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Abstract

Adequate and timely delivery of iron is essential for brain development. The uptake of transferrin-

bound (Tf) iron into the brain peaks at the time of myelination, whereas the recently discovered 

H-ferritin (FTH1) transport of iron into the brain continues to increase beyond the peak in 

myelination. Here we interrogate the impact of dietary iron deficiency on the uptake of FTH1-and 

Tf-bound iron. In the present study, we used C57BL/6J male and female mice at a developing 

(post-natal day (PND) 15) and adult age (PND 85). In developing mice, iron deficiency results in 

increased iron delivery from both FTH1 and Tf for both males and females. The amount of iron 

uptake from FTH1 was higher than the Tf and this difference between the iron delivery was much 

greater in females. In contrast, in the adult model, iron deficiency was associated with increased 

brain iron uptake by both FTH1 and Tf but only in the males. There was no increased uptake from 

either protein in the females. Moreover, transferrin receptor expression on the microvasculature as 

well as whole brain iron, and H and L ferritin levels revealed the male brains became iron deficient 

but not the female brains. Lastly, under normal dietary conditions, 55Fe uptake was higher in the 

developing group from both delivery proteins than in the adult group. These results indicate that 

there are differences in iron acquisition between the developing and adult brain for FTH1 and Tf 

during nutritional iron deficiency and demonstrate a level of regulation of brain iron uptake that is 

age and sex-dependent.
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Developmental iron deficiency (ID) increased the brain 55Fe uptake in both males and females 

compared to the control mice. In adult mice, ID increases iron uptake in males but not females. 

The uptake of 55Fe was 10 times higher in the developing mice compared to the adult mice 

regardless of the sex and diet. Overall, our data concludes sex and diet effect of iron uptake into 

the brain during development and in developed brains.
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1 Introduction

Iron is essential for proper central nervous system metabolism through its role in brain 

growth, myelin formation, and the synthesis of neurotransmitters.1,2 These processes are age 

and sex dependent and we have previously shown that brain iron uptake is also age and 

sex-dependent.3-6 Iron deficiency anemia, especially during development, critically impacts 

neurological and cognitive function to the extent that the deficits persist into adulthood.7,8 In 

adults, iron deficiency also altered cognitive function9 but few studies have been carried out 

to confirm if iron deficiency throughout nondevelopment periods of life is correlated with 

changes in behavior, cognition, brain function, and responses to iron therapy.7

Dietary iron enters the blood via transport through enterocytes and is released as ferric 

iron.10 In the blood, apo-transferrin binds to the ferric iron and delivers it to the targeted 

tissues as transferrin-bound iron.11,12 Brain iron transport studies have traditionally focused 

on transferrin-bound iron as the classical iron transporter to the brain.13,14 Transferrin-bound 

iron binds to the transferrin receptor1(TfR1) on the apical side of endothelial cells in the 

blood-brain barrier and is endocytosed and iron is transported to the brain parenchyma as 

a free iron via the iron exporter ferroportin1/hephaestin (FPN1/HEPH)15 or as a Tf-iron 

complex.16,17 Our laboratory has recently shown that H-ferritin (FTH1) also transports iron 

to the brain.16,18,19 Under physiological conditions ferritin stores approximately 2000 iron 

atoms.20 Our previous study showed that FTH1-bound iron was a major source of iron to 

the brain during development, and its uptake is sex-dependent.21 Ferritin typically consists 
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of 24 subunits with different ratios of H- and L-ferritin, but these ratios are organ- and cell-

specific.22 For example, in the brain, FTH1 is found mainly in neurons, whereas L-ferritin 

is the predominant form in microglial cells. Oligodendrocytes and astrocytes contain both 

H and L subunits.23,24 FTH1 has ferroxidase activity which converts ferrous iron to ferric 

iron.25 Our studies have focused on FTH1 and its role in iron delivery rather than its more 

traditional role of iron storage.

In the current study, we address the relative roles of FTH1 and Tf in brain iron delivery 

and regulation during iron deficiency. This study provides a model for addressing the 

considerable public health debate as to whether or not to provide iron supplementation to 

children and even adults due to the lack of knowledge regarding iron regulation uptake 

into the brain. The first model we interrogated is iron deficiency during development while 

the brain is growing. Secondly, we studied iron deficiency in young adults when the brain 

is more developed. Females are more likely to be iron deficient than males. Therefore, 

we included sex as a variable in these two models of iron deficiency. The data we have 

generated may inform strategies of dietary iron supplementation and its relative efficacy.

2 Material and Methods

2.1 Animal experiment-C57BL/6J mice and diets

Male and female C57BL/6J mice were procured from the Jackson laboratory. 

Experimental protocols and procedures were approved by the IACUC, Penn State 

University (#PROTO201900998). Diet-induced iron deficiency was performed as described 

previously.26 Briefly, female breeders were fed a 35mg/kg iron diet (AIN93G-control diet) 

for seven days. We have found that this diet is adequate for pregnancy outcomes but does 

not allow for increased iron stores in the dam. Afterward, mice mated and pregnancy was 

confirmed by the presence of a vaginal plug. At gestational (G) day 5, the pregnant dams 

either continued on the control diet for control group (iron 35mg/kg diet, AIN-93G) or were 

switched to an iron-deficient diet for ID group (iron 3mg/kg diet #AIN-93) until the pups 

reached Post-natal Day (PND) 15. At PND14, the mice were injected with either 55Fe-Tf 

or 55Fe-FTH1 and tissues harvested after 24 hours. For the adult ID model, pregnant dams 

and pups were fed with control diet until PND45. At PND45 the mice were divided into two 

groups; a control group which continued on the same diet (iron 35mg/kg diet, AIN-93G) 

and an ID group which was fed an ID diet (iron 3mg/kg diet #AIN-93) until PND84. At 

PND84 mice were injected with 55Fe-Tf or 55Fe-FTH1 and tissues harvested after 24 hours 

(Figure1).

A total of 48 animals were utilized for control and ID groups in developing age 55Fe uptake 

study (n=6 for group in both sexes). For adult age experiments, 102 animals were used for 

Control and ID groups (n=5-6 for brain 55Fe uptake, n=5 for whole brain iron, n=9 for brain 

microvasculature (BMV) and parenchyma in both sexes).

2.2 Recombinant H-Ferritin

Wild-type human FTH1 containing a poly-His tag was subcloned into pET30a(+), to be 

produced in BL21 Escherichia coli.16 Isopropyl-β-D-thio-galactoside (IPTG) was used to 
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induce expression. Following this, bacteria were lysed, and FTH1 protein was purified on 

a nickel column using standard techniques (GE Healthcare Bio-Sciences). Transferrin was 

purchased commercially (Sigma).

2.3 Radiolabeled iron preparation
55Fe (Perkin Elmer) was complexed with 1 mM nitrilotriacetic acid (NTA), 6 mM ferric 

chloride (FeCl3), and 0.5 M sodium bicarbonate (NaHCO3) at a ratio of 100 μL NTA: 

6.7 μL FeCl3:23.3 μL NaHCO3 : 50 μCi 55FeCl3 to form the 55Fe-NTA complex19. After 

complexing, 55Fe-NTA was incubated with apo-Tf (Sigma) or FTH1 for 30 min to allow for 

iron loading. Unbound iron was separated from the total complex using PD midiTrap-G25 

columns following the manufacturer’s instructions (GE Healthcare Bio-Sciences).

2.4 55Fe uptake studies

Mice received a single intraperitoneal injection of 3.4 mg/kg body weight 55Fe-Tf or 55Fe-

FTH1 with 50 μCi of 55FeCl3. Twenty-four hours after injection, blood was drawn and mice 

were transcardially perfused with 0.1 M phosphate-buffered saline (PBS, pH 7.4). Brains 

were collected, weighed immediately, and solubilized using 1 mL Solvable (Perkin Elmer) 

according to the manufacturer’s instructions. After solubilization, a 10 mL Hionic-Fluor 

scintillation cocktail (Perkin Elmer) was added. Samples were counted using the Hidex 300 

SL (LabLogic) for three minutes each. Blank tube values were subtracted from the final 

counts to correct for background counts.

2.5 Isolation of brain microvasculature

Brain microvasculature isolation was performed as described previously.4 The brains were 

placed into a hand homogenizer unit containing 2 mL microvessel buffer (0.147 M NaCl, 0.4 

mM KCl, 0.3 mM CaCl2, 0.12 mM MgCL2, 15 mM HEPES, 0.5% BSA, 5 mM glucose). 

Brain homogenate was transferred into a microcentrifuge tube and centrifuged at 1000 × g 

for 10 min at 4°C. The pellet was resuspended in 1 mL 1.015 g/mL Percoll. The resuspended 

pellet was layered on 3 mL of 1.05 g/mL Percoll, then centrifuged at 15,000 × g for 30 

min at 4°C. The gradient was pierced by a needle and the microvessel-containing layer was 

collected. The microvessel fraction was passed through a 100-μm mesh filter. The remaining 

isolate was centrifuged at 1000 × g for 10 min at 4°C for final microvessel recovery. 

The final microvessel pellet was then resuspended in RIPA buffer containing 1X protease 

inhibitor cocktail (Sigma).

2.6 Immunoblotting

Immunoblotting was performed as described previously.16 Briefly, isolated brain 

microvasculature was homogenized in RIPA lysis buffer containing protease inhibitor 

cocktail (Cell signaling technology, USA) and phosphatase inhibitor cocktail (Sigma 

Aldrich, USA). After incubating on ice for 20 min, the homogenate was sonicated, 

centrifuged at 12000 rpm for 10 min at 4°C. The protein content of the supernatant 

was estimated using the micro-BCA kit method. An equal amount of protein (30μg) was 

fractionated on 4-20% SDS-gels under reducing conditions and transblotted onto PVDF 

membranes. The blots were blocked with 5% fat-free dry milk and probed for FTH1 

Palsa et al. Page 4

FASEB J. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Cell Signaling Technology, 1:1000, 4393S), FTL (Abcam, 1:1000, ab69090), TfR1(Santa 

Cruz Biotechnology; 1:250, sc-65882), TIM-2 (Abcam, 1:1000, ab86480), or beta-actin 

(Sigma, 1:1000, A5441). Corresponding secondary antibody conjugated to HRP was used 

(1:5000, GE Amersham), and bands were visualized using ECL reagents (PerkinElmer) 

on an Amersham Imager 600 (GE Amersham). The images were quantified using ImageJ 

software (NIH, Bethesda, MD, U.S.A.) and normalized to respective loading control, the 

β-actin.

2.7 Hematology

The hemoglobin and hematocrit were measured using a Heska HT5 Veterinarian 

Hematology Analyzer (Heska Antech Company, Loveland, CO, U.S.A).

2.8 Serum iron and TIBC

Serum iron and transferrin iron binding capacity was performed according to manufactures 

protocols (Pointe Scientific, USA, # I7504-60).

2.9 Brain iron analysis

Tissue Acid digestion performed as described previously27. Briefly, wet brains were 

digested overnight with nitric acid (2 mL) and, 30% hydrogen peroxide (1 mL) at 60° 

C. Iron concentration was determined by ICP-AES against a standard (MERK-multi-element 

standard # 111355). Results were expressed as μg /g of wet tissue weight.

2.10 ELISA

Serum FTH1 ELISA was performed according to the manufacturer’s protocols (Life Span 

Biosciences, USA, # LS-F22534).

Statistical analysis

All data were presented as the mean ± SD. Statistical analysis was employed with the 

GraphPad Prism version 9.0 software. Comparison of differences between two or multiple 

groups by Student's t- test and two- way ANOVA respectively. P < 0.05 was considered 

statistically significant.

3 Results

3.1 Developmental ID is associated with increased brain uptake of 55Fe-FTH1 and 55Fe-Tf 
in male and female mice

In the developmental model, iron deficiency was confirmed by differences in weight, 

color, and amount of hair between the two groups (Figure 2A, Supplementary Figure 1A). 

Collecting blood for hemoglobin analysis was prevented due to the small size of the animals, 

however the brain weights in control and ID pups were measured. The ID pups brain 

weights were significantly lower compared to the control group (supplementary figure1B). 

Subsequently, we measured the 55Fe uptake in brain from FTH1 or Tf. To measure iron 

uptake into the brain, we loaded either 3.5mg/kg of FTH1 or Tf with 50μCi of 55Fe 

and injected the radiolabeled proteins intraperitoneally. After 24 hours, the animals were 
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perfused with 0.1M PBS and brains collected to measure iron uptake. Brain uptake of 
55Fe-FTH1 and 55Fe-Tf increased significantly in the ID group in both sexes compared to 

corresponding control male and female mice (Figure, 2B, C). Furthermore, we measured 

the interaction between the diet and sex, there was a significant difference in uptake of 
55Fe-FTH1 in males and females (Figure 2B) but there is no statistically significant increase 

in the uptake of 55Fe-Tf in female mice compared to the males (Figure 2B). Next, we 

measured the difference between the amount of iron delivered by each of the proteins. More 
55Fe was taken into the brain during ID by FTH1- than Tf-55Fe in both sexes (Figure 2D). 

Additionally, we measured the 55Fe levels in the blood at the end of the experiment. There 

was no difference in the 55Fe-FTH1 between the control or ID in either male and females 

(Figure 2E) but 55Fe-Tf amounts were significantly higher in the ID blood compared to the 

control group in both sexes (Figure 2F).

3.2 Iron deficient diet-induced iron deficiency in the adult male and female mice

To demonstrate iron deficiency in the adult ID model, we measured the body weights and 

hematological parameters in the ID and control diet groups of adult male and female mice. 

The body weights of ID diet animals were decreased significantly compared to the control 

diet in both sexes (supplementary figure 2A). The hemoglobin and hematocrit (HCT) levels 

were significantly decreased in the ID diet group compared to the control diet group in both 

male and female mice (Figure 3A, B). We further determined the serum non-heme iron, total 

iron binding capacity (TIBC), Tf saturation, and FTH1 concentration in both adult male and 

female control and ID groups. The TIBC was significantly increased and, Tf saturation and 

serum non-heme iron levels were significantly decreased in the males and females in the 

ID group compared to the control group (Figure 3 C, D, E). In addition to serum iron, we 

also measured the serum FTH1 levels male and female mice during ID, in male mice FTH1 

levels were significantly lower than the controls, while, the FTH1 levels in the control and 

ID female mice groups were not altered (Figure 3F).

3.3 The uptake of 55Fe-FTH1 and 55Fe-Tf into the brains of male and female mice are 
different in the Adult ID model

Following confirmation of ID in adult mice, we measured the brain weights of control and 

ID groups of male and female mice. The brain weights were not altered between control 

and ID groups in either sex (supplementary figure 2B). Next, we determined the 55Fe uptake 

into the brain. In the adult model of ID, 55Fe-FTH1 and 55Fe-Tf uptake into the brain was 

significantly higher in the ID group compared to the control group in the male mice brains 

but there are no ID induced differences in the 55Fe-FTH1or 55Fe-Tf uptake in brains of 

the female mice (Figure 4A and B). Furthermore, we measured sex -dependent differences 

in 55Fe uptake during ID. The 55Fe uptake from both Tf and FTH1 was greater in ID 

males compared to females (Figure 4A and B). Moreover, the FTH1 bound iron uptake 

was significantly higher than the Tf bound iron uptake in males but in females, there is no 

difference between the iron delivery from either protein (Figure 4C). We further measured 

whether whole brain iron concentration was altered during adult ID in male and female. For 

this study, we perfused the ID male and female mice with 0.1M PBS and brain tissue was 

isolated. The whole brain tissues were digested with nitric acid measured iron concentration 

by ICP-AES. The whole brain iron levels in the males were significantly decreased in the ID 
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group compared to the control but not in the females (Figure 4D). Next, we measured the 
55Fe levels in blood during adult ID in both male and female mice. The 55Fe-FTH1 levels 

were significantly higher in both male and female compared to the control during ID (Figure 

4E). The 55Fe-Tf amount in the blood was significantly higher in the ID group compared to 

the control group in female mice but in males there is no significant difference (Figure 4F).

3.4 Sex specific changes in iron transporter expression in brain microvasculature and 
parenchymal ferritin expression in the adult ID model.

We next assessed whether diet-induced iron deficiency alters the parenchymal expression of 

H and L ferritin as well as brain microvasculature FTH1 and Tf receptor expressions. First, 

we isolated brain microvasculature and measured the TfR1 and T cell immunoglobulin-

domain and mucin-domain-2 (TIM-2) receptor expression in both sexes. TfR1 expressions 

were significantly increased in the ID males (Figure 5A), but there is no significant 

difference between the control and ID conditions in females (Figure 5B). TIM-2 expression 

was not changed significantly between the control and ID groups in either of the sexes. In 

the brain, iron is stored in the ferritin and ID conditions increase the turnover of ferritin.24,28 

Therefore, we further investigated the expression of the H and L ferritin in whole brain 

parenchyma of control and ID in male and female mice. In male mice, L and H ferritin 

expression levels decreased in the iron deficient group compared to the control mice (Figure 

5C) but were unchanged in female mice during ID (Figure 5D).

3.5 The uptake of 55Fe-FTH1 and 55Fe-Tf was greater in the developing mice compared to 
the adult mice’s brain

Based on the results presented in Figures 2 and 4, we further measured the FTH1- and 

Tf-bound iron uptake differences between the developing and adult brain of control and ID 

groups in males and females. First, we compared the 55Fe uptake between the developing 

and adult brains on control diets. The 55Fe uptake was significantly higher in developing 

group compared to the adults for both FTH1 and Tf (Figure 6A, B). Next, we measured the 
55Fe uptake in ID conditions, The FTH1 and Tf bound 55Fe uptake was 10 times higher in 

the developing mice compared to the adult mice (Figure 6 C, D).

4 Discussion

Our previous in vitro and in vivo studies have shown that FTH1 and Tf delivered iron to 

the brain,16,18,19 including during development.21 In the current study, we investigated the 

role of FTH1 and Tf in brain iron delivery during iron deficiency in developing and adult 

age, and the regulatory signals regarding brain iron status. This is the first demonstration 

of the relative ability of FTH1and Tf to transport iron to the brain and how this transport 

is altered by diet, age and sex. The results of this study also demonstrated that FTH1- and 

Tf-bound iron acquisition by the brain is significantly higher in developing mouse brain 

compared to the adult brain. Our Tf-mediated iron uptake data is consistent with previous 

studies demonstrating that uptake of iron peaks during development and then decreases in 

adult brain.29,30
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Iron is essential for developing brains because neural cells require constant and timely 

access to iron, especially during peak energy demand, such as mitochondria- genesis, 

synaptogenesis, and myelination.1,29 Iron deficiency during development results in lower 

brain weights and impaired formation of myelin.31-35 A key question, however, is, during 

periods of iron deficiency, does brain iron uptake increase or does the brain develop within 

the confines of iron deficiency? In the present study, the brain weights of ID pups were 

significantly lower and FTH1 and Tf bound iron uptake were significantly higher compared 

to control male and female pups. These data strongly support the notion that there are 

signals in the developing ID brain to increase iron uptake and those signals positively impact 

both iron delivery proteins. In newborns, the serum ferritin concentration was significantly 

higher than the mothers36 but the subunit composition of serum ferritin remains unclear 

in newborns. Of note, was that the amount of 55Fe delivered from FTH1 was significantly 

higher than delivered by Tf and the difference in FTH1 uptake compared to Tf is sex 

dependent. This report is consistent with our previous study that FTH1 transports more 

iron compared to the Tf in the normal developing brain and the uptake patterns were sex 

dependent.21

The mechanism for brain iron acquisition has traditionally been ascribed to Tf bound iron 

uptake via the TfR1 on the blood brain barrier endothelial cells.15 This study and previous 

work from our laboratory have established a significant role for FTH1 in brain iron delivery 

as well.15,18 The receptor for FTH1 is TIM-2 although FTH1 can also reportedly bind 

to the TfR1.17,37 TfR1 expression on the endothelial cells is regulated by the amount of 

brain iron38 but the regulation of expression TIM-2 is not known. Indeed, in this study we 

demonstrated the TIM-2 was not increased in the brain microvasculature when the brain was 

iron deficient and TfR1 was increased. We have also demonstrated the endothelial cells are 

not a passive conduit for iron movement into the brain but rather can serve as a reservoir 

and iron release can be induced.17,39 The mechanism of iron release into the brain involves 

the iron export protein ferroportin17,40 and recently we demonstrated in a cell culture model 

of the blood brain barrier both FTH1 and Tf bound iron transport from endothelial cells via 

exosomes.16

In the brain, the concentration of iron is highest at birth (PND 0), decreases through PND 

0 to 22, and again increases from weaning (PND23) to PND 60 similar level to that at 

birth.41-43 During the first week of postnatal development, brain iron is stored predominantly 

in ferritin and at this stage the brain grows rapidly, and the level of brain activity increases, 

which creates a high demand for iron41,42 However, in gestational and lactational ID models, 

the brain iron levels were significantly lowered compared to control at PND7.44,45 As a 

result, ferritin-iron stores were relatively low at PND1444 and the brain presumably sends 

signals to the endothelial cells to import more iron from blood. This concept is evident 

in studies on diet-induced developing iron deficient animals where cross-fostering to iron 

normal dams can replete brain iron levels.26,46,47 The present study is consistent with the 

findings of the PND 15 model and show increased iron uptake from Tf and FTH1 in the iron 

deficient PND15 animals. Our adult ID study differs from previous studies that ID started at 

PND 2148,49 but in our animals ID was not started until PND45. Thus, our data suggest once 

the set point of brain iron concentration is reached the brain can undergo iron deficiency 

at a later age but only in males. Moreover, the adult onset iron deficiency can signal for 
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increased iron delivery from both Tf and FTH1. The identity of the signals to increase brain 

iron uptake during development are not known but we have demonstrated the role of holo-Tf 

and apo-Tf ratios in regulating Tf uptake in the adult brain.19 It is reasonable to assume 

that these ratios also drive brain iron uptake during development. The data further imply 

that female brains have better ability to retain iron than males. This a notion supported by 

our previous iron uptake work where we showed that in adult wild type mice 59Fe-Tf brain 

uptake was initially similar in both males and females at 24 hours. However, after 5 days, 

males lose significantly more 59Fe compared to the females while female mice 59Fe levels 

remained stable.4

In the present study, the adult ID was associated with increased brain iron uptake in 

the males from both Tf and FTH1 but there was no increase in iron delivery in the 

adult female brain from either protein. This important finding reflects the male brain 

becomes iron-deficient but the female brain does not; despite all the systemic parameters 

demonstrating significant iron deficiency in the females. Thus, there are two key elements to 

this finding; 1) Previous studies proposed that a “set point” for brain iron concentrations is 

met by accumulating iron during the weaning period, which is based on the brain metabolic 

activity.41,50-52 Alterations in iron availability during developmental period are addressed 

by both males and females by increasing iron uptake from both iron delivery proteins. 

2) The regulation of brain iron uptake stems from the brain and is not influenced by the 

systemic iron deficiency. In our adult model, both males and females became systemically 

iron deficient but only the male brains became iron-deficient. This iron deficiency in the 

males was met by increased delivery of iron from both proteins. There was no increase in 

brain iron delivery in the females. Our recent in vitro and in vivo studies demonstrated that 

the regulation of brain iron acquisition is modulated by release of iron from the endothelial 

cells of the BBB in response to the ratio of brain apo/holo Tf and also this regulation is 

sex dependent.17,19,53 Furthermore, in the brain, the ratio of apo/holo transferrin depends 

upon the brain iron concentration. Lower brain iron concentration increased the ratio, which 

further increase the iron transport into the brain by modulating FPN1/HEPH axis.53 The 

ratio of apo/holo Tf in our previous study did not increase FTH1 suggesting there is another 

signal in the iron deficient brain for increasing FTH1. Together these results, indicate that 

brain iron levels regulate the iron uptake into the brain, not systemic iron level and there 

is a sex difference in iron uptake/release regulation, the data also suggest that brain iron 

retention is better in females than males during ID.

A limitation of the current study is that we were unable to measure the concentrations 

of FTH1 and Tf in developing mice blood. Consequently, we are unable to determine the 

specific activity of the circulating FTH1 and Tf and thus the absolute (hot +cold) iron uptake 

mediated by FTH1 and Tf.

This study indicates that FTH1-bound iron plays a highly significant role in transporting 

iron to brain compared to the Tf bound iron during diet-induced ID in developing and adult 

brain and this delivery mode can be upregulated by diet, but the upregulation is sex and age 

dependent. These studies further suggest that not only is brain iron uptake regulated but the 

regulatory mechanisms are different for Tf and FTH1 and there are sex differences in the 

engagement of these regulatory mechanisms. These data potentially address two significant 
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public health issues regarding brain iron supplementation during development and adult age. 

Firstly, the brain appears aware of its iron requirement during development and sends signals 

to increase iron acquisition to meet the metabolic demands of development. Secondly, it is 

clear that brain iron uptake is tightly regulated and the regulation is independent, at least 

in the adult model, of the peripheral iron status. Overall, these data provide compelling 

evidence for a sex and diet effect of iron uptake into the brain during development and in 

developed brains.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Experimental Model timeline
For developmental ID, at gestational day 5, the pregnant dams were fed either a control diet 

(iron 35mg/kg diet, AIN-93G) or an iron-deficient diet (iron 3mg/kg diet #AIN-93) until 

the pups reached P14. At PND14 pups were injected IP with 55Fe-FTH1 and 55Fe-Tf and 

measured 55Fe activity in the brain and liver after 24 hours.

For the adult ID model, pups were weaned onto the control diet until PND45. At P45 the 

mice were divided into two groups; 1 ID group fed with ID diet (iron 3mg/kg diet #AIN-93) 

and a control group fed with control diet (iron 35mg/kg diet, AIN-93G) until P85. At P84 

mice were injected IP with 55Fe-FTH1 and 55Fe-Tf and measured 55Fe activity in the brain 

and liver after 24 hours.
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Figure 2. Developmental ID is associated with increased brain uptake of 55Fe-FTH1 and 55Fe-Tf 
in male and female
The pregnant mice were placed on control or ID diets. At PND14, 55Fe-Tf or 55Fe-FTH1 

was injected intraperitoneally into the pups. After 24 hours 55Fe uptake into the brain was 

measured in a liquid scintillation counter, results are expressed in DPM/g. (A) Illustrates 

the images of the control and ID of PND14 pups. (B) illustrates the 55Fe-FTH1 uptake 

in the brains of male and female mice. (C), 55Fe-TF uptake in the brain. D) demonstrates 

the difference between the uptake of 55Fe-FTH1 and 55Fe-Tf in male and female mice 

brains ID groups. E and F) demonstrating the amount of 55Fe-FTH1 and 55Fe-Tf in 

blood respectively. 55Fe activity was measured through liquid scintillation and results are 

expressed as DPM/mL. n=6 for all conditions, the data were presented mean± S.D. and 

two-way-ANOVA was used for the statistical significance.
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Figure 3: Iron deficient diet-induced iron deficiency in the adult male and female mice
Postnatal 45-day old mice (mice male and female) were placed on control or ID diets for 6 

weeks, after that blood was collected and measured for hematological and iron parameters. 

(A, B), Hb and HCT levels were significantly reduced in the ID diet compared to the control 

diet. (C) Illustrates the Serum iron concentration. (D), Total iron binding capacity. (E), 

Transferrin saturation. (F), Serum FTH1 concentration. n=5-6 for all conditions, the data 

were presented mean± S.D. and two-way-ANOVA were used for the statistical significance.
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Figure 4: The uptake of 55Fe- FTH1 and 55Fe-Tf into the brains of male and female mice are 
different in the Adult ID model
Young, adults (P45, mice male and female) were placed on control or ID diets for 6 weeks 

(until PND 84), and then 55Fe-Tf or 55Fe-FTH1 was injected intraperitoneally. After 24 

hours the brains were harvested and 55Fe uptake was measured in a liquid scintillation 

counter. The results are expressed in DPM/g. For normal brain iron, A separate group of 

Young, adults (P45, mice male and female) from those used in the uptake studies were 

placed on control or ID diets for 6 weeks. At that point, the animals were perfused with 

0.1N saline, and brains were collected the whole brain’s iron levels measured by ICP-AES. 

(A) illustrates the 55Fe-FTH1 uptake in the brains of male and female mice. (B), 55Fe-TF 

uptake in the brain C) demonstrate the difference between the uptake of 55Fe-FTH1 and 
55Fe-Tf in male and female mice brains. (D) Whole brain iron levels in male and female 

mice's control and ID groups. E and F) illustrating the amount of 55Fe-FTH1 and 55Fe-Tf 

in blood respectively. 55Fe activity was measured through liquid scintillation and results are 

expressed as DPM/ mL. n=5-6 for all conditions, the data were presented as mean ± S.D., 

and two-way-ANOVA was used for the statistical significance.
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Figure 5: Sex-specific changes in iron transporter expression in brain microvasculature and 
ferritin expression in the parenchyma of the adult ID model
A separate group of young, adults (P45, male and female mice) from those used in the 

uptake studies were placed on control or ID diets for 6 weeks. At that point, the animals 

were perfused with 0.1N saline, brains were collected and brain microvasculature and 

parenchyma separated from the whole brain. (A) Representative immunoblots from males 

for TfR1 and TIM-2. Each band is a pooled sample of 3 animals and data normalized to 

actin (total 9 males per group), B) Representative immunoblot from females for TfR1 and 

TIM-2. Each band is a pooled sample of 3 animals and data normalized to actin (total 9 

females per group), C) Illustrates the whole brain parenchyma L and H ferritin expression in 

males D) demonstrates the whole brain parenchyma L and H ferritin expression in females. 

Each band is a pooled sample of 3 animals and data normalized to actin (total 9 males per 

group) The data in each graph are presented mean± S.D., and a Student’s t-test was used for 

the statistical significance.
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Figure 6: The uptake of FTH1-and Tf-55Fe was greater in the developing mice compared to the 
adult mice’s brain
55Fe-FTH1 or 55Fe-TF was injected into the early-age (P15) and adult-age (P85) iron 

deficiency mice and measured the 55Fe activity between the early-age and adult-age brain. 
55Fe activity was measured through liquid scintillation and results are expressed as DPM/g. 

A and B) illustrate the comparison of 55Fe-FTH1 and -Tf brain uptake between the P15 

and P85 in the control diet (A) 55Fe-FTH1, (B) 55Fe-Tf uptake. C, and D) demonstrate the 

comparison of 55Fe-FTH1- and -Tf brain uptake between the P14 and P85 in ID conditions. 

(C) 55Fe-FTH1 and (D) 55Fe-Tf respectively. n=5-6 per group for all conditions, the data are 

presented mean± S.D. and two-way ANOVA was used for the statistical significance.
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