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Growing evidence suggests that lactoferrin (Lf), an iron-binding glycoprotein, is a pleiotropic functional nutrient. In addition, Lf was recently
implicated as a neuroprotective agent. These properties make Lf a valuable therapeutic candidate for the treatment of Alzheimer’s disease
(AD). However, the mechanisms regulating the physiological roles of Lf in the pathologic condition of AD remain unknown. In the present
study, an APPswe/PS1DE9 transgenic mouse model of AD was used. We explored whether intranasal human Lf (hLf) administration could
reduce β-amyloid (Aβ) deposition and ameliorate cognitive decline in this AD model. We found that hLf promoted the non-
amyloidogenic metabolism of amyloid precursor protein (APP) processing through activation of α-secretase a-disintegrin and
metalloprotease10 (ADAM10), resulting in enhanced cleavage of the α-COOH-terminal fragment of APP and the corresponding elevation
of the NH2-terminal APP product, soluble APP-α (sAPPα), which consequently reduced Aβ generation and improved spatial cognitive
learning ability in AD mice. To gain insight into the molecular mechanism by which Lf modulates APP processing, we evaluated the
involvement of the critical molecules for APP cleavage and the signaling pathways in N2a cells stably transfected with Swedish mutant
human APP (APPsw N2a cells). The results show that the ERK1/2-CREB and HIF-1α signaling pathways were activated by hLf treatment,
which is responsible for the expression of induced ADAM10. Additional tests were performed before suggesting the potential use of hLf as
an antioxidant and anti-inflammatory. These findings provide new insights into the sources and mechanisms by which hLf inhibits the
cognitive decline that occurs in AD via activation of ADAM10 expression in an ERK1/2-CREB and HIF-1α-dependent manner.
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INTRODUCTION

Lactoferrin (Lf), an iron-binding glycoprotein produced in
exocrine secretions such as milk, saliva, and tears and in
neutrophilic leukocytes (Johnson and Wessling-Resnick,
2012), is thought to play an important role in iron metabolism
(Aisen and Leibman, 1972); to have anti-inflammatory,
immunomodulator, antioxidant, and anticarcinogenic proper-
ties; to play a role in the host defense mechanism; and to serve
as a growth factor (Garcia-Montoya et al, 2012; Orsi, 2004). Of
particular note, several observations have strongly suggested
that Lf is expressed in many neurons and in some astrocytes,
microglia, and oligodendrocytes of the human brain (Arnold
et al, 1977; Kawamata et al, 1993) and that it could participate
in aging processes and Alzheimer’s disease (AD) progression
(Kawamata et al, 1993; Leveugle et al, 1994; Qian and

Wang, 1998). Previous studies have shown that Lf is highly
expressed in both extracellular senile plaques composed of
aggregated β-amyloid (Aβ) peptide and in intracellular
neurofibrillary tangles composed of aggregated hyperpho-
sphorylated tau protein, which are the two major neuro-
pathological hallmarks of AD in the brains of human AD
specimens and amyloid precursor protein (APP) transgenic
(Tg) mice, suggesting the link of Lf and AD-like pathologies
(Kawamata et al, 1993; Selkoe, 1989; Wang et al, 2010).
However, the reason for the upregulation of Lf in the brains of
both AD patients and Tg AD mice has been poorly
documented so far. Due to its well-described anti-inflamma-
tory and antioxidant abilities, we inferred that Lf may exert a
protective effect against AD (Rousseau et al, 2013; Wang et al,
2010). Recently, studies have suggested that the internalized
exogenous Lf by lactoferrin receptor (LfR) play neuroprotec-
tive role on the ventral mesencephalon neurons against MPP+

in vitro (Wang et al, 2015) can also protect the preterm brain
against hypoxia-ischemia injury and revert some of the
intrauterine growth restriction-induced brain hippocampal
changes in vivo (van de Looij et al, 2014). An interesting study
showed that intraperitoneal injection of deferasirox-Lf con-
jugates was able to significantly attenuate learning deficits
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induced by Aβ injection in a rat model of AD through metal
chelation therapy (Kamalinia et al, 2013). The iron chelator
deferoxame (DFO) has been shown to provide neuroprotec-
tive effects in clinical patients and animal models of AD
(Crapper McLachlan et al, 1991; Guo et al, 2013), for which
the mechanism may be regulation of the transcriptional
activator hypoxia-inducible factor 1α (HIF-1α) (Guo et al,
2015). Lf exhibits similar chelating features as DFO
(Kontoghiorghes et al, 2010; Kruzel et al, 2010) and functions
as a normoxic mimetic of hypoxia capable of stabilizing
HIF-1α (Zakharova et al, 2012). It is important to consider
that Lf prevents some denatured/misfolded proteins from
aggregating (Takase, 1998), and its multifunctional
anti-prion activities have been identified (Iwamaru et al,
2008). These properties make Lf a valuable therapeutic
candidate against AD. However, until now, no detailed studies
dedicated to the links between the chelating properties of Lf
and its protective features, especially with respect to the ability
of Lf to directly control Aβ production and, in particular,
APP metabolism in AD, have been reported. Thus, it is of
utmost importance to document whether Lf can interfere with
APP processing through the regulation of APP-cleaving
secretases. In this context, we have shown that DFO can
reverse iron-induced memory deficits through inhibiting
amyloidogenic APP processing in APP/PS1 double Tg mice
(Guo et al, 2013).
Aβ peptides, products of amyloidogenic APP processing,

and plaques are known to play central roles in the
neuropathology of AD (Abbott, 2008). Alternatively, APP
can be processed by a-disintegrin and metalloproteinase 10
(ADAM10) pathway that prevents the formation of toxic Aβ
and gives rise to the secretion of soluble α-secretase-released
N-terminal APP domains (sAPPα) and α-COOH-terminal
fragments (α-CTF) (Lammich et al, 1999; Vincent and
Govitrapong, 2011). The sAPPα fragment has been shown to
have both neuroprotective and neurotrophic capabilities,
suggesting that the presence of sAPPα in the milieu interne
may improve neuronal viability (Mattson et al, 1993; Turner
et al, 2003). Thus, various synthetic and naturally occurring
compounds have been studied to determine their therapeutic
potential for promoting non-amyloidogenic processing of
APP (Shukla et al, 2015; Vardy et al, 2005). These data
strongly support the hypothesis that Lf could behave as a
positive regulator of the non-amyloidogenic/α-secretase
pathway.
This study investigates the capability of Lf to stimulate the

non-amyloidogenic processing of APP and α-secretase catalytic
activity and expression in APP/PS1 mice. We also address the
molecular mechanisms by which Lf alters APP processing.
Specifically, Lf enhanced the expression of ADAM10 via an
ERK-CREB- and HIF-1α-dependent mechanism to protect
mice against cognitive deficits. These findings suggest a novel
neuroprotective role for Lf-mediated APP processing in
neurodegenerative disorders, including AD.

MATERIALS AND METHODS

Transgenic Mice and Treatments

The male APP/PS1 mice used in this research were originally
obtained from the Jackson Laboratory (West Grove, PA).
The mice were raised in a controlled environment (22–25 °C

room temperature, 40–60% relative humidity, and 12 h light/
dark cycle) with free access to food and water. The
Laboratory Animals Ethical Committee of Northeastern
University approved all experimental procedures.
Mice at the age of 6 months were randomly divided into

one of three treatment groups (eight mice per group): vehicle
control, 2 mg/kg human Lf (hLf; Sigma-Aldrich, L4040),
and 6 mg/kg hLf. hLf dissolved in saline was administered
by intranasal delivery once a day for 3 months, and
vehicle control mice were given saline. The dosages of hLf
were chosen based on a previous report (Velusamy et al,
2014). Body weight and general health of the mice were
observed daily.

Morris Water Maze Test

Spatial learning and memory were tested using the Morris
water maze as described in our previous studies (Guo et al,
2013). For spatial learning, the mice were trained in the water
maze to find a visible platform for 2 consecutive days with
four trials per day. On each trial, the mouse was given 60 s to
climb onto the platform. Then, the place navigation test with
a hidden platform was performed for four trials per day with
a 1-min interval between trials for 5 consecutive days. The
swimming path and the time used to find the platform
(latency) were recorded. For spatial memory, the platform
was removed after training. A 1-min probe trail was tested
for 2 days. The number of times that each mouse crossed the
target platform quadrant was recorded. Finally, the recorded
data were statistically analyzed.

Tissue Preparation

At the conclusion of behavioral testing (at 9.5 months of
age), mice were killed under sodium pentobarbital (50 mg/
kg, intraperitoneally) anesthesia. The brains were immedi-
ately removed and dissected in half on an ice-cold board.
One-half of the brain was postfixed in 4% paraformaldehyde
solution and embedded in paraffin for morphological
assessment. The other half was frozen at − 80 °C for
biochemical analyses.

Cell Culture

Mouse neuroblastoma 2a (N2a) cells stably transfected with
Swedish mutant human APP (APPsw N2a cells) were kindly
provided by Dr Huaxi Xu at the Burnham Institute. The cells
were grown in media containing 50% Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Carlsbad, CA) supplemen-
ted with 50% Opti-MEM, 100 U/ml penicillin, 100 μg/ml
streptomycin, 200 μg/ml G418 (GIBCO/Invitrogen, Burling-
ton, ON), and 10% fetal bovine serum (FBS) (Gibco) in a
humidified air atmosphere with 5% CO2 at 37 °C. To
determine whether Lf could affect the activities of α-
secretases in the cells, the cells were grown in serum-free
medium for an additional 24 h before incubation with
inhibitors in the absence or presence of 0.1 mg/ml hLf
(Sigma-Aldrich, L4894), as previously described (Wang et al,
2015). Thereafter, the medium was removed, and the cells
were harvested for Western blot analysis.
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Immunohistochemistry and Immunofluorescence

Coronal paraffin sections (5 μm) were dewaxed and rehy-
drated, and antigen retrieval was achieved by boiling in citric
acid buffer for 3 min in a microwave oven. The sections were
then incubated overnight with mouse anti-Aβ (1 : 500;
Sigma) at 4 °C. After rinsing, sections were incubated with
anti-mouse IgG (1 : 200), conjugated with horseradish
peroxidase (HRP), and detected with 0.025% DAB, as
previously described (Guo et al, 2013). APPsw N2a cells
were fixed with 4% paraformaldehyde at room temperature
for 30 min after the indicated treatment periods. After

rinsing, treatment with normal donkey serum (Jackson
ImmunoResearch Laboratory, West Grove, PA, USA) for 1 h
at room temperature was used to block non-specific binding.
For double immunofluorescence, tissue sections (10 μm) or
cell cultures were incubated with mouse anti-Aβ (1 : 500;
Sigma) and rabbit anti-glial fibrillary acidic protein (GFAP,
1 : 100; Santa Cruz Biotechnology), mouse anti-Aβ (1 : 500;
Sigma) and rabbit anti-ionized calcium-binding adaptor
molecule 1 (Iba1, 1 : 100; Abcam), mouse anti-Aβ (1 : 500;
Sigma) and rabbit anti-synaptophysin (SYP, 1 : 200; Abcam),
mouse anti-Aβ (1 : 500; Sigma) and rabbit anti-HIF-1α
(1 : 200; Cell Signaling Tech(CST)), and mouse anti-Aβ

Figure 1 Lactoferrin (Lf) treatment increases body weight gain and rescues cognitive decline in amyloid precursor protein (APP)/presenilin 1 (PS1) mice.
APP/PS1 transgenic (Tg) mice at the age of 6 months were treated with human Lf (hLf) (2 mg/kg per day or 6 mg/kg day) for 3 months before their body
weights and cognitive abilities were evaluated. (a) The body weights of the mice were increased in the hLf-treated group relative to vehicle controls. (b) During
MWM training from day 1 to day 2, the results of the visible platform tests did not differ among the groups, whereas the hLf-treated APP/PS1 mice showed a
decrease in escape latency from the fifth day to the seventh day of testing in the hidden platform tests. (c) In the probe trial toward the target quadrant on the
eighth day, the passing times of the mice in the hLf treatment group were significantly increased compared with the mice in the untreated group. (d) The
motion tracking of the mice in the different groups is shown for the hidden platform tests. All values are the means± SEM (n= 8). *po0.05, **po0.01
compared with the vehicle group.

Figure 2 Lactoferrin (Lf) treatment reduced β-amyloid (Aβ) plaque accumulation and synapse loss in amyloid precursor protein (APP)/presenilin 1 (PS1)
mouse brains. (a) Immunohistochemical staining investigating the distribution of Aβ plaques in the cortex and hippocampus of the APP/PS1 mouse brains.
(b) Western blot analysis demonstrated that the synaptophysin (SYP) protein levels were markedly increased in the human Lf (hLf)-treated mouse brains
compared with the vehicle-treated mouse brains. β-actin was used as an internal control. (c) Immunofluorescence labeling and confocal microscopy analysis
revealed the distribution and expression of anti-SYP (red) and Aβ (green) in the brain sections of the APP/PS1 mice. Scale bar= 100 μm. (d) Western blot
analysis showed the levels of APP cleavage enzymes and products. β-actin was used as an internal control. (e) hLf treatment resulted in significantly decreased
levels of APP. (f–h) hLf treatment significantly increased the levels of ADAM10 and PS1, whereas there were no significant changes in the BACE1 levels in the
brain tissues between the vehicle- and hLf-treated mice. (i–l) hLf led to an augmentation of sAPPα secretion with a concomitant increase in C83. There were
no significant differences in the levels of sAPPβ and C99 in the hLf-treated mice compared with vehicle controls. All values are the means± SEM (n= 8).
*po0.05, **po0.01 compared with the vehicle group. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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(1 : 500; Sigma) and rabbit anti-ADAM10 (1 : 100; CST)
primary antibodies overnight at 4 °C. The immunoreactivity
was subsequently determined using donkey anti-mouse IgG

conjugated with fluorescein isothiocyanate (1 : 200; Jackson
ImmunoResearch Laboratories) and Texas-Red donkey anti-
rabbit IgG (1 : 200; Jackson ImmunoResearch Laboratories)
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secondary antibodies for 2 h at room temperature followed
by staining with DAPI for 5 min. The images were observed
using a confocal laser scanning microscope (SP8, Leica). No
fluorescence is expected when the primary antibody is
omitted.

Western Blotting

The tissue samples were lysed in a sample buffer (150 mM
NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid, 0.1% sodium
dodecyl sulfate (SDS), and 50 mM Tris, pH 8.0)
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supplemented with a protease inhibitor cocktail (Sigma-
Aldrich) and were processed for immunoblot analysis as
previously described (Guo et al, 2013). The total protein
lysate (50 μg) was separated via 10–15% SDS polyacrylamide
gels and transferred onto polyvinylidene fluoride (PVDF)
sheets (Millipore, Billerica, MA). Primary antibodies against
rabbit anti-APP695 (1 : 4000, Chemicon), rabbit anti-APP-
CTFs (1 : 4000, Sigma), rabbit anti-ADAM10 (1 : 1000,
Millipore), rabbit anti-β-site APP cleavage enzyme 1
(BACE1, 1 : 1000, Sigma), rabbit anti-p-cyclic adenosine
monophosphate response element-binding (CREB, 1 : 1000,
CST), rabbit anti-CREB (1 : 1000, CST), rabbit anti-p-
extracellular-regulated protein kinases (ERK1/2, 1 : 1000,
CST), rabbit anti-ERK (1 : 1000, CST), rabbit anti-GFAP
(1 : 1000; Santa Cruz Biotechnology), rabbit anti-HIF-1α
(1 : 1000, Novus), rabbit anti-Iba1(1 : 1000; Abcam), rabbit
anti-IL-1β (1 : 1000, CST), rabbit anti-presenilin 1 (PS1,
1 : 800, Millipore), mouse anti-sAPPα (1 : 500, IBM), mouse
anti-sAPPβ (1 : 500, IBM), rabbit anti-superoxide dismutase
1 (SOD1, 1 : 1000, CST), rabbit anti-SYP (1 : 2000; Abcam),
rabbit anti-TNFα (1 : 1000; Abcam), rabbit anti-vascular
endothelial growth factor (VEGF, 1 : 1000; CST), and mouse
anti-β-actin (1 : 10 000, Sigma) were used. Immunoblots were
washed and treated with the appropriate species HRP-
conjugated secondary antibody (1 : 5000; Santa Cruz Bio-
technology), and immunological complexes were visualized
by enhanced chemiluminescence (Pierce, Rockford, IL) using
a ChemiDoc XRS system and the accompanying Quantity
One software (Bio-Rad, Hercules, CA). The immunoreactive
bands were quantified using Image-pro Plus 6.0 analysis
software.

Real-Time PCR and Assay for ROS Formation

Total RNA was isolated from the cerebral cortex tissues
utilizing TRIzol (Invitrogen) according to the manufacturer’s
instructions. Two micrograms of total RNA from each
sample was reverse transcribed using a Prime ScriptTM RT
Reagent Kit (Takara, Otsu, Japan). Quantitative PCR assays
were performed with SYBR Green PCR Master mix
(Promega, Madison, WI, USA) using a MiniOpticon Real-
Time PCR detection system (Bio-Rad), and the values were
normalized to GAPDH. Each cDNA sample was tested in
triplicate. The following PCR primers were used for quan-
tification: TNFα: forward, 5′-AGCCCCCAGTCTGTATCC
TT-3′ and reverse, 5′-ACAGTCCAGGTCACTGTCCC-3′;
IL-1β: forward, 5′-TTCAAATCTCGCAGCAGCAC-3′ and
reverse, 5′-GTGCAGTTGTCTAATGGGAACG-3′; IL-6:
forward, 5′-TGTCTATACCACTTCACAAGTCGGAG-3′
and reverse, 5′-GCACAACTCTTTTCTCATTTCCAC-3′;

GAPDH: forward, 5′-GGATTTGGTCGTATTGGG-3′ and
reverse, 5′-TCGCTCCTGGAAGATGG-3′. ROS levels in the
brain tissues homogenates were assessed using 2′,7′-dichlor-
ofluorescein diacetate (DCFH-DA) according to the manu-
facturer’s instructions (Jiancheng Biology, Nanjing, China).
DCF fluorescence was detected at 525 nm emission using a
microplate reader (Synergy/H1, BioTek).

Statistical Analyses

The results are expressed as the mean± SEM. Repeated
measures analysis of variance (ANOVA) was performed for
the Morris water maze tests of the latencies and path lengths;
differences among the means were evaluated with multi-
variable ANOVA. Other comparisons were determined by
one-way ANOVA followed by post hoc Bonferroni or
Tamhane’s T2 tests when appropriate. All data were analyzed
using SPSS 16.0 software, and differences were assumed to be
highly statistically significant if the probability (p) value was
o0.01 and statistically significant if po0.05.

RESULTS

Lf Treatment Increases Body Weight Gain and Rescues
Cognitive Decline in APP/PS1 Mice

To determine the effects of an intranasal hLf administration
in a mouse model of AD, the body weights of the animals
and their performance on the MWM tests were evaluated.
Following a 3-month treatment regimen with either hLf or
vehicle, the body weights of the mice were statistically
increased in the hLf-treated group relative to the vehicle
controls (po0.05, Figure 1a), suggesting that Lf treatment
did not affect the overall health of the animals.
After 90 days of hLf treatment, MWM tests were

performed to validate whether Lf treatments affect learning
and memory in APP/PS1 mice. The results of the visible
platform tests did not differ among the groups, nor did the
results of the hidden platform tests on the third and fourth
days (p40.05, Figure 1b). However, in the subsequent
hidden platform testing, the hLf-treated APP/PS1 mice
showed a decrease in escape latency compared with the
untreated group from the fifth day to the seventh day of
testing (po0.05; Figure 1b). In the probe trial toward the
target quadrant on the eighth day, the passing times of the
mice in the hLf treatment group were significantly increased
compared with the mice in the untreated group (po0.01;
Figure 1c). Taken together, these results indicate that the
intranasal hLf treatment was able to improve spatial learning
impairment in the AD model.

Figure 3 Effects of lactoferrin (Lf) on oxidative stress and inflammatory reaction in the amyloid precursor protein (APP)/presenilin 1 (PS1) mouse brains.
Immunofluorescence labeling and confocal microscopy analysis showing the distribution and expression of β-amyloid (Aβ) (green), glial fibrillary acidic protein
(GFAP) (a) and Iba1 (b) in the cortex and hippocampus of the APP/PS1 mouse brains. The images are representative of three independent experiments. Scale
bar= 100 μm. (c–e) Western blots demonstrating the protein levels of GFAP and Iba1 in the brains of the human Lf (hLf)-, vehicle-treated APP/PS1 mice.
(f) hLf treatment markedly enhanced the superoxide dismutase 1 (SOD1) protein levels in the brains of APP/PS1 mice, and (g) the ROS levels were decreased
significantly compared with those of the vehicle-treated controls. (h–j) hLf treatment drastically decreased the brain mRNA expression levels of TNFα and IL-6,
whereas the level of IL-1β mRNA did not significantly change compared with that of the vehicle-treated APP/PS1 mice. (k–m) Western blots demonstrating
the protein levels of IL-1β and TNFα in the brains of the hLf-, vehicle-treated APP/PS1 mice. β-actin was used as an internal control. All values are the
means± SEM (n= 8). *po0.05, **po0.01 compared with the vehicle group. A full color version of this figure is available at the Neuropsychopharmacology
journal online.
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Lf Treatment Inhibited Aβ Plaque Accumulation by
Upregulating ADAM10 and Reduced Synapse Loss in
APP/PS1 Mouse Brains

The effects of Lf on Aβ accumulation in APP/PS1 mouse
brains were investigated with IHC (Figure 2a). We found
that Aβ-immunoreactive plaques were reduced in both the
cortex and hippocampus of brains from the hLf-treated
group relative to the vehicle controls.
We then assessed the effects of hLf on synapse alterations.

As shown in Figure 2c, under hLf treatment, the positive area
and the intensity of SYP staining was increased, accom-
panied by a decreased immunoreactive area of Aβ plaque in
the brains of APP/PS1 mice compared with vehicle control
mice. In addition, Western blot analysis of the samples using
the anti-SYP antibodies confirmed these findings (Figure 2b,
po0.01).
To determine whether the reduction in Aβ generation and

aggregation in APP/PS1 mouse brains in the hLf-treated

group was correlated with APP processing, we first assessed
the expression of APP protein by Western blot. As shown in
Figure 2d, we found that compared with the vehicle,
treatment with hLf resulted in significantly decreased levels
of APP (Figure 2d and e, po0.05 or po0.01, respectively).
Then, we examined the effect of hLf on the relative APP
cleavage enzymes (including ADAM10, BACE1, and PS1) in
the APP/PS1 mouse brains. Western blot analysis revealed
that hLf treatment significantly increased the levels of
ADAM10 and PS1 compared with the vehicle, whereas there
were no significant changes in the BACE1 levels in brain
tissues between the vehicle control mice and treated mice
(Figure 2d, f–h, po0.05 or po0.01, respectively). Thus, we
further evaluated the effect of hLf on the non-amyloidogenic
α-secretase processing of APP in APP/PS1 mice. The results
showed that hLf led to a dose-dependent augmentation of
sAPPα secretion with a concomitant increase in the

Figure 4 Lactoferrin (Lf) treatment enhanced ERK1/2 phosphorylation and upregulated the activation of CREB and hypoxia-inducible factor 1α (HIF-1α) in
amyloid precursor protein (APP)/presenilin 1 (PS1) transgenic (Tg) mouse brains. (a) Change in expression levels of Lf, lactoferrin receptor (LfR), ERK1/2,
CREB, HIF-1α, and vascular endothelial growth factor (VEGF) by human Lf (hLf) treatment. β-actin was used as an internal control. (b, c) The treated brain
tissues of APP/PS1 mice were assessed for Lf and LfR protein by Western blot analysis. (d–g) The protein levels of total ERK1/2 and CREB were not changed
by the different treatments, whereas hLf treatment induced the phosphorylation of ERK1/2 and CREB in the APP/PS1 mouse brains. (h, i) hLf treatment
upregulated the expression levels of HIF-1α and VEGF in the APP/PS1 mouse brains. All values are the means± SEM (n= 8). *po0.05, **po0.01 compared
with the vehicle group.
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Figure 5 ERK-CREB and hypoxia-inducible factor 1α (HIF-1α) signaling is involved in lactoferrin (Lf)-mediated promotion of amyloid precursor protein
(APP) α-proteolysis in N2a cells overexpressing Swedish mutant human APP (APPsw N2a cells). (a) Cultured APPsw N2a cells were treated with human
lactoferrin (hLf) in the absence or presence of a HIF-1α selective inhibitor (YC-1) for 24 h. Cell lysates were then prepared from these cells and subjected to
Western blot analysis to evaluate APP processing into α-proteolysis using ADAM10, sAPP-α, and HIF-1α antibodies. β-actin was used as an internal control.
(b, c) Immunofluorescence labeling using mouse anti-β-amyloid (Aβ) (red) and rabbit anti-HIF-1α/ADAM10 (green) antibodies showed that hLf likely
enhanced the expression levels of HIF-1α and ADAM10 and then reduced Aβ generation in APPsw N2a cells. DAPI was used to detect the nuclei (blue).
Scale bar= 25 μm. APPsw N2a cells were treated for 24 h with hLf (0.1 mg/ml) in the absence or presence of the ERK1/2 inhibitor PD98059 (d) or the CREB
inhibitor H89 (e). The levels of HIF-1α (D1, E1), ADAM10 (D2, E2), sAPPα (D3, E3), phosphorylated ERK1/2 (D4), and CREB (E4) and the total protein levels
of ERK1/2(D5) and CREB (E5) were determined by immunoblot analysis. β-actin was used as an internal control. The data represent the means± SEM of at
least three independent experiments; *po0.05, **po0.01 vs control group; #po0.05, ##po0.01 vs hLf treatment group without YC-1/PD98059/ H89
pretreatment. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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membrane-bound C-terminal fragment C83 (Figure 2d, i–l,
po0.05 or po0.01, respectively).
Therefore, we can infer that Lf promoted non-

amyloidogenic processing of APP and endowed it with
neurotrophic and neuroprotective properties.

Effects of Lf on Brain Tissue Oxidative Stress and the
Inflammatory Signaling Pathway of APP/PS1 Mice

It has been noted in the literature that the AD brain exhibits
chronic inflammation primarily around the amyloid plaques
of reactive astrocytes and activated microglia (Fuller et al,
2010). In the present study, we demonstrated that hLf-treated
mice exhibited markedly attenuated GFAP (a marker of
astrocytes) immunoreactivities compared to the vehicle-
treated mice (Figure 3a, c, and d, po0.05). However,
although not reaching statistically significant, we observed
a slight increase for the levels of Iba1 in hLf-treated mice
compared with vehicle-treated mice (Figure 3b, c, and e,
p40.05), suggesting that the progression of the disease might
be halted in the early phases, during which time microglia
should be beneficial in aiding to clear amyloid and protect
neurons (Calsolaro and Edison, 2016).
An important pharmacological approach is supported that

may suppress oxidative stress and inflammation, ameliorate
cognitive decline, and possibly rescue AD (Daulatzai, 2016).
In view of the critical role of oxidative stress in AD-related
pathogenesis, we assayed ROS and SOD1 levels in the mouse
brains from each experimental group. As shown in Figure 3,
in the animals treated with hLf for 90 days, the SOD1 protein
levels were markedly increased (Figure 3f, po0.01), whereas
the ROS levels were decreased significantly compared with
those of the vehicle-treated controls (Figure 3g, po0.05). We
then assessed alterations in inflammation-related cytokines
in the mouse brain. hLf treatment drastically decreased the
brain mRNA expression levels of TNFα and IL-6 by different
degrees compared with those of the vehicle-treated APP/PS1
mice (Figure 3i and j, po0.05 or po0.01, respectively),
whereas the level of IL-1β mRNA did not significantly
change (Figure 3h, p40.05). And the same results for
expressed IL-1β (Figure 3k and l, p40.05) and TNFα (Figure
3k and m, po0.05 or po0.01, respectively) were achieved
by Western blot.
Collectively, these results suggest that the inhibited

inflammatory cascade reaction may correspond to one of
the neuroprotective mechanisms of Lf treatment, although
the full detailed mechanism has yet to be determined.

Lf Treatment Enhanced ERK1/2 Phosphorylation and
Upregulated the Activation of CREB and HIF-1α in
APP/PS1 Tg Mouse Brains

To determine whether LfR mediate Lf endocytosis, we
investigated the expression of Lf and LfR in APP/PS1 mouse
brain. As expected, the protein levels of Lf and LfR were
significantly increased in the brain tissues in the Lf treatment
condition relative to vehicles (Figure 4a, b, and c, po0.01,
respectively), suggesting that LfR is responsive to Lf
internalization and therefore mediates the multiple physio-
logical functions of Lf.
Previous studies have indicated that LfR is involved in

Lf-induced activation of the ERK1/2 and CREB, these two

pathways might regulate each other and co-regulate
downstream functions (Ikoma-Seki et al, 2015). Moreover,
it has been reported that hypoxia contributes to ADAM10
transcription via HIF-1α activation (Barsoum et al, 2011),
and Lf acts as a normoxic mimetic of hypoxia capable of
stabilizing HIF-1α (Zakharova et al, 2012). To further
investigate the mechanism underlying Lf-mediated
upregulation of ADAM10, mitigation of amyloidosis, and
inflammation, we next assessed the expression of HIF-1α
and VEGF protein, and the activation of ERK1/2 and CREB
in the APP/PS1 mouse brains in both hLf- and vehicle-
treated mice. As shown in Figure 4, the protein levels
of total ERK1/2 and CREB were not changed by the
different treatments (Figure 4a, e, and g, p40.05), whereas
Lf treatment induced the phosphorylation of ERK1/2 and
CREB in the APP/PS1 mouse brains (Figure 4a, d, and f,
po0.01). Western blot analysis revealed that hLf treat-
ment also upregulated HIF-1α and VEGF (a downstream
target of HIF-1α) (Figure 4a, h, and i, po0.05 or po0.01,
respectively). These results demonstrate that Lf
concurrently evokes the expressions of ADAM10 and
HIF-1α, suggesting that the activation of proteins
related to the HIF-1α signaling pathway may be a cue
to the neuroprotection of hLf in APP/PS1 Tg mouse
brains.

ERK-CREB and HIF-1α Signaling is Involved in
Lf-Mediated Promotion of APP α-Proteolysis in APPsw
N2a Cells

To test whether the accumulated HIF-1α due to hLf can
increase the expression of ADAM10 and sAPPα, we treated
APPsw cells with 20 nM YC-1 (an inhibitor for HIF-1α) after
3 h and evaluated the expression at 24 h using Western blot.
It was found that incubation of the APPsw cells with YC-1
(20 nM) not only suppressed the hLf-induced accumulation
of HIF-1α but also reversed the hLf-dependent increase in
ADAM10 and sAPPα synthesis (Figure 5a, po0.01,
respectively).
We next explored the effects of hLf on Aβ generation in

the APPsw N2a cells to elucidate the downstream factors of
HIF-1α using immunofluorescence and confocal micro-
scopy. HIF-1α was weakly expressed in the cytoplasm of
vehicle-treated APPsw N2a cells. After the cells were cultured
with 0.1 mg/ml hLf for 24 h, the expression of HIF-1α was
greatly enhanced and primarily located in the nuclei of the
cells, whereas HIF-1α staining was not markedly altered by
YC-1 and 0.1 mg/ml hLf co-culture (Figure 5b). Consistent
with the above results, double labeling of Aβ and ADAM10
showed that treatment with hLf significantly decreased Aβ
immunofluorescence but increased ADAM10 immunoreac-
tive intensity compared with the vehicle. Moreover, these
immunoreactivities were significantly inhibited by blocking
HIF-1α with YC-1 for 24 h (Figure 5c). Thus, we could
reasonably postulate that Lf enhances the α-secretase
processing of APP and then reduces Aβ generation via
activated HIF-1α.
Next, we sought to further characterize the potential

mechanisms underlying the Lf-dependent activation of
α-secretase in vitro. In light of our in vivo studies and
previous reports suggesting that the CREB and ERK
signaling pathways were activated by Lf (Ikoma-Seki et al,
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2015) and that the MAPK/ERK pathway is critically involved
in HIF-1α-regulated protein synthesis (Guo et al, 2016), we
evaluated the role of ERK-CREB signaling in HIF-1α-
regulated ADAM10 expression. As shown in Figure 5d and
e, hLf treatment activated the ERK-CREB pathway, as
indicated by the increase in phosphorylated ERK1/2 and
CREB. Of utmost interest was the observation that pretreat-
ment of the cultures with a specific ERK or CREB inhibitor,
PD98059 (20 μM) or H89 (20 nM), not only blocked ERK1/2
or CREB phosphorylation but also fully prevented HIF-1α-
induced ADAM10 and sAPPα increases. Thus, these results
suggest that HIF-1α induces the upregulation of ADAM10
via the ERK-CREB pathway.

DISCUSSION

Lf has been implicated in a spectrum of physiopathological
events related to iron homeostasis, oxidative defense and
inflammation, carcinogenesis, and energy metabolism.
Growing evidence suggests the potential use of Lf as a
diagnostic marker or as a therapeutic tool (Mayeur et al,
2015). Therefore, the use of exogenous Lf as a therapeutic
agent will be investigated to identify its roles in AD. Here, we
provide the first demonstration that administering 2–6 mg/
kg of body weight once a day of hLf for 3 months positively
controlled α-secretase ADAM10 expression and markedly
reduced the formation of Aβ plaques in the hippocampus of
APP/PS1 mice. Moreover, we also found that intranasal
administration of hLf enhanced the spatial learning and
memory of APP/PS1 mice, with an upregulation of the ERK-
CREB and HIF-1α cascade in the brain. These in vivo
observations were further validated by the administration of
hLf and ERK-CREB, and HIF-1α inhibitors in APPsw
N2a cells.
Various synthetic and natural products have been

investigated as potential alternative therapies for AD.
Exogenous Lf has emerged as a very promising anti-
inflammatory agent, but less attention has been given to
the use of Lf as a neuroprotective factor. Recently, the
efficacy of Lf in the treatment of Parkinson’s disease has been
studied in vitro. In the current study, APP/PS1 mice treated
intranasally with hLf exhibited increased body weights and
better overall health relative to vehicle controls, suggesting
that the compound and delivery route were tolerated well by
the animals. As expected, we found that exogenous hLf
treatment was neuroprotective in APP/PS1 mouse brains, as
it reduced the formation of ROS, Iba1, and GFAP
immunoreactivity, and the mRNA levels of TNFα and IL-6,
and it increased SOD1 activity. However, most importantly,
hLf significantly attenuated the formation of Aβ plaques and
spatial learning impairment in the APP/PS1 mice. In
addition, hLf administration increased the expression level
of SYP, which is a synaptic marker involved in disease
progression and cognitive decline in AD (Selkoe, 2002).
These results suggest that the therapeutic potentials of hLf
for mitigating AD-like pathologies deserve further
investigation.
In the present study, intranasal Lf treatment significantly

decreased the levels of APP695 protein. In concert with
reduced Aβ plaques, we also found that hLf increased sAPPα
and α-CTF production C83, whereas there were no

significant changes in sAPPβ and C99 levels, which indicated
that hLf may regulate the metabolism of APP to sAPPα and
reduce Aβ levels both in vitro and in vivo. Our laboratory has
previously shown that DFO, an iron chelator, can promote
non-amyloidogenic processing of APP through activation of
the α-secretase ADAM10, which consequently reduced Aβ
generation and improved spatial cognitive learning ability in
AD mice (Guo et al, 2013). Because Lf has a broad spectrum
of biological and pharmacological activities, we then
measured the effects of hLf on α-secretase ADAM10,
β-secretase BACE1, and γ-secretase PS1. In this study, hLf
treatment did not significantly affect BACE1 protein
expression. However, hLf administration markedly enhanced
the expression level of ADAM10 and PS1 in the APP/PS1
mouse model of AD. These results suggest that hLf is able to
mediate APP processing away from the β-secretases and
toward the α-secretase pathway as a much-anticipated
therapeutic agent in the treatment of neurodegenerative
diseases. Indeed, extensive research has focused on the
therapeutic application of natural compounds that may
increase non-amyloidogenic processing of APP (Shukla et al,
2015; Vardy et al, 2005; Williams et al, 2011).
Direct and/or indirect molecular interactions between Lf

and ADAM10 remain to be determined. Previous studies
have revealed that synaptic activity induced α-secretase and
thereby reduced Aβ generation and release (Kim et al, 2010;
Wan et al, 2012). There is considerable evidence that
synaptic numbers and SYP expression may be mediated via
the ERK-CREB signaling pathway (Krasnova et al, 2013; Liu
et al, 2016). Moreover, activation of the ERK and CREB
signaling may contribute to long-term synaptic plasticity,
which is required for memory formation processes, particu-
larly in the hippocampus (Cao et al, 2013; Ran et al, 2012).
How synaptic activity regulates α-secretase remains unclear,
although studies implicate HIF-1α as a mediator governing
ADAM10 activation (Barsoum et al, 2012). Recently, (Shukla
et al (2015)) observed that ERK phosphorylation upregulated
ADAM10 through HIF-1α activation, and Lf is also known as
a normoxic mimetic of hypoxia, capable of stabilizing
HIF-1α (Zakharova et al, 2012). To determine whether
upregulation of the ADAM10 protein by hLf in APP/PS1
mice occurred via the same pathway, we analyzed ERK1/2,
HIF-1α, and CREB in the extracts of brain tissue. The results
showed that hLf treatment in the mice increased the
phosphorylation of ERK1/2 and CREB, and upregulated
HIF-1α and VEGF. Further, we observed in vitro that
administration of PD98059 (an inhibitor for ERK), H89 (an
inhibitor for CREB), or YC-1 (an inhibitor for HIF-1α)
blocked the activation of ADAM10 and the secretion of
sAPPα in APPsw cells. Our data are in strong agreement
with a previous study that described ERK-mediated activa-
tion of ADAM10 through the HIF-1α pathway, suggesting
that a component of Lf upregulation of ADAM10 is through
activation of HIF-1α (Shukla et al, 2015).
The increase in the expression level of Lf and LfR after LF

treatment was similar to that reported in ventral mesence-
phalon neurons (Wang et al, 2015). Interestingly, Lf
specifically activated the ERK MAPK signaling pathway,
which may account for its anti-inflammatory activity (Jiang
et al, 2011; Yan et al, 2013). The neuroprotective effect of
exogenous Lf could be explained by the anti-inflammatory
properties of Lf (Garcia-Montoya et al, 2012; van de Looij
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et al, 2014). Indeed, it was shown that hLf can suppress the
transcription of TNFα and IL-6 by inhibiting the formation
of ROS in our system. Similar effect was observed in
immature rat brains with cerebral hypoxia-ischemia (van de
Looij et al, 2014). Prior studies have documented a
significant correlation between Aβ plaque formation, and
the activation of microglia and astrocytes in AD brains
(Akiyama et al, 2000). Although increased positive Iba1
immunoreactivity was not detected as expected, astrocytes
significantly expressed less GFAP around Aβ plaques in the
brains of the hLf-treated mice, indicating reduced inflam-
matory reactions due to hLf. On the other hand, as activated
microglial cells are believed to be the source of endogenous
Lf within the brain (Fillebeen et al, 2001), unlessened Iba1
level suggesting that microglia might participate in the effects
of exogenous Lf.
In summary, our current study demonstrated that hLf

treatment can improve cognitive deficits and Aβ aggregation
in APP/PS1 mice after 90 days of administration. Further
studies showed that hLf can stimulate ADAM10 activation
and promote non-amyloidogenic α-secretase processing of
APP by activating the ERK-CREB and HIF-1α signaling
pathways in APP/PS1 mice and N2aSW cells. hLf treatment
also rescued oxidative stress and neuroinflammation in the
brains of APP/PS1 mice. These findings provide mechanistic
insight into the potential use of hLf as a therapeutic agent for
the treatment of AD.
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