JCBFM

Journal of Cerebral Blood Flow &
Metabolism

2018, Vol. 38(3) 540-548

© Author(s) 2017

Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0271678X17701949
journals.sagepub.com/home/jcbfm

®SAGE

Original Article

A role for sex and a common HFE gene
variant in brain iron uptake

Kari A Duck', Elizabeth B Neely', lan A Simpson? and
James R Connor'

Abstract

HFE (high iron) is an essential protein for regulating iron transport into cells. Mutations of the HFE gene result in loss of
this regulation causing accumulation of iron within the cell. The mutated protein has been found increasingly in numerous
neurodegenerative disorders in which increased levels of iron in the brain are reported. Additionally, evidence that these
mutations are associated with elevated brain iron challenges the paradigm that the brain is protected by the blood—brain
barrier. While much has been studied regarding the role of HFE in cellular iron uptake, it has remained unclear what role
the protein plays in the transport of iron into the brain. We investigated regulation of iron transport into the brain using a
mouse model with a mutation in the HFE gene. We demonstrated that the rate of radiolabeled iron (**Fe) uptake was
similar between the two genotypes despite higher brain iron concentrations in the mutant. However, there were
significant differences in iron uptake between males and females regardless of genotype. These data indicate that

brain iron status is consistently maintained and tightly regulated at the level of the blood—brain barrier.
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Introduction

Iron is a vital micronutrient. The crucial nature of iron
stems from its multifunctionality as a cofactor in vari-
ous enzymatic reactions important for processes such as
neurotransmitter synthesis, myelination, DNA synthe-
sis and oxygen transport.! Iron homeostasis is critical,
however, due to its ability to easily transition between
oxidation states through Fenton Chemistry. The prod-
ucts of this reaction include toxic hydroxyl radicals and
reactive oxygen species, which can damage lipids,
proteins, and DNA.*? Brain iron dyshomeostasis and
oxidative stress has been associated with various neu-
rodegenerative diseases.* '® Identifying the origin of
brain iron imbalance has an additional challenge
because the brain is protected by the blood—brain bar-
rier (BBB), and regulation of iron transport at the BBB
remains poorly understood. The BBB is the term given
to the brain microvasculature, unique from that seen in
most other organs due to its formation of tight junc-
tions and complex mechanisms that regulate transport
from the blood into the brain parenchyma.''™'*
A better understanding of the mechanisms by which

iron is transported across the BBB may be crucial to
determining the underlying cause(s) of brain iron
imbalance in disease. Moreover, elucidation of the
mechanisms of brain iron uptake and their regulation
will be critical to optimizing intervention strategies for
addressing behavioral and cognitive deficits that stem
from developmental iron deficiency.

HFE is an iron management protein most often
associated with the iron overload condition, hemo-
chromatosis, but that has recently gained interest in
the field of neurodegenerative disease.'>!” The wild
type HFE protein functions on a cellular level to limit
transferrin (Tf) binding to transferrin receptor (TfR1)
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at the cell membrane.'®!'” HFE interacts with B, micro-
globulin (B,M), a protein that directs HFE to the cell
membrane where it can interact with TfR1."” 2! The
interaction of HFE to TfR1 limits the receptor binding
capacity to only one holo-Tf (Fe,-Tf) molecule.'®!"” The
mutated form of HFE protein no longer decreases
TfR1 binding capacity allowing for iron overloading
to occur.'®!" Two mutations in the HFE gene have
been identified that are associated with the iron over-
load condition hereditary hemochromatosis (HH).?
Despite its increased association with HH, the C282Y
gene variant is less prevalent in the population than the
H63D gene variant.

In this study, we evaluated the H67D/H67D (mouse
homologue to human H63D) HFE knock-in mouse.
This HFE mutation is linked to the iron overload
disease hemochromatosis and whether the brain accu-
mulates iron in the presence of this mutation has been
historically controversial. Data clearly show the muta-
tion is associated with increased brain iron and
evidence is mounting that the prevalence of this muta-
tion is elevated in numerous neurodegenerative dis-
eases.”” Previous studies have confirmed the presence
of HFE protein in the brain microvasculature and we
have provided evidence that the presence of this muta-
tion alters metabolism in a mouse model and in human
brain.'>'®** The goal of this study was to evaluate
changes in whole brain iron accumulation in a homozy-
gous H67D/H67D mouse and to compare iron uptake
patterns between wild type and H67D/H67D mice. The
data presented in the current study together with our
previous data further support the concept of regulation
of brain iron uptake at the level of the BBB.'¢-*+2°

Materials and methods
Radiolabeling of transferrin

*Fe (40 uCi, Perkin Elmer) was complexed with 40 uL
nitrilotriacetic acid (NTA), 0.5uL Img/mL ferric
chloride, and 2 pL 0.5M sodium bicarbonate to form
an *’Fe-NTA complex. Iron-poor Tf (apo-Tf) (1.2 mg,
Sigma) was combined with the *’Fe-NTA complex and
allowed to incubate for 10 min. Free iron was separated
from the *’Fe-Tf using a Sephadex-G25 QuickSpin
column as per the manufacturer’s instructions (Roche).

In vivo iron uptake study

The H67D knock-in mice were used from our labora-
tory’s own colony. The development of these mice
has been previously described.”® Mice were genotyped
to determine  homozygosity, H67H/H67H  or
H67D/H67D, by our standard laboratory protocol;'®
10 male and 10 female H67H/H67H mice and 10 male

and 10 female H67D/H67D mice received a single retro-
orbital injection of 3.4pug/g body weight *°Fe-Tf.
Injections were administered in the morning of a reverse
12-h light/12-h dark cycle. After 24 h or five days, blood
was collected and then the mice were transcardially per-
fused using 0.1 M phosphate-buffered saline (PBS;
pH7.4). The mice were then decapitated and organs
were collected and weighed immediately. Two mice
were combined for each n=1 to reduce radioactivity
measurement error. For the brain, the cerebrum was
removed from the cerebellum, the meninges were dis-
sected, and the microvessels were subsequently isolated
as described below. Radioactivity was then measured in
all resulting brain fractions, blood, and liver on a
Beckman Gamma 4000 (Beckman Coulter). Protein in
the microvessel isolates was measured by BCA assay as
per the manufacturer’s instructions (Pierce). All proced-
ures were conducted according to the NIH Guide for the
Care and Use of Laboratory Animals and were
approved by the Pennsylvania State University College
of Medicine Institutional Animal Care and Use
Committee under Protocol # 45975. Experiments were
performed and reported in accordance with Animal
Research: Reporting in Vivo Experiments.

Isolation of brain microvessels

The brains were placed into a hand homogenizer unit
containing 2mL MVB Buffer (0.147M NacCl, 0.4 mM
KCl, 0.3mM CacCl,, 0.12mM MgCL,, 15mM HEPES,
0.5% BSA, 5SmM glucose). A sample of homogenized
whole brain was taken to measure total brain radio-
activity. Brain homogenate was transferred into a
microcentrifuge tube and centrifuged at 1000 x g for
10 min at 4°C. Supernatant was removed and a portion
was used to measure radioactivity. The pellet was resus-
pended in 1mL 1.015g/mL percoll. The resuspended
pellet was layered on 3mL of 1.05g/mL percoll then
centrifuged at 15,000 x g for 30 min at 4°C. The gradi-
ent was pierced by a needle and the microvessel-
containing layer was collected. A myelin-containing
fraction was also collected and radioactivity measured.
The microvessel fraction was passed through a 100-um
mesh filter. The remaining isolate was centrifuged at
1000 x g for 10 min at 4°C for final microvessel recov-
ery. The final microvessel pellet was then resuspended
in RIPA buffer containing 1X protease inhibitor cock-
tail (Sigma) and homogenized for radioactivity and
protein detection.

Measurement of brain iron

Five male and five female three-month-old wild type
and homozygous (H67D/H67D) H67D knock-in mice
were transcardially perfused with 0.1 M PBS (pH 7.4)
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before sacrifice. Brains were harvested and stored at
—80°C. Frozen brain tissue was digested in 0.2%
nitric acid at 60°C until digestion was complete
(approximately 24 h). The samples were then diluted
2-fold in TraceSELECT water (Fluka). Total brain
iron concentrations (ug/g of tissue; wet weight) were
measured by flame atomic absorption (AA) spectrom-
etry according to standard protocol (PerkinElmer
AAnalyst 800 Atomic Absorption Spectrometer).

Statistical analyses

Prism (GraphPad Software) software was used for stat-
istical analyses and data graphing. Data are expressed as
mean + standard error of the mean (SEM). Statistical
differences between experimental groups were deter-
mined using a two-way ANOVA and Bonferroni’s mul-
tiple comparisons test. A level of significance of p < 0.05
was used for all differences evaluated.

In vivo uptake study. All variables were initially summar-
ized with frequencies and percentages for categorical
variables and with means, medians, and standard devi-
ations for continuous variables. The distribution of the
main outcome, percentage total injectate, was checked
using a histogram and normal probability plot. The
distribution was determined not to follow normal
population distribution, so nonparametric methods
were employed for analysis instead. Comparisons
using Wilcoxon Rank Sum tests were made between
sexes within genotypes and between genotypes within
sexes. These comparisons were made within each of the
two time points and six sample types. Comparisons
between time points within each sex, genotype, and
sample combination were made using Wilcoxon
Signed Rank tests. The change between time points
was compared between genotypes within sexes or
between sexes within genotype for each sample using
Wilcoxon Rank Sum tests. To adjust for multiple com-
parisons, we applied the Bonferroni correction by
multiplying the p-values by a factor of four to account
for the four comparisons made within each similar set
of comparisons (sexes within genotypes and time
points, genotypes within genotypes and time points,
time points within sexes and genotypes). Medians and
interquartile range were used to quantify differences
between groups. All analyses were performed using
SAS version 9.4 (SAS Institute, Cary, NC).

Results

To determine if the brain iron uptake patterns could be
altered by a systemic mutation that favors iron loading
in organs, we compared male and female mice carrying
the H67D mutation of the HFE gene with

corresponding wild type mice and as illustrated in
Figure 1, there is a significant increase in brain iron
in the mutant mice at three months of age (Figure 1).
Liver *Fe uptake was measured as an organ associated
with elevated iron in the HFE mutants (Figure 2). *Fe
uptake was increased in the H67D/H67D female mice
compared to wild type but not in males at 24 h post-
injection (Figure 2). Five days after injection, female
mice had elevated *Fe compared to males but there
was no genotype effect (Figure 2).

Accumulation of **Fe was analyzed in whole brain, a
microvessel-depleted cortical brain fraction, a myelin-
containing fraction, and a microvessel-containing frac-
tion (Figures 3 to 6). There were no significant genotype
differences in *’Fe accumulation observed at 24 h in any
of the brain fractions. The wild type male, however, did
appear to have more rapid initial uptake of iron fol-
lowed by more rapid equilibration of iron content by
five days post injection. There was a significant sex
effect observed at five days after injection. Females
had higher levels of *Fe in the female whole brain,
cortical, and myelin-containing fractions. Moreover,
the wild type males appeared to lose iron over the
five-day period but the other groups maintained similar
amounts of iron (Figure 3(c)). The HFE mutant mice
had 81% less iron in the microvasculature at 24 h post
injection but this difference did not reach statistical sig-
nificance. After five days, male wild type mice still had
42% higher iron than the mutant mice but this finding
was still not statistically different. Of note, the amount
of iron in the microvasculature was unchanged over five
days in each of the groups indicating a stable level of

Brain Iron measured by AA
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Figure |. Total brain iron in wild type and H67D/H67D mice at
three months of age. Whole brains were harvested and then
digested in HNO;. Total brain iron was then measured in the
brains of H67D/H67D and wild type mice by atomic absorption.
There was significantly more iron in the brain of H67D/H67D
mice when compared to their wild type counterparts. Iron in
H67D/H67D males was ~37% higher than wild type males while
iron in H67D/H67D females was ~61% higher than wild type
females. n = 5/group. ***p < 0.001, ****p < 0.0001.
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Figure 2. *°Fe accumulation in the livers of wild type and g - -
H67D/H67D mice. Iron was injected intravenously and then the 5 . A
livers were collected, weighed, and radioactivity was measured. = -2x1093 - e
(2) At 24 h after injection, H67D/H67D females exhibited sig- s
nificantly more *°Fe retention in the liver, but no other changes o .
were observed. (b) At five days after injection, there were no =410 & : ; =
significant differences in *°Fe liver accumulation across geno- \&7} e’(c?} \@\ e@‘f’\
types, but there was significantly more *°Fe retained in the liver & \é\“ Q@O /\Q(‘
of female mice when compared to their male counterparts. ,\Q\ @Q’
*p < 0.05. & ®

iron in the BBB cells (Figure 6(c)). The loss of iron over
five days in the wild type male appears to be driven by a
failure of the white matter (myelin fraction) to retain
iron (Figure 5(c)).

Discussion

Although it has long been thought that there is no
increase in brain iron accumulation with the
HFE mutation because of the BBB, the original

Figure 3. *°Fe accumulation in whole brain. Iron was injected
intravenously and then the brains collected, homogenized and
radioactivity was measured in the whole brain prior to making
fractions. (a) At 24 h after injection with *°Fe-Tf, no significant
sex or genotype effects were observed. (b) At five days after
injection with >°Fe-Tf, there was significantly more >°Fe present
in the brains of female mice than in the brains of male mice for
both genotypes studied. (c) Changes in *°Fe between the 24-h
and five-day time points were calculated. Wild type females
exhibited significantly less change than the wild type males, which
had reduced **Fe. *p < 0.05.



Journal of Cerebral Blood Flow & Metabolism 38(3)

544
(a) 24 hour cortical fraction °Fe accumulation (a) 24 hour myelin-containing
03 _ fraction 59Fe accumulation
1.0%10 . —
S 8.0x1004 4
g 5 .
2. 6.0x1004 4 § 1.0x109 1
= £
E g L — L]
19 4.0x1004 { —— g » —-—
~ 5.0x1004 4 A
® 20x10%4 ° A S s
L ]
0.0 T T T T 0.0 T T T
& & & F & ¥ &£
\\g\ QSZu 6\0 Q(('b \Yéé\ Qe’é\ /\0\&\ ((Q)(Q
& &« RN
Q;\Q /\Q\b ‘::;\0 0\‘?"
& ) s Q‘é\
(b) 5 day cortical fraction %°Fe accumulation (b) 5 day myelin-containing
4%10°04 - " fraction 59Fe accumulation
* — 04 o *
_ —x 8x10 —_ "
S 3x1004 g ' '
8 T 6x10% 1
= 2x10014 e £
% [ T 4x10°04 - -
E . - —a At
R 1x10 % = .
) 2% U-Dd - L] &
O Ll Ll L] T 0
@ & & @ T T T T
il e@rb Q"@ w‘c@ 3 2 3 &°
& « A < & o & o
N © Q & <@ Q <@
S & &
Q & 3 &
& Q EAI S
* & &
C i 0 z 59
© Chz;_r:g:.. ';:::“;:Itga;:;:ns Fe (c) Change in myelin-containing
— = ¥ fraction 5%Fe from 24 hours to 5 days
0x1004 -
. 5.0x10°04 = I*—|
5 0.0 : o i ——
T 20x100% { —e— S
g . ° 0.0 R
—Z -4.0x10°04 4 2 o
3 5 &t
-6.0x10°04 4 ——
P P -5.0x10°04 4
-80x1004 4 o ES
-03
-1.0x10 T T T T -1.0:‘10_03 : . . .
&° o \@e’ o @ N @ N
\\5&\ & o & NPT
‘g\ ) Q \gé A3 A0 &
& & &£ <0 Q
O NS o' °
NS & & Q'
NS T8

Figure 4. *°Fe accumulation in an isolated cortical brain frac-
tion. The cortical fraction was generated by performing a capil-
lary depletion on whole brain homogenates. Radioactivity was
then measured in this brain fraction. (a) After 24 h, no significant
sex or genotype effects were observed. (b) Five days after
injection, females for both genotypes exhibited significantly more
cortical *°Fe accumulation when compared to males within the
same genotype. (c) There were no significant differences in the

change seen in cortical brain levels of *Fe. *p < 0.05.

Figure 5. >°Fe accumulation in a myelin-containing brain fraction.
The brain homogenate was processed by density centrifugation to
isolate the myelin-containing fraction of the brain. This fraction was
then weighed and radioactivity was measured. (a) No significant

sex or genotype effects were seen at 24 h after injection. (b) At five
days after injection, however, there was significantly more *%Fe in
the myelin-containing brain fraction of females when compared to
males within the same genotype. (c) The change in iron associated
with the myelin-containing fraction was calculated. The wild type
males exhibited a greater reduction in *’Fe over the five-day time
period than wild type females or H67D/H67D males. *p < 0.05.
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Figure 6. *°Fe accumulation in the brain microvasculature.
Microvessels were isolated from the brain and homogenized.
Total protein was measured and the radioactivity was measured.
(a) Within 24 h after injection, the brain microvasculature accu-
mulated measurable levels of *°Fe. (b) After five days, the brain
microvasculature retained >°Fe. (c) The microvasculature exhib-
ited almost no change in *°Fe over the five-day time course
studied here, indicating its ability to retain iron and function as an
iron reservoir.

publications reporting on patients with hemochroma-
tosis did find increased brain iron staining in diffuse
areas of the brain that were protected by the
BBB.?”-*® Moreover, more recent studies using neuroi-
maging have reported an increase in brain iron in indi-
viduals with the HFE gene variant'® and animal studies
from our own laboratory with the knock-in model of
the HFE/H63D gene variant report brain iron accumu-
lation.'® The focus of this study was to determine how
brain iron uptake mechanisms are affected by the HFE
gene variant. We found that at three months of age, the
mutant mice had increased levels of total brain iron but
no significant differences in *Fe uptake in the brain
over 24h or five days when compared to their wild
type counterparts. These data are perhaps the strongest
support for the concept we introduced in our previous
study?’ that signaling regarding brain iron status comes
from the brain. In this study, we demonstrate that even
a genetic mutation that promotes iron overload does
not result in an elevated rate of iron uptake after the
BBB has been formed and brain iron levels established.
In addition, the observation of iron in the microvascu-
lature represents a key finding of our study. Our data
demonstrate that there was “’Fe accumulation and
retention in the microvessels which further supports
our concept that the BBB serves as an iron reservoir
for the brain parenchyma.>’

The mouse model of the HFE mutation (H67D)
enables us to determine if and how brain iron uptake
is regulated using a genetic model favoring iron over-
load. The brains from the mutant mice had elevated
iron levels; however, at three months of age the rate
of brain iron uptake was not different between the
mutant and wild type mice. Indeed, the similarity in
rate of iron uptake in the wild type and mutant also
indicates that the signals coming from the brain were
comparable despite the 33% increase in brain iron con-
tent in the mutant mice. There was neither a reduction
nor a continued increase in the rate of uptake suggest-
ing the two models had reached a brain iron set point
that was being maintained. The handling of iron within
the endothelium may explain the comparable rates of
uptake. We demonstrated 42% (females) and 81%
(males) decreases in microvessel-associated iron with
the HFE mutation but this difference did not reach
statistical significance in this study. Therefore, we
cannot rule out that there still may be a biological
impact of the HFE gene variant on handling of iron
at the level of the BBB.

Another key observation in this study was the sex-
dependent differences in *’Fe uptake and accumulation
in the brain. Our study replicates findings by Tomatsu,
et al.?® in which the female but not male H67D/H67D
mice accumulate more liver iron when compared
to wild type and extends the sex-dependent differences
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in iron uptake to include iron accumulation in the
brain. To date, studies that evaluated sex differences
in brain iron have revealed mixed results.*' *

An explanation for the sex-dependent differences
may be in the role of iron in neurotransmitter synthesis
and myelination in the brain. The sex differences in
brain iron uptake are consistent with reports that
females have higher rates of dopamine synthesis
and release when compared to males.** 3% A well-
established connection between iron status and dopa-
mine has been described.*® *® This impact of iron on
dopamine biology is in part due to its role as a cofactor
for tyrosine hydroxylase, the enzyme responsible for
generating  the  direct  dopamine  precursor
L-DOPA.*"*® Additionally, the sex differences are con-
sistent with reports of increased myelination within the
female adult brain.**° A relationship between iron and
myelination is also well-established.”' > In general, the
differences in iron uptake and iron requirements for
females versus males may have direct implication for
clinical studies as they suggest females may be at
greater risk for decreased cognitive and motor function
associated with iron deficiency than males. Conversely,
males may be at a greater risk for neurodegenerative
diseases associated with elevated brain iron. In fact,
both Parkinson’s Disease and amyotrophic lateral
sclerosis are more prevalent in males than in
females.*>7->* Interestingly, one study showed that pre-
menopausal women that undergo hysterectomy (to
mimic the postmenopausal state) have comparable
levels of brain iron to age-matched males.>”

This study, in conjunction with our previous find-
ings, provides new insights into regulation of brain
iron uptake. Our data show that iron levels are similar
for males and females yet the amount of iron uptake
is greater in female brains. Does this finding suggest
that female brains could be more vulnerable to iron
deficiency than male brains? Would female brains
respond more rapidly to dietary iron supplementation
compared to male brains? The concept of timing of
supplementation is clinically important given the evi-
dence that cognitive deficits from development persist
into adulthood despite recovery of systemic iron
levels.”¢ >’

The H67D mutation promotes initial increase in
brain iron uptake but by three months of age, there is
no difference in brain iron uptake between wild type
and mutant animals. Iron uptake is not increased to
maintain the elevated brain iron status nor is it
decreased in response to elevated brain iron. The data
clearly argue that the brain iron status is consistently
maintained without a significant difference in iron
uptake. Our findings with the H67D mice underscore
how little is known about mechanisms of iron export
from the brain.
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