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Abstract

Background Alzheimer’s disease (AD) is an unmet medical need worldwide, and physical inactivity is a risk factor for
AD. Performing physical exercise is difficult at old age, and thus, decline in physical movement may be a cause of
age-associated lowering of the brain function. This study aimed to elucidate the molecular mechanism and onset of
the skeletal muscle atrophy-induced acceleration of AD.
Methods Pre-symptomatic young 5XFAD or non-transgenic wildtype mice were used. The bilateral hindlimbs were
immobilized by placing them in casts for 14 days. Cognitive function was evaluated using the object recognition and
spatial memory tests. Further, the hindlimb muscles were isolated for organ culture. Conditioned media (CM) of each
muscle was separated by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). Protein expressions in the
CM were analysed by matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry analysis. The expres-
sion levels of candidate proteins were quantified using ELISA. After continuous intracerebroventricular (i.c.v.) infusion
of recombinant hemopexin, cognitive function was evaluated. Gene microarray analysis of the hippocampus was
performed to investigate the molecules involved in the accelerated memory deficit. Real-time reverse transcription
polymerase chain reaction and histological analysis confirmed the expression.
Results Casting for 2 weeks reduced skeletal muscle weight. Object recognition memory in the cast-attached 5XFAD
mice (n = 7, training vs. test, P = 0.3390) was impaired than that in age-matched wildtype (n = 7, training vs. test,
P = 0.0523) and non-cast 5XFAD mice (n = 7, training vs. test, P = 0.0473). On 2D-PAGE, 88 spots were differentially
expressed in muscle CM. The most increased spot in the cast-attached 5XFAD CM was hemopexin. Hemopexin levels in
the skeletal muscle (n = 3, P = 0.0064), plasma (n = 3, P = 0.0386), and hippocampus (n = 3, P = 0.0164) were in-
creased in cast-attached 5XFAD mice than those in non-cast 5XFAD mice. Continuous i.c.v. infusion of hemopexin for
2 weeks induced memory deficits in young 5XFAD mice (n = 4, training vs. test, P = 0.6764). Lipocalin-2 (Lcn2) mes-
senger RNA (mRNA), neuroinflammation-associated factor, was increased in the hippocampus in hemopexin-infused
5XFAD mice than in control mice. LCN2 protein in the hippocampus was localized in the neurons, but not glial cells.
Lcn2 mRNA levels in the hippocampus were also increased by cast-immobilization of the hindlimbs (n = 6,
P = 0.0043).
Conclusions These findings provide new evidence indicating that skeletal muscle atrophy has an unbeneficial impact
on the occurrence of memory impairment in young 5XFAD mice, which is mediated by the muscle secreted hemopexin.
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Introduction

Alzheimer’s disease (AD) is one of the most unmet medical
needs worldwide. AD is pathologically defined as the pres-
ence of amyloid β (Aβ) deposition and neurofibrillary tangles
in the brain. Gene mutations found in patients with familial
AD facilitate Aβ production, which supports the Aβ hypothe-
sis. As the overexpression of Aβ is a causal factor of AD,
inhibiting the production and deposition of Aβ is considered
as a therapeutic approach for AD.1 However, except
aducanumab, drug candidates in numerous clinical studies
based on the Aβ theory have repeatedly failed to recover cog-
nitive function.2,3 Moreover, several studies indicate that
there are aged individuals with Aβ in the brain showing little
or no cognitive impairment.4–7 Taken together, the roles of
Aβ may be collateral or can modulate cognitive impairment,
and that other factors may also be associated with the initia-
tion and deterioration of the brain’s function.

Several epidemiological studies suggest that traumatic
brain injury, lifestyle-related disease, and smoking are major
risk factors for AD.8 However, risk-reducing factors, such as
long education period and physical exercise, are also indi-
cated. Age-associated muscle atrophy is known as
sarcopenia. The relationship between sarcopenia and cogni-
tive function has been shown to be negatively correlated by
the cross-sectional study of healthy old men9 and meta-
analysis.10 Regarding hospitalization-related disorders, a
cross-sectional study of hospitalized aged adults investigating
relationship between the prevalence of sarcopenia and cogni-
tive impairment showed that the both of decrease in physical
activity and cognitive decline were associated with
hospitalization.11,12 Although those studies suggest the rela-
tionship among aging, skeletal muscle atrophy, and cognitive
decline, no obvious evidences show that skeletal muscle atro-
phy directly induces cognitive impairment. As physical exer-
cise is difficult to perform with increasing age, we
hypothesized that a decline in physical movement may be a
cause of age-associated lowering of the brain function. A de-
cline in physical exercise leads to the loss of skeletal muscle.
We hypothesized that sarcopenia induced the onset of AD,
and therefore, we aimed to clarify that the skeletal muscle at-
rophy triggered a decline in brain function in AD.

We hypothesized that some molecules traveling from the
skeletal muscles to the brain may affect the brain function.
The skeletal muscle is an endocrine organ that secretes
several factors that are collectively called as myokines, in-
cluding cytokines, peptides, and growth factors, to maintain
homeostasis.13,14 As a majority of myokines have autocrine
and paracrine effects, even the distal organs can be affected
by myokines. Several myokines, such as brain-derived neuro-
trophic factor, insulin-like growth factor-1, FNDC5/irisin, and
cathepsin B are secreted by the skeletal muscles during exer-
cise and are also increased in the brain.15–17 These myokines
have a beneficial effect on the neuronal function. However,

myokines, that are not beneficial for brain function, secreted
from the atrophied skeletal muscle, remain to be identified.
Therefore, this study aimed to elucidate the phenomenon
of the skeletal muscle atrophy-induced acceleration of AD on-
set and its molecular mechanism.

Methods

Animals

Transgenic mice (5XFAD) were obtained from Jackson Labora-
tory (Bar Harbor, ME, USA). The 5XFAD mice have the follow-
ing five mutations: Swedish (K60N and M671L), Florida
(I716V), and London (V717I) in human APP695 cDNA and
human PS1 cDNA (M146L and L286V) under transcriptional
control of the neuron-specific mouse Thy-1 promoter.18 They
were maintained by crossing hemizygous transgenic mice
with B6/SJL F1 breeders. All animals were allowed ad libitum
access to water and food and were maintained in a controlled
environment (22 ± 2°C, 12 h light/dark cycle starting at
7:00 am). All animal experiments and protocols were per-
formed in accordance with the Guidelines for the Care and
Use of Laboratory Animals of the Sugitani Campus of the Uni-
versity of Toyama, Japan. The approval number for the animal
experiment was A2020INM-1, and the confirmation number
for the gene recombinant experiment was G2018INM-2. All
efforts were made to minimize the number of animals used.

Induction of hindlimb muscle atrophy

Muscle atrophy was induced by immobilization of the hind
limbs, as previously described.19 All animals were anesthe-
tized by intraperitoneal administration of a mixture of three
anaesthetics: 0.75 mg/kg of medetomidine (ZENOAQ,
Fukushima, Japan), 4.0 mg/kg of midazolam (Sandoz, Tokyo,
Japan), and 5.0 mg/kg of butorphanol (Meiji Seika Pharma,
Tokyo, Japan). Further, the hair was removed from the thigh
to ankle. Next, ethylene propylene diene monomer rubber
foam tape (Cemedine, Tokyo, Japan) was cut to approxi-
mately 3 cm, and the foam tape was loosely wrapped to
extend the ankle joint. The foam was covered with a soft
vinyl chloride insulating cap (TIC-22, Nichifu, Osaka, Japan)
using double-sided tape.

The insulating cap was fastened by wrapping with a strong
adhesive tape (Asahipen, Osaka, Japan), aluminium foil tape
(Nichiban, Tokyo, Japan), and vinyl tape (Nitto, Osaka,
Japan). A foam tape cut to approximately 1 cm was attached
to the back of the knee, fixed in the extended position with
cloth surgical tape (Nitoms, Tokyo, Japan), and covered with
vinyl tape. The same amount of anti-anaesthetic was intra-
peritoneally administered, and the mice were allowed to
stand on a hot plate at 37°C until awake.
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Object recognition test

All tests were performed in a dim room (61 LUX). In an open
field with a black floor and walls composed of polyvinyl
chloride (30 cm × 40 cm × 36 cm height), two identical objects
(A, A’) that the mouse saw for the first time were placed at
regular intervals. The number of contacts with each object
was measured for 10 min (Training session). After an interval
(1 h or 24 h), object A’ was replaced with a novel object B,
and the number of contacts with each object was measured
for 10 min (Test session). The preference index (PI) was calcu-
lated as follows:

i Training session PI = (number of contacts to A’ /total num-
ber of contacts) × 100

ii Test session PI = (number of contacts to B/total number of
contacts) × 100

Object location test

In an open field, two identical objects (C1 and C2) that the
mouse saw for the first time were placed at regular intervals.
The number of contacts with each object was measured for
10 min (Training session). After 30 min, the position of one
of the objects was moved, and the number of contacts with
each object was measured for 10 min (Test session).

i Training session PI = (number of contacts to C2/total num-
ber of contacts) × 100

ii Test session PI = (number of contacts to C2/total number
of contacts) × 100

Organ culture

Wildtype and 5XFAD mice with or without cast were anesthe-
tized by intraperitoneal administration of a mixture of three
anaesthetics, followed by UV irradiation and spraying with
70% ethanol. The skin of the hindlimbs was incised, and the
tibialis anterior and triceps surae were isolated following car-
diac perfusion with ice-cold saline. Insert cups (ADVANTEC,
Dublin, CA, USA) were placed in 24-well plates containing
myocyte growth medium (PromoCell, Heidelberg, Germany).
The skeletal muscles were placed in an insert cup and cul-
tured for 24 h. After culturing, the insert cup was removed,
and all culture supernatants [conditioned media (CM)] were
collected. The protein concentration of CM was quantified
using a Pierce 660 nm Protein Assay Kit (Thermo Fisher Scien-
tific, Rockford, IL, USA). Absorbance measurements were per-
formed using a multimode plate reader (FilterMax F5;
Molecular Devices, San Jose, CA, USA).

Two-dimensional polyacrylamide gel
electrophoresis

Sodium dodecyl sulphate sample buffer (250 mM Tris–HCl
pH 6.8, 8% sodium dodecyl sulphate, and 0.08% bromophenol
blue) was added to the CM to adjust the protein concentra-
tion to 1 mg/mL, and incubated at 90°C for 5 min. The sample
was separated (200 μg per sample) using two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) (GENOMINE,
Inc., Korea), and the separated proteins were stained by
alkaline silver staining. Proteins whose levels increased in
the cast CM were identified. The proteins were excised,
digested with trypsin, mixed with α-cyano-4-hydroxycinnamic
acid in 50% acetonitrile/0.1% trifluoroacetic acid, and sub-
jected to matrix-assisted laser desorption/ionization-time-of-
flight mass spectrometry analysis (Microflex LRF 20, Bruker
Daltonics, Billerica, MA, USA).

Hemopexin levels in the skeletal muscle, plasma,
and brain

Wildtype and 5XFAD mice with or without cast were anesthe-
tized by intraperitoneal administration of a mixture of triple
anaesthetics, followed by sterilization by UV irradiation and
70% ethanol. Blood was collected and centrifuged at
12 000g at 4°C for 10 min. The plasma was separated from
the supernatant. After cardiac perfusion with ice-cold saline,
the skin was incised, and the triceps surae and hippocampus
were isolated. The muscles and hippocampus were homoge-
nized with Mammalian Protein Extraction Reagent (M-PER,
Thermo Fisher Scientific) containing protease and phospha-
tase inhibitor cocktail (Thermo Fisher Scientific). After stand-
ing on ice, the samples were centrifuged at 12 000g at 4°C
for 15 min. The supernatant was collected and used as the
lysate. The protein concentration was quantified using Pierce
660 nm Protein Assay Kit. Absorbance was measured using a
multimode plate reader (FilterMAX F5). Hemopexin concen-
trations in the CM, muscle lysate, plasma, and hippocampus
were quantified using ELISA according to the manufacturer’s
protocol of the Hemopexin Mouse ELISA Kit (Abcam,
Cambridge, UK).

Gene microarray

The 5XFAD mice were continuously administered recombi-
nant hemopexin or vehicle solution for two-weeks. After car-
diac perfusion with ice-cold saline, the hippocampus was
isolated. The hippocampus was homogenized with ISOGEN
II (Nippon Gene, Tokyo, Japan), and the supernatant was
collected. RNA was precipitated with isopropanol, and the
precipitate was dried. Thirty microlitres of RNase-free water
was added to the RNA precipitate to serve as the total RNA.
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The RNA concentration and purity were determined using a
NanoDrop spectrophotometer (Thermo Fisher Scientific). Bio-
tinylated cDNA was prepared from 100 ng of total RNA using
the GeneChip WT PLUS Reagent Kit (Thermo Fisher Scientific)
following the manufacturer’s instructions. Following frag-
mentation, 2 μg of single-stranded cDNA was hybridized for
16 h at 45°C on Clariom S Mouse. The arrays were washed
and stained using GeneChip Fluidics Station 450 (Thermo
Fisher Scientific). The Clariom S array was scanned using a
GeneChip Scanner 3000 7G. The data were analysed with
Expression Console Software 1.4, which offered SST-RMA
for gene level analysis using Thermo Fisher Scientific default
analysis settings.

Messenger RNA levels in the hippocampus

The hippocampus was homogenized with ISOGEN II (Nippon
Gene), and the supernatant was collected. RNA was precipi-
tated with isopropanol, and the precipitate was dried. Thirty
microlitres of RNase-free water was added to the RNA precip-
itate. Reverse transcription was performed using ReverTra
Ace qPCR Master Mix with gDNA Remover (Toyobo, Osaka,
Japan). Real-time PCR was performed with Mx3000P and
Mx3005P (Stratagene, Agilent Technologies, Santa Clara, CA,
USA) with 40 cycles using THUNDERBIRD SYBR qPCR Mix
(TOYOBO). Sequences of the primers, for Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), hemopexin, and
lipocalin-2 (Lcn2), are as follows:

i GAPDH (R): 50-TTGCTGTTGAAGTCGCAGGAG-30
ii GAPDH (F): 50-TGTGTCCGTCGTGGATCTGA-30
iii Hemopexin (R): 50-TGGCAAAGTCCCAGAACCAC-30
iv Hemopexin (F): 50-TGGAATCCCATACCCACCAGA-30
v Lcn2 (R): 50-GTCTCTGCGCATCCCAGTCA-30
vi Lcn2 (F): 50-GGAACGTTTCACCCGCTTTG-30

Hemopexin intraventricular administration

Continuous intracerebroventricular (i.c.v.) administration of
recombinant hemopexin was performed using a micro-
osmotic pump model 1002 (Alzet, Cupertino, CA, USA). This
pump delivers the internal solution at a rate of 0.25 μL/h for
14 days. Considering the increased hemopexin levels in the
plasma by applying cast and the ratio of transfer of plasma
proteins to the brain,20 concentration of delivery of
hemopexin was set to 0.02 mg/mL in the cerebrospinal fluid
(CSF). Recombinant hemopexin or distilled water with the
artificial CSF [130 mM NaCl, 24 mM NaHCO3, 3.5 mM KCl,
1.3 mM Na2PO4, 2 mM CaCl2, 2 mM MgCl2·6H2O, 10 mM
glucose, pH 7.4] was filled into the pump. One day prior, the
pump was immersed in saline and incubated overnight at
37°C. Wildtype and 5XFAD mice (6–7 weeks old, male and

female) were used. After making small hole with an electric
microdrill at A/P: �0.2 mm, M/L: +1.0 mm, depth: 3.0 mm,
a cannula was inserted and fixed with Aron Alpha (Daiichi
Sankyo, Tokyo, Japan). After the surgical operation, antisedan
was intraperitoneally administered as an anti-anaesthetic.

Histological analysis

The whole brain was isolated and immediately immersed in
4% paraformaldehyde in PBS. After 8–18 h, the brain was
immersed in 30% sucrose for cryoprotection, and the tissue
was stored at �30°C. Using a cryostat (CM3050S, Leica, Land
hessen, Germany), coronary slices of the brain with a thick-
ness of 12 μm were prepared. To quantify the number of Aβ
plaques, slices were stained with 0.01 mg/mL of thioflavin T
(FUJIFILM Wako Pure Chemical, Osaka, Japan). The number
of Aβ plaques was counted manually. To quantify the ex-
pression levels of LCN2, slices were immunostained with a
polyclonal antibody against LCN2 (1:60; R&D Systems, Min-
neapolis, MN, USA). The neurons, microglia, and astrocytes
were stained with antibodies against NeuN (1:500, Abcam),
Iba1 (1:1000, Wako), and GFAP (1:1000; Merck, Darmstadt,
Germany). Alexa Fluor 594-conjugated donkey anti-goat
IgG (1:800, Thermo Fisher Scientific), Alexa Fluor
488-conjugated donkey anti-rabbit IgG (1:500, Thermo Fisher
Scientific), Alexa Fluor 488-conjugated donkey anti-mouse
IgG (1:500, Thermo Fisher Scientific), and Alexa Fluor
647-conjugated donkey anti-rabbit IgG (1:800, Thermo Fisher
Scientific) were used as secondary antibodies. The number
of positive cells and fluorescent intensity of LCN2 were
quantified using ImageJ (National Institutes of Health, Be-
thesda, MD, USA).

Statistics

Data are expressed as the mean ± standard deviation. For
statistical analysis, Prism 5.04 or Prism 7.05 (GraphPad
Software, San Diego, CA, USA) was used to perform two-
tailed paired t-test, one-way analysis of variance with post
hoc Bonferroni’s test, and two-tailed unpaired t-test. The sig-
nificance level was set at 5%.

Results

Cast immobilization accelerates the onset of
memory deficit in 5XFAD mice

The time for onset of memory deficits in 5XFAD mice was 16–
20 weeks of age. In Figures 1 to 3, pre-onset (12–14 weeks of
age) 5XFAD mice and age-matched wildtype mice are used.
For 5XFAD mice, cast-attached to the hindlimbs and
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non-cast groups were considered. Wildtype mice were non-
attached. Two weeks after cast immobilization, the tibialis an-
terior and triceps surae were excised. Wet weights of the
tibialis anterior (Figure 1A) and triceps surae (Figure 1B) were
significantly lower in cast-attached 5XFAD mice than those in

non-cast wildtype and 5XFAD mice. After 2 weeks of cast im-
mobilization, memory function was evaluated. In the object
recognition test, the PI in the Test session was significantly
higher than those in the Training session in non-cast wildtype
and 5XFAD mice (Figure 1C).

Figure 1 Cast immobilization of the hindlimbs accelerates memory function in pre-onset 5XFAD mice. The 5XFAD mice (12–14 weeks old, male and
female) and age-matched wildtype mice are used. The 5XFAD mice are divided into non-cast and cast-attached groups. After two-weeks of casting,
the muscle weight and memory function are evaluated. Wet weight of the (A) tibialis anterior and (B) triceps surae are shown. *P < 0.05,
**P< 0.01, ***P< 0.001; one-way ANOVA, post hoc Bonferroni’s test; n = 7–8. (C) The object recognition memory test is performed with a 1 h interval
between the Training and Test sessions. *P < 0.05, two-tailed paired t-test, n = 7–8. (D) The object location memory test is performed with a 30 min
interval between the Training and Test sessions. *P< 0.05, **P < 0.01. Two-tailed paired t-test, n = 4–5. (E–G) Amyloid-β (Aβ) plaques in the prelimbic
cortex, retrosplenial granular cortex, and perirhinal cortex are measured. One-way ANOVA, post hoc Bonferroni’s test; n = 4–5. Values are represented
as mean ± SD.
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In contrast, cast-attached 5XFAD mice showed no increase
in the PI in the Training session (Figure 1C), indicating mem-
ory deficits. A similar result was also obtained in the object
location memory test, which evaluated spatial memory
(Figure 1D). Cast immobilization disrupted the memory
function for both the object and location in pre-onset 5XFAD
mice.

Aβ deposition in the brain was evaluated by Aβ-specific
staining using thioflavin T. As reported previously, Aβ
plaques were detected in several brain regions even in
pre-onset 5XFAD mice, such as the prelimbic cortex (Figure
1E), retrosplenial granular cortex (Figure 1F), and perirhinal
cortex (Figure 1G). In these areas, the elevated Aβ
levels in 5XFAD mice remained unchanged by cast
immobilization.

Hemopexin is secreted from the atrophied skeletal
muscle

To explore proteins secreted from the atrophied skeletal
muscle in cast-attached 5XFAD mice, a comparison of CM in
2D-PAGE was performed. The triceps surae were isolated
from non-cast and cast-attached 5XFAD mice and used for
organ culture. After incubating for 24 h, culture media were
collected as CM and compared to identify differentially
expressed proteins. In total, 88 spots were detected as
increased in the cast-attached muscle-derived CM than that
in non-cast muscle-derived CM (Figure 2A). The most
increased protein in the cast-attached muscle-derived CM
was identified as hemopexin by matrix-assisted laser desorp-
tion/ionization-time-of-flight mass spectrometry analysis

Figure 2 Identification of secreted proteins from the atrophied skeletal muscle. After two-weeks of cast immobilization, the triceps surae are isolated
from the pre-onset 5XFAD mice (12–13 weeks old, male). (A) Conditioned media (CM) of organ culture of the triceps surae of non-cast 5XFAD and
cast-attached 5XFAD mice are loaded on 2D-PAGE. Spots encircled by red lines are the most increased spots in the cast-attached 5XFAD mice, of which
hemopexin is identified by matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry MALDI-TOF MS. (B) Pre-onset 5XFAD mice and
age-matched wildtype mice are either cast-attached or not for 2 weeks. The isolated triceps surae are cultured for 24 h, and the CM are collected. The
concentration of hemopexin in the CM is quantified by ELISA. *P < 0.05; one-way ANOVA, post hoc Bonferroni’s test; n = 3. (C) The concentration of
hemopexin in the triceps surae is quantified by ELISA. **P < 0.01; one-way ANOVA, post hoc Bonferroni’s test; n = 3. Values are represented as
mean ± SD.
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(score: 215, coverage: 43). Hemopexin levels in CM from the
non-cast and cast-attached wildtype and 5XFAD mice were in-
vestigated by ELISA (Figure 2B). The hemopexin level in the
CM from cast-attached 5XFAD muscles was significantly

higher than that in CM from non-cast 5XFAD muscles. After
organ culture, the triceps surae were homogenized and used
for ELISA. The expression of hemopexin in the triceps surae
was significantly increased in the cast-attached 5XFAD

Figure 3 Concentration of hemopexin in the plasma and hippocampus. Pre-onset 5XFAD mice (11–13 weeks old, male) and age-matched wildtype
mice are either cast-attached or not for two-weeks. (A) The concentration of hemopexin in the plasma is quantified by ELISA. *P < 0.05; one-way
ANOVA, post hoc Bonferroni’s test; n = 3. (B) The concentration of hemopexin in the hippocampus is quantified by ELISA. *P < 0.05; one-way ANOVA,
post hoc Bonferroni’s test; n = 3. (C) Expression levels of hemopexin mRNA with respect to those of GAPDH mRNA; n = 3. Values are represented as
mean ± SD.

Table 1 Summary of presented data in this study

Pre-symptomatic 5XFAD mouse

Cast (vs. non-cast) Hemopexin i.c.v. infusion (vs. vehicle)
Skeletal muscle wet weight Decrease** No need to check
Memory Deficit Deficit
Aβ plaque No change Not detected
Protein level of hemopexin in CM of organ cultured muscle Increase* No need to check
Protein level of hemopexin in skeletal muscle lysate Increase** No need to check
Protein level of hemopexin in plasma Increase* No need to check
Protein level of hemopexin in hippocampus Increase* —

Hemopexin mRNA in hippocampus No change —

Protein level of LCN2 in hippocampus Increase* —

Lcn2 mRNA in hippocampus Increase* Increase

‘—’, not determined
*P < 0.05,
**P < 0.01.
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muscles than that in non-cast 5XFAD muscles (Figure 2C).
Moreover, in wildtype mice, cast immobilization tended to in-
crease the levels of hemopexin in the triceps surae (Figure
2C) and CM (Figure 2B).

Hemopexin reaches the brain via blood circulation

We presumed that the hemopexin secreted from the skeletal
muscles may be transferred to the brain via systemic circula-
tion. To address this question, hemopexin protein levels in
the blood and brain were quantified by ELISA. The hemopexin
concentration in the plasma of cast-attached 5XFAD mice was
significantly higher than that in the plasma of non-cast 5XFAD
mice (Figure 3A). The hemopexin protein concentration in the
hippocampus of cast-attached 5XFAD mice was significantly
higher than that in the hippocampus of non-cast 5XFAD mice
(Figure 3B). The levels of hemopexin messenger RNA (mRNA)
in the hippocampus quantified by real-time PCR showed no
differences in the four groups (Figure 3C). Therefore, the cast
immobilization-induced increase in hemopexin levels in the
hippocampus was not mediated by transcriptional
up-regulation in the hippocampus, but possibly due to stimu-
lus from the muscles.

Intracerebroventricular infusion of recombinant
hemopexin induces memory impairment in
pre-onset 5XFAD mice

We evaluated the effects of increased hemopexin on memory
function. Recombinant hemopexin protein was continuously
administered by i.c.v. infusion for 2 weeks, and the object rec-
ognition memory test was performed using pre-onset 5XFAD
mice (8–9 weeks old, male and female) and age-matched
wildtype mice. In both wildtype and 5XFAD mice, vehicle
solution-administered groups showed significantly higher PI
in the Test session than in hemopexin-administered
groups (Figure 4). However, the recombinant hemopexin-
administered groups showed no difference in PI between
the Training and Test sessions, indicating acceleration of
memory deficit by hemopexin infusion in the brain. Thioflavin
stained Aβ deposition in the brain was not detected in all an-
imals, maybe due to too young age (data not shown).

Treatment with hemopexin up-regulates
expression of lipocalin-2 in the brain

Hemopexin-induced memory dysfunction has not yet
been reported. Therefore, it is unknown why hemopexin

Figure 4 Intracerebroventricular (i.c.v.) infusion of hemopexin accelerates memory deficit in pre-onset 5XFAD mice. The 5XFAD mice (6–7 weeks old,
male and female) and age-matched wildtype mice are used. Recombinant hemopexin or vehicle solution is continuously i.c.v. infused for 2 weeks. Ob-
ject recognition memory test is performed with a 24 h interval between the Training and Test sessions. *P < 0.05, **P < 0.01; two-tailed paired t-test;
n = 4–5. Values are represented as mean ± SD.
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accelerates memory deficits. To identify the
hemopexin-induced events in the hippocampus, a compre-
hensive comparison of mRNA was performed by gene micro-
array, which covered 22 206 genes. Pre-onset 5XFAD mice (6–
7 weeks old, male and female) were i.c.v. infused with recom-
binant hemopexin for 2 weeks. The hippocampus was

isolated from recombinant hemopexin-infused and
vehicle-infused 5XFAD mice. The samples from
hemopexin-infused mice showed 116 up-regulated genes
(Supporting Information, Table S1) and 155 down-regulated
genes (Table S2) than those from vehicle-infused 5XFAD
mice. We focused on lipocalin-2 (Lcn2) because its increase

Figure 5 Expression of lipocalin-2 is increased in the hippocampus by intracerebroventricular (i.c.v.) infusion of hemopexin as well as cast-immobili-
zation. (A) The 5XFAD mice (6–7 weeks old, male and female) are used. Recombinant hemopexin or vehicle solution is continuously i.c.v. infused
for 2 weeks. The expression of Lcn2 mRNA in the hippocampus is quantified; n = 3. (B) The 5XFAD mice (11–14 weeks old, male) are used. The
hindlimbs are immobilized by casting for 2 weeks. The expression of Lcn2 mRNA in the hippocampus is quantified; n = 5–6. **P < 0.01; two-tailed
t-test; n = 5–6. (C) The 5XFAD mice (11–14 weeks old, male and female) are used. The hindlimbs are immobilized by casting for 2 weeks. Representative
immunostaining of LCN2, NeuN, GFAP, and Iba1 in the hippocampal CA3 is shown. DAPI is used for counterstaining the nuclei. Scale, 100 μm. (D)
LCN2-positive cell numbers in the hippocampal CA3 region. **P < 0.01; two-tailed t-test; n = 5. (E) Intensity of LCN2 expression in the hippocampal
CA3 region. *P < 0.05; two-tailed t-test; n = 5. Values are represented as mean ± SD.
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was top ranked. The increase in Lcn2 levels in the hippocam-
pus was confirmed using real-time PCR. The hippocampus in
recombinant hemopexin-infused 5XFAD mice showed high
expression of Lcn2 mRNA than that in vehicle-infused 5XFAD
mice (Figure 5A). Pre-onset 5XFAD mice (11–14 weeks old,
male) were either cast-attached or not for two-weeks. The
hippocampal Lcn2 mRNA levels were significantly increased
in cast-immobilized 5XFAD mice than those in non-cast mice
(Figure 5B).

Immunohistochemistry was performed to evaluate the
protein expression levels of LCN2. LCN2 was detected in the
hippocampus, and the LCN2-positive signal completely
merged with NeuN-positive neuronal cell bodies, but not
GFAP-positive astrocytes or Iba1-positive microglia
(Figure 5C). In the CA3 region, the number of LCN2-positive
neurons (Figure 5D) and intensity of expression of LCN2
(Figure 5E) were significantly increased in the cast-attached
5XFAD mice than that in non-cast 5XFAD mice.

Discussion

This study revealed that the disuse-induced skeletal muscle
atrophy shifted the onset of memory dysfunction earlier with-
out increasing the deposition of Aβ in young mice model of
AD. The atrophied muscles secreted hemopexin, and
hemopexin was transported to the brain, possibly via systemic
circulation. Moreover, increased levels of hemopexin in the
brain or cast immobilization-induced muscle atrophy similarly
impaired memory function and elevated the expression of
LCN2 in the hippocampal CA3 neurons. Additionally, LCN2, a
hemopexin-induced protein in the present study, is known
to be crucially associated with neuroinflammation. Therefore,
these findings indicate that the skeletal muscle atrophy has an
unbeneficial impact on the occurrence of memory impair-
ment in young mice, which is mediated by the muscle-origin
hemopexin and hemopexin-driven neuroinflammation.

Hemopexin, a glycoprotein with a molecular weight of ap-
proximately 57 000 Da, is abundant in the blood. Hemopexin
is primarily synthesized in the liver, and its basic function is to
bind to heme, leading to reduced heme toxicity. As the secre-
tion of hemopexin from the skeletal muscle has not been
studied previously, the mechanisms of synthesis and secre-
tion remain unknown. In the H-35 hepatoma cells, treatment
with IL-6 stimulates the transcription of hemopexin.21 There-
fore, we hypothesized that skeletal muscle atrophy may
increase expression of IL-6 and up-regulate hemopexin tran-
scription in the muscle, as IL-6 is a key regulator of protein
degradation in the muscles.22

To date, the beneficial effects of hemopexin on neuronal
function have been reported. For example, i.c.v. administra-
tion of hemopexin in cerebral ischemic rats reduced the
infarct volumes and improved the measurements of

neurological function.23 Hemopexin-null mice show
hypomyelination in the brain.24 However, a recent clinical
study reported unbeneficial effects of hemopexin in the
brain, where higher levels of hemopexin associated with
progression of AD pathology, and hemopexin was negatively
associated with cognitive score.25 The concentration of
hemopexin in the CSF is higher in patients with AD than in
normal subjects.26 The basal synthesis of hemopexin in the
brain is primarily restricted to the ventricular ependymal
cells, and other cell types, such as neurons, only scarcely
synthesize hemopexin. Therefore, transport of hemopexin
from the skeletal muscles may boost the elevated levels of
hemopexin in the brain. We hypothesize that hemopexin
of the skeletal muscle-origin is delivered to the brain in a
form distinguishable from hemopexin of liver-origin; for ex-
ample, exosome-mediated delivery from the skeletal mus-
cles. This possibility is currently under investigation at our
laboratory.

So far, clinical studies showed that sarcopenia and cognitive
decline are correlated. However, it has not indicated what is a
trigger of the sarcopenia-induced cognitive decline because it
is hard to distinguish skeletal muscle atrophy-triggered
events and other events in case of using aged animals and
subjects. Therefore, this study gave a pinpoint intervention,
cast-induced muscle-atrophy, and revealed that the skeletal
muscle atrophy elicited cognitive impairment. Responsible
molecular of the events is skeletal muscle-origin hemopexin
that travels to the brain.

The levels of Lcn2 were increased in the hippocampus by
cast immobilization and hemopexin i.c.v. infusion, individu-
ally. LCN2 is a glycoprotein with a molecular weight of ap-
proximately 25 000 and is known to promote
neuroinflammation via recruitment and activation of the glial
cells.27 Overexpression of Lcn2 in the astrocytes increases ex-
pression of iNOS and aggravates injury, which is reversed by
knockout of Lcn2.28 In the hippocampus, LCN2 is primarily
expressed in the neurons and is only weakly expressed in as-
trocytes and microglia,29 corroborating the observations of
the present study. Therefore, the increase in levels of LCN2
in the neurons appears to directly deteriorate neuroinflam-
mation. A recent study identified high expression of LCN2 in
the brains in individuals with AD during postmortem,30 as
well as in individuals with mild cognitive impairment.31

Therefore, we are currently investigating the mechanism by
which hemopexin promotes expression of Lcn2 in the
neurons.

Our study has several limitations. First, although this study
used 5XFAD mice as an AD model, other AD models also need
to be investigated. Second, induction mechanisms of LCN2
mRNA in the hippocampus by hemopexin i.c.v. infusion or
cast-attachment remain unknown. Third, concrete phenom-
ena of neuroinflammation via LCN2 are not confirmed. Fi-
nally, protein level of LCN2 in the hippocampus was not
investigated in hemopexin i.c.v. infused mice.
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In conclusion, this is the first study to describe that the
skeletal muscle atrophy shifts the onset of memory deficits
earlier via secretion of hemopexin using a mouse model of
AD (Figure 6). Thus, protecting the brain from secretion of
hemopexin from the skeletal muscles and/or inhibiting
hemopexin signalling in the neurons could be a new approach
for the prevention of AD.
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Table S1. increased gene expression in 5XFAD mouse hippo-
campus after hemopexin i.c.v. infusion.

Table S2. decreased gene expression in 5XFAD mouse hippo-
campus after hemopexin i.c.v. infusion.
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