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ABSTRACT

Background: Brain iron accumulation is a feature of Alzheimer disease (AD) but whether a chronic dietary iron overload
contributes to AD induction is unknown. We previously showed that young mice fed a high iron diet did not display
cognitive impairment despite the AD pathological markers in hippocampus.

Objectives: Ve aim to compare the impact of high dietary iron on brain pathologic changes and cognitive function in
young and old mice.

Methods: Male C57BL/6J mice at 1 mo and 13 mo of age were fed with either a control diet (66 mg Fe/kg; Young-Ctrl and
Old-Ctrl) or a high iron diet (14 g Fe/kg; Young-High Fe and Old-High Fe) for 7 mo, and outcomes were evaluated at 8 mo
and 20 mo of age. Iron concentrations in brain regions were measured by atomic absorption spectrophotometry. Perls's
Prussian blue staining and amyloid-B (AB) immunostaining were performed. Protein expression in the cerebral cortex and
hippocampus was determined by immunoblotting. Superoxide dismutase activity and malondialdehyde concentration
were examined. Cognitive functions were tested with the Morris water maze system. Two-factor ANOVA was used to
analyze most data.

Results: Compared with Old-Ctrl mice, Old-High Fe mice showed significantly higher iron concentrations in cerebral
cortex (60% higher), cerebellum (60% higher), and hippocampus (90% higher), paralleled by lower superoxide dismutase
activity and greater malondialdehyde concentration in cerebral cortex and hippocampus and worse cognitive function.
In contrast, these variables did not significantly differ between the 2 young groups. Nevertheless, ferritin, phospho-tau,
and AB1_42 expression in hippocampus and ferritin and AB_4o expression in cerebral cortex were induced by the high
iron diet irrespective of the age of mice (40-200% greater).

Conclusions: High dietary iron induced cognitive defects in old mice but not young mice, suggesting that elderly

people should avoid consuming abnormally high concentrations of iron. J Nutr2021;00:1-8.

Keywords: Alzheimer disease, aging, cognitive function, dietary iron overload, oxidative stress

Introduction Nevertheless, brain iron accumulation occurs in both the
normal aging process and a range of neurodegenerative diseases,
including Alzheimer disease (AD) (1). Since the first report of
the association between iron and AD in 1953 (3), postmortem
and MRI studies have repeatedly demonstrated that iron
deposition in specific brain regions such as cerebral cortex and
hippocampus is a key feature of AD (4-8). Despite all these
studies, whether iron overload is a primary cause or secondary
consequence of AD is still under debate. On the one hand,
mouse models of AD and tauopathy both display increased

Iron is an essential trace element required for many basic
physiologic processes in the central nervous system (CNS),
but it can also be toxic when present in excess (1). Although
body iron concentration is predominantly controlled at the
point of absorption in the small intestine and thus could
be easily affected by the amount of dietary iron (2), the
CNS is also protected by the blood-brain barrier (BBB),
which prevents the direct uptake of iron from the systemic
circulation.
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brain iron concentration (9, 10). On the other hand, multiple
studies have indicated that iron contributes to the development
of AD by promoting the generation of AD pathologic markers
amyloid-B (AB) and phospho-tau (p-tau) and oxidative stress
(8, 11, 12). Our previous work indicated that mice with
combined genetic mutations of 2 multicopper ferroxidases,
hephaestin and ceruloplasmin, had brain iron accumulation at
6 mo of age, and this was paralleled by oxidative damage and
learning and memory defects (13). However, whether dietary
iron can directly contribute to the induction of AD is still
enigmatic.

To address this question, we previously fed C57BL/6] mice
and amyloid precursor protein/presenilin 1 (APP/PS1) double
transgenic mice a high iron diet (14 g Fe/kg) from 10 to 30 wk
of age to observe the impact of high dietary iron on brain
pathologic changes and cognitive function (14). Despite the
induction of ferritin, A, and p-tau expression in the hippocam-
pus, the high iron diet did not significantly affect the brain
iron concentration and had little impact on oxidative stress or
cognitive functions in both mouse strains (14). These results
revealed that even though the iron concentration in the plasma
was increased by 2- to 3-fold, the changes in brain iron
homeostasis could still be subtle.

Considering that neurodegeneration diseases usually occur
in elderly people and that the effect of dietary iron on brain
might be age dependent, in the present study, we started the iron
treatment on C57BL/6] mice at the age of 13 mo, comparable
to ~45-y-old human beings, and ended the experiments at the
age of 20 mo, comparable to ~60-y-old human beings (15).
CS57BL/6] mice at a younger age (1-8 mo) were used as a
control. We hypothesized that dietary iron overload might have
more significant impacts on brain iron contents, pathologic
changes, and cognitive function when the mice were at an older
age.

Methods

Mouse models and dietary treatments

Three-week-old and 12-mo-old C57BL/6] male mice purchased
from the Mutant Mouse Regional Resource Center were maintained
at the Medical School of Nanjing University until the age of 1 mo
and 13 mo, respectively, with unlimited access to AIN-93M control
diet (16). Mice then were randomly assigned to a control diet
group (Young-Ctrl and Old-Ctrl) or a high iron diet group (Young-
High Fe and Old-High Fe), where they were fed with either the
AIN-93M control diet or an iron-loaded diet (based on AIN-
93M) supplemented with carbonyl iron (14) for 7 mo (i.e., until the
age of 8 mo and 20 mo, respectively). The iron concentrations of
the control diet and the iron-loaded diet, as measured by atomic
absorption spectrophotometry, were 1.18 £+ 0.01 umol/g (~66 mg/kg)
and 251 + 13.36 pmollg (~14 g/kg), respectively (14). In total,
120 mice were used with 30 mice in each group. The mice were allowed
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FIGURE 1 Body weight (A) and iron concentrations in the plasma
(B), liver (C), cerebral cortex (D), cerebellum (E), and hippocampus (F)
of male C57BL/6J mice fed control or high iron diet for 7 mo beginning
at T mo or 13 mo of age. Values are means + SDs, n = 7 (B-F) or
n=20 (A). The Pvalue of the interaction is presented when it reaches
significance, and further analysis of diet simple effects and age simple
effects was then performed. **P < 0.01, **P < 0.001, different due
to diet; #P < 0.01, ##P < 0.001, different due to age.

unlimited access to their diets and distilled water. All studies were
carried out in accordance with NTH guidelines and approved by the
Institutional Animal Care and Use Committee of Nanjing University.

Tissue preparation

Mice were killed at 8 mo and 20 mo of age. Blood was collected by
cardiac puncture, and the body was perfused with PBS via the heart.
Whole blood was centrifuged to provide plasma. Liver tissues were
removed and dried by heating at 80-100°C for 2 h for subsequent
iron analysis. Brain tissues were quickly placed on ice and dissected
to separate the cerebral cortex, cerebellum, and hippocampus. Brain
sections were snap-frozen in liquid nitrogen and then stored at —80°C
until they were required for iron concentration or protein analyses.
In addition, 4 mice of each group were perfused via the heart, first
with PBS and then with 4% paraformaldehyde. The collected brain
tissues were fixed in 4% paraformaldehyde solution for later histologic
analysis.

Measurement of iron concentrations
Plasma, dried liver tissue, and wet brain sections of cerebral cortex,
cerebellum, and hippocampus were digested in nitric acid at 80°C for 2 h
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FIGURE 2 Representative images of diaminobenzidine-enhanced Perls's staining for iron (arrows) in the hippocampus (A) and cerebral cortex
(B) of male C57BL/6J mice fed control or high iron diet for 7 mo beginning at 1 mo or 13 mo of age, n = 4. The images in the lower rows are
magnified images of the corresponding regions indicated in the images in the top rows. Bar = 100 um. DG, dentate gyrus.

and then heated at 100°C for 24 h. Iron concentrations of mouse plasma
and tissues were measured using an atomic absorption spectrometer
(model 180-80; Hitachi) at the Modern Instrumental Analysis Center of
Nanjing University (17). Iron (III) nitrate solution was used as reference
standards.

Histology

For diaminobenzidine (DAB)-enhanced Perls’s Prussian blue staining
(for iron detection), deparaffinized brain sections were stained with 4%
hydrochloric acid and 4% potassium ferrocyanide, followed by a series
of incubations with DAB staining as previously described (18). Finally,
the sections were counterstained with hematoxylin.

For AB staining, deparaffinized brain sections were incubated with
citrate antigen retrieval solution (pH 6.0, cat. no. G1202; Servicebio)
at 95°C for 15 min. Then, sections were allowed to cool slowly,
washed in distilled water, and incubated in 3% H,;O; for 25 min.
Subsequently, sections were blocked in blocking buffer containing 3%
BSA and 0.1% Tween-20 in PBS (PBST) at room temperature for 30 min
and stained with anti-AB antibody (1:100, cat. no. ab2539; Abcam)
overnight at 4°C. The next day, sections were washed 3 times with
PBST and then incubated with a horseradish peroxidase-labeled goat
anti-rabbit secondary antibody (1:200, cat. no. GB23303; Servicebio)
for 50 min at room temperature. After extensive washing with PBST
3 times, the sections were washed for 5 min in PBS and incubated
with DAB substrate to visualize the antibody. Finally, the sections were
counterstained with hematoxylin.

Immunoblot analysis

Cerebral cortex and hippocampus samples (7 = 4-6 per group) were
homogenized in lysing buffer [1x PBS containing 1% Triton X-100,
0.1% SDS, and a protease inhibitor cocktail (cat. no. 539134; Cal-
biochem)]. For p-tau immunoblots, the lysing buffer was supplemented
with 2% alkaline phosphatase inhibitors (cat. no. P1081; Beyotime
Biotechnology). The total protein concentration was determined by
the bicinchoninic acid method (Bioworld Technology, Inc.), and

35-ug proteins were loaded in each lane. Immunoblot and quantifi-
cation were performed as previously described (14). The following
antibodies were used: anti—ferritin light chain (1:1000; cat. no. sc-
74513; Santa Cruz Biotechnology), anti—p-tau (Ser404) (1:1000; cat.
no. 44-758G; Invitrogen), anti-AB1_4> (1:1000; cat. no. ab10148;
Abcam), anti-B-tubulin (1:5000; cat. no. M20005; Abmart), anti-
mouse secondary antibody (1:2000; cat. no. sc-2031; Santa Cruz
Biotechnology), and anti-rabbit secondary antibody (1:40000; cat. no.
sc-2030; Santa Cruz Biotechnology).

Superoxide dismutase and malondialdehyde
concentration assay

Cerebral cortex and hippocampus samples (7 = 4-5 per group) were
homogenized in PBS and centrifuged at 10,000 x g for 15 min at
4°C. The determination of superoxide dismutase (SOD) activity and
malondialdehyde (MDA) concentration was made spectrophotometri-
cally with SOD and MDA assay kits according to the manufacturer’s
instructions (cat. nos. S0101 and S0131; Beyotime Biotechnology)
(13). The measurements of SOD and MDA were based on the
WST-8 method and the reaction of MDA and thiobarbituric acid,
respectively. To prevent the generation of MDA during tissue processing,
antioxidants were added following the manufacturer’s instructions
for the MDA assay kit. Data were collected using a microplate
reader.

Morris water maze

Learning and memory of mice at 7 or 19 mo of age were tested with
the Morris water maze system according to the protocol we previously
used (14). The Morris water maze system fits into a 1.2-m-diameter
circular pool with opaque water (22-24°C). The Morris water maze
task was performed similar to that described by Konopka et al. (19)
with minor modifications. Briefly, the experiment was divided into
2 phases. For the first 4 d, mice were trained to locate the platform
submerged below the water surface. Mice that failed to locate the
platform within 90 s were guided to it, with the escape latency recorded
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FIGURE 3 Ferritin, p-tau (Ser404), and AB1_4, protein concentrations in the hippocampus (A) and cerebral cortex (C) of male C57BL/6J mice
fed control or high iron diet for 7 mo beginning at 1 mo or 13 mo of age. The immunoblot signals in the hippocampus (B) and cerebral cortex
(D) were quantified, and values were normalized using B-tubulin expression. Values are means 4+ SDs, n = 6. The P value of the interaction is
presented when it reaches significance, and further analysis of diet simple effects and age simple effects was then performed. *P < 0.05, **P
< 0.001, different due to diet; ### P < 0.001, different due to age. AB1_s2, amyloid-81-42; p-tau, phospho-tau.

as 90 s. On day 5, a probe test that lasted for 90 s was conducted
with the platform removed. Mice were released from the point opposite
to the target quadrant, and time to reach the center of the target
quadrant where the platform had previously been located was recorded
as the escape latency. Swimming velocity, the number of times that
each mouse crossed the center of the target quadrant, and the time
that each mouse spent in the target quadrant were monitored by a
video camera linked to a MiniSee (ScopeTek) computerized tracking
system.

Statistical analysis

All values are presented as means + SDs. Two-factor ANOVA was
used to compare plasma and tissue iron concentrations, ferritin,
p-tau (Ser404), and ABq_4» protein concentrations, SOD activity and
MDA concentration, and most of the data obtained from the behavioral
study. Body weight and escape latency data were analyzed by 2-factor
and 3-factor repeated-measures ANOVA, respectively. The P values for
main effects or interactions are presented within the relevant figures.
Two-factor ANOVA tests with a significant interaction between the
2 factors were further analyzed by Bonferroni post hoc test. Differences
were considered significant at P < 0.05. All statistical analyses were
performed using GraphPad Prism 9 (GraphPad Software).
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Results

Weight and iron status of the 4 groups of mice

For both age groups, iron treatment induced significantly lower
body weight (P < 0.0001) and higher iron concentrations
in plasma (~2-fold higher, P < 0.0001) and liver (~8-fold
higher, P < 0.0001) (Figure 1A-C). For mice fed the same
diet, age did not significantly affect the plasma iron, but
older mice had a significantly higher liver iron concentration
than younger mice (~30% higher, P = 0.0124). Interestingly,
in cerebral cortex, cerebellum, and hippocampus, there were
interactions between dietary iron and age. Old-High Fe mice
had significantly higher iron concentrations in all these 3 tissues
than Young-High Fe mice and OId-Ctrl mice (60-100% higher,
P < 0.01). In addition, Old-Ctr] mice had a significantly higher
iron concentration than Young-Ctrl mice in cerebellum (60%
higher, P < 0.01) (Figure 1D-F).

Iron accumulates in the hippocampus and cerebral
cortex of Old-High Fe mice

Iron distributions in the hippocampus and cerebral cortex
were then assessed. Although no visible iron accumulation was
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FIGURE 4 Representative images of amyloid-g (AB) staining in the hippocampus (A) and cerebral cortex (B) of male C57BL/6J mice fed control
or high iron diet for 7 mo beginning at 1 mo or 13 mo of age, n = 4. The images in the lower rows are magnified images of the corresponding
regions indicated in the images in the top rows. Bar = 100 um. AB spots in the hippocampus and cerebral cortex of Young-High Fe mice and
Old-Ctrl mice are indicated with arrows. Bar = 100 um. DG, dentate gyrus.

detected in Young-Ctrl mice, a small amount of stainable iron
was observed in the hippocampal CA1 and CA3 regions of
Young-High Fe mice, as well as hippocampal dentate gyrus
(DG) and CA1 regions and cerebral cortex of Old-Ctrl mice.
In contrast, Old-High Fe mice had multiple iron deposits in the
hippocampal DG and CA1 regions as well as the cerebral cortex.
A few iron spots were also detected in the hippocampal CA3
region of Old-High Fe mice (Figure 2A and B).

Iron treatment induces ferritin, p-tau, and ABq_4
protein concentrations in the hippocampus and
cerebral cortex

Ferritin, p-tau, and AB_4, protein concentrations in the hip-
pocampus and cerebral cortex were examined. In hippocampus,
there was an interaction between dietary iron and age in ferritin
concentration. Young-High Fe mice had a significantly greater
ferritin concentration than Young-Ctrl mice (60% greater, P
< 0.05), and this effect was exacerbated in Old-High Fe mice
relative to Old-Ctrl mice (2-fold greater, P < 0.001). In addition,
the ferritin concentration in Old-High Fe mice was 170%
greater than that of Young-High Fe mice (P < 0.001). Protein
concentrations of p-tau (phosphorylated at Ser404) and AB1_4,
in hippocampus were significantly increased by iron loading (P
< 0.0001 and P = 0.0004, respectively) and age (P < 0.0001
and P = 0.0011, respectively), but there was no interaction
between the 2 factors (Figure 3A and B). In cerebral cortex, there
was also an interaction between dietary iron and age in ferritin
concentration. The ferritin concentration in Old-Ctrl mice was
5-fold greater than that of Young-Ctrl mice (P < 0.001), and
iron loading tripled and doubled the ferritin concentrations
in young age (P < 0.05) and old age (P < 0.001) groups,

respectively. An interaction between dietary iron and age was
also found in p-tau concentration. The p-tau concentration in
Old-High Fe mice was 1-fold greater than that of Young-High
Fe mice and OId-Ctrl mice (both P < 0.001). Furthermore,
the AB14, protein concentration in cerebral cortex showed a
similar pattern to hippocampus, being significantly increased
by iron treatment and age (both P < 0.0001) (Figure 3C
and D).

Iron treatment enhances A deposition in the
hippocampus and cerebral cortex

Consistent with our previous report (14), diffusely distributed
AB spots were observed throughout the whole hippocampus of
Young-High Fe mice, whereas there were no AB deposits in the
hippocampus of Young-Ctrl mice. At 20 mo of age, mice fed a
control diet also showed a number of AB spots throughout the
whole hippocampus, albeit fewer than in Young-High Fe mice.
In stark contrast, Old-High Fe mice had numerous AB plaques,
which were distributed among the hippocampal DG, CA1, and
CA3 regions (Figure 4A). The pattern of AB deposits in cerebral
cortex was basically the same as in hippocampus among the
4 groups of mice (Figure 4B).

Old-High Fe mice had oxidative damage in the
hippocampus and cerebral cortex

Oxidative stress in hippocampus and cerebral cortex was
evaluated by measuring SOD activity and MDA concentration.
In hippocampus, there were interactions between dietary
iron and age in both SOD activity and MDA concentration
(Figure 5A). Old-High Fe mice had significantly lower SOD
activity and greater MDA concentration than Young-High Fe
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FIGURE 5 SOD activity and MDA concentration in the hippocampus
(A) and cerebral cortex (B) of male C57BL/6J mice fed control or high
iron diet for 7 mo beginning at 1 mo or 13 mo of age. Values are
means + SDs, n = 6. The P value of the interaction is presented
when it reaches significance, and further analysis of diet simple
effects and age simple effects was then performed. *P < 0.05, **P
< 0.01, **P < 0.001, different due to diet; *P < 0.05, **P < 0.01,
##p < 0.001, different due to age. MDA, malondialdehyde; SOD,
superoxide dismutase.

mice (P < 0.001) and Old-Ctrl mice (P < 0.01), consistent with
enhanced oxidative stress. In addition, Old-Ctr]l mice showed
significantly lower SOD activity (P < 0.05) and greater MDA
concentration (P < 0.001) than Young-Ctrl mice. The pattern
of SOD activity and MDA concentration changes in cerebral
cortex was similar to hippocampus, except that there was no
significant difference in SOD activity between Old-Ctrl mice
and Young-Ctrl mice (Figure 5B).

Old-High Fe mice display deficits of spatial learning
and memory

The spatial learning and memory function of the 4 groups of
mice was tested when the animals were 7 and 19 mo old. The
swimming velocity of mice was significantly decreased by age (P
< 0.0001), whereas there was no significant main effect of diet
(Figure 6A). After 4 d of training, interactions between dietary
iron and age were observed in platform crossings (P = 0.0264)
and time spent in the target quadrant (P = 0.0451). Old-High
Fe mice crossed the center of the target quadrant fewer times
(P < 0.05) and spent less time in that quadrant (P < 0.01)
than Young-High Fe mice and Old-Ctrl mice, suggesting deficits
of spatial learning and memory (Figure 6B and C). However,
a high iron diet had no significant effect on the behavior of
the young age group, which is consistent with our previous
work (14). During the 5-d experiment, all mice developed their
ability to find the hidden platform, but a longer escape latency

6 Chenetal

was induced by both iron treatment (P = 0.0192) and age (P
< 0.0001) (Figure 6D).

Discussion

This study is a follow-up of our previous work (14), which has
been briefly explained in the introduction section. Consistent
with our previous report, feeding the male mice a high iron
diet (~14 g Fe/kg) for 7 mo resulted in a significant lower
body weight and higher iron concentrations in plasma and liver,
and these effects were comparable between the 2 age groups.
In contrast, brain iron concentration was only significantly
affected by iron treatment when the mice were at an older
age. This probably reflects an increase of the BBB permeability
during aging (20, 21). Under physiologic conditions, iron
transport across the BBB is mediated by the transferrin and
transferrin receptor system (22). However, a recent study
revealed an age-related shift in BBB transport from ligand-
specific receptor-mediated transcytosis to ligand-nonspecific
caveolar transcytosis (23), through which the plasma iron could
easily enter the CNS. This concept may help to explain why the
CNS becomes more sensitive to the elevation of systemic iron
concentration at an old age.

Consistent with our previous report (14), although Young-
High Fe mice did not show higher brain iron concentrations,
their ferritin expression in hippocampus and cerebral cortex
was significantly greater than in Young-Ctrl mice, suggesting a
disrupted brain iron homeostasis despite the protection of the
BBB. Furthermore, the high iron diet also induced the protein
expression of p-tau and AB_4; in hippocampus and AB4; in
cerebral cortex, irrespective of the age of mice. Interestingly, the
Ap deposits in Young-High Fe mice were punctuate, similar to
that in Old-Ctrl mice, whereas the A deposits in Old-High
Fe mice were plaque-like, mimicking the features of APP/PS1
mice as we previously reported (14). These results clearly
demonstrated the bona fide contributions of dietary iron to the
generation of AD biomarkers (24, 25).

Iron overload is usually accompanied by oxidative damage.
Consistent with this, Old-High Fe mice showed oxidative
stress in both hippocampus and cerebral cortex, paralleled
by cognitive impairment. In contrast, mice at a younger age
appeared to be relatively invulnerable to the high iron diet,
as indicated by the unchanged SOD and MDA concentration
in hippocampus and cerebral cortex as well as the behavioral
test. These results suggest that iron entering the CNS may be
highly detrimental. This viewpoint is supported by a recent
study showing that 10-wk-old mice fed a lipophilic iron diet,
which was assumed to penetrate the BBB, for 12 mo displayed
significantly increased iron concentration and oxidative stress
in brain regions, paralleled by spatial memory impairment
(26). Indeed, dietary carbonyl iron supplementation usually did
not induce significant brain iron accumulation and damage
in adult animals; instead, hepatic iron overload and lipid
peroxidation were widely acknowledged (14, 27-29). Only at
an extremely high concentration (e.g., 20 g/kg) was dietary
carbonyl iron found to be toxic to the brain, but in this case,
the brain iron concentration was also increased, suggesting
BBB impairment (30). To sum up, these studies suggest that
dietary iron usually did not enter the CNS and thus was
relatively safe to young adult animals. Nevertheless, as the BBB
breaks down during aging, systemic iron might easily enter the
CNS and induce oxidative damage, thereby causing cognitive
dysfunction.
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FIGURE 6 Swimming velocity (A), platform crossings (B), and time spent in the target quadrant (C) were recorded on day 5, the day a probe test
was conducted, and escape latency (D) was recorded from days 1 to 5 in male C57BL/6J mice fed control or high iron diet for 6 mo beginning at
1 mo or 13 mo of age. Values are means + SDs, n=8. The Pvalue of the interaction is presented when it reaches significance, and further analysis
of diet simple effects and age simple effects was then performed. *P < 0.05, **P < 0.01, different due to diet; ##P < 0.01, different due to age.

In conclusion, our work provides a comprehensive compar-
ison on the impact of dietary iron overload on young and old
male mice. Although AD pathologic markers were induced by
iron treatment irrespective of the age of mice, only the old
mice exhibited brain iron accumulation, oxidative stress, and
learning and memory defects after the iron treatment. However,
compared with our previous work (14), a limitation of this study
is that only male mice were used. Considering that women are
at higher risk of developing AD than men (31), future studies
should include female mice. In addition, it should be noted that
the dose of iron used in the iron-loaded diet is 200-fold greater
than that of the control diet, and humans could by no means be
supplemented with iron of such a high dose (14). Nevertheless,
the etiology of human AD is very complicated, which may
involve genetic background and various environmental stress
conditions. As such, this study suggested that iron supplements
might contribute to AD induction, especially for older people
whose BBB function is getting worse.
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