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ABSTRACT

Background: Overweight or obesity among pregnant women may compromise maternal and neonatal iron status by
upregulating hepcidin.

Objectives: This study determined the association of 7) maternal and neonatal iron status with maternal and
neonatal hepcidin concentrations, and 2) maternal prepregnancy weight status with maternal and neonatal hepcidin
concentrations.

Methods: \We examined hematologic data from 405 pregnant women and their infants from the placebo treatment
group of a pregnancy iron supplementation trial in rural China. We measured hepcidin, serum ferritin (SF), soluble
transferrin receptor (sTfR), and high-sensitivity C-reactive protein in maternal blood samples at mid-pregnancy and in
cord blood at delivery. We used regression analysis to examine the association of maternal prepregnancy overweight
or obese status with maternal hepcidin concentration in mid-pregnancy and cord hepcidin concentrations. We also
used path analysis to examine mediation of the association of maternal prepregnancy overweight or obese status with
maternal iron status by maternal hepcidin, as well as with neonatal hepcidin by neonatal iron status.

Results: Maternal iron status was positively correlated with maternal hepcidin at mid-pregnancy (SF: r=0.63, P < 0.001;
sTfR: r = —0.37 P < 0.001). Neonatal iron status was also positively correlated with cord hepcidin (SF: r = 0.61,
P < 0.001; sTfR: r= —0.39, P < 0.001). In multiple linear regression models, maternal prepregnancy overweight or
obese status was not associated with maternal hepcidin at mid-pregnancy but was associated with lower cord hepcidin
(coefficient = —0.21, P=0.004). Using path analysis, we observed a significant indirect effect of maternal prepregnancy
overweight or obese status on cord hepcidin, mediated by neonatal iron status.

Conclusions: In both pregnant women and neonates, hepcidin was responsive to iron status. Maternal prepregnancy
overweight status, with or without including obese women, was associated with lower cord blood hepcidin, likely driven
by lower iron status among the neonates of these mothers. J Nutr2021;151:2296-2304.
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Introduction absorption and placental iron transfer to the growing fetus,
maternal iron deficiency can compromise neonatal iron stores
(3, 4). Thus, the primary limiting factor in the amount of iron
available to the fetus during gestation is maternal iron status.
Iron deficiency and iron deficiency anemia among women,
particularly during pregnancy, are persistent global problems (35,
6). Regions of the world where the prevalence of undernutrition
and micronutrient deficiencies are highest are also now facing
a rising prevalence of overweight and obesity (7). In China,
amidst rapid economic growth and changing dietary patterns

Iron is essential for an infant’s short- and long-term neurocogni-
tive and socioemotional development (1). Infants generally meet
their iron requirements in the first 6 mo of life from iron stores
accumulated during gestation (2). If infants are iron deficient at
birth, they will prioritize iron for hemoglobin (Hb) synthesis
over the iron requirements of the brain and other tissues,
putting them at risk of deficits in early brain development (1).
Despite changes in maternal iron physiology that maximize iron
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(8), the prevalence of adult obesity tripled between 2004
and 2014 (9). The co-occurrence of nutrient deficiencies and
obesity, termed the “double burden” of malnutrition, occurs
not only at the population level, but also at the household
and even the individual level, wherein a person can both be
obese and have micronutrient deficiencies (10, 11). Several
studies have observed lower iron status among overweight or
obese nonpregnant (12, 13) and pregnant (14-18) women,
although nearly all of the studies among pregnant women (15—
17) compared only obese with lean subjects, excluding nonobese
overweight women. Although the mechanism is still under
investigation, evidence suggests that reduced iron absorption
(19), rather than lower dietary iron intake (20), contributes to
obesity-associated hypoferremia.

Hepcidin is the primary iron-regulatory hormone in the
body. In response to high iron stores and low iron demand,
hepcidin lowers dietary iron absorption and suppresses iron
efflux from storage cells and tissues by inducing internalization
of the iron export protein, ferroportin (21). Hepcidin synthesis
is also upregulated by IL-6 and other inflammatory signals (22,
23). Overweight and obesity have been associated with elevated
hepcidin in nonpregnant populations, hypothesized to be due to
the adiposity-induced release of inflammatory cytokines (24—
25). It is thought that this inflammation-induced upregulation
of hepcidin may in part explain reduced iron absorption among
obese individuals (26).

Over the course of a healthy pregnancy, maternal hepcidin
concentrations decrease (27, 28), which likely serves to increase
iron absorption and iron availability to the placenta and
growing fetus (29) as well as the woman. It follows that
overweight and obesity during pregnancy could dysregulate
iron homeostasis by increasing hepcidin, reducing placental iron
transfer and compromising neonatal iron status. In support of
this hypothesis, we previously found that higher prepregnancy
BMI among pregnant Chinese women was associated with
lower neonatal iron status (18). Studies examining the influence
of maternal overweight or obesity (14, 30) or maternal obesity
alone (15-17, 31) on maternal hepcidin concentrations during
pregnancy, however, have reported mixed results. All but
2 studies compared obese with lean subjects, excluding those
who were overweight but not obese. Neonates also begin to
produce hepcidin early in gestation (32), and it is unclear
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whether maternal overweight or obesity influences hepcidin
production in the neonate. Most studies have reported no
effect of maternal overweight (14, 30) or obesity (14, 30, 31,
33) on neonatal hepcidin, whereas 1 recent study reported
lower neonatal hepcidin associated with maternal obesity (34).
Only 1 set of these studies was conducted in a low- or
middle-income country (15, 17), and none were conducted
in African or Asian regions. Few studies have examined
variation in the hepcidin regulatory pathway across ethnic
groups, although several recent findings have suggested such
variation is plausible. Genetic variation in the HFEgene, a
regulator of nonheme iron absorption and homeostasis, was
observed between European and Asian populations (35). Higher
frequency of single-nucleotide polymorphisms of the gene
encoding protein matripase-2, a likely regulator of hepcidin,
was observed among non-Hispanic black populations (36, 37)
and possibly contributed to higher concentrations of maternal
hepcidin found among non-Hispanic black pregnant women
(38, 39). Given the mixed results emerging from the few
recent studies that have examined associations of maternal
overweight and obesity with maternal and neonatal hepcidin
concentrations, there is a need to further define and corrob-
orate these associations in diverse contexts, especially among
previously unstudied populations. Furthermore, there is a need
to examine how nonobese overweight status during pregnancy,
a far more common condition among pregnant women than
obesity (40), may be associated with maternal and neonatal
hepcidin concentrations given our limited understanding of the
BMI ranges at which iron homeostasis dysregulation may occur
during pregnancy in response to overweight or obesity.

The objectives of this study were to determine the as-
sociation of 1) maternal (mid-pregnancy) and neonatal iron
status with maternal and neonatal hepcidin concentrations,
respectively, and 2) maternal prepregnancy overweight or obese
status with maternal and neonatal hepcidin concentrations.
We further examined potential mediation of the association
of maternal prepregnancy overweight or obese status with
maternal iron status by maternal hepcidin. We also examined
potential mediation of the association of maternal prepregnancy
overweight or obese status with neonatal hepcidin by neonatal
iron status. We hypothesized that maternal iron status during
mid-pregnancy would be positively associated with maternal
hepcidin concentrations and that neonatal iron status (proxied
by cord blood iron status) would be positively associated with
neonatal hepcidin concentrations. We further hypothesized that
maternal prepregnancy overweight or obese status would be
positively associated with both maternal and neonatal hepcidin
concentrations.

Methods
Study design

We examined data from a double-randomized controlled trial of
pregnancy and infancy iron supplementation in northeastern China.
The design of the trial has been reported previously (41). Briefly, a
total of 2367 women with uncomplicated singleton pregnancies who
attended their first prenatal visit at 20 weeks of gestation or earlier
were recruited and enrolled between June 2009 and December 2011
from 3 local hospitals in Hebei Province. Women with diabetes and
other chronic health problems were excluded at enrollment. Participants
were randomly assigned to receive 0.4 mg folic acid from enrollment to
delivery and either a daily supplement of 300 mg iron sulfate (60 mg
elemental iron) or placebo. After delivery, the infants of the women who
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participated in the trial were randomly assigned to receive either a daily
supplement of ~1 mg Fe/kg as oral iron protein succinylate or placebo
from 6 wk to 9 mo. Hematologic data were collected at enrollment
and in the late third trimester for 1613 women. Because our limited
grant funding allowed for hepcidin analysis in only some of the women
and neonates, we prioritized certain subsets for these analyses. We
included the 385 women who were randomly assigned to the placebo
treatment group of the pregnancy trial at enrollment and whose infants
were similarly randomly assigned to the placebo treatment group of
the infancy trial. We focused on this group because the variability
in maternal iron status was greater than among iron-supplemented
women. Examining only women who were not supplemented with
iron during pregnancy also allowed us to eliminate the effect of iron
supplementation that may have biased estimates of the associations
of maternal prepregnancy weight status with maternal and neonatal
hepcidin concentrations. To ensure the full range of neonatal iron status
was represented, we also included infants who were excluded from the
infancy trial because of very low cord serum ferritin (SF) concentrations
(i.e., < 35 pg/L) (n = 34) and their mothers. All of these infants had
been in the placebo arm of the pregnancy trial. To maximize variation
in weight status among women in the study subsample, we further
included overweight or obese women from the placebo arm of the
pregnancy trial whose infants were assigned to the iron supplementation
arm of the infancy trial (7 = 61). We excluded participants in the
targeted subsets who had missing data for maternal height (n = 3),
prepregnant weight (2 = 17), maternal iron status at enrollment
(m = 17), or cord blood iron status (7 = 38). Exclusion of the few
women who developed pregnancy complications postenrollment (i.e.,
1 pre-eclampsia, 1 severe eclampsia, and 3 gestational hypertension) did
not alter our main findings and we therefore included these women in
our sample. The total analytic sample was 405 women and their infants.

Data collection

Women were interviewed at enrollment to collect household sociodemo-
graphic data and information about current and previous pregnancies.
Maternal height and weight were measured at enrollment. Maternal
prepregnancy weight was assessed based on maternal recall. Maternal
prepregnancy BMI (in kg/m2) was calculated. We also calculated
maternal BMI based on the weight measurement taken at enrollment
and found no differences in the reported associations when using this
BMI measure or the prepregnancy BMI measure (mean + SD maternal
prepregnancy weight: 58.8 &+ 10.5 kg; maternal weight at enrollment:
61.4 + 10.7 kg; Pearson’s 7: 0.93; P < 0.0001). Given variability
in the week of gestation at which weight at enrollment data were
collected, we present data only using the prepregnancy BMI measure.
Underweight, normal weight, overweight, and obese were defined as
BMI <18.5, >18.5 and <25, >25 and <30, and >30, respectively.
Adequate, low, and excessive gestational weight gain, defined according
to Institute of Medicine recommendations (42), were calculated based
on the difference in prepregnancy weight and weight measured at term
(i.e., within 1 wk of birth). Gestational age was calculated from date of
last menstrual period.

Blood sampling and hematologic assessment

Maternal blood samples (5-10 mL) were obtained by venipuncture
at enrollment (i.e., mid-pregnancy) and at or near term. Cord blood
samples were obtained immediately after cord clamping by sterile
needle puncture. Cord clamping typically occurred within 60 s of
delivery. Sampling procedures and protocols have been described
previously (41). We assayed SF and soluble transferrin receptor (sTfR)
in both maternal and cord blood using the Beckman Coulter Access 2
Immunoassay System with the chemiluminescent immunoassay method
(Beckman Coulter Inc.). We assessed Hb using a Sysmex KX-21N Auto
Hematology Analyzer (SYSMEX Corporation), and high-sensitivity C-
reactive protein (hsCRP) concentrations by rate nephelometry using a
Hitachi 7600 modular chemistry analyzer (Hitachi Co.). Hepcidin-25
was assessed in cryopreserved serum (stored at —80°C) using a solid-
phase ELISA (DRG Instruments GmbH). We defined maternal anemia
as Hb concentration <110 g/L (5) and anemia among neonates as cord
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blood Hb <130 g/L (43, 44). Low storage iron among pregnant women
was defined as SF < 15 ug/L (45), and low SF among neonates was
defined as cord SF < 75 ug/L (46).

Statistical analysis

Statistical analyses were carried out in Stata version 15.1 (StataCorp
LLC, College Station, TX). Nonnormally distributed variables were
log transformed before analysis (i.e., SF, sTfR, hsCRP, hepcidin).
In sensitivity analyses, we also adjusted maternal SF and sTfR
concentrations at mid-pregnancy and term for individuals with hsCRP
>5.0 mg/L using the correction factor method developed by the
Biomarkers Reflecting Inflammation and Nutritional Determinants of
Anemia project (47). Regression results using these corrected values did
not differ from the uncorrected values. We report uncorrected values
for ease of interpretation and comparability. Means and proportions
of maternal and neonatal characteristics were calculated by maternal
BMI categories. We used ANOVA and chi-square test statistics to
assess differences in means and proportions across categories. Pearson
product-moment rs were calculated to assess the association of
biomarkers of iron status in maternal and cord blood with maternal
and cord hepcidin concentrations.

In separate models, we examined the association of maternal
prepregnancy overweight or obese status with maternal hepcidin
concentration in mid-pregnancy and cord hepcidin concentrations.
These associations were assessed in both unadjusted bivariate linear
regression models and multiple linear regression models that adjusted
for maternal age, previous births, and child sex. In models assessing
maternal hepcidin concentrations in mid-pregnancy, we further adjusted
for maternal iron status in mid-pregnancy (i.e., log SF and log sTfR
concentrations in separate models). In models assessing cord hepcidin
concentrations, we adjusted for maternal iron status at term (i.e., log
SF and log sTfR concentrations in separate models), gestational weight
gain, gestational age at birth, and cord iron status (i.e., log SF and
log sTfR concentrations in separate models). We did not adjust for
maternal or cord hsCRP concentrations given that we hypothesized
hsCRP to be on the causal pathway between maternal overweight or
obesity status and hepcidin concentrations. We further examined these
same models comparing women who were overweight prepregnancy
(excluding obese women) with all other women.

Using path analysis, we examined mediation of the association of
maternal prepregnancy overweight or obese status with maternal iron
status by maternal hepcidin, as well as mediation of the association
of maternal prepregnancy overweight or obese status with neonatal
hepcidin by neonatal iron status. Standardized path coefficients were
calculated through maximum-likelihood estimation of the direct,
indirect (via the posited mediating variable), and total effects of
maternal prepregnancy overweight or obese status on the outcome
variable of the model. All models used the Huber—White sandwich
estimator to calculate robust SEs.

Ethical approval
The study was approved by the Institutional Review Boards of the
University of Michigan and Peking University First Hospital.

Results

Most women in the sample were normal weight before
pregnancy (60.7%; n = 246). However, nearly one-quarter
(23.2%) were overweight, but not obese (n = 94) and 4.0%
(n = 16) were obese (range of obese BMIs: 30.3-35.2) (Table 1).
Overweight and obese women were more likely than normal-
weight women to gain excessive weight during pregnancy. The
birth weight of their children was also higher (i.e., 128 g and
238 g higher for overweight and obese women, respectively).
Overweight and obese women had higher Hb concentrations
than underweight or normal-weight women but poorer iron
status as reflected in higher sTfR concentrations (Table 1).



TABLE 1 Sample characteristics and iron status measures by maternal prepregnancy BMI'

Maternal prepregnancy BMI, kg/m?

Normal weight (>18.5

Underweight (<18.5) and <25) (n = 246) Overweight (>25 and Obese (>30) (n = 16)

(n=49)(12.1%) (60.7%) <30) (n=94) (23.2%) (4.0%) For x? value
Maternal characteristics at enrollment (mid-pregnancy)
Age, y 237 + 34 243 + 34 252 + 42 239 + 24 2.6*
Gave birth previously, % 20.4 235 275 25.0 0.99
Weeks of gestation 16.2 + 2.3 159 +£ 19 16.1 + 2.2 152 + 19 1.1
BMI, kg/m? 17.6 £ 0.76 212+ 18 269 + 1.3 317 £15 637++*
Pregnancy and birth outcomes
Weight gain, kg 18.1 £ 53 18.1 £ 56 16.2 £+ 6.1 180 £ 7.3 2.4%
Excessive weight gain,? % 40.8 67.9 80.9 100 32.6%*
Gestational age at birth, wk 398 £ 1.3 396 £ 1.1 396 + 1.1 393+ 10 0.77
Birth weight, g 3301 + 382 3346 + 381 3474 + 369 3584 + 395 4,94
Maternal mid-pregnancy iron and anemia status
Hb, g/L 1179 £+ 10.2 1218 + 9.6 1247 + 84 1288 + 7.4 8.5%+*
Anemia (Hb <110 g/L), % 18.4 12.6 43 6.3 8.0"*
SF. g/l 42.2 + 354 42.3 + 36.6 395 + 266 46.8 + 40.8 0.28
Iron depletion (SF <15 wg/L), % 14.3 16.3 19.2 12.5 0.85
sTfR, nmol/L 154 £ 50 15.3 £ 5.0 170 £ 66 176 + 89 2.7%*
hsCRP, mg/L 36 £ 66 31 £ 34 6.0 £ 57 48 + 34 9.5%
Hepcidin, 12g/L 94 + 71 10.3 + 83 89 + 56 90 + 46 0.88
Neonatal iron and anemia status (cord blood)
Hb, g/L 1472 £ 15.2 1505 £+ 15.4 1518 £ 145 151.4 + 13.6 1.0
Anemia (Hb <130 g/L), % 12.2 8.1 5.3 0 36
Ferritin, ug/L 1432 £+ 79.2 1210 +£ 71.0 109.1 £ 73.9 122.0 &+ 66.7 2.4*
Low ferritin (<75 ng/L), % 12.2 27.2 34.0 375 8.6**
sTfR, nmol/L 326 + 108 335 + 141 347 +£ 139 37.6 + 26.2 0.66
hsCRP, mg/L 0.04 + 0.20 0.02 £+ 0.03 0.14 + 0.97 0.01 + 0.01 1.5
Hepcidin, g/l 182 £ 128 149 £+ 89 127 £ 80 140 £ 71 3.8%*

"Values are means + SDs or percentages. Differences in means and proportions were assessed using ANOVA (F values reported) and chi-square tests (x? statistic reported),

respectively. ******Significant difference: *P < 0.1, **P < 0.05, *** P < 0.01. Hb, hemoglobin; hsCRP, high-sensitivity C-reactive protein; SF, serum ferritin; sTfR, soluble

transferrin receptor.

2Excessive gestational weight gain was defined according to Institute of Medicine recommendations based on the difference in weight prepregnancy and at term (33).

Association of maternal and neonatal iron status with
maternal and neonatal hepcidin concentrations

Maternal iron status in mid-pregnancy showed a strong
positive correlation with maternal hepcidin concentrations in
mid-pregnancy (SF: » = 0.63, P < 0.001; sTfR: » = —0.37,
P < 0.001) (Figure 1A). Lower sTfR concentrations reflect
higher iron status, because synthesis of sTfR is upregulated
during conditions of tissue iron deficiency (48, 49). Cord iron
status was similarly positively correlated with cord hepcidin
concentrations (cord SF: r = 0.61, P < 0.001; cord sTfR: r
= —0.39, P < 0.001) (Figure 1B). Neither maternal nor cord
hsCRP concentrations were associated with maternal and cord
hepcidin concentrations, respectively (Supplemental Figure 1).

Association of maternal overweight or obese status

with maternal and neonatal hepcidin concentrations

In adjusted and unadjusted analyses, maternal overweight or
obese status prepregnancy was not associated with maternal
hepcidin concentrations in mid-pregnancy (Table 2). However,
in unadjusted analyses, maternal overweight or obese status
prepregnancy was associated with lower cord hepcidin con-
centrations (coefficient = —0.22, P = 0.003) (Table 2). This
association remained after adjusting for several potentially
confounding covariates, including maternal iron status at
term, gestational weight gain, gestational age at birth, and
cord iron status (coefficient = —0.21, P = 0.004). Similar

patterns of associations were observed when examining women
who were overweight prepregnancy (excluding obese women)
(Supplemental Table 1).

Path analyses

In path analyses, the standardized path coefficients for the
indirect effect of maternal prepregnancy overweight or obese
status on maternal (mid-pregnancy) iron status mediated by
maternal hepcidin were not statistically significant (Table 3). In
models testing mediation of maternal prepregnancy overweight
or obese status on cord hepcidin by cord SF status, the
total effect of maternal prepregnancy overweight or obese
status on cord hepcidin was statistically significantly smaller
than the direct (unmediated) association of these 2 factors
and the indirect effect was statistically significant (Table 4,
Figure 2).

Discussion

In this cohort of nondiabetic pregnant Chinese women, we
found that maternal prepregnancy overweight or obesity status
was not associated with maternal hepcidin at mid-gestation.
However, neonates born to women who were overweight or
obese before pregnancy had lower cord hepcidin concentrations
than those born to women with a prepregnancy BMI <25.

Maternal obesity and hepcidin in pregnancy 2299
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FIGURE 1 Association of maternal and cord blood iron status with maternal and cord blood hepcidin concentrations, respectively. (A)
Associations of maternal SF and sTfR with maternal hepcidin concentrations in mid-pregnancy. (B) Associations of cord ferritin and sTfR with
cord hepcidin concentrations. n = 405 for all associations. P values are shown for Pearson product-moment rs. SF, serum ferritin; sTfR, soluble

transferrin receptor.

Findings were similar for analyses that included nonobese over-
weight women. Maternal and neonatal hepcidin concentrations
were strongly positively correlated with maternal and neonatal
iron status, respectively. Consistent with previous work, the
correlations observed with SF were stronger than those
observed with sTfR (50). This likely reflects hepcidin’s primary
response to changes in iron storage during pregnancy (29),
whereas sTfR concentrations during pregnancy increase only
in iron-deficient states. Neither maternal nor neonatal hepcidin
concentrations were correlated with hsCRP, a biomarker of
inflammation. Using path analysis, we found that maternal
overweight or obese status had a significant indirect effect on
cord blood hepcidin mediated by neonatal iron status.

We previously found that prepregnancy obesity was neg-
atively associated with maternal iron status at mid-gestation
and that obese pregnant women had higher inflammation
than normal-weight women (27). We thus hypothesized that
the chronic low-grade inflammation associated with obesity
may elevate hepcidin among pregnant women with higher
BMIs, leading to lower circulating iron concentrations across
gestation. Our data from the current study, however, do not
support this hypothesis. Prior studies examining the associ-
ation between maternal overweight or obesity and hepcidin
concentrations have reported mixed results, depending on the
stage of gestation at which hepcidin was measured and the
BMI range of the comparison groups. Studies have observed
higher hepcidin concentrations among obese than among
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normal-weight pregnant women in mid-pregnancy (31), in mid-
pregnancy but not later gestation (15), at delivery but not earlier
in gestation (14), and throughout gestation (17). In contrast,
Koenig et al. (38) found no differences in serum hepcidin
among women during their third trimester of pregnancy when
comparing those who were obese prepregnancy with those who
were nonobese prepregnancy. The lack of association observed
in our study between maternal overweight or obesity and
hepcidin may be due to the mild degree of obesity in this
sample (mean = SD BMI in the obese group: 31.7 £ 1.5)
relative to the aforementioned studies. Some studies have found
elevated hepcidin concentrations only among pregnant women
whose BMI was >35 (16, 29). These findings suggest that
obesity-induced upregulation of hepcidin during pregnancy may
occur only at very high BMIs. In our previous work examining
BMI and iron status among pregnant women, we observed an
inflection point in the range of BMI = 30.5-32.5 at which
iron status biomarkers sharply contrasted with lower BMIs and
trended toward lower iron status (27). Accordingly, there may
be a threshold for BMI-induced upregulation of hepcidin during
pregnancy.

Chronic low-grade inflammation has been proposed as
the mechanism by which hepcidin is upregulated in obese
pregnant women. Although overweight and obese pregnant
women had higher inflammation in this study, we did not
find an association between hepcidin and hsCRP. Several
studies have likewise found no association between hepcidin



TABLE 2 Regression analyses of the association of maternal prepregnancy overweight or obese status with maternal
mid-pregnancy hepcidin concentration and neonatal hepcidin concentration’

Maternal hepcidin (mid-pregnancy), ug/L

Cord hepcidin, g/L

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
Maternal overweight or obese status prepregnancy
Under- or normal weight Reference Reference Reference Reference Reference Reference
Overweight or obese (BMI > 25) —0.07 £0.07 —0.06 £+ 0.06 0.006 + 0.07 —0.22 4 0.07** —0.11 4 0.06* —0.21 4 0.07**
Maternal age, y — 0.007 + 0.008 0.01£0.10 — —0.01 £0.01 —0.01 +£0.01
Previous birth
No Reference Reference Reference Reference Reference Reference
Yes — —0.05+0.07 —0.11+0.08 — 0.01 £0.08 0.07 +0.09
Gestational age at birth, wk — — — —0.004 +0.02 0.05£0.03
Gestational weight gain’
Adequate Reference Reference Reference Reference Reference Reference
Low — — — 0.08 +0.11 0.13+0.13
Excessive — — — — —0.02 +£0.07 —0.02 £0.08
Child sex
Male Reference Reference Reference Reference Reference Reference
Female — —0.002 + 0.05 —0.05+0.06 — 0.04 +0.06 0.01 4 0.06
Maternal log SF concentration 0.50 4 0.03*** — — — —
(mid-pregnancy), 1g/L
Maternal log sTfR concentration — — —0.82 £0.10% — — —
(mid-pregnancy), nmol/L
Maternal log SF concentration (at — — — 0.06 £ 0.05 —
term), ng/L
Maternal log sTfR concentration (at — — — — — —0.24 +0.10**
term), nmol/L
Cord log SF concentration, z.g/L — — — — 0.58 =+ 0.04*+* —
Cord log sTfR concentration, nmol/L — — — — — —0.74 £ 0.10%*
Maternal hepcidin (mid-pregnancy), — — — 0.02 +0.04 0.014+0.05

na/l

"Values are coefficients & SEs. Sample sizes of mother-neonate pairs: Model 1: n = 405; Model 2: n = 394; Model 3: n = 394; Model 4: n = 405; Model 5: n = 379; Model 6:
n = 379. ******Gignificant association: *P < 0.1, **P < 0.05, **P < 0.01. Models 1 and 4 adjusted for no covariates; Models 2 and 5 adjusted for all covariates shown and
included SF as an iron status indicator; Models 3 and 6 adjusted for all covariates shown and included sTfR as an iron status indicator. SF, serum ferritin; sTfR, soluble transferrin

receptor.

2Excessive gestational weight gain was defined according to Institute of Medicine recommendations based on the difference in weight prepregnancy and at term (42).

and inflammatory biomarkers in obese and normal-weight
pregnant women (16, 17, 25, 29). Instead, hepcidin appears to
maintain its fundamental iron-regulatory role during pregnancy,
responding normally to erythropoietic and fetal iron demands
among pregnant women who are overweight or obese (17,
27, 28, 51, 52). Our findings support this prior evidence.
Furthermore, recent work from Flores-Quijano et al. (17)
suggests that hepcidin concentrations decrease across gestation

in obese pregnant women as they do in normal-weight
women. Thus, the physiological mechanism for how obesity
induces upregulation of hepcidin during pregnancy and whether
hepcidin upregulation substantially alters maternal iron status
require further investigation.

Fetal iron status depends on the availability of iron in
the maternal circulation and the regulation of iron transport
across the placenta (53). In our previous work, we confirmed

TABLE 3 Association of maternal prepregnancy overweight or obese status with maternal (mid-pregnancy) iron status from path
analysis testing for mediation by maternal (mid-pregnancy) hepcidin concentration’

Indicator of maternal (mid-pregnancy) iron status

Maternal log serum ferritin concentration

(mid-pregnancy)

Maternal log soluble transferrin receptor
concentration (mid-pregnancy)

Mediating variable: maternal

hepcidin (mid-pregnancy) Coefficient SE Coefficient SE
Direct effect 0.04 0.07 0.08** 0.03
Indirect effect —0.05 0.05 0.01 0.01
Total effect —0.01 0.09 0.09%* 0.03

"n = 405. Coefficients shown are standardized path coefficients. For the direct effect, the coefficient is the partial regression coefficient of maternal prepregnancy overweight
or obese status on maternal (mid-pregnancy) iron status, adjusting for maternal hepcidin. The indirect effect is calculated as the product of the path coefficient between
maternal prepregnancy overweight or obese status and maternal hepcidin, and the path coefficient between maternal hepcidin and maternal iron status (i.e., the indirect effect
of maternal prepregnancy overweight or obese status on maternal iron status as mediated by maternal hepcidin). The total effect is calculated as the sum of the direct and

indirect effects. ******Statistically significant point estimate: **P < 0.05, ***P < 0.01.
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TABLE 4 Association of maternal prepregnancy overweight or obese status with neonatal hepcidin from path analysis testing for

mediation by neonatal iron status’

Indicator of cord iron status used as mediator

Cord log serum ferritin concentration

Cord log soluble transferrin receptor concentration

Mediating variable: cord iron

status Coefficient SE Coefficient SE
Direct effect —0.13* 0.06 —0.19% 0.07
Indirect effect —0.09* 0.05 —0.03 0.03
Total effect — 0.22%* 0.08 — 0.22%** 0.08

"n = 405. Coefficients shown are standardized path coefficients. For the direct effect, the coefficient is the partial regression coefficient of maternal prepregnancy overweight
or obese status on cord hepcidin, adjusting for cord iron status. The indirect effect is calculated as the product of the path coefficient between maternal prepregnancy
overweight or obese status and cord iron status, and the path coefficient between cord iron status and cord hepcidin (i.e., the indirect effect of maternal prepregnancy
overweight or obese status on cord hepcidin as mediated by iron status). The total effect is calculated as the sum of the direct and indirect effects. ******Statistically significant

point estimate: *P < 0.1, *P < 0.05, **P < 0.01.

that neonatal iron status was lower among mothers with
lower iron status in late pregnancy (27). We also found that
maternal prepregnancy BMI was negatively associated with
neonatal iron status, independently of maternal iron status.
Some studies have similarly reported a negative association
between maternal obesity and neonatal iron status (31, 33,
34, 54), whereas others have found no association (14, 16,
29). In this study, we examined whether fetal-derived hepcidin
plays a role in the association between maternal overweight
or obesity and neonatal iron status. Fetal hepcidin may
regulate ferroportin expression at the basolateral (fetal) side
of placental syncytiotrophoblasts to allow export of iron from
the placenta into the fetal circulation (44, 53). Alternatively,
some evidence suggests that ferroportin expression may be
regulated by the cellular iron demand of the placenta, not
systemic iron needs of the fetus, thus a reduction in fetal
hepcidin may be unable to increase placental iron transfer
(53, 55). In our sample, controlling for maternal iron status,
cord iron status, and maternal hepcidin, neonates born to
overweight and obese mothers had lower cord blood hepcidin
concentrations than those born to mothers with a prepregnancy
BMI <25. This same association was also observed among
nonobese overweight mothers. With a single exception (31),
previous studies have found no associations between maternal
BMI and cord blood hepcidin (14, 28-30). Rather, existing
evidence suggests that fetal hepcidin is primarily regulated
by fetal iron status, independently of maternal signals (34,
56) or neonatal biomarkers of inflammation (56). Findings
from our study support this evidence. We found 1) a strong

Direct effect

Xy*
-0.15* Indirect effect
0.58***

Cord SF
concentration

®

FIGURE 2 Path diagram with path coefficients showing the
associations of maternal prepregnancy overweight or obese status
with neonatal (cord) hepcidin mediated by neonatal (cord SF) iron
status. ******Statistically significant standardized path coefficient: *P
< 0.1, *P < 0.05, **P < 0.01. SF, serum ferritin.

Maternal prepregnancy
overweight or obesity

Cord hepcidin
concentration
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association between cord blood hepcidin and neonatal SF and
sTfR concentrations, independently of maternal prepregnancy
BMI; 2) no correlation between neonatal hepcidin and neonatal
hsCRP; and 3) significant mediation of the association between
maternal prepregnancy overweight or obese status and cord
hepcidin by cord SF concentration. We thus posit that the lower
cord blood hepcidin concentrations observed among neonates
of overweight and obese mothers in our sample were likely
driven by lower iron status among these neonates. This lower
iron status is likely a result of inadequate delivery of iron
from maternal circulation to the placenta, whether due to poor
maternal iron status or to dysregulation of iron transport across
the apical side of the placenta. Fetal hepcidin is likely able to
regulate iron uptake from the placenta based on tissue iron
demand and iron stores. Thus, hepcidin, although a plausible
target, maintains its responsiveness to iron signaling in both
maternal and fetal iron metabolism and does not appear to be
the primary mechanism that explains how obesity in pregnancy
alters neonatal iron status. Our observation that neonatal
hepcidin concentrations were lower even among nonobese
overweight mothers warrants replication in future studies,
especially because overweight in pregnancy is much more
common than obesity. Further research is needed to investigate
the extent to which the dysregulation of iron homeostasis
observed among obese pregnant women may also be present
among nonobese overweight pregnant women.

Our study had several limitations. Firstly, the study cohort
included a small number of obese women, and the degree of
obesity observed was relatively mild (generally class 1), possibly
below the threshold of obesity-induced alterations to hepcidin
concentrations. Secondly, limited funding allowed us to measure
maternal hepcidin at only 1 time point during gestation. Thus,
we were unable to observe how differences in hepcidin and
iron and inflammatory biomarkers between obese and normal-
weight women may change across gestation. Given that we were
unable to assess hepcidin concentrations at various time points
during gestation, we are also unable to definitively establish
cord iron status as antecedent to cord hepcidin in path analyses.
An alternative path analysis (data not shown), modeling cord
hepcidin as mediating the association of maternal overweight
or obese status with cord iron status, showed a similar
mediating effect as that observed for mediation by cord iron
of the association of maternal overweight or obese status with
cord hepcidin. We prioritize the model shown in Figure 2,
however, given that it aligns with the aforementioned emerging
mechanistic evidence and the complementary findings from
our regression models. Thirdly, although we measured hsCRP,



which proxies inflammation known to upregulate hepcidin, we
did not measure IL-6, which influences hepcidin transcription
through the Janus kinase—signal transducers and activators
of transcription (JAK-STAT) signaling pathway (22), or other
proinflammatory cytokines released from adipose tissue, such
as leptin. However, other studies have found no association
of IL-6 or leptin with hepcidin among obese pregnant women
(16, 17), possibly indicating that other mechanisms influencing
hepcidin concentrations could be at play during pregnancy [e.g.,
erythroferrone (34, 57)]. Fourthly, we did not control for genetic
variations in iron regulation (36), which may have confounded
our results. Finally, we did not collect data on dietary iron intake
among the pregnant mothers of the study, and therefore we were
unable to include this information in our models.

The rising prevalence of overweight and obesity in low-
and middle-income countries presents a serious public health
challenge, especially given that overweight and obesity can
exacerbate poor iron status. This is particularly relevant during
pregnancy, when a woman’s iron status may influence her
infant’s iron stores for the first 6 mo of life. Our findings
suggest that neonates born to women entering pregnancy
overweight or obese may have lower hepcidin concentrations,
although this seems to be primarily driven by lower neonatal
iron status. Further research is needed to determine whether
higher adiposity in pregnant women alters placental iron
transfer and via which mechanism. In addition, the mechanism
by which obesity during pregnancy elevates hepcidin, and
under what conditions of obesity and gestation, remain
unclear. Understanding the multiple signals that may alter iron
regulation during pregnancy, especially among overweight and
obese populations, could provide further evidence to support
the benefits of diet and lifestyle interventions aimed at weight
management during pregnancy (58), and potentially identify
novel interventions to improve neonatal iron status.
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