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Equol, a naturally occurring phytoestrogen derived from the fermentation of soy and soy-based
products by gut bacteria, is recognized for its diverse health benefits. While there is speculation about
its association with cancer prevention, the scientific community has yet to reach a consensus due

to the variability in research findings. Our study aims to shed light on this topic by examining the
correlation between urine equol concentrations and the cancer risk among the American population.
The National Health and Nutrition Examination Survey (NHANES) is a national survey of U.S. civilians
in which cancer participants are enrolled in a database by a sample questionnaire. This study included
2797 Americans aged 40 years and older in the NHANES database (2005-2010). The relationship
between urine equol concentration and cancer was analysed using weighted logistic regression
models, stratified analysis, smoothed curve fitting and threshold effect analysis were also performed.
Among the 2797 participants in our study, 390 individuals received a cancer diagnosis. Our findings
indicate a positive correlation between urine equol levels and the risk of cancer. Notably, individuals
in the highest quartile of equol excretion exhibited a significantly elevated risk of cancer, with a
25.4% increase compared to those in the lowest quartile (POR=1.254, 95% Cl: 1.252, 1.256), after
fully adjusting for confounders. Similar results were observed in other adjusted models. A non-linear
relationship in the shape of an inverted U-shape can be observed by smoothed curve fitting, and the
inflection point is 25.5. Urinary equol concentrations below 25.5 ng/ml were positively associated with
cancer risk, while equol concentrations above 25.5 ng/ml showed a slight negative trend in cancer risk.
However, further prospective studies are needed to provide more robust evidence and confirmed in
large clinical trials.
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Cancer is a major global public health problem, threatening the lives of millions of people and imposing a severe
social and economic burden. A recent study has revealed that in 2022, there were approximately 20 million
new cases of cancer and 9.7 million deaths related to the disease!. The report further indicates that by 2050,
the number of new cancer cases is projected to surpass 35 million per year!. Despite the diversity of cancers,
many epidemiological factors have been identified as being associated with cancer, and by intervening in these
factors, the incidence of certain types of cancer has been significantly reduced. For example, controlling smoking
reduces the incidence of lung, liver and bladder cancers®™*. The control of cancer-related risk factors is becoming
increasingly important due to their potential role in disease prevention.

In recent years, the significance of the gut microbiome has been thrust into the spotlight, recognized for
its crucial role in combating the production of harmful substances and facilitating the absorption of essential
nutrients that the body cannot directly assimilate®. The gut microbiota plays a crucial role in various physiological,
pathological and metabolic processes in the human body, such as inflammation, tumours, immunomodulation
and nervous system development®-8. Gut bacterial metabolites are produced by gut bacteria metabolising food,
can be detected in human blood and urine and are important for human life and health. For example, short-chain
fatty acids (SCFAs) are metabolites produced by gut bacteria that play a crucial role in maintaining intestinal
and systemic homeostasis, and have the ability to prevent tumour cell proliferation and invasion, induce
apoptosis, and arrest the cell cycle®. The metabolite trimethylamine N-oxide (TMAO) produced by gut bacteria
is involved in the regulation of a variety of disease processes, including cancer, diabetes, obesity, atherosclerosis,
inflammation and other diseases!°.

Some studies have demonstrated that the intake of soybeans and soy products is of great significance to
human health!!2. Soybeans are rich in various bioactive compounds, such as soy isoflavones, soy lecithin, and
soy peptides, which have been shown to confer significant health benefits'>. Research has found that increased
intake of soy isoflavones is closely associated with the prevention of multiple diseases, including reduced risk
of cardiovascular disease!®, decreased incidence of hormone-dependent cancers (such as breast and prostate
cancer)'>1%, and prevention of osteoporosis'’. The chemical structure of soy isoflavones and some of their
metabolites is similar to that of the endogenous estrogen 17B-estradiol, and they can exert estrogen-like
biological activities, which is why they are referred to as “phytoestrogens”'8. Soy isoflavones in the human body
mainly originate from the consumption of soybeans and soy-derived foods, with the primary components being
genistein, daidzein, and glycitein®®.

Equol is a downstream metabolite derived from soy isoflavones, primarily generated through microbial
transformation in the small intestine and colon?*!. Equol was first identified in the urine of pregnant mares
in 193222 equol exists as both R- and S-isomers, but the human gut microbiota only produces S-equol?. Equol
boasts superior stability and absorption compared to its precursor, daidzein, coupled with a slower clearance
rate?*. Moreover, it exhibits a more pronounced estrogenic activity than other isoflavones or their metabolites?.
Equol has a high affinity for estrogen receptors, and acts as an estrogen modulator, playing a beneficial role in
various hormone-dependent diseases?®?”. These benefits include relief of menopausal symptoms, prevention of
osteoporosis, and reduced risk of developing cancer?®-3!. In addition, equol is the isoflavone-derived compound
with the strongest antioxidant activity®’, which inhibits oxidative stress damage, promotes the expression of
antioxidant genes in cells, and enhances the activity of antioxidant enzymes®*34. Antioxidants are believed to play
an important role in the onset and development of different chronic diseases, including cancer®. In conclusion,
equol plays an extremely important role in promoting human health, especially in tumour suppression®.

However, the role of equol on tumours is controversial, with some studies finding a positive association
between equol and tumours. In a European prospective investigation, equol was found to increase the risk of
breast cancer, with a doubling of the concentration increasing the chance of developing breast cancer by 20—
45%%. Other studies have found a positive correlation between urine equol levels and breast cancer, endometrial
cancer, ovarian cancer and cancer markers*-0, It’s important to note that the relationship between equol and
cancer is not yet fully understood and may be influenced by a variety of factors, including individual differences
in metabolism, overall diet, and the presence of specific gut bacteria that can produce equol from soy isoflavones.

As a metabolite derived from soya and its products, equol is produced by certain gut bacteria and can be
detected in urine, suggesting its potential as a biomarker for cancer risk. While some studies have suggested a
positive association between equol and specific types of cancer, a comprehensive link with overall cancer risk has
not been definitively established. In an effort to explore this further, we used the National Health and Nutrition
Examination Survey (NHANES) data from 2005 to 2010 to evaluate the relationship between urine equol levels
and the prevalence of overall cancer. This analysis aims to provide a more comprehensive understanding of
equol’s role in cancer risk.

Materials and methods

Study design and participants

In this cross-sectional study, all data were obtained from the National Health and Nutrition Examination Survey
(NHANES) database. NHANES is a nationally representative survey of the U.S. civilian population conducted by
the National Center for Health Statistics (NCHS), a division of the Centers for Disease Control and Prevention
(CDC).The protocol for NHANES was approved by the NCHS Research Ethics Review Board, and informed
written consent was obtained from all participants. The datasets generated and analysed in the current study
are available on the NHANES website (https://www.cdc.gov/nchs/nhanes/index.htm). We downloaded 3 cycles
of NHANES from 2005 to 2010 (2005-2006, 2007-2008, 2009-2010). The data for each cycle consisted of five
sections: demographics data, dietary data, examination data, laboratory data, and questionnaire data. In this
study, we selected individuals aged 40 and above as our study population. According to the literature, cancer
patients under the age of 40 account for only 7.8%, while those aged 40 and above represent a substantial
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92.2%%*!. Moreover, the incidence and mortality rates of cancer increase significantly among individuals over
40 years old*,. Therefore, setting the lower age limit for our study sample at 40 years not only ensures the
representativeness of the study population but also focuses on the age group with the highest cancer incidence.
This selection will help enhance the practicality and relevance of the study results, providing more valuable
references for early cancer screening and intervention.

In order to maintain the integrity and reliability of the results, participants who met one of the following
criteria were excluded: (1) age<40 years (N=19818); (2) participants with missing data from the cancer
questionnaire (N=18); (3) participants with urine equol concentrations below the lower limit of measurement
and missing (N=7874); and (4) participants who were missing information on cancer-related covariates
(N=527). Ultimately, 2797 participants were enrolled in this study (Fig. 1).

Determination of cancer outcomes
In the NHANES survey, participants were asked, “Have you ever been told by a doctor or other health professional
that you had cancer or a malignancy of any kind?” Those who responded “Yes” were classified as having cancer.

> Participants aged << 40 years(N=19818)

> Participants without Cancer data (N=18)

> Participants without Equol data (N=7874)

> Participants without records of covariates(N=527)

Fig. 1. Flowchart of the participants’ selection from NHANES 2005-2010.
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Measurement of urine equol concentrations

In the NHANES survey, urine specimens were collected at a mobile testing centre and stored at —20 °C prior to
analysis. Urinary equol concentrations in the NHANES database were quantified using high performance liquid
chromatography-atmospheric pressure photoionisation-tandem mass spectrometry (HPLC-APPI-MS/MS). Its
lower limit of detection is 0.04 ng/ml. Samples below the lower limit in our study will be excluded.

Assessment of covariates

We extracted several participant characteristics from the NHANES database, including gender, age, race,
education level, family Poverty Income Ratio (PIR), body mass index (BMI), smoking, drinking, hypertension,
diabetes, heart attack, and stroke. Specifically, participants were included if they were aged>40 years. Race
was categorized into Mexican American and non-Mexican American. Education level was classified into three
groups: less than high school, high school or equivalent, and college or above. BMI was categorized as <25
(normal weight), =25 and <30 (overweight), and =30 (obese). Smoking was based on whether one had ‘Smoked
at least 100 cigarettes in life?’(SMQO020). Drinking was based on whether one had ‘Had at least 12 alcohol
drinks/1yr?’(ALQ101). Diagnoses of hypertension (BPD020), diabetes (DIQO010), heart attack (MCQ160E) and
stroke (MCQ160F) were based on self-reported questionnaire data.

Statistical analyses

Due to the complex sampling methodology of the NHANES database, we used weighted analyses with variables
for urine metabolite measurements. The weighting of equol concentrations in the 2005-2006 and 2007-2008
cycles is WTSB2YR, and the weighting of sample equol concentrations in 2009-2010 is WTSA2YR. The aim
of this study was to investigate whether urine equol concentrations are associated with cancer. The whole
statistical analysis process was divided into four steps. First, we analysed the characteristics of the participants
according to the following principles: (1) cancer was used as a dichotomous variable, classified as cancer and
non-cancer. continuous variables were expressed as mean + standard deviation (normal distribution) or median
(quartiles) (skewed distribution), and categorical variables were expressed as frequency (per cent); (2) one-
way analysis of variance (normal distribution) was used, Kruskal-Wallis H (skewed distribution) test and chi-
square test (categorical variables) to determine whether there were significant differences between the means
and proportions of the groups. Second, we analysed the relationship between urine equol concentration and
cancer using weighted logistic regression. Three statistical models were also analysed: Crude Model, unadjusted
for covariates; Model 1, adjusted for covariates such as age, gender and race; and Model II, adjusted for age,
race, gender, BMI, education level, Family PIR, hypertension, diabetes, heart attack, stroke, smoking, drinking.
Third, we used a stratified analysis model stratified by age (40-60 or =60 years), education level, BMI (<25;
225 and <30; 230), smoking, alcohol consumption, hypertension and diabetes. Stratified analysis interaction
p-values were calculated by performing a chi-square test on the interaction terms. Finally, through smoothed
curve fitting and threshold effect analysis, we visualised the relationship and inflection points between urine
equol concentration and cancer. All analyses were performed using IBM SPSS Statistics 26 and EmpowerStats
4.0. P<0.05 was considered as statistically significant difference.

Results

Characteristics of study participants

We show the general characteristics of the 2797 participants (Table 1). The mean age was 59.63 years. All
participants were divided into non-cancer (2407) and cancer (390). Supplementary Table 1 shows cancer types.
Significant differences were found between the cancer and non-cancer groups in terms of age, race, education
level, family PIR, BMI, hypertension, heart attack, stroke, and smoking (p <0.05). In addition, the proportion of
cancer patients was higher in the higher quartiles of urine equol concentrations.

Relationships of urine equol concentration with cancer

The correlation between urine equol concentration and cancer was analysed by weighted logistic regression
(Table 2). Urine equol concentration was turned into a categorical variable by quartiles. Urine equol concentration
had the strongest positive correlation with cancer in the unadjusted model, and in the model I, adjusted age,
gender, and race. In the model II, adjusted all covariates. The PORs of these two adjusted models trended in the
same direction as those of the unadjusted model, and all P<0.05, indicating that urine equol concentration was
significantly positively associated with cancer.

Stratified analyses

To evaluate the differences in the association between urinary equol concentration and cancer risk across
various subgroups, we conducted stratified analyses based on several variables, including age; race; gender; BMI;
education level; family PIR; hypertension; diabetes; heart attack; stroke; smoking and drinking (Table 3). The
results showed that the relationship between urinary equol concentration and cancer risk was consistent across
all subgroups. However, the interaction tests were not significant (P> 0.05), indicating that none of the examined
subgroups significantly altered the association between urinary equol concentration and cancer risk.

Smoothed curve fitting and threshold effect analysis

We plotted a smoothed curve fitting for the association between urine equol concentration and cancer.
Adjusted: age; race; gender; BMI; education level; family PIR; hypertension; diabetes; heart attack; stroke;
smoking; drinking. To address the skew in urinary equol concentrations, we applied the Trimming method
to exclude extreme values exceeding the 95th percentile. We found a non-linear relationship between urine
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Characteristics Total (N=2,797) | Non-cancer (N=2,407) ((I:Va.‘:lc;;o) P-value
Age (years), Mean+SD 59.63+£12.46 58.33+12.09 67.64+11.68 <0.001
Gender, N (%) 0.802
Female 1382 (49.41) 1187 (49.31) 195 (50.00)

Male 1415 (50.59) 1220 (50.69) 195 (50.00)

Race, N (%) <0.001
Mexican American 464 (16.59) 434 (18.03) 30 (7.69)

Other Race 2333 (83.41) 1973 (81.97) 360 (92.31)

Equol (ng/ml), Median (Q1-Q3) | 6.21 (2.79-13.30) | 6.05 (2.65-13.10) 8.39 (3.56-15.47) | <0.001
Equol quartile (ng/ml), N (%) 0.003
Q1 1.40 (0.04-2.78) 698 (24.96) 627 (26.05) 71 (18.21)

Q2 4.29 (2.79-6.19) 697 (24.92) 604 (25.09) 93 (23.85)

Q39.25 (6.20-13.20) 700 (25.03) 588 (24.43) 112 (28.72)

Q4 24.15 (13.21-max) 702 (25.10) 588 (24.43) 114 (29.23)

BMI (kg/m?), N (%) 0.204
<25 706 (25.24) 601 (24.97) 105 (26.92)

>25and <30 994 (35.54) 846 (35.15) 148 (37.95)

>30 1097 (39.22) 960 (39.88) 137 (35.13)

Education level, N (%) 0.029
Below high school 814 (29.10) 721 (29.95) 93 (23.85)

High school 690 (24.67) 594 (24.68) 96 (24.62)

Above high school 1293 (46.23) 1092 (45.37) 201 (51.54)

Family PIR, Mean + SD 2.73+1.62 2.70+£1.62 297+1.59 0.002
Hypertension, N (%) <0.001
No 1474 (52.70) 1317 (54.72) 157 (40.26)

Yes 1323 (47.30) 1090 (45.28) 233 (59.74)

Diabetes, N (%) 0.074
No 2352 (84.09) 2036 (84.59) 316 (81.03)

Yes 445 (15.91) 371 (15.41) 74 (18.97)

Heart attack, N (%) <0.001
No 2635 (94.21) 2283 (94.85) 352 (90.26)

Yes 162 (5.79) 124 (5.15) 38 (9.74)

Stroke, N (%) <0.001
No 2656 (94.96) 2300 (95.55) 356 (91.28)

YES 141 (5.04) 107 (4.45) 34 (8.72)

Smoking, N (%) 0.023
<100 cigarettes in life 1369 (48.95) 1199 (49.81) 170 (43.59)

>100 cigarettes in life 1428 (51.05) 1208 (50.19) 220 (56.41)

Drinking, N (%) 0.957
<12 drinks/year 828 (29.60) 713 (29.62) 115 (29.49)

>12 drinks/year 1969 (70.40) 1694 (70.38) 275 (70.51)

Table 1. The characteristics of participants.

equol and cancer, showing an inverted U-shape (Fig. 2). Threshold effect analysis revealed an inflection point
of 25.5(Table 4), which indicated that urine equol concentrations <25.5 ng/ml were positively associated with
cancer risk (POR=1.02, 95% CI: 1.00, 1.04), p=0.0125, and > 25.5 ng/ml were negatively associated with cancer
risk (POR=0.96, 95% CI: 0.91, 1.01), p=0.0901.

Discussion

We examined whether there is an association between urine equol and cancer. In this study, which included 2797
Americans, we assessed the relationship between urine equol and cancer risk using several statistical models. In
the weighted logistic regression model, we discovered that higher urine equol was associated with a higher risk
of cancer. The results of the stratified analyses and interaction testing indicated that this connection was similar
across populations. In the analysis of smooth curve fitting, we found an inverse U-shaped relationship between
urinary equol concentration and cancer risk, with an inflection point at 25.5 ng/mL. Specifically, when the
urinary equol concentration is below 25.5 ng/mL, the risk of cancer increases (POR=1.02, 95% CI=1.00-1.04).
Conversely, when the equol concentration exceeds 25.5 ng/mL, a slight negative correlation trend with cancer
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Crude Model Model I Model IT
Exposure (POR, 95%CI) (POR, 95%CI) (POR, 95%CI)
Equol quartile (ng/ml)
Q11.40 (0.04-2.78) | Ref Ref Ref

Q24.29 (2.79-6.19) 1.267(1.265, 1.270) | 1.184(1.182, 1.186) | 1.174(1.172, 1.176)
Q39.25(6.20-13.20) | 1.210(1.372,1.377) | 1.210(1.208, 1.213) | 1.171(1.169, 1.173)
Q4 24.15 (13.21-max) | 1.261(1.368, 1.372) | 1.261(1.259, 1.263) | 1.254(1.252, 1.256)

Table 2. Relationship between urine equol and cancer in different models. Crude Model adjust for: None,
Model I adjust for: Age; Race; Gender, Model IT adjust for: Age; Race; Gender; BMI; Education level; Family
PIR; Hypertension; Diabetes; Heart attack; Stroke; Smoking; Drinking. 95% CI, 95% Confidence Interval;
POR, Prevalence Odds Ratio; Ref: reference.

Characteristics Q1 POR(95%CI) | Q2 POR(95%CI) | Q3 POR(95%CI) | Q4 POR(95%CI) | P-interaction
Age (years) 0.49
>40 and <60 Ref 0.97 (0.41, 2.33) 1.01 (0.47, 2.15) 1.27 (0.63, 2.59)

>60 Ref 1.49 (0.89, 2.52) 1.57 (0.98, 2.52) 1.35(0.86, 2.14)
Gender 0.26
Female Ref 1.77 (1.07, 2.91) 1.50 (0.96, 2.35) 1.90 (1.09, 3.29)

Male Ref 0.78 (0.36, 1.70) 1.25(0.63, 2.47) 0.95 (0.47, 1.93)

Race 0.97
Mexican American Ref 1.29 (0.42, 3.93) 1.21 (0.34, 4.33) 1.00 (0.27, 3.70)

Other Race Ref 1.25(0.81, 1.92) 1.34(0.89, 2.01) 1.32(0.84, 2.08)

BMI (kg/m ) 0.72
<25 Ref 1.36 (0.57, 3.24) 1.24 (0.61, 2.49) 0.91 (0.39, 2.12)
>25and <30 Ref 1.46 (0.75, 2.86) 1.35(0.61, 3.00) 1.60 (0.85, 3.03)

>30 Ref 1.03 (0.49, 2.19) 1.60 (0.85, 3.03) 1.62 (0.76, 3.46)
Education level 0.12
Below high school Ref 2.26 (1.10, 4.64) 0.99 (0.40, 2.46) 2.35(0.97,5.72)

High school Ref 0.71 (0.29, 1.75) 1.03 (0.47, 2.29) 1.02 (0.46, 2.26)

Above high school Ref 1.34(0.71,2.51) | 1.68 (1.00,2.82) | 1.34 (0.78,2.30)

Family PIR 0.52
<1 Ref 1.92 (0.65, 5.70) 1.86 (0.59, 5.81) 3.21(0.87,11.82)

>1 Ref 1.21(0.78,1.86) |1.31(0.88,1.95) | 1.25(0.80,1.95)
Hypertension 0.85
No Ref 1.08 (0.54, 2.13) 1.11 (0.64, 1.93) 1.26 (0.70, 2.27)

Yes Ref 139 (0.79,2.43) | 155 (0.90,2.67) | 1.52 (0.91, 2.56)
Diabetes 0.13
No Ref 1.26 (0.78, 2.01) 1.22(0.82, 1.83) 1.27 (0.81, 2.02)

Yes Ref 137 (0.69,2.72) | 237 (1.06,5.31) | 2.36(1.18, 4.74)

Heart attack 0.66
No Ref 1.28 (0.80, 2.04) 1.33(0.87, 2.03) 1.41(0.92,2.17)

Yes Ref 1.03 (0.27, 3.88) 1.67 (0.39,7.19) 0.86 (0.18, 4.06)

Stroke 0.95
No Ref 1.25(0.81, 1.92) 1.38 (0.93, 2.05) 1.37 (0.87, 2.14)

Yes Ref 1.38 (0.22, 8.55) 1.12 (0.21, 6.07) 1.39 (0.30, 6.33)
Smoking 0.07
<100 cigarettes in life | Ref 1.61 (0.86, 3.01) 1.21 (0.61, 2.40) 1.06 (0.56, 2.00)

>100 cigarettes in life | Ref 0.99 (0.54, 1.81) 1.56 (0.97, 2.49) 1.73 (1.03,2.91)
Drinking 0.83
<12 drinks/year Ref 1.75(0.77, 3.94) 1.51 (0.70, 3.23) 1.52 (0.75, 3.08)

>12 drinks/year Ref 1.12 (0.68, 1.83) 1.33(0.83,2.14) 1.32(0.78, 2.25)

Table 3. Relationship between urine equol and cancer in different subgroups.
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Fig. 2. Association between urine equol concentration and cancer. Adjusted for: Age; Race; Gender; BMI;
Education level; Family PIR; Hypertension; Diabetes; Heart attack; Stroke; Smoking; Drinking. The solid and
dotted lines represent the estimated values and their corresponding 95% ClIs, respectively.

Adjusted POR (95% CI), P Value

Inflection point 25.5
equol<25.5 ng/ml 1.02 (1.00, 1.04) 0.0125
equol > 25.5 ng/ml 0.96 (0.91, 1.01) 0.0901

P for log-likelihood ratio | 0.025

Table 4. Threshold effect analysis of urine equol on cancer using a linear regression model. Adjusted for:
Age; Race; Gender; BMI; Education level; Family PIR; Hypertension; Diabetes; Heart attack; Stroke; Smoking;
Drinking. 95% CI, 95% Confidence Interval; POR, Prevalence Odds Ratio.

risk is observed (POR=0.96, 95% CI=0.91-1.01). However, this negative correlation has not reached statistical
significance, and thus, further validation with more data or additional studies is needed.

Some studies have indicated that elevated levels of equol in urine are associated with an increased risk of
breast cancer, endometrial cancer, and ovarian cancer’®*. A prospective cohort study conducted in Europe
also found that higher serum equol levels were linked to a greater risk of breast cancer”’. Relatedly, Liu et al.
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observed a positive correlation between urinary equol concentrations and the breast cancer biomarker CA15-
30, However, this positive correlation has been reported only in breast, endometrial, and ovarian cancers, and
its relevance to other types of cancer requires further investigation.

Equol is a phytoestrogen produced by the metabolism of soy and other plant-based foods by specific gut
microbiota®. Epidemiological studies have shown that the intake of soy products rich in phytoestrogens
is associated with a reduced risk of prostate cancer'®4. Moreover, multiple studies have found a significant
inverse correlation between plasma equol concentrations and the incidence of prostate cancer!»%>. Most in
vitro studies have indicated that equol exerts inhibitory effects on the progression of various cancers, including
breast, prostate, liver, and colon cancers-4, Experimental results further confirm that the estrogenic activity
of equol plays a key role in its anticancer properties?®?”. Specifically, equol has been shown to bind to estrogen
receptors ERa and ERP, thereby inhibiting the proliferation of breast cancer cells*®. Eun et al. reported that
equol effectively inhibits tumor cell proliferation by triggering apoptosis through the activation of caspase
cascades in breast cancer cells®’. Similarly, Johanna et al. discovered that equol enhances the transcriptional
activity of estrogen-related receptors, subsequently inhibiting the growth of PC-3 prostate cancer cells*’. At
higher concentrations, equol has been observed to inhibit the growth of prostate cancer cells by inducing DNA
damage®. Furthermore, equol has been found to suppress the invasiveness of DU145 cells by downregulating
the expression of matrix metalloproteinase-2 and matrix metalloproteinase-9°!. Liang et al. noted that equol
induces cell cycle arrest in human hepatocellular carcinoma cells and promotes apoptosis through the activation
of caspase-12 and caspase-8, as well as the upregulation of endoplasmic reticulum stress-related molecules such
as Chop and Bip, thereby exerting a tumor-suppressive effect’. Yang et al. also found that equol may impede
the proliferation of human gastric cancer MGC-803 cells by inducing G1/GO arrest and apoptosis through the
modulation of the AKT pathway*? .

Equol and cancer risk have opposite trends in in vivo and in vitro studies, and the following are possible
explanations for this difference®-*46-482 Firstly, by smoothed curve fitting, the association may be
concentration-dependent, with low concentrations of equol potentially promoting cancer development while
higher concentrations may exert inhibitory effects. The study by Hatono et al. demonstrated this phenomenon,
finding that low concentrations of equol promoted tumor cell growth in breast cancer cell lines, while high
concentrations of equol exerted anti-tumor effects®. This is reminiscent of the dose-dependent function of
estrogens, where low doses can stimulate breast cancer growth, but high doses may have therapeutic benefits>.
Similarly, low doses of estradiol have been shown to increase prostate tumor growth, while higher doses have a
significant inhibitory effect™. As a phytoestrogen, equol’s impact on cancer may also follow a dose-dependent
pattern. Secondly, the physiological mean concentration of equol was determined to be 0.15 ng/ml*. The
concentrations of equol used in in vitro experiments exceeded physiological concentrations by a factor of
1000°%152 which could lead to nonspecific inhibitory effects. This difference in equol concentration between the
in vivo and in vitro environments is a key factor to be considered when interpreting the results of experimental
studies and highlights the possibility of different biological responses at different concentrations. Thirdly, there
are inherent differences between in vivo and in vitro conditions, as cellular environments differ markedly. In
the complex in vivo setting, tumors are embedded within a tumor microenvironment (TME) that includes a
variety of non-cancerous cells. These cells can both support and inhibit tumor growth. For instance, tumor-
associated macrophages (TAMs) are a critical component of the TME and can influence tumor progression and
drug resistance by establishing an immunosuppressive milieu™.

Our analysis revealed a divergence between the outcomes of our weighted logistic regression, which assessed
urine equol concentration in quartiles, and the smoothed curve fitting model, which examined the continuous
relationship of urine equol concentration to cancer risk. Specifically, the logistic regression pointed to a direct
correlation between higher equol levels and increased cancer risk, while the curve fitting model suggested a more
complex, inverted U-shaped relationship. This apparent contradiction might stem from the skewed distribution
of equol concentrations in urine, as depicted in supplementary Fig. 1. Given that over 88% of our study’s
participants (2475 individuals) had urinary equol levels at or below 25.5 ng/ml, the findings from both models
are, in fact, complementary rather than contradictory. They collectively highlight the nuanced relationship
between urinary equol and cancer risk, underscoring the importance of considering the full spectrum of equol
concentrations in epidemiological studies. Our study has revealed a link between the concentration of equol in
urine and the likelihood of cancer; however, the precise molecular mechanisms driving this association are not
yet fully understood. It is essential to delve deeper into the biological processes that may explain this connection,
as uncovering these mechanisms could have significant implications for cancer prevention and early detection
strategies.

In this study, we employed multiple statistical models to thoroughly investigate the potential correlation
between urinary equol levels and cancer risk. However, our research is not without its limitations. The NHANES
survey, which our study is based on, has a cross-sectional design, which means that equol exposure was assessed
years after the cancer diagnosis was established. This timing could introduce measurement bias, as changes in
equol levels following diagnosis might not reflect the exposure levels prior to or at the time of cancer onset.
Moreover, the cross-sectional nature of the NHANES survey limits our ability to draw conclusions about
the causality between urinary equol and cancer. The study’s focus on an American population also narrows
the generalizability of our findings, given the known East-West differences in equol production rates, with
approximately 30% of Western populations and 60% of Asian populations being equol producers®. Future
research should aim to include a more diverse range of populations to better understand the global implications
of equol in cancer risk. Additionally, due to the constraints imposed by the sample size of the NHANES database,
our analysis was limited to overall cancer prevalence. It is plausible that the relationship between urinary
equol and specific cancer types could vary and may require separate analyses in future studies. These potential
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variations warrant further investigation to provide a more nuanced understanding of equol’s role in different
types of cancer.

Conclusions

In conclusion, our study points to a correlation that’s worth noting: for folks over 40, higher urinary equol levels,
those under 25.5 ng/ml, are linked to a bump in cancer risk. But here’s the twist: once equol levels in the urine
hit above 25.5 ng/ml, they actually seem to lower the risk of cancer. The potential of urinary equol as a simple,
non-invasive biomarker holds promise for its utility in cancer diagnostics and therapeutics. Nonetheless, further
extensive and long-term studies are essential to confirm these preliminary findings and to explore their full
implications.

Data availability
All data are available at NHANES website https://www.cdc.gov/ nchs/nhanes/index.htm (accessed on 20 July
2024).
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