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Regular exercise and dietary supplements with antioxidants each
have the potential to improve cognitive function and attenuate
cognitive decline, and, in some cases, they enhance each other. Our
current results reveal that low-intensity exercise (mild exercise, ME)
and the natural antioxidant carotenoid astaxanthin (AX) each have
equivalent beneficial effects on hippocampal neurogenesis and
memory function. We found that the enhancement by ME combined
with AX in potentiating hippocampus-based plasticity and cognition
is mediated by leptin (LEP) made and acting in the hippocampus. In
assessing the combined effects upon wild-type (WT) mice undergo-
ing ME with or without an AX diet for four weeks, we found that,
when administrated alone, ME and AX separately enhanced neuro-
genesis and spatial memory, and when combined they were at least
additive in their effects. DNA microarray and bioinformatics analyses
revealed not only the up-regulation of an antioxidant gene, ABHD3,
but also that the up-regulation of LEP gene expression in the hippocam-
pus of WT mice with ME alone is further enhanced by AX. Together,
they also increased hippocampal LEP (h-LEP) protein levels and enhanced
spatial memory mediated through AKT/STAT3 signaling. AX treatment
also has direct action on human neuroblastoma cell lines to increase cell
viability associated with increased LEP expression. In LEP-deficient mice
(ob/ob), chronic infusion of LEP into the lateral ventricles restored the
synergy. Collectively, our findings suggest that not only h-LEP but also
exogenous LEP mediates effects of ME on neural functions underlying
memory, which is further enhanced by the antioxidant AX.

hippocampal leptin | mild exercise | astaxanthin | antioxidant |
spatial memory

Positive lifestyle changes including physical activity and diet
are believed to be beneficial for promoting brain health and
slowing cognitive decline of Alzheimer’s disease (AD). Exercise
is an important factor in improving hippocampus-related cognition
by enhancing adult hippocampal neurogenesis (AHN) in rodents
(1). Although dietary supplements such as docosahexaenoic acid
(DHA) and epicatechin (EGCG) have been shown to potentiate
the effects of voluntary exercise on memory function (2-4), volun-
tary exercise alone, not in combination with EGCG, improves AHN
and memory functions (5, 6). However, previous animal studies
were limited in their applicability to clinical trials because of the
uncertainty concerning exercise intensity. To translate our mild
exercise (ME) animal model to humans, we developed a quantita-
tive evaluation system based on lactate threshold (LT) and showed
that ME has beneficial effects on AHN and spatial memory in
animals (7, 8) and on hippocampal memory function in young
humans (9). This raises the question of whether, for translation to
humans, a combined intervention of dietary supplements and ME
could enhance memory function and neuronal plasticity.

While mechanisms of exercise-enhanced hippocampal func-
tion are not fully understood, several molecular factors including
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insulin-like growth factor 1 (IGF1) and brain-derived neuro-
trophic factor (BDNF) are well documented (10). Serum IGF1
enters the brain and aids the development of neuronal plas-
ticity (11, 12). Circulating IGF1 promotes AHN through
stimulation by exercise (13), but a peripheral deficiency of
IGF1 through immunoneutralization diminishes the beneficial
effects of exercise on AHN and spatial learning (14), suggesting
that IGF1 is one mechanistic factor in exercise-induced improve-
ment of hippocampal function. BDNF is essential for brain de-
velopment and synaptic plasticity and is increased in the rodent
hippocampus with running (15). Acute treadmill running at a low
intensity below the LT enhances BDNF mRNA expression and
neuronal activity in hippocampal regions (16). Furthermore, hip-
pocampal androgens promote AHN mediated through chronic
ME via a paracrine effect (17). These findings suggest multiple
molecular mechanisms behind exercise-enhanced hippocampal
function, including both peripheral growth factors and brain-
derived factors.

Leptin (LEP), a hormone derived from adipose tissue, has a
crucial role in regulating energy homeostasis and food intake
mediated by the hypothalamus. LEP is also produced in the
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brain and is involved in various processes in the central nervous
system (18-20). The expression of LEP mRNA and protein has
been demonstrated in rodent (21, 22) and human brains (23), as
well as in neuronal cells (24), pointing to LEP synthesis in the
brain itself. Hippocampal LEP (h-LEP) enhances AHN and
synaptic function (25, 26), which facilitates spatial learning and
memory function (27), suggesting a neurotrophic role of LEP
within the hippocampus.

LEP-based therapeutic treatment for neurodegenerative dis-
ease has been proposed because LEP gene delivery into the brain
rescues impaired memory and AHN, and reduces amyloidosis in
AD mice (28, 29). In a rat model of chronic unpredictable stress,
hippocampal administration of LEP ameliorated depression-like
behaviors (30). If endogenous LEP could be increased by lifestyle
interventions including exercise and dietary supplements, it would
be of significant interest for enhancement of cognitive function and
neuronal plasticity.

Among potential dietary supplements, we focused on astaxanthin
(AX), a red carotenoid with various health benefits, including
enhancement of cognition. AX has highly antioxidant and anti-
inflammatory properties, with reportedly strong neuroprotective
effects (31), and it enhances AHN and spatial memory (32),
suggesting that it also has beneficial effects equivalent to those of
ME on hippocampal functions. Hence, we hypothesized that
ME-enhanced hippocampal neurogenesis and memory might be
further improved with dietary AX via mediation by a neurotrophic
factor such as h-LEP.

Here, we report that ME enhances spatial memory and AHN
when combined with AX in wild-type (WT) mice but not in LEP-
deficient ob/ob mice. Exploring the molecular mechanisms underlying
the combination effects, DNA microarray and bioinformatics
revealed that the LEP gene is a major player. We also demon-
strate that LEP and its AKT/STAT3 signaling in the hippo-
campus are involved in the enhancement of memory function in
the combined (ME+AX) intervention group. Thus, we propose
that leptin produced or acting in the hippocampus (h-LEP) may
be a key molecular factor in the synergistic benefits of ME com-
bined with AX on hippocampus-based neurogenesis and memory
function. ME+AX, which boosts, separately and together, the
expression of h-LEP, may provide greater beneficial cognitive

enhancement and neuroprotective effects in preventing neurode-
generative disorders, including AD, than does exercise alone.

Results

ME Combined with AX Induces Strong Enhancement of Hippocampus-
Dependent Cognition and Neurogenesis. We first determined
whether the combined intervention of ME+AX produces greater
enhancement in spatial learning and memory in WT (C57BL/6J)
mice (Fig. 14). Escape latency and path length in all groups
significantly decreased across the acquisition phase (SI Appendix,
Table S1). There was a significant effect of intervention on es-
cape latency (Fig. 1B) and path length (Fig. 1C). The ME with
placebo (ML+PL) and ME+AX groups had significantly faster
escape latencies on day 3. The sedentary with AX supplemen-
tation (SE+AX) group had a shortened escape latency on day 4.
The path length taken by the ME+AX group was significantly
shorter on day 3. There was no effect of any intervention on
swimming speed (Fig. 1D). These results suggest that ME and
AX each lead to independent enhancements in spatial learning
ability. In the probe test, there were significant effects of ME or AX
on spatial memory performance (Fig. 1F). The time spent in the
platform (P) zone was increased in the ME+PL (132.9%) and
ME+AX (160.6%) groups compared with the SE+PL group. The
ME+AX group spent significantly more time in the P zone than did
the SE+AX group (Fig. 1 E and F). These findings support en-
hanced effects of ME and AX on the retention of spatial memory.

We examined whether the greater effects of ME combined
with AX on spatial memory would be mediated by at least an
additive or possibly even a synergistic increase in the progression
of AHN (Fig. 14). There was a significant effect of ME and AX
on the number of Ki67-positive cells (Fig. 1 G and H). Ki67-
positive cells increased in the ME+PL (124.4%) and in the
SE+AX (122.4%) groups compared with the SE+PL group.
Ki67-positive cells were much higher in the ME+AX group
(162.2%) compared with each treatment alone. Similarly, there was
a significant effect of ME and AX on the number of BrdU/NeuN-
positive cells (Fig. 1 G and H). BrdU/NeuN-positive cells increased
in the ME+PL (158.5%) and SE+AX groups (157.7%) compared
with the SE+PL group. These increases were further boosted in
the ME+AX group (216.9%), implying that while ME and AX
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ME combined with AX induces enhancing effects on spatial memory and neurogenesis. (A) Experimental design for hippocampal function and AHN.

(B and C) Shorter escape latency and length following the acquisition phase (P < 0.0001). (B) Shorter escape latency following ME alone, AX alone, and
combined intervention (*P < 0.05, ME+PL vs. SE4+PL; **P < 0.01, ME+AX vs. SE+PL, *P < 0.05, SE+AX vs. SE+PL, n = 9-10/group). (C) ME combined with AX
results in a shorter escape path length (**P < 0.01, ME+AX vs. SE+PL). (D) Swim speed does not differ between groups. (E) Representative swimming paths
during the probe test. (F) ME-alone and AX-alone interventions increase time spent in the P zone during the probe test; combined intervention time is longer
compared with SE+PL (*P < 0.05, ***P < 0.001, vs. SE+PL; $p< 0.05, vs. SE+AX). (G) Representative images of double-fluorescence staining for Ki67 (red) and BrdU
(red), respectively, and NeuN (blue) in the dentate gyrus. (Scale bar: 50 pm.) (H) Ki67 and BrdU/NeuN cells are significantly increased with ME alone; the com-
bination of ME and AX leads to a greater increase compared with ME or AX alone (**P < 0.01, ****P < 0.0001, n = 7-8/group). Data are presented as mean + SEM.
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respectively enhance cell proliferation and maturation of newborn
cells, their combination results in a strong additional effect.

LEP Is a Promising Molecular Mediator of Synergistic Effects. To de-
termine the potential molecular factors underlying the synergistic
interactions of ME combined with AX on hippocampal function,
we examined the transcriptome in the hippocampus after ME alone
and in combination with AX, and we compared the results with
those of the SE4+PL group using a whole-genome DNA microarray
and ingenuity pathway analysis (IPA) with gene expression specific
to hippocampal tissue. The DNA microarray using cutoff values
(2/£ 1.5/0.75-fold) revealed 2,209 and 564 up- and down-regulated
genes, respectively, in response to the ME alone. Interestingly, a
much higher number of changes appeared in the combined in-
tervention, where 3,891 and 411 up- and down-regulated genes
were altered (SI Appendix, Fig. S1). IPA further revealed that
annotated genes yielded 257 up-regulated and 35 down-regulated
genes in the ME+PL group, and 242 up-regulated and 17 down-
regulated genes in ME+AX group (SI Appendix, Table S2-S5).
Among the annotated genes, 134 up-regulated genes and 3 down-
regulated genes were altered in common and overlapped between
ME alone and combined interventions (Fig. 24). Of these, the top
genes up- and down-regulated in common are shown in Fig. 2B. Of
the top 3 up-regulated genes (Klra4, IL17F, and ABHD3), ABHD3
has an antioxidant function that is consistent with the action of AX
(33). It is also noteworthy that the up-regulation of the LEP gene
with ME alone was further elevated when combined with AX (Fig.
2B). These results suggest that antioxidant action is the key factor
along with the LEP gene behind the synergy effect upon spatial
memory and AHN by ME combined with AX.

LEP in the Hippocampus, but Not in Plasma, Contributes to the Combined
Effects of ME and AX. To validate the DNA microarray-based gene
expressions, several specific genes (Igflr, Stat3, Akt, and Mapkl) were

A Up-regulated genes Down-regulated genes

ME+PL ME+AX ME+PL ME+AX

Commonly changed top molecules

Fold change
Gene name Description ME+PL ME9+A)(
Kira4 killer cell lectin-like receptor, subfamily A, member 4 37.17 48.44
IL17F  interleukin 17F 5.33 8.14
ABHD3  a/p-hydrolase domain containing 3 6.76 7.50
LEP leptin 4.18 6.64
SPIn Spi-1 proto-oncogene 297 5.61
hydroxy-delta-5-steroid dehydrogenase, 3 beta- and
HSD3B1 steroid delta-isomerase 1 2.79 4.85
Cbp/p300-interacting transactivator, with Glu/Asp-rich
CITED2  carboxy-terminal domain, 2 4.08 4.63
SMAD1  SMAD family member 1 3.76 4.57
TP53BP2 tumor protein p53 binding protein 2 4.77 4.50
MBTPS1__membrane-bound transcription factor peptidase, site 1 2.84 4.46
DOWN-REGULATED GENES
VDR vitamin D (1,25- dihydroxyvitamin D3) receptor -3.03 -4.76
TRH thyrotropin-releasing hormone -2.70 -2.08
CXADR___coxsackie virus and adenovirus receptor -1.82 -1.82

Fig. 2. The LEP gene is a potential molecule for mediating synergistic ef-
fects. (A) Venn diagrams show overlap of the up- and down-regulated genes
between the ME+PL and the ME+AX groups. (B) The LEP gene is included in
the list of common top up-regulated genes.
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validated using semiquantitative (sq) RT-PCR that employed indi-
vidual samples from the pool (SI Appendix, Fig. S2). We also mea-
sured LEP and its receptor (LEPRa and LEPRb) mRNA in the
hippocampus. While the LEP mRNA levels were increased in
the ME+PL and ME+AX groups, there were no increments in the
LEPRa or LEPRb mRNA levels after intervention (Fig. 34). We
further measured circulating plasma LEP levels to determine
whether peripheral LEP contributes to the enhancement of spatial
memory after the combination of ME and AX. Plasma LEP levels
were not significantly different among groups (Fig. 3B), nor did
they correlate with spatial memory (Fig. 3C). These findings
demonstrate that h-LEP, not circulating LEP, is a potential target
molecule underlying enhanced memory performance resulting from
the combined intervention.

To validate the candidate molecular factors at the protein level,
Western blotting was performed for LEP signaling in the hippo-
campus of WT mice (Fig. 3 D and E). There was a significant effect
of ME and AX on LEP levels. LEP expression was much higher in
the ME+AX group than in all other groups, which correlated with
spatial memory (Fig. 3F). AX alone produced a slight tendency to
increase the short form of LEPRa but not the long form of LEPRb
(Fig. 3 D and E). The relative expression of LEPRa increased in the
MEA+PL, SE+AX, and ME+AX groups compared with the SE+PL
group, and this was strongly correlated with spatial memory (Fig.
3G). In addition, phosphorylation of AKT (pAKT) showed a sig-
nificant effect of ME and AX. The relative expression of pAKT
increased in the ME+PL, SE+AX, and ME+AX groups compared
with the SE+PL group. Phosphorylation of STAT3 (pSTAT3)
was significantly increased in the ME+AX group (Fig. 3 D and
E). These results suggest that h-LEP expression levels and the
AKT/STATS3 signaling pathways are involved in the enhancing
effects of the combined intervention.

AX Treatment Enhances Neuronal Cell Viability with LEP Expression.
Human neuroblastoma SH-SYSY cell lines synthesize endoge-
nous LEP (24), and this provided an in vitro model to study
whether AX directly induces beneficial effects on the viability of
neuronal cells at least in part via LEP expression. AX at 10 and
20 uM significantly decreased LDH activity in Opti-MEM me-
dium alone without H,O, (CON) for one hour of incubation
(Fig. 44); AX treatment in CON medium increased LEP levels
in a dose-dependent manner; in particular, 10 and 20 pM led to
significant induction (Fig. 4B). In addition, DNA microarray
analysis revealed that the AHBD3 and LEP genes were up-
regulated by AX only (SI Appendix, Table S6). These results
suggest that AX-induced effects upon neuronal cell viability may
be, in part, mediated through increased expression of the anti-
oxidant gene ABHD3 as well as endogenous LEP.

LEP Deficiency Restricts the Enhancement of Spatial Memory in Response
to the Combination of ME and AX. To determine whether LEP is
required for regulating the synergistic effect on spatial memory
with the combined intervention of ME and AX, we used LEP-
deficient ob/ob mice. During the final week of a four-week in-
tervention, we evaluated the effects of LEP deficiency on spatial
learning and memory enhanced with ME alone and in combined
interventions using the Morris water maze (MWM) test (Fig.
5A4). There were no intervention effects on escape length and
swimming speed (SI Appendix, Fig. S3 A and B). A tendency
toward increased time spent in the P zone (Fig. 5 B and C) and
significant effects on crossing times for the P zone (Fig. 5D) were
seen. The WT mice with the combined intervention spent more
time in the P zone compared with those in the ME-alone group
(Fig. 1F). However, the ob/ob mice with the combined in-
tervention did not exhibit a tendency to spend more time in the P
zone compared with the ME-alone group (Fig. 5C). These results
suggest that LEP deficiency restricts the enhancement of spatial
memory as a response to the combining of ME and AX and thus
LEP is the key to ME/AX synergy.

In the WT mice, the ME-alone intervention increased pIGF1R
in the hippocampus (Fig. 3E). Therefore, we also checked whether
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hippocampal IGF1R signaling is involved in ob/ob mice memory
functions enhanced by ME alone. Both the ME+PL and ME+AX
groups had significantly increased pIGF1R and pPI3K protein
abundances compared with the SE+PL group (SI Appendix, Fig. S3
C and D). The level of pAKT protein was increased only in the
ME+AX group (SI Appendix, Fig. S3E). These results reveal that
hippocampal IGFIR signaling is also involved in the ME-alone
enhancement of memory.

Increasing Hippocampal LEP Restores the Synergistic Effects of ME
and AX on Spatial Memory in LEP-Deficient Mice. Our data shows
that ME combined with AX increased hippocampal LEP levels
in WT mice (Fig. 3E), which positively correlated with spatial
memory enhancement (Fig. 3F). This suggests that hippocampal
LEP might mediate the combined effect of ME and AX on
spatial memory. Therefore, we next examined whether increased
central LEP levels in LEP-deficient mice were functionally involved
in the synergistic enhancement of spatial memory performance.
For long-term increase of central LEP levels during four
weeks, we administered intracerebroventricular (ICV) injections
of LEP or artificial cerebrospinal fluid (aCSF, control group) to
ob/ob mice using an osmotic minipump (Fig. 5SE). No difference
was noted in the escape latency achieved by the ob/ob mice ad-
ministered LEP and those administered aCSF (SI Appendix, Fig.
S44). The LEP-administered group dramatically increased time
spent in the P zone (Fig. 5 F and G), and there was a slight
tendency toward increased crossing times for the P zone (Fig.
5H). In ob/ob mice, plasma LEP levels were virtually undetect-
able (0.62-0.85 ng/mL) compared with lean mice with SE+PL
(17.5 ng/mL; SI Appendix, Fig. S4B). These findings demonstrate
that the synergistic enhancement of spatial memory may be
partly mediated through increased LEP acting in the brain.

Discussion

Our results reveal a key role for h-LEP in ME-stimulated den-
tate gyrus neurogenesis and demonstrate further enhancement
of this and related spatial memory by an antioxidant that has
neuroprotective and LEP-inducing effects in vitro. After verifying
our hypothesis that ME combined with AX produces greater
benefits for spatial memory and AHN than either ME or AX alone,
our omics analysis on their combined effects on hippocampal gene

Yook et al.

expression revealed that up-regulation of the LEP gene by ME
alone was further increased by the combination of ME and AX.
Hippocampal, but not systemic, LEP expression increased with both
ME and AX individually. A greater increase was observed with
the combined intervention, which correlated with spatial memory
performance. LEP deficiency in ob/ob mice restricted synergistic
enhancement compared with ME alone, an effect that was reversed
with the chronic infusion of LEP into the brain.

To further connect LEP and AX, in vitro AX treatment in
a neuroblastoma cell line exerted a neurotrophic effect in neuronal
cell viability (Fig. 44) and directly increased LEP expression in a
dose-dependent manner (Fig. 4B). Omics analysis also revealed that
up-regulation by ME+AX of one gene (ABHD3) had an antioxi-
dant function consistent with the action of AX (33). The function of
the ABHD3 gene in the hippocampus is still unknown, although
these results support the notion that AX diets and/or ME exert
antioxidant effects associated with the role of ABHD3. Given that
AX has a strong antioxidant capacity in the brain (34), it is pos-
sible that ME combined with AX may result in superior protective
effects against oxidative stress associated with neurological disorders
as well as promotion of healthy brain function.

A momso 10 pM AX B

6‘ 1M AX 20 uM AX [-actin A ———

@ 1251 5 M AX NS NS =

= - >z

0 100 0z

k) I

2 N a

o= =N

g 82

Z =

Bl 83

@ © 0.2
ol

5 W=

= 0.0

6 hours 24 hours
Treatment time

(Opti-MEM medium alone without Hy0,)

1 hour DMSO 5 75 10 20

AX (uM)

Fig. 4. AX promotes neuronal cell viability with LEP induction. (4) AX
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group (n = 3/group). (B) Western blots showing that 10 and 20 uM of AX
significantly increases LEP expression compared with DMSO (n = 4-5/group).
Protein levels normalized to the band intensity of p-actin. Data are pre-
sented as mean + SEM, *P < 0.05, **P < 0.01, vs. DMSO. NS, not significant.
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Fig. 5. Central LEP involved in ME+AX-induced enhancement of spatial memory in LEP-deficient mice. (A) Experimental design for ME combined with AX in
LEP-deficient (ob/ob) mice (n = 5-7/group). (B) Representative swimming paths during the probe test. (C) The ME-alone group showing increased time in the P
zone (*P < 0.05 vs. SE+PL). (D) The ME-alone and the ME+AX interventions lead to increased crossing times for the P zone (*P < 0.05 vs. SE+PL). (E) The ob/ob
mice continuously administered sCSF or LEP during the four-week combined intervention (n = 5/group). (F) Representative swimming paths during the probe
test. (G) The percentage of time spent in the P zone with LEP administration is shown as significantly greater than that with aCSF infusion (**P < 0.01 vs. aCSF
group). (H) There is a tendency for increased times in crossing the P zone in the LEP-administered group (P = 0.06). Data are presented as mean + SEM.

It is also known that LEP has other extrahypothalamic roles in
the brain based on its reported effects on dendritic morpho-
genesis, synaptogenesis, and AHN (25, 35, 36). LEP mRNA
expression has been detected in the rodent (21) and the human
(23) brain. We confirmed the expression of hippocampal LEP
mRNA, which increased with ME alone and even more so with
the combination of ME and AX (Fig. 34). Importantly, plasma
LEP in WT mice remained unchanged by the combined inter-
vention (Fig. 3B). We also found that hippocampal, but not blood,
LEP levels were positively correlated with intervention-enhanced
spatial memory function (Fig. 3F), suggesting that brain-derived
LEP, particularly in the hippocampus, mediates the enhancement
of AHN and spatial memory when ME and AX are combined.

While brain-produced LEP is important, intraperitoneally
administered LEP contributes to enhanced AHN (25). Exoge-
nous LEP treatment also facilitates an improvement in long-term
potential and spatial memory (27, 37). Furthermore, a previous
study showed that administration of LEP into the hippocampus
induces potential antidepressant effects against chronic stress (30).

LEP-deficient (ob/ob) mice, a model for diabetes with obesity,
have been reported to show spatial learning and memory deficits
in the MWM test (38). Thus, because of LEP’s crucial role in
hippocampus-dependent cognitive function, we chose ob/ob mice
to investigate whether it could be involved in increased spatial
memory resulting from the combination of ME and AX. LEP-
deficient mice did not exhibit any further increase in spatial
memory performance with the combined intervention compared
with ME alone (Fig. 5 C and D). When we applied a chronic ICV
infusion of LEP over four weeks to leptin-deficient ob/ob mice,
spatial memory induced by the combination of ME and AX was
enhanced (Fig. 5 G and H). Therefore, a LEP increment in the
brain may be partly required for inducing the synergistic effects
of the combined intervention on spatial memory performance.

Like other mediators of additive/synergistic effects on cogni-
tion and neuronal plasticity, a combination of DHA and exercise
has been reported to enhance learning, in part via increasing
BDNF and synaptic protein expression (3, 4). As part of a
complex signaling mechanism, in the absence of LEP, ME
combined with AX increased pIGF1R and its downstream fac-
tors (pPI3K and pAKT) in the hippocampus of ob/ob mice (SI
Appendix, Fig. S3). Considering prior evidence on the interaction
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between IGF1 and LEP signaling in the hippocampus (39), our
results of increased LEP and IGF1R support the possibility that
the enhancement of AHN and memory function by ME+AX
may be due to the interplay of both LEP and IGF1R expression.

We also found that levels of hippocampal LEPRa, but not
levels of LEPRD, and its downstream factors (pAKT and pSTAT3)
were increased together with ME and AX (Fig. 3E). Interestingly,
the LEPRa increase was correlated with memory increase (Fig.
3G). Hippocampal LEPRb has been principally recognized to
play a physiological role in depression-like behaviors (40), but
the role of LEPRa as a functional receptor in the hippocampus is
uncertain. A recent study showed that LEPRa is predominantly
expressed in the hippocampus and that the LEPRa mRNA is
highly expressed in cultured astrocytes (41). Among many cel-
lular signals in astrocytes, STAT3 appears to have an important
role in response to LEP for the regulation of neuroendocrine
function in obesity (42). Thus, our results raise the possibility
that combined intervention induces synergistic enhancements of
AHN and spatial memory, at least in part, through LEP action
with astrocytic LEPRa/STATS3 signaling.

There are indications from animal models that coadministered
exercise and dietary supplements provide superior benefits for
hippocampus-based cognitive function (43). For example, the
effect of voluntary running, regardless of exercise intensity, on
spatial learning and memory performance was increased when
combined with the dietary intervention of DHA (3, 4) and
EGCG (2). However, a further study is needed to determine
optimal exercise conditions for additional effects on hippocam-
pal function, because two studies investigated the combined ef-
fects of voluntary exercise and specific dietary supplements
(EGCG/p-alanine) on AHN in mice but failed to show any sig-
nificant effect with either compound alone or in combination
with exercise (5, 6). We previously reported that ME below the
exercise intensity threshold enhances hippocampal memory
function in both humans and rodents (7, 9). Here we have further
demonstrated that ME is more effective for enhancing spatial
memory and AHN when combined with AX, as evidenced by their
combined contribution being greater than the sum of their re-
spective neurogenic effects. Thus, our results suggest that ME
defined by a physiological parameter of exercise intensity is highly
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feasible for translating to a human clinical trial to achieve better
benefits of combining exercise with an antioxidant.

In conclusion, we have demonstrated that the beneficial ef-
fects of ME on hippocampus-based cognition and neuronal
plasticity are strengthened by diets supplemented with an anti-
oxidant, AX. Importantly, we have provided evidence that in-
creased hippocampal h-LEP and its AKT/STATS3 signaling mediate
the induction of at least the additive effect of ME combined with
AX on neurogenesis and spatial memory (SI Appendix, Fig. S5);
however, exogenous LEP also works in 0ob/ob mice. We have shown
that AX has a neurotrophic effect that also increases LEP ex-
pression in an in vitro cell model. Recently, LEP administration
and gene therapy were shown to have potential neuroprotective
effects against AD in rodents (28, 44), suggesting that LEP has
therapeutic potential in AD pathology. Thus, our findings ad-
vance the notion that ME combined with a dietary antioxidant
such as AX, which induces endogenous h-LEP, may be an ef-
fective nonpharmacological strategy for preventing or improv-
ing cognitive function and brain health, and for slowing cognitive
decline. This strategy may be particularly useful in vulnerable in-
dividuals, including the elderly.
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Methods

Animal care and experiments were performed in accordance with procedures
approved by the University of Tsukuba Animal Experiment Committee (ap-
proval 15-054). For fully detailed methods, please refer to the S/ Appendix.

Based on the ventilatory threshold (VT), we determined the intensity of
treadmill running for both WT and ob/ob mice (S/ Appendix, Fig. S6). The
mice from the exercise groups ran following the appropriate running
protocol (four weeks) below their VT (SI Appendix, Table S7). The mice
received a nonpurified basal diet with either AX or a placebo (AstaReal
powder 20F; AstaReal Co. Ltd) at concentrations of 0.5% (SI Appendix,
Table S8) (32).
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