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Figure 3. Effects of RI/pRJ treatment on aged mice in vivo. Twenty-one-month-old mice were treated with a diet mixed with 1% weight RJ (1% RJ). diet with
5% weight RJ (5% RJ). diet with 1% weight pRJ (1% pRJ). or diet with 5% pRJ (5% pRJ) for following 3 months. (A) Control. RJ, or pRJ treatment did not show
changed body weight. (B) RJ or pRJ did not change the amount of the daily diet intake. (C) The progressive loss of muscle weight with aging. (D) RJ- and pRJ-treated
groups had greater hind-limb muscle weights per body weight than did controls. (E) RJ- and pRJ-treated groups had greater numbers of satellite cells in the hind-limb
muscles than did controls. (F) RJ or pRJ treatment did not change the numbers of satellite cells per muscle weight (g). (G) Five% RJ- and pRJ-treated mice hung for
]onOcr durations than did controls. (H) Five% RJ- and pRJ-treated mice hung more times than did controls. Columns are mean + SD. n 2 5 in each group. *p < .05,
----- #4p < .01, and #***p < .0001 compared with control.
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Figure 4. RY/pRJ treatment accelerated the regeneration of the injured skeletal muscles in aged mice. After 3 months of RJ/pRJ treatment. we injected cardio-
toxin into the tibialis anterior muscles of the aged mice to injure the muscles and isolated them 5 days later. (A) Hematoxylin and eosin staining (top panels) and
immunohistochemical staining for eMyHC (middle panels) or DAPI (bottom panels) of the injured tibialis anterior muscles. Upper lines, scale bar, 50 pm: middle
and lower lines. scale bar, 100 pm. (B) The graph shows the data calculated from guantification of the percentage of eMyHc—xmmunoreacnve area per field for each

group (10 randomly selected fields at x200 magnification per sample were quantified). Columns are mean = SD, 17 2 3 in each group. *p < .05. and *

compared with controls.

We chose IL-1a, IL-1f, IL-6, and tumor necrosis factor-o
as proinflammatory mediators, as previously shown (31,32),
and measured their levels in serum. The levels of these
mediators were not significantly different between RJ-/pRJ-
treated groups and controls, but the serum IL-10 concentra-
tion tended to be lower in the RJ/pRJ groups than in the
controls (Figure 5A). Because IGF-1 plays a central role in
stimulating satellite cells, we measured the serum levels of
IGF-1. The serum levels of IGF-1 were greater in the 5%
RJ- and pRJ-treated groups than in the controls (Figure 5B).

DiscussioN

In this study, using aged mice, we showed that RJ/pRJ
treatment increased the number of satellite cells, the skel-
etal muscle weight, grip strength, regenerating capacity of
injured skeletal muscles, and the serum IGF-1 levels com-
pared with controls in vivo. In vitro, compared with con-
trols, pRJ treatment increased the cell proliferation rate,

1 < .0001

promoted differentiation, and activated the Akt-signaling
pathway in the satellite cells of the aged mice.

RJ/pRYT treatment increased the number of satellite cells
of the aged mice, promoted their differentiation compared
with controls, which could be the mechanisms by which the
skeletal muscle weight and grip strength were increased,
and accelerated the regeneration of injured skeletal muscles
in aged mice compared with controls. Because these effects
antagonized the loss of muscle mass and strength, the results
suggested that RI/pRJ treatment might improve sarcopenia
in aged mice. The RJ-/pRJ-treated groups hung for longer
durations than did the controls, but when we compared
between before and after the treatment period within the
same groups, the hanging duration did not change in the
RJ-/pRI-treated groups, whereas the hanging duration
decreased after the same period in controls, suggesting that
RI/pRJ treatment might not improve but rather attenuated
the progression of the decrease in grip strength. Therefore,
the effects of RI/pRJ on skeletal muscles might be
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Figure 5. RJ/pRIJ treament increased the serum JGF-1 Jevels but did not affect the serum proinflammatory mediator levels. ELISA determined serum levels of
proinflammatory mediators and IGF-1 in aged mice treated with RJ/pRJ for 3 months. (A) RJ/pRJ treatment did not change the serum levels of the proinflammatory
mediators. (B) Five% RJ and 5% pRJ treatment significantly increased the seram IGF-1 levels. Columns are mean + SD. n = 5 in each group. *p < .05 compured

with controls.

attenuating the atrophy rather than improving the muscle
mass and strength in aged mice.

pRJ increased the number of satellite cells of the aged
mice in vivo and in vitro, whereas RJ increased the number
of the satellite cells in vivo but not in vitro. The presence
of protease treatment in pRJ and its absence in RJ might
explain this discrepancy. Protease is present in vivo, which
indicates that all the RJ is treated with protease after their
intake in vivo, whereas protease is not present in vitro.

Because IGF-1 has favorable effects on satellite cells,
the skeletal muscles, and sarcopenia, the increased serum
levels of IGF-1 after RI/pRJ treatment might be one of the
mechanisms of the effects of RI/pRJ treatment. However,
the increases in the levels of IGF-1 after RJ/pRJ treatment
were moderate. Therefore, RI/pRJ treatment may have
other mechanisms besides increasing IGF-1. Previous stud-
ies indicated that nutrition plays a central role in the reg-
ulation of the IGF-1 levels (33). The serum IGF-1 levels
decline in an age-dependent manner and are a reliable index
of protein-energy malnutrition in elderly patients (34-36).
Increased serum levels of IGF-1 after RI/pRJ treatment may
suggest that RJ/pRJ treatment improved the malnutrition in
the aged animals. Many nutritional components in RJ/pRJ

such as vitamins, minerals (Table 1), and amino acids might
have contributed to preventing sarcopenia. Because this is a
single study, we could not evaluate the contribution of each
component to the prevention of sarcopenia. However, the
results suggested that whole RJ/pRJ improved sarcopenia
in aged mice.

Akt-signaling pathway plays a central role in muscle pro-
tein synthesis and in inhibiting muscle proteolysis. Akt acti-
vation prevents muscle atrophy including sarcopenia (37).
Moreover, the activation of Akt in myoblasts increased their
cell proliferation rate and rescued them from cell death (22)
In vitro, pRJ activated the Akt-signaling pathway in satellite
cells of the aged mice. Because pRJ contains a wide vari-
ety of components (9), it is not clear which component(s)
activated Akt. However, the activation of Akt, possibly by
IGF-1, suggests that one of the mechanisms of the effects
of RI/pRT was via Akt. Furthermore, because RJ and pRJ
are natural products, some natural factors such as seasonal
or environmental factors may affect the percentage or qual-
ity of ingredients in RJ/pRJ. Further studies are required to
identify the mechanisms of action of RJ/pRJ.

Some studies reported that IGF-1 deficiency extended life
spans in mammals (38,39). Because we did not assess life
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spans in this study, the effect of increased levels of IGF-1
by RI/pRJ treatment on life span was not clear. However,
previous studies reported that RJ/pRJ extended the life span
in mice and Caenorhabditis elegans (10,11). Further stud-
ies are required to evaluate the effects and mechanisms of
RJ/pRJ on life span.

Dietary supplementation with 1%-5% RJ/pRJ would be
too great in an amount and would not be feasible for humans.
Generally, dietary supplementation intake in animals cannot
be directly converted into human dietary intake. Thus, we did
a pilot study to examine the effect of RJ on muscle strength
and physical performance in free-living elderly patients
(Identifier: UMINO000004057, Trial Registration: http:/
www.umin.ac.jp/ct/index.htm). We found that the intake of
RJ (Jow dose: 1.2 g/day; high dose: 4.8 g/day) for 3 months
improved muscle strength and physical performance in the
elderly patients. Based on this pilot study, we are performing a
randomized. double-blinded, placebo-controlled trial to con-
firm the effects of RJ on muscle strength and physical perfor-
mance of the elderly patients (Identifier: UMINO00O009648,
Trial Registration: http:/www.umin.ac.jp/cti/index.htm).

In conclusion, in vivo, RJI/pRJ treatment increased the
muscle weight, grip strength, regenerating capacity of
injured muscles, and serum IGF-1 levels compared with
controls in aged mice. In vitro, pRJ increased the cell prolif-
eration rate, promoted the cell differentiation, and activated
Akt-signaling pathway compared with controls in isolated
satellite cells from aged mice. These findings suggest that
RJ/pRJ treatment may have a beneficial effect on the pre-
vention of age-related sarcopenia through increasing the
systemic IGF-1 levels and activating Akt-signaling path-
ways in satellite cells.
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Abstract

Purpose Extensive deposition of senile plaques and neuro-
fibrillary tangles in the brain is a pathological hallmark of
Alzheimer’s disease (AD). Although several PET imaging
agents have been developed for in vivo detection of senile
plaques, no PET probe is currently available for selective
detection of neurofibrillary tangles in the living human
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brain. Recently, ['*F]JTHK-523 was developed as a potential
in vivo imaging probe for tau pathology. The purpose of this
study was to compare the binding properties of [' *F]THK-
523 and other amyloid imaging agents, including PiB, BF-
227 and FDDNP, to synthetic protein fibrils and human
brain tissue.

Methods In vitro radioligand binding assays were con-
ducted using synthetic amyloid B4, and K18AK280-tau
fibrils. Nonspecific binding was determined by the addition
of unlabelled compounds at a concentration of 2 uM. To
examine radioligand binding to neuropathological lesions,
in vitro autoradiography was conducted using sections of
AD brain.

Results ['SF]THK-523 showed higher affinity for tau fibrils
than for AP fibrils, whereas the other probes showed a
higher affinity for A3 fibrils. The autoradiographic analysis
indicated that [’SF]THK-SB accumulated in the regions
containing a high density of tau protein deposits. Converse-
ly, PiB and BF-227 accumulated in the regions containing a
high density of Ap plaques.

Conclusion These findings suggest that the unique binding
profile of ['*F]THK-523 can be used to identify tau deposits
in AD brain.

Keywords PET probes - Tau - Amyloid - Alzheimer’s
disease

Introduction

Senile plaques and neurofibrillary tangles (NFTs) com-

posed of amyloid-f (AP) peptides and aggregated tau
proteins, respectively, are the pathological hallmarks of

@ Springer
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Alzheimer’s disease (AD). In vivo amyloid imaging
techniques have received a lot of attention for their
promise in presymptomatic detection of AP pathology
[1]. Recently, several B-sheet binding radiotracers have
been developed as PET amyloid imaging agents [2]. Among
them, '*F-labelled 2-(1-{6-[(2-fluoroethyl(methyl)amino)-2-
naphthyl)ethylidene)malononitrile (['*FJFDDNP) was the first
PET probe to be applied to clinical PET imaging in patients
with AD [3]. This tracer demonstrated higher regional uptake
in the medial temporal lobe and neocortex, and was claimed to
bind to AR and tau pathological lesions [3]. Subsequently, ''C-
labelled 2-[4'-(methylamino)phenyl]-6-hydroxybenzothiazole
(["'CIPiB) and 2-(2-[dimethylaminothiazole-5-yljethenyl)-6-
(2-[fluoroJethoxy)benzoxazole ([ CJBF-227) were also devel-
oped as amyloid imaging radiotracers. These tracers bind to A
fibrils with high affinity {4] and have demonstrated a signifi-
cantly higher retention in the neocortical areas of brains of AD
patients than of healthy controls [5, 6]. Furthermore, post-
mortem analysis of AD patients who had undergone [''CIPiB
PET imaging before death suggested a strong correlation be-
tween in vivo PiB binding and regional distribution of AR
plaques [7].

Amyloid imaging with PET can detect AD pathology
in its preclinical stage [8]. However, amyloid deposition
as assessed by [''CJPiB PET correlates poorly with
cognitive impairment in AD [9, 10], whereas deposition
of tau in the medial temporal cortex is closely associ-
ated with neuronal death in this region. Selective tau
imaging would provide important information about the
tau pathophysiological features in AD, allowing correla-
tion of brain tau load with cognitive decline, monitoring
of disease progression and evaluation of therapeutic efficacy
of newly developed therapies. Potential candidates for in vivo
tau imaging agents include quinoline derivatives [11], and ina
recent study, we found that one quinoline derivative, ['°F]
THK-523, showed higher affinity for tau rather than amyloid
fibrils. Furthermore, an autoradiography analysis indicated
that this tracer binds specifically to tau deposits but not A
burden at tracer concentrations usually achieved during a PET

scan [12].

Fig. 1 Chemical structures of
(''CIPiB, ['*F]FDDNP, [''C]
BF-227 and ['*F]THK-523

The binding profiles of PiB, BF-227 and FDDNP to A
fibrils have been well described. Because tau, «-synuclein and
prion fibrils, as well as AP fibrils, share a common (3-sheet
secondary structure, these compounds can potentially bind all
these misfolded proteins. A previous study indicated that PiB
binds to both AP and PHF tau pathology in vitro [13].
However, the binding occurs at higher concentrations
than usually achieved in vivo during a PET scan. Furthermore,
PET-pathology correlation studies have demonstrated that
PiB binding reflects A pathology [7, 14]. Newly developed
"*F_labelled amyloid PET tracers have similarly shown good
correlation with A plaque density [15, 16]. However, the
binding affinity of these radiotracers for tau fibrils remains
unknown and the binding properties of ['*F]THK-523 have
not been directly compared with those of other amyloid PET
agents. Here, we compared the binding affinity of [ SF]THK-
523 to synthetic AP and tau protein fibrils as well as to senile
plaques and NFTs in human brain samples with those of PiB,
BF-227 and FDDNP, to characterize the binding properties of
THK-523 and to obtain a better understanding of current and
future PET data.

Materials and methods

Materials

The nonlabelled compounds PiB, BF-227, FDDNP, THK-
523 (Fig. 1) and their precursors were custom-synthesized
by Tanabe R&D Service (Osaka, Japan). Human AR 45 was
purchased from Peptide Institute Inc. (Mino, Japan). Re-
combinant K18AK280-tau protein was obtained from Invi-
trogen (Tokyo, Japan).

Radiolabelling of PiB, BF-227, THK-523 and FDDNP

[PH]PiB (specific activity 2.96 GBg/pumol) was purchased from
American Radiolabeled Chemicals (St. Louis, MO). [*! C]PiB
was radiolabelled using its precursor (2-(4-aminophenyl)-6-
methoxymethoxybenzothiazole) and [''Clmethyl triflate, as
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previously described [17, 18]. The mean specific activity of
["'CIPiB was 34.6 GBg/pmol.

['SFIBF-227 was synthesized by nucleophilic substitution of
the tosylate precursor (2-[2-(2-dimethylaminothiazol-S-yl)e-
thenyl]-6-[2-(tosyloxy)ethoxy Jbenzoxazole. After a 10-min re-
action at 110 °C, the crude mixture was partially purified on an
activated Sep-Pak tC18 cartridge before being purified by semi-
preparative reverse-phase HPLC. Standard tC18 Sep-Pak refor-
mulation produced ['F]BF-227 in >95 % purity. The
radiochemical yield was 12-19 % (non-decay-corrected), and
the mean specific activity of ['*F]BF-227 was 163 GBg/pmol at
the end of the synthesis. [ C]JBF-227 was synthesized using N-
desmethylated derivatives as its precursor and ['' Clmethy] tri-
flate, as previously described [6]. The mean specific activity of
["'C)BF-227 was 136 GBg/pumol.

['SF]THK-523 was synthesized by nucleophilic sub-
stitution of the tosylate precursor (2-(4-aminophenyl)-6-
(2-tosyloxyethoxy)quinolone) as previously described
[12]. The standard tC18 Sep-Pak reformulation produced
['"F]THK-523 in >95 % purity. The radiochemical yield
was 38-49 % (non-decay-corrected), and the mean spe-
cific activity of ['SF]JTHK-523 was 68 GBq/umol at the
end of the synthesis.

['"SFIFDDNP was radiolabelled by the nucleophilic
substitution of the tosylate precursor (2-{[6-(2,2-
dicyano-1-methylvinyl)-2-naphthyl](methyl)amino } ethyl-
4-methylbenzenesulphonate) as previously described
[19]. After a 15-min reaction at 95 °C, the crude mix-
ture was partially purified on an activated Sep-Pak tC18
cartridge before being purified by semipreparative
reverse-phase HPLC. Standard tC18 Sep-Pak reformula-
tion produced ['F]FDDNP in >95 % purity. The radio-
chemical yield was 12-19 % (non-decay-corrected), and
the mean specific activity of ['SFJFDDNP was 27 GBq/
umol at the end of the synthesis. All analysis HPLC
chromatograms are shown in the Supplementary figure.

In vitro radioligand binding assays

Synthetic APy, fibrils and K18AK280-tau fibrils were pre-
pared as previously described [12]. For in vitro binding
assays, synthetic A4, or KI8AK280 fibrils (200 nM) were
incubated with increasing concentrations of ["H]PiB and '®F-
labelled compounds (0.5-200 nM). To account for nonspecif-
ic binding of [PH]PiB and '8E_labelled compounds, the above-
mentioned reactions were performed in triplicate in the pres-

ence of each unlabelled compound at a concentration of 2 pM.

The binding reactions were incubated for 1 h for the '*F-
labelled compounds and 3 h for [PHJPiB at room tempera-
ture, in 200 pL of assay buffer (Dulbecco’s PBS, 0.1 %
BSA). Separation of bound from free radioactivity was
achieved by filtration under reduced pressure (MultiScreen
HTS Vacuum Manifold, MultiScreen HTS 96-well 0.65-pm

filtration plate; Millipore, Billerica, MA). The filters were
washed three times with 200-uL assay buffer, and the filters
containing the bound '®F-labelled compounds were then
assayed for radioactivity in a vy counter (AccuFLEX
7000, Aloka, Tokyo, Japan). The filters containing [*H]
PiB were incubated in 2 mL of scintillation fluid (Aquasol-
2; PerkinElmer, Boston, MA), and the radioactivity of *H
was counted using a (3 counter (LS6500 liquid scintillation
counter; Beckman Coulter, Brea, CA). The binding data
were analysed with curve-fitting software that calculated
the Kp and B,,,, using nonlinear regression (GraphPad
Prism version 5.0; GraphPad Software, San Diego, CA).

Autoradiography, immunohistochemistry and Gallyas silver
staining

Demographics of post-mortem brain samples are shown in
Table 1. The frontal and medial temporal brain sections
(6 wm thick) of three AD patients were incubated with
1.0 MBg/mL ''C-labelled and '*F-labelled compounds at
room temperature for 10 min and then washed briefly with
water and 50 % ethanol. After drying, the labelled sections
were exposed to a BAS-III imaging plate (Fuji Film, Tokyo,
Japan) overnight. The autoradiographic images were
obtained using a BAS-5000 phosphoimaging instrument
(Fuji Film) with a spatial resolution of 25%25 um. The
adjacent sections were immunostained using AT8 anti-tau
monoclonal antibody (diluted 1:20; Innogenetics, Ghent,
Belgium) and 6F/3D (diluted 1:50; Dako, Glostrup, Den-
mark). The adjacent sections were also stained by the
Gallyas-Braak method, which has been reported to be
NFT-specific [20].

Results
Binding affinity for synthetic A3 and tau fibrils

To characterize the binding properties of THK-523, PiB,
BF-227 and FDDNP, in vitro radioligand binding assays for
synthetic AB4> and truncated tau construct (K18AK280)
fibrils were performed under the same experimental condi-
tions. Truncated tau construct (K18AK280) consists of the
four repeat regions (244-372) but lacking lysine 280
(AK280) observed in FTLD-17 familial mutation.

Table 1 Demographics

of brain samples used in Brain no. Age Sex  Post-mortem
this study (years) interval (h)
ADI1 76 F 16
AD2 82 F 17
AD3 92 F 8.5
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KI18AK280 tau aggregates exhibit the similar characteristic as
PHF-tau from AD brain [21). In addition, K18AK280 tau
forms aggregates quickly without cofactor such as heparin
[22]. Thus, we used K18AK280 fibrils for the in vitro binding
assays. Our analysis indicated that [* SFITHK-523 had a higher
binding affinity for tau fibrils (Kp, = 1.99 = 0.21 nM,
B = 1.22 £ 0.24 pmol THK-523/nmol K18AK280-tau)
than for APg4» fibrils (Kp; = 30.3 = 3.91 nM,
Brax1 = 12.6 £ 0.45 pmol THK-523/namol A 4y), which was
similar to previously published data [12]. On the other hand,
[*H]PiB bound to AP, fibrils with high affinity
(Kpy = 0.84 + 0.18 nM, B,y = 0.44 + 0.07 pmol PiB/nmol
ABas). [PHIPIB also showed two binding sites for
K18AK280-tau fibrils, but with a lower affinity
(Kp; = 6.39 + 1.63 nM, B = 1.38 + 0.48 pmol PiB/nmol
K18AK280) than [*F]THK-523. ['’F]BF-227 showed a high
binding affinity for Af4, fibrils (Kpy = 1.72 +£ 0.83 nM,
Braxi = 0.50 £ 0.14 pmol BF-227/mmol Af4,), similar to
our previous report [23], but showed a lower affinity for tau
fibrils (Kp = 30.2 + 2.29 nM, By,x = 10.7 £ 0.24 pmol BF-
227/nmol K18 AK280-tau). ['*F]BF-227 had an approximate-
ly 20-fold higher affinity for the first class of A4, binding
sites compared with tau fibrils. Only one class of [’ SFIFDDNP
binding site was identified on the AP 42 (Kp=15.52+1.97 1M,
Bax = 0.277 £ 0.06 pmol FDDNP/nmol AB.») and
K18AK280 tau fibrils (Kp = 36.7 = 11.6 nM,
Boax = 2.14 £ 0.46 pmol FDDNP/nmol K18AK280-tau).
These results suggest that ['*FJFDDNP binds AP, fibrils
with lower affinity than [*H]PiB and [‘°F]BF-227. Further-
more, ['SFJFDDNP had an approximately sevenfold higher
affinity for Af4, fibrils than for tau fibrils. These binding
profiles are significantly different from that of ['SF]THK-
523 (Table 2).

In vitro autoradiography of human brain sections

To further assess the binding selectivity of [ISF]THK~523,
autoradiographic images of the frontal (Fig. 2) and medial
temporal (Fig. 3) brain sections from three AD patients,
using ['*FITHK-523, [''CIPiB and [''C]BF-227, were com-
pared. While A plaques in the frontal grey matter were

labelled with [''C]PiB (Fig. 2a—c) and [''C]BF-227
(Fig. 2g-i), the binding of ['®F]THK-523 in the frontal grey
matter (Fig. 2m—o0) was considerably lower. In the medial
temporal brain sections, [''C]PiB (Fig. 3a—c) and [”C]BF—
227 (Fig. 3g—1) did not accumulate in the hippocampal CA1l
area, whereas ['*F]THK-523 (Fig. 3m-o) did accumulate in
this area (Fig. 3m—o0). The presence of a high density of tau
and a low density of AP in this area was confirmed by
immunohistochemistry (Fig. 3d-f, j-1). Furthermore, the
band-like distribution of ['F]JTHK-523 in the inner layer
of the temporal grey matter was similar to the distribution of
tau (Fig. 3j-1). In the high-magnification images of case
AD3 (Fig. 3p-v), the distribution of ['*F]THK-523 closely
resembled Gallyas silver staining and tau immunostaining.
['FJTHK-523 binding was observed in the areas showing a
high density of NFTs in the hippocampal CAl, the layer pre-
o and pri-« in the entorhinal cortex (ERC) (Fig. 3p, g, 1, t).
Intriguingly, ['SF]THK-523 labelling in the layer pre-x of
the ERC corresponded to Gallyas silver staining better than
tau immunostaining, suggesting the preferential binding of
["*F]THK-523 to extracellular tau deposits that were clearly
visualized by Gallyas silver staining [25]. In contrast to
['®F]THK-523, the distribution of [''CJPiB was similar to
that of AB immunohistochemistry (Fig 3q, u, v). ['' C]PiB
binding corresponded to the formation of amyloid in the
parvopyramidal layer of the presubicular area and in the
layers pre-f3 and pre-y of the ERC (Fig. 3s, v) [26].

Discussion

In the study reported here, we for the first time directly
compared the binding properties of the novel quinoline
derivative THK-523 and other amyloid PET probes. Our
data suggest the potential utility of THK-523 for the selec-
tive detection of PHF-tau in the living human brain, which
has not previously been achieved. The autoradiographic
images of sections from AD brains revealed that ['°F]
THK-523 successfully labelled PHF-tau deposits but did
not label AR deposits in the frontal and temporal cortices.
These findings suggest that ['SF]THK-523 is a promising

Table 2 Kp and By, values of [PH]PiB, ['SF]BF-227, ['*FJFDDNP and ['*FJTHK-523 for KISAK280-tau and A B, fibrils

Compound K18AK280 fibrils AByo fibrils

KD! Bmaxl KD?. BmaxZ KD] Bmaxl KDQ Bmax’.’
["*FITHK-523 1.99+0.21 1.22+0.24 50.742.73 4.55+0.74 30.3+3.91 12.6+0.45 - -
['SFIBF-227 30.2£2.29 10.7£0.24 ~ - 1.72+0.83 0.50£0.14 56.1£25.1 13.4+4.37
['*F)FDDNP 36.7x11.6 2.14+0.46 - - 5.5241.97 0.277+0.06 - -
[PHPiB 6.39+1.63 1.38+0.48 304+77.4 20.6+11.2 0.84+0.18 0.44+0.07 60.6+8.32 26.1+8.57

Kp values are in nanomoles, and B, values are in picomoles compound per nanomole fibrils (n=3).
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Fig. 2 Comparison of [''C]
PiB, ['!CIBF-227 and ['%F]
THK-523 autoradiography with
the A and tau immunostaining
in sections of the frontal brain
from three patients with AD
(4D1, AD2, AD3). Both [''C]
PiB (a—¢) and [''C]BF-227 (g~
i} showed dense accumulation
in the grey matter, closely
resembling the pattern of AP
immunohistochemistry using
the 6F/3D antibody (d-f). ['°F)
THK-523 (m—o) did not
accumulate in the grey matter,
which was correlated with no
marked staining with anti-tau
antibody ATS (j-1)

AP (6F/3D) ["CIPiB

["C]BF-227

Tau (AT8)

['8F]THK-523

candidate as a tau imaging tracer, and could also be a lead
compound for future development of tau-selective radio-
tracers. We speculate that [ISF]THK—SZS would show reten-
tion in tau-rich brain regions if administered to AD patients.
However, the specific signal of ['®F]THK-523 might be
lower than those of PiB and BF-227 owing to the lower
amount of tau deposits in the neocortex of AD patients [27].
Further compound optimization may be required to achieve
higher contrast imaging of PHF-tau deposits.

In in vitro saturation binding studies [' *FJTHK-523 bound
with higher affinity to tau fibrils (Kp; 1.99 nM) than to A4,
fibrils (Kp; 30.3 nM), whereas PiB and BF-227 showed the

AD3

AD2

opposite binding characteristics. [’H]PiB bound with higher
affinity to A4 fibrils (Kp; 0.84 nM) than to tau fibrils (Kp,
6.39 nM), similar to previous reports [7, 28, 29], and [ *F]BF-
227 had more than a tenfold higher affinity for A4, fibrils
(Kp) 1.72 nM) than for tau fibrils (K18 AK280; Xy, 30.2 nM).
Autoradiographic images of sections of AD brain revealed
that [''C]PiB and [''C]BF-227 accumulated in the grey matter
of the neocortex, which closely resembled the staining pattern
of A immunohistochemistry. A previous study suggested
that [°H]PiB labelled NFTs at tracer concentrations usually
achieved during a PET scan [13]. However, another study
showed no binding of the PiB derivative [*H]BTA-I to
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Mcipis

AB (6F/3D)

[MCiBF-227

Tau (AT8)

['"®F]THK-523

EHE S

% [21

Fig. 3 Comparison of [''CJPiB, [''C]BF-227 and ['*F]JTHK-523 au-
toradiography with Af and tau immunostaining images in sections of
the medial temporal brain from three patients with AD (4D1, AD2,
AD3). [''CIPiB (a—c) and [''CJBF-227 (g~i) do not accumulate in the
hippocampal CAl area which contains a low density of AR (d—f). In
contrast, accumulation of ['®F]THK-523 is observed in the hippocam-
pal CAl area (m-o, arrowheads), which closely resembles AT8 im-
munoreactivity (j-1, arrowheads). In addition, the band-like labelling
pattern of [18F]THK~523 in the inner layer of temporal cortex (m-o) is
closely similar to that of AT8 immunostaining (j-I). p—v High magni-
fication images of the medial temporal sections from patient AD3.
Many clusters of ['F]THK-523 binding in the ERC are consistent

@ Springer

ClPiB
i

with Gallyas silver staining (p, g, arrows). r Close-up image from p.
Numerous NFTs are located in the layer pre-o of the ERC (r insef).
The band-like distribution of ['®F]THK-523 in the layer pri-cc of the
ERC also resembles the labelling pattern of Gallyas silver staining (p,
filled arrowhead) as well as AT8 immunoreactivity (t, filled arrow-
head). [''C]PiB binding (u) is also present in the ERC, but obviously
different from {'SFJTHK-523 binding (q) and similar to the 6F/3D
immunostaining pattern (v). Lake-like amyloid in the presubicular
region (v) is labelled with [''C]PiB, but not with ['*F]THK-523. s
Close-up image from v. A plaques (s inser) located in the layer pre-$
and pre-y are intensely labelled with [''C)PiB (u). Asterisks in r and s
denote the same large blood vessel. Scale bar 100 pum
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plaque-free and NFT-rich ERC homogenates, despite the high
amount of [PH]BTA-1 binding to frontal cortex homogenates
containing high levels of neuritic plaques [30]. Autoradio-
graphic and immunohistochemical analyses indicated that
PiB predominantly binds to senile plaques but not to NFTs.
These findings are consistent with the findings from clinical
PiB-PET studies showing no remarkable PiB retention in the
medial temporal cortex of AD patients [7].

Another radiotracer, [ *FJFDDNP, has been reported to
detect AP and tau pathological lesions in AD patients [3].
Previous clinical PET studies have shown higher cortical
uptake of ["*FJFDDNP in the lateral and medial temporal
lobes of AD subjects [3, 5]. Furthermore, a multitracer PET
study of [''CIPiB and ["SFIFDDNP has shown significant
retention of FDDNP in the medial temporal cortex, albeit no
remarkable retention of PiB in the same region [31]. How-
ever, in vitro binding studies have shown the limited binding
affinity of ["’HJFDDNP to AD pathological lesions [24], and
a previous autoradiographic analysis has suggested that PH]
FDDNP does not significantly label any region in AD brain
[24]. Previous in vitro binding studies additionally showed
the binding affinity of FDDNP for A4, fibrils (Kp 0.12, 85
nM) [19, 24], but the binding affinity for tau fibrils was not
reported. Here, we showed that the binding affmity of ['*F]
EDDNP for tau fibrils (Kp; 36.7 nM) was similar to that of
['*F]BF-227 (Kp) 30.2 nM), but much higher than that of
['SFJTHK-523 (Kp; 1.99 nM).

In conclusion, the binding profiles of ['SF]THK-523,
["’CPiB, ['*F]BF-227, and ['*FJFDDNP were compared
using in vitro saturation binding assays and autoradiography
of sections of AD brain. These data suggest that ["*F]THK-
523 shows a binding preference for tau protein fibrils.
Therefore, ['*F]THK-523 is a candidate as a radiotracer to
identify tau protein deposits and a lead compound for future
tracer development. Ongoing clinical trials will clarify the
clinical utility of this tracer and its derivatives for tau imag-
ing in vivo.
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Brain accumulation of amyloid B protein visualized by
positron emission tomography and BF-227 in Alzheimer’s
disease patients with or without diabetes mellitus
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Aim: Although diabetes mellitus (DM) is considered to be one of the most consistent risks for developing
dementia, it is not known if the pathology in dementia patients with DM is similar to or distinct from
typical pathological features of Alzheimer’s disease (AD). To discover the mechanism of developing dementia
in AD patients with DM in a living state, we studied the distribution of amyloid B (AB) protein of diabetic AD

patients.

Methods: To evaluate the accumulation of AB, we examined 14 normal controls, four diabetic patients with AD and
11 non-diabetic patients with AD by positron emission tomography (PET) using BF-227, a currently developed A

tracer.

Results: The analysis of PET images among the three groups showed an abundant aggregated AP
accumulation in the cerebral cortex of both AD patients with and without DM. The extent and distributions
of BF-227 accumulation in diabetic AD patients were not significantly different from these of non-diabetic AD

patients.

Conclusion: These results suggest that the degree and extent of AP deposition is not significantly different between
AD with DM and AD alone. Geriatr Gerontol Int 2013; 13: 215-221.

Keywords: Alzheimer's disease, amyloid B-peptides, diabetes mellitus, positron emission tomography.

Introduction

Long-standing lifestyle-related disorders from midlife,
such as diabetes mellitus (DM) and hypertension, as
well as obesity, are likely to be prominent risk factors for
developing dementia and Alzheimer’s disease (AD).! In
fact, it is often found that diabetic patients develop AD
in their later stage of life. Several separate community-
based studies suggest that DM might increase the risk of
dementia and AD,? though the underlying mechanisms
are still not clearly explained.
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AD is well characterized by an accumulation of mis-
folded proteins in the aging brain, which results in oxi-
dative and inflammatory damage that in turn leads to
energy failure and synaptic dysfunction.” In contrast,
the impact of DM on the central nervous system (CNS)
is not clearly understood.

Three major components related to type 2 DM that
might underlie the effect of diabetes on the CNS in the
development of AD are insulin resistance, hyperin-
sulinemia and hyperglycemia.” In addition to these three
components, several other components are associated
with the incidence of dementia or progression of cogni-
tive decline. Whitmer et al. reported that severe hypogly-
cemic events were associated with a greater risk of
dementia.® In addition, daily acute glucose fluctuations
are also reported to be associated with cognitive decline.®
Leptin, adiponectin and glucagon like peptide-1 (GLP-1)
have recently been mentioned as potential factors that
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are associated with the development of AD.™'® These
components are not fully independent of each other, and
it is unlikely that the impact of DM on the CNS depends
exclusively on a single component. Which components
play the major role might depend on the patient’s clinical
history and the present state of DM.

Each of these components are thought to act on
several different pathways that are important in the
pathophysiology of AD, either indirectly, through
inflammation or the development of vascular disease, or
directly, through effects on amyloid and tau metabo-
lism, and the formation of advanced glycation end-
products (AGE).” (Fig. 1)

Autopsy results in an epidemiological study con-
cluded that macroscopic brain infarcts are more
common in people with DM than those without the
disorder, as well as microvascular changes.™ In contrast,
the reported incidence of Alzheimer’s pathology in the
brains of people with diabetes varjes between studies.
There are several contradictory papers reporting the
relationship between DM and AD. Beeri efal. have
reported that type 2 DM is inversely associated with
AD pathelogy; that is, diabetic patients with dementia
have a significantly lower density of senile plaques than
non-diabetic patients with dementia.” Matsuzaki er al.
reported that hyperinsulinemia and hyperglycemia
caused by Insulin resistance are positively associated
with the pathology of AD.™ In the autopsy population of
the Honolulu-Asia Aging Study, the occurrence of
neurofibrillary tangles and amyloid plaques in the hip-
pocampus and cortex in people without the apolipopro-
tein E (APOE) €4 allele were similar to those with and
without DM. However, as for APOE €4 carriers, these
lesions were more common in people with DM than in
people without DM.™ It was also reported that DM
is related to generating atherosclerosis and cerebral
infarction, but not directly to AD pathology in diabetic
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patients with dementia.'*'¢ Autopsy findings are usually
a mixture of many changes occurring during the living
state, so the findings do not necessarily reflect the
changes that are clinically relevant.

Interaction between medication for DM, especially
the effect of insulin use, and AD neuropathology should
be considered as well, as the population of insulin users
showed a much higher risk of developing dementia in a
cohort study.'” Biessels ¢r al. showed significantly fewer
amyloid plaques in diabetic patients who received both
insulin and oral antidiabetic medication, as compared
with diabetic patients with other medication statuses or
non-diabetic subjects. The effects of diabetes medica-
tion were specific to amyloid plaques, as the extent of
neurofibrillary tangles pathology was not associated
with diabetes medications.'® However, these findings are
derived from autopsies, and it is not certain if the same
results can be gained from living human brains.

Several neuroimaging studies reported that DM is a
risk factor for silent and symptomatic brain infarcts seen
with magnetic resonance imaging (MRI),"** and DM is
also associated with cortical and subcortical atrophy.”*
As functional imaging, it is well known that reductions
in regional cerebral glucose metabolic rate (CMRglu), as
measured by fludeoxyglucose F 18 positron emission
tomography (FDG-PET), are associated with increased
AD risk and can be observed years before the onset of
dementia.**** Baker ¢f al. reported that insulin resistance
in persons with normal cognition and prediabetes or
early diabetes without treatment is associated with
reductions in CMRglu measured with FDG-PET.*
However, previous radiological studies had limitations
on discussing the pathological mechanism, as the
modalities used were not directly linked to Alzheimer’s
pathology. No studies have been carried out regarding a
pathobiological link between DM and AD in living
human subjects.

Figure 1 The possible pathological
mechanisms associated with the impact
of type 2 diabetes mellitus (DM) on
the central nervous system (CNS).
The major components of DM are
described in the second column (only
the three major components are
described for easier understanding,
though several other components are
mentioned). Just below the column,
the possible mechanism of developing
dementia in type 2 DM. AB, amyloid

B protein; AGE, advanced glycation
end-products, APP, amyloid precursor
protein; GLP-1, glucagon like
peptide-1; GSK-3B, glycogen synthase
kinase 3B; IDE, insulin degrading
enzymes.
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Table 1 Demographic data of the study participants

Diagnostic group

Normal control AD alone AD with DM
i 14 11 4
Sex (male/female) 7/7 4/7 2/2
Age 64.5+2.9 78.5+3.9 77.5+5.2
MMSE 29.9+0.1 20.5+0.8 194+28
ApoE €4 allele (%) 0.12 0.35 0.37
HbA; (%) 5.7+0.1 5.8+0.1 7204

AD, Alzheimer’s disease; DM, diabetes mellitus; HbA,,, glycated hemoglobin;

MMSE, Mini-Mental State Examination.

In order to clarify etiology and dementia subtypes in
diabetic patients, we took a unique approach to visualize
amyloid B protein (AB) deposition by positron emission
tomography (PET) in living diabetic patients with
dementia. The AP accumulation is successfully and
non-invasively visualized by a recently-developed novel
amyloid imaging probe called BF-227.#7 We used this
tracer and applied it to “diabetic” and “non-diabetic”
patients with clinically-diagnosed AD, to obtain more
insights into differences in the extent and distribution of
AR accumulation between diabetic and non-diabetic
groups.

Methods

A total of 14 normal controls (NC), four diabetic
patients with AD (AD with DM) and 11 non-diabetic
patients with AD (AD alone) were examined. All the
dementia patients were clinically diagnosed as probable
AD according to the clinical criteria by “the National
Institute of Neurological and Communicative Disorders
and Stroke - Alzheimer’s Disease and Related Disorders
Association”.* Brain MRI (1.5 Tesla; General Electric,
Fairfield, CT, USA) was carried out on all the partici-
pants to exclude other causes of dementia. All the DM
types of diabetic patients with AD were type 2. The
study protocol was approved by the Committee on
Clinical Investigation at Tohoku University School of
Medicine and the Advisory Committee on Radioactive
Substances at Tohoku University. After a complete
description of the study to the patients and subjects,
written informed consent was obtained.

The PET procedure using BF-227 is described else-
where % BF-227 and its N-desmethylated derivative
(a precursor of ['"C]BF-227) were custom-synthesized
by Tanabe R&D Service (Osaka, Japan) [''C]BF-227
was synthesized from the precursor by N-methylation
in dimethyl sulfoxide using [''Clmethyl triflate. The
["CIBF-227 PET study was carried out using a PET
SET-2400W scanner (Shimadzu, Kyoto, Japan). After

© 2012 Japan Geriatrics Society

intravenous injection of 211-366 mBq of ["C]BF-227,
dynamic PET images were obtained for 60 min with
each subject’s eyes closed. Standardized uptake value
(SUV) images of ["C]BF-227 were obtained by nor-
malizing tissue radioactivity concentration by injected
dose and bodyweight. Regions of interest (ROI) were
placed on individual axial MR images in the cerebellar
hemisphere, striatum, frontal, lateral temporal, medial
temporal, parietal, occipital, anterior and posterior cin-
gulate cortices. The ROI information was then copied
onto dynamic PET SUV images, and regional SUV
were sampled using Dr.View/LINUX software (AJS,
Tokyo, Japan). Because there were neither senile
plaques nor glucose hypometabolism in the cerebel-
[um of AD patients, the ratios of regional SUV to cer-
ebellar SUV (SUVR) were calculated as an index of
["C]BF-227 retention. Neocortical SUVR was calcu-
lated by averaging SUVR in the frontal, lateral tempo-
ral, parietal and posterior cingulate cortices.
Apolipoprotein E genotyping was carried out as previ-
ously described.®

The difference of Neocortex SUVR between the
group of AD with DM and other groups was assessed
with Student’s r-test. The performance of diagnostic
indices to discriminate among groups was assessed
using receiver operating characteristic (ROC) analysis.
Areas under ROC curves (AUC) were calculated and
compared using GraphPad Prism Software (GraphPad
Software, San Diego, CA, USA). Statistical significance
was defined as P < 0.05.

Results

The clinical features of the three groups, NC, AD alone
and AD with DM, are described in Table 1. Severities of
dementia assessed by Mini-Mental State Examination
were not significantly different between AD alone and
AD with DM. Three patients were treated with only oral
DM medications (patient A glimepiride + pioglitazone;
patient B glimepiride + metformin + voglibose; patient

| 217



N Tomita ef al.

Figure 2 Representative BF-227 positron emission tomography images of each diagnostic group. (a) Normal control without
diabetes mellitus (DM; 67-years-old, male, no complication; neocortical ratios of regional standardized uptake value to
cerebetlar standard uptake value ratio [SUVR] = 1.122). (b) Normal control with diabetes mellitus (67-years-old, female, insulin
user; neocortical SUVR = 1.012). (c) Alzheimer’s disease (AD) alone (75-years-old, female; neocortical SUVR = 1.230). (d) AD
with DM (79-years-old, female, insulin user; neocortical SUVR = 1.240). (e} AD with DM (78-years-old, male, non-insulin
user; SUVR =1.18).
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Figure 3 Box and scatter plots of ratios of regional
standardized uptake value to cerebellar standard uptake
value ration (SUVR) values with BF-227 in aged normal,
Alzheimer’s disease (AD) alone and AD with diabetes
mellitus (DM) participants. Each circle indicates the mean
SUVR from the mean neocortex. Red colored circle
represents insulin user, whereas blue colored circle
represents non-insulin user. There are no DM patients in
the aged normal group shown with the blue circle. The filled
circle represents the participants with Mini-Mental State
Examination score less than 20. Although both AD with
DM and AD alone showed significantly higher SUVR than
the normal control group (P < 0.05), the difference between
AD with DM and AD alone was not significant (n.s.).

Table 2 Characteristics of insulin users

Subject 1 Subject 2
(no. 4) (no. 6)
(normal (AD patients)
cognition)

Age 67 79

Sex Female Female

MMSE 28 21

ApoE genotype 3/3 3/3

CSF total tau (pg/ml) ~ 334

BMI 24.7 19.8

HbAs. (%) 7.6 8.2

Medication Insulin only  Insulin,

metformin
Hypoglycemic event several none

Duration of insulin 11 7
use (years)

AD, Alzheimer’s disease; BMI, body mass index; CSF,
cerebrospinal fluid; HbA,., glycated hemoglobin; MMSE,
Mini-Mental State Examination.

C metformin + voglibose), whereas only one AD with
DM patient used insulin in addition to metformin. One
DM patient was present in the normal control group.
This patient in the control group had no oral medica-
tion. Insulin injection was the only medication.

© 2012 Japan Geriatrics Society

MRI scans showed no or very few ischemic or hem-
orrhagic lesions observed in any of the participants.
These small lesions were not strategic. White matter
lesions (both periventricular and deep white matter) are
all less than mild according to the Fazekas criteria (data
not shown).*

After we obtained demographic information, we ana-
lyzed PET images with BF-227 among the three groups,
and representative brain PET images are shown in
Figure 2. As indicated in the figure, both the patients
with AD alone and AD with DM showed significantly
more robust retention of BF-227 than NC. Statistical
analysis showed a significantly higher SUV-R of BF-227
(P <0.05) in the cerebral cortex of AD alone and AD
with DM than NC, as shown in Figure 3. Neocortical
SUV-R of BF-227 in AD alone and AD with DM are not
significantly different. Both the patients with AD alone
and AD with DM showed increased BF-227 uptake in
frontal, temporal, parietal, occipital and cingulated
gyrus. The pattern of uptake was similar between the
DM patients with insulin use and those without the use
of insulin (Fig. 2). A similar pattern of uptake between
insulin users and non-insulin users was seen both in the
control group and the AD with DM group.

The clinical profiles of the two insulin users are
shown in Table 2.

Discussion

The present study had two major findings. First, the
uptake of BF-227 was significantly higher in both AD
groups than that of the normal control group, regard-
less of DM complication. Second, the amount and
pattern of the uptake was not affected by the use of
insulin, both in the control group and the AD with DM
group.

The first result that the severity and extent of the
deposition did not differ significantly between the two
groups suggests that both AD with DM and AD alone
have robust deposition of senile plaques or typical AD
pathology. In addition, all the participants we examined
showed no or very few vascular lesions observed with
MRI, indicating that we could exclude vascular demen-
tia. The present result showed that the cause of
developing dementia in DM patients cannot be fully
explained by vascular mechanism. From the results of
previous studies,'*'* we assumed that either extra or less
deposition of amyloid plaques would be seen in the
brain of AD patients with DM complication. However,
the brains of AD patients with DM showed a similar
pattern and severity of the amyloid deposition to that
seen in the brains of AD without DM complication.
One possible explanation is that some kinds of protein
that cannot be detected by BF-227 play a more impor-
tant role than the classical aggregated plaque. Soluble
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AP oligomers, which cannot be detected by BF-227,
were shown to lower insulin receptor responses to
insulin and cause substantial loss of neuronal surface
insulin receptors.™ Another possibility is that the
additional effect of DM complication appears mainly
through the increase in phosphorylation of tau, instead
of an increase of AB plaque.

The second result of AD patients is in conflict with
those reported by Beeri et al.™® According to their con-
clusion, the AD patient with insulin and metformin
use (subject 4 in Fig. 2) should have shown fewer
senile plaques (lower uptake) as compared with
diabetic patients with other medication status or
non-diabetic subjects. One explanation for this incon-
sistency is that he/she was an APOE e4 non-carrier.
The occurrence of neurofibrillary tangles and amyloid
plaques In people without the APOE e4 allele were
similar to those with and without DM in the autopsy
population of the Honolulu-Asia Aging Study." It is
assumed that the effect of insulin and other medication
use on reducing the plaques might only be effective in
reducing the extra deposition of amyloid plaques in
APOE ¢4 carriers.

It was also found that the insulin user with normal
cognition (subject 2 in Fig. 2) showed no difference in
uptake. This subject was not obese, and started insulin
injections 11 years before she undertook the PET pro-
cedure. Her glycohemoglobin level was 7.6%, and she
had experienced several hypoglycemic events just
before participation in the present study. From these
clinical features, we assume that one of the main com-
ponents of her DM were fluctuations of her blood
glucose level (hyperglycemia and hypoglycemia). The
interaction with ApoE &4 might also be thought to be
an explanation.

A limitation of the present study was that we could
not adjust some factors, such as age, due to the small
sample size. Because of the small sample size, the
present study should be treated as a preliminary report.
In addition, we could not measure the value of their
homeostasis model assessment ratio, which is one of the
key indicators of insulin resistance. We could not
measure this indicator of insulin users, because they
already had started insulin before admission to our
clinic. Further studies are required to clarify the present
report.

In conclusion, the present study provided new and
important preliminary findings that a similar patho-
mechanism, which is the deposition of robust aggre-
gated AP in the brain, is shared in both AD with DM
and AD alone.
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