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Background: Frailty is a common geriatric syndrome associated with adverse health outcomes. Equol, a metabolite of the soy
isoflavone daidzein, has gained attention for its potential health benefits, particularly in bone, muscle, and cardiovascular health. This
study examines the association between urinary equol concentration and frailty status in older adults, with participants further
classified into equol producers and non-producers.

Methods: A cross-sectional analysis was conducted using data from 651 community-dwelling older adults (aged 70-85) participating
in the Itabashi Longitudinal Study on Aging in February 2023. Urinary equol concentration was measured using Enzyme-Linked
Immunosorbent Assay, and participants were classified as equol producers (>1,000 nmol/L) or non-producers (<1,000 nmol/L). Frailty
was assessed based on the revised Japanese Cardiovascular Health Study criteria. Binomial logistic regression was used to evaluate the
association between equol production and frailty status or its components, adjusting for age and sex.

Results: Of the participants, 57.1% were equol producers. Fifty-five point eight percent were categorized as frail or prefrail. Equol
producers had a significantly lower odds ratio (OR) for frailty or prefrailty (OR=0.71; 95% CI, 0.51-0.97) compared to non-producers.
Among the frailty components, low physical activity was associated with equol production (OR=0.60; 95% CI, 0.41-0.88).
Conclusion: Equol production was inversely associated with the prevalence of frailty or prefrailty, particularly with respect to
maintaining physical activity. This suggests a potential protective role of equol-producing capacity in healthy aging, warranting
longitudinal studies to further explore this association.
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Background
Frailty, a common geriatric syndrome characterized by decreased strength, endurance, and physiological function,
increases vulnerability to adverse health outcomes, including disability, hospitalization, and mortality. Identifying factors
that can mitigate frailty in older adults is crucial for improving their quality of life and extending healthy aging.'
Regardless of gender, the mechanism of physical and mental health functional decline including frailty have been
partially explained by declining estrogen levels.” In this context, preventive effects of intake of isoflavones, ie the
phytoestrogens, against hormone-related diseases, including breast cancer, stroke, and myocardial infarction in women
and prostate cancer in men have been reported.”*
Especially, equol, a metabolite of the soy isoflavone daidzein, has recently gained attention for its potential health
benefits. Notably, equol can exert estrogenic effects by binding to estrogen receptors, which may help support bone

health, muscle maintenance, and cardiovascular function through the modulation of estrogen-like activity, potentially
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offsetting the effects of age-related estrogen decline.” This phytoestrogenic action is thought to contribute to reduced
inflammation and oxidative stress, mechanisms that further protect against frailty-related outcomes. However, not all
individuals can produce equol; it can be produced in only 50-60% among East Asians, including Japanese.® This
capacity depends on specific gut bacteria to convert daidzein into equol, and this capacity varies based on an individual’s
gut microbiota composition.” This unique, microbiota-dependent process has positioned equol as a significant factor in
personalized nutrition and health interventions, with implications for promoting healthy aging.

Previous studies have shown that equol producers may have better cognitive function® and metabolic health,’
suggesting a potential protective role against age-related diseases. However, the relationship between equol production
and frailty has not been well-studied. Given the biological plausibility of equol’s benefits and the need for modifiable
factors to prevent frailty, this study aims to explore the association between equol-producing capacity as represented by
urinary equol concentration and frailty status in community-dwelling older adults.

The Itabashi Longitudinal Study on Aging, which is a cohort study project on urban community-dwelling older adults
starting in 2021,'% provides a unique opportunity to examine this association in a well-defined cohort. This study cross-
sectionally investigates whether older adults who produce equol have a lower risk of frailty and its components, aiming
to contribute to the understanding of dietary and microbial factors in healthy aging.

Methods

Participants

Community-dwelling older adults who underwent the health checkup as a part of “Itabashi Longitudinal Study on Aging”
conducted in February 2023 participated in the study. Under an official agreement, Itabashi Ward provides researchers of
Tokyo Metropolitan Institute for Geriatrics and Gerontology with personal details of residents aged 70+. The researchers
conduct health checkups, use the data for research, and offer feedback and health advice. This project began in
February 2021, while the health checkup of year 2023 took place February 1-14, 2023, to which those whose date of
birth was between January 1938 and December 1952 were invited aiming to the potential age range of 70-85 years.
Subjects without a urine sample or complete frailty status data (grip strength, walking speed, fatigue, physical activity, or
weight loss) were excluded from the study. This study was approved by the Ethics Committee of the Tokyo Metropolitan
Institute for Geriatrics and Gerontology (approval number: TMIG-R21-056) and was conducted in accordance with the
ethical standards laid down in the Declaration of Helsinki.'" Written informed consent was obtained from all participants
prior to their inclusion in the study.

Measurements

Urine samples were collected at the health examination site for the analysis of equol concentration. Each participant used
a urine collection kit (urine collection SET-B, JESCO Corporation) to collect 5—10 cc of their first morning void at home,
before breakfast. Participants were not given specific instructions to restrict or encourage soybean product consumption
or medication use prior to collection. However, as the first morning void was used, this collection method inherently
minimizes the influence of recent dietary intake or medication. Participants in this study were community-dwelling older
adults who voluntarily attended health check-ups for this study, and thus were expected to have sufficient cognitive
ability to comply with instructions. In addition, staff at the examination site confirmed the labeling and handling of the
urine containers upon submission. Upon arrival at the health check-up site, the collected urine samples were transferred
into vials, aliquoted, and stored at —80°C until analysis.

Urinary equol concentrations were analyzed using an equol ELISA kit (Healthcare Systems Co., Ltd).'?
Measurements were performed in compliance with the protocol of the ELISA kit. The absorbance was measured at
a wavelength of 450 nm with a reference wavelength of 570 nm.

A calibration curve (four-parameter logistic regression model) was constructed from the concentration and absor-
bance of the standard solution to calculate the concentration of equol. According to the manufacturer’s performance
characteristics, the intra-assay coefficients of variation (CVs) were 10.8% at 10.0 pg/mL, 8.2% at 19.3 pg/mL, and 6.1%
at 50.3 pg/mL (n=6 each), while the inter-assay CVs were 10.2% at 10.4 pg/mL, 10.1% at 17.8 pg/mL, and 12.9% at
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39.6 pg/mL (n=6 each). According to the thresholds established in a previous study,'® urinary equol concentrations above
1,000 nmol/L were classified as equol producers, while those below 1,000 nmol/L were classified as non-producers.

Frailty was evaluated based on the revised Japanese version of Cardiovascular Health Study criteria.'* Participants
were categorized as frail when three or more of the following (1)-(5) conditions were met, as prefrail when one or two
were met, and robust when none of the conditions were met; (1) weight loss, (2) muscle weakness, (3) fatigue, (4)
decreased walking speed, (5) decreased physical activity. “Weight loss” was defined as unintentional weight loss of 2 kg
or more during past 6 months. “Muscle weakness” was assessed using a digital handgrip dynamometer (TKK5401, Takei
Scientific Instruments Co., Ltd). Grip strength was measured twice with the dominant hand in a standing position when
possible, with the maximum value recorded. For participants unable to stand, the test was conducted in a sitting position.
Grip strength <28 kg for men and <18 kg for women was defined as weakness. “Fatigue” was evaluated with the question
“Have you felt tired without reason during the past two weeks?” (yes/no), which has been adopted in previous studies.
“Slowness” was defined as normal walking speed of <1.0 m/sec. “Physical inactivity” was assessed using two self-
administered questions: (a) “Do you engage in light exercise or calisthenics? How many days per week?” and (b) “Do
you engage in regular exercise or sports? How many days per week?” Participants who answered “none” to both
questions were classified as physically inactive. Frailty assessment and urine sample collection were performed on the
same day during the health checkup, with early-morning urine samples used for equol measurement.

In addition, covariates were assessed as follows. Dietary variety was evaluated using the dietary variety score
developed by Kumagai et al (2003),'> which has been widely applied in Japan. Participants were asked whether they
consumed each of the following 10 food groups almost daily: meat, fish/shellfish, eggs, milk, soybean products, green/
yellow vegetables, potatoes, seaweeds, fruits, and fats/oils. One point was assigned for each group consumed almost
daily, yielding a score ranging from 0 to 10. Weekly physical activity duration was assessed with a questionnaire based
on the International Physical Activity Questionnaire (IPAQ),'® modified for feasibility in large-scale health checkups.
Participants were asked (1) the number of days per week they engaged in walking or higher-intensity physical activity
(none, 1-7 days), and (2) the average duration per day (open-ended). Weekly duration was calculated by multiplying
frequency by duration. Social connections were measured using the validated Japanese version of the Lubben Social
Network Scale-6 (LSNS-6).'” Smoking status was assessed by asking “Do you currently smoke tobacco products,
including electronic cigarettes?” with three possible responses (current, former, never). For analysis, participants were
dichotomized into current smokers and non-smokers (former and never smokers combined).

Statistical Analysis

Primary Analysis

Sex differences in baseline characteristics were assessed using Student’s #-test for continuous variables and y’-test for
categorical variables. Binomial logistic regression analyses with no adjustment, adjustment for age and sex, were
conducted to analyze the association of equol-producing capacity as an independent variable with binomial frailty
classification (robust vs prefrail or frail), and the each frailty component as dependent variables. We intentionally
adjusted only for age and sex, considering these as fundamental and immutable factors. This approach aimed to broadly
capture the association between equol-producing capacity and frailty, including potential mediating pathways through
intermediate factors such as chronic disease or lifestyle. SPSS ver.27 (IBM Japan) was used for analysis and results were
considered statistically significant when p value<0.05.

In a supplementary analysis, participants with undetectable urinary equol (n=164) were assigned a value of 0.0005 pg/mL,
corresponding to half of the lowest detectable concentration. The values were then natural log-transformed, standardized, and
entered into logistic regression models to estimate odds ratios per 1-SD increase in equol concentration for frailty status and its
components.

Secondary Analysis

In addition to the primary analysis examining the association between equol-producing capacity and frailty risk,
a secondary, exploratory analysis was conducted to investigate potential associations between modifiable lifestyle factors
and frailty risk specifically among participants without equol-producing capacity. Binomial logistic regression analysis
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was performed with the presence of frailty as the dependent variable. The modifiable lifestyle factors considered in this
analysis included:

1. Dietary variety, assessed as the number of food groups (fish, meat, eggs, milk, soy products, colored vegetables,
seaweed, potatoes, fruits, and oils/fats) consumed almost daily.

2. Weekly total duration of physical activities equivalent to or greater than walking.

3. Social connections, evaluated using the Japanese version of the Lubben Social Network Scale, short form (LSNS-6),
with scores ranging from 0 to 30 points, with higher scores indicating better social connectedness.

4. Current smoking status.

5. Age and sex were included as adjustment variables in the model.

Results

Primary Analysis

Six hundred fifty-six people participated in this health checkup. Five of them were excluded from the analysis because of
missing data necessary for measurement of urinary equol concentration or frailty classification. Thus, a total of 651
participants were included in the statistical analysis. A flow diagram depicting the number of participants at each stage,
from invitation to final analysis, is provided in Figure 1. The cognitive status of participants, assessed by the Mini-Mental
State Examination-Japanese (MMSE-J), indicated preserved function (median score 28; interquartile range 27-30),
supporting that the cohort was cognitively intact and able to follow study instructions. Subjects ranged in age 70-85
years, with a mean of 75.6 (SD:4.0) years, 58.2% male, 57.1% equol-producing (ie 42.9% non-producing), and 55.8%
“frail or prefrail” (ie robust 44.2%). The percentages of participants who fell into the categories of weight loss, muscle
weakness, fatigue, decreased walking speed, and decreased physical activity were 12.0%, 25.9%, 12.0%, 13.1%, and
21.8%, respectively (Table 1).

As shown in Table 2, the unadjusted model indicated a non-significant association between equol-producing capacity
and being frail or prefrail (OR = 0.77 [95% CI, 0.56—1.05]). After adjusting for sex and age, the association became
statistically significant (OR = 0.71 [95% CI, 0.51-0.97]). In the sex-stratified analysis, a significant association was
observed only in men (0.62 [0.40, 0.95]), whereas no significant association was found in women.

Regarding frailty components, the overall association was not significant for slow walking speed; however, in the sex-
stratified analysis, a significant association was observed only in women (0.43 [0.19, 0.97]). In the overall analysis, equol
producers had a significantly lower odds ratio for low physical activity (0.60 [95% confidence interval, 0.41, 0.88]). In
the sex-stratified analysis, this association remained significant in men (0.47 [0.29, 0.77]) but not in women. No
significant differences were found for the other frailty components (Table 2).

Supplementary analysis using log-transformed equol concentration as a continuous variable yielded consistent results,
with higher equol levels associated with lower odds of frailty or prefrailty (adjusted OR=0.79; 95% CI, 0.67-0.93), and

Eligible residents invited (age 70-85, n = 5471)

\ 4
Attended health checkup (n = 656)

A4

Excluded due to missing urinary sample
or incomplete frailty data (n = 5)

Y
Included in analysis (n = 651)

Figure | Participant flow diagram.
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Table | Participant Characteristics

Total Men Women | p-value
Number (%) 651 (100.0) | 379 (58.2) | 272 (41.8)
Age, Mean (SD), yrs 75.6 (40) | 755 (3.8) | 75.8 (4.3) 0.366
Equol producer, % 57.1 58.3 55.5 0.477
Frail or prefrail, % 55.8 57.8 52.9 0.220
Unintentional Weight Loss, % 12.0 12.5 1.6 0.697
Weakness, % 259 26.9 23.7 0.291
Exhaustion, % 12.0 9.3 16.0 0.011*
Slow Walking Speed, % 13.1 15.2 10.1 0.045*
Low Physical Activity, % 21.8 235 19.4 0.223

Notes: Values are presented as mean * SD or number (%). p-values were calculated using the chi-
square test for categorical variables and the independent t-test for continuous variables, comparing
men and women. p < 0.05 was considered statistically significant (*).

Table 2 Adjusted and Unadjusted Odds Ratios and 95% Confidence Intervals by Having Equol-
Producing Capacity for Frail or Prefrail and for Each Frailty Component (Overall and by Sex)

Variable Unadjusted Adjusted for Adjusted for Adjusted for
(Overall) Sex and Age Age (Men) Age (Women)
Frail or prefrail 0.77(0.56—1.05) 0.71(0.51-0.97)* | 0.62(0.40-0.95)* | 0.84(0.51-1.37)
Unintentional Weight Loss | 1.09(0.67—1.76) 1.07(0.66—1.73) 1.31(0.69-2.49) 0.83(0.40-1.78)
Weakness 1.03(0.72—-1.47) 0.92(0.63—-1.33) 0.69(0.42—1.12) 1.33(0.74-2.40)
Exhaustion 0.86(0.53—1.38) 0.84(0.52-1.36) 0.87(0.43-1.78) 0.81(0.42-1.57)
Slow Walking Speed 0.86(0.55—-1.36) 0.77(0.48-1.23) 1.02(0.57-1.85) 0.43(0.19-0.97)*
Low Physical Activity 0.60(0.41-0.87)** | 0.60(0.41-0.88)** | 0.47(0.29-0.77)** | 0.79(0.43—1.44)

Note: * p<0.05, *p<0.01.

a significant association observed particularly for low physical activity (Supplementary Table S1). Similar associations

were observed when frailty was treated as an ordinal outcome in supplementary analyses (Supplementary Table S2).

Secondary Analysis
Among the non-equol producers, none of the lifestyle-related variables—dictary variety, total duration of physical

activity, social connectedness (LSNS-6), or smoking status—showed a significant association with the presence of frailty
(Table 3).

Table 3 Logistic Regression Analysis of Modifiable Lifestyle
Factors Associated with Frailty in Non-Equol Producers

Variable Odds Ratio (95% CI) | P-value
Age (years) 1.10 (1.013-1.19) 0.022
Sex(male) 1.01 (0.57-1.80) 0.976
Dietary variety score 0.89 (0.79-1.01) 0.083
Physical activity (hours/week) 1.01 (0.99-1.04) 0.348
Social network score (LSNS-6) | 0.97 (0.93—1.01) 0.151
Current smoking (yes) 0.47 (0.16—1.41) 0.176

Abbreviation: Cl, confidence interval.
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Discussion
Our results cross-sectionally showed that equol producer status was associated with lower odds of being frail or prefrail.
To the best of our knowledge, this is the first study on the association between equol-producing capacity and frailty.

The results of this study were similar to studies on the association of equol-producing capacity with cognitive
function,"® non-alcoholic fatty liver disease'® or metabolic parameters'® in the context of health benefits by equol-
producing capacity. According to a cross-sectional study on older adults,"® equol producers showed better cognitive
function than non-producers after a standardized soy challenge test. Furthermore, equol production is significantly
associated with a lower incidence of non-alcoholic fatty liver disease in Japanese women aged 50-69."* Equol producer
status is also linked to improved metabolic health and reduced atherosclerosis risk in Japanese women around menopause
and early postmenopause.'’

Estrogen-modulating and antiandrogenic functions of equol may help explain the observed associations with frailty
status, with potential sex-specific effects being more pronounced in men.” Equol has estrogen-modulating properties that
may help prevent frailty in older adults by supporting bone health through estrogenic activity, maintaining muscle mass
via estrogen receptors, and reducing inflammation. It also aids in hormonal balance, enhances endothelial function, and
improves lipid metabolism, thereby promoting cardiovascular health. Additionally, equol has antiandrogenic effects by
binding to dihydrotestosterone, which may contribute to prostate cancer prevention in men and indirectly reduce frailty
risk.”’ The observed stronger association in men may be attributed also to their inherently lower estrogen levels, making
them more responsive to equol’s estrogen-like effects. In contrast, postmenopausal women, despite reduced estrogen
levels, still retain a baseline estrogenic environment, potentially limiting the additional benefits conferred by equol.

Focusing on individual frailty components, the association between equol producer status (defined by urinary equol
concentration) and a lower risk of walking speed decline in women may be attributable to equol’s role in preserving
bone density, particularly after menopause. Women experience a rapid decline in bone density following menopause,
which increases the risk of osteoporosis’’ and may heighten the fear of falls and fractures, ultimately leading to
a reduction in walking speed. However, equol has been shown to help maintain bone density, through its estrogen-like
effects particularly in women, thereby potentially reducing fall risk and preserving walking speed among equol
producers.?

The observed association between equol producer status and a lower risk of low physical activity, particularly in men,
may be influenced by gender differences in lifestyle and social interactions. Compared to women, older men often have
fewer opportunities for spontaneous physical activity, especially after retirement, partly because they tend to have fewer
community-based social connections.”> Consequently, many men lack well-established exercise routines once they leave
the workforce, leading to increased sedentary behavior and prolonged sitting time at home. This lack of physical activity
may make them more susceptible to the influence of factors that promote movement and activity. In this context, equol’s
potential benefits in improving vascular function and reducing inflammation could alleviate fatigue and enhance comfort
during physical activity. While women generally maintain higher levels of daily physical activity, making any increase
less pronounced, equol’s positive effects on physical activity levels may be more evident among men.

In contrast, other frailty components, such as weight loss, muscle strength, and fatigue, did not show significant
associations with equol-producing capacity. Several potential reasons can be considered for this observation. First, the
mechanisms by which equol exerts biological effects may not uniformly influence all aspects of frailty. For example,
while equol’s anti-inflammatory and estrogen-like properties may directly support physical activity, their influence on
parameters such as weight loss or fatigue might require longer periods to manifest or be secondary to changes in activity
levels. Second, these components may be influenced more strongly by factors other than equol production, such as
nutritional status, comorbidities, or genetic predispositions. Lastly, the lack of significant findings for these components
could also be due to limitations in the study design, such as sample size or measurement sensitivity, which may have

reduced the power to detect associations.
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Implications

The potential involvement of equol-producing capacity in frailty development suggests the need to consider equol-
producing status when formulating health maintenance strategies in older adults. While equol-producing capacity may be
associated with a lower risk of frailty, maintaining adequate soy isoflavone intake remains essential to fully leverage its
potential benefits. Unfortunately, for individuals who lack equol-producing capacity, the secondary analysis did not
identify actionable lifestyle recommendations specific to frailty prevention. This suggests that personalized interventions
tailored to the individual’s health status may be necessary.

Furthermore, emerging evidence indicates that equol-producing capacity is not necessarily fixed or innate, but may be
influenced by lifestyle-related changes. Evidence suggests that it may be associated with improvements in gut microbiota
composition.?* Lifestyle modifications, such as regular physical activity, sufficient sleep, and a balanced diet, could potentially
enhance the gut environment, enabling equol production. Combining this with adequate soy product intake might represent
a potential avenue for future research on strategies related to frailty in older adults including non-equol producers.

Strengths and Limitations

Although to the best of our knowledge, this is the first study to identify an association between equol-producing capacity
and frailty, it cannot stand without several limitations. Firstly, there is a possibility that some individuals with the
capacity to produce equol were misclassified as non-producers because they had not consumed isoflavones immediately
prior to testing. In order to rigorously test for the equol- producing capacity itself, it may be better to standardize the
intake of soy isoflavones, especially daidzein, the raw material of equol, immediately prior to the test, though such
a control was difficult in this study because it used data from a multi-purpose population-based checkup. The second
limitation stems from the cross-sectional nature of this study; the association between equol-producing capacity and
frailty may be bidirectional. Older individuals with frailty may consume a restricted diet with a poor dietary variety,
potentially leading to inadequate intake of soy isoflavones, the substrate for equol production. This may inhibit the
growth of equol-producing bacteria in their gastrointestinal tract. Also, frailty-related inflammation and metabolic
changes could negatively impact gut microbiota, further reducing equol production. The causal relationship of equol-
producing capacity on an individual’s frailty status cannot be determined in this cross-sectional study. Thirdly, we could
not fully account for several potential confounders that may influence equol production. Variations in habitual dietary
intake, especially soy isoflavones, were not strictly controlled in this population-based study. In addition, we did not
collect detailed information on the use of medications such as antibiotics, which can substantially alter the gut microbiota
and thereby equol production. Furthermore, cognitive decline among some older participants may have affected the
accuracy of self-reported dietary information or the collection of urine samples. These factors may have introduced
measurement error or residual confounding into our findings.

Conclusion

This cross-sectional study showed that in the community-dwelling older adults, equol producer status was associated
with a lower likelihood of being prefrail or frail. Longitudinal studies are warranted to test whether having the equol-
producing capacity is protective against future incidence of frailty in older adults.
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