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18 SUMMARY:
19 This article demonstrates how to prepare and administer transferrin-bound nonradioactive
20  isotopic iron for studies of iron transport in mouse pregnancy. The approach for quantifying
21  isotopiciron in fetoplacental compartments is also described.
22
23 ABSTRACT:
24 iron is essential for maternal and fetal health during pregnancy, with approximately 1 g of iron
25 needed in humans to sustain a healthy pregnancy. Fetal iron endowment is entirely dependent
26  on iron transfer across the placenta, and perturbations of this transfer can lead to adverse
27  pregnancy outcomes. In mice, measurement of iron fluxes across the placenta traditionally relied
28 on radioactive iron isotopes, a highly sensitive but burdensome approach. Stable iron isotopes
29  (°’Fe and *®Fe) offer a nonradioactive alternative for use in human pregnancy studies.
30
31 Under physiological conditions, transferrin-bound iron is the predominant form of iron taken up
32  bythe placenta. Thus, *8Fe-transferrin was prepared and injected intravenously in pregnant dams
33  to directly assess placental iron transport and bypass maternal intestinal iron absorption as a
34  confounding variable. Isotopic iron was quantitated in the placenta and mouse embryonic tissues
35 by inductively coupled plasma mass spectrometry (ICP-MS). These methods can also be
36 employed in other animal model systems of physiology or disease to quantify in vivo iron
37  dynamics.
38
39 INTRODUCTION:
40 Iron is critical for various metabolic processes, including growth and development, energy
41  production, and oxygen transport!. Maintenance of iron homeostasis is a dynamic, coordinated
42  process. Iron is absorbed from food in the duodenum and transported around the body in the
43  circulation bound to the iron transport protein transferrin (Tf). It is utilized by every cell for
44  enzymatic processes, incorporated into hemoglobin in nascent erythrocytes, and recycled from
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aged erythrocytes by macrophages. Iron is stored in the liver when in excess and lost from the
body through hemorrhage or cell sloughing. The amount of iron in circulation is the result of the
balance between the consumption and the supply of iron, the latter being tightly regulated by
the hepatic hormone hepcidin (HAMP), the central regulator of iron homeostasis!. Hepcidin
functions to limit iron bioavailability in blood by occluding or inducing ubiquitination and
degrading the iron exporter ferroportin (FPN)2. Reduction in functional FPN leads to decreased
dietary iron absorption, iron sequestration in the liver, and decreased iron recycling from
macrophages?.

Hepcidin is regulated by iron status, inflammation, erythropoietic drive, and pregnancy (reviewed
in 3). Given that iron homeostasis is highly dynamic, it is important to understand and measure
the total iron pool and iron distribution and turnover. Animal studies traditionally relied on
radioactive iron isotopes, a highly sensitive yet burdensome approach to measure iron dynamics.
However, in more recent studies, including the study presented here*, nonradioactive, stable iron
isotopes (°8Fe) are utilized to measure iron transport during pregnancy>®. Stable isotopes are
valuable tools for studying nutrient metabolism (reviewed in 1°). The use of stable iron isotopes
in human studies demonstrated that i) iron absorption increases toward the end of gestation®®,
ii) transfer of dietary iron to the fetus is dependent on maternal iron status’, iii) maternally
ingested heme iron is more readily incorporated by the fetus than nonheme iron, and iv) iron
transfer to the fetus is negatively correlated with maternal hepcidin levels®°. These experiments
measured iron isotopes in sera or their incorporation into RBCs; however, measurement of iron
incorporated into RBCs alone may underestimate true iron absorption®. In the current study, both
heme and nonheme iron are measured in tissues.

During pregnancy, iron is required to support the expansion of maternal red blood cell volume
and for transfer across the placenta to support the growth and development of the fetus!?. Fetal
iron endowment is wholly dependent on iron transport across the placenta. During human'? and
rodent*!3 pregnancy, hepcidin levels dramatically decrease, increasing plasma iron availability
for transfer to the fetus.

The fundamentals of placental iron transport were initially characterized in the 1950s—70s using
radioactive tracers (*°Fe and °°Fe). These studies determined that iron transport across the
placenta is unidirectional'**> and that diferric transferrin is a major source of iron for the placenta
and fetus'®'’. The current understanding of placental iron transport is complete, although some
key iron transporters and regulatory mechanisms remain unknown. Mouse models have been
essential for understanding iron regulation and transport'® because the key transporters and
mechanisms are remarkably similar. Both human and mouse placentae are hemochorial, that is,
maternal blood is in direct contact with the fetal chorion®. However, there are some notable
structural differences.

The syncytiotrophoblast is the placental cell layer that separates the maternal and fetal
circulation and actively transports iron and other nutrients?°. In humans, the syncytiotrophoblast
is a single layer of fused cells. In contrast, the mouse placenta consists of two syncytiotrophoblast
layers?!, Syn-l and Syn-Il. However, gap junctions at the interface of Syn-l and Syn-Il allow the
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diffusion of nutrients between layers?>23, Thus, these layers function as a single syncytial layer
similar to the human syncytiotrophoblast. Additional similarities and differences between human
and mouse placentae are reviewed by Rossant and Cross?. Placental iron transport is triggered
by the binding of iron-Tf from maternal blood to the transferrin receptor (TfR1) localized on the
apical side of the syncytiotrophoblast?4. This interaction induces iron-Tf/TfR1 internalization via
clathrin-mediated endocytosis?. Iron is then released from Tf in the acidic endosome?®, reduced
to ferrous iron by an undetermined ferrireductase, and exported from the endosome to the
cytoplasm by a yet-to-be determined transporter. How iron is chaperoned within the
syncytiotrophoblast also remains to be described. Iron is eventually transported to the fetal side
by the iron exporter, FPN, localized on the basal or fetal-facing surface of the syncytiotrophoblast
(reviewed in?’).

To understand how physiological and pathological regulation of TfR1, FPN, and hepcidin affects
placental iron transport, stable iron isotopes were utilized to quantitate iron transport from the
maternal circulation to the placenta and embryo in vivo®. This paper presents the methods for
preparing and administering isotopic iron-transferrin to pregnant mice, processing of tissues for
ICP-MS, and calculating iron concentrations in tissues. The use of stable iron isotopes in vivo can
be adapted to investigate iron regulation and distribution in different animal models to
investigate physiologic and pathologic iron regulation.

PROTOCOL:

All animal protocols and experimental procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of the University of California Los Angeles.

1. Preparation of >8Fe-Tf

NOTE: The protocol uses >8Fe; however, an identical protocol can be used for >’Fe. Either isotope
can be used and disposed of as a standard iron chemical without additional precautions.

1.1. Dissolve *8Fe in 12 N HCl at 50 pL of HCI/mg of ®Fe.

1.1.1. Add HCl to the metal in the glass vial supplied by the vendor, and replace the cap loosely.
To dissolve the iron, warm the *8Fe/HCI solution to 60 °C for 1 h. If still not dissolved, leave the
solution overnight at room temperature in the fume hood to dissolve.

NOTE: Dissolved *8Fe/HCl solution is yellowish-orange in color.

Fe304(s) + 8HCl(ag) > FeMClaaq) + 2FeCl3aq) + 4H20

1.2.  Oxidize any remaining Fe(")Cl, to generate the Fe!"'Cl5 solution.

1.2.1. Warm up the *8Fe/HCl solution to 60 °C with the cap off to facilitate oxidation.
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1.2.2. Add 1 pL of 35% H,0; per 50 pL of >Fe/HCl solution to further facilitate oxidation.
4Fe")Cly(aq) + O2 + 4HCI > 4Fel")Cl3(aq) + 2H20
1.3.  Prepare the ferric chloride (*8Fe("'Cl3) solution.

1.3.1. Leave the ferric chloride solution in the hood at 60 °C with the cap off to evaporate the
sample.

NOTE: Evaporation may take between one and several days.
1.3.2. Reconstitute *¢Fe()Cl; to 100 mM with ultrapure H,0, and calculate the amount of
ultrapure H;O required based on the initial metal weight used in step 1.1 (molecular weight of

38FelllCl3 is 162.2).

1.4.  Prepare 58Fe"\-nitrilotriacetate (NTA) by incubating 58Fe(""Cl; with NTA at a 1:5 molar
ratio in the presence of 20 mM NaHCOs.

1.4.1. Prepare 500 mM NTA in 1 N NaOH.

1.4.2. Prepare 5x transferrin-loading buffer (0.5 M HEPES, pH 7.5; 0.75 M NacCl).

1.4.3. Prepare 1 M NaHCOs in ultrapure H0.

1.4.4. To a 15 mL conical tube, add 150 pL of 100 mM >8Fe(")Cl; solution (from step 1.3.2), 150
puL of 500 mM NTA prepared in 1 N NaOH, 480 pL of ultrapure H;O, 200 pL of 5x transferrin
loading buffer, and 20 uL of 1 M NaHCO3 solution.

1.4.5. Incubate the mixture for 5 min at room temperature.

1.5. Load apo-Tf with >8Fe(")-NTA to form >8Fe-Tf.

NOTE: This protocol was adapted from McCarthy and Kosman?8,

1.5.1. Dissolve 500 mg of apo-Tf in 4 mL of 1x Tf-loading buffer.

1.5.2. Tothe 15 mL conical tube in step 1.4.4 containing 1 mL of the >2Fe(')-NTA solution, add 4
mL of apo-Tf solution.

NOTE: This is a 3:1 molar ratio of *®Fe-NTA with apo-Tf. Each Tf contains 2 Fe binding sites; excess
>8Fe-NTA was added to ensure that Tf was fully loaded.

1.5.3. To allow maximal loading of *8Fe-NTA onto apo-Tf, check that the solution is at pH 7.5,
and adjust the pH, if necessary, with NaHCO3 or HCI.
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1.5.4. Incubate for 2.5 h at room temperature.
1.6. Remove excess unbound 58Fe(")-NTA and released NTA.

1.6.1. Transfer the *8Fe-Tf solution to a molecular weight cutoff column (30 kDa cutoff) and
centrifuge at 2,500 x g for 15 min at room temperature.

1.6.2. Wash the column with 10 mL of 1x transferrin-loading buffer and centrifuge at 2,500 x g
for 15 min at room temperature. Repeat the wash and centrifugation, perform a saline wash with
10 mL of saline, and centrifuge at 2,500 x g for 15 min at room temperature.

1.7. Calculate the concentration of >8Fe-Tf.

NOTE: Due to the addition of excess *Fe in step 1.5.2, assume that all transferrin is diferric. As
500 mg of apo-Tf was used, ~500 mg >2Fe-Tf was produced in step 1.5.4.

1.7.1. Measure the volume recovered from centrifugation after the saline wash in step 1.6.2.

1.7.2. Divide 500 mg by the volume recovered to determine the concentration (in mg/mL) of
the >8Fe-Tf solution.

1.8.  Sterilize the *®Fe-Tf solution using a 0.22 um syringe filter; store at 4 °C until ready to use.
NOTE: *®Fe-Tf solution was used between 1 to 4 weeks post preparation.

2. Set up timed mouse pregnancies

2.1. Use 6- to 8-week-old female mice. Place animals on a low-iron diet (4 ppm iron) or
standard chow (185 ppm iron) for 2 weeks prior to mating and maintain animals on the respective
diets throughout pregnancy.

2.2.  Option 01: Confirm pregnancy by weight gain at E7.5.

2.2.1. Set up multiple breeding cages. For each cage, combine 2 females with 1 male overnight;
the following day when animals are separated is considered embryonic day (E)0.5. Weigh females
at E7.5 to determine if pregnant. Mate males again with females that did not gain weight.
NOTE: In WT C57BL/6, a weight gain of 1 g at E7.5 is a good indicator of pregnancy. This method
ensures that implantation occurred within a specific 16 h timeframe, allowing for synchronous

treatment of all animals that became pregnant during the same mating period.

2.3.  Option 02: Confirm pregnancy by plug checks.
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2.3.1. Combine 2 females with 1 male and perform daily plug checks to determine if copulation
has occurred.

NOTE: This method may result in staggered pregnancies, and the presence of a plug does not
guarantee pregnancy.

3. Administer >%Fe-Tf intravenously to E17.5 pregnant mice.

3.1. Prepare °%Fe-Tf from step 1.8 for injection.

3.1.1. Prepare >8Fe-Tf solution at 35 mg/mL in saline; inject 100 pL per mouse.

3.1.2. Fill an insulin syringe with 100 pL of the >®Fe-Tf solution.

NOTE: Each dose contains 3.5 mg of human 8Fe-Tf (5 ug of >8Fe).

3.2. Anesthetize a pregnant mouse using isoflurane.

3.2.1. Use anisoflurane regulator with a chamber.

3.2.2. Use the following settings: 5% isoflurane, 2 L/mL of O, 2 min.

3.2.3. Confirm the mouse is anesthetized by looking for lack of response to a toe pinch.
3.2.4. Apply eye lubricant to the surface of the eye and place the mouse on a heating pad.
3.3. Slowly and carefully inject the >2Fe-Tf solution into the retro-orbital sinus.

3.4. Allow the mouse to recover from anesthesia; do not leave the animal unattended until it
has regained sufficient consciousness to maintain sternal recumbency.

3.5. Six hours post injection, euthanize E17.5 pregnant females by isoflurane overdose.
3.5.1. Pin the feet down with needles for stabilization.

3.5.2. Perform a cardiac puncture to exsanguinate the mouse as a form of secondary
euthanasia.

3.6. Collect the placentae and embryo livers.
3.6.1. Using sterile forceps and dissection scissors, carefully remove the uterus from the

pregnant mouse. Cut off a placental fetal-placental unit, which comprises a single fetus and
placenta in the amniotic sac surrounded by a portion of the uterus.
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3.6.2. Carefully cut through the uterus and amniotic sac without disturbing the fetus and
placenta.

3.6.3. Peel back the amniotic sac and remove the fetus and placenta.

3.6.4. Cut the umbilical cord.

3.6.5. Blot the fetus and placenta on a clean task wipe to remove the excess amniotic fluid.
3.6.6. Record the weights of the whole placentae.

3.6.7. Cut each placenta in half with a razor blade, place each half in a 2.0 mL tube, and snap-
freeze in liquid nitrogen.

NOTE: Because >%Fe does not require special handling precautions and disposal, one-half of the
placentae can be used for *8Fe measurement and the other half for any other analyses, including
guantitation of transferrin receptor (TFR1) and ferroportin (FPN) expression by western blotting
and qPCR.

3.6.8. To collect embryo livers, sacrifice the embryo: use a razor blade to rapidly decapitate the
embryo.

3.6.9. Pin down the embryo for stabilization, leaving the abdomen exposed.

3.6.10. Using dissection scissors, make a small incision where the umbilical cord was attached,
insert one end of the dissection scissors into the incision, and perform a median plane cut toward
the coronal plane about % inch. Then, perform transverse plane cuts to expose the fetal liver.
3.6.11. Use forceps to remove the fetal liver.

3.6.12. Record the weights of the whole embryo livers.

3.6.13. Place the whole embryo livers in 2 mL tubes and snap-freeze them in liquid nitrogen.
NOTE: Alternatively, only a portion of the embryo liver can be used for *®Fe measurement if
additional analyses are desired. Using 2.0 mL tubes allows for better tissue homogenization than
1.5 mL tubes.

3.7. Store the tissues indefinitely at -80 °C.

4. Process tissues for quantitative iron analysis by ICP-MS.

4.1. Process the placentae and fetal livers for the quantitation of nonheme iron.
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4.1.1. Thaw placental halves and whole fetal livers, and weigh placental halves (see step 3.6.12
for recording fetal liver weights).

4.1.2. Add 400 pL of protein precipitation solution (0.53 N HCI, 5.3% TCA).

4.1.3. Homogenize the tissue using an electric homogenizer.

4.1.4. Incubate the samples at 100 °C for 1 h.

4.1.5. Cool the samples in room temperature water for 2 min.

4.1.6. Open the caps to release pressure, then close the tubes again.

4.1.7. Centrifuge at 17,000 x g for 10 min at room temperature to pellet tissue debris.
4.1.8. Carefully transfer the supernatant to a new labeled tube.

4.1.9. Send samples off for ICP-MS analysis.

4.2. Process the placentae and fetal livers for the quantitation of heme-iron.

NOTE: Following extraction of nonheme iron in step 1, the iron remaining in the pellet is
predominantly heme.

4.2.1. Record the weight of each pellet from step 4.1.7.

4.2.2. Digest the pellets in 10 mL of concentrated 70% HNOs supplemented with 1 mL of 30%
H203

NOTE: Consult with the ICP-MS core or center to optimize the volume of HNOs for specific studies;
the volume will partly be dependent on sample weight.

4.2.3. Heat the samples to 200 °C for 15 min.
4.2.4. Send the samples off for ICP-MS analysis.

NOTE: If distinguishing between heme and nonheme iron sources is not required and only total
iron is measured, whole tissue can be digested in HNOj3 as the first step.

5. Data analysis
NOTE: Data from ICP-MS has been provided as *°Fe and *®Fe concentrations in ng/mL or mg, ppb

(Table 1). *6Fe is the most abundant iron isotope in nature, and its measurement reflects iron
accumulation in the placenta/embryo over the entire pregnancy, whereas *8Fe measurement
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reflects iron that was transferred during 6 h after injection.
5.1. Subtract the natural abundance of *2Fe (0.28% of total Fe) from the measured >®Fe values.
5.2. Calculate total nonheme >Fe.

5.2.1. Calculate embryo liver total nonheme iron (ng) by first multiplying the iron concentration
(ng/mL) calculated in step 5.1 by the volume (mL) during initial processing in step 4.1.2 to
estimate total %Fe.

5.2.2. Calculate the amount of iron in the whole placenta by taking the total weight of the
placenta measured in step 3.6.6 and dividing it by the weight of the placenta processed in step
4.1.1. Multiply this value by the total nonheme iron (ng) calculated in step 5.2.1 to obtain the
total nonheme >8Fe content of the placenta.

5.3. Calculate total heme >%Fe.

5.3.1. Calculate total heme >8Fe by first multiplying the iron concentration (ng/mg) calculated in
step 5.1 by the weight of the pellet (in mg) measured in step 4.2.1.

5.3.2. Then, divide the total weight of the placenta measured in step 3.5.1 by the weight of the
placenta pellet measured in step 4.2.1. Multiply this value by the total heme iron (ng) calculated
in step 5.3.1 to obtain total heme 8Fe content of the placenta.

5.4. Sum the calculated nonheme and heme >8Fe values to determine the total iron content
for each tissue.

[Place Figure 1 here]

REPRESENTATIVE RESULTS:

An earlier study using stable iron isotopes to measure iron transport demonstrated that maternal
iron deficiency resulted in the downregulation of the placenta iron exporter, FPN%. FPN is the only
known mammalian iron exporter, and the absence of FPN during development results in
embryonic death before E9.5%°. To determine whether the observed decrease in FPN expression
translated functionally to decreased placental iron transport, *2Fe-Tf was injected intravenously
into pregnant dams, and iron in the placenta and the embryo was quantified in the presence of
maternal iron deficiency.

To understand how placental iron transport is affected by maternal iron status, iron deficiency
was modeled in mice*. Female C57BL/6 mice were placed on a low-iron diet (4 ppm iron) or
standard chow (185 ppm iron) for 2 weeks prior to and throughout pregnancy. This dietary
regimen results in lower maternal liver nonheme iron and serum iron and hemoglobin at E12.5,
E15.5, and E18.5 compared to animals on a standard diet®. At E18.5, embryos from iron-deficient
mothers had lower liver iron and were hypoferremic and anemic than embryos from iron-replete
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mothers. Three pregnant mice were used in each of the iron-replete and iron-deficient groups,
and 2-3 placentae were used from each pregnant mouse for analysis.

To quantitate placental iron transport, *®Fe-transferrin was prepared and injected intravenously
in pregnant dams and *®Fe measured in the placenta and fetal liver by ICP-MS, as described in
the protocol and illustrated in Figure 1. Prior to sending nonheme iron samples out for ICP-MS
analysis, total nonheme iron levels were independently quantified via a ferene method described
previously3°. Nonheme iron concentrations measured by the ferene versus ICP-MS methods were
highly significantly correlated in all tissues measured (R? = 0.94, P < 0.0001, n = 36).
Representative results from ICP-MS quantitation of iron isotopes are presented in Table 1. Total
>8Fe was calculated as described in step 5 of the protocol. Data are presented as total rather than
heme or nonheme iron (Figure 2A-D) because the aim was to quantitate total iron transferred
into the placenta and total iron transferred to the embryo from the placenta.

On average, 21% of the administered >8Fe dose was recovered in the placenta, embryo liver, and
embryo serum combined. The *®Fe measurement provides insight into the long-term iron transfer
in the placenta and embryo liver throughout pregnancy. The total placental *®Fe was similar in
the iron-deficient and -replete groups (Figure 2A), whereas the total embryo liver iron was
decreased in the iron-deficient group (Figure 2B). This was expected based on the observed
decrease in placental FPN in the iron-deficient group®, which would result in iron retention in the
placenta at the expense of the embryo. Total *%Fe provides a snapshot of short-term iron
transport. In this study, similar to >°Fe, placental *®Fe was similar in both the iron-deficient and -
replete groups (Figure 2C), and embryo liver >8Fe was decreased in the iron-deficient group
(Figure 2D). These data indicate that during iron-deficient pregnancy, the downregulation of
placental FPN results in decreased iron transport to the embryo, leading to cumulative
differences in iron content in the placenta and embryo.

It is important to consider the dose of iron administered as it could lead to unintended changes
in hepcidin concentration or iron transporter expression3!. It was demonstrated that maternal
iron deficiency caused a decrease in placental FPN*. To determine if Fe-Tf injection affected this
regulation, placenta FPN was measured 6 h post injection by western blot. The iron dose of 5 pg
was insufficient to alter placental FPN regulation by maternal iron deficiency (Figure 3).

In summary, this method was used to demonstrate that physiological regulation of placental FPN
during maternal iron deficiency results in decreased iron transport across the placenta in vivo.
Stable iron isotopes provide a sensitive and quantifiable alternative to radioactivity for the
measurement of iron transport and distribution, allowing the simultaneous use of tissues for
additional analyses.

FIGURE AND TABLE LEGENDS:
Figure 1: Visual summary of steps in the protocol. (A) Preparation of >®Fe-transferrin. (B) In vivo

administration of >8Fe-transferrin. (C) Tissue collection and storage. (D) Processing of the
placenta and embryo liver for quantitation of metal species by ICP-MS. Abbreviations: Fe = iron;
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NTA = nitrilotriacetic acid; Tf = transferrin, PPS = protein precipitation solution; Sup =
supernatant; TCA = trichloroacetic acid; ICP-MS = inductively coupled plasma mass spectrometry.

Figure 2: °Fe and °®Fe transport across the placenta in iron-deficient or iron-replete
pregnancies. Total °®Fe in the placenta (A) and embryo liver (B). Total *8Fe in the placenta (C) and
fetal liver (D). Statistical analysis was performed using a 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 number of animals is indicated in the x-axes of the box and whisker plots. The
upper portion of the box plot indicates the 75™ percentile, and the bottom indicates the 25t
percentile; whiskers above the box indicate the 90" percentile, and those below the box indicate
the 10% percentile. The solid line within the box indicates the median and the dashed line the
mean. Statistical analysis was performed using scientific graphing and data analysis software. This
figure has been modified from*. Abbreviation: Fe = iron.

Figure 3: Placental TFR1 and FPN levels. (A) TFR1 and FPN expression was assessed by western
blot in iron-deficient and -replete placentae 6 h post treatment of mothers with >%Fe-Tf. (B)
Protein expression was quantitated and presented as protein expression relative to B-actin.
Statistical analysis was performed using a 2-tailed Student’s t-test for normally distributed values.
The number of animals is indicated in the x-axes of the box and whisker plots. The upper portion
of the box plot indicates the 75™ percentile, and the bottom indicates the 25™ percentile;
whiskers above the box indicate the 90™ percentile, and those below the box indicate the 10t
percentile. The solid line within the box indicates the median and the dashed line the mean.
Statistical analysis was performed using scientific graphing and data analysis software. This figure
has been modified from*. Abbreviations: TFR1 = transferrin receptor; FPN = ferroportin.

Table 1: Representative results from ICP-MS quantitation of *®Fe and >%Fe in placentae and
embryo livers. Abbreviations: ppb = parts per billion; stdev = standard deviation; ICP-MS =
inductively coupled plasma mass spectrometry.

DISCUSSION:

Iron is important for many biological processes, and its movement and distribution within the
body are highly dynamic and regulated. Stable iron isotopes provide a consistent and convenient
alternative to radioactive isotopes for the assessment of the dynamics of iron homeostasis. A
critical step in the protocol is keeping track of all the tissue weights and volumes. Iron is an
element and therefore cannot be synthesized nor broken down. Thus, if all weights and volumes
are carefully logged, all the iron within the system can be accounted for by calculation. As
described, this method can be used to distinguish between heme and nonheme iron sources.
However, if this distinction between iron forms is not necessary and only total iron is measured,
the protocol can be simplified by treating tissue only with concentrated HNO3 as described in
protocol step 4.2. It isimportant to note that if tissues are not perfused before analysis, especially
highly vascular tissues such as the placenta, the presence of blood may result in the
overestimation of tissue heme iron content.
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Transferrin-bound iron was selected for the study as it is the major source of iron taken up by the
placenta'®!’. Global knockdown of TFR1 in mice resulted in embryonic lethality before E12.5,
suggesting that transferrin-bound iron is critical for development. It is possible that other iron
species, such as ferritin and nontransferrin bound iron (NTBI), also contribute to fetal iron
endowment to a lesser extent. However, the contribution of these alternative iron species was
not assessed. In the future, stable isotopes could be used to determine the contribution of
different iron sources to development and embryo iron endowment.

The aim of the study was to determine the effects of changes in maternal iron status on placental
iron transport. However, decreased hepcidin during iron deficiency results in elevated enterocyte
FPN levels and enhanced iron transport into the circulation®. Thus, in iron-deficient dams, iron
absorption from the diet would have been inherently increased and confounded interpretation
of results if °®Fe was administered orally. Thus, intravenous administration of *2Fe-Tf was selected
as it bypasses iron regulation at the level of intestinal absorption. A dose of 5 ug of *®Fe/mouse
was selected based on serum iron concentrations of iron-replete E18.5 pregnant dams. In wild-
type C57BL/6 E18.5 pregnant dams, serum iron concentrations range from 10 to 50 puM*. A
pregnant E18.5 mouse is expected to have approximately 2 mL of total blood volume32. Thus, the
total amount of iron in the circulation of iron-replete pregnant dams ranges from 1.1 to 5.6 pg.
Thus, 5 pg of *8Fe/mouse is equivalent to physiological concentrations observed in iron-replete
animals.

A limitation of ICP-MS detection of >8Fe is the isobaric interference from *2Ni. Endogenous Ni
concentrations in the mouse placenta are 0.04 + 0.02 pg/g wet weight33. An average E18.5 mouse
placenta weighs 0.080 g; therefore, the total amount of Ni is approximately 3.2 ng. The natural
abundance of *®Ni is 68%; thus, the amount of *2Ni in the mouse placenta is ~2.2 ng, which is
approximately 10-fold lower than the detected *%Fe levels. In the embryo, Ni concentrations are
even lower at 0.01 + 0.01 pg/g wet weight33. The average E18.5 mouse embryo weighs 1 g; thus,
the total amount of Ni in a normal mouse embryo is approximately 10 ng. Assuming all the
embryo Ni is found in the embryo liver, these levels are still 10-fold lower than the >%Fe
concentrations and nearly 1,000-fold lower than the total embryo liver iron content. Given the
lower abundance of Ni in these mouse tissues, *®Ni interference was not factored in this study.

An additional consideration is the assay’s limit of detection. The limit of detection in this study
was 250 pg/mL *8Fe. However, this limit can be altered to detect even lower concentrations of
>8Fe if dilution of tissues is reduced at the tissue processing step (protocol step 4.1.2 and Figure
1D) or via modifications at the ICP-MS core facility. When *2Fe was measured in the entire
embryo, its levels were undetected as the *Fe concentration was below the limit of detection.
However, *8Fe was detected in the embryo liver, which is the primary iron storage organ. It is
possible that the administration of a larger dose of *®Fe would have allowed detection of >8Fe
even in the whole embryo. However, a relatively small amount of >8Fe was used to avoid iron-
loading of the placenta, which could trigger feedback mechanisms and alter the expression of
iron transporters. In this model, which utilized wild-type C57BL/6 mice, embryo liver iron was
measured as a reflection of total placental iron transport, as embryo liver iron concentration is
proportional to the whole embryo iron concentration®. However, in mouse models where iron
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distribution is altered3*, embryo liver iron alone may not accurately represent total placental iron
transport. In such cases, it may be necessary to measure iron incorporated into the entire embryo
or the erythrocyte compartment. Additionally, variations in experimental time points will also
require further optimization and measurement of iron in various fetal compartments. This stable
isotope tracing approach was utilized to quantify iron transport during mouse pregnancy. The
methodology is easily adaptable to study iron transport in nonpregnant mice and other animal
models.
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Table 1
56 58
Fe Fe Total Fe
Sample Concentration [ng/mL or mg, ppb] Concentration [ng/mL or mg, ppb] Sum of Isotopes [ng/mL or mg]
Average* stdev Average* stdev
729.7 17.7 2.5 0.5 732.2
. .- 704.9 6.2 3.8 0.1 708.8
iron-deficient
649.8 3.8 0.0 0.0 649.8
. 799.2 4.6 3.8 0.2 803.0
Nonheme iron Placenta
1919.1 5.3 11.0 0.2 1930.1
. 1610.0 26.8 11.7 0.6 1621.7
iron-replete
1925.5 39.0 14.0 0.3 1939.5
2551.6 16.1 8.3 0.4 2559.9
253.8 1.8 1.1 0.0 254.9
. .- 32.9 0.4 0.3 0.0 33.2
iron-deficient
337.7 5.1 1.4 0.0 339.1
Hemne Placenta 402.3 5.3 1.7 0.0 404.0
123.5 1.3 0.6 0.0 124.0
. 75.7 1.3 0.4 0.0 76.1
iron-replete
441.9 3.0 1.9 0.0 443.8
250.4 1.1 1.1 0.0 251.5
361.6 8.3 31.9 1.0 393.5
. _ 652.4 3.4 61.7 0.3 714.1
iron-deficient
411.9 10.7 43.1 0.8 455.0
. . 631.1 7.5 62.8 0.2 693.9
Nonheme iron Embryo Liver
7657.5 129.3 226.4 2.2 7883.8
. 3820.2 69.5 119.4 3.4 3939.6
iron-replete
5519.0 1129 145.6 0.5 5664.6
4617.4 78.6 91.6 1.0 4709.0
44.5 0.3 1.6 0.0 46.0
. - 31.0 0.4 2.9 0.0 34.0
iron-deficient
11.8 0.2 1.1 0.0 12.9
42.3 0.1 3.2 0.0 45.5
H E Li
eme mbryo Liver 543 14 21 0.0 56.4
. 31.9 0.8 1.3 0.1 33.2
iron-replete
59.4 0.6 2.2 0.0 61.6
66.7 0.6 2.1 0.0 68.8
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Thank you for the constructive comments. Below are our point-by-point responses in blue.

Editorial comments:
Editorial Changes
Changes to be made by the Author(s):
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.
Done
2. Please provide suitable citations for the following lines: 47-50, 60-67.
Appropriate citations have been added to the manuscript
3. Please write all gene names in capital and italicize the gene names in the manuscript as well as the
figures.
Done
4. Table 1: Please denote 56Fe and 58Fe using proper convetion i.e., 56Fe and 58Fe. Please define all
abbreiviatiosn and symbols used in the tabel in the legends.
Table 1 has been updated using proper convention for 56Fe and 58Fe. Abbreviations and symbols in
tables and legends have been defined.
5. Please do not number the NOTES and equations in the protocol.
Numbering of notes and equations has been removed
6. Please use h, min, s, for hour, minute, second.
Abbreviations have been updated throughout the manuscript and figures
7. Please ensure that all text in the protocol section is written in the imperative tense as if telling
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described
in the imperative tense in complete sentences wherever possible. Any text that cannot be written in the
imperative tense may be added as a “Note.” However, notes should be concise and used sparingly.
All text in the protocol is now in imperative tense
8. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.).
All personal pronouns have been removed from the manuscript
9. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e.,
how is the step performed?
Step 1.3.3: How was the 100 mM concentration determined?
This was step was elaborated on as follows, it is now step 1.3.2:
“1.3.2. Reconstitute 58Fe(lll)CI3 to 100mM with ultra-pure H20, calculate the amount of ultra-
pure H20 required based on the initial metal weight used in step 1.1 (Mw of 58Fe(ll)CI3 is
162.2)"
Step 1.6.2: Was each wash followed by a centrifugation step? If yes, please include this and mention the
centrifugation conditions and duration.
Each wash was followed by a centrifugation step, this has been included along with conditions and
duration
“1.6.2. Wash column with 10 mL 1X transferrin-loading buffer and centrifuge at 2,500 x g for 15
minutes at room temperature, repeat wash and centrifugation, then perform a saline wash with
10mL saline and centrifuge at 2,500 x g for 15 minutes at room temperature”
Step 3.2: Please mention how proper anesthetization is confirmed. Please specify the use of vet
ointment on eyes to prevent dryness while under anesthesia.
The following statements have been added:
3.2.3. Confirm animal is anesthetized by performing a toe pinch; if animal is appropriately
anesthetized, it will not respond
3.2.4. Apply eye lubricant to the surface of the eye and place the animal on a heating pad
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Step 3.4: Please specify that the animal is not left unattended until it has regained sufficient
consciousness to maintain sternal recumbency.
Statement has been added
Step 3.5: Is it E7.5 or E17.5? Please check. How was the placenta and embryo liver collected? Please
describe all the associated steps.
Itis indeed E17.5. How the placenta and embryos livers were collected has been added to the protocol:
“3.5. 6 hours post-injection, euthanize E17.5 pregnant females by isoflurane overdose
3.5.1. Pin feet down with needles for stabilization
3.5.2. Perform a cardiac puncture to exsanguinate as a form of secondary euthanasia
3.6. Collect placentas and embryo livers
3.6.1. Using sterile forceps and dissection scissors carefully remove the uterus from the
pregnant mouse
3.6.2. Cut off a placental fetal-placental unit, which is comprised of a single fetus and placenta
in the amniotic sac surrounded by a portion of the uterus
3.6.3. Carefully cut through the uterus and amniotic sac without disturbing the fetus and
placenta
3.6.4. Peel back the amniotic sac and remove the fetus and placenta
3.6.5. Cut the umbilical cord
3.6.6. Blot the fetus and placenta on a clean task wipe to remove excess amniotic fluid
3.6.7. Record weights of whole placentae
3.6.8. Cut each placenta in half with a razor blade, place each half into a 2.0 mL tube and snap
freeze in liquid nitrogen
NOTE: because 58Fe does not require special handling precautions and disposal, one half of
placentae can be used for 58Fe measurement, and the other half for any other analyses,
including quantitation of transferrin receptor (TFR1) and ferroportin (FPN) expression by
Western blotting and gPCR
3.6.9. To collect embryo livers, sacrifice the embryo: use a razorblade to rapidly decapitate the
embryo
3.6.10. Pin down embryo for stabilization, leaving abdomen exposed
3.6.11. Using dissection scissors, make a small incision where the umbilical cord was attached,
insert one end of the dissection scissors into the incision and perform a median plane cut
toward the coronal plane about % inch, then perform transverse plane cuts to expose the fetal
liver
3.6.12. Use forceps to remove the fetal liver
3.6.13. Record weights of whole embryo livers”
Step 4.2.2: How much HNO3 and H202 was added? Was this volume dependent on sample weight? If
yes, please specify.
Volumes were specific to our study:
“4.2.2. Digest pellets in 10mL concentrated 70% HNO3 supplemented with 1mL of 30%
NOTE: Consult with the ICP-MS core or center to optimize the volume of HNO3 for specific
studies, volume will in part be dependent on sample weight”
10. Please include a single line space between all the steps, sub steps, and notes.
Line spacing has been corrected as requested
11. Figure 1 : Please use h for hour in the figure.
This has been corrected in Figure 1
12. Figure 2 and 3: Please remove commercial software names from the legend. These can be refernced
in the table of materials.



Commercial software names have been removed from the legend and are now referenced in the table
of materials.

13. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that
allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account.
The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from
[citation].”

The explicit copyright permission has been uploaded to my Editorial Manager account. The figures are
also cited as requested.

14. Please do not abbreviate the journal titles in the reference section.

We downloaded the JoVe EndNote output style; however, the journal names are still automatically
abbreviated. Please advise.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

In order to follow and thoroughly analyze iron distribution in the body, especially with regard to
homeostatic regulation of placental iron metabolism and regulatory mechanisms, well-validated
experimental setups must be established. This study presents a well-described experimental setup to
guantify placental iron transport with a non-radioactive method that allows distinguishing already small
changes in iron metabolism. | am sure this study finds interest in readers of JOVE and would recommend
accepting the manuscript after small changes.

Abstract and Introduction:

- As it is stated in the abstract (Line 23) and the introduction part (line 48) the stable isotopes Fe57 and
Fe58 were already used to study iron homeostasis in human pregnancy studies. Please provide the
respective references in line 48. Moreover, it would be valuable to either summarize hitherto analysis
with these isotopes in the introduction and/or contextualize the findings of this study with the literature
in the discussion part.

We agree that the previous studies using stable iron isotopes needed to be cited. We unfortunately
overlooked this, appropriate citations have been added to line 48. We also elaborated on the studies
themselves:

“Stable isotopes in general are a valuable tool to study nutrient metabolism (reviewed in 1°). The use of
stable iron isotopes in human studies demonstrated that iron absorption increases toward the end of
gestation®®, that transfer of dietary iron to the fetus is dependent on maternal iron status’, that
maternally ingested heme iron is more readily incorporated by the fetus than non-heme iron?, and that
iron transfer to the fetus is negatively correlated with maternal hepcidin levels®®. These experiments
measured iron isotopes in sera or incorporation into RBCs; however, measurement of iron incorporated
into RBCs alone may underestimate true iron absorption®. In the current study, both heme and non-
heme iron are measured in tissues.”

- Line 35: | would suggest to also name the main transport protein in the blood



As per your suggestion, we have altered Line 35 to the following:

“Iron is absorbed from the diet in duodenum, transported around the body in the circulation bound to
iron transport protein transferrin (Tf)...”

Representative results:

- The results part needs to be a little bit better structured. For example, It is not clear whether the
information given in lines 232-233 refers to the present study or to reference 7. if it is the former, then it
is better not to mention the main result right at the beginning of the results section, but to present the
individual results first. However, if a reference is made at this point to an earlier study (source 7), this
should also be stated more clearly.

We apologize that the statement was unclear, we have clarified that lines 232-233 refer to the previous
study mentioned. The altered statement is as follows:

“In an earlier study using stable iron isotopes to measure iron transport, we demonstrated that
maternal iron deficiency resulted in downregulation of the placenta iron exporter, FPN*”

- Although it is not part of the protocol, it would be important to understand the representative results
and certainly interesting for the reader to know how iron deficiency was achieved and controlled in the
animal model.

Thank you for the suggestion, we have added the information regarding how iron deficiency was
achieved in our animal model. The following statement was added:

“To understand how placental iron transport is affected by maternal iron status, we modeled iron
deficiency in mice*. Female C57BL/6 mice were placed on a low iron diet (4ppm iron) or standard chow
(185ppm iron) for 2 weeks prior to and throughout pregnancy. This dietary regimen results in lower
maternal liver non-heme iron, serum iron and hemoglobin at E12.5, E15.5 and E18.5 compared to
animals on standard iron diet*. At E18.5, embryos from iron deficient mothers had lower liver iron and
were hypoferremic and anemic compared to embryos from iron-replete mothers.”

Discussion:

- The discussion lacks reference to the previous use of isotopes in the literature or radioactive analyses
previously applied to study similar processes. If the latter exceeds the scope of the paper, a reference to
review articles would still be good.

We have now extensively referenced within the introduction the literature on the use of isotopes in
pregnancy. We would prefer not to repeat the same statements in the discussion.

Reviewer #2:

Manuscript Summary:

The manuscript by Sangkhae and Nemeth describes a non-radioactive method for examining the
transfer of iron across the placenta. This has traditionally been assayed using radioisotopes, so a
detailed protocol using stable isotopes of iron will be useful to those who, for various reasons, are
unable to use radioactivity. The procedure is very detailed and will allow the reader to replicate all



aspects of the protocol. Below | have listed two potential limitations of the procedure that | feel the
authors should discuss so that readers are aware of them.

Major Concerns:

1. The authors state that this is a method for quantitating the iron transport across the placenta (title
and various other places in the manuscript). However, they only measure the amount of iron deposited
in the liver, which represents only a portion of the total iron transferred. In most cases, it can be
assumed that this is a reflection of total placental iron transfer, however, there will be certain situations
where this will not be the case. For example, total body iron levels are normal in newborn DMT1
knockout mice when compared to WT mice, but they are anemic and have higher liver iron stores (JCl,
115:1258, 2005). This suggests that, while the placental iron transfer is unimpeded by a lack of DMT1,
the transferred iron is preferentially taken up by the liver rather than the RBC compartment. In these
mice, measuring liver iron levels only, as outlined in the current manuscript, would likely overestimate
placental iron transfer. The authors should discuss this potential limitation and, although likely to occur
with specific mouse models only, should explain that the method described is only valid if the
distribution of iron in the fetus is normal.

We agree with the reviewer and have added the following statement to the discussion:

“In this model, which utilized wild-type C57BL/6 mice, embryo liver iron was measured as a reflection of
total placental iron transport, as embryo liver iron concentration is proportional to the whole embryo
iron concentration*. However, in mouse models where iron distribution is altered®, embryo liver iron
alone may not be an accurate representation of total placental iron transport. In such cases, it may be
necessary to measure iron incorporated into the entire embryo or the erythrocyte compartment.
Additionally, variations in experimental time points will also require further optimization and
measurement of iron in various fetal compartments.”

2. When measuring total heme iron in the placenta using 56Fe, the authors use tissue that has not been
perfused to remove RBCs. As heme iron is relatively low in tissue when compared to RBCs, any blood
remaining in the placenta will lead to an overestimation of tissue heme iron, especially as the placenta is
a highly vascularized organ. Perfusing the placenta from both the maternal and fetal sides would be very
difficult to include in the protocol, so | would be satisfied if the authors acknowledged in the manuscript
that contamination with blood may compromise placental heme iron measurements.

We agree that perfusing the placenta would be ideal since the heme in RBCs confounds the total iron
measurement. We added an acknowledgement that blood contamination in tissues may compromise
the resulting iron measurements. We have added the following statement to the discussion:

“It is important to consider that prior to analysis, if tissues are not perfused, especially highly vascular
tissues such as the placenta, presence of blood may result in overestimation of tissue heme iron
content.”

Reviewer #3:
Manuscript Summary:
The manuscript under review provides a protocol for tracing iron uptake across the murine placenta.



Given the importance of iron to the developing fetus, the prevalence of iron deficiency in pregnancy
across the globe, and the large areas of iron metabolism in the placenta that are still not clearly
understood, this is a very important area of work. The protocol, therefore, is a welcome addition to the
field, and the use of 58Fe, which is not radioactive but also stable and not abundant naturally further
enhances the relevance. A few relatively minor concerns are listed below.

Minor Concerns:
* The introduction regarding iron transport across the placental cell barriers should discuss the unique
architecture of the mouse placenta.

We have added some information in the introduction regarding similarities between human and mouse
placenta as follows, this includes a citation of a review that addresses the topic in greater detail:

“Mouse models have been essential for our understanding of iron regulation and transport*®, since the
key transporters and mechanisms are remarkably similar. Both human and mouse placentae are
hemochorial, meaning that maternal blood is in direct contact with the fetal chorion®®. However, there
are some notable structural differences. The syncytiotrophoblast is the placental cell layer that
separates the maternal and fetal circulation and actively transports iron and other nutrients®. In
humans, the syncytiotrophoblast is a single layer of fused cells. In contrast, the mouse placenta is
comprised of two syncytiotrophoblast layers?!, Syn-1 and Syn-II; however, gap junctions at the interface
of Syn-l and Syn-Il allow for diffusion of nutrients between layers???3, thus these layers function as a
single syncytial layer similar to human syncytiotrophoblast. Additional similarities and differences

between human and mouse placentae are reviewed by Rossant and Cross?%.”

* How stable is the 58Fe-Tf solution, i.e. how far in advance can it be prepared?

We used 58Fe-Tf solution between one to four weeks after preparation and added this statement to
protocol line 1.8. Commercial suppliers such as Sigma, R&D and others state that holo-transferrin
solution is stable at 4C for at least 1-4 weeks.

* Given that larger embryo/placental units are more likely to have a higher total 58Fe, it seems it would
be more informative to evaluate the data on a per mg basis, rather than using these data to calculate
total 58Fe.

We presented the data as total iron transferred because that is the best reflection of placental iron
transport. If we present data on a per mg basis, in larger embryos that would underestimate the total
iron that was transferred across the placenta.

* How was the dose of 58Fe administered to the dams determined? There is mention, correctly, of
giving a small amount in order to avoid feedback mechanisms within the placenta, but it is unclear how
it was determined that the protocol represents the optimal dose.

To address the selection of dose, we have added the following to the discussion section:

A dose of 5ug *®Fe/mouse was selected based on serum iron concentrations of iron replete E18.5
pregnant dams. Serum iron concentrations in wild-type C57BL/6 E18.5 pregnant dams ranges from 10-
50uM®*. A pregnant E18.5 mouse is expected to have approximately 2mL total blood volume3?. This



means the total amount of iron in the circulation of iron-replete pregnant dams ranges from 1.1-5.6ug.
Thus, 5ug *®Fe/mouse is equivalent to physiological concentrations observed in iron replete animals.

Reviewer #4:

Manuscript summary:

This manuscript describes in detail the use of stable iron isotope (58Fe) in studying fetal iron transport in
mice. Stable iron isotope technique is commonly used to study iron absorption in humans. This study
provides novel and helpful data that extend its application to iron kinetics in animals specifically in the
context of pregnancy. The manuscript is very well written, protocol well illustrated. However, | have a
few questions about the methodology and application:

1. The gold standard for kinetics study in animals is using radiotracers. It is accurate, allows for the
determination of tracer distribution in multiple organs, does not require the use of a large amount of
tissue or estimation of tissue iron content, which could be a significant source of error. For a method
paper, | think it is important to validate the results against the gold standard method (or alternatives),
especially when considering the sources of errors and uncertainties introduced in the new method.

Although we agree that the gold standard is using radiotracers, a direct comparison of our method to
the radioactive method is beyond the scope of our manuscript.

2. Another consideration for isotope studies is the dose and the % recovery of dose in tissues. How does
5ug Fe compare to total serum Fe in mice? The blood volume in pregnant animals at late gestation E17.5
is considerably greater than in normal mice. It would be informative to include a section explaining the
choice of dose and make suggestions for applications in non-pregnant animals. How much of the dose
administered is recovered in the tissues measured?

Although plasma volume in C57BL/6 increases by 27% (Kulandavelu et al 2006 PMID: 16636199) at
E17.5, all our calculations were based on previous iron measurements in pregnant mice, not non-
pregnant mice.

To address the selection of dose, we have added the following to the discussion section:

A dose of 5ug *®Fe/mouse was selected based on serum iron concentrations of iron replete E18.5
pregnant dams. Serum iron concentrations in wild-type C57BL/6 E18.5 pregnant dams ranges from 10-
50uM®*. A pregnant E18.5 mouse is expected to have approximately 2mL total blood volume3?. This
means the total amount of iron in the circulation of iron-replete pregnant dams ranges from 1.1-5.6ug.
Thus, 5ug *Fe/mouse is equivalent to physiological concentrations observed in iron replete animals.

The amount of *®Fe in the placenta, embryo liver and embryo serum was equivalent to 21% of the
injected dose. We also added this point to the manuscript.

3. How many pregnant mice were used in the study? How many placentas from each mouse were used
for isotope measurement?

Thank you for pointing out this information was missing in the manuscript, it has been added to the
‘representative results’ section as follows:



“3 pregnant mice were used per group, iron-replete and iron-deficient, and 2-3 placentas were used
from each pregnant mouse for analysis.”

4. The authors gave reasons in the discussion why they did not correct for nickel in the 58Fe
measurement. While | agree that the naturally occurring 58Ni in tissues is small, the primary source of
nickel contamination is from tubes, pipettes, and containers during sample transfer and preparation. Ni
inference for 58Fe measurement can be severe in tissues that do not have high iron content (i.e., large
red cell volume). Was Ni measured in the experiment?

No, Ni was not measured in the experiment.

5. Are there differences in 58Fe enrichment of heme and non-heme iron fractions between deficient and
replete groups?

The difference between deficient and replete groups was greater in non-heme iron compartment than
heme iron compartment for embryo liver; however, because this difference is an issue of cellular iron
regulation rather than total placental iron transfer, we are showing total iron levels.



Reprint Permission
12/9/21, 3:47 PM

CCC Marketplace”

Click here to access/download;Supplemental File (Figures,

https://marketplace.copyright.com/rs-ui-web/mp/license£aehBa0 Rarh 86 135 5452 hicesimae Judf d0/f58f4799-cbb6-4eb0-a843-1ccf. .

This is a License Agreement between Elizabeta Nemeth ("User") and Copyright Clearance Center, Inc. ("CCC") on
behalf of the Rightsholder identified in the order details below. The license consists of the order details, the CCC
Terms and Conditions below, and any Rightsholder Terms and Conditions which are included below.

All payments must be made in full to CCC in accordance with the CCC Terms and Conditions below.

Order Date 22-Sep-2021
Order License ID 1149579-1
ISSN 1558-8238

LICENSED CONTENT
Publication Title JOURNAL OF CLINICAL
INVESTIGATION. ONLINE

Effects of maternal iron
status on placental and
fetal iron homeostasis.

Article Title

Author/Editor American Society for

Clinical Investigation.

Date 12/31/1923
Language English
Country United States of America

Rightsholder American Society for

Clinical Investigation

REQUEST DETAILS

Portion Type Chart/graph/table/figure

Number of charts/ 1

graphs/tables/ figures

requested

Format (select all that Electronic

apply)

Who will republish the Author of requested
content? content

Life of current edition
Up to 499

Duration of Use
Lifetime Unit Quantity

Rights Requested Main product

NEW WORK DETAILS

Title Quantitating Iron
Transport Across the
Mouse Placenta In vivo
Using Non-Radioactive
Iron Isotopes

Type of Use
Publisher

Portion

Publication Type
Start Page

End Page

Issue

Volume

URL

Distribution

Translation

Copies for the disabled?
Minor editing privileges?

Incidental promotional
use?

Currency

Publisher imprint
Expected publication date

Expected size (number of
pages)
Standard identifier

Republishiin a
journal/magazine
AMERICAN SOCIETY FOR
CLINICAL INVESTIGATION
Chart/graph/table/figure

e-Journal

625

640

2

130
http://www.jci.org

Worldwide

Original language of
publication

No
No
No

usb

N/A
2022-02-01
3

N/A

https://marketplace.copyright.com/rs-ui-web/mp/license/5e53d064-4b8f-4355-a2b0-9c379c3d57d0/f58f4799-cbb6-4eb0-a843-1ccf29724348 1/5

L]


http://www.copyright.com/
https://marketplace.copyright.com/rs-ui-web
https://www.editorialmanager.com/jove/download.aspx?id=1417860&guid=59a88366-b466-4c27-9ad4-bf74d4c44902&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1417860&guid=59a88366-b466-4c27-9ad4-bf74d4c44902&scheme=1

12/9/21, 3:47 PM

Author

Publication
Publisher

Veena Sangkhae and
Elizabeta Nemeth

JoVE

MyJove Corp

ADDITIONAL DETAILS

Order reference number

N/A

REUSE CONTENT DETAILS

Title, description or
numeric reference of the
portion(s)

Editor of portion(s)

Figure 3C

Sangkhae, Veena; Fisher,
Allison L.; Wong, Shirley;
Koenig, Mary Dawn;
Tussing-Humphreys, Lisa;
Chu, Alison; Leli¢, Melisa;
Ganz, Tomas; Nemeth,
Elizabeta

The requesting person /
organization to appear
on the license

Title of the article/chapter
the portionisfrom

Author of portion(s)

Elizabeta Nemeth

Effects of maternal iron
status on placental and
fetal iron homeostasis.

Sangkhae, Veena; Fisher,
Allison L.; Wong, Shirley;
Koenig, Mary Dawn;
Tussing-Humphreys, Lisa;
Chu, Alison; Leli¢, Melisa;
Ganz, Tomas; Nemeth,
Elizabeta

https://marketplace.copyright.com/rs-ui-web/mp/license/5e53d064-4b8f-4355-a2b0-9¢379c3d57d0/f58f4799-cbb6-4eb0-a843-1ccf...

Volume of serial or 130
monograph

Issue, if republishing an 2
article from a serial

625-640 Publication date of 2020-02-02

portion

Page or page range of
portion

CCC Terms and Conditions

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication
of one or more copyrighted works as described in detail on the relevant Order Confirmation (the "Work(s)").
Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the rightsholder identified on
the Order Confirmation (the "Rightsholder"). "Republication”, as used herein, generally means the inclusion of a Work,
in whole orin part, in a new work or works, also as described on the Order Confirmation. "User", as used herein,
means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been duly
authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User, and (b)
shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third party
independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and conditions.
In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if User republishes
the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set forth
in the Order Confirmation and in these terms and conditions, and conveys no other rights in the Work(s) to
User. All rights not expressly granted are hereby reserved.

3.2

https://marketplace.copyright.com/rs-ui-web/mp/license/5e53d064-4b8f-4355-a2b0-9c379c3d57d0/f58f4799-cbb6-4eb0-a843-1ccf29724348 2/5



12/9/21, 3:47 PM https://marketplace.copyright.com/rs-ui-web/mp/license/5e53d064-4b8f-4355-a2b0-9¢379c3d57d0/f58f4799-cbb6-4eb0-a843-1ccf...

General Payment Terms: You may pay by credit card or through an account with us payable at the end of the
month. If you and we agree that you may establish a standing account with CCC, then the following terms
apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge of 1-
1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically set
forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices are due and
payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of the
Order Confirmation, the license is automatically revoked and is null and void, as if it had never been issued, if
complete payment for the license is not received on a timely basis either from User directly or through a
payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including
the editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is
subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of use or
circulation) included in the Order Confirmation or invoice and/or in these terms and conditions. Upon
completion of the licensed use, User shall either secure a new permission for further use of the Work(s) or
immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by
removing or severing links or other locators) any further copies of the Work (except for copies printed on
paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) which are identified in such material as
having been used by permission, User is responsible for identifying, and seeking separate licenses (under this
Service or otherwise) for, any of such third party materials; without a separate license, such third party
materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the Service.
Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as
follows: "Republished with permission of [Rightsholder's name], from [Work's title, author, volume, edition
number and year of copyright]; permission conveyed through Copyright Clearance Center, Inc. " Such notice
must be provided in a reasonably legible font size and must be placed either immediately adjacent to the
Work as used (for example, as part of a by-line or footnote but not as a separate electronic link) or in the
place where substantially all other credits or notices for the new work containing the republished Work are
located. Failure to include the required notice results in loss to the Rightsholder and CCC, and the User shall
be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the Order
Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work
may be used in any way that is defamatory, violates the rights of third parties (including such third parties'
rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit or obscene. In addition, User may not conjoin a Work with any other material that may result in
damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any
infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out
of any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in
any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy
or other tangible or intangible property.

Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO
USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the

https://marketplace.copyright.com/rs-ui-web/mp/license/5e53d064-4b8f-4355-a2b0-9c379¢c3d57d0/f58f4799-cbb6-4eb0-a843-1ccf29724348 3/5



12/9/21, 3:47 PM https://marketplace.copyright.com/rs-ui-web/mp/license/5e53d064-4b8f-4355-a2b0-9¢379c3d57d0/f58f4799-cbb6-4eb0-a843-1ccf...

total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the
total amount actually paid by User for this license. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO
GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the
license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of
written notice thereof shall result in immediate termination of such license without further notice. Any unauthorized
(but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of
the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three
times the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's
and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise
for the purposes of notifying User of such changes or additions; provided that any such changes or additions
shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy, available
online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not
assign or transfer to any other person (whether a natural person or an organization of any kind) the license
created by the Order Confirmation and these terms and conditions or any rights granted hereunder;
provided, however, that User may assign such license in its entirety on written notice to CCCin the event of a
transfer of all or substantially all of User's rights in the new material which includes the Work(s) licensed
under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms set
forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

8.5.
The licensing transaction described in the Order Confirmation document shall be governed by and construed

under the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any
case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such licensing
transaction shall be brought, at CCC's sole discretion, in any federal or state court located in the County of
New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the
location of the Rightsholder set forth in the Order Confirmation. The parties expressly submit to the personal

https://marketplace.copyright.com/rs-ui-web/mp/license/5e53d064-4b8f-4355-a2b0-9c379c3d57d0/f58f4799-cbb6-4eb0-a843-1ccf29724348 4/5


https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

12/9/21, 3:47 PM https://marketplace.copyright.com/rs-ui-web/mp/license/5e53d064-4b8f-4355-a2b0-9¢379c3d57d0/f58f4799-cbb6-4eb0-a843-1ccf...

jurisdiction and venue of each such federal or state court.If you have any comments or questions about the
Service or Copyright Clearance Center, please contact us at 978-750-8400 or send an e-mail to
support@copyright.com.

https://marketplace.copyright.com/rs-ui-web/mp/license/5e53d064-4b8f-4355-a2b0-9¢379¢c3d57d0/f58f4799-cbb6-4eb0-a843-1ccf29724348 5/5


mailto:support@copyright.com

