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Preventive effect of Ninjin-yoei-to, a Kampo medicine, 
on amyloid β1-42-induced neurodegeneration via 
intracellular Zn2+ toxicity in the dentate gyrus
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Abstract: Ninjin-yoei-to (NYT), a Kampo medicine, has ameliorative effects on cognitive dysfunction via enhancing 
cholinergic neuron activity. To explore an efficacy of NYT administration for prevention and cure of Alzheimer’s 
disease, here we examined the effect of NYT on amyloid β1-42 (Aβ1-42)-induced neurodegeneration in the dentate 
gyrus. A diet containing 3% NYT was administered to mice for 2 weeks and human Aβ1-42 was intracerebroventricularly 
injected. Neurodegeneration in the dentate granule cell layer of the hippocampus, which was determined 2 weeks 
after the injection, was rescued by administration of the diet for 4 weeks. Aβ staining (uptake) was not modified in 
the dentate granule cell layer by pre-administration of the diet for 2 weeks, while Aβ1-42-induced increase in 
intracellular Zn2+ was reduced, suggesting that pre-administration of NYT prior to Aβ injection is effective for 
reducing Aβ1-42-induced Zn2+ toxicity in the dentate gyrus. As a matter of fact, Aβ1-42-induced neurodegeneration 
in the dentate gyrus was rescued by pre-administration of NYT. Interestingly, the level of metallothioneins, intracellular 
Zn2+-binding proteins, which can capture Zn2+ from Zn-Aβ1-42 complexes, was elevated in the dentate granule cell 
layer by pre-administration of NYT. The present study suggests that pre-administration of NYT prevents Aβ1-42-
mediated neurodegeneration in the dentate gyurs by induced synthesis of metallothioneins, which reduces 
intracellular Zn2+ toxicity induced by Aβ1-42.
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Introduction

in the early stage of alzheimer’s disease (aD), sub-
stantial synaptic and neuronal losses are observed when 
hippocampus-dependent memory loss becomes clini-
cally detectable [1, 2]. The entorhinal cortex and the 
dentate gyrus are vulnerable to aD and aging, respec-
tively [3]. The perforant pathway from the entorhinal 
cortex innervates dentate granule cells and is one of the 
earliest and most severely affected pathways in the brain 
of the patients with aD [4–6], suggesting that the cel-
lular disconnection from the entorhinal cortex to the 
dentate gyrus is associated with the aD development. in 

elderly persons with mild cognitive impairment prior to 
aD [7], approximately 30% fewer neurons are observed 
in the entorhinal cortex and correlate with hippocampus-
dependent cognitive impairment [1, 4]. Therefore, den-
tate granule cell degeneration may be a target for the 
defense strategy against the aD development.

it has been considered that neuronal accumulation of 
amyloid β (Aβ) is an upstream event in the AD patho-
genesis. when the extracellular concentration of human 
Aβ1-42 reaches high picomolar (>100 pm) in the rat hip-
pocamps, Zn-Aβ1-42 complexes are rapidly formed in the 
extracellular compartment. They are preferentially taken 
up into dentate granule cells followed by Aβ1-42-induced 
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intracellular Zn2+ dysregulation in dentate granule cells 
[8–10]. Because the basal concentration of intracellular 
Zn2+ is extremely low (~100 pm) [11, 12], Zn2+ is read-
ily released from intracellular Aβ1-42 complexes, result-
ing in Aβ1-42-induced intracellular Zn2+ toxicity that 
causes neurodegeneration [13].

with regard to japanese herbal (kampo) medicines 
associated with aD therapy, it has been reported that 
Yokukansan (YKS) is effective to improve behavioral 
and psychological symptoms of dementia (BPSD) such 
as aggression, hallucinations, disturbed behavior and 
agitation [14–16]. However, it is not well recognized 
whether YKS is effective for core symptoms such as 
cognitive deficits [17]. in patients with aD who are 
treated with donepezil, a cholinesterase inhibitor and/or 
ninjin-yoei-to (nyT) over a 2-year period, on the other 
hand, donepezil and nyT treatments show an improved 
cognitive outcome and alleviation of aD-related depres-
sion [18]. Unfortunately, the effect of NYT itself has not 
been tested in the study. in cultured basal forebrain neu-
rons, nyT elevates choline acetyltransferase activity 
[19]. NYT improves the memory deficits in ovariecto-
mized mice [20], and also improves scopolamine-in-
duced impairment of passive avoidance response by 
enhancing the cholinergic system [21]. aD and aging 
are associated with reduced activity of choline acetyl-
transferase and cholinergic neurodegeneration in the 
central nervous system [22–24]. it has been reported that 
cholinesterase inhibitors, e.g., donepezil are effective in 
the treatment of the patients with aD [25–27]. on the 
basis of these findings, it is considered that NYT has 
potential therapeutic effects for the treatment of the pa-
tients with aD.

on the other hand, it is unknown whether nyT is 
effective for Aβ1-42-induced intracellular Zn2+ dysregula-
tion followed by neurodegeneration. we postulated a 
protective effect of NYT via the induction of metallo-
thioneins (mTs), Zn2+-binding proteins on Aβ1-42 neuro-
toxicity. in the present study, we examined whether nyT 
protects Aβ1-42-induced neurodegeneration in the dentate 
gyrus, which was induced after intracerebroventricular 
injection of Aβ1-42 into mice, focused on rescuing intra-
cellular Zn2+ dysregulation induced by Aβ1-42.

Material and Methods

NYT-containing diet and chemicals
nyT was obtained in the form of dried powder extract 

from Tsumura & Co. (Tokyo, japan). This drug was 
manufactured from a mixture of angelicae radix (4.0 g, 
root of Angelica acutiloba kitagawa), Hoelen (4.0 g, 
fungus of Poria cocos wolf), rehmanniae radix (4.0 g, 

root of Rehmannia glutinosa Lib., var. purpurea mak), 
atractylodis rhizoma (4.0 g, root of Atractylodes ja-
ponica koidzumi), ginseng radix (3.0 g, root of Panax 
ginseng C.a.mey), Cinnamomi cortex (2.5 g, bark of 
Cinnamomum cassia Bl.), aurantii nobilis pericarpium 
(2.0 g, peel of Citrus unshiu markovich), Polygalae ra-
dix (2.0 g, root of Polygala tenuifolia willd), Paeoniae 
radix (2.0 g, root of Paeonia lactiflora Pall), astragali 
radix (1.5 g, root of Astragalus membranaceus Bge.), 
glycyrrhizae radix (1.0 g, root of Glycyrrhiza uralensis 
Fisher) and Schisandrae fructus (1.0 g, fruit of Schisan-
dra chinensis Baill). a diet containing 3% nyT was 
prepared by oriental yeast Co., Ltd. (yokohama, japan).

Synthetic human Aβ1-42 was purchased from China-
Peptides (Shanghai, China). Aβ1-42 was dissolved in 
saline and used immediately when the experiments were 
performed. ZnaF-2Da, a membrane-permeable zinc 
indicator was kindly supplied from Sekisui medical Co., 
LTD (Hachimantai, japan). ZnaF-2Da is taken up into 
the cells through the cell membrane and is hydrolyzed 
by esterase in the cytosol to yield ZnaF-2 (kd=2.7 × 
10−9 m for Zn2+), which cannot permeate the cell mem-
brane [28, 29]. The fluorescence indicator was dissolved 
in dimethyl sulfoxide (DmSo) and then diluted with 
ringer solution containing 119 mm naCl, 2.5 mm kCl, 
1.3 mm mgSo4, 1.0 mm naH2Po4, 2.5 mm CaCl2, 26.2 
mm naHCo3, and 11 mm D-glucose (pH 7.3).

Animals
male ddy mice (10 weeks of age) were purchased 

from japan SLC (Hamamatsu, japan) and caged under 
the standard conditions with a diurnal 12-h light cycle. 
The room temperature and relative humidity were con-
trolled at 23 ± 1°C and 55 ± 5%, respectively. The mice 
were allowed free access to a standard laboratory diet, 
3% nyT-containing diet, and water. all the experiments 
were performed in accordance with the guidelines for 
the Care and use of Laboratory animals of the univer-
sity of Shizuoka that refer to the american association 
for Laboratory animals Science and the guidelines laid 
down by the niH (niH guide for the Care and use of 
Laboratory animals) in the uSa. The ethics Committee 
for experimental animals has approved this work in the 
university of Shizuoka.

Intracerebroventricular (ICV) injection of Aβ
mice (11–13 weeks of age) were anesthetized with 

chloral hydrate (30 mg/kg) and placed in a stereotaxic 
apparatus. a microinjection canula (CXg-6, eicom Co., 
kyoto, japan) was positioned 0.5 mm posterior to the 
bregma, 1.0 mm lateral, 2.2–2.4 mm inferior to the dura 
for ICV injection. Aβ1-42 in saline (25 µm) was injected 
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via the microinjection canula at the rate of 0.5 µl/min 
for 40 min (500 pmol/mouse). Ten mins later, the micro-
injection canula was slowly pulled up from the brain. 
The mice were individual housed for the experiments.

Propidium iodide (PI) staining
Fourteen days after ICV injection of Aβ1-42, the brain 

was quickly removed from the mice under anesthesia 
and immersed in ice-cold choline-ringer containing 124 
mm choline chloride, 2.5 mm kCl, 2.5 mm mgCl2, 1.25 
mm naH2Po4, 0.5 mm CaCl2, 26 mm naHCo3, and 10 
mm glucose (pH 7.3) to suppress excessive neuronal 
excitation. Coronal brain slices (400 µm) were prepared 
using a vibratome Zero-1 (Dosaka kyoto, japan) in 
ice-cold choline-ringer, which were continuously bub-
bled with 95% o2 and 5% Co2. The brain slices were 
bathed in Pi in ringer solution (7 µg/ml) for 30 min, 
bathed in ringer solution for 30 min and transferred to 
a recording chamber filled with Ringer solution. PI 
fluorescence (Ex/Em: 535 nm/617 nm) was captured with 
a confocal laser-scanning microscopic system (nikon 
a1 confocal microscopes, nikon Corp.). The region of 
interest was set in the dentate granule cell layer.

Fluoro-Jade B (FJB) staining
Fourteen days after ICV injection of Aβ1-42, the mice 

were anesthetized with chloral hydrate and perfused with 
ice-cold 4% paraformaldehyde in PBS, followed by re-
moval of the brain and overnight fixation in 4% parafor-
maldehyde in PBS at 4°C. Fixed brains were cryopre-
served in 30% sucrose in PBS for 2 day and frozen in 
Tissue-Tek optimal Cutting Temperature embedding 
medium. Coronal brain slices (30 µm) were prepared at 
−20°C in a cryostat, picked up on slides, adhered at 50°C 
for 60 min, and stored at −20°C. The slides were first 
immersed in a solution containing 1% sodium hydroxide 
in 80% alcohol (20 ml of 5% naoH added to 80 ml 
ethanol) for 5 min. This was followed by 2 min in 70% 
ethanol and 2 min in distilled water. The slides were then 
transferred to a solution of 0.06% potassium permanga-
nate for 15 min, preferably on a shaker table to insure 
consistent background suppression between slices. The 
slides were then rinsed in distilled water for 2 min. The 
staining solution was prepared from a 0.01% stock solu-
tion of FjB that was made by adding 10 mg of the dye 
powder to 100 ml of distilled water. The stock solution 
and 0.1% 4’,6-diamidino-2-phenylindole (DaPi) in dis-
tilled water were diluted with 0.1% acetic acid vehicle, 
resulting in a final dye concentration of 0.0004% FJB 
and 0.0001% DaPi in the staining solution. The staining 
solution was prepared within 10 min of use. The slides 
were bathed in the staining solution for 30 min and were 

rinsed for 2 min in each of three distilled water washes. 
Excess water was briefly removed by using a paper 
towel. The slides were placed at 50°C for drying. The 
dry slides were twice immersed in xylene for 2 min be-
fore coverslipping with DPX, a non-aqueous, non-fluo-
rescent plastic mounting media. FjB-positive cells in the 
unit area were measured with a confocal laser-scanning 
microscopic system (Ex/Em: 480 nm/525 nm). The re-
gion of interest was set in the dentate granule cell layer.

Aβ immunostaining
Aβ1-42 (25 µm) in saline was intracerebroventricu-

larly injected via a microinjection canula at the rate of 
0.5 µL/min for 40 min (500 pmol/mouse) of anesthetized 
mice as described above. one hour after the start of injec-
tion, the brain was quickly removed from the mice. For 
immunostaining, coronal brain slices (400 µm) were 
prepared using a vibratome Zero-1 in ice-cold choline-
ringer, which were continuously bubbled with 95% o2 
and 5% Co2. The slices were rinsed with ringer solution 
and fixed with paraformaldehyde (4% in 0.01 M PBS) 
for 15 min. The slices were rinsed in 0.01 m PBS three 
times. The slice tissues were blocked in 5% normal goat 
serum for 30 min, followed by rinse in 0.01m PBS three 
times, incubated with 70% formic acid for 5 min, rinsed 
with 0.01 M PBS three times, and bathed at 4°C in Aβ 
monoclonal antibody, 4g8 (CoVanCe, Burlington, nj, 
USA, 1:500 dilution in 0.01M PBS) for 48 h. The slices 
were then rinsed with 0.01 m PBS three times, bathed 
in alexa Fluor 633 goat anti-mouse igg secondary an-
tibody (1: 200 dilution in 0.01M PBS) for 1 h, rinsed 
with 0.01 m PBS three times, bathed in 0.1% DaPi in 
PBS for 10 min, rinsed again with 0.01 m PBS three 
times, and mounted on glass slides. immunostaining 
images were obtained by using a confocal laser-scanning 
microscopic system through a 10× objective. Florescence 
intensity was analyzed by the niH image j.

In vivo Aβ1-42-mediated Zn2+ imaging
Aβ1-42 (25 µm) in saline containing 100 µm ZnaF-

2Da was intracerebroventricularly injected via a micro-
injection canula at the rate of 0.5 µL/min for 40 min (500 
pmol/mouse) of anesthetized mice as described above. 
one hour after the start of injection, coronal brain slices 
(400 µm) were prepared in ice-cold choline-ringer solu-
tion in the same manner. The brain slices were bathed in 
Pi in ringer solution (7 µg/ml) for 30 min, bathed in 
ringer solution for 30 min and transferred to a recording 
chamber filled with Ringer solution. The fluorescence 
of ZnAF-2 (Ex/Em: 488 nm/505–530 nm) and PI (Ex/
Em: 535 nm/617 nm) was captured with a confocal laser-
scanning microscopic system.
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MT immunostaining
a 3% nyT-containing diet was administered to mice 

for 2 weeks. The mice were anesthetized with chloral 
hydrate and perfused with ice-cold 4% paraformaldehyde 
in PBS, followed by removal of the brain and overnight 
fixation in 4% paraformaldehyde in PBS at 4°C. Fixed 
brains were cryopreserved in 30% sucrose in PBS for 2 
day and frozen in Tissue-Tek optimal Cutting Tempera-
ture embedding medium. Coronal brain slices (30 µm) 
were prepared at −20°C in a cryostat, picked up on slides, 
adhered at 50°C for 60 min, and stored at −20°C. For 
immunostaining, the slices were first immersed in PBS 
for washing, incubated in blocking solution (3% BSa, 
0.1% Triton X-100 in PBS) for 1 h, and rinsed with PBS 
for 5 min followed by overnight incubation with anti-mT 
antibody [uC1mT] ab12228 (abcam, Cambridge, uk) 
in 0.1% Triton X-100 in PBS at 4°C. The slides were 
rinsed with PBS for 5 min three times and incubated in 
blocking buffer containing Alexa Fluor 488 goat anti-
mouse secondary antibody (Thermo Fisher Scientific, 
waltham, ma, uSa) in 3% BSa, 0.1% Triton X-100 in 
PBS for 3 h at room temperature. Following three rinses 
in PBS for 5 min, the slides were bathed in 0.1% DaPi 
in PBS for 5 min, rinsed with PBS for 5 min three times, 
mounted with Prolong gold antifade reagent, and placed 
at 4°C for 24 h. immunostaining images were measured 
in the dentate gyrus using a confocal laser-scanning mi-
croscopic system.

Data analysis
Student’s paired t-test was used for comparison of the 

means of paired data. For multiple comparisons, differ-
ences between treatments were assessed by one-way 
anoVa followed by post hoc testing using the Tukey’s 
test (the statistical software, graphPad Prism 5). a 
value of P<0.05 was considered significant. Data were 
expressed as means ± Se. The results of statistical anal-
ysis are described in each figure legend.

Results

Effect of NYT on Aβ1-42-induced neurodegeneration
To assess Aβ1-42-induced neurodegeneration, we used 

PI, a fluorescent intercalating agent, which binds to DNA 
by intercalating between the bases with little or no se-
quence preference in dead cells. a diet containing 3% 
nyT was administered to mice for 2 weeks and human 
Aβ1-42 was intracerebroventricularly injected. Two weeks 
after ICV injection of Aβ1-42, PI fluorescence is signifi-
cantly elevated in the dentate granule cell layer, but not 
in the Ca1 and Ca3 pyramidal cell layers [13]. Thus, 
PI fluorescence was determined in the dentate granule 

cell layer in the present study. Aβ1-42-induced elevation 
of PI fluorescence was reduced by administration of the 
diet for 4 weeks (Fig. 1). The diet did not modify the 
body weight of mice 4 weeks after administration (Aβ/
control diet, 34.1 ± 0.7 g; Aβ/NYT-containing diet, 34.9 
± 0.9 g).

Aβ1-42 readily captures extracellular Zn2+ and Zn-
Aβ1-42 complexes formed is rapidly taken up into dentate 
gyrus neurons [9, 30]. It is estimated that Aβ1-42-induced 
neurodegeneration is closely linked with Zn2+ release 
from intracellular Zn-Aβ1-42 complexes [13]. To see the 
effect of NYT pre-administration, we checked the levels 
of Aβ1-42 and Zn2+ in the dentate granule cell layer after 
pre-administration of the diet for 2 weeks. Aβ staining 
(uptake) was not modified even after pre-administration 
of the diet for 2 weeks and there was no significant dif-
ference between Aβ group and Aβ + NYT group (Fig. 
2). In contrast, Aβ1-42-induced increase in intracellular 
Zn2+ was reduced after pre-administration of the diet and 
there was a significant difference between Aβ group and 
Aβ + NYT group (Fig. 3). These data suggest that pre-
administration of NYT prior to Aβ injection is effective 
for reducing intracellular Zn2+ toxicity induced by Aβ1-42.

Fig. 1. Aβ1-42-induced neurodegeneration determined by propid-
ium iodide (Pi) staining is rescued after ninjin-yoei-to 
(nyT) administration for 4 weeks. Four weeks after ad-
ministration of the NYT-containing diet (upper), PI fluo-
rescence was measured in the dentate granule cell layer 
surrounded by the dotted line (lower-left). Bar; 50 µm. 
each bar and line (mean ± Sem) represent the rate (%) of 
PI fluorescence after Aβ1-42 injection to that after saline 
(vehicle) injection, which was represented as 100% (low-
er-right). **P<0.01, vs. saline, ##P<0.01, vs. Aβ (Tukey’s 
test). saline, n=18; Aβ, n=32; Aβ/NYT, n=18.
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Rescuing effect of NYT-induced MT synthesis on 
Aβ1-42-induced neurodegeneration

PI fluorescence was also checked by pre-administra-
tion of the nyT-containing diet for 2 weeks (Fig. 4). 
Aβ1-42-induced elevation of PI fluorescence was reduced 
in agreement with the case of administration of the diet 
for 4 weeks (Fig. 1). There was also a significant differ-
ence between Aβ group and Aβ + NYT group (Fig. 4). 
To confirm Aβ1-42-induced neurodegeneration, we used 
FJB, an anionic fluorescein derivative, which is used for 
the histological staining of neurons undergoing degen-
eration. Aβ1-42-induced increase in FjB-positive cells 
was reduced by pre-administration of the nyT-contain-
ing diet (Fig. 5).

mTs is a candidate, which reduces increase in intracel-
lular Zn2+ without modifying intracellular Aβ1-42 level 
[10, 13]. we checked the level of mTs after administra-
tion of the nyT-containing diet for 2 weeks. The level 
of mTs was increased in the dentate granule cell layer 
after the administration (Fig. 6).

Discussion

When the concentration of human Aβ1-42 reaches 
100–500 pm in the extracellular compartment of the rat 
hippocampus, Zn-Aβ1-42 complexes are formed extracel-
lular Zn2+-dependently [9]. Zn-Aβ1-42 complexes are 
rapidly taken up into dentate gyrus neurons in synaptic 

Fig. 2. Aβ1-42 uptake in the dentate gyrus is not modified after 
ninjin-yoei-to (nyT) pre-administration for 2 weeks. The 
nyT-containing diet was administered to mice for 2 weeks 
and Aβ1-42 was intracerebroventricularly injected into the 
mice (upper). One hour after the start of injection, Aβ im-
munostaining was determined in the dentate granule cell 
layer (gCL) (lower-left). Bar; 50 µm. each bar and line 
(mean ± SEM) represent the rate (%) of Aβ staining after 
Aβ1-42 injection to that after saline (vehicle) injection, 
which was represented as 100% (lower-right). *P<0.05, 
vs. saline (Tukey’s test). saline, n=6; Aβ, n=3; Aβ/NYT, 
n=3.

Fig. 3. Aβ1-42-induced increase in intracellular Zn2+ in the dentate 
gyrus is reduced after ninjin-yoei-to (nyT) pre-adminis-
tration for 2 weeks. The nyT-containing diet was admin-
istered to mice for 2 weeks and Aβ1-42 was intracerebro-
ventricularly injected into the mice (upper). one hour after 
the start of injection, intracellular ZnAF-2 fluorescence 
was determined in the dentate granule cell layer (lower-
left). Bar; 50 µm. each bar and line (mean ± Sem) repre-
sent the rate (%) of ZnAF-2 fluorescence after Aβ1-42 injec-
tion to that after saline (vehicle) injection, which was 
represented as 100% (lower-right). *P<0.05, vs. saline: 
#P<0.05, vs. Aβ (Tukey’s test). saline, n=10; Aβ, n=28; Aβ/
nyT, n=18.

Fig. 4. Aβ1-42-induced neurodegeneration determined by propid-
ium iodide (Pi) staining is rescued after ninjin-yoei-to 
(nyT) pre-administration for 2 weeks. Two weeks after 
administration of the NYT-containing diet, Aβ1-42 was in-
tracerebroventricularly injected into mice (upper). Two 
weeks later, PI fluorescence was measured in the dentate 
granule cell layer surrounded by the dotted line (lower-
left). Bar; 50 µm. each bar and line (mean ± Sem) repre-
sent the rate (%) of PI fluorescence after Aβ1-42 injection 
to that after saline (vehicle) injection, which was repre-
sented as 100% (lower-right). **P<0.01, vs. saline, 
##P<0.01, vs. Aβ (Tukey’s test). saline, n=18; Aβ, n=25; 
Aβ/NYT, n=9.
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activity-independent manner [30]. on the other hand, 
Aβ1-42 is less taken up into Ca3 and Ca1 neurons [30] 
followed by less neurodegeneration in the Ca3 and Ca1 
[13]. However, intracellular Zn2+ is significantly in-
creased in the Ca3 and Ca1 as well as the dentate gyrus 
[13]. It is estimated that the rapid uptake of Aβ1-42 into 
dentate gyrus neurons is involved in the preferential 
neurodegeneration in the hippocampus, which may be 
linked with the Aβ1-42-mediated pathogenesis. in the 
present study, we focused on vulnerability of dentate 
gyrus neurons to Aβ1-42-induced intracellular Zn2+ toxic-
ity. neurodegeneration in the dentate granule cell layer, 
which was determined 2 weeks after intracerebroven-
tricular injection of Aβ1-42, was rescued by administra-
tion of a diet containing 3% nyT for 4 weeks.

Aβ1-42-induced neurodegeneration is rescued by co-
injection of extracellular (CaeDTa) and intracellular 
(ZnaF-2Da) Zn2+ chelators [13], suggesting that Zn2+ 
release from intracellular Zn-Aβ1-42 complexes leads to 
neurodegeneration. it is estimated that the death signal-
ing via Zn2+ emerges in a short period after the uptake 
of Zn-Aβ1-42 complexes into neurons [13]. Aβ staining 
(uptake) was not modified in the dentate granule cell 
layer by pre-administration of the nyT-containing diet 
for 2 weeks, while Aβ1-42-induced increase in intracel-
lular Zn2+ was reduced, suggesting that pre-administra-
tion of NYT prior to Aβ1-42 injection is effective for re-
ducing Aβ1-42-induced Zn2+ toxicity. when the preventive 

effect of the NYT-containing diet was checked, Aβ1-42-
induced neurodegeneration was rescued by pre-admin-
istration of nyT. In vivo LTP at the perforant pathway-
dentate granule cell synapses is affected after local 
injection of Aβ1-42 into the dentate granule cell layer, but 
not by preinjection of mT-i and mT-ii inducers, i.e., Zn, 
Cd, and corticosterone, into the dentate granule cell 
layer prior to Aβ1-42 injection [10]. Furthermore, Aβ1-42 
uptake is not modified in the dentate granule cell layer 
by pretreatment with dexamethasone, an inducer of mT-i 
and MT-II, while Aβ1-42-induced increase in intracellular 
Zn2+ is reduced, resulting in rescuing the affected LTP 
[10]. Aβ1-42-induced neurodegeneration is also rescued 
in the dentate gyrus by the pretreatment with dexameth-
asone, which reduced Aβ1-42-induced increase in intracel-
lular Zn2+ [13]. These data indicate that Zn2+ release 
from intracellular Zn-Aβ1-42 complexes contributes to 
neurotoxicity rather than Aβ1-42 itself. we postulated that 
nyT contains novel inducers of mTs, which can capture 
Zn2+ from intracellular Zn-Aβ1-42 complexes. as a mat-
ter of fact, the level of mTs was increased in the dentate 
granule cell layer by pre-administration of nyT prior to 
Aβ injection. A variety of MT inducer has been reported 
in the peripheral tissues [31], while limited mT inducers 
are known in the brain because most mT inducers do not 
pass through the blood-brain barrier [32]. Synthetic ad-
renocortical hormones, e.g., dexamethasone induces mT 
in the brain after intraperitoneal injection [10], but they 
have serious side effects after chronic administration. 
Secure substances to induce mTs in the brain by oral 
administration are unknown. in kampo medicines, 
juzen-taiho-to (jTX) is used for adjunctive treatment of 
cancers and autoimmune diseases. jTX enhances expres-

Fig. 6. metallothionein (mT) level in the dentate gyrus is elevat-
ed after ninjin-yoei-to (nyT) administration for 2 weeks. 
The nyT-containing diet was administered to mice for 2 
weeks (left-upper). mT immunostaining was determined 
in the dentate granule cell layer (left-lower). Bar; 50 µm. 
each bar and line (mean ± Sem) represent the rate (%) of 
mT staining after nyT administration to that after the 
control diet administration, which was represented as 100% 
(right). **P<0.01, vs. control (t-test). Control, n=8; nyT, 
n=12.

Fig. 5. Aβ1-42-induced neurodegeneration determined by Fluoro-
jade B (FjB) staining is also rescued after ninjin-yoei-to 
(nyT) pre-administration for 2 weeks. Two weeks after 
administration of the NYT-containing diet, Aβ1-42 was in-
tracerebroventricularly injected into mice (upper). Two 
weeks later, FJB fluorescence was measured in the dentate 
granule cell layer surrounded by the dotted line (lower-
left). Bar; 50 µm. each bar and line (mean ± Sem) repre-
sent FjB-positive cells in the unit area after injection of 
vehicle and Aβ1-42. (lower-right). **P<0.01, vs. saline, 
###P<0.001, vs. Aβ (Tukey’s test). saline, n=12; Aβ, n=32; 
Aβ/NYT, n=24.
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sion of MT-I and -II significantly in the liver of mice, 
suggesting that MTs mediate at least some effects of JTX 
in mice [33]. unfortunately, there is no evidence on mT 
induction in the brain by kampo medicines and no at-
tention has been paid to mT induction in the brain by 
kampo medicines. in the present study, it is likely that 
nyT contains secure substances to induce mTs in the 
brain. nyT has been traditionally used for the patients 
with anorexia, insomnia, neurosis [34], suggesting that 
some nyT components pass through the blood-brain 
barrier and can induce mTs in the brain. on the other 
hand, polyphenols can chelate Zn2+ [35] and it is pos-
sible that some nyT components directly capture Zn2+ 
released from Aβ1-42.

mTs can capture 7 equivalents of Zn2+, resulting in 
the holo-mTs, Zn7mTs. The zinc-binding sites of mTs 
vary affinities for Zn2+ [36–38] and intracellular mTs are 
mainly the form of Zn5mTs when intracellular Zn2+ con-
centration is approximately 100 pm, an estimated basal 
concentration [39]. on the other hand, mTs are the form 
of Zn7mTs when intracellular Zn2+ concentration is ap-
proximately 10 nm, an estimated concentration in the 
extracellular compartment [40]. The rapid influx of ex-
tracellular Zn2+ into the intracellular compartment, 
which is induced by producing extracellular Zn-Aβ1-42 
complexes, leads to the saturation of zinc-binding capac-
ity of MTs followed by Aβ1-42-induced intracellular Zn2+ 
toxicity (Fig. 7). Thus, it is estimated that an increase in 
MTs is effective for buffering the rapid increase in free 
Zn2+ by Aβ1-42 in the intracellular compartment. In vivo 
kd value of Zn2+ to Aβ1-42 may be in the range of ~3–30 

nm [9], which is higher than that of mTs (~1 pm) under 
the physiological condition [41]. when mTs capture Zn2+ 
in the liver, the biological half-life is estimated to be 
18–20 h [42]. Thus, it is estimated that the maximum 
level of induced mTs may be reached in a few days after 
nyT administration.

in conclusion, the present study indicates that pre-
administration of NYT prevents Aβ1-42-mediated neuro-
degeneration in the hippocampus by induced synthesis 
of mTs, which reduces intracellular Zn2+ toxicity in-
duced by Aβ1–42. NYT may be effective for AD via pre-
venting Aβ1-42-induced pathogenesis. although it is 
unknown whether administration of the nyT-containing 
diet modifies the cholinergic system, it is estimated that 
the modification is not linked with induction of MT syn-
thesis. It remains to find out novel inducers of MTs in 
nyT and also clarify the mechanism of mT induction.
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