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Simple Summary 

Coumestrol is a phytoestrogen found in beans that interacts with various biomolecules. Oral 
ingestion of coumestrol-rich bean sprouts (CBSs) has been shown to increase blood testosterone 
levels. Suppressing the age-related decline in blood testosterone levels may prevent late-onset 
hypogonadism, thought to be the cause of many diseases. In this study, using a senescence-
accelerated prone 1 (SAMP1) mouse model to bypass the long period typically required to analyze 
aging, we investigated the effect of oral ingestion of CBSs on aging progression. SAMP1 mice who 
exercised exhibited accelerated aging-related phenotypes. By contrast, oral ingestion of CBSs 
suppressed aging-related declines in blood testosterone and nerve growth factor levels and 
prevented the decline in spatial working memory. These results support CBSs’ potential for use as a 
candidate food with anti-aging properties. Future work should analyze the molecular mechanisms 
of coumestrol on aging. 

Abstract 

1) Background: Coumestrol is a bioactive compound that inhibits HASPIN activity and prevents tau 
and H3 phosphorylation. Oral ingestion of CBSs increases blood testosterone levels, which decline 
with age causing late-onset hypogonadism. Oral ingestion of coumestrol-rich bean sprouts (CBSs) 
has been shown to suppress the onset of Alzheimer’s disease in 5xFAD mice and the onset of colon 
cancer in APCmin/+ mice. 2) Methods: We investigated the effect of oral ingestion of CBSs on the 
progression of aging in male senescence-accelerated prone 1 (SAMP1) mice allowed voluntary 
exercise or no exercise. The SAMP1 mice were divided into two groups fed either a standard diet or 
a diet including bean sprouts from 12 to 18 weeks of age. Each group was divided into two groups 
with voluntary exercise or no exercise. 3) Results: Voluntary exercise accelerated aging-related 
declines in blood testosterone levels, nerve growth factor levels, and spatial working memory, and 
oral ingestion of CBSs suppressed these age-related phenotypes, regardless of exercise. 4) Conclusion: 
Ingestion of CBSs prevented aging-related phenotypes in the experimental mice. A detailed analysis 
of the molecular mechanisms of coumestrol will be useful for understanding aging and preventing 
age-related diseases such as cancer, Alzheimer’s disease, and LOH. 

Keywords: cancer; coumestrol; dementia; AGA; HASPIN; neurotrophin; NGF; phytoestrogen; 
testosterone 
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1. Introduction 

In developed countries, the proportion of older people in relation to the total population is 
increasing because of longer life expectancies resulting from improvements in medical technology 
and social infrastructure. In 2024, the World Health Organization predicted that the number of people 
aged 65 and over worldwide will have increased from 500 million in 2005 to 1.6 billion by 2050 [1]. In 
an aging society, quality of life and extending one’s healthy lifespan are critical. Aging is explained 
by 12 factors, and it is known to be composed of a combination of these factors [2]. Moderate-exercise 
equipment and various health and nutritional supplements are increasingly being developed as our 
understanding of aging advances [3,4]. 

Physical activity and exercise have beneficial effects on mental health and quality of life [5]. 
Among older people, regular physical activity, such as walking, reduces the risk of becoming 
bedridden [6]. However, excessive exercise strains the body and damages cells through the 
generation of reactive oxygen species, and it can lead to accumulated fatigue and accelerated aging 
[7–9]. Overtraining syndrome (OTS) is known be primarily driven by chronic immune activation and 
dysregulation of cytokines, especially interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and 
interleukin-1β (IL-1β) [7]. A complete understanding of the relationship between the quality and 
quantity of exercise and aging is lacking and warrants further research. However, research on aging 
requires long investigation periods in order to compile results. By using the senescence-accelerated 
prone 1 (SAMP1) mouse, a senescence-accelerated model in which aging progresses more rapidly, 
researchers can analyze aging over a shorter period [10]. SAMP1 is an inbred strain established 
through the repeated mating of siblings from ARK/J mice. Its characteristics include rapid aging at 
age 4–6 months and an early onset of age-related pathologies such as aging amyloidosis, learning and 
memory impairment, senile osteoporosis, and cataracts in a strain-specific manner [10]. 

Coumestrol, synthesized in plants, acts as a phytoalexin. Coumestrol is a bioactive compound 
that has effects on various biomolecules [11]. Coumestrol acts as a phytoestrogen for mammals. 
Moreover, it inhibits the serine–threonine kinase HASPIN [12], which regulates chromosome and 
spindle function during mitosis and meiosis and plays a role in chromosome segregation during cell 
division [13,14]. HASPIN is critical for normal cell division. At the same time, inhibition of HASPIN 
activity greatly suppresses cancer cell division by affecting active cell division [15]. Moreover, 
HASPIN phosphorylates tau protein [16]. Several chemical compounds that inhibit HASPIN activity 
have been isolated, and functional analysis of HASPIN is currently underway [17]. Coumestrol is 
synthesized in many plants, but it has been found to be abundant in beans such as Glycine max, Vigna 
radiate, and Vigna mungo. It was found that cultivating bean sprouts at 24 °C for about a week 
increases the concentration of the HASPIN inhibitor coumestrol in vivo [11]. Oral ingestion of 
coumestrol-rich bean sprouts (CBSs) increases blood testosterone levels in mice and humans [16,18]. 
Additionally, it suppressed the onset of disease in both the 5xFAD mouse model of Alzheimer’s 
disease and the APCmin/+ mouse model of familial colorectal cancer [16,19]. With age, many people 
develop cancer or dementia, leading to a decline in quality of life and a shortened lifespan. Although 
various cancer treatments have been developed, further advancements are needed. Moreover, there 
is no cure for dementia, and the development of a treatment is urgently needed. Therefore, 
understanding the mechanisms of action of ingested CBSs with respect to biomolecules is important 
in the context of an aging society. 

Aging induces alteration of sex hormones commensurate with a loss of reproductive function 
[2]. The decline in testosterone levels is a marker of aging [20]. Late-onset hypogonadism (LOH) 
syndrome, caused by low testosterone levels, is associated with various age-related diseases [21], and 
it can impair the daily lives of middle-aged men and have societal effects. Furthermore, systemic 
comorbidities, such as metabolic syndrome, depression, and frailty, are common in aged men with 
LOH symptoms. LOH is diagnosed using the Aging Males’ Symptoms scale [22]. The prevalence of 
symptomatic androgen deficiency in 30–79-year-old men is 5.6%, and it increases substantially with 
age [23]. As populations age, the number of patients affected by LOH is expected to increase. 
Understanding and treating LOH constitute an important issue with regard to maintaining the 
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quality of life of middle-aged and older men. Preventing aging-related declines in testosterone levels 
will help prevent the onset of LOH. Given its effects on suppressing declines in blood testosterone 
levels, the oral ingestion of CBSs may prevent LOH. 

In this study, we investigated the anti-aging effects of CBSs and voluntary exercise. We 
conducted this study using the SAMP1 mouse model of aging to complete the analysis over a shorter 
period. Specifically, we measured the progression of age-related dementia and changes in 
testosterone and neurotrophic factor blood levels when SAMP1 mice were allowed voluntary 
exercise and fed CBSs. 

2. Materials and Methods 

2.1. Ethics 

The study was conducted in accordance with the Declaration of Helsinki. All animal 
experiments conformed to the Guide for the Care and Use of Laboratory Animals and were approved 
by the CommiĴee of Laboratory Animal Experimentation, and Research Ethics CommiĴee of 
Nagasaki International University, Nagasaki, Japan (no. 167). 

2.2. Bean Sprout Cultivation 

Mung bean sprouts (Vigna radiata), which were unpalatable and unsuitable for consumption, 
were purchased from Choho Sangyo Co., Ltd. (Nagasaki, Japan) and cultivated for 3 days at 24 ℃ to 
ensure they contained large amounts of coumestrol (approximately 150 µg/g dry weight). Sprout 
cultivation and coumestrol measurement were performed as reported previously [11]. The bean 
sprouts were cultivated under natural light in a temperature-controlled room on neĴing with water 
mist applied once daily. The cultivated bean sprouts (BSs) were dried at 80 °C for 12 h and then 
ground in a mill. 

2.3. Animals 

Male SAMP1 and female C57BL/6 mice for use in the experiments were purchased from Japan 
SLC, Inc. (Hamama-tsu, Japan). The mice were provided with food and water ad libitum and 
maintained under specific pathogen-free conditions using materials that contribute to environmental 
enrichment in the animal experimentation facility of Nagasaki International University, with 
temperature and lighting controlled during the experiment. The mice were sacrificed via cervical 
dislocation immediately before the experimental end point. The mice were fed the specialized 
laboratory rodent diet LabDiet® 5L37 (Japan SLC, Inc.) as a standard diet (ST), which is also available 
internationally as a LabDiet® product (Land O’ Lakes, Inc., Arden Hills, MN, USA). Additionally, a 
BS-enhanced feed (hereafter referred to as the BS diet) was prepared by soaking the solid ST in water, 
mixing it with 15% coumestrol-rich bean sprout (CBS) powder, and treating it at 80 °C for 10 h. The 
nutritional composition of each diet is provided in Table S1. The BS diet contained approximately 
22.5 µg/g of coumestrol. The SMAP1 mice were kept in individual cages (measuring 240 × 170 × 120 
mm) to measure the amount of food each mouse consumed and prevent fighting. The SAMP1 mice 
were fed the ST until 12 weeks post-birth; subsequently, they were fed either the ST or BS diet. From 
12 to 18 weeks of age, the ST- and BS-fed mice were divided into groups with no exercise (ST-NE and 
BS-NE, respectively) or voluntary exercise (ST-VE and BS-NE, respectively) (Figure 1). Seven female 
C57BL/6 mice were housed together in a large cage (350 × 300 × 160 mm). To observe the lifespan and 
appearance of the mice, some of the SAMP1 mice and female C57BL/6 mice were fed the ST or BS 
diet continuously and prevented from exercising, starting at 12 weeks of age, until they died of old 
age. 
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Figure 1. Schematic of the experimental regimes implemented for the SAMP1 mice. The mice were kept in 
individual cages and fed a standard diet with no exercise until 12 weeks of age. Then, they were divided into 
groups fed either a standard diet or a bean-sprout-containing diet with either no exercise or voluntary exercise 
from 12 to 18 weeks of age. The Y-maze test was conducted on mice between the ages of 16 and 18 weeks. 
Otherwise, to allow observation of lifespan, the mice were fed a standard diet or bean-sprout-containing diet 
with no exercise until death by old age. 

2.4. Non-Exercise and Voluntary Exercise SeĴings 

The NE mice were held in their individual cages throughout the experiment. Conversely, the VE 
mice were provided access to a running wheel with a diameter of 150 mm (Marukan Co., Ltd., Osaka, 
Japan) for 90 min a day for 5 days a week in a quiet environment to allow free and voluntary exercise 
(Figure 2A, Supplemental Video S1); this is a common experimental method [24]. The running 
distance was automatically measured using a wheel machine. 
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Figure 2. Exercise and food consumption in SAMP1 mice from 12 to 18 weeks of age. The mice in the voluntary 
exercise group were placed on a running wheel, with the ability to rest, for 90 min (A). During the voluntary 
exercise time, the running distance was automatically measured by the wheel machine (B). The food ingestion 
(C), body weight (D), and calorie intake (E) for mice in all the experimental groups were measured. BS diet, bean-
sprout-containing diet; NE, no exercise; ST, standard diet; VE, voluntary exercise. Values are means ± standard 
deviation, with n=6. 

2.5. Y-Maze Test 

The Y-maze test was performed on 16–18-week-old mice to examine spontaneous locomotor 
activity and spatial working memory [25]. Each mouse was placed at the end of one arm of the test 
device, in which three arms of the same size were connected at 120°. The mouse was allowed to move 
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freely for 8 min, and its behavior was recorded. Specifically, we recorded the number of times each 
arm was entered. Spontaneous alternation is a behavior consisting of exploring novel environments. 
In this test, we analyzed the rate at which mice entered different arms consecutively. If they entered 
the same arm many times, we determined that they did not remember their own exploratory behavior 
and hence had low spatial working memory ability. Spontaneous locomotor activity was calculated 
from the total number of arm entries. Six mice were used for each condition. 

2.6. Western BloĴing 

Blood samples were taken and stored at 4 °C for 1 day, after which the serum was separated via 
centrifugation at 15,000 × g. For each sample, 1 µL of serum was separated using sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis, and it was then electrobloĴed onto polyvinylidene 
fluoride membranes and finally blocked with Blocking Solution in phosphate-buffered saline 
(Nacalai Tesque, Inc., Kyoto, Japan). After being washed in tris-buffered saline with Tween 20 (50 
mM Tris-HCl, pH 7.4; 138 mM NaCl; 2.7 mM KCl; and 0.1% Tween 20), the membranes were reacted 
with primary antibodies overnight at 4 °C and then with secondary antibodies for 120 min at room 
temperature. The antigen–antibody complexes were detected using ECL Select (Cytiva Amersham, 
Marlborough, MA, USA). The signals were observed using an ImageQuant LAS 4000 imager (GE, 
Boston, MA, USA). The antibodies used in the experiment are detailed in Table 1. The image-
processing program Image Lab (Bio-Rad, Hercules, CA, USA) was used to analyze signal intensity 
[26]. 

Table 1. The antibodies and enzyme-linked immunosorbent assay kit used in the study. 

BDNF, brain-derived neurotrophic factor; ELISA, enzyme-linked immunosorbent assay; HRP, horseradish 
peroxidase; IgG, immunoglobulin G; GDNF, glial-cell-line-derived neurotrophic factor; NGF, nerve growth 
factor. 

2.7. Enzyme-Linked Immunosorbent Assay 

Testosterone levels were measured in 20 µL aliquots of serum via an enzyme-linked 
immunosorbent assay (ELISA) with a commercial kit used according to the manufacturer’s protocol 
(ADI-900-065; Enzo Life Sciences, Farmingdale, NY, USA). The assay detection sensitivity was 5.67 
pg/mL, with an average coefficient of variation of 9.5% across sample concentrations. Each sample 
was analyzed in duplicate using two assay blocks simultaneously. If there was a large discrepancy 
between the two measurements, the assay was repeated for the sample in question. 

2.8. Statistical Analysis 

Data are expressed as the mean ± standard deviation (SDs). Statistical analysis was performed 
using Student’s t-test. In all analyses, P < 0.05 was taken to indicate statistical significance. 

  Name                                Reference (product code) 
anti-tau-mouse IgG                                Abcam (ab80579) 

anti-phosphorylated tau-rabbit IgG                  Cell Signaling Technology (#29959) 
anti-β-actin mouse IgG                               Proteintech (HRP-60008) 

anti-transferrin rabbit polyclonal antibody                      Protentech (17435-1-AP) 
rat monoclonal antibody against mouse NGF(NGF30)       Santa Cruz Biotechnology 

(sc-32300) 
anti-BDNF ribbit polyclonal antibody                    Protentech (28205-1-AP) 
anti-GDNF rabbit polyclonal antibody                   Protentech (26179-1-AP) 

anti-rabbit IgG HRP-linked whole Ab (from donkey)         Amersham Biosciences (NA934V) 
rabbit anti-rat IgG HRP-secondly antibody                    DAKO (P0450) 

anti-rabbit IgG HRP-linked secondary antibody           Cell Signaling Technology (#7074) 
anti-mouse IgG HRP-secondly antibody              Cell Signaling Technology (#7076) 

  Testosterone ELISA kit                     Enzo Life Sciences (ADI-900-065) 
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3. Results 

3.1. Physical Examination 

Voluntary exercise slows aging [5]. Among the VE mice provided regular access to a running 
wheel (Figure 2A and Supplemental Video 1) [24], no significant differences in running distance, 
body weight, or food ingestion were observed (Figure 2B–D). Calorie intake in k Cal/days was 22.04 
± 4.62, 23.77 ± 3.82, 23.77 ± 2.63, and 19.79 ± 2.66 for the ST-NE, ST-VE, BS-NE, and BS-VE groups, 
respectively (Figure 2E). The calorie intake of the BS-VE group was significantly (83%) lower than 
that of the BS-NE group, although all experimental groups consumed approximately the same 
amount of calories from their feed. We examined the appearance of the SAMP1 mice allowed to 
engage in voluntary exercise at 18 weeks old. The mice in the BS-VE group had beĴer-groomed coats 
than those in the ST-VE group (Figure 3). Additionally, among 2-year-old female C57BL/6 mice who 
did not engage in any exercise, those fed the BS diet were found to have beĴer-groomed coats than 
those fed the ST (Figure S1). Furthermore, the SAMP1 mice were kept without access to exercise and 
continuously fed either the ST or BS diet. The mice fed the BS diet (705.4 ± 44.9 days) lived 
significantly longer than those fed the ST (545.8 ± 106.7 days)(P=0.027) (Figure 4). These results 
suggest that voluntary exercise induced an aging-related phenotype in the SAMP1 mice, which was 
suppressed by oral ingestion of CBSs. 

 
Figure 3. Appearance of 18-week-old SAMP1 mice allowed voluntary exercise. The mice were fed a standard 
diet (upper set) or bean-sprout-containing diet (lower set) and had access to voluntary exercise. The mice fed the 
bean-sprout-containing diet had beĴer-groomed coats than those fed the standard diet. 
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Figure 4. Lifespan of the SAMP1 mice. The mice were fed a standard diet or bean-sprout-containing diet with 
no exercise. The mice fed the bean-sprout-containing diet had longer lifespans. To facilitate observation of 
lifespan, the mice were fed a standard diet or bean-sprout-containing diet with no exercise until death by old 
age. 

3.2. Examination of Spatial Working Memory 

Next, we subjected each mouse in each experimental group to the Y-maze test to examine spatial 
working memory (Figure 5). Among the ST-fed mice, the ST-VE group (49.7 ± 6.5) had significantly 
lower spatial working memory scores than the ST-NE group (62.8 ± 5.9), suggesting that voluntary 
exercise reduced spatial working memory in the SAMP1 mice. The result for the SAMP1 ST-NE group 
in this study is almost identical to that in our previous report regarding C57BL/6 mice [19]. Among 
the VE mice, the BS-VE group (65.2 ± 8.3) had significantly higher spatial working memory scores 
than the ST-VE group, suggesting that the exercise-induced decline in spatial working memory was 
suppressed by CBS ingestion. Overall, the BS-NE group (77.7 ± 10.3) had the highest corrected scores 
and the ST-VE group the lowest, suggesting that the mice in the BS-NE group experienced less aging. 
Among the NE mice, the BS-NE group had significantly higher corrected scores than the ST-NE 
group, suggesting that CBS ingestion suppressed the aging-related decline in spatial working 
memory. Finally, although it is difficult to observe overexpression of endogenous phosphorylated 
tau even in mice with Alzheimer’s disease [27], we used Western bloĴing to observe whether changes 
could be observed in SAMP1 mice, but no significant differences among the SAMP1 groups were 
found (Figure S2). 
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Figure 5. Spatial working memory of the SAMP1 mice. The Y-maze test was conducted on mice fed either a 
standard diet or bean-sprout-containing diet, either with or without access to voluntary exercise. n = 6. P-values 
< 0.05 were considered statistically significant. BS, bean-sprout-containing diet; NE, no exercise; ST, standard 
diet; VE, voluntary exercise. Values are means ± standard deviations, with n=6. 

3.3. Total Testosterone Levels in Serum 

Blood testosterone levels decrease with age [20], but CBS ingestion may increase serum 
testosterone levels [16,20]. In SAMP1 mice, the effects of voluntary exercise and food on serum 
testosterone levels were examined using ELISA (Figure 6). The changes in serum testosterone levels 
were similar to the trends in appearance and spatial working memory. Among the ST-fed mice, the 
ST-VE group (557 ± 478 pg/ mL) had significantly lower testosterone levels than the ST-NE group 
(1470 ± 667 pg/ mL). Among the VE mice, the BS-VE group (2009 ± 1266 pg/ mL) had significantly 
higher testosterone levels than the ST-VE group. Thus, voluntary exercise resulted in lower serum 
testosterone levels, and this decline was suppressed by CBS ingestion. Overall, serum testosterone 
levels were the highest in the BS-NE group (2081 ± 1403 pg/ mL) and lowest in the ST-VE group. 
These results suggest that the aging-induced decline in serum testosterone levels was suppressed by 
CBS ingestion. 
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Figure 6. Serum testosterone levels in SAMP1 mice. We collected blood samples from mice fed either a standard 
diet or bean-sprout-containing diet, either with or without access to voluntary exercise, to measure serum 
testosterone levels. n = 6. P-values < 0.05 were considered statistically significant. BS, bean-sprout-containing 
diet; NE, no exercise; ST, standard diet; VE, voluntary exercise. Values are means ± standard deviations, with 
n=6. 

3.4. Serum Neurotrophins 

Neurotrophin expression decreases with age [28]. Serum neurotrophin nerve growth factor 
(NGF), brain-derived neurotrophic factor (BDNF), and glial-cell-line-derived neurotrophic factor 
(GDNF) expression were analyzed using Western bloĴing. No significant differences in BDNF and 
GDNF levels were observed among the experimental groups (Figure 7A-D, Table 2). However, NGF 
expression declined with aging, which was suppressed by CBS ingestion (Figure 7A, B, E), similar to 
the trends observed for spatial working memory and serum testosterone levels. In the ST-fed mice, 
NGF expression was non-significantly lower in the ST-VE group (0.60 ± 0.21) relative to the ST-NE 
group (0.85 ± 0.35). Among the VE mice, NGF levels were significantly higher in the BS-VE group 
(1.17 ± 0.53) relative to the ST-VE group. The BS-NE group (1.53 ± 0.88) exhibited significantly higher 
NGF expression than the ST-VE group. Overall, serum NGF levels were highest in the BS-NE group 
and lowest in the ST-VE group. These results suggest that the voluntary-exercise- and age-related 
decline in NGF levels was suppressed by CBS ingestion. 
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Figure 7. Serum neurotrophin levels in the SAMP1 mice. We collected serum from and conducted Western 
bloĴing on mice fed either a standard diet or bean-sprout-containing diet, either with or without access to 
voluntary exercise, to measure neurotrophin levels. The ST-NE* mice were used to confirm the reproducibility 
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of signals on each filter(A, B). The numbers represent individual mouse identification numbers. BDNF, GDNF, 
and NGF expression in mice measured using Western bloĴing (C, D, E). The signal intensity corresponds to the 
neurotrophin measured and quantified using the image-processing program Image Lab. Transferrin was used 
as a marker of serum lysates. The original Western bloĴing results are shown in the supplemental figures. n = 6. 
P-values < 0.05 were considered statistically significant. BS, bean-sprout-containing diet; NE, no exercise; NGF, 
nerve growth factor; ST, standard diet; VE, voluntary exercise. Values are means ± standard deviations, with 
n=6. 

Table 2. Serum neurotrophin concentrations, shown as the mean ± standard deviation. 

BDNF, brain-derived neurotrophic factor; BS, diet including 15% coumestrol-rich bean sprout powder in 
standard; GDNF, glial-cell-line-derived neurotrophic factor; N.D., no data; NGF, nerve growth factor. The 
numbers indicate the signal intensity relative to transferrin in each lane. Values are means ± standard deviations, 
with n=6. 

4. Discussion 

To investigate the relationship between disease onset and aging in detail, experimental animals 
must be reared and allowed to age over long periods. To overcome this limitation, we used the 
senescence-accelerated mouse strain SAMP1 to investigate the impacts of voluntary exercise and oral 
ingestion of CBS on aging. The results revealed that when SAMP1 mice were allowed to exercise on 
a running wheel, which provided loads within the typical experimental range, fur loss, spatial 
working memory decline, and testosterone loss, all considered signs of aging, progressed earlier. The 
aging-related phenotype in SAMP1 mice was accelerated by voluntary exercise. Exercise generates 
reactive oxygen species (ROS), which stress cells [7–9]. In SAMP1 mice, ROS may be generated during 
voluntary exercise, causing muscle microtrauma, which induces chronic inflammatory cytokine 
release and thus the aging-related phenotype. It is unclear why SAMP1 mice exhibit an early aging-
related phenotype, but it may be due to their susceptibility to ROS. Since coumestrol has antioxidative 
activity, ingestion of CBSs may suppress the aging phenotype in SAMP1 mice. 

First, we established a mouse-breeding approach in which an early-aging-related phenotype 
could be observed by allowing SAMP1 mice to exercise. Next, we observed the effect of oral ingestion 
of bean sprouts rich in the HASPIN inhibiter coumestrol on the progression of the aging-related 
phenotype due to exercise. These results indicated that oral ingestion of CBSs significantly 
suppressed the loss of fur, spatial cognitive function, testosterone, and NGF with voluntary exercise. 
These tendencies of anti-aging-related phenotypes were also observed under no-exercise conditions. 
Furthermore, suppression of hair loss was observed when CBSs were administered to C57BL/6 
female mice. Low-calorie diets have an anti-aging effect [29]. It has been reported that reducing 
calorie intake can extend lifespan [30]. In this experiment, the calorie intakes of mice in the ST-NE 
group and BS-NE group were almost the same. These results indicated that oral ingestion of CBSs 
can extends lifespan. By geĴing the SAMP1 mice to exercise, we were able to determine significantly 
the effects of CBSs on aging-related phenotypes in a short period using a small number of mice. 
Making SAMP1 mice exercise is a more useful strategy for conducting a detailed analysis of the anti-
aging effects than using a large number of wild-type mice. 

Coumestrol is a phytoestrogen that affects various biomolecules, including estrogen receptors 
[11]; it also inhibits HASPIN kinase [12]. HASPIN, cloned as a gene specifically expressed in haploid 

                    Standard diet (ST)                                 BS* 
Non-exercise (NE)     voluntary exercise (VE)          NE              VE 

BDNF         1.49 ± 0.52            1.03 ± 0.38                1.74 ± 0.81       1.09 ± 0.27 
 

GDNF         0.40 ± 0.25            0.39 ± 0.36                0.33 ± 0.39       0.47 ± 0.23 
 

NGF     0.85 ± 0.35           0.60 ± 0.21                1.53 ± 0.88       1.17 ± 0.53
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germ cells [31], is a serine–threonine kinase conserved in eukaryotes that phosphorylates multiple 
proteins during spermatogenesis [32,33]. HASPIN is also expressed during somatic cell division and 
meiosis and has been shown to regulate cell division by phosphorylating the histones H3 and TH2A 
[13,14]. A HAPSIN inhibitor suppressed proliferation of various cancer cells and the development of 
polyps in a familial colorectal cancer mouse model (APCmin/+) [16]. HASPIN also phosphorylates tau 
protein expressed in neurons. Oral ingestion of CBSs suppressed Alzheimer’s disease in 5xFAD mice 
[19]. Precise regulation of HASPIN activity is thought to be important for maintaining cellular 
function. One of the factors contributing to aging is a disruption of epigenetic regulation [2]. The 
genomic region corresponding to HASPIN expression is epigenetically regulated as differentially 
methylated regions [34]. Transcriptional regulation of the HASPIN gene is mediated by a 193 bp DNA 
region upstream of the transcription initiation site, and HASPIN expression is suppressed by DNA 
methylation in differentiated cells [35]. Changes in epigenetic alterations, such as genomic DNA 
methylation and histone acetylation and methylation, are reported to occur with aging and affect 
gene expression [36]. Such alterations can cause various diseases, including cancer, lifestyle diseases, 
and mental disorders [36]. Age-related disturbances in epigenetic alterations lead to HASPIN 
expression in cells that do not require it, a process that may contribute to the development of cancer 
and Alzheimer’s disease, the incidence rates of which increase with age. Although HASPIN plays an 
important role in cell division, in haspin knockout mice, HASPIN function is compensated for by other 
mechanisms, and no significant defects are observable in normal cells [37]. In this study, CBSs may 
have inhibited abnormal HASPIN activity, eliciting the suppressed anti-aging-related phenotype 
without any observed side effects. Thus, CBS consumption may inhibit the progression of these 
diseases by inhibiting abnormal HASPIN expression. Inhibition of HASPIN is considered beneficial 
only in specific biological or disease contexts, not universally. However, the interest in HASPIN 
inhibition derives from its very specialized role in cell division, a role that creates an unusual 
opportunity to selectively suppress pathological cell proliferation while sparing most normal cellular 
functions. 

Oral ingestion of CBSs increases serum testosterone levels of aging markers in both humans and 
mice [2,16,18]. Coumestrol is a phytoestrogen and polyphenol that reacts with estradiol receptors. 
Coumestrol also affects the production of steroid hormones by inhibiting aromatase and 
hydroxysteroid dehydrogenase [38]. It is a low-molecular-weight compound consisting of a steroid 
skeleton and may cross the blood–brain barrier [39]. Additionally, classical aging biomarkers should 
be assessed to support the conclusion of accelerated aging [40]. Although accurate analysis of 
multiple factors will take time because of the low volume of blood in mice, future research should 
analyze blood gonadotropins, which mediate testosterone secretion [22]. Further accurate analysis of 
blood factors is needed to clarify coumestrol’s potential mechanisms of action with respect to, for 
instance, the brain or gonads. 

In this study, serum NGF levels were higher in the BS-fed mice than in the ST-fed mice. Estrogen 
has been reported to increase NGF levels [41,42]. The CBS-induced increase in serum NGF levels may 
have been due to coumestrol’s effects consistent with its role as a female hormone. Moreover, 
coumestrol has antioxidant properties, activates the longevity gene Sirt1 [43], and inhibits 
cholinesterase [44], among additional effects on other biomolecules [11]. Thus, the aging-related 
phenotypes observed in this study, including increased serum testosterone and NGF levels, may have 
been induced through a number of coumestrol’s functions. Additionally, bean sprouts are 95% water, 
but they also contain vitamin B1, B2, C, calcium, folic acid, iron, and dietary fiber [45]. Although we 
found no reports indicating that each compound markedly prevents the age-related decline in blood 
testosterone and NGF levels, it is necessary to consider the influence of molecules found in CBSs and 
the production of metabolic products by the intestinal microbiota. Although the experiment was 
conducted using SAMP1 mice, further analyses of the molecular mechanisms underlying the effects 
of CBSs and coumestrol can be expected to provide important insights into aging and anti-aging. 

5. Conclusions 
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This study on SAMP1 mice reveals that voluntary exercise on a running wheel accelerated aging 
and that oral ingestion of CBSs suppressed the progression of aging-related phenotypes in mice who 
did and did not engage in exercise. These findings support the potential of CBSs as an anti-aging 
food. 

Supplemental Materials: The following supporting information can be downloaded at the website of this paper 
posted on Preprints.org, Figure S1: Aged female C57BL/6 mice fed bean sprouts. Figure S2: Expression of tau 
and phosphorylated tau in the hippocampus of SAMP1 mice. Figure S3: Uncropped Western blot figures using 
anti-neurotrophin antibodies. Video S1: Observation of free and voluntary exercise for each mouse with access 
to a running wheel. 
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