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TrkB phosphorylation in serum extracellular vesicles correlates
with cognitive function enhanced by ergothioneine in humans
Takahiro Ishimoto1, Reiya Yamashita1, Ruri Matsumoto1, Satoshi Matsumoto2, Yusuke Matsuo1, Shunsuke Nakao1, Yusuke Masuo1,
Makoto Suzuki2 and Yukio Kato 1✉

Oral administration of the food-derived antioxidant amino acid ergothioneine (ERGO) results in its efficient distribution in the brain
and enhances cognitive function. However, effect of ERGO deficiency on cognitive impairment and the underlying mechanisms
remain unknown. We revealed that cognitive function and hippocampal neurogenesis were lower in mice fed an ERGO-free diet than
in those fed the control diet. Furthermore, ERGO supplementation to achieve the control diet ERGO levels reversed these effects and
restored ERGO concentrations in the plasma and hippocampus. The ERGO-induced recovery of cognitive function and hippocampal
neurogenesis was blocked by inhibiting the neurotrophic factor receptor tropomyosin receptor kinase B (TrkB), with a concomitant
reduction in hippocampal phosphorylated TrkB, suggesting the involvement of TrkB in these events in mice. Phosphorylated TrkB
was also detected in extracellular vesicles (EVs) derived from serum of volunteers who had been orally administered placebo or
ERGO-containing tablets. Importantly, the ratio of serum EV-derived phosphorylated TrkB was significantly higher in the ERGO-
treated group than in the placebo-treated group and was positively correlated with both serum ERGO concentrations and several
cognitive domain scores from Cognitrax. Altogether, TrkB phosphorylation is involved in ERGO-induced cognitive enhancement in
mice, and TrkB phosphorylation levels in serum EVs may quantitatively represent ERGO-induced cognitive enhancement in humans.
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INTRODUCTION
Over 50 million people worldwide have dementia, and this
number is rising. However, no satisfactory treatment is currently
available for this disease. Dementia is difficult to treat owing to its
progressive and irreversible pathology in the brain, accompanied
with mild memory loss in the early stages1,2. Therefore, interven-
tion before the onset of symptoms is desirable2–4. Some clinical
trials have shown that preventive nutritional supplements and
physical exercise lower the incidence of dementia2–4. Particularly,
food-derived compounds that improve cognitive function may be
useful to safely prevent dementia. For example, astaxanthin,
epigallocatechin, and resveratrol have prevented cognitive
impairment5–7; however, the detailed underlying mechanisms
remain unclear. Notably, the administration of a naturally
occurring flavone, 7,8-dihydroxyflavone, ameliorated cognitive
decline in dementia model mice8,9 possibly by activating the
tropomyosin receptor kinase B (TrkB), which is a neurotrophin
receptor and involved in enhancement of neuroplasticity, an
essential process for learning and memory10–13.
The food-derived amino acid ergothioneine (ERGO) is not

synthesized in the body but is orally absorbed from the daily diet
in mammals. ERGO has a plasma baseline concentration of 1–3 µM
in humans14,15. ERGO levels in the systemic circulation of patients
with dementia are significantly lower than those in age-matched
healthy subjects16,17 and are negatively correlated with neurode-
generation, including hippocampal atrophy18. Therefore, low
ERGO levels may be a risk factor for dementia. Repeated oral
administration of ERGO enhances learning and memory in both
healthy and dementia mice models19,20. Moreover, the daily intake
of food-extract tablets containing ERGO enhances verbal memory
in humans, as demonstrated by the Cognitrax test, which
evaluates cognitive function21. These findings imply that ERGO

is essential for sustaining memory function, and ERGO supple-
ments may have a beneficial effect on cognitive impairment.
However, the detailed mechanisms of action of ERGO and the
effect of its deficiency on cognitive function remain unknown.
Despite its hydrophilicity and low membrane permeability, ERGO

is efficiently distributed to the brain following oral administration,
primarily via the carnitine/organic cation transporter (OCTN1/
SLC22A4), which is ubiquitously expressed in organs22–24. In brain
parenchymal cells, OCTN1 is localized in the neurons, neural stem
cells (NSCs), and microglia24–26 but not in astrocytes27. Oral
administration of ERGO increased the number of mature spines
in the hippocampus, and exposure to ERGO promoted synapse
formation in cultured neurons of mice19. ERGO also promoted the
neuronal differentiation of NSCs in primary cultures28, implying
that OCTN1-mediated ERGO uptake may contribute to neural cell
homeostasis. Notably, activation of neurotrophin/TrkB signaling
has been proposed to be involved in these events19,28. Genetic
polymorphisms in TrkB are associated with the onset of
dementia29,30, and TrkB activation is considered a preventive
strategy9. Thus, the enhancement of neurotrophin signaling by
ERGO might promote neurogenesis and/or neuronal maturation,
thereby affecting cognitive function. However, the involvement of
neurotrophin signaling in promoting the beneficial effect of ERGO
on cognitive impairment has not been investigated.
The purpose of the present study was to determine the

fundamental role of ERGO in learning and memory by analyzing
the effects of ERGO deficiency and supplementation on cognitive
function in mice. Furthermore, we verified whether TrkB activation
and hippocampal neurogenesis are the mechanisms underlying
ERGO-induced cognitive function. It is also necessary to develop a
diagnostic marker for the beneficial effect of ERGO to understand
the cognitive enhancement and its mechanism in humans. As
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serum extracellular vesicles (EVs) contain brain-derived EVs, we
utilized these to investigate the potential effect of ERGO on TrkB
signaling and memory function in humans22. Phosphorylated TrkB
(p-TrkB), the activated form of TrkB, was monitored in serum EVs
derived from a previous clinical study in which the subjects were
orally administered either ERGO-containing or placebo tablets21.
We compared the p-TrkB levels in serum EVs with both exposure
to ERGO in systemic circulation and ERGO-induced cognitive
enhancement to reveal the possible involvement of TrkB in the
enhancement of cognitive function in humans. In the present
study, the ratio of p-TrkB to TrkB in serum EVs was proposed as a
quantitative diagnostic marker of long-term ERGO-induced
cognitive improvement.

RESULTS
ERGO deficiency suppressed object recognition and
location memory
To evaluate the effect of ERGO deficiency on learning and
memory, ERGO-deficient mice were prepared by feeding an ERGO-
free diet from 3 to 8 weeks of age. ERGO concentration in the
plasma of the ERGO-deficient mice was below the quantification
limit (<0.03 µM), whereas that in control mice fed with a normal
diet was 1.24 ± 0.42 µM (Supplementary Fig. 1a). The hippocampal
ERGO level in ERGO-deficient mice was 0.23 ± 0.03 nmol/g tissue,
which was approximately nine times lower than that in control
mice (2.00 ± 0.11 nmol/g tissue; Supplementary Fig. 1b). Learning
and memory abilities were then assessed using the novel object
recognition test (NORT) and spatial recognition test (SRT) at
8 weeks of age. In NORT, the exploration time for a novel object
was significantly higher than that for a familiar object in control
mice, whereas no significant difference in exploration time was
observed between the novel and familiar objects in ERGO-
deficient mice (Supplementary Fig. 1c). The discrimination index
(DI), an indicator of learning and memory ability, was significantly
lower in ERGO-deficient mice than in control mice (Supplementary
Fig. 1d). In the SRT, the exploration time for a moved object was
significantly higher than that for an unmoved object in control
mice, whereas no significant difference in the exploration time
was observed between the novel and familiar objects (Supple-
mentary Fig. 1e). The DI in ERGO-deficient mice tended to be
lower than that in control mice (Supplementary Fig. 1f).
To further examine the effects of ERGO on memory function,

ERGO or vehicle alone was orally administered (three times per
week for two weeks) to ERGO-deficient and control mice from
nine weeks old to determine whether supplementation with ERGO
recovered the decline in systemic ERGO concentration and
memory function. ERGO-deficient mice were orally administered
ERGO at 0, 2, and 20mg/kg for two weeks and subjected to NORT
and SRT, followed by the measurement of ERGO concentrations in
the plasma and hippocampus. Oral administration of ERGO
increased ERGO concentration in the plasma and hippocampus
in a dose-dependent manner (Fig. 1a, b). We found that
supplementation with 20 mg/kg of ERGO was sufficient to recover
the hippocampal ERGO levels in ERGO-deficient mice to concen-
trations similar to that of control mice fed a normal diet (Fig. 1a, b).
In the NORT, the exploration time for a novel object was
significantly higher than that for a familiar object in ERGO-
deficient mice administered 20mg/kg ERGO (Fig. 1c). Administra-
tion of 2 and 20mg/kg ERGO significantly increased the DI in
ERGO-deficient mice (Fig. 1d). In the SRT, the exploration time for a
moved object was significantly higher than that for an unmoved
object in ERGO-deficient mice administered 20mg/kg ERGO
(Fig. 1e). Administration of 20 mg/kg ERGO significantly increased
the DI in ERGO-deficient mice (Fig. 1f). Thus, oral supplementation
with ERGO alone reversed the decline in object recognition and

spatial memory in ERGO-deficient mice, suggesting that ERGO
plays an essential role in these memory functions.

Effect of ERGO deficiency and supplementation on
neurogenesis and TrkB activation in the hippocampus
ERGO promotes synapse formation in neurons19 and neuronal
differentiation of NSCs in primary cultures28; however, no evidence is
available on its stimulatory effect on neurogenesis in vivo. Therefore,
immunohistochemical analysis was performed in the hippocampal
dentate gyrus following the final administration of ERGO to evaluate
its effect on neurogenesis (Fig. 2a, b). The number of the newborn
neuron marker Dcx-positive (Dcx+) cells in ERGO-deficient mice
administered with vehicle alone appeared to be lower than that in
control mice administered with vehicle alone, and administration of 2
and 20mg/kg of ERGO increased the number in ERGO-deficient mice
(Fig. 2a). Quantitative analysis revealed that the percentage of the
area of Dcx+ cells in the neuronal nuclei marker NeuN-positive
(NeuN+) cells in ERGO-deficient mice was significantly lower than
that in control mice, and 20mg/kg ERGO administration significantly
increased the percentage, while 2mg/kg of ERGO tended to increase
it (Fig. 2b). Regarding hippocampal neurogenesis, the expression of
phosphorylated TrkB (p-TrkB), an activated form of TrkB, was
significantly lower in the dentate gyrus of ERGO-deficient mice
administered with vehicle alone than in the dentate gyrus of control
mice administered with vehicle alone, and ERGO administration
significantly increased p-TrkB expression in a dose-dependent
manner in ERGO-deficient mice (Fig. 2c, d). No difference was
observed in the expression of total TrkB among all groups (Fig. 2c).

Concomitant increase in ERGO-induced hippocampal
neurogenesis and memory functions
Neurogenesis generally involves the proliferation of NSCs and
their differentiation into neurons, which is a slow process.
Therefore, to understand the possible relevance of ERGO-
induced neurogenesis and memory function, we examined the
increase after the start of ERGO administration at different time
points. The percentage of area occupied by Dcx+ cells from the
total area occupied by NeuN+ increased only two weeks after the
start of ERGO administration, whereas no increase was observed at
4 or 7 days (Fig. 3a, b). In NORT, ERGO administration significantly
increased DI only two weeks after the start of ERGO administra-
tion, whereas DI did not change at 4 or 7 days (Fig. 3c, e, g;
Supplementary Fig. 2a, c, e). Similarly, the neurogenic effect of
ERGO on DI in SRT was not observed at 4 or 7 days but was
observed two weeks after the start of ERGO administration
(Fig. 3d, f, h; Supplementary Fig. 2b, d, f). In addition, ERGO
significantly increased the expression of p-TrkB normalized by
total TrkB in hippocampal dentate gyrus only 14 days after the
start of administration (Supplementary Fig. 3). Thus, two weeks of
treatment with ERGO seemed to be necessary to induce
enhancement of phosphorylation of TrkB, hippocampal neurogen-
esis, and cognitive function.

Administration of TrkB inhibitor suppressed ERGO-induced
enhancement of neurogenesis and memory function
To examine the involvement of TrkB in ERGO-induced enhance-
ment of neurogenesis and memory function, ERGO-deficient mice
were orally administered ERGO with or without a TrkB inhibitor,
ANA-12, for 2 weeks. NORT showed that the exploration time for
the novel object was significantly longer than that for the familiar
object in the ERGO-treated group, while no difference between
the novel and familiar objects was observed between the ERGO-
and ANA-12 treated groups (Fig. 4a). ERGO also increased the DI of
NORT, and ANA-12 suppressed this increase in DI induced by
ERGO treatment (Fig. 4b). SRT showed that the exploration time for
the moved object increased in the ERGO-treated group (Fig. 4c).
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ERGO also increased the DI of SRT; however, this increase was not
observed when ANA-12 was co-administered (Fig. 4d). ERGO
increased the ratio of p-TrkB to TrkB (p-TrkB/TrkB) in the dentate
gyrus, while ANA-12 administration suppressed this increase
(Fig. 5a, b). Thus, administration of ANA-12 was sufficient to
inhibit ERGO-induced TrkB phosphorylation. The effect of TrkB
inhibition on hippocampal neurogenesis was examined using
immunohistochemical analysis. Administration of ERGO increased
the percentage of area occupied by Dcx+ cells from the total area
occupied by NeuN+, whereas the effect of ERGO on neurogenesis
was not observed when ANA-12 was co-administered (Fig. 5c, d).

Oral administration of ERGO-containing tablets increased
serum concentrations of ERGO and the ratio of p-TrkB to TrkB
in serum EVs in humans
In our previous clinical study, 5 mg ERGO-containing tablets
prepared from food-extract or placebo tablets were orally
administered healthy volunteers and subjects with mild cognitive

impairment (MCI) once per day for 12 weeks, and ERGO
concentrations in blood and Cognitrax memory functions were
examined at weeks 0, 4, 8, and 1221. In the present study, serum
concentrations of ERGO and its putative metabolites, S-methyl
ERGO and hercynine, were measured in the same samples. ERGO
and S-methyl ERGO concentrations at weeks 4, 8, and 12 were
significantly higher than those at week 0 in the ERGO-treated
group, whereas serum concentrations of S-methyl ERGO and
hercynine were much lower than those of ERGO in both the ERGO-
treated and placebo groups (Supplementary Fig. 4a–c). Blood
ERGO concentration at week 12 in the ERGO-treated group
(114 ± 54 µg/mL) was significantly higher than that in the placebo
group (72.1 ± 42.1 µg/mL). These blood ERGO concentrations were
~100 times higher than the serum concentration (Supplementary
Fig. 4).
To determine whether ERGO stimulates TrkB phosphorylation in

humans, EVs were isolated from human serum samples, as they
contain brain-derived EVs31. The average diameter of the EVs
isolated from the control serum was 104 nm (Fig. 6a). The EVs
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obtained were then immunoprecipitated with antibodies against
SNAP25, a marker for neuron-derived EVs, and p-TrkB and TrkB
were detected in the immunoprecipitated EVs (Fig. 6b). We also
confirmed that TrkB-expressing EVs were secreted from neuronal
cells. EVs were isolated from the medium of Neuro2a cells
transfected with TrkB-3xFlag, and both CD63, a marker for EVs,
and TrkB-3xFlag were detected in the EVs of culture medium in
TrkB-3xFlag transfected cells but not in cells transfected with
tdTomato (Fig. 6c). EVs were isolated from all serum samples
obtained from previous clinical studies21, and western blot
analysis detected CD63 and SNAP25 (Fig. 7a), confirming that
brain-derived EVs were included in the isolated EVs. The p-TrkB/
TrkB ratio in the ERGO-treated group was significantly higher than
that in the placebo group at week 12 (Fig. 7b). Furthermore, in the
ERGO-treated group, p-TrkB/TrkB at weeks 8 and 12 was
significantly higher than that at week 0 (Fig. 7b). In contrast, the
administration of ERGO-containing tablets did not affect the

expression of TrkB, NT-5 (a TrkB ligand), or SNAP25 normalized by
the expression of CD63 (TrkB/CD63, NT-5/CD63, or SNAP25/CD63,
respectively) (Fig. 7c–e).

Correlation of p-TrkB/TrkB in serum EVs with systemic ERGO
concentration and cognitive function in humans
Correlations between protein expression in serum EVs (p-TrkB/
TrkB, TrkB/CD63, NT-5/CD63, and SNAP25/CD63) and serum ERGO
concentration were first assessed using Pearson’s correlation
analysis (Fig. 8a–d). Serum ERGO concentrations were significantly
correlated with the p-TrkB/TrkB ratio (Fig. 8a) but not with TrkB/
CD63, NT-5/CD63, or SNAP25/CD63 (Fig. 8b–d) when all serum EVs
samples from the ERGO-treated and placebo groups were
included. A significant correlation was also observed between
the blood ERGO concentration and p-TrkB/TrkB (Supplementary
Fig. 5a) but not between TrkB/CD63, NT-5/CD63, or SNAP25/CD63
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(Supplementary Fig. 5b-d). The ΔAUC of serum ERGO, which
represents an increase in systemic exposure to ERGO by oral
administration of ERGO-containing tablets, was also significantly
correlated with composite memory, verbal memory, and proces-
sing speed in the ERGO-treated group (Table 1), implying that
ERGO may be associated with the enhancement of these cognitive
functions.
Correlations between the protein expression in serum EVs and

each domain score in Cognitrax were assessed (Table 1). Among
the domains of Cognitrax, composite memory, verbal memory,
processing speed, visual memory, cognitive flexibility, excessive
function, and working memory were positively correlated with p-
TrkB/TrkB, whereas reaction time and complex attention were
negatively correlated with p-TrkB/TrkB in the ERGO-treated group

(Table 1), suggesting an association between p-TrkB/TrkB and
cognitive function. In contrast, NT-5/CD63 and SNAP25/CD63 were
not correlated with any Cognitrax domains (Table 1).
The correlation with serum EV proteins was also examined using

the Mini Mental State Examination (MMSE) score, a test to evaluate
cognitive function, before ERGO intervention. p-TrkB/TrkB was not
correlated with MMSE score and was almost comparable between
healthy controls (HC) and MCI before ERGO intervention
(Supplementary Fig. 6a), suggesting that p-TrkB/TrkB may not
reflect cognitive function without intervention. In contrast, both
NT-5/CD63 and SNAP25/CD63 were significantly correlated with
the MMSE score and were significantly higher in the HC group
than in the MCI group (Supplementary Fig. 6c, d). This was
consistent with a previous report that the expression of SNAP25 in
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circulating EVs discriminates cognitive function among healthy,
mild cognitive impairment (MCI), and Alzheimer’s disease (AD)31,
whereas no report is available for NT-5/CD63.

DISCUSSION
The present study demonstrated that an ERGO-free diet causes
impairments in both hippocampal neurogenesis and cognition,
accompanied by decreases in plasma ERGO levels and phosphor-
ylation of TrkB in the hippocampus (Supplementary Fig. 1 and Fig.
2). Moreover, oral supplementation of ERGO alone recovered
these impairments, with the concomitant restoration of ERGO
levels in the plasma and hippocampus in mice (Fig. 1). This
suggests that ERGO levels in the body may play an essential role in
sustaining cognitive function, and supplementation with ERGO
would be beneficial as a preventive therapy for reduced cognitive
function, at least in rodents. In humans, blood ERGO levels in
subjects with dementia were reported to be lower than those in
normal subjects of the same age16,17, whereas ERGO-containing
tablets enhanced cognitive function in healthy participants21.
Moreover, a positive correlation between plasma ERGO levels and
hippocampal volume has been reported in patients18. ERGO is not
synthesized in mammals but is ingested from the daily diet, orally
absorbed, and taken up by neuronal cells via its specific
transporter OCTN1/SLC22A422,23, implying its importance in brain
function.
The present study also detected p-TrkB in serum EVs of humans,

revealing that the p-TrkB/TrkB ratio in serum EVs in the group
administered ERGO-containing tablets was significantly higher
than that in the placebo group (Fig. 7b), and that p-TrkB/TrkB ratio
in the serum EVs was positively correlated with both the systemic
levels of ERGO and cognitive enhancement after the administra-
tion ERGO-containing tablets in humans (Table 1). These findings
indicate that TrkB phosphorylation is associated with ERGO-
induced enhancement of cognitive function in humans. The

present study further focused on TrkB phosphorylation as a
possible mechanism underlying ERGO-induced enhancement of
cognitive function; ERGO-free diet decreased both TrkB phosphor-
ylation and neurogenesis in the hippocampus, whereas oral
supplementation with ERGO reversed these effects (Fig. 2a–d).
This is consistent with a previous report that ERGO promotes
neuronal differentiation of NSCs in primary culture via S6K1/NT-5/
TrkB signaling28. It took two weeks for ERGO-induced TrkB
phosphorylation, hippocampal neurogenesis, and cognitive
enhancement (Fig. 3 and Supplementary Fig. 3), which may be
due to the time-consuming process of brain distribution of ERGO
and/or neurogenesis. Furthermore, the effects of ERGO were
blocked by administering a TrkB inhibitor (Figs. 4 and 5). In
addition, it has been reported that antioxidant activity of ERGO
may not be involved in neuronal differentiation of NSCs25. These
findings may suggest a pivotal role of TrkB phosphorylation in
ERGO-induced enhancement of cognitive function and hippo-
campal neurogenesis. Activation of TrkB is crucial for neuroplas-
ticity, such as neurogenesis and neuronal maturation11,12, which
are essential for cognitive function12,13. Single nucleotide poly-
morphisms of TrkB were reported to be significantly associated
with the onset of cognitive impairment in AD29,30. Additionally,
TrkB activation ameliorates impairments in memory perfor-
mance8,9,32,33, neurogenesis, and neuronal maturation in animal
models of dementia34,35. All these previous reports suggest the
role of TrkB as a target molecule for cognitive function
improvement by ERGO.
In humans, the p-TrkB/TrkB ratio in serum EVs was significantly

correlated with serum and blood ERGO levels (Fig. 8a and
Supplementary Fig. 5a), and both composite and verbal memory
scores were assessed in Cognitrax (Table 1). These results
suggested that the p-TrkB/TrkB ratio in serum EVs quantitatively
represents the cognitive efficacy of ERGO. Although a large
number of biomarker candidates reflecting the pathology of
neurodegenerative disorders have been proposed, only a few
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Fig. 4 TrkB inhibitor suppressed ERGO-induced enhancement of memory function. a, d Mice fed an ERGO-free diet were orally
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*P < 0.05; one-way (b and d) or two-way (a and c) ANOVA followed by Tukey’s post hoc test.
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quantitative biomarkers have been established to monitor the
effect of therapeutic agents on cognitive function in
humans31,36,37. For example, the expression of synaptic proteins,
such as SNAP25, GAP43, and neurogranin, in the plasma-derived
EVs of patients with preclinical AD is lower than that in healthy
controls31, and the expression of SNAP25 in serum-derived EVs is
positively correlated with age- and education-corrected MMSE
scores36. These results suggest the positive correlation between
SNAP25/CD63 in serum EVs and MMSE scores in the participants
before the intervention and are consistent with the present study
(Supplementary Fig. 6d). We also focused on the neurotrophic
factor NT-5, which is a TrkB ligand activating TrkB, because
exposure of cultured NSCs to ERGO is reported to increase
expression of NT-5, followed by promotion of neuronal differ-
entiation28. Importantly, the NT-5/CD63 ratio in the serum EVs of
patients with mild cognitive impairment was significantly lower
than that in healthy volunteers, and the ratio was positively
correlated with the MMSE score (Supplementary Fig. 6c). Thus, NT-
5/CD63 in serum EVs might be useful for the diagnosis of mild
cognitive impairment, as in the case of SNAP25.

In the present study, human serum EVs were immunoprecipi-
tated using an antibody against the synaptic protein SNAP25, and
both p-TrkB and TrkB were detected in the precipitated EVs
(Fig. 6b), suggesting that TrkB-expressing EVs are at least partially
derived from the central nervous system. The expression of TrkB in
the brain is much higher than that in the peripheral tissues of both
rodents and humans38,39. Therefore, it can be speculated that TrkB
detected in human serum EVs may reflect TrkB expressed in the
central nervous system. The p-TrkB/TrkB in mouse serum EVs
would support the speculation, but has not yet been detected in
our preliminary studies probably because of too little volume of
serum samples. On the other hand, the speculation was further
supported by the detection of Flag-tagged TrkB, TrkB, and p-TrkB
in the culture medium of neuronal cells Neuro2a exogenously
transfected with TrkB-3xFlag (Fig. 6c). However, the physiological
roles of TrkB-loaded EVs in the circulation are still unknown. EVs
derived from brain parenchymal cells may be washed out, at least
partially, by cerebrospinal fluid in the systemic circulation and
thereby cleared by peripheral organs. Serum EVs have been
proposed to play physiological roles in the transfer of proteins,
nucleic acids, and nutrients40–42. TrkB in adipose tissue has a
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substantial influence on feeding behavior and obesity in female
mice43, and the activation of endothelial TrkB induces the
relaxation of resistance arteries44. Further studies are required to
investigate the potential roles of TrkB-loaded EVs derived from the
brain in peripheral organ functions.
Altogether, oral supplementation with ERGO recovered impair-

ments in hippocampal neurogenesis and cognition in mice fed an
ERGO-free diet, possibly via phosphorylation of TrkB. This suggests
a fundamental role of ERGO in brain function. Additionally, TrkB
phosphorylation was detected in human serum EVs and was
considered to be associated with ERGO-induced cognitive
enhancement in humans.

METHODS
Animals
Three-week-old male ICR mice were purchased from Sankyo Labo
Service Co. (Toyama, Japan). Mice were fed an ERGO-free diet
(Basal Diet 5755, PMI Nutrition International) to prepare ERGO-
deficient mice, following a previously reported protocol19,
whereas mice fed a normal diet (PicoLab® Rodent Diet 5053,
PMI Nutrition International) were used as controls. Mice were kept
in a room under pathogen-free conditions at a controlled
temperature (21–25 °C) with a 12 h dark/light cycle and fed food
and water ad libitum. To evaluate the effect of ERGO on cognitive
decline, ERGO-deficient and normal mice at the age of 9 weeks
were orally administered ERGO dissolved in sterile distilled water
at 0, 2, or 20 mg/kg on days 0, 2, 4, 7, 9, and 11, followed by
behavioral testing. To examine the effect of ANA-12, an inhibitor
of TrkB, ERGO-deficient mice at the age of 6 weeks were orally

administered ERGO (50mg/kg) on days 0, 2, 4, 7, 9, and 11, and
the mice were administered intraperitoneally with ANA-12
(0.5 mg/kg) or vehicle (1% DMSO) daily or 30min before each
administration of ERGO.

Behavioral tests
NORT and SRT were performed to assess learning and memory
abilities according to the method described by Nakamichi et al.19,
with minor modifications. Fourteen days after the first adminis-
tration of ERGO, NORT was performed. Each mouse was placed in
an acrylic chamber (45 cm ×45 cm ×45 cm) without any objects
and allowed to explore for 10 min. The following day, the mouse
was placed in the same chamber with two identical objects
located on a diagonal line and allowed to explore the chamber for
five minutes. The time spent exploring each object was then
recorded. Eight hours later, one of the objects was replaced with a
novel object of a different shape at the same location in the
chamber. Each mouse was allowed to explore the chamber for five
minutes. The exploration time for each object was recorded. The
DI, an indicator of learning and memory ability, was calculated as:
[(novel object exploration time/total exploration time) − (familiar
object exploration time/total exploration time)] × 100.
The SRT was conducted on the day following NORT. Each

mouse was placed in an acrylic chamber (45 cm ×45 cm ×45 cm)
without any objects and allowed to explore for 10 min. The next
day, the mouse was placed in the same chamber with two
identical objects located on a diagonal line and was allowed to
explore the chamber for nine minutes. The time spent exploring
each object was then recorded. One hour later, one of the objects
was moved, and each mouse was allowed to explore the chamber
for five minutes. The exploration time for each object was
recorded. The DI was calculated as: [(moved object exploration
time/total exploration time)− (unmoved object exploration time/
total exploration time)] × 100.
In the experiment evaluating the effect of ANA-12, 8 h of

retention time in the NORT was increased to 24 h, and 9min of
exploration time in the SRT was reduced to 5min, without any
change in other experimental conditions.

Immunohistochemistry
After the behavioral tests, each mouse was anesthetized with
isoflurane and subjected to transcardial perfusion with 5 mL PBS
and 20mL 4% paraformaldehyde in phosphate buffer. Each brain
sample was isolated and incubated with 4% paraformaldehyde in
phosphate buffer at 4 °C for 24 h. After washing with PBS, each
brain was sectioned with a Neo-LinearSlicer (DOSAKA EM, Kyoto,
Japan) at a thickness of 100 µm. The sections were incubated for
30min in 0.1% Tween 20 in PBS (PBST) containing 3% bovine
serum albumin (BSA) at room temperature. They were incubated
with PBST containing goat anti-doublecortin (Dcx) antibody (1:500
dilution; sc-8066, goat, Santa Cruz; Dallas, TX, USA) and mouse
anti-NeuN antibody (1:500 dilution; MAB377, mouse, Merck
Millipore; Burlington, MA) overnight at room temperature,
followed by washing with PBST and probing with anti-goat
Alexa555 (1:500 dilution; A21432, donkey, Sigma-Aldrich; St. Louis,
MO) and anti-mouse Alexa488 (1:500 dilution; A21202, donkey,
Thermo Fisher Scientific; Waltham, MA) overnight at room
temperature. The sections were rinsed again with PBS, treated
with a mounting medium containing 2-(4-aminophenyl)-1H-
indole-6-carboxamidine, and observed under an LSM710 confocal
laser-scanning microscope (Carl Zeiss, Jena, Germany). The new-
born neuron marker Dcx and the neuronal nuclei marker NeuN
were colored red and green, respectively. Quantification was
performed by measuring the immunoreactive area of Dcx or NeuN
in double immunocytochemical analysis.
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Clinical study
A randomized, placebo-controlled, double-blind, parallel-group
clinical study (UMIN000034386; placebo group, n= 23; group
treated with ERGO-containing tablets, n= 25), including healthy
volunteers and subjects with MCI, was conducted for 12 weeks, as
previously described (Supplementary Fig. 7)21. Subjects were
divided into two groups based on their age and MMSE scores.
Participants in the ERGO-treated group were orally administered
four food extract tablets containing 5mg ERGO daily with water,
whereas those in the placebo group were administered ERGO-free
tablets in the same manner as the ERGO-treated group. Neither
tablet could be distinguished by its appearance or smell. All
participants were instructed to refrain from eating foods contain-
ing ERGO, such as mushrooms, during the study period. Serum
collection and cognitive function tests (Cognitrax) were performed
at weeks 0, 4, 8, and 12.

Measurement of ERGO and its metabolites
Hippocampal samples were weighed and homogenized using a
Precellys homogenizer (Bertin Technologies, Montigny-le-Breton-
neux, France) in 12 volumes of methanol containing L-
(+)-ergothioneine-d9 (ERGO-d9; Toronto Research Chemicals
Inc., North York, ON) as an internal standard, whereas plasma

and serum samples were mixed with nine volumes of methanol
containing ERGO-d9. The mixtures were centrifuged (21,500 × g,
10 min, 4 °C) twice and subjected to liquid chromatography-mass
spectrometry/mass spectrometry (LCMS-8040; Shimadzu, Kyoto,
Japan) equipped with a Luna 3.0 µm HILIC column (200 Å,
150 × 2.0 mm; Phenomenex, Torrance, CA) to quantify ERGO, S-
methyl-ERGO, and hercynine. Chromatography was performed
using step-gradient elution (flow rate, 0.4 mL/min) as follows: The
mobile phases were (A) 10 mM ammonium acetate/0.1% formic
acid/80% water/20% acetonitrile and (B) 10 mM ammonium
acetate/0.1% formic acid/5% water/95% acetonitrile. 0–0.5 min:
1% A/ 99% B; 0.5–1.9 min: 1% A/ 99% B to 20% A/ 80% B;
1.9–4.5 min: 20% A/ 80% B; 4.5–5.5 min: 20% A/ 80% B to 60% A/
40% B; 5.5–6.5 min: 60% A/ 40% B; 6.5–6.7 min: 60% A/ 40% B to
1% A/ 99% B; 6.7–7.2 min: 1% A/ 99% B. Each compound was
measured in the ESI positive mode (ERGO: 230.3 > 127.0, S-methyl-
ERGO: 244.1 > 140.95, hercynine: 198.0 > 95.05, ERGO-d9:
239.2 > 127.0). The area under the serum concentration curve
(AUC) of ERGO subtracted from the baseline level of ERGO at week
0 (ΔAUC) was calculated using the following Eq. (1):

ΔAUC ¼
X3

n¼1

2 yn�1 þ yn�2y0ð Þ (1)
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where y0, y1, y2, and y3 represent the serum ERGO concentrations
at weeks 0, 4, 8, and 12, respectively.

Isolation of EVs from serum
One milliliter of serum was first centrifuged at 1200 × g for 20 min,
and the supernatant was then centrifuged at 17,000 × g for
20min. The collected supernatant was passed through a 0.22 µm
filter, followed by ultracentrifugation at 100,000 × g for 90 min
(TLS-55 Rotor, Optima MAX-TL, Beckman Coulter, Brea CA). The
pellets were resuspended in 50 µL of phosphate-buffered saline
(PBS) and used for each experiment.

Nanoparticle analysis
The concentration and size distribution of EVs were measured
with tunable resistive pulse sensing by qNano (Izon Science, UK)
using an NP100 nanopore (Izon Science, UK), according to the
method described by Lane et al.45 with minor modifications. All
measurements were calibrated with 100 nm polystyrene beads
(CPC100; Izon Science, UK). Data analysis was carried out using
Izon Control Suite software v3.1 (Izon Science, UK).

Isolation of brain-derived EVs via immunoprecipitation
Serum EVs were isolated via size exclusion chromatography
according to the method described by Böing et al.46, with minor
modifications. Briefly, the tip of a 10 mL plastic syringe (Terumo,
Tokyo, Japan) was stuffed with nylon stocking (DAISO, Tokyo,
Japan), and the syringe was stacked with 5 mL of washed
Sepharose CL-2B (GE Healthcare, Uppsala, Sweden). After

equilibration with PBS, 1 mL of serum was loaded onto the
column and eluted with PBS. The eluate was collected into
25 sequential fractions (0.5 mL). The number and size of particles
were determined using qNano for each fraction, and particles
were detected in fractions 6–12. These fractions (3.5 mL) were
combined and concentrated to approximately 200 µL using
Amicon Ultra-15 (Merck Millipore, Burlington, MA, USA). To isolate
brain-derived EVs, an antibody against the mature neuronal
marker SNAP25 (1:25 dilution; sc-390644, mouse, Santa Cruz;
Dallas, TX, USA) was first incubated with Protein G Sepharose 4
Fast Flow (Cytiva, Marlborough, MA, USA) in PBS containing 0.01%
Triton-X 100 and phosphatase inhibitors (10 mM sodium fluoride,
10mM β-glycerophosphate disodium salt hydrate, 10 mM sodium
pyrophosphate decahydrate, and 1mM sodium orthovanadate) at
4 °C for 2 h, followed by blocking with PBS containing 10% BSA
and phosphatase inhibitors. The beads and EV samples were then
mixed and incubated under rotation at 4 °C for 2 h. The samples
were centrifuged at 15,000 × g for 2 min at 4 °C, and the
supernatant was discarded. The pellets were washed twice with
PBS containing 0.01% Triton-X 100 and phosphatase inhibitors,
followed by western blotting as described below.

Western blotting
Western blotting was performed according to the method described
by Ishimoto et al.28, with minor modifications. Briefly, isolated
hippocampal dentate gyrus and EVs were homogenized using a tip
sonicator (TOMY SEIKO Co. Ltd., Tokyo, Japan) with 20mM Tris–HCl
buffer (pH 7.5) containing 1mM EDTA, 1mM EGTA, protease
inhibitors (0.1mM 4-(2-aminoethyl) benzenesulfonyl fluoride
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hydrochloride, 1 μg/mL leupeptin, 1 μg/mL antipain, and 0.5mM
benzamidine hydrochloride hydrate), and phosphatase inhibitors
(10mM sodium fluoride, 10mM β-glycerophosphate disodium salt
hydrate, 10mM sodium pyrophosphate decahydrate, and 1mM
sodium orthovanadate), followed by protein concentration measure-
ments with a PierceTM BCA Protein Assay Kit (ThermoFisher Scientific,
Waltham, MA). The homogenates were added at a volume ratio of
1:4 to 10mM Tris–HCl buffer (pH 6.8) containing 10% glycerol, 2%
sodium dodecyl sulfate, 0.01% bromophenol blue, and 5% 2-
mercaptoethanol, and the mixtures were incubated on a shaker at
room temperature for 1 h, followed by incubation at 95 °C for 5min.
Each aliquot of 10 µg of protein from the hippocampal dentate gyrus
was loaded onto a 10% polyacrylamide gel for electrophoresis at a
constant current of 40mA/plate for 90min at room temperature
using a PAGE system (Sima Biotech, Chiba, Japan). For EV samples,
each aliquot of 20 µg of protein was loaded on a 12.5%
polyacrylamide gel for electrophoresis at a constant current of
21mA/plate for 30min at room temperature using a compact-slab
size PAGE system (ATTO, Tokyo, Japan), followed by blotting to a
polyvinylidene fluoride membrane pretreated with 100% methanol.
For blocking, BSA or skim milk dissolved in 20mM Tris–HCl buffer
(pH 7.5) containing 137mM NaCl and 0.1% Tween 20 were used
depending on the antibodies (2% BSA: p-TrkB, TrkB, NT-5, Flag, and
β-actin; 1% skim milk: SNAP25; 3% skim milk: CD63). The membranes
were probed with antibodies against TrkB (1:1,000 dilution; 4603 S,
rabbit, Cell Signaling Technology; Danvers, MA), p-TrkB at Tyr816
(1:100 dilution; ABN1381, rabbit, Merck Millipore; Burlington, MA),
NT-5 (1:250 dilution; AB1781SP, rabbit, Merck Millipore; Burlington,
MA), SNAP25 (1:50 dilution; sc-390644, mouse, Santa Cruz; Dallas, TX),
CD63 (1:100 dilution; sc-15363, rabbit, Santa Cruz; Dallas, TX), Flag
(1:1,000 dilution; 14793S, rabbit, Cell Signaling Technology; Danvers,
MA), and β-actin (1:10,000 dilution; A5441-.2ML, mouse, Sigma-
Aldrich; St. Louis, MO) diluted with Can Get Signal Solution 1
(TOYOBO, Osaka, Japan), followed by probing with a secondary anti-
rabbit IgG antibody conjugated with peroxidase (1:2,000 dilution;
7074, goat, Cell Signaling Technology; Danvers, MA) or anti-mouse
IgG antibody conjugated with peroxidase (1:10,000 dilution; A9917-

1ML, goat, Sigma-Aldrich; St. Louis, MO) diluted with Can Get Signal
Solution 2. Proteins that reacted with these antibodies were detected
with ECL™ detection reagents using a lumino image analyzer (LAS-
4000; FUJIFILM, Tokyo, Japan). Densitometric analysis of the western
blots was performed using ImageJ software.

Plasmid construction
pAAV-CMV-ZsGreen1 was purchased from Takara Bio. TdTomato was
amplified from the pCSCMV:tdTomato plasmid (Addgene plasmid
#30530; http://n2t.net/addgene:30530; RRID: Addgene_30530)47. Mur-
ine TrkB-3xFlag was amplified from the murine hippocampus using
the DNA polymerase KOD FX NEO with the following sense and
antisense primers: 5’-tgtaatcgatgtcatgatctttataatcaccgtcatggtctttg-
tagtccatCGCGCCTAGGATATCCAG-3’, 5’-tcacagggatgccacccgtggatccT-
CACTTGTCATCGTCATCCTTGTAATCGATGTCATGATCTTTATA-3’. The
sequence encoding tdTomato in pAAV-CMV-tdTomato was replaced
with TrkB-3xFlag using a NEBuilder HiFi DNA assembly kit (New
England Biolabs).

Cell culture
Neuro2a cells were cultured according to the method described
by Nakamichi et al.24, with minor modifications. Briefly, Neuro2a
cells were seeded at a density of 1.2 × 106 cells/dish on φ10 cm
dishes in DMEM supplemented with 100 units/mL penicillin,
100 µg/mL streptomycin, and 10% EV-depleted FBS, which was
the supernatant after ultracentrifugation at 100,000 × g for 16 h at
4 °C. After 24 h, the cells were transiently transfected with pAAV-
CMV-TrkB-3xFlag or pAAV-CMV-tdTomato using PEI MAX (Poly-
sciences, Warrington, PA, USA), according to the manufacturer’s
instructions, and the medium was changed to DMEM supple-
mented with 2% EV-depleted FBS and 20 µM retinoic acid for
neuronal differentiation. At 48 h after seeding, the medium was
changed to DMEM containing 100 nM of the TrkB agonist 7,8-
dihydroxyflavone or vehicle. At 72 h after seeding, the cells and
medium were collected. The cultures were maintained in a
humidified atmosphere of 5% CO2/ 95% air at 37 °C.

Table 1. Correlation between each cognitive domain score of Cognitrax and the ratio of each protein expression level in serum EVs or ERGO ΔAUC in
the group treated with ERGO-containing tabletsa.

p-TrkB/TrkB TrkB/CD63 NT-5/CD63 SNAP25/CD63 ΔAUC for Serum
ERGOb

rc Pd rc Pd rc Pd rc Pd rc Pd

Composite memorye 0.286 <0.01 −0.054 0.591 0.055 0.590 −0.023 0.823 0.244 <0.05

Verbal memorye 0.215 <0.05 −0.032 0.752 0.133 0.186 −0.015 0.884 0.240 <0.05

Processing speede 0.204 <0.05 0.003 0.979 0.023 0.823 −0.045 0.660 0.240 <0.05

Visual memorye 0.235 <0.05 −0.053 0.599 −0.040 0.695 −0.021 0.838 0.187 0.108

Psychomotor speede 0.113 0.264 0.073 0.469 −0.067 0.509 −0.080 0.428 0.105 0.371

Reaction timee −0.284 <0.01 −0.120 0.234 0.057 0.572 −0.112 0.266 0.156 0.183

Complex attentione −0.265 <0.01 0.117 0.246 0.011 0.914 0.111 0.272 −0.042 0.721

Cognitive flexibilitye 0.332 <0.01 −0.087 0.388 −0.003 0.980 −0.054 0.596 0.064 0.586

Executive functione 0.335 <0.01 −0.086 0.397 −0.003 0.975 −0.051 0.616 0.060 0.607

Working memorye 0.256 <0.05 −0.026 0.797 0.011 0.914 −0.013 0.897 0.167 0.152

Sustained attentione 0.176 0.080 −0.066 0.516 −0.118 0.243 −0.115 0.255 0.098 0.403

Simple attentione 0.118 0.243 −0.084 0.406 0.007 0.945 −0.095 0.349 −0.043 0.713

Motor speede −0.006 0.951 0.107 0.287 −0.099 0.330 −0.063 0.533 −0.046 0.694

aCorrelations were assessed using Pearson’s correlation coefficient.
bThe area under the serum concentration curve (AUC) for ERGO subtracted from that of the baseline obtained at week 0.
cCorrelation coefficient.
dStatistics p-values.
eCognitive domain scores of Cognitrax. The higher score of all Cognitrax domains, except reaction time and complex attention, indicated a higher score for
each function.
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Statistics
Data were expressed as means ± standard deviation (SD). The
statistical significance of the differences was determined using the
Student’s t test or one-way or repeated measures ANOVA, followed
by Tukey’s post hoc test. Correlations were determined using
Pearson’s correlation coefficient after the Kolmogorov–Smirnov
test. Statistical analyses were performed using Prism 7 (GraphPad
Software, San Diego, CA, USA) and IBM-SPSS version 25.

Study approval
Animal studies were approved by the Committee on the Ethics of
Animal Experiments of the University of Kanazawa (permit
number: AP-183968) to minimize animal suffering and loss of life.
The clinical studies were conducted following the Declaration of
Helsinki and approved by the Institutional Review Boards of
Kanazawa University and the Japan Food Evidence Association. All
participants provided written informed consent for the use of their
samples and medical information for research purposes.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
The data supporting the findings reported herein are available on request from the
corresponding author.

Received: 24 February 2023; Accepted: 18 January 2024;

REFERENCES
1. McDade, E. & Bateman, R. J. Stop Alzheimer’s before it starts. Nature 547, 153–155

(2017).
2. Hafdi, M., Hoevenaar-Blom, M. P. & Richard, E. Multi-domain interventions for the

prevention of dementia and cognitive decline. Cochrane Database Syst. Rev 11,
CD013572 (2021).

3. Guzman-Martinez, L. et al. New Frontiers in the Prevention, Diagnosis, and
Treatment of Alzheimer’s Disease. J. Alzheimers. Dis. 82, S51–S63 (2021).

4. Crous-Bou, M., Minguillón, C., Gramunt, N. & Molinuevo, J. L. Alzheimer’s disease
prevention: from risk factors to early intervention. Alzheimers. Res. Ther. 9, 71 (2017).

5. Donoso, A., González-Durán, J., Muñoz, A. A., González, P. A. & Agurto-Muñoz, C.
‘Therapeutic uses of natural astaxanthin: An evidence-based review focused on
human clinical trials’. Pharmacol. Res. 166, 105479 (2021).

6. Cascella, M., Bimonte, S., Muzio, M. R., Schiavone, V. & Cuomo, A. The efficacy of
Epigallocatechin-3-gallate (green tea) in the treatment of Alzheimer’s disease: an
overview of pre-clinical studies and translational perspectives in clinical practice.
Infect. Agent. Cancer 12, 36 (2017).

7. Evans, H. M., Howe, P. R. C. & Wong, R. H. X. Clinical Evaluation of Effects of
Chronic Resveratrol Supplementation on Cerebrovascular Function, Cognition,
Mood, Physical Function and General Well-Being in Postmenopausal Women-
Rationale and Study Design. Nutrients 8, 150 (2016).

8. Massa, S. M. et al. Small molecule BDNF mimetics activate TrkB signaling and
prevent neuronal degeneration in rodents. J. Clin. Invest. 120, 1774–1785 (2010).

9. Devi, L. & Ohno, M. 7,8-dihydroxyflavone, a small-molecule TrkB agonist, reverses
memory deficits and BACE1 elevation in a mouse model of Alzheimer’s disease.
Neuropsychopharmacology 37, 434–444 (2012).

10. Zhao, S., Yu, A., Wang, X., Gao, X. & Chen, J. Post-Injury Treatment of 7,8-Dihy-
droxyflavone Promotes Neurogenesis in the Hippocampus of the Adult Mouse. J.
Neurotrauma 33, 2055 (2016).

11. Lu, B., Nagappan, G., Guan, X., Nathan, P. J. & Wren, P. BDNF-based synaptic repair
as a disease-modifying strategy for neurodegenerative diseases. Nat. Rev. Neu-
rosci. 14, 401–416 (2013).

12. Sonoyama, T. et al. Human BDNF/TrkB variants impair hippocampal synaptogenesis
and associate with neurobehavioural abnormalities. Sci. Rep. 10, 9028 (2020).

13. Sahay, A. et al. Increasing adult hippocampal neurogenesis is sufficient to
improve pattern separation. Nature 472, 466–470 (2011).

14. Cheah, I. K., Tang, R. M. Y., Yew, T. S. Z., Lim, K. H. C. & Halliwell, B. Administration
of Pure Ergothioneine to Healthy Human Subjects: Uptake, Metabolism, and
Effects on Biomarkers of Oxidative Damage and Inflammation. Antioxidants Redox
Signal. 26, 193–206 (2017).

15. Katsube, M., Watanabe, H., Suzuki, K. & Ishimoto, T. Food-derived antioxidant ergo-
thioneine improves sleep difficulties in humans. J. Funct. Foods 95, 105165 (2022).

16. Teruya, T., Chen, Y., Kondoh, H., Fukuji, Y. & Yanagida, M. Whole-blood metabo-
lomics of dementia patients reveal classes of disease-linked metabolites. Proc.
Natl. Acad. Sci. USA. 118, e2022857118 (2021).

17. Cheah, I., Feng, L., Tang, R., Lim, K. & Halliwell, B. Ergothioneine levels in an elderly
population decrease with age and incidence of cognitive decline; a risk factor for
neurodegeneration? Biochem. Biophys. Res. Commun. 478, 162–167 (2016).

18. Wu, L.-Y. et al. Low plasma ergothioneine levels are associated with neurode-
generation and cerebrovascular disease in dementia. Free Radic. Biol. Med. 177,
201–211 (2021).

19. Nakamichi, N. et al. Oral administration of the food derived hydrophilic anti-
oxidant ergothioneine enhances object recognition memory in mice. Curr. Mol.
Pharmacol. 13, 1–15 (2020).

20. Yang, N. C. et al. Ergothioneine protects against neuronal injury induced by
β-amyloid in mice. Food Chem. Toxicol. 50, 3902–3911 (2012).

21. Watanabe, N. et al. Effect of ergothioneine on the cognitive function improve-
ment in healthy volunteers and mild cognitive impairment subjects–A rando-
mized, double-blind, parallel-group comparison study. Jpn Pharmacol Ther 48,
685–697 (2020).

22. Kato, Y. et al. Gene knockout and metabolome analysis of carnitine/organic
cation transporter OCTN1. Pharm. Res. 27, 832–840 (2010).

23. Sugiura, T. et al. Functional expression of carnitine/organic cation transporter
OCTN1/SLC22A4 in mouse small intestine and liver. Drug Metab. Dispos. 38,
1665–1672 (2010).

24. Nakamichi, N. et al. Functional expression of carnitine/organic cation transporter
OCTN1 in mouse brain neurons: Possible involvement in neuronal differentiation.
Neurochem. Int. 61, 1121–1132 (2012).

25. Ishimoto, T. et al. Organic Cation Transporter-Mediated Ergothioneine Uptake in
Mouse Neural Progenitor Cells Suppresses Proliferation and Promotes Differ-
entiation into Neurons. PLoS One 9, e89434 (2014).

26. Ishimoto, T., Nakamichi, N., Nishijima, H., Masuo, Y. & Kato, Y. Carnitine/Organic
Cation Transporter OCTN1 Negatively Regulates Activation in Murine Cultured
Microglial Cells. Neurochem. Res. 43, 107–119 (2018).

27. Inazu, M. et al. Functional expression of the organic cation/carnitine transporter 2
in rat astrocytes. J. Neurochem. 97, 424–434 (2006).

28. Ishimoto, T., Masuo, Y., Kato, Y. & Nakamichi, N. Ergothioneine-induced neuronal
differentiation is mediated through activation of S6K1 and neurotrophin 4/5-TrkB
signaling in murine neural stem cells. Cell. Signal. 53, 269–280 (2019).

29. Cozza, A. et al. SNPs in neurotrophin system genes and Alzheimer’s disease in an
Italian population. J. Alzheimer’s Dis 15, 61–70 (2008).

30. Chen, Z. et al. Genetic association of neurotrophic tyrosine kinase receptor type 2
(NTRK2) With Alzheimer’s disease. Am. J. Med. Genet. B. Neuropsychiatr. Genet.
147, 363–369 (2008).

31. Jia, L. et al. Blood neuro-exosomal synaptic proteins predict Alzheimer’s disease
at the asymptomatic stage. Alzheimers Dement 17, 49–60 (2021).

32. Chen, C. et al. Optimized TrkB Agonist Ameliorates Alzheimer’s Disease Pathol-
ogies and Improves Cognitive Functions via Inhibiting Delta-Secretase. ACS Chem.
Neurosci. 12, 2448–2461 (2021).

33. Aytan, N. et al. Protective effects of 7,8-dihydroxyflavone on neuropathological
and neurochemical changes in a mouse model of Alzheimer’s disease. Eur. J.
Pharmacol. 828, 9 (2018).

34. De Pins, B. et al. Conditional BDNF Delivery from Astrocytes Rescues Memory
Deficits, Spine Density, and Synaptic Properties in the 5xFAD Mouse Model of
Alzheimer Disease. J. Neurosci. 39, 2441–2458 (2019).

35. Gao, L. et al. TrkB activation by 7, 8-dihydroxyflavone increases synapse AMPA
subunits and ameliorates spatial memory deficits in a mouse model of Alzhei-
mer’s disease. J. Neurochem. 136, 620–636 (2016).

36. Agliardi, C. et al. SNAP-25 in Serum Is Carried by Exosomes of Neuronal Origin
and Is a Potential Biomarker of Alzheimer’s Disease. Mol. Neurobiol. 56,
5792–5798 (2019).

37. Soares Martins, T. et al. Diagnostic and therapeutic potential of exosomes in
Alzheimer’s disease. J. Neurochem. 156, 162–181 (2021).

38. Yamamoto, M., Sobue, G., Yamamoto, K., Terao, S. & Mitsuma, T. Expression of
mRNAs for neurotrophic factors (NGF, BDNF, NT-3, and GDNF) and their receptors
(p75NGFR, trkA, trkB, and trkC) in the adult human peripheral nervous system
and nonneural tissues. Neurochem. Res. 21, 929–938 (1996).

39. Otani, K., Okada, M. & Yamawaki, H. Diverse distribution of tyrosine receptor
kinase B isoforms in rat multiple tissues. J. Vet. Med. Sci 79, 1516–1523 (2017).

40. Chen, G. et al. Exosomal PD-L1 contributes to immunosuppression and is asso-
ciated with anti-PD-1 response. Nature 560, 382–386 (2018).

T. Ishimoto et al.

12

npj Science of Food (2024)    11 Published in partnership with Beijing Technology and Business University



41. Borghesan, M. et al. Small Extracellular Vesicles Are Key Regulators of Non-cell
Autonomous Intercellular Communication in Senescence via the Interferon Pro-
tein IFITM3. Cell Rep. 27, 3956–3971.e6 (2019).

42. Povero, D. et al. Lipid-induced toxicity stimulates hepatocytes to release angio-
genic microparticles that require Vanin-1 for uptake by endothelial cells. Sci.
Signal. 6, ra88 (2013).

43. Nakagomi, A. et al. Role of the central nervous system and adipose tissue BDNF/
TrkB axes in metabolic regulation. npj Aging Mech. Dis 1, 1–11 (2015).

44. Totoson, P., Pedard, M., Marie, C. & Demougeot, C. Activation of endothelial TrkB
receptors induces relaxation of resistance arteries. Vascul. Pharmacol. 106, 46–53
(2018).

45. Lane, R. E., Korbie, D., Anderson, W., Vaidyanathan, R. & Trau, M. Analysis of
exosome purification methods using a model liposome system and tunable-
resistive pulse sensing. Sci. Rep. 5, 7639 (2015).

46. Böing, A. N. et al. Single-step isolation of extracellular vesicles by size-exclusion
chromatography. J. Extracell. Vesicles 3, 1–11 (2014).

47. Waldner, C., Roose, M. & Ryffel, G. U. Red fluorescent Xenopus laevis: a new tool
for grafting analysis. BMC Dev. Biol. 9, 37 (2009).

ACKNOWLEDGEMENTS
We thank Naotaka Hashiya for conducting the clinical study, and Taisuke Fukaya for
managing the clinical study. This work was partially supported by Grants-in-Aid for
Scientific Research to TI (Nos. 19K23797 and 20K15991) and YK (Nos. 22H02781 and
18H02584) from the Ministry of Education, Culture, Sports, Science, and Technology
of Japan.

AUTHOR CONTRIBUTIONS
IT, YR, and KY designed this study. IT, YR, MR, MY, and NS conducted the experiments
and acquired data. IT, YR, MR, MY, NS, MY, and KY contributed to data analysis. IT, YR,
and KY wrote the manuscript, and all authors reviewed and approved the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41538-024-00250-5.

Correspondence and requests for materials should be addressed to Yukio Kato.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

T. Ishimoto et al.

13

Published in partnership with Beijing Technology and Business University npj Science of Food (2024)    11 

https://doi.org/10.1038/s41538-024-00250-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	TrkB phosphorylation in serum extracellular vesicles correlates with cognitive function enhanced by ergothioneine in�humans
	Introduction
	Results
	ERGO deficiency suppressed object recognition and location�memory
	Effect of ERGO deficiency and supplementation on neurogenesis and TrkB activation in the hippocampus
	Concomitant increase in ERGO-induced hippocampal neurogenesis and memory functions
	Administration of TrkB inhibitor suppressed ERGO-induced enhancement of neurogenesis and memory function
	Oral administration of ERGO-containing tablets increased serum concentrations of ERGO and the ratio of p-TrkB to TrkB in serum EVs in�humans
	Correlation of p-TrkB/TrkB in serum EVs with systemic ERGO concentration and cognitive function in�humans

	Discussion
	Methods
	Animals
	Behavioral�tests
	Immunohistochemistry
	Clinical�study
	Measurement of ERGO and its metabolites
	Isolation of EVs from�serum
	Nanoparticle analysis
	Isolation of brain-derived EVs via immunoprecipitation
	Western blotting
	Plasmid construction
	Cell culture
	Statistics
	Study approval
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




