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ABSTRACT

Background: The epidemiologic evidence for associations between
dietary factors and breast cancer is weak and etiologic mechanisms
are often unclear. Exploring the role of dietary biomarkers with me-
tabolomics can potentially facilitate objective dietary characteriza-
tion, mitigate errors related to self-reported diet, agnostically test
metabolic pathways, and identify mechanistic mediators.
Objective: The aim of this study was to evaluate associations of
diet-related metabolites with the risk of breast cancer in the Pros-
tate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial.
Design: We examined prediagnostic serum concentrations of diet-
related metabolites in a nested case-control study in 621 postmen-
opausal invasive breast cancer cases and 621 matched controls in
the multicenter PLCO cohort. We calculated partial Pearson corre-
lations between 617 metabolites and 55 foods, food groups, and
vitamin supplements on the basis of the 2015 Dietary Guidelines
for Americans and derived from a 137-item self-administered food-
frequency questionnaire. Diet-related metabolites (P-correlation <
1.47 X 10~°) were evaluated in breast cancer analyses. ORs for the
90th compared with the 10th percentile were calculated by using
conditional logistic regression, with body mass index, physical in-
activity, other breast cancer risk factors, and caloric intake con-
trolled for (false discovery rate <0.2).

Results: Of 113 diet-related metabolites, 3 were associated with
overall breast cancer risk (621 cases): caprate (10:0), a saturated fatty
acid (OR: 1.77; 95% CI = 1.28, 2.43); y-carboxyethyl hydrochroman
(y-CEHC), a vitamin E (-y-tocopherol) derivative (OR: 1.64; 95% CI:
1.18, 2.28); and 4-androsten-33,1783-diol-monosulfate (1), an an-
drogen (OR: 1.61; 95% CI: 1.20, 2.16). Nineteen metabolites were
significantly associated with estrogen receptor (ER)—positive (ER™)
breast cancer (418 cases): 12 alcohol-associated metabolites, includ-
ing 7 androgens and a-hydroxyisovalerate (OR: 2.23; 95% CI: 1.50,
3.32); 3 vitamin E (tocopherol) derivatives (e.g., y-CEHC; OR: 1.80;
95% CI: 1.20, 2.70); butter-associated caprate (10:0) (OR: 1.81;
95% CI: 1.23, 2.67); and fried food—associated 2-hydroxyoctanoate
(OR: 1.46; 95% CI: 1.03, 2.07). No metabolites were significantly
associated with ER-negative breast cancer (144 cases).
Conclusions: Prediagnostic serum concentrations of metabolites related
to alcohol, vitamin E, and animal fats were moderately strongly associated
with ER" breast cancer risk. Our findings show how nutritional metab-
olomics might identify diet-related exposures that modulate cancer risk.
This trial was registered at clinicaltrials.gov as NCT00339495. AmJ
Clin Nutr doi: https://doi.org/10.3945/ajcn.116.150912.
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INTRODUCTION

Diet has long been thought to play a role in breast cancer
etiology on the basis of ecological and migrant studies, with
support from animal experiments. Epidemiologic studies and
randomized clinical trials, however, have been inconclusive for
most dietary exposures (1, 2), possibly due to imprecision and
inaccuracy in the self-reported dietary assessments used in
population-based studies (3). The role of dietary fat has been
particularly controversial. Large randomized controlled trials of
low-fat or modified-fat (e.g., Mediterranean) diets have generated
mixed findings, including inverse (4) or suggestive inverse as-
sociations with breast cancer incidence (5) and survival (6) and
null associations (7-9). However, these interventions had diet
adherence issues, leading to a loss of study power. Furthermore,
each intervention tested a specific defined diet, rather than ag-
nostically evaluating a full range of dietary patterns. Heteroge-
neity in diet-breast cancer associations was also observed by
baseline fat intake and hormone receptor subtype (5); failure to
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consider heterogeneity may attenuate overall associations. Among
dietary exposures, the only one for which there is consistent and
convincing evidence for an association with breast cancer is al-
cohol consumption (1, 10). However, the mechanisms linking
alcohol and breast cancer risk are incompletely understood.

Nutritional metabolomics—the study of diet-related metabo-
lites toward the end of elucidating diet and health outcome re-
lations (11-13)—may provide a means to more accurately
capture exogenous dietary exposures, evaluate endogenous
biomarkers that mediate diet-cancer relations, or both. Nu-
tritional metabolomics allows for simultaneous evaluation of
several diet-related exposures and the metabolic processes they
influence. Recently, we used a nutritional metabolomics ap-
proach in the Prostate, Lung, Colorectal and Ovarian (PLCO)
Cancer Screening Trial cohort (14) and a colon adenoma case-
control study (15) to identify serum metabolites that were sig-
nificantly correlated with specific dietary exposures, including
consumption of fruit, vegetables, meats, fish, nuts, fats, alcohol,
coffee, and multivitamins.

No published prospective studies, to our knowledge, have
used a nutritional metabolomics approach to examine diet-related
metabolite associations with subsequent breast cancer risk. We
therefore conducted a nested case-control study of prediagnostic
serum concentrations of diet-related metabolites and postmeno-
pausal breast cancer in women in the PLCO cohort. Our aims
were as follows: /) to replicate and expand the diet-related
metabolites identified in previous studies by using a more sen-
sitive and comprehensive metabolomics platform; 2) to evaluate
relations between diet-related metabolites and breast cancer risk,
overall and stratified by estrogen receptor (ER) status; and 3)
interpret these relations in terms of the underlying metabolic
processes.

METHODS

Study design and population

The PLCO trial is a randomized multicenter trial that assigned
78,000 men and 77,000 women to either a cancer screening in-
tervention or standard care between 1993 and 2001 (Supplemental
Figure 1) (16). Participants were followed over time for multiple
cancer outcomes. Eligible participants were aged 55-74 y at
baseline, with no previous history of prostate, lung, colorectal, or
ovarian cancer. The PLCO trial was registered at clinicaltrials.gov
as NCT00339495. All of the participants provided informed
consent and completed self-administered questionnaires at base-
line about personal characteristics, health-related behaviors,
medical history, and cancer risk factors. In the screening arm,
participants completed a food-frequency questionnaire [PLCO
dietary questionnaire (DQx)] (17) and provided blood samples
at defined times during the study according to a standardized
protocol (18). The study was approved by institutional review
boards at the US National Cancer Institute and 10 participating
screening centers. We conducted a nested case-control study of
postmenopausal breast cancer in women who completed the
baseline risk factor questionnaire and DQx, donated a blood
sample 1 y after baseline, and had no history of breast or rare
cancer before blood collection. All first primary invasive breast
cancer cases (International Classification of Diseases, Ninth Re-
vision, codes 174.0-174.9) among women not using menopausal
hormone therapy (MHT) at baseline were included (n = 468
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cases). To increase ER-negative (ER ) cases, progesterone re-
ceptor (PR)-negative cases, or both, ER™ or PR-negative cases
who used MHT at baseline were included (n = 153). With the
use of incidence density sampling, 621 controls were matched to
621 cases (n = 418 ER*, 144 ER", and 59 equivocal) on study
baseline age (%2 y), date of blood collection (=3 mo), year of
diagnosis, cohort entry, and MHT use at baseline.

Outcome ascertainment

Confirmed incident breast cancer cases were ascertained by
annual questionnaire, state cancer registries, the National Death
Index, and physician and next-of-kin reporting (18). We restricted
analyses to cases confirmed by hospital records during follow-up
to 19 November 2013. Tumors were considered ER if =10% of
cells were immunohistochemically stained positive. Equivocal
results (1-9% positively stained) or indeterminate status were
excluded from the hormone receptor—specific analyses.

Dietary assessment

The DQx measured the typical frequency of intake during the
12 mo before baseline for 137 foods, including alcohol, and
typical portion sizes for 77 items (19-21). The frequency of
intake and serving size of each food item were converted into
grams per day of the food and categorized into 55 a priori—
defined food groups on the basis of the 2015 Dietary Guidelines
for Americans (Supplemental Table 1) (22). The DQx ascer-
tained vitamin C, D, and E and calcium supplement intakes at
baseline (continuous) and recent multivitamin use (now and 2 y
ago, yes or no). We also calculated the Healthy Eating Index—
2010 (HEI-2010) score (23). Participants missing quantitative
responses to =8 food-frequency questions or who were in the
highest or lowest 1% for energy intake were excluded from the
diet-metabolite analysis (n = 115). For participants missing
quantitative responses for <8 food-frequency questions, “0” was
assigned to the missing items.

Metabolite assessment

Nonfasting serum samples were prospectively collected at the
first follow-up, ~1 y after the baseline visit. Blood samples
were stored at —70°C and analyzed in 2014 (24). Parent com-
pounds and their downstream metabolites with molecular weights
<1 kDa, herein collectively referred to as “metabolites,” were
measured by using the Metabolon Inc. platform. These included
amino acids, monosaccharides, small lipids, cofactors and vitamins,
intermediates of energy metabolism, and exogenous chemical and
food and plant xenobiotics. Liquid chromatography—tandem
mass spectrometry and gas chromatography—mass spectroscopy
measured spectral peaks (25) (detailed in Supplemental Methods),
which were identified by comparing against a library of chem-
ical standards (>4500 known metabolites and 9000 unidentified
metabolites).

In the PLCO study, we measured 1057 serum metabolites (672
identifiable). Values below the limit of detection (LOD) were
assigned the minimum of observed values for that metabolite
(Supplemental Figure 2). Metabolites for which =90% of
samples had values less than the LOD were excluded (n = 55),
which left 617 metabolites of known identity for analysis. This
exclusion criterion was chosen to allow for the assessment of
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FIGURE 1 Serum nonfasting metabolites associated with food, diet quality, dietary supplements, and beverages (Bonferroni correction) in a nested case-
control study within the PLCO cancer screening trial cohort (cases and controls: n = 1127). Partial Pearson correlations adjusted for case status (case, control),
age at blood draw (years), smoking history (never or missing, former, or current), diabetes history (no or yes), BMI (in kg/m?% <25, 25 to <30 or missing, or
=30), education (=high school, post-high school training other than college, some college, college graduate, or postgraduate), vigorous physical activity (in
hours per week; none, <1, 1, 2, 3, =4, or missing), and daily caloric intake (quintiles). Analyses were adjusted for multiple comparisons by using Bonferroni
correction [P < 0.05/(617 X 55) = 1.5 X 10~ °]. Alcohol use was adjusted for coffee intake and vice versa. The Healthy Eating Index—2010 was adjusted for
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metabolites associated with diet items consumed only episodically
or by a small proportion of participants (e.g., alcohol, dietary
supplements). Metabolite peak intensity was normalized by using
the median peak intensity for each run-day per metabolite. Re-
liability was assessed by using 86 masked replicates from 7 study
participants and 1 quality-control pool spread at approximately
even intervals throughout the sample set. Case-control pairs were
analyzed in the same batch. Medians (IQRs) for intraclass corre-
lation coefficients (calculated by using 86 replicates) and CVs were
0.94 (0.88-0.98) and 0.21 (0.15-0.30), respectively.

Statistical analysis

Our analysis was conducted in 2 stages. First, we estimated
correlations between 617 named metabolites and 55 individual
foods, food groups, beverages, vitamin supplements, and the
HEI-2010 by using partial Pearson correlation, adjusted for
case-control status, age at blood draw, smoking history, diabetes
history, BMI, education, weekly hours of vigorous physical
activity, and daily caloric intake (categories shown in Figure 1).
Metabolite and dietary exposure values were log-transformed to
account for non-normal distributions. Alcohol was controlled for
coffee intake and vice versa due to evidence of confounding,
because alcohol was associated with known coffee phytochemi-
cals. Individual dietary supplement intake was adjusted for mul-
tivitamin supplement use. The HEI-2010 was adjusted for any
dietary supplement use (yes or no). Metabolites associated with
dietary exposures at a Bonferroni-corrected a level <1.47 X
1075 [P < 0.05/(617 X 55)] were selected for further analysis.

In the second stage, we calculated ORs and 95% Cls for the
associations between diet-related metabolites and breast cancer risk
by using conditional logistic regression. We compared risks at the
90th and the 10th percentiles of the distribution of log-relative me-
tabolite intensity [i.e. OR: PXO=XI0) where B is the coefficient
from the conditional logistic regression of case-control status and
(X10, Xop) the 10th and 90th percentiles of the log-metabolite values.
Case-control matching was retained for subtype analyses. Models
were adjusted for age at blood draw, race/ethnicity, putative
breast cancer risk factors, and daily caloric intake (catego-
rization detailed in Results tables). We present analyses both
with and without adjustment for BMI, because energy balance
may mediate diet-breast cancer associations (26). For the breast
cancer analyses, we controlled for multiple comparisons by
using a false discovery rate <0.2 (Benjamini-Hochberg pro-
cedure) (27, 28). All of the statistical tests were 2-sided.

In sensitivity analyses, we evaluated multiplicative effect-
modification of metabolite—breast cancer associations by follow-
up time (less than or equal to or greater than the median of
6.7 y) by using the Wald test for homogeneity with a Bonferroni-
corrected a < 4.42 X 10~ *. Because tocopherols are transported
in lipoproteins and lipoprotein concentrations can confound
risk associations with serum tocopherols (29), we adjusted
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tocopherol metabolites for total circulating cholesterol, and
assessed mutual adjustment of tocopherol metabolites. We also
adjusted steroid alcohol-related metabolites for non-steroid al-
cohol-related metabolites and vice versa. The linearity of select
metabolite—ER* breast cancer associations was assessed by us-
ing cubic splines with likelihood ratio tests (30).

We identified diet-related multiple-metabolite profiles by us-
ing principal components analysis (PCA) with the principal axis
method and varimax (orthogonal) rotation to group the diet-related
metabolites identified in the first analysis stage. We then mea-
sured principal component associations with breast cancer by using
conditional logistic regression. All of the sensitivity analyses and the
PCA used fully adjusted models, including BML

With the use of Gaussian graphical modeling (GGM), we
modeled the bivariate relations between the Bonferroni-significant
diet-related metabolites to summarize how they group together as
an interconnected metabolic network (19, 31). Direct relations
between metabolites were measured by using conditional cor-
relation, where each correlation is conditioned on all other
metabolites in the analysis, including any indirectly correlated
metabolites. Conditional correlations between metabolites (ab-
solute value of r > 0.2) were visualized by linking them together
by a line to represent direct relations. Partial Pearson correlation,
logistic regression, and PCA analyses were performed in SAS
(version 9.3; SAS Institute); GGM was conducted in R (R Project,
version 3.1.2) with visualization using Cytoscape (32).

RESULTS

Study population characteristics

Women’s mean * SD age was 64 = 5.3y, on average, at the
time of blood collection. The median (interdecile range) follow-up
time from baseline was 6.7 y (2.1-11.6 y). Compared with controls,
cases were more likely to have an older age at natural menopause,
a history of benign breast disease, and a family history of breast
cancer and were less likely to have never smoked (Table 1). Self-
reported dietary intakes for the 12 mo before the study baseline for
all women are presented in Supplemental Table 1.

Dietary exposure-metabolite associations

Of the 617 identifiable serum metabolites we evaluated, 113
were significantly associated with =1 dietary exposures, with
Bonferroni correction for multiple comparisons (Figure 1; ad-
ditional details in Supplemental Table 2, including, for each
metabolite, the percentage of participants less than the LOD and
intraclass correlation coefficient). Of the 113 diet-related me-
tabolites, the median (IQR) for the percentage of participants
with metabolite values less than the LOD was 0% (0-9%). In
addition, 87% of metabolites had metabolite intensities above
the LOD for >80% of participants. These diet-related metabo-
lites represent both exogenous food breakdown products and

Figure 1. (continued) any supplement use. Individual vitamin supplement use was adjusted for multivitamin use. Metabolites associated with oranges and
grapefruit, separately, can be found in Supplemental Table 2. Information on mass-to-charge ratio, retention index, number of metabolites below the limit of
detection, metabolomics platform, metabolite identification number [Human Metabolome Database (http://www.hmdb.ca/metabolites/) or PubChem (https://
pubchem.ncbi.nlm.nih.gov/)], and metabolic pathways is available in Supplemental Table 2. ADMA, asymmetric dimethylarginine; AHB, a-hydroxybutyrate;
CEHC, carboxyethyl hydrochroman; CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropionic acid; DHEAS, dehydroepiandrosterone sulfate; GPC, glycero-
phosphocholine; PLCO, Prostate, Lung, Colorectal and Ovarian; SDMA, symmetric dimethylarginine; veg., vegetables.



TABLE 1

NUTRITIONAL METABOLOMICS AND BREAST CANCER RISK

Baseline characteristics of participants in a nested case-control study
within the PLCO cancer screening trial'

Cases Controls
Characteristic n=621), % (n=621), % P?
Age at blood draw,’ y 0.14
<60 23 23
60 to <65 34 34
65 to <70 24 23
=70 19 20
Age at menarche, y 0.18
<12 22 18
12-13 52 57
=14 26 25
Age at first child, number 0.07
of live births
Nulliparous 9 9
<20y, =1 14 14
2024y, 12 14 10
20-24 y, =3 32 39
25-29y, 12 10 8
25-29 y, =3 12 12
=30y, =1 10 7
Type of menopause, age at 0.04
menopause
Natural, <45y 8 6
Natural, 45-49 y 17 19
Natural, 50-54 y 35 35
Natural, =55y 10 7
Bilateral oopherectomy 8 11
Drug therapy or radiation 4 2
Hysterectomy 19 20
MHT use* 0.02
Never 70 64
Former 18 24
Current 12 12
History of benign breast disease 0.001
No 69 77
Yes 31 23
First-degree female family history 0.02
No 80 85
Yes 20 15
Race/ethnicity 0.29
Non-Hispanic white 90 91
Other 10 9
Education 0.56
=12y 35 34
Post-high school training 12 13
other than college
Some college 21 22
College 18 15
Postgraduate 14 16
Smoking history 0.001
Never 54 65
Former 39 29
Current 8 6
Drinking history 0.56
Never 9 9
Former 13 14
Current 70 71
Missing 8 6
Diabetes history 0.34
No 93 95
Yes 7 5
(Continued)
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TABLE 1 (Continued)

Cases Controls

Characteristic (n=0621), % (n=0621), % P?
Vigorous physical activity, h/wk 0.10

None 14 12

<1 18 18

1 12 9

2 15 19

3 16 16

=4 17 20

Missing 8 7
BMI, kg/m? 0.08

<25 32 37

25 to <30 40 39

=30 29 24

! Values may not sum to 100% due to rounding. MHT, menopausal
hormone therapy; PLCO, Prostate, Lung, Colorectal, and Ovarian.

2 P for difference by case-control status is based on a univariate con-
ditional logistic regression global likelihood ratio test.

3 Cases and controls were matched on study baseline age (+2 y)
and month per year of blood collection (=3 mo) but not on age at blood
draw.

4 MHT users were excluded at cohort entry, except for estrogen receptor—
negative or progesterone receptor—negative cases, or both, and their matched
controls.

endogenous metabolic factors correlated with the consumption
of specific foods. Of the 55 dietary exposures we defined, on the
basis of the 2015 Dietary Guidelines for Americans, 34 were
significantly related to =1 serum metabolite. A total of 222
dietary exposure—metabolite associations (all r = *£0.14),
reached significance. Forty-two of these diet-metabolite corre-
lations were moderately strong (absolute value of r > 0.3), in-
cluding associations with citrus, coffee, juice, alcohol, liquor,
nuts, tea, fish, shellfish, multivitamins, and vitamin E supplements.
Several of these associations were potentially novel (i.e., no published
epidemiologic studies in free-living participants, to our knowledge),
including theanine (tea; r = 0.43), 3-hydroxypyridine-sulfate
(coffee; r = 0.58), and methyl-glucopyranoside-(a/) (citrus;
r=0.31). There were 42 metabolites that were correlated with >1
dietary exposure (Supplemental Table 3).

Dietary metabolite-breast cancer associations

Twelve diet-related metabolites were significantly associated
with breast cancer risk, after adjustment for multiple com-
parisons (false discovery rate <0.2), including metabolites
related to the consumption of butter, margarine, alcohol, and
fat-containing desserts (Table 2). With further adjustment
for BMI, the associations with butter-related caprate (10:0)
[OR‘)()lh versus 10th percentile (ORQOVSMJ): 1.77; 95% CI. 1.28, 243],
dessert-related y-carboxyethyl hydrochroman (y-CEHC) (ORggys10:
1.64; 95% CI: 1.18, 2.28), and alcohol-related 4-androsten-
33,17B-diol-monosulfate (1) (ORggys10: 1.61; 95% CI: 1.20, 2.16)
remained significant; the other associations were, in general,
modestly attenuated and became nonsignificant (change in
ORs: +2% to —6%).

Nineteen metabolites were significantly associated with ER*
breast cancer; all associations remained after adjustment for BMI
(Table 3). Two were butter-related: caprate (10:0) (OR: 1.81; 95%
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TABLE 2

PLAYDON ET AL.

Top 20 diet-related serum metabolites associated with breast cancer in a nested case-control study within the PLCO cancer screening trial’

90th vs. 10th percentile® 90th vs. 10th percentile*

BMI and
Correlation Multivariate-adjusted multivariate-adjusted
Metabolite Dietary exposure coefficient? OR (95% CI) P OR (95% CI) P
Caprate-(10:0) Butter +0.15 1.76 (1.28, 2.42) 5.1 X 107* 1.77 (1.28, 2.43) 4.8 X 1074
y-CEHC Desserts +0.16 1.71 (1.24, 2.38) 1.3 X 1073+ 1.64 (1.18, 2.28) 3.6 X 1073
4-Androsten-33,17B-diol  Alcohol (beer) +0.16 1.67 (1.24, 2.23) 6.8 X 107** 1.61 (1.20, 2.16) 1.8 X 107 3=
monosulfate-(1)
DHEAS Alcohol +0.16 1.52 (1.11, 2.07) 8.2 X 107>* 1.49 (1.09, 2.04) 1.2 X 1072
a-Hydroxyisovalerate Alcohol (liquor) +0.23 1.53 (1.13, 2.06) 5.6 X 1073* 1.48 (1.09, 2.00) 1.1 X 1072
4-Androsten-33,17B-diol  Alcohol (beer, liquor) +0.26 1.55 (1.14, 2.11) 4.8 X 1073 1.48 (1.09, 2.03) 1.3 X 1072
disulfate-(1)
Pregnen-diol disulfate Alcohol (beer) +0.16 1.52 (1.11, 2.09) 9.8 X 1073* 1.48 (1.08, 2.04) 1.6 X 1072
8-Tocopherol Margarine +0.15 1.56 (1.09, 2.22) 1.4 X 1072 1.47 (1.03, 2.11) 3.6 X 1072
4-Androsten-33,17B-diol  Alcohol +0.16 1.50 (1.11, 2.02) 9.0 X 1073* 1.44 (1.06, 1.95) 20 X 1072
disulfate-(2)
y-CEHC glucuronide Margarine +0.16 1.53 (1.08, 2.15) 1.6 X 1072* 1.44 (1.01, 2.04) 42 X 1072
4-Androsten-383,178-diol  Alcohol (beer, liquor, wine) +0.24 1.48 (1.12, 1.95) 6.3 X 1073* 1.43 (1.08, 1.90) 1.3 X 1072
monosulfate-(2)
10-Undecenoate-(11:1n—1) Butter, cheese, ice cream +0.18 1.44 (1.05, 1.98) 26X 1072 1.43 (1.04, 1.97) 29 % 1072
Sa-Androstan-3a,17B-diol  Alcohol (beer, liquor) +0.15 1.42 (1.06, 1.91) 2.1 X 1072 1.39 (1.03, 1.88) 29 X 1072
disulfate
Tryptophan betaine Nuts, oil +0.34 1.38 (1.03, 1.84) 29X 1072 1.38(1.03, 1.85) 3.0 X 1072
2-Hydroxyoctanoate Fried potatoes +0.15 1.39 (1.04, 1.86) 2.8 X 1072 1.38 (1.03, 1.85) 33 X 1072
Ethyl glucuronide Alcohol (beer, liquor, wine) +0.36 1.31 (0.99, 1.72) 5.6 X 1072 1.33 (1.01, 1.75) 42 % 1072
Piperine Liquor +0.16  0.75 (0.56, 1.00) 5.0 X 1072 0.74 (0.56, 0.99) 45X 1072
Ergothioneine Alcohol (beer, liquor), shellfish +0.21 1.28 (0.99, 1.65) 6.2 X 1072 1.29 (1.00, 1.67) 53 X 1072
a-Tocopherol Multivitamin, vitamin E supplements +0.41 0.71 (0.51, 0.99) 42 X 1072 0.73 (0.52, 1.03) 7.0 X 1072
Propionylglycine Oil =0.15 0.78 (0.62, 0.99) 3.99 X 1072 0.81 (0.64, 1.03) 8.1 X 1072

' = 621 incident cases and 621 matched controls. The top 20 metabolites are presented to highlight all significant associations with a consistent number
of results for the overall breast cancer and breast cancer subtype analyses. For dietary exposure, “Alcohol” refers to all alcohol types combined. Specific
alcohol type associations are shown in parentheses. *Significant after controlling for multiple comparisons by using a false discovery rate <0.2. DHEAS,
dehydroisoandrosterone sulfate; PLCO, Prostate, Lung, Colorectal, and Ovarian; y-CEHC, y-carboxyethyl hydrochroman.

2 Direction and magnitude of correlation between dietary exposure and metabolite; the highest correlation is presented for metabolites correlated with

multiple foods.

3 Risks at the 90th compared with the 10th percentile of the distribution of log-relative metabolite intensity. Conditional logistic regression, controlling for age at

blood draw (years), race/ethnicity (non-Hispanic white or other), age at menarche (<12 y, 12-13 y or missing, or =14 y), age at first child and number of live births
(nulliparous, <20y and =1 live birth, 2029 y and 1-2 live births, 20-29 y and =3 live births or missing, or =30 y and =1 live births), type of menopause and age
at menopause (natural and <45 y, natural and 45-49 y, natural and 50-54 y, natural and =55 y, bilateral oophorectomy or drug therapy or radiation, or hysterectomy
or missing), menopausal hormone therapy use (never, former, or current), history of benign breast disease (no or missing, or yes), first-degree female family history
of breast cancer (no or missing, or yes), education (=12 y, post-high school training besides college, some college or missing, college, or postgraduate), smoking
history (never or missing, former, or current), drinking history (never or missing, former, or current), diabetes history (no or yes), vigorous physical activity (in hours

per week; none, <1, 1, 2, 3, =4, or missing), and daily caloric intake (quintiles). Alcohol-related metabolites were not adjusted for self-reported alcohol use.
“Risks at the 90th compared with the 10th percentile of the distribution of log-relative metabolite intensity. Conditional logistic regression with control
for the same covariates as in footnote 3, with additional control for BMI (in kg/mz; <25, 25 to <30, =30, or missing).

CI: 1.23,2.67) and 10-undecenoate (11:1n—1) (ORggys10: 1.59; 95%
CI: 1.07, 2.36); 1 was fried food-related: 2-hydroxyoctanoate
(ORgpys10: 1.46; 95% CI: 1.03, 2.07). Twelve were alcohol-related,
including the following: a-hydroxyisovalerate (ORggys10: 2.23; 95%
CI: 1.50, 3.32), 4-androsten-383,1783-diol-disulfate (2) (ORggysi0:
2.08; 95% CI: 1.41, 3.07), and 6 additional androgens. Three
were vitamin E (tocopherol)-related, with positive or inverse
associations with ER* breast cancer depending on the tocoph-
erol isomer: y-CEHC (positively associated with fat-containing
desserts; ORggys10: 1.80; 95% CI: 1.20, 2.70), 8-tocopherol (pos-
itively associated with margarine; ORggys10: 1.74; 95% CI: 1.12,
2.71), and a-tocopherol (positively associated with multivitamins
and vitamin E supplements; ORggys10: 0.56; 95% CI: 0.37, 0.85).
Metabolites associated with margarine (y-CEHC glucuronide;

ORggysior 4.2; 95% CI: 1.43, 12.40), desserts (y-CEHC; OR:
4.25; 95% CI: 1.36, 13.28), and butter [caprate (10:0); OR: 3.00;
95% CI: 1.21, 7.46] were positively, although not signifi-
cantly, associated with ER™ breast cancer (Supplemental
Table 4). None of the metabolite—breast cancer associations
described above was modified by follow-up time (=6.7 com-
pared with >6.7 y).

Adjustment for serum cholesterol did not materially change
associations between tocopherol metabolites and overall and ER*
breast cancer (change in ORs: <5%), which remained signifi-
cant. We further adjusted steroid alcohol-related metabolites for
non-steroid alcohol-related metabolites and vice versa. Steroid
metabolite—ER™ breast cancer associations were attenuated (change
in ORs: —7% to —20%), but all associations remained significant.
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The non-steroid alcohol-related metabolite associations were not
modified. The dose-response relations of circulating caprate-
(10:0), y-CEHC, a-hydroxyisovalerate, 4-androsten-383,173-
diol-disulfate (2), and a-tocopherol with ER™ breast cancer did
not depart significantly from log linearity (Figure 2).

For the PCA of the 113 diet-related metabolites, 3 principal
components each had eigenvalues >1, which explained =5% of
total variance and met criteria for component loading and sim-
ple structure. The PCA created 3 sets of linearly uncorrelated
variables, as follows: “coffee” (31 metabolites), “HEI-2010/
multivitamin” (23 metabolites), and “alcohol” (9 metabolites).
Of these, the “alcohol” component was significantly associated
with overall breast cancer (ORggys10: 1.53; 95% CI: 1.12, 2.10)
and ER* breast cancer (ORggys10: 2.21; 95% CI: 1.48, 3.32)
(Supplemental Tables 5 and 6).

The association networks for pairs of diet-related metabolites
with conditional correlations =0.2 (GGM) consisted of 92 direct
(paired) relations, represented by connected lines. Figure 3 pres-
ents results for diet exposures for which =1 correlated metabolite
was associated with ER* breast cancer; the network for all 113
diet-related metabolites is shown in Supplemental Figure 3.
Metabolites associated with ER* breast cancer fell into 3 dis-
tinct metabolic networks: metabolites related to alcohol, vita-
min E, and fats and oils.

Finally, we qualitatively compared the associations between
dietary exposures and breast cancer measured by potential bio-
markers compared with self-report. Self-reported butter, fried
potatoes, margarine, desserts, and alcohol were not associated
with breast cancer risk. Vitamin E supplement intake was in-
versely associated with ER" breast cancer (ORggysio: 0.59;
95% CI: 0.40, 0.89) (Supplemental Table 7). We present a
metabolite by metabolite correlation matrix and a food by me-
tabolite correlation matrix in Supplemental Tables 8 and 9.

DISCUSSION

Our study provides a conceptual framework for utilizing
metabolomics to study dietary associations with cancer. We
identified 113 metabolites that were associated with =1 food,
beverage, or dietary supplement, thus providing possible bio-
markers for these dietary exposures should they be replicated in
future studies, conform to a classical measurement model, or be
further identified as a metabolite constituent of the associated
food (13, 33). In our breast cancer analysis—which was, to our
knowledge, the first to use metabolomics to agnostically eval-
uate prediagnostic circulating diet-related metabolites in relation
to breast cancer risk—we found that metabolites related to al-
cohol, tocopherols (vitamin E), and animal fats were moderately
associated with overall breast cancer risk, primarily driven by
results for ER" cases. These associations were stronger than
those observed for the same exposure measures based on self-
reported diet, both within our study population and comparing
against historical effect estimates, such as for alcohol (10).

We were able to replicate previously published diet-metabolite
associations on the basis of both the Metabolon, Inc., and other
platforms, which is a promising result that suggests that nutri-
tional metabolomics can be robust and informative. In the 1242
female participants in our study, we replicated approximately
three-quarters of the 40 Bonferroni-significant candidate dietary
biomarkers previously uncovered in the PLCO cohort by using
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the Metabolon platform (14). In addition, for 15 dietary expo-
sures, we replicated diet-metabolite associations reported by
nutritional metabolomics studies with the use of other study
populations, dietary assessment tools, or metabolomics platforms
(14, 15, 34-46) (Supplemental Table 10). Because our current
study used a newer, more sensitive platform than the earlier
PLCO study (14), we measured 84 more identifiable metabolites
that could serve as candidate dietary biomarkers. For example,
theanine, an amino acid extracted from tea leaves and studied
in vitro (47, 48), was correlated with tea intake; methyl-
glucopyranoside-(a/B) was associated with fruit and citrus; and
3-hydroxypyridine-sulfate was associated with coffee. These are
phytochemical constituents of the associated foods, which ex-
plains why they may function as dietary biomarkers.

Metabolites that were associated with multiple dietary
exposures included those associated with different varieties of
specific food groups (e.g., alcohol, fruit, tea and coffee, dairy
products, and dietary supplements). 3-Carboxy-4-methyl-5-propyl-
2-furanpropionic acid and ergothioneine were each correlated
with both fish and shellfish and alcohol intake, which could reflect
correlated intakes of fish and alcohol in the study population
(alcohol: r = 0.16 with fish, r = 0.26 with shellfish; P < 0.001).
In addition, in univariate analyses, piperine, a metabolite derived
from pepper, was associated with liquor intake. However, in fully
conditional models of metabolite associations with other metab-
olites, piperine was associated with ry-tocopherol, a metabolite we
found to be linked to intakes of specific fats. This may reflect a
complex pattern of confounding, such as if piperine were an in-
gredient in a food often consumed concurrently with liquor.

In the breast cancer analysis, metabolites positively associ-
ated with ER* breast cancer included the following: butter-
related caprate (10:0), a medium-chain SFA; dairy fat-related
10-undecenoate (11:1n-1), an odd-carbon MUFA; fried food-related
2-hydroxyoctanoate, a hydroxy fatty acid; and dessert-related
v-CEHC. The association of dietary fat with postmenopausal
breast cancer has been controversial due to conflicting findings
in the literature. Such inconsistencies may reflect varying degrees
of measurement error in assessing fat intake (49-53), etiologic
associations that vary according to type of dietary fat consumed,
or both, with potentially stronger positive associations for SFAs
than for other fats (54). Nutritional metabolomics may partly
circumvent these problems, by providing objectively quantifiable
biomarkers that reflect a full range of the types of dietary fat
typically consumed. Suggested mechanisms for the effect of
dietary fat on breast carcinogenesis include increased estrogen
synthesis in adipose tissue, inflammation, and alterations in sev-
eral physiologic processes (e.g., breast cell response to growth
factors, immune function, and tumor suppression) (54). Few
studies, to our knowledge, have reported on the fatty acids im-
plicated in our analysis, although a urine analysis found that
caprate (10:0) concentrations were higher in mice with breast
tumors than in controls (55).

We found 7 endogenous androgen pathway metabolites related to
alcohol consumption and ER™ breast cancer; estrogen pathway
metabolites could not be evaluated because none were measured
by the metabolomics platform. Alcohol intake is the only well-
established dietary risk factor for breast cancer (1), with an attrib-
utable risk of ~5% (56). Several mechanisms have been proposed.
A randomized alcohol feeding study in postmenopausal women
reported that alcohol increased serum dehydroepiandrosterone
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FIGURE 2 ORs for the association between diet-related metabolites and ER™ breast cancer in the PLCO cancer screening trial cohort. (A) Caprate (10:0)
(butter-related; P-linearity = 0.003, P-nonlinearity = 0.99); (B) y-CEHC (dessert-related; P-linearity = 0.003, P-nonlinearity = 0.66); (C) a-hydroxyisovalerate
(alcohol-related; P-linearity = 0.003, P-nonlinearity = 0.57); (D) 4-androsten-33,178-diol disulfate (2) (alcohol-related; P-linearity = 0.0003, P-nonlinearity = 0.75);
(E) a-tocopherol (multivitamin- and vitamin E supplement—related; P-linearity = 0.02, P-nonlinearity = 0.56). Estimates were obtained from restricted cubic
spline logistic regression models. All models were significant for a linear relation; thus, the linear relations are presented. Models were adjusted for age at
blood draw (years), age at menarche (<12 'y, 12-13 y or missing, or =14 y), age at first child and number of live births (nulliparous, <20 y and =1 live birth,
20-29 y and 1-2 live births, 20-29 y and =3 live births or missing, or =30 y and =1 live birth), type of menopause and age at menopause (natural and <45y,
natural and 45-49 y, natural and 50-54 y, natural and =55 y, bilateral oophorectomy or drug therapy or radiation, or hysterectomy or missing), menopausal
hormone therapy use (never, former, or current), history of benign breast disease (no or missing, or yes), first-degree female family history of breast cancer (no or
missing, or yes), education (=12 y, post-high school training besides college, some college or missing, college, or postgraduate), smoking history (never or
missing, former, or current), drinking history (never or missing, former, or current), diabetes history (no or yes), vigorous physical activity (in hours per week;
none, <1, 1, 2, 3, =4, or missing), and daily caloric intake (quintiles). Alcohol-related metabolites were not adjusted for self-reported alcohol use. ER*, estrogen
receptor—positive; PLCO, Prostate, Lung, Colorectal, and Ovarian; y-CEHC, y-carboxyethyl hydrochroman.
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FIGURE 3 Gaussian graphical model of 113 diet-related metabolites measured in a nested case-control study within the PLCO cancer screening trial
cohort. Metabolites are pictured as hexagons, and those pairs with an absolute value of conditional correlation >0.2 are connected by a line. Pink lines
represent positive conditional correlations. Purple lines represent inverse conditional correlations. Hexagons are color-coded by their association with ER*
breast cancer. Metabolites highlighted pink are positively associated with ER™ breast cancer. Metabolites highlighted purple are inversely associated with ER*
breast cancer. CEHC, carboxyethyl hydrochroman; ER", estrogen receptor—positive; PLCO, Prostate, Lung, Colorectal, and Ovarian.

sulfate (57), a precursor of circulating androgens and estrogens
(58, 59). Moreover, pooled analyses of prospective epidemio-
logic studies found that dehydroepiandrosterone sulfate, other
androgens, and estrogens were strongly positively associated
with both alcohol consumption (60) and postmenopausal breast
cancer (61, 62), with effect sizes similar to those in our study
(i.e., ORs: ~1.5-2 comparing extreme quintiles). Thus, alco-
hol may influence postmenopausal breast cancer risk through
increased production of androgens, estrogens, and their me-
tabolites. Alcohol-related metabolites unrelated to androgen
metabolism were also associated with ER* breast cancer, in-
cluding ethyl-glucuronide (a metabolite of ethanol breakdown)
and a-hydroxyisovalerate (a hydroxy-fatty acid derivative)
(63). Their associations were unchanged with adjustment for
androgen-pathway metabolites, suggesting that alcohol may
operate through androgen-independent mechanisms to increase
breast cancer risk.

We also found breast cancer associations with vitamin E to-
copherols and their metabolites. Specifically, a-tocopherol was in-
versely associated, whereas d-tocopherol and y-CEHC (conjugated
~y-tocopherol) were positively associated with ER* breast cancer.
a-Tocopherol, the most abundant circulating tocopherol iso-
form, which protects polyunsaturated fats from lipid perox-
idation, is found in vitamin E supplements, olive and sunflower
oils, wheat germ, and nuts; y-tocopherol is found in vegetable oil
and margarine (64); and d-tocopherol is found in soy and castor
oils and margarine (65). Supplementation with a-tocopherol has

been shown to increase circulating a-tocopherol and suppress
y-tocopherol (64) and vice versa (66). Experimental research in-
dicates that a- and y-tocopherols may reduce cell proliferation
and increase apoptosis, 2 hallmarks of cancer (67-69). However,
evidence from large prospective studies has been conflicting,
including no breast cancer association with circulating «- or
y-tocopherol (70-76), a positive association with y-tocopherol
(77), and an inverse association with a-tocopherol (78). The inverse
association of a-tocopherol with breast cancer may reflect a healthy
lifestyle, as evidenced by its correlation with dietary supplement
use and the HEI-2010. The - and y-tocopherol findings could
indicate a direct association of vitamin E with breast cancer or
could reflect the influence of specific sources of dietary fat.

To our knowledge, ours is the first study to use metabolomics to
agnostically evaluate prediagnostic circulating diet-related metab-
olites in relation to breast cancer risk. Other studies have been
retrospective, and these metabolite profiles may reflect physiologic
changes driven by the occurrence and treatment of breast cancer
(79). Strengths of our study include prediagnostically collected
serum, comparable handling of samples between cases and controls,
large study size, large number of identified metabolites, and
metabolomics platform reliability. However, there are several
limitations. Serum samples were obtained 1 y after the food-
frequency questionnaire; major diet changes over this period
could attenuate observed diet-metabolite correlations. Partici-
pants were not required to fast. We did not have data on hours
since last meal and were unable to adjust for fasting status.
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Previous analyses have identified the minimal contribution of
fasting status to overall metabolite variability (80). Our analysis
was restricted to identified metabolites measured by the metab-
olomics platform. We did not evaluate parent estrogens and me-
tabolites, the inclusion of which would complement our findings.
The study population was predominantly white postmenopausal
women; thus, generalizability to premenopausal women and diverse
race/ethnicity is unknown. The nutritional biomarkers identified in
this study were not selected a priori. This approach could risk a
degree of overfitting; however, these metabolites largely reproduce
those previously observed and, moreover, are directly relevant for
foods consumed within the PLCO cohort. Furthermore, we were
underpowered to detect ER™ breast cancer associations, which
possibly explained the null findings. Although we adjusted
analyses for potential confounders, there is the possibility of
residual or unknown confounding. Finally, we cannot rule out
that some results were due to chance, although we minimized
the potential for false positives through stringent control for
multiple comparisons. Replication with other metabolomics
platforms and in other cohorts will be necessary.

In summary, our findings generate hypotheses about the role of
diet in postmenopausal breast cancer etiology, particularly for
ER" breast cancer. To date, findings from previous studies of
self-reported diet have convincingly implicated alcohol con-
sumption as a breast cancer risk factor. Our results, based on
candidate dietary biomarkers, suggest that androgen-dependent
as well as androgen-independent mechanisms may mediate
alcohol-induced breast carcinogenesis. Tocopherols and animal
fat may also play a role in breast cancer etiology. Applying a
nutritional metabolomics approach to understanding breast
cancer etiology could generate new hypotheses about the role of
diet and strengthen dietary guidance for cancer prevention.
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