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Abstract
Purpose: The aims of this study were to evaluate the binding and pharmacokinetics of novel 8F-

labeled ethenyl-benzoxazole derivatives (i.e., ['®F] fluorinated amyloid imaging compound of
Tohoku university (["®FJFACT)) as amyloid positron emission tomography (PET) tracers and to
assess ['®F]FACT efficacy in imaging of Alzheimer's disease (AD).

Procedures: Binding assay was conducted using synthetic amyloid-B (AB) fibrils, fluorescence
microscopy, and autoradiogram in three postmortem AD brains. Pharmacokinetics of ["®FJFACT was
assessed using 12 Crj:CD-1 (ICR) mice. /n vivo binding ability with brain amyloid was investigated
using amyloid precursor protein (APP) transgenic mouse. Clinical PET scanning using ['®FJFACT was
performed in ten healthy controls and ten mild cognitive impairment and ten AD patients.

Results: ["®F)JFACT showed high binding affinity for synthetic AB fibrils, preferential binding to
dense cored plagues in brain sections, and excellent brain uptake and rapid clearance in mice.
Injection in APP mice resulted in specific in vivo labeling of amyloid deposits in the brain. PET
scans of AD patients showed significantly higher ['®F]JFACT uptake in the neocortex compared
to controls (P<0.05, Kruskal-Wallis test).

Conclusion: ["8F]FACT is a promising agent for imaging dense Ap plaques in AD.

Key words: Alzheimer’s disease, Amyloid, Early diagnosis, Positron emission tomography

Introduction the exact mechanisms underlying pathogenesis of AD are

not fully understood, formation of brain amyloid plaques
through aggregation and deposition of amyloid-B protein
(AB) is considered to be the initial pathogenic event that may
precede the appearance of clinical AD symptoms by
decades. Recently, new criteria for diagnosing AD were
proposed by the National Institute on Aging—Alzheimer’s
- Association workgroups [1]. The new diagnostic criteria
Correspondence to: Nobuyuki Okamura; e-mail: nookamura@med.tohoku.ac.jp include the use of biomarkers for amyloid deposition to aid

Izheimer’s disease (AD) is an age-dependent and
irreversible neurodegenerative disorder leading to
deterioration of memory and cognitive function. Although
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in diagnosis of AD. Thus, in vivo detection of amyloid
depositions with positron emission tomography (PET) has
received much attention as a potential technology for early
or presymptomatic diagnosis of AD. For this purpose, a
number of radiotracers for AP aggregates have been
synthesized and evaluated as candidates for PET amyloid
imaging agents, and some of these are undergoing clinical
investigation [2—4].

Among them, N-methyl-['' C]-2-(4'-methylaminophenyl)-
6-hydroxybenzothiazole ([''C]Pittsburgh compound B,
["'CIPiB) is currently the most widely used in clinical
research [5]. Labeling of PET tracers with B (T)p=
109.8 min) allows time for their delivery to numerous PET
centers and contributes to spreading their use. Several '*F-
labeled amyloid PET tracers, including ['F]flutemetamol,
['*F)florbetaben, ['‘F]florbetapir, and ['SF]JAZD4694, have
been developed, and to date, ['“F]florbetapir has become
commercially available [6-9]. An increasing number of PET
studies in humans have clearly demonstrated that amyloid
PET is a potentially useful technique to visualize and
quantify the distribution of AP plaques of AD patients [5].
In addition, a proportion of elderly normal subjects present
with [''C]PiB retention in the neocortex [10-12], suggesting
that amyloid PET is potentially useful for presymptomatic
detection of AP pathology. Although neocortical PiB
retention is considered as a high risk for future cognitive
decline, not all PiB-positive normal individuals are destined
to develop dementia. Some additional biomarkers are thus
necessary for accurate prediction of future conversion to
dementia. According to previous histopathological study,
progression to dementia is associated with a shift from non-
fibrillar to fibrillar amyloid deposits in the brain [13]. Thus,
selective detection of dense fibrillar amyloid might be
advantageous for predicting progression to dementia.

Previously, we had succeeded in developing a unique
scaffold of a radioligand, [''CJ2-(2-[2-dimethylaminothia-
zol-5-yl]ethenyl)-6-(2-[fluoro]ethoxy)benzoxazole (["'CIBF-
227), as an amyloid imaging probe [3, 14]. Our previous
study demonstrated that AB deposits in AD patients can be
clearly detected by [''C]BF-227 PET [15]. Neocortical [''C]
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Chemical structures of [''C]BF-227 and its '®F-labeled 2-ethenyl benzoxazole denva’uves.

Fig. 1.

Novel PET Tracer for Dense Amyloid Plagues

BF-227 retention was further observed in subjects with mild
cognitive impairment (MCI) [16]. Using [''C]BF-227 PET,
we achieved a sensitivity of 100 % and a specificity of
71.4 % in distinguishing MCI converters to AD from MCI
non-converters [17], suggesting the usefulness of this
radiotracer for accurate prediction of future progression to
dementia. To further take advantage of this imaging
potential, especially in a large clinical study, we anticipated
that a 'F-labeled derivative of BF-227 would be valuable
due to the longer half-life of '*F compared with ''C.

In this study. we performed a biological evaluation of
a series of 'SF-labeled 2-ethenyl-benzoxazole derivatives
(Fig. 1) to select a candidate for clinical application. The
one selected, ['®F]Fluorinated Amyloid Imaging Com-
pound of Tohoku University (['SFJFACT), was further
evaluated for its binding characteristics with AR fibrils
and plaques and then for its clinical utility as a probe for
imaging amyloid in AD.

Methods

Radiosynthesis of '*F-Labeled 2-Ethenyl-
Benzoxazole Derivatives

The chemical structures of the 2-ethenyl-benzoxazole derivatives
are summarized in Fig. 1. The compounds and their precursors for
"®F-labeling were synthesized according to the method described
previously [18]. '*F-labeled compounds were prepared according to
the following method. The aqueous 'SF™ contained in K,COs
solution (1.27 to 3.28 GBq) and Kryptofix 2.2.2 were put into a
brown vial, and then the water was azeotropically removed with
acetonitrile by heating at 110 °C and He-gas flow. After drying, the
activated ['*F)KF/Kryptofix 2.2.2. was reacted with a tosylate
precursor in dimethyl sulfoxide (DMSO) at 110 °C for 10 min,
followed by addition of water to quench. The product was extracted
by solid-phase exiraction with Sep-Pak 'C18 cartridge (Waters) and
then eluted with ethanol. The '*F-labeled compound was separated
from the eluent by semi-preparative reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC), isolated from the
collected fraction by solid-phase extraction with Sep-Pak ‘C18
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cariridge, and finally dissolved in DMSO or saline with polysor-
bate-80 (<0.1 %) for biological evaluation.

[''CIBF-227 was synthesized from the precursor by N-methyl-
ation with [''C)methyl triflate in DMSO and separated from the
crude mixture by semi-preparative RP-HPLC, as described previ-
ously [15]. The purified ['SFJFACT and [''CJBF-227 were
solubilized in isotonic saline containing 1 % polysorbate-80 and
5 % ascorbic acid and then filter-sterilized with 0.22 um Millipore
filter for clinical use.

Fluorescent Staining

Postmortem brain tissue from a 69-year-old man with autopsy-
confirmed AD was obtained from Fukushimura Hospital (Toyoha-
shi, Japan). Experiments were performed under the regulations of
the hospital ethics committee. Serial sections (6 pm) taken from
paraffin-embedded blocks of the temporal cortex were prepared in
xylene and ethanol. Before staining with test compounds, quench-
ing of autofluorescence was performed. The quenched tissue
section was immersed in 100 uM of test compounds containing
50 % ethanol for 10 min. The stained section was then dipped
briefly into water before coverslipping with FluorSave Reagent
(Calbiochem, La Jolla, CA, USA) and examination using an
Eclipse E800 microscope (Nikon, Tokyo, Japan) equipped with a
V-2A filter set (excitation 380 to 420 nm, dichroic mirror 430 nm,
long pass filter 450 nm). An adjacent section was immunostained
using 4G8 (Signet, Dedham, MA, USA), a monoclonal antibody
against AB. After pretreatment with 90 % formic acid for 5 min,
sections were immersed in blocking solution for 30 min and then
incubated for 60 min at 37 °C with 4G8 at a dilution of 1:100. Afier
incubation, sections were processed with biotinylated anti-mouse
IgG (Wako) for 60 min, followed by Texas Red-conjugated
streptavidin (Vector Laboratories, Burlingame, CA, USA).

In Vitro Autoradiography

A temporal brain section from a 76-year-old female AD patient was
incubated with 1.85 MBq/ml of ['SFJFACT at room temperature for
20 min and then washed briefly with water and 70 % ethanol. After
drying, the labeled section was exposed to a BAS-III imaging plate
(Fuji Film, Tokyo, Japan) for 120 min. Autoradiograms were
obtained using a BAS-5000 phosphor imaging instrument (Fuji
Film, Tokyo, Japan). Neighboring sections were immunostained
using 4G8 anti-Af monoclonal antibody. After incubation with
4G8, sections were processed by the avidin—biotin method using a
Pathostain ABC-POD(M) Kit (Wako, Osaka, Japan) and diamino-
benzidine tetrahydrochloride.

In Vitro Binding Study

Amyloid By 4 (Peptide Institute, Inc., Japan) was dissolved in
50 mM potassium phosphate buffer (pH 7.4) to a final concentra-
tion of 20 uM. To prepare amyloid fibrils, the solution was
incubated at 37 °C for 4 days at 85 rpm and then sonicated to
obtain a uniform suspension. The fibril solution was diluted to
2 uM with phosphate-buffered saline (PBS) containing 0.1 %
bovine serum albumin (BSA). For saturation binding assay, 100 pl
of the fibril solution was mixed with ['*F]JFACT solution (0.2 to

800 nM, PBS containing 0.1 % BSA and 2 % DMSO, 100 pl) in a
96-well plate. Non-specific binding was defined in the presence of
2 uM FACT in the final solution. The mixture was incubated for
40 min at room temperature and then was passed through the glass
filter plate under vacuum with MultiScreen HTS Vacuum Manifold
(Millipore Corp., USA), followed by washing with PBS containing
0.1 % BSA twice. Radioactivity of the filter was counted with an
automatic gamma counter. The binding data were analyzed with
curve-fitting software that calculates the K4 and B, using non-
linear regression (GraphPad Prism Version 5.0, GraphPad Soft-
ware, San Diego, CA, USA).

Biodistribution Study in Normal Mice

The experimental protocols were reviewed by the Committee on the
Ethics of Animal Experiments at Tohoku University School of
Medicine and performed in accordance with the Guidelines for
Animal Experiments issued by the Tohoku University School of
Medicine. Male Crj:CD-1 (ICR) mice (6 weeks old, 25 t0 30 g, n=12)
were injected in a lateral tail vein with '*F-labeled test compounds
(370 to 740 kBq) contained in isotonic saline (0.2 ml), The mice were
sacrificed by cervical dislocation following heart puncture to obtain
blood samples at 2, 30, and 60 min postinjection (7=4 at each
time point). Tissues of interest were excised and weighed, and
the radioactivity was counted in an automatic gamma-counter,
Radioactivity uptake data are expressed as percent of injected dose
per gram of tissue (%ID/g).

Autoradiography of Af Deposits in Living
Transgenic Mice

An amyloid precursor protein (APP) transgenic (Tg) mouse
(female, 31 months old) and a wild-type littermate (female,
31 months old) were injected with ['*FJFACT (37 MBq) viz
tail vein. The mice were sacrificed by cervical dislocation at
2 h postinjection, and the brains were rapidly excised and
frozen in liquid nitrogen. Frozen sections of 20 pum thick were
prepared from the brains for ex wvo autoradiography. Auto-
radiograms were obtained in the same manner described above.
The sections used for autoradiography were then subjected to
fluorescent staining with thioflavin-S according to the previ-
ously described method [19].

Clinical PET Study Using ['*F]JFACT

Ten patients with amnestic MCI, ten patients with AD, and ten
normal age-matched controls participated in the clinical PET study
using ['*F]JFACT. Please refer to Table | for characteristics of
participants. [''CIBF-227 PET scan was additionally performed in
two patients with AD (70-year-old woman (MMSE score 17) and
79-year-old man (MMSE score 20)) and 1 normal control subject
(60-year-old man (MMSE score 30)). The average time interval
between ['°FJFACT and [''C]BF-227 PET scans was 1246 months.
Diagnosis of probable AD was based on criteria from the National
Institute of Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease Related Disorders Association [20].
The diagnosis of amnestic MCI was made according to published
criteria described previously [21]. The control subjects were



S. Furumoto et al.: Novel PET Tracer for Dense Amyloid Plaques

Table 1. Subject and patient demographics in ['*FIFACT PET comparisons

NC MCl AD
N 10 10 10
Gender (F/M) 4/6 7/3 /3
Age (years) 69.8+8.8 (60-89) 74.2+8.8 (57-89) 74.5x£4.6 (66-81)
MMSE score 29.9+0.3 (29-30) 26.4+1.1 (24-28) 19.8+3.0 (15-24)

recruited from volunteers who were taking no centrally acting
medications, had no cognitive impairment, and had no cerebrovas-
cular lesions, including asymptomatic cerebral infarction on T2-
weighted studies, identified via MRI. All volunteers were screened
using a questionnaire and medical history, and those with medical
conditions potentially affecting the central nervous system were
excluded. The Commitiee on Clinical Investigation at Tohoku
University School of Medicine and the Advisory Committee on
Radioactive Substances at Tohoku University approved the study
protocol. After complete description of the study to the patients and
subjects, written informed consent was obtained.

Image Acquisition Protocols

[ISF]FACT-PET and [''CJBF-227-PET study was performed using
a SET-2400W PET scanner (Shimadzu, Kyoto, Japan). After
intravenous injection of 111-185 MBq of ['*FIFACT or 211-
366 MBq of [!'C]BF-227, dynamic PET images were obtained for
60 min (23 sequential scans; 5 scans*30 s, 5 scans*x 60 s, 5 scans
150 s, and & scansx<300 s) with the subject’s eyes closed. SUV
summation images at 010, 10-20, 20-30, 3040, 40-50, and 50—
60 min postinjection were created for the analysis of tracer uptake.
Tl-weighted MR images were obtained using a SIGNA 1.5 T
machine (General Electric, Milwaukee, WI, USA).

Image Analysis

Firstly, standardized uptake value (SUV) images of ['*FJFACT and
["'C)BF-227 were obtained by normalizing tissue radioactivity
concentration by injected dose and body weight. Subsequently,
individual MR images were anatomically coregistered into individ-
ual PET images using Statistical Parametric Mapping software
(SPM5: Welcome Department, UK). Regions of interest (ROIs)
were placed on individual axial MR images in the cerebellar
hemisphere, frontal cortex [Brodmann’s areas (BA) 8, 9, 10, 44, 45,
46, and 47], lateral temporal cortex (BA 21, 22, 37, and 38),
parietal cortex (BA 39 and 40), occipital cortex (BA 17), anterior
cingulate cortex, posterior cingulate cortex, medial temporal cortex
(BA 27, 28, 34, and 35), striatum, pons, and subcortical white
matter, as described previously [15]. The ROI information was then
copied onto dynamic PET SUV images, and regional SUVs were
sampled using PMOD software (PMOD Technologies, Ltd.,
Zurich, Switzerland). The ratio of regional SUV to cerebellar
SUV (SUVR) was calculated as an index of tracer retention.
Averaged SUVR in the frontal, temporal, parietal, and posterior
cingulate cortices was considered representative of tracer retention
in the neocortex (neocortical SUVR). The inter-rater reliability for
the ROI measurement was tested between two raters (N.O. and
K.S.) in seven subjects and patients. The intra-class correlation
coefficient was 0.95.

Statistical Analysis

For statistical comparison in the three groups, we applied the
Kruskal-Wallis test followed by Dunn’s multiple comparison test.
Differences of time activity curves (TACs) in ['*FJFACT PET were
also evaluated by repeated measures ANOVA followed by the
Bonferroni-Dunn post hoc test. For statistical comparisons of PET
measurements in control and AD groups, we used the Mann—
Whitney U test. Effect size coefficients (Cohen’s d) were also
calculated for the evaluation of group differences in PET measure-
ments. Statistical significance for each analysis was defined as P<
0.05. Correlations between ['*FJFACT and [''C]BF-227 SUVR in
the frontal, temporal, parietal, and occipital cortices of three
subjects (two AD and one normal control) were determined using
Pearson’s correlations. A linear model was applied to the data to
obtain a correlation coefficient and p value. These analyses were
performed using GraphPad Prism5 software (GraphPad, San Diego,
CA, USA).

Results

Radiosynthesis

"*F_labeled 2-ethenyl-benzoxazole derivatives (Fig. 1) were
obtained in yields of 32 % on average (21 to 44 %, decay-
corrected) with radiochemical purity greater than 99 % after
HPLC purification. The specific activities ranged 70 to
180 GBg/pumol, corrected at the end of synthesis.

In Vitro Binding to A Plaques in AD Brain
Sections

Binding ability of 2-ethenyl-benzoxazole derivatives to AB
plaques was examined using AD brain sections from a 69-
year-old man with autopsy-confirmed AD. As shown in
Fig. 2a, ¢, dense cored plaques (arrowheads) were clearly
stained with FACT. In particular, AB plaque cores were
brightly stained with this compound. The fluorescent
staining pattern of FACT correlated well with AR immu-
nostaining (Fig. 2b) and thioflavin-S staining (Fig. 2d) in
adjacent sections. Other compounds produced similar results
in the histopathological staining of AD brain sections from a
69-year-old man with autopsy-confirmed AD.

In vitro autoradiography at tracer dose indicated ['°F]
FACT binding to dense AP deposits (arrowheads) in AD
temporal brain sections from a 76-year-old female AD
patient (Fig. 2e~h). Tracer signals were additionally detected
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Fig. 2. a—d Fluorescence microscopy images of AD brain sections from a 69-year-old man with autopsy-confirmed AD stained
with FACT (a, ), anti-AB (4 G8) antibody (b), and thioflavin-S (d). Arrowheads delineate dense cored plaques, respectively. e—
h Autoradiogram of AD brain section from a 76-year-old female AD patient with ['®FJFACT (e, g) and images of the adjacent
section immunostained with anti-AB (4 G8) antibody (f, h). Arrows and arrowheads delineate congophilic amyloid angiopathy
and dense cored plagues, respectively. Bars 100 pm (a—d), 2 mm (e—f), 200 pm (g-h).

in congophilic amyloid angiopathy (arrows). These results
indicated that FACT and its derivatives had an ability to
detect pathological dense A deposits in AD brain tissue.

Binding Affinity to Synthetic Ap Fibrils

Binding properties of ['SFIFACT with AB fibrils were
investigated by in vitro binding assay. Scatchard analysis
of FACT binding to AP fibrils showed two classes of
binding sites: a high-affinity site (K4=9.4 nM; B.=
0.16 pmol/nmol of AB) and a low-affinity site (Kg=
263 nM; Bax=1.52 pmol/nmol of AB).

Biodistribution Study in Normal Mice

Two important properties of an amyloid imaging probe are
rapid brain uptake and rapid clearance from the normal brain
without non-specific binding. These properties of the '°F-
labeled 2-ethenyl-benzoxazole derivatives were evaluated by
biodistribution studies in 12 normal mice (n=4 at each time
point). The radioactivity uptake in the blood, brain, liver,
kidney, and bone is summarized in Table 2. Regarding brain
uptake, all of the '*F-labeled derivatives showed rapid and
sufficient brain uptake (4 to 6 %ID/g at 2 min) and smooth
washout after that. However, the brain uptake at 60 min varied
from 0.28 to 1.68 %ID/g, suggesting a different clearance
property in normal brain. Among the derivatives, [ FIFACT
indicated the highest ratio of brain uptakes at 2 min to that at

60 min (4.64/0.28=16.6). Additionally, mice injected with
["*FJFACT exhibited no increase of the radioactivity uptake in
bone with time, unlike with ['*F]BF-227, suggesting that ['*F]
FACT has good stability in regard to metabolic defluorination
in vivo. Thus, we selected ['*FJFACT as the candidate for the
clinical comparisons.

Autoradiography of Af Deposits in Living
Transgenic Mouse

Inn vivo binding ability of ['*FJFACT with amyloid plaques
was evaluated in the APP-Tg mouse. Autoradiographic
images of the APP-Tg mouse brain post-intravenous
injection of ['*FJFACT displayed high uptake of the labeling
compound in the cortex and hippocampus (Fig. 3a). In
contrast, no notable binding was observed in the brain of
wild-type mouse (Fig. 3b). These ['*F]JFACT binding results
in APP-Tg mouse brain corresponded closely with those of
in vitro thioflavin-S staining in the same brain sections
(Fig. 3c, d). These results warranted further clinical
investigation of ['*FJFACT PET in AD patients.

Clinical PET Study Using ["* F]JFACT

Demographic data for the participants are summarized in
Table 1. No statistical difference in age was observed among
the three groups. MCI and AD patients had significantly
lower mean MMSE scores than normal controls (£<0.05,
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Table 2. Biodistribution of **F-labeled compounds in mice

Radioactivity uptakes (%ID/g)

Tracers Time (min)
Blood Brain Liver Kidney Bone
['*FIBF-227 2 2,93£0.08 6.05£0.45 7.97£1.59 9.63%0.89 1.5920.27
30 2,14£0.17 1.91£0.05 5.75£0.42 3.0420.15 438+1.24
60 2.09£0.15 1.67£0.14 5.48+0.23 2.42£0.20 7.0420.75
["*FJTHK-525 2 2.8220.38 4.73£132 5.9321.40 7.72+2.44 1.77+0.87
30 2.20£0.24 2.05£0.16 2.32£0.18 6.74%2.20
60 1.9120.29 1.68+0.15 1.48+0.14 9.65=0.89
["SFJTHK-702 2 3.34+0.13 4.15+0.28 13.60.88 1.95=0.34
30 1.06=0.19 0.53+0.03 55=0. 1.5820.64 0.92=0.11
60 0.67=0.08 0.35£0.04 3.65£0.72 0.65£0.09 1.16+0.70
{"FITHK-727 2 2.94+0.33 4.06+0.26 9.89x4.16 11.4=1.35 2.08+£0.39
30 1.52+0.10 1.040.08 6.68+1.22 2.47£0.36 6.61=0.79
60 0.66=0.10 0.69+0.02 4.04=1.87 0.98+0.14 9.33=1.34
["*FIFACT 2 3.65+0.66 4.64%0.55 9.38+0.43 10.2£1.05 1.840.18
30 1.1920.49 0.53£0.11 11.3£1.32 4.17+0.44 0.880.07
60 0.64=0.13 0.28=0.04 14.1:£0.55 3.25£0.27 1.38+0.46

Data are expressed as mean=SD (n=4 at each time point)

Kruskal-Wallis test). AD patients additionally had signifi-
cantly Jower mean MMSE scores than those with MCI (P<
0.05, Kruskal-Wallis test). No toxic events were observed in
the current clinical trial. The SUV-TACs from ['*FJFACT-
PET in AD patients and normal control subjects are shown
in Fig. 4. Both groups showed rapid entry of ["SF]JFACT into
the neocortex and cerebellum. In the AD patients, the
temporal cortex, known to contain high concentrations of
fibrillar amyloid plaques in AD, showed retention of ['*F]
FACT during the later time points compared with the
cerebellum (Fig. 42). In contrast, TACs i the temporal
cortex and the cerebellum were nearly identical in normal

subjects (Fig. 4b). The subcortical white matter regions
showed relatively lower entry and slower clearance than
gray matter areas, but no difference in TACs between AD
patients and normal controls.

SUVR in the lateral temporal cortex of AD patients was
significantly higher over 10 min postinjection of ['*F]JFACT
than those of normal controls (p<0.05, Mann—Whitney U
test) and reached maximum value at 30 to 40 min
postinjection (Fig. 4c¢). Effect size between AD and normal
controls showed the highest value at 30 to 40 min
postinjection of ['®FJFACT (Table 3). The ratio of SUVR
in AD to SUVR in normal controls became constant after

Fig. 3. Ex vivo autoradiograms of brain sections from APP transgenic (Tg) mouse (a) and wild type mouse (b). The brains were
excised at 2 h after intravenous injection of ['®FJFACT. AB plaques in APP-Tg mouse brain were clearly stained with thioflavin-S

(c). A merged image of a and ¢ is shown in d.
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Fig. 4. Time activity data for [*®F]FACT PET in humans. Time activity curves of ['®F]FACT in ten AD patients (a) and ten normal
controls (b) are shown. Each point represents the mean=standard deviations of data. Time course of ['®FJFACT SUVR in the
lateral temporal cortex (c) and AD vs normal ratio of SUVR in the lateral temporal cortex (d) are also shown. *P<0.05 by the

Mann—Whitney U test.

30 min (Fig. 4d). Based on these results, we selected
summed dynamic images from 30 to 40 min for the ROI
analysis of PET data.

SUVR images of ['*FJFACT for a normal control subject
(a 60-year-old man, MMSE score 30) and an AD patient
(70-year-old woman, MMSE score 17) are shown in Fig. 5a.
Cortical retention of ['*FJFACT at 30 to 40 min postinjec-
tion was evident in the AD patient, as contrasted with the

Table 3. Time course of lateral temporal ['*FJFACT SUVR and effect size
measures in ten normal controls and ten AD patients

Time (min) Normal control AD Cohen’s d
30-40 1.07=0.06 1.22+0.05* 2.67
40-50 1.08+0.06 1.23%0.06* 237
50~-60 1.09+0.06 1.23£0.06* 234

#P<0.05 by the Mann—Whitney U test

images of the normal control subject. This pattern of distribution
was consistent with the distribution of [''C]BF-227 at 30 to
40 min postinjection in the same subject and patient pair
(Fig. 5a). The SUV-TACs from ['*FJFACT-PET were com-
pared with those from [''C]BF227-PET in the same AD patient
(70-year-old woman, MMSE score 17). As shown in Fig. 5b,
["*FJFACT showed faster washout from both temporal cortex
and cerebellum than [''C]BF-227. The regional SUVR of ['*F]
FACT at 30 to 40 min postinjection was compared with that of
[""C]BF-227 at the same time frame. SUVR values in the
frontal, temporal, parietal, and occipital cortices of three subjects
(two AD and one normal control) were used for this analysis. As
shown in Fig. 5c, regional SUVR of ["SFJFACT were
significantly correlated with that of [''C]BF-227 (Pearson’s r=
0.931, P<0.001) in these three subjects.

In the quantitative comparison of regional SUVR 30 to
40 min post-administration, the values for the frontal, lateral
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Fig. 5. a SUVR images (30 to 40 min postinjection) of ['®FJFACT and [''C]BF-227 for a normal control subject (60-year-old
man, MMSE score 30) and an AD patient (70-year-old woman, MMSE score 17). b Time activity curves of ["®FIFACT and [''C]
BF-227 in an AD patient (70-year-old woman, MMSE score 17). ¢ Significant correlation between regional SUVR of ['8F)FACT

and [

'C)BF-227 in two AD (70-year-old woman (MMSE score 17) and 79-year-old man (MMSE score 20)) and one normal

control (60-year-old man, MMSE score 30) subjects (Pearson’s r=0.931, £<0.001).

temporal, parietal, occipital, and anterior and posterior
cingulate cortices were significantly greater in AD patients
than in the normal controls (Table 4). In addition, the
SUVRs for the lateral temporal, parietal, occipital, and
anterior and posterior cingulate cortices were significantly
greater in AD patients than in those with MCI. As shown in

Fig. 6, averaged neocortical SUVR was also significantly
greater in AD patients than in normal control subjects and
MCI (P<0.05, Kruskal-Wallis test). MCI patients addition-
ally showed significantly greater SUVR in the lateral
temporal and frontal cortices than normal subjects, but not
significant in other brain regions (P<0.05, Kruskal-Wallis

Table 4. Regional SUVR (30 to 40 min postinjection) and effect size measures of ["FIFACT in ten normal controls and ten MC] and ten AD patients

Normal control MCl AD Cohen’s d NC vs. AD
Frontal 1.00£0.10 1.090.04* 1.15£0.06* 1.82
Latera] temporal 1.05+0.08 1.13£0.06* 1.21£0.05%** 2.40
Parietal 1.07+£0.07 1.13x0.07 1.21£0.08%** 1.86
Occipital 1.09+0.08 1.07+0.06 1.17£0.05%%* 1.20
Anterior cingulate 1.08+0.07 1.12+0.08 1.21£0.08%** 1.73
Posterior cingulate 1.15+0.07 1.17+0.06 1.30£0.07%** 2.14
Medial temporal 1.10+0.05 1.1320.04 1.15+0.09 0.69
Striatum 1.31=0.11 1.30+0.06 1.3520.12 0.35
Pons 1.55£0.15 1.57+0.10 1.5420.09 0.08
White matter 1.50=0.21 1.47£0.11 1.5220.13 0.12
Neocortex 1.04+0.07 1.12+0.05 1.1920.05%** 2.47

*P<0.05 (vs normal contro] group) and **P<0.05 (vs MCI group) by the Kruskal-Wallis test followed by Dunn’s multiple comparison test
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Fig. 6. Comparison of neocortical SUVR of ['®FJFACT
among ten aged normal controls (NC) and ten mild cognitive
impairment (MCl) and ten AD patients. The neocortical
SUVRs are represented in a box and whisker plot. *P<0.05
by the Kruskal-Wallis test followed by Dunn’s multiple
comparison test.

test). The SUVR in the medial temporal cortex and striatum
showed the tendency to be greater in AD patients, but this
was not significant. The SUVR in the pons and white matter
was nearly identical in AD, MCI, and normal subjects.
Effect size value between AD and aged normal subjects was
the highest in the lateral temporal cortex (2.40), followed by
the posterior cingulate (2.14), parietal (1.86), frontal (1.82),
and anterior cingulate (1.73) and occipital (1.20) cortices
(Table 4).

Discussion

The current study demonstrated that ['*FJFACT PET can be
used to detect AD pathology in AD patients and to confirm
its absence in cognitively unimpaired elderly people. We
previously reported the ability of [''C]BF-227-PET to detect
AP deposits in the brains of AD patients [15]. The current
study has further demonstrated the binding preference of
['®F]JFACT to dense AP plaques in the brains of AD patients.
A similar pattern of tracer distribution was observed between
['®FJFACT and [''C]BF-227 in AD patients, indicating that
['®FJFACT-PET could be substituted for [''C]BF-227-PET
for noninvasive detection of dense AP deposits in the brain
of AD patients. The correlation of ["®FJFACT uptake in vivo
and brain pathology at autopsy should be examined in the
future. Our previous studies demonstrated the unique ability
of [''C]BF-227 to detect certain forms of prion and o-
synuclein protein deposits {22, 23]. Further study will be
required to validate the practical usefulness of ['*FJFACT-
PET for noninvasive detection of these protein deposits.

When a neocortical ['*FJFACT SUVR of 1.145 (1.5 SD
above control mean) was used as a cutoff, ['SFJFACT-PET
scan achieved a sensitivity of 90 % (nine of ten) and a
specificity of 100 % (ten of ten) in the discrimination
between AD patients and normal subjects. In one exception,
a 76-year-old female AD patient, MMSE score 24, showed
no remarkable retention of {}SF]FACT in the neocortex. This
is not surprising because approximately 10 to 20 % of
patients diagnosed as probable AD reportedly fail to meet
pathological criteria for AD at autopsy.

The amnestic subtype of MCI has a high risk of
progression to dementia, and it may constitute a
prodromal stage of AD [24]. Previous amyloid-PET
studies demonstrated a substantial amount of neocortical
tracer retention in 50 to 60 % of the MCI population,
which is comparable to the level in AD patients [10, 17].
In our study, about half of the MCI patients had elevated
neocortical ['®F]JFACT retention, which was an interme-
diate level between the aged normal subjects and the AD
patients. This finding is in accord with the previous
neuropathological observation that the density of neuritic
plaque increased as a function of increasing dementia
severity [25]. The parent tracer [''C)BF-227 showed
neocortical retention to be a reliable indicator of disease
progression in MCI subjects in our previous study {17,
19]. Therefore, PET imaging with ['SFJFACT is also
expected to have a similar prognostic utility.

The amount of elevation of neocortical ['*F]JFACT
uptake in AD patients was approximately 14 to 15 %, far
less than PiB and other 'SF-labeled amyloid-PET tracers.
This is probably due to the relatively low binding affinity
and B,y of this tracer with amyloid fibrils in comparison to
that of PiB (K4=1.02 nM, B,,..=0.61) [26, 27]. There is
considerable amount of tracer retention in the white matter,
which reflects non-specific binding of the compound to
ntyelin sheath. Because of modest specific binding of ['*F]
FACT in the gray matter of AD patients, spillover from the
white matter could reduce the sensitivity for detecting
amyloid positive subjects. Use of early phase (30 to
40 min postinjection) images can compensate for this
because the relatively stronger signals in the gray matter
persist in this time interval. Partial volume correction may
also be able to improve the discriminatory power of ['°F]
FACT-PET by eliminating nonspecific signals in the white
matter. Another method to improve the sensitivity for
detecting specific signals in the brain is to create a statistical
map by comparison with a normal control database [19].

One of advantages of ['*FJFACT over BF-227 is its
rapid kinetic profile. ['®FJFACT showed faster washout
from normal brain tissue than BF-227 (Fig. 5) probably
because of the lower lipophilicity of FACT (LogP=1.99+
0.02) as compared to BF-227 (LogP=2.29+0.02). The
neocortical SUVR of ['®FJFACT reached a peak at
30 min post-administration. This characteristic would also
contribute to reduced procedure and waiting times for
PET scans.
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Conclusion

We successfully developed a novel '®F-labeled ethenyl-
benzoxazole derivative, ['SFIJFACT, as a PET tracer for
amyloid deposits. This tracer preferentially bound to dense
AB plaques in AD brain sections, visualized cortical amyloid
deposits in APP Tg mice, and demonstrated fast kinetics and
significant retention of ['*FJFACT in sites with predilection
for the deposition of dense amyloid plaques in AD patients
during clinical PET imaging. ['’FJFACT PET distinctly
distinguished AD patients from normal individuals. These
findings suggest that ['*FJFACT may be usable for in vivo
detection of dense AP plaques in AD brains.
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Royal Jelly Prevents the Progression of Sarcopenia in
Aged Mice In Vivo and In Vitro
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Sarcopenia is characterized by the age-related loss of muscle mass and strength. One of the mechanisms of sarcopenia is
the loss in the function and number of muscle satellite cells. Royal jelly (RJ) is a health food used worldwide. To obtain
better digestion and absorption than RJ. protease-treated RJ (pRJ) has been developed. RJ and pRJ have been suggested
to have potential pharmacological benefits such as prolonging the life span and reducing fatigue. Because these effects
may improve sarcopenia and the functions of satellite cells, we examined the effects of RJ or pRJ treatment on the skel-
etal muscles in an animal model using aged mice. In vivo, RJ/pRJ treatment attenuated the decrease in the muscle weight
and grip strength and increased the regenerating capacity of injured muscles and the serum insulin-like growth factor-1
levels compared with controls. In vitro, using isolated satellite cells from aged mice. pRJ treatment increased the cell pro-
liferation rate. promoted cell differentiation. and activated Akt intracellular signaling pathway compared with controls.
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These findings suggest that RJ/pRJ treatment had a beneficial effect on age-related sarcopenia.

Key Words: Aged mice—Sarcopenia—Satellite cells—Royal jelly—Insulin-like growth factor-l—Akt signaling.

Received Seprember 3, 2012: Accepted March 1, 2013

Decision Editor: Rafael de Cabo. PhD

HE population of people aged 60 and older is currently

growing at the rate of 2.6% per year, which is more than
twice the rate of growth of the total population in the world
(1). In general, aging is accompanied by frailty, functional
limitations, and disabilities that interfere with the activities
of daily life. These factors reduce the quality of life of the
elderly patients and eventually cause their loss of autonomy
in daily life. Sarcopenia is the age-related loss of the muscle
mass and strength, which causes frailty, functional limita-
tions in daily living, disabilities, and, finally, a higher mor-
tality rate in the elderly patients (2).

Satellite cells are resident myogenic progenitors in the
skeletal muscles. They play a central role in the growth
and regeneration of the skeletal muscles (3). In response
to stimulation, satellite cells form myoblasts, fuse
together, and generate new fibers (4). The age-related

functional disability and decrease in the number of sat-
ellite cells contribute to the development of sarcopenia
(5). Thus, maintaining the functions of satellite cells and
their numbers may reduce sarcopenia and, furthermore,
may improve the regenerating capacity of the skeletal
muscles in the elderly patients. However, to isolate satel-
lite cells, specific cell surface markers were not available
until recently (6).

Among the factors that stimulate satellite cells, insulin-
like growth factor-1 (IGF-1) plays a central role. IGF-1
stimulates satellite cell proliferation, their differentiation
into myoblasts, and, finally, their differentiation into
myotubes (4). IGF-1 is the most important mediator of
muscle growth and repair (7). Furthermore, a recent study
suggested the potential of IGF-1 to improve sarcopenia in
the elderly patients (7).
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Wourtker honeybees produce royal jelly (RJ) in their
hypop haryngeal and mandibular glands (8). RJ has been
used worldwide for many years as commercially avail-
able medical products and health foods and has been con-
sidered beneficial to health. These days, a modified RJ
produet, protease-treated RJ (pRJ), has been developed to
improwe digestion and absorption compared with regular
RJ. Accumulating evidence suggests that RJ is rich in a
wide wariety of nutrients, including vitamins, minerals,
and more than 20 amino acids (9). RJ also has numerous
potential pharmacological capacities, such as prolong-
ing the life span (in mice and nematodes) (10.11) and
reducing fatigue (12), hypertension (13), and hypercho-
lesterclemia, as well as antioxidant and anti-inflammatory
effects (8,14-~16).

Because these effects of RJ might have a potential to
improve sarcopenia and the functions of satellite cells
(17-21), we hypothesized that RJ might have a benefi-
cial effect on the prevention of sarcopenia. Furthermore,
we hypothesized that this effect might involve IGF-1. To
the bestof our knowledge, few studies have examined the
effects of RJ on muscles in elderly patients or aged ani-
mals or the relationship between RJ and IGF-1. Thus, in
this study, we examined the effects of the RI/pRJ on mus-
cle weight, muscle strength, satellite cell functions, the
regenerating capacity of the skeletal muscles in vivo and
in vitro, and the involvement of IGF-1 in an animal model
using aged mice.

METHODS

Culture Conditions of Satellite Cells and Cell
Proliferation Assay

Sorted satellite cells from untreated, aged mice were
cultured in growth medivm containing high-glucose
Dulbecco’s modified Eagle’'s medium with 20% fetal
bovine serum (MP Biomedicals, Morgan Irvine, CA), 2.5
ng/mL basic fibroblast growth factor (Invitrogen, Eugene,
OR), 100U/mL penicillin, and 100 pg/mL streptomycin
(Sigma, St. Louis, MO). Satellite cells under eight pas-
sages were used in this study. Differentiation was induced
as previously shown with some modifications in differen-
tiation medium containing high-glucose Dulbecco’s modi-
fied Eagle’s medium, 5% horse serum (Sigma), penicillin,
and streptomycin for several days (22). RJ and pRJ were
dissolved in water, sterilized by a filter, and then added to
the culture medium at the following concentrations: 100,
200, 500, or 1000 pg/mL. Some cells were serum starved
for overnight and then stimulated with 10nM insulin
(Sigma), which is a potent activator of Akt, for 5 minutes.
The cells were cultured for 24, 48, or 72 hours, and the
number of cells was determined by water-soluble tetrazo-
lium-8 (WST-8, DOJINDO, Tokyo, Japan) assay using a
cell-counting kit (23,24).

NIU ET AL.

Mice and Dietary Treatment

Male C57BL/6 mice were obtained from Clea Japan
(Tokyo, Japan) and maintained under specific pathogen-
free conditions with unrestricted access to food and water.
Experiments were carried out in accordance with guidelines
established by the Tohoku University Committee on Animal
Research. At the age of 21 months, mice were divided into
five groups according to the diets provided for each group
and maintained for the next 3 months, with 10 mice in each
group. The five groups of diets were normal diet (controls),
diet mixed with 1% weight RJ (1% RIJ), diet mixed with
5% weight R} (5% RI), diet mixed with 1% weight pRJ
(1% pRJ), and diet mixed with 5% pRJ (5% pRJ). All diets
were manufactured by Oriental Yeast Co., Ltd. (Chiba.
Japan), stored at 4°C, and sealed in plastic bags in vacuo
until use to avoid oxidation. The base diet was composed
of 20% milk casein, 0.3% cystine, 39.7% starch, 13.2%
a-starch, 10% sucrose, 0.0014% cellulose, 1% vitamins,
3.5% mineral mixture, 0.25% choline bitartrate, and 0.5%
tert-butylhydroquinone. The amounts of milk casein and
starch were adjusted to equalize total proteins and calories
between the groups in accordance with the amounts of
added RJ/pRJ. Therefore, total energy and protein levels
per weight were the same in all the diet groups. However,
the amino acid contents were different among the groups.
Dried RJ and pRJ powder was supplied by Institute for Bee
Products & Health Science (Okayama, Japan). The vitamin
and mineral components of RJ and pRJ were analyzed by
Japan Food Research Laboratories (Tokyo, Japan) and are
shown in Table 1. The mice had unrestricted access to food
and water. After 3 months of the diet treatment, the grip
strength was measured. Then, 25 mice (five mice from each
group) were anesthetized and sacrificed, their sera were
collected, and skeletal muscle samples were isolated. The
other 19 (= 3 mice from each group) mice were sacrificed
for evaluation of the regenerating capacity of injured
skeletal muscles at 5 days after the injury.

Wire Hang Test

A wire mesh grid (10x 10 cm) was used to assess the mus-
cle strength. The mouse was placed on the wire mesh, then
the mesh was inverted, and the mouse was forced to hang
on the wire using its four limbs. The longest hanging time
was recorded as the duration. The previously mentioned
measuring process was repeated until the mouse could not
hang on the wire mesh after the inversion. The number of
repeated times is shown as the number of times (25).

Muscle Injury Model

After 3 months of the diet treatment, mice were anes-
thetized, and cardiotoxin from Naja mossambica mossam-
bica (Sigma) dissolved in 100 uL phosphate-buffered saline
(PBS) (10 pM) was injected into the tibialis anterior (TA)
muscle. Five days later, the mice were sacrificed; and the
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ROYAL JELLY AND SARCOPENIA IN AGED MICE

Table 1. Vitamin and Mineral Composition of Royal Jelly Products
(mg/100g)

Protease-Treated

Components Royal Jelly Royal Jelly

Minerals
Sodium 40.2 2050
Phosphorus 662 580
Iron 3.2% 28
Calcium 40.6 14.8
Potassium 814 766
Magnesium 90.9 74.3
Copper 1.34 0.91
Zinc 6.61 5.62
Manganese 0.22 0.17
Selenium >0.005 0.006

Vitamins
Thiamine 0.96 0.84
Riboflavin 2.03 1.92
Vitamin B6 1.12 0.63
a-Tocopherol 0.1 >0.1
Folic acid 0.12 0.06
Pantothenic acid 12.8 14.5
Biotin 0.0467 0.0722
Inositol >2 41
Niacin 14.8 15.4
Choline 620 480

TA muscles were isolated, frozen in 2-methylbutane pre-
cooled in liquid nitrogen, and stored at —80°C for following
histological analysis (26).

Measurements of Muscle Weight and Isolation of
Satellite Cells

The satellite cells were isolated according to a previ-
ous study (6) with some modifications. The large hind-
limb muscles of mice including the TA muscle, triceps
surae muscle, quadriceps muscle, biceps femoris mus-
cle, gluteus maximus muscle, and iliopsoas muscle were
isolated, and the weights of the muscles were measured.
Next, nonmuscle tissues were removed under a dissec-
tion microscope; the muscles were subjected to enzymatic
dissociation with 0.2% collagenase Type II (Worthington
Biochemical Corporation, Lakewood, NJ) for 60 minutes
and then with 0.04U/mL dispase (Gibco BRL, Grand
Island, NY) for 45 minutes. The cell suspension was fil-
tered through a cell strainer (BD Bioscience, Franklin
Lakes, NJ), incubated with antimouse CD16/CD32 mono-
clonal antibody (mAb, 2.4G2, BD Bioscience) to block
Fc receptors and then with the following antibodies: fluo-
rescein isothiocyanate-labeled anti-CD31, anti-CD45
(BD Bioscience), anti-CD11b, and anti-Sca-1 antibodies
(eBioscience, San Diego, CA); PE-labeled anti-integrin-
a7 (MBL, Nagoya, Japan); and Alexa 647-labeled anti-
CD34 (BD Bioscience). The cells were counted and sorted
by FACSAria Il flow cytometer (BD Bioscience) as previ-
ously shown (27).

Page 3 of 11

Immunohistochemistry and Immunocytochemistry

Frozen muscle tissues were sectioned from a region
approximately 3 mm from the top of the TA muscle (8§ pm
in thickness) using a cryostat. For embryonic myosin heavy
chain (eMyHC) staining, frozen sections or cultured cells
were fixed with acetone/methanol (50%/50%) for 30 seconds
at —20°C. Specimens were blocked with 1% bovine serum
albumin and 0.1% Triton X-100 in PBS at room temperature
for 45 minutes and then incubated with anti-eMyHC anti-
body (F1.652, DSHB, Iowa City, IA) at 1:2 dilution at 4°C
overnight, followed by Rodamine-conjugated secondary
antibody staining (Chemicon International, Temecula, CA)
at room temperature in the dark for I hour. For PAX7 stain-
ing, cultured cells were fixed with PBS containing 4% para-
formaldehyde at room temperature for 20 minutes and then
blocked with 1% bovine serum albumin and 0.1% Triton
X-100 in PBS at room temperature for 45 minutes. After
blocking, the cells were incubated with anti-Pax-7 antibody
(R&D Systems, Minneapolis, NE) at 1:50 dilution at 4°C
overnight followed by Alexa 488—coupled antimouse 1gG
antibody (Invitrogen) at 1:200 dilution at room temperature
for 1 hour. Finally, the sections or cells were mounted in
Vectashield Mounting Medium with 47,6-diamidino-2-phe-
nylindole (DAPT) (Vector labs, Burlingame, CA). In vivo,
the regenerating capacity of the injured skeletal muscles
was evaluated by quantifying the percentage of eMyHc-
immunoreactive area per field (28). Ten randomly selected
fields at x200 magnification were measured in each sample.
Imagel software was used to quantify the eMyHC-immu-
noreactive areas per field. In vitro, the degree of differentia-
tion of satellite cells of the aged mice was evaluated by the
maximum diameter of the cells by Adobe Photoshop CS2
software (San Jose, CA). The muscle sections were stained
for hematoxylin and eosin also. Images were taken using
a phase-contrast and fluorescence microscope BZ9000
{Keyence, Osaka, Japan) (29).

Western Blot Analysis

PAX7, Type I IGF receptor (IGF-IR), Akt, and
phosphorylated Akt (phospho-Akt) proteins were detected
by Western blot analysis. In brief, the cells were rinsed
twice with ice-cold PBS and lysed using RIPA Lysis
Buffer (Upstate, Temecula, CA). The extracted protein
fraction was electrophoresed in a sodium dodecyl sulfate
and 10% polyacrylamide gel and then transferred onto an
Immobilon transfer membrane (Millipore, Bedford, MA).
The amount of protein loaded onto the gels was 36 pg
per well. The membranes were immunoblotted with the
primary antibodies to PAX7 (DSHB) at 1:100 dilution,
GAPDH, IGF-IR, Akt, and phospho-Akt (Cell Signaling,
Boston, MA) at 1:1000 dilution. Then, the membranes
were incubated with horseradish peroxidase—conjugated
antirabbit immunoglobulin G (Cell Signaling) at 1:25,000
dilution, and the protein bands were detected with an
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enhanced chemiluminescence detection kit (Amersham,
Buckinghamshire, UK) (30).

Enzyme-Linked Immunosorbent Assay

After RI/pRJ treatment, the mice were anesthetized with
diethyl ether. and blood samples were isolated from the infe-
rior vena cava. The serum levels of interleukin-la (IL-1a1),
IL-1p, IL-6, tumor necrosis factor-a, and IGF-1 were meas-
ured using a specific ELISA kit (R&D Systems) according
to the manufacturer’s instructions, respectively (22).

Statistical Analysis

Data are presented as mean = standard deviation.
Differences were analyzed by one-way analysis of variance
test (Post hoc, Tukey). A level of p < 0.05 was accepted
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as statistically significant. All in vitro experiments were
repeated at least three times.

RESULTS

Isolation and Characterization of Satellite Cells

As an initial step, we tried to identify the effect of RJ/
pRJ on satellite cells. The characterization of satellite cells
by cell surface markers has been established only very
recently (6). Therefore, according to that study, we first tried
to isolate satellite cells with some modifications. We enzy-
matically dissociated mononuclear cells from the mouse
hind-limb muscles (Figure 1A, circle: upper muscles were
isolated from a right leg, and lower muscles were isolated
from a left leg, from left to right, TA, triceps surae, quadri-
ceps, divided biceps femoris into two, gluteus maximus, and
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Figure 1. The isolation and characterization of the satellite cells. (A) A flow cytometer sorted the satellite cells from the hind-limb muscles after enzymatic dis-
sociation (shown in circle on the left: upper muscles were jsolated from a right leg and lower muscles were isolated from a left leg: from left to right: tibialis anterior,
triceps surae, quadriceps. divided biceps femoris into two, gluteus maximus. and iliopsoas muscles) by gating for 7-AAD negative, then for CD31. CD45, CD11b.
and Scal negative, and finally for integrin-o7 and CD34 positive. Numbers in the gates show percentage of the cells in each gate among total cells. (B) The light
phase-contrast microscopy shows the morphology of the isolated satellite cells cultured in proliferation medium for the indicated time periods. Scale bars: 50 pm
(left three panels) and 25 pm (right two panels). (C) The sorted cells were immunoreactive with satellite cell marker Pax7 and nucleus marker DAPI after 2 days in
the proliferation medium (left two panels: Pax7 in green and DAPI in blue). After 3 days in the differentiation medium, some cells formed tube-like shapes (the third
panel from the left) and some cells were immunoreactive with an immature myotube marker eMyHc (right panel: eMyHc in red and DAPI in blue). Scale bars: 20 pm
(left two panels) and 50 pm (right two panels). (D) Western blot analysis shows the levels of PAX7 protein in the satellite cells after the induction of differentiation

for the indicated time perjods. The GAPDH protein is a loading control.
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ROYAL JELLY AND SARCOPENIA IN AGED MICE

iliopsoas muscle) and sorted them according to the cell sur-
face markers (Figure 1A). We characterized satellite cells as
7-AAD (a dead cell marker) negative, CD31 (an endothe-
lial cell marker) negative, CD45 (a pan-hematopoietic cell
marker) negative, CD11b (a myeloid cell marker) negative,
Scal (a mesenchymal cell marker) negative, and integrin-a7
and CD34 positive (Figure 1A). We cultured the sorted cells
in growth medium for several days and noted the prolifera-
tion of these cells, which suggested that these cells had the
potential to re-enter the cell cycle (Figure 1B). After 2 days
in the growth medium, the sorted cells were immunoreactive
with satellite cell-specific transcriptional factor Pax7 and
nucleus marker DAPI (Figure 1C, two panels in the left).
To examine the potential of these cells to differentiate into
myotubes, we cultured the cells in differentiation medium
for 3 days (Figure 1C, two panels in the right). The cells
fused and were immunoreactive with an immature myotube
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marker embryonic myosin heavy chain (eMyHc, Figure IC,
the right panel), suggesting that the cells differentiated into
myotubes. The sorted cells were cultured in the differentia-
tion medium, and the expression levels of Pax7 gradually
decreased in a time-dependent manner after the induction
of differentiation (Figure 1D). These data suggested that the
sorted cells had the characteristics of satellite cells and the
potential to differentiate into myotubes.

Effects of RI/pRJ on the Satellite Cells of the Aged Mice
In Vitro

To examine the effect of RI/pRJ on the proliferation
rate of the satellite cells of the aged mice in vitro, we iso-
lated satellite cells from aged mice and stimulated them
with RJ/pRJ for 24 hours (Figure 2A, left panel), 48 hours
(Figure 2A, center panel), or 72 hours (Figure 2A, right
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Figure 2. Effects of RI/pRJ on the satellite cells of aged mice in vitro. (A) The satellite cells of the aged mice were treated with the indicated concentrations of
RJ or pRJ for 24, 48, or 72 h, and the cell proliferation rate was measured at each time point. (B) The satellite cells of aged mice were cultured in differentiation
medium with pRY or without pRJ (control) for 5 days. then immunohistochemically stained for eMyHC in red and for DAPI in blue to evaluate their differentia-
tion into myotubes. The maximum diameter of each myotube was marked with a green line (upper panels). We randomly selected 50 myotubes per field at x400
magnification, measured the maximum diameter of each myotube for 10 randomly selected fields per sample, measured the diameter, and calculated for each group
(lower panel). Scale bars: 100 um. (C) The satellite cells of aged mice were pretreated with pRJ (500 pg/mL) for 48 h, then the Western blot analysis detected IGF-1
receptor (IGF-IR), GAPDH., activated form of Akt (phospho-Akt). and total Akt. Insulin (10 nM) was used as a positive control. The densitometry quantified the band
intensities. The graphs show the IGF-IR band intensities normalized by the GAPDH band intensities. and phospho-Akt band intensities normalized by the Akt band

intensities. This figure is the representative of three independent experiments. Columns are mean + SD. *p < .05, **p < .01, and

p <.0001, compared with control.
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panel) in growth medium. pRJ treatment at high concentra-
tions (500 and 1000 pg/mL) for 48 and 72 hours increased
the proliferation rate of the satellite cells compared with
controls and RJ treatment (Figure 2A). Next, to examine the
effect of RJ/pRJ on the differentiation of the satellite cells
of the aged mice in vitro, we cultured the satellite cells in
differentiation medium for 5 days and immunohistochemi-
cally stained them for eMyHC (Figure 2B). The pRJ-treated
group had more eMyHc immunoreactive areas than did the
controls (Figure 2B, upper panel). The mean maximum
diameter of the myotubes was greater in the pRJ-treated
group than in the controls (Figure 2, lower panel). These
results suggested that pRJ promoted the differentiation of
the satellite cells of the aged mice. We next examined an
intracellular signaling pathway of IGF-1 by Western blot
analysis. pRJ treatment increased the intensity of the band
of IGF-1R compared with controls (Figure 2C). One of the
downstream signaling pathways of IGF-1R is Akt, and pRJ
treatment increased the intensity of the band of phosphoryl-
ated Akt, which is an activated form of Akt, compared with
controls (Figure 2C). Similar to pRJ, the increased activa-
tion of Akt was also observed in satellite cells treated with
10nM insulin (Figure 2C). These results suggested that pRJ
increased the proliferation rate, promoted differentiation,
and activated the Akt-signaling pathway in the satellite cells
from the aged mice compared with the controls in vitro.

RJ-/pRJ-Treated Mice Had Greater Numbers of
Satellite Cells, Muscle Weight, and Grip Strength
Than Did Controls

To examine the effects of RJ/pRJ treatment on aged mice
in vivo, we divided 21-month-old mice into five groups
and treated them with five kinds of diets for 3 months,
respectively: normal diet (controls), diet mixed with 1%
weight RJ (1% RJ). diet with 5% weight RJ (5% RIJ), diet
with 1% weight pRJ (1% pRJ), and diet with 5% pRJ (5%
pRJ). Three mice in the controls, one mouse in the 1% RJ
group, and one mouse in the 1% pRJ group died of natural
causes during the treatment period. These mice were
excluded from the analysis. During the intervention period,
the body weight increased similarly in RJ/pRJ-treated
groups and control groups (Figure 3A) (p value > .73;
effect size < 0.01). The amount of daily diet intake was
not different between the groups (Figure 3B). Comparison
of the hind-limb muscle weight per body weight between
2-, 8-, and 24-month-old mice showed progressive loss of
muscle weight with aging, suggesting the progression of
sarcopenia with aging (Figure 3C). The combined weights
of the hind-limb muscles of one leg, named one-legged
muscle, per body weight in 5% RJ, 1% pRJ, and 5% pRJ
groups were greater than those of controls (Figure 3D). The
selected muscles included the TA, triceps surae, quadriceps,
biceps femoris, gluteus maximus, and iliopsoas muscles. To
examine the effect of PJ/pRJ on the numbers of satellite
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cells in vivo, we counted the cells. The numbers of satellite
cells in the hind-limb muscles in the 5% RJ- and 5% pRIJ-
treated groups were significantly greater than those of the
controls (Figure 3E), whereas the numbers of the satellite
cells per muscle weight were not different among the groups
(per gram; Figure 3F). These results suggested that PJ/pRJ
treatment increased the total numbers of satellite cells.

To examine the effect of pRJ on the muscle strength,
we performed the wire hang test and measured the maxi-
mum duration that the mice could hang on the inverted
wire mesh. Consistent with the effect of RI/pRJ on the
muscle mass, the 5% RJ- and 5% pRJ-treated groups hung
for longer duration than did the controls, suggesting that
RI/pRJ improved the grip strength of the skeletal muscles
(Figure 3G). To examine the effect of RJ/pRJ on muscle
fatigne, we measured how many times the mice could
hang from the wire mesh. The 5% RJ- and 5% pRI-treated
groups could hang more times than the controls, suggesting
that RJ/pRJ improved the fatigue of the skeletal muscles
(Figure 3H). Furthermore, within the controls, comparison
of the before and after treatment period showed decreased
hanging duration and times after the treatment period than
before, suggesting the progression of age-related atrophy in
muscle function. In contrast, no significant changes were
observed within the RI/pRJ groups between before and
after the treatment period. These data suggested that RJ/pRJ
treatment prevented the progression of atrophy in muscle
weight and function in the aged mice.

RJI/pRJ Treatment Accelerated the Regeneration of
Injured Skeletal Muscles

We next examined the effect of RJ/pRJ treatment on
the regenerating capacity of the skeletal muscles in aged
mice in vivo by injuring the TA muscles with cardiotoxin
injection and observing their regeneration. We isolated the
muscles 5 days after the cardiotoxin injection and subjected
them to staining. Hematoxylin and eosin staining showed
greater amounts of muscle fibers in the RJ/pRJ groups than
in the controls (Figure 4A, upper panels). To confirm the
regenerating capacity of the skeletal muscles, we immu-
nohistochemically stained the muscles for eMyHc, which
is a marker of immature myotubes including regenerating
muscles but not of mature muscles (Figure 4A, middle line
panels). Quantification of the eMyHc immunoreactive area
showed greater immunoreactive areas in the RJ/pRJ groups
than in the controls (Figure 4B). These results suggested
that RJ/pRJ treatment accelerated the regeneration of the
injured skeletal muscles.

RJ/pRJ Trearment Increased Serum IGF-1 Levels

Because RJ has been suggested to have an anti-inflamma-
tory effect, we examined the effect of RI/pRJ treatment on
serum proinflammatory mediator levels in the aged mice.
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