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Abstract

Soy intake early in life may protect against breast cancer later in life, possibly by altering sex
hormone metabolism. We evaluated the feasibility of assessing urinary sex steroid excretion among
20 young girls aged 8-14 yr in an 8-wk trial. The girls consumed one daily soy serving, collected
weekly overnight urine samples, and reported Tanner stages for breast and pubic hair development.
Sex steroid excretion was measured in duplicate by gas chromatography-mass spectrometry and
adjusted for urinary creatinine. The respective coefficients of variation for estrone, estradiol, estriol,
testosterone, pregnanediol were 11.4%, 10.4%, 8.4%, 12.8%, and 4.6%. The statistical analysis
included t-tests, Spearman's correlations, and analysis of variance. Seventeen girls completed the
study and showed good compliance with the intervention strategy. We observed nonsignificant
increases in total androgens (0.11 ug/mg creatinine) and total estrogens (0.001 pg/mg creatinine)
and a nonsignificant decrease in pregnanediol ( —0.03 pug/mg creatinine) during the study period.
Higher Tanner stages for pubic hair development were associated with ninefold higher estrogen,
fourfold higher androgen, and twofold higher pregnanediol excretions (P = 0.01, P < 0.001, and P
=0.047, respectively). Similar differences were observed after stratification by breast development
and menarcheal status. The association of sex steroid levels with pubertal development supports the
validity of the sex steroid measurements.

Introduction

A number of reports offer strong support for a protective effect of soy against breast cancer
(1-4) despite some conflicting results (5,6). As one possible mechanism of action, an effect of
soy isoflavones on circulating estrogen levels has been investigated in premenopausal women
(7,8), but recent results indicate that there is probably no such effect (9-11). It appears that soy
exposure early in life may play a more important role in the development of breast cancer than
soy foods consumed later in life. Two case-control studies showed that women who consumed
soy during adolescence experienced protection against breast cancer as adults (12,13).
Experimental evidence strongly supports this hypothesis (14-16). So far, no dietary
intervention has investigated the effect of soy consumption on sex hormones early in life, and
only a few studies have investigated the relation of diet with hormones during adolescence
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(17-21). One study evaluated the effect of dietary fat consumption on serum concentrations of
sex hormones among prepubertal girls and observed a significant decrease in estrogens and a
significant increase in testosterone in the low-fat intervention group compared with the controls
(21). Other studies indicated that a diet rich in vegetable fiber and a vegetarian dietary pattern
might influence serum sex hormone levels and subsequent pubertal development (17,20).
Although these findings support the idea that dietary intake affects sex hormone metabolism,
intake of soy was not evaluated among these predominantly non-Asian populations. Thus, there
is a need for intervention studies to evaluate the possible protective effects of soy against breast
cancer through its effect on sex hormone metabolism. As a pilot study, we conducted an 8-wk
soy intervention trial in asmall sample of young girls to investigate the feasibility of conducting
a nutritional intervention in this age group and to test the methodology of detecting urinary sex
steroids at such low levels.

Materials and Methods

Subjects and Study Procedures

We recruited 20 free-living girls, ages 8-14 yr, through flyers distributed to staff at our center
and to premenopausal women who had participated in a soy trial. The University of Hawaii
Committee on Human Studies approved the study protocol; all participants and their parents
signed informed consent. During the 8-wk intervention period, subjects consumed one daily
serving of sweetened plain soymilk (8.5 0z) or honey-roasted soy nuts (1.0 0z) in individual
packages or 3/4 cup (6.7 oz) of tofu. These serving sizes provided approximately 30 mg
isoflavones and were chosen from a recently completed soy intervention study in
premenopausal women, after adjustment to the lower body weight in girls (11,22). Details of
the intervention strategy are described elsewhere(23).

Data Collection

At baseline and at the end of the study, the girls provided information on their demographic
background, pubertal development, menarche, first and last menstrual period, and
anthropometric characteristics and completed 3-day food records. At the same time, they
reviewed drawings of Tanner stages for breast and pubic hair development and selected the
stages that most closely resembled their current developmental status. Tanner stages categorize
the appearance of breast and pubic hair development into five stages according to sexual
maturation (24). Self-assessment of Tanner stages by adolescents was found to be highly
comparable with those performed by physicians (25). In addition, those girls who had
experienced menarche kept a menstrual calendar and reported their cycle information at follow-
up contacts.

Urine Collection and Analysis

The girls collected their overnight urine on the most convenient weekend day at baseline and
after each week of intervention. The weekly urine samples were stored in airtight plastic
containers in the home freezer until the time of the final visit when all nine samples (baseline,
Weeks 1-7, and final) were brought to our center. A mixture of boric and ascorbic acid had
been added to the containers to stabilize the isoflavones as well as to prevent bacterial growth
that may break down the isoflavones.

The urine specimens were analyzed for isoflavonoid content using high-pressure liquid
chromatography with photo diode array and coulometric detection (26,27). We measured
urinary creatinine in 0.01 ml of urine using a Jaffé-based test kit from Sigma Company (Kit555,
Sigma, St. Louis, MO), adjusted urine concentrations of isoflavones for creatinine levels, and
expressed final values per milligram of creatinine as reported previously (28,29). Although the
girls collected nine urine samples, due to budget constraints we were only able to evaluate three
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urine specimens per girl for sex steroids: baseline, final, and a mixture of seven samples from
Weeks 1-7. From each specimen, 12 ml was analyzed; the combined sample of Weeks 1-7
consisted of 1.71 ml from each week.

Steroid excretion profiles were determined via gas chromatography-mass spectrometry (GC-
MS) utilizing typical GC-MS conditions analogous to those described by Shackleton (30). All
samples were analyzed together. Briefly, for quantitation of total steroids, representing the sum
of unconjugated, sulfated, and glucuronidated steroids, urine was extracted using C-18
(octadecylsilyl) solid phase extraction (SPE) columns (500-mg extraction bed, Varian
Instruments, Palo Alto, CA) and eluted with methanol. The eluate, after drying, was subjected
to hydrolysis using a mixture of B-glucuronidase/aryl sulfatase (Helix pomatia, Roche
Biochemicals, Indianapolis, IN) and crude B-glucuronidase (H. pomatia, Sigma) in sodium
acetate buffer, pH 4.8. This digest was again extracted with the C-18 SPE cartridge, and the
adsorbed steroids were eluted with methanol, dried down, and derivatized to the methyloxime-
trimethylsilyl (MO-TMS) ether. Successful profiling of steroids via GC-MS depends on
efficacious derivatization, which this step affords. Derivatization products were purified by
taking them up in a small volume of cyclohexane and passing them through a Lipidex column
(Hydroxyalkoxypropyldextran, Type X, Sigma). Finally, an aliquot (<2ul) of the concentrated
eluate in cyclohexane was injected into a nonpolar capillary GC column (for example,
HP-1MS, 30 m, Agilent, Palo Alto, CA) housed in a temperature-programmed HP-6890 gas
chromatograph. Eluting steroids were identified and quantified using an Agilent 5973 mass
spectral detector based on single-ion monitoring with HP-Chemstation software (Agilent) for
integration of peak areas. The steroids 5a-androstane-3a,17a-diol, stigmasterol, and
cholesteryl butyrate served as internal standards. The latter does not derivatize and was used
to monitor efficacy of the column. Recovery standards were added immediately prior to
derivatization of the extracted steroids to the MO-TMS ethers. Pooled urine samples (normal
and abnormal) served as quality-control samples, which were prepared in-house and were run
along with every batch of unknown samples. After adjusting all hormone concentrations for
urinary creatinine excretion (expressed as pg/mg creatinine), we added the results for the five
androgenic steroids [androsterone, 17p-dihydroandrosterone (5a-androstane-3a,17B-diol),
androstenedione, dehydroepiandrosterone, and testosterone] and for the six estrogenic steroids
[estrone, estradiol, estriol, 2-hydroxyestrone (20H-estrone), 16a-hydroxyestrone (16a-OH
estrone), and 4-hydroxyestrone (4-OH estrone)] to estimate total androgen and total estrogen
excretions.

Statistical Methods

Results

The statistical analysis was performed using Microsoft® Excel 2000/XLSTAT®-Pro (Version
7.5, Addinsoft, Brooklyn, NY); the significance level was set at P < 0.05. Sex steroid excretion
was analyzed using analysis of variance, t-tests, and Spearman's rank order correlation
coefficients to detect any differences among the girls' urine samples from baseline, Weeks 1—
7,and the final week. Coefficients of variation (CVs) were calculated as the ratio of the standard
deviation (SD) and the mean for replicate samples. Sex steroid excretion at baseline was
evaluated by pubertal stages and menarcheal status using two-sample t-tests.

Of the 17 girls, aged 10.7 + 2.0 yr, who completed the 8-wk protocol, 6 subjects were
exclusively Asian, 8 had at least one parent who was of Asian descent, and 3 girls reported
Caucasian ancestry only. The 17 girls reported a mean weekly soy intake of 6.28 servings out
of a maximum of 7 servings (31). Three-day food records and urinary isoflavone excretion
confirmed a significant increase in soy intake during the intervention period (27.2 mg/day, P
<0.01, and 118.8 nmol/mg creatinine, P = 0.02, respectively) (32). The mean intra-assay CVs
for estrone, estradiol, estriol, testosterone, and pregnanediol were 11.4%, 10.4%, 8.4%, 12.8%,
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and 4.6%. Pregnanediol reflects progesterone present during the luteal phase of the menstrual
cycle.

The excretion levels of androgens were more than 100 times greater than the excretion of
estrogens (Table 1). Androsterone was the most commonly excreted sex steroid; its excretion
was lower in Weeks 1-7 (0.80 £+ 0.67 ug/mg creatinine) than at baseline (1.04 + 0.82 pug/mg
creatinine) and in the final week (1.14 + 1.14 pg/mg creatinine). However, this difference was
not statistically significant (P = 0.53). The large SDs for all the analytes reflect the strong
variation among girls. Despite the very low levels of all metabolites, we observed statistically
significant correlations among hormones measured at the three points in time for the majority
of sex steroids. The correlations were higher for total androgens (0.91-0.93) than for the more
cycle-dependent estrogens (0.56-0.77) and pregnanediol (0.62-0.77).

During the study period, we observed a mean increase of 0.11 pg/mg creatinine in the urinary
excretion of total androgens (P = 0.29), a mean increase of 0.001 pug/mg creatinine in total
estrogens (P = 0.87), and a mean decrease of 0.03 pg/mg creatinine in pregnanediol (P = 0.18).
The changes varied greatly among girls and were not statistically significant (Table 1) except
for dehydroepiandrosterone (P = 0.007). The increase in estrone excretion was close to
statistical significance (P = 0.09) but not that of estradiol (P = 0.36). Interestingly, marked
differences in hormonal excretion were noted among girls according to their developmental
status. The eight girls reporting Tanner Stages 3 and 4 for pubic hair development excreted
significantly higher levels of sex hormones than the nine girls in Stage 1 (Table 2a). The
differences were ninefold for total estrogens (P = 0.01), fourfold for total androgens (P < 0.001),
and twofold for pregnanediol (P = 0.047). Similar differences were observed after stratification
by breast development (Table 2b). Total androgens and total estrogens were three times higher
for girls in Stages 2 and 3 than for girls in Stage 1 (P = 0.003 and P = 0.12, respectively);
pregnanediol was twice as high in the more-developed girls. Baseline androgen and estrogen
excretion was approximately twice as high in the 4 girls who had experienced menarche as in
the 13 girls who were not yet menstruating (Table 3), but these results were also not statistically
significant.

Discussion

This study is the first to demonstrate the feasibility of collecting regular urine samples and of
evaluating sex hormone excretion among young girls during a soy intervention. The fact that
we detected little change in overall sex hormone excretion as a result of 8 wk of soy intake is
not surprising considering the small sample size and the short duration of the intervention; in
a low-fat intervention among girls, changes in hormone levels were most pronounced in Year
5 (33). Longer trials are needed to examine the effects of soy consumption on sex hormones
in young girls. The few significant changes in hormone excretion were probably a result of
chance given the low statistical power because of the limited sample size and the great
variability in sex hormone excretion among girls. The changes in estrogens were in the opposite
direction expected for a protective effect from soy, most likely due to increasing hormone
levels in this age group as a consequence of sexual maturation. This illustrates the need for a
control group in future studies. However, there is no evidence at this time whether pubertal
hormone levels play a role in developing breast cancer later in life, although sex hormones
were linked to increased breast cancer risk among postmenopausal women (34). Pubertal soy
intake may confer a protective effect against breast cancer through nonhormonal mechanisms.

There are three reasons that support the soundness of our urinary findings. First, the intra-assay
CVs of estrogens, androgens, and pregnanediol were all below 13%, indicating good
reproducibility of the sex hormone assessments using GC-MS. Second, high correlations
among urinary excretions over 9 wk, particularly for androgens, corroborate the accuracy of
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the methodology. Finally, distinct differences in hormonal excretion after stratification by
Tanner stages and by menarcheal status confirm the biological validity of our measurements.
Our results agree with an investigation among 56 girls aged 4.6-16.5 yr that showed high levels
of androgens relative to estrogens during early puberty (35). As mentioned previously, only a
few studies have investigated the effect of diet on hormonal levels in young girls (17,20,36).
Although all these studies collected blood samples to analyze circulating sex hormone levels,
our current study evaluated sex steroid excretion in overnight urine samples as a more
noninvasive approach. For long-term studies, we consider that the only practical procedure.
One major limitation of our current study was the use of overnight urine samples. Obviously,
24-h urine collections would have been better in that they might have produced fewer
undetectable hormone levels and a better comparison with levels in adult women. However, it
would be very challenging, if not impossible, for free-living, school-age girls to collect urine
over a 24-h period. Considering the diurnal rhythm of testosterone secretion in girls (35), it
appears that a morning urine collection may capture the high levels at that time.

To compare the hormone levels of girls with those of adult women, we estimated hormone
levels in girls per 24 h by multiplying the measured hormone levels with a reference value for
daily creatinine excretion according to age (8—-30 mg/kg body weight/day) (37). The respective
values for total estrogens and pregnanediol were 2.85-10.68 pg/day and 55-209 pg/day. The
reference ranges using the same GC-MS method as in this study are 23-158 pg/day for total
estrogens and 800-3,290 pg/day for pregnanediol in premenopausal women during the luteal
phase. This indicates that mean estrogen excretion in our group of young girls is approximately
10-fold lower than in adult women. The difference in pregnanediol was more than 15-fold due
to the lack of a luteal phase in the majority of girls. Based on a crude, nonadjusted comparison
with published results (38) from 24-h urine collections, it appears that the relative urinary sex
steroid excretion pattern of girls was comparable with that of premenopausal women. In the
girls, all the estrogens were excreted in similar proportions; only the relative amounts of
estradiol and 4-OH estrone appeared somewhat lower than those of other estrogens.

The very low and sometimes nondetectable excretion levels of sex steroids pose the greatest
challenge to this type of research. Even this very sensitive and expensive GC-MS method could
not detect all metabolites in all girls, a fact that will discourage the use of faster and cheaper
assays in future studies. Due to financial considerations, we had to combine the urine samples
from Weeks 1-7 instead of examining them individually. The pooling of multiple samples may
have affected our results in that it may have reduced the strong variability of individual hormone
measurements due to the cyclic pattern of hormone excretion. This phenomenon may be
responsible for the 20-30% lower excretion of total androgens in Weeks 1-7 than at baseline
and in the final week. In the presence of numerous undetectable hormone levels, mean levels
from the combined sample probably provided a more stable assessment than hormone excretion
levels obtained from a single urine specimen. Furthermore, the frequency of undetectable
hormone values may have contributed to an overestimate of correlation coefficients between
collection times. Another limitation of this study is that we did not ask the girls who had reached
menarche to collect timed urine samples. As a result, the samples were collected at various
time points during the menstrual cycle. Moreover, there were fewer subjects in the menarcheal
(N=4) than in the nonmenarcheal group (N = 13). These factors contributed to a relatively large
within-group variation in mean hormone excretion levels among the girls who had experienced
menarche and were probably responsible for the nonsignificant difference in sex steroid
excretion levels between the two groups.

The present study demonstrated that urinary sex hormone excretion levels from young girls

were measurable in a single urine sample with acceptable reproducibility and high sensitivity
and that they showed a significant association with pubertal development. Self-assessed Tanner
stages for pubertal development were associated with a clear difference in sex hormone levels
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among young girls. Stratification by menarcheal status also suggested that, despite the
inconsistency in the timing of urine collection during the menstrual cycle, the differences in
sex hormone levels between menarcheal and nonmenarcheal girls were detectable through the
evaluation of urinary excretion levels. These preliminary findings will be useful in future
studies investigating the effect of soy consumption on sex hormone levels during adolescence,
but, given the small number of girls in this pilot study and the large variation in urinary
measurements, our results need to be validated in a much larger population exposed to soy
foods over a longer time period.
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Table 2a

Mean Sex Hormone Excretion by Tanner Stage for Pubic Hair Development

Page 10

Sex Hormone (ng/mg creatinine) Stage 1 Stages 3 and 4 P Value?

Subjects (N) 9 8

Total androgens 0.47+0.24 1.80 +0.67 <0.001
Androsterone 0.43+0.24 1.72 +0.68 <0.001
17B-Dihydroandrosterone 0.02£0.01 0.03+0.01 0.009
Dehydroepiandrosterone 0.02 £0.02 0.05+0.03 0.08
Androstenedione 0.002 £ 0.006 0.001 £ 0.004 0.83
Testosterone 0.002 + 0.002 0.003 + 0.004 0.51

Total estrogens 0.002 + 0.003 0.018 +0.013 0.01
Estrone 0.0002 + 0.0006 0.004 +0.003 0.02
Estradiol 0.0003 + 0.0008 0.001 £ 0.0015 0.28
Estriol 0.0005 + 0.001 0.002 +0.002 0.006
2-OH Estrone 0.0008 + 0.0005 0.004 +0.001 0.01
160-OH Estrone 0.0005 + 0.001 0.007 £0.013 0.21
4-OH Estrone 0.0001 + 0.0001 0.0003 + 0.0003 0.09

Pregnanediol 0.12 £ 0.05 0.28+0.18 0.047

aTwo—sample t-test. Bold signifies statistical significance.
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Table 2b

Mean Sex Hormone Excretion by Tanner Stage for Breast Development

Page 11

Sex Hormone (ng/mg creatinine) Stage 1 Stages 2 and 3 P Value?

Subjects (N) 9 8

Total androgens 0.54 +0.39 1.72+0.76 0.003
Androsterone 0.50 +0.37 1.64 £0.76 0.003
17B-Dihydroandrosterone 0.02 £0.01 0.03+0.01 0.10
Dehydroepiandrosterone 0.02 £ 0.02 0.05+0.03 0.10
Androstenedione 0.002 + 0.006 0.001 £ 0.004 0.83
Testosterone 0.002 + 0.002 0.003 + 0.005 0.51

Total estrogens 0.005 + 0.009 0.015 +0.014 0.12
Estrone 0.0002 + 0.0006 0.004 +0.003 0.02
Estradiol 0.0005 + 0.0008 0.0008 + 0.0015 0.57
Estriol 0.0008 + 0.001 0.0035 + 0.0024 0.02
2-OH Estrone 0.0006 + 0.0005 0.0024 £ 0.0015 0.007
160-OH Estrone 0.003 + 0.008 0.004 £ 0.012 0.83
4-OH Estrone 0.0002 + 0.0003 0.0002 + 0.0002 0.92

Pregnanediol 0.14 £ 0.09 0.25+0.18 0.15

aTwo—sample t-test. Bold signifies statistical significance.
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Table 3

Mean Hormone Excretion by Menarcheal Status®
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Hormone (pg/mg creatinine) No Menarche Menarche P ValueP

Subjects (N) 13 4

Total androgens 0.87 +0.68 1.83+£0.95 0.14
Androsterone 0.81 +0.65 1.77£0.97 0.036
17(B-Dihydroandrosterone 0.02£0.01 0.02 £ 0.005 0.85
Dehydroepiandrosterone 0.034 £ 0.032 0.037 £0.028 0.86
Androstenedione 0.002 + 0.006 ND NA
Testosterone 0.003 + 0.004 ND NA

Total estrogens 0.007 £0.01 0.018 £ 0.017 0.57
Estrone 0.001 £ 0.003 0.004 +0.003 0.14
Estradiol 0.0008 + 00013 ND 0.24
Estriol 0.0018 + 0.0024 0.0029 + 0.0013 0.41
2-OH Estrone 0.001 £ 0.001 0.002 +0.001 0.20
16(a-OH Estrone 0.002 +0.007 0.009 +0.017 0.52
4-OH Estrone 0.0002 + 0.0003 0.0002 + 0.0002 0.93

Pregnanediol 0.17+0.10 0.29 £ 0.25 0.16

aAbbreviations are as follows: ND, nondetectable; NA, not applicable.

Two-sample t-test. Bold signifies statistical significance.
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