
UCLA
UCLA Electronic Theses and Dissertations

Title
The physiology and pathology of iron in pregnancy

Permalink
https://escholarship.org/uc/item/73j3342v

Author
Fisher, Allison Lynn

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/73j3342v
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

 

The physiology and pathology of iron in pregnancy 

 

 

 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree Doctor of Philosophy 

in Molecular, Cellular, and Integrative Physiology 

 

by 

 

Allison Lynn Fisher 

 

 

 

 

2020



 
 

  



 

ii 
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Iron is an essential nutrient required for vital metabolic and cellular processes. Despite its 

importance, it is poorly understood how maternal and fetal iron homeostasis is regulated during 

pregnancy, including the contribution of the maternal, placental, and fetal signals during healthy 

pregnancy or in conditions of iron deficiency and excess. Maternal iron insufficiency causes 

anemia, which is a global health problem linked to adverse outcomes. Iron availability in maternal 

circulation is ensured by the physiological suppression of the hormone hepcidin. We showed that 

suppression of maternal hepcidin during pregnancy is essential for embryo health, as high maternal 

hepcidin activity induced by administering a hepcidin mimetic to pregnant mice caused severe iron 

restriction and anemia in dams and embryos, low birthweight, and embryo mortality. Using mouse 

models, we showed that during maternal iron deficiency, maternal hepcidin is further suppressed, 

but this is not sufficient to maintain plasma iron levels and embryo iron endowment. With severe 
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iron deficiency, the placenta altered iron transporters to preserve its own iron and metabolic 

function at the expense of the fetus, ultimately protecting the fetus from the consequences of 

placental dysfunction.  

We further showed that embryo hepcidin does not regulate placental iron transfer under 

physiological conditions. However, in mouse, rhesus macaques and human pregnancies 

complicated by inflammation, we found that fetal hepcidin was increased and associated with fetal 

hypoferremia. The fetus’s ability to respond to inflammatory signals represents a conserved 

mechanism thought to be important in fetal host defense. 

We discovered in mouse models an adverse interaction between maternal iron excess and 

inflammation that led to embryotoxicity which was not observed with either condition alone. 

Embryotoxicity was observed not only in a mouse model of systemic acute inflammation induced 

by bacterial lipopolysaccharide, but also with chronic inflammation caused by diet-induced 

obesity. We found that maternal iron excess increased oxidative stress in the placenta and embryo 

endothelium, which sensitized the placental and embryo endothelium to inflammation-induced 

lethal apoptotic damage. The interaction between iron excess and inflammation is dependent on 

TNFα-signaling and can be reversed by maternal anti-TNFα and antioxidant therapy. These 

findings raise important questions about the safety of indiscriminate iron supplementation in 

pregnant women with underlying inflammation. 

We analyzed the interaction between iron, inflammation, and the endothelium in cultured 

endothelial cells. Iron loading induced cholesterol biosynthesis, promoted novel TNFR1 

proteolytic processing, and sensitized cells to TNFα-mediated apoptosis. We determined that 

during iron excess, the contribution of altered cholesterol homeostasis is the driving pathogenic 
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mediator of apoptosis. Altered cholesterol metabolism by iron excess in endothelial cells may 

contribute to iron-mediated toxicity in human iron overload disorders. 

We further described that iron deficiency in pregnant mice also adversely interacts with 

inflammation caused by acute and chronic inflammation, triggered respectively by 

lipopolysaccharide and diet-induced obesity. Only the combination of maternal iron deficiency 

and inflammation caused embryo malformations and demise. Iron deficiency potentiated placental 

inflammation in complicated pregnancies, and in normal pregnancies iron deficiency induced 

TNFα-receptor 1 expression in mouse and human placentas, representing possible mechanisms for 

how iron deficiency worsens outcomes in inflamed pregnancies. 

We defined the pathophysiology of iron regulation in pregnancy and articulated several 

novel concepts: placental adaptation to limited iron availability, the roles of maternal and fetal 

hepcidin, and adverse synergy between iron and inflammation. The discovery of the interaction 

between iron and inflammation highlights the utility of iron status as a modifying factor to 

ameliorate severity of injury in inflamed pregnancy and in a variety of inflammatory conditions 

outside of pregnancy. These concepts have translational impact and may eventually inform the 

clinical management of pregnant women worldwide. 
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OVERVIEW: IRON HOMEOSTASIS DURING PREGNANCY 
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1. Elemental iron  

Iron is the most abundant element on Earth by mass. Iron is distributed in the Earth’s crust, mantle, 

and cores, constituting over 80% of the inner and outer cores (6). While iron is one of the most 

abundant metals on Earth, its bioavailability to organisms is low due to Earth’s oxygen-rich 

atmosphere, which readily oxidizes ferrous iron (Fe2+) to nearly insoluble ferric iron (Fe3+). Iron 

is a transition element that can change its oxidation state from -2 to +6. 

  

2. Biological functions of iron 

Iron has an essential role in vital cellular and metabolic processes. In biological systems, iron is 

predominantly found in the ferrous (+2) and ferric (+3) forms, frequently within prosthetic groups 

such as iron-sulfur clusters or heme. Iron functions as a co-factor in many chemical reactions in 

the body because of its ability to readily accept and donate electrons. Iron is a component of the 

electron transport chain in cytochromes that participate in electron shuttling (7,8). Iron is also 

involved in DNA replication and repair as a cofactor for DNA polymerase (9). Furthermore, iron 

is a component of proteins that transport or store oxygen (hemoglobin or myoglobin), and proteins 

that participate in gene expression, cell proliferation and differentiation, hormone synthesis, 

intermediary metabolism, and host defense (10,11). Within biological systems, iron is transported 

and stored bound to proteins (transferrin, ferritin), as free iron is highly reactive and can catalyze 

generation of reactive oxygen species such as hydroxyl radicals via the Fenton reaction. 

 

3. Iron economy 

An average adult human has 3-4 g of total body iron, more than half of which is contained in 

erythrocyte hemoglobin (2-3 g). The liver is the main organ for iron storage, with up to 1 g of iron 
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stored in ferritin in hepatocytes and macrophages. Iron bound to the iron-carrier protein transferrin 

is distributed to tissues in blood plasma which contains only 2-4 mg iron. Most of the plasma iron 

is directed to the bone marrow for hemoglobin synthesis by erythroid precursors, which require 

20-25 mg iron per day. This daily iron requirement is provided by the recycling of senescent red 

blood cells by splenic macrophages. The lifespan of human red blood cells is ~120 days, thus 0.8% 

of red blood cells are destroyed and replaced daily (12). Only 1-2 mg of iron are lost daily through 

 

 

 

 

 

 

 

 

 

 

Figure 1. Iron distribution in the body. An adult contains about 3-4g of total body iron, most 

of which is localized in red blood cells (2,000-3,000mg), erythroid precursors in the bone 

marrow, or stored in the liver (~1,000mg). Iron recycled from red blood cells by splenic 

macrophages (20-25mg iron daily) or from dietary absorption (1-2mg daily) is transported into 

plasma where it is directed towards tissues for utilization (primarily by bone marrow) or storage 

in the liver. Minimal amounts of iron are lost daily (1-2mg daily) through desquamation and 

minor blood loss, which is compensated for by dietary absorption. Ferroportin (Fpn), the only 

known iron exporter, exports iron into the plasma from three main sources: duodenum, liver, 

and spleen. Dietary iron (1-2 mg/day) is transferred from the duodenum into plasma, and 20-25 

mg/day of recycled iron is delivered to plasma by macrophages in the spleen. 
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desquamation of epithelial surfaces or menstrual blood loss, which are compensated for by dietary 

absorption (1-2 mg/day). Recently, it was reported that mature red blood cells can also directly 

export iron (likely released from oxidized hemoglobin) into circulation (13), providing up to 20% 

of daily iron flows. Despite rapid turnover of plasma iron, plasma iron concentrations are relatively 

stable (Figure 1), implying the existence of a tight regulatory system.  

 Iron metabolism is generally similar between laboratory rodents and humans, although 

species differences exist in terms of absorption and turnover rates (described in Table 1). These 

differences are important in laboratory mice which are commonly used for studying iron 

metabolism. Compared to humans, the average lifespan of a mouse red blood cell is ~40 days (14) 

and the mouse has ~1 mg of iron in erythrocyte hemoglobin (15). In contrast to humans who 

depend on iron recycling to meet dietary iron needs, rodents absorb from the diet as much as 50% 

of their daily iron turnover and depend less on iron recycling. In an adult mouse, ~15-25 µg of iron 

is recycled daily for utilization by bone marrow for new red blood cells (15).  Importantly, dietary 

iron absorption and losses are proportionally greater than in humans, making it easier to alter body 

iron content through dietary changes.  

Table 1. Comparative iron parameters in adult humans vs. mice, adapted from (15) 

Parameter Human Mice 

Red blood cell lifespan 120 days 40 days 

Total red blood cell iron 2,000-3,000 mg 0.6-1 mg 

Daily RBC iron turnover 17-25 mg 15-25 µg 

Daily iron absorption 1-2 mg  15-20 µg 

Daily dietary iron requirement 8-18 mg 140 µg 

Normal dietary iron source Heme and nonheme omnivore Nonheme herbivore 
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4. Iron transport 

Cellular iron homeostasis is maintained by transport proteins that direct iron into and out of cells, 

and distribute iron for utilization, recycling, and storage. 

4.1 Systemic iron transport 

The major sources of plasma iron include intestinal iron absorption from dietary sources, 

macrophage recycling of senescent red blood cells, mobilization of liver iron stores, and iron 

released from mature red blood cells. Iron is transported into plasma from these sources by the 

sole iron exporter, ferroportin. In plasma, iron is bound to the carrier protein transferrin where it 

is distributed to tissues for utilization or storage. 

4.2 Cellular iron transport 

Non-heme and heme iron are absorbed from the diet in the duodenum. Dietary non-heme ferric 

iron is reduced to ferrous iron by ferrireductase duodenal cytochrome B (DCYTB) on the 

enterocyte apical membrane (16) and is transported into enterocyte cytoplasm by divalent metal 

transporter-1 (DMT1) (17,18). Enterocytes of carnivores also take up heme, which is degraded by 

heme oxygenase-1 to release iron for reutilization (19). In both cases, ferrous iron is transported 

out of the enterocyte and into portal blood by ferroportin on the basolateral membrane (20), is 

oxidized to ferric iron by the ferroxidase hephaestin (21), and is loaded onto transferrin in 

circulation. Iron destined for storage in enterocyte ferritin and not for transport into blood would 

be eventually lost through enterocyte shedding which occurs every 3 days in humans and mice 

(22). 

 Most iron in circulation is bound to transferrin, which binds one or two iron atoms. 

Transferrin delivers iron to cells through transferrin receptor 1 (TFR1) on the cell membrane. 

Transferrin-TFR1 complexes are internalized into endosomes, which become acidified, causing 
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iron to dissociate from transferrin. The endosomal ferrireductase STEAP3 reduces ferric iron to 

ferrous iron (23), which is transported into the cytosol by DMT1. Once in the cell, iron is trafficked 

for the synthesis of heme and iron sulfur clusters, used for cytoplasmic ferroprotein synthesis, 

stored in ferritin, or exported out of the cell by ferroportin. Iron movement within cytoplasm is 

likely directed by chaperones poly C binding proteins (PCBPs) 1 and 2 (24,25). After ferroportin 

exports iron, it is oxidized to ferric iron by ferroxidase ceruloplasmin (26). 

  

5. Iron toxicity 

In iron overload conditions, the iron-carrying capacity of transferrin is exceeded, and iron appears 

in plasma complexed with low-molecular weight molecules, and these iron species are collectively 

referred to as non-transferrin bound iron (NTBI). NTBI is highly reactive and can generate reactive 

oxygen species, and NTBI accumulation in cells leads to their dysfunction, with specific tissue 

toxicities dependent on both the rate and extent of NTBI accumulation. Most NTBI in plasma is 

cleared by the liver, as hepatocytes import NTBI through the essential manganese transporter 

ZIP14 (27,28), but NTBI can also be taken up by the pancreas, kidney, and heart (29). Iron 

accumulation in the liver increases the risk of hepatic fibrosis, cirrhosis, and hepatocellular 

carcinoma (30), as well as cardiomyopathy, diabetes and other endocrinopathies (31,32). 

Endothelial cells are the most proximal cell type exposed to circulating NTBI. We evaluated the 

effects of NTBI accumulation on cultured human endothelial cells in Chapter 5 and showed that 

NTBI causes apoptosis of endothelial cells by altering cellular cholesterol metabolism. 
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6. Systemic iron regulation 

Hepcidin is the master regulator of plasma nonheme iron concentrations and tissue iron distribution 

(33). Hepcidin is a 25-amino acid peptide hormone that is produced and secreted from hepatocytes 

in the liver (34). Hepcidin acts by inhibiting the major iron flows into plasma: intestinal iron 

absorption, release from macrophages that recycle iron from old red blood cells and mobilization 

of stored iron from the liver. Hepcidin exerts its effects through its receptor, the iron exporter, 

ferroportin (FPN). FPN is highly expressed in all the tissues that export large amounts of iron into 

plasma (20). Hepcidin binds to FPN and occludes it, triggering FPN degradation (35,36), and 

resulting in iron sequestration in target cells and decreased iron flow into plasma. Thus, iron 

delivery to consuming tissues (e.g. bone marrow and placenta with fetus) is inversely correlated 

with hepcidin concentrations. 

 

7. Regulation of hepcidin  

Hepcidin is transcriptionally regulated by multiple stimuli: intracellular and extracellular iron 

concentrations, erythropoiesis, inflammation, and pregnancy. Hepcidin regulation during 

pregnancy is discussed in section 8.2.  

7.1 Regulation of hepcidin by iron 

Hepcidin regulation by iron is mediated by the bone morphogenetic protein (BMP) pathway 

(Figure 2A-B). Hepatocytes sense circulating iron-transferrin levels by transferrin receptors 1 and 

2, which interact with hemochromatosis protein HFE to modulate BMP signaling and hepcidin 

transcription (37,38). BMP ligands are produced by sinusoidal endothelial cells in proportion to 

the iron content of the liver (39,40). BMP6 and 2 stimulate hepcidin transcription by hepatocytes 

by binding to BMP receptors to phosphorylate SMAD1/5/8, which complex with SMAD4 to enter 
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the nucleus and bind BMP-responsive elements on the hepcidin promoter (41). The BMP-BMP 

receptor complex requires coreceptors including membrane-anchored hemojuvelin (42). BMP2, 

BMP6 and hemojuvelin are essential for normal iron homeostasis (43,44). The transmembrane 

serine protease 6 (TMPRSS6) cleaves hemojuvelin and functions as a negative regulator of this 

pathway (45). We evaluated regulation of maternal hepcidin by iron deficiency and iron loading 

in Chapter 1 using mouse models and showed that although the baseline hepcidin levels are lower 

than in non-pregnant mice, iron regulatory mechanisms are preserved in pregnancy.   

 7.2 Regulation of hepcidin by erythropoiesis 

Erythropoiesis places a large demand on iron homeostasis. Iron is required for red blood cell 

synthesis as a component of heme in erythrocyte hemoglobin. Increased red blood cell synthesis 

occurs with hematopoietic stress such as blood loss, rapid growth, or in anemias. To meet the 

increased iron demands of erythropoietic stress, hepcidin production is suppressed by the hormone 

erythroferrone which is produced by erythroblasts in the bone marrow in response to erythropoietin 

(Figure 2C) (46). Erythroferrone acts by interfering with BMP-SMAD signaling (47), acting as a 

ligand trap for the physiological form of BMP ligand in vivo, BMP2/6 (48). Erythroferrone-

mediated hepcidin suppression promotes enhanced iron absorption and mobilization from stores 

for utilization by the bone marrow. Elevated erythroferrone contributes to inappropriately low 

hepcidin production and lethal iron overload in anemias with ineffective erythropoiesis including 

β-thalassemia (49). 

7.3 Regulation of hepcidin by inflammation 

Inflammation has a potent effect on iron homeostasis. Inflammatory cytokine IL-6 induces 

hepcidin transcription through the JAK-STAT3 pathway (Figure 2D) (50-53). Inflammation-

induced hepcidin production decreases iron transport into plasma causing hypoferremia. Hepcidin-
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Figure 2. Regulation of hepcidin expression (2). Hepcidin expression is regulated by (A-B) 

iron, (C) erythropoiesis, and (D) inflammation. (A) In proportion to iron content, BMP ligands 

are produced by liver sinusoidal endothelial cells (LSECs). BMP2 and 6 bind to BMP type II 

receptors (BMPRII) and phosphorylate and activate BMP type I receptors (BMPRI). BMPRIs 

phosphorylate SMAD1/5/8, which complexes with SMAD4, translocates to the nucleus, and 

binds BMP-responsive elements (BRE) on the hepcidin promoter to stimulate hepcidin 

transcription. (B) In iron deficiency TMPRSS6 cleaves HJV and inactivates the BMP2/6 

pathways, suppressing hepcidin expression. (C) ERFE, produced by erythroid cells, sequesters 

BMP2/6, suppressing hepcidin expression. (D) Inflammation (e.g. LPS via TLR-4 signaling) 

triggers IL6 production by macrophages, which stimulates JAK2-STAT3 to induce hepcidin. 
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mediated hypoferremia evolved as a critical host defense mechanism to prevent appearance of 

non-transferrin bound iron that supports the rapid growth of certain gram-negative pathogens (54). 

However, inflammation-induced hypoferremia can be maladaptive in chronic inflammatory 

conditions, where elevated hepcidin contributes to iron-restricted anemia (55). We evaluated the 

regulation of maternal and fetal hepcidin by inflammation during pregnancy in Chapter 3 in mice, 

macaques and human pregnancy, and showed that both maternal and fetal hepcidin can be induced 

by inflammation, causing hypoferremia. Although prolonged iron restriction would have negative 

consequences on maternal erythropoiesis and fetal development, acute iron restriction likely serves 

a protective role during infections with siderophilic pathogens. 

7.4 Autocrine/paracrine roles of hepcidin 

In recent years, generation of floxed-hepcidin mice has enabled conditional deletion of hepcidin 

in different cell types and has revealed tissue-specific roles of the locally produced hepcidin. 

Ablation of cardiomyocyte hepcidin led to cardiomyocyte iron deficiency, and contractile and 

metabolic dysfunction of the heart (56). Ablation of hepcidin in macrophages, on the other hand, 

improved cardiac repair and regeneration in a model of acute myocardial infarction (57). Ablation 

of hepcidin in keratinocytes worsened necrotizing fasciitis by impairing the recruitment of 

neutrophils (58). Ablation of hepcidin in dendritic cells impaired mucosal healing in a mouse 

model of inflammatory bowel disease (59). In all these models, systemic iron homeostasis was not 

affected, suggesting that local production of hepcidin can regulate cellular iron homeostasis in an 

autocrine/paracrine manner. We evaluated the role of local hepcidin production in the placenta and 

embryo on placental and embryo iron homeostasis using mouse models in Chapters 1 and 2, and 

showed that neither placental nor embryo hepcidin regulate placental iron transfer under 

physiological conditions. 
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8. Iron homeostasis during pregnancy 

Sections 8 and 9 are a pre-copyedited, author-produced version of an article accepted for 

publication in The American Journal of Clinical Nutrition following peer review. The version of 

record [Fisher AL, Nemeth E, Iron homeostasis during pregnancy, The American Journal of 

Clinical Nutrition 2017; 106 (suppl_6): 1567S–1574S] is available online at: 

https://doi.org/10.3945/ajcn.117.155812. 

8.1 Iron requirements 

Pregnancy presents a major challenge to systemic iron homeostasis. During pregnancy, 

physiologic iron demands increase substantially to support fetoplacental development and 

maternal adaptation to pregnancy. Baseline maternal body iron losses during 9 months are 

estimated at ~230 mg (60), and would be higher were it not for the cessation of menstruation. The 

development of the placenta and fetus requires ~ 360 mg of iron. An additional 450 mg of iron is 

needed to expand maternal red blood cell (RBC) mass during pregnancy. Thus, ~1 g of iron must 

be acquired during pregnancy to preserve the maternal iron balance and support feto-placental 

development. Some of that iron is recycled after pregnancy when erythrocyte mass contracts to 

Figure 3. Iron requirements 

during pregnancy (4). Daily 

iron requirements in a 55-kg 

woman. In the first trimester, 

iron requirements (~0.8 mg/d) 

are lower because menstruation 

stops. As pregnancy advances, 

maternal red blood cell mass 

expands and placental and fetal 

growth accelerates, resulting in 

the rise in physiologic iron 

requirements to 3.0 - 7.5 mg/d 

in the third trimester. 
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pre-pregnancy concentrations except for the iron lost through bleeding at delivery (~150 mg). 

Therefore, the average net pregnancy-related loss of iron to the mother is estimated to be 740 mg. 

Iron requirements, however, are not uniform throughout the three trimesters of pregnancy. In the 

first trimester, the requirements (estimated at ~0.8 mg/d) are lower than before pregnancy because 

menstruation stops. As pregnancy advances, maternal RBC mass increases and placental and fetal 

growth accelerates, resulting in the rise in physiologic iron requirements to 3.0 - 7.5 mg/d in the 

third trimester (4) (Figure 3). 

8.2 Regulation of iron availability  

As assessed by the uptake of stable or radioactive iron isotopes, nonheme iron absorption during 

pregnancy increases as gestation progresses (61,62). It is likely that heme absorption increases in 

a similar manner (63). Moreover, iron stores are efficiently mobilized during pregnancy, as 

reflected by the decreased liver and spleen iron content in animal models compared to non-

pregnancy concentrations (64-66). Both processes increase iron availability for transfer across the 

placenta and for maternal hematological adaptation.  

 The regulation of iron availability during pregnancy is, at least in part, dependent on 

maternal hepcidin concentrations. Relatively few studies have examined hepcidin during 

pregnancy, but initial reports indicate that in healthy pregnancies maternal hepcidin concentrations 

are suppressed in the second and third trimester in humans (67,68) or during the second and third 

week of a three week pregnancy in mice (3,69). The lowering of maternal hepcidin allows for 

increased supply of iron into the circulation, both from the enhanced absorption of dietary iron and 

enhanced release of iron from stores (3). One study in 19 pregnant women who ingested stable 

iron isotopes in their third trimesters confirmed that the net dietary nonheme and heme iron that 
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was transferred to the fetus was inversely correlated with maternal serum hepcidin (measured at 

delivery) (70). 

 The mechanism of maternal hepcidin suppression during pregnancy is completely 

unknown. Plasma dilution may partially contribute, although the magnitude of hepcidin decrease 

cannot be explained by only a 30-50% increase in plasma volume. Moreover, plasma dilution 

would not explain the profound suppression of hepatic hepcidin mRNA observed in animal studies 

(69). Gradual development of iron deficiency may also be a signal to suppress hepcidin. Hepcidin 

is lowest in pregnant women with iron-restricted erythropoiesis; however, even mothers with 

replete iron stores have very low hepcidin concentrations at delivery (71), thus suggesting that 

maternal hepcidin may be actively suppressed during pregnancy. Using mouse models, we 

evaluated the importance of maternal hepcidin suppression during pregnancy in Chapter 2 and 

demonstrated that it is essential for a healthy pregnancy, as administration of a hepcidin mimetic 

during mouse pregnancy causes maternal and embryo anemia, tissue iron deficiency, and low birth 

weight in embryos (72).  

 Major stimuli known to regulate hepcidin production include iron (both circulating and 

stored iron increase hepcidin), erythropoietic activity (suppresses hepcidin) and inflammation 

(increases hepcidin) (33). The regulation of hepcidin by all of these pathways appears to be 

preserved during pregnancy (72,73). In human studies, throughout pregnancy and even at delivery, 

maternal hepcidin concentrations positively correlate with serum ferritin and transferrin saturation 

and inversely with soluble transferrin receptor and hemoglobin, indicating the stimulation of 

hepcidin production by iron and suppression of hepcidin production by iron deficiency and 

erythropoietic activity (68,70,71,74). Immediately after delivery, serum hepcidin concentrations 
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increase (67), presumably due to physiological changes associated with labor and delivery, and do 

not correlate with serum ferritin or iron concentrations. 

 How iron supplementation affects maternal hepcidin during pregnancy is not known. 

Ingestion of iron supplements in nonpregnant adults increases hepcidin rapidly (75-77), and 

consequently decreases iron absorption. If iron supplementation in pregnancy has the same effect 

on maternal hepcidin, daily iron supplementation may not be optimal to achieve the most efficient 

iron absorption. Indeed, a 2015 Cochrane review of randomized trials from 15 countries found that 

maternal and infant outcomes at birth were not better with daily compared to intermittent iron 

supplementation, but intermittent supplementation was associated with fewer side effects (78).  

We evaluated how changes in maternal iron status affect hepcidin during pregnancy in mouse 

models in Chapter 1. We evaluated the effect of iron deficiency as well as dietary iron 

supplementation or parenteral iron administration. We showed that iron administration induces 

maternal hepcidin and this protected the fetus from severe iron overload.   

 Hepcidin concentrations measured in either serum or urine do not correlate with 

inflammatory markers in healthy pregnancies (67,74), including those with multiple gestations 

(79), suggesting that the mild inflammation that occurs in healthy pregnancies is not sufficient to 

increase hepcidin. However, it is possible that hepcidin may be inappropriately increased in 

complicated pregnancies that are associated with more intense inflammation, and this increase 

could compromise iron availability during pregnancy. Elevated hepcidin would be expected to 

impair iron absorption from supplements commonly prescribed to pregnant women and could 

impair the efficacy of intravenous iron therapy. Mildly elevated serum hepcidin concentrations are 

reported in obese compared to lean pregnant women (80,81), and in preeclamptic compared with 

healthy pregnancies (82). These concentrations did not have an obvious negative impact on 
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hematologic or iron variables in the mother or neonate in these studies, suggesting that hepcidin 

concentrations were still sufficiently low to allow effective iron utilization during pregnancy. 

8.3 Changes in hematologic variables 

Like many organ systems during pregnancy, the maternal hematological system undergoes 

profound physiological changes to accommodate the development of the fetus and placenta. The 

total blood volume (plasma volume plus RBC volume) increases ~1.5 L to facilitate blood flow in 

the uterus and placenta for nutrient and oxygen delivery to the fetus, and to blunt the effects of 

blood loss at delivery (83). The plasma volume starts increasing during the first trimester and 

expands until 30-34 weeks, reaching a 30-50% greater volume than in nonpregnant women 

(84,85). A lesser increase in plasma volume is associated with pathologies such as intrauterine 

growth restriction and/or preeclampsia (86). 

 Maternal RBC mass starts to increase at 8-10 weeks of gestation and continues to increase 

until delivery. Compared to pre-pregnancy concentrations, the RBC mass increases by 15-20% in 

women not taking iron supplements, and 20-30% in women taking iron supplements (87). The 

RBC life span has been reported to be slightly decreased during normal pregnancies (~9% decrease 

in rats and assumed to be similar in women) (88,89). 

 Erythropoietin production increases during pregnancy, driving the increase in RBC mass. 

Erythropoietin concentrations approximately double by the end of the third trimester (90). As in 

nonpregnant adults, the kidney is the main source of maternal erythropoietin during pregnancy 

(91,92). Erythropoietin production can be modulated by iron and anemia during pregnancy. In 

humans, the erythropoietin increase was greater with iron deficiency (90), and conversely, iron 

supplementation was associated with lower erythropoietin levels in the third trimester (93). 
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 Fetal RBC production is independent of its maternal counterpart. Maternal erythropoietin 

does not cross the placenta (94,95). The fetus produces its own erythropoietin but mostly in the 

liver, which is also its main erythropoietic organ during the second half of pregnancy. After 30 

weeks of gestation, the fetus also starts producing erythropoietin in the kidney (96). Fetal 

erythropoietin production (as measured by cord blood concentration) is higher when the mother is 

anemic or has other hypoxic complications (e.g. smoking, fetal growth restriction and intrauterine 

fetal hypoxia) (97-99).  

 Physiologic anemia of pregnancy occurs during a healthy pregnancy because of a greater 

increase in plasma volume relative to the increase in RBC mass. In women who are not taking iron 

supplements, the hemoglobin concentration and hematocrit decrease steadily to reach a nadir at 

approximately 28-36 weeks (on average, ~2 g/dL lower than the pre-pregnancy hemoglobin 

concentrations) (100). Mean corpuscular volume mildly decreases between 26 and 38 weeks, 

which is likely because placental iron transfer is most intense during this period, thereby 

decreasing iron availability for maternal erythropoiesis. Iron supplementation is reported to result 

in ~1 g/dL higher hemoglobin concentration at term compared with those in unsupplemented 

women (101,102).  

8.4 Changes in iron variables 

Serum ferritin concentration is the most frequently used marker of iron stores. Ferritin is secreted 

mostly by macrophages and, to a lesser extent, by hepatocytes, in proportion to their intracellular 

iron contents; thus, serum ferritin is proportional to body iron stores. In pregnancy, serum ferritin 

concentration gradually decreases to reach the lowest concentrations in the third trimester 

(101,103,104). In addition to hemodilution, this decrease likely reflects efficient iron mobilization 

from stores in agreement with the progressive hepcidin decrease during pregnancy. 
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Similar to other iron parameters, serum iron and transferrin saturation both decrease during 

pregnancy, but less so in iron-supplemented pregnancies (101,102). The plasma iron compartment 

is very small compared with iron stores (several milligrams vs several hundred milligrams), is 

subject to diurnal variation, and can change rapidly, e.g. after iron ingestion. Because of these 

effects, serum iron and transferrin saturation are inferior to serum ferritin in diagnosing iron 

deficiency (102,105). 

Soluble transferrin receptor is generated by cleavage and by vesicular shedding of 

transferrin receptor 1 (TfR1) from the plasma membrane during erythroid maturation. The amount 

of soluble transferrin receptor reflects both the number of young erythrocytes and the degree of 

their iron deficiency because cellular TfR1 concentrations are regulated by intracellular iron via 

the iron responsive-element binding proteins (IRPs) IRP 1 and IRP2. In pregnancy, soluble 

transferrin receptor concentrations do not seem to change compared to non-pregnant 

concentrations unless maternal erythropoiesis is iron-deficient (106). Thus, soluble transferrin 

receptor concentration may only mildly increase by the third trimester in the iron-replete 

population but increase substantially in women with iron deficiency anemia. 

 

9. Placental iron transport 

During human pregnancy, the placenta retains ~90 mg of iron for its own function, and transports 

~270 mg to the fetus. Most of the iron transfer occurs during the third trimester (107), which 

coincides with the lowest maternal hepcidin expression, allowing for a maximal rate of iron supply 

into maternal circulation. Maternal transferrin production steadily increases during pregnancy 

(87), which may function to increase iron delivery to the placenta. 
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In the placenta, the primary barrier between maternal and fetal circulation is the 

syncytiotrophoblast. The syncytiotrophoblast expresses numerous nutrient transporters including 

those mediating iron transport and is thus the main layer of nutrient exchange. Whether other cell 

types (mesenchymal cells, Hofbauer cells, endothelial cells) mediate iron transport is unknown. 

 Although the placental transport mechanisms are similar between humans and rodents, 

species differences exist in placental architecture. Both human and rodent placentas are 

hemochorial, meaning that maternal blood directly contacts fetal chorion. In mouse placentas, the 

labyrinth contains two syncytiotrophoblast layers (SynT-I and -II) whereas human placentas only 

contain one layer, although the layers are functionally similar (108). In mice, SynT-I faces 

maternal circulation and SynT-II faces fetal circulation. Furthermore, the distribution of 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Anatomical features of human and mouse placentas (adapted from (5)). (A) 

Human placenta has a single layer of syncytiotrophoblast, with iron transporter transferrin 

receptor 1 (TFR1) on the apical side and ferroportin (FPN) on the basolateral side. (B) Mouse 

placenta with two syncytiotrophoblast layers (SynT-I and -II), with Tfr1on SynT-I and Fpn on 

SynT-II. In both humans and mice, Tfr1 faces maternal blood and Fpn faces fetal blood. 
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transporters is similar in human and rodent placentas where TFR1 is facing maternal blood (on 

SynT-I in mice) and FPN is facing fetal blood (on SynT-II in mice) (5) (Figure 4).  

9.1 Placental trafficking of transferrin-bound iron 

Iron is delivered to the placenta by maternal circulation, where iron is found complexed with 

transferrin, ferritin, or heme. The predominant source of iron taken up by the placenta is thought 

to be transferrin-bound iron. Global deficiency of TFR1 in mice results in embryo lethality before 

embryonic day 12.5 due to severe anemia, despite evidence of erythropoiesis at E10.5 (109), 

suggesting that other iron sources contribute to early embryonic development. 

The transport of nonheme iron across the placenta to the fetus is unidirectional; iron is not 

transferred from the fetus to the mother (107). Despite its importance in fetal development, the 

mechanism of placental iron transport is incompletely understood.  

Uptake of transferrin-bound iron from maternal circulation is mediated by iron importer 

TFR1 present on the apical membrane of placental syncytiotrophoblast (Figure 5) (110). TFR1 is 

located on the apical membrane (111,112), and the TFR1-TF complex is internalized via clathrin-

coated vesicles similar to iron-transferrin endocytosis that occurs in other cell types (113). In the 

acidic environment (pH 5.4) of the vesicle,  iron dissociates from transferrin, and ferric iron is 

reduced to ferrous iron by ferrireductases, possibly six-transmembrane epithelial of prostate 

(STEAP) 3 and STEAP 4 (114). Following the release of iron, the apotransferrin-TFR1 complex 

is recycled back to the membrane. The pH of the extracellular space (pH 7.4) facilitates 

dissociation of apotransferrin from TFR1, which is released into circulation to be reutilized, and 

the cycle repeats. Maternal iron deficiency has been associated with increased placental TFR1 

expression in humans and in animal models (115,116). 
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How iron is transported from the vesicle into cytoplasm is not fully understood, but iron 

transporters DMT1, Zrt/Irt-like protein (ZIP)8, and ZIP14 have been identified as potential 

candidates. DMT1, which plays a critical role for endosomal iron release in erythroid cells (117), 

strongly localizes to human placental syncytium (112,118). However, the discovery that neonatal 

DMT1-null mice have normal iron content (118) suggests that DMT1 is not the sole endosomal 

iron transporter in placenta. ZIP8 is also abundantly expressed in placenta (119). ZIP8 

hypomorphic embryos are severely anemic in utero and do not survive more than 48 hours after 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Placental iron transport (1). Maternal iron-Tf binds to TfR1 on the apical side of 

syncytiotrophoblast and is internalized. In the endosome, iron dissociates from Tf, is reduced, 

and is exported into cytoplasm. Iron is exported by Fpn on the basal side of syncytiotrophoblast 

and oxidized to be loaded onto fetal Tf or transported into fetal blood as NTBI through unknown 

mechanisms. Cp, ceruloplasmin; DMT1, divalent metal transporter 1; Fpn, ferroportin; Heph, 

hephaestin; NTBI, non–transferrin-bound iron; STEAP, 6-transmembrane epithelial antigen of 

prostate; Tf, transferrin; TfR1, transferrin receptor 1; Zip, Zrt/Irt-like protein; Zp, zyklopen. 
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birth (120); however, whether this is related to ZIP8 function in placental iron transport or also in 

fetal RBC needs to be clarified. ZIP14 is also highly expressed in the mouse placenta. ZIP14 

mutant mice have no abnormal birth phenotype other than low birth weight (121), suggesting its 

non-essential or redundant role in the placenta. 

Iron is transported out of the syncytiotrophoblast by ferroportin (111,122) (Figure 5). 

Complete knockout of ferroportin is embryonic lethal whereas conditional knockout of ferroportin 

that preserves its expression in the placenta results in normal embryonic development and birth 

(20), confirming the essential role of ferroportin in placental iron export. Ferroportin likely exports 

iron into the fetal stroma. Once there, iron still needs to cross the endothelium to reach fetal 

circulation. With consideration that non-transferrin-bound iron is found in fetal circulation (123), 

it is possible that some form of non-transferrin-bound iron is transported across fetal endothelial 

cells. Alternatively, after being exported from the syncytiotrophoblast by ferroportin, iron may be 

oxidized to the Fe+3 form before loading onto fetal transferrin. There are three known mammalian 

multi-copper ferroxidases: ceruloplasmin, hephaestin, and zyklopen. Although all of them have 

been detected in the placenta (124-126), knockout mouse models indicate that none of them are 

individually essential or have redundant roles (127-129). Once iron is loaded onto fetal transferrin, 

it may be transported to fetal circulation through endothelial cells, although this mechanism is 

unclear (110). 

Whether heme is transported across the placenta is much less understood. Feline leukemia 

virus subgroup C receptor-related protein (FLVCR1) is a heme exporter that is highly expressed 

in the placenta (130) and has two isoforms, FLVCR1a is expressed on the cell surface, and 

FLVCR1b is expressed on mitochondria, but the role of each isoform and their localization and 
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regulation remain to be determined. Maternal anemia is associated with lower placenta FLVCR1 

expression (131), but the biological implication of this observation is not yet understood. 

Studies in animal models demonstrate the transport of labelled ferritin from the dam to the 

fetus (132), although the physiological relevance of this is unclear as circulating ferritin is typically 

iron-poor. Ferritin uptake by the placenta might involve TFR1 (133) and/or SCARA5 (scavenger 

receptor class A member 5) (134). Although the transporters for NTBI, ferritin, and heme are 

expressed in the placenta, it is unknown whether any of these molecules represent an important 

iron source for placental transport or fetal development. 

9.2 Regulation of placental iron transport 

Placental ferroportin is localized on syncytiotrophoblast facing fetal circulation and could be 

subject to regulation by fetal-derived hepcidin. However, compared to already low maternal 

hepcidin concentrations, fetal hepcidin concentrations are much lower. Moreover, iron endowment 

of the fetus is unaffected by genetic ablation of fetal and placental hepcidin (3,72), indicating that 

embryonic or placental hepcidin is too low to regulate iron transfer across the placenta. Thus, under 

normal conditions, iron availability for placental iron transport is dependent on maternal plasma 

iron concentrations and therefore on maternal hepcidin. Fetal hepcidin, nevertheless, can regulate 

placental ferroportin under certain conditions, as fetuses with hepcidin overexpression or 

mutations in the hepcidin regulator TMPRSS6 are severely anemic (135,136). Systemic and 

intraamniotic inflammation are also demonstrated to induce fetal hepcidin and cause fetal 

hypoferremia (137), but whether inflammation-induced fetal hepcidin regulates iron transporters 

in the placenta remains to be determined. 

 In mice, expression of TFR1 and FPN in the placenta increase with gestational age (3), 

presumably to meet the increasing iron requirements of the developing fetus. We evaluated how 
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maternal iron status affects the delivery of iron to the placenta and fetus in Chapter 1. We showed 

that both TFR1 and FPN are regulated by changes in maternal iron status in mouse and human 

placentas. Iron deficiency increases and iron loading decreases TFR1 (3,72).  FPN is strongly 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 

 

 
 

 

 

 

Figure 6. Effect of severe maternal iron deficiency on iron transporters in the placenta (3). 

(Left panel) Placental iron transporters in iron replete pregnancies. (Right panel) With maternal 

iron deficiency, iron regulatory protein 1 (IRP1) binds to 3’ iron-response elements (IRE) within 

the UTR of Tfr1 to promote stabilization, whereas binding to the 5’ IRE within Fpn prevents 

translation of ferroportin mRNA. Through these mechanisms, during limited iron availability 

the placenta retains iron for itself, causing severe fetal iron deficiency and anemia. 
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regulated by maternal iron deficiency (3) (Figure 6). During maternal iron deficiency the placenta 

decreases FPN, which prioritizes its own iron at the expense of fetal iron deficiency, an adaptation 

mediated by iron regulatory protein 1 (IRP1) (3). In vitro models show that iron deficiency impairs 

trophoblast mitochondrial function, and thus the placental adaptation to low iron availability likely 

evolved to protect the fetus from the consequences of generalized placental dysfunction (3). 

 

10. Iron disorders in pregnancy 

Adequate iron supply is essential for a healthy pregnancy. Consequently, both maternal iron 

deficiency and iron excess are associated with pregnancy complications. We evaluated the effects 

of maternal iron excess and iron deficiency on the placenta and embryo development in mouse 

models in Chapters 4 and 6, respectively. 

10.1 Iron deficiency and anemia 

To meet the accelerating physiologic iron requirements, both dietary iron absorption as well as 

mobilization of iron from stores need to increase. Even with the most optimal diet containing high 

amounts of bioavailable iron, absorption of iron is only 3-4 mg/d (138), and is even lower with 

diets containing low amounts of bioavailable iron (138,139), characteristic of those in developing 

countries (139). Thus, increased dietary iron absorption is insufficient to meet the demands of 

pregnancy. Furthermore, many women enter pregnancy with insufficient iron stores, predisposing 

women to iron deficiency during pregnancy. In the United States, the prevalence of iron deficiency 

among pregnant women and women of child-bearing age has been reported to be 12%, with a 

higher rate in Black and Hispanic women (19 and 22%, respectively) (140,141). There is a higher 

incidence of iron deficiency in developing countries, reaching up to 60% of pregnant women in 

some African countries (141,142). 
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10.2 Iron overload 

Pregnancies associated with iron excess include patients with hereditary hemochromatosis or β-

thalassemia, the latter having well-documented pregnancy complications including prematurity, 

abortion, and intrauterine fetal death (143,144). However, even normal pregnancies may be 

exposed to excess iron when iron-supplemented, at least in part due to profoundly decreased 

maternal hepcidin allowing for highly efficient absorption of medicinal iron. Adverse effects 

associated with maternal iron excess during pregnancy are discussed in section 13. 

 

11. Iron supplementation 

Recognition of the detrimental effects of iron deficiency and anemia on maternal and infant health 

has led to the policy of iron supplementation during pregnancy, even without screening for 

preexisting iron deficiency. Iron supplementation is generally recommended in countries where 

risk for iron deficiency is high in women and children (145), but also in the United States and 

Canada (146), where more women are iron-replete than iron-deficient. Iron supplementation 

results in a lesser serum ferritin decrease in the third trimester. However, because ferritin 

production is also regulated by inflammatory cytokines, serum ferritin may not accurately reflect 

iron stores in the presence of inflammation. Nevertheless, in the developed world, more women 

are iron-replete than iron deficient when they become pregnant, prompting considerations of the 

potential risks of indiscriminate iron supplementation. 

 

12. Inflammation and pregnancy 

The maternal immune system plays an essential role in maintaining a healthy pregnancy. The 

maternal immune system is involved in implantation, angiogenesis and vascular remodeling at the 
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maternal-fetal interface, and in the development of the fetal immune system. In healthy pregnancy, 

the immune system regulates systemic levels of various cytokines and chemokines to maintain a 

non-inflammatory environment and to prevent fetal rejection. In complicated pregnancies, the 

presence of inflammation disrupts the coordinated regulation of cytokines and chemokines 

resulting in pregnancy complications. In developing countries, inflammation during pregnancy is 

common because of the high burden of endemic infections. In high-resource countries, common 

conditions associated with chronic systemic inflammation include obesity, diabetes, and 

autoimmune diseases, and for acute inflammation, bacterial and viral infections. We evaluated the 

effects of maternal acute and chronic inflammation during pregnancy in mouse models in Chapters 

4 and 6 and found a dramatic adverse synergy between inflammation and either side of the maternal 

iron spectrum (iron deficiency and iron excess). 

 12.1 Acute inflammation with infections 

Viral and bacterial infections during pregnancy are associated with adverse pregnancy outcomes 

including increased risk for preterm birth, neuropsychiatric disorders including schizophrenia and 

bipolar disorder, stillbirth, and birth defects in offspring (147-151). Rodent models that investigate 

the underlying mechanisms of maternal immune activation implicate IL-6 (152,153), IL-17 (154), 

and IL-2 (155) in schizophrenia- and autism-like behaviors. In humans, elevated maternal IL-8 

was associated with increased risk of schizophrenia in adult offspring (156).  

 12.2 Chronic inflammatory conditions 

Obesity is a chronic inflammatory condition and both obese humans and animal models are 

reported to have elevated cytokines including TNFα and IL-6 compared to lean controls (157-159). 

In humans, maternal obesity during pregnancy is associated with increased risk of antenatal 

complications, maternal morbidity, and adverse neonatal outcomes (160). Compared to women 
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with normal BMI, obese pregnant women have an increased risk of gestational diabetes mellitus, 

pre-eclampsia, induction of labor, delivery by emergency caesarian section, postpartum 

hemorrhage, infections, macrosomia, and intrauterine fetal death (161,162). Women with 

autoimmune disorders including systemic lupus erythematosus, rheumatoid arthritis and systemic 

sclerosis are considered a high-risk population for pregnancy complications, as these disorders are 

associated with adverse fetal outcomes and drug teratogenic risks (163,164). 

 

13. U-shaped risk curve for iron status and pregnancy outcomes 

Iron deficiency and anemia are global concerns among women of reproductive age. Although 

hemoglobin is physiologically decreased during pregnancy due to expansion of plasma volume 

that exceeds the increase in maternal RBC mass (dilutional anemia of pregnancy), greater than 

normal decrease in hemoglobin is associated with adverse outcomes (165). In pregnant women, 

iron deficiency and anemia are associated with poor mental and physical performance, increased 

cardiovascular strain, and increased risk of peripartum blood transfusions (166). Severe anemia 

greatly increases the risk of maternal mortality and accounts for nearly 20% of maternal deaths 

worldwide (167). Iron deficiency and anemia in the mother also has detrimental effects for the 

fetus such as increased risk of premature birth (<37 weeks’ gestation), intrauterine growth 

restriction, and fetal death. In a prospective study in 829 pregnant women in China, preterm birth 

was associated with maternal anemia in early pregnancy (168). Risk of preterm delivery increased 

1.6-fold when hemoglobin in the first trimester was between 10.0 and 10.9 g/dL, 2.6-fold when 

hemoglobin was between 9.0 and 9.9 g/dL, and 3.6-fold when hemoglobin was <9.0 g/dL (168). 

Despite the anemia-defining cutoffs of 10.5-11 g/d L (88), an analysis of nearly 150,000 

pregnancies in the United Kingdom showed that the lowest rate of perinatal mortality was found 
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when maternal hemoglobin concentration during pregnancy was between 9 and 11 g/dL (169). The 

highest birth weight was also recorded in mothers whose hemoglobin concentration fell to 9-11 

g/dL during pregnancy (170). These favorable outcomes may be related to an optimal plasma 

volume expansion (incidentally resulting in slightly lower hemoglobin concentrations), rather than 

any beneficial effect of iron deficiency and anemia. 

 The absence of a decrease in hemoglobin concentration during pregnancy is also associated 

with poor outcomes including preeclampsia, intrauterine growth retardation, preterm birth, and 

stillbirth (171-173). When the lowest recorded maternal hemoglobin concentrations were >11 

g/dL, perinatal mortality increased (169). In a study of 44,000 singleton pregnancies in the United 

Kingdom, both low (<10.4 g/dL) and high (>13.2 g/dL) hemoglobin concentrations were 

associated with higher rates of preterm birth (174). A higher hemoglobin concentration is thought 

to relate to the failure to increase plasma volume, and adverse consequences may be caused by 

increased blood viscosity and decreased placental perfusion (169).  

 Ferritin also shows a U-shaped associated with birth outcomes. Abnormally low serum 

ferritin is associated with detrimental outcomes (175,176). High concentrations of serum ferritin 

are also associated with increased risk of preterm (<37 weeks’ gestation) and very preterm (<32 

weeks’ gestation) birth, particularly when ferritin is elevated in the third trimester (177,178). One 

prospective study in pregnant women also indicated that failure of ferritin to drop in the second 

and third trimesters increased the risk of very preterm delivery by more than eightfold (179). High 

maternal high iron stores has also been linked to gestational diabetes, impaired fetal growth, and 

neurodevelopmental deficiencies (180-182). However, apart from reflecting higher iron stores in 

the mother, higher serum ferritin could also be reflecting the presence of inflammation in 

complicated pregnancies, as ferritin production is increased by inflammation. Thus, the association 
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of high ferritin with adverse pregnancy outcomes could reflect the effects of iron excess, or 

inflammation, or the combination of the two. Early evidence in animal models also shows that 

high iron may be teratogenic only during specific periods of embryonic development (183). In a 

study in 500 pregnant mice, intraperitoneal injection with ferric gluconate in early pregnancy 

(embryonic day 6-9) increased resorption on all days of gestation tested, yet malformation rate in 

pups was greatest when iron was injected on days eight (33%) and nine (17%), with primarily 

encephalic abnormalities (183). We demonstrated in Chapter 4 in mouse models that iron excess 

by itself did not have severe detrimental effect on the pregnancy, but when coexisting with acute 

or chronic inflammation, iron excess caused embryo demise or malformations. These findings 

suggest that the association of high ferritin with adverse pregnancy outcomes in humans may result 

from the interaction between iron and inflammation.  

 

14. Summary 

In this dissertation, we defined the molecular pathophysiology of iron regulation and transport 

during pregnancy, an understudied area to which we made several significant contributions. We 

demonstrated that maternal homeostatic adaptions during pregnancy are essential for fetal health 

and development and defined a novel phenomenon by which the placenta responds to severe 

maternal iron deficiency during pregnancy (Chapter 1). We clarified the roles of maternal and fetal 

hepcidin in normal pregnancy (Chapter 2) and those complicated by inflammation (Chapter 3). 

We discovered a novel interaction between iron and inflammation whereby maternal iron excess 

worsens inflammation-induced pregnancy complications causing severe fetal malformations and 

demise, occurring in a model of acute inflammation with LPS and chronic inflammation with diet-

induced obesity (Chapter 4). We provided specific evidence that placental and fetal endothelial 
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cells are susceptible to injury from changes in iron content, and that iron excess sensitizes them to 

inflammation-induced apoptosis through oxidative stress, which was prevented by maternal anti-

TNFα and antioxidant therapy (Chapter 4). We identified that in endothelial cells, iron modulates 

cholesterol homeostasis and induces proteolytic processing of a novel TNFα-receptor (Chapter 5). 

We further demonstrate that iron deficiency similarly interacts with both acute and chronic 

inflammation to worsen pregnancy complications, possibly occurring through iron-mediated 

changes in placental TNFα-receptor (Chapter 6). Taken together, our studies help explain the 

mechanisms underlying commonly observed pregnancy complications. Overall, these innovative 

concepts have both fundamental and translational impact and may eventually inform the clinical 

management of pregnant women worldwide.  
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Iron deficiency is common worldwide and is associated with adverse pregnancy outcomes. The increasing 

prevalence of indiscriminate iron supplementation during pregnancy also raises concerns about the potential 

adverse effects of iron excess. We examined how maternal iron status affects the delivery of iron to the 

placenta and fetus. Using mouse models, we documented maternal homeostatic mechanisms that protect 

the placenta and fetus from maternal iron excess. We determined that under physiological conditions or in 

iron deficiency, fetal and placental hepcidin did not regulate fetal iron endowment. With maternal iron 

deficiency, critical transporters mediating placental iron uptake (transferrin receptor 1 [TFR1]) and export 

(ferroportin [FPN]) were strongly regulated. In mice, not only was TFR1 increased, but FPN was surprisingly 

decreased to preserve placental iron in the face of fetal iron deficiency. In human placentas from pregnancies 

with mild iron deficiency, TFR1 was increased, but there was no change in FPN. However, induction of more 

severe iron deficiency in human trophoblast in vitro resulted in the regulation of both TFR1 and FPN, similar 

to what was observed in the mouse model. This placental adaptation that prioritizes placental iron is 

mediated by iron regulatory protein 1 (IRP1) and is important for the maintenance of mitochondrial 

respiration, thus ultimately protecting the fetus from the potentially dire consequences of generalized 

placental dysfunction. 
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Introduction 
Iron is essential for a healthy pregnancy, with approximately 1 gram of iron needed for the expansion of maternal red cell mass 

and placental and fetal development (1). Severe iron deficiency and iron deficiency anemia during pregnancy have been associated 

with increased maternal mortality, perinatal death, preterm birth, low birth weight, impaired immune function, and long-term 

cognitive defects in newborns and infants (2–6). To prevent these adverse outcomes, the WHO currently recommends daily iron 

supplementation for all pregnant adolescent and adult women (7). On the other side of the spectrum, however, the consequences 

of high maternal iron levels in pregnancy are not well understood (8). Excess iron can result in the generation of harmful ROS that 

damage proteins, lipids, and nucleic acids (9), or in increased susceptibility to infection (10). Maternal serum ferritin, a marker of 

iron stores, has a U-shaped association with adverse pregnancy outcomes (11, 12). However, elevated ferritin is not only a marker 

of increased iron stores but also of inflammation, and the specific contribution of excess iron has not been resolved. Despite its 

importance, it is poorly understood how maternal and fetal iron homeostasis during pregnancy is regulated, including the relative 

contribution of the maternal, placental, and/or fetal signals. 
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On the systemic level, iron homeostasis is regulated by the hepatic hormone hepcidin, which controls iron absorption and recycling. 

Hepcidin is induced when systemic iron levels are high and downregulates its receptor, ferroportin (FPN), thereby preventing iron 

export to blood plasma (13). Thus, changes in hepcidin levels can rapidly modulate plasma iron concentrations. In human 

pregnancy, maternal hepcidin is suppressed during the second and third trimesters, which is thought to increase iron availability 

for transfer to the placenta (1). The mechanism of maternal hepcidin suppression is unknown, as is the effect of maternal iron status 

on this regulatory circuitry. 

Iron endowment of the fetus is entirely dependent on iron transport through the placenta. Iron-transferrin (Fe-Tf) from 

the maternal circulation is taken up by transferrin receptor 1 (TFR1), which is located on the apical surface of the 

syncytiotrophoblast (14). The complex of Fe-Tf and TFR1 is endocytosed, and iron is released in the endosome and eventually 

exported on the basal side of the placental syncytiotrophoblast through the iron transporter FPN into the fetal circulation (15). Both 

TFR1 and FPN are thought to be critical for iron transport across the placenta, as global deletion of either transporter results in 

embryonic death (16, 17). Embryonic lethality in TFR1-KO mice occurs before E12.5 (16) and in FPN-KO mice before E9.5 (17). 

However, the placenta- specific role was only demonstrated for FPN, in which preservation of FPN expression in the placenta but 

not the embryo proper rescued embryonic lethality (17). The regulation of iron transporters in normal pregnancy or in pathologic 

conditions such as iron deficiency, iron restriction, or inflammation has not been extensively explored. It was reported that 

expression of placental TFR1 increased in response to maternal iron deficiency in humans and animal models (18, 19), and this 

was interpreted as a compensatory mechanism to ensure iron delivery to the fetus. Our data refine this model and suggest that both 

TFR1 and FPN are subject to regulation during iron deficiency, particularly in its more severe forms. 

On the cellular level, iron homeostasis is regulated by iron- regulatory proteins 1 and 2 (IRP1 and IRP2), which control 

the stability or translation of mRNAs containing iron-responsive elements (IREs) on their 3′ or 5′ termini, respectively (20). During 

cellular iron deficiency, IRPs bind to IREs, repressing the translation of mRNAs encoding proteins involved in cellular iron export 

(FPN) or storage (ferritin) and stabilizing mRNAs encoding proteins involved in iron uptake (TFR1, DMT1), thus maintaining 

cellular iron levels in the face of iron deficiency. Double IRP1 and IRP2 deficiency is embryonically lethal, whereas mice with the 

individual IRP KO are viable (21), but the role of these IRPs in regulating materno-fetal iron transfer has not been explored. 

We studied mouse models of pregnancy over its time course, as well as human pregnancies and primary human 

trophoblast cells (PHTs) in vitro, and examined the mechanisms by which maternal iron status (iron-replete, iron-deficient, and 

iron-loaded) affects the transfer of iron from the mother to the fetus. We found that maternal hepcidin, through regulation of 

maternal plasma iron concentrations, determines the amount of iron taken up by the placenta and protects the fetus from iron excess 

even when the mother is iron overloaded. However, we were surprised to discover that during severe maternal iron deficiency, the 

placenta downregulates FPN to maintain its own iron homeostasis, resulting in decreased iron availability for transfer to the fetus. 

We devised the placental iron deficiency index (PIDI), a ratio of placental FPN and TFR1, as a sensitive and biologically relevant 

measure of iron deficiency of the materno- fetal unit. We present evidence that placental iron homeostasis is mediated by the 

IRE/IRP system to maintain placental function including functional preservation of the placenta’s mitochondrial electron transport 

chain (ETC). 

Results 
Effect of maternal iron status on hepcidin and iron availability during pregnancy. In humans, the iron regulatory hormone hepcidin 

is suppressed during the second and third trimesters of pregnancy (22); however, the mechanisms driving hepcidin suppression 

remain unknown. To determine whether maternal hepcidin suppression is a consequence of changes in maternal iron status, we 

assessed suppression in iron-deficient, iron-replete, and iron-loaded WT C57BL/6 dams. Female mice between 6 and 8 weeks of 

age were either fed a standard chow diet (185 ppm iron) or a low-iron diet (4 ppm iron) 2 weeks prior to and throughout pregnancy, 

or were injected with 20 mg iron dextran at the time of mating (Figure 1A). Pregnant animals were analyzed on E12.5, E15.5, and 

E18.5 (gestation in C57BL/6 mice is approximately 19 days). Females that were subjected to the same iron regimen but did not 

get pregnant were used as controls and were euthanized on the same day as the pregnant dams. In nonpregnant females, expression 

of hepcidin (Hamp) mRNA and protein (Figure 1, B and C) changed as expected, depending on the iron status of the mice: iron 

deficiency lowered hepcidin and iron loading increased hepcidin levels compared with the iron-replete group (serum hepcidin 19, 

83, and 346 ng/mL; P < 0.001 deficient vs. replete and P < 0.001 replete vs. loaded, by 1-way ANOVA and the Holm-Sidak method 

for multiple comparisons). Compared with nonpregnant females of the same iron status, pregnant females in each group had 

decreased hepcidin at all time points examined (E12.5–E18.5), replicating the changes observed in human pregnancy (23). 

Decreased hepcidin was not caused by hemodilution of pregnancy, as equivalent changes were observed for both liver mRNA and  
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Figure 1. Maternal hepcidin and serum iron levels determine embryo and placental iron status. The iron status of WT C57BL/6 

female mice was altered using diet or iron dextran injections. (A) Adult females were fed standard chow (185 ppm iron) or a 

low-iron diet (4 ppm iron) ad libitum 2 weeks prior to and throughout pregnancy or were injected with 20 mg iron dextran at 

the time of mating. Pregnant females were analyzed at E12.5, E15.5, and E18.5. Nonpregnant (Non-P) females were subjected 

to an equivalent iron treatment. (B–F) Maternal measurements of (B) hepcidin (Hamp) mRNA and (C) serum hepcidin. (D) Liver 

nonheme iron. (E) Serum iron concentration. (F) Hb concentration. Statistical differences between groups was determined by 

1-way ANOVA for normally distributed values, or otherwise by 1-way ANOVA on ranks (indicated by a single asterisk after the 

P value). (G–I) Embryo measurements at E18.5 for (G) serum iron and (H) liver nonheme iron. (I) Hb concentration. (J) Placental 

nonheme iron levels at E12.5, E15.5, and E18.5. (K) Placental weight at E15.5 and E18.5 (we did not obtain whole placentas at 

E12.5). Statistical differences between groups was determined by 1-way ANOVA for normally distributed values followed by 

the Holm-Sidak method for multiple comparisons versus the iron-replete control group (###P < 0.001) or 1-way ANOVA on ranks 

followed by Dunn’s method for multiple comparisons versus the iron-replete control group (#P < 0.05). The numbers of animals 

are indicated in the x axes of the box and whisker plots. 
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serum protein levels (Figure 1, B and C). Importantly, hepcidin suppression was preserved under all maternal iron states: E18.5 

serum hepcidin was reduced compared with nonpregnant control levels to 12% in iron-deficient, 11% in iron-replete, and 42% in 

iron-overloaded conditions (Figure 1C). However, maternal hepcidin was still relatively higher in iron-loaded compared with iron-

replete pregnancies, suggesting that iron loading partially counteracts the suppressive pregnancy signal. 

Liver nonheme iron concentrations gradually decreased from E12.5 to E18.5 compared with values in nonpregnant 

control mice, indicating that pregnancy induces iron mobilization from stores (Figure 1D). We surmised that the lowering of 

hepcidin preceded liver iron mobilization, as at the earliest time point examined, E12.5, hepcidin mRNA and protein levels in 

iron- replete animals were already nearly maximally suppressed (92% of maximal serum hepcidin suppression), whereas the 

decrease in levels of liver iron compared with nonpregnant levels was not yet maximally suppressed at E12.5 (51% of maximal 

liver iron suppression) (Figure 1, B–D, middle panels). More important, as a result of decreased hepcidin and iron mobilization 

from stores, serum iron concentration was maintained throughout pregnancy in iron-replete dams (Figure 1E, middle panel), 

despite intense utilization of iron for fetal growth during this period. Maintenance of serum iron levels at E18.5 despite low liver 

stores may be possible because of the relatively high iron content in standard mouse chow. 

Unlike iron-replete mothers, both iron-deficient and iron-overloaded mothers were hypoferremic between E12.5 and 

E18.5 (Figure 1E). This was expected in the iron-deficient group, as both iron stores and dietary iron content were low and 

obviously insufficient to maintain serum iron levels, even with profoundly decreased hepcidin. Surprisingly, though, when 

mothers were iron loaded, serum iron was lower compared with levels in nonpregnant animals (P < 0.001, by 1-way ANOVA) 

and also compared with levels detected in iron-replete pregnant animals (P = 0.028 for pregnant iron-replete vs. iron-loaded 

animals, by 2-way ANOVA) (Figure 1E). This is almost certainly due to the relatively higher level of maternal hepcidin at E12.5–

E18.5, limiting the release of excess iron from stores (Figure 1, B and C, right panel). Changes in maternal transferrin saturation 

(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/JCI127341DS1) 

paralleled the changes in serum iron levels. 

In iron-replete and iron-loaded pregnant animals, hemoglobin (Hb) concentrations and RBC counts were lower compared 

with nonpregnant levels, as expected  (Figure 1F and Supplemental Table 1), because of pregnancy-associated plasma volume 

expansion. In the iron-deficient group, despite a decrease in hepcidin to nearly undetectable levels, mothers developed frank iron 

deficiency anemia with decreased Hb (diet, P < 0.001), RBC counts (P = 0.002), mean corpuscular volume (MCV) (diet, P < 

0.001), and mean corpuscular Hb (MCH) (diet, P = 0.016 for iron-deficient vs. iron-replete mice, by 2-way ANOVA) (Figure 1F 

and Supplemental Table 1). 

 

Maternal regulation of iron bioavailability prevents embryonic iron overload but does not protect the embryo from iron deficiency. 

To determine the consequences of varied maternal iron status for the embryo and placenta, we measured embryonic hematological 

and iron parameters for pregnancies at E18.5 (see Figure 1). Embryos from iron-deficient mothers were severely iron deficient, as 

reflected by the decrease in serum and liver iron concentrations (Figure 1, G and H). Additionally, brain and whole embryo iron 

concentrations were decreased (Supplemental Figure 2, A and B). Furthermore, embryonic anemia was much more severe than 

that in their mothers (Hb in Figure 1I; complete CBC in Supplemental Table 2). Thus, maternal adaptations to iron deficiency were 

not sufficient to protect the embryos from severe iron deficiency anemia. Embryos from iron-loaded pregnancies, however, had 

serum iron, liver iron, and hematological parameters similar to those of embryos from control iron-replete pregnancies (Figure 1, 

G–I). These data suggest that maternal iron regulatory mechanisms including that involving hepcidin protect embryos from iron 

overload even when mothers are iron loaded. 

We observed similar results when iron deficiency and iron overload were caused by alternative approaches: feeding the 

mice an iron-deficient diet starting at mating (short-term) rather than 2 weeks prior to mating (long-term), or feeding females a 

high-iron diet (10,000 ppm) starting 2 weeks prior to pregnancy instead of injecting the females with iron dextran at mating. A 

short-term iron-deficient diet resulted in changes in maternal, fetal, and placental parameters similar to those seen with longer-term 

iron deficiency (Supplemental Figure 3 and Supplemental Tables 3 and 4), with somewhat less impaired maternal hematocrit levels 

and MCV. Iron loading through a high-iron diet efficiently increased maternal liver iron compared with levels in iron-replete 

animals at E18.5 (P = 0.006; t test on ranks for iron-replete vs. 10,000 ppm). Despite maternal iron loading, serum iron 

concentrations at E18.5 were not higher than those in iron-replete group (P = 0.709; 2-tailed t test for iron-replete vs. 10,000 ppm), 

presumably because of the relative increase in maternal hepcidin. In a comparison of the 2 iron-loading models, however, we found 

that dietary iron loading resulted in higher maternal serum iron levels. This in turn resulted in increased placental iron content and 

mildly increased fetal liver iron, although fetal liver iron content remained comparable to that in iron-replete fetuses (P = 0.981; 
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2-tailed t test for iron- replete vs. 10,000 ppm) (Supplemental Figure 3, B, F, and H). This suggests that the mode of iron 

administration during pregnancy could result in subtle differences in iron bioavailability. 

 

When maternal iron availability is low in mice, placental iron homeostasis is prioritized despite fetal iron deficiency. Iron delivery 

to the fetus is wholly dependent on transfer from the maternal circulation through the placenta, yet factors affecting this transfer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Placental iron transporters respond to changes in maternal iron status. Immunofluorescence staining of human (A) 
and mouse (B) placentas for TFR1 (red) and FPN (green). Original magnification, ×100. Nuclei are blue. M, maternal circulation; 
F, fetal circulation. Mouse placentas from Figure 1 were analyzed by Western blotting to determine the protein concentration 
of TFR1 (C) and FPN (D). β-Actin was used as a loading control. Four representative placentas are shown in the Western blots, 
and a total of 8 placentas (from 3 to 4 different dams per group) were used for quantitation. Data are presented as the mean ± 
SEM. Statistical differences between groups were determined by 1-way ANOVA for normally distributed values followed by the 
Holm-Sidak method for multiple comparisons versus the iron-replete control group. (E) The PIDI is the ratio of expression of 
placental FPN protein to placental TFR1 protein and reflects iron export to the fetus relative to iron import into the placenta 
from the maternal circulation. Statistical differences were determined using a 2-tailed Student’s t test. (F–H) Correlation of 
nonheme iron with the PIDI at E12.5, E15.5, and E18.5. The numbers of animals are indicated in the x-axes of the box and 
whisker plots. 
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are not fully understood. To evaluate the effect of maternal iron status on placental iron content and transport, we analyzed placentas 

from the pregnancies depicted in Figure 1 at E12.5, E15.5, and E18.5. Placental nonheme iron in the iron-loaded group was only 

slightly increased at E18.5 compared with the iron-replete group (Figure 1J). The moderation of fetal overload is likely a 

consequence of the relatively low serum iron concentrations in the maternal circulation, which are maintained by maternal hepcidin. 

In iron-deficient pregnancies, placental nonheme iron concentrations were comparable to those for other groups at E12.5 and E15.5 

and were mildly decreased at E18.5 compared with placental concentrations in iron-replete or iron-loaded pregnancies (Figure 1J), 

with no change in placental weight (Figure 1K). The decrease in placental iron concentrations at E18.5 was significantly less than 

the iron decrease detected in fetal livers or fetal Hb (~2-fold in the placenta compared with a 10-fold decrease in fetal livers and a 

3.6-fold decrease in fetal Hb). Furthermore, placental heme iron content measured at E18.5 was not different between iron- 

deficient and iron-replete pregnancies, whereas fetal liver heme iron at E18.5 was significantly lower in the iron-deficient group 

(Supplemental Figure 2, C and D). Our data suggest that the placenta prioritizes its own iron homeostasis despite fetal iron 

deficiency. 

The principal transporters mediating cellular iron uptake and efflux, TFR1 and FPN, are abundantly expressed in human 

and mouse syncytiotrophoblast (Figure 2, A and B). We measured TFR1 and FPN protein levels in placentas at E12.5, E15.5, and 

E18.5 in iron-deficient, iron-replete, and iron-loaded mouse pregnancies (Figure 2, C and D). Protein levels of both transporters 

increased with gestational age, presumably to meet the increasing iron needs of the developing embryo. We found that TFR1 

expression was maximal by E15.5, whereas FPN expression was maximal at E18.5 (Figure 2, C and D). Interestingly, TFR1 

expression was not strongly affected by maternal iron status. During maternal iron deficiency, TFR1 protein levels were moderately 

increased only at E15.5 compared with levels in the iron-replete group (Figure 2C), but these levels were not significantly higher 

at the other 2 time points (E12.5 and E18.5). TFR1 expression was not different in the iron-loaded group compared with the iron-

replete group at any time point examined. Surprisingly, maternal iron deficiency resulted in significantly decreased FPN protein 

expression at all time points (Figure 2D), with no difference observed in FPN levels between the iron-replete and iron-loaded 

groups. Decreased FPN during iron deficiency could compromise iron delivery to the fetus while maintaining placental iron 

content. This is consistent with our observation that maternal iron deficiency had a more profound impact on fetal iron homeostasis 

than on the placenta: fetuses had dramatically decreased Hb as well as decreased nonheme and heme iron content in fetal liver, 

whereas placental nonheme and heme iron levels were much less affected or unaffected (Supplemental Figure 2, C and D). 

Regulation of placental iron transporters during iron deficiency suggests the existence of placental iron–sensing mechanisms that 

maintain placental iron homeostasis to the detriment of fetal iron endowment. Interestingly, unlike TFR1 and FPN, we observed 

that placental ferritin expression did not increase with gestational age (Supplemental Figure 4) and was more responsive to iron 

loading than was ferroportin (at E18.5). This could be related to ferritin expression in multiple placental cell types (24), unlike 

FPN, which is primarily expressed in the syncytiotrophoblast. 

We devised the PIDI as a ratio of expression of placental FPN to placental TFR1 protein. A decrease in FPN or an 

increase in TFR1 or changes in both transporters would lead to a lower PIDI, which would be indicative of placental sensing of 

iron deficiency and a greater risk of fetal iron deficiency. The PIDI was lower in iron-deficient pregnancies compared with that 

for iron-replete pregnancies at all 3 time points measured (E12.5, E15.5, and E18.5) (Figure 2E), reflecting a consistent placenta 

response, whereby iron was prioritized to the placenta, resulting in decreased fetal iron endowment. For assessment of placental 

iron handling, we argue that using the ratio of FPN to TFR1 in the same placental sample is superior to evaluating single 

transporter levels, as the ratio method minimizes the variability in single transporter expression related to placental sampling 

inconsistencies, which is of particular concern in human placenta analysis. 

The correlation between placental nonheme iron levels and the PIDI was marginal at earlier pregnancy time points 

(E12.5, R = 0.1335; E15.5, R = 0.3284) (Figure 2, F and G). This is expected, considering that placental iron levels were maintained 

in the constant range (Figure 1J) by the alterations in placental iron transporters (Figure 2, C and D). We observed a stronger 

positive correlation between placental nonheme iron and the PIDI at E18.5 (R = 0.610) (Figure 2H), in which greater placental iron 

deficiency resulted in a lower PIDI, suggesting decreased iron transfer to the embryo. 

To formally test the effect of placental TFR1 and FPN changes on placental iron transfer during maternal iron deficiency 

in mice, we measured iron transport using a stable Fe isotope. At E17.5, iron-replete and iron-deficient WT C57BL/6J dams 

received a single i.v. injection of 5 μg iron as 58Fe-Tf. Placentas and fetal livers were harvested 6 hours after treatment, and total 

iron content (nonheme plus heme) in each tissue was measured by inductively coupled plasma–mass spectrometry (ICP-MS) 

(Figure 3A). We found that injection of 58Fe-Tf did not affect placental TFR1 or FPN expression: in iron-deficient pregnancies, 

placental FPN remained significantly lower than in iron-replete pregnancies (Figure 3B). We measured both 56Fe and 58Fe in the 

placenta and fetal liver. The 56Fe isotope has the highest natural abundance and provides information on the long-term iron 

distribution between the placenta and fetal liver. 

https://www.jci.org/articles/view/127341#sd
https://www.jci.org/articles/view/127341#sd
https://www.jci.org/articles/view/127341#sd
https://www.jci.org/articles/view/127341#sd


R E S E A R C H A R T I C L E The Journal of Clinical Investigation   

 

61 

 

The short-term 58Fe transport snapshot demonstrated that 58Fe-Tf was taken up by the placenta and 58Fe was transferred 

to the fetus, as it was detectable in the fetal liver. 58Fe did not reach the threshold of detectability when we analyzed whole embryos. 

In placentas, we observed no statistically significant difference in the amount of total 58Fe retained in iron-deficient versus iron-

replete pregnancies, although there was a trend toward approximately 10 ng less 58Fe in the iron-deficient placentas (Figure 3C). 

In fetal livers, we found that total 58Fe content was significantly lower in iron-deficient pregnancies, with an average of 

approximately 30 ng lower 58Fe than in iron-replete pregnancies (Figure 3D). These data demonstrate that during iron deficiency, 

decreased placental FPN results in less iron transport to the fetus. Interestingly, our measurements of total 56Fe, which reflects 

chronic iron transport and handling, showed much greater differences between placental and fetal iron content than did our 

measurements of 58Fe. We found no statistically significant difference in total 56Fe (heme plus nonheme) between placentas from 

iron-deficient and iron-replete pregnancies (16.2 ± 13.2 μg and 19.9 ± 16.1 μg, respectively) (Figure 3E). However, fetal liver total 
56Fe was 68% lower when mothers were iron deficient (4.9 μg for iron-replete compared with 1.6 μg for iron-deficient dams) (Figure 

3F). This substantial decrease in fetal liver total iron content despite the stable placental iron content is consistent with results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 58Fe transport across the placenta. (A) WT C57BL/6 female mice were maintained on a standard chow diet or placed 

on an iron-deficient diet 2 weeks prior to mating and were maintained on an iron-deficient diet throughout gestation. At 

E17.5, the dams received a single i.v. injection of 58Fe-Tf. The dams were sacrificed 6 hours post injection (p.i.), and placental 

and embryonic tissues were collected and analyzed using ICP-MS. (B) Placental TFR1 and FPN protein expression was assessed 

by Western blotting, and quantitation of protein expression relative to β-actin was performed. Total 58Fe content in (C) 

placentas and (D) fetal livers. Total 56Fe content in (E) placentas and (F) fetal livers. (B–F) Statistical analysis was performed by 

2-tailed Student’s t test for normally distributed values and otherwise by Mann-Whitney U rank-sum test (denoted by an 

asterisk after the P value). The numbers of animals are indicated in the x axes of the box and whisker plots. 
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obtained for nonheme iron in our previous experiments. The more profound difference observed in 56Fe content compared with 
58Fe could be related to the timing of 58Fe injection, which was near the end of the pregnancy, when the placenta was already fully 

formed and had acquired most of the iron it needed for its function and was therefore more likely to have sufficient iron for transfer 

to the fetus. 

 

Regulation of placental iron transporters in human pregnancy. To examine alterations in placental TFR1 and FPN in human 

pregnancy with varying maternal iron status, we obtained human placental samples at delivery from 39 American women with 

uncomplicated pregnancies and iron status ranging from normal to moderate iron deficiency. Unlike in our mouse models, iron 

deficiency in these mothers was not severe enough to cause anemia. TFR1 and FPN levels were quantified by Western blotting 

and the PIDI calculated for each sample by dividing normalized FPN with TFR1. Data were grouped by maternal serum ferritin 

levels, with 10 ng/ mL ferritin used as a cutoff for iron deficiency. We assessed serum ferritin levels in the same women at 32–34 

weeks’ gestation and at delivery. Regardless of the timing of ferritin assessment (32–34 weeks or at delivery), at the protein level, 

we found that placental TFR1 was mildly but significantly increased in the <10 ng/mL compared with the >10 ng/mL ferritin 

group, consistent with placental sensing of iron deficiency, although the transferrin receptor (TFRC) mRNA differences were not 

statistically significant (Figure 4, A–D). We also assessed the levels of regnase 1 (REG1), a recently described TFRC mRNA–

targeting ribonuclease (25), and found no difference in REG1 mRNA expression between the <10 and >10 ng/mL ferritin groups 

(Supplemental Figure 5, A and B). FPN protein levels remained unchanged between the <10 ng/mL and the >10 ng/mL ferritin 

groups (Figure 4, E and F). The PIDI, the ratio of placental FPN to TFR1, was significantly lower in the <10 ng/mL ferritin group 

than in the >10 ng/mL group (Figure 4, G and H). Placental nonheme iron concentrations were not significantly different between 

the 2 groups of women (Figure 4, I and J), reflecting a maintenance of placental iron homeostasis. The PIDI appeared to be a 

superior indicator of even mild iron restriction during pregnancy compared with other parameters commonly measured to assess 

pregnancy iron status including maternal Hb, cord blood Hb, and cord blood ferritin, which did not differ between the <10 ng/mL 

and >10 ng/mL ferritin groups (Figure 4, K–O). 

FPN1 mRNA includes isoforms that contain 5′-IREs or not (26, 27). Only the 5′-IRE–containing isoform is regulated by 

intracellular iron levels, as its translation is repressed during iron deficiency. In the human placenta, the 5′-IRE–containing isoform 

is the predominant FPN mRNA form (Supplemental Figure 5C) and is over 10,000 times more abundant than the isoform lacking 

the 5′-IRE. Therefore, FPN translation would be expected to be inhibited by placental iron deficiency. The lack of FPN protein 

change between the <10 ng/mL and >10 ng/mL ferritin groups is likely attributable to the relatively mild iron deficiency of the 

placentas in our maternal cohort. To determine whether more severe iron deficiency affects FPN protein levels, we analyzed freshly 

isolated PHTs grown in DMEM and 10% FBS with addition of the iron chelator desferoxamine (DFO), apo-transferrin (apo-Tf), 

or holo-transferrin (holo-Tf) for 24 hours. Both DFO and apo-Tf treatment led to a decrease in FPN protein levels compared with 

the holo-Tf condition (Figure 4P), as well as an increase in TFR1 and a decrease in ferritin levels. We thus surmise that the initial 

response of the human placenta to mild iron deficiency is to increase TFR1 and that a decrease in FPN only occurs with more 

severe placental iron deficiency. The mechanism of this differential sensitivity to intracellular iron levels remains to be determined. 

 

Placental IRP1 regulates placental iron transporters in response to changes in maternal iron status. To understand the mechanisms 

involved in regulating placental iron transporter expression in response to changes in maternal iron status, we used the mouse 

pregnancy model to analyze the mRNA expression of Tfrc and Fpn, their known regulators, as well as several other transporters 

and molecules potentially involved in iron homeostasis. We detected little change in placental Tfrc mRNA concentrations 

(Supplemental Figure 6A). In control iron-replete pregnancies, we detected no difference in Tfrc mRNA concentrations between 

E12.5 and E18.5, suggesting that TFR1 had already reached maximal expression by E12.5. Similar to TFR1 protein results, 

maternal iron status had small effects on Tfrc levels that were significant only at E18.5 (iron- deficient vs. iron-loaded, P = 0.005, 

iron-replete vs. iron- loaded: P = 0.005, by 2-way ANOVA comparison at E18.5). We also found no difference in placental Reg1 

mRNA levels related to either gestational age or maternal iron status (Supplemental Figure 6B). To assess Fpn mRNA expression 

levels, we analyzed 2 known transcript variants of FPN, Fpn1A and Fpn1B (27). As with the human placenta, we found that the 

iron-regulated, IRE-containing Fpn1A transcript was the predominant isoform in the mouse placenta (Supplemental Figure 6, C 

and D). Fpn1A increased with gestational age (Supplemental Figure 6C) but was unaffected by maternal iron status (diet P = 0.099, 

gestation P < 0.001, by 2-way ANOVA). Fpn1B expression was uniformly low, regardless of the gestational age or maternal iron 

status. We observed no strong iron-dependent difference in placental mRNA expression of the iron transporter divalent metal 

transporter 1 (Dmt1), homeostatic iron regulator (Hfe), ferroxidase zyklopen (Hephl1), the heme transporter feline leukemia virus 

subgroup C receptor–related protein 1 (Flvcr1), or the inflammatory markers Il6 and serum amyloid A1 (Saa1) (Supplemental  
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Figure 4. Placental response to maternal iron deficiency in human pregnancy.  Placentas from uncomplicated human 

pregnancies were analyzed by Western blotting to determine protein expression of TFR1 and FPN, normalized to β-actin. qPCR 

was performed to determine TFRC mRNA expression, normalized to HPRT. (A and B) TFR1 protein levels, (C and D) TFRC mRNA 

levels, and (E and F) FPN protein levels according to maternal ferritin during weeks 32–34 or at delivery. (G and H) The PIDI was 

calculated as the ratio of expression of placental FPN to TFR1 protein, with a lower PIDI reflecting pregnancies at increased risk 

of fetal iron deficiency. The PIDI was lower in pregnant women with serum ferritin levels below 10 ng/mL than in those with 

ferritin levels above 10 ng/mL, regardless of whether ferritin was measured at 32–34 weeks of pregnancy or at delivery. No 

difference between <10 ng/mL and >10 ng/mL ferritin groups was observed for (I and J) placental nonheme iron concentrations, 

(K) maternal Hb, (L and M) cord blood Hb, or (N and O) cord blood ferritin. (P) PHTs were treated with 100 μM DFO, apo-Tf or 

holo-Tf for 24 hours. TFR1, FPN, ferritin heavy chain (HC), and β-actin expression was assessed by Western blotting. Statistical 

differences between groups was determined by 2-tailed Student’s t test or Mann-Whitney U rank-sum test for non-normally 

distributed values (denoted by an asterisk after the P value). The numbers of animals are indicated above the box and whisker 

plots. 
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Figure 6, E–J). The reciprocal change in TFR1 and FPN proteins in response to maternal iron status is consistent with their 

regulation by the IRE/IRP system, which has been reported to function in human placentas (28, 29). Global single IRP1- or IRP2-

KO mice are viable, whereas double-IRP1/IRP2-KO embryos die in utero at E6.5 (30). We measured total IRP activity by EMSA 

and found significantly increased IRP binding in placentas during iron deficiency (Figure 5A), consistent with decreased FPN 

protein in the same pregnancies and strongly suggesting that placental iron transporters are regulated by the IRP/IRE system. We 

were unable to detect any supershift following addition of IRP2 antibody (data not shown), suggesting that IRP1 is the predominant 

regulator of placental IRE–containing mRNAs. To test the contribution of placental IRP1 to the regulation of placental FPN and 

TFR1 during maternal iron deficiency, we mated heterozygous IRP1 mice to generate placentas and embryos lacking IRP1 or not. 

Pregnant dams were placed on a 4-ppm iron diet on E7.5, and placentas were collected on E18.5 (Figure 5B). Loss of IRP1 resulted 

in loss of placental FPN regulation, and FPN protein was significantly higher during maternal iron deficiency in Irp1–/– placentas 

compared with Irp1+/+ placentas (Figure 5C). Interestingly, the levels of TFR1 protein or mRNA were not different between Irp1+/+ 

and Irp1–/– placentas (Figure 5, C and D), indicating that Tfrc mRNA is stable even in the absence of IRP1, possibly because of the 

very low expression of the ribonuclease Reg1 (Figure 5E). We also evaluated whether in IRP1 deficiency, IRP2 may be increased 

as a compensatory mechanism and stabilize Tfrc mRNA levels. However, we detected no IRP2 activity by EMSA in Irp1–/– 

placentas (Figure 5F). Interestingly, there were no detectable differences between Irp1+/+ and Irp1–/– E18.5 embryos in terms of 

placental or fetal liver iron concentrations (Figure 5, G and H), probably because of very low iron availability within the entire 

materno-placental-fetal unit. At the time of harvesting, the Irp1+/– dams were severely iron deficient (average maternal liver iron, 

9.6 μg/g wet weight, n = 5), anemic (average Hb, 8.58 g/dL), and hypoferremic (average serum iron, 9.7 μM). Additionally, there 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. IRP1 mediates placental iron homeostatic responses during maternal iron deficiency. (A) Activity of IRP1/2 in 
placentas from iron-deficient, iron-replete, and iron-loaded pregnancies was analyzed by EMSA. Statistical differences between 
groups was determined by 1-way ANOVA on ranks followed by Dunn’s method for multiple comparisons versus the iron-replete 
control group (#P < 0.05). (B) Irp1+/– females were mated with Irp1+/– males, and pregnant females were fed an iron-deficient 
diet from E7.5 until E18.5. Placentas and embryos were harvested on E18.5. (C) Placental TFR1 and FPN protein expression was 
assessed by Western blotting, and quantitation of protein relative to β-actin was performed. (D) Placental Tfrc mRNA 
expression. (E) Placental Reg1 mRNA expression. (F) IRP-IRE binding as determined by EMSA in Irp1+/+ and Irp1–/– placentas. (G) 
PIDI for Irp1+/+ and Irp1–/– placentas. (H) Placental and (I) fetal liver nonheme iron concentrations. (C–I) Statistical analysis was 
performed by 2-tailed Student’s t test for normally distributed values and otherwise by Mann-Whitney U rank-sum test 
(denoted by an asterisk after the P value). The numbers of animals are indicated in the x axes of the box and whisker plots. 
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could have been a survival advantage for Irp1–/– compared with Irp1+/+ embryos, as we did not observe the expected Mendelian 

ratios for embryos from Irp1+/– Irp1+/– matings when the dams were placed on an iron-deficient diet (WT: 16%, heterozygous: 

51%, KO: 33%); the differences, however, did not reach statistical significance (P = 0.281; χ2 test, 2-tailed P value). If IRP1-

deficient embryos indeed had a survival advantage, fetal liver iron data for Irp1+/+ embryos may be skewed, as animals with very 

low iron levels may not survive. Importantly, however, in the absence of IRP1 regulation (Irp1–/–), placentas had a higher PIDI 

(ratio of FPN to TFR1 in each placenta) compared with Irp1+/+ placentas, confirming that IRP1 is the major regulator of placental 

iron transporters in response to maternal iron deficiency (Figure 5I). 

 

Placental and fetal hepcidin does not regulate fetal iron endowment. During iron deficiency, local hepcidin regulation was reported 

to be important for cardiac function (31). In the heart, hepcidin protein was paradoxically increased by iron deficiency, even though 

its mRNA expression was decreased. If hepcidin protein in the placenta or embryo was also unexpectedly stabilized during iron 

deficiency, this could account for the decreased FPN protein levels in the placenta. Additionally, placental FPN localizes to the 

basolateral membrane of the syncytiotrophoblast (14) and thus could be subject to regulation by embryonic hepcidin. In fact, in 

embryos that overexpress hepcidin either because of hepcidin transgene insertion or Tmprss6 deficiency, placental FPN is 

downregulated, resulting in severe fetal iron deficiency (32, 33). However, embryonic hepcidin is low in normal mouse pregnancies 

(32, 33). To test whether the placental response during iron deficiency may be subject to regulation by placental or embryonic 

hepcidin, we bred heterozygous hepcidin mice and placed the females on either an iron-replete or iron- deficient diet 1 week prior 

to mating, generating iron-replete or iron-deficient Hamp+/+, Hamp+/–, or Hamp–/– placentas and embryos. As expected, a low-iron 

diet elicited maternal iron deficiency and anemia (Supplemental Figure 7, A–F), as well as fetal iron deficiency (Figure 6, A and 

B). However, within the same diet group, we detected no difference in fetal liver iron or serum iron among Hamp+/+, Hamp+/–, or 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 6. Placental and embryonic hepcidin does not regulate placental iron homeostasis under iron-replete or iron-deficient 
conditions. Hamp+/– female mice were mated with Hamp+/– male mice. Females were placed on an iron-replete or iron-deficient 
diet 1 week prior to mating. Placentas and embryos were analyzed on E18.5. (A) Fetal liver iron and (B) fetal serum iron 
concentrations. (C) Placental iron concentration, (D) Hamp expression, (E) Tfrc expression, and (F) FPN protein levels. Statistical 
differences between groups were determined by 2-way ANOVA (non-normally distributed values are indicated by an asterisk). 
The P value shown is for variation by diet. There were no statistical differences between genotypes for any of the measured 
parameters. The numbers of animals are indicated in the x axes of the box and whisker plots. E, embryos; M, mothers; Het, 
heterozygous. 

https://www.jci.org/articles/view/127341#sd
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Hamp–/– fetal genotypes. Placental iron concentrations did not differ between iron-replete and iron-deficient groups, or between 

different Hamp genotypes (Figure 6C). Placental Hamp mRNA expression was not different between the different diet groups or 

between WT and heterozygous placentas (Figure 6D). Placental Tfrc mRNA was mildly increased and FPN protein significantly 

decreased in the iron-deficient group, as expected, but again with no difference observed among the different Hamp genotypes 

(Figure 6, E and F). The results indicate that loss of placental and embryonic hepcidin has no effect on placental or fetal liver iron 

status in iron-replete or iron-deficient pregnancies. 

We also measured expression levels of the miRNA miR485-3p (34), which was reported to be induced by cellular iron 

deficiency and mediate suppression of FPN via a posttranscriptional mechanism. However, we found no difference in mouse miR-

485-3p expression between iron-deficient and iron-replete pregnancies (Supplemental Figure 8). 

 

Iron is necessary for trophoblast function. The placenta is a highly metabolically active tissue, consuming approximately 40% of 

total uterine oxygen uptake (35). This large energy consumption is primarily used for mitochondrial ATP synthesis to support 

protein production, nutrient transport, and fetal metabolite waste transport (36). To assess the consequences of iron deficiency for 

the placenta, we measured the concentrations of ETC complexes CI–CV in E18.5 placentas from iron-replete and iron-deficient 

pregnancies and found no differences in complex expression (Supplemental Figure 9A). In vivo, however, the placenta is protected 

from large changes in iron status by its homeostatic response during iron deficiency, i.e., increased iron import through TFR1 and 

decreased export through FPN. Therefore, we isolated trophoblast cells from term human placentas (PHTs) and cultured them for 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Iron deficiency impairs oxidative phosphorylation in PHTs. PHTs were treated for 24 hours with 100 μM DFO, apo-Tf, 
or holo-Tf. (A) Western blotting for OXPHOS complexes CI–CV. β-Actin was used as a loading control. (B) Mitochondrial 
respiration under basal conditions following injection of oligomycin, the uncoupler FCCP, or the electron transport inhibitors 
antimycin A and rotenone (AA/ROT). (C) Quantitation of basal respiration, ATP-linked respiration, maximal respiratory capacity, 
and spare respiratory capacity normalized to total cells per well. Statistical differences between groups were determined by 1-
way ANOVA for normally distributed values followed by an all-pairwise multiple comparison (Holm-Sidak method) (###P < 0.001) 
or 1-way ANOVA on ranks for non-normally distributed values followed by an all-pairwise multiple comparison (Tukey’s test) 
(#P < 0.05). Lowercase letters indicate a statistical difference compared with DFO (“d”), Apo-Tf (“a”), or Holo-Tf (“h”) group. n = 
6 technical replicates. (D) ECAR. (E) Basal OCR versus basal ECAR. 
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24 hours under a range of iron conditions. We used the iron chelator DFO to deplete the cells of iron, holo-Tf to iron load them, 

and apo-Tf as a baseline control. As shown in Figure 4P, iron deficiency increased the expression of TFR1 and decreased FPN and 

ferritin. As in mouse placentas, we detected no change in the expression of OXPHOS complexes following iron treatments (Figure 

7A), probably because of the protective redistribution of intracellular iron at this time point. We next performed respirometry 

assays to measure how trophoblast iron levels affect mitochondrial respiration. Iron depletion decreased all the measured 

bioenergetic parameters of respiration compared with apo-Tf and holo-Tf treatments, with a significantly lower basal, ATP-linked, 

maximal, and spare respiratory capacity oxygen consumption rate (OCR) in iron-depleted cells (Figure 7, B and C). The reduction 

in the maximal OCR suggests that iron deficiency may perturb the placenta’s ability to generate energy for its synthetic and 

transport functions. Following inhibition of ATP synthase by oligomycin, PHTs compensated by shifting to glycolysis under all 

iron conditions (Figure 7D), demonstrating that the cells remained viable. Comparison of the baseline OCR and extracellular 

acidification rate (ECAR) (Figure 7E) confirmed that iron depletion decreased the OCR but not the ECAR. The uniformly low 

ECAR indicated that mitochondrial respiration rather than glycolysis is the predominant form of energy production in the 

trophoblast. 

As an alternative trophoblast model, we used BeWo cells, a placental cell line derived from a human choriocarcinoma 

often used to study placental transport, including that of iron (37). Like PHTs, BeWo cells were treated with DFO, apo-Tf, or 

holoTf for 24 hours. DFO treatment efficiently depleted cells of iron, with a 70% average reduction in cellular ferritin levels 

(Supplemental Figure 9, B and C). Additionally, DFO treatment upregulated TFR1 (Supplemental Figure 9, B and D), whereas 

FPN was undetectable in all groups. Importantly, expression of all ETC complexes decreased in the iron-depleted cells compared 

with apo-Tf– or holo-Tf–treated cells (Supplemental Figure 9, E and F), suggesting that severe placental iron deficiency could 

impair the machinery of cellular oxidative phosphorylation. 

Taken together, our data support the hypothesis that severe placental iron deficiency could compromise critical 

determinants of placental function, providing an evolutionary rationale for the prioritization of placental iron retention in iron-

deficient pregnancy. 

Discussion 
Although the importance of iron for a healthy pregnancy is well recognized, how iron transfer from the mother to the fetus is 

regulated during pregnancy is not well understood. To determine how the maternal-placental-fetal unit responds to changes in 

maternal iron status, we performed a comprehensive evaluation of mechanisms in mouse models, human pregnancies, and isolated 

trophoblast. In mouse models, we confirmed that the maternal iron regulatory hormone hepcidin is suppressed during pregnancy, 

consistent with previous reports in humans (38). However, the mechanism of suppression is not yet known. We show that maternal 

hepcidin is regulated by maternal iron status during pregnancy, with iron-loaded mothers having higher hepcidin levels than iron-

replete or iron- deficient mothers. However, within each group, hepcidin was still suppressed compared with nonpregnant females, 

revealing a strong effect by a pregnancy-associated factor. Furthermore, reductions of both hepcidin protein and mRNA levels 

confirmed that maternal hepcidin suppression is not a consequence of hemodilution. Additional studies are required to determine 

the exact mechanism(s) of maternal hepcidin suppression during pregnancy. 

Embryonic hepcidin overexpression in mice, as in transgenic hepcidin embryos or Tmprss6-deficient embryos, was 

reported to regulate placental FPN expression. However, in normal murine pregnancies, embryonic hepcidin expression is very 

low (32, 33). In our studies, iron endowment of the fetus was unaffected by genetic ablation of fetal and placental hepcidin in iron-

replete or iron-deficient pregnancies, indicating that embryonic or placental hepcidin was too low to regulate iron transfer across 

the placenta under these conditions. 

Importantly, our animal models showed that during iron- replete pregnancy, homeostatic maternal adaptations — 

hepcidin suppression and iron mobilization from stores — maintained constant maternal serum iron levels throughout the 

pregnancy despite increased iron utilization in advanced pregnancy. In iron-loaded mothers, maternal hepcidin was relatively 

increased, preventing the release of excess iron into the maternal circulation and protecting embryos from iron overload, with only 

a small increase in placental iron. 

In contrast to embryonic protection from maternal iron overload, maternal adaptations to iron deficiency, including the 

profound suppression of hepcidin, were not sufficient to protect the embryos from iron deficiency anemia. We were surprised to 

uncover a placental response that prioritized placental iron retention despite fetal iron deficiency. In the face of maternal iron 

deficiency, the murine placenta strongly decreased levels of the iron exporter FPN, resulting in decreased iron transport to the 

fetus. Although this ensured that the placenta developed only relatively mild iron deficiency, it was to the severe detriment of fetal 

iron content, with fetuses developing profound iron deficiency anemia as reflected by their low Hb and liver stores. In contrast to 

our mouse models that were stressed with severe iron deficiency, in human pregnancies that were only modestly iron deficient, 

expression of TFR1 protein increased but that of FPN did not change. Because human pregnancies with severe maternal iron 

https://www.jci.org/articles/view/127341#sd
https://www.jci.org/articles/view/127341#sd
https://www.jci.org/articles/view/127341#sd
https://www.jci.org/articles/view/127341#sd


The Journal of Clinical Investigation    R E S E A R C H A R T I C L E 

 

68 

 

deficiency are rare in settings in which fresh placentas can be obtained, we simulated the condition by exposing human trophoblast 

to a more severe iron deficiency in vitro. In agreement with the mouse model, we observed a decrease in FPN and ferritin. 

We propose the PIDI, a ratio of placental iron exporter to importer (FPN/TFR1), as an indicator of fetal exposure to iron 

deficiency in utero. Using the ratio would minimize the effect of regional differences in human sample collection. TFR1 and FPN 

expression is restricted to the syncytiotrophoblast; if placental tissue collection includes an area with low or no expression of 

transporters, this could be erroneously interpreted as a “regulated” low expression of an individual transporter, whereas a ratio of 

the 2 transporters would account for the sampling variability. 

Using mouse models, we also determined the mechanism underlying the altered expression of placental iron transporters 

following maternal iron deficiency. We demonstrated that placental IRP1 plays a critical role in sensing placental iron levels and 

consequent modulation of iron transporters and that Irp1–/– placentas failed to decrease FPN protein levels in the face of maternal 

iron deficiency. 

The ability of the placenta to retain iron for its needs prior to transport to the fetus is consistent with previous observations 

that when oxygen supply to the uterus is limited, the majority of the oxygen is consumed by the placenta, and oxygen transfer to 

the fetus is adversely affected (39). Placental retention of iron during severe iron deficiency would preserve oxidative 

phosphorylation to supply necessary ATP for placental protein synthesis and transport functions (36). Indeed, we show that severe 

iron deficiency in primary human placental trophoblast cells impaired mitochondrial respiration, whereas in the BeWo cell line, it 

even decreased the levels of all 5 ETC complexes. Unlike in BeWo cells, we did not observe an ETC complex decrease in primary 

trophoblast cells at the 24-hour time point and speculate that the differences in the sensitivity of these 2 cell types to iron deficiency 

reflect the variability of protective cellular mechanisms against this stress. We argue that prioritization of placental iron retention 

in response to iron deficiency may have an evolutionary benefit: it would preserve placental iron levels even during iron deficiency 

so that all iron-dependent placental functions are protected, thus indirectly benefiting the fetus overall despite diminishing fetal 

iron availability. 

Prioritization of placenta iron acquisition over iron transport to the fetus suggests that fetuses are unable to compensate 

for maternal iron deficiency by increasing placental iron transfer. A common misconception is that the fetus is a “perfect parasite,” 

able to acquire adequate iron irrespective of the mother’s iron status (40). However, consistent with our data, several human and 

macaque studies confirmed that neonatal iron stores are compromised when the mother is iron deficient or anemic (41– 47). 

Furthermore, in agreement with our model, maternal iron deficiency anemia resulted in a higher placenta/newborn weight ratio 

(48, 49). Our observation underscores the importance of detecting and treating iron-deficient pregnancies. 

One of the current challenges recognized by the US Preventive Services Task Force (50) is the ability to accurately 

identify iron deficiency in pregnant women to determine whether iron supplementation is necessary. Currently, the most common 

laboratory measure is maternal Hb, in which low Hb is presumed to be a result of iron deficiency; however, distinguishing actual 

iron deficiency anemia from Hb changes related to hemodilution remains a challenge (50). The lack of a correlation between 

maternal Hb and the PIDI in our human study suggests that Hb is not an adequate indicator of maternal iron deficiency or of the 

risk of fetal iron deficiency. Serum ferritin is another measure used to assess maternal iron status; although often a good indicator, 

this value can be confounded by infection or inflammation. In our human pregnancies, which did not have inflammation, a 

maternal serum ferritin level below 10 ng/mL was an accurate indicator of the risk of fetal iron deficiency as determined by the 

PIDI. Although hepcidin and ferritin are both acute phase reactants that respond to infection and inflammation, some studies have 

suggested that hepcidin is a better indicator of iron status in pregnant women than ferritin (51, 52). However, we found no 

correlation between the PIDI and maternal hepcidin levels. 

Neonatal iron deficiency has been linked to numerous neurobehavioral effects (4). Most recently, an association was 

reported between maternal anemia diagnosed earlier in pregnancy (≤30 weeks) and increased offspring risk of autism spectrum 

disorder, attention-deficit/hyperactivity disorder, and intellectual disability (6). Therefore, it is important that neonatal iron 

deficiency be accurately quantitated. A commonly used indicator of neonatal iron deficiency is cord blood Hb or cord blood 

ferritin. However, previous studies indicated that during fetal iron deficiency, iron is preferentially used for Hb synthesis, 

sacrificing neonatal brain iron endowment (53). Thus, low Hb may only manifest in the most severe forms of iron deficiency. 

Additionally, in our human study, the lack of a correlation between cord blood Hb or ferritin and the PIDI indicates that cord 

blood Hb and ferritin may not be sensitive indicators of neonatal iron deficiency. Therefore, we propose that the PIDI may be a 

superior indicator of iron deficiency in utero. As it can only be measured after birth, the PIDI cannot be used to guide iron 

supplementation during human pregnancy but may be used for future research studies to identify better markers of neonatal iron 

deficiency. Our study also shows that in the absence of infection or inflammation, maternal serum ferritin levels below 10 ng/mL 

may also signal the risk of fetal iron deficiency. 

Our study demonstrates how the healthy maternal-placental- fetal unit handles iron. Maternal hepcidin is suppressed, 

allowing for increased absorption from the diet and release of iron from stores to maintain serum iron concentrations. This allows 
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for optimal transfer of iron from the maternal circulation through the placenta, via TFR1 and FPN, to the fetus, where iron is then 

used for erythropoiesis, and any excess is stored in the fetal liver. In states of iron overload, maternal hepcidin is elevated and 

prevents overloading of the embryo. During iron deficiency, however, the placental homeostatic response retains iron within the 

placenta and protects the metabolically active placenta from severe iron deficiency and consequently decreased oxidative 

phosphorylation. Although this occurs at the cost of fetal iron deficiency, it may ultimately protect the fetus from more severe 

adverse effects of broader placental dysfunction 

 

Methods 
Mice. C57BL/6J mice were obtained from The Jackson Laboratory or bred in-house. Irp1−/− mice on a C57BL/6 background were provided 

by Tracey Rouault (54). Hepcidin-KO (Hamp−/−) mice were originally provided to our laboratory by Sophie Vaulont (55) and backcrossed 

by us with mice on a C57BL/6 background. Unless otherwise specified, mice received a standard diet (PicoLab Rodent Diet 20, 5053 

Irradiated, 185 ppm iron) and were fed ad libitum. The iron-deficient diet (4 ppm) (TD.80396) and the iron-loaded diet (10,000 ppm, 

TD.08043) were purchased from Envigo Teklad Diets. 

To test the effects of maternal iron status, C57BL/6J females were maintained on a standard (iron-replete) diet and then placed 

on an iron-deficient diet 2 weeks prior to mating and throughout gestation (iron-deficient), or received a single i.p. injection of 20 mg iron 

dextran (iron loading) (MilliporeSigma, D8517) at mating. For alternative iron deficiency and loading strategies, C57BL/6J females were 

placed on an iron-deficient diet at mating and throughout gestation (short-term iron-deficient) or on a 10,000-ppm diet 2 weeks prior to 

mating and throughout gestation. Pregnant females were euthanized at the indicated gestational age, and nonpregnant female controls were 

euthanized on the same day. 

To test the contribution of IRP1 to the maintenance of placental iron homeostasis, Irp1+/– female mice were mated with Irp1+/– 

male mice. The pregnant females were placed on an iron-deficient diet at E7.5 until E18.5, at which point they were euthanized and tissues 

collected for analysis. 

To determine the contribution of local placental and embryonic hepcidin, Hamp+/– females were maintained on an iron-replete 

diet or placed on an iron-deficient diet 1 week prior to mating and throughout gestation. Hamp+/– females were mated with Hamp+/– males, 

and pregnant females were euthanized when the embryos reached E18.5. 

 

Human subjects. Forty-three pregnant women we recruited in their late second or early third trimester between August 2015 and October 

2017 at the UIC Center for Women’s Health (UI Health). Women were eligible if the following criteria were met: they had a prepregnancy 

BMI above 18.5 kg/m2; they had naturally conceived, had a singleton pregnancy, were at 26–33 gestational weeks, and were obtaining 

prenatal care and planning to deliver at UI Health; were 17–45 years of age; had a parity of 0–3; were able to read and write English; were 

gaining the minimum amount of weight compared with their prepregnancy BMI from 23 to 24 gestational weeks onward, based on the 

recommendations of the Institute of Medicine; and had access to a phone to alert research staff when they were admitted to UI Health for 

labor and delivery. The following criteria were used to exclude women from this study: live birth or other pregnancy (including ectopic 

and molar pregnancies) in the previous 12 months; autoimmune disorder; gestational diabetes mellitus or previously diagnosed diabetes; 

current or previous premature rupture of membranes or chorioamnionitis; previous spontaneous premature birth; current bacterial or viral 

infection; current steroid or antiinflammatory treatment; previous bariatric surgery; malabsorptive disease; current hyperemesis; 

hematologic disorder (i.e., sickle cell disease, sickle cell trait, or hemochromatosis); tobacco use in the past 3 months; current alcohol 

consumption; or current illicit drug use. 

One blood sample was collected at 32–34 gestational weeks. Women were asked to fast for 1.5 hours and refrain from all 

vitamin and mineral supplements for 48 hours prior to the visit. Upon admission to the UI Health Labor and Delivery facility (at 38.9 ± 

1.4 weeks), an additional maternal blood sample was obtained. Placentas were processed within 30 minutes of delivery. The placenta was 

visually divided into quadrants, a was core sampled from each quadrant and sectioned into smaller pieces, and pieces from all 4 cores were 

combined to provide a representative sample of the tissue. Aliquots were either snap-frozen, or RNAlater (Ambion) was added. 

 

Cell culture. PHTs were prepared from normal-term placentas using a modified trypsin-deoxyribonuclease-dispase/Percoll method (56, 

57). PHTs were cultured in DMEM plus 10% FBS. BeWo cells obtained from the American Type Culture Collection (ATCC) (CCL98) 

were cultured in Ham’s F-12K Nutrient Mixture plus 10% FBS. For in vitro iron depletion and iron-loading experiments, PHTs were 

seeded at 1 × 106/well and BeWo cells at 1 × 105/well in a 6-well, collagen-coated plate (Corning BioCoat), allowed to attach overnight, 

and treated with 100 μM DFO (MilliporeSigma, D9533), 100 μM apo-Tr (Celliance, 4452-01), or 100 μM holo-Tf (MilliporeSigma, 4455-

01) for 24 hours. 

 

Complete blood counts. Mouse complete blood counts (CBCs) were performed on a Hemavet 950FS hematology system (Drew Scientific). 

Human Hb was determined using an Abbott HemoCue point-of-care monitor. 

 



The Journal of Clinical Investigation    R E S E A R C H A R T I C L E 

 

70 

 

Iron measurements. Serum, hepatic, and placental nonheme iron concentrations were measured using a previously described method (58) 

(Sekisui Diagnostics, 157-30). Human maternal and neonatal cord serum iron and serum ferritin were measured at Quest Diagnostics. The 

unsaturated iron–binding capacity (UIBC) was measured using a Pointe Scientific assay (I7504). The transferrin saturation percentage = 

(serum iron/total iron-binding capacity [TIBC]) × 100. 

 
58Fe isotope preparation and sample analysis. 58Fe (93% enrichment) was purchased from Trace Sciences International, dissolved in 12N 

HCl to form H2 plus 58FeCl2, and H2O2 was added to oxidize the H2 plus 58FeCl2 to H2O plus 58FeCl3. 58FeCl3 was incubated with 

nitrilotriacetate (NTA) at a molar ratio of 1:5 in 20 mM NaHCO3 for 5 minutes at room temperature to form 58Fe-NTA. Human apo-Tf 

(Celliance, 4452-01) was dissolved in Tf-loading buffer (0.1 M HEPES, pH 7.5, 0.15 M NaCl) and incubated with 58Fe-NTA at a molar 

ratio of 1:2 for 2.5 hours at room temperature to form 58Fe-Tf. To remove unbound 58FeCl3, the 58Fe-Tf mixture was centrifuged in an 

Amicon Ultra Filter 30K at 2500 g for 15 minutes and washed with Tf-l oading buffer and saline. Each pregnant mouse received a retro- 

orbital injection of 3.5 mg human 58Fe-Tf (equivalent to 5 μg 58Fe) at E17.5. Tissues were collected 6 hours after injection. Placentas and 

fetal livers were processed for nonheme iron as previously described (58), and supernatant was submitted for ICP-MS analysis of 56Fe and 
58Fe. The remaining iron (mostly heme) was extracted from tissue pellets by digestion in HNO3 supplemented with H2O2, the samples 

were heated up to 200°C for 15 minutes followed by dilution of samples with 2% HNO3, and the samples were analyzed by ICP-MS. The 

sum of nonheme and heme iron was presented as the total iron content. For 58Fe measurements, the natural abundance (0.28% of total Fe) 

was subtracted from the measured 58Fe values.  

 

Serum hepcidin. Mouse serum hepcidin levels were measured using a sandwich ELISA by Amgen (59). 

Quantitative PCR. RNA was prepared using TRIzol (Invitrogen, Thermo Fisher Scientific), and cDNA was synthesized using an iScript 

cDNA Synthesis Kit (Bio-Rad). Quantitative PCR (qPCR) was performed with SsoAdvanced SYBR Green Supermix (Bio-Rad) (primers 

are listed in Supplemental Table 5). The samples were run in duplicate on a CFXconnect qPCR instrument (Bio-Rad). miR-485-3p was 

measured using a QIAGEN miScript Primer Assay (MS00006335). 

 

Immunofluorescence. Formalin-fixed, paraffin-embedded sections (5-μm) of mouse and human placentas were used. Tris- EDTA buffer 

(10 mM Tris, 1 mM EDTA, pH 9.0) was used for antigen retrieval, and sections were heated to 96°C for 10 minutes. Primary antibodies 

(Supplemental Table 6) were incubated overnight at room temperature in a humidified chamber and secondary antibodies for 1 hour at 

room temperature. Images were captured using a Zeiss LSM 700 confocal microscope. 

 

Western blot analysis. Tissues were lysed by homogenization in RIPA buffer and cells by addition of RIPA (Santa Cruz Biotechnology, 

sc-24948), and lysates were cleared by centrifugation at 17,000 g for 15 minutes at 4°C. Protein was quantified using a Pierce BCA Assay 

(Thermo Fisher Scientific, 23225). Samples for FPN and OXPHOS were prepared in Laemmli sample buffer without a reducing agent, 

and samples were not boiled. For all other proteins, samples were prepared in Laemmli buffer with DTT and incubated at 100°C for 5 

minutes. The samples were resolved on Bio-Rad 4%–20% TGX gels or Any kD TGX gels for OXPHOS, electroblotted onto nitrocellulose 

(Trans-Blot Turbo System, Bio-Rad), and imaged with a ChemiDoc XRS+ system (Bio-Rad). The primary and secondary antibodies used 

are listed in Supplemental Table 6. Membranes were stripped using 0.2N NaOH for 10 minutes at room temperature and reprobed for the 

loading controls. Quantitation was performed using Image Lab Software, version 5.2.1 (Bio-Rad). 

 

PIDI calculation. Since mouse FPN and TFR1 expression was analyzed on separate Western blots, given the need for different handling 

of the samples, we first normalized each of the proteins to their β-actin loading control and then generated the PIDI as the ratio of normalized 

FPN to normalized TFR1. In human placenta, because several electrophoresis gels had to be used to analyze the large number of samples, 

TFR1, FPN, and β-actin values were normalized to the median for each membrane to account for intermembrane variability, and then the 

values were divided by the normalized β-actin values to account for any loading variation. The normalized FPN values were then divided 

by the normalized TFR1 values to generate the PIDI. 

 

EMSA. The direct interaction between placental IRP1 and IRP2 and IREs was determined using a LightShift Chemiluminescent RNA 

EMSA Kit (Thermo Fisher Scientific, 20158). Whole placenta tissue lysate (4 μg) was used for each reaction, and samples were then 

resolved on a pre-cast 6% DNA retardation gel (Thermo Fisher Scientific, EC6365BOX) and transferred onto a Biodyne B nylon 

membrane (Thermo Fisher Scientific, 77016) using a Trans-Blot Turbo Transfer System (Bio-Rad) at 200 mA for 30 minutes. Transferred 

RNA was crosslinked onto the membrane using the “autocrosslink” function on the Stratagene Stratalinker UV Crosslinker 2400. RNA 

detection was performed using a Chemiluminescent Nucleic Acid Detection Module (Thermo Fisher Scientific, 89880), and membranes 

were imaged on a ChemiDoc XRS+. 

 

Respirometry assays. The OCR and ECAR were measured using the Seahorse XFe96 flux analyzer (Agilent Technologies). PHTs 

(40,000/ well or 60,000/well) were plated onto a Seahorse XF96 cell culture plate (Agilent Technologies, 101085-004) coated with 

collagen (MilliporeSigma, 125-50) and were then cultured for 3 hours to allow attachment, washed 3 times with PBS, and cultured in 

https://www.jci.org/articles/view/127341#sd
https://www.jci.org/articles/view/127341#sd
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DMEM plus 1% FBS supplemented with 100 μM DFO, 100 μM apo-Tf, or 100 μM holo- Tf for 24 hours. At the time of the assay, the 

treatment medium was removed and replaced with the appropriate prewarmed Seahorse XF Assay Medium (Agilent Technologies) 

consisting of DMEM containing 10 mM glucose and 4 mM glutamine. Cells were then subjected to a Mitochondria stress test (Agilent 

Technologies). Oxygen consumption measurements were made approximately every 5 minutes under basal conditions, after the addition 

of 2.5 μM oligomycin, 1 μM carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), and 2 μM antimycin A and rotenone. OCR 

and ECAR measurements were normalized to the number of cells per well following the assay. The contribution from nonmitochondrial 

respiration as measured following antimycin A and rotenone injection was subtracted from all raw OCR values. Basal OCRs were 

determined at the last measurement prior to the injection of oligomycin. ATP-linked respiration was determined as the difference between 

the oligomycin-resistant OCR and basal respiration. Maximal respiration was determined as the highest value after the addition of FCCP. 

Spare capacity was determined by the difference between maximal FCCP and the basal OCR. ECAR measurements were performed in 

parallel. Basal ECARs were determined at the last measurement prior to the injection of oligomycin. The post-oligomycin maximum 

ECAR was the calculated average of 4 measurements taken after oligomycin injection. 

 

Statistics. For box plots, the upper portion of the box plot indicates the 75th percentile and the bottom indicates the 25th percentile, 

whiskers above the box indicate the 90th percentile, those below the box indicate the tenth percentile, and individual points represent 

outliers. The solid line within the box indicates the median and the dashed line the mean. Statistical analysis was performed using 

SigmaPlot scientific graphing and data analysis software (Systat Software). A P value of less than 0.05 was considered statistically 

significant. Statistical differences between groups were determined using a 1-way ANOVA for normally distributed values followed by 

the Holm-Sidak method for multiple comparisons; a 1-way ANOVA on ranks followed by Dunn’s method for multiple comparisons for 

non-normally distributed values; a 2-tailed, unpaired Student’s t test for normally distributed values; a Mann-Whitney U for non-normally 

distributed values; or a 2-way ANOVA. 

 

Study approval. All study procedures were approved by the UIC Institutional Review Board (approval no. 2015-0353), and all participants 

provided written informed consent. 
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SUPPLEMENTAL MATERIALS 

  

Supplemental Table 1. Maternal Hematologic Parameters  

  

Iron-deficient Iron-replete Iron-loaded 

Non-Preg 

(n=6) 

E12.5 

(n=3) 

E15. 

(n=3) 

E18.5 

(n=7) 

Non-Preg 

(n=10) 

E12.5 

(n=6) 

E15.5 

(n=3) 

E18.5 

(n=3) 

Non-Preg 

(n=5) 

E12.5 

(n=2) 

E15.5 

(n=3) 

E18.5 

(n=4) 

RBC  
(106/µL)  

8.1±0.3 6.9±0.2 7.3±0.2 6.6±0.6 8.6±0.5 7.4±0.5 7.8±0.3 7.4±0.3 7.5±0.5 7.2±0.1 6.4±0.3 6.3±0.1 

Hb  
(g/dL)  

12.8±0.6 9.9±0.5 9.7±0.4 8.5±0.7 12.6±0.6 10.9±0.9 11.2±0.6 10.5±0.7 12.0±0.9 10.9±0.1 10.7±0.2 10.2±0.3 

HCT (%) 35.3±1.7 28.1±1.2 29.1±0.9 26.6±1.7 45.0±6.8 36.3±4.6 40.5±5.7 38.6±3.6 34.9±3.6 31.2±0.0 29.5±1.1 31.8±3.1 

MCV  
(fL)  

43.5±1.1 40.6±1.0 40.0±0.3 40.2±1.0 47.6±5.5 49.2±4.3 52.1±7.4 52.0±3.7 45.4±2.6 43.6±0.7 46.3±0.9 50.2±4.5 

MCH  
(pg)  

15.5±0.8 14.3±0.6 13.3±0.2 12.8±0.1 14.7± 0.7 14.9±1.1 14.4±0.7 14.3±1.3 16.0±0.5 15.2±0.1 16.9±0.5 16.2±0.6 

Plt  
(103/µL)  

924±279 1077±96 1433±17 1115±329 853±223 699±120 916±134 1013±209 942±83 1010±79 973±70 893±137 

WBC  4.7±2.4 3.8±1.6 2.5±0.6 3.1±0.5 3.5±1.1 4.1±2.1 3.0±0.6 2.5±0.9 2.8±0.8 2.8±0.8 3.2±1.1 1.6±1.0 

  

 

Supplemental Table 1: Maternal Hematological Parameters. Hematological parameters of 

dams with different iron and pregnancy states. Data are presented as mean ± SD. RBC, red blood 

cell count; Hb, hemoglobin concentration; HCT, hematocrit; MCV, mean corpuscular volume; 

MCH, mean corpuscular hemoglobin; Plt, platelet count; WBC, white blood cell count.   
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Supplemental Table 2. Embryo Hematological Parameters 

 
Iron-deficient Iron-replete Iron-overload 

E18.5 (n=15) E18.5 (n=7) E18.5 (n=8) 

RBC 
(106/µL) 

1.4±0.2*** 2.8±0.2 2.8±0.2 

Hb (g/dL) 2.9±0.5*** 10.4±0.5 9.7±0.9 
HCT (%) 10.6±2.1*** 34.6±2.7 32.6±3.3 
MCV (fL) 72.9±8.2# 133.7±27.1 116.4±5.6 
MCH (pg) 20.2±1.1*** 36.7±2.3 34.5±1.4* 
Plt (103/µL) 427±81 501±44 469±34 
WBC 5.7±2.0 5.1±0.3 3.9±1.2 

  

 

Supplemental Table 2: Embryo Hematological Parameters. Hematological parameters of 

E18.5 embryos from dams with different iron states. Data are presented as mean ± SD. RBC, red 

blood cell count; Hb, hemoglobin concentration; HCT, hematocrit; MCV, mean corpuscular 

volume; MCH, mean corpuscular hemoglobin; Plt, platelet count; WBC, white blood cell count.  

Statistical differences between groups were determined by one-way ANOVA for normally 

distributed values followed by Holm-Sidak method for multiple comparisons versus iron-replete 

control group (***P<0.001) or one-way ANOVA on ranks followed by Dunn’s method for 

multiple comparisons versus iron-replete control group (#P<0.05).  
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   Supplemental Table 3. Maternal Hematologic Parameters 

 

Iron-deficient (short-term) Iron-loaded (10K ppm diet) 

Non-Preg 

(n=2) 
E18.5 

(n=5) 
P-value 

Non-Preg 

(n=4) 
E18.5 

(n=4) 
P-value 

RBC (106/µL) 9.0±0.7 7.3±0.2 0.250* 9.0±0.2 7.3±0.6 0.029* 

Hb (g/dL) 12.9±0.9 8.7±0.3 0.655 13.1±0.4 11.1±0.5 0.0585 

HCT (%) 42.9±4.2 33.0±1.7 0.005 42.6±3.3 35.3±4.2 0.289 

MCV (fL) 47.6±1.1 45.5±2.0 0.009 47.5±2.7 48.3±3.3 0.587 

MCH (pg) 13.6±0.1 11.9±0.2 0.002 14.6±0.4 15.2±0.7 0.125 

Plt (103/µL) 616±113 1500±379 0.275 841±118 869±250 0.889 

WBC 1.9±0.5 3.0±1.2 0.894 3.4±1.1 3.1±0.5 0.369 

  

 

Supplemental Table 3: Maternal hematological parameters in alternative mouse models of 

iron depletion and iron loading.  Hematological parameters of short-term iron-depleted dams 

and 10 Kppm iron-loaded dams. Data are presented as mean ± SD. RBC, red blood cell count; Hb, 

hemoglobin concentration; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean 

corpuscular hemoglobin; Plt, platelet count; WBC, white blood cell count. Statistical analysis 

compares E18.5 pregnancy values for iron-deficient short-term versus long-term or ironloading 

diet versus iron dextran using two-tailed Student’s t-test for normally distributed values or Mann-

Whitney rank sum test for non-normally distributed values (indicated by an asterisk following P-

value).  
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Supplemental Table 4. Embryo Hematologic Parameters 

 

Iron-deficient  

(short-term) 
P-value 

Iron-loaded  

(10Kppm diet) 
P-value 

E18.5 (n=8)  E18.5 (n=14)  

RBC (106/µL) 1.6±0.4 0.118 2.7±0.2 0.594 
Hb (g/dL) 3.1±0.8 0.397 9.3±0.6 0.272 
HCT (%) 12.8±3.1 0.071 35.2±3.6 0.114 
MCV (fL) 78.3±5.2 0.100* 133.7±27.1 0.019 
MCH (pg) 19.0±1.4 0.050 33.9±2.3 0.535 
Plt (103/µL) 324±108 0.022 411±42 0.005 
WBC 7.4±1.5 0.142 13.8±10.5 0.003* 

  

 

Supplemental Table 4: Embryo hematological parameters in alternative models of iron 

depletion or iron loading. Hematological parameters of E18.5 embryos from short-term iron-

depleted dams and 10 Kppm ironloaded dams. Data are presented as mean ± SD. RBC, red blood 

cell count; Hb, hemoglobin concentration; HCT, hematocrit; MCV, mean corpuscular volume; 

MCH, mean corpuscular hemoglobin; Plt, platelet count; WBC, white blood cell count. Statistical 

analysis compares values for iron-deficient short-term versus long-term or iron-loading diet versus 

iron dextran using two-tailed Student’s t-test for normally distributed values or Mann-Whitney 

rank sum test for non-normally distributed values (indicated by an asterisk following P-value).   
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 Supplemental Table 5. qPCR Primers  

Species  Gene  Sequence  

Mouse  Hprt   Fwd: 5’-CTG GTT AAG CAG TAC AGC CCC AA-3’  

Rev: 5’-CAG GAG GTC CTT TTC ACC AGC-3’  

Hamp  Fwd: 5’-TTG CGA TAC CAA TGC AGA AGA- 3’  

Rev: 5’-GAT GG GCTT CTA GGC TAT GTT-3’  

Tfr1  Fwd: 5’-TCA TGA GGG AAA TCA ATG ATC-3’  

Rev: 5’-GCC CCA GAA GAT ATG TCG GAA-3’  

Fpn1  Fwd: 5’-ATG GGA ACT GTG GCC TTC AC-3’  

Rev: 5’-TCC AGG CAT GAA TAC GGA GA-3’  

Fpn1A  Fwd: 5’-AAA GAA GAC CCC GTG ACA GC-3’  

Rev: 5’-TCC CCG TGT TTG TTC TGA TG-5’  

Fpn1B  Fwd: 5’-GCC GGT TGG AGT TTC AAT GT-3’  

Rev: 5’-TCC CCG TGT TTG TTC TGA TG-3’  

Zc3h12A/Regnase-1  Fwd: 5’-CGA GAG GCA GGA GTG GAA AC-3’  

Rev: 5’-CTT ACG AAG GAA GTT GTC CAG GCT AG-3’  

Dmt1  Fwd: 5’-CGC TCG GTA AGC ATC TCG AA-3’  

Rev: 5’-TGT TGC CAC CGC TGG TAT CT-3’  

Hfe  Fwd: 5’-CCA CCG CGT TCA CAT TCT CT-3’  

Rev: 5’-CTG GTC ATC CAC ATA GCC CC-3’  

Hephl1  Fwd: 5’-GCA TCG GAA GTG AAG TGG AC-3’  

Rev: 5’-GGT TTG AAA TGT CCC AGG AA-3’  

Flvcr1/Mfsd7b  Fwd: 5’-TTT CCT TTG TGC CTG GAT GT-3’  

Rev: 5’-GCC CGG TGT TTA TAT TGT GC-3’  

Il6  Fwd: 5’-CTC TGC AAG AGA CTT CCA TCC AGT-3’  

Rev: 5’-CGT GGT TGT CAC CAG CAT CA-3’  

Saa1  Fwd: 5’-AGT CTG GGC TGC TGA GAA AA-3’  

Rev: 5’-ATG TCT GTT GGC TTC CTG GT-3’  

Human  FPN1 variant I  Fwd: 5’-TTT TGC CCA AGG CTG TTG TG-3’  

Rev: 5’-TCA TGA CAC TAG GCG ACC C-3’  

FPN1 variant IIB  Fwd: 5’-ATG TAG GAT CCA CTA CCA GGG-3’  

Rev: 5’-TCA TGA CAC TAG GCG ACC C-3’  

ZC3H12A/REG1  Fwd: 5’ – CGA CAC ATA CCG TGA CCT CC – 3’   

Fwd: 5’ – TCA GGG GGC ATA AAC TTG TCA – 3’   

  

Supplemental Table 5: qPCR Primers   
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Supplemental Table 6. Antibodies  

Target protein  Primary antibody  

Mouse FPN  Rat monoclonal antibody IC7 (western and immunofluorescence), 

Amgen   

Human FPN  Human monoclonal antibodies 38G6 (western), 38C8 

(immunofluorescence), Amgen  

Hepcidin ELISA  Mouse monoclonal antibodies Ab2B10 and Ab2H4-HRP, Amgen  

Mouse and human TFR1  Monoclonal antibody H68.4, ThermoFisher Scientific  

Mouse and human ferritin 

heavy chain  

Rabbit monoclonal antibody D1D4, Cell Signaling  

Mouse ferritin light chain  Goat polyclonal antibody NBP1-06986, Novus  

Mouse and human β-actin  Monoclonal antibody-peroxidase AC-15, SIGMA  

Mouse GAPDH  Rabbit monoclonal antibody 14C10, Cell Signaling   

Mouse and human 

electron transport chain  

Total OXPHOS Rodent WB Antibody Cocktail ab110413, Abcam  

Secondary antibodies:  

Anti-mouse IgG HRP (Cell Signaling #7076)  

Anti-rabbit IgG HRP (Cell Signaling #7074)  

Anti-rat IgG HRP (AbCam #ab102213)  

Pierce high sensitivity neutravidin-HRP (ThermoFisher #31030)  

Goat-anti-mouse-AF488 (ThermoFisher #A32723)  

Goat-anti-mouse-AF594 (ThermoFisher #A11032),  

Streptavidin-AF555 (ThermoFisher #S21381)  

Donkey-anti-rat-AF488 (ThermoFisher #A21208)  

 

Supplemental Table 6: Antibodies. 38G6 and 38C8 were biotinylated using EZ-Link Sulfo-

NHS-LC-LC Biotin (Thermo 21338). FPN antibody validation is provided in Supplemental Figure 

10.  
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Supplemental Figure 1: Maternal transferrin saturation. Females were fed standard chow 

(185 ppm iron) or low iron diet (4ppm iron) or high iron diet (10,000 ppm iron) 2 weeks prior to 

and throughout the pregnancy or were injected with 20 mg iron dextran at time of mating. Pregnant 

females were analyzed at E12.5, 15.5 and 18.5. Nonpregnant (Non-P) females were subjected to 

an equivalent iron treatment. Serum iron of the same samples is shown for comparison.  
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Supplemental Figure 2: The effect of maternal iron deficiency on placental and fetal iron at 

E18.5 compared to iron-replete pregnancy. (A) Embryo brain non-heme iron concentration. (B) 

Whole embryo non-heme iron. (C) Non-heme and heme iron content of whole placentas. (D) Non-

heme and heme iron content of whole fetal livers. Statistical analyses were performed using two-

tailed Student’s t-test for normally distributed values or Mann- Whitney rank sum test (*) for non-

normally distributed values.    
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Supplemental Figure 3: Comparison of different models of iron deficiency and iron loading 

in pregnant mice.  Iron depletion: long-term versus short-term iron depletion was achieved by 

starting females on low iron diet 2 weeks prior to pregnancy versus at mating. The diet was 

continued through the pregnancy. Iron loading: females received a single intraperitoneal injection 

of 20mg iron dextran at mating, or 10,000ppm iron diet 2 weeks prior to mating and throughout 

gestation (10Kppm). Non-pregnant animals were subjected to the same regimens and analyzed at 

the same time point. (A-D) Maternal parameters: liver iron (A), serum iron (B), hemoglobin (C), 

and hepcidin mRNA (D). (E-G) Fetal parameters: serum iron (E), liver iron (F) and hemoglobin 

(G). (H-I) Placental parameters: tissue non-heme iron (H), and Fpn and TfR1 protein levels (I). 

Statistical analyses were performed using two-tailed Student’s t-test for normally distributed 

values or Mann-Whitney rank sum test for non-normally distributed values (indicated by an 

asterisk). Data for iron-deficient long-term, iron-replete and iron dextran are replicated from 

Figure 1 but are provided for ease of understanding.  
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Supplemental Figure 4: Placental ferritin increases with elevated maternal iron status. 

Mouse placentas from Figure 1 were analyzed by western blotting to determine protein 

concentration of ferritin. β-Actin was used for normalization (the image is the same as in Figure 

2C but included here for convenience). Bar graph shows means +/- SE. Statistical differences 

between groups were determined by one-way ANOVA for normally distributed values followed 

by Holm-Sidak method for multiple comparisons versus iron-replete control group.  
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Supplemental Figure 5: REG1 mRNA expression and FPN mRNA isoforms in human 

placenta. (A-B) Placentas from uncomplicated human pregnancies were analyzed by qPCR for 

REG1 mRNA expression according to maternal ferritin at week 32-34 or at delivery. (C) FPN 

splicing variant “FPN1A” (also known as FPN variant I (1)) contains 5'IRE, and “FPN1B” (also 

known as FPN variant IIB (1, 2)) does not contain 5'IRE. The isoforms were measured by qPCR 

in human placental samples. HPRT was used as a housekeeping gene. K562 cells were used as a 

control sample in which a comparable amount of FPN1A and 1B was reported (1).  
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Supplemental Figure 6: Placental mRNA expression of Tfrc and Fpn in mouse pregnancies 

with varying maternal iron status. E12.5, 15.5 and 18.5 placentas from iron-deficient, iron-

replete and iron-loaded mouse pregnancies were analyzed by qPCR to determine mRNA 

expression of Tfrc (A), its regulator regnase-1 (Reg-1) (B), Fpn1 splicing variant Fpn1A which 

contains 5'IRE (C) and Fpn1B which does not contain 5'IRE (D), Dmt1 (E), Hfe (F), Hephl1 (G), 

Flvcr1 (H), Il-6 (I), Saa1 (J). Hprt was used as a housekeeping gene. Statistical differences 

between groups was determined by two-way ANOVA, P values for diet, gestation and interactions 

are listed in the graphs along with n number. For Tfrc, diet affects expression levels (P<0.001) 

with significant differences at E18.5 between iron-deficient and iron-loaded (P=0.005) and 

between iron-replete and iron-loaded (P=0.005); however, gestational age does not (P=0.332) 

affect Tfrc expression. For Fpn1A, gestational age affects mRNA expression (P<0.001) whereas 

diet has no effect (P=0.099).    
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Supplemental Figure 7: Iron and hematological parameters for E18.5 Hamp+/- dams. Hamp+/- 

females were mated with Hamp+/- males. Females were placed on iron-replete or iron-deficient 

diet 1 week prior to mating. To confirm sufficient iron depletion, maternal liver hepcidin mRNA 

(A), liver iron (B), serum iron (C), hemoglobin (D), RBC count (E), and MCV (F) were measured. 

Statistical differences between groups were determined by two-tailed Student’s t-test for normally 

distributed values or Mann-Whitney rank sum test for non-normally distributed values (indicated 

by an * following P-value).   
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Supplemental Figure 8: miR-485-3p is not responsible for changes in placenta FPN during 

maternal iron deficiency. Expression levels of miR-485-3p in E18.5 placentas from iron-replete 

and iron-deficient pregnancies. Data are presented as mean±SE. Statistical differences were 

determined by Mann-Whitney rank sum test.  
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Supplemental Figure 9: Integrity of ETC complexes I-V in E18.5 mouse placentas and BeWo 

cells under varying iron conditions. (A) Placenta lysates from E18.5 iron-replete and iron-

deficient pregnancies in Figure 1 were analyzed by western blot for expression of proteins 

involved in oxidative phosphorylation (OXPHOS): electron transport chain (ETC) complexes I 

(NDUFB8), II (SDHB), III (UQCRC2), IV (MTCO1) and V (ATP5A). (B-F) BeWo cells were 

treated with DFO, apo-Tf or holo-Tf (100µM each) for 24hr. (B) Western blot of FerritinHC and 

TFR1. βActin was used as a loading control. (C, D) Quantitation of ferritinHC and TFR1, relative 

to an untreated control within each experiment (n=3). (E) Western blot of ETC complexes I-V. 
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(F) Quantification of ETC complexes normalized to β-Actin and presented relative to the untreated 

control for each experiment (n=5). Data are presented as mean±SE. For statistical analysis, the 

two-tailed 1-sample Student t-test (normally distributed data) was used with 1 as the comparison. 

Statistical significance, P<0.05.  
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A.   

  

  

  

  

  

  

  

  

B.   

  

  

  

  

  

  

  

  

  

Supplemental Figure 10: FPN antibody validation. (A) Anti-mouse FPN antibody was 

validated using duodenal epithelium from intestinal-specific FPN knockout mice and their flox 

littermates. (B) Anti-human FPN antibody used in our study is Amgen 38C8 (far right). It was 

validated using HEK293 cells induced or not to express human FPNGFP (lanes 1 and 2), as well 

as a human placental lysate expressing endogenous FPN (lane 3). Comparison to additional anti-

FPN antibodies is provided.  
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Abstract  

Iron disorders are associated with adverse pregnancy outcomes, yet iron homeostatic mechanisms 

during pregnancy are poorly understood. In humans and rodents, the iron-regulatory hormone 

hepcidin is profoundly decreased in pregnant mothers, which is thought to ensure adequate iron 

availability for transfer across placenta. However, the fetal liver also produces hepcidin, which 

may regulate fetal iron endowment by controlling placental iron export. To determine the relative 

contribution of maternal vs embryo hepcidin to the control of embryo iron endowment in iron-

sufficient or iron-overloaded mice, we generated combinations of mothers and embryos that had 

or lacked hepcidin. We found that maternal, but not embryonic hepcidin determined embryo and 

placental iron endowment in a healthy pregnancy. We further determined that inflammation can 

counteract pregnancy-dependent suppression of maternal hepcidin. To establish how essential 

maternal hepcidin suppression is for embryo iron homeostasis, we mimicked the range of maternal 

hepcidin activity by administering a hepcidin peptide mimetic to pregnant mice. This also allowed 

us to determine the effect of isolated maternal hepcidin excess on pregnancy, in the absence of 

other confounding effects of inflammation. Higher doses of hepcidin agonist caused maternal iron 

restriction and anemia, lower placenta and embryo weight, embryo anemia, and increased embryo 

mortality. Low agonist doses did not cause maternal anemia but still adversely affected the 

embryo, causing anemia, tissue iron deficiency including in the brain, and decreased weight. Our 

studies demonstrate that suppression of maternal hepcidin during pregnancy is essential for 

maternal and embryo iron homeostasis and health.
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Introduction 

Systemic iron homeostasis is regulated by the hormone hepcidin1, which triggers degradation of the 

only known mammalian iron exporter ferroportin (FPN). Decreased FPN levels prevent iron 

absorption, recycling and mobilization from storage, thereby decreasing plasma iron levels and iron 

utilization in tissues2. Major stimuli that regulate hepcidin production include iron, erythropoietic 

activity, pregnancy and inflammation3,4. Hepcidin suppression during iron deficiency allows for 

replenishment of body iron stores, and suppression after an erythropoietic stimulus allows sufficient 

delivery of iron for compensatory erythropoiesis. Inflammation increases hepcidin production via the 

IL-6 pathway5,6, resulting in hypoferremia. Although this host defense mechanism may slow the 

growth of invading microorganisms, in chronic inflammatory conditions or infections, elevated 

hepcidin contributes to the development of iron-restricted anemia7. 

During pregnancy, iron is critical for placental growth, fetal development and maternal health8. 

In humans, iron deficiency and its more severe form, iron-deficiency anemia (IDA), have been 

associated with adverse pregnancy outcomes including increased maternal morbidity and mortality, 

preterm birth, low birth weight, cognitive defects in newborns and impaired immune function9-14. In 

healthy human15 and rodent16,17 pregnancies, maternal hepcidin levels are profoundly decreased in the 

second and third trimester by an unknown mechanism but are still regulated by maternal iron status16,18. 

Decreased maternal hepcidin allows for increased absorption of dietary iron and mobilization of iron 

from stores19, thus increasing the availability of iron for transfer across placenta. 

Although maternal hepcidin is low in normal pregnancies, inflammatory disorders could 

prevent appropriate suppression of hepcidin, potentially compromising iron availability during 

pregnancy. In addition to causing iron sequestration in the mother, elevated maternal hepcidin could 

prevent iron absorption from supplements commonly prescribed to pregnant women. A study utilizing 
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stable iron isotope administration in healthy pregnancies reported that higher maternal hepcidin was 

associated with lower dietary iron absorption and lower iron transfer to the neonate20.  

Inflammation during pregnancy is common in developing countries with endemic malaria, 

HIV, tuberculosis or parasitic infestations, whereas in high-resource countries, inflammation occurs in 

bacterial and viral infections, obesity and diabetes, and less commonly autoimmune diseases or 

malignancies21. It has not been systematically explored whether maternal hepcidin is increased in these 

conditions, particularly in pregnancies with moderate to severe inflammation, how maternal hepcidin 

is regulated in the context of co-existing anemia, and whether maternal hepcidin has any effect on 

neonatal iron homeostasis. In a cross-sectional cohort including both healthy and complicated 

pregnancies (gestational diabetes mellitus, gestational hypertension, preeclampsia and liver 

dysfunction), maternal hepcidin correlated with CRP22 but in healthy human pregnancy maternal 

serum hepcidin did not correlate with inflammatory markers15,23,24. Maternal hepcidin predicted 

anemia of inflammation in pregnant women with schistosomiasis25. In the milder inflammation 

associated with obesity, some studies reported no difference in maternal hepcidin compared to lean 

pregnancies in early pregnancy or the third trimester26-28, whereas other studies found elevated 

maternal serum hepcidin in obese pregnant women29-32. No clear association with neonatal iron status 

or anemia was reported. Importantly, in human studies utilizing iron parameters measured in cord 

blood, evaluation of fetal/neonatal iron homeostasis is confounded by the effects of labor and delivery. 

Indeed, a time-course analysis of perinatal hepcidin expression in mice showed that embryo hepcidin 

expression is low, but transiently increases at birth until at least P233. 

In this study, we examined the role and regulation of hepcidin during pregnancy and found 

that suppression of maternal hepcidin during pregnancy is essential for embryo iron homeostasis 

and health. 
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Materials and Methods 

Mice – All experiments were approved by the Animal Research Committee at UCLA. Mice were 

fed a standard diet (PicoLab® Rodent Diet 20, 5053 Irradiated, 185 ppm iron). All mouse strains 

were on a C57BL/6J background. Wild-type (WT) mice were from The Jackson Laboratory or 

bred in-house. Hepcidin knockout (KO) mice were originally from Dr. Sophie Vaulont19 and 

backcrossed by us onto the C57BL/6J background.  

To induce maternal inflammation, pregnant WT mice received a subcutaneous 

interscapular injection of 0.5 μg/g LPS (E. coli serotype O55:B5, MilliporeSigma) or sterile water 

at E17.5. To model iron-restriction, pregnant C57BL/6J mice were injected subcutaneously with 

10 or 50 nmol of minihepcidin (PR73) dissolved in SL22034,35 (NOF Corporation); controls were 

injected with the corresponding amount of solvent. Injections were given daily from E12.5-17.5 

(6d) or E7.5-17.5 (11d). PR73 (MW 1730 Da) was synthesized as described35. 

 

Statistical analysis – Statistical analysis was performed using GraphPad Prism 8 or SigmaPlot 

(Systat Software), details are provided in the Supplemental Data.  

Additional methods can be found in the Supplemental Data. 
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Results 

Embryo iron endowment is determined by maternal rather than embryo or placental 

hepcidin. Maternal hepcidin (Hamp) is profoundly suppressed during human15 and rodent 

pregnancies16,17, reaching maximal suppression in the 3rd trimester when iron transfer to the fetus 

is greatest (reviewed in36). However, the fetal liver also produces hepcidin which could control 

placental iron export through FPN. At embryonic day (E)18.5, maternal liver Hamp mRNA was 

12-fold lower than in non-pregnant females (2-ΔCt 84±18 v 7±10; P<0.001), and embryo liver  

Hamp was another 15-fold lower than maternal Hamp (2-ΔCt 7±10 v 0.46±0.49; P<0.001) (Figure 

2-1A). Serum hepcidin was also suppressed in pregnant females and embryos compared to non-

pregnant females: 150±37 v 16±16 v 11±7 ng/mL for non-pregnant, pregnant females and embryos 

respectively (Figure 2-1B). Recently, we showed that during iron deficiency, embryo iron 

endowment was not affected by the embryo’s hepcidin genotype16. However, under high iron 

conditions, when hepcidin is typically induced4, embryo hepcidin could limit iron transfer across 

the placenta. We examined the contribution of maternal and embryo hepcidin to regulating iron 

transfer from mother to placenta and embryo in normal and iron-loaded pregnancies. The iron-

loaded Hamp KO and iron-sufficient Hamp heterozygous (Het) females were mated with Hamp 

Figure 2-1. Hepcidin expression in non-

pregnant and pregnant females and embryos 

in mice. WT C57BL6/J non-pregnant females 

are compared to age-matched pregnant females 

and their embryos at E18.5. (A) Hepatic Hamp 

mRNA and (B) serum hepcidin. Statistical 

differences between groups was determined by 

two-tailed Student’s t-test for normally 

distributed values or by Mann-Whitney rank-

sum test for non-normally distributed values 

(indicated by * following P-value). Non-P = 

nonpregnant, Preg = pregnant, Emb = embryos. 
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Het males to generate genetically mixed litters of Hamp KO, Het and WT embryos. Hamp KO 

females were significantly more iron-loaded than Het females at E18.5: serum iron, 45±2 v 20±8 

ng/mL (P=0.036, Figure 2-2A) and liver non-heme iron, 417±131 v 13±6 µg/g (P=0.003, Figure 

2-2B). We then compared the iron status of embryos and their placentas at E18.5 within each of 

the maternal genotypes. Although embryo Hamp mRNA was generally low in all genotype groups 

at E18.5, statistically significant differences were detected in liver Hamp expression between WT, 

Het and KO embryos (Supplemental Figure 2-1A). These variations in expression were not 

functionally relevant, as there was no difference in embryo serum iron, embryo liver non-heme 

iron, and placental non-heme iron concentrations (P=0.95, P=0.75, and P=0.88) between embryo 

Hamp genotypes derived from Het mothers, nor between embryos derived from KO mothers 

(P=0.08, P=0.29, P=0.17) (Figure 2-2C-E). These data demonstrate that even under high iron 

conditions, embryo hepcidin has no effect on embryo iron endowment. 

By contrast, there was a highly significant effect of maternal Hamp genotype on embryo 

iron endowment. Maternal hepcidin deficiency significantly increased concentration of embryo 

liver non-heme iron (P<0.001 for maternal v P=0.377 for embryo Hamp genotype), and increased 

placenta non-heme iron (P<0.001 for maternal v P=0.391 for embryo Hamp genotype) (Figure 2-

2D, E). Similar to results at E18.5, analysis of neonatal liver non-heme iron at P1 demonstrated a 

highly significant effect from maternal but not pup genotype (P<0.001 for maternal v P=0.915 for 

pup Hamp genotype) (Supplemental Figure 2-1B). Our data in the mouse model demonstrate that 

the degree of maternal hepcidin suppression rather than embryo or placental hepcidin determines 

embryo iron endowment.  

Placental FPN levels are a possible target of placental and embryo hepcidin but we found 

no difference in placental FPN in relation to either embryo genotype (P=0.219) or maternal Hamp 
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Figure 2-2. Maternal rather than embryo hepcidin determines embryo iron endowment. To determine the 

relative contribution of maternal versus embryo hepcidin to the regulation of embryo iron endowment, Hamp Het 

and KO females were mated with Hamp Het males to generate Hamp WT, Het and KO embryos. Mothers and 

embryos were analyzed on E18.5. (A) Maternal serum iron and (B) liver non-heme iron concentrations. Statistical 

comparisons were performed by two-tailed Mann-Whitney rank-sum test for non-normally distributed value 

(indicated by * following P-values) or for normally distributed but non-equal variance data sets, a two-tailed t-test 

with Welch’s correction was performed (indicated by (#) after the P-value). (C) Embryo serum iron, (D) embryo 

liver non-heme iron and (E) placenta non-heme iron. (F) Western blot for FPN and TFR1 from E18.5 Hamp WT, 

Het and KO placentas, derived from either Hamp Het mothers and Hamp KO mothers. GAPDH was used as a 

loading control. FPN was run on two separate blots, as indicated by a line; TFR1 was run on a single blot. (G) 

Quantification of placental FPN across different maternal and embryo genotypes. FPN was normalized to GAPDH 

for loading. To normalized FPN levels between blots, four samples from each of the two blots were re-run together 

on a separate blot. (H) Quantification of placental TFR1 across different maternal and embryo genotypes. TFR1 

was normalized to GAPDH. (I) Calculated Placental Iron Deficiency Index (PIDI): the ratio of placental FPN to 

TFR1 protein. (C-E, G-I) Statistical differences between groups was determined by two-way ANOVA for embryo 

versus mother Hamp genotype. 
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genotype (P=0.862) (Figure 2-2F, G). In contrast, TFR1 was decreased in placentas from Hamp 

KO dams (P=0.003), with no difference observed between embryo Hamp genotypes (P=0.993) 

(Figure 2-2F, H). The decrease in placental TFR1 is likely mediated by the IRE-IRP system in 

response to increased placenta iron concentration.  

We previously conceived the placental iron deficiency index (PIDI), the ratio of placental 

FPN to TFR1 protein concentrations, as a sensitive indicator of placental iron status16. In that 

study, we reported that PIDI was decreased in placentas from iron-deficient compared to iron-

adequate mothers. We now show that PIDI increased with placental iron loading and was higher 

in placentas from Hamp KO compared to Het dams (P<0.001), with no effect of embryo Hamp 

genotype (P=0.337) (PIDI in Figure 2-2I, placental iron in 2-2E).  

There was no difference in embryo brain iron regardless of embryo or maternal genotype 

(P=0.878 and P=0.852) (Supplemental Figure 2-1C). 

 

Maternal inflammation induces maternal hepcidin. To assess whether inflammation could 

counteract the physiological suppression of maternal hepcidin during pregnancy, C57BL/6J 

females at E17.5 and non-pregnant controls were injected subcutaneously with 0.5 µg/g LPS for 

 

Figure 2-3. Systemic inflammation induces maternal 

hepcidin and severe hypoferremia during pregnancy. 

Age-matched non-pregnant and pregnant (E17.5) WT 

C57BL/6J females received a single subcutaneous 

injection of water or 0.5µg/g LPS and were analyzed 6 

hours later. (A) Maternal serum hepcidin and (B) maternal 

serum iron. Statistical comparisons were performed by 

two-tailed Student’s t-test for normally distributed values, 

by two-tailed Mann-Whitney rank-sum test for non-

normally distributed value (indicated by * following P-

values), or for normally distributed but non-equal variance 

data sets, a two-tailed t-test with Welch’s correction was 

performed (indicated by (#) after the P-value). 
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6h. LPS treatment of dams is known to rapidly increase the concentrations of the cytokine IL-637, 

a potent inducer of hepcidin. In non-pregnant females, LPS induced hepcidin 3.5-fold compared 

to water-injected controls (198±136 to 706±352 ng/mL, P=0.029, Figure 2-3A). In E17.5 pregnant 

females, serum hepcidin was lower at baseline than in non-pregnant females as expected, but was 

induced 23-fold after LPS injection (37±25 to 849±279 ng/mL, P=0.008), reaching levels observed 

in LPS-injected non-pregnant females (P=0.496 for pregnant vs non-pregnant LPS-injected 

groups) (Figure 2-3A).  

Following the hepcidin increase, we observed a 2.5-fold decrease in serum iron in non-

pregnant LPS-treated females (25.5±2.9 to 9.5±5.5 µM, P=0.001) (Figure 2-3B). In pregnant 

females, baseline serum iron was lower compared to non-pregnant females and was decreased 

further 9.5-fold from 12.5±3.4 to 1.3±2.0 µM following LPS treatment (P<0.001, Figure 2-3B). 

Inflammatory hypoferremia is predominantly mediated by elevated hepcidin concentrations38 

although direct suppression of Fpn mRNA expression by inflammation39 may also contribute. We 

next explored the effect of such severe hypoferremia on maternal, placental and fetal health, apart 

from other effects of inflammation.  

 

Elevated maternal hepcidin results in maternal iron-restriction. Maternal infection and 

inflammation are associated with adverse pregnancy outcomes40,41 but whether hepcidin-mediated 

hypoferremia contributes to those outcomes is unknown. To isolate the effect of elevated maternal 

hepcidin on pregnancy from other effects of inflammation, we injected pregnant mice with a 

hepcidin peptide mimetic PR7334,42. To first determine whether PR73 crosses the placenta, mothers 

received a single subcutaneous injection of 100 nmol PR73 or solvent, and maternal and embryo 

sera were collected after 6h for an in vitro bioassay43. HEK293T-FPN-GFP cells were treated with 
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10% of maternal or embryo serum in DMEM, and FPN levels determined by flow cytometry and 

compared to PR73 and hepcidin-25 standard curves (Supplemental Figure 2-2A, B). Maternal 

serum from PR73-injected mothers caused degradation of FPN but embryo serum from the same 

mothers did not, indicating that PR73 does not appreciably cross the placenta.  

To examine pregnancy outcomes after a prolonged increase in hepcidin activity, WT 

pregnant females received daily subcutaneous injections of minihepcidin PR73 as follows: a high 

short-term dose (“50-6d”, 50 nmol/day for 6 days from E12.5-E17.5), a high long-term dose (“50-

11d”, 50 nmol/day for 11 days from E7.5-E17.5), and a low long-term dose (“10-11d”, 10 

nmol/day for 11 days from E7.5-E17.5). Pregnant female controls were injected on the same 

schedule with solvent. Analyses were performed at E18.5.  

To estimate how much endogenous hepcidin the PR73 treatment is equivalent to, we 

assessed FPN degradation with the in vitro bioassay using maternal serum from the 50-6d 

treatment group (Supplemental Figure 2-2C) and compared it to the hepcidin-25 standard curve. 

We calculated the average activity in maternal serum using the equation in Supplemental Figure 

2A and accounting for the use of 10% serum. The activity in 50-6d maternal serum was 

functionally equivalent to approximately 700 ng/mL of hepcidin-25, which is comparable to 

endogenous maternal hepcidin levels observed in LPS-treated females (Figure 2-3). We also 

assessed FPN degradation by western blotting after treating FPN-GFP cells with maternal and 

embryo serum from our “50-6d” and “10-11d” treatment groups (Supplemental Figure 2-2D). 

We found that maternal serum caused much greater FPN degradation than embryo serum, further 

indicating that PR73 did not appreciably cross the placenta in these treatment groups. We did not 

have sufficient material to analyze maternal and embryo sera from the 50-11d treatment group and 

thus cannot rule out that minihepcidins entered the embryo circulation in this group. 
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We next assessed the effect of increased hepcidin activity during pregnancy on maternal 

iron and hematological parameters. Minihepcidin treatment tended to decrease maternal serum 

iron concentrations in all groups, although because of measurement variability and limited sample 

sizes, statistical significance was only reached in the 50-6d group (Figure 2-4A). PR73 did cause 

a dose- and time-dependent iron sequestration in the maternal liver and spleen (Figure 2-4B, C), 

with the strongest effect seen in the 50-11d group. The same 50-11d group had the most severe 

anemia, with significantly decreased Hgb, RBC count and MCV (Figure 2-4D-F). The effect on 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4. Effects of hepcidin-mediated iron restriction during pregnancy on maternal iron status and 

hematological parameters. Pregnant C57BL/6J dams received daily subcutaneous PR73 injections of 50 nmol/day 

for 6 days from E12.5-18.5 (“50-6d”), 50 nmol/day for 11 days from E7.5-17.5 (“50-11d”), 10 nmol/day for 11 days 

from E7.5-17.5 (“10-11d”), or the equivalent amount of solvent. Iron status and hematological parameters were 

measured at E18.5. Maternal iron parameters: (A) serum iron, (B) liver non-heme iron, and (C) spleen non-heme 

iron. Maternal hematological parameters: (D) hemoglobin, (E) red blood cell count, and (F) mean corpuscular 

volume (MCV). Statistical comparisons were performed by two-tailed Student’s t-test for normally distributed 

values or for normally distributed but non-equal variance data sets, a two-tailed t-test with Welch’s correction was 

performed (indicated by (#) after the P-value). 
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maternal iron and hematology was less pronounced in the 10-11d group that received the low dose 

of PR73, where dams did not develop anemia.  

To evaluate the maternal response to iron restriction and anemia in the 50 nmol/day 

injection groups, we first confirmed that PR73 treatment did not induce inflammation, as reflected 

by the stable liver serum amyloid A1 (Saa1) mRNA (Supplemental Figure 2-3A). Endogenous 

maternal liver Hamp mRNA was further suppressed, particularly in the 50-11d group (P=0.044) 

(Supplemental Figure 2-3B), likely as a feedback response to iron restriction. To evaluate the  

erythropoietic response, we measured mRNA expression of maternal bone marrow glycophorin A  

(Gypa) and erythroferrone (Erfe) (Supplemental Figure 2-3C, D). Erfe, but not Gypa was 

significantly elevated in 50-6d and 50-11d groups, suggesting an ineffectual erythropoietic 

response to anemia. Our data show that despite adequate dietary iron, elevated maternal hepcidin 

activity during pregnancy caused maternal iron restriction and maternal anemia.   

 

Effects of hepcidin-mediated maternal iron-restriction on the placenta. Placentas were 

analyzed at E18.5 to determine the consequences of maternal iron restriction on placenta 

development and iron status. In the 50-6d treatment group, injections started at E12.5, after 

placental development is complete44. There was no difference in placenta weight (P=0.691, Figure 

2-5A) nor in non-heme iron concentration (P=0.164, Figure 2-5B) between minihepcidin-treated 

and control pregnancies. In the 50-11d treatment group, where injections started at E7.5, before 

complete placental development, placental weights at E18.5 were 20% lower in the minihepcidin-

treated group (P<0.001, Figure 2-5A). Decreased placental weight suggests impaired placental 

development, which may impair nutrient transport to the embryo, not limited to iron. Additionally, 

placental non-heme iron concentrations were significantly lower in this group (P=0.047, Figure 
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2-5B), despite adaptive alterations in expression of iron transporters TFR1 and FPN (see below). 

In the 10-11d treatment group, despite injections starting prior to placental maturation, there was 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5. Effects of hepcidin-mediated maternal iron restriction on the placenta. Placentas from the three 

minihepcidin treatment groups from Figure 4 were analyzed at E18.5 for weight and iron content. (A) Placental 

weight was used as a surrogate measure for placental development. (B) Placental non-heme iron content. (C) 

Western blot of total placental TFR1 and FPN protein for the 50-6d and 50-11d treatment groups (left panel), and 

10-11d treatment group (right panel).  Quantification of western blot results for (D) TFR1 and (E) FPN protein 

relative to GAPDH. (F) Calculated Placental Iron Deficiency Index (PIDI): the ratio of placental FPN to TFR1 

protein. Statistical comparisons were performed by two-tailed Student’s t-test for normally distributed values, by 

two-tailed Mann-Whitney rank-sum test for non-normally distributed value (indicated by * following P-values), or 

for normally distributed but non-equal variance data sets, a two-tailed t-test with Welch’s correction was performed 

(indicated by (#) after the P-value). 
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no difference in placental weight or placental non-heme iron concentration (Figure 2-5A, B), 

indicating that the level of iron-restriction was insufficient to affect placental development.  

We previously reported that during maternal iron deficiency, placental iron transporters are 

regulated to maintain placental iron homeostasis16. As placental tissue becomes iron deficient, 

placental IRP-1 mediates an increase in TFR1 and decrease in FPN protein, protecting placental 

tissues from iron deficiency16. Maternal iron restriction resulted in similar regulation of placental 

iron transporters (Figure 2-5C-E). In the most severely iron-restricted group (50-11d), TFR1 

significantly increased (P<0.001) (Figure 2-5C, D) and FPN decreased (P=0.024) (Figure 2-5C, 

E). PIDI (the FPN/TFR1 ratio) was significantly decreased in the 50-6d and 50-11d PR73 groups 

indicating the placentas ‘sensed’ iron restriction and responded by altering the transporter 

expression (Figure 2-5F). These transporter changes, however, were not sufficient to prevent 

placental non-heme iron decrease in the face of severe maternal iron restriction. In the shorter term 

50-6d group, only FPN significantly decreased (P=0.021), which was sufficient to maintain normal 

placental non-heme iron levels. In the 10-11d group, neither TFR1, FPN, nor PIDI differed 

significantly between the solvent and minihepcidin groups, consistent with the mild iron restriction 

(Figure 2-5D-F).   

 

Hepcidin-mediated maternal iron restriction causes adverse embryo outcomes. Embryos 

from minihepcidin- and solvent-treated mothers were analyzed at E18.5. In the most severe 50-

11d group, in which placental development was also perturbed, 40% of embryos were dead and 

resorbing, and surviving embryos exhibited marked pallor (Figure 2-6A). Such severe adverse 

outcomes highlight the detrimental effects of maternal iron restriction on pregnancy and may result 

not only from iron deficiency in the embryo but also the indirect effects of iron restriction via 
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maternal anemia or placental insufficiency. Because of frequent embryo death in this group, further 

analyses were performed in the embryos from the milder 50-6d and 10-11d minihepcidin groups. 

Embryos weighed significantly less in both the 50-6d and 10-11d groups compared to the solvent 

groups (50-6d: 1.13±0.08 v 0.92±0.16 g, P<0.001; 10-11d: 1.07±0.19 v 0.93±.017 g, P=0.007) 

(Figure 2-6B), indicating that embryos are much more susceptible to the detrimental effect of iron 

restriction than the mothers or placentas.  Furthermore, both treatments caused embryo anemia, 

with a stronger effect in the 50-6d group. Embryo Hb, RBC number and MCV were significantly 

lower in PR73 compared to solvent group (all P<0.001, Figure 2-6C-E). In the 10-11d groups, 

embryo Hb and MCV were significantly lower (P<0.001 and P=0.011, Figure 2-6C and E); but 

RBC counts did not statistically differ (P=0.189, Figure 2-6D). 

We next assessed iron status of embryos. Embryos were hypoferremic in both groups: in 

the 50-6d group, serum iron decreased more than 3-fold (39.7±8.6 v 12.4±12.0 µM, P=0.010), and 

in the 10-11d group serum iron decreased from 41.3±12.3 to 26±14.2 µM (P<0.05) (Figure 2-7A). 

Additionally, iron stores assessed by embryo liver non-heme iron concentration were significantly 

 

 

 

 

 

 

 

Figure 2-6. Effects of hepcidin-mediated maternal iron restriction on embryo outcome and hematological 

parameters. Embryos from PR73- and solvent-injected pregnancies from Figure 4 were analyzed at E18.5. (A) 

Embryos were visibly anemic, with increased mortality and resorption in the more severe 50-11d group. Panels B-

E: Analysis of embryos from the 50-6d and 10-11d groups. (B) Embryo weight. (C) blood hemoglobin 

concentration, (D) RBC count and (E) mean corpuscular volume MCV. Statistical comparisons were performed by 

two-tailed Student’s t-test for normally distributed values, or for normally distributed but non-equal variance data 

sets, a two-tailed t-test with Welch’s correction was performed (indicated by (#) after the P-value). 
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decreased: 50-6d, 58±23 to 21±9 µg/g (P<0.001), and 10-11d, 51±19 to 27±8 µg/g (P<0.001) 

(Figure 2-7B). Brain non-heme iron concentration was also significantly decreased following 

maternal iron restriction (Figure 2-7C). The slight trend for lower brain weight in the iron-

restricted groups was not statistically significant (Figure 2-7D). Taking into account embryo brain 

weight, total brain iron was also significantly decreased in embryos from iron-restricted mothers 

(Figure 2-7E). There was no evidence of embryo inflammation in the minihepcidin-treated group 

as measured by embryo liver Saa1 mRNA (Figure 2-7F).  Supplemental Figure 4 provides a 

graphical summary of the consequences of elevated maternal hepcidin. Our data in the mouse 

model demonstrate that even modest hepcidin-mediated iron restriction, which did not 

substantially alter maternal iron and hematological status or placental homeostasis, still had a 

detrimental effect on embryos, manifested as growth restriction, anemia, and tissue iron deficiency 

including in the brain.     

Figure 2-7. Effects of hepcidin-

mediated maternal iron restriction 

on embryo iron status. Embryos 

from PR73- and solvent-injected 

pregnancies from Figure 4 were 

analyzed at E18.5. (A) Serum iron. 

(B) Embryo liver non-heme iron. (C) 

Embryo brain non-heme iron 

concentration. (D) Embryo brain 

weight. (E) Total embryo brain non-

heme iron content. (F) Embryo liver 

Saa1 mRNA expression. Statistical 

comparisons were performed by two-

tailed Student’s t-test for normally 

distributed values, by two-tailed 

Mann-Whitney rank-sum test for 

non-normally distributed value 

(indicated by * following P-values), 

or for normally distributed but non-

equal variance data sets, a two-tailed 

t-test with Welch’s correction was 

performed (indicated by (#) after the 

P-value). 
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Discussion  

The iron supply to the developing fetus is essential for its development and is entirely dependent 

on placental transfer of iron from the maternal circulation. Plasma iron levels are controlled by the 

iron regulatory hormone hepcidin. Maternal hepcidin is profoundly decreased starting in the 

second trimester and until delivery in humans45 and rodents16,17, presumably to mobilize maternal 

iron for transfer to the fetus. The relative contribution of maternal, fetal and placental hepcidin to 

iron regulation in the mother and in the placentofetal unit during physiologic pregnancy is still not 

completely understood. In embryos with transgenic hepcidin overexpression under the control of 

the transthyretin promoter that is active as early as E9.5, severe embryo anemia was observed, 

with perinatal mortality46. Similarly, in Tmprss6-/- embryos, hepcidin was elevated by E17.5, and 

was associated with iron deficiency and anemia in embryos and pups47 but no embryonic 

lethality48. Of note, dams in Tmprss6 studies were heterozygous for Tmprss6 deletion, as 

homozygosity causes infertility in females48. Conversely, in mice with targeted disruption of the 

hepcidin gene both genders were fertile, hepcidin knockout pups were born at the expected 

Mendelian ratios and appeared normal19. These genetic mouse models established that elevated 

embryo hepcidin is detrimental whereas absence of embryo hepcidin does not cause obvious 

developmental defects. However, the regulatory role of embryonic hepcidin in physiologic 

pregnancy had not been determined.  

During maternal iron loading, we assessed whether a physiological induction of embryonic 

hepcidin could be functionally important to prevent embryo iron overload in utero. We found no 

effect of embryo nor placental hepcidin on embryo iron endowment in either iron-sufficient or 

iron-overloaded dams. Taken together with our previous finding that neither embryo nor placental 

hepcidin plays a role during maternal iron deficiency16, we surmise that maternal hepcidin is a key 
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determinant of embryo iron endowment. This is further evidenced by increased embryo iron 

endowment, regardless of embryo hepcidin genotype, when maternal hepcidin was absent and 

mothers were iron-loaded. The importance of maternal hepcidin in determining embryo iron 

endowment is also supported by our previous findings that in WT dams with high maternal iron 

stores, maternal hepcidin was proportionally increased, limiting the release of stored maternal iron 

and preventing embryo iron overload16. It is important to note however that in pathological 

pregnancies embryo hepcidin can be increased, resulting in dysregulated iron homeostasis47,49. In 

mice, maternal systemic inflammation induced by LPS injection also caused fetal hepcidin 

increase and hypoferremia within 24 h49. In rhesus macaques, intraamniotic injection of LPS 

similarly induced fetal hepcidin and hypoferremia, without any effect on maternal hepcidin49. In 

human pregnancies, antenatal exposure to intraamniotic infections resulted in elevated cord blood 

hepcidin and accompanying hypoferremia49. The strong regulation of fetal hepcidin by 

inflammation may have evolved as a conserved host defense mechanism against microbial 

infection of the fetoplacental unit. Taken together, data from our mouse models demonstrate that 

in healthy pregnancies or those with maternal iron loading, maternal hepcidin is the primary 

physiological controller of embryo iron endowment, but that in certain genetic conditions (e.g. 

Tmprss6 mutations) or with exposure to inflammation, fetal hepcidin can contribute to fetal iron 

regulation.  

In the current study, inflammation in pregnant dams robustly induced maternal hepcidin 

despite signals that suppress maternal hepcidin during normal pregnancy. In humans, 

inflammatory markers during pregnancy correlated with maternal hepcidin expression in some 

studies that included complicated pregnancies22,50,51, but the association was attenuated in 

pregnancies with mild inflammation such as caused by obesity26-32. Another study documented an 
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approximately 15-fold increase of hepcidin in a subgroup with anemia of chronic inflammation 

compared to normal pregnancy52. However, no effect of elevated maternal hepcidin on neonatal 

outcomes has yet been conclusively demonstrated. Increased maternal hepcidin was reported in 

the 1st trimester spontaneous abortion although it is unclear if the increase is a cause or 

consequence of spontaneous abortion18. Currently, multiple factors limit our understanding of the 

pathophysiology of hepcidin induction by inflammation in human pregnancy, including exclusion 

of pregnant women with severe infection or inflammation, inadequate definition of the normal 

range and interpretation of inflammatory biomarkers in pregnancy, and the complexity of hepcidin 

regulation in the setting of inflammation and pregnancy coexisting with iron deficiency and 

anemia. In our mouse model, LPS administration caused >20-fold induction of maternal hepcidin 

which was accompanied by severe hypoferremia, raising the possibility that increased maternal 

hepcidin during inflammation could contribute to the known adverse effects of maternal 

inflammation on the fetus. In human pregnancy, inflammation has been linked to increased 

maternal and neonatal mortality and morbidity, with adverse outcomes including spontaneous 

abortion, preterm birth, intrauterine growth restriction, and neurodevelopmental impairment53.   

To differentiate the effects of elevated maternal hepcidin from the other effects of 

inflammation on embryo development, pregnant dams were treated daily with injections of the 

hepcidin mimetic, PR73. Other models of elevated hepcidin were not suitable as female mice 

deficient in matriptase-2 (Tmprss6), a negative regulator of hepcidin, are infertile54.  Elevated 

maternal hepcidin activity resulted in maternal iron restriction and detrimental effects on the 

pregnancy. The higher PR73 dose regimens (50-6d and 50-11d treatments) caused iron 

sequestration in maternal liver and spleen, and hypochromic, microcytic anemia in dams. 

Unsurprisingly, embryos were also affected. Compared to the solvent groups, embryos were 
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smaller, anemic and iron-deficient.  The most severe iron restriction (50-11d) also resulted in 

decreased placental weight and death of 40% of embryos. At this dose, it is possible that placental 

dysfunction impaired general nutrient delivery to the embryo, contributing to the negative embryo 

outcomes. Likewise, maternal anemia and decreased oxygen delivery may have affected placental 

function. Remarkably, even at a low PR73 dose (10-11d treatment) that did not cause any 

appreciable change in maternal hematological parameters or placental development, we still 

observed adverse effects on embryos, with decreased embryo weight, anemia and iron deficiency, 

highlighting the sensitivity of the embryo to maternal iron restriction.  Our data suggest that 

elevated maternal hepcidin and consequent maternal iron restriction may be an unrecognized 

pathogenic factor in inflamed pregnancies that could contribute to fetal harm or demise.   

Fetal brain development is highly influenced by the maternal environment. Maternal 

inflammation during pregnancy is associated with increased risk of neurodevelopmental disorders 

in offspring55. Similarly, maternal iron deficiency is also associated with increased risk of 

neurobehavioral impairments11,56. Whether iron-restriction consequent of inflammation mimics 

iron deficiency thus resulting in impaired brain development has not been investigated. 

Interestingly, in our model of maternal iron restriction from excess maternal hepcidin, embryo 

brains were significantly smaller and contained less iron. The embryo brains were affected even 

when maternal iron and hematological parameters were unaffected, suggesting that the brain is 

particularly sensitive to decreases in iron supply.  

We previously reported that during maternal iron deficiency, placental iron transporters are 

regulated to maintain placental iron homeostasis16. In that report, we devised the placental iron 

deficiency index (PIDI), a biological measure of iron deficiency of the materno-fetal unit. PIDI is 

the ratio of placenta FPN to TFR1, predominantly located on the fetal-facing and maternal-facing 
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syncytiotrophoblast membranes, respectively.  Lower values of PIDI indicate greater placental 

iron deficiency, and the index is expected to be less sensitive to changes in placental size, cellular 

composition, or sampling location than the measurement of a single iron transporter would be.  In 

the 50-6d and 50-11d treatment groups, PIDI was lower in the PR73-treated compared to solvent 

groups, indicating placental sensing of iron restriction. Importantly, PIDI also changed with 

placental iron loading, and was increased in placentas from Hamp KO compared to Hamp Het 

dams, consistent with the observed increase in placental iron content in Hamp KO dams. This 

demonstrated that PIDI changes across the entire spectrum of placental iron exposure, supporting 

its utility as a sensitive and biologically relevant indicator of materno-fetal iron status.  

Our study demonstrates that the maintenance of appropriate maternal hepcidin levels 

during pregnancy is essential for embryo iron homeostasis and health.  In contrast to maternal 

hepcidin, embryo and placental hepcidin have no observable role in iron regulation in the absence 

of embryo inflammation. Future studies in pregnant women should reveal whether the combination 

of increased maternal serum hepcidin and hypoferremia is a useful marker of embryo iron 

restriction and its adverse consequences.  
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SUPPLEMENTAL MATERIALS 

Supplemental Material and Methods 

Hamp-/- genotyping - Genotyping was carried out by PCR of genomic tail DNA. DNA was 

isolated using a Gentra Puregene Tissue Kit (Qiagen). The PCR conditions used were 1 cycle of 

95°C for 5 min; 30 cycles of 94°C for 30s, 55°C for 45s, and 72°C for 30s; and 1 cycle of 72°C 

for 5 min. PCR products were resolved on 1.5% agarose gels. Product sizes: Hamp-1 (168 bp) and 

Hygro (322 bp). Primers: Hamp-1 fwd 5′-CTGTGGAAAATGAAGCATGGTGGG-3′ and rev 5′-

CACCTCTGGTCCTTCCTCATTAGAG-3′; Hygro fwd 5′-GTGTCACGTTGCAAGACCTG-3′ 

and rev 5’-ACATTGTTGGAGCCGAAATC-3’.  

Complete blood counts (CBCs) - Blood was collected from euthanized mice by cardiac puncture 

into K2EDTA containing tubes, blood counts were performed on a Hemavet 950FS hematology 

system (Drew Scientific). 

Iron measurements – Serum, liver, placenta and brain non-heme iron concentrations were 

measured as previously described1, using acid treatment followed by a colorimetric assay for iron 

quantification (Sekisui Diagnostics, 157-30). 

Serum hepcidin – High-binding 96-well EIA plates (Corning) were coated overnight at room 

temperature with 50 μl/well of 3.6 μg/ml Ab2B10 in 0.2 M carbonate-bicarbonate buffer, pH 9.4 

(Pierce). Plates were washed twice with wash buffer (0.5% Tween-20 in PBS) and blocked for 45 

min with 200 μl/well blocking buffer (1% BSA, 1% normal goat serum, 0.5% Tween-20 in PBS). 

Samples and standards were added and incubated for 1 h at room temperature. After four washes, 

plates were incubated for 1hr with 50 μl/well of 130 ng/ml Ab2H4-HRP, washed four times and 

developed with 100 μl/well Ultra-TMB substrate (Thermo Scientific) for 30 min in the dark at 
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room temperature. The reaction was stopped by adding 50 μl of 2M sulfuric acid to each well, and 

absorbance was measured at 450 nm. 

qPCR - RNA was prepared using TRIzol reagent according to the manufacturer’s instructions 

(Invitrogen). The cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad). 

Quantitative PCR was performed with SsoAdvanced SYBR Green Supermix (Bio-Rad) and 

primers (Supplemental Table 2-1), and samples were run in duplicate on a CFXconnect 

instrument (Bio-Rad). 

Western blot – Tissues lysates were obtained by homogenizing tissues in RIPA buffer lysis 

system (Santa Cruz Biotechnology, sc-24948). Protein was quantified using a BCA Assay 

(ThermoFisher Pierce, 23225), resolved on 4–20% Mini-PROTEAN® TGX™ gels (Bio-rad), 

electroblotted onto nitrocellulose using a Trans-Blot Turbo system (Bio-rad) and developed on a 

ChemiDoc XRS+ (Bio-rad). Membranes were stripped using 0.2N NaOH for 10 minutes at room 

temperature and reprobed for the loading controls. Quantitation was performed using Image Lab 

Software, version 5.2.1 (Bio-Rad). Antibodies for western blot include: ferroportin antibodes (rat 

monoclonal IC7 for mouse or human monoclonal 38C8-biotin for human, Amgen), mouse 

monoclonal transferrin receptor antibody (H68.4, ThermoFisher), monoclonal HPR-conjugated 

GAPDH antibody (14C10, Cell Signaling), monoclonal anti-β-actin-peroxidase (AC-15, SIGMA), 

anti-rat IgG HRP (AbCam, #ab102213), Pierce high sensitivity neutravidin-HRP (ThermoFisher, 

#31030) and anti-mouse IgG HRP (Cell Signaling, #7076).  

Placental iron deficiency index (PIDI) – PIDI was calculated as described2. Placental FPN and 

TFR1 were run on different blots because they require different electrophoresis conditions. FPN 
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and TFR1 levels were first normalized to their respective housekeeping proteins (GAPDH). PIDI 

was then generated as the ratio of normalized FPN to normalized TFR1. 

Ferroportin degradation assay – HEK293T cells stably expressing doxycycline (Dox)-inducible 

human FPN-GFP3 were plated at 2x105 cells/well in DMEM +10% FBS with antibiotics (Cipro 

and Gentamycin) in poly-D lysine coated 24-well plates. Once cells attached to wells, FPN 

expression was induced with Dox at 10 ng/mL for 16 h. Cells were then washed 3X with PBS to 

remove Dox and subsequently treated with either 10% FBS or 10% mouse serum for 24 h, detached 

with TrypLE (Invitrogen) and analyzed for GFP fluorescence. Fluorescence was quantified on a 

SORP BD LSRII (IMED) analytic flow cytometer at the UCLA Jonsson Comprehensive Cancer 

Center (JCCC) and Center for AIDS Research Flow Cytometry Core Facility or FPN determined 

by western blot.  

Data sampling – Not all the analyses include the same set of samples. Only weights for placentas 

and embryos included all the data points since no further processing was required (Figure 5A and 

6B). Serum analyses have the lowest n because serum volume was the most limiting factor in our 

analyses. Placental Western analysis also included smaller n because of the relatively limited 

number of samples that could be analyzed side-by-side from different groups. Importantly, even 

when we included a smaller number of samples in the analysis, the samples were selected from at 

least 3 different pregnancies and thus represent multiple litters.  For other parameters (in Figures 

2, 4, 5, 6, 7), an overlapping set of samples was analyzed in all graphs, but some assays included 

additional samples that were randomly selected for inclusion. This did not introduce bias as the 

sub-analysis using only overlapping samples yielded identical conclusions but with lower power.  
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Statistical analysis – Statistical methods for multiple comparisons included one-way ANOVA for 

normally distributed values followed by the Holm-Sidak method for multiple comparison. To 

compare two groups, a Shapiro-Wilk test was performed (SigmaPlot) to determine normality and 

an equal variance test was performed. For normally distributed data with equal variance, a 

parametric test was performed (two-tailed student t-test, GraphPad). For non-normally distributed 

data, a non-parametric test was performed (two-tailed Mann-Whitney rank sum test, GraphPad) 

and indicated by a (*) after the P-value. For normally distributed but non-equal variance data sets, 

a two-tailed t-test with Welch’s correction was performed (GraphPad), indicated by (#) after the 

P-value. Two-way ANOVAs were performed using SigmaPlot software to compare differences 

due to maternal or fetal genotype, P-values for difference in mean values among the different levels 

of maternal genotype are included in figures.  
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Supplemental Table 2-1: Mouse specific qRT-PCR primer sequences 

Gene Sequence 

Hprt  
Fwd: 5’-CTG GTT AAG CAG TAC AGC CCC AA-3’ 

Rev: 5’-CAG GAG GTC CTT TTC ACC AGC-3’ 

Hamp 
Fwd: 5’-TTG CGA TAC CAA TGC AGA AGA- 3’ 

Rev: 5’-GAT GG GCTT CTA GGC TAT GTT-3’ 

Saa1 
Fwd: 5’-AGT CTG GGC TGC TGA GAA AA-3’ 

Rev: 5’-ATG TCT GTT GGC TTC CTG GT-3’ 

Gypa 
Fwd: 5’-ATG GCA GGG ATT ATC GGA AC-3’ 

Rev: 5’-CAC CCT CAG GAG ATT GGA TG-3’ 

Erfe 
Fwd: 5’-ATG GGG CTG GAG AAC AGC-3’ 

Rev: 5’-TGG CAT TGT CCA AGA AGA CA-3’ 
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Supplemental Figures 

  

 

Supplemental Figure 2-1. Embryo hepcidin, neonatal liver iron, and embryo brain iron. 

(A) Embryo liver Hamp mRNA levels were measured in E18.5 Hamp WT, Het and KO embryos 

(an independent set of embryos from that in Figure 2). Black = embryos from Hamp Het mothers; 

red = embryos from Hamp KO mothers. Statistical differences were determined one-way ANOVA 

for normally distributed values followed by the Holm-Sidak method for multiple comparison. (B) 

Liver non-heme iron concentrations were measured in neonates at P1. (C) Brain non-heme iron 

concentrations were measured in E18.5 embryos from Figure 2. (B, C) Statistical differences 

between groups were determined by two-way ANOVA for embryo and mother Hamp genotype. 

P-values below graphs are for differences between maternal genotype.   
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Supplemental Figure 2-2: Minihepcidin PR73 does not cross the placenta. In vitro FPN 

degradation bioassay, quantified by (A-C) flow cytometry or (D-E) western blot. (A) Standard 

curves for PR73 and hepcidin-25 activity. Equation is for hepcidin-25 standard curve. Molecular 

weights: PR73 = 1730 Da; hepcidin-25 = 2789 Da. (B) FPN degradation after incubation with 10% 

serum from E18.5 mothers or embryos after a single subcutaneous injection of 100 nmol solvent 

or PR73 for 6h. (C) FPN degradation after treatment with 10% serum from the “50-6d” maternal 

group. Serum was collected 24 h after last injection. (D) Western blot for FPN after treatment with 

known concentrations of PR73 or maternal or embryo serum from the “50-6d” or “10-11d” 

treatment groups, sera were collected 24 h after last injection. Unind: uninduced, M: maternal, E: 

embryo, Solv: solvent. The dotted line indicates splicing of different parts of the gel for ease of 

viewing. For embryo measurements, serum from at least 3 embryos from the same treatment group 

were combined to generate sufficient volume for testing.  
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Supplemental Figure 2-3: Maternal response to minihepcidin-induced iron restriction and 

anemia. (A) Maternal liver Saa1 mRNA expression. (B) Maternal liver Hamp mRNA expression. 

(C) Maternal bone marrow mRNA expression of the erythroid surface marker glycophorin A 

(Gypa).  (D) Maternal bone marrow Erfe mRNA expression. Statistical differences between groups 

were determined by two-tailed Student’s t-test. Non-P: non-pregnant, Solv: solvent.  
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Supplemental Figure 2-4: Graphical summary of the consequences of elevated maternal 

hepcidin. Pregnant WT C57BL/6J dams received daily injections of minihepcidin PR73 or solvent 

to mimic elevated maternal hepcidin. Adverse embryo outcomes were observed even with mild 

maternal iron restriction whereas placenta and the mother were affected only by more severe 

maternal iron restriction. 
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CHAPTER 3: FETAL AND AMNIOTIC FLUID IRON HOMEOSTASIS IN 

HEALTHY AND COMPLICATED MURINE, MACAQUE, AND 

HUMAN PREGNANCY 
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Adequate iron supply during pregnancy is essential for fetal development. However, how fetal or amniotic fluid iron 
levels are regulated during healthy pregnancy, or pregnancies complicated by intraamniotic infection or inflammation 
(IAI), is unknown. We evaluated amniotic fluid and fetal iron homeostasis in normal and complicated murine, 
macaque, and human pregnancy. In mice, fetal iron endowment was affected by maternal iron status, but amniotic 
fluid iron concentrations changed little during maternal iron deficiency or excess. In murine and macaque models of 
inflamed pregnancy, the fetus responded to maternal systemic inflammation or IAI by rapidly upregulating hepcidin 
and lowering iron in fetal blood, without altering amniotic fluid iron. In humans, elevated cord blood hepcidin with 
accompanying hypoferremia was observed in pregnancies with antenatal exposure to IAI compared with those that 
were nonexposed. Hepcidin was also elevated in human amniotic fluid from pregnancies with IAI compared with those 
without IAI, but amniotic fluid iron levels did not differ between the groups. Our studies in mice, macaques, and 
humans demonstrate that amniotic fluid iron is largely unregulated but that the rapid induction of fetal hepcidin by 
inflammation and consequent fetal hypoferremia are conserved mechanisms that may be important in fetal host 
defense. 
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Introduction 
In healthy humans and animals, iron in plasma is bound to the carrier protein transferrin (TF). When iron supply to plasma increases, 

such as in iron overload disorders or with iron supplementation, or when iron utilization decreases, such as with erythropoietic 

suppression, TF may become saturated, causing “free” or non–TF-bound iron (NTBI) to appear in circulation (1). In humans, NTBI 

is detectable in amniotic fluid and fetal serum during the first trimester (2) and the beginning of the second trimester (3), when TF 

levels are low, but is expected to decrease with gestational age (4), as TF concentration increases in amniotic fluid (5, 6) Unlike 

iron-TF, NTBI is highly reactive, has the potential to catalyze the generation of reactive oxygen species in both the extracellular 

fluid and tissues in which it is taken up (7), and promotes the rapid growth of Gram-negative bacteria (8). 

Since humans and animals cannot excrete excess iron, mechanisms have evolved to prevent iron accumulation and minimize the 

potential for oxidative damage or spread of certain infections. Hepcidin, a peptide hormone produced in the liver, regulates plasma 

iron levels and tissue iron distribution (9) by occluding ferroportin, the hepcidin receptor and only known iron exporter, and causing 

its degradation. In turn, this results in iron sequestration in target cells and decreased iron transport into plasma (10, 11). Hepcidin 

is feedback regulated by iron concentrations and erythropoietic activity and potently induced by inflammation (12–16). 
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During pregnancy, iron is critical for the development of the fetus and placenta and for maternal erythropoietic expansion (17, 18). 

To accommodate these changes, maternal hepcidin is suppressed to nearly undetectable levels in the second and third trimesters 

(19–22); this is thought to facilitate increased dietary iron absorption, release of iron from stores, and iron transfer to the fetus (23). 

Thus, inappropriately elevated maternal hepcidin, as would be expected during inflammation, could be detrimental by 

compromising iron availability for placental uptake and transfer to the fetus. 

In addition to maternal hepcidin, fetal hepcidin could also determine placental iron transfer during pregnancy because ferroportin 

is localized on the basal side of placental syncytiotrophoblast, facing fetal circulation (24, 25). Indeed, a transgenic mouse model 

of hepcidin overexpression confirmed that fetal hepcidin is capable of regulating placental ferroportin, causing severe fetal iron 

deficiency and decreased viability (26, 27). Under normal physiological conditions, endogenous fetal hepcidin expression is low 

(26, 27) and does not affect iron transfer across the placenta (22). However, certain clinical conditions, such as intraamniotic 

infection or inflammation (IAI), can induce fetal hepcidin (28). Whether hepcidin regulates iron homeostasis in amniotic fluid and 

fetal blood has not been explored. 

Here, we evaluated amniotic fluid and fetal iron homeostasis in normal and complicated murine, rhesus macaque, and human 

pregnancy. We found that amniotic fluid iron was not strongly regulated by fetal hepcidin or by maternal iron status but that fetal 

plasma iron during inflammation or infection was regulated by fetal hepcidin, which may be an important protective mechanism 

for fetal host defense. 

Results 
Effect of maternal iron status on fetal and amniotic fluid iron homeostasis in mice. To evaluate amniotic fluid iron homeostasis 

during normal pregnancy, we compared amniotic fluid iron levels during normal mouse gestation from E12.5 to E18.5. Iron 

concentrations in amniotic fluid were similar between E12.5 and E16.5 and increased sharply before term at E18.5 (P < 0.001) 

(Figure 1A). We next determined how changes in maternal iron status alter iron concentrations in fetal serum and amniotic fluid 

by comparing E18.5 iron-replete pregnancies (those with normal iron stores) to iron-deficient (diet-induced) and iron-loaded 

(hepcidin knockout) pregnancies. We confirmed changes in maternal iron status by showing that serum iron concentrations were 

lower in iron-deficient dams and higher in iron-loaded dams compared with iron-replete controls and that liver iron concentrations 

were increased in iron-loaded dams (Table 1). Hemoglobin, hematocrit, mean corpuscular volume, and mean corpuscular 

hemoglobin were all lower in iron-deficient dams and higher in iron-loaded dams compared with iron-replete controls (Table 1). 

In fetal serum, iron concentrations were lower with maternal iron deficiency and higher with maternal iron overload compared with 

those from iron-replete mothers (Figure 1B) (both P < 0.001). Compared with fetal serum, iron concentrations in amniotic fluid 

were relatively spared from changes in maternal iron status (Figure 1C). In all dams, fetal serum iron correlated with maternal 

serum iron concentrations (r = 0.846, P < 0.001) (Figure 1D), but amniotic fluid iron concentrations showed only weak 

nonsignificant correlation with maternal serum iron (r = 0.465, P = 0.110) (Figure 1E). Fetal serum iron strongly correlated with 

amniotic fluid iron (r = 0.657, P < 0.001) (Figure 1F).  

 

 

 

 

 
 

 

 

Iron and hematological parameters of E18.5 pregnant iron-deficient WT dams (fed low-iron diet), iron-replete WT dams (fed 

standard diet), and iron-loaded hepcidin knockout dams (fed standard diet). Data are presented as mean ± SD. Hb, hemoglobin; 

HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin. Statistical differences between groups 

were determined by 1-way ANOVA followed by Holm-Sidak method for multiple comparisons. 
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Figure 1. Effect of maternal iron status on fetal and amniotic fluid iron parameters in mice. Maternal iron deficiency was induced 

by feeding low-iron diet to WT dams starting on E10.5 until analysis at E18.5. Iron-loaded dams were hepcidin-deficient mice fed 

standard chow. Both iron-deficient and iron-loaded dams were compared with iron-replete WT dams fed standard chow. (A) 

Amniotic fluid iron concentrations from iron-replete dams from E12.5 to E18.5. (B and C) Fetal serum and amniotic fluid iron from 

iron-deficient, iron-replete, and iron-loaded dams on E18.5. (D–F) Pearson correlations between maternal serum iron, fetal serum 

iron, and amniotic fluid iron on E18.5. For D and E, maternal serum iron was correlated to the litter average for fetal serum iron 

or amniotic fluid iron. Statistical differences between groups were determined by 1-way ANOVA on ranks followed by Dunn’s 

method for multiple comparisons (as indicated by #). The number of animals is indicated above the box plot for each panel. 

To assess whether the fetus or amniotic fluid could be vulnerable to infection because of NTBI, we evaluated whether maternal 

iron status alters TF concentrations and TF saturations (TSATs) in the fetus and amniotic fluid. Comparing the 3 compartments in 

iron-replete mouse pregnancy — maternal serum, fetal serum, and amniotic fluid — we found the highest TF concentrations in 

maternal serum and lowest in amniotic fluid (P < 0.001) (Figure 2A). As a result, fetal serum and amniotic fluid had much higher 

TSAT (60%–70%) than maternal serum (Figure 2B) (P = 0.007). 

Considering the effect of maternal iron status on maternal iron parameters, TF concentrations were similar between iron-deficient, 

iron-replete, and iron-loaded dams (Figure 2C). As expected, maternal serum TSAT was lower with iron deficiency (P = 0.023) 

and higher with iron overload (P < 0.001) (Figure 2D), reflecting changes in serum iron (Table 1). 
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Figure 2. Effect of maternal iron status on fetal and amniotic fluid transferrin and transferrin saturation in mice. Maternal iron 

deficiency was induced by feeding low-iron diet to WT dams starting on E10.5 until analysis at E18.5. Iron-loaded dams were 

hepcidin-deficient mice fed standard chow. Both iron-deficient and iron-loaded dams were compared with iron-replete WT dams 

fed standard chow. (A and B) Transferrin concentrations and TSAT in maternal serum, amniotic fluid, and fetal serum on E18.5 in 

iron-replete pregnancy. (C and D) Maternal transferrin concentration and TSAT and (E–H) fetal serum and amniotic fluid 

transferrin concentration and TSAT from iron-deficient, iron-replete, and iron-loaded pregnancies on E18.5. Statistical differences 

between groups were determined by 1-way ANOVA for normally distributed values followed by Holm-Sidak method for multiple 

comparisons (as indicated by *) or 1-way ANOVA on ranks followed by Dunn’s method for multiple comparisons (as indicated by 

#). The number of animals is reported above the box plot for each panel. 

 

In fetal serum (Figure 2, E and F), TSAT was lower in iron-deficient pregnancy (P < 0.001) due to low serum iron concentrations 

(Figure 1B). TSATs were similar between iron-loaded and iron-replete groups, despite the difference in fetal serum iron (Figure 

1B), because of increased fetal TF levels in iron-loaded pregnancy (P < 0.001). 

In amniotic fluid, TF levels were slightly lower in iron-deficient and iron-loaded pregnancy compared with iron-replete pregnancy 

(both P = 0.02) (Figure 2G), but TSAT was relatively high in all the groups, particularly in the iron-loaded group (P = 0.012) 

(Figure 2H). 

 



 R E S E A R C H A R T I C L E 
 

137 
 

 

 

 

Figure 3. Effect of maternal systemic inflammation on fetal iron homeostasis in mice. To induce maternal systemic inflammation 

during pregnancy, iron-replete WT dams received a single subcutaneous injection of 0.5 μg/g LPS on E15.5 for 6 or 24 hours. (A) 

Maternal liver serum amyloid A-1 (Saa1) and (B) hepcidin (Hamp) mRNA expression normalized to Hprt. Measurements in 

maternal serum: (C) hepcidin and (D) iron. Fetal (E) liver hepcidin mRNA expression normalized to Rpl4, (F) serum hepcidin, and 

(G) serum iron. Amniotic fluid (H) hepcidin and (I) iron. Statistical differences between groups were determined by 1-way ANOVA 

for normally distributed values followed by Holm-Sidak method for multiple comparisons (as indicated by *), 2-tailed Student’s t 

test for normally distributed values (as indicated by #), or Mann-Whitney U test (as indicated by &). The number of animals is 

reported above the box plot for each panel. 
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Our data demonstrate that, in mouse pregnancy, amniotic fluid iron concentrations are less affected by maternal iron status than 

fetal serum iron. Although amniotic fluid iron concentrations are relatively low, TSAT of the fluid is high, a condition known to 

be associated with the presence of NTBI. Fetal serum also had high TSAT under iron-replete conditions, increasing the risk of 

NTBI generation. 

 

 

Figure 4. Cytokines in maternal plasma, cord blood plasma, and amniotic fluid during IAI in rhesus macaques. Pregnant rhesus 

macaques at 130 days gestation received a single intraamniotic injection of LPS (1 mg) for 16 hours or Ureaplasma parvum serovar 

1 (1 × 107 CFU) for 3 days. Cytokines TNF-α, MCP-1, IL-1β, and IL-6 were measured in (A–D) maternal plasma, (E–H) cord blood 

plasma, and (I–L) amniotic fluid at delivery. Statistical differences between groups were determined by 1-way ANOVA for normally 

distributed values followed by Holm-Sidak method for multiple comparisons (as indicated by *) or 1-way ANOVA on ranks 

followed by Dunn’s method for multiple comparisons (as indicated by #). A subset of these data was previously reported (30, 44). 

The number of animals is reported on the x axis of each panel. 
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Figure 5. Iron parameters in maternal plasma, cord blood plasma, and amniotic fluid during IAI in rhesus macaques. Pregnant 

rhesus macaques received a single intraamniotic injection of LPS (1 mg) for 16 hours or Ureaplasma parvum serovar 1 (1 × 107 

CFU) for 3 days. (A–C) Hepcidin and (D–F) iron measurements in maternal plasma, cord blood plasma, and amniotic fluid. The 

control group included samples taken before injection or after saline injection (there was no difference between the 2 groups). 

The saline group included only samples at delivery after saline injection. Statistical differences between groups were determined 

by 1-way ANOVA for normally distributed values followed by Holm-Sidak method for multiple comparisons (as indicated by *) or 

1-way ANOVA on ranks followed by Dunn’s method for multiple comparisons (as indicated by #). The number of animals is 

reported above the box plot for each panel. 

 

Effect of maternal systemic inflammation on fetal iron homeostasis in mice. Fetal hepcidin expression can be induced by IAI (28), 

but whether fetal hepcidin can regulate iron homeostasis in the amniotic fluid or fetal circulation is unknown. We evaluated the 

contribution of fetal hepcidin to the fetal and amniotic iron homeostasis in the presence of maternal inflammation. We induced 

systemic maternal inflammation in mice by injecting pregnant, iron-replete WT dams with a single subcutaneous dose of LPS on 

E15.5 (~80% gestation) for 6 or 24 hours. As expected, LPS treatment induced mRNA expression of inflammatory marker serum 

amyloid A-1 (Saa-1) in maternal liver (P < 0.001) (Figure 3A). Furthermore, LPS treatment transiently induced maternal hepatic 

hepcidin (Hamp) mRNA and maternal hepcidin protein in serum (both P = 0.001) and caused maternal hypoferremia (P < 0.001) 

(Figure 3, B–D). In response to maternal LPS treatment, fetal hepatic hepcidin expression transiently increased within 6 hours and 

returned to normal levels within 24 hours (P < 0.001) (Figure 3E). Following induction of hepcidin synthesis by the fetal liver, 

both fetal serum hepcidin (P < 0.001) and amniotic fluid hepcidin (P = 0.008) were elevated 24 hours after maternal LPS injection 

(Figure 3, F and G). Amniotic fluid hepcidin strongly correlated with fetal serum hepcidin (r = 0.913, P = 0.002) (Supplemental 

Figure 1; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.135321DS1). However, 

hypoferremia occurred only in fetal serum (P = 0.005), whereas amniotic fluid iron concentrations were similar between control 

and LPS-injected groups (Figure 3, H and I). Therefore, fetal hepcidin is responsive to acute inflammation, causing hypoferremia 

in fetal circulation but not in amniotic fluid. 
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Fetal iron homeostasis during IAI in rhesus macaques. We evaluated the fetal response to intraamniotic rather than systemic 

maternal inflammation using a rhesus macaque model of IAI. On gestational day 130 (80% of the duration of pregnancy), pregnant 

dams received a single intraamniotic injection of LPS for 16 hours or Ureaplasma for 3 days. In these models with intraamniotic 

injections, the inflammation is largely localized to the intrauterine compartment, including the fetus (29, 30). To evaluate maternal 

systemic inflammation, we measured cytokines TNF-α, MCP-1, IL-1β, and IL-6 in maternal plasma (Figure 4, A–D). We did not 

detect increases in any cytokines with LPS injection and, with Ureaplasma infection, only MCP-1 was elevated (P = 0.005). 

Consistent with the lack of significant increases in cytokines, we did not detect any changes in maternal plasma hepcidin or iron 

with intraamniotic LPS or Ureaplasma (Figure 5, A and D). 

In rhesus macaque cord blood plasma, following intraamniotic LPS injection, we detected increased TNF-α (P = 0.016), MCP-1 

(P < 0.001), IL-1β (P < 0.001), and IL-6 (P = 0.002) (Figure 4, E–H). In amniotic fluid, LPS similarly induced TNF-α (P = 0.003), 

MCP-1 (P = 0.002), IL-1β (P = 0.003), and IL-6 (P = 0.002) (Figure 4, I–L), confirming that inflammation was restricted to the 

fetal compartment.  

Furthermore, LPS strongly induced fetal hepcidin in cord blood plasma and amniotic fluid (both P = 0.001) (Figure 5, B and C). 

Similar to that in mice, amniotic fluid hepcidin strongly correlated with cord blood hepcidin in rhesus macaques (r = 0.992, P < 

0.001) (Supplemental Figure 2). Induction of fetal hepcidin by intraamniotic LPS resulted in profound hypoferremia in cord blood 

plasma (P < 0.001) but not amniotic fluid (Figure 5, E and F). Cord blood plasma hepcidin correlated with cord blood cytokines 

TNF-α (r = 0.731, P = 0.003), MCP-1 (r = 0.739, P = 0.003), IL-1β (r = 0.809, P < 0.001), and IL-6 (r = 0.808, P < 0.001) 

(Supplemental Figure 3, A–D). Amniotic fluid hepcidin correlated with amniotic fluid cytokines TNF-α (r = 0.910, P < 0.001), 

MCP-1 (r = 0.906, P < 0.001), IL-1β (r = 0.723, P = 0.003), and IL-6 (r = 0.622, P = 0.018) (Supplemental Figure 3, E–H). We 

did not detect any changes in iron, hepcidin, or cytokines in cord blood plasma or amniotic fluid with intraamniotic Ureaplasma 

infection. 

Thus, similar to the mouse model, fetal hepcidin in rhesus macaques was induced by acute inflammation, causing hypoferremia in 

fetal circulation, without altering iron concentrations in amniotic fluid. 

Amniotic fluid and cord blood iron homeostasis in healthy and complicated human pregnancy. We next evaluated amniotic fluid 

iron and hepcidin in human pregnancies associated with IAI. All samples were collected at amniocentesis before 32 weeks of 

gestation (Table 2). The samples were eventually analyzed in the following 4 groups: pregnancies with IAI and with preterm 

delivery (PosIAI/PTB, n = 72), pregnancies without IAI and with preterm delivery (NegIAI/PTB, n = 22), pregnancies without IAI 

and with term delivery (NegIAI/TB, n = 20), and pregnancies without IAI but with maternal systemic inflammatory response 

syndrome (SIRS) and term delivery (NegIAI/TB/SIRS, n = 10). Adjusting for gestational age, amniotic fluid hepcidin was 

significantly different between the groups (P = 0.008) and was higher in those positive for IAI and lower in those without IAI 

(Table 2). Amniotic fluid IL-6 was also elevated in the PosIAI/PTB group (P < 0.001) (Table 2). Despite differences in hepcidin, 

amniotic fluid iron concentrations were similar between all the groups (Table 2). Furthermore, TSAT remained under 20% in all 

the groups (Table 2). 

Although iron is not regulated by inflammation or infection in human amniotic fluid, we next addressed whether the human fetus 

can upregulate its own hepcidin during inflammation to regulate iron homeostasis in fetal blood. To address this question we used 

a separate cohort, where umbilical vein cord blood plasma was sampled at delivery from singleton preterm human fetuses (<34 

weeks of gestation) with or without antenatal exposure to IAI, as determined by elevated IL-6 in cord blood plasma (P < 0.001). In 

this cohort we confirmed that exposure to IAI resulted in elevated fetal hepcidin and IL-6 in cord blood plasma (both P < 0.001) 

(Figure 6, A and B). Coinciding with elevated hepcidin in circulation, exposure to IAI also resulted in lower cord blood plasma 

iron concentrations and lower TSAT compared with those in healthy fetuses (P < 0.001 and P = 0.002) (Figure 6, C and D). Thus, 

samples from human fetuses with antenatal exposure to IAI demonstrated induction of fetal hepcidin and hypoferremia, similar to 

responses seen in our animal models. 

Discussion 
During pregnancy, adequate delivery of iron is essential for normal development of the fetus and placenta. Moreover, tight control 

of iron concentrations may be protective against certain infections. However, whether fetal or amniotic fluid iron levels are 
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regulated during healthy or complicated pregnancy has not been reported. In this study, we describe amniotic fluid and fetal iron 

homeostasis in healthy and complicated murine, rhesus macaque, and human pregnancy. 

In humans, iron concentrations in amniotic fluid were reported to be approximately 2–3 times lower than those in maternal plasma 

(31–33). In non-iron–supplemented pregnant women, iron concentrations in amniotic fluid do not correlate with those in maternal 

blood when assessed at 17 weeks of gestation (32). However, in iron-supplemented women in the second trimester, concentrations 

of iron in amniotic fluid were linearly correlated to concentrations in maternal blood (31), suggesting that iron in amniotic fluid 

can be increased through iron supplementation. Using mouse models, we evaluated whether changes in maternal iron status during 

pregnancy alter fetal and amniotic fluid iron homeostasis. We found that, while fetal serum iron endowment was strongly dependent 

on maternal iron status, amniotic fluid iron was less affected by either maternal iron deficiency or excess. Compared with maternal 

serum from normal mouse pregnancy, both fetal serum and amniotic fluid had relatively high TSAT, even under iron replete 

conditions (~60% in fetal serum/amniotic fluid vs. <20% in maternal serum). Although maternal iron overload did not significantly 

increase amniotic fluid iron concentrations (which were generally low), TSAT approached 100%, suggesting that maternal iron 

supplementation could cause the appearance of NTBI in amniotic fluid. 

Under normal conditions, iron in plasma is bound to TF with very high affinity, with TSAT ranging from 20% to 50%. Although 

very few bacterial species can use TF-bound iron, iron availability to microbes increases when NTBI appears in circulation in iron 

overload diseases or with iron supplementation. In our study, compared with murine amniotic fluid TSAT of >60%, human amniotic 

fluid collected between 21 and 36 weeks of gestation had TSAT under 20% and human cord blood had TSAT under 40%, 

suggesting that there is sufficient apoTF to bind iron and decrease the risk of NTBI appearance. Several earlier studies in human 

amniotic fluid report inhibition of bacterial growth of E. coli, Staphylococcus aureus, and Bacillus subtilis in amniotic fluid with 

excess apoTF concentrations (4, 34–36), suggesting an important role of the iron-binding capacity of TF to limit iron availability 

to bacteria. 

Inflammation has a potent effect on iron homeostasis. Known as hypoferremia of inflammation, the cytokine-driven increase in 

hepcidin (13) decreases iron transport into plasma, so that NTBI is not available to stimulate the growth of certain pathogenic 

bacteria. We investigated whether the fetus shows a hypoferremic response to inflammation in utero. In our mouse model of 

systemic maternal inflammation, the fetuses responded by acutely increasing mRNA synthesis of hepcidin in the liver and serum 

hepcidin within 6–24 hours and lowering serum iron within 24 hours. LPS treatment of pregnant mice, however, also induced 

maternal inflammation, hepcidin, and hypoferremia, raising the question of the relative contribution of fetal versus maternal 

inflammation to the regulation of fetal serum iron. In our rhesus macaque model of LPS- or Ureaplasma-induced IAI, only fetuses, 

but not dams, had detectable inflammation. Nevertheless, rhesus macaque fetal hepcidin was increased and fetal plasma iron was 

decreased, confirming the role of fetal, rather than maternal hepcidin, in regulating fetal plasma iron levels. In both mouse and 

 

 

 

 

 

 
 

 

 

Amniotic fluid was sampled at amniocentesis from women that presented with clinical indication of intraamniotic infection. 
Amniotic fluid was collected by ultrasound-guided amniocentesis from mothers that ultimately delivered preterm with 
intraamniotic infection (PosIAI/PTB) or without intraamniotic infection (NegIAI/PTB), mothers that ultimately delivered at term 
but with systemic inflammatory response syndrome (NegIAI/TB/SIRS), or healthy mothers that delivered at term (NegIAI/TB). 
Differences between groups were analyzed by 1-way factorial ANCOVA after adjusting for gestational age at amniocentesis. 
IAI, intraamniotic infection or inflammation; PTB, preterm birth; SIRS, systemic inflammatory response syndrome; TB, term 
birth; AF, amniotic fluid; GA, gestational age; TSAT, transferrin saturation. The values in the table are means adjusted for 
gestational age at amniocentesis.  AP < 0.05; BP < 0.01; CP < 0.001. P value by ANCOVA compared with PosIAI/PTB. 
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Figure 6. Cord blood iron homeostasis in healthy and complicated human pregnancy. Cord blood from the umbilical vein was 

sampled at the time of delivery from singleton preterm human fetuses (<34 weeks of gestational age) with or without antenatal 

exposure to intraamniotic infection. Measurements at time of delivery in cord blood plasma: (A) hepcidin, (B) IL-6, (C) non-heme 

iron, and (D) transferrin saturation. Statistical differences between groups were determined by 1-way ANOVA on ranks followed 

by Dunn’s method for multiple comparisons (as indicated by #). The number of samples are reported above the box plot for each 

figure panel.  

rhesus macaque models, despite detectable increases in amniotic fluid hepcidin, amniotic fluid iron was relatively low and stable, 

presumably because fetal iron is not exported into the fluid by the organs that contribute to amniotic fluid formation. Iron may even 

be absorbed from the amniotic fluid by iron transporters in the fetal intestine and possibly lung, which may be advantageous during 

rapid fetal growth. Hepcidin accumulation in amniotic fluid is likely a result of filtration or excretion of fetal plasma hepcidin by 

the kidneys. Indeed, we observed a strong correlation between fetal hepcidin and matching amniotic fluid hepcidin in mice and 

macaques. 

 

Recently described as “intrauterine inflammation or infection or both (Triple I),” chorioamnionitis is a common cause of preterm 

birth and adverse neonatal and perinatal outcomes in humans (37, 38). In humans, Ureaplasma is commonly isolated bacteria from 

amniotic fluid in the setting of preterm birth with or without clinical chorioamnionitis (39–41), yet a significant percentage of cases 

with intraamniotic detection of Ureaplasma show no histological inflammation (42). In our macaque model, we did not observe 

any induction in inflammatory cytokines or hepcidin in maternal plasma, cord blood plasma, or amniotic fluid when measured 3 

days after intraamniotic inoculation, indicating the absence of strong inflammation in that model. However, using LPS as a stronger 

inflammatory stimulus, our mouse and rhesus macaque models show that both systemic inflammation and IAI stimulate hepcidin 

production in the fetus, which in turn lowers iron levels in fetal blood but not amniotic fluid. Although our animal models were 

treated with exogenous LPS, we observed a similar fetal response to IAI in human pregnancy. Human fetuses exposed antenatally 

to IAI had elevated cord blood plasma hepcidin levels and consequently lower plasma iron concentrations and TSAT. Amniotic 

fluid from human fetuses exposed to IAI showed no changes in iron concentrations, despite higher levels of amniotic fluid hepcidin. 

The ability of the fetus to respond to inflammatory signals by decreasing iron concentration in fetal circulation and sequestering 

iron away from bacteria may be an important protective mechanism during intraamniotic infections. However, with chronic 

inflammation, prolonged fetal hepcidin induction and hypoferremia could become detrimental by causing iron restriction in the 

fetus, leading to decreased iron availability to fetal tissues and possibly anemia. 

 

Our data indicate that iron concentrations in amniotic fluid are much lower than in fetal or maternal circulation in all species 

examined (mice, macaques, and humans). Interestingly, although TSAT was high in mouse amniotic fluid, it was low in human 

amniotic fluid from the end of second and third trimester. Thus, although unregulated, low TSAT in humans indicates a low risk 

of NTBI generation in amniotic fluid, and this may be an important protective factor during intraamniotic infections. The rapid 

induction of fetal hepcidin by inflammation and consequent hypoferremia in all 3 species (mice, rhesus macaques, and humans) 

demonstrates a conserved mechanism that may be important in fetal host defense. 
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Methods 
Mouse experiments. WT C57BL/6J mice were obtained from The Jackson Laboratory or bred in the UCLA vivarium. Hepcidin-1–

knockout (Hamp–/–) mice were originally provided to our laboratory by Sophie Vaulont (Institut Cochin, Université Paris Descartes, 

Paris, France) (43) and were backcrossed to C57BL/6J mice. Mice were housed in a barrier facility under standard laboratory 

conditions. Unless otherwise specified, mice were maintained on a laboratory chow diet containing 185 ppm iron as ferrous 

carbonate (Rodent Diet 20 5053, PicoLab). This group was referred to as “iron-replete” (having normal iron stores). 

To model iron deficiency during pregnancy, WT mice were fed a purified low-iron diet containing 4 ppm carbonyl iron (TD.80396, 

Envigo-Teklad) starting at E10.5 and for the duration of pregnancy. To assess the condition of iron overload, we used Hamp–/– 

mice, which become naturally iron loaded when fed standard chow. Iron-deficient and iron-loaded dams were compared with iron-

replete WT controls fed standard chow. For these studies, samples were harvested at E18.5. Complete blood counts in maternal 

blood were performed using a Hemavet 950FS automated analyzer (Drew Scientific). Three to five fetuses from each litter were 

selected for analysis. 

To induce maternal systemic inflammation, pregnant iron-replete WT mice at E15.5 (80% of term gestation) were weighed and 

injected subcutaneously in the interscapular area with a single dose of 0.5 μg/g LPS (E. coli serotype O55:B5, MilliporeSigma) or 

sterile water. At the indicated times, mice were euthanized by isoflurane overdose and tissues were collected for analysis. For these 

studies, fetal serum from the entire litter was pooled to generate sufficient volume for analysis. 

Mouse amniotic fluid was collected by syringe from individual gestational sacs (50–100 μL per fetus) either at E16.5 (inflammation 

studies) or E18.5 (iron studies). 

Terminology. In literature related to mouse pregnancy studies, the term “embryo” is used to define all stages of murine development 

in utero. However, because we studied 3 different species in this manuscript, for simplicity we used the term “fetus” for all the 

species, including the mouse. 

Nonhuman primate studies. Adult female rhesus macaques (Macaca mulatta) were maintained at the California National Primate 

Research Center at the University of California, Davis (UCD). To induce IAI, time-mated pregnant rhesus macaques at 130 days 

gestation (80% of term pregnancy) received by ultrasound-guided intraamniotic injection either 1 mL saline for 16 hours (n = 5), 

1 mg LPS (MilliporeSigma Sigma) in 1 mL saline solution (n = 5) for 16 hours, or Ureaplasma parvum serovar 1 (1 × 107 CFU) 

(n = 5) for 3 days. Some animals had maternal blood and amniotic fluid drawn before injections, and those samples were included 

in the control group. At the indicated times, pregnant dams were surgically delivered, and samples were collected for analysis. 

Infection and inflammation were confirmed histologically by the presence of neutrophil infiltration. There were no spontaneous 

deaths or preterm labor in all groups. Some of the animals used in this study were previously reported (30, 44). 

Human samples. We studied 124 human amniotic fluid samples from women that were tested because of clinical suspicion of IAI, 

independent of the research protocol. Clinical suspicion of IAI included preterm labor with contractions persistent despite tocolysis, 

advanced cervical dilation, and/or preterm prelabor rupture of the membranes. Gestational age at amniotic fluid sampling as well 

as gestational age at delivery are shown in Table 2. In all cohorts, amniotic fluid was collected by ultrasound-guided amniocentesis. 

Amniotic fluid was cultured for aerobic and anaerobic bacteria, Ureaplasma urealyticum and Mycoplasma hominis. IAI was defined 

by positive culture or positive Gram stain. Additional clinical laboratory tests were performed to confirm or rule-out IAI. Cord 

blood was not available for analysis. Preterm labor was defined as the presence of regular uterine contractions and documented 

cervical effacement and/or dilation in patients under 37 weeks of gestation. 

The amniotic fluid samples were analyzed in 4 groups: PosIAI/PTB (n = 72), NegIAI/PTB (n = 22), NegIAI/TB (n = 20), and 

NegIAI/TB/SIRS (n = 10). 

In a separate human cohort with available cord blood but not amniotic fluid, we evaluated 60 human cord blood samples from 

singleton preterm infants with or without antenatal exposure to IAI. Cord blood was obtained by aseptic puncture of the clamped 

umbilical vein at the time of delivery (30.6 ± 2.8 weeks of gestation, range: 24.1–33.6). The fetal exposure to IAI was defined by 

IL-6 as previously described (38, 45, 46). 

Non-heme iron measurement. Maternal liver iron was measured as previously described (Iron-SL 157-30, Sekisui Diagnostics) (8). 

Serum was obtained from maternal and fetal mouse blood by centrifugation at 2,700 g for 10 minutes. Serum iron concentration 

was measured by colorimetric spectrophotometry using an iron calibrator. Serum iron in mouse samples and plasma iron in human 

samples was measured using the Sekisui Diagnostics Iron-SL kit (catalog 157-30): 260 μL R1 reagent was added to 20 μL standard, 
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blank, or sample. Absorbance at 595 nm (A1) was measured before adding 60 μL R2 for 5 minutes, after which absorbance at 595 

nm was remeasured (A2). Plasma iron in rhesus macaque samples was measured using the Genzyme iron total kit (catalog 102-

25): 150 μL R1 reagent was added to 20 μL standard (DC-Cal Se-035, Sekisui), blank, or sample. Absorbance at 560 nm (A1) was 

measured before adding 50 μL R2 and remeasured at 560 nm (A2) after addition of R2. Plasma, serum, or amniotic fluid iron were 

calculated in μM as = (Δsample A2 – A1/Δstandard A2 – A1) × standard concentration. 

TF and TSAT measurement. TF concentrations in human and mouse samples were determined by ELISA according to the 

manufacturer’s instructions (TF ELISA kit, Alpha Diagnostics, 1210 human, 6390 mouse). TF concentrations measured in ng/mL 

were converted to μM using the molecular weight of TF (~80 kDa), and total iron binding capacity (TIBC) was calculated by 

multiplying TF in μM by 2 to account for the 2 iron binding sites. TIBC was used in combination with serum iron measurements 

to calculate TSAT. TSAT (%TSAT) = (serum iron/TIBC) × 100. This method could not accurately and reproducibly determine TF 

concentrations in rhesus macaque samples. 

Hepcidin assays. For human and rhesus macaque samples, hepcidin protein concentrations in plasma and amniotic fluid were 

measured by ELISA according to the manufacturer’s instructions (rhesus macaque, Intrinsic Hepcidin IDx; Human amniotic fluid, 

DRG Diagnostics; human cord blood, Intrinsic Hepcidin IDx). Hepcidin protein concentration in mouse serum and amniotic fluid 

was determined by ELISA using Ab2B10 (capture) and Ab2H4-HRP (detection) antibodies provided by Amgen, and synthetic 

mouse hepcidin-25 was used to generate standard curves ranging from 400 to 3.2 pg/mL (47). 

Inflammation assays. In mouse studies, presence of inflammation was assessed by mRNA expression of serum amyloid A-1 (Saa-

1) (48) and hepcidin (Hamp) in maternal liver. In macaque studies, concentrations of cytokines TNF-α, MCP-1, IL-1β, and IL-6 in 

amniotic fluid, maternal plasma, and cord blood plasma were determined by Luminex using non-human primate multiplex kits 

(MilliporeSigma). In human samples, concentrations of IL-6 in amniotic fluid and cord blood plasma samples were measured by 

ELISA (Pierce-Endogen). 

Gene expression quantification by qRT-PCR. Frozen mouse liver pieces were homogenized in TRIzol Reagent (Life Technologies). 

Total RNA was isolated by chloroform extraction, and 1 μg RNA was reverse transcribed using the iScript cDNA Synthesis Kit 

(Bio-Rad). Quantitative real-time PCR was performed on cDNA using SsoAdvanced SYBER Green Supermix (Bio-Rad) on the 

CFX Real-Time PCR Detection System (Bio-Rad). Samples were measured in duplicate and normalized to Hprt or Rpl4 using the 

following primer sequences: Hprt forward 5′-CTGGTTAAGCAGTACAGCCCCAA-3′ and reverse 5′-

CAGGAGGTCCTTTTCACCAGC-3′, Rpl4 forward 5′-TGAAAAGCCCAGAAATCCAA-3′ and reverse 5′-

AGTCTTGGCGTAAGGGTTCA-3′; Saa1 forward 5;-AGTCTGGGCTGCTGAGAAAA-3′ and reverse 5′-

ATGTCTGTTGGCTTCCTGGT-3′, Hamp1 forward 5′-AAGCAGGGCAGACATTGCGAT-3′ and reverse 5′-

CAGGATGTGGCTCTAGGCTATGT-3′. Data are expressed as 2–ΔΔCt (housekeeping-target). 

Statistics. All data are presented as box-and-whisker plots. The box portion indicates the upper 75th and lower 25th percentile, 

whiskers indicate variability outside the upper 90th and lower tenth percentile, and individual points represent outliers. The solid 

line within the box indicates the median. Statistical analysis was performed using SigmaPlot version 12.5 (Systat Software). 

Statistical differences between groups were determined by 1-way ANOVA followed by Holm-Sidak for multiple comparisons for 

normally distributed values, 1-way ANOVA on ranks followed by Dunn’s method for multiple comparisons of nonparametric 

values, 2-tailed Student’s t test for normally distributed values, or Mann-Whitney U test for nonparametric values. Adjustment for 

gestational age and comparison of groups in human amniotic fluid samples was done using factorial and 1-way ANOVA 

(VassarStats). The number of animals in each group is indicated in the graphs. P values of less than 0.05 were considered significant. 

Study approval. All animal studies were approved by the Institutional Animal Care and Use Committees at UCLA (for mouse 

studies) and UCD (for macaque studies) and were carried out in accordance with the Guide for the Care and Use of Laboratory 

Animals (National Academies Press, 2011). Human studies were approved by the Institutional Review Boards at Yale University 

and The Ohio State University, where the samples were collected, and all women signed informed consent. 
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SUPPLEMENTAL MATERIALS 

 

  

  

Supplemental Figure 1. Correlation between hepcidin in fetal serum and amniotic fluid in 

mice. Pregnant iron-replete WT dams received a single subcutaneous injection of 0.5 μg/g LPS 

or water on E15.5 for 24 h. The values represent the litter averages for serum hepcidin or 

amniotic fluid hepcidin. White circles = control group, blue circles = LPS group. Statistical 

analysis was done using Pearson correlation.  
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Supplemental Figure 2. Correlation between hepcidin in cord blood plasma and amniotic 

fluid in rhesus macaques. Pregnant rhesus macaques received a single intraamniotic injection 

of LPS for 16 h or Ureaplasma for 3 days. Pearson correlation was used to compare hepcidin in 

cord blood plasma versus hepcidin in amniotic fluid. White circles = controls, grey circles = 

Ureaplasma group, blue = LPS group.  
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Supplemental Figure 3. Correlations between hepcidin and cytokines in cord blood plasma 

and amniotic fluid in rhesus macaques. Pregnant rhesus macaques received a single 

intraamniotic injection of LPS for 16 h or Ureaplasma for 3 days. Pearson correlations between 

hepcidin and cytokines TNF-α, MCP-1, IL-1β, and IL-6 in (A-D) cord blood plasma and (E-H) 

amniotic fluid at delivery are shown. White circles = controls, grey circles = Ureaplasma group, 

blue = LPS group.  
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ABSTRACT 

Because iron is essential for a healthy pregnancy, iron supplementation during pregnancy is nearly 

universally recommended, regardless of maternal iron status. A signal of potential harm is the U-

shaped association between maternal ferritin, a marker of iron stores, and risk of adverse pregnancy 

outcomes. However, ferritin is also induced by inflammation and so may overestimate iron stores 

during inflammation or infection. We used mouse models to determine whether maternal iron 

loading, inflammation, or their interaction caused poor pregnancy outcomes. Only maternal 

exposure to both iron excess and inflammation caused embryo malformations and demise. 

Maternal iron excess potentiated embryo injury during both LPS-induced acute inflammation and 

obesity-induced chronic mild inflammation. The adverse interaction was dependent on TNFα 

signaling, caused apoptosis of the placental and embryo endothelium, and was prevented by anti-

TNFα or antioxidant treatment in vivo. Our findings raise important questions about the safety of 

indiscriminate iron supplementation during pregnancy. 
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INTRODUCTION 

Iron is an essential micronutrient required by all tissues for metabolic and cellular processes. Iron 

requirements increase substantially over the course of pregnancy to support growth of the fetus 

and placenta and for maternal erythropoietic expansion (Fisher and Nemeth, 2017). To meet these 

demands, both dietary iron absorption and mobilization of iron from stores must increase, and this 

is mediated by a decrease in maternal hepcidin, the iron-regulatory peptide hormone produced in 

the liver (Sangkhae et al., 2020). 

Severe iron deficiency and associated anemia is detrimental for both mother and fetus 

(Breymann, 2015) which has led to the policy of universal iron supplementation even without 

screening for preexisting iron deficiency in most countries, including the United States. In 

developed countries, most women of reproductive age have adequate iron stores, and less than 

25% of pregnant women have mild iron deficiency and anemia (Le, 2016; WHO, 2001), prompting 

considerations of the potential risks of indiscriminate iron supplementation.  

Although iron is essential for cell function and viability, excess iron can be toxic. In iron 

overload conditions, high iron concentrations in plasma exceed the iron-binding capacity of 

transferrin, and non-transferrin-bound iron (NTBI) appears in circulation, damaging cells and 

tissues through the generation of reactive oxygen species (Breuer et al., 2000; Emerit et al., 2001). 

How elevated transferrin saturation and/or the presence of NTBI in maternal circulation affects 

placental and fetal tissues is unknown. Pregnancies associated with iron excess include patients 

with hereditary hemochromatosis or β-thalassemia, the latter having well-documented 

complications including prematurity, abortion, and intrauterine fetal death (Fozza et al., 2017; 

Tuck et al., 1998). However, even normal pregnancies may be exposed to excess iron and NTBI 

when iron-supplemented (Baron et al., 2008), in part because of decreased maternal hepcidin 
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allowing for highly efficient iron absorption. High iron status is associated with gestational 

diabetes and impaired fetal growth (Guo et al., 2019; HOU et al., 2000; Khambalia et al., 2016; 

Lao et al., 2001; Rawal et al., 2017; Scholl, 2005; Scholl and Reilly, 2000). Furthermore, large 

epidemiological studies show a U-shaped association between maternal ferritin, a marker of iron 

stores, and risk of adverse outcomes such as low birthweight, stillbirth, preterm birth (<37 weeks), 

very preterm birth (<32 weeks’ gestation), and neonatal asphyxia (Gonzales et al., 2009; 

Khambalia et al., 2015; Knottnerus et al., 1990; Lao et al., 2000; Mamun et al., 2006; Scanlon et 

al., 2000; Stephansson et al., 2000; Xiao et al., 2002). However, these harms are not necessarily 

caused by iron excess as ferritin is also increased by inflammation and may not accurately reflect 

iron stores in the presence of inflammation or infection.  

Maternal systemic inflammation is independently associated with adverse outcomes 

including increased risk of schizophrenia, autism, and other psychiatric disorders (Allswede et al., 

2020; Jones et al., 2017). This was observed with acute inflammation during bacterial or viral 

infectious episodes (Atladottir et al., 2010; Ginsberg et al., 2019) and in milder chronic conditions 

such as obesity (Catalano and Shankar, 2017; Sanchez et al., 2018). Animal models that 

investigated the underlying mechanisms implicated proinflammatory cytokines as a cause of 

abnormal fetal brain development and autism-associated behaviors in offspring (Choi et al., 2016; 

Garay et al., 2013; Hsiao and Patterson, 2011; Wu et al., 2017b). In humans, maternal serum tumor 

necrosis factor α (TNFα) is elevated in pathologic pregnancies (Gücer et al., 2001) and in first 

trimester loss (Kaislasuo et al., 2019). Moreover, elevated interleukin (IL) 8, TNFα, and C-reactive 

protein are associated with risk of schizophrenia in offspring (Brown et al., 2004; Buka et al., 2001; 

Canetta et al., 2014). 
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Since high ferritin is a marker of both high iron and inflammation, it is unclear if adverse 

birth outcomes associated with high maternal ferritin are caused by high iron, inflammation, or a 

combination of both. To address this question, we developed and examined mouse models of 

maternal iron excess and systemic inflammation during pregnancy and discovered a dramatic 

adverse synergy: only the presence of both resulted in embryotoxicity. Embryotoxicity was 

observed in an LPS-induced sepsis model and with chronic mild inflammation occurring with diet-

induced obesity. The underlying mechanism is dependent on iron-induced oxidative stress 

sensitizing endothelium in the placenta and embryo to TNFα-mediated apoptosis. These findings 

are surprising in view of the remarkable resistance of mouse models to tissue injury from massive 

iron overload induced by dietary or genetic manipulations. Synergistic toxicity of iron and 

inflammation expands our understanding of the potential effects of iron supplementation not only 

in pregnant women but also during other inflammatory conditions. 
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RESULTS 

Maternal iron overload and systemic inflammation synergize to cause embryotoxicity. To 

model iron supplementation, wildtype C57BL/6 females were fed high-iron diet (2500-5000ppm 

carbonyl iron) for 1-3 weeks prior to and during pregnancy (4 to 6 weeks total, gestation in 

C57BL/6 mice is ~19 days). In addition, we used a genetic model of iron excess: C57BL/6 mice 

deficient in the iron-regulatory hormone hepcidin (hepcidin KO) which accumulate iron naturally 

on standard chow (185ppm iron). Control iron-adequate dams were fed standard chow. Non-

pregnant females were age- and diet-matched to pregnant females. As expected, in both models of 

iron loading, pregnant females had higher hepatic iron compared to iron-adequate dams at 

embryonic day (E) 15.5 and 18.5 (all P<0.001) (Supplemental Figure 4-1A). Serum iron was 

significantly elevated in hepcidin KOs but not in dietary-loaded WT dams which express hepcidin 

(Supplemental Figure 4-1B). Embryos were relatively protected from iron overload on E15.5, 

but by E18.5, embryos liver iron stores and serum iron were significantly higher in both iron-

loading models relative to iron-adequate controls (Supplemental Figure 4-1D). Of note, the 

severity of embryo liver iron loading was much lower than in the dams. Placenta iron concentration 

was increased in both iron loading groups at E15.5 and 18.5 (both P<0.001) (Supplemental 

Figure 4-1E). 

Acute systemic maternal inflammation was induced by a single subcutaneous injection of 

LPS (E. coli serotype O55:B5) on E8.5 or 15.5 in the three group of dams: those on iron-adequate 

or high-iron diet and hepcidin KOs. Control dams in each group were injected with solvent. Neither 

iron loading nor inflammation altered litter size (Supplemental Figure 4-1F,G) but inflammation 

altered sex ratio independently of iron status. Litters from dams treated with E8.5 LPS had more 
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male embryos (P<0.01), suggesting that female embryos are more susceptible to inflammation-

induced lethality (Supplemental Figure 4-1H). 

After the E8.5 injection, embryo outcome was evaluated on E18.5 (Figure 4-1A). Injection 

of solvent did not cause embryo loss or abnormalities in any groups except a single stillborn litter 

in dietary iron-loaded dams at E18.5 (n=1 out of 12 dams) (Figure 4-1,B-E). Thus, iron loading 

by itself did not cause severe embryo damage. E8.5 LPS injection in iron-adequate pregnancies 

caused embryo loss by E18.5 in 29% of pregnancies (n=2 out of 7 dams) but surviving embryos 

appeared normal, with subcutaneous hemorrhaging and edema in only 3% of embryos (n=1 out of 

36 embryos) (Figure 4-1,B-E). Remarkably, when dams were both iron-loaded and LPS-injected, 

we observed a striking synergistic effect: adverse outcomes (embryo loss or malformation) were 

observed in all hepcidin KO (fed standard chow) and dietary iron-loaded dams, indicating that 

elevated maternal iron was the pathogenic factor synergizing with inflammation, rather than diet 

composition, maternal microbiome, or the lack of hepcidin. Embryo loss was noted in 62% of 

dietary iron-loaded pregnancies (n=10 out of 16 dams, P=0.019) and in 63% of hepcidin KO 

pregnancies (n=5 out of 8 dams, P=0.008) (Figure 4-1B,C). Of the remaining iron-loaded 

inflamed pregnancies that did not resorb embryos, most embryos were severely malformed: 67% 

of dietary iron-loaded embryos (n=32 out of 47 embryos) and 75% of hepcidin KO embryos (n=19 

out of 25 embryos) (both P<0.001) (Figure 4-1B). Embryonic malformations most commonly 

included anencephaly and anophthalmia, subcutaneous hemorrhaging, and less commonly hernia 

and cleft palate (Figure 4-1B, D-E). 

Since E8.5 LPS injection caused embryo loss in iron-loaded dams, this limited the 

availability of embryo tissue for analysis. We thus injected LPS or solvent on E15.5 and analyzed 

outcomes after 24h (Figure 4-1F). Solvent injections did not cause preterm birth or embryo 
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Figure 4-1. Maternal iron overload and systemic inflammation synergize to cause embryotoxicity. Dietary iron 

loading was achieved by feeding WT mice a high iron diet (2500-5000 ppm iron) for 1-3 weeks before mating and 

during pregnancy. Hepcidin KO dams, a model of genetic iron loading, were fed standard diet (185pppm iron). Both 

dietary and genetic iron loaded pregnancies were compared to iron-adequate pregnancies (WT females fed standard 

diet) under normal conditions and with maternal inflammation. (A) Maternal systemic inflammation was induced in 

the second trimester (E8.5) by a single subcutaneous injection of 0.5μg/g LPS in the interscapular area and dams were 

euthanized on E18.5: (B) embryo gross morphology, (C) incidence of embryo loss and (D) embryo malformation. 

(E) Incidence of embryo malformation by type. (F) Maternal systemic inflammation was induced in the third trimester 

(E15.5) by a single subcutaneous injection of 0.5μg/g LPS for 24h: (G) embryo gross morphology, (H) incidence of 

preterm birth and (I) embryo resorption. Statistical differences were determined by two-way ANOVA followed by 

Holm-Sidak method for multiple comparisons. 
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resorption in any groups, confirming that maternal iron loading by itself does not cause severe 

damage to embryos. In dams with normal iron status, E15.5 LPS injection caused preterm birth in 

50% of dams, but embryos appeared normal with only 2% lethality (n=1 out of 59 embryos) 

(Figure 4-1,G-I). In iron-loaded dams, LPS injection on E15.5 induced preterm birth in ~20% of 

dietary and genetic iron-loaded pregnancies, but embryonic lethality was much higher: 42% in 

dietary iron-loaded dams (n=17 out of 41 embryos, P=0.003), and 85% in hepcidin KO dams (n=29 

out of 34 embryos) (P<0.001) (Figure 4-1,G-I). Collectively, these data show that maternal iron 

excess, elicited by dietary or genetic means, potentiates the adverse effects of systemic 

inflammation during pregnancy. 

LPS is a component of Gram-negative bacteria but numerous viral and bacterial infections 

during pregnancy are known to cause adverse outcomes (Adams Waldorf and McAdams, 2013; 

Racicot and Mor, 2017). We tested if high maternal iron potentiates adverse outcomes in dams 

injected with different pathogen-associated molecules (PAMPs). Iron-adequate WT and hepcidin 

KO dams were treated with polyinosinic:polycytidylic acid, lipoteichoic acid, pam3csk4, or 

flagellin on E15.5, and outcomes were analyzed on E16.5 (Supplemental Table 4-1). In order to 

study synergy with iron excess, we chose doses that were lower than those previously reported to 

trigger preterm birth in iron-adequate mice (Ilievski et al., 2007), but most were sufficient to induce 

maternal inflammation comparable to the LPS group as measured by liver Saa1 expression 

(Supplemental Table 4-1).  However, unlike LPS which adversely affected even iron-adequate 

pregnancies, these PAMPS had no detectable effects on mouse pregnancy. No preterm birth was 

observed in iron-adequate dams, nor adverse embryo outcomes in iron-loaded dams. It remains to 

be determined if this is related to different cytokine profiles induced by different PAMPs, and 

whether higher PAMP doses or live infections would synergize with iron excess.  



 

160 
 

To address the underlying mechanisms of adverse synergy observed in the LPS model, we 

examined if maternal iron loading augments the inflammatory response in the dam, placenta and 

embryo. LPS was undetectable in embryo serum after subcutaneous injection in the dam on E17.5 

when placental permeability is greatest (Supplemental figure 4-2A), indicating that LPS did not 

directly cause embryo lethality. We performed a multiplex analysis of 32 cytokines in maternal 

serum and although most cytokines were induced by LPS within 6h, the induction was similar 

between iron-adequate and -loaded dams (either dietary-loaded or hepcidin KOs), including TNFα, 

IL6, IL1β and IL10 (all P<0.001, Figure 4-2,A-D), as well as IL-2, -3, -9, -12 (p.40/70), -13, -15, 

IFNγ, GCSF, GMCSF, MCSF, MCP1, Eotaxin, IP10, MIP1α/β, MIG, LIF, KC, and RANTES (not 

shown). Serum IL1α, IL-4, -5, -7, -17, LIX, MIP2, and Vegf were not induced by LPS in any dams 

(not shown). In the placenta, Tnf and Il6 expression increased 6h after LPS (Figure 4-2,E-F, 

P<0.001). To obtain enough volume for embryo serum cytokine analysis, a separate cohort of iron-

adequate and iron-loaded dams were injected with LPS on E17.5 for 6h and embryo serum was 

pooled from each litter. Out of 32 cytokines measured, only IL6 (Figure 4-2G) and GCSF (not 

shown) increased in embryo serum but this was independent of maternal iron status. We did not 

detect any increases in embryo serum TNFα, IL1β, or IL10 (Figure 4-2,H-J). 

Collectively, our data show that LPS injection induces acute, transient inflammation that 

is primarily restricted to the dam and placenta and is independent of maternal iron status. Thus, 

differential activation of maternal inflammatory pathways is not responsible for the synergistic 

effects observed with maternal iron excess and systemic inflammation. 

We assessed the contribution of a maternal hormonal response to adverse outcomes by 

measuring progesterone, as premature progesterone withdrawal triggers preterm birth in mice 

(Dudley et al., 1996). LPS treatment induced progesterone withdrawal within 6h regardless of iron 
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status (Supplemental Figure 4-2B), consistent with the incidence of preterm birth observed in 

Figure 4-1H. Additionally, since high iron is associated with oxidative stress, we measured 

malondialdehyde (MDA) in maternal serum. There was no difference in MDA between iron-

adequate and iron-loaded groups at baseline or 6 h after LPS. MDA was elevated in iron-loaded 

dams 24h after LPS treatment (Supplemental Figure 4-2C), the time point when embryos were 

actively resorbing, suggesting the increase in MDA is not a causative factor leading to embryo 

demise. These data suggest that neither maternal progesterone changes nor maternal systemic 

oxidative stress are responsible for adverse synergy between iron excess and inflammation. 

 

Adverse synergy between maternal iron excess and inflammation targets placental and 

embryo endothelium to cause its apoptosis. We performed a screen of activated cell death 

pathways in placentas and embryo tissues. We did not detect any iron-dependent difference in 

protein levels of pyroptotic markers IL1β or cleaved caspase-1, mRNA for the NLRP3 component 

of inflammasome, lipid peroxidation marker MDA, or putative ferroptosis marker Ptgs2 

(Supplemental Figure 4-2,D-K). To assess oxidative stress, we measured expression of the NRF2 

target gene Nqo1, as a marker of antioxidant pathway activation. Nqo1 expression in embryo liver 

Figure 4-2. Maternal iron excess potentiates inflammation-induced apoptosis in embryo tissues. Maternal 

systemic inflammation was induced in iron-adequate and iron-loaded dams at E15.5 by a single subcutaneous 

injection of 0.5μg/g LPS. (A-D) Cytokines TNFα, IL6, IL1β, and IL10 in maternal serum 6 and 24h after LPS 

treatment. Grey circles: iron-adequate group (N=11,7,8 for contorl, 6h and 24h groups respectively), light blue circles: 

dietary iron group (N=9,3,7), dark blue circles: hepcidin KO group (N=10,5,4). (E-F) Placenta mRNA expression of 

Tnf and Il6 normalized to Rpl4 6h after maternal LPS injection. Grey circles: iron-adequate group (N=13,13 for 

control and 6h groups respectively), light blue circles: dietary iron group (N=4,4), dark blue circles: hepcidin KO 

group (N=12,8). (G-J) Embryo serum TNFα, IL6, IL1β, and IL10 6h after maternal LPS treatment on E17.5, in a 

separate cohort where embryo blood was pooled from each litter to obtain sufficient serum for analysis. Grey circles: 

iron-adequate group (N=4,5), dark blue circles: hepcidin KO group (N=4,4). (K) Western blot of whole placenta and 

(L) embryo liver for apoptotic marker cleaved caspase-3, 24 h after LPS injection (N=3-8/group). β-Actin was used 

as a loading control. Statistical differences were determined by two-way ANOVA followed by Holm-Sidak method 

for multiple comparisons. 
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did not differ between iron-adequate and loaded groups (Supplemental Figure 4-2L). In whole 

placentas, Nqo1 was moderately increased in the iron-loaded group 6 and 24h after LPS treatment 

(Supplemental Figure 4-2M). Similarly, Hmox1 was moderately increased 24h after LPS 

treatment (Supplemental Figure 4-2N), suggesting that iron loading and inflammation synergize 

to induce placental oxidative stress.  

To examine apoptosis, we measured cleaved caspase-3, a canonical marker of programmed 

cell death. We did not detect a significant increase in placental cleaved caspase-3 6h after maternal 

LPS injection (Supplemental Figure 4-2O). However, 24h after maternal LPS injection, cleaved 

caspase-3 protein dramatically increased in placenta and embryo liver in iron-loaded, inflamed 

pregnancies (Figure 4-2,K-L). TUNEL staining of placental sections confirmed increased cell 

death in the labyrinth layer only when the dam was both iron-loaded and LPS-injected (Figure 4-

3A), with a distribution pattern suggesting endothelial cell death. Co-staining of placental and 

whole embryo sections for cleaved caspase-3 and endothelial marker CD31 demonstrated 

colocalization of the two proteins in the placenta, embryo lung, heart, liver, and umbilical cord 

only in iron-loaded, inflamed pregnancy (Figure 4-3,B-E, Supplemental Figure 4-3A), 

indicating that the adverse synergy targets the placental and embryo endothelial cells and causes 

their apoptosis. 

To identify the mechanisms leading to endothelial apoptosis, we used human umbilical 

vein endothelial cells (HUVEC), primary fetal endothelial cells from the umbilical cord, a tissue 

that was affected by endothelial apoptosis in the mouse model. HUVECs were treated with ferric 

ammonium citrate (FAC) to induce iron loading (confirmed by ferritin immunoblotting), then 

stimulated with cytokines IL6, IFNγ, IL1α, IL1β, and TNFα (Figure 4-3F). All of these except 

IL1α were elevated in maternal circulation 6h after LPS treatment, independently of the dam iron  
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status. In HUVECs, IL6 and IFNγ did not induce cleaved caspase-3 in either solvent or iron-treated 

cells, whereas IL1α and IL1β did induce cleaved caspase-3 but similarly in solvent or iron-treated 

groups. Only the induction of cleaved caspase-3 by TNFα was strongly potentiated by iron loading 

(P<0.001, Figure 4-3F). LPS treatment did not induce HUVEC cleaved caspase-3 (Supplemental 

Figure 4-3B), confirming that the direct action of LPS does not cause apoptosis. To assess if the 

adverse interaction with TNFα was specific to iron, we treated HUVECs with other metals. Only 

iron but not copper or zinc potentiated TNFα induction of cleaved caspase-3 (Supplemental 

Figure 4-3C). Conversely, co-treating HUVECs with FAC and iron chelator deferoxamine 

completely prevented TNFα-mediated apoptosis (Supplemental Figure 4-3D). 

Collectively, our data show that iron accumulation sensitizes endothelial cells to TNFα-

induced cell death. 

 

Synergistic toxicity of iron and inflammation is mediated by maternal TNFα. Pathways 

leading to apoptosis are categorized into the extrinsic or death receptor pathway, and the intrinsic 

or mitochondrial pathway (Elmore, 2007), but both lead to caspase-3 cleavage. We did not detect 

Figure 4-3. Adverse synergy between maternal iron excess and inflammation targets 

placental and embryo endothelium to cause its apoptosis. Maternal systemic inflammation was 

induced in iron-adequate and iron-loaded dams in the third trimester (E15.5) by a single 

subcutaneous injection of 0.5μg/g LPS for 24h. (A) TUNEL stain of placental sections. (B) 

Immunohistochemistry for cleaved caspase-3 (brown) and endothelial marker CD31 (red) in 

paraffin-embedded placenta, (C) embryo lung, (D) heart, and (E) liver sections. Representative 

images of N=3-5 sections/group. Scale bar= 50μm. (F) Primary HUVECs were treated with 

100μM ferric ammonium citrate (FAC) for 24h prior to being stimulated with IL6, IFNγ, IL1α, 

IL1β, or TNFα (all 50ng/ml) in solvent or FAC-supplemented media for 16h. Western blot (left) 

and quantitation (right) for cleaved caspase-3 normalized to β-Actin, representative image of N=4 

independent experiments. Ferritin-H is a marker of cellular iron loading. Statistical differences 

were determined by one-way ANOVA followed by Holm-Sidak method for multiple comparisons. 
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any iron-dependent differences in cleaved caspase-9 or mitochondrial oxidative phosphorylation 

complexes in HUVECs treated with FAC and TNFα, or in placenta lysates from the iron-loaded, 

inflamed group (Supplemental Figure 4-4A,B), further suggesting that the synergistic action of 

iron excess and inflammation acts through the extrinsic apoptotic pathway. 

We examined the contribution of TNFα in mediating embryo demise in vivo by treating 

pregnant iron-loaded hepcidin KO dams with TNFα-neutralizing antibody or control IgG antibody 

targeting trinitrophenol, prior to LPS treatment on E15.5 (Figure 4-4A). The specificity of TNFα-

neutralizing antibody was confirmed in vitro in HUVECs treated with FAC and IL1α, IL1β, and 

TNFα. In iron-loaded cells, treatment with TNFα-neutralizing antibody prevented cleaved 

caspase-3 induction by TNFα but not IL1α or IL1β (Supplemental Figure 4-5A). In pregnant 

hepcidin KO mice, neutralizing TNFα in maternal circulation had no effect on LPS-induced 

hepatic expression of serum amyloid A1 (Saa-1), Il6, Ccl2, Il1b, Cxcl2, or Cxcl10, but reduced 

Cxcl9 expression (Figure 4-4,C-E, Supplemental Figure 4-5,B-E). Despite comparable maternal 

inflammation, neutralizing TNFα prevented embryo resorption and demise (P=0.002, Figure 4-

4B). Placentas from dams treated with anti-TNFα therapy had lower expression of Tnf, Il6, Il1b, 

and Cxcl9 (all P<0.001) (Figure 4-4,F-I), showing that anti-TNFα therapy attenuates placental 

inflammation. Importantly, neutralizing TNFα prevented placenta and embryo apoptosis as 

reflected by reduced caspase-3 cleavage in placentas (P=0.009) and embryo livers (P=0.029), and 

decreased TUNEL staining in placental sections (Figure 4-4,J-L). Co-staining shows that anti-

TNFα therapy prevented apoptosis of endothelial cells in the placenta, embryo heart, lung, and 

liver (Figure 4-4M). These data confirm that maternal TNFα is the pathogenic factor causing 

endothelial apoptosis and embryo demise. 
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Synergistic toxicity of iron and inflammation is mediated by endothelial oxidative stress and 

prevented by α-Tocopherol treatment. To determine why endothelial cells from iron-loaded 

pregnancies are more susceptible to inflammation-induced apoptosis, we performed RNA-Seq of 

isolated placental endothelial cells from iron-adequate WT and iron-loaded hepcidin KO dams 6h 

after solvent or LPS treatment (Figure 4-5A). Isolation of endothelial cells was confirmed by 80-

fold enrichment of Cd31 mRNA (P<0.001) (Supplemental Figure 4-5F). Placental endothelial 

cells from hepcidin KO dams had lower expression of iron-importer transferrin receptor (Tfrc) 

compared to placental endothelial cells from iron-adequate dams (P=0.014), indicative of cellular 

iron loading (Figure 4-5B). Ingenuity pathway analysis of differentially expressed genes showed 

upregulation of reactive oxygen species and canonical inflammatory signaling pathways in 

endothelial cells from hepcidin KO dams compared to WT dams (Figure 4-5C). After LPS 

treatment, endothelial cells from hepcidin KO dams compared to LPS-treated WT dams showed 

further enrichment in genes in oxidative stress pathways, namely reactive oxygen species, Nrf2-

oxidative stress, and Hmgb1 signaling (Figure 4-5D). These data suggest that iron loading 

sensitizes endothelial cells to injury through oxidative stress and enhanced inflammatory signaling. 

In agreement, treatment of HUVECs with different forms of iron including non-transferrin bound 

iron and iron-rich ferritin induced oxidative stress as reflected by over 2-fold induction in NQO1 

Figure 4-4. Synergistic toxicity of iron and inflammation is mediated by maternal TNFα. (A) Iron-loaded 

hepcidin KO dams were treated intravenously via the retroorbital sinus with 500μg neutralizing TNFα antibody 

(nTNFα) or isotype control IgG (IgG) neutralizing trinitrophenol 15h prior to subcutaneous injection of LPS (0.5μg/g) 

for 24h. (B) Incidence of resorbing embryos. (C-E) Maternal liver expression of inflammatory markers Saa1, Il6, and 

Cxcl9 normalized to Hprt. (F-I) Placental mRNA expression of inflammatory markers Tnf, Il6, Il1b, and Cxcl9 

normalized to Rpl4. (J-K) Western blots and quantitation of whole placenta or embryo liver lysates for cleaved 

caspase-3 expression normalized to β-Actin. (L) TUNEL stain of placental sections. (M) Immunohistochemistry for 

cleaved caspase-3 (brown) and CD31 (red) in paraffin-embedded placenta, embryo heart, lung, and liver. 

Representative image of N=3 sections/group. Scale bar= 50μm. Statistical differences between groups were 

determined by Mann-Whitney U or Student’s t-test (denoted by *). 
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and HMOX1 expression compared to solvent-treated cells (Supplemental Figure 5G-H).To 

confirm the role of oxidative stress in mediating embryo demise in vivo, we treated pregnant iron-

loaded hepcidin KO dams with antioxidant α-tocopherol, the most abundant isomer of vitamin E. 

Hepcidin KO dams were treated with subcutaneous α-tocopherol (100µg/g) 14 and 2h prior to LPS 

injection on E15.5 (Figure 5E). Maternal pretreatment with α-tocopherol was completely 

protective against embryo demise (P<0.001) (Figure 5F). α-Tocopherol had no effect on maternal 

inflammation as shown by comparable hepatic expression of Il6, Saa1, Il1b, Cxcl2, Cxcl10, Ccl2, 

and Cxcl9 (Figure 5G, Supplemental Figure 5I-N). Instead, maternal α-tocopherol treatment 

attenuated LPS-induced inflammation in the placenta, reflected by lower expression of Il1b, Cxcl2, 

Il6, Cxcl1, Ccl2, and Cxcl9 (Figure 5H-J, Supplemental Figure 5O-Q). Notably, maternal α-

Tocopherol treatment reduced expression of placental cleaved caspase-3 (P=0.015), and prevented 

endothelial apoptosis in the placenta, embryo lung, and liver (Figure 5K-L). In agreement with 

our mouse model, treatment of iron-laden HUVECs with vitamin E analog Trolox was protective 

against TNFα-mediated apoptosis (Figure 5M). Collectively, these data show that oxidative stress 

mediates endothelial apoptosis and embryotoxicity in iron-loaded and inflamed pregnancies. 
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Iron supplementation potentiates embryonic malformation and placental apoptosis in a 

mouse model of Western diet-induced obesity. To investigate if maternal iron excess adversely 

interacts with chronic inflammation during pregnancy, we used a mouse model of diet-induced 

obesity in WT and hepcidin KOs (Figure 4-6A). WT C57BL/6 females were fed an iron-adequate 

Western diet (100ppm iron) for 8 weeks, then half of the mice continued on the same Western diet 

(iron-adequate group), and the other half were switched to a high-iron Western diet (3700ppm 

carbonyl iron) for 1-3 weeks (dietary iron loading group), then mated and fed the same diet in 

pregnancy. The third group (genetic iron loading) consisted of hepcidin KO females maintained 

on the iron-adequate Western diet for the same duration. Dams in all three Western diet groups 

weighed ~40% more at mating than their respective controls fed non-obesogenic standard diet or 

high iron diet (Figure 4-6B). At E18.5, compared to iron-adequate dams, hepcidin KOs were most 

iron-loaded with >20-fold higher liver iron and >2-fold higher serum iron (both P<0.001), whereas 

dietary iron-loaded dams had ~6-fold higher liver iron (P<0.001) but no increase in serum iron 

(Supplemental Figure 4-6A,B). Placental iron increased in both dietary-loaded and hepcidin KO 

groups (P=0.001) (Supplemental Figure 4-6C). Embryos were completely protected from iron 

Figure 4-5. Synergistic toxicity of iron and inflammation is mediated by endothelial oxidative stress and 

prevented by αTocopherol treatment. (A) Iron-adequate and iron-loaded dams were treated with subcutaneous LPS 

(0.5µg/g) on E15.5 for 6h. Placentas from solvent and LPS-treated mice were collected for endothelial cell isolation 

by magnetic separation using CD31 beads and total RNA was analyzed by RNA-Seq. (B) Endothelial cell Tfrc relative 

to Rpl4. (C-D) RNA-Seq Ingenuity Pathway Analysis of significantly downregulated (white bars) and enriched (red 

bars) genes (Z-score < and > than ±1.5) from placental endothelial cells comparing hepcidin KO and WT mice at (C) 

baseline and (D) 6h after LPS injection. (E-L) Hepcidin KO dams were treated with subcutaneous αTocopherol 

(αToc: vitamin E) 14 and 2h prior to LPS treatment on E15.5 for 24h: (F) incidence of resorbing embryos; (G) 

maternal liver Il6 expression; (H-J) placental Il1b, Cxcl2, and Il6 expression. (K) Western blot (left) and quantitation 

(right) of cleaved caspase-3 in whole placentas normalized to β-Actin. (L) Immunohistochemistry for cleaved 

caspase-3 (brown) and CD31 (red) in paraffin-embedded placenta, embryo lung and liver (representative image of 

N=3 sections/group). Scale bar= 50μm.  (M) Primary HUVECs were treated with 100μM ferric ammonium citrate 

(FAC) with and without vitamin E analog Trolox (300μM) for 24h prior to being stimulated with TNFα (50ng/ml) 

for 16h. Western blot (left) and quantitation (right) of cleaved caspase-3 normalized to β-Actin (representative image 

of N=3 independent experiments). Statistical differences were determined by Mann-Whitney U or one-way ANOVA 

followed by Holm-Sidak method for multiple comparisons (denoted by #). 
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Figure 4-6. Iron supplementation potentiates embryonic malformation and placental apoptosis in a mouse 

model of Western diet-induced obesity. (A) Starting at 3 weeks of age, wild-type C57BL/6 (iron-adequate) or 

hepcidin KO (genetic iron overload) females were fed an iron-adequate Western diet (100ppm iron) for 8 weeks. 

After 8 weeks, half of the WT mice were switched to a high-iron Western diet (5,000ppm carbonyl iron, dietary iron 

loading) for 1-3 weeks, while the other mice continued on Western diet. Mice were mated and continued their 

respective diets during pregnancy. Iron adequate dams were compared to dietary or genetic iron-loaded dams. (B) 

Maternal weight at mating in dams fed a Western diet compared to those fed non-obesogenic diet. (C) Incidence of 

adverse outcomes at E18.5 in obese pregnancies. (D) Embryo gross morphology. (E) Incidence of stillborn embryos, 

(F-G) incidence of embryo eye malformations. (H) Western blot of whole placentas for cleaved caspase-3 and 

quantification normalized to β-Actin. Statistical differences were determined by Student’s t-test (denoted by *), one-

way ANOVA on ranks followed by Dunn’s method for multiple comparisons (denoted by #), or Mann-Whitney U 

test (indicated by &). 
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loading and had liver iron and serum iron concentrations comparable to embryos from iron-

adequate dams (Supplemental Figure 4-6D,E). Litter size was similar between the groups, but 

embryo sex ratio was skewed towards fewer female embryos in obese pregnancies, similarly to the 

LPS model (Supplemental Figure 4-6F,G). 

Obesity in iron-adequate dams caused adverse outcomes in one-third of pregnancies (N=3 

out of 9 dams) (Figure 4-6C), although few embryos were affected in each litter (~5% had eye 

malformations) (Figure 4-6,D-F). Dietary iron loading of obese dams resulted in a more variable 

phenotype where 50% of litters were normal and 50% of litters were afflicted by fatal subcutaneous 

hemorrhaging and uncommonly eye malformations (Figure 4-6,C-G). Obesity in the most iron-

loaded hepcidin KO dams caused adverse pregnancy outcomes in over 80% of pregnancies 

(Figure 4-6C), with embryo eye malformations in over 20% of embryos (P=0.002, Figure 4-6,C-

F). Embryo eye malformations included anophthalmia and microphthalmia (Figure 4-6G). Similar 

to our acute LPS model, in placental lysates we observed an increase in cleaved caspase-3 in iron-

loaded obese dams (P=0.028) (Figure 4-6H), suggesting similarities in the pathogenic mechanism 

between our acute and chronic inflammation models. 

 

Neutralizing maternal TNFα is protective against embryonic malformation induced by the 

combination of high maternal iron and Western diet. We evaluated if maternal exposure to 

high iron while on an obesogenic diet affected inflammation, as both obese humans and animal 

models are reported to have elevated TNFα and IL6 (Aronson et al., 2004; Katsuki et al., 1998; 

Roytblat et al., 2000). Clustering analysis of Luminex 32-plex cytokine panel in maternal serum 

from obese and lean mouse pregnancies with and without iron loading identified the most severe 

group - obese hepcidin KO dams - as having a distinct cytokine profile compared to the other 
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groups, and showed increases in TNFα and related cytokines (Figure 4-7A). Elevated TNFα levels 

were confirmed in obese hepcidin KO dams (P=0.017), but not in others (Figure 4-7B). No 

difference in TNFα levels were found in sera from their embryos or amniotic fluid, or in placental 

Tnf expression (Figure 4-7,C-E), suggesting that maternal TNFα is the driver of embryonic 

complications. Thus, we treated hepcidin KO dams maintained on Western diet with neutralizing 

TNFα antibody or isotype control IgG antibody throughput pregnancy (E5.5, E8.5, E12.5, and 

E15.5) and analyzed embryo outcome at E18.5 (Figure 4-7F). We observed eye malformations in 

embryos from obese hepcidin KO dams treated with IgG control (Figure 4-7G), whereas 

neutralizing TNFα reduced the incidence of embryo eye malformations (P<0.01) (Figure 4-7H,I), 

confirming the role of maternal TNFα in mediating adverse embryo outcomes in iron-loaded, 

obese pregnancies. 
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Figure 4-7. Neutralizing maternal TNFα is protective against embryonic malformation induced by the 

combination of high maternal iron and Western diet. (A) Clustering analysis of 32-plex cytokine panel in maternal 

serum from iron-adequate, dietary iron-loaded (Fe diet), and genetically iron-loaded hepcidin KO (HKO) dams fed 

standard or Western diet (WD). (B-E) E18.5 TNFα measurements in (B) maternal serum, (C) embryo serum, (D) 

amniotic fluid, and (E) placental Tnf gene expression. (F) Hepcidin KO females were fed Western diet (100ppm iron) 

starting at 3 weeks of age and were mated after 9 weeks. Pregnant dams received intravenous injections of neutralizing 

TNFα antibody or isotype IgG targeting trinitrophenol as a control (250µg/injection) on E5.5, E8.5, E12.5, and E15.5, 

and embryo outcome was evaluated at E18.5. (G) Embryo gross morphology. (H-I) Incidence of eye malformations. 

Statistical differences were determined by one-way ANOVA on ranks followed by Dunn’s method for multiple 

comparisons (denoted by #), or Student’s t-test (denoted by *). 

 



  

 

175 
 

DISCUSSION 

While the WHO recommends that all pregnant women take daily iron supplements (WHO, 2016), 

the US Preventive Services Task Force concluded that there are insufficient data to assess the 

balance of benefits and harms of iron supplementation during pregnancy (Siu and Force, 2015). In 

developed countries, most women have sufficient iron stores, but women are still advised to take 

30-60mg elemental iron daily starting at the first prenatal visit (Breymann, 2015), even without 

screening for iron deficiency. We recently showed that the maternal homeostatic adaptations 

during pregnancy include suppression of the iron-regulatory hormone hepcidin (Sangkhae et al., 

2020), which would promote the rapid absorption of iron supplements, potentially exposing 

pregnant women to iron excess.  

Maternal serum ferritin, a marker of body iron stores, shows a U-shaped risk curve where 

both low and high ferritin are associated with adverse pregnancy outcomes. However, ferritin is 

also induced by inflammation and does not accurately reflect iron stores in the setting of 

inflammation or infection. Thus, association of high ferritin with adverse outcomes could reflect 

the pathogenic role of iron excess or inflammation, or the combination of both. We addressed this 

question using mouse models and identified a novel interaction between iron excess and 

inflammation. Our study is the first to demonstrate iron-dependent apoptotic injury in mouse 

models. 

The interaction between iron overload and inflammation is even more surprising because 

uninflamed mice are resistant to tissue injury from even massive iron overload. To analyze the 

consequences of pure iron excess in the setting of pregnancy, we modeled two modes of iron 

loading: one based on feeding mice high iron diet during pregnancy and the other used hepcidin 

KO mice, a model of genetic hemochromatosis. Both genetic and dietary maternal iron loading 
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resulted in higher placental iron and embryo iron stores. Although consequences of fetal iron 

excess in humans are not understood, it has been suggested that excessive iron supplementation of 

infants may have adverse effects on growth, risk of infections, cognition, and brain development 

(Domellof, 2010). In the hepcidin KO model, we did not see any phenotypic effect of maternal 

genetic iron loading on embryo development, and hepcidin KO mice are viable, survive until 

adulthood, and are fertile. In our dietary iron-loading model, we observed a small but insignificant 

increase in the incidence of embryo fatal subcutaneous hemorrhaging and stillbirth. In this regard, 

additional studies are needed to better determine the long-term effects on offspring of excess iron 

supplementation during pregnancy. 

When both iron excess and inflammation were present in pregnant animals, we found a 

dramatic adverse synergy that resulted in dire consequences for the fetus. In our LPS model of 

acute inflammation, both dietary and genetic loading were associated with high incidence of 

embryo mortality or malformations. In our model of diet-induced obesity, representing a milder 

chronic inflammatory state, we similarly observed that dietary iron loading caused embryo 

subcutaneous hemorrhaging or malformations. Our data question the safety of iron 

supplementation in women with acute or chronic inflammation. 

Importantly, we defined the mechanism underlying the adverse synergy between acute 

inflammation and maternal iron excess. Our animal models show that maternal iron excess 

increased oxidative stress in the whole placenta and specifically in placental endothelial cells, 

which was further exacerbated in the presence of inflammation. Iron-induced oxidative stress 

sensitizes endothelium in the placenta and embryo to inflammation-induced apoptosis, ultimately 

resulting in fetal death or malformations. Although also iron-dependent, this mechanism is distinct 

from ferroptosis as it does not involve iron-dependent changes in markers of lipid peroxidation, 
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Ptgs2 or MDA. Of note, treating dams with vitamin E isomer α-Tocopherol prior to the 

inflammatory insult completely prevented endothelial apoptosis and fetal demise, likely due to the 

attenuation of placental inflammation. Vitamin E exerts its cytoprotective effects as an antioxidant 

by scavenging reactive oxygen species and more broadly by inhibiting caspase activity (Uemura 

et al., 2002; Wu et al., 2017a), and reducing inflammation (Devaraj and Jialal, 2005; Huey et al., 

2008; Li et al., 2012; Wu et al., 2010). Although the WHO  reports no beneficial effect of routine 

vitamin E supplementation for women with or without a high risk of adverse pregnancy outcomes 

(Rumbold et al., 2015), our study suggests that acute vitamin E therapy may be beneficial in iron 

supplemented pregnancies with underlying inflammation. We speculate that the mechanism of 

iron-dependent apoptosis and its prevention by vitamin E supplementation could apply beyond 

pregnancy, to broader clinical problems associated with endothelial dysfunction, oxidative stress, 

and inflammation, and iron loading conditions could similarly worsen outcomes in hypertension, 

sickle cell disease, renal failure, and other cardiovascular and metabolic diseases. 

We demonstrated that TNFα was the pathogenic factor synergizing with maternal iron 

excess. TNFα is a pleiotropic cytokine that regulates diverse biological functions including cell 

growth, viral replication, septic shock, inflammation, and autoimmunity (Aggarwal et al., 2012), 

and aberrant TNFα production is associated with many inflammatory diseases in humans. 

Although both our acute inflammatory LPS model and chronic inflammatory obesity model 

resulted in similar adverse embryo outcomes and placental apoptosis, there seem to be differences 

in how iron excess alters TNFα signaling in acute and chronic inflammatory settings. In acute 

inflammation caused by LPS injection, there was no difference in maternal TNFα production 

between iron-adequate and iron-loaded dams. Thus, iron excess in our acute inflammatory model 

alters downstream TNFα signaling rather than TNFα production. In contrast, in our obesity model, 
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genetic iron loading increased circulating TNFα levels in the dam but not in placentas or embryos, 

suggesting that maternal iron excess did modulate TNFα production. TNFα is produced by adipose 

tissue and its secretion correlates with the degree of adiposity (Tzanavari et al., 2010), suggesting 

that iron excess may further promote TNFα production by adipose tissue in obesity.  

Notably, maternal anti-TNFα therapy was sufficient to prevent embryotoxicity in iron-

loaded pregnancies in either the acute LPS inflammatory model, or in obese mice. The 

development of anti-TNFα therapy has been indispensable for the treatment of several 

inflammatory-mediated autoimmune conditions (Berns and Hommes, 2016; Dretzke et al., 2011). 

Monoclonal anti-TNFα antibodies are considered safe during pregnancy, although they are 

actively transported across the placenta particularly in the third trimester (Kane and Acquah, 2009; 

Mahadevan et al., 2013), and are detectable in newborns until 6 months post-partum (Esteve-Solé 

et al., 2017; Julsgaard et al., 2016; Mahadevan et al., 2013). Despite measurable levels in offspring, 

studies report no association between anti-TNFα concentrations in infants at birth and risk of 

infection or in reaching developmental milestones in the first year of life (Julsgaard et al., 2016; 

Mahadevan et al., 2014).  

In summary, we investigated the consequences of excess maternal iron during healthy and 

inflamed pregnancy and discovered a novel adverse interaction. Maternal iron excess, accrued 

through dietary or genetic means, potentiated the adverse effects of inflammation during 

pregnancy, causing embryo malformations and demise. We observed this synergy between iron 

and acute inflammation utilizing a LPS-induced sepsis model and with chronic mild inflammation 

caused by diet-induced obesity. We provide specific evidence that the interaction between iron 

excess and inflammation is dependent on TNFα signaling causing lethal apoptotic damage to 

endothelial cells in the embryo and the placenta which can be prevented by maternal antioxidant 
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therapy. Our data suggest that pregnant women are at high risk for adverse birth outcomes when 

the mother is exposed to both high iron levels and systemic inflammation during pregnancy and 

underscores the importance of screening pregnant women for iron deficiency before 

recommending iron supplementation. Given the increasing prevalence of inflammatory disorders 

worldwide, and that iron supplementation of pregnant women is universal, our study raises 

important questions about the safety of indiscriminate iron supplementation in inflamed 

pregnancy. Furthermore, future studies will assess whether iron represents a modifiable factor to 

decrease detrimental effects of inflammation in conditions other than pregnancy. 
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MATERIALS AND METHODS 

Animals. All animal experiments were approved by the University of California, Los Angeles 

(UCLA) Institutional Animal Care and Use Committee and were carried out in accordance with 

the Guide for Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD). 

The following strains of mice were housed in our vivarium under standard laboratory conditions 

and used for experiments: wild type (WT) C57BL/6J (Jackson Laboratory, Bar Harbor, ME, stock 

#000664), and hepcidin-1 knockout mice on C57BL/6J background (Lesbordes-Brion et al., 2006). 

Unless specified, mice received a standard diet (PicoLab Rodent Diet 20, 5053 Irradiated, 185 ppm 

iron). For purified diets, iron content was determined by ICP-MS (Veterinary Diagnostic 

Laboratory, Michigan State University). 

To model maternal dietary iron overload, female WT mice were fed a purified high iron 

diet containing 2500-5000ppm carbonyl iron (Envigo Teklad TD. 160249 and TD.08043) for 1-3 

weeks prior to mating and for the duration of pregnancy. Non-pregnant controls were subjected to 

the same iron treatment and were age-matched to pregnant dams. 

For maternal obesity studies, female WT and hepcidin KO mice were fed a Western diet 

containing 100-ppm ferric citrate (Envigo Teklad TD.180722) starting at 3 weeks of age. After 8 

weeks, WT mice were fed a Western diet supplemented with 3700-ppm carbonyl iron (Envigo 

Teklad TD.180723) for one week prior to mating and throughout pregnancy. Dietary iron loaded 

dams were compared to WT mice (iron adequate, fed standard diet) and hepcidin knockout dams 

(genetic iron overload) maintained on Western diet. The Western diet contains 0.2% total 

cholesterol, saturated fat >60% of total fat (42% calories from fat), and high sucrose (43% calories 

from carbohydrate), and 15% calories from protein. 
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Maternal Systemic Inflammation Model. For second trimester inflammation, pregnant mice on 

E8.5 were weighed and received a single subcutaneous injection of 0.5 µg/g LPS (Escherichia coli 

serotype O55:B5, Sigma-Aldrich L2880) or equivalent volume of sterile solvent as a control. Mice 

were weighed daily after injection, and mice that lost pregnancy weight gain were euthanized from 

E11.5-E18.5 to confirm embryo loss (miscarriage or resorption of embryos). 

For third trimester inflammation, pregnant mice on E15.5 received a single subcutaneous 

injection of LPS, 100 µg pam3csk4 (InvivoGen tlrl-pms), 30 µg flagellin (Bacillus subtilis, 

InvivoGen tlrl-bsfla), or single intravenous injection of 10 µg/g polyinosinic:polycytidylic acid 

(high molecular weight, InvivoGen tlrl-pic) or 10 µg/g lipotechoic acid (Staph aureus, InvivoGen 

tlrl-pslta). Preterm birth was recorded as the delivery of at least one pup within 24h of injection. 

At the indicated times, mice were euthanized by isoflurane overdose and tissues collected for 

analysis. 

For TNFα neutralizing experiments, pregnant E14.5 hepcidin KO dams received a single 

intravenous injection via the retroorbital sinus of 500 μg rat antibody targeting mouse TNFα 

(BioXCell) or rat IgG1 isotype control antibody targeting trinitrophenol (BioXCell) prior to LPS 

injection on E15.5 for 24 h. Pregnant hepcidin knockout dams fed a Western diet received 

intravenous injections of 250 μg of anti-TNFα or anti-TNP on E5.5, E8.5.5, E12.5, and E15.5, and 

mice were euthanized on E18.5. 

For antioxidant experiments, pregnant hepcidin KO dams received subcutaneous injections 

of 100 µg/g (±)-α-Tocopherol phosphate disodium salt (Sigma T2020) 14 and 2 h prior to LPS 

injection on E15.5 for 24 h. 
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Cytokine and Chemokine Analysis. Cytokine and chemokine analyses were performed by the 

UCLA Integrated Molecular Technologies Core using a multiplex bead immunoassay (Millipore 

Milliplex Cytokine/Chemokine 32-plex Kit on Luminex FlexMap3D). Levels of mouse cytokines 

interleukin (IL)-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), 

IL-13, IL-15, IL-17, leukemia inhibitory factor (LIF), interferon (IFN)-γ, and tumor necrosis factor 

(TNF)-α; chemokines interferon inducible protein (IP)-10, keratinocyte derived chemokine (KC),  

LPS-induced CXC chemokine (LIX), monocyte chemotactic protein (MCP)-1, and 

Eotaxin/CCL11; colony stimulating factors (CSF) macrophage (M)-CSF, monocyte induced by 

gamma-interferon (MIG), macrophage inflammatory protein (MIP)-1α, MIP-1β, MIP-2, regulated 

on activation normal T cells expressed and secreted (RANTES),  granulocyte (G), granulocyte 

macrophage (GM)-CSF, and vascular endothelial growth factor (VEGF), were quantified in 

maternal serum 6 and 24h after E15.5 LPS injection. For embryo serum, a separate cohort of dams 

were treated on E17.5 for 6h and embryo serum from each litter was pooled to generate sufficient 

volume for analysis. For Western diet mouse experiments, cytokines in maternal serum collected 

on E18.5 were determined by the multiplex ELISA, and TNFα in pooled embryo serum and 

amniotic fluid was determined by a separate ELISA (Biolegend 430901) following the 

manufacturer’s instructions. 

 

Histopathology and Immunohistochemistry. Placentas and whole embryos were fixed in 10% 

neutral buffered formalin for 48 h at room temperature, rinsed once in distilled water and stored in 

70% ethanol until processing. The tissues were paraffin-embedded and sectioned at 4 µm thickness 

by the UCLA Translational Pathology Core Laboratory. Prior to staining, sections were heated for 
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45 min at 50°C and deparaffinized through serial changes of xylenes and ethanol and rehydrated 

to distilled water. 

For TUNEL staining, tissue sections were processed using ApopTag Plus Peroxidase in 

situ Apoptosis Detection Kit (EMD Millipore #S7101) following the manufacturer’s instructions.  

For immunohistochemistry, antigen retrieval was performed by boiling in Tris-EDTA (10 

mM Tris base 1 mM disodium EDTA dihydrate, pH 9.0) for 10 min. Sections were quenched with 

BLOXALL (Vector Laboratories SP-6000) for 10 min and washed with TBS containing 0.1% 

Tween-20. Blocking was performed using 2.5% normal horse serum in PBS. Sections were 

incubated with primary antibodies in blocking buffer at 4°C overnight in a humidified chamber. 

Negative control sections were incubated with normal IgG from the same species and at the same 

concentrations as primary antibodies. The secondary reaction was performed using ImmPRESS 

IgG (Vector Laboratories) conjugated to horseradish peroxidase (HRP) or alkaline peroxidase 

(AP). HRP and AP were developed using DAB and vector red per the manufacturer’s instructions 

(Vector Laboratories). Sections were counterstained with Gill’s hematoxylin. Light microscopy 

images were captured by a digital camera (Spot Imaging). 

 

Cell Culture. Primary human umbilical vein endothelial cells (HUVECs) pooled from 10 donors 

were obtained from ATCC (ATCC PCS-100-013) and cultured in complete endothelial cell growth 

medium (Cell Applications #211-500) at 37°C in a 5% CO2 95% air atmosphere. For experiments, 

HUVECs were seeded at 1 x 105/well on collagen-coated plates (Corning BioCoat). All 

experiments were performed from passages 3 to 5. 

For iron loading experiments, HUVECs were plated in in regular media or media 

supplemented with 100μM ferric ammonium citrate (FAC) (MP biomedicals #158040), or cupric 
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chloride (Sigma #C-6917), or zinc sulfate (Fisher #Z-58) for 24h. For iron depletion studies, 

HUVECs were treated with 100µM FAC with and without 100µM deferoxamine (Sigma D9533) 

for 24h. The optimal time of culture was based on preliminary concentration and time-dependence 

studies. 

For inflammation studies, HUVECs were treated with solvent, 2mg/ml LPS O55:B5, or 

50ng/mL recombinant human IL-6 (R&D Systems #206-IL), IFN-γ (PeproTech #300-02), IL-1α 

(PeproTech #200-01A), IL-1β (PeproTech #200-01B), or TNFα (Biolegend #570102) for 16h. The 

optimal time of culture with cytokines was based on preliminary concentration and time-

dependence studies.  

For TNFα neutralizing experiments, HUVECs were treated with 100µM FAC and 1µg 

human TNFα neutralizing antibody for 24h and stimulated with 50ng/ml IL-1α, IL-1β, or TNFα 

for 16h. 

 

RNA-Sequencing. RNA-Sequencing was performed by the UCLA Technology Center for 

Genomics & Bioinformatics on endothelial cells isolated from mouse placentas. Briefly, 5 

placentas/dam were pooled, and endothelial cells were isolated by magnetic separation using the 

MidiMACS system following the manufacturer’s instructions (Miltenyi #130-095-927, #130-097-

418). Total RNA was extracted using a RNeasy Micro kit (Qiagen) following the manufacturer’s 

instructions. Expression data were analyzed by comparing cells from the following groups of mice: 

iron adequate (WT) and iron loaded (HKO) pregnant mice injected on E15.5 with solvent or 

0.5µg/g LPS for 6h (N=4 dams/group). Libraries for RNA-Seq were prepared with Nugen 

Universal plus mRNA-Seq Kit to generate strand-specific RNA-seq libraries. Data were sequenced 

on Illumina HiSeq 3000 for a single-read 50bp run, and depth of coverage was 2 lanes for >30 
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million reads/sample. Partek flow and Ingenuity Pathway Analysis (IPA) were used for 

bioinformatics methods and data analysis, respectively. The reads were mapped to the latest UCSC 

transcript set using STAR - 2.6.1d. The Partek E/M was used to quantify reads to an annotation 

model. After obtaining gene counts, the counts were normalized by TPM. The Principal 

Component Analysis was applied to the transcript counts. The differential gene expressions were 

examined using DESeq2 algorithm. Canonical pathway analysis was performed by IPA using 

significantly differentially expressed genes (genes filtered by P<0.05). 

 

Non-heme Iron Measurements. Serum was obtained from maternal and embryo blood by 

centrifugation at 2,700 x g for 10 min. Serum iron concentration was measured by colorimetric 

spectrophotometry using an iron calibrator (Iron-SL, Sekisui Diagnostics 157-30) (Fisher et al., 

2020), excluding hemolyzed samples. For maternal liver iron measurements, 75 μL of whole liver 

homogenate was weighed and incubated in 1125 μL protein precipitation solution (0.53 N HCl 

5.3% tricholoracetic acid) at 100°C for 1 h. For embryo tissue iron measurements, half of each 

placenta and liver were weighed and homogenized in 1200 μL protein precipitation solution prior 

to boiling. Samples were centrifuged at 17,000 x g for 10 min and supernatant was analyzed by 

colorimetric spectrophotometry using an iron standard (1,000-ppm iron in 3% HCl, Ricca 

Chemical Company). 

 

Serum Endotoxin Assay. Endotoxin in maternal and embryo serum was determined by a limulus 

amebocyte assay kit following the manufacturer’s instructions (BioWhittaker #50-648U). 
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Serum Progesterone Assay. Progesterone in maternal serum was measured by ELISA according 

to the manufacturer’s instructions (Cayman Chemicals #582601). 

 

Lipid Peroxidation Assay. Lipid peroxidation was quantified in serum and embryonic tissues by 

colorimetric spectrophotometry using the Thiobarbituric Acid Reactive Substances (TCA Method) 

Assay Kit (Cayman Chemicals #700870) following the manufacturer’s instructions. 

 

Western Blot Analysis. Placenta pieces from pregnant mice treated with LPS or solvent on E15.5 

were homogenized in RIPA lysis buffer with freshly added protease inhibitor cocktail (Santa Cruz 

#24948). For cell culture experiments, HUVECs were lysed in RIPA buffer by mechanical 

disruption. Tissue and cell lysates were centrifuged at 17,000 x g for 15 min at 4°C and protein 

concentration was measured by the bicinchoninic acid assay using bovine serum albumin as a 

standard. Proteins from placentas (30 μg/lane) and HUVECs (20 μg/lane) were separated by SDS-

PAGE and transferred to nitrocellulose membranes. Membranes were blocked for 1 hr in 5% w/v 

dried nonfat milk or bovine serum albumin in TBS with 0.1% Tween-20 and incubated with 

primary antibodies in blocking buffer overnight at 4°C  The secondary reaction was performed 

using HRP-conjugated anti-rabbit IgG diluted in blocking buffer. Protein blots were visualized by 

chemiluminescence using the ChemiDoc XRS+ imaging system and quantified using Image Lab 

software (Bio-RAD).  
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Antibodies: 

Target protein  Primary antibody 

Mouse and human cleaved 

caspase-3 

Rabbit monoclonal antibody 9664, Cell Signaling 

Technology 

Mouse and human total 

caspase-3 

Rabbit monoclonal antibody 9662, Cell Signaling 

Technology 

Mouse and human ferritin 

heavy chain  

Rabbit monoclonal antibody 4393, Cell Signaling 

Technology 

Mouse and human β-actin  Monoclonal antibody-peroxidase A3854, Sigma 

Mouse IL-1 beta /IL-1F2  Goat polyclonal antibody AF401, R&D Systems 

Mouse cleaved caspase-1 
Rabbit monoclonal antibody 89332, Cell Signaling 

Technology 

Human caspase-9 
Mouse monoclonal antibody 9508, Cell Signaling 

Technology 

Mouse and human electron 

transport chain  

Total OXPHOS Rodent WB Antibody Cocktail ab110413, 

Abcam  

Mouse CD31/PECAM-1 Goat polyclonal antibody AF3628, Novus Biologicals 

Secondary antibodies:  

Anti-mouse IgG HRP antibody 7076, Cell Signaling Technology 

Anti-rabbit IgG HRP antibody 7074, Cell Signaling Technology  

Anti-goat IgG HRP antibody 2354, Santa Cruz 

ImmPRESS horse anti-rabbit IgG HRP detection kit MP-7401, Vector Laboratories 

ImmPRESS horse anti-goat IgG AP detection kit MP-5405, Vector Laboratories 

Neutralizing antibodies: 

Human TNFα neutralizing  
Rabbit monoclonal antibody 7321, Cell Signaling 

Technology 

Mouse TNFα neutralizing  Rat monoclonal antibody clone XT3.11, BioXcell 

Rat IgG isotype control, 

anti-trinitrophenol 
Rat monoclonal antibody clone TNP6A7, BioXcell 
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Gene Expression Quantification by RT-PCR. Frozen mouse tissues or cell cultures were 

homogenized in TRIzol Reagent (Life Technologies) and total RNA was isolated by chloroform 

extraction. One μg (mouse tissues) or 500 ng (cell cultures) of RNA was reverse transcribed using 

the iScript cDNA Synthesis Kit (Bio-RAD). Quantitative real-time PCR was performed on cDNA 

using Sso Advance SYBER Green Supermix (Bio-RAD) on the CFX Real-Time PCR Detection 

System (Bio-RAD). Samples were measured in duplicate and target genes were normalized to Rpl4 

or Hprt. Data are expressed as 2-∆∆Ct unless otherwise specified. 
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Primer sequences: 

Gene Sequence 

Mouse Tnf 
Forward: 5’- AAT GGC CTC CCT CTC ATC AG -3’ 

Reverse: 5’- GCT ACG ACG TGG GCT ACA GG -3’ 

Mouse Il6 
Forward: 5’- CTC TGC AAG AGA CTT CCA TCC AGT -3’ 

Reverse: 5’- CGT GGT TGT CAC CAG CAT CA -3’ 

Mouse Cxcl9 
Forward: 5’- GCC ATG AAG TCC GCT GTT CT -3’ 

Reverse: 5’- TAG GGT TCC TCG AAC TCC ACA -3’ 

Mouse Il1b 
Forward: 5’- AAG GAG AAC CAA GCA ACG ACA AAA -3’ 

Reverse: 5’- TGG GGA ACT CTG CAG ACT CAA ACT -3’ 

Mouse Nqo1 
Forward: 5’- CAC GGG GAC ATG AAC GTC AT -3’ 

Reverse: 5’- GGA GTG TGG CCA ATG CTG TA -3’ 

Mouse Nlrp3 
Forward: 5’- AAA ATG CCT TGG GAG ACT CA -3’ 

Reverse: 5’- AAG TAA GGC CGG AAT TCA CC -3’ 

Mouse Ptgs2 
Forward: 5’- TGA GTA CCG CAA ACG CTT CT -3’ 

Reverse: 5’- CAG CCA TTT CCT TCT CTC CTG T -3’ 

Mouse Saa1 
Forward: 5’- AGT CTG GGC TGC TGA GAA AA -3’ 

Reverse: 5’- ATG TCT GTT GGC TTC CTG GT -3’ 

Mouse Ccl2 
Forward: 5’- AGG TCC CTG TCA TGC TCC TG -3’ 

Reverse: 5’- TCA TTG GGA TCA TCT TGC TG -3’ 

Mouse Cxcl2 
Forward: 5’- GAA GTC ATA GCC ACT CTC AAG G -3’ 

Reverse: 5’- CCT CCT TTC CAG GTC AGT TAG C -3’ 

Mouse Cxcl10 
Forward: 5’- CCA CGT GTT GAG ATC ATT GCC -3’ 

Reverse: 5’- TCA CTC CAG TTA AGG AGC CC -3’ 

Mouse Cxcl1 
Forward: 5’- AGA CCA TGG CTG GGA TTC AC -3’ 

Reverse: 5’- AGT GTG GCT ATG ACT TCG GT -3’ 

Mouse Cd31 
Forward: 5’- CAG GAC CAC GTG TTA GTG TT -3’ 

Reverse: 5’- ACT CCT GAT GGG TTC TGA CT -3’ 

Mouse Tfrc 
Forward: 5’- TCA TGA GGG AAA TCA ATG AT -3’ 

Reverse: 5’- GCC CCA GAA GAT ATG TCG GAA -3’ 

Mouse Hmox1 
Forward: 5’- CCT CAC AGA TGG CGT CAC TT -3’ 

Reverse: 5’- TCT GCA GGG GCA GTA TCT TG -3’ 

Mouse Hprt 
Forward: 5’- CTG GTT AAG CAG TAC AGC CCC AA -3’ 

Reverse: 5’- CAG GAG GTC CTT TTC ACC AGC -3’ 

Mouse Rpl4 
Forward: 5’- TGA AAA GCC CAG AAA TCC AA -3’ 

Reverse: 5’- AGT CTT GGC GTA AGG GTT CA -3’ 

Human HPRT 
Forward: 5’- GCC CTG GCG TCG TG ATTA GT -3’ 

Reverse: 5’- AGC AAG ACG TTC AGT CCT GTC -3’ 

Human NQO1 
Forward: 5’- GCT GGT TTG AGC GAG TGT TC -3’ 

Reverse: 5’- CTG CCT TCT TAC TCC GGA AGG -3’ 

Human HMOX1 
Forward: 5’- ACC TTC CCC AAC ATT GCC AG -3’ 

Reverse: 5’- CAA CTC CTC AAA GAG CTG GAT -3’ 
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Statistical Analysis. Statistical analysis was performed using SigmaPlot version 12.5 (Systat 

Software). Data are presented as box-and-whisker plots or bar graphs. For box plots, the box 

portion represents the upper 75th and lower 25th percentile, whiskers indicate variability outside 

the upper 90th and lower tenth percentile, and individual points represent outliers. The solid line 

denotes the median and the dotted line the mean. For bar graphs, data are presented as mean ± 

SEM unless otherwise specified. Statistical differences between groups were determined by one-

way ANOVA followed by Holm-Sidak for multiple comparisons for normally distributed values, 

one-way ANOVA on ranks followed by Dunn’s method for multiple comparisons of non-normally 

distributed values, two-tailed student’s t-test for normally distributed values, Mann-Whitney U test 

for non-normally distributed values, or Chi-square test. Statistical test, number of animals in each 

group, experimental replicates, and P-value are indicated in each figure panel or legend. A P-value 

of <0.05 was considered significant.  
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Supplemental Figure 4-1. Maternal, placental, and embryo iron status in dietary and genetic 

iron overload during pregnancy. Iron-adequate mice were maintained on standard chow 

(185ppm iron). Dietary iron-loaded dams were fed a high iron diet (2,500-5,000ppm iron) for 1-3 

weeks prior to mating and during pregnancy. Genetic iron-loading model were hepcidin-1 KO 

dams fed standard chow. Non-pregnant females received the same iron treatment and were age-

matched to pregnant dams. Pregnant iron-loaded dams were analyzed at E15.5 and E18.5 and 

compared to iron-adequate controls. (A-B) Maternal non-heme iron measurements in liver and 

serum. (C-D) Embryo non-heme iron measurements in serum and liver. Embryo serum was not 

analyzed at E15.5 due to insufficient volume for analysis. (E) Placenta non-heme iron 

concentrations. (F-G) Litter size from iron-adequate and iron-loaded dams treated with a single 

subcutaneous dose of 0.5µg/g LPS on E8.5 or E15.5 and analyzed at the indicated time points. (H) 

E18.5 embryo sex ratio from iron adequate and iron loaded dams treated with solvent or LPS on 

E8.5. Statistical differences between groups were determined by one-way ANOVA for normally 

distributed values followed by Holm-Sidak method for multiple comparisons versus iron-adequate 

group (denoted by *) or one-way ANOVA on ranks followed by Dunn’s method for multiple 

comparisons versus iron-adequate group (denoted by #), or chi-squared test. P values and animal 

numbers are indicated in each panel.  

 



  

 

203 
 

  

S
e

ru
m

 e
n

d
o

to
x
in

 (
E

U
/m

l)

0

10

20

30

400

600

800

1000

Adequate

Loaded

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

P
la

c
e

n
ta

 I
l1

p
ro

te
in

 

0

2

4

6

8

10

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

  A
de

qu
at

e

  L
oa

de
d

M
a

te
rn

a
l 
s
e

ru
m

p
ro

g
e

s
te

ro
n

e
 (

n
g

/m
l)

0

50

100

150

200
D

H

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

  A
de

qu
at

e

  L
oa

de
d

P
la

c
e

n
ta

 N
lr
p

3

-
C

t(
R

p
l4

-N
lr
p

3
)

-17

-16

-15

-14

-13

-12
N=13 13 11 13

K

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

  A
de

qu
at

e

  L
oa

de
d

P
la

c
e

n
ta

 P
tg

s
2

-
C

t(
H

p
rt

-P
tg

s
2

)

-9

-8

-7

-6

-5

-4

-3

-2

-1

0
N=21 21 15 7 12I

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

  A
de

qu
at

e

  L
oa

de
d

P
la

c
e

n
ta

m
a

lo
n

d
ia

ld
e

h
y
d

e
 (

M
/m

g
)

0

5

10

15

20

25

30
Solvent LPS 6h

N=9 9710 9

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

  A
de

qu
at

e

  L
oa

de
d

E
m

b
ry

o
 l
iv

e
r

m
a

lo
n

d
ia

ld
e

h
y
d

e
 (

M
/m

g
)

0

2

4

6

8

10

12
N=5 5 4 4 3

L

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

  A
de

qu
at

e

  L
oa

de
d

P
la

c
e

n
ta

 N
q

o
1

-
C

t(
H

p
rt

-N
q

o
1

)

-8

-7

-6

-5

-4

N=21 21 15 13 21

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

  A
de

qu
at

e

  L
oa

de
d

E
m

b
ry

o
 l
iv

e
r 

N
q

o
1

-
C

t(
H

p
rt

-N
q

o
1

)

-7

-6

-5

-4

-3
N=16 21 12 6 4

 P<0.001

N=11 7 8 18 8 8N= 4 4 4 4

Dam Embryo 
&P=0.029

A B

LPS 24h Solvent LPS 6h LPS 24h

Solvent LPS 6h LPS 24h

Solvent LPS 6h LPS 24h

Solvent LPS 6h LPS 24h
P<0.001

Solvent LPS 6h LPS 24h

Solvent LPS 6h LPS 24h

11 13

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

  A
de

qu
at

e

  L
oa

de
d

M
a

te
rn

a
l 
s
e

ru
m

m
a

lo
n

d
ia

ld
e

h
y
d

e
 (

M
)

0

5

10

15

20
C

Solvent LPS 6h LPS 24h
P=0.038

N= 9 11 5 6 6 6

7 4 8

149

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

P
la

c
e

n
ta

 I
l1

p
ro

te
in

0

10

20

30

40
N=2 2 3 4

N=2 3 4

Solvent LPS 6h

Solvent LPS 24h

5

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

P
la

c
e

n
ta

c
le

a
v
e

d
 c

a
s
p

a
s
e

-1
 p

ro
te

in

0.0

0.5

1.0

1.5

2.0

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

P
la

c
e

n
ta

 
c
le

a
v
e

d
 c

a
s
p

a
s
e

-1
 p

ro
te

in

0.0

0.5

1.0

1.5

2.0
Solvent LPS 6h Solvent LPS 24h

N=2 2 3 4 N=2 3 4 5
F

J

M

*

*

S
ol
ve

nt

S
ol
ve

nt

LP
S
 6

h

LP
S
 6

h

&

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

  A
de

qu
at

e

  L
oa

de
d

P
la

c
e

n
ta

 H
m

o
x
1

-
C

t(
H

p
rt

-H
m

o
x
1

)

-5

-4

-3

-2

-1

0

N=11 16 8 8 15

 P<0.001
Solvent LPS 6h LPS 24h

14
N

E G

O

A
de

qu
at

e

Lo
ad

ed

 A
de

qu
at

e

 L
oa

de
d

P
la

c
e

n
ta

c
le

a
v
e

d
 c

a
s
p

a
s
e

-3
 p

ro
te

in

0

2

4

6

8
N=3 3 4 4

Solvent LPS 6h



 

204 
 

Supplemental Figure 4-2. Comparison of cell death pathways induced by LPS in placentas 

and embryos from iron-adequate and iron-loaded pregnancies. (A) Endotoxin in maternal 

serum and in pooled embryo serum after maternal subcutaneous LPS injection (0.5µg/g) on E17.5 

for 6h. (B-N) Iron-adequate and iron-loaded dams were treated with subcutaneous LPS (0.5µg/g) 

on E15.5 for 6 and 24h. (B) Maternal serum progesterone and (C) serum malondialdehyde. (D-G) 

Quantification of IL-1β and cleaved caspase-1 by Western blot in whole placenta lysates. (H) 

Placental Nlrp3 mRNA expression. (I-J) Malondialdehyde measurements in placenta and embryo 

livers. (K) Placental Ptgs2 mRNA expression. (L-M) Embryo liver and placenta mRNA 

expression. (N) Placenta Hmox1 mRNA expression. (O) Quantification of cleaved caspase-3 by 

Western blot in whole placenta lysates. Statistical differences between groups were determined by 

Student’s t-test for normally distributed values (denoted by *) or Mann-Whitney U for non-

normally distributed values (denoted by &). P values and animal numbers are indicated in each 

panel. 
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Supplemental Figure 4-3. Potentiation of TNFα-induced apoptosis is specific to iron. (A) 

Immunohistochemistry of paraffin-embedded mouse umbilical cords for cleaved caspase-3 

(brown) and CD31 (red) after iron-adequate and iron-loaded dams were treated with LPS on E15.5 

for 24h. Scale bar= 50μM. (B) HUVECs were treated with solvent or 100μM ferric ammonium 

citrate (FAC) for 24h and simulated with 2mg/ml LPS or 50ng/ml TNFα for 16h. Western blot 

(left) and quantitation (right) of cleaved caspase-3 normalized to β-Actin (N=4 independent 

experiments). (C) HUVECs were treated with solvent, 100μM FAC, 100μM copper chloride 

(CuCl2), or 100μM zinc sulfate (ZnSO4) and stimulated with 50ng/ml TNFα for 16h. Western blot 

for cleaved caspase-3 (left) and quantitation of N=4 independent experiments (right). β-Actin was 

used as a loading control. (D) HUVECs were treated with 100µM FAC with and without 100µM 

iron chelator deferoxamine for 24h prior to stimulation with 50ng/ml TNFα for 16h. Western blot 

for cleaved caspase-3 (left) and quantitation of N=3 independent experiments (right). β-Actin was 

used as a loading control. Statistical differences between groups was determined by two-way 

ANOVA with Holm-Sidak method for multiple comparisons (denoted by &), one-way ANOVA 

for normally distributed values with Holm-Sidak method for multiple comparisons versus solvent 

group (denoted by *), or one-way ANOVA on ranks with Tukey’s method of multiple comparison 

(denoted by #). P values and experimental replicates are indicated in each panel. 
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Supplemental Figure 4-4. Comparison of the intrinsic and extrinsic pathways in iron-

potentiated apoptosis. (A) Primary HUVECs were treated with solvent or 100µM FAC for 24h 

prior to stimulation with 50ng/ml of TNFα for 16h. Western blot for cleaved caspase-3, -9, and 

mitochondrial complexes CI-CV (OXPHOS). Ferritin heavy chain (FTH1) is a marker of cellular 

iron loading. Representative image of N=3 independent experiments. (B) Iron-adequate and iron-

loaded dams were treated with LPS on E15.5 for 24h (N=4-8 placentas/group). Western blot for 

cleaved caspase-3 and mitochondrial OXPHOS complexes CI-CV. β-Actin was used as a loading 

control. 
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Supplemental Figure 4-5. Maternal pretreatment with neutralizing TNFα antibody or 

αTocopherol does not attenuate LPS-induced maternal inflammation. (A) The specificity of 

TNFα neutralizing antibody was tested in control and 100µM ferric ammonium citrate (FAC)-

loaded HUVECs treated with 50ng/ml of IL-1α, IL-1β, or TNFα with and without 1μg neutralizing 

TNFα antibody (nTNFα). Western blot for cleaved caspase-3 (left) and quantitation of n=4 

independent experiments. β-Actin was used as a loading control. (B-E) Hepcidin KO dams were 

treated intravenously via the retroorbital sinus with 500μg TNFα neutralizing antibody (nTNF) or 

isotype control IgG antibody targeting trinitrophenol on E14.5, 15h prior to subcutaneous LPS 

injection (0.5μg/g) on E15.5 for 24h. Inflammatory genes were measured by qRT-PCR in maternal 

liver: (B) Cxcl10, (C) Ccl2, (D) Il1b, and (E) Cxcl2. (F) Placentas from solvent and LPS-treated 

mice were collected for endothelial cell isolation by magnetic separation using CD31 beads. Cd31 

mRNA relative to Rpl4 in the CD31 fraction (endothelial cells, EC) and flow through (FT, non-

endothelial cells). (G-H) NQO1 and HMOX1 expression in primary HUVECs treated with FAC 

(100µM), ferric chloride (FCl, 100µM), hemin (20µM) or holo-ferritin (FT, 2mg/ml) for 40h. (I-

Q) Hepcidin KO dams were treated with subcutaneous αTocopherol (vitamin E, 100ug/g) 14 and 

2h prior to LPS injection on E15.5 for 24h. Inflammatory genes in maternal liver: (I) Saa1, (J) 

Il1b, (K) Cxcl2, (L) Cxcl10, (M) Ccl2, (N) Cxcl9; (O-Q) placental mRNA expression of Cxcl1, 

Cxcl10, and Cxcl1. Differences between groups was determined by one-way ANOVA for normally 

distributed values followed by Holm-Sidak method for multiple comparisons versus control group 

(denoted by *) or Student’s t-test. P values, experimental replicates, and animal numbers are 

indicated in each panel. 
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Supplemental Figure 4-6. Iron parameters and embryo malformations in iron-adequate, 

dietary iron supplemented, and hepcidin KO obese mice. To induce obesity, wild-type 

C57BL/6 or hepcidin KO mice were fed a Western diet (100ppm iron) starting at 3 weeks of age. 

Dietary iron-loaded dams were fed a Western diet supplemented with 5,000ppm carbonyl iron for 

1 week prior to mating and for the duration of pregnancy. Iron-loaded dams were analyzed at E18.5 

and compared to iron-adequate controls. (A) Maternal serum iron and (B) liver iron concentrations. 

Iron measurements at E18.5: (C) placenta, (D) embryo liver iron, and (E) embryo serum iron. (F) 

Litter size. (G) Sex ratio of E18.5 male and female embryos from iron adequate and iron loaded 

dams fed standard diet (std) or Western diet (WD). Data for iron-adequate and -loaded dams fed 
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standard diet are replicated from Supplemental Figure 4-1 but are included for ease of 

understanding. Statistical differences between groups were determined by one-way ANOVA for 

normally distributed values followed by Holm-Sidak method for multiple comparisons versus 

Western diet group (denoted by *) or one-way ANOVA on ranks followed by Dunn’s method for 

multiple comparisons versus Western diet group (denoted by #). P values and animal numbers are 

indicated in each panel. 
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Supplemental Table 4-1. Interaction of maternal iron excess and PAMPs in pregnancy. 

Pregnant iron-adequate WT dams and iron-loaded hepcidin KO dams were treated with the 

indicated PAMPs on E15.5 to evaluate the interaction of maternal iron excess with inflammatory 

pathways triggered by a broader spectrum of pathogen-derived molecules from viruses and 

bacteria. PAMP= pathogen associated molecular patter, LPS= lipopolysaccharide, Poly I:C= 

polyinosinic:polycytidylic acid, LTA= lipoteichoic acid. TLR= toll like receptor. SQ= 

subcutaneous, IV=intravenous, GD= gestational day, Saa1= serum amyloid A1. 

  

Supplemental Table 4-1. Interaction of maternal iron excess and PAMPs in pregnancy 

PAMP Mimetic TLR 
Dose/ 

Route 

GD/ 

time 

Iron adequate Iron loaded 

N 

Saa1 fold-

change v 

solvent 

(Mean±SD) 

Embryo 

outcome 
N 

Saa1 fold-

change v 

solvent 

(Mean±SD) 

Embryo 

outcome 

LPS E. coli 

O55:B5 

Gram-negative 

bacteria 
TLR4 0.5μg/g SQ E15.5, 24h 8 251 ± 92 Normal 5 284 ± 42 Adverse 

Poly I:C dsDNA virus TLR3 10μg/g IV E15.5, 24h 3 289 ± 123 Normal 5 197 ± 38 Normal 

LTA 
(S. aureus) 

Gram-positive 
bacteria 

TLR2 20μg/g IV E15.5, 24h 3 227 ± 97 Normal 4 139 ± 33 Normal 

Pam3csk4 
Triacylated 

lipopeptide 
TLR1/2 100μg SQ E15.5, 24h 3 229 ± 72 Normal 4 330 ± 167 Normal 

Flagellin 

(B. subtilis) 
Flagellin TLR5 30μg SQ E15.5, 24h 3 76 ± 46 Normal 3 33 ± 19 Normal 
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IRON LOADING INDUCES CHOLESTEROL SYNTHESIS AND SENSITIZES 

ENDOTHELIAL CELLS TO TNFα-MEDIATED APOPTOSIS 

 

Allison L Fisher, Daniel N Srole, Nicolaos J Palaskas, David Meriwether, Srinivasa T Reddy, 

Tomas Ganz, Elizabeta Nemeth 

 

ABSTRACT  

 

In plasma, iron is normally bound to transferrin, but in conditions of iron overload when the iron-

binding capacity of transferrin is exceeded, non-transferrin-bound iron (NTBI) appears in plasma. 

NTBI is taken up by hepatocytes and other parenchymal cells via NTBI transporters and can cause 

cellular damage by promoting the generation of reactive oxygen species. However, how NTBI 

affects endothelial cells, the most proximal cell type exposed to circulating NTBI, has not been 

explored. We modeled in vitro the effects of systemic iron overload on endothelial cells by treating 

primary human umbilical vein endothelial cells (HUVECs) with NTBI (ferric ammonium citrate, 

FAC). Using an unbiased approach, we showed by RNA-Seq that iron loading alters lipid 

homeostasis in HUVECs by inducing SREBP2-mediated cholesterol biosynthesis. We also 

determined that FAC increased the susceptibility of HUVECs to apoptosis induced by TNFα. 

Moreover, we showed that cholesterol biosynthesis contributes to iron-potentiated apoptosis. 

Treating HUVECs with a cholesterol chelator hydroxypropyl-β-cyclodextrin demonstrated that 

depletion of cholesterol was sufficient to rescue HUVECs from TNF-induced apoptosis, even in 

the presence of FAC. Finally, we showed that FAC or cholesterol treatment modulated the TNFα 

pathway by inducing novel proteolytic processing of TNFR1 to a short isoform that localizes to 

lipid rafts. Our study raises the possibility that iron-mediated toxicity in human iron overload 

disorders is at least in part dependent on alterations in cholesterol metabolism in endothelial cells, 

increasing their susceptibility to apoptosis.   
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INTRODUCTION 

Iron is an essential micronutrient but can cause tissue damage when in excess. In healthy humans 

and animals, iron in plasma is bound to the protein transferrin. When the iron-carrying capacity of 

transferrin is exceeded, such as in iron overload conditions, iron appears in plasma complexed 

with low molecular weight molecules, collectively referred to as non-transferrin bound iron 

(NTBI) (1), with ferric citrate reported to be the predominant NTBI species (2,3). NTBI is thought 

to contribute to organ dysfunction in iron overload conditions through the generation of reactive 

oxygen species that damage cellular lipids, proteins, and DNA (4), and can also promote 

susceptibility to certain infections (5). Since humans lack compensatory mechanisms to excrete 

excess iron, iron absorption is tightly regulated by the hormone hepcidin, which is produced in the 

liver. Hepcidin acts by binding to its receptor and only known iron exporter, ferroportin, blocking 

iron transport into plasma, and lowering plasma iron levels (6). Hepcidin deficiency results in iron 

overload in patients with hereditary iron disorders and ineffective erythropoiesis. Iron overload 

can also develop in people after repeated blood transfusions, or excessive iron supplementation. 

Milder iron excess has been linked to metabolic disorders including diabetes (7-10) and 

nonalcoholic fatty liver disease (11-13).  

NTBI accumulation in cells leads to their dysfunction, with specific tissue toxicities 

dependent on both the rate and extent of NTBI accumulation. The liver is the main storage organ 

for iron, but also the organ most damaged by chronic iron overload. Iron uptake pathways in 

hepatocytes include the classical transferrin-transferrin receptor mediated uptake, as well as uptake 

of NTBI through specific transporters. Hepatocytes take up NTBI at a rapid rate that exceeds their 

capacity for iron export, resulting in the net accumulation of excess iron when NTBI is chronically 

elevated (14). Iron accumulation in the liver in iron overload diseases increases the risk of hepatic 



 

217 
 

fibrosis, cirrhosis, and hepatocellular carcinoma (15). Although most NTBI in plasma is cleared 

by the liver, NTBI can also be taken up by the pancreas, kidney, and heart (16). Thus, apart from 

the liver damage, severe iron overload is also known to cause cardiomyopathy, diabetes and other 

endocrinopathies (17,18). How different cell types take up NTBI is an area of active investigation 

(19), but ZIP14 was shown to be the NTBI transporter in hepatocytes and pancreatic acinar cells 

(20,21).  

In patients with iron overload, circulating NTBI would come in contact with endothelial 

cells first, yet the effect of NTBI on endothelial cell function has not been explored. In the liver, 

endothelial cells have emerged as a cell type with essential roles in iron homeostasis (22,23). In 

response to liver iron loading, hepatic sinusoidal endothelial cells produce bone morphogenetic 

proteins, which exert paracrine effects on hepatocytes to induce hepcidin production and thereby 

modulate systemic iron homeostasis (23). However, how endothelial cells take up and sense iron 

remains poorly understood. 

In this study, we explored how NTBI accumulation affects cultured endothelial cells. Using 

unbiased RNA-Seq, we determined that iron loading of human umbilical vein endothelial cells 

(HUVECs) by ferric ammonium citrate (FAC) potently induced lipid biosynthesis through the 

sterol regulatory element-binding protein (SREBP) pathways, predominantly affecting SREBP2-

mediated cholesterol metabolism. We further found that cellular iron loading sensitized HUVECs 

to apoptotic cell death induced by TNFα and that iron loading altered the TNFα pathway by 

generating a short isoform of TNFR1 through novel proteolytic cleavage. Evaluating the 

contribution of cholesterol biosynthesis and TNFR1 cleavage to iron-potentiated apoptosis, we 

show that pharmacological depletion of cholesterol was sufficient to rescue the apoptotic 

phenotype even in the presence of excess iron and the presence of the short TNFR1 isoform. Thus, 
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we provide specific evidence that iron loading alters endothelial cell cholesterol homeostasis and 

increases their susceptibility to inflammation-mediated apoptosis.  

 

RESULTS 

Iron induces cholesterol biosynthesis. We used a cell culture system to model the effects of 

systemic iron overload on endothelial cells by treating primary human umbilical vein endothelial 

cells (HUVECs) with non-transferrin-bound iron (NTBI) in the form of ferric ammonium citrate 

(FAC). We chose prolonged exposures (30-40 h of NTBI) based on preliminary experiments 

assessing HUVECs rate of iron loading and evidence of cellular damage. To identify global 

transcriptome changes in endothelial cells in response to NTBI, we performed RNA-Seq analysis 

of HUVECs treated with 100 µM FAC for 30 h. Principal component analysis of RNA-Seq data 

showed that solvent- and FAC-treated groups were in distinct clusters, and indicated that the first 

principal component explains almost 40% of the variability among samples (Figure 5-1A). 

Volcano plot showed 816 differentially expressed genes, including both downregulated and 

upregulated genes, between solvent and FAC-treated HUVECs (Figure 5-1B). The gene 

expression of transferrin receptor 1 (TFRC) was among those with highly significant suppression 

(Figure 5-1B), confirming that cells were effectively iron loaded. Ingenuity pathway analysis of 

FAC- and solvent-treated cells revealed that FAC primarily stimulates cholesterol biosynthesis 

pathways (Figure 5-1C). We validated the RNA-Seq findings by measuring mRNA expression of 

genes involved in cholesterol biosynthesis by qRT-PCR in a separate set of HUVECs, treated with 

100 μM FAC for 40 h.  The cells were effectively iron-loaded, as reflected by the decrease in 

TFRC mRNA expression (P<0.001, t-test, Figure 5-1D). We confirmed increased expression of 

sterol regulatory element-binding protein 2 (SREBP2), a transcription factor that is a master 
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regulator of cholesterol synthesis (P=0.008, Mann-Whitney U). The expression of SREBP2 target 

genes was likewise upregulated: mevalonate pyrophosphate decarboxylase (MVD) (P=0.008, 

Mann-Whitney U), low-density lipoprotein receptor (LDLR) (P=0.008, Mann-Whitney U), and 3-

Hydroxy-3-Methylglutaryl-CoA Reductase (HMGCR) (P<0.001, t-test) (Figure 5-1E-H). 

Furthermore, we measured SREBP2 mRNA expression in HUVECs treated with different forms 

of iron ― NTBI (FAC, ferrous ammonium sulfate, ferric chloride), transferrin-bound iron, holo-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5-1. Iron induces cholesterol biosynthesis in primary HUVECs. To induce cellular iron loading, primary 

HUVECs were treated with 100 μM FAC for 30 h, and total RNA was collected for RNA-Seq. (A) Principal 

component scatter plot of gene expression in FAC- versus solvent-treated HUVECs. The percentages of each axis 

represent the percentage of variation explained by the principal components. (B) Volcano plot of 816 differentially 

expressed genes comparing FAC- versus solvent-treated HUVECs. Differentially expressed genes were identified 

by fold change of greater or less than ±1.5 and P<0.05. Blue circles= downregulated genes, red circles= upregulated 

genes. (C) Ingenuity pathway analysis identifying significantly enriched categories between FAC- and solvent-

treated HUVECs (top hits shown, based on P<0.001 and z-score>2). (D-H) Primary HUVECs were treated with 100 

µM FAC for 40 h. qPCR analysis of (D) iron importer TFRC and (E-H) cholesterol biosynthesis genes SREBP2, 

MVD, LDLR, HMGCR. Data are shown as 2-∆∆Ct. Number of biological replicates are indicated above the x-axis. 

Statistical differences between groups were determined by Student’s t-test for normally distributed values (indicated 

by *) or Mann-Whitney U for non-normally distributed values (indicated by #). 
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ferritin and hemin ― or with triammonium citrate as a control (Supplemental Figure 5-1A). Most 

of the iron treatments induced SREBP2 mRNA whereas triammonium citrate (lacking iron) did 

not. Expression of SREBP2 correlated with the degree of cellular iron loading as measured by 

ferritin heavy chain immunoblotting (r=0.826, P=0.012, Supplemental Figure 5-1B). This result 

demonstrated that it is the cellular iron loading, as opposed to the specific form of NTBI, that 

induces cholesterol synthesis.  

We further measured mRNA expression of SREBP transcription factors that control fatty 

acid biosynthetic pathways. FAC treatment of HUVECs increased expression of SREBP1 isoforms 

a and c (both P<0.001, t-test) and their gene targets acetyl-CoA carboxylase (ACCA) (P=0.002, t-

test), and fatty acid synthase (FASN) (P<0.001, t-test) (Supplemental Figure 5-2A-E), suggesting 

that iron plays a broader role in lipid homeostasis. Taken together, these findings demonstrate that 

iron loading of endothelial cells induces expression of the SREBP pathway genes that control 

sterol and fatty acid synthesis.  

To assess the effect on lipid synthesis, HUVECs were labeled with [U13C]-D-glucose and 

treated with FAC for 30 and 40 h, the two time-points used for transcriptional analysis in Figure 

1. Using isotopomer spectral analysis we did not detect any changes in the synthesis of saturated 

fatty acids myristic acid (14:0) or stearic acid (18:0) with FAC treatment (Figure 5-2A and B). 

FAC treatment mildly increased synthesis of palmitic acid (16:0) (P=0.030, one-way ANOVA) 

and oleic acid (18:1) (P=0.034, one-way ANOVA) by 1.5-fold after 40h (Figure 5-2C and D), 

and more strongly induced synthesis of unsaturated fatty acid palmitoleic acid (16:1) by >2-fold 

at both time points (P=0.002 at 30 h, and P<0.001 at 40 h, one-way ANOVA) (Figure 5-2E). FAC 

had the strongest effect on cholesterol biosynthesis, with 4-fold induction achieved by 40 h (Figure 

5-2F; P=0.002 at 30 h and P<0.001 at 40 h, one-way ANOVA). Increases in cellular cholesterol  
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Figure 5-2. Lipid composition in control and iron loaded HUVECs. (A-F) Isotopic spectral analysis of HUVECs 

treated with 100 μM FAC for 30 or 40 h in the presence of 5 mM [U13C]-D-glucose. Lipid synthesis is expressed as 

nmoles/million cells: cellular (A) myristic acid (14:0), (B) stearic acid (18:0), (C) palmitic acid (16:0), (D) oleic 

acid (18:1), (E) palmitoleic acid (16:1), and (F) cholesterol. (G) Confocal microscopy of filipin staining (blue) of 

HUVECs treated with 100 μM FAC for 30 or 40 h. HUVECs treated with 50 μM cholesterol-methyl-β-cyclodextrin 

(MβCD) were used as a positive control. Nuclear stain= Sytox green. Scale bar= 50 μm. (H-K) LC-MS analysis of 

oxidized phospholipids in HUVECs treated with 100 μM FAC for 30h. (H) 1-palmitoyl-2-(5-oxovaleroyl)-sn-

glycero-3-phosphocholine (POVPC), (I) 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC), (J) 1-

palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (PAPC), and (K) 1-(palmitoyl)-2-(5-keto-6-octene-

dioyl)phosphatidylcholine (KOdiA-PC). Number of replicates are indicated above the x-axis. Statistical differences 

between groups were determined by one-way ANOVA on ranks with Dunn’s method of multiple comparison for 

non-normally distributed values, one-way ANOVA followed by Holm-Sidak method of multiple comparisons for 

normally distributed values (indicated by &), Student’s t-test (indicated by *) or Mann-Whitney U for non-normally 

distributed values (indicated by #). 

 

Cholesterol

S
ol
v

30
h 

FA
C

40
h 

FA
C

S
y
n
th

e
s
is

(n
m

o
le

s
/1

0
6
 c

e
lls

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

14:0

S
ol
v

30
h 

FA
C

40
h 

FA
C

S
y
n
th

e
s
is

(n
m

o
le

s
/1

0
6
 c

e
lls

)

0.0

0.5

1.0

1.5

2.0
18:0

S
ol
v

30
h 

FA
C

40
h 

FA
C

0

1

2

3

4
16:0

S
ol
v

30
h 

FA
C

40
h 

FA
C

0

2

4

6

8

10
18:1

S
ol
v

30
h 

FA
C

40
h 

FA
C

0

2

4

6

8
16:1

S
ol
v

30
h 

FA
C

40
h 

FA
C

0

1

2

3

4
P=0.116 &P=0.034P=0.030

N= 6 3 N= 6 3 N= 6 3 N= 6 3 N= 6 3

N= 6

B C D E

F

3 3

&P=0.002

&P<0.001

&P=0.002

&P<0.001&P=0.304

3 3 3 3 3

A

POVPC

S
ol
v

30
h 

FA
C

O
x
id

iz
e
d

 p
h

o
p

s
h
o

p
lip

id

(n
g

/1
0

6
 c

e
lls

)

0

5

10

15

20
PGPC

S
ol
v

30
h 

FA
C

0

5

10

15

20
PAPC

S
ol
v

30
h 

FA
C

0

1000

2000

3000

4000

5000
KOdiA-PC

S
ol
v

30
h 

FA
C

0

20

40

60

80
*P=0.034 #P=0.180 #P=0.485 #P=0.589

N= 6 6 N= 6 6 N= 6 6 N= 6 6

H I J K

G



 

222 
 

were also confirmed by staining of HUVECs with the fluorescent cholesterol probe filipin after 

FAC treatment (Figure 5-2G), which revealed cytoplasmic rather than cell surface distribution. 

Cholesterol-treated HUVECs were used as a control for filipin staining.  

Iron can damage cellular membrane integrity by generating hydroxyl radicals through the 

Fenton reaction that cause peroxidation of membrane phospholipids (24). We considered whether 

cellular membrane damage mediates the induction in cholesterol biosynthesis by determining 

whether FAC caused peroxidation of membrane phospholipids. We measured 1-palmitoyl-2-(5-

oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC), 1-palmitoyl-2-glutaroyl-sn-glycero-3-

phosphocholine (PGPC), and 1-(palmitoyl)-2-(5-keto-6-octene-dioyl)phosphatidylcholine 

(KOdiA-PC), which are common stable end-products of and biomarkers for lipid peroxidation of 

palmitoyl arachidonoyl phosphatidylcholine (PAPC) (Figure 5-2H-K) (25). We did not detect any 

major iron-dependent changes in the cellular levels of these phospholipid peroxidation markers. 

These data indicate that FAC did not damage the cell membranes through peroxidation and 

suggests that iron stimulates cholesterol biosynthesis independently of membrane damage. 

To ascertain whether iron loading of other cell types alters their SREBP2 mRNA, human 

cell lines Hep3B (hepatocellular carcinoma) and immortalized endothelial line teloHAEC were 

treated with 100 μM FAC for 40 h. FAC decreased TFRC expression in both Hep3B and 

teloHAEC, confirming that these cell lines efficiently load FAC (Supplemental Figure 5-3A). 

Despite this, neither Hep3B nor teloHAEC induced SREBP2 expression, and Hep3Bs even 

moderately reduced SREBP2 expression (Supplemental Figure 5-3B). This result suggests that 

although iron-dependent changes in cholesterol homeostasis occur in primary endothelial cells, 

such a cellular response to iron loading is not universal. 
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Cellular iron loading potentiates apoptosis. In iron overload conditions, NTBI causes toxicity 

through promoting the formation of free radicals in tissues in which it accumulates. We next 

evaluated the sensitivity of endothelial cells to iron-mediated cytotoxicity. Caspase-3 is known to 

be a critical executioner of apoptosis, and its activation requires proteolytic processing of the 

proenzyme (26,27). We therefore determined the levels of cleaved caspase-3 as a marker of 

apoptosis in HUVECs treated with 100 µM FAC for 30 h, but FAC treatment alone did not cause 

apoptosis (Figure 5-3). We then assessed the effect of iron loading on apoptosis triggered by 

TNFα, a canonical apoptotic stimulus.  TNFα treatment (5 and 50 ng/ml for 6 h) by itself mildly 

increased cleaved caspase-3. However, we observed a strong interaction between iron and the 

inflammatory cytokine, where FAC treatment significantly potentiated cleaved caspase-3 induced 

by TNFα (Figure 5-3).  The result indicates that iron loading increases the susceptibility of 

endothelial cells to inflammatory damage. We did not observe any FAC-dependent potentiation of 

cleaved caspase-3 by TNFα in immortalized Hep3B or teloHAEC (Supplemental Figure 5-4), 

suggesting that primary endothelial cells are unusually susceptible to iron-potentiated apoptosis. 

 

 

 

 

 

 

 
 

 

Figure 5-3. Iron loading of HUVECs sensitizes them to apoptosis. Primary HUVECs were treated with 100 μM 

FAC for 24 h prior to stimulation with 5 or 50 ng/ml TNFα in normal or FAC-supplemented media for 6 h. Western 

blot for cleaved caspase-3. Representative image of N=3 independent experiments. Quantification of cleaved 

caspase-3 normalized to β-actin is shown for the 50 ng/ml dose. Statistical differences between groups were 

determined by one-way ANOVA for normally distributed values (indicated by &). 
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Iron modulates TNFR1 proteolytic processing. We next evaluated whether iron alters signaling 

downstream of TNFα, which could increase susceptibility to cell death. TNFα has two main 

receptors, TNFR1 (or p55) and TNFR2 (or p75), which are expressed on many cell types but 

belong to different subgroups of the TNFR family. TNFR1 is a death receptor and harbors a death 

domain in its cytoplasmic portion, which links TNFR1 to apoptosis and necroptosis (28). In 

comparison, TNFR2 does not contain a death domain. TNFR1 is a 55-kDa transmembrane protein 

that is shed into circulation as 27- to 30-kDa soluble proteins after extracellular cleavage (29,30), 

and the soluble form can inhibit TNFα by competing for TNFα binding. We therefore evaluated 

the effect of iron excess on TNFR1 expression. HUVECs were treated with FAC over a time-

course between 0-48 hours and we assessed TNFR1 mRNA and protein expression. FAC treatment 

did not significantly alter TNFRSF1A mRNA expression (Figure 5-4A). However, FAC treatment 

strongly affected TNFR1 protein composition. Although the longest isoform (55-kDa) was 

relatively stable with FAC treatment, a novel shorter isoform (35-kDa) was induced 10-fold at 24 

and 48 h (P<0.001, one-way ANOVA) (Figure 5-4B). To ensure that the 35-kDa isoform is 

TNFR1 rather than a result of nonspecific antibody interaction with another protein, we validated 

the finding by depleting HUVECs of endogenous TNFR1 using control siRNA (siNC) or siRNA 

targeting TNFR1 (siTNFR1) for 48 h and treating the cells with FAC or solvent for 24 h. Treatment 

with siTNFR1 reduced the mRNA levels ~5-fold, and reduced protein expression of both the full 

length and shorter isoform of TNFR1 (Supplemental Figure 5-5A-B), confirming the specificity 

of the antibody.  

We next tested whether the induction of the smaller 35-kD isoform was specifically caused 

by cellular iron loading. We treated HUVECs with FAC, ferrous ammonium sulfate (FAS), ferric 

chloride (FeCl3), apo-ferritin (apo-FT, ferritin lacking iron), holo-ferritin (holo-FT, ferritin 
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containing iron), copper chloride (CuCl2), or zinc sulfate (ZnSO4) for 24 h. Induction of the short 

TNFR1 isoform was strongest with FAC treatment, occurred to a lesser extent with FeCl3 and holo-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4. In HUVECs, iron loading induces expression of a short isoform of TNFR1 that localizes to lipid 

rafts. (A) Primary HUVECs were treated with 100 μM FAC for 0-48 h. TNFRSF1A mRNA analysis by qRT-PCR 

normalized to HPRT and expressed as 2-∆∆Ct. (B) Western blot and protein quantification of the full length (55 kDa) 

and short TNFR1 isoform (35 kDa, indicated by an arrow) normalized to β-actin. (C) Western blot for TNFR1 in 

HUVECs treated with solvent or 100 μM FAC, ferric ammonium sulfate (FAS, 100 μM), ferric chloride (FeCl3, 100 

μM), apoferritin (FT, 2 mg/ml), holo-FT (2 mg/ml), copper chloride (CuCl2, 100 μM), or zinc sulfate (ZnSO4, 100 

μM) for 24 h. (D) Correlation between FTH1 and short TNFR1 isoform normalized to β-actin. (E) HUVECs treated 

with solvent or 100 μM FAC for 24 h were subjected to sucrose density gradient centrifugation to isolate lipid rafts. 

Proteins from equal volume of collected fractions were separated by SDS-PAGE and analyzed by Western blotting. 

To analyze the distribution of GM-1, each fraction was dot blotted onto a nitrocellulose membrane and detected 

using CTxHRP. Statistical differences were determined by one-way ANOVA with Holm-Sidak method of multiple 

comparisons (indicated by &). 
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FT, and was not induced by FAS, apo-FT, copper, or zinc (Figure 5-4C). In agreement, the levels 

of the short TNFR1 isoform correlated with the degree of iron loading as measured by FTH1 

expression, with an apparent threshold at FTH1/β-actin of about 30 (Figure 5-4D), whereas the 

full-length isoform did not correlate with FTH1 expression (Supplemental Figure 5-6).  

To determine the cellular localization of the short TNFR1 isoform, we performed 

membrane enrichment assays. In view of the reported recruitment of TNFR1 to lipid rafts (31), we 

determined the localization of the short TNFR1 isoform in membrane fractions from HUVECs 

treated with solvent or FAC for 24 h. Using density-gradient centrifugation, we found that FAC 

treatment upregulates expression of the short form of TNFR1 in the lipid rafts fractions, as defined 

by the enrichment of flotillin-1 and ganglioside GM-1 (Figure 5-4E).  

We next examined whether iron induces proteolytic processing of TNFR1 to generate the 

shorter isoform.   HUVECs were transduced with lentivirus expressing TNFR1 (pLX304-TNFR1) 

prior to FAC treatment. Since the lentivirus contains TNFR1 cDNA, any change in TNFR1 would 

be from post-translational modifications rather than generation of new mRNA isoforms. FAC 

treatment of HUVECs overexpressing TNFR1 resulted in a strong induction in the short but not 

full-length TNFR1 isoform (Figure 5-5A), confirming that TNFR1 regulation by iron is a result 

of proteolytic processing rather than generation of a new mRNA isoform. Considering this, we 

first evaluated the role of the canonical TNFR1 cleavage pathways in the induction of the short 

TNFR1 isoform. These pathways have been previously shown to generate a 27-30 kDa soluble 

fragment (32) and 26-30 kDa cell-associated fragment of TNFR1 (29,33). Treatment of FAC-

loaded HUVECs with TAPI2, an ADAM17 (TNFα converting enzyme, TACE) and matrix 

metalloprotease inhibitor in combination with FAC did not change the amount of the lower TNFR1 

isoform despite a reduction in soluble TNFR1 in supernatants (Figure 5-5B). Furthermore,  
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Figure 5-5. Iron induces post-translational modifications of TNFR1. (A) HUVECs were transduced with 

increasing volume of lentivirus expressing human TNFR1 with a C-terminal V5 tag for 10 h prior to incubation with 

solvent or 100 μM ferric ammonium citrate (FAC) for 24 h. Western blot using anti-V5 antibody; the short isoform 

indicated by an arrow. (B) HUVECs were treated with 100 μM FAC with and without 25 μM TAPI-2 inhibitor for 

24 h and Western blot performed for TNFR1. Representative image showing endogenous TNFR1 (left), 

quantification of the small TNFR1 isoform (middle), and quantification of soluble TNFR1 in HUVEC supernatants 

(right). (C) Western blot and quantification of small TNFR1 isoform after HUVECs were treated with solvent or 

100 μM FAC with and without 1 μM DAPT inhibitor. (D) Western blot for TNFR1 in HUVECs treated with a panel 

of protease inhibitors: 6-aminohexanoic acid (E-ACA, 40 mM), antipain (100 μM), benzamidine HCl (4 mM), 

aprotinin (1 μM), bestatin (40 μM), chymostatin (100 μM), E-64 (10 μM), EDTA (1 mM), leupeptin (100 μM), 

pepstatin A (1 μM), phosphoramidon (PPM, 10 μM), soybean trypsin inhibitor (STI, 5 μM), or protease inhibitor 

cocktail (PIC, 1:200) for 24 h. FAC was used as a positive control. β-actin was used as a loading control. Number 

of replicates are indicated above the x-axis.  Statistical differences between groups were determined by one-way 

ANOVA with Holm-Sidak method for multiple comparisons for normally distributed values (indicated by &). 
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treatment of HUVECs with DAPT, a γ-secretase inhibitor, prior to iron loading did not alter 

expression of the short TNFR1 isoform (Figure 5-5C), suggesting that generation of the 35-kDa 

isoform is independent of the canonical TNFR1 cleavage processes. Further evaluation of 

proteolytic processing using a panel of protease inhibitors in HUVECs showed that protease 

inhibitors antipain (serine inhibitor) and leupeptin (serine & thiol inhibitor) increased expression 

of the short TNFR1 isoform similarly as FAC treatment or treatment with a protease inhibitor 

cocktail (containing aprotinin, bestatin, E-64, leupeptin, and pepstatin A) (Figure 5-5D), 

demonstrating that FAC treatment mimics the action of protease inhibitors and thereby suggesting 

that FAC may antagonize or inactivate one or more serine proteases.  

In addition to the known N-linked glycosylation sites on TNFR1 (asparagine 54, 145, and 

151), we considered whether the 35-kDa isoform may be a result of glycosylation of an even 

smaller fragment, by treating HUVECs with FAC for 30 h and evaluating N- and O-linked 

glycosylation. As expected, the full-length TNFR1 isoform was N-linked glycosylated, as 

treatment with PNGaseF resulted in a downward shift in the molecular weight of full-length 

TNFR1 compared to untreated and O-glycosidase treated lysates (Supplemental Figure 5-7). 

However, the molecular weight of the short TNFR1 isoform was similar between untreated, N- 

and O-deglycosylated lysates (Supplemental Figure 5-7), indicating that the short isoform is not 

glycosylated. We similarly detected induction of the short TNFR1 isoform with FAC loading in 

Hep3B and teloHAEC (Supplemental Figure 5-8), suggesting a more common role of iron in 

TNFR1 processing. 

Cellular cholesterol loading potentiates apoptosis and promotes TNFR1 processing. Our data 

show that iron alters lipid homeostasis and proteolytic processing of TNFR1 in endothelial cells. 

We next asked whether altered lipid homeostasis or TNFR1 expression contributes to iron-
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potentiation of apoptosis. We tested the contribution of high cellular cholesterol on apoptosis by 

treating HUVECs with 50 µM cholesterol-methyl-β-cyclodextrin (MβCD) for 24 h prior to 

stimulation with 50 ng/ml TNFα for 16 h, and compared the apoptotic response seen with the 

combination of FAC and TNFα. Cholesterol-MβCD by itself had no effect on cleaved caspase-3, 

but co-treatment with TNFα did potentiate cleaved caspase-3 (P=0.008, one-way ANOVA), to a 

similar level as FAC (Figure 5-6A). Interestingly, cholesterol-MβCD also induced expression of 

the shorter TNFR1 isoform (P=0.002, one-way ANOVA) (Figure 5-6B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-6. Cholesterol treatment potentiates apoptosis and increases TNFR1 short isoform in HUVECs. (A) 

Cleaved caspase-3 Western blot of HUVECs treated with 100 μM FAC or 50 μM cholesterol-MβCD followed by 

stimulation with 50 ng/ml TNFα for 16 h. (B) Western blot and protein quantification of full length- and TNFR1-

short isoform (indicated by an arrow) in HUVECs treated with 100 μM FAC or 50 μM cholesterol-MβCD for 40 h. 

Representative images of N=3 independent experiments. β-actin was used as a loading control. Statistical differences 

between groups were determined by one-way ANOVA with Holm-Sidak method for multiple comparisons for 

normally distributed values (indicated by &). 
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Modulation of cholesterol metabolism rescues iron-dependent apoptosis. To evaluate the role 

of lipid metabolism in FAC-potentiated apoptosis, HUVECs were treated with different drugs that 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-7. Cholesterol depletion rescues apoptosis of HUVECs induced by iron excess independently of 

TNFR1 short isoform. (A) HUVECs were pharmacologically depleted of cholesterol by treating with 1 μM 

U18666A, 0.3% HPCD, or 50 μM MCD in the presence of 100 μM FAC for 24 h prior to stimulation with 50 ng/ml 

TNFα for 16 h. Western blot for cleaved caspase-3. β-Actin was used as a loading control. (B) HUVECs were treated 

with solvent, 1 μM U18666A, 0.3% HPCD, or 50 μM MCD in the presence or absence of 100 μM FAC for 40 h. 

Detergent soluble (cytosol) and insoluble glycosphingolipid (DIG) fractions were isolated by centrifugation. 

Proteins from equal volume of collected fractions were separated by SDS-PAGE and analyzed by Western blotting. 

To analyze the distribution of GM-1, each fraction was dot blotted onto a nitrocellulose membrane and detected 

using CTxHRP. 



 

231 
 

alter cellular cholesterol content, then treated with 100 μM FAC and 50 ng/ml TNFα. U18666A 

(1 μM) was used to inhibit cholesterol movement out of lysosomes, whereas (2-hydroxypropyl)-

β-cyclodextrin (HPCD, 0.3%) and methyl-β-cyclodextrin (MCD, 50 μM) were used to deplete 

cholesterol. As expected, FAC strongly potentiated cleaved caspase-3 expression induced by 

TNFα (Figure 5-7A). Neither treatment of FAC-loaded cells with U18666A nor MCD was 

sufficient to rescue apoptosis (Figure 5-7A). However, treatment with HPCD was protective 

against FAC-potentiated apoptosis (Figure 5-7A). Although MCD and HPCD are both reported 

to remove membrane cholesterol, it is likely that the MCD dose used (50 µM) was not sufficient 

to reduce cholesterol levels, as this requires mM concentrations (34,35). Using lipid raft isolation, 

we evaluated the changes in TNFR1 isoforms after pharmacological lowering of cellular 

cholesterol. As expected, TNFR1 short isoform expression was strongly potentiated by FAC in the 

lipid raft fractions; however, neither U18666A, MCD, nor HPCD altered TNFR1 expression 

(Figure 5-7B). Considering that apoptosis was rescued with HPCD despite prominent TNFR1 

short isoform expression, our data suggest that altered lipid metabolism rather than TNFR1 

isoform expression is the adverse mediator of iron-potentiated apoptosis. 

Taken together, our data suggest that iron loading of endothelial cells alters lipid 

metabolism, which sensitizes cells to apoptotic death by TNFα. Iron as well as cholesterol loading 

also induces accumulation of a short isoform of TNFR1. Although the accumulation of the short 

TNFR1 isoform is not sufficient to induce apoptosis, it remains to be determined whether it is 

needed in conjunction with changes in cholesterol metabolism to induce this new form of iron-

dependent cell death.  
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DISCUSSION 

In diseases of iron overload, the iron-binding capacity of transferrin is exceeded, and non-

transferrin-bound iron appears in circulation. Utilizing the ZIP14 transporter, the liver rapidly 

clears NTBI from plasma to store iron in hepatocytes, but with chronic exposure to NTBI, the liver 

becomes iron-overloaded, resulting in an increased risk for hepatic fibrosis, cirrhosis, and 

hepatocellular carcinoma (15). Apart from hepatocytes, several other cell types including 

cardiomyocytes, pancreatic and pituitary cells can take up NTBI and become iron-overloaded, with 

consequent organ dysfunction. Before reaching any of those cell types, however, NTBI will first 

contact endothelial cells, but how iron excess affects endothelial cells has not been explored. We 

used a primary endothelial cell culture model to mimic the exposure of endothelial cells to NTBI 

in diseases with systemic iron overload. Using RNA-Seq to determine how endothelial cells 

respond to iron excess, we first found that iron excess in HUVECs induces cholesterol 

biosynthesis. Cholesterol has essential functions in mammalian systems and its availability is 

regulated through homeostatic mechanisms to prevent the pathologic consequences of deficient or 

excessive cholesterol (36). The SREBPs are transcription factors that have well-defined roles in 

lipid homeostasis (37). Three SREBP isoforms, SREBP-1a, -1c, and -2, have been identified in 

mammals. SREBP-1a controls both cholesterol and fatty acid biosynthetic pathways by potently 

activating all SREBP-responsive genes. SREBP1c preferentially regulates transcription of genes 

involved in fatty acid synthesis (38), whereas SREBP2 preferentially activates genes involved in 

cholesterol synthesis (39), although a moderate induction in genes involved in fatty acid synthesis 

also occurs (40). In our study, we found that iron loading induced mRNA expression of SREBP1a, 

c and SREBP2, their gene targets, as well as synthesis of palmitoleic acid and cholesterol, 

indicating a broader role of iron in modulating lipid homeostasis. 
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The interaction between iron and cholesterol is not well understood, but increasing 

evidence associates high iron status with altered cholesterol metabolism, although the data are 

occasionally conflicting. An early study in rats correlated hepatic iron content with circulating 

cholesterol levels, although hepatic iron retention was induced by dietary copper deficiency rather 

than dietary iron loading (41). A more direct comparison was made in dietary iron-loaded rats, 

where hepatic iron loading correlated with circulating cholesterol, but reduced expression of genes 

involved in sterol synthesis (42). In contrast, in mice with dietary iron overload, hepatic iron 

content positively correlated with hepatic cholesterol content but not circulating cholesterol levels, 

and positively correlated with genes involved in cholesterol biosynthesis (43). Similarly, dietary 

iron and iron-dextran loaded mice had increased mRNA and enzyme activity of stearoyl-CoA 

desaturase-1, an enzyme involved in fatty acid metabolism (44). In agreement, we also detected 

changes in lipid homeostasis in mouse livers after iron perturbation. We had access to microarray 

data from a published cohort of transferrin receptor 2 (TFR2)-mutant mice susceptible to 

spontaneous iron overload. The mice were iron-depleted (using iron-deficient diet in combination 

with phlebotomy) and refed for 1 or 21 days with an iron-sufficient diet (45). Microarray analysis 

of the liver mRNA showed an increase in cholesterol and fatty acid biosynthesis genes with iron-

repletion. Specifically, the microarray MOE 430 2.0 array (Affymetrix) included 25915 unique 

genes, of which 2254 were annotated as belonging to a biochemical pathway. Out of the annotated 

pathway genes, 44 increased robustly with iron refeeding, and of those 8 belonged to the 

cholesterol synthesis pathway (p<0.000001). Further studies in iron-loaded mouse models that 

utilize cell sorting or single-cell RNA-Seq are needed to determine which cell types increase 

cholesterol biosynthesis in vivo. In our in vitro study, we saw a strong induction of cholesterol 

biosynthesis genes by iron loading in HUVECs, but not in the hepatic cell line Hep3B, suggesting 
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that endothelial cells rather than hepatocytes may be responsible for the changes observed in rodent 

models. 

Importantly, we showed that iron interacts with the TNFα pathway. Iron excess worsened 

TNF-induced apoptosis, as evidenced by increased levels of cleaved caspase-3. Iron loading 

further affected the TNFα pathway by inducing novel proteolytic processing of TNFR1 to promote 

accumulation of a shorter TNFR1 isoform in lipid rafts. In agreement, aberrations in cholesterol-

rich lipid rafts are shown to promote apoptosis through TNFR1 (31). Similar to the adverse effects 

of iron, we noted accumulation of the short TNFR1 isoform after cholesterol treatment of 

HUVECs, and increased cleaved caspase-3 after co-treatment of HUVECs with cholesterol and 

TNFα. Examining the interaction of cholesterol and iron excess in HUVECs, we determined that 

cholesterol depletion was sufficient to rescue iron-potentiated apoptosis, but this occurred even in 

the presence of the shorter TNFR1 isoform. Interestingly, Hep3Bs and teloHAECs did not show 

altered susceptibility to apoptosis or cholesterol homeostasis with FAC loading but did 

demonstrate conservation of the TNFR1 processing mechanism. This implies that the generation 

of the short TNFR1 isoform is not sufficient to induce apoptosis. We speculate that susceptibility 

to iron-potentiated apoptosis requires both induction of cholesterol biosynthesis and alterations in 

the TNFR1 pathway manifested as processing of the short TNFR1 isoform, with endothelial cells 

being particularly sensitive to iron excess. Although there is a large body of evidence 

demonstrating that disease susceptibility and response to infection worsens with elevated iron 

stores (46-48), any interaction between iron and cytokine-driven apoptosis has not previously been 

reported. Future studies are needed to determine the contribution of iron loading to endothelial 

apoptosis in inflammatory conditions in vivo, particularly those characterized by increased TNFα.  
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In this study, we demonstrate how NTBI accumulation affects cultured endothelial cells. 

Iron loading induces cholesterol biosynthesis, promotes novel TNFR1 proteolytic processing, and 

sensitizes cells to TNFα-mediated apoptosis. We determined that during iron excess, the 

contribution of altered cholesterol homeostasis is the driving pathogenic mediator of apoptosis. 

Our findings have important implications for iron loading conditions, especially when 

inflammation is present. Altered cholesterol metabolism by iron excess in endothelial cells may 

contribute to iron-mediated toxicity in human iron overload disorders. 
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MATERIALS & METHODS 

Cell culture. Primary human umbilical vein endothelial cells (HUVECs) pooled from 10 donors 

were obtained from the American Type Culture Collection (ATCC #PCS-100-013). HUVECs 

were cultured in complete endothelial cell growth media (Cell Applications #211-500) at 37°C in 

a 5% CO2 95% air atmosphere. For experiments, HUVECs were plated on collagen and 

experiments were performed from passages 3-6.  

Reagents. Unless otherwise specified, all chemicals were obtained from Sigma-Aldrich. For iron 

loading studies, HUVECs were treated with 100 μM ferric ammonium citrate (FAC, MP 

biomedicals #158040), 100 μM ferrous ammonium sulfate (F-1543), 100 μM ferric chloride 

(#157740), 2 mg/ml apoferritin (#A-3641), 2 mg/ml holoferritin (#F-4503), 100 μM cupric 

chloride (#C-6917), or 100 μM zinc sulfate (Fisher #Z-58) for the indicated times.  

Cholesterol-methylβcyclodextrin complexes were prepared as follows: a 5% w/v solution 

of methyl-β-cyclodextrin (#C4555) was prepared in water by heating to 70°C and 10 mg/ml 

cholesterol (#C8667) in 100% ethanol was added dropwise. Cholesterol-MβCD was stirred until 

the solution was clear, solvent was evaporated overnight by speed-vac, and cholesterol-MβCD was 

reconstituted in milliQ water to 2.5 mM, filtered, and stored at 4°C. HUVECs were treated with 

0-50 μM cholesterol-MβCD for 40 h. For cholesterol depletion studies, HUVECs were treated 

with 1 µM U18666A (Cayman Chemicals #10009085), 0.3% 2-hydroxypropyl-beta-cyclodextrin 

(#H107), or 50 µM methylβcyclodextrin for the indicated times. For inflammation studies, 

HUVECs were treated with 50 ng/ml recombinant human TNFα (Biolegend #570104) for 6 or 16 

h. The optimal time of culture with TNFα was based on preliminary studies testing concentration 

and time-dependence.  
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For protease inhibitor experiments, HUVECs were treated with 25 μM TAPI2 

(Calbiochem, #579052), 1 μM DAPT (Calbiochem, #565770), or protease inhibitors (from Sigma 

#INHIB1) 6-aminohexanoic acid (E-ACA, 40 mM), antipain (100 μM), benzamidine HCl (4 mM), 

aprotinin (1 μM), bestatin (40 μM), chymostatin (100 μM), E-64 (10 μM), EDTA (1 mM), 

leupeptin (100 μM), pepstatin A (1 μM), phosphoramidon (10 μM), soybean trypsin inhibitor (STI, 

5 μM), or protease inhibitor cocktail (PIC, 1:200, Sigma P1860) for 24 h. 

The specific time of culture with FAC for cholesterol biosynthesis analysis, apoptosis, and 

TNFR1 processing was based on preliminary time-course experiments to determine iron loading 

of HUVECs and their susceptibility to apoptosis (see Figure 4B as an example).  

RNA sequencing. RNA sequencing was performed by the UCLA Technology Center for 

Genomics and Bioinformatics Core Facility. Libraries for RNA-seq were prepared with Kapa 

Standard kit, and data were sequenced on Illumina HiSeq 3000 for a single-read 50bp run. Data 

quality check was done on Illumina SAV. Demultiplexing was performed with Illumina Bcl2fastq2 

v 2.17 program. Total RNA from primary HUVECs was extracted using a RNeasy Micro kit 

(Qiagen) following the manufacturer’s instructions. The reads were mapped to the latest UCSC 

transcript set using Bowtie2 version 2.1.0[1] and the gene expression level was estimated using 

RSEM v1.2.15 Trimmed mean of M-values were used to normalize gene expression. Differentially 

expressed genes were identified using the edgeR program. Expression data were analyzed by 

comparing control cells treated with solvent (N=3) to cells treated with 100 μM FAC (N=3) for 30 

h. Genes identified by RNA sequencing were validated by quantitative real-time PCR.  

Gene Expression Quantification by RT-PCR. HUVECs were lysed in TRIzol Reagent (Life 

Technologies) and total RNA was isolated by chloroform extraction. Five hundred ng of RNA was 

reverse transcribed using the iScript cDNA Synthesis Kit (Bio-RAD). Quantitative real-time PCR 
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was performed on cDNA using SsoAdvanced SYBR Green Supermix (Bio-RAD) on the CFX 

Real-Time PCR Detection System (Bio-RAD). Samples were measured in duplicate and target 

genes were normalized to HPRT. Data are expressed as 2-∆∆Ct. Primer sequences are provided in 

Table 5-1. 

Lipid analysis. Lipid compositional analysis was performed by the UCLA Lipidomics Core 

Facility. For stable isotope labeling, HUVECs were cultured in endothelial cell growth media 

supplemented with 5 mM [U13C]-D-glucose with and without 100 μM FAC for 30 or 40 h to assess 

the time course of cholesterol synthesis. Analysis of fatty acid and cholesterol synthesis in normal 

and iron-loaded HUVECs were performed on an Agilent 7890B/5977A GC-MS instrument. Data 

are presented as nmol synthesis/million cells and was estimated using isotopic spectral analysis. 

Oxidized phospholipids were extracted from HUVECs treated with 100 µM FAC for 30 h, 

to determine whether membrane damage precedes cholesterol synthesis, using a biphasic butanol 

extraction. Cells were washed in PBS and collected in 1-butanol and transferred to a glass tube. 

10% NaCl was added to each tube and centrifuged at 2,000 x g for 10-min at room temperature. 

The upper organic phase was evaporated under argon gas in a 37°C water bath and contents were 

solubilized in 150 μL methanol. Sample was centrifuged and clear supernatant was stored at -80°C 

until analysis. Oxidized phospholipids were measured by LC-MS using an internal oxPAPC 

standard. 

Lipid raft isolation. Lipid rafts were isolated using discontinuous sucrose gradient centrifugation 

as previously described (49). Two 150 mm dishes of cultured HUVECs were combined for each 

treatment group. Detergent-insoluble membrane (DIG) fractionation was performed as described 

(50), using HUVECs cultured on 150 mm dishes. Equal volumes of proteins from each fraction 
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were resolved by SDS-PAGE. To identify the lipid raft and DIG fractions, equal volumes of 

proteins were dot blotted onto nitrocellulose and probed for ganglioside GM1. 

Western Blotting. HUVECs were lysed by mechanical disruption in RIPA lysis buffer with 

freshly added protease inhibitors (Santa Cruz #SC-24948). Cell lysates were centrifuged at 21,000 

x g for 15 min at 4°C and protein concentration was measured by the bicinchoninic acid assay 

using bovine serum albumin as a standard. Proteins (20 μg/lane) were separated by SDS-PAGE 

and transferred to nitrocellulose membranes. Membranes were blocked for 1 hr in 5% w/v dried 

nonfat milk or bovine serum albumin in TBS with 0.1% Tween-20 and incubated with primary 

antibodies in blocking buffer overnight at 4°C: cleaved caspase 3 (rabbit, 1:2,000, Cell Signaling 

Technology #9664), total caspase 3 (rabbit, 1:5,000, Cell Signaling Technology #9662), ferritin 

light chain (goat, 1:5,000, Novus Biologicals #NBP1-06986), ferritin heavy chain 1 (rabbit, 

1:25,000, Cell Signaling Technology #4393), TNFR1 (rabbit, 1:5,000, Cell Signaling Technology 

#3736),  Cholera Toxin B subunit peroxidase conjugate (1:10,000, Sigma #C3741) and β-Actin-

peroxidase (1:50,000, Sigma A3854). The secondary reaction was performed using HRP-

conjugated anti-rabbit or anti-goat IgG diluted 1:5,000 in blocking buffer. Protein blots were 

visualized by chemiluminescence using the ChemiDoc XRS+ imaging system and quantified using 

Image Lab software (Bio-RAD). 

Filipin staining. Filipin staining was performed using a cholesterol cell-based assay kit following 

the manufacturer’s instructions (Cayman Chemicals 10009779). Sytox green was used as a nuclear 

counterstain. Images were captured using a Zeiss LSM700 confocal microscope. 

Lentivirus generation. Hek293t cells were grown to 70% confluence in 150 mm poly-D-lysine 

coated plates in 10% FCS with antibiotics. Hek293t cells were transfected with 2 μg C-terminal 
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V5-tagged TNFR1 pLX304 (DNasu #HsCD00438626), 5 μg pMD2.6 (Addgene #12259), 7.5 μg 

pMDLg/pRRE (Addgene #12251), and 7.5 μg pRSV-REV (Addgene #12253) using lipofectamine 

2000 (ThermoFisher) for 16 h. Supernatant was replaced with fresh DMEM with 10% FCS. Viral 

supernatant was harvested after 24 and 48 h, pooled, and centrifuged at 300 x g for 5 min to pellet 

cells. Supernatant was filtered through a 0.45 μM low protein binding filter and stored at 4°C until 

plasmid digestion. To digest plasmid DNA, supernatant was treated with DNase-1 (Sigma D4527, 

10 U per 10 μg of total plasmid DNA) at room temperature for 30 min followed by 4 h at 4°C. 

Virus was concentrated by ultracentrifugation at 70,000 x g for 2 h at 12°C. Viral pellets 

resuspended in HBSS were layered on 20% sucrose and centrifuged at 50,000 x g for 2 h at 12°C. 

Supernatant was snap frozen in liquid nitrogen and stored at -80°C. 

For transduction experiments, HUVECs were treated with increasing volume of lentivirus 

for 10 h prior to incubation with solvent or 100 µM FAC for 24 h. Cell lysates were resolved by 

SDS-PAGE and probed for the transduced V5-tag. 

Statistical Analysis. Data are presented as box and whisker plots, where the box plot indicates the 

upper 75th and lower 25th percentile, the whiskers indicate the 90th and 10th percentile. Within 

the box, the solid line indicates the median and the dotted line the mean. Statistical analysis was 

performed using SigmaPlot version 12.5 (Systat Software). Principal component analysis was 

performed using R and Transcripts Per kilobase Million values (TPM). Statistical differences 

between groups were determined by one-way ANOVA followed by Holm-Sidak for multiple 

comparisons for normally distributed values, one-way ANOVA on ranks followed by Dunn’s 

method for multiple comparisons of nonparametric values, two-tailed Student’s t-test for normally 

distributed values, or Mann-Whitney U test for non-parametric values. Statistical test, number of 
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biological replicates, and P-value are indicated in each figure panel. A P-value of <0.05 was 

considered significant. 

 

Table 5-1. List of human primers for qRT-PCR 

Gene name Primer sequences 

HPRT Forward: 5’- GCC CTG GCG TCG TG ATTA GT -3’ 

Reverse: 5’- AGC AAG ACG TTC AGT CCT GTC -3’ 

SREBP2 Forward: 5’- AGG AGA ACA TGG TGC TGA -3’ 

Reverse: 5’- TAA AGG AGA GGC ACA GGA -3’ 

MVD Forward: 5’- ATC AAG TAC TGG GGC AAG CG -3’ 

Reverse: 5’- TTC AGC CAA ATC CGG TCC TC -3’ 

LDLR Forward: 5’- GGG CTC TGT CCA TTG TCC TC -3’ 

Reverse: 5’- ACC ATC TGT CTC GAG GGG TAG -3’ 

HMGCR Forward: 5’- TTC GGT GGC CTC TAG TGA GAT -3’ 

Reverse: 5’- GTC ACT GCT CAA AAC ATC CTC TTC -3’ 

TFRC Forward: 5’- AGT TGA ACA AAG TGG CAC GAG -3’ 

Reverse: 5’- AGC AGT TGG CTG TTG TAC CTC -3’ 

TNFRSF1A Forward: 5’- CGC TAC CAA CGG TGG AAG TC -3’ 

Reverse: 5’- CAA GCT CCC CCT CTT TTT CAG -3’ 

SREBP1a Forward: 5’- TGC TGA CCG ACA TCG AAG AC -3’ 

Reverse: 5’- CCA GCA TAG GGT GGG TCA AA -3’ 

SREBP1c Forward: 5’- CCA TGG ATT GCA CTT TCG AA -3’ 

Reverse: 5’- CCA GCA TAG GGT GGG TCA AA -3’ 

ACCA Forward: 5’- CTG TAG AAA CCC GGA CAG TAG AAC -3’ 

Reverse: 5’- GGT CAG CAT ACA TCT CCA TGT G -3’ 

FASN Forward: 5’- TCG TGG GCT ACA GCA TGG T -3’ 

Reverse: 5’- GCC CTC TGA AGT CGA AGA AGA A -3’ 
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SUPPLEMENTAL MATERIALS 
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Supplemental Figure 5-1. Cellular iron loading induces SREBP2 mRNA expression. Primary 

HUVECs were treated with solvent or triammonium citrate (TAC, 100 μM), ferric ammonium 

citrate (FAC, 100 μM), ferric ammonium sulfate (FAS, 100 μM), ferric chloride (FCl, 100 μM), 

hemin chloride (20 μM), holo-ferritin (Ft, 2 mg/ml) or holo-transferrin (Tf, 100 μM) for 40 h. N=3 

biological replicates per condition. (A) SREBP2 mRNA expression relative to solvent. Data are 

expressed as 2-∆∆Ct. (B) Pearson correlation between SREBP2 mRNA and ferritin heavy chain 1 

(FTH1) protein in HUVECs. Statistical differences between groups were determined by one-way 

ANOVA with Holm-Sidak method for multiple comparisons for normally distributed values 

(indicated by &). 
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Supplemental Figure 5-2. Iron induces SREBP-1 target genes in HUVECs. Primary HUVECs 

were treated with solvent or 100 μM ferric ammonium citrate (FAC) for 40 h. (A-E) qPCR analysis 

of fatty acid biosynthesis genes SREBP1a, SREBP1c, ACCA, FASN, and iron importer TFRC. Data 

are expressed as 2-∆∆Ct. Number of biological replicates are indicated above the x-axis. Statistical 

differences between groups were determined by Student’s t-test for normally distributed values 

(indicated by *).  
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Supplemental Figure 5-3. Cell panel for induction of SREBP2 by iron loading. Human hepatic 

cell line Hep3B and immortalized endothelial cells teloHAEC were treated with 100 μM FAC for 

40 h. (A) TFRC and (B) SREBP2 mRNA expression was determined by qRT-PCR and data are 

shown as 2-∆∆Ct. Number of replicates are indicated above the x-axis. Statistical differences 

between groups were determined by Student’s t-test for normally distributed values (indicated by 

*) or Mann-Whitney U for non-normally distributed values (indicated by #). 
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Supplemental Figure 5-4. Cell panel for potentiation of TNFα-induced apoptosis by iron 

loading. Human cell lines Hep3B and immortalized endothelial teloHAECs were treated with 100 

μM FAC for 24 h following stimulation with 50 ng/ml TNFα for 16 h in normal or FAC-

supplemented media. Cleaved caspase-3 protein expression was determined by Western blotting 

and normalized to β-actin. Number of replicates are indicated above the x-axis. Statistical 

differences between groups were determined by one-way ANOVA. 
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Supplemental Figure 5-5. Validation of TNFR1 antibody in HUVECs.  HUVECs were reverse 

transfected with 12.5 pmol negative control siRNA or siRNA targeting TNFR1 for 48 h and treated 

with 100 μM FAC for 24h. (A) TNFRSF1A mRNA expressed as 2-∆∆Ct and (B) TNFR1 protein 

expression by Western blotting. β-actin was used as a loading control. Representative image from 

N=4 independent experiments. Number of replicates are indicated above the figure panels. 

Statistical differences between groups were determined by Student’s t-test for normally distributed 

values (indicated by *) or Mann-Whitney U for non-normally distributed values (indicated by #). 
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Supplemental Figure 5-6. Full length TNFR1 does not correlate with cellular iron loading in 

HUVECs. HUVECs were treated with solvent or 100 μM FAC, ferric ammonium sulfate (FAS, 

100 μM), ferric chloride (FeCl3, 100 μM), apo-ferritin (FT, 2 mg/ml), holo-FT (2 mg/ml), copper 

chloride (CuCl2, 100 μM), or zinc sulfate (ZnSO4, 100 μM) for 24 h. Pearson correlation between 

ferritin heavy chain (FTH1) and TNFR1 protein by Western blotting and normalized to β-actin. 
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Supplemental Figure 5-7. TNFR1 glycosylation in HUVECs. HUVECs were treated with 100 

μM FAC for 30 h. Western blot for full-length and short TNFR1 isoform (indicated by arrow) of 

solvent and FAC-treated lysates after incubation with or without O-glycosidase or PNGase F. β-

actin was used as a loading control. 
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Supplemental Figure 5-8. Induction of a short isoform of TNFR1 with iron loading in 

different cell lines. Human hepatic cell line Hep3B and immortalized endothelial teloHAECs were 

treated with 100 μM FAC for 40 h. TNFR1 short isoform protein levels were determined by 

Western blotting and normalized to β-actin. Number of replicates are indicated above the x-axis. 

Statistical differences between groups were determined by Student’s t-test for normally distributed 

values (indicated by *) or Mann-Whitney U for non-normally distributed values (indicated by #). 
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Supplemental materials & methods 

Reagents 

Unless otherwise specified, all chemicals were obtained from Sigma-Aldrich. For the indicated 

times, HUVECs were treated with ferric ammonium citrate (FAC, 100 μM), ferrous ammonium 

sulfate (100 μM), ferric chloride (100 μM), hemin chloride (20 µM, #H-1652), holoferritin (2 

mg/ml), holotransferrin (100 μM, Serologicals Corporation #4455-01), or triammonium citrate 

(100 μM , #A1332) as a control. 

 

siRNA knockdown of TNFR1 

SMARTPool siRNA targeting human TNFR1 (Dharmacon SMARTPool L-005197-00-0005) was 

used to suppress TNFRSF1A expression. Non-targeting siRNA was used as a control (Dharmacon 

D-001810-10-05). Reverse transfection was performed using Lipofectamine RNAiMAX 

(ThermoFisher) in Opti-MEM media following the manufacturer’s protocol to yield a final 

concentration of 12.5 pmol siRNA per well. HUVECs were reverse transfected for 48 h and treated 

with 100 µM FAC for 24 h. Knockdown was confirmed by qRT-PCR and immunoblotting.  

 

TNFR1 deglycosylation 

HUVECs were treated with 100 µM FAC for 30 h. Cell lysates were digested with O-glycosidase 

to cleave O-glycans or PNGase F to cleave N-linked glycans following the manufacturer’s protocol 

(New England Biolabs #E0540S). N-linked deglycoslyation was performed under denaturing and 

non-denaturing conditions. 
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CHAPTER 6: MATERNAL IRON DEFICIENCY WORSENS INFLAMMATION-

INDUCED EMBRYOTOXICITY 
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INTRODUCTION 

Pregnancy is a major challenge to iron homeostasis as 30% of a woman’s total body iron is needed 

to support the development of the placenta and fetus while maintaining maternal health [1, 2]. 

Pregnancy’s large iron requirement predisposes to iron deficiency and women with insufficient 

iron stores before becoming pregnant have an increased risk of developing iron deficiency anemia, 

a common global health problem, affecting >20% of pregnant women in developed countries and 

>60% in some developing countries [3, 4]. In mice, maternal iron deficiency anemia during 

pregnancy is detrimental to embryo iron endowment [5]. In humans, iron deficiency anemia during 

pregnancy is associated with increased maternal morbidity and mortality, preterm birth, low birth 

weight, cognitive defects in newborns and impaired immune function [6-13].  

 Iron disorders during pregnancy are common. Iron deficiency is characterized by depletion 

of iron stores, and eventually results in hypoferremia and anemia. Iron restriction on the other hand 

is characterized by iron sequestration in macrophages and low plasma iron levels, usually as a 

result of inflammation. Inflammation induces the iron regulatory hormone hepcidin, blocking iron 

transport into plasma, and lowering plasma iron levels [14, 15]. Although inflammation-induced 

hypoferremia is important in host [16, 17], it can be maladaptive with chronic inflammation and 

contribute to iron-restricted anemia [18].   

The maternal immune system is important for healthy pregnancy [19, 20], and is involved in 

implantation, angiogenesis and vascular remodeling at the maternal-fetal interface, and in the 

development of the fetal immune system. Excessive systemic maternal inflammation, as in 

complicated pregnancies, is associated with adverse outcomes including spontaneous abortion, 

preterm labor, intrauterine growth restriction, fetal death, gross developmental abnormalities, and 

autistic behaviors in offspring [21-24]. How maternal inflammation causes these effects is not well 
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understood but is likely dependent on the effect of maternal or fetal-derived cytokines on the dam, 

placenta, and embryo [19, 21, 22, 25-28]. In developing countries, inflammation is common because 

of endemic infections. In industrialized countries, common conditions associated with chronic 

inflammation include obesity and autoimmune diseases, and for acute inflammation, infections.  

Epidemiological studies show a U-shaped risk curve between iron marker ferritin and 

pregnancy complications including preterm birth [29-31]. Low serum ferritin occurs with iron 

deficiency, but high serum ferritin occurs with both iron excess and inflammation. In Chapter 3, 

we evaluated the right side of the U-shaped curve, and noted an adverse interaction between iron 

excess and inflammation during pregnancy where the combination of the two caused adverse 

outcomes including severe embryo malformations and demise. These adverse outcomes did not 

occur in inflamed dams with normal iron status. 

In this Chapter, we evaluated if iron deficiency interacts with inflammation. We used two 

clinically relevant models of inflammation. Acute maternal inflammation was caused by LPS 

injection during pregnancy, mimicking a bacterial infection. Chronic mild inflammation was 

caused by diet-induced obesity. Surprisingly, outcomes in iron-deficient inflamed dams were as or 

more severe than those with the iron-loading diet. Acute inflammation in iron-deficient dams led 

to fetal demise, and obesity in iron-deficient dams led to fetal malformations. We demonstrate that 

maternal iron deficiency potentiates apoptosis in the placental and fetal tissues, primarily affecting 

endothelial cells. Notably, we found that iron deficiency induces TNFα-receptor 1 (TNFR1) and 

worsens LPS-induced inflammation in the placenta, suggesting possible mechanisms of adverse 

fetal outcomes. We extended our study to non-pregnant mice and found that iron deficiency 

potentiates apoptosis of organs, primarily the lung, suggesting that the mechanism is more 

common and may be relevant to inflammatory disorders beyond pregnancy. Considering the global 
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prevalence of iron deficiency, and the increasing occurrence of inflammatory conditions such as 

obesity, our findings have the potential to explain commonly observed pregnancy complications 

and could eventually influence the clinical management of pregnant women worldwide. 

 

RESULTS 

Maternal iron deficiency potentiates inflammation-induced pregnancy complications. We 

modeled iron deficiency by feeding C57BL/6J females an iron-poor diet (4 ppm iron) for 1-3 

weeks prior to mating and throughout pregnancy. Control females were maintained on an iron-
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Figure 6-1. Maternal, placental, and embryo 

iron parameters in iron-adequate and iron-

deficient pregnancy. Mice were iron depleted by 

feeding low iron diet (4ppm iron) for 1-3 weeks 

prior to mating and during pregnancy. Iron 

deficient dams were compared to iron-adequate 

dams (fed standard diet, 185ppm iron) at E15.5 

and E18.5. Non-heme iron measurements in 

maternal (A) serum and (B) liver, (C) placenta, 

and embryo (D) liver and (E) serum. Animal 

numbers are indicated above the x-axis. Statistical 

differences between groups were determined by 

Mann-Whitney U for non-normally distributed 

values (indicated by #) or Student’s t-test for 

normally distributed values (indicated by *). 
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adequate diet (185 ppm iron). Iron-deficient dams were compared to iron-adequate dams on E15.5 

and E18.5 of pregnancy. At both gestational ages, pregnant dams on the iron-poor diet had lower 

serum iron (E15.5, P=0.005; E18.5, P=0.007) and liver iron concentrations (E18.5, P=0.038) 

(Figure 6-1A, B), and lower hemoglobin concentrations (~2 g/dL lower by E15.5, P=0.011 and 

~3 g/dL lower by E18.5, P<0.001) (Table 6-1), confirming that the dams were iron-deficient and 

anemic. Placentas from iron-deficient dams were mildly iron deficient with ~25% less iron at 

E15.5 (P<0.001) and E18.5 (P=0.008) (Figure 6-1C). Embryos from iron-deficient dams were 

severely iron deficient, as reflected by ~70% lower liver iron stores (E15.5, P=0.004; E18.5, 

P<0.001)  (Figure 6-1D) and 60% lower serum iron levels (P<0.001) (Figure 6-1E). 

 Maternal systemic inflammation was elicited in iron-adequate and iron-deficient pregnant 

dams by a single subcutaneous injection of LPS (0.5 µg/g) in the interscapular area during the 

second trimester on E8.5 (Figure 6-2A).  LPS treatment of dams with normal iron status on E8.5 

caused embryo loss in 22% of pregnancies (N=9 dams), but surviving embryos were normal 

(Figure 6-2B). However, when the dam was both iron-deficient and LPS-injected, all pregnancies 

were aborted (N=3 dams) and we did not obtain live embryos to evaluate (Figure 6-2B). Since 

Table 6-1. Maternal hematological parameters in mouse pregnancy 

 
Iron-deficient Iron-adequate 

P-value 

Iron-deficient Iron-adequate 

P-value E15.5 

(N=3) 

E15.5 

(N=4) 

E18.5 

(N=4) 

E18.5 

(N=6) 

RBC (106/µL) 7.3±0.7 8.3±0.5 P=0.089 7.5±0.7 8.1±0.7 P=0.215 

Hb (g/dL) 9.9±0.9 12.2±0.6 P=0.011 8.5±0.4 11.9±0.6 P<0.001 

HCT (%) 28.4±3.3 35.2±1.7 P=0.015 35.0±5.2 40.5±2.8 P=0.061 

MCV (fL) 38.0±2.9 42.6±0.8 P=0.025 46.6±2.7 50.2±5.0 P=0.225 

MCH (pg) 13.6±0.2 14.8±0.2 P<0.001 11.5±0.8 14.5±0.7 P=0.010 

MCHC (pg/dL) 35.0±1.0 34.7±0.7 P=0.629 24.7±3.0 29.0±3.3 P=0.066 

 

Table 6-1. Maternal hematological parameters in mouse pregnancy. Hematological parameters of E15.5 and 

E18.5 pregnant iron-deficient wild type dams (fed low iron diet) and iron-adequate wild type dams (fed standard 

diet). Data are presented as mean ± SD. RBC, red blood cell; Hb, hemoglobin; HCT, hematocrit; MCV, mean 

corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin 

concentration. Statistical differences between groups were determined by t-test. 
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LPS injection in early pregnancy limited embryo analysis, we evaluated the effect of inflammation 

in later pregnancy. Iron-adequate and iron-deficient pregnant dams were injected with LPS on 

E15.5 and outcomes were evaluated 24 h later (Figure 6-3A). Consistent with other reports [32], 

LPS injection caused preterm birth in 50% of dams with normal status (N=8 dams). However, in 

iron-deficient dams, LPS on E15.5 caused embryonic demise and resorption (Figure 6-3B), 

affecting 60% of embryos (N=42 embryos from 5 dams) (P<0.001) (Figure 6-3C). Taken together, 

our data show that maternal iron deficiency potentiates inflammation-induced embryo injury.  

Figure 6-2. Adverse synergy between 

maternal iron deficiency and acute 

inflammation in the second trimester. 

(A) Maternal inflammation was 

induced in the second trimester by a 

single subcutaneous injection of LPS on 

E8.5 in pregnant iron-adequate (fed 

standard diet) and iron-deficient (fed 

iron-poor diet) dams, and embryos were 

harvested on E18.5. (B) LPS or iron-

poor diet alone did not affect embryo 

development. The combination of iron 

deficiency and LPS caused embryo loss 

(uterus with resorptions depicted). 

 

 

 

 

 

 

 

 

 

Figure 6-3. Adverse synergy between maternal iron deficiency and acute inflammation in the third trimester. 

(A) Maternal inflammation was induced in the third trimester by a single subcutaneous injection of LPS on E15.5 in 

iron-adequate (fed standard diet) and iron-deficient (fed iron-poor diet) dams and embryos were evaluated 24 h later. 

(B) LPS or iron-poor diet alone did not affect embryo health. Iron deficiency potentiated LPS-induced embryo death 

and resorption. Animal numbers are indicated above the x-axis. Statistical differences between groups were 

determined by two-way ANOVA (indicated by &). 
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Maternal iron deficiency potentiates placental inflammation and apoptosis of placental and 

fetal endothelium. We evaluated whether maternal iron deficiency potentiates canonical 

inflammatory pathways in the dam, placenta, or embryo by measuring mRNA expression of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6-4. Maternal iron deficiency potentiates placental inflammation. Maternal inflammation was induced 

in the third trimester (E15.5) by a single subcutaneous injection of LPS in iron-adequate (fed standard diet) and iron-

deficient (fed iron-poor diet) dams. Maternal and placental inflammation was evaluated 6h later. Maternal liver (A) 

serum amyloid A-1 (Saa1), (B) Il6, (C) Il1b and (D) Tnf expression relative to Hprt. Placental (E) Il6, (F) Il1b, (G) 

Cxcl2, (H) Cxcl1, and (I) Tnf, (J) Ptgs2, and (K) Nlrp3 expression relative to Rpl4. (L) Placenta cleaved caspase-1 

protein expression relative to β-Actin. Animal numbers are indicated above the x-axis. Statistical differences between 

groups were determined by two-way ANOVA. 
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inflammatory markers in maternal liver, placenta, and embryo liver. In dams, LPS potently induced 

hepatic expression of serum amyloid A-1 (Saa1), interleukin (IL)-6 (Il6), and Tnf but these 

inductions were similar between iron adequate and iron deficient dams, whereas induction in Il1b 

was mildly potentiated by iron deficiency (P=0.029) (Figure 6-4, A-D). In placentas, induction of 

Il6 (P<0.001), Il1b (P=0.002), and chemokines Cxcl1 and Cxcl2 (P<0.001) were strongly 

potentiated in iron-deficient pregnancies, whereas Tnf was only mildly potentiated (Figure 6-4,E-

I). We did not detect any changes in inflammatory markers in embryo livers (data not shown), 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-5. Maternal iron deficiency potentiates apoptosis of placental and fetal endothelium. Maternal 

inflammation was induced in the third trimester by a single subcutaneous injection of LPS on E15.5 in iron-adequate 

(fed standard diet) and iron-deficient (fed iron-poor diet) dams and embryos were evaluated 24 h later. (A) Western 

blot of whole embryo liver lysate for apoptotic marker cleaved caspase-3. Animal numbers are indicated above the 

x-axis. (B) Immunohistochemistry of paraffin-embedded placentas and whole embryos for cleaved caspase-3 

(brown) and endothelial marker Cd31 (red). Scale bar= 50µm. Representative image of N=3 sections/group. 

Statistical differences between groups were determined by two-way ANOVA (indicated by &). 
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showing that inflammation is restricted to the dam and placenta, and that placental inflammation 

is exacerbated by maternal iron deficiency. Furthermore, we did not detect any iron-dependent 

difference in Ptgs2 (Figure 6-4J), a putative marker of ferroptosis onset [33]. Given that IL-1β is 

a product of inflammasome activation [34], we measured inflammasome Nlrp3 mRNA and 

cleaved caspase-1 protein expression in placentas but did not detect any iron-dependent differences 

(Figure 6-4, K-L) , suggesting that cell death does not occur through pyroptosis or ferroptosis.  

We evaluated the mechanism of cell death leading to embryo demise and detected apoptotic 

marker cleaved caspase-3 in embryo liver only from dams that were both iron deficient and LPS-

injected, and did not occur with iron deficiency or LPS alone (Figure 6-5A). 

Immunohistochemistry localized apoptosis to endothelial cells in the placenta, embryo lung, and 

other embryonic tissues (Figure 6-5B), indicating that endothelial cells are the primary apoptotic 

target and are most susceptible to inflammation-driven apoptosis in the setting of iron deficiency. 

 

Iron deficiency increases the susceptibility of cultured endothelial cells to TNFα-mediated 

apoptosis. To identify the underlying mechanisms of apoptosis in iron-deficient endothelial cells, 

we developed an in vitro model using primary human umbilical vein endothelial cells (HUVECs). 

Iron deficiency was induced in HUVECs by treating cells with 100 µM iron chelator deferoxamine  

(DFO) for 24h. Control and iron-deficient HUVECs were stimulated with LPS (2 ug/ml) and a 

panel of cytokines (all 50 ng/ml) IL-6, IFNγ, IL-1β, and TNFα to evaluate apoptosis (Figure 6-

6A). Neither LPS, IL-6, nor IFNγ induced cleaved caspase-3 expression, and IL-1β mildly 

potentiated cleaved caspase-3 in iron deficient cells. However, cleaved caspase-3 expression 

induced by TNFα was strongly potentiated by DFO (P<0.001) (Figure 6-6A), suggesting that 

TNFα in maternal circulation may be causing fetal demi se in our mouse model. This finding was 
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confirmed in two other endothelial cell types (both P<0.001), primary human pulmonary artery 

endothelial cells (HPAEC) and immortalized human aorta endothelial cells (teloHAEC), the latter 

being susceptible to DFO-induced apoptosis even without TNFα (P=0.002) (Figure 6-6B). This 

effect was not related to activation of the HIFα pathway by DFO because cotreatment of HUVECs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-6. Iron deficiency increases the susceptibility of cultured cells to TNFα-mediated apoptosis. (A) 

Primary HUVECs were rendered iron deficient by pretreatment with 100 µM DFO for 24h prior to stimulation with 

LPS (2 mg/ml) or 50 ng/ml IL6, IFNγ, IL1β or TNFα for 16h. Western blot quantification of cleaved caspase-3. (B) 

Western blot quantification of cleaved caspase-3 in primary HUVECs, primary HPAECs, and immortalized 

endothelial cell line teloHAEC after treatment with 100 µM DFO with and without TNFα for 16h. (C) Primary 

HUVECs were treated with 0-100 µM cobalt chloride (CoCl2) or DFO for 24h prior to stimulation with TNFα for 

16. Cleaved caspase-3 was analyzed by Western blotting. (D) Western blot and quantification of cleaved caspase-3 

in HUVECs treated with increasing doses of DFO (0-100 µM) with and without TNFα for 16h. Replicates are 

indicated above the x-axis. β-Actin was used as a loading control. Statistical differences between groups were 

determined by one-way ANOVA with Dunn’s method of multiple comparisons, two-way ANOVA (indicated by &) 

or t-test (indicated by #P<0.05, ###P<0.001). 
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with TNFα and CoCl2, an inhibitor of prolyl hydroxylases, did not potentiate apoptosis, suggesting 

that it is cellular iron deficiency that mediates sensitivity to TNFα toxicity (Figure 6-6C). We 

further evaluated whether sensitivity to TNFα cytotoxicity is related to the degree of iron 

deficiency by treating cells with a range of DFO doses (0-100 µM) in the presence of TNFα and 

found that even mild iron deficiency potentiates apoptosis (Figure 6-6D). However, the 

contribution of TNFα in adverse outcomes in our mouse model remains to be determined. 

 

Iron deficiency potentiates obesity-induced adverse fetal outcomes. In addition to the LPS 

mouse model of systemic maternal inflammation that mimics bacterial infection, we expanded our 

study to a mouse model of obesity, a milder systemic inflammatory condition that is very common 

in human pregnancy. Female mice were fed a Western diet (iron-adequate, 100 ppm iron) starting 

at 3 weeks of age for 8 weeks, then half of the females continued on the same diet, and the other 

half switched to an iron-deficient Western diet (4 ppm iron) for 1 or 3 more weeks. Females were 
 

Table 6-2. E18.5 Maternal hematological parameters in obese mouse pregnancy 

 

Iron deficient 

Western diet 

Iron 

adequate 

Western diet 
P-value 

Iron deficient 

Western diet 

Iron 

adequate 

Western diet 
P-value 

Dams 

E18.5 

(N=8) 

Dams 

E18.5 

(N=7) 

Embryos 

E18.5 

(N=24) 

Embryos 

E18.5 

(N=18) 

RBC (106/µL) 8.6±0.4 9.2±0.4 P=0.009 1.6±0.3 2.3±0.3 P<0.001 

Hb (g/dL) 11.4±0.4 13.2±0.3 P<0.001 4.1±0.9 7.4±1.2 P<0.001 

HCT (%) 34.1±1.4 39.6±1.6 P<0.001 13.1±2.9 24.0±5.3 P<0.001 

MCV (fL) 39.5±0.8 43.0±0.9 P<0.001 79.5±8.6 110.1±12.2 P<0.001 

MCH (pg) 13.2±0.7 14.3±0.6 P=0.006 24.7±3.3 32.9±2.2 P<0.001 

MCHC (pg/dL) 33.4±1.5 33.2±1.6 P=0.819 31.2±3.4 30.0±2.1 P=0.058 
 

Table 6-2. E18.5 maternal and embryo hematological parameters in obese mouse pregnancy. Hematological 

parameters of E18.5 obese iron-deficient dams (fed low iron Western diet) and iron-adequate wild type dams (fed 

Western diet with standard iron) and their embryos. Data are presented as mean ± SD. RBC, red blood cell; Hb, 

hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean 

corpuscular hemoglobin concentration. Statistical differences between groups were determined by t-test. 
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mated and continued the same types of diets throughout pregnancy and were analyzed at E18.5 

(Figure 6-7A). As expected, dams on Western diet weighed 50% more than dams fed standard 

chow (P<0.001) (Figure 6-7B). Dams fed the iron-deficient Western diet had lower liver iron and 

serum iron concentrations (both P<0.001) (Figure 6-7C, D), and lower hematologic parameters 

(~2 g/dL lower hemoglobin at E18.5, P<0.001) (Table 6-2), indicative of iron deficiency and 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-7. Iron parameters in iron replete and iron deficient obese pregnant mice. (A) WT female mice were 

fed iron-adequate Western diet (100 ppm iron) starting at 3 weeks of age for 8 weeks, then half of the mice continued 

on the same diet, and the other half switched to an iron-poor Western diet (4 ppm iron) for 1 more week. Females 

were mated and continued the same diets during pregnancy and were analyzed at E18.5. (B) Body weights at mating 

from iron-adequate and iron-deficient females fed standard or Western diet. Non-heme iron measurements from 

iron-adequate and iron-deficient mice fed Western diet: (C) maternal liver and (D) maternal serum, (E) placenta, 

and (F) embryo  serum and (G) embryo liver. Animal numbers are indicated above the x-axis. Statistical differences 

between groups were determined by Student’s t-test for normally distributed values (indicated by *) or Mann-

Whitney U for non-normally distributed values (indicated by #). 
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anemia. Placentas from iron deficient obese dams were also mildly iron-deficient (P<0.001) 

(Figure 6-7E). Embryos from iron deficient obese mothers were severely iron deficient with lower 

serum iron levels and liver iron concentrations (both P<0.001) (Figure 6-7F, G), and lower 

hematologic parameters (3 g/dL lower hemoglobin at E18.5, P<0.001) (Table 6-2). Notably, we 

observed significantly more frequent embryo malformations in the iron-deficient than iron-

adequate obese cohort (Figure 6-8A, B). Embryo malformations included eye (bilateral and 

unilateral anophthalmia and microphthalmia) and jaw abnormalities (micrognathia) (Figure 6-

8C). Furthermore, placental apoptosis, as assessed by the cleaved caspase-3 Western blotting, was 

increased in the iron-deficient group (Figure 6-8D), suggesting similarities in the mechanism by 

which iron deficiency causes adverse outcomes in the LPS and obese mouse model. 

 

Maternal iron deficiency induces placental TNFα receptor 1 expression. Our data in cultured 

endothelial cells suggests that iron deficiency modulates TNFα signaling. Indeed, TNFα receptor-

1 (TNFR1) was reported to be increased in trophoblasts of iron-deficient rats, although assessed 

by semi-quantitative immunostaining [35]. We examined placental expression of TNFR1, the 

Figure 6-8. Maternal iron deficiency 

potentiates obesity-induced adverse 

outcomes. E18.5 embryos from obese 

iron-adequate (fed 100ppm iron 

Western diet) and iron-deficient (fed 

4ppm iron Western diet) dams. Iron 

deficiency worsened embryo defects: 

(A) embryo gross morphology 

(*anophthalmia, #microphthalmia, and 
&micrognathia), (B-C) malformation 

incidence and type. (D) Western blot of 

whole placenta lysates for apoptotic 

marker cleaved caspase-3. β-Actin was 

used as a loading control. Animal 

numbers are indicated above the x-axis. 

Statistical differences were determined 

by one-way ANOVA (***P<0.001). 
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ubiquitously expressed receptor for TNFα, known to mediate its apoptotic effects [36]. Tnfrsf1a 

mRNA was not affected by maternal iron status of our mice (Figure 6-9A). However, placental 

TNFR1 protein was induced in iron-deficient pregnancies in the absence of inflammation (Figure 

6-9B), with a surprisingly strong correlation noted between TNFR1 and iron importer transferrin 

receptor 1 (TFRC), a marker of cellular iron deficiency (r=0.921, P<0.001) (Figure 6-9C), which 

was also noted in obese iron deficient pregnancies in mice (r=0.683, P=0.007) (Figure 6-9D). 

Importantly,  in a set of human placental samples obtained from pregnant women that either had 

iron deficiency anemia (Hemoglobin <8 g/dL) or were not anemic (Hemoglobin >11 g/dL), we 

noted a similar increase in placental TNFR1 with iron deficiency anemia, and a strong significant 

correlation with placental TFRC (Figure 6-9E). Any iron-dependent regulation of TNFR1 has not 

 

 

 

 

 

 

 

 

Figure 6-9. Maternal iron deficiency induces placental TNFα receptor 1 expression. E18.5 placental Tnfr1 

expression was compared between iron adequate and iron deficient dams fed (A-C) standard diet or (D-E) Western 

diet. (A) Tnfrsf1a mRNA expression. (B) Tnfr1 protein expression by Western blot normalized to β-Actin. Animal 

numbers are indicated above the x-axis. Correlation of placental transferrin receptor 1 (Tfrc) and Tnfr1 normalized 

to β-Actin in dams fed (C) standard iron deficient diet or (D) iron-deficient Western diet. (E) Correlation between 

TFRC and TNFR1 in human placentas. Statistical differences between groups were determined by Student’s t-test 

(indicated by *) or Pearson correlation. 
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been reported before and reveals a possible underlying mechanism for how iron deficiency 

worsens outcomes in inflamed pregnancies.  

 

Iron deficiency potentiates apoptosis in other models of inflammation. We extended our 

studies to trophoblast cell line (BeWo) and kidney cell line (Hek293) and similarly found that iron 

deficiency potentiates TNFα-mediated apoptosis (Figure 6-10A), suggesting a more common 

effect of iron deficiency in increasing sensitivity to apoptosis. We tested this in mouse models by 

inducing systemic inflammation in iron-deficient and iron-adequate adult nonpregnant male (N=6) 

and female mice (N=6). Female and male mice were rendered iron deficient by feeding iron 

deficient diet (4 ppm iron) for 5 weeks starting at 4 weeks of age (Figure 6-10B) and were 

compared to iron-adequate mice maintained on standard diet (185 ppm iron). Mice on the iron-

poor diet had lower hemoglobin than those on iron-adequate diet (P=0.041), indicative of iron 

deficiency, although the decrease in hemoglobin was less pronounced in female mice (Table 6-3). 

To induce systemic inflammation, iron-adequate and iron-deficient mice were treated with a single 
 

Table 6-3. Hematological parameters in iron adequate and iron deficient 8-week old adult mice 

 

Iron 

deficient 

Iron 

adequate P-value 

Males 

Iron 

deficient 

Iron 

adequate P-value 

Females 

P-value 

Combined Males 

(N=3) 

Males 

(N=3) 

Females 

(N=3) 

Females 

(N=3) 

RBC (106/µL) 8.5±1.4 8.8±0.1 P=0.700 9.1±0.7 8.9±0.7 P=0.729 P=0.940 

Hb (g/dL) 8.9±1.6 12.6±0.4 P=0.020 11.0±1.8 12.9±0.6 P=0.148 P=0.041 

HCT (%) 29.9±4.5 39.5±0.5 P=0.022 34.1±4.1 40.2±2.0 P=0.084 P=0.002 

MCV (fL) 35.3±1.8 45.0±0.3 P=0.100 37.3±2.4 45.2±1.3 P=0.007 P<0.001 

MCH (pg) 10.5±0.5 14.3±0.4 P<0.001 12.1±1.7 14.5±0.5 P=0.075 P=0.004 

MCHC (pg/dL) 29.8±0.9 31.8±0.9 P=0.043 32.2±3.0 32.1±0.3 P=0.957 P=0.359 

        

Table 6-3. Hematological parameters in iron adequate and iron deficient mice. Hematological 

parameters of 8-week old iron-adequate (fed diet with standard iron) and iron-deficient (fed low iron 

diet) mice. Data are presented as mean ± SD. RBC, red blood cell; Hb, hemoglobin; HCT, hematocrit; 

MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular 

hemoglobin concentration. Statistical differences between groups were determined by t-test. 
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intraperitoneal injection of 50 µg LPS for 24h (Figure 6-10B), and organs were harvested for 

cleaved caspase-3 expression analysis by Western blotting. In the heart and brain, we were unable 

to accurately detect cleaved caspase-3. However, in the spleen, lung, kidney, and liver, we detected 

cleaved caspase-3 expression following LPS, and the induction was potentiated by iron deficiency 

(significant in the lung, P=0.003) (Figure 6-10C-F), suggesting a broader role of iron deficiency 

in worsening injury in inflammatory conditions outside of pregnancy.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-10. Iron deficiency potentiates apoptosis in other models of inflammation. (A) Kidney cell line 

(Hek293) and trophoblast cell line (BeWo) were treated with 100 µM DFO for 24h prior to 16h of TNFα stimulation. 

Western blot quantification of cleaved caspase-3 normalized to β-Actin (N=3/group). (B) Four-week old WT female 

and male mice were fed a low iron diet for 5 weeks. Iron-adequate (fed standard diet) and iron-deficient mice 

received a single intraperitoneal injection of 50 µg LPS for 24h. Western blot quantification of cleaved caspase-3 

normalized to β-Actin in (C) spleen, (D) lung, (E) kidney, and (F) liver. Animal numbers are indicated above the x-

axis. Statistical differences between groups were determined by two-way ANOVA (indicated by &).  
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DISCUSSION AND FUTURE DIRECTIONS 

In this Chapter, we made a novel observation of an adverse interaction between maternal iron 

deficiency and inflammation during pregnancy that causes embryotoxicity, including embryo 

malformations and demise, which was not observed with either condition alone. Importantly, 

adverse consequences were seen in two mouse models of inflammation: LPS-induced acute 

inflammation mimicking bacterial infection, and diet-induced obesity model of chronic 

inflammation, suggesting that the interaction does not require intense inflammation. Furthermore, 

we observed that iron deficiency potentiated LPS-induced apoptosis in the lungs, kidney and liver 

of non-pregnant animals, suggesting that similar mechanisms may also be pathogenic outside of 

pregnancy. 

Notably, we found that in our mouse model of LPS-induced inflammation, maternal iron 

deficiency potentiated inflammation in the placenta but not in the dam or embryo. We noted 

increased gene expression of Il6, Il1b, Tnf, Cxcl1, and Cxcl2 in the placentas from iron-deficient 

dams treated with LPS compared to iron-adequate dams, showing that iron deficiency worsens 

LPS-induced inflammation. We did not detect any changes in inflammatory markers without LPS 

treatment, demonstrating that maternal iron deficiency, in the absence of any inflammatory 

stimulus, does not worsen placental inflammation. Although we did not detect major differences 

in expression of inflammatory markers in maternal liver, future experiments determining the 

cytokine profile in maternal serum are needed to solidify changes in maternal inflammation, as 

well as the use of cytokine neutralizing antibodies to determine the cytokine primarily driving 

apoptosis. Once identified, injection of pregnant dams with recombinant cytokine would delineate 

whether the cytokine alone is sufficient to drive adverse outcomes in iron-deficient dams.  
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Our preliminary data strongly suggest that the endothelial cells are most susceptible to 

changes in iron status, rendering them sensitive to cytokine-driven apoptosis. In our HUVEC 

model, we observed that apoptosis was strongly potentiated by TNFα and to a lesser extent IL1β, 

but not IL6 or IFNγ, suggesting that either TNFα or IL1β could be mediating apoptosis in vivo, 

either locally from inflammation-driven production by the placenta or in combination with 

elevated maternal cytokines. In addition to endothelial cultures, we demonstrated that placental 

cell line BeWo and kidney cell line Hek293 were also more sensitive to apoptosis when iron 

deficient, suggesting a more common mechanism of iron deficiency in sensitizing cells to 

apoptosis We further demonstrated that non-pregnant mice of both sexes are more susceptible to 

apoptotic injury when iron-deficient, primarily the lung, which is composed of 50% endothelial 

cells, but also the kidney and liver. Whether the apoptosis localizes to endothelium in inflamed 

iron-deficient non-pregnant mice remains to be determined. 

In mouse and human placenta, we demonstrated that maternal iron deficiency induces 

expression of the receptor for TNFα, providing another possible mechanism of adverse outcomes, 

whereby increased receptor expression potentiates apoptotic signaling. Preliminary data using cell 

sorting of placentas from iron-adequate pregnant mice suggest that TNFR1 is primarily expressed 

in endothelial cells in the placenta (Figure 6-11), but further 

experiments are required to determine whether the endothelial 

cells or the non-endothelial fraction induce TNFR1 expression 

in response to maternal iron deficiency. Furthermore, we can 

utilize Tnfr1-floxed mice [37] to delete Tnfr1 in either fetal 

endothelial cells (Vec-Cre) or in trophoblast cells 

(TpbparAdafAdaP-Cre [38]) and define if the cell-type specific 

 

 

 

Figure 6-11. TNFR1 in placental 

endothelial cells. Endothelial cells 

were isolated from placentas from 

WT mice on E18.5 by magnetic 

separation. Western blot for TNFR1 

in placenta, CD31 pellet (endothelial 

cells), and unbound fraction. β-Actin 

was used as a loading control. 
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loss of the iron-regulated TNFR1 is sufficient to prevent adverse outcomes. 

In summary, we observed in mouse models an adverse interaction between maternal iron 

deficiency and acute or chronic inflammation during pregnancy that causes adverse fetal outcomes. 

Based on our preliminary data, our proposed model is that maternal iron deficiency potentiates 

apoptosis and fetal demise, possibly through iron deficiency-induced increases in placental 

TNFR1, or potentiated placental inflammation, or a combination of both (Figure 6-12). Our 

studies raise the possibility that correcting 

iron deficiency in an inflamed pregnancy 

could be a modifiable factor to lessen the 

severity of adverse outcomes. Considering 

the global prevalence of iron deficiency, 

and the increasing occurrence of 

inflammatory conditions such as obesity, 

our findings have the potential to explain 

common pregnancy complications and 

could influence the clinical management of 

pregnant women worldwide. 

 

  

 

 

 

 

 

 

Figure 6-12. Model of adverse interaction between 

maternal iron deficiency and inflammation during 

pregnancy. Following inflammation, maternal hepatic 

expression of cytokines is similarly induced between iron-

adequate (left panel) and iron-deficient (right panel) dams. In 

placenta, maternal iron deficiency increases TNFR1 

expression, potentiates placental inflammation, inducing 

apoptosis and fetal demise. Our preliminary data indicate that 

the endothelial cells are the primary apoptotic target. 



 

278 
 

MATERIALS AND METHODS 

Animals. All animal experiments were approved by the UCLA Institutional Animal Care and Use 

Committee and were carried out in accordance with the Guide for Care and Use of Laboratory 

Animals (National Institutes of Health, Bethesda, MD). Wild type (WT) C57BL/6J mice were 

obtained from the Jackson Laboratory (Bar Harbor, ME) (stock #000664). Unless where specified, 

mice were fed a standard diet (PicoLab Rodent Diet 20, 5053 Irradiated, 185 ppm iron) ad libitum. 

All purified diets were obtained from Envigo-Teklad. 

To model maternal iron deficiency, female WT mice were fed a purified low iron diet (TD.80396) 

for 1-3 weeks prior to mating and during pregnancy. For obesity studies, 3-week old female WT 

mice were fed a Western diet with 100-ppm ferric citrate (TD.180722). After 8 weeks, half of the 

mice continued the diet and half were fed a low-iron Western diet (TD.140525) for 1-3 weeks prior 

to mating and during pregnancy. The Western diet contains 0.2% cholesterol, saturated fat >60% 

of total fat (42% of calories), and high sucrose (43% of calories), and 15% calories from protein. 

For non-pregnant studies, 4-week old male and female WT mice were fed standard or low-iron 

diet for 5 weeks. 

Systemic inflammation models. For second trimester inflammation, pregnant mice on E8.5 were 

weighed and received a single subcutaneous injection of 0.5 µg/g LPS (Escherichia coli serotype 

O55:B5, Sigma-Aldrich L2880) or equivalent volume of sterile solvent as a control. Mice were 

weighed daily after injection, and mice that lost pregnancy weight gain were euthanized from 

E11.5-E18.5 to confirm embryo loss. For third trimester inflammation, pregnant mice on E15.5 

received a single subcutaneous injection of LPS for 24h. Preterm birth was recorded as the delivery 

of at least one embryo within 24h of injection. 
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For non-pregnant studies, iron-adequate and iron-deficient female and male mice received a single 

intraperitoneal injection of 50 µg LPS for 24h. At the indicated times, mice were euthanized by 

isoflurane overdose and tissues collected for analysis. 

Complete blood counts. Mouse complete blood counts were performed on EDTA whole blood 

using a Hemavet 950FS hematology system (Drew Scientific). 

Non-heme iron measurements. Serum was obtained from maternal and embryo blood by 

centrifugation at 2,700 x g for 10 min. Serum iron concentration was measured by colorimetric 

spectrophotometry using an iron calibrator (Iron-SL, Sekisui Diagnostics 157-30) [39], excluding 

hemolyzed samples. For maternal liver iron measurements, 75 μL of whole liver homogenate was 

weighed and incubated in 1125 μL protein precipitation solution (0.53 N HCl 5.3% tricholoracetic 

acid) at 100°C for 1 h. For embryo tissue iron measurements, half of each placenta and liver were 

weighed and homogenized in 1200 μL protein precipitation solution prior to boiling. Samples were 

centrifuged at 17,000 x g for 10 min and supernatant was analyzed by colorimetric 

spectrophotometry using an iron standard (1,000-ppm iron in 3% HCl, Ricca Chemical Company). 

Cell culture. Primary human umbilical vein endothelial cells (HUVECs, PCS-100-013), primary 

human pulmonary artery endothelial cells (HPAECs, PCS-100-022), and human placenta cell line 

(BeWos, CCL-98) were obtained from ATCC. HUVECs and HPAECS were cultured in complete 

endothelial cell growth medium (Cell Applications #211-500) and experiments were performed 

from passages 3 to 5. Immortalized human aortic endothelial cells (teloHAECs) were a gift from 

Luisa Iruela-Arispe (Northwestern University) and were cultured in MCDB-131 complete media 

(VEC Technologies). BeWos were cultured in Ham's F-12K (Kaighn's) media (ThermoFisher) 

with 10% FCS, and Hek293s were cultured in DMEM (ThermoFisher) with 10% FCS. 
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For experiments, cells were seeded at 1 x 105/well on collagen (HUVEC, HPAEC, teloHAEC, 

BeWO) or poly-D-Lysine (Hek293) coated plates (Corning BioCoat). The optimal time of culture 

and treatment was based on preliminary concentration and time-dependence studies. 

For iron depleting experiments, cells were plated in in regular media or media supplemented with 

deferoxamine (Sigma D9533) at the indicated concentrations for 24h. 

For inflammation studies, cells were treated with solvent, 2mg/ml LPS, or 50ng/mL recombinant 

human IL-6 (R&D Systems #206-IL), IFN-γ (PeproTech #300-02),  IL-1β (PeproTech #200-01B), 

or TNFα (Biolegend #570102) for 16h. 

Cell sorting. Endothelial cells were isolated from E18.5 pregnant iron-adequate WT mice. Five 

placentas/dam were pooled, and endothelial cells were isolated by magnetic separation using the 

MidiMACS system per the manufacturer’s instructions (Miltenyi #130-095-927, #130-097-418). 

Quantification of gene expression by RT-PCR. Frozen liver and placenta pieces were 

homogenized in TRIzol (Life Technologies) and total RNA was isolated by chloroform extraction. 

One μg of RNA was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-RAD). 

Quantitative real-time PCR was performed on cDNA using Sso Advance SYBER Green Supermix 

(Bio-RAD) on the CFX Real-Time PCR Detection System (Bio-RAD). Samples were measured 

in duplicate and target genes were normalized to Hprt or Rpl4. Data are expressed as 2-∆∆Ct. 
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Primer sequences: 

Gene Sequence 

Tnf 
Forward: 5’- AAT GGC CTC CCT CTC ATC AG -3’ 

Reverse: 5’- GCT ACG ACG TGG GCT ACA GG -3’ 

Il6 
Forward: 5’- CTC TGC AAG AGA CTT CCA TCC AGT -3’ 

Reverse: 5’- CGT GGT TGT CAC CAG CAT CA -3’ 

Il1b 
Forward: 5’- AAG GAG AAC CAA GCA ACG ACA AAA -3’ 

Reverse: 5’- TGG GGA ACT CTG CAG ACT CAA ACT -3’ 

Saa1 
Forward: 5’- AGT CTG GGC TGC TGA GAA AA -3’ 

Reverse: 5’- ATG TCT GTT GGC TTC CTG GT -3’ 

Cxcl2 
Forward: 5’- GAA GTC ATA GCC ACT CTC AAG G -3’ 

Reverse: 5’- CCT CCT TTC CAG GTC AGT TAG C -3’ 

Cxcl1 
Forward: 5’- AGA CCA TGG CTG GGA TTC AC -3’ 

Reverse: 5’- AGT GTG GCT ATG ACT TCG GT -3’ 

Hprt 
Forward: 5’- CTG GTT AAG CAG TAC AGC CCC AA -3’ 

Reverse: 5’- CAG GAG GTC CTT TTC ACC AGC -3’ 

Rpl4 
Forward: 5’- TGA AAA GCC CAG AAA TCC AA -3’ 

Reverse: 5’- AGT CTT GGC GTA AGG GTT CA -3’ 

Ptgs2 
Forward: 5’- TGA GTA CCG CAA ACG CTT CT -3’ 

Reverse: 5’- CAG CCA TTT CCT TCT CTC CTG T -3’ 

Nlrp3 
Forward: 5’- AAA ATG CCT TGG GAG ACT CA -3’ 

Reverse: 5’- AAG TAA GGC CGG AAT TCA CC -3’ 

 

Western blot analysis. Embryo tissues and cells were homogenized in RIPA lysis buffer with 

freshly added protease inhibitors (Santa Cruz #24948). Lysates were centrifuged at 17,000 x g for 

15 min at 4°C and protein concentration was measured by the bicinchoninic acid assay. Proteins 

were separated by SDS-PAGE, transferred to nitrocellulose membranes, blocked for 1 hr in 5% 

w/v dried nonfat milk or bovine serum albumin in TBS with 0.1% Tween-20, and incubated with 

primary antibodies in blocking buffer overnight at 4°C. The secondary reaction was performed 

using HRP-conjugated IgG. Protein blots were visualized by chemiluminescence using the 

ChemiDoc XRS+ imaging system and quantified using Image Lab software (Bio-RAD). 
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Antibodies: 

Target protein  Primary antibody 

Mouse / human cleaved caspase-3 Rabbit monoclonal antibody 9664, Cell Signaling 

Mouse / human total caspase-3 Rabbit monoclonal antibody 9662, Cell Signaling 

Mouse / human ferritin heavy chain  Rabbit monoclonal antibody 4393, Cell Signaling  

Mouse cleaved caspase-1 Rabbit monoclonal antibody 89332, Cell Signaling  

Mouse / human β-actin  Monoclonal antibody-peroxidase A3854, Sigma 

Mouse CD31/PECAM-1 Goat polyclonal antibody AF3628, Novus 

Mouse / human TFR1  Mouse monoclonal antibody H68.4, ThermoFisher 

Mouse TNFR1 Rabbit monoclonal antibody 13377, Cell Signaling 

Human TNFR1 Rabbit monoclonal antibody 3736, Cell Signaling 

Secondary antibodies:  

Anti-mouse IgG HRP antibody 7076, Cell Signaling  

Anti-rabbit IgG HRP antibody 7074, Cell Signaling  

Anti-goat IgG HRP antibody 2354, Santa Cruz 

ImmPRESS horse anti-rabbit IgG HRP detection kit MP-7401, Vector Laboratories 

ImmPRESS horse anti-goat IgG AP detection kit MP-5405, Vector Laboratories 

 

Histopathology and immunohistochemistry. Placentas and whole embryos were fixed in 10% 

neutral buffered formalin for 48 h at room temperature and stored in 70% ethanol until processing. 

Tissues were paraffin-embedded and sectioned at 4 µm thickness by the UCLA Translational 

Pathology Core Laboratory. Prior to staining, sections were deparaffinized through serial changes 

of xylenes and ethanol and rehydrated to distilled water. For immunohistochemistry, antigen 

retrieval was performed by boiling in Tris-EDTA (10 mM Tris base 1 mM disodium EDTA 

dihydrate, pH 9.0) for 10 min. Sections were quenched with BLOXALL (Vector Laboratories SP-

6000) for 10 min and washed with TBS containing 0.1% Tween-20. Blocking was performed using 

2.5% normal horse serum in PBS. Sections were incubated with primary antibodies in blocking 

buffer at 4°C overnight in a humidified chamber. Negative control sections were incubated with 

normal IgG from the same species and at the same concentrations as primary antibodies. The 
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secondary reaction was performed using ImmPRESS IgG (Vector Laboratories) conjugated to 

horseradish peroxidase (HRP) or alkaline peroxidase (AP). HRP and AP were developed using 

DAB and vector red per the manufacturer’s instructions (Vector Laboratories). Sections were 

counterstained with Gill’s hematoxylin. Images were captured using light microscopy. 

Statistical Analysis. Statistical analysis was performed using SigmaPlot version 12.5 (Systat 

Software). Data are presented as box-and-whisker plots. The box portion represents the upper 75th 

and lower 25th percentile, whiskers indicate variability outside the upper 90th and lower tenth 

percentile, and individual points represent outliers. The solid line represents the median and the 

dotted line the mean. Statistical differences between groups were determined by two-way 

ANOVA, one-way ANOVA, two-tailed t-test, or Mann-Whitney U test. Statistical test, number of 

animals in each group, and P-value are indicated in each figure panel. A P-value of <0.05 was 

considered significant. 
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CONCLUDING REMARKS 

In this dissertation, we defined the molecular pathophysiology of iron regulation during pregnancy 

and elaborated several novel concepts. Using mouse models, we comprehensively evaluated the 

maternal, placental, and fetal consequences of changes in iron status during pregnancy. We showed 

that during maternal iron deficiency, maternal iron homeostatic mechanisms that restrict iron 

availability are further suppressed but this was not enough to maintain plasma iron levels and iron 

transfer to the developing embryo, resulting in embryo iron deficiency and anemia. Notably, with 

severe iron deficiency, the placenta altered the expression of iron import and export proteins to 

preserve its own iron and metabolic function at the expense of the embryo’s iron endowment. The 

placental adaptation to limited iron available likely evolved to protect the embryo from the 

consequences of placental dysfunction. Furthermore, we showed that maternal hepcidin is the 

critical determinant of embryo iron endowment and its suppression is essential for a healthy 

pregnancy, as high hepcidin activity induced by administering a hepcidin mimetic to pregnant mice 

caused severe iron restriction and anemia in dams and embryos, low birthweight and mortality.  

We evaluated the role of embryo-derived hepcidin in healthy and complicated pregnancies. 

Although embryo hepcidin is low during normal pregnancy and does not affect placental iron 

transfer, we found that in the presence of inflammation, maternal and embryo hepcidin are 

increased in mice, causing iron restriction, and limiting iron supply to the fetus. Using rhesus 

macaque models of intraamniotic inflammation, and humans with intraamniotic inflammation, we 

evaluated whether inflammation could induce embryo hepcidin independent of maternal 

inflammation and determined that embryo hepcidin was increased and associated with embryo 

hypoferremia. The embryo’s ability to respond to inflammatory signals in utero represents a 
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conserved mechanism important in fetal host defense, as limiting iron availability would protect 

the embryo from certain pathogenic bacteria. 

Importantly, we discovered in mouse models an adverse interaction between maternal iron 

excess and inflammation that leads to embryotoxicity, which does not occur with iron excess or 

inflammation alone. In iron-loaded embryos, we observed severe malformations and demise in a 

mouse model of acute inflammation induced by bacterial lipopolysaccharide, but also with chronic 

inflammation from diet-induced obesity. We provided specific evidence that iron loading of 

placental and fetal endothelial cells induces oxidative stress, thereby increasing susceptibility to 

inflammation-induced apoptosis. Importantly, we determined that the adverse interaction between 

maternal iron excess and inflammation was dependent on TNFα-signaling and could be prevented 

by maternal anti-TNFα or antioxidant therapy. Considering the global prevalence of inflammation 

during pregnancy, and the common practice of indiscriminate iron supplementation of pregnant 

women, our findings raise important questions about the safety of this practice. 

We further uncovered that iron deficiency also interacts with both acute and chronic 

inflammation, causing placental and fetal endothelial apoptosis, and ultimately fetal malformations 

and demise. We found that maternal iron deficiency potentiates inflammation in the placenta and 

increases TNFα-receptor 1 expression in mouse and human placentas, representing possible 

mechanisms for how iron deficiency worsens outcomes in inflamed pregnancies. Furthermore, the 

iron-dependent regulation of TNFα-receptor 1 is a novel mechanism that could explain commonly 

observed adverse pregnancy outcomes in the setting of maternal iron deficiency. Overall, the 

discovery of the interactions between inflammation and both sides of the iron spectrum - iron 

deficiency and iron excess - underscores the importance of screening for preexisting iron disorders 

in pregnant women with underlying inflammation. 
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In addition to the work in pregnancy mouse models, we demonstrated how non-transferrin 

bound iron affects cultured endothelial cells. We found that cellular iron loading induces 

cholesterol biosynthesis, and that both iron and cholesterol excess by themselves potentiate 

apoptosis by TNFα. We similarly found that iron and cholesterol excess induce proteolytic 

processing of a novel TNFα-receptor 1 isoform, but determined that during iron excess, the 

contribution of altered cholesterol homeostasis is the driving pathogenic mediator of apoptosis. 

Our findings have important implications for iron loading conditions, especially when 

inflammation is present. Altered cholesterol metabolism by iron excess in endothelial cells may 

contribute to iron-mediated toxicity in human iron overload disorders. 

In summary, the innovative concepts identified in this dissertation have both fundamental 

and translational impact and may eventually inform the clinical management of pregnant women 

worldwide.  The mechanism by which iron interacts with inflammation may be relevant to 

inflammatory disorders beyond pregnancy, an important conceptual advance in understanding 

modifiers of inflammatory conditions. 




