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Maternal Stress During Pregnancy Predisposes for Iron
Deficiency in Infant Monkeys Impacting Innate Immunity
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ABSTRACT: The influence of maternal stress during pregnancy on
the postpartum iron status and immune maturation of infants was
investigated in a nonhuman primate model. Forty infant rhesus
monkeys were generated from two types of disturbed pregnancies,
early or late gestation stress, and compared with 24 undisturbed
controls. Prenatal stress increased the prevalence and magnitude of
iron deficiency (ID) as the infants’ growth-related demands for iron
exceeded dietary intake from breast milk. At 4—6 mo of age, the
emergence of ID significantly accentuated an effect of prenatal stress
on natural killer cell activity, an important component of innate
immunity. These findings indicate that maternal stress, especially
early in pregnancy, should be added to the list of risk factors that
warrant closer scrutiny of hematological profiles in fast-growing
babies. (Pediatr Res 61: 520-524, 2007)

D is a major nutritional problem affecting 1-2 billion people

worldwide (1). The anemia caused by ID is very common in
women due to the hematological demands of menstruation and
pregnancy and is particularly prevalent in young infants, who
also have high iron needs (2,3). To meet the iron requirements
of a rapidly growing baby, many mammalian species, includ-
ing humans, have evolved a two-stage transmission process,
providing significant amounts of iron before birth via placen-
tal transfer, and the remainder postpartum through breast milk.
As a consequence, if iron stores in the form of Hb and ferritin
are low at birth, dietary iron intake from milk will often prove
to be inadequate by 2—4 mo of age (4). These babies are then
at greater risk for developing the “early anemia of childhood,”
which typically becomes evident at 4—8 mo of age (5).

Although the use of fortified formulas has reduced the
prevalence of ID, it continues to impact 3—-4% of 1 y olds in
the United States and up to 8—17% of infants in high-risk
populations (6—8). ID is also more likely to occur in babies
provided only breast milk past the first year of age or in
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families that rely on bottle-feeding with cow’s milk for eco-
nomic or cultural reasons (9).

Considerable evidence points to prenatal factors as predis-
posing and significant contributors to the development of ID
(10). Because the bulk of maternal iron is transferred in the
last month of pregnancy, babies born premature have low
stores, and their iron needs are more likely to exceed the
capacity of dietary intake (11). Similarly, small-for-
gestational age neonates and growth-restricted twins and trip-
lets, who then undergo a compensatory growth spurt, are at
higher risk (12,13). Recently, it was discovered that babies
gestated by women who had developed pregnancy-induced
diabetes or hypertension are also predisposed to ID (14,15).
Rodent models suggest further that high alcohol consumption
during pregnancy can compromise iron regulation in the off-
spring (16). Information about the importance of these prena-
tal factors has not been widely disseminated to pediatricians,
and thus some high-risk babies may be ID for several months
before their routine screening exams. Delays in detection are
of potential concern because of cautionary reports indicating
long-term effects of ID on brain development (17). The fol-
lowing research used a nonhuman primate model to investi-
gate whether maternal stress during pregnancy can undermine
a baby’s iron status, with cascading consequences on other
physiologic systems. It is already known that a significant
percentage of even normal infant monkeys undergo a transient ID
between 4 and 8 mo of age, the same period as humans (18,19).

Gestational stress when extended or severe can influence
many systems, including the growth rates of developing ba-
bies (20). Prenatal stress in rodents and primates also ad-
versely affects sensitive brain regions, such as the hippocam-
pus, as well as alters the development of endocrine and
immune responses (21). While usually attributed to the placental
transfer of stress-responsive adrenal hormones from the maternal
to fetal compartment (22), the following study shows there can
also be important mediation via a micronutrient pathway.

Iron has numerous metabolic and regulatory actions, affect-
ing cell functioning both through its critical role in oxygen
transport and through the facilitation of protein synthesis

Abbreviations: ES, early gestational stress; ID, iron deficiency; LS, late
gestational stress; MCV, mean corpuscular volume; NK, natural killer cell;
RBC, red blood cells
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within cells (23). It is essential for many immune responses
(24,25). Anemic children often have more infections, mount
smaller inflammatory responses in tests of cutaneous hyper-
sensitivity, and exhibit deficient proliferative and phagocytic
responses in vitro (26—28). To evaluate the functional conse-
quences of ID in the infant monkeys, the maturation of one arm
of immunity was assessed. Innate immunity should normally
develop quickly in a healthy infant, but we hypothesized it might
be poorly established or deteriorate in the context of prenatal
stress and ID. Our assays focused on an important iron-sensitive
Iymphocyte, the NK, which is involved in the defense against
viruses and surveillance against mutagenic cells (29).

METHODS

Subjects. Sixty-four infants were generated under standardized conditions
in a large breeding colony of rhesus monkeys (Macaca mulatta), where it was
possible to control the diet and living environment (30). The mothers were
multiparous between 5 and 15 y of age and time-mated to determine gestation
length and schedule the two stress conditions. They were fed a commercial
diet with an iron content adequate for a nonpregnant animal (180 mg/kg
biscuit, PMI Nutrition International, Richmond, IN), but more marginal to meet
the iron needs of a gravid and lactating female (31). All procedures were
approved by the Animal Care and Use Committee of the University of Wisconsin.

Pregnancy manipulations. To investigate the potential effect of maternal
stress, 40 pregnant females were briefly disturbed each day for 6 wk or 25% of
the 24-wk pregnancy, either early or late in gestation, and compared with 24
normal pregnant controls. A 10-min acoustical startle protocol was used 5 d/wk
to create this moderate stress condition between d 50 and 92 or d 105 and 147
postconception (n = 11 and 29, respectively). During the brief relocation into
another room each afternoon, the gravid dam was intermittently aroused by three
1-s broadcasts of a horn, randomly scheduled by a computer program at 1-4 min
intervals. This type of disturbance is sufficient to increase maternal cortisol levels
and the female’s arousal reaction continues to be elicited through the 6-wk period
(32). Blood samples were collected at 2-wk intervals to verify the stress induction,
and cortisol measured by RIA. There were no subsequent manipulations during
the last month of pregnancy until the natural birth of the baby, when the neonate
was weighed. Small blood samples (<3 mL) were then collected at 2-mo
intervals for the hematological and immune analyses through 6 mo of age.

Hematological and immune measures. Blood was collected from each
infant to determine a complete blood count (CBC) and to set up the in vitro
cytolytic assays. Briefly, mononuclear cells (MNC) were separated by cen-
trifugation on Ficoll-Hypaque (1.077 sg, Sigma Chemical Co., St. Louis,
MO), and cultured in wells at five effector:target ratios (100, 50, 25, 12.5, and
6.25:1, E:T) for the chromium-51 release cytotoxicity assays. Cytolytic
activity was evaluated against three different target cells: Epstein Barr virus-
transformed cells (Raji), and Burkitt’s lymphoma (Daudi), and erythroleuke-
mia (K562) cell lines. Previous research showed that Daudi and Raji targets
provide a better index of NK function in monkeys, whereas CD3+CD8+
cytolytic T cells partly contribute to the killing of K562 targets by NK cells
(33). After a 4-h incubation, supernatants were harvested and the amount of
released radiolabel determined on a gamma counter. Lysis was calculated
with the following formula where x is the experimental data point: %
cytotoxicity = (x — spontaneous release)/(maximum — spontaneous release) X
100. Spontaneous and maximal lysis were quantified by incubating target cells
with either media or 4% cetrimide, respectively. For illustrative purposes, only
lytic data from the 100:1 ratio have been shown. NK activity was clearly
developed by 2 mo of age, which enabled us to discern the possible emergence
of a negative effect of ID on an established immune response through 6 mo of age.

Immunophenotyping and flow cytometry techniques were used to quantify the
number of T lymphocytes and NK cells in circulation at each age point. MAb
aimed at two NK surface makers [CD16 (anti-Leu-11a) and CD56 (Leu-19)],
several T subsets [CD4 (Leu-3a), CD8 (Leu 2a), Becton Dickinson, Franklin
Lakes, NJ], and pan T cells (CD2, 9.6 clone, New England Nuclear Corp., Boston,
MA)]; CD3 (FN18, TNO Institute of Applied Radiobiology and Immunology,
Rijswijk, The Netherlands). Secondary labels were either fluorescein-conjugated
(Becton Dickinson) or phycoerythrin-conjugated (Sigma Chemical Co.) goat anti-
mouse antibodies. Cells were fixed in 1% paraformaldehyde, and analyzed on a
Coulter EPICS flow cytometer (Beckman Coulter, Inc., Fullerton, CA).

Statistical analyses. The effect of prenatal conditions on each hematological
and immune parameter was examined initially with ANOVA considering age at
assessment as a repeated measure. Bivariate correlations were also computed.
Then, the relationships among growth parameters, hematological status and NK

activity were evaluated with two-level hierarchical co-varied rate of change models
(34). The MCV was used as the RBC measure, and lysis of Raji target cells used to
index NK activity. Level 1 included 192 measures of MCV and lysis, whereas level
2 was comprised of the 64 monkeys. Values at 2 mo of age provided the initial data
point for the MCV and NK lysis, whereas physical growth was considered in terms
of both birth weight and weight gain between birth and 2 mo. These rate-of-change
models distinguished between NK changes due to stable variation across individuals,
differences in the amount of change over time, and month-to-month fluctuation within
individuals after accounting for developmental change. The coefficients conceptually
represent: 1) trait levels at the 2-mo assessment, 2) systematic change over time (i.e.
slope), and 3) state or month-to-month fluctuations. The analysis specifically tested
whether individual fluctuations in ID co-varied with the fluctuations in NK responses
by assessing correlations in state information.

RESULTS

Maternal stress. Blood samples collected at 2-wk intervals
indicated that the experimental manipulation of the pregnant
females was moderately stressful. Both early and late stress
females had significantly elevated cortisol at the end of the
afternoon sessions (F, ¢, = 9.71, p < 0.001) (Fig. 1). Cortisol
increments were larger later in pregnancy, in keeping with
rising cortisol levels across gestation. However, the magnitude
of the mother’s hormone response did not correlate with the
effect on the infants’ iron or immune status, and thus was not
included in the statistical modeling of postnatal influences.

Neonatal status. The occurrence of daily maternal distur-
bance for 25% of the pregnancy did not have an adverse effect
on reproductive success. All 64 infants were delivered vagi-
nally, without human assistance, and reared naturally by their
mothers. Birth weights were not reduced significantly by
prenatal stress, although the mean weight of infants from the
ES pregnancies was lower (Table 1). Gestation lengths were
also similar across conditions, with a tendency toward a modest
1-3 d increase in the disturbed pregnancies (F, 53 = 3.09, p <
0.053). In general, birth weights were correlated with gesta-
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Figure 1. Plasma cortisol levels in pregnant females obtained before and at 2-wk
intervals after the initiation of stress manipulations either early (ES: open trian-
gles, n = 11) or late in gestation (LS: open diamonds, n = 29). Blood was
collected immediately at the end of the 10-min startle session and compared with
cortisol levels in undisturbed control females (C: open circles, n = 24).
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Table 1. Birth weights and gestation lengths for infant monkeys
from control, ES, and LS pregnancy conditions

Control ES LS p
(n =24) (n=11) (n =29)
Birth weight (g) 507.4 (13.8) 474.5(17.4) 500.9 (10.2) NS
Gestation length (d) 167.3(0.9) 170.5(1.7)  168.1(0.8)  <0.053
tional age across the whole sample (r = 0.29, p < 0.03),

which made the combination of a smaller size and a slightly
longer pregnancy for the ES neonates appear distinctive.

Hematological profile and NK activity. Maternal stress
during pregnancy had a marked effect on the hematological
profiles across the first 6 mo of life (Fig. 2). Reflecting the
normal demand for iron in a growing baby, the MCV under-
went a general decline with age. However, the decreases were
significantly greater in the prenatally disturbed infants, and
more offspring from ES and LS pregnancies showed a pro-
nounced decrement (Xz[l] =4.17,p = 0.04). At 6 mo of age,
36% of the ES and 21% of the LS infants were sufficiently ID
to meet the hematological criteria for anemia in monkeys
compared with only 8% of control infants (MCV < 60 fL,
Hct < 34.9%, Hb <11 g/dL) (1).

When the infants’ lymphocyte responses were examined,
prenatal conditions also significantly impacted the capacity to
lyse target cells (Fig. 3). Cytolytic activity was well estab-
lished by 2 mo of age, but the infants from disturbed preg-
nancies, especially the ES condition, had lower killing across
all three cell targets (F, ¢; = 4.03, p < 0.023). The differences
became more striking by 6 mo of age with the emergence of
ID. At this age, cytolytic activity against Raji and Daudi cells
was further reduced in the ES infants, and marginally lower
against K562 cells, whereas most control infants were show-
ing maturational increases in killing. The differential magni-
tude of the effect across the three cell targets resulted in a
significant interaction between prenatal condition and type of
target (F, o, = 3.18, p < 0.016).

These differences in cytolytic activity were not due to a
lymphocytopenia or a reduction in specific cell subsets. Num-
bers and percentages of T lymphocytes and NK cells did not
differ in infants from the three pregnancy conditions. The mean
percentage of CD16+CD56+ cells averaged between 13.9 and
18.9 and did not change significantly across this age period.
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Figure 2. Hematological profiles at 2-mo intervals showing that infants from
disturbed pregnancies (n = 40) were more likely to become ID by 6 mo of
age, especially after stress earlier in gestation (n = 11). Declines in MCV and
Hct were significantly greater in prenatally stressed infants (F, ;,, = 2.98,
p <0.022; F, 15, = 2.75, p < 0.031, respectively). In contrast to the normal
maturational rise in Hct, ES infants showed a decline. Hb levels were also
lower and the numbers of the small-sized RBC were higher. By 6 mo of age,
Hb averaged 12.83 in controls versus 12.34 and 11.45 g/dL in infants from LS
and ES pregnancies, respectively (F, 5, = 2.27, p < 0.064). Dotted lines
indicate clinical criteria for anemia in monkeys.

Statistical modeling of ID and immune changes. To test the
causal nature of the temporal association between the emer-
gence of ID and lower NK lytic activity, more sophisticated
statistical modeling was used. These analyses simultaneously
evaluated variation in values across individuals and condi-
tions, and the slopes of developmental change (34,35). Table
2 shows that a substantial percentage of variability was due to
trait differences between infants, a more modest though still
significant percentage was derived from systematic change
over time, and finally that the majority of variance in MCV
and lytic activity was attributable to their associated fluctua-
tions. At the trait level, MCV values were correlated with lysis
of Raji (r = 0.44 for level and 0.31 for slope, p < 0.01) and
Daudi cells (r = 0.47 for level and r = 0.47 for slope, p <
001), concurring with the finding that infants with low MCV
had lower lysis. The slope of the MCV decline was correlated
with Raji (r = 0.41 for level and r = 0.45 for slope, p <
0.001), Daudi (r = 0.29 for level and r = 0.29 for slope, p <
0.02), and K562 (r = 0.41 for level and 0.40 for slope,
p < 0.001), indicating that a large change in MCV was
associated with the NK decrement at 6 mo of age.

Both birth weight and rate of postnatal growth were entered
into the hierarchical models to consider their influence on the
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Figure 3. NK activity against three cell targets (Raji, Daudi, K562) was established by 2 mo of age, but declined and became aberrant after emergence of ID
in prenatally stressed infants (n = 40). Overall, ES infants (n = 11) had the lowest cytolytic activity (F, 4, = 6.77, p < 0.003). Separate analyses by target cell
indicated this prenatal effect was primarily on killing of Daudi and Raji cells (F, 5, = 9.24, p < 0.001; F, 4, = 6.32, p < 0.004, respectively). The immune impact
of prenatal stress was compounded by the infants’ worsening iron status. Shading code: open bars = 2 mo, shaded bars = 4 mo, black bars = 6 mo.



IRON DEFICIENCY AND IMMUNITY 523

Table 2. Random effects in the HLM analyses indicating the percentage variance (%) due to between individual (trait), systematic change
over time (slope) and within individual or unsystematic change over time (state) sources of variation

Between individual (trait)

Change over time (slope)

Within individual (state)’

Variance % Variance % Variance %
MCV 13.74 41.50% 3.48 10.52% 15.88 47.97
Raji 26.36 20.48* 7.98 6.207 94.38 73.32
Daudi 67.19 46.94% 1.62 1.13 74.32 51.92
K562 6.20 5.30 8.58 7.347 102.12 87.36

MCYV levels were consistently different between individuals and the change in MCV was moderately stable over time. Levels of Raji lysis were moderately
stable within individuals and showed consistent developmental trajectories over time. Variation in levels of Daudi killing was consistent across individuals, but
the developmental trajectory was less systematic. Level of K562 killing varied the most across individuals, but some of the developmental change over time was
stable within an individual. Therefore, the Raji values were used for evaluating overall associations between growth, iron status and immunity (Fig. 4).

'Inferential statistics for within individual variance estimates are not available, although they were substantial.

p < 0.05; 'p < 0.001, p < 0.0001.

Prenatal |
Condition

month
Change

Figure 4. Hierarchical co-varied rate of change models indicated that devel-
opmental changes in hematological status were predictive of both lower NK
responses and the slope of the decline in lysis. In addition, a lower birth
weight in conjunction with faster postnatal growth during the first 2 mo of life
augmented demands on iron and contributed significantly to the relationship
between RBC and NK functioning. Growing infants were challenged to obtain
sufficient dietary iron, and prenatal stress predisposed them toward ID.
Significant bivariate correlations are shown in the numbers and asterisks
accompanying the arrows (*p < 0.05).

heme-immune relationships. Figure 4 illustrates that prenatally
stressed infants with lower birth weights and larger growth rates
during the first 2 mo of life were the ones most likely to manifest
large decreases in MCV and NK activity between 2 and 6 mo of
age. Even after controlling for this influence of growth, infants
with lower trait MCV had reduced cytolytic activity. Similarly,
the decline in MCV continued to correlate with the decrement in
NK activity. Moreover, if a decrease in MCV was greater than
the individual’s initial trajectory predicted, then the lysis was
even more impaired (Raji: » = 0.15; Daudi, r = 0.20; K562: r =
0.17; p < 0.04). Thus, the analytic model showed that lower birth
weights and/or higher rates of postnatal growth contributed to,
but did not fully account for, the effect of prenatal stress on the
decreases in MCV and NK activity.

DISCUSSION

These findings demonstrate several novel and important influ-
ences of prenatal events on the development of hematological

and immune functions in young infants. They also indicate that
the transfer and utilization of iron may be a significant mediating
process impacted by maternal stress during pregnancy. While it
was already known that premature human babies are at higher
risk for ID (12), ours is the first study to document an effect of
gestational disturbance on later iron status in a full-term baby
within the normal weight range. Most prior research on prenatal
stress has focused on mediation by maternal and placental hor-
mones (36), whereas the current results support those who have
argued for an equally important role of nutritional factors (37).
This influence of iron became increasingly evident during the
period of rapid postpartum growth, which accentuated the need
for iron, and resulted in a significant impact on innate immunity.

The robustness of the temporal association between growth
rates, the MCV decline, and NK lysis in the statistical mod-
eling argues against alternative explanations, such as a simple
effect on iron content in the breast milk. While it is known that
lactoferrin, a form of iron found in milk, can affect the NK cell
(38), the low lactoferrin in the blood stream and the fact that the
decreased cytolysis was so coincident with the emergence of ID
at 2—6 mo of age would make it less likely that lactoferrin was a
direct mediator. The decline in lysis was also not due to a
methodological artifact of abnormal iron-depleted RBC contam-
inating the in vitro assays. It is known that the presence of high
numbers of RBC in cell cultures can influence NK activity (39),
but our use of separated lymphocytes indicated that the reduced
functional capacity of the NK cells was already evident at the
time of blood collection. Immunophenotyping of the infants’
CD16+CD56+ cells also documented that the lower lysis was
not due to fewer NK cells in circulation as a consequence of
prenatal stress, but rather a reduced functional capacity.

Given the known susceptibility of the anemic host to infec-
tious illness, the compromised immunity of the ID infants would
probably be sufficient to hamper their response to bacterial
infections of the gastrointestinal tract and respiratory viruses
upon exposure. In the controlled, hygienic conditions of a labo-
ratory setting, the occurrence of infections is reduced, but other
research has shown that prenatal stress and ID can make infant
monkeys more vulnerable when challenged by enteric pathogens
such as Shigella (40). Similarly, ID rat pups have decreased
peritoneal macrophage and NK cytolytic activity, and a lower
resistance to Salmonella typhimurium (41). Moreover, when 1D
pups were created by provision of a low iron diet to the dams,
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even 3 wk of iron repletion at weaning did not fully restore their
capacity to mount normal antibody responses (42).

The iron dependency of the anemia that emerged in our
monkey infants should be highlighted. Anemia is a late manifes-
tation of ID, and it became increasingly evident at 6 mo of age.
Prior hematological measures obtained earlier at 4 mo were
already indicative of a depletion of storage iron and reduced
erythropoiesis. In addition to the lower MCV, signs of demand
were evident by compensatory increases in the number of small
RBC. From clinical interventions with other infant monkeys, we
also know that their anemia can be rapidly reversed by injections
of iron or more gradually through provision of an iron-fortified
diet. Moreover, in ongoing evaluations of pregnant monkeys fed
a high iron diet, it appears possible to ameliorate some of the
iron-mediated effects of prenatal stress by supplementation. Con-
versely, the period of deficiency in a weanling monkey can be
extended or worsened by a delay in the introduction of solid foods.

The relationship between psychosocial factors, diet, and the
“early anemia” of childhood has been the subject of consid-
erable speculation for over 75 y (43), but this type of infor-
mation is not always incorporated into clinical practice. Many
pediatricians do not routinely take prenatal risk factors into
consideration, which include premature delivery, low birth
weight, and whether the mother was diabetic during preg-
nancy (15,44). Our research suggests that high levels of
maternal stress may be another factor of potential concern.
Discovering that the postpartum effect was most pronounced
when the disturbance occurred early in pregnancy, rather than
later when it was more proximal to the highest placental transfer
of iron, suggests that changes intrinsic to the fetus were set in
motion, which perturbed iron storage and use postpartum. For
human babies who might be at similarly high risk for ID, it may
be advisable to consider an additional hematological exam before
the standard “well baby” visit at 8§ mo of age, and to recommend
an earlier introduction of iron-rich foods (45).

Note: Based on prior reports on ID in infant monkeys,
criterion for anemia was set at a MCV below 60 fL rather than
the 70 fL used as the cutoff in adult humans (46).
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