£Y Routledge
m E Taylor &Francis Group
. Nutrition and Cancer

ISSN: 0163-5581 (Print) 1532-7914 (Online) Journal homepage: http://www.tandfonline.com/loi/hnuc20

Effect of Dietary Flaxseed Intake on Circulating Sex
Hormone Levels among Postmenopausal Women:
A Randomized Controlled Intervention Trial

Vicky C. Chang, Michelle Cotterchio, Beatrice A. Boucher, David J. A. Jenkins,
Lucia Mirea, Susan E. McCann & Lilian U. Thompson

To cite this article: Vicky C. Chang, Michelle Cotterchio, Beatrice A. Boucher, David J. A. Jenkins,
Lucia Mirea, Susan E. McCann & Lilian U. Thompson (2018): Effect of Dietary Flaxseed Intake

on Circulating Sex Hormone Levels among Postmenopausal Women: A Randomized Controlled
Intervention Trial, Nutrition and Cancer, DOI: 10.1080/01635581.2018.1516789

To link to this article: https://doi.org/10.1080/01635581.2018.1516789

8 © 2018 Vicky C. Chang, Michelle Cotterchio,
Beatrice A. Boucher, David J. A. Jenkins,
Lucia Mirea, Susan E. McCann, and Lilian U.
Thompson. Published with license by Taylor
& Francis Group, LLC.

@ Published online: 30 Oct 2018.

N
C;/ Submit your article to this journal

(!) View Crossmark data (&

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=hnuc20


http://www.tandfonline.com/action/journalInformation?journalCode=hnuc20
http://www.tandfonline.com/loi/hnuc20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/01635581.2018.1516789
https://doi.org/10.1080/01635581.2018.1516789
http://www.tandfonline.com/action/authorSubmission?journalCode=hnuc20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=hnuc20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/01635581.2018.1516789&domain=pdf&date_stamp=2018-10-30
http://crossmark.crossref.org/dialog/?doi=10.1080/01635581.2018.1516789&domain=pdf&date_stamp=2018-10-30

NUTRITION AND CANCER
https://doi.org/10.1080/01635581.2018.1516789

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ‘ ) Checkforupdates‘

Effect of Dietary Flaxseed Intake on Circulating Sex Hormone Levels among
Postmenopausal Women: A Randomized Controlled Intervention Trial

Vicky C. Chang®®, Michelle Cotterchio®®, Beatrice A. Boucher®, David J. A. Jenkins“®, Lucia Mirea®*,

Susan E. McCann', and Lilian U. Thompson®

?prevention and Cancer Control, Cancer Care Ontario, Toronto, Ontario, Canada; PDalla Lana School of Public Health, University of
Toronto, Toronto, Ontario, Canada; “Department of Nutritional Sciences, Faculty of Medicine, University of Toronto, Toronto, Ontario,
Canada; “Clinical Nutrition and Risk Factor Modification Centre, St. Michael’s Hospital, Toronto, Ontario, Canada; Clinical Research,
Phoenix Children’s Hospital, Phoenix, Arizona, USA; Department of Cancer Prevention and Control, Roswell Park Comprehensive

Cancer Center, Buffalo, New York, USA

ABSTRACT

Lignan intake, and its richest food source, flaxseed, have been associated with reduced
breast cancer risk. Endogenous sex hormones, such as estrogens, play a role in breast cancer
development, and lignans may alter these sex hormone levels. To assess the effect of flax-
seed on circulating sex hormones, a randomized controlled trial was conducted among 99
postmenopausal women in Toronto, Canada. The intervention arm consumed 2 tablespoons
(15 g) of ground flaxseed daily for 7 weeks; the control arm maintained usual diet. Baseline
and week 7 concentrations of 14 serum sex hormones were measured using liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) and immunoassay, and serum enteroli-
gnans (lignan biomarker) using LC-MS/MS. Intervention effects on sex hormone levels were
assessed using analysis of covariance. Serum enterolignans increased among the flaxseed
arm (+516%). Women consuming flaxseed (vs. controls) had increased serum 2-hydroxyes-
trone [treatment effect ratio (TER) = 1.54; 95% Cl: 1.18-2.00] and 2:16a-hydroxyestrone ratio
(TER =1.54; 95% Cl: 1.15-2.06); effects on other hormones were not statistically significant.
Within the flaxseed arm, change in enterolignan level was positively correlated with changes
in 2-hydroxyestrone and 2:16a-hydroxyestrone ratio, and negatively with prolactin. Findings
suggest flaxseed affects certain circulating sex hormone levels with possible implications for
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future breast cancer prevention research.

Introduction

Lignans are a major class of phytoestrogens, estrogen-
like compounds with cancer-preventive properties (1).
While lignans are generally found at low concentrations
in a wide range of plant foods, flaxseed is by far the
richest dietary source, containing predominantly secoiso-
lariciresinol diglucoside (SDG) (2). Once ingested, SDG
is metabolized by intestinal bacteria to the biologically
active mammalian lignans (enterolignans), enterodiol
and enterolactone (3,4), whose circulating and urinary
levels are strongly correlated with dietary lignan intake
(5-8). Enterolignans are structurally similar to endogen-
ous sex hormones and have been shown to exert weak
hormonal effects and inhibit carcinogenesis in animal
models (9,10). As such, lignans, as well as flaxseed, have

been investigated for their possible role in the preven-
tion of hormone-related cancers (4,9,11), particularly
breast cancer (12-17).

Epidemiologic studies provide growing evidence of
an inverse association between lignans and breast can-
cer risk, especially among postmenopausal women
(14-16). Two meta-analyses of prospective cohort and
case-control studies reported that high dietary lignan
intake was associated with a modest statistically sig-
nificant reduction in postmenopausal breast cancer
risk (14,15). Another meta-analysis evaluated the asso-
ciation between circulating enterolactone levels and
postmenopausal breast cancer risk and reported a 34%
risk reduction (16). In addition, a Canadian popula-
tion-based case-control study found that flaxseed
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consumption was significantly associated with reduced
breast cancer risk (17).

The possible protective effects of flaxseed and lignans
on breast cancer risk are thought to be mediated
through modulation of sex hormone synthesis, metabol-
ism, and activity (12). It is widely accepted that
endogenous sex hormones play a role in breast cancer
etiology. In particular, higher circulating levels of estro-
gens (e.g., estradiol, estrone), androgens (e.g., testoster-
one), and prolactin have been associated with increased
postmenopausal breast cancer risk (18-20). Metabolites
formed from the hydroxylation of estrogens, as well as
their relative abundance, have also been linked to breast
cancer development (21-23). Notably, a high ratio of 2-
hydroxylation to 16-hydroxylation pathway estrogen
metabolites has been associated with reduced breast can-
cer risk (22,23). In addition, 2-hydroxyestrone has been
shown to exert antiestrogenic activity, which may coun-
teract the estrogen-agonist and cell proliferation effects
of 16o-hydroxyestrone (24-27). Although exact mecha-
nisms remain to be elucidated, lignans have been sug-
gested to exert anticancer effects by competing with
estrogens for binding to estrogen receptors, resulting in
altered estrogen-sensitive gene expression, and subse-
quently, decreased cell proliferation and increased apop-
tosis (12). Furthermore, lignans may interact with key
enzymes involved in hormone synthesis and metabolism
(e.g., aromatase) to modulate relative levels of circulating
sex hormones and their metabolites (28,29).

Despite biological plausibility and evidence from
observational studies, only a few small intervention
trials have assessed the effect of flaxseed on endogen-
ous sex hormone levels
women, with inconsistent findings (30-37). Flaxseed
intake has been shown to either increase (30-32) or
decrease (33) the ratio of 2-hydroxyestrone to 16a-
hydroxyestrone, while significant effects on other sex

among postmenopausal

hormones were reported by some (33,34), but not all
(32,35-37), studies. Most previous trials had very
small sample sizes, lacked a control group, and only
assessed a limited number of sex hormones. In add-
ition to studies examining the 2:16a-hydroxyestrone
ratio (30-33), only one small pre-post study assessed
other estrogen metabolites (e.g., estriol) considered
relevant to breast cancer risk (33).

Our larger, randomized controlled intervention
study was conducted among postmenopausal women
to investigate the effect of daily flaxseed intake on cir-
culating serum levels of a wide spectrum of sex hor-
mones and their metabolites. In addition, the effect of
flaxseed on circulating enterolignan levels, as well as

correlations between changes in enterolignan levels
and changes in sex hormone levels, were assessed.

Methods

The Women’s Flaxseed and Health Study was a two-
arm, parallel, randomized controlled trial (RCT) con-
sisting of a flaxseed intervention and a control arm
designed to assess the effect of flaxseed intake on
serum sex hormone levels among postmenopausal
women. The study was conducted in Toronto,
Ontario, Canada during 2015-2016. The study proto-
col was approved by the University of Toronto Health
Sciences Research Ethics Board (Toronto, ON) and
registered at ClinicalTrials.gov (NCT02501031). All
participants provided written informed consent.

Participants

Eligible participants were women residing in Toronto,
Ontario who were 57-64 years of age and postmeno-
pausal (no menstrual period within the past year).
Exclusion criteria included the following: regular con-
sumption (more than once per week) of flaxseed
(whole/ground flaxseed, foods containing flaxseed, or
flaxseed oil containing lignans) or other lignan- or
phytoestrogen-rich foods [sesame seeds, tahini, sesame
oil, or soy foods/supplements (e.g., soy milk, tofu,
tempeh, soybeans, soy nuts, supplements containing
soy, red clover, or isoflavones)] in the past 6 months;
use of oral antibiotics in the past 6 months; use of
hormone replacement therapy or corticosteroids in
the past month; current chronic conditions such as
bowel disease (e.g., irritable bowel syndrome, inflam-
matory bowel disease), diabetes, heart disease, or
cancer; current use of blood thinners (e.g., warfarin);
and non-English speaking.

Participants were recruited between November
2015 and February 2016 by the Institute for Social
Research at York University (Toronto, ON) using ran-
dom-digit dialing of telephone numbers to reach a
random sample of households in Toronto. All
sampled numbers were called up to 12 times to iden-
tify eligible women (up to 1 per household) interested
in participation. Contact information for identified
women was forwarded to the study staff at Cancer
Care Ontario (Toronto, ON), who then mailed these
women invitation letters and consent forms. Eligible
(confirmed through telephone) and consenting
women were randomly assigned to either the inter-
vention or the control arm using a computer-gener-
ated random allocation sequence.



Intervention and Control Arms

Women in the intervention arm were provided a bag
of ground flaxseed at baseline and instructed to add 2
tablespoons (15g) of ground flaxseed to their diet
daily for 7 weeks. They were also asked to avoid soy
foods/supplements. To reduce variability in lignan lev-
els, the same commercially available brand and batch
of ground flaxseed (Gold Top Organics Cold Milled
Brown Flax Seed, Stony Plain, AB) was provided to
the women, along with a tablespoon, storage instruc-
tions, and suggestions for how to add flaxseed to their
daily diet (e.g., sprinkle on cereal, toast, yogurt, or in
smoothies). To verify the lignan content stated on the
product label (75mg lignans/15g flaxseed, i.e., 5mg/
g), a sample was analyzed at the Fred Hutchinson
Cancer Research Center (Seattle, WA) using gas chro-
matography-mass spectrometry (Agilent 6890N/5975
GC/MS System; Agilent Technologies, Santa Clara,
CA). The sample was indeed found to contain 5.3 mg
SDG (lignans)/g flaxseed. The product was expected
to retain its potency over the study period, as previous
studies have shown that SDG in flaxseed remained
relatively stable over several weeks to months, even
after heat treatment during baking (38,39).

Women in the control arm were asked to maintain
their usual diet during the study and to avoid foods/
supplements containing flaxseed or soy.

To assess adherence, women in the intervention
arm recorded flaxseed eaten each day over the 7
weeks in a “flaxseed diary”. Flaxseed consumption was
also assessed by measuring serum enterolignan levels
among all women at baseline and week 7 (see below).

Baseline and Follow-up Measures

Information on demographics, medical and reproduct-
ive history, lifestyle factors (e.g., smoking, alcohol
consumption, physical activity), body mass index
[BMI; calculated as weight (kg)/height squared (m?)],
and dietary intake (e.g., phytoestrogen-containing
foods/supplements, dietary fat) was collected using
self-administered questionnaires completed by all par-
ticipants both at baseline and at the end of the study
(week 7). Women in the intervention arm were also
asked to report any adverse effects in the week 7
questionnaire.

Primary outcome measures were serum levels of
sex hormones, including estrogens and estrogen
metabolites (estradiol, free estradiol, estrone, estrone
sulfate, estriol, 2-methoxyestrone, 2-hydroxyestrone,
160-hydroxyestrone, and 2:160-hydroxyestrone ratio),
androgens [androstenedione, dehydroepiandrosterone
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sulfate (DHEAS), and testosterone], prolactin, and sex
hormone-binding globulin (SHBG). Secondary out-
come measures were serum levels of enterolignans
(enterodiol and enterolactone). All sex hormone and
enterolignan measures were assessed at baseline and
week 7 by laboratory personnel blinded to randomiza-
tion status.

Blood Collection and Laboratory Assays

Blood was drawn from participants at baseline and
week 7. Samples were allowed to clot for 45-60 min at
room temperature prior to centrifugation, and serum
was aliquoted into cryovial tubes and stored at —-80°C
until analysis or shipment. All blood samples were
collected, processed, and stored at Mount Sinai
Services, Mount Sinai Hospital (Toronto, ON).

Sex Hormone Assays

Serum sex hormone assays were performed by the
Mount Sinai Services laboratory. Concentrations of
total [conjugated (glucuronidated and sulfated) plus
unconjugated] estradiol, estrone, estriol, and 2-
methoxyestrone were measured by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) as
previously described (40,41). Briefly, standards for
each estrogen and estrogen metabolite (Steraloids Inc.,
Newport, RI) and deuterated internal standards
(Cambridge Isotope Laboratories, Andover, MA) were
added to serum samples, followed by enzymatic
hydrolysis with B-glucuronidase/arylsulfatase from
Helix pomatia (Sigma Aldrich Canada Co., Oakville,
ON). After incubation at 37 °C for 18 h, samples were
extracted with methyl tert-butyl ether, evaporated
under nitrogen gas, reconstituted in 70:30 water:me-
thanol, and analyzed using the AB SCIEX Triple
Quad™ 6500 LC-MS/MS System (AB Sciex, Concord,
ON). Levels of 2-hydroxyestrone and 16c-hydroxyes-
trone were measured using Estramet™ enzyme
immunoassay (EIA) kits (Immuna Care Corporation,
Tampa, FL) (42) (because the laboratory was unable
to detect levels of 2-hydroxyestrone using LC-MS/
MS). The ratio of 2-hydroxyestrone to 16a-hydroxyes-
trone was also calculated. Estrone sulfate and andro-
stenedione were analyzed wusing enzyme-linked
immunosorbent assay kits (MyBioSource, Inc., San
Diego, CA). DHEAS was measured by a competitive
binding immunoenzymatic assay on the Unicel DxI
600 Access Immunoassay System (Beckman Coulter
Canada, Mississauga, ON). Testosterone, prolactin, and
SHBG were quantified using electrochemiluminescence
immunoassays on the Roche Modular Analytics



4 V. C. CHANG ET AL.

immunoassay analyzer (Roche Diagnostics Canada,
Laval, QC). Free (non-albumin- and non-SHBG-
bound) estradiol concentration was calculated from
measured estradiol and SHBG concentrations and an
assumed constant for albumin (4 g/dl), according to a
validated algorithm based on the law of mass action
(43). Calculated free estradiol concentrations have
been shown to correlate strongly with directly meas-
ured values (43).

The lower limit of quantification (LLOQ) was
1.0pg/ml for estradiol, estrone, estriol, and
2-methoxyestrone and 20pg/ml for 2- and
16a-hydroxyestrone. LLOQs for estrone sulfate,
androstenedione, DHEAS, testosterone, prolactin,
and SHBG were 0.625ng/ml, 0.021 ng/ml, 0.074 pg/
ml, 0.025ng/ml, 1.0 ng/ml, and 1.0 nmol/l, respect-
ively. Concentrations below the LLOQ at baseline
(estradiol, n=19; 2-methoxyestrone, n=237;
2-hydroxyestrone, n=19;  16oa-hydroxyestrone,
n=>5; testosterone, n=21) and week 7 (estradiol,
n=19; estriol, n=2; 2-methoxyestrone, n=>50;
2-hydroxyestrone, n=6; 16a-hydroxyestrone, n=2;
testosterone, n=23) were assigned a value of
LLOQ/2 (e.g., 0.5pg/ml for estradiol). Intra-assay
coefficients of variation (CV) were <10% for all sex
hormone assays, except for estrone sulfate (<15%),
whereas inter-assay CVs were <15% for all assays.

Enterolignan Assays

Serum enterolignan (enterodiol and enterolactone)
assays were performed by the Bioanalytics,
Metabolomics and Pharmacokinetics Shared Resource
at Roswell Park Comprehensive Cancer Center
(Buffalo, NY). Total (conjugated plus unconjugated)
concentrations of enterodiol and enterolactone were
determined using an LC-MS/MS method adapted
from the literature (44,45). Briefly, serum samples
were treated with f-glucuronidase and sulfatase,
followed by solid phase extraction and evaporation
under nitrogen gas. Dried residues were reconstituted
and chromatographed using an XBridge™ C18
column (Waters Corporation, Milford, MA) with
a water/acetonitrile/acetic acid mobile phase. The
individual enterolignans were analyzed and quantitated
using a TSQ Vantage Mass Spectrometer (Thermo
Fisher Scientific, Waltham, MA), and the total enteroli-
gnan concentration was calculated as the sum of the
enterodiol and enterolactone concentrations.

The LLOQ was 0.500 ng/ml for both enterodiol and
enterolactone. Concentrations below the LLOQ at
baseline [enterodiol, n =41 (18 intervention; 23 con-
trol); enterolactone, n=1 control] and week 7

[enterodiol, n =32 (3 intervention; 29 control); enter-
olactone, n=3 control] were replaced with LLOQ/2
(i.e., 0.25ng/ml). The large proportion of participants
with enterodiol values below the LLOQ at baseline
(and week 7 for the control arm) was expected since
participants were not regular consumers of flaxseed or
other lignan-rich foods (e.g., sesame seed). Intra-day
assay CVs of the validation quality control samples
for enterodiol and enterolactone were 3.0% and 3.6%,
respectively, while inter-day assay CVs were 2.8% and
2.6%, respectively.

Statistical Analyses

Baseline demographic and lifestyle characteristics were
summarized in each study arm using means and
standard deviations (SD) for continuous variables and
counts and percentages for categorical variables.
Baseline sex hormone and enterolignan concentrations
were reported as medians and interquartile ranges
(IQR), as these measurements did not follow a normal
distribution. Between-group differences were assessed
using Student’s ¢t or Wilcoxon rank-sum tests for con-
tinuous variables and Pearson’s chi-square or Fisher’s
exact tests for categorical variables, as appropriate. In
subsequent analyses, unless otherwise indicated, all sex
hormone and enterolignan measurements were natural
log-transformed.

Within each study arm, the geometric mean and
corresponding 95% confidence intervals (CI) were
calculated for sex hormones and enterolignans at
baseline and follow-up (week 7). Change from base-
line was expressed both as an absolute change (week 7
geometric mean - baseline geometric mean) and as
a percent change [100% X (week 7 geometric mean -
baseline geometric mean)/baseline geometric mean].
Analysis of covariance (ANCOVA) was used to com-
pare change in sex hormone or enterolignan level
from baseline between study arms, while adjusting for
baseline level (46). The ANCOVA linear regression
model included week 7 hormone or enterolignan
level as the dependent variable and randomization
arm (intervention vs. control) and baseline hormone
or enterolignan level as independent variables.
Furthermore, to be on the conservative side, potential
confounding was assessed in expanded multivariable
models adjusted for additional covariates, including
age, age at menopause, BMI, smoking, alcohol
consumption, and physical activity (selected as they
may be associated with postmenopausal sex hormone
levels; refs. 47-50); however, none of the covariates
resulted in >10% change in the effect estimates for
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Potentially eligible and interested women
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(n=168)

Excluded (n = 69)
Not eligible (n = 14)
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Too busy or away (n = 26)

v

Mo longer interested (n = 12)
No response (n = 9)
Medical reasons (n = 3)

L I I

Randomly assigned
(n=99)

Other reasons (n = 5)

h 4

v

Flaxseed intervention arm (n = 48)

Received flaxseed intervention (n = 48)
+ Ate flaxseed daily or 290% of days (n = 45)
+ Ate flaxseed <90% of days (n=3)

Control arm (n = 51)

Compliant with control status (n = 51)
(i.e., did not eat flaxseed during study)

4

h 4

Blood samples and questionnaires collected
Baseline (n = 48)
Follow-up (n = 48)

Blood samples and questionnaires collected
Baseline (n = 51)
Follow-up (n = 51)

!

.

Included in analysis
(n=48)

Included in analysis
(n=>51)

Figure 1. Flow diagram of the enrollment, randomization, and

Study, Toronto, Canada, 2015-2016.

any of the hormones. Thus, final models were
adjusted only for baseline hormone level.

Since analyses were performed on log-transformed
data, the regression coefficient for randomization arm
was transformed back (i.e., exponentiated) to the ori-
ginal scale and interpreted as the treatment effect ratio
(TER) for our main analysis on sex hormones. The
TER represented the effect of the flaxseed intervention
on change in hormone level during the study period,
adjusted for baseline hormone level (i.e., intervention:-
control ratio of geometric means at week 7 relative to
baseline). A TER <1 indicated a reduction, whereas a
TER >1 indicated an increase, in hormone level in
the intervention relative to the control arm. In add-
ition, correlations between changes in enterolignan
levels (untransformed) and changes in sex hormone
levels (untransformed) among the intervention arm
were assessed using the Spearman rank-order correl-
ation test.

All statistical tests were two-sided with a signifi-
cance level of 0.05. Analyses were performed using
SAS software, version 9.4 (SAS Institute Inc.,
Cary, NC).

retention of participants in the Women’s Flaxseed and Health

Results

A total of 168 potentially eligible and interested
women were identified from random-digit dialing
of thousands of households in Toronto, and these
women were then mailed invitation letters and
consent forms, of which 14 were further deemed
ineligible and 55 did not consent to participate (Fig.
1). Ninety-nine participating postmenopausal women
were randomized (48 intervention; 51 control).
All women (n=99) from both study arms returned
questionnaires and provided blood samples at both
baseline and follow-up (100% retention) and were
included in the analysis. In terms of compliance, 45
(94%) of the 48 women in the intervention arm
reported consuming flaxseed daily or >90% of days,
while all 51 (100%) women in the control arm
reported no flaxseed intake. Minor side effects
reported by women in the intervention arm included
gas (33%), bloating (21%), constipation (15%), abdom-
inal pain (13%), stomach ache (10%), diarrhea (10%),
nausea (4%), and dry mouth/thirst (4%).

Table 1 presents some baseline characteristics of
participants stratified by study arm, as well as baseline



6 V. C. CHANG ET AL.

Table 1. Baseline characteristics and serum enterolignan and sex hormone levels of postmenopausal women par-
ticipants in the Women's Flaxseed and Health Study, Toronto, Canada, 2015-2016.

Characteristic Intervention (n =48) Control (n=51) P
Mean (SD)
Age, years (range: 57-64) 60 (2) 60 (2) 0.53
Age at menopause, years (range: 40-60) 52 (4) 51 (4) 0.20
Body mass index, kg/mz (range: 19-40) 26 (5) 25 (4) 0.10
n (%)
Ethnicity 0.21
White 47 (98) 46 (90)
Non-white 12 5(10)
Highest level of education 0.50
High school graduate or less 3 (6) 4 (8)
Some college or university 11 (23) 6 (12)
College or university graduate 27 (56) 31 (61)
Post-graduate degree 7 (15) 10 (20)
Current smoking 0.25
No 46 (96) 47 (92)
Yes 2(4) 4 (8)
Alcohol consumption 0.88
<once/week 15 (31 18 (35)
1-6 times/week 20 (42) 19 (37)
Daily 13 (27) 14 (27)
Median (IQR)
Serum enterolignan concentration
Enterodiol, ng/ml 0.6 (0.3-1.5) 0.6 (0.3-1.5)
Enterolactone, ng/ml 12.7 (4.0-20.0) 9.4 (5.5-19.3)
Total enterolignan?, ng/ml 13.2 (4.9-22.0) 10.6 (5.8-20.7)
Serum sex hormone concentration
Estradiol, pg/ml 3.7 (2.0-5.7) 2.7 (0.5-4.3)
Free estradiol®, pg/ml 0.04 (0.02-0.08) 0.03 (0.02-0.08)
Estrone, pg/ml 95.9 (56.4-175.4) 84.3 (57.7-114.5)
Estrone sulfateS, ng/ml 3.4 (2.2-4.7) 3.9 (24-6.3)
Estriol, pg/ml 12.6 (8.8-28.2) 14.5 (7.7-19.9)
2-Methoxyestrone, pg/ml 3.2 (0.5-4.1) 2.1 (0.5-4.0)
2-Hydroxyestrone, pg/ml 147.2 (96.3-209.1) 116.8 (69.9-170.8)
160-Hydroxyestrone, pg/ml 230.5 (191.0-274.0) 230.0 (188.0-284.0)
2:160-Hydroxyestrone ratio 0.7 (0.3-1.1) 0.5 (0.3-0.9)
Androstenedione, ng/d| 104.0 (71.0-132.5) 108.0 (87.0-131.0)
DHEAS, pg/dl 75.5 (51.6-119.7) 81.1 (47.9-129.0)
Testosterone, ng/dl 10.1 (5.8-17.3) 8.6 (2.9-14.4)
Prolactin, ng/ml 7.5 (6.0-9.0) 8.0 (7.0-12.0)
SHBG, nmol/I 61.3 (42.4-84.2) 73.3 (46.6-83.5)

2Sum of enterodiol and enterolactone concentrations.

PNon-albumin- and non-SHBG-bound estradiol, calculated from estradiol and SHBG concentrations.

“Data missing for 2 participants in the control arm.

serum enterolignan and sex hormone levels. On aver-
age, participants were 60 years of age, became postme-
nopausal at 52 years, were slightly overweight (mean
BMI =26 kg/mz), white (94%), nonsmokers (94%),
and had at least a college/university degree (76%).
There were no significant differences between the
intervention and control arms at baseline (Table 1).
No changes in body weight were observed in either
study arm over the 7-week intervention period (data
not shown).

Table 2 presents baseline and week 7 geometric
means and changes in serum enterolignan levels for
each study arm. Consistent with the high compliance
as assessed by self-report, serum concentrations of
enterodiol, enterolactone, and total enterolignans were
all significantly increased in the flaxseed intervention
(+1,148%, +380%, and +516%, respectively)

compared to the control (-21%, -34%, and -31%,
respectively) arm (all P < 0.001).

Table 3 presents effects of the flaxseed intervention
on serum sex hormone levels. Compared to the con-
trol arm, women in the intervention arm had
significant increases in serum 2-hydroxyestrone con-
centration (TER=1.54; 95% CI: 1.18-2.00; P=0.002)
and 2:160-hydroxyestrone ratio (TER =1.54; 95% CI:
1.15-2.06; P =0.004), while no effect was observed for
160-hydroxyestrone (TER=0.98; 95% CI: 0.83-1.15;
P=0.806). The intervention (vs. control) arm showed
larger declines in serum levels of most other estrogens
and estrogen metabolites, including estradiol (-12%
vs. +20%), free estradiol (-6% vs. —2%), estriol (-7%
vs. —4%), and 2-methoxyestrone (-25% vs. -9%), but
not estrone (+5% vs. —-7%) and estrone sulfate (4+32%
vs. +30%); however, baseline-adjusted TERs were not
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Table 2. Changes in serum enterolignan concentrations from baseline to week 7, by study arm.

Baseline geometric mean

Week 7 geometric mean

Change from baseline

Enterolignan n (95% Cl) (95% Cl) Absolute change® Percent changeb P¢
Enterodiol, ng/ml
Intervention 48 0.8 (0.6-1.2) 10.3 (6.8-15.8) 9.5 1,148% <0.001
Control 51 0.7 (0.5-1.0) 0.6 (0.4-0.8) -0.2 -21%
Enterolactone, ng/ml
Intervention 48 10.7 (7.3-15.7) 51.4 (37.4-70.5) 40.7 380% <0.001
Control 51 9.3 (7.0-12.3) 6.1 (4.3-8.8) -3.2 -34%
Total enterolignan®, ng/ml
Intervention 48 12.1 (8.3-17.6) 74.4 (58.1-95.1) 62.3 516% <0.001
Control 51 10.7 (8.1-14.0) 7.4 (5.3-10.3) -33 -31%

@Absolute change =week 7 geometric mean — baseline geometric mean.
PPercent change =100% x (week 7 geometric mean — baseline geometric mean)/baseline geometric mean.
P-value for between-group difference (intervention vs. control) in change in enterolignan level estimated using ANCOVA, adjusted for baseline

enterolignan level.

9Sum of enterodiol and enterolactone concentrations.

Table 3. Effect of the dietary flaxseed intervention on changes in serum sex hormone concentrations from baseline to week 7.

Baseline geometric mean

Week 7 geometric mean

Change from baseline

Treatment effect

Sex hormone n (95% Cl) (95% Cl) Absolute change®  Percent changeb TER® (95% Cl) P

Estradiol, pg/ml
Intervention 48 3.1 (2.4-4.0) 2.7 (2.0-3.7) -0.4 -12% 0.84 (0.59-1.19)  0.325
Control 51 2.1 (1.6-2.8) 2.5 (1.9-3.4) 0.4 20%

Free estradiol®, pg/ml
Intervention 48 0.04 (0.03-0.05) 0.04 (0.03-0.05) 0.0 -6% 0.96 (0.75-1.23) 0.756
Control 51 0.04 (0.03-0.05) 0.04 (0.03-0.05) 0.0 -2%

Estrone, pg/ml
Intervention 48 96.7 (76.6-121.9) 101.7 (81.3-127.2) 5.0 5% 1.15 (0.90-1.46) 0.259
Control 51 89.8 (74.8-107.9) 83.5 (65.1-107.2) -6.3 -7%

Estrone sulfate, ng/ml
Intervention 48 3.6 (29-4.4) 4.7 (3.9-5.7) 1.1 32% 1.00 (0.84-1.19) 0.983
Control 49 3.8 (3.0-5.0) 5.0 (3.9-6.5) 1.2 30%

Estriol, pg/ml
Intervention 48 14.4 (11.3-18.4) 13.4 (10.2-17.7) -1.0 -7% 0.98 (0.76-1.26) 0.846
Control 51 13.8 (11.0-17.3) 13.2 (10.2-17.1) -0.6 -4%

2-Methoxyestrone, pg/ml
Intervention 48 2.3 (1.7-3.1) 1.7 (1.2-2.4) -0.6 -25% 0.94 (0.61-1.42) 0.753
Control 51 1.6 (1.2-2.2) 1.5 (1.0-2.1) -0.2 -9%

2-Hydroxyestrone, pg/ml
Intervention 48 110.1 (80.1-151.4) 183.7 (158.9-212.3) 73.6 67% 1.54 (1.18-2.00) 0.002
Control 51 78.1 (55.6-109.7) 104.0 (78.6-137.6) 259 33%

160-Hydroxyestrone, pg/ml
Intervention 48 215.7 (184.5-252.3) 228.7 (210.0-249.1) 13.0 6% 0.98 (0.83-1.15) 0.806
Control 51 185.3 (144.0-238.5) 216.9 (178.2-263.9) 315 17%

2:160-Hydroxyestrone ratio
Intervention 48 0.5 (0.4-0.7 0.8 (0.7-0.9) 03 57% 1.54 (1.15-2.06)  0.004
Control 51 0.4 (0.3-0.6 0.5 (0.3-0.7) 0.1 14%

Androstenedione, ng/dI
Intervention 48 102.5 (87.2-120.6) 92.7 (74.2-115.9) -9.8 -10% 0.98 (0.84-1.16) 0.842
Control 49 105.3 (91.6-121.0) 96.6 (85.0-109.8) -87 -8%

DHEAS, pg/dl
Intervention 48 76.4 (64.2-91.0) 77.3 (65.4-91.3) 0.9 1% 1.01 (0.92-1.11) 0.766
Control 51 76.2 (63.7-91.3) 76.0 (64.1-90.2) -0.2 0%

Testosterone, ng/dl
Intervention 48 7.3 (5.4-9.9) 7.4 (5.5-10.0) 0.1 1% 0.98 (0.80-1.20) 0.852
Control 51 6.2 (4.6-8.4) 6.5 (4.7-9.0) 0.3 5%

Prolactin, ng/ml
Intervention 48 7.2 (6.6-7.9) 7.3 (6.7-7.9) 0.1 1% 0.91 (0.80-1.03) 0.146
Control 51 8.1 (7.2-9.2) 8.3 (7.5-9.2) 0.2 2%

SHBG, nmol/I
Intervention 48 59.5 (51.5-68.8) 59.2 (50.9-68.9) -0.3 -1% 0.93 (0.81-1.07) 0.307
Control 51 60.7 (49.3-74.8) 64.3 (56.1-73.7) 36 6%

?Absolute change =week 7 geometric mean - baseline geometric mean.
BPercent change =100% x (week 7 geometric mean — baseline geometric mean)/baseline geometric mean.
“Treatment effect ratio (TER) represents the effect of the flaxseed intervention on change in sex hormone level, adjusted for baseline hormone level using

ANCOVA; it is the intervention:control ratio of geometric means at week 7 relative to baseline. A TER <1 indicates a reduction in hormone level in the

intervention relative to the control arm, whereas a TER >1 indicates an increase in hormone level in the intervention relative to the control arm.

4Non-albumin- and non-SHBG-bound estradiol, calculated from estradiol and SHBG concentrations.
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Table 4. Spearman correlation coefficients between changes in serum enterolignan concentrations
and changes in sex hormone concentrations among women in the intervention arm (n =48).

Enterolignan

Sex hormone A Enterodiol A Enterolactone A Total enterolignan®
A Estradiol 0.25 0.20 0.26
A Free estradiol® 0.15 0.08 0.14
A Estrone -0.09 -0.22 -0.18
A Estrone sulfate 0.10 0.01 0.07
A Estriol -0.09 0.09 0.06
A 2-Methoxyestrone 0.00 0.22 0.23
A 2-Hydroxyestrone 0.15 0.40%* 0.33*
A 160-Hydroxyestrone -0.06 0.03 0.01
A 2:160-Hydroxyestrone ratio 0.25 0471% 0.37*
A Androstenedione 0.18 -0.09 0.05
A DHEAS 0.07 -0.15 -0.06
A Testosterone -0.09 -0.12 -0.06
A Prolactin -0.37* -0.22 -0.32*
A SHBG -0.11 0.10 0.07
*P < 0.05.

A: Change, defined as week 7 concentration minus baseline concentration (untransformed) for each enterolignan or

sex hormone.
aSum of enterodiol and enterolactone concentrations.

bNon-albumin- and non-SHBG-bound estradiol, calculated from estradiol and SHBG concentrations.

statistically significant for any of these hormones.
Similarly, the intervention did not result in statistically
significant changes in any of the androgens (andro-
stenedione, DHEAS, and testosterone; TERs ranging
from 0.98 to 1.01), prolactin (TER =0.91; 95% CI:
0.80-1.03), or SHBG (TER =0.93; 95% CI: 0.81-1.07).

Table 4 shows correlations between changes in
serum enterolignan levels and changes in serum sex
hormones levels among women in the intervention
arm. Significant positive correlations were found
between change in total enterolignans and changes in
both 2-hydroxyestrone (r=0.33; P=0.023) and 2:16a-
hydroxyestrone ratio (r=0.37; P=0.009). Change in
enterolactone, but not enterodiol, was also positively
correlated with significant changes in 2-hydroxyes-
trone (r=0.40; P=0.005) and 2:16x-hydroxyestrone
ratio (r=0.41; P=0.004). Additionally, changes in
enterodiol and total enterolignans showed significant
negative correlations with change in prolactin
(r=-0.37; P=0.009 and r=-0.32; P=0.029, respect-
ively). There were no statistically significant correla-
tions between changes in enterolignans and changes
in other sex hormones.

Discussion

This randomized intervention trial among postmeno-
pausal women found that intake of ground flaxseed
daily for 7 weeks significantly increased circulating 2-
hydroxyestrone level and the 2:16a-hydroxyestrone
ratio; however, no statistically significant effects were
seen for other sex hormones assessed. In addition,
flaxseed consumption substantially increased circulat-
ing enterolignans, which were in turn positively

correlated with changes in 2-hydroxyestrone and
2:16a-hydroxyestrone ratio, supporting the hypothesis
that effects of flaxseed on estrogen metabolism may
be mediated through mechanisms involving lignans
(12). Our findings add to the literature suggesting
flaxseed intake may alter estrogen profiles (30-34).
This is of particular importance for breast cancer pre-
vention, as these estrogen profiles have been shown to
be associated with breast cancer risk (23,24).

While previous trials measured urinary excretion of
2- and 160-hydroxyestrone (30-33), our study was the
first to assess the effect of flaxseed on circulating
blood levels of these estrogen metabolites, which may
be a more representative measure of endogenous
exposures (51). Our findings that 2-hydroxyestrone
level and 2:160-hydroxyestrone ratio increased among
postmenopausal women consuming flaxseed are con-
sistent with three (of four) previous studies, all of
which measured hormones using EIA (30-32). Using
a randomized crossover design, Haggans et al. found
that consuming 10g flaxseed/day for 7 weeks signifi-
cantly increased urinary 2-hydroxyestrone (34%) and
2:160-hydroxyestrone ratio (21%) (30). The pre-post
study by McCann et al. also reported significant
increases in urinary 2-hydroxyestrone (73%) and
2:16a-hydroxyestrone ratio (77%) among women sup-
plemented with 10g flaxseed/day for 7 days (31). In
the RCT by Brooks et al., daily consumption of a flax-
seed muffin (25g flaxseed) for 16 weeks significantly
increased urinary 2-hydroxyestrone (103%) and 2:160-
hydroxyestrone ratio (98%) (32). Furthermore, con-
sistent with our results, none of these studies reported
significant changes in 16¢-hydroxyestrone, suggesting
that flaxseed improves the 2:16x-hydroxyestrone ratio



mainly by increasing 2-hydroxyestrone, the presum-
ably more optimal metabolite with antiestrogenic
potential, without affecting the more estrogenic 16a-
hydroxyestrone (30-32). In contrast, a 12-week pre-
post flaxseed intervention study (7.5 g/day for 6 weeks,
followed by 15g/day for 6 weeks) reported a signifi-
cant increase in urinary 16c-hydroxyestrone and no
change in 2-hydroxyestrone (i.e., decreased 2:160-
hydroxyestrone ratio); however, the lack of a control
group makes it difficult to account for possible tem-
poral changes unrelated to the intervention (33).

As expected and reported by others (52,53), daily
flaxseed intake significantly increased serum enteroli-
gnan levels. Our study further demonstrated that
changes in enterolignans, especially enterolactone (pri-
mary SDG metabolite), are positively correlated with
changes in 2-hydroxyestrone and 2:16a-hydroxyes-
trone ratio among women consuming flaxseed. This
suggests that flaxseed intake led to changes in the
estrogen profile by increasing enterolignans (12).
Brooks et al. also reported a positive correlation
between change in total urinary lignan excretion and
change in 2:16o-hydroxyestrone ratio (r=0.58;
P=0.02) among women supplemented with flaxseed;
however, specific enterolignans were not examined
(32). Our finding of a stronger correlation with enter-
olactone than enterodiol may be explained by the
shorter half-life of enterodiol, which is further metab-
olized into enterolactone (7,8). Additionally, in vitro
and in vivo studies have demonstrated differential
effects of enterolactone and enterodiol on estrogen-
related pathways in cancer development (54-56).

Although exact mechanisms are unclear, it has
been postulated that flaxseed/lignans may alter the
profile of estrogen metabolites by modifying the
expression or activity of cytochrome P450 enzymes
responsible for estrogen hydroxylation to favor 2-
over 16-hydroxylation (24,31,57). For example, flax-
seed supplementation in hens upregulated CYPIAI
expression, resulting in increased and decreased pro-
duction of 2- and 16a-hydroxyestrone, respectively
(57). However, while the 2:16a-hydroxyestrone ratio
has been inversely associated with breast cancer risk
and suggested as a potential target for dietary inter-
ventions (24), recent research indicated that overall
and relative abundances of 2-, 4-, and 16-hydroxyl-
ation pathway metabolites may be more relevant with
respect to breast cancer risk and prevention
(21-23,58,59). Our study additionally assessed 2-
methoxyestrone and estriol (2- and 16-hydroxylated,
respectively) and found no significant changes related
to flaxseed intake. These results are in line with those
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of Sturgeon et al., who examined three other metabo-
lites (2-hydroxyestradiol, 2-methoxyestradiol, and 4-
hydroxyestradiol) in urine and reported no changes
except for a statistically significant decline in 2-
methoxyestradiol (33).

Flaxseed intake did not significantly influence circu-
lating levels of estradiol, free estradiol, estrone, or
estrone sulfate in our study. This is consistent with
other intervention studies assessing serum (32,35,36),
plasma (37), or urinary (33) estrogen levels in postme-
nopausal women, with the exception of a crossover trial
reporting statistically significant reductions in serum
estradiol and estrone sulfate with 10g flaxseed/day for
7 weeks (34). The most biologically active estrogens,
estradiol, and estrone, have been associated with ele-
vated postmenopausal breast cancer risk (18,19), thus
factors decreasing their levels may be protective. In
vitro studies have suggested that lignans may decrease
estrogen synthesis by inhibiting the aromatase enzyme
responsible for converting testosterone and androstene-
dione to estradiol and estrone, respectively (28,29,60).
However, evidence from intervention trials, including
ours, provides stronger support for flaxseed’s role in
modifying estrogen metabolism (e.g., 2-hydroxylation
of estrone) rather than inhibiting estrogen synthesis.

Consistent with the other two intervention studies
assessing androgens in postmenopausal
(34,35), flaxseed intake had no effect on serum levels
of testosterone, androstenedione, and DHEAS.
Conflicting results have been obtained from cross-
sectional data, with studies reporting positive (61),
negative (62), or no (63,64) correlation between enter-
olignans and androgens. In addition to inhibiting aro-
matase conversion of androgens to estrogens, lignans
may affect androgen metabolism by interfering
with 5o-reductase, which converts testosterone to the
more potent dihydrotestosterone (61,65). Furthermore,
lignans have been shown to stimulate SHBG synthesis
in the liver (66) and interact with SHBG (67,68) to
alter biological activity and availability of circulating
estrogens and androgens. Observational studies have
also reported positive correlations between lignans
and SHBG (63,64,69). However, like other interven-
tion studies (34-36), our results do not support the
role of flaxseed in modulating SHBG levels.

Although flaxseed intake only resulted in a small
(and not statistically significant) reduction in prolactin
level, a significant negative correlation between change
in enterolignans and change in prolactin was observed
among women consuming flaxseed. To our know-
ledge, only one previous study in humans has exam-
ined the effect of flaxseed on prolactin, reporting

women



10 V. C. CHANG ET AL.

a statistically significant increase in serum prolactin
among postmenopausal women consuming 10g flax-
seed/day for 7 weeks (34). Additionally, animal mod-
els suggested that the estrogenic activity of lignans
and other phytoestrogens may stimulate prolactin syn-
thesis and secretion (70-72); however, intervention
studies generally reported no effect of soy (rich source
of phytoestrogen) intake on prolactin (73-76).
Epidemiological evidence supports an association
between increased circulating prolactin and increased
breast cancer risk (20), and our findings showed that
flaxseed/lignans may decrease prolactin level, although
additional studies are warranted.

Strengths of our study included the large sample
size relative to other flaxseed intervention trials, com-
plete follow-up of participants, and excellent adher-
ence rates, as confirmed by both self-report and
lignan biomarker measurements. In addition, com-
pared to previous studies, a wider range of sex hor-
mones (possibly relevant to breast cancer risk) were
assessed, including estrogens and their metabolites,
androgens, SHBG, and prolactin. Furthermore, the
concurrent assessments of circulating sex hormones
and enterolignans helped provide additional insights
into potential underlying biological mechanisms. A
possible limitation of our study is the potential for
cross-reactivity in some of the hormone assays, which
is an inherent problem for all immunoassay methods
(77). Moreover, a placebo was not used for the control
arm. While some RCTs used pre-baked foods (e.g.,
muffins, bread) with or without flaxseed (32,37), the
ability of participants to add flaxseed to any food, as
demonstrated here, suggests that this intervention
approach may have population-wide application.

In conclusion, our findings suggest that dietary flax-
seed may modulate estrogen levels and metabolism
among postmenopausal women, particularly by increas-
ing circulating 2-hydroxyestrone levels, and conse-
quently, improving the 2:160-hydroxyestrone ratio.
Our results add to the emerging evidence from previ-
ous intervention trials suggesting that flaxseed intake
may have a role in altering sex hormone profiles which
are thought to be involved in breast cancer risk
(30-32). In addition, despite minor gastrointestinal side
effects reported by some women, a very high adherence
to the daily flaxseed intervention was achieved, suggest-
ing it may be a feasible approach at the population
level if these findings are replicated in larger trials.
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