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Abstract
Brain iron increases with age and abnormal brain iron metabolism is proving increasingly likely to be involved in the pathology
of Alzheimer’s disease (AD). The iron-regulatory effect of furin, a ubiquitously expressed proconvertase, might play an important role in AD. Therefore, there is an urgent need to study the effect of furin on iron regulation in AD. For that purpose, we aimed
to determine the role of physical exercise in AD associated with brain iron dyshomeostasis. Treadmill exercise attenuated the ADrelated abnormal brain iron regulation by furin in vivo, as demonstrated via experiments in aged APP-C105 mice. Next, we
examined whether treadmill exercise decreases excessive iron, directly affecting amyloid-β (Aβ) production through the regulation of α-secretase-dependent processing of amyloid protein precursor (APP) involved in the modulation of furin activity. We
first observed that cognitive decline and Aβ-induced neuronal cell death were induced by disruption of APP processing via
excess iron-induced disruption of furin activity in aged APP-C105 mice. The induced cognitive decline and cell death were
attenuated by treadmill exercise. This result suggests that treadmill exercise alleviated cognitive decline and Aβ-induced neuronal cell death by promoting α-secretase-dependent processing of APP through low iron-induced enhancement of furin activity.
This is concomitant with decreasing levels of lipid peroxidation products and promoting antioxidant defense enzyme capacities.
Therefore, iron-targeted therapeutic strategies involving treadmill exercise might be useful for patients with AD.
Keywords Alzheimer’s disease . Iron . Furin . Amyloid-β . Neuronal cell death . Antioxidant defense enzymes. Treadmill
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Alzheimer’s disease (AD) is one of the leading causes of death
in neurodegenerative disorders. It is a progressive neurological disease of wide etiology with a powerful genetic influence
and varied prognosis according to age, sex, and life habit
factors [1]. Pathologically, it is characterized by the deposition
of inter-neuronal “plaques” mainly composed of amyloid-β
(Aβ) peptides and intra-neuronal “ tangles” composed of
hyper-phosphorylated microtubule-associated tau proteins
[2, 3]. Accumulation of these intra- and extra-cellular proteins
coupled with poor clearance induces neuronal dysfunction
and cell death. Therefore, the elimination of these two pathological hallmarks has been considered as a prospective therapeutic strategy against AD [4].
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Mutations in genes such as APP, PS-1, PS-2, and ApoE
that are closely linked to neuronal cell death of AD-related [5,
6] cholesterol, inflammatory factors, and oxidative stress have
also been extensively investigated [7]. Among these factors
that are affected by gene mutations causing AD, oxidative
damage is one of the most integral neurotoxic mechanisms
in both Aβ accumulation and tau pathologies [8, 9].
For that purpose, the role of iron in AD was highlighted, as
iron is key to a common underlying pathway in oxidative
stress. There is increasing evidence to suggest that oxidative
stress induced by iron dyshomeostasis in AD is associated
with neuroinflammation, abnormal protein aggregation, and
neurobehavioral deficits [10–12].
Iron can exist in both ferrous (Fe2+) and ferric (Fe3) forms.
The aggregation state of Aβ42 appears to affect the binding of
Fe2+ and Fe3+ and thus influences the iron redox cycle and
consequently the release of oxidative stress via Fenton reaction [10, 13]. Specifically, iron can participate directly in Aβ
plaque formation by modulating the ability of α-secretase to
cleave amyloid precursor protein (APP) or by facilitating Aβ
aggregation [14]. Oxidative stress induced by iron or Aβ
plaque may also further promote amyloidogenesis [1, 15].
In vitro studies have showed that this coexistence of iron and
Aβ reduces cell viability, confirming enhanced toxicity [16, 17].
At the same time, substantial evidence obtained in in vivo studies have also shown that Aβ deposition in the brain and its
toxicity are directly related to metabolic disorders of metal ions
(e.g., iron, zinc, copper, aluminum) in the cortex and the hippocampus and is accompanied by neuronal cell death possibly via
metal-catalyzed oxidative damage [15, 18–20].
Interestingly, excess iron-mediated mechanism of furin
downregulation has been proposed which states that excess iron
deposition influences the Aβ production through the modulation of furin, impairing the α-secretase-dependent processing of
amyloid precursor protein (APP) [21]. Based on these observations, iron concentration increases in the brain, and it could
downregulate furin protein level, impairing the ability of αsecretase to produce the sAPPα neuroprotective form [22].
Therefore, iron regulation of furin might have an important role
in AD. However, the mechanisms underlying the initial iron
accumulation remain unclear. Hence, the management of excessive iron-dependent Aβ deposition is highly likely to play an
important role in the overall disease course of AD [23, 24].
Regular physical exercise is known to confer neuroprotection
against AD. Our previous studies showed that treadmill exercise
suppressed Aβ accumulation through improved insulin signaling, mitochondrial function, endoplasmic reticulum (ER) stress,
and inflammation, resulting in amelioration of cognitive function
and memory loss in AD mice [25–28]. Since the accumulation of
iron is associated with pathogenesis of AD, exercise-induced
neuroprotection could result in changes in iron metabolism that
prevents AD-mediated iron disbalance. We, for the first time,
suggest that treadmill exercise might be one method to
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ameliorate iron dyshomeostasis, which possibly promotes the
cleaving of APP by α-secretase through low iron-induced enhancement of furin activity in an experimental APP-C105 mouse
model.

Methods
Experimental Animals All animal experiments were approved
by the Institutional Animal Care and Use Committee of Korea
National Sport University. Animals were 24-month-old wild
type mice (n = 18) and APP-C105 AD-model mice (n = 18)
from Korea FDA. These mice are type-transforming dementia
mice generated via microinjection of the fused gene
manufactured by linking the brain-specific NSE gene to the
human-derived APP-C105 dementia-causing gene. All mice
were maintained in a temperature-controlled environment
(12-h light/dark cycle, 22 ± 2 °C with 50% relative humidity)
with ad libitum access to standard chow (Fe accounts for 240
mg/kg of diet, Purina Mills, Seoul, Korea). After 1 week of
acclimation period, the animals were divided into nontransgenic controls (NTg-C, n = nine), non-transgenic exercise (NTg-TE, n = nine), transgenic controls (Tg-C, n = nine),
and transgenic exercise (Tg-TE, n = nine) groups (Fig. 1).
Treadmill Exercise Protocol Treadmill-exercised NTg-E and
Tg-E groups was performed using a rodent treadmill (Eight lane,
Dae-myung Scientific Co, Ltd, Korea). The pre-exercise training
(2 m/min for the first 5 min, 5 m/min for the next 5 min, and 8 m/
min for the last 20 min) was conducted for a week. After this
period, treadmill exercise was performed on 5 days per week for
8 weeks. Treadmill exercise (8 m/min for the first 5 min, 11 m/
min for the next 5 min, and 14 m/min for the last 20 min) was
conducted based on the exercise program of Um et al. [28] and
Cho et al. [29] The intensity of exercise was approximately
70~85% of VO2max determined by a previous study [30].
Morris Water Maze Test Mice were tested in a circular pool filled
with opaque water (diameter 1.0 m, height 0.4 m, 22∼23 °C).
The mice learned to use visual cues in the room to navigate to an
escape platform diameter ten cm) located at a fixed position and
submerged 1 cm below the surface of the water. Mice were
released into the pool from varying positions and allowed to
swim for a maximum of 60 s. If a mouse did not find the platform
within 60 s, the experimenter gently guided the mouse to the
platform and let it sit on the platform for 20 s. On each of the
five training days, we performed two trials with each animal. The
second trial was performed at least 2 h after the first trial. Escape
latency and escape distance were recorded. The probe trial (60 s)
was conducted on the morning of the sixth day with the platform
removed from the pool. Crossing time, dwelling time, and the
swimming pattern where the hidden platform was previously
placed were recorded. Escape latency, escape distance, and
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Fig. 1 An overview of experimental design showing the treadmill exercise protocol

swimming pattern of all trials were recorded with a video camera
connected to a computer equipped with the SMART-CS (Panlab,
Barcelona, Spain) program.
Passive avoidance Test The chamber of the passive avoidance
test device consisted of a bright white box (18 × 18 × 25 cm) that
gives a bright peck of light and a black box (18 × 18 × 25 cm).
On the floor of the dark space, a stainless electrode was installed
to provide electric shocks. The wall between the two boxes had a
circular hole of 40 mm in diameter at the bottom which opens
and closes with a guillotine-type door. The experimental animal
was placed in the white box and allowed to adapt for 60 s. Then,
the door was raised to allow the laboratory animal to move freely.
The door was quickly closed when all four feet of the animal
were in the black box. After measuring the initial latency time
when entering the black box from the white box, an electric
shock (0.5 mA) was applied for 2 s. After 5 s, the animal was
put back in the cage. After 72 h, the same protocol was used to

Recognition index ð%Þ ¼

record the time (retention latency time) from leaving the white
box to entering the black box for up to 300 s.
Novel Object Recognition Test The novel object recognition
test was performed to measure attention and visual cognitive
abilities. For this, we used a lidless acrylic box (32 × 32 × 32
cm). For 5 min, a day before implementation, mice were put in
the acrylic box to familiarize themselves with the environment
in the box. On the first day of the experiment, two identical
objects were added to measure for 5 min how long (in seconds)
the animals curiously investigated both objects. After 20 s, the
next animal was put in the acrylic box and the same experiment
conducted. Twenty-four hours later, new objects of similar size
but different shapes were placed and the animals’ behavior was
analyzed in the same way for 1 min. In addition, the discovery
time of the new object was calculated for each group shown as a
percentage. After each animal was tested, the acrylic boxes and
objects were sterilized with 70% alcohol to limit the potential
effects of other external stimuli as much as possible.

Novel object recognition time‐Existing object recognition time
 100
Total object recognition time

Brain Extraction and Tissue Fixation After 8 weeks of treadmill exercise and motor function tests, brain tissue was
extracted for analysis via western blots and immunohistochemistry. For western blot analyze (n = six mice/group),
mice were euthanized after a treadmill exercise by CO2
asphyxiation. The brains were rapidly removed and the
motor cortex was separated on ice. The samples were
snap-frozen on dry ice and then stored at −80 °C. For
immunohistochemistry analysis (n = three mice/group),
mice were perfused transcardially with 50 mM
phosphate-buffered saline followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer at pH 7.4.

Isolation of Brain Mitochondria The mitochondria fraction
was isolated from the motor cortex using a mitochondria extraction kit (IMGENIX, San Diego, USA) following the manufacturer’s protocol. Briefly, the cortex was rapidly minced
and homogenized with 1 mL of homogenization buffer and
centrifuged at 3000 rpm for 10 min. The supernatant was
transferred to a clean centrifuge where it was centrifuged at
12,000 rpm for 30 min. Then, the supernatant (cytosolic fraction) was transferred into a micro-centrifuge tube. The pellet
was resuspended with 1 mL of suspension buffer and centrifuged at 12,000 rpm for 10 min. The obtained pellets were
gently resuspended with 200 μL of complete mitochondria
lysis buffer and mixed end-over-end for 30 min. The final
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mitochondria fraction was obtained by centrifugation at
12,000 rpm for 5 min.
Enzyme-Linked Immunosorbent Assay For each group, the level of iron was measured using an iron assay kit (MAK025,
Sigma-Aldrich, USA). Samples were crushed using a mortar
and liquefied nitrogen, homogenized by mixing them with an
iron assay buffer, and centrifuged (Micro-centrifuge, 5417R,
Eppendorf, 14,000 rpm, 10 min at 4 °C) to obtain an upper layer
solution. We then mixed 30 μL of the sample with 70 μL assay
buffer in 96-well-plate wells. Afterward, we added 5 μL of iron
reducer to each specimen and placed the plate on a horizontal
shaker at room temperature for 30 min. We then added 100-μL
iron probe and placed the plate again on a horizontal shaker at
room temperature for 30 min. Afterwards, absorbance was measured at 593 nm using a microplate reader (Hidex Oy, Turku,
Finland). In addition, one parameter of oxidative stress was measured, including the levels of malondialdehyde (MDA) in brain
tissue. MDA levels were measured using kits from Elabscience
(E-BC-K025-S, Elabscience, China). Measurement was made
according to the manufacturer’s instructions. MDA is a biomarker to measure the level of lipid peroxidation. MDA can react with
TBA, which produces a pink complex with a peak absorbance at
532 nm. The MDA level was expressed as nmol per mg protein.
Western Blot Analysis The brain samples from the motor cortex
were homogenized in RIPA lysis buffer (1% Triton X-100, 1%
deoxycholate, and 0.1% sodium dodecylsulphate (SDS) and centrifuged at 14,000 rpm at 4 °C for 30 min. Protein concentrations
were measured via a protein assay kit (Bio-Rad, USA). Proteins
(20 μg) were loaded by electrophoresis on a 7.5∼12% polyacrylamide gel for 90 min, after which they were transferred to a
polyvinylidene fluoride membrane (Immuno-Blot, PVDF membrane, Bio-Rad, CA, USA) for 1 h at a constant voltage of
60∼90 V and blocked with TTBS (TBS with 0.1% Tween-20)
containing 5% skimmed milk for 90 min. Each membrane was
then separately incubated overnight at 4 °C with the primary
antibody; amyloid-ß, APP (sc-28365), BACE (sc-33711),
ADAM10 (sc-28358), furin (sc-133142), ferritin light chain
(sc-390558), ferritin heavy chain (sc-376594), transferrin (sc52256), transferrin receptor (sc-53059), SOD-1 (sc-515404),
SOD-2 (sc-137254), catalase (sc-271803), p38 (sc-7972), p-p38
(sc-7973), Bax (sc-493), Bcl-2 (sc-7382), ß-actin (sc-47778) antibodies (Santa Cruz Biotechnology, 1 : 1000); ferroportin (PA522993) antibody (1 : 1000); FtMt (PAD25Mu01) antibody (1 :
1000); caspase-3 (ab18766), DMT1 (ab123085); 4-HNE (ab
46545); cleaved caspase-3 (#9661S) antibodies (1:1000). The
membranes were washed 5 times for 8 min with washing buffer
and incubated for 1 h with the secondary antibodies (HRP-conjugated goat anti-rabbit, 1:5000; HRP-conjugated goat anti-goat,
1:5000; and HRP-conjugated goat anti-mouse, 1:5000 from
Invitrogen). The membrane blots were then developed using
ECL reagents (Santa Cruz Biotechnology, CA, USA). The
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density of the developed bands was determined using a
ChemiDoc XRS system (Bio-Rad, Hercules, CA, USA). The
protein expression was then normalized to beta-actin, and the
expression of proteins in non-transgenic controls (NTg-C) was
normalized to 100. All other group proteins levels were presented
as a percentage of the NTg-C.
Immunohistochemistry After fixation with 4% paraformaldehyde, the brain tissue samples were transferred and immersed
in a 30% sucrose solution for 5 days at 4 °C to cryoprotect the
tissue. Brain tissues were coronally sectioned at 40 μm in
thickness using a cryotome (Leica, CM1900, USA). Five motor cortex slices (anatomical location of 1.7 to 0.74 mm of
bregma) were selected from each group (n = three
mice/group). Tissue sections were boiled in 0.01 M sodium
citrate buffer at 67 °C for 1 h and then washed three times with
PBS. After then, 5% normal donkey serum (2309032,
Millipore, USA) was used to block non-specific bindings for
1 h at room temperature. The sections were then incubated
overnight with the primary antibody against Aβ (39320,
Covance Inc, USA) at 4 °C. The next day, tissue samples were
incubated with the secondary antibody (biotinylated antirabbit lgG (H + L), Vector laboratories, Inc, BA-1000,
USA). Avidin-biotin–peroxidase complex (Vectastain-Elite
ABC kit, Vector Laboratories) was used to react to the tissues
at 37 °C. Brain tissues were visualized using DAB peroxidase
substrate solution (SK-4100, Vector Laboratories, USA) for
3∼5 min. Visualized tissue samples were mounted on gelatincoated glass slides and immersed in 80, 90, and 100% Et-OH
for dehydration and then cleared with 80, 90, and 100% xylene. Finally, the glass slides were covered using Permount
medium and cover glasses. Images were observed using an
optical microscope (Leica Microsystems, DM 2500,
Germany) at × 200 magnification and measured by Image J
software (National Institutes of Health, USA). The results
were presented as the Aβ-positive area per square millimeter
in the motor cortex. The average number of Aβ-positive area
from five tissue sections of each group was used as results.
TUNEL Assay Terminal deoxynucleotidyl transferase–mediated
dUTP nick-end labelling (TUNEL) assay was performed to detect in situ apoptotic cells with a commercial in situ
bromodeoxyuridine (BrdU)-Red DNA fragmentation assay kit
(ab66110, Abcam, UK). Briefly, sections of tissue samples were
incubated with sodium citrate for 15 min followed by several
washings with PBS. After quenching with 1% H2O2 and applying wash buffer for 10 min, the sections were incubated in DNA
labeling solution for 1h at 37 °C and washed in PBS (3 × 5 min).
Next, antibody solution consisting of anti-BrdU-Red antibody
and rinse buffer was applied to tissues in the dark for 30 min at
RT. Sections of tissue sample were attached to glass slides, and
nuclei were counter-stained with an ani-fade mounting medium
containing 4′,6-diamodono-2 phenylindole (DAPI, H-1200,
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Vector laboratories, USA). The slides were imaged using a confocal microscope (TCS SP8, Leica Microsystem, Germany). As
an index of apoptotic cell death, TUNEL-positive cells in the
motor cortex and hippocampal dorsal dentate gyrus (anatomical
location of – 1.6 to – 2.7 mm of bregma) were scored when red
color was co-localized with nuclei in images of confocal series
taken at × 400 magnification. The number of TUNEL-positive
cells was manually counted using LAS AF Lite analysis software
(Leica Microsystems, Germany), and the percentage of TUNELpositive cell in total cells was analyzed in the motor cortex and
dorsal dentate gyrus. The average number of TUNEL-positive
cells from five tissue sections of each group was used as results.
Statistical Analysis Data were analyzed using SPSS version
24.0 (SPSS, Inc., Chicago, IL, USA). All values are expressed
as mean ± standard deviation (SD). We performed the normal
distribution analysis by Shapiro–Wilk test, and all data were
found to be normal distributed (p >0.05). Statistical significance was determined using an independent t-test or a oneway ANOVA when comparing groups. A least significant
difference (Bonferroni’s) post hoc test was followed for all
pair-wise multiple comparisons if a statistically significant
group main effect was found. Differences were considered
to be statistically significant at p = 0.05.

Results
The Effects of Treadmill Exercise on Behavioral Function in
Aged APP-C105 Mice To investigate whether treadmill exercise
mitigates the behavioral function, we performed the three different tests after 8 weeks of treadmill exercise regimen. First, we
measured the cognitive function by Morris water maze test
(MWT). Distance to target revealed a significant effect of group
on the five training days (D2, F(3,35) = 2.978, p = 0.046; D3,
F(3,35) = 4.222, p = 0.013; D4, F(3,35) = 18.352, p = 0.001; D5,
F(3,35) = 16.244, p = 0.001), and the times were much longer in
Tg-C mice than in NTg-C and NTg-TE mice. However, on
training days 4 and 5, Tg-TE mice showed shorter distance to
target than Tg-C mice after treadmill exercise (Fig. 2(B)).
Furthermore, latency to target showed a significant effect of
group on five training days (D2, F(3,35) = 5.910, p = 0.003; D3,
F(3,35) = 38.891, p = 0.001; D4, F(3,35) = 130.177, p = 0.001; D5,
F(3,35) = 299.084, p = 0.001) and was significantly increased in
Tg-C mice compared to NTg-C and NTg-TE mice. After treadmill exercise, Tg-TE mice showed decreased latency to target on
training days 4 and 5, compared to TS mice (Fig. 2(C)). In the
prove trial test, we measured the escape latency, escape distances,
time in target quadrant zone, and number of crossing platform to
evaluate long-term spatial learning and memory retention. The
one-way ANOVA on distance to target, latency to target, time in
target quadrant zone, and number of crossing platform data indicated significant effects for the group [distance to target, F(3,35) =
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214.049, p = 0.001; latency to target, F(3,35) = 20.374, p = 0.001;
time in target quadrant zone, F(3,35) = 41.901, p = 0.001; number
of crossing target, F(3,35) = 14.009, p = 0.001]. As shown in Fig.
2(E,F), distance to target and latency to target in NTg-C, NTgTE, and Tg-TE mice were much shorter than those of Tg-C mice,
whereas time in target quadrant zone and number of crossing
platform in NTg-C, NTg-TE, and Tg-TE mice were much longer
and higher than Tg-C mice, respectively (Fig. 2(G,H)). We also
measured the swimming speed during MWT. There is no significant difference between groups (Fig. 2(I)). Taken together, these
observations suggest that treadmill exercise contributes to the
amelioration of the cognitive dysfunction in aged APP-C105
mice. Next, the effects of exercise training on the behavioral
learning ability and sensory memory of AD phenotypes were
evaluated by passive avoidance learning test (PAT) and novel
object recognition test (NORT). The one-way ANOVA on latency time in PAT data indicated significant effects for the group
[latency time, F(3,35) = 274.343, p = 0.001]. As shown in Fig.
2(K), latency time in NTg-C, NTg-TE, and Tg-TE mice was
much longer than that of Tg-C mice, respectively. Lastly, the
one-way ANOVA on recognition index (%) in NORT data indicated significant effects for the group [recognition index, F(3,35)
= 26.114, p = 0.001]. As shown in Fig. 2(M), recognition index
(%) in NTg-C, NTg-TE, and Tg-TE mice was much higher than
that of Tg-C mice, respectively. These observations suggest that
treadmill exercise contributes to the amelioration of the behavioral and cognitive dysfunction of aged APP-C105 mice.
Treadmill Exercise on Iron Level in the Motor Cortex of Aged
APP-C105 Mice The abnormal accumulation of iron contributes to the progression of AD. To determine whether treadmill exercise had effect on the iron level of motor cortex in
aged APP-C105 mice, an ELISA was performed to quantify iron level in the motor cortex. One-way ANOVA of Fe
data indicated significant effects for the groups [Fe2+ ,
F(3,23) = 39.205, p = 0.001; Fe3+, F(3,23) = 14.695, p =
0.001; total Fe, F(3,23) = 24.441, p = 0.001]. As shown in
Fig. 3(A), ferrous iron, Fe2+ levels, ferric iron, Fe3+, and
total Fe levels in Tg-TE mice were much lower than Tg-C
mice, respectively. These data provided rigorous statistical
support for the model that iron homeostasis was changed in
aged APP-C105 mice, including evidence for excess iron
in motor cortex and the finding of lower iron in treadmillexercised APP-C105 mice.
Treadmill Exercise Alleviates Brain Iron Dyshomeostasis in
Aged APP-C105 Mice To identify the effect of treadmill exercise on brain iron dyshomeostasis in AD mice, western blots
were performed to quantify L-ferritin, H-ferritin, transferrin,
TfR1, DMT-1, Fpn1, and FtMt protein levels in the motor
cortex. One-way ANOVA of L-chain ferritin, H-chain ferritin,
transferrin, TfR1, DMT-1, Fpn1, and FtMt data indicated significant effects for the groups [L-ferritin, F(3,23) = 13.485, p =
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Fig. 2 The effects of treadmill exercise on behavioral function in aged
APP-C105 mice. (A) Experimental protocol for Morris Water maze test
(n = nine per group). (B) Distance to target during 5 days of training. (C)
Latency of target during 5 days of training. (D) Representative swimming
pattern of each group in prove trial. (E) Distance to target in the probe
trial. (F) Latency to target in the probe trial. (G) Time spent in target
quadrant in the probe trial. (H) Number of targets crossing in the probe
trail. (I) Swimming speed during MWT. (J) Experimental protocol for
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dark chamber on retention testing session after 72 h of acquisition trial.

(L) Experimental protocol for novel object recognition test (n = nine per
group). (M) Recognition index expressed as a percentage dividing the
novel object time by total amount of objects exploration time. An independent t-test or Bonferroni post hoc test after one-way ANOVA. An
asterisk denotes a statistical difference compared to NTg-C, NTg-TE,
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0.001; H-ferritin, F(3,23) = 11.987, p = 0.001; transferrin,
F(3,23) = 14.74, p = 0.001; TfR1, F(3,23) = 28.154, p = 0.001;
DMT-1, F(3,23) = 10.533, p = 0.001; Fpn1, F(3,23) = 4.497, p =

0.014; FtMt, F(3,23) = 6.026, p = 0.01]. As shown in Fig. 4(A–
D), L-ferritin, H-ferritin, transferrin, TfR1, and DMT-1 protein levels in NTg-C, NTg-TE, and Tg-TE mice were much
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lower than Tg-C mice, respectively. Otherwise, Fpn1 protein
levels in Tg-C mice were much lower than NTg-TE and TgTE mice (Fig. 4(A,C)), and FtMt protein levels in Tg-C mice
were much higher than NTg-C, NTg-TE, and Tg-TE mice.
(Fig. 4(A,D)). Moreover, we evaluated correlations between
FtMt and H-chain ferritin levels in motor cortex. The FtMt

level was positively correlated with H-chain ferritin (r =
0.928, p <0.001). The data showed that treadmill exercise
improved iron which was likely regulated by decreased transferrin, TfR1, DMT1, Fpn1, and FtMt protein expressions in
aged APP-C105 mice, suggesting that treadmill exercise ameliorates iron dyshomeostasis linked to AD pathology.
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Treadmill Exercise Ameliorates Impairment Of α-SecretaseDependent Processing of APP Through Furin
Downregulation in the Motor Cortex of Aged APP-C105
Mice We next determined whether treadmill exercise regulates
the furin-induced APP misprocessing in the motor cortex of
aged APP-C105 mice. One-way ANOVA of furin, ADAM10,
BACE, and APP protein data indicated significant effects for
the group [furin, F(3,23) = 27.204, p = 0.001; ADAM10, F(3,23)
= 37.423, p = 0.014; BACE, F(3,23) = 52.442, p = 0.001; APP,
F(3,23) = 15.185, p = 0.001]. As shown in Fig. 5(A,B), furin
and ADAM10 protein levels in NTg-C, NTg-TE, and Tg-TE
mice were much higher than Tg-C mice. In addition, BACE
and APP protein levels in Tg-C mice were much higher than
NTg-C, NTg-TE, and Tg-TE mice, respectively.
Treadmill Exercise Attenuates AxeLevels in the Motor Cortex
of Aged APP-C105 Mice We further examined Aβ immunoreactivity in the motor cortex. As shown in Fig. 6(A,B), immunostaining with an Aβ42-specific antibody showed that Aβ
plaques in the motor cortex regions of aged APP-C105 mice
were notably increased whereas the enhanced Aβ42 plaques
were reduced after treadmill exercise. Furthermore, Aβ42 level was also examined in the cortex and hippocampus via
Western blot analysis. Similar to the immunohistochemistry
results, Aβ42 levels was significantly higher in the cortex and
hippocampus of the Tg-C mice compared to the NTg-C, NTgTE, and Tg-TE mice (Fig. 6(D,G)). We also performed a
correlation analysis between total iron level and amyloid-β
protein in the cortex (r = 0.871, p < 0.001) and hippocampus
(r = 0.928, p < 0.001). As a result, total iron level was positively correlated with Aβ42 protein in the cortex (Fig. 6(E))
and hippocampus (Fig. 6(H)). These results suggest that

a

Motor Cortex

treadmill exercise leads to a reduction in Aβ42 level in the
cortex and hippocampus, possibly by rectifying the functional
processes of the APP by promoting α-secretase (ADAM10)
and inhibiting β-secretase (BACE-1) possibly via low ironinduced enhancement of furin activity, concomitant with decreasing lipid peroxidation products and promoting antioxidant defense enzyme capacities in aged APP-C105 mice.
Treadmill Exercise Enhances Endogenous Antioxidants and
Reduces Oxidative Stress in the Motor Cortex of Aged APPC105 Mice The iron overload leads to the development of
oxidative stress. Given this premise, we investigate whether
treadmill exercise affects SOD1, SOD2, catalase, 4-HNE, and
MDA in aged APP-C105 mice, Western blot analysis and
ELISA were performed to quantify SOD1, SOD2, catalase,
4-HNE, and MDA levels in the motor cortex. One-way
ANOVA of SOD1, SOD2, catalase, 4-HNE, and MDA data
indicated significant effects for the group [SOD1, F(3,23) =
20.232, p = 0.001; SOD2, F(3,23) = 93.545, p = 0.014; catalase,
F(3,23) = 14.100, p = 0.001; 4-HNE, F(3,23) = 46.82, p = 0.001;
MDA, F(3,23) = 22.34, p = 0.001]. As shown in Fig. 7(A,B),
SOD1 and SOD2 protein levels in NTg-C and Tg-TE mice
were much higher than those of Tg-C and Tg-TE mice.
However, catalase protein levels in Tg-TE mice were much
higher than those of Tg-C mice. As shown in Fig. 7(C–E), the
cortical 4-HNE and MDA levels of Tg-C mice were much
higher than NTg-C, NTg-TE, and Tg-TE mice, respectively.
Treadmill Exercise Reduces Cytochrome C, p-p38/t-p38, and
Caspase-3 Level in the Motor Cortex of Aged APP-C105 Mice
Oxidative damage is linked to cell death signaling cascade. We have examined whether treadmill exercise
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Fig. 6 Treadmill exercise reduces Aß-42 deposition in aged APP-C105
mice. (A) Representative immunohistochemical staining of Aβ42 in the
motor cortex (n = three per group, a scale bar = 200 μm). (B)
Quantification of the Aβ42-positive area in the motor cortex. (C)
Representative western blot image of Aβ42 in the motor cortex (n = six
per group). (D) Quantification of Aβ42 levels. (E) Correlation analysis of
Aβ42 and total iron in the motor cortex. (F) Representative western blot

image of Aβ42 in the dentate gyrus of hippocampus (n = six per group).
(G) Quantification of Aβ42 levels. (H) Correlation analysis of Aβ42 and
total iron in the hippocampus. β-actin was probed as an internal control.
An asterisk denotes a statistical difference compared to NTg-C, NTg-TE,
and Tg-TE groups at p < 0.05. A number sign denotes a statistical difference compared to NTg-TE group at p < 0.05

reduced cytochrome C, p-p38/t-p38, and caspase-3 protein levels in the motor cortex of aged APP-C105 mice,
with special attention to the possible relationship among
Bax and Bcl-2 proteins and treadmill exercise. The oneway ANOVA on cytochrome C, p-p38/t-p38, and
caspase-3 data indicated significant effects for the group
[cytochrome C, F(3,23) = 11.418, p = 0.001; p-p38/t-p38,
F(3,23) = 23.721, p = 0.001; caspase-3, F(3,23) = 26.286, p
= 0.001; cleaved caspase-3, F(3,23) = 12.27, p = 0.001].
Moreover, The one-way ANOVA on Bax and Bcl-2 data
indicated significant effects for the group [Bax, F(3,23) =
46.455, p = 0.001; Bcl-2, F(3,23) = 13.109, p = 0.001]. As
shown in Fig. 8(A,B), cytochrome C, p-p38/t-p38, caspase-3, and cleaved caspase-3 protein levels in Tg-C mice
were much higher than NTg-C, NTg-TE, and Tg-TE
mice, respectively. In addition, Bax protein level in
NTg-C, NTg-TE, and Tg-TE mice was lower than Tg-C

mice, whereas Bcl-2 protein level in NTg-C, NTg-TE, and
Tg-TE mice was higher than Tg-C mice, respectively
(Fig. 8(A,C)).
Treadmill Exercise Represses Neuronal Apoptosis in the Motor
Cortex and Hippocampal Dentate Gyrus of Aged APP-C105
Mice To examine the effect of treadmill exercise on neuronal
apoptotic cell death in APP-C105 mice cortex, apoptotic cells
of the motor cortex were stained using TUNEL assays. The
TUNEL-positive cells were stained red color in the motor
cortex and hippocampus and immune-labeling scores were
shown in Figs. 9(A,C) and 10. The one-way ANOVA on
immune-labeling scores of the motor cortex and dorsal dentate
gyrus of hippocampus data indicated significant effects for the
group [motor cortex apoptosis ratio, F(3,11) = 73.004, p =
0.001; dorsal dentate gyrus of hippocampal apoptosis ratio,
F (3,11) = 70.088, p = 0.001]. Quantitative analysis
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demonstrated that the number of TUNEL-positive cells in the
NTg-C, NTg-TE, and Tg-TE mice was lower than that in the
Tg-C mice (Fig. 9(B,D)). Our results showed that the
TUNEL-positive cells in aged APP-C105 mice were downregulated after treadmill exercise.

exercise alleviates Aβ levels and oxidative stress-induced
neuronal cell death through the regulation of iron overload,
which may be a key determinant for neuroprotection against
AD.
Numerous studies have shown that AD transgenic mice
were associated with AD-like pathogenic phenotypes such
as cognitive deficit and impairment of learning and memory
[26–29]. Therefore, we examined whether treadmill exercise
prevents AD-induced cognitive dysfunction by three different
tests (e.g., Morris water maze test, passive avoidance test, and
novel object recognition test). In the present study, we observed that AD mice with treadmill exercise exhibited improved learning and memory, evidenced by improvement in
escape latencies and distance (MWT), latency to target (PAT),
and recognition index (NORT). These results are consistent
with previous studies [25, 32]. As mentioned above, treadmill
exercise restores cognitive deficit, suggesting that exercise
may prevent or slow the progression of AD. However, the
underlying molecular basis responsible for improving cognitive function induced by exercise is still unknown.
In patients with AD, abnormal accumulation of iron was
observed, the degree of which is closely associated with cognitive deterioration in AD [12, 33]. This study revealed that

Discussion
Excessive iron contributes to the deposition of amyloid-β
(Aβ) and causes oxidative stress that subsequently leads to
cognitive impairment and memory loss in AD [31]. The present study investigated the effects of treadmill exercise in the
cortex of a mouse model of AD and revealed four key findings. First, treadmill exercise reversed cognitive deficits and
attenuated iron levels and dyshomeostasis. Second, treadmill
exercise suppressed Aβ production, possibly via elevation of
furin levels, which modulated the functional processes of the
APP (e.g., ADAM10 and BACE). Third, treadmill exercise–
induced enhancement in antioxidant capacity decreased oxidative damage. Fourth, treadmill exercise ameliorated neuronal cell death by improving the levels of pro- and antiapoptotic proteins. Therefore, these results suggest that
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misprocessing through excess iron-induced disruption of furin activity
was attenuated by treadmill exercise in aged APP-C105 mice. (A)
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brain tissue iron (Fe2+, Fe3+, and total Fe) levels were significantly increased in AD mice, but a treadmill exercise regimen
reestablished those levels similar to non-transgenic control
mice. This result suggests that treadmill exercise–induced mitigation of iron levels may be a key element that restores improved cognitive function that was impaired by AD.
It is postulated that treadmill exercise could help alleviate
iron accumulation in brain of AD mice, possibly via modulating proteins involved in brain iron metabolism, mainly by
reducing brain iron storage [34–36]. In pathological AD conditions, excess iron accumulation is observed regardless of the
diet [37]. For instance, in an animal model of AD, the amounts
of iron, iron storage protein, ferritin (L-chain and H-chain),
transferrin (Tf), transferrin receptor-1 (TfR1), and divalent
metal transporter 1 (DMT-1) are elevated while ferroportin 1
(Fpn1) is reduced in the AD brain neurons [38–40]. Until
recently, the data showing the possible relationship between
physical exercise and proteins involved in iron metabolism in
AD brain were scarce. Our present data showed a significant
decrease in iron levels after treadmill exercise. Therefore, we
further investigated the potential mechanistic connections between the physical exercise and abnormal iron metabolism.
Our study shows that treadmill exercise significantly reduces
L/H-chain ferritin, Tf, TfR1, and DMT-1 while increasing
Fpn1 expression in the motor cortex of AD mice, suggesting
that treadmill exercise reduces excess cortical iron accumulation by downregulating iron uptake proteins, which results in

lower iron transport into cells, and upregulating proteins such
as iron release protein, Fpn1, and iron-regulated protein,
which transport more iron out of the cells, resulting in a decrease in intracellular iron concentration.
More recently, the role of mitochondrial ferritin (FtMt), which
is a novel iron storage protein in mitochondria, in AD has
attracted much attention [41]. Overexpression of FtMt in AD
brain neurons was associated with enhanced Aβ-induced neurotoxicity, indicating that FtMt is induced under pathological conditions of AD, and is associated with mitochondrial iron loading
[42–44]. Supporting this notion, our data showed that FtMt
levels were upregulated in AD mice, and AD-induced FtMt
overexpression was repressed by treadmill exercise. Using correlation analysis, we found that FtMt and H-chain ferritin are
positively correlated. Thus, our results suggest that treadmill
exercise can ameliorate abnormal iron metabolism and might
be an effective strategy in preventing the progression of AD.
Although Aβ accumulation is a typical feature in AD, the
mechanism for this is still unclear. Interestingly, excessive
iron may promote amyloidogenesis, which is involved directly with Aβ plaque formation. It modulates the ability of βsecretase to cleave APP and thus facilitates Aβ aggregation
[1, 14, 21]. Thus, considerable evidence supports the idea that
iron is critically involved as a factor or cofactor in the
etiopathogenesis of AD [45]. Previous studies reported that
furin modulates systemic brain iron homeostasis through the
soluble hemojuvelin (HJV) production, which strongly
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regulates the processing of α- and β-secretases in AD [21,
46]. Specifically, the role of furin in regulating sAPPα

production is strengthened by the evidence that furin mRNA
level is significantly reduced in the brains of both humans and
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Fig. 10 Summary of potential signaling pathway of exercise-induced Aβ clearance in the motor cortex of the brain

animals with AD [46]. This is important because it was shown
that physiological iron accumulation in brain correlated with
oxidative damage and highly correlated with senile plaque
deposition in AD [1, 14, 47]. However, the precise cellular
and molecular basis underlying the role of physical exercise
on Aβ reduction regulated by non-amyloidogenic pathway,
concomitant with downregulating brain iron dyshomeostasis
by enhanced furin, is currently not fully understood. Here, we
demonstrated that treadmill exercise leads to a reduction in
Aβ42 level, possibly by rectifying the functional processes
of APP by promoting α-secretase (ADAM10) and inhibiting
β-secretase (BACE-1). This ameliorates excess iron deposition resulting in enhanced furin activity in AD mice. Similar
findings have been reported in other studies for treadmill exercise, which have reported the prevention of accumulation of
Aβ through biasing APP processing toward the nonamyloidogenic pathway [27]. We also found that iron and
Aβ depositions in the motor cortex and hippocampus were
positively correlated. Therefore, iron-targeted non-pharmacological therapeutic strategy like physical exercise has become
a new topic for research. For this reason, researchers in AD
suggest that stimulation of non-amyloidogenic pathway as
modifying α-secretase activity by reducing iron-mediated
damage attenuates Aβ deposition in the brain [48].

The pathological role of oxidative stress in AD is well
established, and oxidative stress is closely linked to the induction of neuronal cell death [49, 50]. Intriguingly, FtMt and Aβ
deposition contributes to oxidative stress [43, 44]. Specifically,
higher levels of 4-hydroxynonenal (4-HNE) and malonyl
dialdehyde (MDA) with impaired antioxidant enzyme capacities were observed in AD, and these markers are sensitive
indexes for monitoring cognitive alterations in AD progression
[51, 52]. Supporting this notion, our study provides evidence that levels of lipid peroxidation products such as 4HNE and MDA were significantly decreased in aged AD
mice following treadmill exercise and reversed the reduction in levels of antioxidant enzyme such as catalase.
Several previous studies are consistent with our results
[49, 52, 53]. Thus, the anti-oxidative stress effects of treadmill exercise also likely contributed to the exerciseinduced neuroprotection and cognitive improvement in
the present study. Indeed, notable findings of our study
indicate that the significantly decreased expression of
FtMt, which plays a role in the protection of mitochondria
from iron-dependent oxidative damage, with upregulation
of antioxidant enzyme capacity in AD mice following
treadmill exercise, may be related to its neuroprotective
role against iron overload and oxidative stress.
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As mentioned above, excessive accumulation of Aβ and
overexpression of FtMt in AD increase oxidative stress and
activates neuronal cell death pathways such as p38, Bax, and
Bcl-2, which are involved in neuronal apoptosis and increase
cytochrome c expression in the mitochondrial inner membrane, resulting in neuronal apoptosis [43, 54]. In addition, a
recent study has shown that iron-dependent accumulation of
lipid peroxides leads to ferroptosis, which is a type of programmed cell death [55]. In this study, we observed that treadmill exercise significantly reduced apoptosis-related proteins
(e.g., cytochrome C, p-p38, caspase-3, and cleaved forms of
caspase-3) in AD mice.
The clinical relevance of this evidence was confirmed
by previous studies using animal models of AD, demonstrating treadmill exercise as an alternative or (potential)
strategy for inhibition of caspase-3, cytochrome c, and
Bax from Aβ-dependent oxidative damage and was found
to have protective effects on caspase-dependent neuronal
apoptosis in AD [1, 28]. Thus, the cells or tissues in the
AD brain are potentially recoverable and there is an opportunity for salvage. Furthermore, the numbers of
TUNEL-positive cells in the motor cortex and dorsal dentate gyrus of hippocampus decreased after treadmill exercise in AD mice. Present results are consistent with the
previous findings that treadmill exercise greatly decreased
the number of TUNEL-positive cells and apoptotic proteins in the cortex and hippocampal dentate gyrus [53,
56]. This suggests that treadmill exercise improves neurological functions, at least in part, through the inhibition of
neuronal apoptosis in AD.
Our study shows that the protective effect of treadmill exercise against Aβ deposition or lipid peroxidation-induced
neuronal cell death through excess iron-induced disruptions
of APP processing can be significantly attributed to the activation of furin activity and antioxidant defense system.
In summary, our study for the first time demonstrates that
treadmill exercise leads to reduced cognitive decline and Aβinduced neuronal cell death by promoting α-secretasedependent processing of APP through low iron-induced enhancement of furin activity, concomitant with decreasing the
levels of lipid peroxidation products and improving antioxidant defense enzyme capacity in aged AD mice. Therefore,
iron-targeted therapeutic strategies by treadmill exercise have
become a new topic for research in AD.
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