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BACKGROUND: Steroid hormones influence breast morphology and cellular proliferation and are associated with breast
carcinogenesis. However, their associations with mammographic breast density (MBD) are less studied, particularly in
premenopausal women. We, therefore, investigated the associations of steroid hormone metabolites with MBD in premenopausal
women.
METHODS: Our study included 700 premenopausal women scheduled for screening mammograms. We analyzed 54 steroid
hormone metabolites (Metabolon®) and assessed volumetric measures of MBD including volumetric percent density (VPD), dense
volume (DV), and non-dense volume (NDV) using Volpara. We investigated associations using linear regression modeling to
estimate the covariate-adjusted means of VPD, NDV, and DV, corresponding to each steroid hormone metabolite tertile and on a
continuous scale. Models were adjusted for age, body fat percentage, age at menarche, race, alcohol consumption, family history of
breast cancer, oral contraceptive use, body shape at age 10, and parity/age at first birth. We applied false discovery rate (FDR) to
control multiple testing and determined significance at FDR-adjusted p-value ≤ 0.05.
RESULTS: One corticosteroid (cortolone glucuronide (1)) and four androgenic steroid metabolites (androstenediol (3beta,17beta)
monosulfate (2), androstenediol (3beta,17beta) disulfate (1), 5alpha-androstan-3alpha,17beta-diol monosulfate (2), and 5alpha-
androstan-3alpha,17beta-diol disulfate) were inversely associated with VPD. For instance, VPD was lower monotonically across
tertiles (T) of cortolone glucuronide (1) (T1= 8.9%, T2= 8.3%, and T3= 7.3%; p-trend=7.55 × 10−5, FDR p-value= 0.01);
androstenediol (3beta,17beta) monosulfate (2), (T1= 8.8%, T2= 8.6% and T3= 7.5%; p-trend=8.89 × 10−4, FDR p-value= 0.03), and
androstenediol (3beta,17beta) disulfate (1) (T1= 9.0%, T2= 8.4% and T3= 7.6%; p-trend=8.41 × 10−4, FDR p-value= 0.03). Five
progestin steroid metabolites were positively associated with VPD, but only 5alpha-pregnan-3beta,20alpha-diol monosulfate (2)
was marginally significant after FDR correction (T1= 7.5%, T2= 8.2%, T3= 8.8%; p-trend=4.56 × 10−3, FDR p-value= 0.06). Two
corticosteroid metabolites, tetrahydrocortisol glucuronide and cortolone glucuronide (1), were positively associated with NDV. For
instance, NDV was higher across tertiles of cortolone glucuronide (1) (T1= 744.3 cm3, T2= 829.0 cm3, and T3= 931.8 cm3; p-
trend=4.64 × 10−6, FDR p-value= 7.51 × 10−4). No metabolites were associated with DV.
CONCLUSION: We identified novel inverse associations of cortolone glucuronide (1) and four androgenic steroid metabolites with
VPD, underscoring the importance of steroid hormone metabolites in MBD and the potential for modulating these in
reducing MBD.
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INTRODUCTION
Steroid hormones play important roles in breast development and
function throughout a woman’s life [1]. Changes in the structure
and morphology of female breasts occur during transitions
between different reproductive phases and are mainly driven by
steroid hormones [2, 3]. This underscores the importance of

steroid hormones in breast tissue development and proliferation,
which could potentially precede breast carcinogenesis [4].
Mammographic breast density (MBD) is a known risk factor for

breast cancer [5, 6]. Steroid hormones stimulate proliferation of
breast epithelial and stromal cells, resulting in more fibroglandular
tissue content. Estrogens upregulate growth factors and
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mitogenic signaling in breast tissue, and progestogens further
enhance epithelial proliferation and may act synergistically with
estrogens [7, 8]. This mechanistic link is supported by clinical
evidence, as demonstrated by observations of reduction in MBD
with gonadotropin-releasing hormone agonists or the use of
tamoxifen [9, 10], while hormone replacement therapy in
postmenopausal women is associated with increased MBD [11].
Additionally, factors such as nulliparity and later age at first
childbirth are positively associated with MBD [12].
However, epidemiological studies investigating associations

between steroid hormones and MBD have yielded mixed results
[13–18]. Some studies have found positive associations of
progesterone and 17-hydroxyprogesterone with MBD
[13, 19, 20]. Likewise, estradiol, estrone, and estrone sulfate have
been reported to be positively associated with MBD [13, 19, 21],
although inverse or null associations have also been reported in
some studies [22, 23]. Androgens such as testosterone and
dehydroepiandrosterone (DHEA) have shown inverse associations
with MBD in several studies [13, 14, 24]. These associations often
differ between pre- and postmenopausal women. For instance,
progesterone has shown stronger positive associations with MBD
in premenopausal women [19]. These prior studies have limita-
tions, including inconsistent results, inadequate control for
potential confounders, and use of older mammography techni-
ques and non-volumetric MBD assessment. Furthermore, most
previous studies have focused on steroid hormones rather than
their metabolites, potentially overlooking important downstream
pathways in hormone metabolism that could influence MBD and
breast cancer risk. Overall, while there is evidence linking steroid
hormones to MBD, little is known about the associations of steroid
hormone metabolites with MBD.
To address these limitations and gain a more comprehensive

understanding of the role of steroid hormones in MBD, we
investigated the associations of steroid hormone metabolites with
MBD in premenopausal women. We evaluated metabolites from
different steroid hormone sub-pathways, including those from
sterol, pregnanolone, corticosteroid, progestin, estrogenic, and
androgenic steroids. Additionally, we leveraged previously collected
circulating progesterone data to examine correlations with steroid
hormone metabolites. This approach provided biological context for
the metabolite measurements. Our aim was to identify specific
metabolites associated with MBD and reveal new insights into the
complex interplay between steroid hormone metabolism and MBD.

METHODS
Study population
Participants in this study included 705 premenopausal women who had
screening mammograms at the Joanne Knight Breast Health Center of
Washington University School of Medicine (WUSM), St. Louis, MO. Details
of the study population and recruitment process have been previously
published [25]. In summary, study materials were mailed to women who
had their mammogram screening scheduled and were followed up with
calls providing more details and answering questions relating to the study.
Interested participants were screened in line with our inclusion and
exclusion criteria. Inclusion criteria were: (i) premenopausal at the time of
screening, (ii) not pregnant at the time of screening. Exclusion criteria
were: (i) previous history of breast cancer, (ii) current or previous use of
selective estrogen receptor modulators in the past 6 months, (iii) history of
breast augmentation or reduction. Our analytic sample included 700
women after excluding 5 women whose MBD measures were unavailable.
Participants filled out surveys providing information about their demo-
graphic, reproductive, and social history. On the day of their screening
mammogram, height and weight were measured, fasting blood draws
were performed, and body fat percentage was assessed using bioelectrical
impedance with the OMRON Full Body Sensor Body Composition Monitor
and Scale (model HBF-514C) [26]. Body shape at age 10 was self-reported
using the Stunkard nine-figure somatotype pictogram (scale 1–9), where
1–2 represents the leanest body shapes and 6–9 the heaviest [27]. This
scale has been previously validated for retrospective assessment of

childhood body shape [28]. Within 30min of blood draws, we obtained the
plasma component of the samples and stored them at −80 °C at the Tissue
Procurement Core of Siteman Cancer Center. Study approval was granted
by the Institutional Review Board of WUSM, and all participants provided
informed consent for the study.

Mammographic breast density
Volpara version 1.5 was used to assess volumetric measures of MBD:
volumetric percent density (VPD, %), dense volume (DV, cm3), and non-
dense volume (NDV, cm3). Volpara averaged the craniocaudal and
mediolateral oblique views of both breasts in its assessment.

Steroid hormone metabolites
Plasma samples were processed at Metabolon Inc. (Morrisville, NC),
following a methodology similar to a prior investigation [29]. In a concise
overview, samples were analyzed using ultrahigh-performance liquid
chromatography/mass spectrometry (UHPLC/MS) after methanol extrac-
tion. The profiling analysis comprised four arms. Two of these involve
positive ionization methods of reverse phase chromatography optimized
for both hydrophilic (LC/MS Pos Polar) and hydrophobic/lipid compounds
(LC/MS Pos Lipid). The third arm involves negative ionization methods of
reverse phase chromatography (LC/MS Neg), and the fourth involves
negative ionization (LC/MS Neg Polar) coupled with hydrophilic interaction
liquid chromatography method [30]. All methods alternated between full
scan MS and data-dependent MSn scans, with the scan range generally
spanning 70–1000m/z. Metabolon’s proprietary software was used to
identify spectral peaks in plasma samples, using area under the curve
(AUC). Samples were distributed randomly during the platform’s analytical
run. A composite quality control sample, made by merging aliquots from
all study samples, was included for quality monitoring. To identify
metabolites, the ion features in experimental samples were compared to
a reference library of purified chemical standard entries [31]. To address
potential batch variations, laboratory values for each metabolite were
normalized by dividing them by the median values of metabolites within
its instrument batch.

Circulating progesterone
In a subset of women (N= 335), we leveraged circulating progesterone
levels that had been previously assayed at the Department of Laboratory
Medicine, Boston Children’s Hospital (Boston, MA) using a competitive
electrochemiluminescence immunoassay on the FDA-approved Roche E
Modular system (Roche Diagnostics) [32].

Statistical analysis
For metabolite data preprocessing, a total of 1074 metabolites were
initially identified. Metabolites with missing observations in ≥300 women
and those with coefficients of variations (CV) ≥ 0.25 were excluded, leaving
828 metabolites (mean CV= 0.13). Missing values in the remaining
metabolites were imputed via the “impute” package in R using the 10-
nearest neighbor method [33]. This approach identifies 10-nearest
neighbors using Euclidean distance and averages the values from those
observations to impute the missing value [34]. We then applied ComBat
normalization, a model-based approach that uses empirical Bayes
shrinkage to adjust the mean and variance for each metabolite [35–38].
We included 54 steroid hormone metabolites for this study.
We used linear regression models to examine the associations of

metabolites with MBD. Metabolite levels were categorized into tertiles, and
the least square means (LSM) and 95% confidence intervals (CI) of VPD, DV,
and NDV across these tertiles were estimated. Tertiles of a metabolite were
operationalized as an ordinal variable in linear models to test for linear
trends by assigning each participant the mean value of their tertile group,
with a trend test p-value calculated. We also analyzed metabolites in
continuous scale to examine changes in MBD corresponding to one
standard deviation (SD) unit increase in the metabolite. MBD measures
were log10-transformed before analysis to meet the normality and
homoscedasticity assumptions, and the β-coefficients from linear model-
ing, as well as 95% CIs, were back-transformed to original scale for ease of
interpretation. To determine whether age at menarche or body fat
percentage modified the associations between steroid hormone metabo-
lites and MBD, the interaction term between each metabolite and body fat
percentage or age at menarche was added to the multivariable linear
regression models. Stratified analyses were additionally performed for
body fat percentage and age at menarche ( < vs. ≥ median). We also
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performed a sensitivity analysis restricted to women with a history of oral
contraceptive (OC) use (N= 625) to assess associations between steroid
hormone metabolites and MBD in a hormonally more homogeneous
subgroup.

We accounted for several potential confounders in our models,
including age (continuous), race (non-Hispanic white, non-Hispanic black,
others), family history of breast cancer in first-degree relatives (yes, no), age
at menarche (continuous), body fat percentage (continuous), body shape
at age 10 (1&2, 3&4, 5, 6–9), alcohol consumption (never, <1 drink per
week, 1–2 drinks per week, 3–5 drinks per week, and ≥6 drinks per week),
OC use (never, <1 year, 1–4 years, 5–9 years, ≥10 years), parity and age at
first birth (nulliparous, 1–2 children & <25 years, 1–2 children & 25–29
years, 1–2 children & ≥30 years, ≥3 children & <25 years, ≥3 children & ≥25
years). We adjusted for body fat percentage rather than body mass index
(BMI) because they were both highly correlated (r= 0.88), and body fat
percentage explained slightly more variability in VPD (R2= 0.45) compared
to BMI (R2= 0.43). For missing covariates, we performed multivariate
imputation by chain equations using the “mice” package in R [39]. All linear
regression models included adjustment for all covariates listed above.
In a subset of women with available progesterone measurements

(N= 335), we performed partial Spearman rank correlation analysis
between steroid hormone metabolites and circulating progesterone levels.
Correlations were adjusted for age and BMI using the “ppcor” package in R
[40]. In addition, we assessed the associations of circulating progesterone
levels alone with MBD measures (VPD, DV, NDV) using the same covariate-
adjusted linear regression models applied for metabolite analyses.
Progesterone was evaluated both as a continuous variable and across
tertiles.
To complement our metabolite-level analysis, we performed principal

component analysis (PCA) for each steroid hormone metabolite sub-
pathway. Because the estrogenic steroids sub-pathway contained only one
metabolite, it was excluded. For each sub-pathway, we extracted the first
principal component (PC1), and PC1 scores were correlated with MBD
outcomes (VPD, DV, NDV) using Spearman rank correlation.
To address multiple testing, we applied the Benjamini-Hochberg

procedure to control the false discovery rate (FDR). Statistical significance
was determined by FDR-adjusted p-value ≤ 0.05 for both the correlation
and regression analyses. Statistical analyses were conducted using version
4.2.1 of R statistical software.

RESULTS
The study population had a mean age of 46.0 years and a mean
BMI of 30.0 kg/m², with 71.8% identifying as non-Hispanic White
and 23.1% as non-Hispanic Black. The majority (76.6%) had no
family history of breast cancer, and 39.9% reported ≥10 years of
OC use (Table 1).

Steroid hormone metabolite determinants of MBD
Five metabolites (one corticosteroid and four androgenic steroids)
were inversely associated with VPD. The mean VPD was lower
across tertiles of cortolone glucuronide (1) from 8.9% in the first
tertile T1, to 8.3% in T2, and 7.3% in T3 [p-trend=7.55 × 10−5, FDR
p-value= 0.01] (Table 2). One SD higher cortolone glucuronide (1)
was associated with 7% lower VPD [FDR p-value= 0.01] (Fig. 1A;
Supplemental Table 1). The four androgenic steroid metabolites
inversely associated with VPD were androstenediol (3beta,17beta)
monosulfate (2), androstenediol (3beta,17beta) disulfate (1), 5alpha-
androstan-3alpha,17beta-diol monosulfate (2), and 5alpha-andro-
stan-3alpha,17beta-diol disulfate. One SD higher 5alpha-androstan-
3alpha,17beta-diol monosulfate (2) was associated with 7% lower
VPD [FDR p-value= 0.01] (Fig. 1A; Supplemental Table 1). Across
tertiles of androstenediol (3beta,17beta) monosulfate (2), the mean
VPD was 8.8% in T1, 8.6% in T2, and 7.5% in T3 [p-trend=8.89 ×
10−4, FDR p-value= 0.03]. Similarly, the mean VPD was 9.0% in T1,
8.4% in T2, and 7.6% in T3 of androstenediol (3beta,17beta)
disulfate (1) (Table 2). Five of the seven progestin steroid
metabolites were positively associated with VPD, although only
5alpha-pregnan-3beta,20alpha-diol monosulfate (2) was marginally
significant after FDR correction [FDR p-value= 0.06]. The mean VPD
across tertiles of 5alpha-pregnan-3beta,20alpha-diol monosulfate (2)
was 7.5% in T1, 8.2% in T2, and 8.8% in T3 [p-trend=4.56 × 10−3,
FDR p-value= 0.06] (Table 2). On the other hand, none of the 9
pregnenolone steroid metabolites were associated with VPD, even
before FDR correction.

Table 1. Characteristics of women recruited during annual screening
mammograms at Joanne Knight Breast Health Center, Washington
University School of Medicine, St. Louis, MO

Mean (SD)/N (%)

Age (years) 46.0 (4.5)

Age at menarche (years) 12.7 (1.6)

BMI (kg/m2) 30.0 (7.5)

Body fat (%) 40.4 (9.3)

Race

Non-Hispanic White 506 (71.8%)

Non-Hispanic Black 163 (23.1%)

Others 31 (4.4%)

Missing 5 (0.7%)

Body shape at age 10

1&2 290 (41.1%)

3&4 237 (33.6%)

5 85 (12.1%)

6–9 53 (7.5%)

Missing 40 (5.7%)

Parity and age at first birth

Nulliparous 162 (23.0%)

1–2 children, <25 years 107 (15.2%)

1–2 children, 25-29 years 111 (15.7%)

1–2 children, ≥30 years 156 (22.1%)

≥3 children, <25 years 88 (12.5%)

≥3 children, ≥25 years 79 (11.2%)

Missing 2 (0.3%)

Family history of breast cancer

No 540 (76.6%)

Yes 152 (21.6%)

Missing 13 (1.8%)

Oral contraceptive use (years)

No 82 (11.6%)

<1 55 (7.8%)

1–4 141 (20.0%)

5–9 143 (20.3%)

≥10 281 (39.9%)

Missing 3 (0.4%)

Alcohol consumption (drinks/week)

0 211 (29.9%)

<1 181 (25.7%)

1–2 133 (18.9%)

3–5 127 (18.0%)

≥6 52 (7.4%)

Missing 1 (0.1%)

Volumetric percent density (%) 10.5 (7.6)

Dense volume (cm3) 82.0 (45.5)

Non-dense volume (cm3) 1060 (717)

SD standard deviation, BMI body mass index.
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Table 2. Multivariable least square means of volumetric percent density (VPD) by tertiles of steroid hormone metabolitesa,b

Metabolites (n= 54) T1
LSM (95% CI)

T2
LSM (95% CI)

T3
LSM (95% CI)

P-trend FDR
P-value

Sterol

Cholesterol 8.3 (7.5–9.2) 7.8 (7.1–8.6) 8.5 (7.8–9.4) 0.04 0.19

Cholesterol sulfate 8.1 (7.4–9.0) 8.4 (7.6–9.2) 8.1 (7.4–9.0) 0.94 0.95

7alpha-hydroxy-3-oxo-4-cholestenoate (7-Hoca) 8.7 (7.9–9.6) 8.2 (7.5–9.0) 7.9 (7.2–8.7) 0.05 0.19

3beta,7alpha-dihydroxy-5-cholestenoate 8.3 (7.5–9.2) 8.3 (7.6–9.2) 8.1 (7.3–8.9) 0.48 0.76

3beta-hydroxy-5-cholestenoate 7.9 (7.1–8.7) 8.4 (7.7–9.3) 8.4 (7.6–9.3) 0.19 0.49

4-cholesten-3-one 8.4 (7.6–9.3) 8.5 (7.7–9.4) 7.8 (7.1–8.6) 0.09 0.29

Campesterol 8.3 (7.5–9.2) 7.8 (7.1–8.6) 8.6 (7.8–9.5) 0.27 0.57

Pregnenolone Steroids

Pregnenolone sulfate 7.9 (7.2–8.7) 8.5 (7.7–9.3) 8.3 (7.6–9.2) 0.40 0.69

17alpha-hydroxypregnenolone 3-sulfate 8.0 (7.3–8.9) 8.6 (7.8–9.5) 8.0 (7.3–8.8) 0.64 0.86

17alpha-hydroxypregnanolone glucuronide 8.2 (7.4–9.0) 8.1 (7.3–8.9) 8.4 (7.6–9.3) 0.44 0.72

21-hydroxypregnenolone monosulfate (1) 8.0 (7.2–8.8) 8.3 (7.5–9.1) 8.4 (7.7–9.3) 0.24 0.52

21-hydroxypregnenolone disulfate 8.3 (7.5–9.2) 8.3 (7.5–9.1) 8.1 (7.3–8.9) 0.56 0.82

Pregnenediol sulfate (C21H34O5S) 7.9 (7.1–8.7) 8.6 (7.8–9.4) 8.1 (7.4–8.9) 0.75 0.88

Pregnenediol disulfate (C21H34O8S2) 8.4 (7.6–9.3) 8.2 (7.4–9.0) 8.2 (7.4–9.0) 0.64 0.86

Pregnenetriol sulfate 8.5 (7.7–9.3) 8.2 (7.4–9.0) 8.1 (7.3–8.9) 0.34 0.64

Pregnenetriol disulfate 8.3 (7.5–9.2) 8.5 (7.7–9.3) 7.8 (7.1–8.6) 0.12 0.36

Progestin Steroids

5alpha-pregnan-3beta-ol,20-one sulfate 8.1 (7.4–9.0) 7.7 (7.0–8.5) 8.7 (7.9–9.6) 0.02 0.14

5alpha-pregnan-3beta,20beta-diol monosulfate (1) 8.1 (7.3–8.9) 7.9 (7.2–8.7) 8.7 (7.9–9.6) 0.03 0.18

5alpha-pregnan-3beta,20alpha-diol monosulfate (2) 7.5 (6.8–8.3) 8.2 (7.5–9.0) 8.8 (8.0–9.7) 4.56E-03 0.06

5alpha-pregnan-3beta,20alpha-diol disulfate 7.9 (7.2–8.8) 8.0 (7.3–8.8) 8.7 (7.9–9.6) 0.03 0.18

5alpha-pregnan-diol disulfate 8.2 (7.4–9.1) 7.9 (7.2–8.7) 8.6 (7.8–9.5) 0.09 0.30

Pregnanediol-3-glucuronide 7.6 (6.9–8.4) 8.4 (7.6–9.3) 8.7 (7.9–9.6) 0.03 0.17

Pregnanolone/allopregnanolone sulfate 8.1 (7.3–8.9) 7.9 (7.2–8.8) 8.6 (7.8–9.5) 0.08 0.29

Corticosteroids

Corticosterone 8.3 (7.5–9.1) 8.2 (7.4–9.0) 8.3 (7.5–9.2) 0.82 0.88

Cortisol 8.3 (7.5–9.1) 8.1 (7.4–8.9) 8.4 (7.6–9.2) 0.77 0.88

Tetrahydrocortisol glucuronide 8.5 (7.7–9.4) 8.4 (7.6–9.3) 7.7 (6.9–8.5) 0.02 0.14

Tetrahydrocortisol sulfate (1) 8.0 (7.3–8.8) 8.2 (7.4–9.0) 8.5 (7.7–9.4) 0.18 0.47

Cortisone 8.1 (7.3–8.9) 8.0 (7.3–8.9) 8.5 (7.7–9.3) 0.30 0.61

Tetrahydrocortisone glucuronide (5) 8.4 (7.7–9.3) 8.6 (7.8–9.4) 7.5 (6.8–8.3) 4.75E-03 0.06

Cortolone glucuronide (1) 8.9 (8.1–9.8) 8.3 (7.6–9.2) 7.3 (6.6–8.1) 7.55E-05 0.01

Androgenic Steroids

11-ketoetiocholanolone glucuronide 8.3 (7.5–9.1) 8.1 (7.3–8.9) 8.4 (7.6–9.3) 0.66 0.86

Dehydroepiandrosterone sulfate (DHEA-S) 8.3 (7.5–9.2) 8.4 (7.6–9.3) 8.1 (7.4–8.9) 0.51 0.78

16alpha-hydroxy DHEA 3-sulfate 8.2 (7.5–9.1) 8.2 (7.4–9.0) 8.3 (7.5–9.1) 0.83 0.88

Androsterone glucuronide 8.8 (8.0–9.7) 7.8 (7.1–8.6) 8.1 (7.3–8.9) 0.17 0.45

Epiandrosterone sulfate 8.3 (7.5–9.2) 8.1 (7.3–8.9) 8.4 (7.6–9.2) 0.76 0.88

Androsterone sulfate 8.3 (7.5–9.2) 8.1 (7.4–9.0) 8.3 (7.5–9.1) 0.99 0.99

Etiocholanolone glucuronide 8.6 (7.8–9.4) 8.1 (7.4–8.9) 8.1 (7.3–8.9) 0.27 0.57

11beta-hydroxyetiocholanolone glucuronide 8.2 (7.5–9.0) 8.1 (7.3–8.9) 8.4 (7.6–9.3) 0.43 0.72

5alpha-androstan-3alpha,17alpha-diol monosulfate 8.2 (7.4–9.0) 8.2 (7.4–9.0) 8.3 (7.5–9.2) 0.76 0.88

Androstenediol (3beta,17beta) monosulfate (1) 8.9 (8.1–9.9) 8.2 (7.4–9.0) 7.8 (7.1–8.6) 0.01 0.12

Androstenediol (3beta,17beta) monosulfate (2) 8.8 (7.9–9.7) 8.6 (7.8–9.4) 7.5 (6.9–8.3) 8.89E-04 0.03

Androstenediol (3beta,17beta) disulfate (1) 9.0 (8.1–9.9) 8.4 (7.6–9.3) 7.6 (6.9–8.4) 8.41E-04 0.03

Androstenediol (3beta,17beta) disulfate (2) 8.6 (7.8–9.5) 8.1 (7.4–8.9) 8.0 (7.3–8.8) 0.13 0.39

Androstenediol (3alpha, 17alpha) monosulfate (2) 8.5 (7.7–9.3) 8.0 (7.3–8.9) 8.2 (7.4–9.0) 0.56 0.82

Androstenediol (3alpha, 17alpha) monosulfate (3) 8.4 (7.6–9.3) 8.4 (7.6–9.2) 7.9 (7.2–8.7) 0.15 0.40

5alpha-androstan-3alpha,17beta-diol monosulfate (1) 8.5 (7.7–9.4) 8.6 (7.8–9.5) 7.7 (6.9–8.4) 0.01 0.14
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No steroid hormone metabolite was significantly associated
with DV (Fig. 1B; Table 3).
Two corticosteroid metabolites, tetrahydrocortisol glucuronide

and cortolone glucuronide (1), were positively associated with
NDV. The mean NDV across tertiles of cortolone glucuronide (1)
was 744.3 cm3 in T1, 829.0 cm3 in T2, and 931.8 cm3 in T3 [p-
trend= 4.64 × 10−6, FDR p-value= 7.51 × 10−4] (Table 4). One SD
higher cortolone glucuronide (1) was associated with 8 cm3 higher
NDV [FDR p-value= 0.01] (Fig. 1C; Supplemental Table 2).
Similarly, NDV was 785.2 cm3 in T1, 807.9 cm3 in T2, and
900.8 cm3 in T3 of tetrahydrocortisol glucuronide [p-trend=1.86 ×
10−3, FDR p-value= 0.05]. No androgenic steroid metabolite was
significantly associated with NDV, but 5alpha-androstan-3beta,17-
beta-diol disulfate was marginally significant after FDR correction
[FDR p-value= 0.06] (Table 4). Cortolone glucuronide (1) was
significantly associated with both VPD and NDV, but not DV.
Body fat percentage did not modify the associations of steroid

hormone metabolites and MBD (data not shown). Age at
menarche modified the association of 17alpha-
hydroxypregnanolone glucuronide with VPD (FDR p-interac-
tion=0.02). Across tertiles of 17alpha-hydroxypregnanolone glu-
curonide, VPD was 7.9% in T1, 7.3% in T2, and 7.6% in T3 in early
menarche group ( < 13 years), and 9.3% in T1, 10.3% in T2, and
11.6% in T3 in late menarche group ( ≥ 13 years).

Sensitivity analysis
We observed no notable differences from the analysis of the
whole study population in the analyses limited to women with a
history of OC use (N= 625), except that the two androgenic
steroid metabolites (androstenediol (3beta,17beta) disulfate (1)
and 5alpha-androstan-3alpha,17beta-diol disulfate) which were
inversely associated with VPD in the whole study population were
not statistically significant in the subset (Supplemental Table 3).
However, the directions and magnitude of their associations
remained unchanged (Table 2; Supplemental Table 3).

Correlation with circulating progesterone
Of the 54 steroid hormone metabolites, 21 were significantly and
positively correlated with circulating progesterone levels (FDR p-
value ≤ 0.05) in the subset with available progesterone measure-
ments (N= 335). Metabolites in the progestin steroids sub-
pathway had the strongest positive correlations. The top five
metabolites positively correlated with circulating progesterone
were 5alpha-pregnan-3beta,20beta-diol monosulfate (1) [r= 0.82,
FDR p-value= 3.59 × 10–81], pregnanediol-3-glucuronide [r= 0.82,

FDR p-value= 1.38 × 10–80], 5alpha-pregnan-3beta,20alpha-diol
monosulfate (2) [r= 0.81, FDR p-value= 6.11 × 10–76], 5alpha-
pregnan-3beta,20alpha-diol disulfate [r= 0.78, FDR p-
value= 2.32 × 10–67], and 17alpha-hydroxypregnanolone glucur-
onide [r= 0.74, FDR p-value= 9.10 × 10–57] (Supplemental Fig. 1;
Supplemental Table 4).

Circulating progesterone and MBD
No significant associations were observed between circulating
progesterone and VPD, DV, or NDV (all p-values > 0.1, data not
shown). These results suggest that, within this subset (N= 335),
circulating progesterone alone was not associated with MBD.

Sub-pathway analysis
In PCA of steroid hormone metabolites sub-pathways, corticoster-
oid PC1 was inversely correlated with VPD [r= –0.27, p-
value= 9.75×10–13] and positively correlated with NDV [r= 0.30,
p-value= 1.49 × 10–15], consistent with findings from regression
models for individual corticosteroid metabolites. Progestin PC1
was positively correlated with VPD [r= 0.19, p-value= 3.40 × 10–7]
and inversely correlated with NDV [r= –0.17, p-
value= 1.04 × 10–5]. In contrast, androgenic steroid PC1 was not
strongly correlated with MBD outcomes [r ≈ –0.05 for VPD],
despite several androgenic steroid metabolites showing signifi-
cant inverse associations with VPD in regression analyses.
Pregnenolone and sterol steroid PC1 were not correlated with
MBD, consistent with null results in regression analyses (Supple-
mental Fig. 2).

DISCUSSION
We found significant inverse associations between five steroid
hormone metabolites (one corticosteroid and four androgenic
steroids): cortolone glucuronide (1), androstenediol (3beta,17beta)
monosulfate (2), androstenediol (3beta,17beta) disulfate (1),
5alpha-androstan-3alpha,17beta-diol monosulfate (2), and
5alpha-androstan-3alpha,17beta-diol disulfate and VPD in pre-
menopausal women. Among these, cortolone glucuronide (1) was
inversely associated with VPD and positively associated with NDV.
These findings provide novel insights into the association of
steroid hormone metabolism with MBD in premenopausal
women. Our findings highlight the role of downstream steroid
hormone metabolites, extend the understanding of hormonal
regulation of MBD beyond prior studies that focused predomi-
nantly on steroid hormones, and suggest potential pathways for

Table 2. continued

Metabolites (n= 54) T1
LSM (95% CI)

T2
LSM (95% CI)

T3
LSM (95% CI)

P-trend FDR
P-value

5alpha-androstan-3alpha,17beta-diol monosulfate (2) 8.6 (7.8–9.5) 8.8 (8.0–9.7) 7.5 (6.8–8.2) 3.24E-04 0.02

5alpha-androstan-3alpha,17beta-diol disulfate 8.6 (7.8–9.5) 8.5 (7.8–9.4) 7.6 (6.9–8.4) 2.20E-03 0.05

5alpha-androstan-3beta,17beta-diol monosulfate (2) 8.6 (7.8–9.4) 8.5 (7.6–9.4) 7.9 (7.1–8.6) 0.05 0.19

5alpha-androstan-3beta,17beta-diol disulfate 8.8 (7.9–9.7) 8.3 (7.5–9.2) 7.8 (7.1–8.6) 0.02 0.14

5alpha-androstan-3beta,17alpha-diol disulfate 8.1 (7.3–8.9) 8.2 (7.5–9.1) 8.4 (7.6–9.3) 0.33 0.64

Andro steroid monosulfate C19H28O6S (1) 8.1 (7.3–9.0) 8.3 (7.6–9.2) 8.2 (7.5–9.1) 0.77 0.88

11beta-hydroxyandrosterone glucuronide 8.6 (7.8–9.5) 8.4 (7.6–9.2) 7.7 (7.0–8.5) 0.02 0.14

Estrogenic Steroids

Estrone 3-sulfate 8.5 (7.7–9.4) 8.0 (7.3–8.9) 8.1 (7.3–8.9) 0.34 0.64

T1-3 Tertiles 1-3, LSM least square mean, CI confidence interval, FDR p-value false discovery rate adjusted p-value.
aModels were adjusted for age (continuous), age at menarche (continuous), body fat % (continuous), race (non-Hispanic white, non-Hispanic black, other),
family history of breast cancer (yes, no), oral contraceptive use (never, <1 year, 1–4 years, 5–9 years, ≥10 years), alcohol consumption (never, <1 drink/week, 1–2
drinks/week, 3–5 drinks/week, and ≥6 drinks/week), parity/age at first birth (nulliparous, 1–2 children & <25 years, 1–2 children & 25-29 years, 1–2 children &
≥30 years, ≥3 children & <25 years, ≥3 children & ≥25 years) and body shape at age 10 (1&2, 3&4, 5, 6–9).
bVolumetric percent density was log10-transformed and coefficients back-transformed, 10^β.
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identifying new biomarkers to improve breast cancer risk
stratification and prevention strategies in premenopausal women.
The pathway for steroid hormone synthesis begins with the

conversion of cholesterol to pregnenolone by side-chain cleavage
enzyme [41]. Subsequent enzymatic reactions convert pregneno-
lone to progesterone, initiating a cascade that leads to the
synthesis of other progestogens, androgens, estrogens, and

corticosteroids [42]. The observed associations of cortolone
glucuronide (1) with both VPD and NDV are a significant and
notable finding, as no prior study, to the best of our knowledge,
has reported this metabolite in association with MBD. This
association was confirmed in the analysis restricted to OC users.
There is very limited information regarding this metabolite and
how it may be related to MBD and/or breast cancer risk. However,
few previous studies have reported observations about other
corticosteroids and MBD. For instance, Gabrielson et al. reported
an inverse association between 11-deoxycortisol, a precursor in
cortisol biosynthesis, and percent MBD. Although 11-deoxycortisol
was not profiled in our study, the downstream metabolite
cortolone glucuronide (1) offers additional insights into the role
of corticosteroid metabolism. Cortolone glucuronide (1) is formed
through the reduction and subsequent glucuronidation of cortisol.
Its association with BMI and fat mass index in a previous study [43]
suggests that it could reflect metabolic processes linked to
adiposity. However, the observed associations of cortolone
glucuronide (1) with VPD and NDV in our study, which persisted
after adjusting for body fat percentage, indicate additional
mechanisms, independent of adiposity. Future research should
investigate the potential biological mechanisms that might
explain the association of cortolone glucuronide (1) with MBD.
We observed that progestin steroid metabolites were positively

associated with VPD, although only 5alpha-pregnan-3beta,20al-
pha-diol monosulfate (2) was marginally significant after multiple
testing correction. Notably, this metabolite was strongly correlated
with circulating progesterone (r= 0.81). To our knowledge, no
previous study has investigated the association of the specific
progestin steroid metabolites that we profiled (n= 7, Table 2) with
MBD measures. In contrast, circulating progesterone itself was not
significantly associated with VPD, DV, or NDV. The smaller sample
size for progesterone (N= 335 vs. 700 for metabolite analysis) may
have limited our ability to detect associations. Prior studies
examining progesterone alone have reported mixed results, with
some showing positive associations with MBD [24, 44, 45], while
others observed null associations [22, 46]. Considering these
inconsistencies, our investigation of progestin steroid metabolites
expands the current knowledge considerably. By examining these
metabolites, we provide a deeper and more detailed view of the
hormone activities at the cellular level, thereby providing a better
opportunity to understand its metabolic and biochemical
associations with MBD [47]. The strong positive correlations
observed between these metabolites and circulating progester-
one levels validate our methodology and support the biological
relevance of studying these metabolites in relation to MBD,
highlighting those that may serve as proxies for endogenous
progesterone activity. Experimental evidence supports a role for
progesterone metabolites in breast tissue proliferation. Wiebe
et al. in an experiment on human breast cancer tissue observed
that progesterone can fulfill its roles through the effect of two
functionally distinct groups of its metabolites: 5alpha-pregnanes
and 4-pregnenes [48]. Through 5alpha-reductase and 3alpha-
hydroxysteroid oxidoreductase enzymes, breast tissue can convert
progesterone irreversibly to 5alpha-pregnanes and reversibly to 4-
pregnenes, respectively. Further experimental evidence in support
of these findings was reported in two follow-up studies [49, 50].
Notably, breast tissue proliferation increases the stroma and
epithelial cells of the breast which are represented as dense tissue
on mammogram [51, 52]. Therefore, it is possible that the positive
association between 5alpha-pregnane metabolites and VPD
observed in our study is driven by their proliferation-stimulating
effects on breast tissue. Alternatively, these findings may also
implicate the receptor activator of nuclear factor-κB (RANK)
signaling pathway. The RANK system is a mediator of
progesterone-induced breast proliferation [53]. Higher serum
levels of RANK-ligand (RANKL) have also been positively asso-
ciated with VPD [54] and breast cancer risk [55]. Therefore, our

pregnanediol−3−glucuronidetetrahydrocortisol glucuronide

tetrahydrocortisone glucuronide (5)

cortolone glucuronide (1)

5alpha−androstan−3alpha,17beta−diol monosulfate (1)

5alpha−androstan−3alpha,17beta−diol monosulfate (2)

5alpha−androstan−3beta,17beta−diol disulfate

FDR_p = 0.05

0.0

0.5

1.0

1.5

2.0

−0.02 0.00 0.02
Coefficient estimate

−
lo

g1
0(

ad
ju

st
ed

 P
)

Androgenic steroids
Corticosteroids
Estrogenic steroids
Pregnenolone steroids
Progestin steroids
Sterol

VPD: Multivariable linear regression associations

FDR_p = 0.05

0.0

0.5

1.0

1.5

2.0

−0.02 −0.01 0.00 0.01

Coefficient estimate

−
lo

g1
0(

ad
ju

st
ed

 P
)

Androgenic steroids
Corticosteroids
Estrogenic steroids
Pregnenolone steroids
Progestin steroids
Sterol

DV: Multivariable linear regression associations

cholesterol

5alpha−pregnan−3beta−ol,20−one sulfate
5alpha−pregnan−3beta,20alpha−diol monosulfate (2)

cortolone glucuronide (1)

FDR_p = 0.05

0.0

0.5

1.0

1.5

2.0

c

b

a

−0.02 0.00 0.02
Coefficient estimate

−
lo

g1
0(

ad
ju

st
ed

 P
)

Androgenic steroids
Corticosteroids
Estrogenic steroids
Pregnenolone steroids
Progestin steroids
Sterol

NDV: Multivariable linear regression associations

Fig. 1 Multivariable associations of steroid hormone metabolites
with VPD, DV, and NDV. Volcano plots showing the associations
between steroid hormone metabolites and (a) VPD, (b) DV, and (c)
NDV. volumetric percent density (VPD), dense volume (DV), non-
dense volume (NDV).
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Table 3. Multivariable least square means of dense volume (DV) by tertiles of steroid hormone metabolitesa,b

Metabolites (n= 54) T1
LSM (95% CI)

T2
LSM (95% CI)

T3
LSM (95% CI)

P-trend FDR
P-value

Sterol

Cholesterol 68.9 (62.6–75.8) 72.7 (66.0–80.0) 70.0 (63.7–76.9) 0.38 0.68

Cholesterol sulfate 69.7 (63.2–76.8) 70.9 (64.6–77.8) 70.6 (64.1–77.7) 0.80 0.88

7alpha-hydroxy-3-oxo-4-cholestenoate (7-Hoca) 74.0 (67.2–81.5) 70.6 (64.4–77.5) 67.0 (60.9–73.8) 0.03 0.17

3beta,7alpha-dihydroxy-5-cholestenoate 70.3 (63.7–77.6) 70.8 (64.5–77.7) 70.1 (63.7–77.1) 0.90 0.93

3beta-hydroxy-5-cholestenoate 68.0 (61.8–74.9) 71.1 (64.7–78.2) 72.3 (65.6–79.7) 0.22 0.51

4-cholesten-3-one 69.6 (63.3–76.6) 69.3 (63.0–76.3) 72.1 (65.6–79.2) 0.41 0.69

Campesterol 71.8 (65.1–79.0) 68.0 (61.9–74.7) 71.8 (65.3–79.0) 0.80 0.88

Pregnenolone Steroids

Pregnenolone sulfate 71.0 (64.5–78.2) 72.1 (65.5–79.5) 68.7 (62.6–75.5) 0.39 0.69

17alpha-hydroxypregnenolone 3-sulfate 68.9 (62.5–76.0) 75.3 (68.5–82.7) 67.1 (61.1–73.7) 0.24 0.52

17alpha-hydroxypregnanolone glucuronide 69.3 (63.1–76.1) 69.8 (63.3–76.9) 72.4 (65.8–79.6) 0.30 0.61

21-hydroxypregnenolone monosulfate (1) 70.2 (63.8–77.3) 71.5 (64.9–78.7) 69.7 (63.4–76.6) 0.80 0.88

21-hydroxypregnenolone disulfate 73.5 (66.6–81.1) 71.4 (65.1–78.4) 66.9 (60.8–73.7) 0.04 0.19

Pregnenediol sulfate (C21H34O5S) 71.1 (64.4–78.6) 72.7 (66.2–79.8) 67.5 (61.4–74.3) 0.20 0.50

Pregnenediol disulfate (C21H34O8S2) 72.1 (65.2–79.7) 70.9 (64.6–77.8) 68.8 (62.6–75.7) 0.31 0.62

Pregnenetriol sulfate 74.8 (68.0–82.4) 69.9 (63.7–76.7) 66.9 (60.7–73.7) 0.02 0.14

Pregnenetriol disulfate 72.0 (65.3–79.5) 72.6 (66.2–79.6) 66.3 (60.2–73.0) 0.04 0.19

Progestin Steroids

5alpha-pregnan-3beta-ol,20-one sulfate 66.6 (60.5–73.3) 69.9 (63.5–76.9) 74.1 (67.5–81.3) 0.03 0.17

5alpha-pregnan-3beta,20beta-diol monosulfate (1) 71.1 (64.5–78.4) 66.2 (60.3–72.7) 74.6 (67.8–82.0) 0.04 0.19

5alpha-pregnan-3beta,20alpha-diol monosulfate (2) 67.6 (61.1–74.8) 69.4 (63.2–76.3) 73.6 (66.9–80.8) 0.07 0.26

5alpha-pregnan-3beta,20alpha-diol disulfate 69.0 (62.4–76.3) 68.6 (62.5–75.3) 73.3 (66.7–80.5) 0.11 0.35

5alpha-pregnan-diol disulfate 70.7 (64.2–78.0) 67.6 (61.5–74.3) 73.1 (66.5–80.3) 0.18 0.47

Pregnanediol-3-glucuronide 67.8 (61.6–74.7) 68.7 (62.4–75.7) 74.3 (67.6–81.6) 0.03 0.18

Pregnanolone/allopregnanolone sulfate 68.0 (61.7–74.8) 69.8 (63.4–76.8) 73.2 (66.7–80.4) 0.11 0.34

Corticosteroids

Corticosterone 71.2 (64.8–78.3) 69.9 (63.5–76.8) 70.1 (63.7–77.3) 0.82 0.88

Cortisol 72.1 (65.5–79.3) 67.7 (61.7–74.4) 72.3 (65.5–79.8) 0.72 0.88

Tetrahydrocortisol glucuronide 69.6 (63.3–76.6) 70.7 (64.3–77.8) 71.1 (64.4–78.4) 0.68 0.88

Tetrahydrocortisol sulfate (1) 68.5 (62.3–75.4) 68.2 (62.0–75.0) 74.7 (68.0–82.2) 0.03 0.18

Cortisone 69.6 (63.1–76.8) 68.2 (61.9–75.1) 72.6 (66.2–79.6) 0.36 0.65

Tetrahydrocortisone glucuronide (5) 69.8 (63.5–76.8) 71.6 (65.3–78.6) 69.4 (62.9–76.7) 0.81 0.88

Cortolone glucuronide (1) 69.5 (63.1–76.6) 71.1 (64.8–78.1) 70.6 (63.8–78.0) 0.80 0.88

Androgenic Steroids

11-ketoetiocholanolone glucuronide 72.7 (66.3–79.6) 67.9 (61.6–74.8) 69.7 (63.1–77.0) 0.54 0.82

Dehydroepiandrosterone sulfate (DHEA-S) 73.9 (67.0–81.5) 72.0 (65.3–79.4) 67.3 (61.4–73.8) 0.04 0.19

16alpha-hydroxy DHEA 3-sulfate 71.3 (64.6–78.7) 71.1 (64.7–78.2) 69.2 (63.0–76.0) 0.49 0.76

Androsterone glucuronide 74.1 (67.4–81.4) 69.2 (63.0–76.0) 67.6 (61.3–74.6) 0.08 0.28

Epiandrosterone sulfate 72.6 (65.7–80.1) 69.1 (62.9–75.9) 70.1 (63.7–77.2) 0.60 0.84

Androsterone sulfate 72.9 (66.2–80.2) 68.6 (62.4–75.3) 70.0 (63.5–77.2) 0.54 0.82

Etiocholanolone glucuronide 74.9 (68.1–82.4) 66.9 (61.0–73.5) 70.3 (63.8–77.4) 0.40 0.69

11beta-hydroxyetiocholanolone glucuronide 69.3 (63.3–76.0) 73.3 (66.5–80.8) 69.3 (62.8–76.5) 0.71 0.88

5alpha-androstan-3alpha,17alpha-diol monosulfate 70.0 (63.6–77.0) 69.9 (63.6–76.8) 71.7 (65.0–79.0) 0.55 0.82

Androstenediol (3beta,17beta) monosulfate (1) 75.5 (68.4–83.2) 72.1 (65.4–79.6) 66.2 (60.4–72.6) 4.69E-03 0.06

Androstenediol (3beta,17beta) monosulfate (2) 72.3 (65.5–79.8) 72.3 (65.8–79.4) 67.3 (61.2–74.0) 0.09 0.29

Androstenediol (3beta,17beta) disulfate (1) 72.3 (65.5–79.8) 71.2 (64.7–78.3) 68.5 (62.3–75.3) 0.24 0.53

Androstenediol (3beta,17beta) disulfate (2) 74.4 (67.5–82.0) 69.9 (63.6–76.8) 67.6 (61.5–74.4) 0.05 0.19

Androstenediol (3alpha, 17alpha) monosulfate (2) 72.6 (66.0–80.0) 69.7 (63.1–76.9) 69.2 (63.1–76.0) 0.35 0.64

Androstenediol (3alpha, 17alpha) monosulfate (3) 69.6 (63.2–76.6) 73.1 (66.4–80.4) 68.7 (62.4–75.6) 0.60 0.84

5alpha-androstan-3alpha,17beta-diol monosulfate (1) 73.8 (66.9–81.5) 70.9 (64.6–77.8) 67.2 (61.0–73.9) 0.05 0.19
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findings on progestin metabolites might have been driven, in part,
by the RANKL signaling system or by a combined effect of the
proliferative effects of the 5alpha-pregnane metabolites and the
RANKL system. Future research could determine whether these
metabolites interact with the RANKL signaling system or operate
through independent mechanisms to influence MBD.
We found novel inverse associations between four androgenic

steroid metabolites and VPD, which have not been previously
reported. Prior studies have mainly focused on androgenic
hormones rather than the broader androgenic steroid metabolites
(n= 23) examined in our analysis. Gabrielson et al. evaluated
seven androgenic hormones and reported mostly null or weak
associations of DHEA, DHEA sulfate (DHEA-S), androstenedione,
testosterone, and free testosterone with MBD in premenopausal
women [24]. However, they observed inverse associations of
testosterone and free testosterone with MBD change [24]. Another
study found an inverse association between free testosterone and
percent MBD [13]. These findings indicate the complexity of
androgen effects on breast tissue and the importance of
considering specific androgenic steroid metabolites in addition
to circulating hormones. Our findings provide additional insights
by focusing on downstream androgenic steroid metabolites that
may reflect more direct tissue exposure to androgens. Notably, the
first principal component of the androgenic steroids sub-pathway
(PC1) showed only a weak inverse correlation with VPD, indicating
that pathway-level measures may mask the effects of individual
metabolites with different biochemical activities or tissue-specific
metabolism. Metabolites like 5alpha-androstan-3alpha,17beta-diol
disulfate are products of 5alpha-reduction and sulfation, key
metabolic processes that occur after androgenic hormones are
synthesized and may influence stromal and epithelial components
of breast tissue differently [56]. Androgens have shown positive
associations with estrogen receptor positive (ER + ) breast cancer
and inverse associations with ER− breast cancer [57]. However,
the mechanisms behind these associations are not well under-
stood. The inverse associations we observed between these
androgenic steroid metabolites and VPD suggest that these
metabolites may reflect metabolic pathways with potential
relevance to ER− breast cancer. It is also possible that MBD and
androgenic steroid metabolites be independent predictors of
breast cancer risk. Overall, the association between these
metabolites, MBD, and breast cancer risk is complex and not fully
understood. Future studies are needed to clarify these associations
and characterize the underlying biological mechanisms.

There are some limitations of this study. We cannot establish
causality because our analysis is cross-sectional. We did not adjust
for phases of the menstrual cycle. The steroid hormone
metabolites most affected by cyclical fluctuations in estrogen
and progesterone across the menstrual cycle in premenopausal
women are primarily the estrogen metabolites, including estradiol
and estrone [58], progesterone and its metabolites, notably
allopregnanolone and pregnanediol [59], and to a lesser extent,
androgens such as testosterone and 17-hydroxyprogesterone [60].
Other androgens such as dihydrotestosterone remain relatively
stable across the cycle [58]. The variability in these metabolites
may partly explain the inconsistent associations across studies in
premenopausal women. Among the specific metabolites we
evaluated, prior evidence is limited. However, based on our data,
we hypothesize that the lack of cycle adjustment may mostly
impact progestin metabolites, particularly the ones strongly
correlated with circulating progesterone levels (Supplemental
Table 4). This study has notable strengths. Our study population is
large and racially diverse, hence, enhancing generalizability. We
assessed volumetric measures of MBD. We analyzed metabolites
that provide a reliable representation of endogenous hormone
production. Our focus on metabolite-level associations captures
downstream hormonal effects and reveals the activity of enzy-
matic pathways, providing mechanistic insights into MBD that
cannot be inferred from circulating hormone levels alone. We
performed sensitivity analysis among OC users, and the results
were consistent with the overall analysis. OC use suppresses the
cyclical variation seen in natural menstrual cycles, resulting in
more stable steroid hormone metabolite levels. Restricting the
analysis to OC users allowed us to assess whether observed
associations were consistent in a hormonally homogeneous
subgroup, thereby improving internal validity and interpretability.
The consistency of results in this subgroup further reduces
concerns about variability in endogenous steroid hormone
metabolites.
In conclusion, we report inverse associations of cortolone

glucuronide (1) and several androgenic steroid metabolites, as
well as positive associations of progestin steroid metabolites, with
VPD in premenopausal women. The novel associations observed,
particularly for cortolone glucuronide (1) with both VPD and NDV,
underscore the need for a more nuanced and comprehensive
understanding of steroid hormone metabolism in relation to MBD
and breast cancer risk. These findings offer insight into biomarkers
of steroid hormones in premenopausal women and suggest

Table 3. continued

Metabolites (n= 54) T1
LSM (95% CI)

T2
LSM (95% CI)

T3
LSM (95% CI)

P-trend FDR
P-value

5alpha-androstan-3alpha,17beta-diol monosulfate (2) 71.4 (64.8–78.6) 75.0 (68.2–82.6) 66.1 (60.1–72.6) 0.03 0.17

5alpha-androstan-3alpha,17beta-diol disulfate 74.0 (67.2–81.5) 70.2 (63.9–77.1) 67.5 (61.4–74.3) 0.06 0.21

5alpha-androstan-3beta,17beta-diol monosulfate (2) 72.7 (66.0–80.0) 70.6 (63.8–78.1) 68.5 (62.5–75.2) 0.22 0.51

5alpha-androstan-3beta,17beta-diol disulfate 71.8 (65.1–79.2) 68.4 (62.1–75.3) 71.1 (64.7–78.1) 0.86 0.90

5alpha-androstan-3beta,17alpha-diol disulfate 70.2 (63.8–77.1) 69.6 (63.2–76.5) 71.7 (65.1–79.0) 0.54 0.82

Andro steroid monosulfate C19H28O6S (1) 71.3 (64.5–78.7) 70.6 (64.3–77.5) 69.7 (63.5–76.6) 0.64 0.86

11beta-hydroxyandrosterone glucuronide 72.7 (66.1–80.0) 70.0 (63.6–77.0) 68.6 (62.4–75.5) 0.23 0.52

Estrogenic Steroids

Estrone 3-sulfate 70.1 (63.9–77.0) 71.6 (65.0–78.9) 69.7 (63.2–76.7) 0.77 0.88

T1-3 Tertiles 1-3, LSM least square mean, CI confidence interval, FDR p-value false discovery rate adjusted p-value.
aModels were adjusted for age (continuous), age at menarche (continuous), body fat % (continuous), race (non-Hispanic white, non-Hispanic black, other),
family history of breast cancer (yes, no), oral contraceptive use (never, <1 year, 1–4 years, 5–9 years, ≥10 years), alcohol consumption (never, <1 drink/week, 1–2
drinks/week, 3–5 drinks/week, and ≥6 drinks/week), parity/age at first birth (nulliparous, 1–2 children & <25 years, 1–2 children & 25–29 years, 1–2 children &
≥30 years, ≥3 children & <25 years, ≥3 children & ≥25 years) and body shape at age 10 (1&2, 3&4, 5, 6–9).
bDense Volume was log10-transformed and coefficients back-transformed, 10^β.
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Table 4. Multivariable least square means of non-dense volume (NDV) by tertiles of steroid hormone metabolitesa,b

Metabolites (n= 54) T1
LSM (95% CI)

T2
LSM (95% CI)

T3
LSM (95% CI)

P-trend FDR
P-value

Sterol

Cholesterol 801.9 (729.4–881.7) 897.3 (815.3–987.5) 790.4 (720.2–867.4) 3.51E-03 0.06

Cholesterol sulfate 831.1 (754.2–915.7) 810.0 (737.9–889.2) 836.9 (760.2–921.4) 0.84 0.88

7alpha-hydroxy-3-oxo-4-cholestenoate (7-
Hoca)

815.7 (740.3–898.8) 832.3 (758.7–913.1) 823.9 (748.3–907.1) 0.86 0.90

3beta,7alpha-dihydroxy-5-cholestenoate 811.1 (735.0–895.1) 819.8 (747.2–899.5) 841.8 (765.2–926.0) 0.40 0.69

3beta-hydroxy-5-cholestenoate 833.5 (757.1–917.6) 820.1 (746.1–901.4) 821.0 (744.9–904.8) 0.77 0.88

4-cholesten-3-one 799.8 (727.5–879.3) 780.1 (709.3–857.8) 889.3 (810.2–976.2) 0.01 0.12

Campesterol 835.6 (758.7–920.4) 837.9 (762.6–920.7) 802.7 (729.8–883.0) 0.34 0.64

Pregnenolone Steroids

Pregnenolone sulfate 867.0 (787.4–954.7) 828.7 (752.2–913.0) 788.5 (718.2–865.6) 0.04 0.19

17alpha-hydroxypregnenolone 3-sulfate 826.9 (749.8–911.9) 836.3 (761.0–919.0) 812.8 (740.1–892.6) 0.62 0.86

17alpha-hydroxypregnanolone glucuronide 818.8 (745.8–898.8) 832.5 (755.6–917.2) 825.6 (750.4–908.4) 0.93 0.95

21-hydroxypregnenolone monosulfate (1) 850.0 (772.3–935.5) 834.4 (758.3–918.3) 795.9 (724.5–874.3) 0.13 0.39

21-hydroxypregnenolone disulfate 847.2 (767.6–935.0) 836.5 (762.6–917.6) 794.1 (721.6–873.9) 0.15 0.40

Pregnenediol sulfate (C21H34O5S) 871.7 (789.1–962.9) 819.1 (746.7–898.6) 799.9 (727.3–879.7) 0.08 0.29

Pregnenediol disulfate (C21H34O8S2) 822.8 (744.6–909.1) 837.8 (763.5–919.3) 812.4 (739.0–893.0) 0.68 0.88

Pregnenetriol sulfate 854.1 (775.5–940.7) 819.4 (746.4–899.6) 803.3 (729.2–884.9) 0.20 0.49

Pregnenetriol disulfate 834.0 (755.6–920.4) 822.4 (750.1–901.7) 820.6 (745.1–903.7) 0.75 0.88

Progestin Steroids

5alpha-pregnan-3beta-ol,20-one sulfate 786.7 (714.7–865.8) 886.8 (805.7–976.0) 810.4 (738.9–888.9) 0.59 0.83

5alpha-pregnan-3beta,20beta-diol
monosulfate (1)

850.6 (771.2–938.2) 810.3 (737.9–889.9) 818.8 (744.5–900.6) 0.71 0.88

5alpha-pregnan-3beta,20alpha-diol
monosulfate (2)

874.0 (790.6–966.1) 818.1 (745.2–898.1) 798.4 (726.7–877.2) 0.14 0.40

5alpha-pregnan-3beta,20alpha-diol disulfate 839.6 (759.2–928.5) 830.0 (756.1–911.1) 810.4 (737.6–890.3) 0.45 0.73

5alpha-pregnan-diol disulfate 827.7 (751.1–912.2) 832.5 (757.7–914.7) 815.2 (741.8–895.8) 0.65 0.86

Pregnanediol-3-glucuronide 862.4 (783.7–949.0) 788.3 (715.5–868.5) 819.9 (746.4–900.6) 0.79 0.88

Pregnanolone/allopregnanolone sulfate 813.7 (739.5–895.5) 849.1 (771.1–935.0) 815.3 (742.3–895.4) 0.67 0.87

Corticosteroids

Corticosterone 832.5 (757.6–914.9) 822.7 (748.4–904.3) 818.4 (743.0–901.6) 0.74 0.88

Cortisol 837.3 (761.5–920.6) 804.3 (732.9–882.6) 839.7 (760.8–926.7) 0.81 0.88

Tetrahydrocortisol glucuronide 785.2 (714.7–862.7) 807.9 (735.2–887.8) 900.8 (817.5–992.7) 1.86E-03 0.05

Tetrahydrocortisol sulfate (1) 825.4 (750.7–907.6) 808.1 (734.3–889.4) 840.8 (764.3–925.0) 0.58 0.83

Cortisone 826.7 (749.8–911.4) 819.3 (743.4–902.9) 827.6 (754.7–907.7) 0.98 0.99

Tetrahydrocortisone glucuronide (5) 798.4 (726.3–877.6) 799.2 (728.8–876.5) 901.6 (817.2–994.6) 4.59E-03 0.06

Cortolone glucuronide (1) 744.3 (676.8–818.4) 829.0 (756.7–908.2) 931.8 (843.8–1029.0) 4.64E-06 7.51E-04

Androgenic Steroids

11-ketoetiocholanolone glucuronide 843.2 (769.9–923.6) 813.9 (739.1–896.2) 806.1 (729.5–890.7) 0.37 0.68

Dehydroepiandrosterone sulfate (DHEA-S) 854.6 (774.6–943.0) 825.8 (748.9–910.5) 805.8 (734.8–883.5) 0.22 0.51

16alpha-hydroxy DHEA 3-sulfate 831.4 (753.3–917.6) 838.9 (763.4–921.9) 807.7 (735.3–887.2) 0.44 0.72

Androsterone glucuronide 798.3 (726.2–877.6) 863.7 (786.7–948.3) 807.7 (732.0–891.2) 0.81 0.88

Epiandrosterone sulfate 835.0 (756.4–921.9) 832.1 (757.8–913.8) 808.9 (734.7–890.6) 0.47 0.76

Androsterone sulfate 842.2 (765.0–927.3) 813.5 (740.4–893.8) 819.3 (743.1–903.3) 0.65 0.86

Etiocholanolone glucuronide 838.5 (761.7–922.9) 802.7 (731.3–881.0) 839.6 (761.9–925.2) 0.75 0.88

11beta-hydroxyetiocholanolone glucuronide 815.1 (744.3–892.8) 873.0 (792.2–962.0) 791.5 (717.4–873.2) 0.25 0.54

5alpha-androstan-3alpha,17alpha-diol
monosulfate

818.4 (744.3–899.9) 827.3 (753.3–908.6) 829.5 (752.8–914.0) 0.79 0.88

Androstenediol (3beta,17beta) monosulfate (1) 805.0 (729.9–887.8) 853.0 (773.1–941.0) 822.0 (749.7–901.4) 0.82 0.88

Androstenediol (3beta,17beta) monosulfate (2) 783.0 (709.7–863.9) 816.5 (743.3–896.8) 867.3 (788.9–953.6) 0.03 0.18

Androstenediol (3beta,17beta) disulfate (1) 770.0 (697.8–849.7) 818.3 (744.1–899.8) 873.4 (795.0–959.5) 0.01 0.13

Androstenediol (3beta,17beta) disulfate (2) 820.1 (744.2–903.7) 836.0 (760.7–918.8) 818.1 (743.7–899.9) 0.90 0.93
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potential targets for interventions aimed at influencing MBD,
potentially informing future research on breast cancer risk and
prevention strategies.

DATA AVAILABILITY
The data and analytical code of this study will be made available
upon reasonable request to the corresponding author.
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