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A B S T R A C T

Background: The iron regulatory hormones erythroferrone (ERFE), erythropoietin (EPO), and hepcidin, and the cargo receptor nuclear
receptor coactivator 4 (NCOA4) are expressed in the placenta. However, determinants of placental expression of these proteins and their
associations with maternal or neonatal iron status are unknown.
Objectives: To characterize expression of placental ERFE, EPO, and NCOA4 mRNA in placentae from newborns at increased risk of iron
deficiency and to evaluate these in relation to maternal and neonatal iron status and regulatory hormones.
Methods: Placentae were collected from 114 neonates born to adolescents carrying singletons (14–18 y) and 110 neonates born to 54 adults
(20–46 y) carrying multiples. Placental EPO, ERFE, and NCOA4 mRNA expression were measured by RT-qPCR and compared with maternal
and neonatal iron status indicators (SF, sTfR, total body iron, serum iron) and hormones.
Results: Placental ERFE, EPO, and NCOA4 mRNA were detected in all placentae delivered between 25 and 42 wk of gestation. Relationships
between placental ERFE and EPO differed by cohort. In the multiples cohort, placental EPO and ERFE were positively correlated (P¼ 0.004),
but only a positive trend (P ¼ 0.08) was evident in the adolescents. Placental EPO and ERFE were not associated with maternal or neonatal
iron status markers or hormones in either cohort. Placental NCOA4 was not associated with placental EPO or ERFE in either cohort but was
negatively associated with maternal SF (P ¼ 0.03) in the multiples cohort and positively associated with neonatal sTfR (P ¼ 0.009) in the
adolescents.
Conclusions: The human placenta expresses ERFE, EPO, and NCOA4 mRNA as early as 25 wk of gestation. Placental expression of ERFE and
EPO transcripts was not associated with maternal or neonatal iron status. Greater placental NCOA4 transcript expression was evident in
women and newborns with poor iron status (lower SF and higher sTfR, respectively). Further research is needed to characterize the roles of
these proteins in the human placenta.
Trial registration number: These clinical trials were registered at clinicaltrials.gov as NCT01019902 (https://clinicaltrials.gov/ct2/show/
NCT01019902) and NCT01582802 (https://clinicaltrials.gov/ct2/show/NCT01582802).
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Introduction

The placenta is a dynamic, fetally derived organ that serves as
the sole interface between the mother and fetus. The placenta
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must respond to competing demands because it supports its own
high metabolic requirements while simultaneously transferring
nutrients to the fetus in response to maternal and fetal signals
[1]. Once imported into the placenta, iron can be used by the
placenta, stored as ferritin, or exported to the fetus. Although
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iron trafficking through the placenta is not fully understood,
efficient placental iron transport is essential to support fetal
growth and prevent adverse neonatal outcomes [2,3]. Three
regulatory hormones (hepcidin, erythropoietin [EPO], and
erythroferrone [ERFE]) and the protein nuclear receptor coac-
tivator 4 (NCOA4) are involved in iron homeostasis, but their
role in the placenta is not fully understood.

Hepcidin is produced by the liver and considered the master
regulator of iron status. Hepcidin decreases circulating iron by
inhibiting ferroportin-mediated export of iron from cells [4,5].
Placental hepcidin mRNA has been detected within our adoles-
cent cohort [6]. Previous analysis demonstrated that placental
hepcidin mRNA expression was unrelated to the expression of
several placental iron transporters and was not significantly
associated with maternal or neonatal iron status [6]. In pregnant
women with malarial infection, placental hepcidin expression
was increased but was not associated with maternal hemato-
logical status, suggesting that hepcidin’s antimicrobial activity
predominates in the placenta [7]. Nonetheless, more data are
needed to understand how placental hepcidin upregulation in
the setting of infection or inflammation may impact placental
iron dynamics.

Erythropoietin is produced in the kidney and liver in
response to hypoxia and increased erythropoietic drive, which
then leads to an increase in iron utilization to support eryth-
ropoiesis [8,9]. Placental EPO mRNA and protein have been
detected in both animal and human placental tissue [10–13],
but its role in pregnancy is poorly understood and data on
possible relationships between placental EPO and placental
iron content or maternal and neonatal iron status are limited.
A study in sheep found that placental EPO expression
increased significantly under hypoxic conditions [13], and one
study in human twin pregnancies (n ¼ 26 placentae) found
that placental EPO expression was induced by neonatal hyp-
oxia (diagnosed using umbilical artery Doppler) and severe
growth restriction [12].

A third iron-related regulatory hormone, ERFE, is produced
by erythroid precursors during stress erythropoiesis and func-
tions to suppress hepcidin production [14]. In mice, placental
ERFE mRNA expression was shown to be appreciably lower than
that observed in maternal bone marrow or embryonic liver and
was not affected by maternal iron status [15]. To our knowledge,
only one study evaluated ERFE by immunofluorescence staining
in human placentas (n ¼ 26) and found ERFE to be expressed in
trophoblast and extravillous cytotrophoblast cells [16]. In addi-
tion, ERFE signal intensity was found to be significantly lower in
placentas delivered by pregnant individuals with preeclampsia,
although the mechanisms of this response are unknown [16].
Expression of ERFE mRNA in human placental tissue and
possible associations between this hormone and maternal or
neonatal hematological traits and iron status has not yet been
evaluated.

The NCOA4 is a cargo receptor that plays an important role in
cellular iron homeostasis by mediating the autophagic degra-
dation of ferritin in response to increased intracellular iron de-
mands [17]. Although NCOA4 is a key regulator of cellular iron
availability, expression of this cargo receptor in human or mouse
placental tissue has not been evaluated, and little is known
regarding factors that impact expression of this cargo receptor in
the placenta.
1951
The objective of this study was to characterize placental
ERFE, EPO, hepcidin, and NCOA4 mRNA expression in a cohort
of newborns delivered to women and teens at higher risk of
gestational iron deficiency and anemia. Possible relationships
between expression of these proteins and maternal and neonatal
iron status indicators and iron regulatory hormones were
evaluated.

Methods

Participants
Placental tissue was obtained from 2 study cohorts. The first

cohort was comprised of placental tissue (n ¼ 114) obtained
from placentas delivered by adolescents (aged 14–18 y) carrying
singletons (adolescent cohort) [18,19]. The second cohort was
comprised of placental tissue (n ¼ 110) obtained from placentas
delivered from adult women (aged 20–46 y; n ¼ 54) carrying
twins (n ¼ 73) or triplets (n ¼ 37) (multiples cohort) [20,21].
Pregnant adolescents were recruited from the Rochester
Adolescent Maternity Program in Rochester, NY, between 2006
and 2012 and women carrying multiples were recruited from
Strong Memorial Hospital and Highland Hospital in Rochester,
NY from 2011 to 2014. Women carrying multiples were eligible
if they were healthy and �20 y of age and pregnant adolescents
were eligible if they were healthy and carrying a singleton fetus.
In all studies, individuals were excluded if they had HIV, eating
disorders, pre-existing diabetes, malabsorption diseases, hemo-
globinopathies, or other pre-existing medical conditions at the
time of enrollment or taking any medications known to poten-
tially impact iron homeostasis. Informed written consent was
obtained at baseline from all participants �15 y of age, and
parental consent and teen assent were obtained from adolescents
�14 y of age. All studies were approved by the Institutional
Review Boards at Cornell University and the University of
Rochester.

Demographic information was self-reported upon entry to the
study. Gestational age (GA) was determined based on self-
reported menstrual history and sonogram data, or by date of in
vitro fertilization when applicable. If self-reported menstrual
history and sonogram data differed by more than 10 d, ultra-
sound estimates were used to determine GA. Maternal anthro-
pometric information was recorded at each study visit. At
delivery, infant weight and length were recorded and cord blood
and placental tissue were obtained. Gestational weight gain was
calculated as the difference between final weight at delivery and
self-reported prepregnancy weight. As part of their prenatal care,
all pregnant individuals were prescribed prenatal supplements
containing on average 27 mg of iron and those with anemia
received additional iron supplements providing 60–120 mg of
iron per day. Information on self-reported prenatal supplement
use has been published [19,21,22]. Descriptive data on iron
status indicators, regulatory hormones, and inflammatory
markers frommothers and neonates within the adolescent cohort
and multiples cohort have previously been published [18,19,
21–27].
Placental collection
At delivery in the adolescent cohort, placental untrimmed

weight and dimensions (length, width, thickness, and volume)
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were recorded by study staff and in the multiples cohort,
placental trimmed weight and dimensions were recorded by
pathologists in the University of Rochester Pathology Depart-
ment. In the multiples cohort, the majority (70%) of placentae
were fused; therefore, individual placental weights for fused
placentae were estimated by dividing the entire placental mass
by the number of placentas. Placental efficiency was calculated
as the ratio of placental weight (g):birth weight (g) for each in-
dividual placenta and infant [28,29]. Placental samples were
taken from the center of the interior of the placental disk, after
removing fetal membranes and superficial tissue on the maternal
side. Placental tissue samples were excised from multiple coty-
ledons of each placenta and pooled to obtain a representative
sample. The mixture was placed into RNAlater (Ambion) and
kept at �80�C until analysis. Placental iron concentration [p[Fe]
reported as μg of iron per g of wet placental tissue weight (μg/g
wet weight)] of each placenta was analyzed by inductively
coupled plasma-mass spectrometry [30,31]. Data on mRNA
and/or protein expression of placental non-heme iron-related
proteins (transferrin receptor 1 [32]) and heme iron-related
proteins (feline leukemia virus subgroup C receptor [33], LDL
receptor-related protein 1 [34], the proton-coupled folate
transporter [6]), in addition to placental elemental content [30],
vitamin D hydroxylase enzymes, and vitamin D receptor [35,36]
have been previously measured in these samples.
RT-qPCR
For all placentae, total RNA was extracted using the RNeasy

Microarray Tissue Mini Kit (Qiagen) and RNA purity was
checked by the ratio of absorbance at 260 and 280 nm on a
Nanodrop spectrophotometer (Thermo Scientific). A total of 1
μg RNA was reverse transcribed into cDNA with the tran-
scriptor cDNA synthesis kit (Roche Applied Sciences). All RT-
qPCR reactions used a total volume of 10 μL per reaction,
which contained 2 μL of the cDNA template, 5 μL of SYBR
Green I Master reaction mix, and 0.7 μM of primers. All sam-
ples were run in triplicate in 384-well plates on a LightCycler
480 instrument (Roche Applied Sciences). The cycling condi-
tions for ERFE included an initial denaturation step at 95�C for
5 min, followed by 45 cycles at 95�C for 10 s, annealing at
63�C for 20 s, and extension at 72�C for 15 s. The cycling
conditions for EPO involved an initial denaturation step at
95�C for 5 min, followed by 45 cycles at 95�C for 10 s,
annealing at 62�C for 15 s, and extension at 72�C for 20 s.
NCOA4 mRNA expression was measured in a subset of samples
(n ¼ 98, adolescent cohort; n ¼ 90, multiples cohort). The
cycling conditions for NCOA4 consisted of an initial denatur-
ation step at 95�C for 5 min, followed by 45 cycles at 95�C for
10 s, annealing at 60�C for 10 s, and extension at 72�C for 10 s.
The cycling conditions and primer sequences for hepcidin
were previously published [6]. Specificity of amplifications
was verified by melting curve analysis and only a single peak
was observed in all samples. Relative ERFE, EPO, hepcidin,
and NCOA4 mRNA expression was normalized to β-actin and
compared with that obtained from a control placenta sample
using the 2�ΔΔCt method. This method was calculated using
the following equations: ΔCt ¼ Ct (EPO, ERFE or hepcidin) –

Ct (β-actin); ΔΔCt ¼ ΔCt (sample) – ΔCt (control placenta);
and Fold Change ¼ 2�ΔΔCt. The primer sequences for ERFE,
hepcidin and β-actin have been previously published [6,14,
1952
34]. The primer sequences for EPO and NCOA4 were as fol-
lows: EPO forward 50-AGAATATCACGACGGGCTGT-30 and
EPO reverse 50-AGGCCCTGCCAGACTTCTAC-30, NCOA4 for-
ward 50-GCAGACCTTGGAGAACAGT-30 and NCOA4 reverse
50-TCACTCTTGAGGAGCCAGT-30.

Serum collection and biochemical analysis
Nonfasted maternal blood (15 mL) was collected from

women at midgestation [multiples: 21.8 wk (95% CI: 19.7,
24.1); adolescents: 25.9 wk (95% CI: 25.2, 26.7)]. At delivery
[multiples: 35.2 wk (95% CI: 34.5, 35.6); adolescents: 40.2 wk
(95% CI: 39.7, 40.2)], additional samples of maternal blood and
umbilical cord blood (~15 mL) were collected. Whole blood
was sent to the University of Rochester core laboratory for
assessment of hemoglobin (Hb) concentrations using a Cell-Dyn
4000 hematology analyzer (Abbott Diagnostics). The remaining
blood samples were centrifuged, and serum was stored at �80�

C until analysis. Anemia across pregnancy was defined as Hb
concentration <11.0 g/dL in the first and third trimesters and
<10.5 g/dL in the second trimester [37]. Race adjustments for
anemia cutoffs were assessed (Hb <10.2 g/dL in the first and
third trimesters and Hb <9.7 g/dL in the second trimester for
Black women [37]) but significance of key findings did not
change; therefore, nonadjusted values were utilized. Neonatal
anemia was defined as umbilical cord Hb concentration <13.0
g/dL [37].

Serum ERFE was measured using a validated ELISA with a
stated lower limit of detection (LOD) of 1.5 ng/mL (Intrinsic
LifeSciences). The ERFE assay provides quantitative measures of
ERFE down to 0.001 ng/mL so absolute values of this hormone
were utilized for statistical analyses. Serum EPO was measured
by immunoassay (Siemens Immulite 2000). SF and sTfR were
measured by ELISA as previously described [18,21]. Iron defi-
ciency was defined if either SF<12 μg/L [38] or sTfR>8.5 mg/L
[39]. Total body iron (TBI) was calculated using SF and sTfR
[40]. Serum iron was measured by atomic absorption spectro-
photometry (Perkin Elmer Aanalyst 800). Folate and vitamin B12
were measured by an Immulite 2000 immunoassay system
(Siemens Healthcare). Folate insufficiency was defined as folate
concentrations <6.8 nmol/L and vitamin B12 insufficiency was
defined as vitamin B12 concentrations <148 pmol/L [41,42].
Hepcidin, CRP, and IL-6 were measured using different assays
between cohorts. For the adolescent cohort, hepcidin was
measured with an ELISA and IL-6 and CRP were measured using
a commercial immunoassay [18]. The LOD for hepcidin was 5
μg/L, and values below were assigned a value of 2.5 μg/L for
analysis purposes. For the multiples cohort, hepcidin, CRP, and
IL-6 were measured by ELISA as previously described [21]. The
hepcidin assay had an LOD of 0.39 ng/mL, and a value of 0.195
was assigned for analysis purposes.

Statistical analysis
Placental characteristics are presented as the median or geo-

metric mean [95% CI] or percent for continuous and categorical
outcomes, respectively. The Shapiro-Wilk test was used to assess
normality of data, and non-normal variables were log trans-
formed to achieve normality. Student’s t-test and ANOVA were
conducted to test whether normally distributed variables
differed by maternal cohorts and Wilcoxon’s rank-sum test was
used to test statistical differences between nonparametric
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variables. Chi-square test of independence was used for analysis
of differences between categorical variables between cohorts.
Linear regression models were constructed to explore associa-
tions of placental mRNA expression with placental, neonatal, and
maternal variables in each cohort separately. In the multiples
cohort, a maternal identification variable was included in the
model as a random effect to account for the lack of independence
between siblings. Statistical analyses were performed using JMP
14.0 (SAS Institute Inc.). Results of analyses were considered
significant if P < 0.05.
Results

Descriptive characteristics and iron status of the
study population

Placental, maternal, and neonatal descriptive characteristics
are shown in Table 1. The majority (65%) of placentas and ne-
onates from the multiples cohort were delivered preterm (<37
wk of gestation). p[Fe] (heme and nonheme, p[Fe]) (μg/g wet
TABLE 1
Placental, maternal, and neonatal characteristics in adult women carrying
neonates1

Multiples coh

Placental characteristics (n ¼ 110)
Gestational age (wk) 35.2 [34.5, 3
Placenta weight per fetus2 (g) 297 [278.2,
Sum placental weight2 (g) 667 [606.9,
p[Fe] (μg/g wet weight) 94.3 [59.3,1

Maternal characteristics (n ¼ 54)
Age (y) 30 [29.4, 32
Race3 (% Black women) 22
Ethnicity3 (% Hispanic women) 7
ppBMI (kg/m2) 26.1 [26.4, 3
GWG4 (kg) 18.6 [17.1, 2
Parity <1 (%) 37
Prenatal supplement use5, >2 times/wk (%) 90 (44/49)
Current cigarette use (%) 6 (3/52)
Delivery anemia6 (%) 44

Neonatal characteristics (n ¼ 110)
Birth weight (kg) 2.2 [2.1, 2.3
Birth length (cm) 47.0 [44.7, 4
Sex (% male) 43
C-section (%) 73
Placenta weight/birth weight2 0.13 [0.13, 0
Anemic7 (%) 14

1 Data presented as median [95% CI] or %. GWG, gestational weight
concentration.
2 Differences between placental weight or placental efficiency were not co

adolescent cohort were taken before trimming and in the multiples cohort
3 Self-reported maternal race (Black individual or White individual) and
4 Gestational weight gain categories were determined using the Institute

For the adolescent cohort, recommended gestational weight gain was 12
women, 6.8–11.3 kg for women with overweight, and 5.0–9.1 kg (11–20
gestational weight gain was 22.7–28.1 kg for underweight women, 16.8–2
weight, and 11.3–19.1 kg for women with obesity.
5 Self-reported use of prenatal supplements that typically contained 27 m

provided 20 mg of iron per day.
6 Prevalence of anemia at delivery. Maternal anemia was defined as hem

<10.5 g/dL in the second trimester [37].
7 Neonatal anemia was defined as umbilical cord Hb concentration <13.

1953
weight) was measured in a subset of placentae (multiples:
n ¼ 65, adolescent: n ¼ 77), and p[Fe] (μg/g wet weight) per
each placenta did not significantly differ between cohorts (P ¼
0.3) (Table 1). In the multiples cohort, there was a significantly
higher percentage of placentas delivered by women with parity
>1 and with a higher prepregnancy BMI compared with the
adolescent cohort.

Data on maternal iron status at midgestation and delivery are
presented in Supplemental Table 1 and data on neonatal iron
status are presented in Supplemental Table 2. The prevalence of
maternal anemia and iron deficiency (defined as SF <12 μg/L or
sTfR >8.5 mg/L) at midgestation and delivery did not differ be-
tween the multiples and adolescent cohorts (Supplemental
Table 1). Of note, the prevalence of maternal anemia in both co-
horts was 5–8 times higher than the reported United States na-
tional average [43] as expected given that multiple pregnancies
and teen pregnancies are 2 higher-risk obstetric populations. The
prevalence of neonatal anemia did not differ between cohorts, but
mean neonatal Hb concentration was higher in multiple birth
neonates compared with the singletons (Supplemental Table 2).
multiple fetuses and their neonates and pregnant adolescents and their

ort Adolescents cohort P value

(n ¼ 114)
5.6] 40.2 [39.7, 40.2] <0.001
316.0] 586 [577.9, 622.6] —

738.7] 586 [577.9, 622.6] —

50.0] 67.8 [51.8, 88.7] 0.31
(n ¼ 114)

.1] 17.4 [17.2, 18.1] <0.001
64 <0.001
26 0.002

1.0] 23.0 [23.7, 25.8] 0.001
2.2] 18.2 [16.7, 19.4] 0.22

79 <0.001
77 (82/106) 0.07
7 (7/107) 0.80
33 0.20
(n ¼ 114)

] 3.3 [3.2, 3.4] <0.001
6.4] 51.5 [50.9, 51.8] <0.001

51 0.19
11 <0.001

.15] 0.18 [0.18, 0.19] —

25 0.09

gain; ppBMI, prepregnancy body mass index; p[Fe], placental iron

mpared between cohorts because placental weight measurements in the
after trimming took place.
ethnicity (Hispanic individual or non-Hispanic individual).
of Medicine categories with adjustment for gestational age at delivery.
.7–18.1 kg for underweight women, 11.3–15.9 kg for normal-weight
lb) for women with obesity. For the multiples cohort, recommended
4.5 kg for normal-weight women, 14.1–22.7 kg for women with over-

g of iron per day or intake of 2 pediatric chewable supplements that

oglobin concentration <11.0 g/dL in the first and third trimesters and

0 g/dL [37].
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Placental ERFE and EPO mRNA expression
Placental ERFE and EPO mRNA were detected in all placental

samples analyzed from deliveries that occurred across 25–42 wk
of gestation. Placental ERFE mRNA expression was significantly
higher in the multiples cohort compared with the adolescent
cohort (P ¼ 0.001) (Figure 1), even after controlling for GA at
delivery (P ¼ 0.004). Placental EPO mRNA expression was not
significantly different between cohorts (P ¼ 0.2) (Figure 1).

ERFE expression is known to be regulated by EPO [14]. In the
multiples cohort, there was a significant positive relationship
between placental EPO and ERFE (β ¼ 0.2, P ¼ 0.004, n ¼ 110)
which was not evident in the adolescent cohort (β ¼ �0.07, P ¼
0.08, n ¼ 114). In both cohorts, placental ERFE and EPO did not
significantly differ as a function of placental weight per fetus,
neonatal birth weight, placental efficiency, or neonatal sex (all P
> 0.05). In the multiples cohort, placental ERFE and EPO mRNA
was not impacted by chorionicity (ERFE: P ¼ 0.9, EPO: P ¼ 0.5)
or amnionicity (ERFE: P ¼ 0.4, EPO: P ¼ 0.3) and did not differ
between fused and discrete placentae (ERFE: P ¼ 0.1, EPO: P ¼
0.3).

In the adolescent cohort, placental ERFE mRNA expression
increased over the observed GA range at delivery in this cohort
(34–42 wk, β ¼ 0.1, P ¼ 0.002), but this relationship was not
evident in the multiples cohort across the observed GA at de-
livery (25–38 wk, P ¼ 0.9). This relationship was not evident
even when the gestational window was restricted to 34–38 wk to
more closely match that of the adolescent cohort (P ¼ 0.5).
Placental ERFE did not significantly differ between Black and
PP

n n n n 

FIGURE 1. Fold change expression of placental hormones and NCOA4 (ddC
multiples or adolescents carrying singletons. Data presented as geometric
nuclear receptor coactivator 4; NS, not significantly different (P > 0.05).
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FIGURE 2. Placental ERFE fold change expression as a function of materna
born to women carrying multiples (A) or adolescents carrying singletons (

1954
White mothers (multiples: P ¼ 0.2, adolescents: P ¼ 0.1).
Placental ERFE mRNA expression was higher in multiparous
compared with primiparous individuals (P ¼ 0.04) in the mul-
tiples cohort, but this difference was not observed in the
adolescent cohort (P ¼ 0.3).

Placental EPO expression did not significantly change as a
function of GA in either cohort (multiples: P¼ 0.8, adolescents: P
¼ 0.1). However, placental EPO expression significantly differed
between Black and White mothers in both cohorts (multiples: P
¼ 0.02, adolescents: P ¼ 0.03). Placental EPO did not differ as a
function of parity in either group (both P ¼ 0.4).
Placental hormone relationships in women carrying
multiples

Within the multiples cohort, higher placental ERFE expres-
sion was significantly associated with lower maternal Hb con-
centration at delivery (β ¼ �0.2, P ¼ 0.01, n ¼ 110) (Figure 2).
Placental EPO expression showed a nonsignificant inverse trend
with Hb concentration at delivery (β ¼�0.2, P ¼ 0.06, n ¼ 110).
This trend, however, appeared to be driven by differences be-
tween Black mothers and White mothers (P ¼ 0.4). Placental
EPO and ERFE mRNA expression was not significantly associated
with maternal or neonatal iron status indicators (SF, serum sTfR,
TBI, and serum iron), regulatory hormones (serum EPO, ERFE,
and hepcidin), or inflammatory markers (CRP and IL-6) evalu-
ated (all P > 0.05). Placental ERFE expression increased as p[Fe]
(μg/g wet weight) increased (β ¼ 0.5, P ¼ 0.004, n ¼ 65),
n n

T) in placental tissue obtained from neonates born to women carrying
mean [95% CI]. EPO, erythropoietin; ERFE, erythroferrone; NCOA4,

(g/dL)
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l and neonatal hemoglobin in placental tissue obtained from neonates
B). ERFE, erythroferrone; Hb, hemoglobin.
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whereas placental EPO was not significantly associated with p
[Fe] (P ¼ 0.8).
Placental hormone relationships in adolescents
carrying singletons

Relationships between EPO and ERFE mRNA expression in
placentae from adolescents carrying single fetuses differed from
associations observed in the multiples cohort. In the adolescent
cohort, placental EPO was significantly positively associated
with maternal serum ERFE concentrations at midgestation (β ¼
0.3, P ¼ 0.005, n ¼ 92) and delivery (β ¼ 0.3, P ¼ 0.02, n ¼ 70)
and with Hb concentration at delivery (β ¼ 0.3, P ¼ 0.03, n ¼
110). After adjustment for maternal race, the association of
placental EPO mRNA and maternal Hb was no longer significant
(P¼ 0.1). Placental EPOmRNAwas not associated with maternal
serum EPO or hepcidin measured at midgestation or delivery,
nor was it associated with any of the neonatal iron regulatory
hormones measured (serum EPO, ERFE, or hepcidin) (all P >

0.05). Placental EPO mRNA was not associated with maternal or
neonatal iron status indicators (SF, serum sTfR, TBI, and serum
iron) or inflammatory markers (CRP and IL-6) evaluated, or with
neonatal Hb (all P > 0.05).

Placental ERFE expression demonstrated a nonsignificant in-
verse association with neonatal Hb (β ¼�0.04, P¼ 0.07, n¼ 77)
(Figure 2). In contrast to the findings in the multiples cohort,
placental ERFE expression was not significantly associated with
maternal Hb in the adolescents (P ¼ 0.4). In addition, in the
adolescent cohort placental ERFE was significantly positively
associated with neonatal serum EPO (β ¼ 0.2, P ¼ 0.002),
although this relationship was no longer significant after con-
trolling for delivery GA (β ¼ 0.1, P ¼ 0.06). No significant as-
sociations were identified when placental ERFE mRNA was
evaluated in relation to other maternal or neonatal iron status
indicators (SF, serum sTfR, TBI, and serum iron) or inflammatory
markers (CRP and IL-6) evaluated (all P > 0.05).

In the subset of adolescents with data on placental hepcidin
mRNA expression (n ¼ 103), hepcidin mRNA expression was not
significantly associated with placental ERFE expression (β ¼ 0.2,
P ¼ 0.3) or placental EPO expression (β ¼ 0.02, P ¼ 0.9).
Furthermore, maternal and neonatal serum ERFE levels were not
associated with placental hepcidin mRNA expression.
Finally, neither placental EPO nor placental ERFE were associ-
ated with p[Fe] in the adolescent cohort (EPO: P ¼ 0.4, ERFE: P
¼ 0.8; n ¼ 77).
FIGURE 3. Placental NCOA4 fold change expression as a function of mater
born to women carrying multiples (A) or adolescents carrying singletons (

1955
Placental NCOA4 mRNA expression and
relationships

Placental NCOA4 was detected in all placentae delivered be-
tween 25 and 42 wk of gestation. Placental NCOA4 expression
did not significantly differ between the multiples cohort and
adolescent cohort (P ¼ 0.6). In both cohorts, placental NCOA4
was not associated with GA at delivery, placental weight per
fetus, neonatal birth weight, placental efficiency, or neonatal
sex, nor did it differ as a function of maternal age, race, parity,
and prepregnancy BMI (all P > 0.05). In the multiples cohort,
placental NCOA4 mRNA was not impacted by chorionicity or
amnionicity (both P ¼ 0.8) and did not differ between fused and
discrete placentae (P ¼ 0.9).

In the multiples cohort, higher placental NCOA4 expression
was associated with lower maternal Hb concentration at midg-
estation (β ¼ �0.09, P ¼ 0.04, n ¼ 87) and impaired iron status
as evidenced by lower SF at midgestation (β ¼ �0.2, P ¼ 0.03, n
¼ 87) (Figure 3). A nonsignificant inverse trend was observed
between placental NCOA4 mRNA and cord Hb levels in neonates
born to adult women carrying multiples (β ¼ �0.03, P ¼ 0.09, n
¼ 82). Of the 3 iron regulatory hormones evaluated, placental
NCOA4 was positively associated with maternal ERFE (β ¼ 0.3, P
¼ 0.01, n¼ 65) and EPO at delivery (β ¼ 0.2, P¼ 0.008, n¼ 76),
but no association was observed with maternal hepcidin at
midgestation (P ¼ 0.4, n ¼ 87) or delivery (P ¼ 0.7, n ¼ 78). In
the multiples cohort also, placental NCOA4 mRNA expression
was not associated with placental ERFE mRNA (P ¼ 0.4, n ¼ 98),
EPO mRNA (P ¼ 0.2, n ¼ 98), or p[Fe] (P ¼ 0.9, n ¼ 61).

In the adolescent cohort, placental NCOA4 was more strongly
associated with neonatal rather than maternal iron status in-
dicators and hormones. Higher placental NCOA4 expression was
associated with higher cord sTfR (β ¼ 0.3, P ¼ 0.009, n ¼ 85)
(Figure 3) and higher cord ERFE (β ¼ 0.3, P ¼ 0.03, n ¼ 73), and
these associations remained after controlling for GA at delivery
(P ¼ 0.006 and P ¼ 0.03, respectively). Of the maternal iron
status indicators and regulatory hormones measured, only a
weak positive association between placental NCOA4 and
maternal ERFE at delivery was observed (β ¼ 0.2, P ¼ 0.05, n ¼
71). In contrast to the lack of associations observed in the mul-
tiples cohort, in the adolescents, placental NCOA4 showed a
strong inverse association with p[Fe] (β ¼ �0.4, P ¼ 0.002, n ¼
72). However, there was no association between placental
NCOA4 expression and placental EPO (P ¼ 0.7, n ¼ 90) or ERFE
(P ¼ 0.2, n ¼ 90) mRNA expression.
nal and neonatal iron status in placental tissue obtained from neonates
B). NCOA4, nuclear receptor coactivator 4.
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Discussion

To our knowledge, this is the first study to measure placental
ERFE, EPO, and NCOA4 mRNA expression in humans and to
assess relationships between these measures and placental iron
content, maternal, and neonatal iron status and hematological
parameters in 2 groups of mothers and newborns at higher risk of
anemia and iron deficiency. We demonstrated that all 3 iron
regulatory hormones (EPO, ERFE, and hepcidin) are expressed in
placental tissue as early as 25 wk of gestation. Although the
biological role of the placental expression of ERFE, hepcidin,
EPO, and NCOA4 or the placental cell type that produces these
remains unclear, understanding their expression and regulation
in the placenta sets the stage for future mechanistic in-
vestigations and explorations of their potential usefulness as
biomarkers of iron homeostasis in pregnancy.

In placental tissue collected from newborns born to women
carrying multiples, placental expressions of EPO and ERFE were
increased when maternal Hb concentrations were low, as would
be expected based on the known regulatory mechanism linking
anemia to EPO, and EPO to ERFE. Likewise, in the placentae
obtained from newborns born to adolescents carrying single
fetuses, placental ERFE expression showed a trend for an in-
verse association with neonatal Hb, and placental EPO showed
a significant positive association with maternal serum ERFE.
These findings suggest that placental expression of these hor-
mones is partly driven by erythropoietic activity in both
cohorts.

Consistent with murine data [15], placental ERFE mRNA was
not significantly associated with maternal or neonatal iron status
biomarkers. In systemic circulation these hormones are associ-
ated with iron status and erythropoietic activity, but in placental
tissue, the mRNA expression of these hormones was not signifi-
cantly related to maternal or neonatal iron status. The lack of any
significant associations between transcript expression of these
known iron regulatory hormones and the iron status indicators
measured may indicate that other known functions of these
hormones, such as erythropoietic [44] and antimicrobial activity
[45], predominate in the placenta.

The placenta is the sole interface for iron transfer to the
developing fetus, but the amount of iron devoted to fetal needs
must be balanced against the iron requirements needed to sup-
port placental functions and maternal needs. Consistent with
animal data [46] and recent data in adult women [31], the
placenta maintains a relatively constant placental iron content
even in adult pregnant individuals with lower iron and hema-
tologic status. The current study also found a nonsignificant
trend for higher placental expression of EPO in adult women
with lower Hb levels, suggesting low oxygen levels may increase
the placental expression of this hypoxia-driven hormone. In
contrast, placental sequestration of iron in the face of maternal
anemia was not evident in placental tissue obtained from ado-
lescents. In the adolescent cohort, placental EPO expression and
p[Fe] [31] were positively associated with maternal Hb con-
centrations and iron status, respectively. Of note, the mean p[Fe]
in both the multiples and adolescent cohorts was similar to the
mean p[Fe] reported in other pregnant populations with varying
risk factors [31]. These findings of altered iron partitioning in
biologically immature gravida are consistent with findings from
adolescent sheep models that have found that nutrients are
1956
prioritized in support of maternal growth over the developing
fetus [47,48].

Hypoxia increases EPO production, and EPO in turn stimu-
lates erythroblasts to produce ERFE [14]. Associations between
placental ERFE and maternal Hb differed between cohorts. In
adult women carrying multiples, maternal Hb concentration was
significantly negatively associated with placental ERFE expres-
sion, whereas this association was not evident in the adolescents.
In the adolescent cohort, placental ERFE exhibited a positive
association with neonatal EPO and a suggestive negative trend
with neonatal Hb. These results further suggest that there are
likely other unidentified factors that differ between these 2 ob-
stetric cohorts that impact placental ERFE expression.

Both cellular hypoxia and iron deficiency stimulate cellular
NCOA4 expression, a known cargo receptor that mediates iron
release from ferritin via ferritinophagy [49]. Consistent with
known regulation of NCOA4 expression in other tissues,
placental NCOA4 expression was inversely associated with
maternal or neonatal iron status. In the multiples cohort,
placental NCOA4 expression was higher in women with poor
iron status (lower Hb and SF and higher ERFE and EPO), and in
the adolescent cohort, higher placental NCOA4 expression was
observed in neonates with poor iron status (higher sTfR and
ERFE) and lower p[Fe]. Although NCOA4 was not associated
with maternal iron status in the adolescents, previous findings in
pregnant adolescents have shown a significantly lower p[Fe] in
adolescents with poor iron status [31]. Increased placental
NCOA4 expression was consistently associated with poor iron
status across cohorts, but its expression was more strongly
associated with maternal iron status indicators and hormones in
the multiples cohort and with neonatal iron status indicators and
hormones in the adolescents. These findings further suggest
differing regulatory mechanisms or factors between these 2
populations that are yet to be identified.

There are limitations to our investigation that need to be
considered. Measurement of mRNA concentrations evaluates
gene expression, but regulation of gene expression can occur
post-transcriptionally and translationally. EPO [50,51] and
NCOA4 [17] are known to be regulated at both the transcrip-
tional and post-transcriptional levels and little is known about
whether ERFE is also regulated at both the transcriptional or
post-transcriptional levels [44]. We did not measure placental
protein concentrations and do not know if placental mRNA
transcript expression and protein abundance are related in these
cohort. In addition, placental tissue is composed of syncytio-
trophoblasts and other cell types including macrophages and
dendritic cells, and it is yet unknown which cells are responsible
for the production of these regulatory proteins or how poten-
tially variable cell-type composition between samples may affect
study findings. Both cohorts studied are at greater risk for
maternal anemia, and the racial and ethnic composition differed
between cohorts with more minorities among the adolescents,
both of which may limit the generalizability of findings. Lastly,
although the data from the adolescent cohort support existing
evidence of a competition for nutrients in biologically immature
gravida, possible effects of sociodemographic characteristics and
diet composition that likely differ in pregnant adolescents cannot
be excluded.

In conclusion, these data demonstrate that the human
placenta expresses EPO, ERFE, hepcidin, and NCOA4 as early as
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25 wk of gestation. No strong consistent relationships were
evident between placental ERFE or EPO transcripts and any of
the measured markers of iron status in the mother, placenta, or
neonate. Consistent with known regulation of NCOA4 expres-
sion, placental NCOA4 mRNA was inversely associated with
maternal, neonatal, and placental iron status but determinants
differed between the 2 cohorts studied. More work is needed to
characterize the role of these proteins in placental tissue and
evaluate these in relation to maternal characteristics given the
different associations noted between the pregnant adolescents
and adult women carrying multiples.
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