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Abstract

Recent studies indicate that women with predominant estrogen metabolism through the 2-
hydroxyl (inactive) pathway have lower bone mineral density (BMD) compared with those

with predominant 16 a-hydroxylation (active). Although many factors have been identified to
affect estrogen metabolism, the role of a family history of osteoporosis remains unknown. The
objective of this study was to investigate the influence of family history of osteoporosis and

other clinical factors on estrogen hydroxylation. This was a cross-sectional study conducted in

a university-based research center from May 2002 to February 2004. The participants included
175 otherwise healthy postmenopausal women at least 1 yr from the last menstrual period.

Main outcome measures were urinary estrogen metabolites and BMD of the spine and femur.
Women with a family history of osteoporosis had significantly higher log-transformed ratios

of 2-hydroxyestrone/16 a-hydroxyestrone (0.303 £ 0.03 vs. 0.226 + 0.03; £=0.04) and 2-
methoxyestrone/16 a-hydroxyestrone (0.024 £ 0.02 vs. —0.036 + 0.02; 2= 0.03) compared with
women without family history. As expected, these women also had significantly lower BMD at
the total femur, trochanter, and intertrochanter. Surprisingly, calcium intake positively correlated
with metabolite levels, and women in the highest quartile of calcium intake had the highest levels
of urinary metabolites. In conclusion, women with a positive family history of osteoporosis have
predominant estrogen metabolism through the inactive 2-hydroxyl pathway; thus, the increased
risk of osteoporosis in those with family history may in part be related to inherited differences in
estrogen metabolism. The finding that calcium intake modulates estrogen hydroxylation has never
been reported and thus deserves additional investigation

ESTROGEN IS CRUCIAL for maintaining bone homeostasis, as shown by rapid bone
loss after surgical or natural menopause (1). Estrone (E1), the main form of estrogen

in men and postmenopausal women (2, 3), is mainly derived from aromatization of the
adrenal androgen, androstenedione, in adipose tissue (4). It can, in turn, undergo reversible
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conversion to estradiol (Ey) by the enzyme 17 8-hydroxysteroid dehydrogenase. The major
metabolic pathway for E; is the irreversible hydroxylation at either the C-2 or C-16a
position (5, 6), which is catalyzed by the cytochrome P450 group of enzymes (7, 8). C-2
hydroxylation leads to the formation of 2-hydroxyestrone (20HE;) and 2-methoxyestrone
(2MeOE;,), which not only are devoid of estrogenic activity, but possibly also have some
antiestrogenic activity (9, 10). In contrast, the C-16a hydroxylation gives rise to 16a-
hydroxyestrone (16aOHE;) and estriol (E3), which retain proestrogenic activity (11, 12).
Because both pathways coexist, the dominance of one pathway over another will contribute
to the overall estrogenic state in a given individual.

The recognition of estrogen metabolism as an important factor in the pathogenesis of
hormone-related disorders has emerged not only from breast cancer studies, but recently,
also from osteoporosis studies. Previous reports have shown that women with a higher
20HE/16aOHE; ratio are at a reduced risk of breast cancer, presumably from a relatively
weak estrogenic state (13). However, this subgroup of women is also at an increased

risk of osteoporosis for the same reason (14, 15), whereas the converse is true when

the 20HE /16 aOHE; ratio is low (14, 16). Because both breast cancer and osteoporosis

are affected by estrogen metabolism, and both have a strong genetic component in their
pathogenesis, we speculate that part of the genetic mechanism for these diseases is mediated
through estrogen metabolism. In fact, a report had suggested that this might be the case

for breast cancer (16). Women with a family history of breast cancer were found to have
increased 16a-hydroxylation, which perhaps contributed to the increased incidence of breast
cancer among these women (16). In contrast, no data are available on the effect of family
history of osteoporosis on estrogen metabolism, and whether a positive family history of the
condition may also be associated with an alteration in estrogen hydroxylation, as has been
suggested for breast cancer.

The objective of this study, therefore, was to determine the influence of family history
of osteoporosis on estrogen metabolism. We hypothesize that a positive family history of
osteoporosis is associated with preferential metabolism of estrogen through the inactive
2-hydroxyl pathway. In addition, we analyze the influence of other clinical variables on
estrogen metabolism in our subjects.

Subjects and Methods

Study population

This is a cross-sectional study conducted on community-dwelling, otherwise healthy
women, who were at least 1 yr from the last menstrual period and were living in the

St. Louis, MO, metropolitan area. Participants were recruited through advertisements

or direct mailing. This study was conducted in accordance with the guidelines in the
Declaration of Helsinki for the appropriate treatment of human subjects. The protocol was
approved by the Washington University School of Medicine institutional review board,
and written informed consent was obtained from each participant. Twenty-six women
were participants in a previous related study (14), and the clinical and laboratory data

for the women from that study were used in this study. Subjects who were taking any
medication that affects bone metabolism, such as estrogen, selective estrogen receptor
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modulators (including raloxifene and tamoxifen), bisphosphonates (alendronate, risedronate,
pamidronate, or zoledronate), aromatase inhibitors, GnRH analogs, glucocorticoids (>5 mg
daily for >1 month), or phenytoin, were excluded from the study. Intake of medications
known to affect estrogen hydroxylation (phytoestrogens, cimitidine, thyroid hormones, and
monooxygenase inhibitors) and drugs known to affect cytochrome P450 enzyme activity
were also exclusionary criteria, as were diseases or conditions known to interfere with bone
metabolism, including hyperthyroidism, osteomalacia, chronic liver disease, renal failure,
hypercortisolism, malabsorption, immobilization, and alcoholism. Current tobacco users
were excluded. Past smokers who had stopped smoking for at least 6 months were allowed
into the study. Subjects consuming more than one serving per day of vegetables containing
high levels of phytochemicals known to preferentially enhance 2-hydroxylation of estrogen,
such as cabbage, cauliflower, Brussels sprouts, broccoli, and kale (17), were excluded from
participation.

Clinical, dietary, and anthropometric data

Dietary calcium and vitamin D intake were estimated from a 7-d dietary record, which was
mailed to the participants at least 1 wk before the study visit. The record contains a list

and serving sizes of common dietary sources of calcium. The participants were asked to
record daily intake of these foodstuffs, and the average daily intake was determined for 7

d. Diet history also included intake of vegetables such as cabbage, cauliflower, Brussels
sprouts, broccoli, and kale. Any subject consuming more than one serving per day of these
vegetables was not allowed into the study for reasons cited above. Alcohol intake was
expressed as the average number of alcoholic drink-equivalents consumed over a 1-wk
period. A can of beer (336 ml), a glass of wine (112 ml), and 28 ml of a heavy alcoholic
beverage were considered one drink-equivalent. Previous smoking was expressed in pack-
years and was estimated as the number of 20-cigarette packs smoked per day multiplied by
the number of years of smoking. Physical activity was expressed as a numerical score and
was defined as: sedentary (sitting or lying most of the day, score 1), moderately active (being
on feet more than half a day, score 2), and very active (engaging in regular physical exercise,
score 3) (18).

Family history of osteoporosis was obtained through a questionnaire. A family history of
osteoporosis was coded as positive in the presence of a blood relative (first and/or second
degree, 7.e. aunts and grandmothers) diagnosed with osteoporosis, kyphosis, and fragility
fractures in the absence of secondary causes. Data on estrogen exposure were assessed
through a number of variables, such as age at menarche, average number of periods per year
during the reproductive years, number of years of birth control pill use (BCP), total number
of pregnancies, number of pregnancies to term, months of lactation, age at menopause,

and years since menopause (YSM). Body mass index (BMI) was calculated as weight in
kilograms divided by the square of height in meters. The waist to hip ratio was calculated as
the ratio between waist circumference, taken at the umbilical level, and hip circumference,
measured 6 in. (15.24 cm) below the anterior superior iliac spine.
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Biochemical data

Urinary estrogen metabolites were measured on a 24-h urine specimen using ESTRAMET
immunoassay kits (Immuna Care Corp., Bethlehem, PA). The ESTRAMET series of

test kits are monoclonal antibody-based competitive enzyme immunoassays for estrogen
metabolites in microtiter plate format. The antibodies and assays for urinary 2- and
16a-hydroxyestrogen have been described previously (19). The monoclonal antibody

to 2-hydroxyestrogens recognizes the 2-hydroxy forms of Eq, E,, and E3 equivalently.
Similarly, the monoclonal antibody to 2-methoxyestrogens recognizes the 2-methoxy forms
of estrogen metabolites equivalently and exhibits less than 0.1% cross-reactivity with any
other estrogen, including 2-hydroxyestrogens. The monoclonal antibody to E3 exhibited
less than 2% cross-reactivity with any other estrogen. All urinary estrogen assays were
performed according to methods described previously (14). Briefly, urine samples were
incubated with enzymes that deconjugated estrogen metabolite sulfates and glucuronides to
their respective free forms. The amount of estrogen metabolite in the enzymic hydrolysate
was determined by competition between deconjugated estrogen in the hydrolysate and
estrogen-labeled alkaline phosphatase for binding to specific monoclonal antibodies attached
to the microtiter plate. More than 90% of the metabolites in urine exist as glucuronides and
are recovered totally by this method. The inter-and intraassay coefficients of variability for
these ELISAS were less than 9% and 13%, respectively. Each urinary metabolite value was
corrected for 24-h urinary creatinine (Cr; milligrams per 24 h) and expressed as nanograms
per milligram of Cr.

Serum samples were collected in the nonfasting state. Serum E, was measured by an
ultrasensitive RIA technique (Diagnostic Systems Laboratory, Webster, TX). The inter- and
intraassay coefficients of variability for this assay are less than 10%.

Bone mineral density (BMD)

The BMDs of lumbar spine and proximal femur were measured by dual energy x-ray
absorptiometry using a Hologic QDR 4500 (Hologic, Inc., Waltham MA). BMD of the
lumbar spine was determined using the antero-posterior projection and was calculated as the
average of L1-L4 vertebrae. The nondominant hip was used for proximal femur scans, and
values were calculated on the total femur, femoral neck, trochanter, and intertrochanteric
areas. BMD values were expressed as grams per square centimeter. The coefficient of
variability of this technique using the QDR 4500 densitometer is 1.09% for lumbar spine
and 1.2% for total femur in our center.

Statistical analysis

Results are expressed as the mean + se. £< 0.05 was considered statistically significant.

The association between BMD and clinical variables with each metabolite, metabolite ratios
(20HE1/16a0OHE; and 2MeOE/16a0OHE;,), and total metabolites (20HE+2MeOEL1 +
16aOHE1+E3) were evaluated by linear regression analysis. Clinical variables found to have
a significant correlation with the metabolites and determined to be significantly different
between those with and without a family history of osteoporosis (e.g. age and YSM) were
used as covariates when comparing urinary metabolite values. Values for urinary metabolites
were not normally distributed and therefore were log transformed. The log-transformed
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metabolite values were then used in the ANOVA to compare subjects with and without a
family history of osteoporosis adjusted for covariates such as age and YSM. BMD (grams
per square centimeter) comparisons between groups were also analyzed by ANOVA adjusted
for age, YSM, and BMI, whereas urinary metabolite comparisons in the different quartiles
of calcium intake were analyzed using unadjusted ANOVA. Differences in clinical features
were compared using a ftest for continuous variables (e.g. age and BMI) and a ;(2 test for
categorical variables (e.g. family history of osteoporosis) as appropriate. Data were managed
using Excel 2000 (Microsoft Corp., Redmond, WA) and were analyzed using Statgraphic
Plus 5.0 (Manugistic, Inc., Rockville, MD).

One hundred ninety-nine postmenopausal women participated in the study. Data on family
history of osteoporosis were available for 194 women; four participants did not provide

any information on family history. Ten women were African-Americans, nine were Asians,
and the rest (175) were Caucasians. Because racial differences in BMD and estrogen
metabolism are known to exist, the analysis presented in this report only includes that

of Caucasian women, because the limited number of minority participants precludes
meaningful interpretation. Bone density measurements were available for all 175 Caucasian
participants, and 48% (84 of 175) of these women had a positive family history of
osteoporosis (67 from a first-degree relative and 17 from a second-degree relative). However,
urinary metabolites values were available in only 156 of these women. The clinical features
of the Caucasian participants are given in Table 1. Women with a family history of
osteoporosis were younger and earlier in postmenopausal status than women without a
family history of osteoporosis. As expected, these women had significantly lower adjusted
mean BMDs (Table 1), mainly in the total femur (P= 0.002), trochanter (P = 0.014),

and intertrochanter (P = 0.001). Simple correlation analysis between BMD and urinary
metabolites is shown in Table 2. Significant inverse correlations were observed between
urinary E3 and total metabolites (20HE , 2MeOE;, 16aOHE1, and E3) with total femur and
intertrochanteric BMD, and between 2MeOE;/16aOHE; and spine BMD (all < 0.05). A
borderline negative correlation was also observed between 20HE; and 20HE1/16aOHE;
with trochanteric BMD (r =-0.16; 2= 0.05 for both).

Analysis of the effect of family history of osteoporosis on urinary metabolites (Table

3) showed that women with a family history of osteoporosis had significantly higher log-
transformed ratios of 20HE/16aOHE; (0.303 + 0.03 vs. 0.226 + 0.03; A= 0.04) and
2MeOE1/16aOHE; (0.024 + 0.02 vs. —0.036 £ 0.02; £=0.03) than women without a family
history of osteoporosis. Meanwhile, the absolute levels of each metabolite, total metabolites,
and the serum estradiol were comparable between the two groups.

The influence of different factors on estrogen metabolism was analyzed by simple
correlation analysis. The results are summarized in Table 4. Positive correlations

between age and 2MeOE level or 2MeOE /16 aOHE; ratio and between YSM or
2MeOE1/16aOHE; ratio were observed. In contrast, negative correlations were observed for
BMI with 20HE , 2MeOE1, E3, 2MeOE1/16aOHE4, and total metabolites, and for waist to
hip ratio with 20HE, 2MeOE,, E3, and total metabolites. Surprisingly, increasing calcium
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intake was associated with proportionate increases in the absolute levels of most urinary
metabolites (with the exception of urinary Eg) and total metabolites. This relationship is well
illustrated (Fig. 1) after dividing the average daily calcium intake into quartiles; quartile 1,
less than 500 mg/d; quartile 2, 501-1000 mg/d; quartile 3, 1001-1500 mg/d; and quartile

4, more than 1500 mg/d. Women in the lowest quartile of calcium intake had the lowest
levels of urinary 2MeOE1, 16aOHE{, 20HE1, and total metabolites; levels increase with
increasing quartiles, with the highest quartile having the highest levels of these metabolites.
This correlation with calcium intake, however, was not seen with 20HE /16 aOHE; and
2MeOE1/16aOHE; ratios. Based on the source of calcium, we also categorized women

into those taking calcium supplements only, those with dietary sources only, and those with
both. Women whose calcium intake came only from supplements had lower total urinary
metabolite levels than women whose calcium intake came predominantly from dietary
sources with or without supplements (17.09 £+ 2.87, 25.0 £ 1.39, and 23.67 + 1.86 ng/mg

Cr, respectively; P< 0.05). A positive correlation between calcium intake and metabolites
was observed only for those on dietary calcium sources (r = 0.30; 2= 0.03). There was no
difference in average calcium intake between those with only dietary calcium sources (742.3
+ 72.7 mg/d) and those taking calcium supplements only (714.8 + 128.4 mg/dl), whereas
those with both dietary and supplemental calcium intake, as expected, had a higher average
calcium intake (1491.0 + 54.3 mg/d).

There were no significant associations between alcohol consumption, past smoking (pack-
years), length of past BCP, and lactation history with urinary metabolites.

Discussion

Our results show that women with a family history of osteoporosis have predominant
estrogen metabolism through the 2-hydroxyl pathway, as indicated by higher
20HE; /16 aOHE; and 2MeOE1/16aOHE; ratios. This finding is in agreement with our
hypothesis that women with a family history of osteoporosis have prevalent estrogen
metabolism through the inactive pathway, a condition that may result in a lifelong state
of relative estrogen deficiency and lower bone density among these women. Accordingly,
our study supported this concept by showing that this subgroup of women also has lower
BMD, involving mainly various anatomical sites of the hip.

One of the earlier reports on the physiological relevance of estrogen hydroxylation on bone
density came from our group (14). We demonstrated that women in the lowest quartile of
20HE/16aOHE; ratio were protected from bone loss over a 1-yr period of follow-up. In
addition, higher urinary levels of 20HE; and 2MeOE; were associated with lower BMD in
the lumbar spine and proximal femur. A similar conclusion was drawn by Lim et a/. (15) in
a study of Korean women, although technical problems limit the validity of that particular
study. In the current study a similar negative association between BMD and the degree of
2-hydroxylation was observed, 7.e. those with higher ratios of 2MeOE1/16aOHE; and, to
some extent, 20HE1/16aOHE have lower BMD.

The importance of family history as a determinant of estrogen metabolism was first
investigated in the context of breast cancer (16). In a small study of postmenopausal women,
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Oshorne et al. (16) observed an increase in 16a-hydroxylation in women with a family
history of breast cancer. In contrast, a study of premenopausal women did not show any
difference in the pattern of hydroxylation between those with and those without a family
history of breast cancer (20). These discrepancies, however, could be the result of ethnic and
age differences in the population under investigation. Nevertheless, by showing that women
with a family history of osteoporosis have increased 2-hydroxylation, our results lend
support to the idea that estrogen metabolism is influenced by family history. Furthermore,
these findings may advance the concept that the hereditary nature of both breast cancer and
osteoporosis is partially mediated through inherited patterns of estrogen hydroxylation.

A family history of osteoporosis is considered one the most important risk factors for this
problem (18, 21, 22). A previous study showed that nearly half of the women with idiopathic
osteoporosis had a positive family history of osteoporosis (22). Daughters of osteoporotic
mothers were also found to have lower BMD and, therefore, were more prone to develop
osteoporosis than daughters of nonosteoporotic mothers (21). In agreement with previous
reports, our study showed that women with a positive family history indeed had low BMD
at different anatomical sites of the proximal femur. Although no difference in BMD of the
spine was observed, the failure to see a difference may reflect the effect of degenerative
changes on dual energy x-ray absorptiometry measurements in the spine (23), considering
that most of our subjects were elderly (mean age, >60 yr). Because estrogen metabolism

is a lifelong process, we speculate that women with a family history of osteoporosis have
lifelong relative estrogen deficiency, a risk factor for low peak bone density, and accelerated
bone loss at menopause.

There are several candidate genes implicated in the pathogenesis of osteoporosis. The list
of candidate genes evaluated to date consists of all of the main calciotropic hormones,
enzymes involved in steroid hormone biosynthesis, hormone receptors, local growth factors,
and cytokines and their receptors (24). Recently, the gene for lipoprotein receptor-related
protein-5 has been added to this list of candidate genes. Gain of function mutations of

this gene are associated with high bone mass (25), whereas loss of function mutations lead
to osteoporosis (26). Similarly, a few cases of single gene mutations, such as the loss of
function mutations of aromatase (27) or estrogen receptor a (28), result in rare cases of
osteoporosis. Notwithstanding the overabundance of association studies available, not one
of these genes has emerged as a lone determinant of bone mass, and osteoporosis is still
considered a polygenic disorder. Because estrogen is metabolized by the cytochrome P450
enzyme system (8), genes coding for these enzymes are additional possible candidate genes
for investigation. Potentially, polymorphism of these genes could result in an alteration

in enzyme kinetics and may be responsible for the shift in the balance toward increased
2-hydroxylation of estrogen in subjects with family history of osteoporosis.

We also examined other factors that may influence estrogen metabolism. Similar to our
previous findings (14), a negative correlation exists between BMI and urinary metabolites,
more importantly, with the 2MeOE;/16aOHE; ratio. The mechanism for this observation
was previously evaluated by Schneider et al. (29). Using tracer E,, these investigators
found that obese individuals had a significant decrease in C-2 hydroxylation, without a
change in 16a-hydroxylation, compared with age-matched, normal weight controls (29).
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This proestrogenic ratio created by increased body weight may contribute to the already
hyperestrogenic environment generated by increased aromatization of adrenal androgens

in adipocytes (30) and the decreased concentrations of SHBG in obese women (31). This
hyperestrogenic environment is, in fact, one of the mechanisms cited for why obese women
are protected from osteoporosis (32), but are at increased risk for breast cancer (33).

We also found that higher calcium intake is associated with higher urinary estrogen
metabolites. There are several factors identified to modulate estrogen metabolism. Smoking
(34) and an increase in dietary phytochemicals (17) are associated with increased 2-
hydroxylation. Certain medications, such as cimetidine (35) and thyroid hormones (36),

are also reported to affect estrogen metabolism. Nevertheless, to our knowledge, no effect
has been reported for calcium. Our findings suggest that calcium induces both 2- and
16a-hydroxylation, leading to a generalized increase in the products of both pathways.
Alternatively, it may be argued that increased calcium intake leads to enhanced clearance of
these metabolites in the urine. Because serum metabolite measurements are not available for
our subjects, this putative mechanism remains debatable. In contrast, the significant positive
correlation between calcium intake and urinary metabolites was mainly observed in subjects
whose calcium intake came from dietary sources. Although we carefully excluded women
taking medications and those with dietary and lifestyle habits identified to affect estrogen
hydroxylation, there may be other food items, probably in the form of dietary calcium
sources, that modulate estrogen metabolism.

We realize the limitation of our study in that information on family history of osteoporosis
was based solely on the patient’s recall and thus was subject to possible gaps in memory. In
addition, the subjects in our study came from a wide range of age and YSM, both of which
have been known to influence estrogen metabolism. Our analyses, however, were adjusted
for these potential confounding variables.

In summary, our results indicate that women with a family history of osteoporosis are
predisposed to the condition partly because of increased estrogen metabolism through the
inactive 2-hydroxyl pathway. Whether this alteration is inherited remains uncertain, because
we have no data on estrogen metabolism among family members who had or did not have
osteoporosis. However, our findings suggest that these women may benefit from avoiding
factors, such as lifestyle and dietary habits as well as drugs, that would modulate estrogen
metabolism through the inactive pathway if the goal is to maximize peak bone density and
minimize or prevent menopause-related bone loss. They may also represent the population
of women who might benefit from drug targeting intended to shift estrogen metabolism
through the active 16 a-hydroxyl pathway. To our knowledge, our study is the first to report
the effect of family history of osteoporosis on estrogen metabolism; thus, additional studies
are needed to confirm our findings.
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Abbreviations:

BCP Birth control pill use
BMD bone mineral density
BMI body mass index

Cr creatinine

Eq estrone

E, estradiol

Es estriol

2MeOEq 2-methoxyestrone
20HE;, 2-hydroxyestrone
16aOHE 16a-hydroxyestrone
YSM years since menopause
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FIG. 1.

Levels of urinary metabolites stratified according to quartiles of average daily calcium intake
(milligrams per day). Each group represents the different quartiles of 20HE{, 2MeOE;,
160HE;, and total metabolites, from the lowest to the highest (/eftto righf). Quartile values
for calcium intake: quartile 1, less than 500; quartile 2, 501-1000; quartile 3, 1001-1500;
and quartile 4, greater than 1500. < 0.05, by ANOVA.
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