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ABSTRACT

Background: Prenatal alcohol exposure (PAE) is associated with
postnatal iron deficiency (ID), which has been shown to exacerbate
deficits in growth, cognition, and behavior seen in fetal alcohol
spectrum disorders. However, the mechanisms underlying PAE-
related ID remain unknown.

Objectives: We aimed to examine biochemical measures of iron
homeostasis in the mother, placenta, neonate, and 6.5-month-old
infant.

Methods: In a prenatally recruited, prospective longitudinal birth
cohort in South Africa, 206 gravidas (126 heavy drinkers and 80 con-
trols) were interviewed regarding alcohol, cigarette, and drug use and
diet at 3 prenatal visits. Hemoglobin, ferritin, and soluble transferrin
receptor (sTfR) were assayed twice during pregnancy and urinary
hepcidin:creatinine was assayed once. Infant ferritin and hemoglobin
were measured at 2 weeks and 6.5 months and sTfR was measured
at 6.5 months. Histopathological examinations were conducted on
125 placentas and iron transport assays (iron regulatory protein-2,
transferrin receptor-1, divalent metal transporter-1, ferroportin-1, and
iron concentrations) were conducted on 63.

Results: In multivariable regression models, prenatal drinking
frequency (days/week) was related to higher maternal hepcidin and
to sequestration of iron into storage at the expense of erythropoiesis
in mothers and neonates, as evidenced by a lower hemoglobin (g/dL)-
to-log(ferritin) (ug/L) ratio [mothers: raw regression coefficient (B)
= —0.21 (95% CI: —0.35 to —0.07); neonates: B = —0.15 (95% CI:
—0.24 to —0.06)]. Drinking frequency was also related to decreased
placental ferroportin-1:transferrin receptor-1 (8 = —0.57 for logged
values; 95% CI: —1.03 to —0.10), indicating iron-restricted placental
iron transport. At 6.5 months, drinking frequency was associated
with lower hemoglobin (8 = —0.18; 95% CI: —0.33 to —0.02),
and increased prevalences of ID (8 = 0.09; 95% CI: 0.02-0.17)
and ID anemia (IDA) (8 = 0.13; 95% CI: 0.04-0.23). In causal
inference analyses, the PAE-related increase in IDA was partially
mediated by decreased neonatal hemoglobin:log(ferritin), and the

decrease in neonatal hemoglobin:log(ferritin) was partially mediated
by decreased maternal hemoglobin:log(ferritin).

Conclusions: In this study, greater PAE was associated with an
unfavorable profile of maternal-fetal iron homeostasis, which may
play mechanistic roles in PAE-related ID later in infancy.  Am J
Clin Nutr 2021;114:1107-1122.
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Introduction

Fetal alcohol spectrum disorders (FASD) comprise the most
common preventable cause of neurodevelopmental disabilities
worldwide, with prevalence estimates of 2.0%-5.0% of the
school-age population in the United States and Western Europe
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and 13.6%-20.9% in South Africa (1, 2). FASD are manifested by
growth restriction and a broad range of cognitive and behavioral
deficits, and prenatal alcohol exposure (PAE) has been associated
with birth defects in almost every organ system (3-8). Fetal
alcohol syndrome (FAS), the most severe form of FASD, is
characterized by distinctive facial dysmorphology, a small head
circumference, and growth restriction (6, 9).

Both animal and human studies have demonstrated PAE-
induced alterations in infant iron homeostasis. Miller and
colleagues (10) found region-specific, PAE-related alterations in
brain iron in rats. In a series of experimental rat models, Smith
and colleagues(11-14) demonstrated PAE-related increases in
maternal and fetal anemia and hepcidin, decreased fetal brain
iron, and increased fetal liver iron. In a prospective, longitudinal
human cohort study in Cape Town, South Africa, we found
that infants exposed to prenatal binge drinking had 70% greater
odds of iron deficiency anemia (IDA) at ages 6—12 months
(15). Given the range of long-term neurodevelopmental deficits
that result from infant iron deficiency (ID) (16-18), PAE-
related alterations in iron homeostasis may have important
implications in FASD. ID effects on information processing
speed and eyeblink conditioning are remarkably similar to those
seen in FASD (18-21). Furthermore, in both our human study
(3, 15) and Smith and colleagues’ rat models (11, 14, 22),
PAE-related infant ID exacerbated the teratogenic effects of
PAE.

As data regarding maternal and fetal iron status were not
available, the mechanisms underlying the PAE-related increase
in IDA seen in our Cape Town study (15) were unclear and,
to our knowledge, remain unknown in FASD literature. PAE-
related ID could reflect alcohol-related disruptions in iron
availability at any point in the mother-placenta-infant iron chain,
including maternal diet, bioavailability of maternal iron, placental
iron transport, and alterations in fetal and/or postnatal iron
homeostasis/utilization. Chronic heavy alcohol consumption has
been associated with hematological alterations and iron overload
in studies of nonpregnant adults (23-27). In 1 prospective cohort
study in Seattle, ID was more common among the heaviest
drinkers (>8 drinks/day) than the rest of the cohort (28), while in
3 South African FASD studies, dietary iron intake was similarly
inadequate in both drinkers and nondrinkers (29-31). We and
others have demonstrated PAE-related reductions in placental
weight and increased maternal vascular underperfusion, both of
which may result in decreased iron transfer (5, 32, 33). PAE
may also disrupt expression of placental iron transport proteins,
as seen in other diseases, such as gestational diabetes (34, 35).
Given that the mechanisms underlying fetal alcohol-related infant
ID remain unknown, the aims of the present study were to
examine the effects of PAE on maternal, fetal, placental, and
infant iron homeostasis in a prenatally recruited, prospective,
longitudinal cohort designed to examine the developmental
effects of PAE (5, 36, 37). The primary outcomes were maternal,
neonatal, and 6.5-month ferritin and hemoglobin; 6.5-month
ID/IDA; and placental iron transport protein concentrations.
Secondary outcomes included red blood cell indices, anemia,
and anemia of inflammation. Understanding the mechanisms
underlying fetal alcohol-related infant ID has the potential to
inform future intervention studies targeting effects of PAE on iron
homeostasis.

Carter et al.

Methods
Sample

As previously reported, women were recruited from 2
antenatal clinics in Cape Town, South Africa, from 2011-2015
to take part in a prospective, longitudinal cohort study examining
the developmental effects of PAE, with eyeblink conditioning
as the primary outcome (data not yet published) (19, 29, 36).
See Supplemental Figure 1 for a recruitment and retention flow
diagram. Alcohol consumption at recruitment was ascertained
in “timeline follow-back interviews” (38, 39) used to document
alcohol consumption over the preceding 2-week period and a
typical 2-week period around the time of conception. Any woman
averaging at least 1.0 oz (30 mL) absolute alcohol (AA)/day (=2
standard drinks) or reporting binge drinking [>2.0 oz (60 mL)
AA/drinking occasion] was invited to participate. Women who
abstained or drank only minimally (with no binge episodes) were
recruited as controls. Maternal exclusion criteria at recruitment
were age < 18 years, HIV infection, multiple gestation pregnancy,
and pharmacologic treatment for medical conditions. In addition,
infants meeting the following exclusion criteria chosen prior to
study initiation were excluded from further follow-up due to
potential developmental consequences of such conditions: infant
major chromosomal anomalies (none), seizures (none), neural
tube defects (none), very low birth weight (<1500 g; 1 exposed
and 1 control), and extreme prematurity (weeks gestation <32
weeks; 1 exposed and 4 controls). There were 6 drinkers and
4 controls lost to follow-up. Infants with missing data were
similar to those seen at 2 weeks and 6.5 months across maternal
demographics; alcohol and drug use; weeks gestation at study
entry; maternal dietary iron intake, iron supplement use, ferritin,
and hemoglobin (Supplemental Table 1). Optimal sample size
projections were aimed at collecting placental samples for
iron transport protein assays from at least 30 heavy drinkers
and 30 controls to achieve 80% power (¢ = 0.05) to detect
intercorrelations between placental transport proteins using effect
sizes from prior placental iron studies by coauthor MKG (34,
35). The final sample included 206 mothers (126 drinkers, 80
controls) and 189 infants (118 exposed, 71 controls). Consent was
obtained and interviews were conducted in the mother’s preferred
language (Afrikaans or English). Approval was obtained from
the ethics committees at Wayne State University, the University
of Cape Town Faculty of Health Sciences, and the Columbia
University Irving Medical Center.

Ascertainment of maternal alcohol, cigarette smoking, and
drug use

In “timeline follow-back interviews” (38, 39) at recruitment
and 4 and 12 weeks thereafter, women were asked about
their alcohol use on a day-by-day basis during the previous 2
weeks, with recall linked to specific times of daily activities.
Each woman was also asked about her cigarette smoking and
drug use [cocaine, methamphetamine, opiates, methaqualone,
and marijuana; validated by urine ELISA drug testing (5)].
Summary alcohol measures were constructed by averaging across
pregnancy: oz AA/day, oz AA/drinking occasion, and frequency
of drinking (1 oz = 30 mL) (19). The predictive validity of
the timeline follow-back interview method was supported by
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consistent relations between PAE and growth and neurobehavior,
with similar effect sizes, across longitudinal studies in Detroit and
Cape Town (3, 4, 38).

Dietary, hematological, and biochemical iron indicators

Average daily iron and energy intakes were calculated from
multipass 24-hour dietary recall interviews administered at each
antenatal study visit and processed with FoodFinder3 (South
African Medical Research Council) (29). Women were asked
whether they had been prescribed iron supplements and how often
they took them. Venous blood samples obtained from mothers
at recruitment and 12 weeks later and from infants at 2 weeks
and 6.5 months postpartum (corrected for prematurity), were ana-
lyzed for complete blood count and serum ferritin. Serum soluble
transferrin receptor, C-reactive protein (CRP), erythrocyte folate,
and serum vitamin B12 concentrations were assessed on maternal
and 6.5-month infant samples. ID was defined as /) serum
ferritin <12 pg/L; or 2) in cases with CRP >5 mg/L, elevated
soluble transferrin receptor (sTfR; >8.5 mg/L for mothers;
>8.3 mg/L for infants at 6.5 months) (40—42). Anemia was
defined as hemoglobin < 11.0 g/dL (42). Anemia of inflammation
was defined as normocytic [mean corpuscular volume (MCV)
>80 fL for mothers and >71 fL for infants] anemia with
ferritin >30 pg/L (43). The hemoglobin:log(ferritin) ratio was
calculated to assess the balance of iron in storage compared with
iron available for erythropoiesis. The hepcidin:creatinine ratio,
which reflects the blood hepcidin concentration, was assayed by
competitive ELISA (44) in morning urine samples obtained from
the last 91 women recruited (50 drinkers, 41 controls). Further
laboratory assay technical details are listed in Supplemental
Table 2.

Placenta histopathology examinations and iron transport
protein assays

Histopathology examinations, including evaluations for ma-
ternal vascular underperfusion using Redline criteria (45),
were performed on all available placentas (76 drinkers,
49 controls) stored at 3°C from delivery until examination
(median storage = 21.3 hours; IQR, 10.5-46.7) (5). Iron transport
protein assays were conducted on snap-frozen, transplacental
central cotyledon core samples from placentas collected within
48 hours of delivery (33 drinkers, 30 controls) after excluding
mothers with a priori-chosen conditions that lead to placental
vascular changes that may affect iron transport [syphilis (1
drinker, 1 control), hypertension (1 control), diabetes (1 control),
and methamphetamine use (5 drinkers, 7 controls)]. Infants with
missing placental iron transport data were generally similar
to those followed at 2 weeks and 6.5 months but were more
likely to have had prenatal cigarette exposure (84.6% compared
with 66.7%, respectively; P = 0.003; Supplemental Table 1).
Protein concentrations of iron regulatory protein-2 (IRP-2),
transferrin receptor (TfR-1), divalent metal transporter-1 (DMT-
1), and ferroportin-1 (FPN-1) were determined using previously
published methods (35, 46). Briefly, after tissue homogenization,
3040 pg protein separated on SDS-PAGE was transferred
onto polyvinylidene difluoride membrane. Membranes were
incubated with mouse anti-S-actin antibody and rabbit antibodies
against the following: IRP-2, TfR-1, DMT-1, and FPN-1 (see
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Supplemental Table 2 for antibody specifications). Fluorescent
secondary antibodies were applied, and membranes were imaged
(Odyssey Infrared Imaging System; LI-COR Biosciences) to de-
termine the intensity of the target protein relative to B-actin (rela-
tive optical density). The placental non-heme iron concentration
was measured using spectrophotometry on a colorimetric assay of
acidified tissue homogenates mixed with a ferrozine/thioglycolic
acid chromogen solution that produces a stable colored complex
(Asgp) (47). The ratio of FPN-1 to TfR-1, also known as the
placental iron deficiency index, was calculated since it has
been shown to be a sensitive measure of iron deficiency of the
maternal-fetal unit, with elevated FPN-1:TfR-1 being indicative
of maternal iron restriction (48). In normal development, driven
by fetal and placental iron demand, IRP-2 increases expression
of TfR-1 on the maternal circulation—facing placental surface,
which is then internalized via endosomes with subsequent release
of iron into the placental cystosol by DMT-1 and transfer of
iron to the fetal circulation by FPN-1 (48-51). In iron-replete
states, FPN-1, TfR-1, and DMT-1 remain in relative balance.
However, when iron availability is restricted on the maternal
side, placental TfR-1 and DMT-1 expression are increased and
FPN-1 expression is decreased to preserve placental tissue iron
(48).

FASD diagnosis

We held diagnostic clinics in 2013 and 2016, in which the
infants in our cohort were independently examined for FASD
using the Hoyme 2005 criteria (6) by >2 members of a team
of dysmorphologists led by expert FASD dysmorphologist H.E.
Hoyme, MD (52). Examiners were blinded to the PAE history.

Demographics and potential covariates

Women were interviewed regarding their demographic back-
ground, including age, gravidity, education, and household food
security (53). Weeks gestation at delivery was determined by
early pregnancy ultrasound, if available, or by last menstrual pe-
riod. At the 6.5-month visit, mothers were interviewed regarding
the number of weeks the infant was breastfed and whether/when
the infant was given formula and other complementary foods.

Statistical analyses

All statistical analyses were 2-sided (¢ = .05) using SPSS
(v.24;IBM), Stata (v.16.1; Statcorp), or SAS (v.9.4, SAS Institute
Inc.). All variables were examined for normality of distribution;
AA/day and TfR-1, DMT-1, and FPN-1 concentrations and
FPN-1:TfR-1 were log-transformed due to skewness (>3.0).
Missing data were treated with list-wise deletion. Mixed-
model regression analyses with repeated measures were used
to examine associations between PAE and serial maternal
iron/hematologic outcomes. Linear or logistic regression models
were used to examine associations between PAE and maternal
hepcidin:creatinine, placental iron transport measures, and infant
iron/hematologic outcomes. To compare iron/hematologic out-
comes between FASD diagnostic groups, ANCOVA models were
used for continuous measures; chi-square analyses were used
for categorical measures. Potential covariates for multivariable
models examining maternal and placental outcomes included
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factors known to affect maternal iron status (age, gravidity,
cigarette smoking, average daily dietary iron intake, iron
supplementation, household food insecurity), energy intake,
weeks gestation at visit, and, for red cell indices, erythrocyte
folate and serum vitamin B12 concentrations. Potential covariates
for infant outcome models included the above factors that
affect maternal iron status, as well as prenatal methamphetamine
use, gestational hypertension, and age at time of blood draw;
for 6.5-month outcome models, weeks breastfeeding, weeks
feeding formula, weeks giving complementary foods, and, for
red cell indices, erythrocyte folate and serum vitamin B12
concentrations were also considered. Covariates were included
in multivariable models if their removal from a model regressing
a given outcome on PAE and all potential covariates resulted
in a change in the PAE regression coefficient by >10%
(54); covariates were chosen for ANCOVA models if their
exclusion resulted in a >10% change in the partial eta-squared
value. Given the rapid changes in erythrocytes and ferritin
that occur in the first few weeks of life (55), age at the time
of assessment was included in all neonatal outcome models.
Given the potential for collinearity between hepcidin and ferritin
and hemoglobin:log(ferritin), which may be driven by common
biologic causes, we examined the stability of the relations of PAE
to maternal ferritin and hemoglobin:log(ferritin) when adjusting
for hepcidin using the method described by Clogg et al. (56).
This method estimates whether the change in magnitude of the
association between PAE and ferritin or hemoglobin:log(ferritin)
induced by adjusting for hepcidin is significant at an o of
0.05.

Effect modification by PAE of associations between placental
iron transport measures was examined in regression models
relating a placental iron transport outcome to PAE, a placental
iron transport measure predictor, and a PAE by placental iron
transport measure predictor interaction term. Given the low
power of interaction terms in epidemiological studies, effect
modification was inferred when the P value for the interaction
term was <0.10 (57).

To examine the hypothesis that relations of PAE on infant
iron measure outcomes are mediated by placental weight,
maternal vascular underperfusion, and/or maternal or neonatal
iron measures, mediation analyses were conducted based on
marginal structural models and the product method (paramed
package, Stata) (58, 59). This method allows for estimation
of natural direct effects (exposure—outcome, independent of
the mediator), natural indirect effects (exposure— outcome,
through the mediator), and total effects with exposure-mediator
interactions and control for confounders. The marginal structural
models employed here allowed for PAE-mediator interactions
modeled as drinking frequency increasing from 0 to 3 days/week
or heavy drinking (yes or no) and included covariates from the
relevant PAE-mediator and mediator-outcome regression models
described above. A limitation of this approach is the potential
for collider bias, in which the association between the exposure
and outcome is distorted by conditioning on a variable on the
causal path to the outcome that is causally influenced by the
exposure and by additional, possibly unmeasured, confounders.
Causal inferences are best supported under the assumptions that
the covariates conditioned upon ensure no confounding of /) the
exposure-outcome relation; 2) the exposure-mediator relation;
and 3) the mediator-outcome relation. A further important
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assumption is that the exposure itself does not confound the
mediator-outcome relation. Risks of model misspecification,
unmeasured/residual confounding, and collider bias are always
present in the analysis of observational studies. We therefore view
our findings as suggestive of possible mechanistic pathways that
warrant investigation in future observational studies involving
more extensive data collection or, where possible, experimental
settings.

Results

The mothers in the cohort were poorly educated and socioeco-
nomically disadvantaged (Table 1). While 76.1% had attended
high school, only 12.2% had graduated. On average, drinkers
were 2 years older than controls and had completed 0.7 years
less school. Of the drinkers, 61.6% reported low household
food security on the USDA food security survey module (53),
compared with 40.8% of controls. Few women developed
medical problems after recruitment (8.5% hypertension; <5%
diabetes or preeclampsia), with no differences between groups,
and positive rapid plasma reagin syphilis serology (part of general
antenatal screening) was rare, with all receiving prompt treatment
and none resulting in congenital syphilis. Drinkers averaged
8.8 standard drinks/occasion on 2.2 days/week around time of
conception and 8.6 standard drinks on 1.3 days/week across
pregnancy. Binge drinking among drinkers was prevalent, with
93.6% of drinkers averaging at least 4 standard drinks/occasion.
Controls abstained from drinking during pregnancy, except
for 7 women who reported light drinking (1-3 occasions for
4 women, monthly for 2, once weekly for 1; none of the 7
reported any binge drinking) and 1 woman who drank 4.2
drinks on 1 occasion. Although smoking was prevalent, with
drinkers more likely to smoke than controls, the number of
cigarettes smoked/day was similar and generally low among
both groups, with 82.2% of smokers reporting <0.5 pack/day
and 3.1% reporting > 1.0 pack/day. Coexposures were prevalent,
with 23.0% of heavy drinkers reporting marijuana use and
11.1% reporting methamphetamine use. Most women had full-
term pregnancies (87.3% of controls; 88.1% of drinkers). Low
birth weight (<2500 g) was more than twice as prevalent
among exposed infants. All but 4 mothers breastfed, with most
continuing through the 6.5-month follow-up visit, and more than
half of the mothers reported supplementing with formula, with no
difference between drinkers and controls. There was a trend for
controls to have given their infants complementary foods for 2.0
weeks longer on average than drinkers.

Prenatal alcohol consumption and maternal iron
homeostasis

Table 2 presents bivariate comparisons of iron and hemato-
logical measures between controls and heavy drinkers. Drinkers
and controls reported similar average daily dietary iron intakes
(Table 2), with almost all women in both groups reporting an
intake below the Dietary Reference Intake estimated average
requirement (23 mg/day for women <18 years and <22 mg/day
for women >18 years) (60). Most women were prescribed
prenatal iron/folic acid supplementation (67 mg elemental
iron + 5 mg folic acid/day), and >96% in both groups reported
taking the supplement on “most days.” No woman had low
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TABLE 2 Maternal and infant iron and hematological measures

Carter et al.

Controls, n = 80

Heavy drinkers, n = 126

n M = SD or n (%) n M =+ SD or n (%) P!
Dietary iron intake,> mg/day 80 12.6 + 4.9 126 11.7 £ 4.0 0.153
Inadequate intake? — 76 (95.0) — 124 (98.4) 0.210
Iron/folic acid supplementation, n (%) 78 65 (83.3) 123 104 (84.6) 0.818
n (%) reporting taking supplement on “most days” — 63 (96.9) — 100 (96.2) 0.793
Maternal iron indices (study visit 1)
‘Weeks gestation at visit 79 263 £ 4.8 125 23.6 £5.8 <0.001
Ferritin, ug/L 79 154 £ 11.6 124 35.2 £+ 36.7 <0.001
sTfR, mg/L 76 42 +23 122 32 £ 1.7 0.001
sTfR:log(ferritin) 76 1.8 £ 1.3 121 1.2 £ 1.0 <0.001
C-reactive protein, mg/L 73 58 £42 122 6.8 £ 72 0.263
Hemoglobin, g/dL 79 11.0 £ 1.1 125 11.2 £ 0.9 0.082
Anemia’ 79 — 125 — 0.029
No anemia, hemoglobin >11 g/dL, n (%) — 45 (57.0) — 78 (62.4)
Moderate, 8.5 < hemoglobin <11 g/dL, n (%) — 25(31.6) — 44 (35.2)
Severe, hemoglobin <8.5 g/dL, n (%) — 9(11.4) — 3.4
Mean corpuscular volume, fLL 79 87.2 £ 6.7 125 912 £ 73 <0.001
Mean corpuscular hemoglobin, pg 79 29.0 =+ 3.0 125 30.5 £ 2.7 <0.001
Red cell distribution width, % 79 144 + 1.7 125 13.8 £ 1.3 0.018
Reticulocyte count, % 79 2.5 4+ 0.7 124 2.5 4+ 0.7 0.793
Hemoglobin:log(ferritin) 79 44 £09 124 38 £ 1.1 <0.001
Hepcidin, urine; ng/mg creatinine 42 99.2 £+ 124.1 49 156.8 £ 241.5 0.166
Iron deficiency* 79 — 124 — 0.001
Tron sufficient, n (%) — 41(51.9) — 95 (76.6)
Iron deficiency without anemia, n (%) — 15 (19.0) — 12 (9.7)
Tron deficiency with anemia, n (%) — 23 (29.1) — 17 (13.7)
Anemia of inflammation, n (%) 79 0(0.0) 124 18 (14.5) <0.001
Anemia of indeterminate cause, n (%) 79 11 (13.9) 124 30 (24.2 0.076
Erythrocyte folate, nmol/L 79 1518.2 + 592.3 125 1458.9 + 619.5 0.499
Low erythrocyte folate,® n (%) — 0(0.0) — 0(0.0) N/A
Vitamin B12, pmol/L 79 143.8 + 90.8 124 143.5 + 55.6 0.970
Low vitamin B12,7 n (%) — 13 (16.5) — 18 (14.5) 0.708
Maternal iron indices (study visit 2)
Weeks gestation at visit 46 34.6 + 3.7 90 32.8 £ 4.2 0.015
Ferritin, ug/L 45 10.9 £ 11.0 86 222 +£ 259 0.001
Soluble transferrin receptor, mg/L 45 48 £ 2.1 87 43 £ 2.7 0.348
sTfR:log(ferritin) 45 23 £ 1.9 86 19 £ 1.7 0.191
C-reactive protein, mg/L 45 59 £ 40 84 7.7 £ 104 0.252
Hemoglobin, g/dL 43 11.0 £ 1.0 87 109 £ 1.3 0.434
Anemia’ 43 — 87 — 0.030
No anemia, hemoglobin >11 g/dL, n (%) — 28 (65.1) — 40 (46.0)
Moderate, 8.5 < hemoglobin <11 g/dL, n (%) — 13 (30.2) — 36 (41.4)
Severe, hemoglobin <8.5 g/dL, n (%) — 247 — 11 (12.6)
Mean corpuscular volume, fLL 43 86.3 = 6.3 87 88.7 £ 8.2 0.092
Mean corpuscular hemoglobin, pg 43 28.7 £ 2.4 87 294 £+ 3.2 0.242
Red cell distribution width (%) 43 141+ 1.2 87 140 + 14 0.760
Reticulocyte count, % 43 2.6 £ 0.6 89 25+ 0.7 0.427
Hemoglobin:log(ferritin) 43 5.0 £ 0.9 86 42 + 1.1 <0.001
Iron deficiency® 43 — 86 — 0.057
Tron sufficient, n (%) — 10 (23.3) — 48 (55.8)
Tron deficiency without anemia, n (%) — 21 (48.8) — 12 (14.0)
Iron deficiency with anemia, n (%) — 12 (27.9) — 26 (30.2)
Anemia of inflammation,® n (%) 43 0(0.0) 86 6(7.0) 0.178
Anemia of indeterminate cause, n (%) 43 3(7.0) 86 20 (23.3) 0.027
Erythrocyte folate, nmol/L 44 1727.3 £ 694.5 88 1559.8 + 618.2 0.162
Low erythrocyte folate,® n (%) — 0(0.0) — 0(0.0) —
Vitamin B12, pmol/L 46 131.3 + 66.6 89 137.4 + 51.9 0.564
Low vitamin B12,7 n (%) — 5(10.9) — 334 0.080
Placental iron transport measures:
Iron concentration, ug/g wet tissue 26 145.6 £ 74.2 28 179.0 £ 103.5 0.181
Iron regulatory protein-2, relative OD 29 1.2 £ 0.8 27 1.3 £ 0.7 0.727
Divalent metal transporter-1, OD 29 2.1 £20 28 1.8 &£ 2.1 0.512

(Continued)
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Controls, n = 80

Heavy drinkers, n = 126

n M =+ SD or n (%) n M =+ SD or n (%) P!
TfR-1; OD 27 2.0 £ 2.6 24 25+ 1.9 0.476
FPN-1; OD 23 154 £+ 34.0 25 7.6 £ 14.3 0.312
FPN-1:TfR-1 20 24.3 £+ 54.3 20 5.1 £ 7.8 0.133
Neonatal iron indices
Age at visit, days 59 15.8 &+ 8.7 99 17.8 £ 10.6 0.244
Ferritin, ug/L 58 218.8 + 136.6 92 243.1 + 1332 0.282
Hemoglobin, g/dL 56 154 +£ 2.7 91 15.1 £ 2.2 0.474
Mean corpuscular volume, fLL 55 101.3 £ 6.9 91 1022 £ 5.8 0.426
Mean corpuscular hemoglobin, pg 55 334 £ 2.6 91 340 £ 2.1 0.115
Red cell distribution width, % 55 164 + 1.1 91 164 £ 0.9 0.901
Reticulocyte count, % 55 1.2 £ 0.7 90 1.2 £ 0.8 0.903
6.5-month iron indices

Age at visit, months 69 6.7 £ 0.5 113 6.7 £ 0.5 0.465
Ferritin, ug/L 69 26.1 £ 17.8 111 26.3 + 20.2 0.950
Soluble transferrin receptor, mg/L 65 6.0 £ 1.8 105 6.1 £ 2.0 0.689
sTfR:log(ferritin) 65 22 +13 104 23+ 14 0.713
C-reactive protein, mg/L 68 43 £ 6.0 109 6.5 £ 21.0 0.410
Hemoglobin, g/dL 69 10.9 +£ 0.9 111 10.6 £ 1.2 0.026
Anemia’ 69 — 111 — 0.321

No anemia, hemoglobin >11 g/dL, n (%) — 35 (50.7) — 49 (44.1)

Moderate, 8.5 < hemoglobin <11 g/dL, n (%) — 29 (42.0) — 46 (41.4)

Severe, hemoglobin <8.5 g/dL, n (%) — 5(7.2) — 16 (14.4)
Mean corpuscular volume, fLL 69 73.8 £ 4.8 111 727 £ 5.5 0.164
Mean corpuscular hemoglobin, pg 69 243 £ 2.0 111 238 £ 2.4 0.141
Red cell distribution width, % 69 149 £ 1.1 111 150 £ 1.4 0.475
Reticulocyte count, % 69 2.1 £0.8 110 2.0 £ 0.6 0.234
Iron deficiency* 69 — 109 — 0.459

Tron sufficient, n (%) — 53 (76.8) — 76 (69.7)

Tron deficiency without anemia, n (%) — 7 (10.1) — 12 (11.0)

Iron deficiency with anemia, n (%) — 9 (13.0) — 22 (20.2))
Anemia of inflammation,’ n (%) 69 8 (11.6) 109 17 (15.6) 0.454
Anemia of indeterminate cause, n (%) 69 25(36.2) 109 38 (34.9) 0.852
Erythrocyte folate, nmol/L 68 1755.1 + 685.1 111 1666.3 + 631.5 0.378

Low erythrocyte folate, n (%) — 0(0.0) — 0(0.0)
Vitamin B12, pmol/L 67 284.1 + 167.5 112 305.1 + 170.5 0.424

Low vitamin B12,7 n (%) — 14 (20.9) — 20 (17.9) 0.616

Abbreviations: FPN-1, ferroportin-1; NA, not applicable; OD, optical density; sTfR, soluble transferrin receptor; TfR-1, transferrin receptor 1.
!From independent-sample #-tests for continuous outcomes, chi-square tests for binary outcomes, and linear-by-linear association tests for ordinal

outcomes.

2From 3 multipass 24-hour recall dietary interviews. Inadequate intake was defined as less than the Dietary Reference Intake estimated average
requirement (23 mg/day for women aged < 18 years and <22 mg/day for women > 18 years) (60).

3 As defined by the WHO (42).

“Iron deficiency was defined as /) serum ferritin <12 pg/L; or 2) in cases with C-reactive protein >5 mg/L, elevated sTfR (>8.5 mg/L for mothers;

>8.3 mg/L at 6.5 months) (40-42).

5 Anemia of inflammation was defined as normocytic (mean corpuscular volume >80 fL for mothers and >71 for infants) anemia with ferritin >30 pg/L

(43).

%Defined as erythrocyte folate <310, 213, and 247 nmol/L for trimesters 1, 2, and 3, respectively (56), and <226.5 nmol/L at age 6.5 months (61).
"Defined as serum vitamin B12 <87, 96, and 73 pmol/L for trimesters 1, 2, and 3, respectively (56), and <155.7 pmol/L at age 6.5 months (62, 63).

erythrocyte folate, and low serum vitamin B12 occurred in <20%
in both groups.

As expected, hemoglobin and ferritin values declined over
the course of pregnancy for both drinkers and controls, while
the prevalence of anemia and ID increased. Of note, weeks
gestation at the study visit was 2-3 weeks earlier on average for
drinkers than controls. At recruitment, drinkers had higher ferritin
and lower sTfR, sTfR:log(ferritin), and hemoglobin:log(ferritin)
than controls, as well as higher MCV and mean corpuscular
hemoglobin (MCH) and lower red cell distribution width. Higher

ferritin and lower hemoglobin:log(ferritin) among drinkers were
still evident 12 weeks later at visit 2, whereas the group
differences in sTfR, sTfR:log(ferritin), and red cell indices were
no longer evident. There was a lower prevalence of anemia
among drinkers than controls at both visits and a trend for higher
hemoglobin at visit 1. At both visits, anemia of inflammation was
only present among drinkers, and a smaller proportion of drinkers
than controls met criteria for ID.

Table 3 presents regression models examining relations
between drinking frequency (days/week) to iron and hema-
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tological measures. In univariate models, drinking frequency
was associated with higher maternal ferritin, lower sTfR and
sTfR:log(ferritin), lower hemoglobin:log(ferritin), higher MCV
and MCH, a lower prevalence of ID, higher hepcidin, and a
greater prevalence of anemia of inflammation. In multivariable
models adjusting for covariates, drinking frequency was asso-
ciated with higher maternal ferritin but was not associated with
hemoglobin, sTfR, or sTfR:log(ferritin), a measure of iron stores
that is inversely related to total body iron and is less affected by
inflammation than sTfR or ferritin alone (64). Drinking frequency
was also associated with lower hemoglobin:log(ferritin), higher
hepcidin, and an increased prevalence of anemia of inflammation.
This constellation of findings suggests a shift of iron into storage
over erythropoiesis, possibly due to inflammation. An alcohol-
related decrease in ID prevalence was seen, but this finding is
difficult to interpret in the setting of potential inflammation,
which alters the parameters used for ID diagnosis (43, 65). The
associations of PAE with ferritin and hemoglobin:log(ferritin)
were statistically dependent on hepcidin; after adjustment for
hepcidin, the relation of drinking frequency (days/week) to
log(ferritin) (ug/L) decreased significantly, from [anti-log(8) —
1] = 0.30 (all ranges in parentheses are 95% CI’s) (0.07-0.57)
to [anti-log(B) — 1] = 0.13 (—0.05 to 0.34; coefficient change
P = 0.001), and the relation of drinking frequency (days/week)
on hemoglobin:log(ferritin) decreased significantly from g =
—0.22(—0.49t0 0.05) to B = —0.06 (—0.32t0 0.19; P = 0.012).
Maternal dietary iron intake (mg/day) was associated with higher
hemoglobin (g/dL) among control mothers (8 = 0.05; 0.00-0.10;
P = 0.049) but not drinkers; effect modification of the relation
of dietary iron to hemoglobin by alcohol was confirmed in a
regression model regressing hemoglobin on dietary iron, heavy
drinking (yes/no), and a heavy drinking (yes/no) by dietary iron
interaction term (interaction term P = 0.013).

Placental development and iron transport proteins

Placentas from heavy drinkers had smaller weights than those
from controls (mean difference = —59.4 g; —99.3to —19.5)and a
higher prevalence of placental maternal vascular underperfusion
(48.6 compared with 20.8%, respectively; Table 1), both of which
may decrease nutrient transfer to the fetus. In multivariable
regression models (Table 3), drinking frequency (days/week)
was not related to any individual iron transport measure but
was associated with lower FPN-1:TfR-1 (8 = —0.57; —1.03
to —0.10), indicating iron restriction on the maternal side.
Supplemental Table 3 presents interrelations between placental
tissue iron and iron transport protein concentrations, stratified by
alcohol exposure. The expected associations between IRP-2 and
TfR-1 and DMT-1 and TfR-1 were seen among both control and
exposed placentas. DMT-1 was associated with FPN-1 among
control but not exposed placentas; effect modification by PAE
of the relation of DMT-1 to FPN-1 was confirmed by regression
models with an exposure (yes/no) by DMT-1 [logged optical
density (OD) values] interaction term {Antilog[S(exposure)] —
1 = 2.56 (—0.09 to 12.87); antilog(B[1g(DMT-1)]) — 1 = 5.11
(1.20-15.94); antilog[B(interaction)] — 1 = —2.32 (—11.30 to
0.13); P(interaction) = 0.073}. In regression models including
an exposure (yes/no) by placental iron interaction term, placental
iron (mg/g tissue) was associated with FPN-1 expression (logged
OD values) in the presence of PAE {Antilog[S(exposure)] —
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1 = =595 (=27.50 to 0.15); antilog[B(iron)] — 1 = —0.01
(—0.02 to 0.00); antilog[ B(interaction)] — 1 = 0.01 (0.00-0.02);
P(interaction) = 0.051}, consistent with an iron-restricted state,
in which lower placental iron is associated with lower FPN-1
expression.

PAE and infant iron status

Ferritin and hemoglobin concentrations were appropriate
for the neonatal period (Table 2) (55). Maternal drinking
frequency was related to lower neonatal hemoglobin:log(ferritin)
and higher MCH in univariate analyses (Table 3), as well as
higher ferritin at a trend. In multivariable models, drinking
frequency was related to higher neonatal ferritin and lower
hemoglobin:log(ferritin), indicating sequestration of iron into
storage at the expense of hemoglobin in a pattern similar to
that seen in the mothers. Drinking frequency was also related
to higher neonatal MCH, as well as trends for higher MCV
and lower hemoglobin. Associations at age 2 weeks were
not mediated by PAE-related reductions in placental weight
or increased maternal vascular perfusion. In causal inference
analyses (Figure 1A), the association of PAE to decreased
neonatal hemoglobin:log(ferritin) was partially mediated by the
relation of PAE to decreased maternal hemoglobin:log(ferritin)
[natural indirect effect of PAE (drinkers compared with controls)
through maternal hemoglobin:log(ferritin) § = —0.08 (—0.16
to 0.00; P = 0.043); total effects g = —0.21 (—0.40 to
0.03; P = 0.025); proportion mediated = natural indirect/total
effects = 38.1%].

At 6.5 months, mean hemoglobin was 0.3 g/dL lower among
infants born to heavy drinkers than controls (Table 2), and
drinking frequency was related to lower hemoglobin in univariate
regression models (Table 3). In multivariable models, PAE was
associated with lower hemoglobin and a higher risk of ID and
IDA. Placental size and maternal vascular underperfusion did not
statistically mediate these associations. There was a trend for
mediation of the association of drinking frequency to reduced
6.5-month hemoglobin (g/dL) by the PAE-related increase in
maternal hepcidin [Figure 1B; natural indirect effect of drinking
frequency (days/week) through maternal hepcidin § = —0.56
(—1.24 to 0.11; P = 0.103); total effects § = —1.10 (—2.13,
—0.07), P = 0.037; proportion mediated = natural indirect/total
effects = 50.9%]. The association between drinking frequency
and 6.5-month IDA was partially mediated by the relation of
drinking frequency to lower neonatal hemoglobin:log(ferritin)
[Figure 1C; natural indirect effect of drinking frequency
(days/week) through neonatal hemoglobin:log(ferritin) 8 = 0.36
(95% CI: 0.00-0.72; P = 0.048); total effects B = 0.65 (95%
CI: 0.25-1.05; P = 0.002); proportion mediated = natural
indirect/total effects = 55.4%].

In ANCOVA models adjusting for covariates (Table 4),
when compared to controls, children later diagnosed with FAS
had higher ferritin at 2 weeks and lower ferritin and higher
sTfR:log(ferritin) at 6.5 months, indicative of lower iron stores
(64). A trend for lower 6.5-month hemoglobin among those with
FAS was also seen. Children with FAS or PFAS had higher
prevalences of anemia and IDA than nonsyndromal PAE-exposed
and control children.
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FIGURE 1 Causal mediation analyses. Directed acyclic graphs demonstrating: (A) maternal hemoglobin-to-log(ferritin) ratio as a mediator of the relation
between heavy alcohol exposure and neonatal hemoglobin-to-log(ferritin) ratio. (B) Maternal hepcidin as a mediator of the relation between drinking frequency
and 6.5-month infant hemoglobin. (C) Neonatal hemoglobin-to-log(ferritin) ratio as a mediator of the relation between drinking frequency and infant iron
deficiency anemia at 6.5 months. Values are 8 (95% CI) from marginal structural models adjusting for covariates chosen from exposure-mediator and exposure-
outcome regression models using 10% change-in-estimate criteria as described in the Methods section. [(A) maternal age, food insecurity (53), prenatal
methamphetamine use, and infant age; (B) weeks gestation at time of hepcidin measurement, prenatal iron supplementation, prenatal methamphetamine use,
food insecurity, and 6.5-month serum B12; and (C) gravidity, prenatal cigarette smoking, prenatal methamphetamine use, prenatal iron supplementation,
food insecurity, infant age, and weeks formula given]. Interaction effects for drinking days/week were modeled as drinking frequency increasing from 0 to

3 days/week. TP < 0.10; P < 0.05; *xP < 0.01; s*xP < 0.001.

Discussion

To our knowledge, this is the first human study to examine
the impact of maternal alcohol consumption on iron homeostasis
in the mother, placenta, neonate, and postnatal infant. In this
prospective longitudinal cohort with serial iron/hematological
measures, PAE was associated with a shift of iron into storage
over erythropoiesis in both the mother and neonate; iron-
restricted placental iron transport; and increased risks of ID

and IDA in the infant at age 6.5 months. These associations
were independent of a range of known risk factors for maternal
and infant anemia and ID and were apparent despite iron
supplementation at doses above WHO recommendations. These
findings confirm our previous reports of alcohol-related infant
IDA and demonstrate effects of alcohol on the mother, placenta,
and neonate that appear to underlie effects of PAE on later iron
status.
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Alcohol alters maternal-fetal iron homeostasis

Alcohol consumption was related to higher maternal ferritin,
which is indicative of iron in storage, and higher hepcidin, the
negative regulatory hormone in iron homeostasis. Elevations
in ferritin and hepcidin occur together when higher total
body iron induces hepcidin expression or when inflammation
increases expression of both ferritin and hepcidin (66, 67).
Hepcidin production is profoundly suppressed in pregnancy,
but this suppression may be reversed by inflammation (68,
69). If higher total body iron were the underlying cause
of alcohol-related increases in maternal ferritin and hepcidin,
one would expect an associated increase in hemoglobin and
decrease in sTfR:log(ferritin), neither of which were seen. Rather,
alcohol was related to decreased hemoglobin-to-log(ferritin)
ratio, indicating sequestration of iron into storage at the expense
of erythropoiesis and possibly other processes, such as placental
iron transfer. This sequestration of iron into storage was
statistically dependent on elevations in maternal hepcidin and is
consistent with an inflammatory state (68). Alcohol consumption
was also related to an increased prevalence of maternal anemia
of inflammation. Our finding of an alcohol-related increase
in hepcidin is inconsistent with the results of a number of
studies that have documented decreased hepcidin production and
resultant iron overload among heavy drinkers (26, 27). This
discrepancy may reflect a hepcidin response to alcohol that
is specific to pregnancy or may be due to our cohort being
comprised of younger, episodic binge drinkers, whereas the
majority of studies demonstrating alcohol-related iron overload
have been in older alcoholics with many years of alcohol abuse
and/or alcoholic liver disease. Alcohol has been associated with
folate/vitamin B12-independent increases in MCV and MCH, as
seen in this study, which are thought to be the result of direct
toxic effects of alcohol and its metabolites on erythrocytes (23—
25).

In the neonate, a similar PAE-related shift of iron into
storage at the expense of hemoglobin production was seen,
with increased ferritin, a trend for decreased hemoglobin,
and decreased hemoglobin-to-log(ferritin) ratio. The relation
of PAE to decreased neonatal hemoglobin-to-log(ferritin) ratio
was partially mediated by decreased maternal hemoglobin-to-
log(ferritin) ratio. These findings are consistent with those of
Smith and colleagues’ (11-13) FASD rat model study findings, in
which PAE-related, inflammation-induced increases in maternal
and fetal hepcidin were seen, as well as a shift of iron from the
fetal brain and red blood cells to liver storage. Heavy alcohol
consumption has been associated with a pro-inflammatory state
in both humans and animals (13, 70), including PAE-related
increases in maternal and fetal IL-6, IL-18, and TNF«, the
chief inflammatory stimulators of hepcidin and ferritin (71).
Given the pattern of heavy alcohol consumption on weekends
in this cohort, it is not surprising that drinking was not related
to CRP, a marker of acute inflammation measured on weekdays;
markers of chronic inflammation were not available. Our finding
that alcohol consumption was related to a lower prevalence of
maternal ID likely reflects limitations in accurately identifying ID
in the setting of inflammation among drinkers rather than a true
decrease in ID, since ferritin and sTfR (albeit less so) are poor
indicators of iron status when inflammation is present (43, 65).
Drinking was not associated with maternal sTfR:log(ferritin), a
measure of iron stores thought to be less affected by inflammation
(64).
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The sequestration of iron into storage seen in the neonatal
period did not persist through 6.5 months, suggesting that
potential PAE-related inflammatory insults were limited to the
in utero and early neonatal periods. However, PAE-related
disruptions in maternal and fetal iron homeostasis appeared
to play important mechanistic roles in postnatal PAE-related
ID. At age 6.5 months, PAE was associated with decreased
hemoglobin and increases in ID and IDA, and children later
diagnosed with FAS/PFAS had lower 6.5-month ferritin, higher
sTfR:log(ferritin), and higher prevalences of anemia and ID.
The association of PAE to IDA at 6.5 months was partially
mediated by the neonatal shift of iron into storage at the expense
of hemoglobin, and there was a trend for the relation of PAE
to reduced 6.5-month hemoglobin to be partially mediated by
increases in maternal hepcidin, though true causation cannot be
inferred in this observational study (as noted in Methods).

PAE was associated with lower FPN-1:TfR-1, indicative of
insufficient iron on the maternal circulation side of the placenta,
when placental TfR-1 is upregulated to enhance absorption of
iron from the mother and FPN-1 is downregulated to sequester
iron in the placenta, which is needed for cellular function
even at the expense of fetal iron stores (48). Restricted iron
on the maternal side may have been the result of PAE-related
increases in maternal hepcidin and/or decreases in hemoglobin-
to-log(ferritin) ratio. Indeed, maternal hepcidin has been shown
to decrease placental iron transfer to the fetus (68, 69). The
PAE-related reduction in placental size and the increase in
maternal vascular underperfusion we previously reported (5) did
not mediate relations of PAE to placental FPN-1:TfR-1 or infant
iron homeostasis.

This study had limitations common to other longitudinal
studies of prenatal exposures. The small sample size, mea-
surement error surrounding exposure estimates and covariates,
model misspecification, and residual confounding likely led to
unmeasured bias and Type 1 (false positive) and Type 2 (false
negative) results. Furthermore, the large numbers of maternal,
placental, neonatal, and infant iron/hematological measures
examined in this study may have caused false-positive findings
(Type 1 errors), and our results should thus be interpreted based
on their collective pattern. We have previously demonstrated the
predictive validity of the timeline follow-back interview used
(38) and a high concordance of maternal drug use reporting and
urine testing (5). Although we were unable to ascertain dietary
intake on Friday or Saturday, when women were more likely to
drink, previous sensitivity analyses showed that even a worst-
case scenario, in which women replaced food with alcohol, did
not cause clinically significant differences in micronutrient intake
(29). Moreover, most women took prenatal iron supplementation
atadose 5.5 times the cohort average for daily dietary iron intake.
PAE was very high in this cohort, and potential effects of PAE
on iron homeostasis at light-to-moderate levels of PAE need to
be studied. Furthermore, our findings may not apply to mother-
infant pairs meeting our pre- and postrecruitment exclusionary
criteria (e.g., twin pregnancy, extreme prematurity, very low birth
weight, infant seizure disorders, etc.).

Given the range of long-term neurodevelopmental deficits
that result from ID, our findings of PAE-related iron-restricted
placental iron transport, changes in neonatal iron homeostasis,
and increased prevalences of postnatal ID and IDA indicate
that infants with PAE may warrant screening for ID/IDA in
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early infancy (16-18). Furthermore, alcohol-related alterations
in iron homeostasis may play major roles in the pathogenesis
of FASD. PAE-related infant ID has been shown to exacerbate
fetal alcohol growth restriction in both rats and humans (3, 11,
15). Since iron is prioritized for hemoglobin synthesis above
other tissues, by the time decreases in hemoglobin are seen,
tissue-level iron inadequacy in the brain is likely to be well
established (72). Given the critical roles of iron in neuronal
development and myelination, PAE-related disruptions in iron
homeostasis may play mechanistic roles in the teratogenic
effects of alcohol. ID effects on growth and neurobehavior
have remarkable overlap with those seen in FASD (18-21),
and studies are needed to examine whether PAE disruptions
in iron homeostasis mediate and/or exacerbate FASD neurode-
velopmental deficits in humans. In Smith’s FASD rat model
studies, maternal iron supplementation ameliorated virtually
all effects of PAE on maternal and infant iron homeostasis.
Future studies are needed to examine whether pre- and/or
postnatal iron supplementation in humans may mitigate PAE-
related disruptions in iron homeostasis. However, high and/or
intermittent dosing regimens may need to be considered given
that the majority of our study participants reported taking prenatal
iron supplements and that iron supplements taken daily may
increase maternal hepcidin.
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