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Abstract

Objective: Obesity during pregnancy impedes fetal iron endowment. In adults, both iron
depletion and hypoxia stimulate erythropoietin (Epo) production, while hepcidin, the primary iron
regulator, is inhibited by Epo and stimulated by obesity. To understand this relationship in fetuses,
we investigated obesity, inflammation, and fetal iron status on fetal Epo and hepcidin levels.

Study Design: Epo, hepcidin, C-reactive protein (CRP), and ferritin levels were measured in
201 newborns of 35-40 weeks gestation with historical risk factors for a low fetal iron
endowment, including half with maternal obesity.

Results: Epo was unrelated to fetal size, but Epo was directly related to maternal BMI (kg/m?2) (p
<0.03) and CRP (p<0.0005) at delivery. Epo levels were twice as likely to be elevated (=50 IU-L)
comparing the lowest quartile of ferritin to the upper three quartiles (p<0.01). Hepcidin was
directly related to ferritin (p<0.001), and indirectly related to maternal BMI (p <0.015), but BMI
became nonsignificant when undergoing multivariate analysis. Hepcidin was unrelated to Epo.

Conclusion: Although some of the fetal responses involving Epo were similar to adults, we did
not find a hepcidin-Epo relationship like that of adults, where the liver is the site of both hepcidin
and Epo production.
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INTRODUCTION

One-third of women of childbearing age in the U.S. are obese, a major risk factor for poor
perinatal outcomes.! Maternal obesity, either alone or with diabetes mellitus, stimulates fetal
overgrowth and increases fetal demand of nutrients including iron.1:2 Our research3 and that
of Jones et al.# found that maternal obesity or excessive gestational weight gain impeded
fetal iron endowment. This may be due in part to obesity related inflammation, which is
known to inhibit the required pregnancy-induced increase in enteral iron absorption.®> Nearly
half of the iron required to fulfill growth-related needs during the first year of life should be
acquired before birth.” Developing iron deficiency (ID) as a fetus or infant can disrupt brain
development and cause long-term cognitive deficits.5 Thus, understanding the physiology of
fetal iron regulators, erythropoietin (Epo) and hepcidin, in obesity is of the utmost
importance.

Epo, the primary regulator of erythropoiesis, is upregulated in fetuses from diabetic
pregnancies due to the fetal overgrowth induced hypoxia.”- In the adult, Epo is produced
primarily in the kidney; in the fetus, Epo is produced primarily in the liver.? Hypoxia
upregulates Epo in both fetuses and adults, 10 while iron as a regulator of Epo has only been
studied in adults.1 The fetal liver accrues iron, but it is not known whether 1D would
stimulate fetal liver Epo production. Because maternal plasma Epo does not cross the
placenta, fetal levels of Epo, and its effects would reflect fetal physiology. One prior study
found higher fetal erythropoiesis during obese pregnancies'2 and another higher fetal Epo
and lower ferritin levels in obese pregnancies.13 However, the physiological mechanisms
underlying these complex relationships are yet to be explored.

Hepcidin is the recently discovered master iron regulator. Hepcidin binds to ferroportin on
the basal enterocyte and macrophage membrane, degrading ferroportin and blocking iron
absorption.1* Normally, maternal hepcidin levels fall during pregnancy in order to increase
maternal dietary iron absorption and promote active transport of iron across the placenta.
15,16,17 However, hepcidin overexpression persists in obese pregnancies due to low-grade
chronic inflammation.16:17 In adults, Epo administration results in erythroblast production of
erythroferrone, which suppresses hepcidin levels,18:19 but this has not been studied in
fetuses. Thus, it is not known whether fetal hepcidin levels would be higher due to maternal
obesity-related inflammatory activity or lower due to fetal ID-induced Epo production.

The current paper extends our previous work? to investigate the relationship between fetal
Epo and fetal hepcidin during altered iron biology in obese pregnancies. The objective was
to examined maternal obesity, inflammation, and iron status on fetal Epo and fetal hepcidin
within a healthy birth cohort. Because of our interest in iron, we recruited known
demographic and medical risk factors for developing infantile ID. We hypothesized that
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iron-challenged fetuses born to women with obesity would exhibit higher Epo and lower
hepcidin levels.

MATERIALS AND METHODS

Subjects

This prospective observational birth cohort study was approved by the Institutional Review
Boards of the University of Wisconsin and UnityPoint Meriter, Madison, WI. Cord blood
was collected prospectively at delivery. After delivery, but before hospital discharge, mothers
and newborns were recruited and written informed consent obtained. Mothers of healthy
singleton or twin term or late preterm newborns =35 weeks’ gestation between the ages of
18-40 years were screened for eligibility using daily birth logs and patient records at the
Birthing Center at UnityPoint Health Meriter. Medical records were screened for known
demographic and medical risk factors for infantile 1D.20 Previous data analyses indicated
that obesity was an additional risk factor beyond previously established demographic and
clinical factors.3 Timing of clamping of the umbilical cord was performed at the discretion
of the delivering provider and recorded. Subjects were excluded for HIV positive status, fetal
anemia, NICU admission, or not being discharged with their mother. Both English-speaking
and Spanish-speaking mothers were eligible. After informed consent, chart reviews of
maternal anthropometric data were used to determine BMI before pregnancy and at delivery.

Sample Collection and Processing.

The Birthing Center collected umbilical cord blood at delivery and stored it at 4 °C. Within 8
days of collection,2? blood was assayed for hemoglobin (Hb) by pocH-100i hematology
analyzer (Sysmex, Mundelein, IL, USA) and erythrocyte zinc protoporphyrin/heme
(ZnPP/H) iron by hematofluorometry (Aviv Biomedical, Lakewood, NJ, USA) after
washing.?! Reticulocyte (RE)-ZnPP/H was measured using the most immature fraction of
erythrocytes to improve ZnPP/H sensitivity,2! analogous to reticulocyte Hb. Cord blood was
centrifuged at 1000 g for 4 min with plasma stored at —80 °C until assay. Ferritin (Bio-
Quant, San Diego, CA, USA), high sensitivity hepcidin (DRG International, Springfield, NJ,
USA), high-sensitivity CRP (Bio-Quant, Inc., San Diego, CA, USA) were measured in
plasma using commercial enzyme-linked immunosorbent kits. This smaller cohort was
selected for availabile plasma samples for determination of Epo (Quantikine IVD ELISA,
R&D Systems, Minneapolis, MN, USA).

Data Analysis

Maternal morphometric measures were used to determine BMI at conception and at delivery,
and set, a priori, the nongravid definition to designate obesity (BMI =30 kg/m?). The lean
comparison group was defined as all others with BMI <30 kg/m?2. Excessive pregnancy
weight gain was =18 kg (40 Ib), the maximal amount recommended for any weight group
following the 2009 American College of Obstetricians and Gynecologists guidelines.?2
Neonatal Zscores for weight were determined by birth weight, gender, and gestational age.”
LGA was defined by Z-score of >2 and SGA as <-2. AZnPP/H was the difference between
washed and RE-ZnPP/H.2! Before the study began, based on previous data from our
laboratory, the 75th percentile for ZnPP/H was set at 95 umol/mol where higher ZnPP/H
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indicates greater 1D and the 25th percentile for serum fetal ferritin was 84 ng/mL.320 The
literature reported an elevated fetal Epo at =50 U/L.23 The distributions of variables were
analyzed, with In-conversion of Epo, ZnPP/H, and ferritin to normalize distribution. Fisher’s
exact or 2 tests examined nominal data; unpaired ttests for normal and natural log
conversion was performed to normalize data for Epo, ZnPP/H, ferritin, and CRP. In addition,
simple and stepwise regression, as well as logistic regression methods were used. A p-value
of <0.05 determined significance; data in figures are illustrated as Means + SEM.

Demographic Characteristics.

This 201 member cohort was selected from a larger 316-member cohort3 because of the
availability of fetal Epo determination. Enrollees were healthy without medical
complications, but recruitment strategy targeted one or more demographic or medical risks
for their infants becoming ID during the first year of life, with a mean of 3.4 risks. Maternal
diagnoses included anemia and gestational diabetes in some cases, but all neonates were
clinically healthy between 35 and 41 weeks gestation. The majority of families reported
being Caucasian (N=157); 54 families reported minority status. Eleven women were
prescribed additional iron supplements for anemia diagnosed early in prenatal care.

Clinical data were analyzed with respect to maternal obesity measured at delivery, Table 1.
Women with obesity were more likely to be obese at conception, diagnosed with diabetes
during pregnancy, and experienced cesarean delivery, while newborns were larger and a
greater percent were LGA, XZ tests, Table 1. Ethnic distribution of the women did not differ.

Hematopoietic Parameters.

Epo was higher, hepcidin was lower, Hb was higher, ZnPP/H in the immature reticulocyte
fraction (RE-ZnPP/H) was higher, and ferritin was lower in the obese at delivery group as
compared to the lean group, #tests, Table 2.

Relationships between Epo, Growth and Iron.

We found that neither fetal birth weight nor neonatal BMI was related to Epo levels by
regression analyses. However, by regression. maternal BMI at delivery was directly related
to Epo, Fig. 1A. A transition from being relatively lean at conception to being obese at
delivery was also associated with higher Epo levels (44.5 + 4.9 in obesity vs. 35.5 + 4.8
IU/L in lean, p=0.010). Epo was not related to mode of delivery, sex, or race/ethnicity
background.

Epo and ferritin were not related by regression analyses, but a linkage was evident when
analyzed in a dichotomous manner, Fig. 1B. Mean Epo was higher if ferritin was below the
25t percentile (ID group) as compared to the upper 75 percentile (67.2 U/L vs. 33.3 U/L,
p=0.002). The vertical and horizontal dashed lines in Fig. 1B show by XZ testing that there
were proportionately more elevated Epo values (=50 IU/L) in the lowest quartile of ferritin
(ID). In addition, by regression Epo levels were directly related to CRP, Fig. 1C.
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Using stepwise regression analysis to include maternal delivery BMI, CRP and ferritin in the
statistical model, only CRP predicted Epo levels (F1 195=7.5, R2=0.04, p=0.007). Examining
the lowest quartile of ferritin on Epo in a multivariate logistic regression model, both low
ferritin (Fp,197=17.2, R?=0.08, p=0.001) and CRP (Fy,197=8.12, R?=0.04, p=0.005) was
directly associated with Epo.

Relationships between Hepcidin, Epo, Fetal Growth, and Iron.

By regression analysis, hepcidin was not related to Epo levels, birth weights, or birth weight
Z-scores, though it was inversely related to maternal BMI. Fig. 2A. Hepcidin was also
significantly related to ferritin levels Fig. 2B. Hepcidin was lower in neonates with low
ferritin (ID group) as compared to those in the upper 3 quartiles (17.1 £ 2.4 vs. 29.7 + 1.7,
p<0.0001). A stepwise regression model including ferritin and maternal BMI at delivery
indicated that hepcidin was more significantly predicted by ferritin (p<0.0001) than by BMI
at delivery (p=0.001). Hepcidin levels were not related to CRP, Fig. 2C.

DISCUSSION

This study confirms and extends previous reports indicating that there is a complex interplay
between maternal obesity during gestation, fetal growth patterns, and inflammatory
physiology, which can impede fetal iron transfer and thus impact Epo and hepcidin levels.
By regression analyses, Epo was directly and hepcidin indirectly related to maternal BMI,
despite the fact that neither Epo nor hepcidin was related to fetal growth parameters. Similar
to adults, Epo was higher in the fetuses with the lowest iron stores (£test), and hepcidin was
directly related by regression analyses to fetal iron indices. Using fetal CRP as an index of
fetal inflammatory activity because maternal CRP does not cross the placenta, we found by
regression, that Epo was directly related to CRP, whereas hepcidin was not. With
multivariate logistic regression, Epo was associated by CRP and iron status, perhaps
reflecting that the fetal liver produces both Epo and CRP, and also stores iron. In contrast to
adults, fetal Epo was unrelated to fetal hepcidin. By stepwise regression, hepcidin was also
more strongly predicted by fetal iron status than maternal adiposity.

Based on previous work in models of diabetic pregnancies,?42% it is logical that fetal
overgrowth driven by insulin would also raise fetal metabolic rate, oxygen consumption and
fetal Epo. Previously, higher fetal Epo levels in insulin-treated diabetic pregnancies were
directly related to fetal growth parameters,®2> presumably due to fetal glucose and insulin,
augmented fetal metabolic rates, and fetal tissue hypoxia.242® This relationship between
fetal growth and Epo was not evident in our study, perhaps because our study included only
a subset with diabetes. However, focusing just on maternal adiposity, there was a strong
relationship between maternal BMI and fetal Epo. Fetal Epo would have been primarily
derived from the liver until production transitions to the kidney, ending several months after
birth.? This hepatic-to-renal transition is still a gap in current knowledge regarding fetal Epo
regulation. Fetal Epo production, as in the adult, stimulates erythropoiesis as a functional
response to sustain tissue oxygenation.28 Although fetal Epo was previously found to be
higher after labored vaginal deliveries,28 we did not observe this effect, likely due to our
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cohort being healthy and lacking any perinatal complications as part of the recruitment
strategy.

Fetal Epo levels were previously reported to be higher after maternal anemia,2’ another
relationship not found in our cohort, possibly due to early receipt of prenatal care and iron
supplementation. Obesity is known to promote sufficient inflammation to raise hepcidin,
block ferroportin, and limit enteral iron absorption in non-pregnant states?® and thereby
potentially, in pregnancy, limiting the required 4-to 6-fold rise in iron absorption, potentially
causing ID late in pregnancy.® Considering that placental and intestinal iron transporters are
the same, obesity may also directly hinder placental iron transfer to the fetus,3 as previously
reported in diabetes.2® Because the site of Epo originates from fetal liver, as opposed to adult
kidney, we are the first to report that, similar to adults,! fetal iron status was associated with
fetal liver Epo production, although we cannot definitely know that low iron was a cause or
an effect of Epo production.

We found that fetal Epo was directly related to fetally-produced CRP, reflecting a potential
response to fetal inflammation. Previously, fetal CRP was reported to rise in response to
maternal complications of obesity including hypoxic sleep apnea, diabetes, or placental
insufficiency-induced growth restriction.39 The CRP levels in our study were relatively low
compared to those found after perinatal infections, but fetal CRP was still related to fetal
Epo. Obesity increases the risk for gestational diabetes,! but even in the absence of diabetes,
fetal insulin and insulin-like growth factors can upregulate Epo production through greater
fetal tissue oxygen demand.3! In adults, Epo may upregulate resting energy expenditure and
block lipidogenesis, counteracting obesity1C and inflammatory responses.32:33 These novel
Epo-induced effects should be further studied in fetal animals or human newborns. It would
be intriguing to find a novel role for endogenous fetal Epo in fetal inflammatory metabolic
disturbances.

In the opposite direction of the relationship between maternal hepcidin and maternal BMI,17
fetal hepcidin was indirectly related to maternal BMI, but in stepwise analysis, only fetal
iron status predicted fetal hepcidin. This relationship between iron and hepcidin also
appeared to be independent of fetal inflammation, even though inflammation is known to
upregulate hepcidin production in adults.28 It is important to note that an appropriate fetal
response (i.e., lower hepcidin levels) was found. The relationship between iron and hepcidin
was also independent of fetal Epo, despite evidence that Epo administration downregulated
hepcidin production in adults.18 Previous population-based data show that iron therapy
improves maternal and fetal iron status,34 but this has not been studied in obese pregnancies.

In conclusion, depleted fetal iron status and subclinical inflammation, as indexed by CRP,
was associated with Epo levels in fetuses of obese pregnancies. This novel relationship
between Epo and CRP may also reflect a non-erythropoietic response by fetal Epo,
potentially to modulate fetal inflammatory activity similar to that described for adults.3°
Like in adults, Epo was linked to iron, but unlike in adults, Epo was not related to fetal
hepcidin. Nevertheless, fetal hepcidin fell in response to fetal iron depletion. This fall in fetal
hepcidin is reassuring because it supports the theory that the fetus would be responsive to
therapeutic strategies intended to improve iron accretion. As importantly, our data add to the
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rrent understanding of the negative ramifications of maternal adiposity on the newborn

metabolic state.
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Figure 1. Maternal Body Mass Index (BMI), Fetal Ferritin and Fetal Epo.

A. Fetal cord blood (CB) Epo was directly related to maternal BMI at delivery. B. CB-Epo
was not related to ferritin across the entire range, Fq 195=0.42, p=0.518. When the lowest
quartile of ferritin (ID) was demarcated by vertical dashed line, compared to the iron
sufficient (1S), proportionately more Epo levels in the ID group were elevated at =50 1U/L,
shown in the figure by the horizontal dashed line, (n=16/44 of 1D, 36.3% vs. n=27 of 153 of

IS, 17.5%, p=0.009). C. CB-Epo was directly related to CRP.
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Figure 2. Maternal BMI, Fetal Ferritin and Fetal Hepcidin.

A. Fetal (CB) hepcidin was indirectly related to maternal BMI (kg/m?) at delivery. B. CB-
Hepcidin was also directly related to ferritin. C. However, CB-hepcidin was not related to
CRP.
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Demographic and morphometric parameters shown with respect to maternal obesity at delivery (BMI < or >

30 kg/m2).

Lean at Delivery

BMI=30 kg/m? @

(N =96) Delivery (N =105) | P value
Maternal BMI at Conception (kg/m?) 22.0%0.2 31.4+05 <0.0001
Maternal BMI at Delivery (kg/m?) 26.7+0.2 36.8+0.4 <0.0001
Cesarean section (%) 17.1 30.6 0.008
Maternal Diabetes (%) 23.2 35.8 0.035
Maternal IDA beginning (%) 36.8 39.6 0.398
Gestational Age (weeks) 39.2+0.1 39.3+0.1 0.922
Gestational Age 35-37 Weeks (%) 3.2% 3.8% 0.812
Birth Weight (kg) 3.45+0.06 3.75+0.06 0.0002
Birth Weight Zscore -0.10+£0.17 0.74+0.14 0.001
LGA-Newborn (%) 25.2 415 0.011
Immediate Cord Clamping (%) 72.6 83.0% 0.108

Abbreviations: BMI=body mass index, IDA=iron deficiency anemia, LGA=large-for-gestation.
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Fetal Hematological parameters shown with respect to maternal obesity at delivery (BMI < or > 30 kg/m?).

Hematological

Lean at Delivery

BMI230 kg/m? @

(N =96) Delivery (N =105) | P value
Epo (U/L) 355+48 445+49 0.008
Epo >50 U/L (%) 18.8 236 0.253
Hepcidin (ng/mL) 30.3+1.9 23622 <0.0001
Hemoglobin (g/L) 159 +2 166 + 2 0.025
Hemoglobin >75t Percentile (%) 115 12.2 0.023
ZnPP/H (umol/mol) 94.2+26 100.1+2.9 0.090
ZnPP/H >75™ percentile (%) 41.9 429 0.481
ReZnPP/H (umol/mol) 1154 +3.7 126.6 +3.6 0.013
Ferritin (ng/mL) 168.2+95 137.7+75 0.002
Ferritin <25™ (%) 17.6 27.2 0.035
CRP (mg/dL) 0.252 +0.06 0.254 + 0.08 0.229

Epo=erythropoietin, ZnPP/H=zinc protoporphyrin/heme, ReZnPP/H=reticulocyte ZnPP/H (youngest erythrocytes), CRP=C-reactive protein.
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