/4 genotype (P = 0.04; 95%CI =
0.9520 to 10.02, by the chi-square analysis). This supports
the opposite effect of alleles 2 and 4 on enteric diarrheal
ilinesses as observed for the risk of Alzheimer’s disease,
but in a different direction (20), with allele 4 shifting to a
more protective effect and allele 2 shifting to an increased
risk of diarrhea. In order to determine whether the two
groups stratified according to diarrheal episodes showed
genetic similarity regarding their APOE gene, we analyzed
them independently (light and heavy diarrheal groups) to
find out whether they departed from the Hardy-Weinberg
equilibrium. We observed that both groups independently
obeyed Hardy-Weinberg equilibrium (see Table 3), thus al-
lowing socio-sanitary and cognitive associations regarding
allelicand genotypic distribution in the two stratified subsets
of the study population.
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Table 1. Demographic and anthropometric data of the study population according to APOE
alleles (N = 123).

Cohort characteristics

APOE4

APOE3

APOE2

Mean age (months)

Head circumference (cm)

Birth weight (kg)
Birth length (cm)
Gender
Male
Female
Nutritional status
HAZ 0
WAZ 0
WHZ 0
HAZ 12
WAZ 12
WHZ 12
HAZ 24
WAZ 24
WHZ 24
Days breast-fed
Disease burden
Episodes of diarrhea
Days of observation
Mean epis/obs ratio
Maternal education level
Below primary school

Primary school or above

Unknown
Socioeconomic status
Rooms per household

Income, in minimum wages?

<2
22

104.81 £ 20.52 (31)
54.24 + 1.89 (21)
3.31+0.48 (30)
49.40 + 3.49 (30)

10 (32.2%)
21 (67.8%)

-0.18 + 1.92 (30)
-0.22 + 0.93 (30)
-0.14 £ 0.75 (29)
-1.63 + 3.09 (28)
-0.27 + 3.41 (28)
0.39 + 1.09 (27)
-0.97 +1.28 (23)
-1.14 £1.22 (23)
0.41£1.17 (22)
65.04 + 62.09 (27)

6.84 +7.36 (31)
754.11 + 236.47 (28)
3.64 + 3.95 (28)

19 (76%)
6 (24%)
0 (0%)

2.24 +1.50 (29)
5.44 +2.03 (25)
2 (8%)

23 (92%)

98.04 + 18.22 (77)

53.41 £ 2.04 (37)
3.17 £0.44 (74)

49.35 + 2.26 (74)

32 (41.5%)
45 (58.5%)

-0.11 £ 0.89 (74)
-0.51 +0.80 (74)
-0.25 +0.93 (72)
-1.35 £ 2.77 (70)
-0.15 + 3.05 (70)

0.50 + 1.36 (68)
-0.79 £ 1.10 (58)
-0.65 £ 1.22 (58)

0.07 £ 1.17 (56)
73.53 £ 61.52 (72)

7.68 +5.97 (77)
812.35 + 326.70 (71)
3.81+3.16 (71)

36 (69.2%)
12 (23.1%)
4(7.7%)

2.07 £0.91 (72)
5.58 + 2.03 (52)
2 (3.8%)

50 (96.2%)

107.72 £ 22.12 (14)
53.41 % 2.43 (11)
3.16 £0.48 (14)
49.63 + 2.68 (13)

6 (42.9%)
8 (57.1%)

-0.04 +1.02 (13)
-0.53 +0.90 (14)
-0.49 +1.13 (13)
-0.85 +0.82 (13)
-0.28 +1.28 (13)
0.89 + 1.15 (13)
-0.96 + 0.74 (10)
-0.54 +1.23 (10)
0.36 £ 1.04 (10)
76.36 + 66.34 (14)

9.64 £ 5.33 (14)
913.14 + 505.98 (14)
4.20 £ 2.25 (14)

9 (69.2%)
2 (15.4%)
2 (15.4%)

2.14£0.95 (14)
4.38 £2.33 (13)
2 (15.4%)

11 (84.6%)

Cohort data, when available, are reported as means + SD (N). Gender, maternal education
level, and income data are reported as N (%). HAZ = height-per-age z score; WAZ = weight-
per-age z score; WHZ = weight-per-height z score (0 = at birth, 12 = at 12 months; 24 = at
24 months). Z scores represent standard deviations above or below the reference popu-
lation mean. Epis/Obs ratio = number of episodes/observed days. @aNumber of minimum
wages per month: 1 minimum wage = US$102/month (at the time of the study). APOE4 =
children carrying one or more E4 allele (genotypes: 2/4, 3/4, 4/4); APOE2 = children carry-
ing one or more E2 allele (genotypes: 2/3, 2/4, 2/2). APOE3 = children carrying one or more
E3 allele (genotypes: 2/3, 3/4, 3/3).

R.B. Oria et al.

Table 2. ApoE genotype and allele frequencies (f) of cohort children (6-12 years old) with different diarrhea burdens in the Gon-
galves Dias shanty town, Fortaleza, Northeastern Brazil (N = 123).

APOE Genotypes Alleles
2/2 2/3 3/3 2/4 3/4 4/4 2 3 4
Group 1, N (f%) 1(1.56) 8(12.50) 41 (64.06) 2(3.13) 11(17.19) 1 (1.56) 12 (9.38)* 101 (78.90) 15 (11.72)
Group 2, N (f%) 0(0.0) 3(5.09) 37(62.71) 0(0.0) 19(32.20) 0 (0.0) 3(2.54) 97 (82.21) 18 (15.25)
Total, N (f%) 1(0.81) 11(8.94) 78(63.41) 2(1.63) 30 (24.39) 1(0.81) 15(6.10) 198 (80.49) 33 (13.41)

Group 1 = cohort children with = the median number of diarrheal episodes (N = 64); group 2 = cohort children with < the median
number of diarrheal episodes (N = 59). Median episodes of diarrhea in the first 2 years of life = 2.77. See 2nd paragraph of Results
for explanation of bold type. *P = 0.033, x2 = 4.861, OR = 3.897, 95%CI = 1.071 to 14.17 (Fisher exact test).
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Table 3. Independent Hardy-Weinberg equilibrium analyses of
the study groups according to burdens of diarrheal episodes in
their first two years of life.

Group 1 - Children with = the median of diarrheal episodes (N = 64)

Allele E2 (f) Alelle E3 (f) Allele E4 (f)
0.093 0.789 0.117

Genotypes Expected values  Observed values

2/2 0.562 1

2/3 9.468 8

2/4 1.406 2

3/3 39.847 41

3/4 11.835 11

4/4 0.878 1

x2 = 0.927 (P > 0.05)

Group 2 - Children with < the median of diarrheal episodes (N = 59)

Allele E2 (f) Alelle E3 (f) Allele E4 (f)
0.025 0.822 0.152

Genotypes Expected values  Observed values

2/2 0.038 0

2/3 2.466 3

2/4 0.457 0

3/3 39.868 37

3/4 14.796 19

4/4 1.372 0

x2 = 3.384 (P > 0.05)

Neither group 1 nor group 2 showed Hardy-Weinberg disequi-
librium, therefore there were no significant differences between
observed and expected frequencies regarding the APOE gene.
Thus, it was possible to perform genetic comparisons between
them since both groups showed genetic similarities for this gene lo-
cus.

100 -
75 A

50 -

18.2%

253

Progressive reductions in diarrhea burdens (accord-
ing to diarrhea quartiles) were seen with APOE alleles 2,
3, and 4 by linear-by-linear association (P = 0.03), further
confirming this relationship according to the following order:
E2 > E3 > E4 (Figure 1).

When we examined the children who experienced the
heaviest diarrhea burdens (= the median number of 2.77
diarrheal episodes/cohort observed days, during the first 2
years of life), we found a higher frequency of the E4 allele
among children with better coding scores (higher than the
median of the coding scores for the study cohort children),
as shown in Table 4. Children with heavy diarrhea burdens
in the first two years of life had a 5-fold higher chance to
perform better in the WISC-III coding test. A trend towards
a higher frequency of the APOE4 allele was seen among
the group of higher TONI-III, albeit without reaching statisti-
cal significance.

Discussion

ApoE, a 35-kDa plasma protein synthesized mainly in
the liver, isinvolved in cholesterol transport and metabolism.
ApoE is also expressed in other tissues, notably the brain,
which is the second most prolific tissue in terms of ApoE
production (20-22).

ApoE isoforms influence serum lipid levels, cardio-
vascular disease, and neuronal repair (20). Individuals
with the APOE4 allele have a markedly increased risk to
develop early- and late-onset Alzheimer’s disease and
poor recovery after brain injury in adults (5). Defects in
brain plasticity and neuronal death have been associated
with increased rates of tau phosphorylation, neurofibrillary
tangle and senile amyloid deposit (21). However, to date
few studies have addressed the role of APOE polymor-

4 = Upper quartile (4.95-14.55 episodes)
3 = Mid-upper quartile (2.72-4.94 episodes)
2 = Mid-lower quartile (1.55-2.71 episodes)
1 = Bottom quartile (0-1.54 episodes)

27.6%

25 -

36.4%

13.3%

% of Total alleles within diarrhea groups

6.|7%

2 3 4
APOE allele

Figure 1. Progressive reductions in diarrhea with APOE alleles 2, 3, and 4 (P = 0.03), linear-by-linear as-

sociation. N = 246 alleles in 123 cohort children.
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Table 4. Cognitive and anthropometric scores and allele 4 frequency in Gongalves Dias children, Northeastern Brazil.

R.B. Oria et al.

Total study population

Children with heavy diarrhea burdens

Children with low diarrhea burdens

APOE4(+) APOE4(-) OR 95%Cl x2 P  APOE4(+) APOE4(-) OR 95%Cl 2 P APOE4(+) APOE4() OR 95%Cl x2 P
N (%) N (%) N (%) N (%) N (%) N (%)
Cognitive profile
TONIII 18 (17.31) 86(82.69) 2.16 0.92 325 0.098  9(19.6) 37(80.4) 296 092 356 0082 9(155) 49(845) 1469 041 036 0.76
> median t0 5.07 t09.53 t05.17
TONI 11l 9(8.82)  93(91.18) 5(7.6) 61(92.4) 4(11.1)  32(88.9)
< median
Fluency ~ 23(16.20) 119(83.80) 1.86 0.82 229 0.130 10(152) 56(84.8) 241 071 210 0121 13(17.1) 63(829) 1.362 044 029 0.78
> median to 4.23 t0 8.15 to 4.14
Fluency 9(9.38)  87(90.62) 4(6.9) 54(93.2) 5(13.2) 33(86.8)
< median
Coding 18(19.15) 76(80.85) 2.48 1.02 4.22 0.056  9(21.4) 33(78.6) 518 131  6.424 0.025* 9(17.3) 43(827) 124 034 004 1.0
> median t0 6.04 t0 20.49 t03.73
Coding 8(8.70)  84(91.30) 3(5.0) 57 (95.0) 5(15.6) 27 (84.4)
< median
Anthropometrics
HAZ 24 12(10.53) 102 (89.47) 0.60 027 1.68 0.247  5(9.62) 47(90.38) 0638 020 060 0580 7(11.29) 55(88.71) 0604 0.17  1.43 027
> median t01.30 t01.99 to 1.52
HAZ 24 19(16.38) 97 (83.62) 10 (14.29) 60 (85.71) 9(19.57) 37 (80.43)
< median
WAZ24  12(10.71) 100(89.29) 0.64 029 126 0328  5(9.26) 49(90.74) 0624 019 064 0570 7(12.07) 51(87.93) 0.625 0.21  0.74 0.42
> median t0 1.39 t0 1.97 to 1.82
WAZ24  18(15.79) 96 (84.21) 9 (14.06) 55 (85.94) 9(18.00) 41 (82.00)
< median
WHZ 24  21(18.75) 91(81.3) 266 1.16 566 0.019* 11(19.64) 45(80.36) 5.05 1.33 6.64 0.020* 10(17.86) 46 (82.14) 1.522 050  0.57 0.58
> median t0 6.1 10 19.16 to 4.54
WHZ 24 9(7.96) 104 (92.04) 3(4.62) 62 (95.38) 6(12.50) 42 (87.50)
< median
Median number of diarrheal episodes = 2.77. OR = odds ratio; 95%CI = 95% confidence interval, by x2 analyses. TONI Il = test of

nonverbal intelligence llI; fluency = total fluency includes scaled scores for both semantic and phonetic fluency cognitive tests; coding
= children under 8 mark rows of shapes with different lines according to a code number; HAZ = height-per-age z score; WAZ = weight-

per-age z score; WHZ = weight-per-height z score.

phism early in life, especially following an environmental
challenge.

In our studies of shanty town children in Northeast
Brazil, we found that early childhood diarrhea and enteric
parasitic infections are associated with significant, long-term
cognitive deficits in certain higher executive function, such
as verbal fluency and coding, and that the APOE4 allele is
associated with protection against these deficits (9,23). Ina
recent study, Wright et al. (8) found that APOE4 in Mexico
City children associates with >4.4 points better Bayley
Mental Developmental Index scores at 24 months of age
and with a 4-fold protection from the adverse effects of lead,
supporting the hypothesis that APOE polymorphisms may
influence early developmental milestones in an opposite
direction than seen during adulthood and aging (11).

Recently, it was shown that levels of ApoE-HDL in the
cerebrospinal fluid (CSF), which are believed to play a role
in brain plasticity, are similar among E2, E3, and E4 during
childhood but higher in adulthood. CSF-ApoE4 then later
declines more than the other isoforms (24). These findings
suggest a different role of ApoE4 in the brain during early
development other than only being deleterious.

Studies by Prentice and Paul (25) have attributed a
critical role to fat-enriched diets during the anabolic stage
required for physical recovery following enteric infections
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and malnutrition. In a cohort study in Gambia, they reported
that oxidative fat processes are indispensable for pro-
duction of energy by muscle, which is needed for growth
catch-up (26). Furthermore, cholesterol is considered to
be a glial-born synaptogenic factor (27) and might play a
critical role during synapse remodeling following the brain
injury posed by the severe vicious cycle between diarrhea
and malnutrition early in life.

Therefore, itis possible to speculate thatincreased blood
levels of LDL-cholesterol obtained from fat-enriched diets,
when available, such as breast-milk, and possibly the en-
hanced cholesterol absorption from the small intestine (28)
likely seen in APOE4 carriers (29), and especially in under-
weight children (30), would support a rapid developmental
catch-up required for optimal development and survival. On
the other hand, APOE2 carriers (when not contributing to
type Il hyperlipidemia) would exhibit lower total cholesterol
and LDL-cholesterol levels compared to E3 and E4 bearers
(31) and would be at high risk of growth faltering.

Furthermore, some investigators have found a protective
effect of the APOE4 allele in infectious diseases like severe
hepatitis C (32), although most findings show that APOE4
is detrimental when viral infections are present. Conversely,
pressure forces of more parasitic and bacterial-born infec-
tious diseases on human population settings (such the
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Great Plague) may have strongly driven the APOE4 allele
into the genomic pool (33).

Of note, the time of transition from mixed breast-feeding
to weaning, which occurs unusually early in Brazilian shanty
town children (34,35), is considered to be a vulnerable
window for enteric diseases and recurrent diarrhea.

Therefore, we suggest that APOE4 carriers would show
an advantage by increasing cholesterol levels when fat-
enriched diets are insufficient, i.e., during breast-feeding
decline, facilitating physical recovery following enteric
infections. On the other hand, APOE2 carriers would ex-
hibit lower cholesterol levels and, as demonstrated by our
studies, would be at high risk of poor diarrhea and enteric
infection outcomes.

Hence the association of APOE2 and increasing diarrhea
outcomes demonstrated in our studies would have implica-
tions for effective micronutrient intervention, emphasizing
the critical importance of direct experimental documenta-
tion of these relationships, their causality, and the ability
of specific micronutrients to ameliorate the lasting effects
of malnutrition and diarrhea.

One potential mechanism involving APOE4 might be
the oxidative stress balance during parasitic infection, possibly
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