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Deficiency anemia in pregnant
women

Iron deficiency during pregnancy contin-
ues to present a major public health con-
cern. Even in developed parts of the world,
most women of reproductive age require
supplemental iron to meet the estimated
needs of pregnancy. Although the placen-
ta will continue to extract iron from the
mother, even at the expense of maternal
iron stores, correlations between mark-
ers of maternal and newborn iron status
raise concern that fetal iron accrual may
be suboptimal in the setting of maternal
iron deficiency — possibly in the absence
of maternal anemia (1, 2). Nonetheless,
determining which pregnant women and/
or their fetuses may benefit from iron sup-
plementation has been difficult, and offi-
cial guidelines vary significantly (3, 4). The
Centers for Disease Control and Preven-
tion recommends iron supplementation
for all pregnant women (4). The American
Congress of Obstetrics and Gynecology
recommends universal screening of preg-
nant women foriron deficiency anemia (5).
On review of the issue, the US Preventive
Services Task Force concluded that “cur-
rent evidence is insufficient to assess the
balance of benefits and harms of screen-
ing for iron deficiency anemia in preg-
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adaptation to limited iron availability has hindered efforts to identify
optimal supplementation strategies. In this issue of the JCI, Sangkhae et al.
used mouse models and human placentas to explore maternal, placental,
and fetal responses to alterations in iron status during pregnancy. The
authors identified molecular mechanisms that limit placental ability

to upregulate iron transport in the setting of severe iron deficiency and
explored a potential marker of placental maladaptation.

nant women to prevent adverse maternal
health and birth outcomes” (6). The issue
is a timely one, as the British Society for
Haematology published its guidelines last
month, recommending a more tailored
approach (7).

The placental compartment
Much of the difficulty in determining opti-
mal maternal iron supplementation during
pregnancy arises from uncertainty in dis-
tinguishing adaptive versus maladaptive
events — for both the fetus and the mother
— and appropriate markers for these
events. Clarity requires a better under-
standing of the fundamental mechanisms
of iron transfer at the interface between
mother and fetus, i.e., the placenta (8). In
thisissue of the JCI, Sangkhae et al. present
insights into placental regulation of iron
metabolism (9) that challenge certain par-
adigms and serve to identify novel markers
to assist in the identification of settings in
which maternal iron deficiency has led to a
maladaptive placental response.
Transport of maternal iron to the fetus
occurs across the syncytiotrophoblast, a
fetal epithelial cell layer that lines the pla-
centa and directly interfaces with maternal
blood. In examining the molecular events
regulating iron transport across these
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cells, it is useful to compare analogous
events in the epithelial cell type responsi-
ble for extrauterine iron accrual, i.e., the
duodenal enterocyte. There is the obvi-
ous difference in uptake, with transferrin
receptor 1 (TFR1) playing this role in the
syncytiotrophoblast, rather than divalent
metal transporter 1 (DMT1) in the entero-
cyte. Sangkhae et al. identified additional
important ways in which this and subse-
quent cellular events in the placenta dif-
fer from those reported in the duodenum,
particularly in response to iron deficiency
(Table 1) (9,10, 11).

Limitations of the molecular
response to iron deficiency

The Sangkhae study revealed several
unexpected and striking findings (9). It is
recognized that increased expression of
syncytiotrophoblast TFR1 is an import-
ant mechanism by which the placenta
compensates for maternal iron deficiency
(12). However, the Sangkhae et al. study
identified certain unappreciated con-
straints on such upregulation (9). In iron
deficiency, increased binding of iron reg-
ulatory proteins (IRPs) to iron regulato-
ry elements (IREs) in the mRNA 3'-UTR
upregulates TFRI1. Although Sangkhae
and colleagues observed the anticipated
increase in IRP1 in the iron-deficient pla-
centa, TFR1 expression was only mod-
estly affected. Moreover, comparison of
TFR1 in iron-deficient IRP1-KO and WT
mice showed no obvious differences. The
authors attributed these findings to the low
expression of the ribonuclease regnase 1,
which degrades the TFR1 transcript under
iron-sufficient conditions (13). This mech-
anism may explain the very high expres-
sion of placental TFR1 even under iron-
replete conditions (9).

A second, even more notable, finding
was the downregulation of placental fer-
roportin (FPN) in iron deficiency. Based
on the enterocyte paradigm, the low-
hepcidin state of the iron-deficient fetus
would upregulate syncytiotrophoblast
FPN and increase iron export. The conse-
quent decreased cellular iron should then
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Table 1. Comparison of iron transport regulation between the duodenal enterocyte and the syncytiotrophoblast
Molecule Effect of iron deficiency Major regulatory mechanisms Comment
Apical iron uptake
Duodenal enterocyte DMT Robust upregulation 1 Transcription (HIF20); Upregulated in pregnant mother
TmRNA stabilization (IRP1)
Syncytiotrophoblast TFR1 Modest upregulation (1) mRNA stabilization (IRP1) High basal TFR1 expression;
low basal regnase 1
Iron storage
Duodenal enterocyte Ferritin Downregulation | Translation (IRP1) Substantial ferritin stores
when iron replete
Syncytiotrophablast Ferritin Downregulation | Translation (IRP1) Minimal ferritin stores
even when iron replete
Basolateral iron release
Duodenal enterocyte Fpn1B transcript Upregulation 1 Transcription (HIF2a); Primary determinant of maternal
Protein degradation (| hepcidin) increased dietary iron absorption
Syncytiotrophablast FpniA transcript Downregulation | Translation (IRP1); Contributes to iron preservation

Summarized, based on refs. 9-11.

Negligible effect on protein

by syncytiotrophoblast

degradation (hepcidin low)

increase apical iron uptake. However, in
the setting of limited iron supply, down-
regulation of FPN became the only mech-
anism for preventing syncytiotrophoblast
cellular dysfunction. The investigators
attributed this self-protection to regula-
tion via the IRE in the 5-UTR (i.e., the
transcript FpnlA) that reduced expression
of the FPN transcript to near exclusion.
Increased IRP1 binding to this transcript
represses FpnlA translation (similar to
translational repression of ferritin) in iron
deficiency. By contrast, enterocytes and
certain other cell types with significant
iron efflux (including macrophages and
erythroblasts) predominantly express the
non-IRE FpnlB transcript. The particu-
lar setting of placental iron deficiency
reveals the value of the IRE-containing
transcript. Despite its important role
in iron efflux, the syncytiotrophoblast
depends on mechanisms to retain iron
when the supply becomes limiting for its
own metabolic needs. Given that the syn-
cytiotrophoblast is continuously exposed
to a low-hepcidin state, it relies on inter-
nal mechanisms to decrease FPN expres-
sion to prevent limitations that would
interfere with cellular function (9).
Another striking finding that arose
from the Sangkhae et al. study was the
lack of an obvious role for hepcidin in the
placental response to iron deficiency (9).
It appears that under iron-replete condi-
tions, fetal hepcidin expression is suffi-

ciently low, such that a further decrease is
inconsequential. However, fetal hepcidin
may still modulate syncytiotrophoblast
FPN expression or fetal iron status under
other circumstances. Such modulation is
observed in transgenic mice overexpress-
ing hepcidin, as well as in other murine
models (14). Moreover, there are certain
fetal conditions associated with hepato-
cellular iron loading (hemolytic anemias,
atransferrinemia, gestational autoimmune
liver disease), in which inadequate fetal
hepcidin expression may contribute to iron
accumulation (15).

Sangkhae et al. also investigated iron
loading using mouse models and demon-
strated the anticipated effects on mater-
nal hepcidin expression but little effect
on fetal or placental iron parameters (9).
It is possible that the marked iron load-
ing used in these studies altered maternal
hematologic parameters by affecting cop-
per metabolism (16). It will be informative
to examine the Sangkhae et al. mouse
system when iron replacement is admin-
istered at doses similar to those used in
human pregnancies.

Looking at the combined effects of
limited placental TFR1 upregulation,
FPN downregulation, and the inability to
affect iron efflux by further suppressing
hepcidin, it is perhaps no surprise that
the fetal iron status fared so poorly with
maternal iron deficiency in the Sangkhae
et al. studies. Indeed, in some regards,
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fetal iron status (reflected by differenc-
es in blood hemoglobin concentration or
erythrocyte mean corpuscular volume)
was more affected than the mother’s iron
status. Such findings have not been report-
ed in human studies. It is likely that the
marked fetal effects observed by Sangkhae
and colleagues reflect the severity of iron
deficiency these mice experienced. It will
be informative to determine the conse-
quences of less severe iron depletion in the
mouse model (9).

Identifying a placental biological
marker of fetal iron status has been chal-
lenging. Placental iron deficiency severe
enough to result in compensatory FPN
downregulation clearly identifies a pro-
cess maladaptive for fetal iron accrual.
Sangkhae and colleagues thus devised
the FPN/TFRI1 ratio as the “placental iron
deficiency index” (PIDI). The PIDI values
in the mouse, particularly in late gesta-
tion, diverged sufficiently, allowing a clear
distinction of iron-replete and -depleted
groups. Values from placental tissue sup-
ported the overall concept that this ratio
likewise reflected placental iron status in
humans. However, there was considerable
overlap in values between the groups, even
when using a low cutoff for maternal ferri-
tin to identify iron deficiency (9). Addition-
al studies are needed — particularly those
using placental tissue from pregnancies
with other complications. Nonetheless,
the PIDI appears useful as a research tool.
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Conclusions

The observations that Sangkhae et al.
made in the mouse model systems under-
score the importance of maternal iron
supply in meeting the needs of the devel-
oping fetus (9). Among the limitations on
placental adaptation are the iron needs of
the placenta itself. The placenta has been
ascribed some rather unflattering terms
regarding its handling of iron transport.
From the studies presented here we might
be tempted to add “selfish to the fetus”
on top of “parasite upon the mother (17).”
However, both terms may be rather unfair.
Because the placental transferrin recep-
tors compete for maternal iron-transferrin,
there is an “altruistic” maternal response
to downregulate its own iron utilization
and maximize iron absorption. Following
this maternal response, iron release into
the circulation provides iron-loaded trans-
ferrin for the fetus. The placenta normal-
ly “selflessly” retains little iron as ferritin
but instead readily exports it to the fetus.
However, when the placenta is severely
iron depleted, FPN is downregulated to
meet placental metabolic needs. Conse-
quently, ferritin remains with the mother.
In keeping with the anthropomorphisms,
perhaps the placenta is practicing what we
are admonished to do before every airline
flight: “in the event of an emergency, put

on your own mask before helping those
around you.” For the good of all.
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