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ABSTRACT 
 
5’-Adenosine monophosphate-activated protein kinase (AMPK) is a metabolic sensor that serves as a cellular 
housekeeper; it also controls energy homeostasis and stress resistance. Thus, correct regulation of this factor 
can enhance health and survival. AMPK signaling may have a critical role in aging-associated brain diseases. 
Some in vitro studies have shown that 1,5-anhydro-D-fructose (1,5-AF) induces AMPK activation. In the present 
study, we experimentally evaluated the effects of 1,5-AF on aging-associated brain diseases in vivo using an 
animal model of acute ischemic stroke (AIS), stroke-prone spontaneously hypertensive rats (SHRSPs), and the 
spontaneous senescence-accelerated mouse-prone 8 (SAMP8) model. In the AIS model, intraperitoneal 
injection of 1,5-AF reduced cerebral infarct volume, neurological deficits, and mortality. In SHRSPs, oral 
administration of 1,5-AF reduced blood pressure and prolonged survival. In the SAMP8 model, oral 
administration of 1,5-AF alleviated aging-related decline in motor cognitive function. Although aging reduced 
the expression levels of peroxisome proliferator-activated receptor-γ co-activator-1α (PGC-1α) and brain-
derived neurotrophic factor (BDNF), we found that 1,5-AF activated AMPK, which led to upregulation of the 
PGC-1α/BDNF pathway. Our results suggest that 1,5-AF can induce endogenous neurovascular protection, 
potentially preventing aging-associated brain diseases. Clinical studies are needed to determine whether 1,5-AF 
can prevent aging-associated brain diseases. 
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INTRODUCTION 
 
5′-Adenosine monophosphate-activated protein kinase 
(AMPK) is an evolutionarily conserved serine/threonine 
kinase that is crucial for the maintenance of cellular 
energy homeostasis; various molecular mechanisms and 
physiological processes regulate AMPK activity. At 
cellular and systemic levels, AMPK controls critical 
determinants of aging and longevity. AMPK regulates 
various physiological and metabolic processes; it is 
dysregulated in major chronic diseases. 
 
Brain aging research has been an important research 
focus in recent years. While the brain clearly changes 
with increasing age, there is less clarity concerning the 
rate of change, biological age of the brain, and 
processes involved. Cognition and behavior are affected 
by aging-related changes at multiple levels, from single 
molecules to whole organs. Incidences of stroke, white 
matter lesions, and dementia increase with age, as does 
the level of memory impairment [1]. AMPK regulation 
has been implicated in the pathophysiology of brain 
aging, including conditions such as stroke and 
Alzheimer’s disease (AD) [2, 3]. Activation of AMPK 
results in reduced blood pressure (BP) [4], enhanced 
fatty acid oxidation, and decreased levels of glucose and 
lipids (e.g., cholesterol and triglycerides) [5]. High 
expression of AMPK in brain tissue is linked to its 
ability to protect against ischemic stimuli and promote 
autophagy [6]; the activation of AMPK may protect 
against ischemic stroke [7]. Moreover, AMPK can 
promote neurological improvement and neurogenesis, 
attenuate cerebral hemorrhage, and alleviate some 
neurodegeneration [7]. However, few studies have 
clarified the usefulness of AMPK in clinical practice; its 
mechanisms are unclear. Future clinical studies of 
AMPK may help to prevent aging-associated brain 
diseases. 
 
Aging-related pathways (e.g., AMPK) are major targets 
of anti-aging interventions. Exercise and metformin are 
indirect AMPK activators, and metformin reportedly 
extends longevity in Caenorhabditis elegans through a 
dietary restriction-like mechanism via AMPK [8]. 
Furthermore, exercise [9] and metformin [10] exhibit 
neuroprotective effects in animal models of aging-
associated brain diseases; they are currently the focus of 
clinical trials to determine their effects on human aging, 
particularly in terms of tissue homeostasis and 
metabolic dysfunction. 
 
1,5-Anhydro-D-fructose (1,5-AF) induces the activation 
of AMPK. 1,5-AF is a bioactive monosaccharide 
produced by the degradation of starch and glycogen 
[11]. It is present in mammalian tissues such as rat liver, 
and is metabolized in vivo to 1,5-anhydro-D-glucitol. 

1,5-AF has a wide spectrum of bioactive properties, 
including antioxidant, anti-inflammatory, antimicrobial, 
antidiabetic, and anticancer effects. We recently found 
that 1,5-AF activates AMPK in PC12 neuron-like cells 
in vitro [12]. Because 1,5-AF activates AMPK, we 
hypothesized that the administration of 1,5-AF would 
prevent aging-associated brain diseases. To our 
knowledge, there have been no reports concerning the 
effects of 1,5-AF on aging-associated brain diseases 
in vivo; thus, we investigated these effects in multiple 
animal models. 
 
Because brain aging in humans is heterogeneous and 
has a complex pathophysiology, it is impossible to 
mimic all aspects in a single animal model. The 10 most 
common causes of death worldwide include two 
diseases related to brain aging: stroke and dementia 
(AD and other dementias). Accordingly, we used 
animal models of stroke and dementia. 
 
Stroke-prone spontaneously hypertensive rats (SHRSPs) 
have severe hypertension and a high risk of aging-
related stroke [13]; most SHRSPs die of stroke. These 
rats are widely used as a model for human stroke; they 
are suitable for both mechanistic and treatment studies 
[14]. In the SHRSP Izumo strain (SHRSP/Izm; isolated 
from Wistar Kyoto rats (WKY/Izm) [14]), BP begins 
increasing shortly after birth; it reaches 250 mmHg by 
18 weeks of age and 300 mmHg by 20 weeks of age 
[15]. In contrast, BP in WKY/Izm rats remains at 140–
150 mmHg from 6 to 30 weeks of age [15]. Most 
SHRSP/Izm rats die of hemorrhagic or ischemic stroke 
[14]. 
 
The spontaneous senescence-accelerated mouse-prone 
(SAMP) model is widely used. SAMP and senescence-
accelerated mouse-resistant mice were selected from 
AKR/J mice by the Takeda laboratory [16]; each  
SAMP strain exhibits specific aging-related disease 
phenotypes. Changes in the SAMP8 strain are generally 
similar to the pathomorphology in aging human brains; 
these mice exhibit several specific glioneuronal 
responses. Therefore, SAMP8 mice offer a model for 
accelerated senescence, as well as AD and other 
cognitive disorders [16]. SAMP8 mice exhibit most 
pathological features of AD, including abnormal 
expression of anti-aging factors; increased amyloid-β 
deposition, tau hyperphosphorylation, inflammation, 
oxidative stress, and endoplasmic reticulum stress, 
abnormal autophagy activity, and intestinal flora 
disruption [17]. Thus, SAMP8 mice enable effective 
visualization of AD and exploration of new therapeutic 
targets. 
 
Because their pathomorphologies are similar to clinical 
findings in human patients, we used these animal 
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models to inspect the effects of 1,5-AF on aging-
associated brain diseases. Our primary objective was  
to validate 1,5-AF in multiple animal models for 
subsequent translation into clinical applications. We 
also examined the molecular mechanisms underlying 
the effects of 1,5-AF. Exercise-induced enhancement of 
AMPK activity and upregulation of the peroxisome 
proliferator-activated receptor-γ co-activator-1α (PGC-
1α) and brain-derived neurotrophic factor (BDNF) 
pathway may contribute to the beneficial effects of 
exercise on amyloid-β-induced impairments of learning 
and memory [18]. PGC-1α is a downstream effector of 
AMPK [19], and BDNF is a downstream effector of 
PGC-1α [20]. 
 
Recently, we reported that 1,5-AF activates PGC-1α via 
AMPK, with potential mitochondrial biogenesis and 
cytoprotective effects in PC12 cells [12]. Mitochondria 
have been implicated in aging, as well as in the onset 
and progression of several aging-related diseases, for 
decades. Aging is a risk factor for various degenerative 
diseases; while aging and its related diseases have 
multiple causative factors, mitochondrial dysfunction is 
an important contributing factor and may be mediated 
by insufficient adenosine triphosphate supply [21]. 
PGC-1α is a key regulator of mitochondrial biogenesis 
[22]; this transcriptional co-activator helps to regulate 
the expression patterns of energy metabolism-related 
genes and contributes to oxidative phosphorylation and 
mitochondrial integrity [21]. 
 
Brain aging has been linked with neurotrophins, a class 
of growth/survival factors. BDNF is the most abundant 
neurotrophin in the central nervous system; it has 
diverse intrinsic regulatory mechanisms and functions 
[23, 24]. During aging-related synaptic loss, BDNF 
prevents cerebral atrophy and cognitive decline; it also 
interacts with reactive oxygen species that can 
exacerbate aging, neurodegenerative diseases, and some 
neuropsychiatric disorders [25]. Thus, we investigated 
the effects of 1,5-AF on the AMPK/PGC-1α/BDNF 
pathway in multiple animal models of human aging-
associated brain diseases. 
 
RESULTS 
 
Intraperitoneal injection of 1,5-AF reduces cerebral 
infarct volume in rats with acute ischemic stroke 
(AIS) 
 
Infarct volume was lower in 1,5-AF rats (68.0 ± 17.8 
mm³) than in control rats (463 ± 15.9 mm³, p < 0.001; 
Figure 1A). Neurological score was better in 1,5-AF 
rats (0.5 ± 0.2) than in control rats (3.7 ± 0.2, p = 0.002; 
Figure 1B). Mortality after AIS was also lower in 1,5-
AF rats (16.7%) than in control rats (44.4%, p = 0.036; 

Figure 1C). Thus, 1,5-AF reduced cerebral infarct 
volume in rats with AIS; it also reduced neurological 
deficits and mortality. 
 
Intraperitoneal injection of 1,5-AF activates the 
pAMPK/PGC-1α/BDNF pathway in rats with AIS 
 
The protein level of pAMPK was higher in 1,5-AF rats 
than in control rats (p = 0.016; Figure 1D, 1E). Protein 
levels of PGC-1α and BDNF were also higher in 1,5-AF 
rats than in control rats (p = 0.010 and p = 0.002; Figure 
1D, 1F, 1G). BDNF and PGC-1α immunoreactivity 
around lesions was higher in 1,5-AF rats than in control 
rats (p < 0.001 and p < 0.001; Figure 1H–1J). The 
expression of fibronectin type III domain-containing 
protein 5 (FNDC5), which is associated with the 
pAMPK/PGC-1α/BDNF pathway, was also 
investigated. Both FNDC5 protein levels and FNDC5 
immunoreactivity around lesions were higher in 1,5-AF 
rats than in control rats (p = 0.043 and p = 0.003; 
Supplementary Figure 1A–1D). 
 
Intraperitoneal injection of 1,5-AF inhibits tumor 
necrosis factor-α (TNF-α) and microglial activation 
in rats with AIS 
 
To evaluate brain inflammation, we examined the 
expression of TNF-α and the activation of allograft 
inflammatory factor 1 (Iba1). Protein levels of TNF-α 
and Iba1 were lower in 1,5-AF rats than in control rats 
(p = 0.004 and p = 0.0147; Figure 2A–2C). Protein 
levels of inducible nitric oxide synthase (iNOS; a 
marker of M1 microglia) were significantly lower in 
1,5-AF rats than in control rats (p = 0.033; Figure 2A, 
2D). In contrast, the protein level of arginase-1 (a 
marker of M2 microglia) was significantly higher in 
1,5-AF rats than in control rats (p = 0.043; Figure 2A, 
2E). Moreover, the percentages of TNF-α- and NeuN-
positive cells around lesions were significantly higher in 
control rats than in 1,5-AF rats (p = 0.019; Figure 2F, 
2G). Activated microglia were then evaluated by 
counting positive cell number, size, and perimeter. The 
number of activated microglia was significantly lower 
in 1,5-AF rats than in control rats (p = 0.001; Figure 2H, 
2I). Microglial size and perimeter were also 
significantly smaller in 1,5-AF rats than in control rats 
(p = 0.005 and p = 0.006; Figure 2H, 2J, 2K). 
 
Oral ingestion of 1,5-AF prolongs survival in high-
salt-water SHRSPs 
 
In the AIS model, 1,5-AF ameliorated cerebral infarction 
through an AMPK-mediated pathway. However, those 
rats were only assessed for 24 h post-ischemia; we 
presumed that a longer analysis would clarify whether 
continued 1,5-AF treatment could facilitate or accelerate 
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recovery. Therefore, we evaluated SHRSPs that received 
consistent levels of saline intake throughout the 
experimental period. In the survival analysis, all rats in 
the control group reached the endpoint criteria by 35 
weeks of age; in contrast, only two rats in the 1,5-AF 
group had died by that age (p < 0.001; Figure 3A). 
Notably, the first death in the control group occurred in a 
15-week-old rat. At 15 weeks of age, systolic BP 
was higher in control rats (265.1 ± 5.5 mmHg) than in 
1,5-AF rats (222.4 ± 7.2 mmHg, p < 0.001; 
Figure 3B); diastolic BP was also higher in control rats 
(227.6 ± 6.7 mmHg) than in 1,5-AF rats (184.7 ± 8.3 

mmHg, p < 0.001; Figure 3B). Although BP 
measurements were performed before the rats reached 
15 weeks of age, they did not significantly differ between 
groups (data not shown). Because the first rat died at 
15 weeks of age, tissue collection was performed in rats 
at that age. Among the rats used for tissue collection 
(distinct from the rats used for survival analysis; please 
see Methods for details), systolic BP (1,5-AF: 186.3 ± 
13.1 mmHg, control: 250.1 ± 9.8 mmHg, p = 0.001; 
Figure 3C) and diastolic BP (1,5-AF: 126.6 ± 10.5 
mmHg, control: 184.3 ± 9.3 mmHg, p = 0.002; 
Figure 3C) were lower in 1,5-AF rats than in control rats. 

 

 
 
Figure 1. 1,5-AF activates pAMPK, decreases infarct volume, and reduces neurological deficits. Representative TTC-stained 
cerebral sections from 1,5-AF and control rats (A); infarct volume (white region) was smaller in 1,5-AF rats than in control rats (1,5-AF: 
n = 6, control: n = 6). Neurological scores (1,5-AF: n = 6, control: n = 6) (B) and mortality rate (1,5-AF: n = 6, control: n = 6) (C) after AIS. 
Neurological scores were better and mortality rate was lower in 1,5-AF rats than in control rats. Immunoblotting results after AIS (1,5-AF: 
n = 4, control: n = 4) (D). Semiquantitative analysis of immunoblots revealed that protein levels of pAMPK (E), PGC-1α (F), and BDNF (G) 
were higher in 1,5-AF rats than in control rats. Photomicrographs of PGC-1α and BDNF immunoreactivities (1,5-AF: n = 6, control: n = 6) (H). 
PGC-1α (I) and BDNF (J) expression was higher in 1,5-AF rats than in control rats. Data are shown as the mean ± standard error. *p < 0.05, 
**p < 0.01, ***p < 0.001. Scale bar = 50 µm. Abbreviations: 1,5-AF: 1,5-anhydro-D-fructose; AIS: acute ischemic stroke; BDNF: brain-derived 
neurotrophic factor; pAMPK: phosphorylated 5’-adenosine monophosphate-activated protein kinase; PGC-1α: peroxisome proliferator-
activated receptor-γ co-activator-1α; TTC: 2,3,5-triphenyltetrazolium chloride. 
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Body weights were similar in 1,5-AF rats (260.9 ± 5.3 g) 
and control rats (272.5 ± 6.9 g, p = 0.21; Figure 3D). 
Walking time in the rotarod test was greater in 1,5-AF 
rats (28.8 ± 7.1 s) than in control rats (7.0 ± 2.5 s, p = 
0.009; Figure 3E). At 15 weeks of age, soleus muscle 
weight was lower in control rats (0.03% ± 0.001%) than 
in 1,5-AF rats (0.034% ± 0.001%, p = 0.011; Figure 
3F). Tibialis anterior muscle weight was also lower in 

control rats (0.172% ± 0.0078%) than in 1,5-AF rats 
(0.184% ± 0.0042%, p = 0.037; Figure 3G). 
 
Oral ingestion of 1,5-AF activates the pAMPK/PGC-
1α/BDNF pathway in high-salt-water SHRSPs 
 
The protein level of pAMPK was higher in 1,5-AF rats 
than in control rats (p = 0.009; Figure 3H, 3I). Protein 

 

 
 
Figure 2. 1.5-AF inhibits inflammatory cytokines and microglial activation in an AIS model. Immunoblotting results after AIS 
(1,5-AF: n = 4, control: n = 4) (A). Semiquantitative analysis of immunoblots revealed that protein levels of TNF-α (B), Iba1 (C), and iNOS (D) 
were lower in 1,5-AF rats than in control rats. The protein level of arginase-1 (E) was higher in 1,5-AF rats than in control rats. Fluorescent 
double-stained images of TNF-α and NeuN (neurons) in the penumbra region (1,5-AF: n = 6, control: n = 6) (F). The percentage of NeuN cells 
co-stained with TNF-α was lower in 1,5-AF rats than in control rats (G). Photomicrographs of Iba1 immunoreactivity (1,5-AF: n = 6, control: 
n = 6) (H). There were fewer activated microglia in 1,5-AF rats than in control rats (I). Both the area (J) and perimeter diameter (K) of 
activated microglia were smaller in 1,5-AF rats than in control rats. Data are shown as the mean ± standard error. *p < 0.05, **p < 0.01, ***p 
< 0.001. Scale bars: (F) 30 µm, (H) Iba1 low-powered: 100 µm, Iba1 high-powered: 50 µm. Abbreviations: 1,5-AF: 1,5-anhydro-D-fructose; 
AIS: acute ischemic stroke; Iba1: allograft inflammatory factor 1; iNOS: inducible nitric oxide synthase; TNF-α: tumor necrosis factor-α. 
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Figure 3. 1,5-AF activates pAMPK/PGC-1α/BDNF pathway and prolongs survival in high-salt-water SHRSPs. Kaplan–Meier 
survival curves in 1,5-AF and control rats, according to log-rank test (A) (1,5-AF: n = 12, control: n = 12). 1,5-AF treatment reduced mortality. 
Blood pressure at 15 weeks in rats used for survival analysis (B) (1,5-AF: n = 12, control: n = 12) and in rats used for tissue collection (C) (1,5-
AF: n = 8, control: n = 8). Blood pressure at 15 weeks of age was consistently lower in 1,5-AF rats than in control rats. Body weight (D) (1,5-
AF: n = 12, control: n = 12), rotarod test results (E) (1,5-AF: n = 12, control: n = 12), soleus muscle weight (F) (1,5-AF: n = 12, control: n = 12), 
and tibialis anterior muscle weight (G) (1,5-AF: n = 12, control: n = 12). Body weight did not differ between groups. Rotarod tests revealed 
greater walking time in 1,5-AF rats. Soleus and tibialis anterior muscle weights were lower in control rats than in 1,5-AF rats. Immunoblot 
analysis (H) revealed that protein levels of pAMPK (I), PGC-1α (J), and BDNF (K) were higher in 1,5-AF rats than in control rats (1,5-AF: n = 6, 
control: n = 6). Photomicrographs of PGC-1α and BDNF immunoreactivity (1,5-AF: n = 8, control: n = 8) (L). PGC-1α (M) and BDNF (N) 
expression was greater in 1,5-AF rats than in control rats. Data are shown as the mean ± standard error. *p < 0.05, **p < 0.01, ***p < 0.001. 
Scale bar = 50 µm. 
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levels of PGC-1α and BDNF were also higher in  
1,5-AF rats than in control rats (p = 0.005 and p = 
0.008; Figure 3H–3K). Similarly, PGC-1α and BDNF 
immunoreactivity in the left and right cortical regions 
was higher in 1,5-AF rats than in control rats (p < 0.001 
and p < 0.001; Figure 3L–3N). The expression of 
FNDC5 (associated with the pAMPK/PGC-1α/BDNF 
pathway) was also evaluated. Both the protein levels of 
FNDC5 and the percentages of FNDC5 immuno-
reactivity in left and right cortical regions were higher 
in 1,5-AF rats than in control rats (p < 0.001 and p < 
0.001; Supplementary Figure 1E–1H). 
 
Importantly, SHRSP samples were not collected or 
analyzed after survival measurement because all 
SHRSPs in the control group were in poor condition for 
tissue collection at the time of death (≤35 weeks of 
age); thus, we could not compare tissues between the 
1,5-AF and control groups. 
 
Oral ingestion of 1,5-AF inhibits TNF-α and 
microglial activation in high-salt-water SHRSPs 
 
To evaluate brain inflammation, we examined TNF-α 
expression and Iba1 activation. Protein levels of TNF-
α and Iba1 were lower in 1,5-AF rats than in control 
rats (p = 0.002 and p = 0.003; Figure 4A–4C). The 
protein level of iNOS, a marker of M1 microglia, was 
also significantly lower in 1,5-AF rats than in control 
rats (p = 0.001; Figure 4A, 4D). However, the protein 
level of arginase-1, a marker of M2 microglia, was 
significantly higher in 1,5-AF rats than in control rats 
(p = 0.046; Figure 4A, 4E). The percentages of TNF-
α- and NeuN-positive cells were then evaluated. The 
percentages of TNF-α- and NeuN-positive cells 
around the cortex were significantly lower in 1,5-AF 
rats than in control rats (p < 0.001; Figure 4F, 4G). 
Activated microglia were evaluated by counting 
positive cells (i.e., microglia that had projections), 
measuring cell body area, and measuring the 
circumference of individual cell bodies. The number 
of activated microglia was significantly lower in 1,5-
AF rats than in control rats (p < 0.001; Figure 4H, 4I). 
Furthermore, both the area and circumference of 
microglial cell bodies were significantly lower in 1,5-
AF rats than in control rats (p < 0.001 and p < 0.001; 
Figure 4H, 4J, 4K). 
 
Oral ingestion of 1,5-AF may maintain age-related 
motor cognitive function in SAMP8 mice 
 
Our findings in acute and chronic models of 
experimental stroke revealed that 1,5-AF causes 
beneficial effects via the AMPK/PGC-1α/BDNF 
pathway. We sought to validate these findings in 
SAMP8 mice, thus clarifying the effects of 1,5-AF on 

aging-related declines in physical and cognitive 
functions. The mean lifespan of SAMP8 mice is 9.7 
months [26]. Here, SAMP8 mice were bred until 12 
months of age to allow sufficient aging; debilitated mice 
with weight loss began to appear at 7 months of age in 
the control group and at 10 months of age in the 1,5-AF 
group. Consistent intake of 1,5-AF was confirmed in all 
1,5-AF mice. At 12 months of age, eight of 22 mice in 
the control group and four of 23 mice in the 1,5-AF 
group were euthanized in accordance with the humane 
endpoint protocol (p = 0.18; Figure 5A). 
 
To determine aging-related decline in locomotor 
activity, we assessed locomotor activity by open field 
(OF) tests when mice were 6 and 12 months of age. 
Because we had previously found no decline in 
locomotor activity among 5-month-old mice [9], we 
opted to perform the first measurement at 6 months of 
age. Here, both groups showed lower motor activity at 
12 months of age than at 6 months of age (1,5-AF: 6 
months: 202.63 ± 10.65 m/h, 12 months: 134.58 ± 13.09 
m/h; control: 6 months: 208.67 ± 11.81 m/h, 12 months: 
95.51 ± 11.56 m/h; Figure 5B). 1,5-AF intake mitigated 
aging-related decline in exercise activity (group effect: 
p = 0.21, time effect: p < 0.001, interaction effect: p = 
0.037). At 12 months of age, 1,5-AF mice tended to 
have higher locomotor activity than control mice 
(Sidak's multiple comparisons: p = 0.068). Mean 
movement velocity was greater in 1,5-AF mice than in 
control mice (1,5-AF: 7.51 ± 0.63 cm/s, control: 5.18 ± 
0.97 cm/s, p = 0.045; Figure 5B). 
 
Morris water maze (MWM) analysis was conducted to 
evaluate cognitive function in 12-month-old mice. 
Among control mice, the escape latencies were 38.49 ± 
3.29 s on day 1 and 35.82 ± 6.25 s on day 4; among 1,5-
AF mice, these values were 42.41 ± 2.27 s and 34.79 ± 
2.64 s, respectively. There were no significant 
differences between groups (group effect: p = 0.62, time 
effect: p = 0.12, interaction effect: p = 0.89; Figure 5C). 
For 1,5-AF and control mice, the numbers of platform 
crossings were 0.86 ± 0.22 and 0.9 ± 0.55, respectively; 
they did not significantly differ between groups (p = 
0.64; Figure 5C). 
 
Novel object recognition (NOR) tests were conducted in 
12-month-old mice to evaluate recognition memory. 
Discrimination index values were greater among 1,5-AF 
mice than among control mice (1,5-AF: 59.50% ± 
1.75%, control: 49.13% ± 3.11%, p < 0.001; Figure 5D). 
 
Oral ingestion of 1,5-AF activates the pAMPK/PGC-
1α/BDNF pathway in SAMP8 mice 
 
Among 12-month-old SAMP8 mice, the protein level of 
pAMPK was higher in 1,5-AF mice than in control mice 



www.aging-us.com 11747 AGING 

(p = 0.046; Figure 5E, 5F). Protein levels of PGC-1α and 
BDNF were also higher in 1,5-AF mice than in control 
mice (PGC-1α: p = 0.008, BDNF: p = 0.006; Figure 5E, 
5G, 5H). Moreover, we quantified BDNF and PGC1-α 
immunoreactivity in the hippocampus (CA1 and CA3 
regions) and cortex (Figure 5I). BDNF immunoreactivity 
in the CA1 did not significantly differ between 1,5-AF 
and control mice (p = 0.54; Figure 5I, 5J). However, in 
the CA3 and cortex, BDNF immunoreactivity was 
higher in 1,5-AF mice than in control mice (CA3:  

p = 0.037, cortex: p = 0.002; Figure 5I, 5K, 5L). PGC1-α 
immunoreactivity in the CA1 tended to be higher in 1,5-
AF mice than in control mice (p = 0.055; Figure 5I, 5M). 
Moreover, PGC1-α immunoreactivity in the CA3 and 
cortex was higher in 1,5-AF mice than in control mice 
(CA3: p = 0.025, cortex: p = 0.016; Figure 5I, 5N, 5O). 
FNDC5 immunoreactivity in the CA1, CA3, and cortex 
was higher in 1,5-AF mice than in control mice (CA1:  
p = 0.004, CA3: p < 0.001, cortex: p = 0.004; 
Supplementary Figure 1H–1L). 

 

 
 
Figure 4. 1.5-AF inhibits inflammatory cytokines and microglial activation in high-salt-water SHRSPs. Immunoblot analysis (A) 
revealed that protein levels of TNF-α (B), Iba1 (C), and iNOS (D) were lower in 1,5-AF rats than in control rats. The protein level of arginase-
1 (E) was higher in 1,5-AF rats than in control rats (1,5-AF: n = 6, control: n = 6). Fluorescent double-stained images of TNF-α and NeuN 
(neurons) in the motor cortex (1,5-AF: n = 8, control: n = 8) (F). The percentage of NeuN cells that were co-stained with TNF-α was lower in 
1,5-AF rats than in control rats (G). Photomicrographs of Iba1 immunoreactivity (1,5-AF: n = 8, control: n = 8) (H). There were fewer 
activated microglia in 1,5-AF rats than in control rats (I). Both the area (J) and perimeter (K) of activated microglia were smaller in 1,5-AF 
rats than in control rats. Data are shown as the mean ± standard error. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: (F) 30 µm, (H) Iba1 low-
powered: 100 µm, Iba1 high-powered: 50 µm. Abbreviations: 1,5-AF: 1,5-anhydro-D-fructose; Iba1: allograft inflammatory factor 1; iNOS: 
inducible nitric oxide synthase; SHRSPs: stroke-prone spontaneously hypertensive rats; TNF-α: tumor necrosis factor-α. 
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Figure 5. 1,5-AF activates pAMPK/PGC-1α/BDNF pathway in SAMP8 mice to maintain activity and cognitive function. 
Kaplan–Meier survival curves in 1,5-AF and control mice, according to log-rank test (A); survival did not significantly differ between groups 
(p = 0.18) (1,5-AF: n = 19, control: n = 14). Open field test revealed greater locomotor activity and movement speed per unit time in 1,5-AF 
mice than in control mice (B) (1,5-AF: n = 19, control: n = 15). Morris water maze analysis showed no significant differences between groups 
in time to reach the platform or number of platform crossings (C) (1,5-AF: n = 11, control: n = 6). Novel object recognition test revealed 
higher orientation to a novel object in 1,5-AF mice (D) (1,5-AF: n = 19, control: n = 15). Immunoblot analysis (E) revealed that protein levels 
of pAMPK (F), PGC-1α (G), and BDNF (H) were higher in 1,5-AF mice than in control mice (1,5-AF: n = 6, control: n = 6). Representative 
image of BDNF and PGC1-α staining in the cortex and hippocampal CA1 and CA3 regions (I). BDNF immunoreactivity in the CA3 
(J) and cortex (K) was higher in 1,5-AF mice than in control mice, whereas immunoreactivity in the CA1 (L) did not differ (1,5-AF: n = 6, 
control: n = 6). PGC1-α immunoreactivity in the CA3 (M) and cortex (N) was also higher in 1,5-AF mice than in control mice, whereas 
immunoreactivity in the CA1 (O) did not differ (1,5-AF: n = 6, control: n = 6). Data are shown as the mean ± standard error. *p < 0.05, **p < 
0.01. Scale bar = 100 µm (I). Abbreviations: 1,5-AF: 1,5-anhydro-D-fructose; BDNF: brain-derived neurotrophic factor; pAMPK: 
phosphorylated 5′-adenosine monophosphate-activated protein kinase; PGC-1α: peroxisome proliferator-activated receptor-γ co-activator-
1α; SAMP8: senescence-accelerated mouse-prone 8. 
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Effects of oral 1,5-AF ingestion on neuroinflammation 
in SAMP8 mice 
 
Protein levels of TNF-α, Iba1, and iNOS were not 
significantly different between 1,5-AF and control mice 
(TNF-α: p = 0.64, Iba1: p = 0.21, iNOS: p = 0.49; 
Figure 6A–6D). However, arginase-1 protein levels 
tended to be higher in 1,5-AF mice than in control mice 
(p = 0.075; Figure 6A, 6E). Next, we attempted to 
assess the percentages of TNFα- and NeuN-positive 
cells using fluorescent staining. However, the 
hippocampus had a dense neuronal population, which 
made it difficult to distinguish between TNFα- and 
NeuN-positive cells. We therefore counted both TNFα- 
and NeuN-positive cells in the cortex but evaluated the 
immunoreactivity of TNFα alone in the CA1 and CA3. 
In 1,5-AF mice, there was a trend toward lower TNFα 
expression in the CA3 and cortex compared with 
control mice (CA1: p = 0.98, CA3: p = 0.062, cortex: p 
= 0.083; Figure 6F–6J). In addition, the number, size, 
and perimeter of activated microglia in the CA1, CA3, 
and cortex were evaluated. Microglial number and size 
were not significantly different between 1,5-AF and 
control mice (Figure 6K, 6L–6Q). However, microglial 
perimeters in the CA1 and cortex were lower in 1,5-AF 
mice than in control mice (CA1: p = 0.019, CA3: p = 
0.070, cortex: p = 0.046; Figure 6R–6T). 
 
DISCUSSION 
 
Here, we examined the behavioral and molecular effects 
of 1,5-AF in multiple animal models of human aging-
associated brain diseases. We found that 1,5-AF 
activates AMPK and may induce brain damage 
tolerance via the downstream PGC-1α/BDNF pathway 
(Figure 7). The main mechanisms underlying the 1,5-
AF-induced improvements in our animal models may 
comprise neurovascular protection and plasticity [27] 
and ischemic tolerance [28] caused by BDNF via 
AMPK/PGC-1α activity. In this study, we had several 
important findings. 
 
First, concerning the AIS model, previous reports have 
shown that BDNF induces a dose- and time-dependent 
increase in tissue plasminogen activator/plasminogen 
expression [29]. The reduction in cerebral infarct 
volume by 1,5-AF, which led to improved neurological 
function in our rats, may be related to enhancement  
of the fibrinolytic system by BDNF. This effect may 
occur along with the aforementioned neurovascular 
protection, neurovascular plasticity, and ischemia 
tolerance. 
 
Second, in SHRSPs, 1,5-AF treatment reduced the 
incidence of stroke because of the BP-lowering effect of 
1,5-AF; muscle mass was also preserved in these rats. 

Both BP reduction and muscle mass preservation are 
expected to prolong survival. However, BDNF can 
increase BP [30]; the hypotensive effect of 1,5-AF in 
SHRSPs may thus be induced by another AMPK 
signaling pathway [4]. We also observed a change in 
muscle weight among SHRSPs. Typically, SHRSPs 
exhibit weight loss and a decline in physical function 
during BP elevation and stroke onset [31]. In our 
SHRSPs, weight loss was greater in 1,5-AF rats than in 
control rats; however, 1,5-AF rats maintained skeletal 
muscle weight. Weight loss in 1,5-AF rats was 
presumably caused by fat loss rather than the poor 
physical function associated with increased BP. Our 
findings are consistent with previous results. Enhanced 
BDNF production in the brain is induced by prolonged 
BDNF infusion [28] or spreading depolarization [32]. 
Moreover, a clinical trial showed that lower BDNF 
levels are associated with increased risk of 
stroke/transient ischemic attack [33]. 
 
Third, in SAMP8 mice, 1,5-AF treatment led to 
increased spontaneous locomotor activity and reduced 
memory impairment. These effects may involve the 
reversal of cognitive deficits through increased PGC-1α 
and BDNF expression in the brain, particularly in the 
hippocampus (CA3). Our OF test findings in SAMP8 
mice have behavioral implications. These mice become 
less active with age [9]. Our OF test results suggest that 
1,5-AF intake prevented SAMP8 mice from 
experiencing aging-related decline in locomotor 
activity. Our findings are consistent with previous 
reports. PGC-1α expression is lower in SAMP8 mice 
than in corresponding control mice in both the cortex 
and hippocampus; furthermore, PGC-1α activation-
mediated control and maintenance of mitochondrial 
function have therapeutic potential for aging-related 
pathologies [21]. We recently reported that 1,5-AF 
activates PGC-1α via AMPK, with potential 
mitochondrial biogenesis and cytoprotective effects in 
rotenone-treated PC12 cells [12]. The maintenance of 
mitochondrial function may help to prevent or delay 
aging-related diseases; PGC-1α also has diverse effects 
on other cellular processes, which may help to prevent 
age-related pathologies. Additionally, serum BDNF 
concentrations decline with age [34]. Increased BDNF 
levels contribute to the survival of neuronal [35] and 
endothelial [36] cells, synaptic consolidation [37], and 
cognitive improvement in AD [38]. Higher BDNF 
levels are also associated with fewer white matter 
lesions and better visual memory performance [33]. In 
our study, BDNF levels were increased in CA3 and the 
cortex after 1,5-AF treatment in SAMP8 mice; they did 
not differ in CA1. Both CA1 and CA3 regions are 
affected by aging [39]. Although anti-aging 
interventions may be less effective in CA1 than in CA3, 
there is no clear explanation for such findings [40]; 



www.aging-us.com 11750 AGING 

 
 
Figure 6. Effect of 1.5-AF on brain inflammation in SAMP8 mice. Immunoblot analysis (A) revealed that protein levels of TNF-α (B), 
Iba1 (C), iNOS (D), and arginase-1 (E) were not significantly different between 1,5-AF and control mice (1,5-AF: n = 6, control: n = 6). TNF-α 
staining in the hippocampal CA1 and CA3 regions (F). Co-stained images of NeuN (neurons; red) and TNF-α (green) in the Cortex (G). In all 
regions, TNF-α expression did not differ significantly between the two groups (H–J) (1,5-AF: n = 6, control: n = 6). Similarly, when analyzing 
the Iba1 staining of the cortex and hippocampal CA1 and CA3 regions (K); the number (L–N), and cell size (O–Q) of Iba1-positive microglia did 
not significantly differ between 1,5-AF and control mice. In contrast, microglial perimeters (PE) were significantly smaller in CA1 (R), 
unchanged in CA3 (S), and smaller in Cortex (T) at 1,5-AF mice compared to Control mice. (1,5-AF: n = 6, control: n = 6). Data are shown as the 
mean ± standard error. *p < 0.05. Scale bar = 100 µm (F, G, K). Abbreviations: 1,5-AF: 1,5-anhydro-D-fructose; Iba1: allograft inflammatory 
factor 1; iNOS: inducible nitric oxide synthase; SAMP8: senescence-accelerated mouse-prone 8; TNF-α: tumor necrosis factor-α. 
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further investigations are needed. Notably, 1,5-AF 
treatment did not alter MWM behavior in SAMP8 mice, 
although it altered NOR test results. This is presumably 
because SAMP8 mice had difficulty swimming freely in 
water. Finally, in both SHRSPs and SAMP8 mice, 
differences in immunoblot results could have arisen 
from differences in 1,5-AF ingestion; however, all 
animals received the same amount of 1,5-AF. 
 
It is unclear whether 1,5-AF-related improvement in 
multiple animal models of aging-associated brain 
diseases is entirely related to AMPK activation; AMPK 
regulation in vivo remains poorly understood. Konagaya 
et al. [41] developed transgenic mice expressing a 

highly sensitive fluorescence resonance energy transfer-
based biosensor for AMPK; these mice may help to 
inspect the effects of 1,5-AF on AMPK activation. 
 
Consideration of other AMPK activators can clarify 
the benefits of 1,5-AF. Metformin and the AMPK  
agonist 5-aminoimidazole-4-carboxamide ribonucleotide 
(AICAR) are AMPK activators. Moreover, 1,5-AF, 
metformin [42], and AICAR [43] enhance BDNF 
expression. Metformin is used clinically; it can reduce 
stroke incidence in high-risk populations [44]. 
However, AMPK-targeted preventive therapy has some 
limitations. First, it is unclear whether AMPK plays a 
neuroprotective role; it may have negative effects [45]. 

 

 
 
Figure 7. Schema of various effects and identical mechanisms of 1,5-AF in models of aging-associated brain diseases. 
Abbreviations: 1,5-AF: 1,5-anhydro-D-fructose; AMPK: 5′-adenosine monophosphate-activated protein kinase; BDNF: brain-derived 
neurotrophic factor; PGC-1: peroxisome proliferator-activated receptor-γ co-activator-1. 



www.aging-us.com 11752 AGING 

Second, few AMPK activators have been used in 
clinical treatment, and few clinical trials have focused 
on AMPK [7]. Metformin and AICAR also have  
some adverse effects. The most common side effects 
of metformin are gastrointestinal disturbances, 
metallic taste, and vitamin B12 malabsorption [46]. 
Furthermore, the effects of metformin differ on the 
basis of administration method: in mice with AIS, 
intracerebroventricular administration led to excessive 
AMPK activation, increased infarct foci, and worsened 
neurological deficits compared with intraperitoneal 
administration [47]. AICAR has a short half-life after 
intravenous administration and poor bioavailability after 
oral ingestion; because it increases blood levels of uric 
acid and lactic acid, it is unsuitable for long-term use 
[48]. Moreover, excessive AMPK activation could 
disrupt cell proliferation; in the hypothalamus, 
excessive AMPK activation can increase food intake, 
which is unsuitable for individuals with obesity or type 
2 diabetes [49]. Thus, metformin and AICAR are not 
clinically ideal for preventing aging-associated brain 
diseases. 
 
In western blot and immunohistochemical assays, 
FNDC5 (which is involved in the AMPK/PGC-
1α/BDNF pathway) had increased expression after 1,5-
AF intake in both the AIS model and SHRSPs. 
Similarly, although we were unable to conduct western 
blot assays in SAMP8 mice because of a lack of 
samples, immunohistochemical staining in these mice 
also revealed the increased expression of FNDC5. A 
trend toward increased FNDC5 expression was 
observed in all three models, indicating that 1,5-AF may 
increase FNDC5 expression. Thus, although 1,5-AF 
induction of FNDC5 expression needs to be further 
investigated, our FNDC5 results were consistent with 
AMPK/PGC-1α/BDNF pathway activation. 
 
Finally, exercise may have beneficial effects on aging-
associated brain diseases [1] by activating the 
AMPK/PGC-1α/BDNF pathway [43], indicating that 
some compounds can mimic the central effects of 
exercise. 1,5-AF, which acts on the AMPK/PGC-
1α/BDNF pathway, may offer a valuable option for 
many individuals, regardless of exercise ability. 
 
The present study had some limitations; we had a small 
number of rats with AIS, a model that has very high 
mortality. Thus, SPSS Sample Power software was used 
to minimize the number of rats euthanized. 
Furthermore, additional evaluation of compound C—a 
small molecule compound commonly used as an AMPK 
inhibitor—might have clarified whether the effects of 
1,5-AF were related to AMPK activation. However, we 
sought to limit the number of animals euthanized. 
Moreover, SHRSPs and SAMP8 mice have systemic 

alterations that limit comparisons of their tissue with 
otherwise healthy brain tissue in aging humans. Thus, 
we did not perform compound C experiments in 
SHRSPs or SAMP8 mice. 
 
In conclusion, despite increasing comprehension of 
aging-associated brain diseases, further research is 
needed concerning cognitive impairment among the 
increasing population of older adults worldwide [1]. 
Our results suggest that 1,5-AF has preventive effects 
on aging-associated brain diseases via the AMPK/PGC-
1α/BDNF pathway; these findings may encourage 
further clinical trials of 1,5-AF. 
 
MATERIALS AND METHODS 
 
Experimental design: AIS model 
 
The experimental animal protocol was approved by the 
Institutional Animal Care and Use Committee at 
Kagoshima University, Kagoshima, Japan (Ethics 
approval number: MD18078, Approval date: 21 Nov 
2018). 
 
Animals and stroke model induction: AIS model 
 
The experimental protocol is depicted in Figure 8A. 
Thromboembolic ischemia was induced in the middle 
and posterior cerebral arteries via homologous blood 
clots in 41 Sprague–Dawley rats (8 weeks old, 290–310 g, 
male) (KBT Oriental, Itabashi, Tokyo, Japan), as 
previously described [50, 51]. 
 
Briefly, anesthesia was induced via isoflurane 
inhalation. A 24-gauge catheter (SURFLO Flash®; 
Terumo, Tokyo, Japan) was introduced into the left 
internal carotid artery; a 5-mm thrombus (volume, 3.6 
mm3) was then forced through the catheter into the 
artery. Next, the catheter containing the thrombus was 
connected to a syringe containing saline solution. The 
clot and saline were securely inserted into the distal 
internal carotid, anterior cerebral (proximal portion), 
middle cerebral, and posterior cerebral arteries. Each rat 
then had a neurological score of four (indicating 
spontaneous right circling) according to a previously 
described five-point motor function scale [52]. Deaths 
were recorded; euthanasia endpoints included the 
appearance of imminent death and the onset of severe 
epileptic seizures that could not be evaluated by 
neurological examination. Each rat was assessed for 
neurological impairment after awakening and 24 h after 
cerebral ischemia induction. 
 
As in our previous studies [50, 51], we did not perform 
cerebral blood flow monitoring. Shimamura et al. [53] 
reported that cerebral blood flow monitoring is not 
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required for acute ischemic stroke models; moreover, 
dissection of the temporal muscle can cause masticatory 
dysfunction and poor nutrition. Additionally, the solid 
clot was visible in the target arteries in the present study. 
 
We used rats with neurological scores of three or four 
after awakening, in accordance with a previously 
described five-point motor function scale [52]. 
 
1,5-AF administration: AIS model 
 
After cerebral ischemia induction, each rat was 
randomly assigned to one of two groups. Rats in the 
control group received an intra-abdominal injection  

of saline (0.9% NaCl) immediately after 
thromboembolism. Rats in the 1,5-AF group received 
an intra-abdominal injection of saline plus 1,5-AF 
(SUNUS, Kagoshima, Japan) immediately after 
thromboembolism; this was followed by an intra-
abdominal injection of saline. 
 
Sample size calculation and tissue collection: AIS 
model 
 
Surviving rats were studied 24 h after cerebral ischemia 
induction. In accordance with the IMPROVE (Ischemia 
Models: Procedural Refinements of In vivo 
Experiments) 30 guidelines. A randomization protocol 

 

 
 
Figure 8. Overview of experimental protocols. (A) Sprague–Dawley rats were used to show effects of intraperitoneal 1,5-AF on 
thrombotic stroke. (B) SHRSPs were used to show effects of oral 1,5-AF on hypertension-related spontaneous stroke. (C) SAMP8 mice were 
used to show effects of oral 1,5-AF on aging-associated brain diseases. Abbreviations: 1,5-AF: 1,5-anhydro-D-fructose; SAMP8: senescence-
accelerated mouse-prone 8; SHRSPs: stroke-prone spontaneously hypertensive rats. 
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was used to ensure that each cage contained two groups 
of rats. To eliminate cage effects, rats from different 
groups were placed in the same cage. Before the study 
began, we performed power calculations using SPSS 
Sample Power (IBM, Armonk, NY, USA) to determine 
the appropriate sample size. In accordance with our 
previous reports [50, 51], we assumed that the effect 
size for infarct volume would be 0.8–1.0. To detect 
differences with 80% power and one-tailed α = 0.05 
using analysis of variance, each group required 4–5 rats. 
To adjust for deaths during treatment, we included six 
rats per group. We designed our model so that each 
group contained ≥6 surviving rats at 24 h after cerebral 
ischemia induction; thus, the number of rats differed 
among groups. There were 12 and six rats in the control 
and 1,5-AF groups, respectively. The mortality rate of 
the stroke model used in this study was 50%, whereas 
the 1,5-AF group had a 0% mortality rate; thus, there 
were six rats per group. 
 
Rats were euthanized, and their brains were excised at 
24 h after cerebral ischemia induction, as previously 
described [50, 51]. Each brain, including the region of 
ischemia, was subjected to histological, 
immunohistochemical, and 2,3,5-triphenyltetrazolium 
chloride (TTC) analyses. 
 
Experimental design: SHRSPs 
 
The experimental animal protocol was approved by the 
Institutional Animal Care and Use Committee at 
Kagoshima University, Kagoshima, Japan (Ethics 
approval number: MD18055, Approval date: 10 Oct 
2018). 
 
Animals: SHRSPs 
 
The experimental protocol is depicted in Figure 8B. In 
total, 40 SHRSP/Izm rats (7 weeks old, 200–240 g, 
male) (SLC Animal Supply, Hamamatsu, Shizuoka, 
Japan) were used in this study. The rats were housed in 
pairs in a temperature-controlled environment at 22.0 ± 
1.0°C on a 12-h light/dark cycle; food and saline were 
freely available. In SHRSPs, a high-salt diet induces a 
rapid increase in BP and accelerates stroke onset [54]. 
Thus, SHRSPs ≥7 weeks of age were provided with 
0.9% saline solution (Otsuka Pharmaceutical, Osaka, 
Japan), instead of water, to induce early stroke and 
shorten the experiment. Each group contained 40 rats, in 
accordance with the work of Watanabe et al. [55]. 
 
1,5-AF administration: SHRSPs 
 
SHRSPs were fed a plant polysaccharide-based diet 
(Oriental Yeast, Itabashi, Tokyo, Japan) with water 
(0.9% saline) plus 2% 1,5-AF (SUNUS) or 2% 

erythritol (reference supplement), as described by Ito 
et al. [11]; rats were permitted free access to food and 
saline. 
 
SHRSPs were randomly divided into two groups (n = 
20 each): 1,5-AF and control (erythritol). In each group, 
12 rats were used for survival assessment, and eight rats 
were used for tissue collection. Body weight, motor 
function, and BP were measured at 2-week intervals 
(intakes were not measured, but all rats received 5 g 
food daily); rats were assessed until 15 weeks of age, 
when they began to die of convulsions. Samples were 
collected at 15 weeks of age because death was 
increasingly common after that point; it was thus 
difficult to ensure equal numbers of rats among groups. 
 
Motor function test 
 
Motor function was assessed as described by Otsuka 
et al. [56], using a rotarod test (MK-670, Muromachi 
Kikai, Chuo, Tokyo, Japan). Rotation speed was 
increased every 6 s in 2.5-rpm increments, from 0 rpm 
to 25 rpm. Each rat completed three trials; the longest 
latency to fall was used for analysis. 
 
BP measurement and survival analysis 
 
BP measurements were conducted once weekly, 
beginning when rats were 7 weeks old, using the  
tail-cuff microsensor device (model MK-2000A; 
Muromachi Kikai) employed by Bland et al. [57]. BP 
was measured as described by Kato et al. [58]. 
 
Survival was assessed as follows. Rats were observed 
twice daily; when they exhibited significant weight loss 
(>20%) or severe paralysis, euthanasia was performed 
as previously described [50, 51]. 
 
Experimental design: SAMP8 mice 
 
The experimental animal protocol was approved by the 
Institutional Animal Care and Use Committee at 
Kagoshima University, Kagoshima, Japan (Ethics 
approval number: MD18026, Approval date: 10 Jul 
2018). 
 
Animals: SAMP8 mice 
 
In total, 48 SAMP8 mice (4 weeks old, male) were 
obtained from SLC Animal Supply in two phases and 
used for experiments beginning at 12 weeks of age 
(body weight: 26.49 ± 0.39 g). Mice were housed at 
room temperature (22.0 ± 1.0°C) under a 12-h 
light/dark cycle. The number of mice per group was set 
at 24 in accordance with the work of Alhowail and 
Almogbel [59]. 
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1,5-AF administration: SAMP8 mice 
 
Mice were allowed free access to water and a 
plant-polysaccharide-based chow (Oriental Yeast) 
supplemented with either 2% 1,5-AF (SUNUS) or 2% 
erythritol, in accordance with the work of Ito et al. [11]. 
Body weight, food intake, and water intake were measured 
at 4-week intervals (intakes did not differ among mice). 
 
Distribution of mice among experiments 
 
The first phase included 24 mice (12 per group); these 
mice were used for OF, NOR, immunohistochemical, 
and immunoblotting analyses. The second phase 
included 24 mice (12 per group); these mice were used 
for OF, NOR, and MWM analyses. Mice in the second 
phase were not used for immunoblotting and 
immunohistochemical staining because the MWM load 
can cause molecular changes in brain tissue. In the first 
phase, behavioral testing began with an OF test; 1 day 
later, NOR tests were performed. Tissues were collected 
1 day after completion of all behavioral tests. In the 
second phase, behavioral testing began with an OF test; 
1 day later, NOR tests were performed; on day 3, 
MWM analysis was conducted. Tissues were collected 
1 day after completion of all behavioral tests. 
 
After excluding mice with abnormal behavior, we 
analyzed 23 mice in the 1,5-AF group and 22 mice in 
the control group. The experimental protocol is depicted 
in Figure 8C. 
 
OF test 
 
Behavioral and locomotor activity were measured using 
an OF test when mice were 6 months (1,5-AF: n = 23, 
control: n = 22) and 12 months (n = 19, n = 14) of age. 
We used the OF test as an indicator of aging-related 
decline in activity, in accordance with our previous 
study that validated this approach [9]. Spontaneous 
activities were recorded for 1 h using a video camera 
(Logitech HD Pro Webcam C920r) mounted above the 
OF. Locomotor distance and movement velocity were 
measured using SMART software, version 3.0 (Panlab, 
Barcelona, Spain). 
 
MWM 
 
In the second phase, 12-month-old mice (1,5-AF: n = 
11, control: n = 6) underwent cognitive function 
assessment using the MWM to measure hippocampal-
dependent spatial reference memory. 
 
MWM analysis was performed over 5 days. The MWM 
comprised a circular swimming pool 120 cm in 
diameter with a 14-cm-high platform. The pool was 

filled with water that contained 33 mg of food coloring 
(11 mg each of red, green, and yellow) to a depth of 15 
cm, with a temperature of approximately 22 ± 1°C. The 
apparatus was marked using external cues in four 
directions (upper right, upper left, lower right, and 
lower left). Mice were required to find the platform by 
following external signs while swimming; they were 
trained for 4 days before the assessment. On day 5, the 
platform was removed, and the time that the mouse 
remained in each quadrant (and on the platform) was 
recorded. Additionally, the time required for the mouse 
to find the platform was recorded; if a mouse did not 
find the platform within 60 s, it was placed on the 
platform for 10 s. Mouse movements were recorded by 
a video camera (Logitech HD Pro Webcam C920r) 
attached to the top of the pool and were analyzed using 
SMART software, version 3.0 (Panlab). 
 
NOR test 
 
The NOR test was used to assess recognition memory in 
12-month-old mice (1,5-AF: n = 19, control: n = 14) in 
accordance with our previous work [9]. The 
discrimination index was calculated as follows: (time 
spent exploring novel object – time spent exploring 
familiar object)/(time spent exploring familiar object + 
time spent exploring novel object). 
 
Euthanasia and tissue collection 
 
Animals were euthanized as previously described [50, 
51]. Brain tissues were collected from the AIS model 
rats, SHRSPs, and SAMP8 mice. Tibialis anterior, 
soleus, and brain tissues were collected from SHRSPs; 
muscle weights were measured in those rats. 
 
Measurement of ischemic infarct 
 
Infarct volume measurements were performed as 
described by Otsuka et al. [56]. Two-mm-thick coronal 
sections were stained with 1% TTC in phosphate-
buffered saline (PBS, pH 7.4) at 37°C for 10 min. 
Stained sections were scanned with a GT-S640 scanner 
(Seiko Epson Corporation, Nagano, Japan). 
Measurements were conducted with ImageJ software, 
version 1.46r (National Institutes of Health (NIH), 
Bethesda, MD, USA). Total infarct area (mm³) was 
multiplied by section thickness to obtain infarct volume. 
 
Immunoblotting 
 
For the immunoblotting experiments, the cerebral 
cortex was surgically removed, placed on ice, and 
homogenized with a tissue protein extraction solution 
(Thermo Fisher Scientific/Pierce T-PER, 78,510; 
Thermo Fisher Scientific, Waltham, MA, USA). Protein 



www.aging-us.com 11756 AGING 

samples (12 µg each) were separated by electrophoresis 
in a 4–20% mini-PROTEAN precast gel (Bio-Rad, 
Hercules, CA, USA), then transferred to a poly-
vinylidene difluoride (anti-phospho-AMPKα, anti-
AMPKα, anti-PGC-1α, anti-FNDC5, anti-BDNF, anti-
TNF-α, anti-iNOS, and anti-arginase-1) or nitro-
cellulose (anti-Iba1) membrane. Membranes were 
blocked with Polyvinylidene Difluoride Blocking 
Reagent (NKB101/NYPBR; Toyobo, Osaka, Japan) or 
3% skim milk diluted in Tris-buffered saline plus 
Tween-20 for 1 h at 25°C. Subsequently, each 
membrane was incubated overnight with primary 
antibody at 4°C before being incubated with horseradish 
peroxidase-labeled secondary antibody (goat anti-rabbit 
IgG H&L (1:4000; Abcam plc, Cambridge, UK) or goat 
anti-mouse IgG H&L (1:5000; Abcam plc)) at room 
temperature. Protein bands were visualized via 
chemiluminescence (WSE-6100 LuminoGraph I; 
ATTO, Tokyo, Japan) and measured using ImageJ 
software, version 1.46r (NIH). The following antibodies 
were used (all diluted 1:1000): rabbit anti-phospho-
AMPKα antibody (T172) and rabbit anti-AMPKα 
antibody (2532S) (both from Cell Signaling 
Technology, Inc, Danvers, MA, USA), rabbit anti-PGC-
1α antibody (ab54481; Abcam plc), rabbit anti-FNDC5 
antibody (23995-1-AP; 1:400, Proteintech Group, Inc, 
Rosemont, IL, USA), rabbit anti-BDNF antibody (BS-
4989R; Bioss, Woburn, MA, USA), rabbit anti-TNF-α 
antibody (ab6671; Abcam plc), rabbit anti-Iba1 
antibody (016-20001; Fujifilm Wako Pure Chemicals 
Co., Osaka, Japan), rabbit anti-iNOS antibody (a marker 
of M1 microglia; ab15323; Abcam plc), and rabbit anti-
arginase-1 antibody (a marker of M2 microglia; 93668; 
Cell Signaling Technology, Inc). Protein levels were 
semiquantitatively determined using α-tubulin as an 
internal loading control. 
 
Immunohistochemical staining 
 
The brains of all animals were fixed overnight at 4°C with 
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). 
Coronal brain sections (thickness, 4 µm) were then 
prepared, deparaffinized, and rehydrated. Endogenous 
peroxidase activity was blocked by incubation with 0.9% 
hydrogen peroxide in methanol for 10 min at room 
temperature. Next, the sections were rinsed three times in 
PBS (pH 7.6) for 5 min each and blocked with 10% skim 
milk in PBS for 20 min at room temperature. The sections 
were then incubated with rabbit anti-PGC1-α antibody 
(ab54481; 1:500, Abcam plc), rabbit anti-FNDC5 
antibody (23995-1-AP; Proteintech Group, Inc.), rabbit 
anti-BDNF antibody (sc-546; 1:100, Santa Cruz 
Biotechnology, Dallas, TX, USA), and rabbit anti-Iba1 
antibody (019-19741; 1:1000, Fujifilm Wako Pure 
Chemicals Co.) overnight at 4°C. Subsequently, sections 
were rinsed with PBS and incubated with goat anti-rabbit 

IgG conjugated to a peroxidase-labeled dextran polymer 
(EnVision; Agilent Dako, Santa Clara, CA, USA) for 60 
min at room temperature. Sections were again rinsed with 
PBS, and immunoreactivity was visualized by diamino-
benzidine staining. 
 
Co-localization of rabbit anti-TNFα antibody (ab6671; 
1:100, Abcam plc) and mouse anti-NeuN antibody 
(ab104224; 1:200, Abcam plc) was examined using 
immunofluorescence staining. Sections were stained 
with Alexa Fluor 488-conjugated goat anti-rabbit IgG 
(A27034; 1:1000; Thermo Fisher Scientific) and Alexa 
Fluor 555-conjugated goat anti-mouse IgG (A28180; 
1:1000; Thermo Fisher Scientific) antibodies for 60 min 
at room temperature. Next, sections were washed with 
PBS and mounted in aqueous mounting medium before 
the immunofluorescence staining was observed under  
a fluorescence microscope (BZ-X810; Keyence 
Corporation, Osaka, Japan). 
 
Quantitative analysis of immunolabeled areas 
 
For the AIS model and SHRSPs, immunostained sections 
of two areas within the motor cortex were photographed 
at 20× magnification (0.36 mm2 per section) using a 
microscope and connected camera (DP-21, Olympus 
Corporation, Tokyo, Japan) (Supplementary Figure 2A, 
2B). The mean ratio of immunolabeled area 
(immunolabeled area/total area) was calculated in the two 
motor cortex areas. In SAMP8 mice, the left and right 
hippocampus (CA1 and CA3 regions) and motor cortex 
were imaged at 20× magnification. The mean ratio of the 
immunolabeled area (immunolabeled area/total area) was 
calculated in the left and right areas. Quantitative 
analyses of immunolabeled areas in the treatment  
group were conducted by two blinded researchers 
(Supplementary Figure 2C). The analyses were 
performed using ImageJ software, version 1.46r (NIH). 
 
Quantitative analysis of microglial number, area of 
microglial vesicles, and pericellular area 
 
Iba1-positive microglia were photographed in the same 
area and magnification as the immunolabeled area 
images, and the numbers of microglia were counted. 
Ten Iba1-positive microglia were then randomly 
selected and their area per cell (µm2/cell) and perimeter 
(µm/cell) were calculated. Quantitative analysis was 
performed by two blinded investigators using ImageJ 
software, version 1.46r (NIH). 
 
Statistical analyses 
 
P-values < 0.05 were considered statistically significant. 
Data are expressed as the mean ± standard error. 
Statistical analyses were conducted using GraphPad 
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Prism software, version 9.2.0.332 (GraphPad Software, 
San Diego, CA, USA). In all animals, the log-rank test 
was used to compare survival rate; the Shapiro–Wilk 
test was used to confirm normality before parametric or 
nonparametric tests were used to compare groups. In the 
AIS model, Student’s t-test was used to compare infarct 
volume, immunoblots (pAMPK, PGC-1, FNDC5, 
BDNF, TNF-α, Iba1, iNOS, and arginase-1), % of 
PGC1-α, FNDC5- and BDNF-positive cell areas, 
numbers of TNF-α- and NeuN-positive cells, and 
morphological characteristics (number, area, and 
perimeter) of Iba1-positive cells. The Mann–Whitney 
U test was used to compare neurological scores. In 
SHRSPs, Student’s t-test was used to compare BP, body 
weight, soleus muscle weight, rotarod fall latency, 
immunoblots (PGC-1, FNDC5, BDNF, TNF-α, Iba1, 
iNOS, and arginase-1), % of PGC1-α, FNDC5- and 
BDNF-positive cell areas, TNF-α- and NeuN-positive 
cells, and morphological characteristics (number, area, 
and perimeter) of Iba1-positive cells. The Mann–
Whitney U test was used to compare tibialis anterior 
muscle and immunoblots (pAMPK). In SAMP8 mice, 
mixed models were used to examine the effects of 
group and time on locomotor activity levels. Moreover, 
two-way analysis of variance with repeated measures 
was used to compare the change over time in escape 
latency to the MWM platform; the Mann–Whitney 
U test was used to compare numbers of platform 
crossings and recognition index. Student’s t-test was 
used to compare immunoblots (pAMPK, PGC-1, 
BDNF, TNF-α, Iba1, iNOS, and arginase-1), % of 
PGC1-α, and BDNF-positive cell areas. The Mann–
Whitney U test was used to compare FNDC5- and TNF-
α-positive cell areas and morphological characteristics 
(number, area, and perimeter) of Iba1-positive cells. 
 
AUTHOR CONTRIBUTIONS 
 
KK, SO, and ST designed the experimental protocol and 
wrote the manuscript. KK, SO, ST, KN, KS, and HS 
participated in the experiments. ET and IM critically 
appraised the manuscript. All authors read and approved 
the final manuscript. 
 
ACKNOWLEDGMENTS 
 
We thank all staff members at the Institute of 
Laboratory Animal Sciences, Research Support Center, 
Kagoshima University, for maintaining the health of our 
animals. We also thank Edanz (https://jp.edanz.com/ac) 
for editing a draft of this manuscript. 
 
CONFLICTS OF INTEREST 
 
SO, ST, and IM hold endowed faculty positions at 
Kagoshima University; they receive research funding 

from Yakuryo Kaihatsu, a vendor of dietary 
supplements (e.g., 1,5-AF). KK, KN, KS, HS, and ET 
declare that they have no competing interests. 
 
ETHICAL STATEMENT 
 
All experimental procedures in this study conformed to 
the ARRIVE (Animal Research: Reporting of In vivo 
Experiments) Guidelines and the “Guidelines for the 
Proper Conduct of Animal Experiments” established  
by the Science Council of Japan. The experimental 
animal protocols were approved by the Institutional 
Animal Care and Use Committee at Kagoshima 
University, Kagoshima. 
 
FUNDING 
 
This study was supported by JSPS KAKENHI (grant 
number JP20K11640 and JP23K10949 to KK). 
 
REFERENCES 
 
1. Peters R. Ageing and the brain. Postgrad Med J. 2006; 

82:84–8. 
https://doi.org/10.1136/pgmj.2005.036665 
PMID:16461469 

2. Liu YJ, Chern Y. AMPK-mediated regulation of 
neuronal metabolism and function in brain diseases. J 
Neurogenet. 2015; 29:50–8. 
https://doi.org/10.3109/01677063.2015.1067203 
PMID:26119401 

3. Mattson MP, Arumugam TV. Hallmarks of Brain 
Aging: Adaptive and Pathological Modification by 
Metabolic States. Cell Metab. 2018; 27:1176–99. 
https://doi.org/10.1016/j.cmet.2018.05.011 
PMID:29874566 

4. Ford RJ, Teschke SR, Reid EB, Durham KK, Kroetsch JT, 
Rush JW. AMP-activated protein kinase activator 
AICAR acutely lowers blood pressure and relaxes 
isolated resistance arteries of hypertensive rats. 
J Hypertens. 2012; 30:725–33. 
https://doi.org/10.1097/HJH.0b013e32835050ca 
PMID:22306847 

5. Musi N. AMP-activated protein kinase and type 2 
diabetes. Curr Med Chem. 2006; 13:583–9. 
https://doi.org/10.2174/092986706776055724 
PMID:16515522 

6. Shi Q, Cheng Q, Chen C. The Role of Autophagy in the 
Pathogenesis of Ischemic Stroke. Curr 
Neuropharmacol. 2021; 19:629–40. 
https://doi.org/10.2174/1570159X186662007291019
13 
PMID:32727333 

https://jp.edanz.com/ac
https://doi.org/10.1136/pgmj.2005.036665
https://pubmed.ncbi.nlm.nih.gov/16461469
https://doi.org/10.3109/01677063.2015.1067203
https://pubmed.ncbi.nlm.nih.gov/26119401
https://doi.org/10.1016/j.cmet.2018.05.011
https://pubmed.ncbi.nlm.nih.gov/29874566
https://doi.org/10.1097/HJH.0b013e32835050ca
https://pubmed.ncbi.nlm.nih.gov/22306847
https://doi.org/10.2174/092986706776055724
https://pubmed.ncbi.nlm.nih.gov/16515522
https://doi.org/10.2174/1570159X18666200729101913
https://doi.org/10.2174/1570159X18666200729101913
https://pubmed.ncbi.nlm.nih.gov/32727333


www.aging-us.com 11758 AGING 

7. Jiang S, Li T, Ji T, Yi W, Yang Z, Wang S, Yang Y, Gu C. 
AMPK: Potential Therapeutic Target for Ischemic 
Stroke. Theranostics. 2018; 8:4535–51. 
https://doi.org/10.7150/thno.25674 
PMID:30214637 

 8. Mohammed I, Hollenberg MD, Ding H, Triggle CR. A 
Critical Review of the Evidence That Metformin Is a 
Putative Anti-Aging Drug That Enhances Healthspan 
and Extends Lifespan. Front Endocrinol (Lausanne). 
2021; 12:718942. 
https://doi.org/10.3389/fendo.2021.718942 
PMID:34421827 

 9. Nakanishi K, Sakakima H, Norimatsu K, Otsuka S, 
Takada S, Tani A, Kikuchi K. Effect of low-intensity 
motor balance and coordination exercise on cognitive 
functions, hippocampal Aβ deposition, neuronal loss, 
neuroinflammation, and oxidative stress in a mouse 
model of Alzheimer's disease. Exp Neurol. 2021; 
337:113590. 
https://doi.org/10.1016/j.expneurol.2020.113590 
PMID:33388314 

10. Wang L, Wang A, Guo H, Zhang Z, Wang S, Pei T, Liu Z, 
Yang D, Liu Y, Ruan C. Neuroprotective Effects of 
Long-Term Metformin Preconditioning on Rats with 
Ischemic Brain Injuries. Eur Neurol. 2021; 84:212–8. 
https://doi.org/10.1159/000514431 
PMID:33845479 

11. Ito T, Totoki T, Takada S, Otsuka S, Maruyama I. 
Potential roles of 1,5-anhydro-D-fructose in 
modulating gut microbiome in mice. Sci Rep. 2021; 
11:19648. 
https://doi.org/10.1038/s41598-021-99052-y 
PMID:34608200 

12. Kasamo Y, Kikuchi K, Yamakuchi M, Otsuka S, Takada 
S, Kambe Y, Ito T, Kawahara KI, Arita K, Yoshimoto K, 
Maruyama I. 1,5-Anhydro-D-fructose Protects against 
Rotenone-Induced Neuronal Damage In Vitro through 
Mitochondrial Biogenesis. Int J Mol Sci. 2021; 
22:9941. 
https://doi.org/10.3390/ijms22189941 
PMID:34576111 

13. Yamagata K. Astrocytic nutritional dysfunction 
associated with hypoxia-induced neuronal 
vulnerability in stroke-prone spontaneously hyper-
tensive rats. Neurochem Int. 2020; 138:104786. 
https://doi.org/10.1016/j.neuint.2020.104786 
PMID:32579896 

14. Yamori Y. Overview: studies on spontaneous 
hypertension-development from animal models 
toward man. Clin Exp Hypertens A. 1991; 13:631–44. 
https://doi.org/10.3109/10641969109042066 
PMID:1773499 

15. Fukuda S, Tsuchikura S, Iida H. Age-related changes in 
blood pressure, hematological values, concentrations 
of serum biochemical constituents and weights of 
organs in the SHR/Izm, SHRSP/Izm and WKY/Izm. Exp 
Anim. 2004; 53:67–72. 
https://doi.org/10.1538/expanim.53.67 
PMID:14993746 

16. Akiguchi I, Pallàs M, Budka H, Akiyama H, Ueno M, 
Han J, Yagi H, Nishikawa T, Chiba Y, Sugiyama H, 
Takahashi R, Unno K, Higuchi K, Hosokawa M. SAMP8 
mice as a neuropathological model of accelerated 
brain aging and dementia: Toshio Takeda's legacy and 
future directions. Neuropathology. 2017; 37:293–305. 
https://doi.org/10.1111/neup.12373 
PMID:28261874 

17. Liu B, Liu J, Shi JS. SAMP8 Mice as a Model of Age-
Related Cognition Decline with Underlying 
Mechanisms in Alzheimer's Disease. J Alzheimers Dis. 
2020; 75:385–95. 
https://doi.org/10.3233/JAD-200063 
PMID:32310176 

18. Azimi M, Gharakhanlou R, Naghdi N, Khodadadi D, 
Heysieattalab S. Moderate treadmill exercise 
ameliorates amyloid-β-induced learning and memory 
impairment, possibly via increasing AMPK activity and 
up-regulation of the PGC-1α/FNDC5/BDNF pathway. 
Peptides. 2018; 102:78–88. 
https://doi.org/10.1016/j.peptides.2017.12.027 
PMID:29309801 

19. Rabinovitch RC, Samborska B, Faubert B, Ma EH, 
Gravel SP, Andrzejewski S, Raissi TC, Pause A, St-
Pierre J, Jones RG. AMPK Maintains Cellular 
Metabolic Homeostasis through Regulation of 
Mitochondrial Reactive Oxygen Species. Cell Rep. 
2017; 21:1–9. 
https://doi.org/10.1016/j.celrep.2017.09.026 
PMID:28978464 

20. Han B, Jiang W, Liu H, Wang J, Zheng K, Cui P, Feng Y, 
Dang C, Bu Y, Wang QM, Ju Z, Hao J. Upregulation of 
neuronal PGC-1α ameliorates cognitive impairment 
induced by chronic cerebral hypoperfusion. 
Theranostics. 2020; 10:2832–48. 
https://doi.org/10.7150/thno.37119 
PMID:32194838 

21. Lian WW, Zhou W, Zhang BY, Jia H, Xu LJ, Liu AL, Du 
GH. DL0410 ameliorates cognitive disorder in SAMP8 
mice by promoting mitochondrial dynamics and the 
NMDAR-CREB-BDNF pathway. Acta Pharmacol Sin. 
2021; 42:1055–68. 
https://doi.org/10.1038/s41401-020-00506-2 
PMID:32868905 

22. Zhang Q, Lei YH, Zhou JP, Hou YY, Wan Z, Wang HL, 

https://doi.org/10.7150/thno.25674
https://pubmed.ncbi.nlm.nih.gov/30214637
https://doi.org/10.3389/fendo.2021.718942
https://pubmed.ncbi.nlm.nih.gov/34421827
https://doi.org/10.1016/j.expneurol.2020.113590
https://pubmed.ncbi.nlm.nih.gov/33388314
https://doi.org/10.1159/000514431
https://pubmed.ncbi.nlm.nih.gov/33845479
https://doi.org/10.1038/s41598-021-99052-y
https://pubmed.ncbi.nlm.nih.gov/34608200
https://doi.org/10.3390/ijms22189941
https://pubmed.ncbi.nlm.nih.gov/34576111
https://doi.org/10.1016/j.neuint.2020.104786
https://pubmed.ncbi.nlm.nih.gov/32579896
https://doi.org/10.3109/10641969109042066
https://pubmed.ncbi.nlm.nih.gov/1773499
https://doi.org/10.1538/expanim.53.67
https://pubmed.ncbi.nlm.nih.gov/14993746
https://doi.org/10.1111/neup.12373
https://pubmed.ncbi.nlm.nih.gov/28261874
https://doi.org/10.3233/JAD-200063
https://pubmed.ncbi.nlm.nih.gov/32310176
https://doi.org/10.1016/j.peptides.2017.12.027
https://pubmed.ncbi.nlm.nih.gov/29309801
https://doi.org/10.1016/j.celrep.2017.09.026
https://pubmed.ncbi.nlm.nih.gov/28978464
https://doi.org/10.7150/thno.37119
https://pubmed.ncbi.nlm.nih.gov/32194838
https://doi.org/10.1038/s41401-020-00506-2
https://pubmed.ncbi.nlm.nih.gov/32868905


www.aging-us.com 11759 AGING 

Meng H. Role of PGC-1α in Mitochondrial Quality 
Control in Neurodegenerative Diseases. Neurochem 
Res. 2019; 44:2031–43. 
https://doi.org/10.1007/s11064-019-02858-6 
PMID:31410709 

23. Calabrese F, Rossetti AC, Racagni G, Gass P, Riva MA, 
Molteni R. Brain-derived neurotrophic factor: a bridge 
between inflammation and neuroplasticity. Front Cell 
Neurosci. 2014; 8:430. 
https://doi.org/10.3389/fncel.2014.00430 
PMID:25565964 

24. Karpova NN. Role of BDNF epigenetics in activity-
dependent neuronal plasticity. Neuropharmacology. 
2014; 76:709–18. 
https://doi.org/10.1016/j.neuropharm.2013.04.002 
PMID:23587647 

25. Petzold A, Psotta L, Brigadski T, Endres T, Lessmann V. 
Chronic BDNF deficiency leads to an age-dependent 
impairment in spatial learning. Neurobiol Learn Mem. 
2015; 120:52–60. 
https://doi.org/10.1016/j.nlm.2015.02.009 
PMID:25724412 

26. Takeda T, Hosokawa M, Takeshita S, Irino M, Higuchi 
K, Matsushita T, Tomita Y, Yasuhira K, Hamamoto H, 
Shimizu K, Ishii M, Yamamuro T. A new murine model 
of accelerated senescence. Mech Ageing Dev. 1981; 
17:183–94. 
https://doi.org/10.1016/0047-6374(81)90084-1 
PMID:7311623 

27. Chen SD, Wu CL, Hwang WC, Yang DI. More Insight 
into BDNF against Neurodegeneration: Anti-
Apoptosis, Anti-Oxidation, and Suppression of 
Autophagy. Int J Mol Sci. 2017; 18:545. 
https://doi.org/10.3390/ijms18030545 
PMID:28273832 

28. Yanamoto H, Nagata I, Sakata M, Zhang Z, Tohnai N, 
Sakai H, Kikuchi H. Infarct tolerance induced by intra-
cerebral infusion of recombinant brain-derived 
neurotrophic factor. Brain Res. 2000; 859:240–8. 
https://doi.org/10.1016/s0006-8993(00)01966-1 
PMID:10719070 

29. Hwang IY, Sun ES, An JH, Im H, Lee SH, Lee JY, Han PL, 
Koh JY, Kim YH. Zinc-triggered induction of tissue 
plasminogen activator by brain-derived neurotrophic 
factor and metalloproteinases. J Neurochem. 2011; 
118:855–63. 
https://doi.org/10.1111/j.1471-4159.2011.07322.x 
PMID:21615740 

30. Thorsdottir D, Einwag Z, Erdos B. BDNF shifts 
excitatory-inhibitory balance in the paraventricular 
nucleus of the hypothalamus to elevate blood 
pressure. J Neurophysiol. 2021; 126:1209–20. 

https://doi.org/10.1152/jn.00247.2021 
PMID:34406887 

31. Inoue T, Hagiyama M, Maenishi O, Kimura M, 
Mizuguchi N, Mine Y, Kimura R, Chikugo T, Itoh T, 
Satou T, Ito A. Ectopic TWEAKR expression in type I 
fiber of stroke-prone spontaneously hypertensive rats 
is related to slow muscle-specific hypotrophy. Life Sci. 
2019; 237:116919. 
https://doi.org/10.1016/j.lfs.2019.116919 
PMID:31610200 

32. Yanamoto H, Miyamoto S, Nakajo Y, Nakano Y, Hori T, 
Naritomi H, Kikuchi H. Repeated application of an 
electric field increases BDNF in the brain, enhances 
spatial learning, and induces infarct tolerance. Brain 
Res. 2008; 1212:79–88. 
https://doi.org/10.1016/j.brainres.2008.03.011 
PMID:18439988 

33. Pikula A, Beiser AS, Chen TC, Preis SR, Vorgias D, 
DeCarli C, Au R, Kelly-Hayes M, Kase CS, Wolf PA, 
Vasan RS, Seshadri S. Serum brain-derived 
neurotrophic factor and vascular endothelial growth 
factor levels are associated with risk of stroke and 
vascular brain injury: Framingham Study. Stroke. 
2013; 44:2768–75. 
https://doi.org/10.1161/STROKEAHA.113.001447 
PMID:23929745 

34. Shimada H, Makizako H, Doi T, Yoshida D, 
Tsutsumimoto K, Anan Y, Uemura K, Lee S, Park H, 
Suzuki T. A large, cross-sectional observational study 
of serum BDNF, cognitive function, and mild cognitive 
impairment in the elderly. Front Aging Neurosci. 
2014; 6:69. 
https://doi.org/10.3389/fnagi.2014.00069 
PMID:24782766 

35. Barde YA. Trophic factors and neuronal survival. 
Neuron. 1989; 2:1525–34. 
https://doi.org/10.1016/0896-6273(89)90040-8 
PMID:2697237 

36. Sopova K, Gatsiou K, Stellos K, Laske C. Dysregulation 
of neurotrophic and haematopoietic growth factors in 
Alzheimer's disease: from pathophysiology to novel 
treatment strategies. Curr Alzheimer Res. 2014; 
11:27–39. 
https://doi.org/10.2174/1567205010666131120100743 
PMID:24251394 

37. Soulé J, Messaoudi E, Bramham CR. Brain-derived 
neurotrophic factor and control of synaptic 
consolidation in the adult brain. Biochem Soc Trans. 
2006; 34:600–4. 
https://doi.org/10.1042/BST0340600 
PMID:16856871 

38. Nagahara AH, Merrill DA, Coppola G, Tsukada S, 

https://doi.org/10.1007/s11064-019-02858-6
https://pubmed.ncbi.nlm.nih.gov/31410709
https://doi.org/10.3389/fncel.2014.00430
https://pubmed.ncbi.nlm.nih.gov/25565964
https://doi.org/10.1016/j.neuropharm.2013.04.002
https://pubmed.ncbi.nlm.nih.gov/23587647
https://doi.org/10.1016/j.nlm.2015.02.009
https://pubmed.ncbi.nlm.nih.gov/25724412
https://doi.org/10.1016/0047-6374(81)90084-1
https://pubmed.ncbi.nlm.nih.gov/7311623
https://doi.org/10.3390/ijms18030545
https://pubmed.ncbi.nlm.nih.gov/28273832
https://doi.org/10.1016/s0006-8993(00)01966-1
https://pubmed.ncbi.nlm.nih.gov/10719070
https://doi.org/10.1111/j.1471-4159.2011.07322.x
https://pubmed.ncbi.nlm.nih.gov/21615740
https://doi.org/10.1152/jn.00247.2021
https://pubmed.ncbi.nlm.nih.gov/34406887
https://doi.org/10.1016/j.lfs.2019.116919
https://pubmed.ncbi.nlm.nih.gov/31610200
https://doi.org/10.1016/j.brainres.2008.03.011
https://pubmed.ncbi.nlm.nih.gov/18439988
https://doi.org/10.1161/STROKEAHA.113.001447
https://pubmed.ncbi.nlm.nih.gov/23929745
https://doi.org/10.3389/fnagi.2014.00069
https://pubmed.ncbi.nlm.nih.gov/24782766
https://doi.org/10.1016/0896-6273(89)90040-8
https://pubmed.ncbi.nlm.nih.gov/2697237
https://doi.org/10.2174/1567205010666131120100743
https://pubmed.ncbi.nlm.nih.gov/24251394
https://doi.org/10.1042/BST0340600
https://pubmed.ncbi.nlm.nih.gov/16856871


www.aging-us.com 11760 AGING 

Schroeder BE, Shaked GM, Wang L, Blesch A, Kim A, 
Conner JM, Rockenstein E, Chao MV, Koo EH, et al. 
Neuroprotective effects of brain-derived neuro-
trophic factor in rodent and primate models of 
Alzheimer's disease. Nat Med. 2009; 15:331–7. 
https://doi.org/10.1038/nm.1912 
PMID:19198615 

39. Oh MM, Simkin D, Disterhoft JF. Intrinsic 
Hippocampal Excitability Changes of Opposite Signs 
and Different Origins in CA1 and CA3 Pyramidal 
Neurons Underlie Aging-Related Cognitive Deficits. 
Front Syst Neurosci. 2016; 10:52. 
https://doi.org/10.3389/fnsys.2016.00052 
PMID:27375440 

40. Ogrodnik M, Evans SA, Fielder E, Victorelli S, Kruger P, 
Salmonowicz H, Weigand BM, Patel AD, Pirtskhalava 
T, Inman CL, Johnson KO, Dickinson SL, Rocha A, et al. 
Whole-body senescent cell clearance alleviates age-
related brain inflammation and cognitive impairment 
in mice. Aging Cell. 2021; 20:e13296. 
https://doi.org/10.1111/acel.13296 
PMID:33470505 

41. Konagaya Y, Terai K, Hirao Y, Takakura K, Imajo M, 
Kamioka Y, Sasaoka N, Kakizuka A, Sumiyama K, 
Asano T, Matsuda M. A Highly Sensitive FRET 
Biosensor for AMPK Exhibits Heterogeneous AMPK 
Responses among Cells and Organs. Cell Rep. 2017; 
21:2628–38. 
https://doi.org/10.1016/j.celrep.2017.10.113 
PMID:29186696 

42. Fang W, Zhang J, Hong L, Huang W, Dai X, Ye Q, Chen 
X. Metformin ameliorates stress-induced depression-
like behaviors via enhancing the expression of BDNF 
by activating AMPK/CREB-mediated histone 
acetylation. J Affect Disord. 2020; 260:302–13. 
https://doi.org/10.1016/j.jad.2019.09.013 
PMID:31521867 

43. Guerrieri D, van Praag H. Exercise-mimetic AICAR 
transiently benefits brain function. Oncotarget. 2015; 
6:18293–313. 
https://doi.org/10.18632/oncotarget.4715 
PMID:26286955 

44. Selvin E, Bolen S, Yeh HC, Wiley C, Wilson LM, 
Marinopoulos SS, Feldman L, Vassy J, Wilson R, Bass 
EB, Brancati FL. Cardiovascular outcomes in trials of 
oral diabetes medications: a systematic review. Arch 
Intern Med. 2008; 168:2070–80. 
https://doi.org/10.1001/archinte.168.19.2070 
PMID:18955635 

45. Ma Y, Bu J, Dang H, Sha J, Jing Y, Shan-jiang AI, Li H, Zhu 
Y. Inhibition of adenosine monophosphate-activated 
protein kinase reduces glial cell-mediated inflammation 
and induces the expression of Cx43 in astroglias after 

cerebral ischemia. Brain Res. 2015; 1605:1–11. 
https://doi.org/10.1016/j.brainres.2014.11.030 
PMID:25619553 

46. Lee AJ. Metformin in noninsulin-dependent diabetes 
mellitus. Pharmacotherapy. 1996; 16:327–51. 
PMID:8726592 

47. Fujita-Hamabe W, Harada S, Tokuyama S. 
[Effectiveness of metformin in prevention of 
development of hyperglycemia and neuronal damage 
caused by ischemic stress]. Yakugaku Zasshi. 2011; 
131:533–8. 
https://doi.org/10.1248/yakushi.131.533 
PMID:21467792 

48. Musi N, Goodyear LJ. Targeting the AMP-activated 
protein kinase for the treatment of type 2 diabetes. 
Curr Drug Targets Immune Endocr Metabol Disord. 
2002; 2:119–27. 
PMID:12476786 

49. Goodyear LJ. The exercise pill--too good to be true? N 
Engl J Med. 2008; 359:1842–4. 
https://doi.org/10.1056/NEJMcibr0806723 
PMID:18946072 

50. Kikuchi K, Setoyama K, Kawahara KI, Nagasato T, 
Terashi T, Ueda K, Nakanishi K, Otsuka S, Miura N, 
Sameshima H, Hosokawa K, Harada Y, Shrestha B, 
et al. Edaravone, a Synthetic Free Radical Scavenger, 
Enhances Alteplase-Mediated Thrombolysis. Oxid 
Med Cell Longev. 2017; 2017:6873281. 
https://doi.org/10.1155/2017/6873281 
PMID:29259732 

51. Kikuchi K, Setoyama K, Tanaka E, Otsuka S, Terashi T, 
Nakanishi K, Takada S, Sakakima H, Ampawong S, 
Kawahara KI, Nagasato T, Hosokawa K, Harada Y, et al. 
Uric acid enhances alteplase-mediated thrombolysis 
as an antioxidant. Sci Rep. 2018; 8:15844. 
https://doi.org/10.1038/s41598-018-34220-1 
PMID:30367108 

52. Kikuchi K, Kawahara K, Tancharoen S, Matsuda F, 
Morimoto Y, Ito T, Biswas KK, Takenouchi K, Miura N, 
Oyama Y, Nawa Y, Arimura N, Iwata M, et al. The free 
radical scavenger edaravone rescues rats from 
cerebral infarction by attenuating the release of high-
mobility group box-1 in neuronal cells. J Pharmacol 
Exp Ther. 2009; 329:865–74. 
https://doi.org/10.1124/jpet.108.149484 
PMID:19293391 

53. Shimamura N, Matsuda N, Kakuta K, Narita A, 
Ohkuma H. A model of rat embolic cerebral infarction 
with a quantifiable, autologous arterial blood clot. 
Transl Stroke Res. 2013; 4:564–70. 
https://doi.org/10.1007/s12975-013-0262-5 
PMID:24323379 

https://doi.org/10.1038/nm.1912
https://pubmed.ncbi.nlm.nih.gov/19198615
https://doi.org/10.3389/fnsys.2016.00052
https://pubmed.ncbi.nlm.nih.gov/27375440
https://doi.org/10.1111/acel.13296
https://pubmed.ncbi.nlm.nih.gov/33470505
https://doi.org/10.1016/j.celrep.2017.10.113
https://pubmed.ncbi.nlm.nih.gov/29186696
https://doi.org/10.1016/j.jad.2019.09.013
https://pubmed.ncbi.nlm.nih.gov/31521867
https://doi.org/10.18632/oncotarget.4715
https://pubmed.ncbi.nlm.nih.gov/26286955
https://doi.org/10.1001/archinte.168.19.2070
https://pubmed.ncbi.nlm.nih.gov/18955635
https://doi.org/10.1016/j.brainres.2014.11.030
https://pubmed.ncbi.nlm.nih.gov/25619553
https://pubmed.ncbi.nlm.nih.gov/8726592
https://doi.org/10.1248/yakushi.131.533
https://pubmed.ncbi.nlm.nih.gov/21467792
https://pubmed.ncbi.nlm.nih.gov/12476786
https://doi.org/10.1056/NEJMcibr0806723
https://pubmed.ncbi.nlm.nih.gov/18946072
https://doi.org/10.1155/2017/6873281
https://pubmed.ncbi.nlm.nih.gov/29259732
https://doi.org/10.1038/s41598-018-34220-1
https://pubmed.ncbi.nlm.nih.gov/30367108
https://doi.org/10.1124/jpet.108.149484
https://pubmed.ncbi.nlm.nih.gov/19293391
https://doi.org/10.1007/s12975-013-0262-5
https://pubmed.ncbi.nlm.nih.gov/24323379


www.aging-us.com 11761 AGING 

54. Chen J, Delaney KH, Kwiecien JM, Lee RM. The effects 
of dietary sodium on hypertension and stroke 
development in female stroke-prone spontaneously 
hypertensive rats. Exp Mol Pathol. 1997; 64:173–83. 
https://doi.org/10.1006/exmp.1997.2218 
PMID:9439482 

55. Watanabe H, Sasatani M, Doi T, Masaki T, Satoh K, 
Yoshizumi M. Protective Effects of Japanese Soybean 
Paste (Miso) on Stroke in Stroke-Prone Spontaneously 
Hypertensive Rats (SHRSP). Am J Hypertens. 2017; 
31:43–7. 
https://doi.org/10.1093/ajh/hpx129 
PMID:28985324 

56. Otsuka S, Sakakima H, Terashi T, Takada S, Nakanishi 
K, Kikuchi K. Preconditioning exercise reduces brain 
damage and neuronal apoptosis through enhanced 
endogenous 14-3-3γ after focal brain ischemia in rats. 
Brain Struct Funct. 2019; 224:727–38. 
https://doi.org/10.1007/s00429-018-1800-4 
PMID:30478609 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

57. Bland RD, Ertsey R, Mokres LM, Xu L, Jacobson BE, 
Jiang S, Alvira CM, Rabinovitch M, Shinwell ES, Dixit A. 
Mechanical ventilation uncouples synthesis and 
assembly of elastin and increases apoptosis in lungs 
of newborn mice. Prelude to defective alveolar 
septation during lung development? Am J Physiol 
Lung Cell Mol Physiol. 2008; 294:L3–14. 
https://doi.org/10.1152/ajplung.00362.2007 
PMID:17934062 

58. Kato Y, Iwase M, Kanazawa H, Nishizawa T, Zhao YL, 
Takagi K, Nagata K, Noda A, Koike Y, Yokota M. 
Validity and application of noninvasive measurement 
of blood pressure in hamsters. Exp Anim. 2003; 
52:359–63. 
https://doi.org/10.1538/expanim.52.359 
PMID:14562615 

59. Alhowail A, Almogbel Y. Metformin administration 
increases the survival rate of doxorubicin-treated 
mice. Pharmazie. 2019; 74:737–9. 
https://doi.org/10.1691/ph.2019.9777 
PMID:31907113 

 
 

https://doi.org/10.1006/exmp.1997.2218
https://pubmed.ncbi.nlm.nih.gov/9439482
https://doi.org/10.1093/ajh/hpx129
https://pubmed.ncbi.nlm.nih.gov/28985324
https://doi.org/10.1007/s00429-018-1800-4
https://pubmed.ncbi.nlm.nih.gov/30478609
https://doi.org/10.1152/ajplung.00362.2007
https://pubmed.ncbi.nlm.nih.gov/17934062
https://doi.org/10.1538/expanim.52.359
https://pubmed.ncbi.nlm.nih.gov/14562615
https://doi.org/10.1691/ph.2019.9777
https://pubmed.ncbi.nlm.nih.gov/31907113


www.aging-us.com 11762 AGING 

SUPPLEMENTARY MATERIALS 
 
Supplementary Figures 
 

 
 
Supplement Figure 1. FNDC5 expression in the brain of AIS, SHRSPs, and SAMP8. Representative immunoblotting of FNDC5 (A) 
and photomicrographs of FNDC5 immunoreactivity (B) in AIS. The protein levels of FNDC5 significantly higher in the 1.5-AF rats than in the 
Control group (A, C, n = 4) FNDC5 immunoreactivity significantly increased in the 1.5-AF group compared to that in the Control group (B, D, 
n = 6). Representative immunoblotting of FNDC5 (E) and photomicrographs of FNDC5 immunoreactivity (F) in SHRSPs. The protein levels of 
FNDC5 significantly higher in the 1.5-AF rats than in the Control rats (E, G, n = 6) FNDC5 immunoreactivity significantly increased in the 1.5-
AF rats compared to that in the Control rats (F, H, n = 8). Representative photomicrographs of FNDC5 immunoreactivity (I) in SAMP8. 
FNDC5 immunoreactivity significantly increased in the 1.5-AF rats compared to that in the Control rats (J–L, n = 8). Data are shown as the 
mean± standard error. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar = 50 μm (B, F) and 100 μm (I). 
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Supplementary Figure 2. Photographs of representative quantitative sites. Photographs of immunostaining in AIS (A), SHRSPs (B), 
and SAMP8 (C). The area enclosed by the square was quantified. *Penumbra area. Scale bar = 2 mm (A, B) and 500 μm (C). 
 
 


