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Maternal intestinal HIF-2a is necessary for sensing
iron demands of lactation in mice
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The mechanisms that are essential for the maintenance of nutrient
status in breast milk are unclear. Our data demonstrate that the
intestine via hypoxia-inducible factor (HIF)-2a is an essential reg-
ulatory mechanism for maintaining the quality of breast milk. Dur-
ing lactation, intestinal HIF-2a is highly increased, leading to an
adaptive induction of apical and basolateral iron transport genes.
Disruption of intestinal HIF-2« (but not HIF-1x) or the downstream
target gene divalent metal transporter (DMT)-1 in lactating moth-
ers did not alter systemic iron homeostasis in the mothers, but led
to anemia, decreased growth, and truncal alopecia in pups which
was restored following weaning. Moreover, pups born from moth-
ers with a disruption of intestinal HIF-2a led to long-term cognitive
defects. Cross-fostering experiments and micronutrient profiling
of breast milk demonstrated that the defects observed were due
to decreased maternal iron delivery via milk. Increasing intestinal
iron absorption by activation of HIF-2a or parenteral administra-
tion of iron-dextran in HIF-2a knockout mothers ameliorated ane-
mia and restored neonatal development and adult cognitive
functions. The present work details the importance of breast
milk iron in neonatal development and uncovers an unexpected
molecular mechanism for the regulation of nutritional status of
breast milk through intestinal HIF-2a.

iron homeostasis | anemia | HIF-2a | pregnancy | lactation

ron is the most abundant trace element involved in numerous

biological processes such as oxygen delivery, mitochondrial
respiration, and metabolism. Under normal circumstances, di-
etary iron provides 1-3% of the systemic iron requirement, due
to an efficient recycling of iron from senesced red blood cells
(1). During conditions of high iron demand, iron homeostasis
relies on intestinal iron absorption (2, 3). A major systemic
regulator of intestinal iron absorption is the liver-derived pep-
tide hormone hepcidin. Hepcidin expression is regulated by
systemic iron levels and in turn can regulate the only known
iron exporter ferroportin (FPN) (4). This adaptive mechanism
is essential for systemic iron homeostasis as evidenced in pa-
tients with iron-related disorders exhibiting decreased hepcidin
expression or function (5). Moreover, mouse models with
disruption of hepcidin expression, intestine specific disrup-
tion of FPN, or mice with a specific mutation of FPN with
decreased hepcidin binding results in robust iron-related dis-
orders, detailing the importance of the hepcidin—FPN axis in
iron homeostasis (6-8).

During pregnancy, the systemic iron requirement increase by
10-fold to support placental and fetal growth (9). Fetal and
neonatal iron deficiency results in decreased growth, immuno-
logical dysfunction, anemia, and irreversible cognitive defects
(10). Iron supplementation is highly recommended to prevent
iron deficiency anemia during pregnancy (11). The increase in
iron demand during pregnancy is met by an adaptive decrease in
maternal hepcidin levels leading to enhanced iron absorption.
This is a highly conserved process observed in humans and ani-
mal models (12-14). However, hepcidin levels are restored after
parturition or early lactation period during which the maternal
iron requirement is still at its peak (15, 16). This suggests
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alternative mechanisms exist during late pregnancy and lactation
that allow efficient intestinal iron absorption independent of
hepcidin levels.

In addition to hepcidin, the intestinal oxygen-sensing pathway
is important in iron homeostasis through cell-autonomous reg-
ulation of iron absorptive genes in the intestine (2, 3, 17, 18). The
oxygen-sensitive transcription factor hypoxia inducible factor
(HIF)-2a has been well characterized as a key transcription
factor that promotes intestinal iron absorption by regulating the
expression of ferric reductase (DcytB), divalent metal trans-
porter 1 (DMT-1) and FPN in the intestine (17-21). The ex-
pression of DcytB, DMT-1, and FPN are highly induced in the
intestine during pregnancy and lactation (16, 22). However, it is
not known whether HIF-2« is involved in the regulation of ma-
ternal iron homeostasis during pregnancy and lactation, the two
physiological states of high iron demand. Disruption of HIF-2a
in pregnant females resulted in only moderate anemia during
pregnancy and lactation, and no significant differences in their
litters at birth were observed. Intriguingly, pups nursing from
mothers with an intestinal disruption of HIF-2a resulted in pro-
gressive anemia and retarded growth and the pups had long-term
cognitive defects. Further studies demonstrated that the HIF-2a is
essential in maintaining the quality of breast milk through in-
testinal iron absorption. The contribution of fetal iron reserves
and breast milk in neonatal iron homeostasis and health was un-
resolved due to lack of appropriate animal models (23-25). Our
findings indicate a previously unknown and essential role for in-
testinal HIF-2« in the postnatal growth and development of pups
via maternal breast milk.

Significance

The benefits of breast milk in neonatal development are well
characterized. However, very little is known about the essen-
tial nutrient components in breast milk that are critical for
neonatal development and how these nutrients are main-
tained at adequate levels in breast milk. The present work
demonstrates that the intestine is an essential sensor of sys-
temic iron demand during lactation. During high iron demand
from lactation, hypoxia-inducible factor-2a-mediated increase in
maternal intestinal iron absorption is essential to maintain milk
iron levels. This work demonstrates the significant role of ma-
ternal intestinal iron absorption in postnatal iron homeostasis of
newborns and provides a therapeutic target to maintain iron
homeostasis during pregnancy and lactation in anemic patients
who are refractory to iron supplementation.
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Results

Disruption of Maternal Intestinal HIF-2c Results in Neonatal Anemia.
Previous work from our laboratory and others have demon-
strated that intestinal HIF-2a is essential for the adaptive in-
crease in iron absorption during conditions of high iron demand
(17, 19, 20). Maternal iron demand is significantly increased
during pregnancy and lactation to support the growth and de-
velopment of the fetus and neonates (26, 27). It is not known
whether intestinal HIF-2a is involved in the regulation of ma-
ternal iron homeostasis during pregnancy and lactation. To de-
termine if HIF-2a is essential for maternal and neonatal iron
homeostasis, hematological parameters in pregnant and lactating
Hif-2a"™*° mice and their offspring were assessed. No signifi-
cant difference was found in serum or liver iron in pregnant and
lactating Hif-2a™%© mice (Fig. S1.4 and B). However, complete
blood count (CBC) analysis revealed a moderate but signifi-
cant decrease in the RBC, hemoglobin (Hb), and hematocrit
(HCT) levels during pregnancy as well as 1 d postpartum
in Hif-2a"™%° mice (Fig. S1C). Maternal anemia is associated
with stillbirths, decreased birth weight, and anemia in the offspring
(28). The moderate anemia in Hif-2a"™*° mice during pregnancy
did not affect litter size in Hif-2a™"° mice monitored over a 6-mo
period (Fig. S24). In addition, no difference in the birth weight or
CBC parameters were observed in pups born to Hif-2a"™*° mice
at 1 d old (Fig. 14 and Fig. S2B). To assess the role of maternal
HIF-2a on postnatal growth, body weight was monitored in pups
born to Hif-2a"" and Hif-2a™*° mothers. The growth (body weight
gain) was significantly delayed until weaning in pups nursing from
Hif-2a"™*° mothers compared with pups nursing from Hif-2a"""
dams (Fig. 1B). The body weight of pups from Hif-2a"'F and
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Hif-2a""%0 dams were similar at 45 d, when placed on a regular
diet following weaning at 3 wk of age (Fig. 1B). The pups nursing
from Hif-2a"™¥° dams also displayed truncal hair loss (Fig. 1C).
Truncal hair loss persisted until weaning and the pups gained
their hair coat when placed on standard chow diet. Decreased
growth rate and truncal alopecia are signs of anemia in mice (29).
To investigate whether pups nursing from Hif-2a™¥° mothers
develop anemia, CBC analysis was performed in pups at 10, 20, 30,
and 45 d postpartum. RBC, hemoglobin (Hb), hematocrit (HCT),
and mean corpuscular volume (MCV) were significantly decreased
in pups nursing from Hif-2a"™"*° mothers until 3 wk after weaning
(Fig. 1D and Fig. S2C). However, no signs of anemia were observed
between the groups in 45-d-old pups, when placed on a regular diet
following weaning at day 21. Interestingly, anemia in the pups was
independent of pup genotype, suggesting that intestinal HIF-2o in
the pups is dispensable for iron absorption from milk. We further
assessed whether maternal HIF-1a is essential for neonatal iron
homeostasis using mice with an intestine-specific disruption of HIF-
Lo (Hif-1a™%°). CBC analysis revealed no signs of anemia in pups
nursing from Hif-1a™*° mothers (Fig. 1E). In addition, hepatocyte
disruption of HIF-la or HIF-2a in the mothers did not cause
anemia in their offspring (Fig. S3 A and B). Collectively, these data
suggest that maternal HIF-2u specifically in the intestine is critical
for proper neonatal development.

Iron Stores at Birth Are Inadequate to Support Neonatal Iron Demand.
It has been proposed that newborns are born with adequate iron
reserves in the liver and spleen to meet iron demands early in their
growth and development (30, 31). To investigate whether decreased
iron stores led to anemia in Hif-2a™%© pups, cross-fostering
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Fig. 1. Pups nursing from mice with an intestinal disruption of HIF-2a exhibit neonatal anemia. (A) Body weight and RBC count of 1-d-old Hif-2a"F and Hif-
2a"™*0 pups. (B) Body weight monitored in Hif-2a™ and Hif-2a'"™° pups. (C) Appearance of pups nursing from Hif-2a'"™° or Hif-2a"" mothers at the time of
weaning. (D) RBC and hemoglobin (Hb) assessed in the pups from Hif-2a"F and Hif-2a"*°® mothers before weaning (10 and 20 d) and after weaning (30 and
45 d). Pups were placed on a regular chow diet after weaning. Each bar represents the mean value + SEM *P < 0.05 vs. HIF-2aF; **P < 0.01 vs. HIF-2a7F; ***p <
0.001 vs. HIF-2a"F. (E) CBC analyses performed in 20-d-old pups born to HIF-1a™*° dams. Four to six litters per panel were assessed for each genotype.
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experiments were performed immediately after birth (Fig. 24).
Cross-fostering pups born to Hif-2a™F dams with Hif-2a""%°
mothers resulted in truncal alopecia and decreased growth rate
(Fig. 2 B and C), but not in pups born to Hif-2a"™*° mothers
cross-fostered with Hif-2a"'F dams. In addition, serum iron levels
were significantly decreased in pups cross-fostered with Hif-
2a™¥O dams (Fig. 2D), which is accompanied by a significant
decrease in RBC parameters (Fig. 2E). Inductively coupled
plasma mass spectrometry (ICP-MS% was performed in pooled
breast milk from five lactating Hif-2a"'" and Hif-2a"™"° mothers
in two independent cohorts at day 1 and day 3 postpartum for
detailed micronutrient analysis. Iron content in the milk was
lower in Hif-2a"™®° mice compared with Hif-2a"'F mice (Fig.
2F). No significant change was observed for other micronutrients
in the milk of Hif-2a™"° mice (Fig. S44). To definitively de-
termine if neonatal anemia is caused by dysregulated maternal
iron homeostasis, Hif-2a™®° mothers were injected with iron
dextran intraperitoneally starting on day 1 after parturition (Fig.
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Fig. 2. Maternal HIF-2a in the intestine is essential during lactation for the
growth and development of nursing pups. (A) Experimental design in which
pups born to Hif-2a"™*° and Hif-2a"F dams were cross-fostered immediately
after birth (day 1). (B) Appearance of 20-d-old pups cross-fostered to Hif-2a™*
or Hif-2a"™° dams. (C) Body weight monitored at 10 and 20 d after cross-
fostering. (D) Serum iron and (E) CBC analysis of 20-d-old pups cross-fostered
to Hif-2a"F or Hif-2a'™*© dams. Five to six litters were assessed per genotype.
(F) Milk iron assessed by ICP-MS from Hif-2a"" and Hif-2a'™™° mothers at day
1 and day 3 postpartum and each bar represents analysis in pooled milk from
five mice. (G) Experimental design of the iron rescue experiment. (H) Milk
iron assessed by ICP-MS in Hif-2a"F, Hif-2a"™*°, and iron dextran-injected
Hif-2a"%° at day 3 after parturition. Each bar represents analysis in pooled
milk from five mice. (/) CBC analysis of 20-d-old pups nursing from Hif-2a'"<°
mothers injected intraperitoneally with either vehicle or iron dextran imme-
diately after parturition. Five to six litters were assessed per genotype. With
the exception of the pooled milk analysis, each bar represents the mean value +
SEM *P < 0.05 vs. Hif-2a™; **P < 0.01 vs. Hif-2a"", #P < 0.001 vs. vehicle.
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2G). ICP-MS in the milk revealed a significant increase in milk
iron content in iron dextran-injected Hif-2a™%° mice assessed at
3 d postpartum (after one injection of iron dextran) (Fig. 2H);
however, no significant change was observed for other micro-
nutrients in the milk of iron-supplemented Hif-2a"™*° mice (Fig.
S4B). Iron supglementation ameliorated anemia in pups nursing
from Hif-2a"° mothers compared with vehicle-treated Hif-
20O mothers (Fig. 2I). Previous work has demonstrated in-
flammatory lipids in the milk as a potential cause for retarded
growth and alopecia in neonates (32). However, /6 mRNA levels
were undetectable in both the groups and the expression of
hepcidin was significantly decreased in the livers of pups fostered
to Hif-2a™"° mothers (Fig. S54). The skin showed decreased
active hair follicles in Hif-2a"™¥° pups without any signs of in-
flammation (Fig. S5B). Collectively, these data suggest that
maternal HIF-2a is essential to maintain iron homeostasis in
lactating mothers.

Neonatal Iron Stores Are Rapidly Depleted in the Absence of Intact
Intestinal HIF-2a Signaling in Lactating Mothers. To further dem-
onstrate that neonatal anemia is reversible if maternal iron ho-
meostasis during lactation is intact, 10-d-old pups born to Hif-2a™*°
mothers were fostered to Hif-2a"'" mothers (Fig. 34). Fostering to
Hif-2a"F mothers restored the hair coat (Fig. 3B) and amelio-
rated anemia in pups born to Hif-2a"™*° mothers (Flg 3C). In
addition, 10-d-old pups born to Hif-2a"'F or Hif-2a"™*° mothers
were cross-fostered (Fig. 3D). This resulted in severe hair loss
and anemia in pups born to Hif-2a"F mothers and fostered to
Hif-2o™%° mothers, whereas reciprocal fostering completely
restored the hair loss and the anemia (Fig. 3 E and F). These data
emphasize that neonatal iron stores are rapidly depleted and
maternal HIF-2a is essential to prevent anemia in nursing pups.

Intestinal DMT-1 Is Essential in the Mother for Adequate Iron Delivery
to Suckling Pups and in the Pups for Adequate Dietary Iron Absorption.
The iron transporter, divalent metal transported-1 (DMT-1) is
expressed on the apical surface of the intestine and is required for
maintaining systemic iron homeostasis (33). Dmt-1 expression is
regulated by systemic iron demand through a HIF-2o—dependent
mechanism (17, 18). To investigate if DMT-1 is the critical
downstream target of HIF-2a in the regulation of maternal iron
homeostasis, mice with a tamoxifen-inducible intestinal epithelial
disruption of DMT-1 (Dmt1¥/F-VIER®) were assessed. DmtI™F or
Dmt]FFVIERee mothers were treated with tamoxifen 1 d follow-
ing parturition. We observed a significant increase in pup mortality
and neonatal anemia in pups nursing from mothers with an in-
testinal disruption of DMT-1 (DrutI*"V1ER®) (Fig 4 A and B).
Injecting the mothers with tamoxifen did not affect the expres-
sion of intestinal Dm¢-1 in the pups, demonstrating that tamox-
ifen did not excrete into the breast milk (Fig. 4C) and disruption
of maternal DMT-1 expression resulted in significant decrease in
RBC and Hb (Fig. 4D). To assess if DMT-1 expression in neo-
natal intestine is essential for iron homeostasis during the
nursing period, 3-d-old DmtIFVIERee and Dt 1™F pups were
treated with tamoxifen (Fig. 4E), and Dmtl gene expression (Fig.
4F) and CBC analysis (Fig. 4G) were assessed at the time of
weaning. Treatment of Dmt]FFVIER® 5yns with tamoxifen resul-
ted in a significant decrease in intestinal Dmitl (Fig. 4F), which is
associated with severe anemia as observed by significant decreases
in RBC and Hb (Fig. 4G). Together, these data demonstrate that
intestinal iron absorption via DMT-1 is critical for adequate levels
of iron in breast milk and intestinal iron absorption from
breast milk.

Maternal Iron Deficiency Impairs Cognitive Function in Nursing Pups.
Perinatal iron deficiency in neonates has been consistently as-
sociated with cognitive dysfunction in infants and young adults
(34, 35). Due to a lack of animal models of perinatal anemia,
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Fig. 3. Delayed cross-fostering experiments demonstrate the rapid manner by which maternal HIF-2a regulates neonatal iron homeostasis. (A) Experimental
design in which 10-d-old pups born to HIF-2a"F dams were fostered to HIF-2a'™™° dams for an additional 11 d (until weaning). (B) Photographs of pups
fostered to HIF-2a"F dams. (C) CBC analyses in HIF-2a"™*° pups fostered to HIF-2a™F dams for 11 d. (D) Experimental design in which 10-d-old pups born to HiF-
240 dams were fostered to HIF-2a"F dams for an additional 11 d (until weaning). (E) Photographs of pups at 11 d after fostering to HIF-2a™F dams. (F) CBC

analyses in HIF-2a'"©
assessed per cross-fostering experiment.

prior studies have been unable to determine if iron deficiency
predisposes neonates to neuronal dysfunction. Hif-2a"™*° mice
provide an ideal model that could delineate whether iron de-
ficiency in milk due to maternal anemia contributes to long-term
cognitive defects in neonates. Brain iron assessed using enhanced
Prussian blue staining revealed an intense iron staining in the
hippocampus of the Hif-2a"'F pups at 2 wk of age (Fig. 54). Iron
levels were significant}gf decreased in the hippocampus of pups
nursing from Hif-2a"™®° mothers, whereas no difference in iron
staining was observed between the groups at 2 mo of age (Fig. 54).
High brain iron levels during the neonatal period are essential to
promote neurogenesis and neurobehavioral function in mice (36,
37). Therefore, to test the long-term effects of neonatal iron de-
ficiency on cognitive function, a novel object recognition test was
performed in mice that were weaned from Hif-2a"F, Hif-2a"%0,
or iron dextran-treated Hif-2o"™%° mothers at day 21 and main-
tained on chow diet until 8 wk. This age was assessed as the pups
born from Hif-2a™*° mothers do not show any differences with
respect to CBC and body weight in comparison with pups from
Hif-2a""" breeders (Fig. 1 D and E). The motor activity measured

Ramakrishnan et al.

pups fostered to HIF-2a"" dams for 11 d. Each bar represents the mean value + SEM *P < 0.01 vs. HIF-2a™. Three to five litters were

by the average speed and distance traveled by the mice during the
experiment was not significantly affected in Hif-2a™*° pups (Fig.
5B). However, measures of cognitive function such as number of
entries to novel object zone, time spent with novel object, and
latency to novel object were significantly affected in pups born
from Hif-2a"™"° mothers, suggesting cognitive defects (Fig. 5B).
Moreover, the cognitive defects were completely restored in pups
nursing from Hif-2a"™*° mothers supplemented with iron during
lactation (Fig. 5B). The hippocampus is responsible for the spa-
ciotemporal recognition and cohesive memory of novel objects
with respect to environmental cues (38). Neurogenesis especially
in the hippocampus continues even after birth to establish hip-
pocampal circuitry and plasticity (39). Evidence suggests that ac-
tivation of cAMP response element binding (CREB) signaling
plays a key role in brain development by regulating the expression
of various genes and growth factors involved in neuronal plasticity,
synapse formation, neurogenesis, cognition, and long-term mem-
ory consolidation (40, 41). Consistent with decreased brain iron
levels and impaired cognitive function, immunostaining analysis
revealed decreased levels of phospho-CREB in the CA3 region

PNAS | Published online June 29, 2015 | E3741
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of the pups fostered to tamoxifen-injected Dmt-17F and Dmt-17/FVilER<re mothers. (C) pPCR analysis demonstrating that intestinal DMT-1 expression in

Dmt-1F/FVIIERere 565 is not affected by administration of tamoxifen to the mot

1FIF

hers. (D) CBC analysis of pups nursing from tamoxifen-treated Dmt- and

Dmt-1F/FViIERere mothers. Four to five litters were assessed per genotype. (E) Experimental design in which Dmt-17F and Dmt-17/FVilER<re 555 were injected
with 20 mg/kg tamoxifen on 3 consecutive days starting at day 3 after birth. (F) qPCR analysis for Dmt-1 in the duodenum of Dmt-17F and Dmt-1/F:VilERere
pups that were treated with tamoxifen. (G) CBC analysis of Dmt-17F and Dmt-17FVIER<re 555 treated with tamoxifen. Six to eight pups were assessed per
genotype. Gene expression was normalized to -actin and each bar represents the mean value + SEM *P < 0.05 vs. DMT-17F; **p < 0.01 vs. DMT-17F.

of hippocampus, which is responsible for long-term spacio-
temporal memory in mice (Fig. 5C) (40, 41). Further analysis
revealed no difference in the expression of nerve growth factor
(NGF) (Fig. 5D); however, the CREB target gene Arc is sig-
nificantly decreased in the hippocampus (Fig. 5D). In addition,
a trend toward decreased expression of c-Fos and Bdnf in the
hippocampus of pups nursing from Hif-2a"™¥° mothers was
also noted (Fig. 5D). Iron supplementation of Hif-2a™*°
mothers during lactation completely restored pCREB signaling
and expression of CREB target genes in the hippocampus of
their offspring (Fig. 5 C and D). Collectively, the data dem-
onstrate that breast milk iron is essential for long-term cogni-
tive function in the neonates.

Intestinal Sensing of Iron Status and Up-Regulation of Genes Participating
in Iron Absorption Meet Iron Demands of Lactation. The data thus far
demonstrate a critical role of intestine in the regulation of milk
iron content. However, it is not clear if the intestine responds to
systemic iron demand during lactation. Liver as well as local
regulation in the mammary gland may also be important.
Therefore, to test the central role of the intestine in maternal
iron homeostasis, the expression of iron transport genes was

E3742 | www.pnas.org/cgi/doi/10.1073/pnas. 1504891112

assessed in the liver, mammary gland, and duodenum of non-
pregnant females, mothers from which pups were removed im-
mediately after parturition or mothers that were allowed to nurse
with a set number of pups for 36 h (Fig. 64). High iron demand
due to an increase in nursing pups did not significantly affect the
mRNA levels of liver hepcidin (Fig. 6B) or mammary gland iron
transport genes such as Dmtl, transferrin receptor (7frl), Fpn,
and recently identified iron transporter Sic39a14 (42) (Fig. 6C
and Fig. S6). However, mRNA levels of DmtI and Dcytb were
significantly increased in the maternal intestine by increasing the
numbers of nursing pups, compared with nonpregnant mice and
mice in which pups were removed immediately after parturition
(Fig. 6D and Fig. S6). A conserved response in both humans and
animals is a transient decrease in RBC levels and CBC parameters
late in pregnancy (26). To assess if this moderate and transient
anemia during pregnancy and lactation is associated with an
increase in intestinal HIF-2a, immunostaining was performed
in the intestine of pregnant and lactating mice. Intense HIF-2a
staining was observed in the intestinal epithelial cells during
pregnancy and lactation (Fig. 6F). Consistent with the increase
in HIF-2a, the mRNA levels of iron absorption genes, Dmtl,
Dcytb, and Fpn were significantly induced in the duodenum of
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pups leads to long-term cognitive defects. (A) Brain iron staining performed using enhanced Prussian blue stain in

2-wk-old and 8-wk-old pups born to Hif-2a"F and Hif-2a""*°® mothers. The 8-wk-old pups were nursing from Hif-2a"" and Hif-2o'"*° mothers until weaning at
21 d, following which the pups were placed on a regular chow diet. (B) Cognitive test performed using ANY-Maze in 8-wk-old pups born to Hif-2a", Hif-
2a"™*0, or iron dextran-injected Hif-2a"™*° mothers. (C) Immunostaining for phospho-CREB in the CA3 region of hippocampus. (D) qPCR analysis of nerve
growth factor-1 (NGF-1), activity-regulated cytoskeleton-associated protein (Arc), c-FOS, and brain-derived neurotrophic factor (BDNF) in the hippocampus of
8-wk-old mice born to Hif-2a"™, Hif-2a'"™°, or iron dextran-injected Hif-2a"*“° mothers. Expression was normalized to p-actin and each bar represents the

mean value + SEM #P < 0.05 vs. HIF-2a™; *P < 0.05 vs. HIF-2a"%%; **P < 0.01 vs. HIF-2a'™™*°. Seven to nine litters were assessed per genotype.

Hif-2a"" mice during pregnancy and 1 d postpartum, but the
increase in iron absorption genes was completely abrogated in
Hif-2a™%° mice (Fig. 6F). Taken together, the data suggest
that the intestine responds to iron demands during the peri-
natal and lactation periods through HIF-2o-mediated increase
in iron absorption genes.

Activation of Intestinal HIF-2a Signaling Increases Milk Iron During
Lactation. To demonstrate if intestinal HIF-2a is sufficient in
driving breast milk iron content, genetic and pharmacological
approaches to activate HIF signaling were assessed. The Von
Hippel-Lindau (VHL) tumor suppressor protein is the critical
regulator of HIF degradation. Disruption of VHL in the in-
testine stabilizes HIF-2a and increases iron absorption (17, 20).
Stabilization of HIF significantly increased the iron content of
milk in VAI"™¥© mice (Fig. 74). In addition, iron levels in the
serum, liver, and duodenum were significantly increased in
VhI"™®O mice (Fig. 7B). Micronutrient profiling using ICP-MS
revealed iron was the major metal regulated by intestinal HIFs;
however, marginal yet significant changes were also observed in
other micronutrients (Fig. S7). To test whether activation of
HIF-2a by pharmacological intervention could improve milk
iron, lactating mothers were treated with a HIF prolyl hydroxy-
lase (PHD) inhibitor, FG-4592. Currently FG-4592 is under
phase III clinical trial to treat anemia in patients with chronic
renal failure (43). Whether FG-4592 could stabilize intestinal
HIF signaling was assessed using highly sensitive HIF reporter
mice. The reporter mice have an oxygen-dependent degradation
domain (ODD) of HIF fused with the luciferase gene, thus
factors that stabilize HIFs will increase the luciferase expression
in the target tissue (21). Treatment with FG-4592 significantly
increased the luciferase activity in the duodenum, jejunum, and
ileum but not in the colon, suggesting stabilization of HIF in
those tissues (Fig. 7C). In addition, immunostaining revealed an
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intense nuclear staining of HIF-2a in the intestine of mice
treated with FG-4592 (Fig. 7D). Stabilization of intestinal HIF-
20 by FG-4592 resulted in a significant increase in the expression
of Dmtl and Dcytb, but not Fpn (Fig. 7E). The increase in iron
absorption genes correlated with a threefold increase in milk
iron content by FG-4592 treatment (Fig. 7F). Mice are resistant
to iron-deficiency anemia and long-term iron deprivation in
C57BL/6 mice led to reduced litter size and high rate of still-
births. Similarly, phenylhydrazine (PHZ)-induced anemia also
resulted in a significant loss in litters in the C57BL/6 mice.
Therefore, to test whether FG-4592 could improve neonatal iron
homeostasis in anemic mothers, the FVB/NJ strain was used.
Female breeders were first treated with PHZ to induce anemia
and then placed immediately on iron-deficient diets. Expected
litter sizes were observed following treatment, however 15-d-old
pups had marked anemia (Fig. 7G). Mothers at day 1 following
parturition were gavaged with FG-4592 and CBC analysis was
assessed in the pups. FG-4592 treatment of anemic mothers
significantly ameliorated anemia in nursing pups as assessed by
CBC analysis (Fig. 7G). Although RBC levels were not signifi-
cantly improved, there was an increase in Hb, HCT (PBS, 15.40 +
0.62 vs. FG-4592, 18.5 + 1.67; P < 0.07) and MCV (PBS, 52.77 +
0.38 vs. FG-4592, 60.50 + 1.76; P < 0.001) (Fig. 7G). To rule out
the systemic effects of FG-4592 in iron homeostasis, Hif-2a""%0
mothers were assessed similarly. CBC analysis revealed no
improvement in the anemia in the pups nursing from FG-4592
Hif-2a"™%° mothers (Fig. 7H). Taken together, these data dem-
onstrate that increasing intestinal HIF-2a by genetic and phar-
macological approaches increases milk iron content during
lactation and improves iron homeostasis in nursing pups.

Discussion

The beneficial effects of breastfeeding in neonatal development
have been well characterized. Breastfeeding is recommended for
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Fig. 6. Intestinal HIF-2a and iron absorptive genes are induced in response
to systemic iron demand during lactation. (A) Schematics where nonpregnant
females, mothers with pups removed for 3 d, or lactating mothers fostered
with zero, two, four, and eight pups for 3 d were assessed. (B) gPCR analysis of
Hepc in the liver, Dmt-1 in the (C) mammary gland, and (D) duodenum of
nonpregnant females and mothers where the pups were removed or mothers
nursing a different number of pups. Expression was normalized to p-actin and
each bar represents the mean value + SEM *P < 0.05 vs. nonpregnant females;
**P < 0.01 vs. nonpregnant females; ***P < 0.001 vs. nonpregnant females.
Four to six mice were assessed per group. (E) Immunostaining for HIF-2a in the
small intestine of nonpregnant, pregnant (18 d), and lactating mothers (at day
1, 4, and 10 postpartum). Inset shows higher magnification. (F) qPCR analysis
of DMT-1, Dcytb, and FPN in the small intestine of Hif-2a"F and Hif-2a'"°
mice during gestation and 1 d postpartum. Expression was normalized to
B-actin and each bar represents the mean value + SEM *P < 0.05, ***P < 0.001
vs. nonpregnant; *P < 0.05 vs. HIF-2a™; #P < 0.01 vs. HIF-2a™; and **#P < 0.001
vs. HIF-2a™". Five to eight female mice were assessed for each panel.

the first 6 mo of life and is the main source of nutrients for
neonates. However, very little is known about the mechanisms
that are needed to sense and maintain nutrient levels in breast
milk. The present work demonstrates an important role of the
intestine through activation of HIF-2« in sensing maternal iron
requirements during lactation and increasing an adaptive iron
absorptive response, which helps to maintain adequate levels of
milk iron. Moreover, the role of breast milk iron in neonatal de-
velopment was hitherto unclear and now the present work
clearly demonstrates an essential role of maternal iron delivery
via milk in postnatal development.

Iron deficiency during pregnancy has several negative impacts
on pregnant females including maternal deaths associated with
anemia (28). Iron absorptive genes increase during pregnancy to
maintain maternal iron homeostasis (16, 44). Intestinal HIF-2a
plays a key role in the adaptive increase in iron absorption during
high iron demands (2, 3). However, mice with disruption of in-
testinal HIF-2a exhibited only moderate anemia during the
perinatal period. These ‘data are consistent with previous work

E3744 | www.pnas.org/cgi/doi/10.1073/pnas. 1504891112

that demonstrates a decrease in maternal hepcidin as the major
mechanism by which iron demands are met during pregnancy (14).

At the time of parturition and immediately after delivery,
there is an increase in iron demand due to a loss of iron through
bleeding during delivery and to supply iron to the mammary
gland for milk iron. During the perinatal period, hepcidin levels
are very low; therefore, hepcidin-independent mechanisms are
required to avoid acute iron deficiencies and maintain maternal
iron homeostasis. HIF-2oa—dependent increase in maternal in-
testinal iron absorption serves as a major mechanism to maintain
systemic iron homeostasis and consequently milk iron content
during lactation. Micronutrient profiling revealed a robust de-
crease in iron content of breast milk in mice with an intestinal
disruption of HIF-2a. Although iron levels have been shown to
be important in regulation of other micronutrients, no significant
change was observed in any other metals assessed (45). DMT-1,
FPN, and TFR-1 are expressed in the mammary gland and
transport iron to milk. Consistent with prior studies (23, 46), high
iron demand during lactation has no profound effect on the
expression of iron transporters in the mammary gland or liver
hepcidin. Indeed, serum hepcidin levels return to normal levels
immediately after delivery (15), where intestinal HIF-2a signal-
ing uncouples a repressive effect of hepcidin on intestinal iron
absorption. The present work shows that intestinal HIF-2« is not
only a critical regulator, but also an essential sensor of maternal
iron demand during lactation and essential to maintain adequate
levels of iron in breast milk by enhancing the expression of in-
testinal iron absorption genes. The mechanism by which HIF-2a
is robustly induced during lactation is not currently clear. In both
human and animal studies, a transient anemia is associated with
late pregnancy and during lactation (26). An important consid-
eration not explored in this study is the role of iron regulatory
protein (IRP)-1 in regulating HIF-2a expression during late
pregnancy and lactation (47-49). Future work will focus on de-
fining the precise mechanism.

Maternal iron deficiency has major impacts on fetal and
neonatal growth, irreversible cognitive defects, anemia, and im-
mune disorders (10). The significance of iron supply from breast
milk in neonatal iron homeostasis is highly controversial (30). It is
not clear if neonatal health issues that arise from maternal iron
deficiency are strictly mediated by fetal iron deficiency (decreased
iron stores at birth) or postnatal iron deficiency (decreased iron
supply from milk). Premature introduction of cow’s milk that is
poor in bioavailable iron results in iron deficiency anemia and
cognitive defects in infants (50, 51). These data suggest that con-
tinuous iron supply is necessary during early neonatal growth and
development. Neonatal anemia and long-term cognitive defects
associated with maternal iron deficiency during pregnancy could be
recapitulated in pups from Hif-2a™%° mothers, providing direct
evidence that breast milk iron is essential in proper postnatal
development.

The anemic phenotype of the pups nursing from Hif-2a
mothers could be recapitulated by disruption of DMT-1 in in-
testinal epithelial cells of lactating mothers. Currently cognitive
testing could not be performed due to decreased survival in pups
nursing from DMT-1 disrupted mothers. This is an unexpected
find because pups born from Hif-2a™"° mothers do not show
reduced survival. The decrease in survival could be attributed to
a decrease in milk production by tamoxifen, in addition to a
decrease in maternal iron absorption (52). These mice also
provide an ideal system to understand if apical iron transport in
the intestine is critical in neonates for adequate iron absorption
during the suckling period. Disrupting DMT-1 expression in the
intestine of pups led to a rapid development of anemia at
weaning age, suggesting that DMT-1 is essential in neonatal iron
absorption. This phenotype is distinct from that of intestinal
disruption of HIF-2« in pups, where there was a negligible role in
iron homeostasis. Similarly, in adult mice HIF-2« is not critical to
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Fig. 7. Activation of intestinal HIF-2a improves milk iron levels and ameliorates anemia in nursing pups. (A) Milk iron was assessed at 1, 3, and 15 d post-
partum in mice with intestine-specific disruption of VHL (Vh/™*®), Each bar represents analysis in pooled milk from five mice. (B) Iron content assessed in the
serum, liver, and duodenum of Vh/™X® mice at day 3 postpartum. Four to five mice per genotype were assessed. (C) Luciferase assay performed in the
duodenum, jejunum, ileum, and colon of ODD-Luc mice 1 h after oral administration of FG-4592 at a dose of 60 mg/kg body weight. Luciferase values were
normalized to protein content. Four to five mice per genotype were assessed. (D) Immunostaining for HIF-2a in the small intestine. Inset shows higher
magnification. Four to five mice per genotype were assessed. (E) gPCR analysis of iron absorption genes in mice treated with one dose of 60 mg/kg body
weight FG-4592. Expression was normalized to B-actin. Four to five mice per treatment group were assessed. (F) Milk iron assessed in mice treated with four

doses of 60 mg/kg body weight FG-4592 on alternate days. Each bar represents analysis in pooled milk from five mice. (G) CBC analysis of pups nursing from
PHZ-induced anemic mice that were treated with FG-4592. (H) CBC analysis of pups nursing from Hif-2a"" or Hif-2a""*° mice that were treated with four doses

of 60 mg/kg body weight FG-4592 on alternate days. Three to four litters were

analysis, each bar represents the mean value + SEM *P < 0.001 vs. VAT *P < 0.05 vs. PBS; **P < 0.01 vs. PBS; ***P < 0.001 vs. PBS; *P < 0.01 vs. Hif-2a"".

maintain basal DMT-1 expression (17, 20). However, two rodent
models of spontaneous loss-of-function DMT-1 mutation have
been characterized, the microcytic anemia mice and the Belgrade
rats. Although neonatal intestinal iron absorption has not been
clearly characterized in the microcytic anemia mice, Belgrade rat
newborns efficiently absorb iron (46, 53-55). It is possible that
Belgrade rats have established a compensatory mechanism to
maintain iron absorption, whereas those compensatory mecha-
nisms are not established following acute disruption in pups. Fu-
ture studies will focus on understanding how intestinal DMT-1
expression in pups impacts iron homeostasis and CBC parameters.

Iron supply during the nursing period is essential for brain iron
levels. Failure to accumulate iron results in irreversible low iron
levels in brain and associated motor, behavioral, and cognitive
defects in adulthood, independent of improvement in peripheral
hematological parameters in rodents and primates (56, 57).
Cognitive defects persisted in pups nursing from Hif-2a™%°
mothers even after restoration of hematological parameters by
feeding a regular diet after weaning. Iron dextran injection in
lactating Hif-2a™%© mothers corrected anemia and cognitive
function in their offspring. The data demonstrates that maternal
iron homeostasis during the nursing period is critical in the
neurodevelopment of pups. Defective dendrite development,

Ramakrishnan et al.

assessed per genotype or treatment. With the exception of the pooled milk
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impaired neurogenesis, and loss of neuronal plasticity in the
hippocampus are involved in anemia-related neurological dis-
orders in rodents (58). Iron has a pleiotropic role in neuronal
development. Iron-induced reactive oxygen species play a key
role in neuronal development and plasticity by activating CaM
kinase and CREB signaling pathways (59). CREB signaling in
the CA3 region of hippocampus is critical for cognitive function
(40, 41). Iron deficiency and cognitive defects in pups nursing
from Hif-2a"™®© mothers is associated with decreased CREB
signaling in the CA3 region of hippocampus.

Maternal iron homeostasis is essential both during both preg-
nancy and breastfeeding periods to avoid anemia and develop-
mental defects in pups. The present work clearly demonstrates that
the adaptive increase in iron absorption mediated by HIF-2a is
adequate to meet the daily iron requirements of lactating mothers.
The rapid postnatal growth including brain development increases
iron demand in pups, which could not be adequately supplied from
the neonatal iron stores. Therefore, postnatal iron supply from
mothers is critical for rodent growth and development. However, in
humans, entire brain development occurs before birth, and iron
requirement is mainly to meet iron demand from erythropoietic
activity in newborns. Therefore, cognitive defects, decreased
memory function, and brain-related defects in newborns could be

PNAS | Published online June 29, 2015 | E3745
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contributed by anemia, rather than low iron levels in the brain (35).
Indeed, numerous studies have shown strong association between
anemia and behavioral defects in infants (24). Moreover, infants
nursing from anemic mothers display signs of anemia (30), further
demonstrating an intricate dependency of neonatal iron homeo-
stasis on maternal iron homeostasis in humans. Although the
multiparous nature of mice considerably increases iron requirement
compared with humans, importance of maternal iron homeostasis
in infant growth and development cannot be discounted in humans.
Currently, there are no postpartum recommendations available for
iron supplementation during breastfeeding in humans. Numerous
factors such as age, inflammation, gastrointestinal disease, and
obesity have profound effects on maternal iron absorption. In some
cases of obesity, iron supplementation does not restore iron-
deficiency anemia due to increased levels of hepcidin (60, 61).
Similarly, iron supplementation is not effective in the treatment of
anemia in iron refractory iron deficiency anemia (IRIDA) (62).
Therefore, alternative strategies aimed at increasing maternal di-
etary iron absorption will be highly beneficial in patients who are
refractory to iron supplementation. The present work provides ev-
idence that the PHD inhibitor FG-4592 that is currently under
phase IIT clinical trial for treatment of anemia could effectively
stabilize intestinal HIF-2a and improve milk iron levels and ame-
liorate neonatal anemia (43).

In this work, for the first time to our knowledge we demonstrate
a molecular mechanism in which maternal HIF-2« plays a central
role in milk quality and neonatal iron homeostasis. The World
Health Organization recommendations of 30-60 mg of oral iron
supplementation is only through the duration of pregnancy, and
the present work demonstrates that neonatal iron stores are in-
adequate during early neonatal growth and intact maternal iron
homeostasis is critical throughout the lactation period. Targeting
intestinal HIF-2a could be an effective therapy to maintain iron
homeostasis and ameliorate iron deficiency during pregnancy and
lactation, especially in anemic patients who are refractory to iron
supplementation due to dysregulated hepcidin expression.

Materials and Methods

Animals and Diets. Hif-2a™", Hif-2a""°, Hif-1a"", Hif-1a""X°, Hif-14"V*°, Hif-
2a"VKO  pmt-17F, Dmt-17FVIERTe  and ODD-luc mice were described pre-
viously (17, 21, 33). All mice were fed ad libitum and kept in a 12-h dark/light
cycle. Mice were fed with either breeder diet or standard chow diet (Re-
search Diets). All animal studies were carried out in accordance with Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care
International guidelines and approved by the University Committee on the Use
and Care of Animals at the University of Michigan.

Animal Treatments. Hif-2o"" and Hif-2a"™*° breeder cages were set at the
same time and monitored for pregnancy. Numbers of nursing pups were
kept the same between the groups. In case of small litter size, pups from
other breeders were fostered to maintain even number of pups between the
groups and excess pups were killed immediately. For cross-fostering exper-
iments, equal numbers of pups were switched between Hif-2a™" and Hif-
2a'"™© mothers immediately after birth or 10 d after birth, depending on
the experimental design. Body weight and hair coat of the pups were
monitored throughout the study. All pups were weaned at day 21.

For iron dextran injection, Hif-2o'™° mothers were injected s.c. with 100 pg
iron dextran on the day of parturition and repeated twice in 5-d intervals. For
PHD inhibitor treatment, four doses of FG-4592 (Cayman Chemicals) were

. Andrews NC (1999) Disorders of iron metabolism. N Engl J Med 341(26):1986-1995.

. Mastrogiannaki M, Matak P, Peyssonnaux C (2013) The gut in iron homeostasis: Role
of HIF-2 under normal and pathological conditions. Blood 122(6):885-892.

3. Shah YM, Xie L (2014) Hypoxia-inducible factors link iron homeostasis and erythro-

poiesis. Gastroenterology 146(3):630-642.

4. Nemeth E, et al. (2004) Hepcidin regulates cellular iron efflux by binding to ferro-
portin and inducing its internalization. Science 306(5704):2090-2093.

. Nemeth E, Ganz T (2006) Regulation of iron metabolism by hepcidin. Annu Rev Nutr
26:323-342,

. Altamura S, et al. (2014) Resistance of ferroportin to hepcidin binding causes exocrine
pancreatic failure and fatal iron overload. Cell Metab 20(2):359-367.

N

4]

o

E3746 | www.pnas.org/cgi/doi/10.1073/pnas. 1504891112

administered orally at 60 mg/kg body weight to mothers immediately after
delivery on alternate days. FG-4592 was dissolved in DMSO (1 mg/uL) and
gavaged after diluting with PBS. To induce anemia, 2-mo-old female FVB/
NJ mice were injected with PHZ at 60 mg/kg body weight for 2 consecutive
days and set up as breeder with age-matched males. For collecting milk
from the mothers, pups were separated from the mothers for 4 h and then
mothers were anesthetized using avertin. Mothers were injected intraperi-
toneally with oxytocin (1 unit/kg body weight) and 10 min after oxytocin
injection, milk was collected manually using Pasteur pipettes from all of the
teats. To procure adequate amount of milk for ICP-MS, milk collected from
5 mice was pooled together for further analysis.

Complete Blood Count Analysis. Complete blood count analysis was performed
as previously described (21). Briefly, mice were exsanguinated by retro-
orbital bleeding using heparinized capillary tubes, the blood was collected
in heparinized-EGTA tubes, and CBC analysis was done immediately using
the University of Michigan Lab Animal Medicine (ULAM) Pathology core.
In 1-d-old pups, blood was collected using heparinized capillary tubes im-
mediately after decapitation. ULAM typically performs CBC analysis with
50 pL of blood.

Nonheme Iron Assay. Nonheme iron in serum or tissue was assessed as pre-
viously described (21). Assays using milk were performed in pooled milk
from at least three lactating mothers. ICP-MS analysis for minerals in serum,
duodenum, and liver was performed using the core facility at Michigan
State University.

Real-Time Quantitative PCR. RNA extraction, reverse transcription, and quan-
titative PCR (QPCR) were described previously (20). The primers used in the
study are listed in Table S1.

Immunostaining. OCT-embedded frozen tissues were sectioned (6 pm) and fixed
with PBS-buffered formalin for 15 min and permeabilized for 10 min using
0.05% Triton X-100. Sections were blocked in 5% (wt/vol) skim milk in TBST for
30 min at room temperature and probed with polyclonal rabbit anti-HIF-2«
antibody (Novus) or pCREB antibody (Cell Signaling Technologies) overnight
at 4 °C.

Enhanced Prussian Blue Staining. Enhanced Prussian blue staining was per-
formed in 6-um frozen sections as previously described (21).

Novel Object Recognition Test. For cognitive test, pups from Hif-2a"", Hif-
240 or iron dextran Hif-2a"™*© mothers were weaned at day 21 and placed
on a regular chow diet until 2 mo of age. Before the experimental procedure,
pups were accustomed for 2 d in a transparent Perspex chamber containing
two objects of similar size and shape, placed on opposite sides. During the test
phase, one of the objects was replaced with a novel object of similar volume
but different shape. Then the mice were introduced into the arena for 5 min
to explore. The recognition pattern of the novel and familiar objects was
recorded for individual mice using ANY-Maze software for 5 min.

Statistical Analysis. Results are expressed as mean + SEM. Significance among
multiple groups was tested using one-way analysis of variance followed by
Dunnett’s post hoc comparisons and significance between two groups was
calculated by independent t test. P < 0.05 was considered significant.
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