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Abstract
Proteolytic cleavage of the amyloid precursor protein (APP) into the Aβ peptide has been an extensively researched mechanism
for Alzheimer’s disease, but the normal function of the protein is less understood. APP functions to regulate neuronal iron content
by stabilizing the surface presentation of ferroportin—the only iron exporter channel of cells. The present study aims to quantify
the contribution of APP to brain and peripheral iron by examining the lifetime impact on brain and liver iron levels in APP
knockout mice. Consistent with previous reports, we found that wild-type mice exhibited an age-dependent increase in iron and
ferritin in the brain, while no age-dependent changes were observed in the liver. APP ablation resulted in an exaggeration of age-
dependent iron accumulation in the brain and liver in mice that was assessed at 8, 12, 18, and 22 months of age. Brain ferroportin
levels were decreased in APP knockout mice, consistent with a mechanistic role for APP in stabilizing this iron export protein in
the brain. Iron elevation in the brain and liver of APP knockout mice correlated with decreased transferrin receptor 1 and
increased ferritin protein levels. However, no age-dependent increase in brain ferritin iron saturation was observed in APP-KO
mice despite similar protein expression levels potentially explaining the vulnerability of APP-KO mice to parkinsonism and
traumatic brain sequelae. Our results support a crucial role of APP in regulating brain and peripheral iron, and show that APPmay
act to oppose brain iron elevation during aging.
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Introduction

Alzheimer’s disease (AD) is a slowly progressive neurodegen-
erative disease characterized by cognitive impairment and
profound memory loss and is characterized by 2 pathological
hallmarks: the accumulation of extracellular amyloid plaques
formed by aggregated amyloid beta peptide (Aβ) and

intracellular neurofibrillary tangles formed by phosphorylated
microtubule-associated protein tau. Amyloid precursor pro-
tein (APP) is a transmembrane protein involved in synapse
formation, neuronal plasticity, and ion transport [1]. While
most of the research related to APP has focused on its cleav-
age product Aβ, its function remains poorly understood. We
and others have reported that APP acts to promote iron export
by stabilizing the iron export protein, ferroportin, on the cell
surface in a functional location [2–5]. APP overexpression
lowers brain iron levels [6, 7], while APP loss causes brain
iron elevation and iron-mediated neuronal death in the
substantia nigra and in response to trauma [5, 8, 9].

Iron is essential in metabolic processes, especially in tis-
sues of high oxygen consumption, such as the brain, which
constitutively houses high concentrations. Free iron in the cell
redox-cycles and so can generate reactive oxygen species.
Elaborate cellular machinery at the uptake, storage, and export
levels maintains the labile iron pool at levels that supply the
needs of the cell, while not causing harmful oxidative stress
[10, 11]. Excess iron is effluxed through the ferroportin/APP
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mechanism, or is caged by intracellular ferritin, which can
hold up to 4500 iron atoms [12, 13]. Iron homeostasis in the
brain is also controlled at the translational level by iron re-
sponse proteins (IRPs), which, in response to iron availability,
alter the expression of several iron-handling proteins [14].
Brain tissue may rely more on these mechanisms to maintain
the stability of the labile iron pool as brain iron homeostasis
appears to be largely independent of peripheral iron levels,
due to the exclusiveness of the blood–brain barrier [15].

Brain iron elevation is a feature of normal aging [16–18]
and could increase the risk for neurodegenerative diseases.
Indeed, age-dependent iron elevation is exaggerated in affect-
ed tissue in Alzheimer’s, Parkinson’s, and Huntington’s dis-
eases [19–21]. We have recently shown that elevated brain
iron levels predict cognitive decline in longitudinal studies
of AD [8, 22, 23], which highlights the toxic potential of iron
accumulation.

Brain iron levels are relatively independent of peripheral
iron levels, and the blood–brain barrier serves to provide the
brain with essential iron as a priority, while protecting the
brain tissue from peripheral excess [15]. A more complete
understanding of the brain iron homeostasis machinery in

response to aging is warranted. Since APP physically interacts
with ferroportin in human and mouse brain [5], we undertook
to survey the impact of APP ablation upon the iron homeosta-
sis machinery in aging mice brain and liver tissue.

Results

Iron Overload in the Liver and Brain of Aging APP
Knockout Mice

Accumulation of total iron in the brain, liver, and kidney of
APP knockout (APP-KO) mice compared with background
controls has been previously reported [5]. Here, we examined
the developmental timing of iron elevation in the
postreproductive era of the animal (reproduction typically
ceases at 6 months). Brains and livers from APP-KO mice
[24] and background C57BL6/SV129 control mice at 8, 12,
18, and 22 months were analyzed for iron content and iron
homeostatic proteins. We observed that iron accumulated pro-
gressively in the brains of control mice, plateauing at
18 months (a 70% increase from 8 months of age) (Fig. 1A).

Fig. 1 Ablation of APP exacerbates iron accumulation in the brain and
liver of aging mice. (A, B) Total iron levels were measured in perfused
(A) brain and (B) liver homogenates of progressively aging (8, 12, 18,
and 22 months) APP-KO mice and control littermates. (C, D) The
expression of ferritin was analyzed by Western blot in (C) brain and (D)

liver homogenates and quantified relative to actin levels. Illustrative blots
are shown. For age-dependent changes, statistical analysis was performed
for 2 age groups corresponding to the oldest (22 months) and youngest
(8 months) animals. Data are means ± SEM, n = 3; 1 asterisk, p < 0.05; 2
asterisks, p < 0.01; 3 asterisks p < 0.001; 2-tailed unpaired Student’s t test
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APP ablation in mice resulted in an overall increase in brain
iron in all age groups, reaching a maximum of ≈ 50% increase
over control mice at 22 months of age, and without any ap-
parent plateau (Fig. 1A). APP-KO mice also expressed in-
creased liver iron in comparison to control mice at all age
groups, and this increase was exacerbated in older animals,
reaching a ≈ 400% increase at 22 months of age (Fig. 1B). In
contrast to the brain, liver iron levels in control mice did not
increase with age and actually slightly decreased at 22 months
of age (Fig. 1B).

APP Ablation Increases Ferritin Protein Levels

The iron storage protein ferritin has the capacity to store up to
4500 ferric iron atoms in a bioavailable and nontoxic form.
Ferritin levels are upregulated at the translational level
through the sensing of cytoplasmic labile iron levels by the
iron regulatory proteins (IRPs). In APP-KO mice, we found
that brain ferritin protein expression was elevated compared
with that in normal mice at the youngest age tested (8 months)
and remained at these levels even at 22 months of age
(Fig. 1C). In control mice, brain ferritin increased slightly with
age and eventually reached levels comparable to those of
APP-KO mice at 22 months (Fig. 1C). In the liver, aging did
not elevate ferritin protein levels in control mice and the fer-
ritin expression profile matched the total iron levels for the
same age group (Fig. 1D). Liver ferritin was markedly elevat-
ed in APP-KO as compared with that in control mice in all age
groups (Fig. 1D).

Ferritin Is the Major Iron-Binding Protein in the Brain
and Liver and Its Iron Saturation Is Not Increased
in APP-KO Mice

Ferritin stores iron and serves to protect the cell from excess
cytosolic iron elevation, which can induce oxidative stress. To
study how APP ablation perturbs iron partitioning, we ana-
lyzed ferritin iron stores and other iron-binding proteins in
brain and liver protein extracts by size-exclusion chromatog-
raphy–inductively coupled plasma-mass spectrometry (SEC–
ICP-MS). This method allows separation of proteins in their
native state (according to molecular weight) on a size-
exclusion chromatography column coupled to an ICP-MS de-
tector that allows quantification of protein-associated metals
in real time [25]. This revealed, as expected, that ferritin is a
major iron-binding fraction in both the brain and liver
(Fig. 2A). Brain tissue also depicted nonferritin iron species,
which eluted as a low molecular weight (MW) peak (below
the separation capacity of the column) (Fig. 2A). This low
MW peak was below the resolving ability of the column,
and so we were not able to reliably quantify it in chromato-
graphic separation. Thus, we focused on ferritin and ferritin-
associated iron, as it could be reliably chromatographically

measured. Iron levels associated with the ferritin peak were
elevated in the APP-KO brain compared with those in control
mice at all ages (Fig. 2B), and markedly more so in the liver,
especially in the oldest (22 months old) animals (Fig. 2C).

In the liver, ferritin protein levels were markedly elevated
in APP-KO mice as compared with those in the control
(Fig. 1D) and, hence, ferritin levels may be sufficient to trap
excess iron without any net increase in ferritin iron saturation.
Indeed, when we normalized ferritin-associated iron levels
(measured in Fig. 2B, C) to ferritin expression levels (mea-
sured in Fig. 1C, D), no increase in ferritin iron saturation was
observed in the brains of APP-KO mice compared with those
of wild-type mice (Fig. 2D). Similarly, we did not observe any
increase in ferritin iron saturation in livers of APP-KO mice
compared with those of wild-type mice (Fig. 2D). In contrast
to the liver, brain ferritin protein levels did not increase in
APP-KO mice at older age (over 12 months, Fig. 1C) and,
therefore, an increase in ferritin iron saturation could not ex-
plain the age-dependent increase in brain iron (Fig. 1A).

APP Ablation Impacts on Iron Export Capacity
in the Brain and Liver of Aging Mice

Iron is transported in interstitial fluids by transferrin, which is
taken into cells by transferrin receptor 1 (TfR1). Normally,
TfR1 is translationally downregulated in response to increased
cellular iron to prevent further import of iron-loaded transfer-
rin. TfR1 protein levels are therefore usually inversely corre-
lated with ferritin and iron loading in cells. Consistent with the
accumulation of iron in the tissue, brain TfR1 expression in
APP-KOmice significantly decreased as they aged and a sim-
ilar trend was observed in control mice (Fig. 3A, B). In the
liver, TfR1 expression was significantly decreased at an early
age in APP-KO compared with that in wild-type mice and
remained suppressed throughout the different age groups
(Fig. 3D, E).

Ferroportin is the only known cellular iron export protein,
and APP plays a role in its stabilization in neurons [3–5]. We
found a progressive decrease in ferroportin levels in the brains
of APP-KO mice as they aged, while wild-type mice did not
show any change in ferroportin levels over age (Fig. 3A, C). In
the liver, ferroportin levels were decreased in APP-KOmice at
8 months and gradually returned to levels similar to those of
the wild-type mice at 22 months (Fig. 3D, F).

Discussion

We investigated the effect of APP ablation in aging mice to
evaluate its role in maintaining iron homeostasis in the brain
and liver during aging. APP loss in mice resulted in a persis-
tent age-dependent increase in brain iron without plateau, in
contrast to control mice where age-dependent increases
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plateaued at 18 months. Normally, ferritin expression is in-
creased in response to a rise in cellular iron levels to sequester
excess iron, and indeed, ferritin expression was markedly in-
creased in the liver of APP-KO mice and this increase was
sufficient to trap the increased iron, so that there was no in-
crease in apparent ferritin iron content. However, brain ferritin
expression levels in APP-KO mice plateaued at 8 months of
age and we did not observe any increase in ferritin iron content
despite total brain iron levels continuing to increase with

advancing age. We hypothesize that brain ferritin expression
is less responsive to iron burden compared with the liver and
that iron overload in APP-KO mice results in an age-
dependent increase in the nonferritin iron pool, which may
account for the oxidative stress and cell death observed in
APP-KO mice [5, 8]. There are several pools of nonferritin
iron in cells, such as heme, which can be found as a low
molecular weight species but also as a protein prosthetic group
[26]. In the agingCaenorhabditis elegans, iron accumulates in

Fig. 2 Ferritin iron saturation in aging APP-KO compared with wild-type
mice. (A) Illustrative chromatograph showing the SEC–ICP-MS profile
of brain and liver homogenates and a pure ferritin standard. (B, C) SEC–
ICP-MS profiles of (B) brain and (C) liver homogenates derived from the
progressively aging (8, 12, 18, and 22 months) APP-KO mice and wild-
type control littermates. Each chromatogram represents the average

profile derived from 3 mice per group. (D) Iron saturation of ferritin in
brain and liver homogenates was quantified using calibration with an
external purified ferritin standard (left panel) and normalized to ferritin
expression levels previously determined byWestern blot. Data are means
± SEM, n = 3. CPS = counts per second
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nonferritin low molecular weight species as well as a macro-
molecular species as the animal ages [27]. We are currently
exploring whether an analogous change occurs in mammalian
tissue.

Iron export through ferroportin is facilitated by the ferrox-
idase activity of extracellular ceruloplasmin, which is primar-
ily expressed in astrocytes. Neurons do not express cerulo-
plasmin; instead, APP is proposed to facilitate neuronal iron
efflux through ferroportin stabilization at the cell surface [3,
4]. Our findings are consistent with such a role for APP, as
brain iron increase in APP-KO mice at advanced age was
associated with a decrease in ferroportin levels. Our previous
in vitro data showed that APP impacts on ferroportin mem-
brane stability in cultured neurons [4]. Our current results
indicate that despite the increase in brain iron levels with
age, ferroportin expression did not appropriately compensate
in APP-KOmice, consistent with ferroportin stability substan-
tially depending upon APP expression in vivo. Impaired APP/
ferroportin association cannot explain the age-dependent

increase in brain iron of wild-type mice since no age-
dependent changes in ferroportin or APP (not shown) levels
were observed in wild-type mice. The contribution of other
factors such as changes in the extracellular ferroxidases ceru-
loplasmin and hephaestin, or changes in hepcidin, cannot be
excluded. Indeed, recent studies showed that hepcidin is wide-
ly expressed in the murine brain and that hepcidin mRNA
levels increased with aging in areas such as the cerebral cor-
tex, hippocampus, and striatum [28]. Little is known about
regulation of hepcidin expression in the brain, although pe-
ripheral circulation was reported as contributing to brain
hepcidin levels [29].

Similar to the brain, APP ablation resulted in iron overload
in the liver with 2 major differences. First, iron increase in the
liver was also accompanied by a substantial increase in ferritin
levels attesting for the higher iron storage capacity of the liver
in comparison to the brain. Second, ferroportin decrease is
unlikely to account for the iron increase in the liver since
ferroportin levels were only decreased at 8 and 12 months of

Fig. 3 APP-KO alters the expression of iron transport proteins in the
brains and livers of aging mice. Iron transport proteins were quantified
in the brain (A–C) and liver (D–F) homogenates from progressively
aging (8, 12, 18, and 22 months) APP-KO mice and wild-type control
littermates. Levels of transferrin receptor 1 (TfR1) (B, E) and ferroportin

(C, F) were normalized to actin. Illustrative blots are shown. For age-
dependent changes, statistical analysis was performed for 2 age groups
corresponding to the oldest (22 months) and youngest (8 months)
animals. Data are means ± SEM, n = 3; 1 asterisk, p < 0.05; 2 asterisks,
p < 0.01; 3 asterisks, p < 0.001; 2-tailed unpaired Student’s t test
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age and normalized with advancing age, which could reflect
greater input from ceruloplasmin or hephaestin in stabilizing
ferroportin in the liver than in the brain.

Iron accumulates in several brain regions with normal ag-
ing [16, 19, 30], and this is exaggerated in particular regions in
several neurodegenerative diseases including AD, where it
may contribute to oxidative burden and possibly even patho-
genesis [31–34]. A recent in vitro study implicated a major
role for hephaestin rather than APP in regulating ferroportin-
mediated iron efflux [35]. In our current study, we provide
evidence that APP plays a major role in maintaining normal
iron levels in the brain and liver during aging and that its
deletion is sufficient to induce iron increase in the brain and
liver in vivo. Further studies would be required to evaluate the
contribution of hephaestin, ceruloplasmin, and hepcidin in
brain iron homeostasis during aging. These results may have
implications in understanding the pathophysiology of AD,
where loss of APP function leading to iron elevation might
exacerbate the disease process. Future studies are also re-
quired to investigate the impact of APP mutations on its iron
function and assess iron homeostasis in AD patients with fa-
milial APPmutations, which will consolidate our findings and
provide evidence for iron chelation therapies as a therapeutic
target for AD.

Methods

Animal Studies

All mouse studies were performed with the approval of the
IACUC and in accordance with statutory regulations. Only
male mice were used in this study because they were more
readily available in our colony at numbers that could permit a
long-term aging study. Levels of brain iron increase with age
in both sexes [7], although there is some sexual dimorphism in
the extent. APP-KO mice and control littermates aged 8, 12,
18, and 22 months were used. After cardiac perfusion with
ice-cold phosphate-buffered saline (PBS) under deep anesthe-
sia, the brain and liver were extracted and stored at − 80 °C
until required.

Tissue Homogenization and Protein Quantitation

The brain and liver were lysed in cold homogenization buffer
containing (250 mM sucrose, 1 mM EDTA, 0.1% SDS,
10 mM Tris HCl buffer, pH 7.2 plus protease inhibitor), and
proteins were extracted using sonication and subsequent cen-
trifugation. The supernatant containing the extracted proteins
was used for protein quantification with BCA assay (Thermo
Fisher Scientific Australia Pty Ltd, Scoresby, Victoria), and
aliquots of equal protein amounts were stored at − 80 °C for
further analysis.

Western Blot Analysis

Twentymicrograms of total protein crude extracts was separated
by SDS-PAGE on 4 to 20% PAGE (Bis-Tris, Thermo Fisher
Scientific Australia Pty Ltd, Scoresby, Victoria) and transferred
to polyvinylidene difluoride (PVDF) membrane using iBlot
(Thermo Fisher Scientific Australia Pty Ltd, Scoresby,
Victoria). Primary antibodies used were rabbit anti-ferritin
(1:1000, #ab75973, Abcam, Melbourne, Victoria, Australia),
mouse anti-transferrin receptor 1 (TfR1) (1:2000, Alpha
Diagnostic Intl. Inc. San Antonio, Texas, USA), and rabbit
anti-ferroportin (1:1000, MAP23; α/α165–181 gifted by Prof.
Tracey Rouault; NIH). The load control was mouse anti-β-actin
(1:10,000, Sigma-Aldrich Pty Ltd, Castle Hill, New South
Wales, Australia). Membranes were probed with horseradish
peroxidase-conjugated secondary antibodies, and signal was de-
tected with Pierce ECL (Thermo Fisher Scientific Australia Pty
Ltd, Scoresby, Victoria) and a LAS-3000 Imaging suite.
Densitometry analyses were carried out using Image J (NIH),
and quantitation was standardized against β-actin levels.

Metal Analysis

Samples of lyophilized homogenates from tissue were dissolved
in concentrated HNO3 and H2O2 (Aristar, BDH, VWR
International, Pty Ltd, Tingalpa, Queensland, Australia). Metal
levels weremeasured by inductively coupled plasma-mass spec-
trometry (ICP-MS) with an Ultramass 700 (Varian Australia Pty
Ltd, Mulgrave, Victoria) as described [7].

Size-Exclusion Chromatography–Inductively Coupled
Plasma-Mass Spectrometry

Brain and liver protein extracts from the aging study were chro-
matographically separated using a Bio-SEC-3 column (3 μm,
4.6 mm× 300 mm; cat. # 5190-2508, Agilent Technologies
Australia, Mulgrave, Victoria) connected to an Agilent 1200
series HPLC. The system was operated at 25 °C and a constant
flow rate of 0.4mL/min ammonium nitrate (200mM, pH 7.5) as
the mobile phase. Antimony chloride and cesium chloride
(50 ppb each) were added to the mobile phase as internal stan-
dards during ICP-MS acquisition. PEEK tubing (0.12 mm I.D.)
exiting theHPLC system variable-wavelength detector was con-
nected to a MicroMist nebulizer (AR35-1-FM04EX, Glass
Expansion, Melbourne, Victoria, Australia) attached to an
Agilent 7700 series ICP-MS to monitor counts of 56Fe, 63Cu,
66Zn, 121Sb, and 133Cs. The ICP-MS was operated in He mode
(3.0 mL/min flow rate) under routine multi-elemental operating
conditions [36]. Each sample (100 μg protein) was injected and
element counts monitored over a 15.5-min period (6.2 mL, 1.35
column volumes). Protein standards superoxide dismutase 1
(#S8160, Sigma-Aldrich Pty Ltd, Castle Hill, New South
Wales, Australia) and ferritin (#28403842B, GE Healthcare
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Australia, Silverwater New South Wales) were used to calibrate
the system by monitoring UVabsorbance (280 nm) and counts
of 56Fe for ferritin. Data collected were normalized for protein
loading by integration of total UV280nm signals and comparing
to the average signal across runs. The final ferritin iron saturation
depicted in Fig. 2D was determined by normalizing ferritin-
associated iron determined by SEC–ICP-MS to ferritin relative
expression measured by Western blot in Fig. 1.

Statistical Analysis

Statistical analyses were performed with Graphpad Prism 6 soft-
ware (Graphpad, La Jolla, California, USA) using 2-tailed un-
paired Student’s t test for comparison of less than 3 groups. All
statistically significant values are reported in each panel with the
corresponding values: *p < 0.05, **p < 0.01, ***p < 0.001.
Statistically not significant changes are not highlighted. For
age-dependent changes, statistical analysis was performed for
2 age groups corresponding to the oldest (22 months) and youn-
gest (8 months) animals.
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