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Abstract

Objective—To ascertain the effect of obesity-related inflammation on maternal and fetal iron
status. We hypothesized that obese pregnant women would have increased inflammation, hepcidin
levels, and that their infants would have impaired iron status compared to lean controls.

Study Design—TFifteen obese (Ob) and fifteen lean (Lc) women were recruited in their second
trimester of pregnancy. Markers of iron status, inflammation and hepcidin were measured in
maternal and cord blood. Student’s t test was used to compare obese and lean groups, and Pearson
correlation coefficients were determined between maternal and cord blood values.

Results—Maternal C-reactive protein (CRP) (p<0.01) and hepcidin (p<0.01) were higher, and
cord blood iron (p<0.01) was lower in the obese group. Maternal BMI (p<0.01) and hepcidin
(p<0.05) were negatively correlated with cord blood iron status.

Conclusions—Maternal obesity is associated with impaired maternal-fetal iron transfer,

potentially through hepcidin upregulation.
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Introduction

Over half of all reproductive age women in industrialized nations are overweight or obese
and this burden is growing rapidly in developing nations as well (1-3). Epidemiologic data
has shown that infants and children born to obese women are more likely to develop chronic
health conditions such as asthma and diabetes, but there have been no studies describing the
effect of maternal obesity on infant iron status. Hepcidin, a regulator of iron homeostasis,
has been shown to be overexpressed in obesity and to correlate with low iron status in the
obese (4-8). Iron reaches the fetus through active transport in the placenta and hepcidin is
known to be one regulator of this process (9).

Obesity leads to chronic overexpression of hepcidin as a downstream effect of low-grade
chronic inflammation. Specifically obesity leads to increased interleukin (IL)-6 and IL-1
levels which upregulate hepcidin (10-12). Recently, it was reported that hemojuvelin is
overexpressed in adipose tissue of obese individuals, and directly upregulates hepcidin
through the bone morphogenic protein-hemojuvelin (BMP-HJV) pathway (13). Conversely,
hepcidin is kept at a minimum during pregnancy in order to maximize iron transfer to the
fetus (14). During the late fetal and early neonatal period, the infant experiences rapid
growth, and the nervous system is particularly vulnerable to alterations in the regulation of
iron during this time. Impaired fetal iron transport is thought to have lifelong and
irreversible effects on neurodevelopment (15-17). In addition, maternal iron deficiency is
associated with poor fetal growth and poor weight and height gain during childhood. Thus,
identifying factors that affect fetal iron transport is of critical importance.

Subjects and Methods

We conducted a prospective case control study to determine the impact of obesity during
pregnancy on maternal and fetal iron status. The study protocol and procedures were
approved by Tufts University/Tufts Medical Center IRB and was conducted in accordance
with HIPAA regulations. All participants gave written informed consent to participate in this
study. All authors had access to collected clinical data.

Study Participants

Thirty women, 15 obese (Ob) and 15 lean controls (Lc), were recruited for this study from
the Tufts Medical Center Obstetrics clinic between 24-28 weeks of pregnancy between May,
2010 and December, 2010. Potential subjects were identified from the pre-pregnancy body
mass index (BMI) noted on their prenatal records. Subjects were assigned to the control
(BMI 20-25 kg/m?) or obese (BMI = 30 kg/m2) group based on their pre-pregnancy BMI.
Subjects with pre-gestational diabetes, preeclampsia, autoimmune disease, acute infectious
process or the pregnancy complications PPROM (preterm premature rupture of membranes)
and chorioamnionitis were excluded from the analysis. All subjects reported taking a
standard prenatal vitamin with iron during the current pregnancy. Cord blood was harvested
from the neonates of 10 obese women and 11 control women.
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Measurements in maternal and cord blood

Maternal blood was collected at 24-28 weeks of gestation, after an 8-14 hour fast, one hour
after ingestion of a 50g glucose drink. Blood was collected at this time to minimize
venipuncture in subjects. Cord blood was collected after delivery via syringe aspiration from
the umbilical vein. Cord blood could not be collected from all subjects. Iron status,
specifically serum iron and transferrin saturation (Tsat), were measured with colorimetric
endpoint assays (Diagnostic Chemicals Ltd., Oxford, CT, USA). Hematocrit (HCT) was
measured using a hematology analyzer (Horiba, Irvine CA). Serum C-reactive protein (CRP)
(Abnova, Walnut, CA, USA) and IL-6 (eBioscience, San Diego, CA, USA) were measured
with ELISA and hepcidin (Bachem Group, Torrance, CA, USA) was measured with
competitive ELISA (c-ELISA). Reduced, oxidized and total glutathione were measured
from serum per manufacturer’s instruction using the Glutathione Kit (Biovision,
Mountainview, CA, USA).

Statistical Analysis

Results

We used Student’s t test for Ob vs. Lc group comparisons, and Pearson correlation
coefficient analysis to determine correlations between maternal and cord blood parameters.
All tests were two sided and judged statistically significant at p< 0.05. SAS 9.2 for Windows
(SAS Institute, Cary, NC, USA) was used for all analyses. For normally distributed
variables, mean + standard deviations (SD) are reported. A logarithmic transformation was
applied to non-normally distributed variables and t tests were done on transformed data. In
results, median and interquartile range (IQR) values are reported.

Study population characteristics

The mean pre-pregnancy BMI was 38.6 + 7.0 kg/m? for the Ob group, and 22.8 + 1.5 kg/m?
for the Lc group (p<0.0001) (Table 1). There were 6 African Americans in the Ob group and
none in the Lc group (p<0.05). We found no significant differences in iron status,
inflammation or hepcidin between obese African American and obese Caucasian women.
Average age was not different between the Ob and Lc groups. Importantly, rates of
gestational diabetes did not differ between the two groups: one subject in each group
developed gestational diabetes and there was no difference in the mean serum glucose level
between the two groups based on the glucose tolerance test: 117 + 33 mg/dl for Ob, and 109
+ 27 mg/dl for Lc. There was no association between maternal BMI and birth weight (data
not shown). We found no significant association between maternal BMI and birth weight or
Apgar scores (data not shown).

Obese pregnant women have increased oxidative stress, inflammation and higher
hepcidin levels

The ratio of serum oxidized to reduced glutathione (oxidized/reduced x 100) was higher in
the Ob compared to Lc [Ob: 9.3 £ 1.1 vs. Lc: 7.9 £ 1.2, p<0.01], indicating increased
oxidative stress in the Ob group. Inflammation, measured as serum CRP, was significantly
higher in the Ob compared to Lc [Ob: 14.3 (11.5) mg/L vs. Lc: 5.0 (4.4) mg/L, p<0.01]
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(Figure 1a). There was no statistically significant difference serum IL-6 between the two
groups (Figure 1b). Hepcidin was significantly higher in the Ob vs. Lc group [Ob: 13.5+ 9.0
ng/mlvs. Lc: 5.1 £ 2.7 ng/ml, p<0.01] (Figure 1c). However, serum iron and Tsat were not
significantly lower in Ob compared to Lc (Figure 1d-e). HCT was not different between the
Lc and Ob group (data not shown).

Infants of obese women have impaired iron stores

We found no statistically significant differences in CRP, IL-6 or hepcidin levels in cord
bloods between the Ob and Lc groups (Figure 1f-h). Consistent with Rehu’s previous report,
cord blood hepcidin was approximately ten times higher than hepcidin levels in the mothers
(14). Adjusting for mode of delivery did not affect hepcidin or inflammation differences in
cord blood. Serum iron and Tsat were found to be significantly lower in cord blood from Ob
compared to Lc [Iron: Ob, 97.3 £ 29.9 pg/dl vs. Lc, 147.7 + 21.7 pg/dl, p<0.01; and Tsat:
Ob, 39.6% vs. Lc, 63.5%, p=0.01] (Figure 1i-j). On average, HCT was not significantly
different between the two groups (data not shown). These results suggest that iron transfer to
the fetus is hindered in obese pregnant women.

Maternal BMI correlates with cord blood outcomes

There was a moderate and statistically significant correlation between maternal BMI and
maternal CRP (r=0.5, p=0.006) and maternal BMI and maternal hepcidin (r=0.4, p=0.04).
Correlation coefficient analysis also showed that maternal BMI was strongly negatively
correlated with iron status in cord blood, both for serum iron (r=-0.8, p=0.002) and Tsat (r=
-0.7, p=0.009) (Figure 2a and c). In addition, there was a significant moderate negative
correlation between maternal hepcidin and cord blood serum iron (r=-0.6, p=0.02) and cord
blood Tsat (r=-0.6, p=0.02) (Figure 2b and d). This suggests that BMI contributes to higher
hepcidin levels and inflammation in mothers, and is a strong contributor to impaired
maternal-fetal iron transport and fetal iron stores.

Discussion

This is the first study to report the effect of obesity in pregnancy on hepcidin levels and
maternal-fetal iron transfer. In our population, obesity was associated with lower income
and African American race. These factors have been shown to be associated with obesity in
the US overall. Surprisingly, we did not have more subjects with gestational diabetes or
asthma in our Ob group. The number of neonates that were delivered by Cesarean section
did not differ between the Ob and Lc groups. It is interesting that there was no significant
association between maternal weight and birth weight in the Ob group which has been
reported in large epidemiologic studies. This could be due to the size of our cohort or due to
the slightly higher number of preterm infants born to obese subjects, which decreased the
mean birth weight in that group.

There is extensive evidence showing obese individuals to have significantly higher hepcidin
and greater risk of iron deficiency than lean individuals, but this is the first study showing
this phenomenon in obese pregnant women. We have shown that inflammation and hepcidin
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are higher in obese than in lean pregnant women. More importantly, we demonstrate that
this is associated with lower iron status in their neonates.

Neonatal iron deficiency has been best studied in the context of undernutrition. In our study,
neonates born to obese women have iron profiles which closely resemble those of infants
born to iron deficient women (18), although their mothers were not iron deficient. This
further supports the idea that obesity-related inflammation may be contributing to impaired
maternal-fetal iron transport. Under non-inflammatory conditions a pregnant population
with low iron status would have low levels of hepcidin in order to maximize iron absorption
and availability (14), thereby enhancing iron transfer to the fetus. However, obese pregnancy
is characterized by inflammation, which upregulates hepcidin and decreases circulating iron
transfer to the fetus. Although the mechanism leading to low iron status in neonates may be
different in obese pregnancy compared to maternal undernutrition, the impact of a relative
deficiency in this critical nutrient on fetal and infant neurodevelopment bears close
monitoring.

IL-6 upregulates hepcidin expression through the Jak/STAT pathway. It has been recently
shown that hepcidin is also upregulated through the BMP pathway by hemojuvelin
production in adipose tissue of obese individuals. Although we did not observe a statistically
significant difference in serum IL-6 between the Lc and Ob group, further studies should
evaluate the contribution of these pathways to low fetal iron status and diminished iron
transfer in placenta.

Obese women and their infants are at risk for chronic inflammation and oxidative stress
(19). Our Ob cohort had increased inflammation and oxidative stress compared to the Lc
cohort. Our data suggest that this chronic inflammation and oxidative stress may upregulate
hepcidin, thereby impairing iron transport to the fetus. However, iron supplementation in
obese pregnant women and their infants is a complex question since providing free iron, a
potent oxidant, may further exacerbate the already present oxidative stress.

Strengths of this study are that we have been able to follow women through pregnancy and
delivery, allowing accurate pairing of maternal and fetal data. Given the prospective data
collection we were able to exclude confounding conditions, such as acute infections. We
used BMI as an indicator of obesity, but body composition, percentage body fat and
information on dietary intake of iron absorption enhancers and inhibitors would have
provided additional valuable information. The sample size is small, but despite this we have
shown a strong relationship between maternal obesity and offspring iron status. A Tsat<
20% has been used to define iron deficiency (18). In our control subjects, 57% of the women
had Tsat<20% and in our obese subjects, 75% of the women had Tsat<20%; however, these
differences were not statistically significant. Subgroup analysis comparing iron deficient and
iron replete obese and lean mothers and infants was not possible due to the small sample
size of the subgroups, and therefore such analysis is needed in future studies.

In conclusion, we have shown, for the first time, that maternal obesity is associated with
impaired iron transfer to the fetus. We speculate that this is due to the effects of a chronic
pro-inflammatory environment and increased levels of hepcidin.

J Perinatol. Author manuscript; available in PMC 2013 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dao et al.

Page 6

Acknowledgments

Th
Th

is research has been supported by: USDA contract # 58-1950-7-707, Tufts Medical Center Research Grant and
e Natalie V. Zucker Foundation for Women Scholars, Stanley N. Gershoff scholarship, NHLBI T32 Nutrition

and Cardiovascular Disease Training Program.

References
1.

10

11.

12

13.

Catalano PM, Ehrenberg HM. The short- and long-term implications of maternal obesity on the
mother and her offspring. BJOG. 2006 Oct; 113(10):1126-33. [PubMed: 16827826]

. Reichman NE, Nepomnyaschy L. Maternal pre-pregnancy obesity and diagnosis of asthma in

offspring at age 3 years. Matern Child Health J. 2008 Nov; 12(6):725-33. [PubMed: 17987372]

. Scholtens S, Wijga AH, Brunekreef B, Kerkhof M, Postma DS, Oldenwening M, et al. Maternal

overweight before pregnancy and asthma in offspring followed for 8 years. Int J Obes (Lond). 2010
Apr; 34(4):606-13. [PubMed: 19786965]

. Bekri S, Gual P, Anty R, Luciani N, Dahman M, Ramesh B, et al. Increased adipose tissue

expression of hepcidin in severe obesity is independent from diabetes and NASH. Gastroenterology.
2006 Sep; 131(3):788-96. [PubMed: 16952548]

. Cepeda-Lopez AC, Osendarp SJ, Melse-Boonstra A, Aeberli I, Gonzalez-Salazar F, Feskens E, et al.

Sharply higher rates of iron deficiency in obese Mexican women and children are predicted by
obesity-related inflammation rather than by differences in dietary iron intake. Am J Clin Nutr. 2011
May; 93(5):975-83. [PubMed: 21411619]

. Menzie CM, Yanoff LB, Denkinger BI, McHugh T, Sebring NG, Calis KA, et al. Obesity-related

hypoferremia is not explained by differences in reported intake of heme and nonheme iron or intake
of dietary factors that can affect iron absorption. J Am Diet Assoc. 2008 Jan; 108(1):145-8.
[PubMed: 18156002]

. Tussing-Humphreys LM, Nemeth E, Fantuzzi G, Freels S, Guzman G, Holterman AX, et al.

Elevated systemic hepcidin and iron depletion in obese premenopausal females. Obesity (Silver
Spring). 2010 Jul; 18(7):1449-56. [PubMed: 19816411]

. Yanoff LB, Menzie CM, Denkinger B, Sebring NG, McHugh T, Remaley AT, et al. Inflammation

and iron deficiency in the hypoferremia of obesity. Int J Obes (Lond). 2007 Sep; 31(9):1412-9.
[PubMed: 17438557]

. Evans P, Cindrova-Davies T, Muttukrishna S, Burton GJ, Porter J, Jauniaux E. Hepcidin and iron

species distribution inside the first-trimester human gestational sac. Mol Hum Reprod. 2011 Apr;
17(4):227-32. [PubMed: 21177636]

. Nemeth E, Rivera S, Gabayan V, Keller C, Taudorf S, Pedersen BK, et al. IL-6 mediates
hypoferremia of inflammation by inducing the synthesis of the iron regulatory hormone hepcidin. J
Clin Invest. 2004 May; 113(9):1271-6. [PubMed: 15124018]

Lee P, Peng H, Gelbart T, Beutler E. The IL-6- and lipopolysaccharide-induced transcription of
hepcidin in HFE-, transferrin receptor 2-, and beta 2-microglobulin-deficient hepatocytes. Proc
Natl Acad Sci U S A. 2004 Jun 22; 101(25):9263-5. [PubMed: 15192150]

. Lee P, Peng H, Gelbart T, Wang L, Beutler E. Regulation of hepcidin transcription by interleukin-1
and interleukin-6. Proc Natl Acad Sci U S A. 2005 Feb 8; 102(6):1906-10. [PubMed: 15684062]
Luciani N, Brasse-Lagnel C, Poli M, Anty R, Lesueur C, Cormont M, et al. Hemojuvelin: A New
Link Between Obesity and Iron Homeostasis. Obesity (Silver Spring). 2011 Feb 10.

14. Rehu M, Punnonen K, Ostland V, Heinonen S, Westerman M, Pulkki K, et al. Maternal serum

15.

16.

hepcidin is low at term and independent of cord blood iron status. Eur J Haematol. 2010 Oct;
85(4):345-52. [PubMed: 20528904]

Lozoff B, Beard J, Connor J, Barbara F, Georgieff M, Schallert T. Long-lasting neural and
behavioral effects of iron deficiency in infancy. Nutr Rev. 2006 May; 64(5 Pt 2):S34-43.
discussion S72-91. [PubMed: 16770951]

Pinero DJ, Li NQ, Connor JR, Beard JL. Variations in dietary iron alter brain iron metabolism in
developing rats. J Nutr. 2000 Feb; 130(2):254-63. [PubMed: 10720179]

J Perinatol. Author manuscript; available in PMC 2013 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dao et al. Page 7

17. Shafir T, Angulo-Barroso R, Jing Y, Angelilli ML, Jacobson SW, Lozoff B. Iron deficiency and
infant motor development. Early Hum Dev. 2008 Jul; 84(7):479-85. [PubMed: 18272298]

18. Ali El-Farrash R, Rahman Ismail EA, Shafik Nada A. Cord blood iron profile and breast milk
micronutrients in maternal iron deficiency anemia. Pediatr Blood Cancer. 2011 May 5.

19. Challier JC, Basu S, Bintein T, Minium J, Hotmire K, Catalano PM, et al. Obesity in pregnancy
stimulates macrophage accumulation and inflammation in the placenta. Placenta. 2008 Mar; 29(3):
274-81. [PubMed: 18262644]

J Perinatol. Author manuscript; available in PMC 2013 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dao et al. Page 8

Maternal Blood

a. Log-CRP (ng/L) b. IL-6 (pg/ml) ¢. Hepcidin (ng/inl) d. Serwm Iron (ng/dl) e Tsat (%o)
1.6 2.0 20 100 25
12 16 16 = 80 - 20
1.2 12 680 - 15
0.8 -
0.8 3 40 - 10
04 1 0.4 4 - 20 - 5
0.0 - 0.0 o 0! : ) 0
Lean  Obese Lean  Obese Lean  Obese Lean  Obese Lean
N=14 N=14 N=11 N=12 N=14 N=15 N=13 N=11 N=13
Cord Blood
f. CRP (ing/L) g. IL-6 (pg/ml) h. Hepcidin (ng/ml)y i. Serum Iron (ng/dly j. Tsat (%)
1 4 - 200 30
160
3 160 - 60 |
120 120 A
2 80 - 20 -
i 1- 40 40 - 20 1
Lean Obese Lean Obese Lean Obese Lean Obese Lean
N=5 N=3 N=8 N=5 N=9 N=8 N=6 N=7 N=6

Figure 1. Hepcidin, inflammation and iron statusin maternal and cord blood
Maternal and cord blood CRP, IL-6, hepcidin, serum iron and Tsat were measured as

described in methods and Student’s t test was used to determine differences between Ob and
Lc groups (*p=0.01, **p<0.01). Mean + SE are shown.
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Figure 2. Correlations between maternal BM| and mater nal hepcidin with cord blood iron status
Pearson correlation coefficient analysis was used to determine correlations between

maternal BMI and cord blood iron status, and between maternal hepcidin and cord blood
iron status. Correlation coefficients (r) and p values are shown. Cord blood data was not

available from all subjects due to technical limitations.
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Participants were recruited as described in the methods section, and the following self reported data was

Table 1

Maternal population characteristics

obtained at the recruitment visit. Mean = SD are shown.

Obese (n=15) | Lean (n=15)
BMI (kg/m?)* 386+7.0 228+15
Age (years) 30.0+39 32.1+58
Education (N with college degree) 7 11
Race (N)M
Caucasian 6 9
African American 6 0
Hispanic 2 5
Asian 1 1
Mode of delivery (N)
Vaginal Delivery 8 11
Cesarean 7 4

Significantly different by Student’s t test; p<0.0001

*

Significantly different by Student’s t test; p<0.05
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