
Prospective study of a diabetes risk reduction diet and the risk of
breast cancer

Jae H Kang,1 Cheng Peng,1 Jinnie J Rhee,2 Maryam S Farvid,3 Walter C Willett,3,4 Frank B Hu,1,3 Bernard A Rosner,1,5

Rulla Tamimi,1,3 and A Heather Eliassen1,3

1Channing Division of Network Medicine, Department of Medicine, Brigham & Women’s Hospital, Boston, MA, USA; 2Division of Nephrology, Department
of Medicine, Stanford University School of Medicine, Stanford, CA, USA; 3Department of Epidemiology, Harvard TH Chan School of Public Health, Boston,
MA, USA; 4Department of Nutrition, Harvard TH Chan School of Public Health, Boston, MA, USA; and 5Department of Biostatistics, Harvard TH Chan
School of Public Health, Boston, MA, USA

ABSTRACT
Background: Hyperinsulinemia and higher insulin-like growth
factors may increase breast cancer risk. We evaluated a diabetes risk
reduction diet (DRRD) and breast cancer risk.
Objectives: We prospectively evaluated the association between
adherence to a DRRD and the incidence of breast cancer.
Methods: We followed 88,739 women from the Nurses’ Health
Study (NHS; 1980–2016) and 93,915 women from the NHSII (1991–
2017). Incident breast cancer cases (n = 11,943) were confirmed with
medical records, and subtypes were determined by tissue microarray
data and pathology reports. Information on diet and breast cancer
risk factors was repeatedly ascertained in follow-up questionnaires.
A DRRD score was derived with 9 factors: lower glycemic index
of diet; lower intakes of trans fat, sugar-sweetened beverages/fruit
juices, and red/processed meat; higher intakes of cereal fiber, coffee,
nuts, and whole fruits; and a higher ratio of polyunsaturated to
saturated fat (score range: 9–45). Multivariable-adjusted hazard
ratios (MVHRs) and 95% CIs were calculated with Cox proportional
hazards models.
Results: Being in the highest compared with the lowest DRRD ad-
herence quintile was associated with a modestly lower breast cancer
risk (MVHRQ5vsQ1: 0.89; 95% CI: 0.84, 0.95; P-trend = 0.0002);
this was attenuated after adjusting for weight change since age
18 y (MVHRQ5vsQ1: 0.92; 95% CI: 0.87, 0.98; P-trend = 0.01).
The inverse association was strongest among women with current
BMI < 25 kg/m2 (MVHRQ5vsQ1: 0.89; 95% CI: 0.81, 0.98; P-
trend = 0.004; P-interaction = 0.04). Among tumor molecular
subtypes, the strongest inverse association was observed with
basal-type tumors (MVHRQ5vsQ1: 0.67; 95% CI: 0.45, 1.01; P-
trend = 0.04).
Conclusions: Greater DRRD-adherence was associated with lower
breast cancer risk, likely mediated by less weight gain with a
DRRD; however, independently of weight change, DRRD-adherence
was modestly associated with lower breast cancer risk, particularly
among lean women. Am J Clin Nutr 2020;112:1492–1503.
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Introduction
Insulin resistance, linked to type 2 diabetes (T2D), has been

associated with breast cancer (1–3). Higher C-peptide concentra-
tions, an insulin secretion marker, are associated with elevated
breast cancer risk, particularly for estrogen receptor negative
(ER-negative) tumors (4). With hyperinsulinemia (a hallmark
of insulin resistance), insulin may stimulate cellular signaling
pathways involved in growth factor–dependent cell proliferation
and cancer development [e.g., microtubule associated protein
(MAP) kinase (5) and PI3K/Akt/mTOR (6) pathways]. Insulin
increases insulin-like growth factor-1 activity (7), important in
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NHS
Star�ng popula�on
n = 121,700 par�cipants

Excluded at baseline (1980)
• 914: died before baseline 
• 4766: prevalent cancer
•27,281: did not complete the 1980 FFQ 
or responses were inadequate 

Analy�c popula�on followed 1980–2016

n = 88,739 NHS par�cipants

NHSII
Star�ng popula�on
n = 116,429 par�cipants

Excluded at baseline (1991)
• 54: died before baseline 
• 1621: prevalent cancer
•20,839: did not complete the 1991 FFQ 
or responses were inadequate

Analy�c popula�on followed 1991–2017

n = 93,915 NHSII par�cipants

FIGURE 1 Flowchart of study population. NHS, Nurses’ Health Study.

tumor initiation and progression (8), and insulin increases es-
trogen bioavailability (9), which promotes breast carcinogenesis.
Thus, encouraging lifestyle modifications to reduce the risk of
developing insulin resistance and hyperinsulinemia may be a
potential breast cancer primary prevention strategy.

Besides weight maintenance, diet is important in preventing
insulin resistance and hyperinsulinemia, and multiple factors may
be important. For example, foods high in glycemic index (GI)
(10–15) such as sugar-sweetened beverages (SSBs) (16, 17) and
refined grains (18–20), red meat (21), and saturated and trans fats
(22, 23) may increase T2D risk, whereas cereal fiber (24–29),
coffee (30–33), nuts (34), polyunsaturated fats (22, 23), and fruits
(35, 36) may lower risk. Although some individual factors have
been associated with breast cancer (37–39), an overall dietary
pattern (40) that emphasizes healthy intake of multiple factors
may be more etiologically relevant.

Previously, we developed a score for a diabetes risk reduction
diet (DRRD) that emphasizes intake of these multiple factors;
it was associated with a 40% lower T2D risk (independent of
BMI) (41). Here, we evaluate the hypothesis that greater DRRD
adherence is associated with lower breast cancer incidence.

Subjects

The Nurses’ Health Study (NHS) is an ongoing study of
121,700 female nurses aged 30–55 y in 1976, and the NHSII has
followed 116,429 female nurses (aged 25–42 y at recruitment)
since 1989. Every 2 y, participants have provided information on
health-related factors and medical history.

Women were followed from 1980 in the NHS and from 1991
in the NHSII, when dietary information was first available, to
2016 in the NHS and to 2017 in the NHSII (Figure 1). We
excluded women who died before 1980 in the NHS and before
1991 in the NHSII (NHS: 914; NHSII: 54); who had prevalent
cancer (NHS: 4766; NHSII: 1621); or who did not return the
first diet questionnaires, left >70 food items blank on the first
semiquantitative FFQ, or reported implausible total energy intake
(<500 or >3500 kcal/d) (NHS: 27,281; NHSII: 20,839), leaving
182,654 women (NHS: 88,739; NHSII: 93,915). The study
protocol was approved by the institutional review boards of the
Brigham and Women’s Hospital and Harvard TH Chan School of

Public Health, and those of participating state cancer registries
as required. The study procedures were in accordance with the
ethical standards of the responsible institutional committees.

Methods

Dietary assessment and DRRD score derivation

Diet was assessed with FFQs administered in the NHS in 1980,
1984, 1986, and every 4 y thereafter, and in the NHSII in 1991
and every 4 y thereafter. The numbers of FFQ food items have
evolved: in the NHS, there were 61 items in 1980, 116 items
in 1984 and 1986, and ≥130 items thereafter; in the NHSII, the
FFQ from 1991 had ≥130 items. The FFQs included foods with
a portion size, and participants were asked to specify the food-
specific average consumption during the previous year (from
among 9 choices ranging from “almost never” to “>6/day”).
Participants’ nutrient intakes were calculated by multiplying the
nutrient content of a food serving (based on updated USDA
databases and other sources) and consumption frequency (42,
43). An FFQ validation study reported reasonable correlation
between the FFQ and multiple dietary records for coffee (0.78)
(44), total and specific types of fat (0.46–0.68) (45, 46),
carbohydrates (0.64) (45, 46), fiber (0.56) (45, 46), nuts and
peanut butter (0.75) (44), SSBs (0.36–0.84) (44), total fruits
(0.70) (44, 47), and red and processed meats (0.38–0.70) (44).

To calculate the DRRD score (DRRDS) (41), we assigned
participants a quintile value between 1 (intake consistent with
the highest T2D risk) and 5 (for the lowest T2D risk) for
each of 9 dietary factors: cereal fiber, nuts, coffee (caffeinated
and decaffeinated), whole fruits (raisins, prunes, bananas, can-
taloupes, watermelons, fresh apples/pears, oranges, grapefruits,
strawberries, blueberries, peaches/apricots/plums), and ratio of
polyunsaturated to saturated fat in ascending order; and GI,
trans fat, SSBs/fruit juices (apple, orange, grapefruit, and other
fruit juices), and red and processed meats in descending order.
We modified the previous version of the DRRDS (41) by
incorporating data on fruits and fruit juices in relation to diabetes
risk (35, 36): we added total fruits as a diabetes protective factor
and combined fruit juices with SSBs as 1 adverse factor. The
DRRDS (range = 9–45) was the sum of the quintile values.
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As the FFQ item number evolved over time, we derived FFQ-
year-specific quintiles and DRRDSs and calculated cumulatively
averaged DRRDSs where the average of all available information
before a risk period was used (such averages better represent
long-term exposure and have less random measurement error)
(48).

Case ascertainment

We first identified incident breast cancer cases from biennial
questionnaires. We requested permission from women reporting
breast cancer to review hospital records and pathology reports for
diagnosis confirmation and ascertainment of invasive compared
with in situ, and ER, progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) receptor status. For
deceased cases, the next of kin was contacted for this permission;
deaths were reported by family members or by the postal service
in response to follow-up questionnaires, or they were identified
through the National Death Index.

Tissue microarrays, immunohistochemical analysis, and
subtype classification (49)

We have previously described details of breast cancer tissue
block collection and tissue microarray (TMA) construction (50).
Briefly, we collected archived formalin-fixed paraffin-embedded
breast cancer blocks from participants with incident breast cancer
diagnosed up through 2006. For molecular subtype classification,
immunohistochemical staining information was available for the
markers of ER, PR, HER2, cytokeratins 5/6 (CK 5/6), and
epidermal growth factor receptor (EGFR) (51). In the NHS
only (for cases diagnosed between 1980 and 2006), information
was available for the insulin receptor (IR): an H score (52)
was calculated as percentage of positively stained cells at weak
intensity category × 1 + percentage of positively stained cells
at median intensity category × 2 + percentage of positively
stained cells at high intensity category × 3; IR positivity was
defined as H score greater than the median (51). Additional
staining for the proliferative marker Ki-67 was completed in NHS
cases; Ki-67 data were not available for NHSII cases. Cases
with TMAs were very similar to all eligible invasive cases in
terms of demographics, breast cancer risk factors, and tumor
characteristics.

For tumor molecular subtyping for a subset of cases, we
used definitions that correlated with gene expression profile
classifications (53–58). For tumors missing Ki-67 expression
data (NHSII tumors), histologic grade was used. Thus, luminal
A tumors were ER-positive and/or PR-positive, HER2-negative,
and Ki-67-negative (or histologic grade 1 or 2). Luminal B tumors
were either 1) ER-positive and/or PR-positive and HER2-positive
or 2) ER-positive and/or PR-positive, HER2-negative, and Ki-
67-positive (or histologic grade 3). HER2-enriched tumors were
ER-negative, PR-negative, and HER2-positive. Basal-like tumors
were ER-negative, PR-negative, HER2-negative, and CK 5/6-
positive and/or EGFR-positive. Unclassified tumors were ER-
negative, PR-negative, HER2-negative, CK 5/6-negative, and
EGFR-negative. For evaluating ER-positive compared with ER-
negative tumors, ER status was determined primarily from TMA
slides, and if unavailable, secondarily from pathology reports.

Statistical analysis

Because we observed no between-cohort heterogeneity (P-
heterogeneity = 0.30), we pooled the NHS and NHSII data. We
allowed eligible participants to contribute person-time from 1980
in the NHS and from 1991 in the NHSII to the breast cancer
diagnosis date, date of diagnosis of other cancers (excluding
nonmelanoma skin cancers), death, or the end of follow-up [2016
(NHS) or 2017 (NHSII) for the main analysis and 2006 for the
molecular subtype analysis], whichever came first. The primary
outcome of the analysis was incident breast cancer (occurring
in 1980–2016 in the NHS and in 1991–2017 in the NHSII)
and secondary outcomes were the various breast cancer tumor
subtypes. We assessed the association between DRRDS quintiles
and incident breast cancer using multivariable-adjusted time-
varying Cox proportional hazards regression models, stratified by
age (mo), 2-y time-period at risk, and cohort (NHS or NHSII),
to estimate HRs and 95% CIs. We tested for linear trends by
evaluating the quintile median values as a continuous variable.
Also, we estimated HRs for a 3-point increment in the DRRDS
(which was equivalent to the difference in medians across the
quintiles of the DRRDS) and its components.

Covariates included race (self-reported), census-tract socioe-
conomic status variables (median household income, percentage
with college degrees, percentage with no high school degree),
age at menarche, age at menopause, postmenopausal hormone
use, oral contraceptive use, parity, age at first birth, breastfeeding
history, height, alcohol intake, total caloric intake, physical
activity, and BMI at age 18 y. Because change in weight from
age 18 y may be intermediate between diet and breast cancer,
we further adjusted for it in a separate model. For variables with
missing data, a missing indicator was used and for those with
<5% missing data, imputation to the most common category or
median value was used.

To evaluate DRRDS individual components (each as cumu-
latively averaged variables), we evaluated models where all
individual factors were entered simultaneously. To test whether
the DRRDS and breast cancer association differed by current
BMI (in kg/m2), menopausal status, or diabetes status, we
added interaction terms [median DRRDS value across quintiles
(continuous variable) × effect modifier] and used the Wald test.
To evaluate the extent to which associations may be potentially
mediated by diabetes or weight gain from age 18 y, we performed
mediation analyses, where we estimated the mediation proportion
(the proportion of the observed association attributable to a
mediator) (59).

To evaluate whether associations differed by molecular
subtype, we used the Lunn–McNeil approach (60) to derive the P
value for heterogeneity. P values were 2-sided, we used α = 0.05,
and we performed analyses using SAS version 9.4 (SAS Institute
Inc.). Adjustments were not made for multiple comparisons;
therefore, the analyses of secondary outcomes and subtypes can
be considered exploratory.

DRRDS and breast tumor gene expression

RNA was extracted from multiple cores of 1 or 1.5 mm
taken from formalin-fixed paraffin-embedded tumor (n = 1–3
cores) and normal-adjacent (n = 3–5 cores) tissues using the
Qiagen AllPrep RNA isolation kit (50). In brief (61–63), we



Diabetes risk reduction diet and breast cancer 1495

profiled transcriptome-wide gene expression using Affymetrix
Glue Grant Human Transcriptome Array 3.0 (hGlue 3.0) and
Human Transcriptome Array 2.0 (HTA 2.0) microarray chips
(Affymetrix). We used the robust multiarray average to perform
normalization (Affymetrix Power Tools), log-2 transformed the
data, and conducted sample quality control with Affymetrix
Power Tools probeset summarization-based metrics (61, 62).
From 954 cases, 1577 samples (882 tumor tissues and 695
normal-adjacent tissues) passed quality control. For genes that
were mapped by multiple probes, we selected the most variable
probe to represent the gene. Genes with low expression (<25th
percentile) were removed. We included 17,791 (70%) genes
profiled in both platforms. Batch variabilities were controlled
using an empirical Bayes method (Combat) (64).

Using a competitive gene set testing procedure (CAMERA),
we explored functional enrichment of biological pathways
associated with DRRDS (65). We chose the 50 “hallmark” gene
sets from the Molecular Signatures Database (MSigDB; http:
//www.broadinstitute.org/gsea/msigdb/) (66) and used the false
discovery rate for multiple comparisons (67). We included data
from 768 cases with data on DRRDS and gene expression.
We chose an intergene correlation of 0.01. All analyses were
conducted in SAS version 9.4 (SAS Institute Inc.) and in R
version 3.1.4 (R Core Team).

Results
During 4,832,621 person-years of follow-up, we identified

11,943 incident breast cancer cases (NHS, 8027; NHSII, 3916).
Women with higher DRRDS were less likely to have diabetes
and be African-American; had lower current BMI and gained
less weight from age 18 y; and were older and more likely to
drink more alcohol, be nulliparous, have breastfed, and be on
postmenopausal hormones (Table 1).

Although age-adjusted models showed no associations, in
multivariable-adjusted models (Table 2), the DRRDS was
significantly inversely associated with breast cancer, with the
model 1 HR, comparing the highest quintile (Q5) with the lowest
quintile (Q1), being 0.89 (95% CI: 0.84, 0.95; P-trend = 0.0002).
When the DRRDS was evaluated as a continuous variable, a 3-
point increment in the DRRDS was associated with a 3% lower
risk (HR: 0.97; 95% CI: 0.96, 0.98; P-trend < 0.0001). Additional
adjustment for change in weight since age 18 y slightly attenuated
the association (model 2: HRQ5vsQ1: 0.92; 95% CI: 0.87, 0.98; P-
trend = 0.01; 3-point increment in DRRDS HR: 0.98; 95% CI:
0.97, 0.99; P-trend = 0.003) (Supplemental Figure 1).

We observed a suggestive interaction by menopausal status
(P-interaction = 0.09) (Table 2); however, the association
was stronger for postmenopausal than for premenopausal
breast cancer (model 2: HRQ5vsQ1: 0.90; 95% CI: 0.84,
0.97 for postmenopausal and HRQ5vsQ1: 0.96; 95% CI: 0.84,
1.10 for premenopausal women) (Supplemental Figure 2).
Among postmenopausal women, there was a suggestion (P-
interaction = 0.07) of stronger associations among noncurrent
users of postmenopausal hormones (model 2: HRQ5vsQ1: 0.85;
95% CI: 0.77, 0.94) than among current users (HRQ5vsQ1: 1.02;
95% CI: 0.89, 1.17).

We evaluated the extent that the inverse association with higher
DRRDS in multivariable-adjusted model 1 may be mediated
by less weight gain from age 18 y. The calculated mediation

proportion was 27.8% (95% CI: 16.0%, 43.8%; P < 0.0001),
indicating that less weight gain could statistically explain 27.8%
of the inverse association with DRRDS. Less weight gain was
not a mediating factor for premenopausal breast cancer, but in
postmenopausal women, the mediation proportion was 30.1%
(95% CI: 17.9%, 46.0%; P < 0.0001).

We observed a significant interaction by current BMI (P-
interaction = 0.04) (Table 3), where a significant inverse
association with DRRDS was evident in women with BMI < 25,
but not among overweight (BMI 25–29) or obese women
(BMI ≥30). Model 1 and model 2 (where current BMI was
further adjusted for) showed similar results. In model 2, among
lean women, the HRQ5vsQ1 was 0.89 (95% CI: 0.81, 0.98; P-
trend = 0.004), which contrasted with the findings in other groups
(among overweight women, HRQ5vsQ1: 0.95; 95% CI: 0.85, 1.07;
P-trend = 0.30; among obese women, HRQ5vsQ1: 0.96; 95% CI:
0.83, 1.11; P-trend = 0.99).

The calculated mediation proportion for diabetes in model 1
was 3.4% (95% CI: 1.7%, 6.6%; P < 0.0001), indicating that
lower diabetes prevalence could statistically explain 3.4% of
the inverse association with DRRDS; this attenuated to 1.7%
(95% CI: 0.6%, 4.5%; P = 0.01) for model 2. We observed no
interaction by diabetes status (P-interaction = 0.82 for model 2).

We observed no significant heterogeneity by ER status (P-
heterogeneity = 0.15) (Table 4); although inverse associations
were suggestively stronger for ER-negative cancer (HRQ5vsQ1:
0.92; 95% CI: 0.78, 1.08; P-trend = 0.03). Although P-
heterogeneity was 0.11 across the subtypes, inverse associations
were observed with the HER2-enriched tumors (model 2
HRQ5vsQ1: 0.77; 95% CI: 0.50, 1.18; P-trend = 0.05) and basal-
like tumors (HRQ5vsQ1: 0.67; 95% CI: 0.45, 1.01; P-trend = 0.04).
For IR status, the P-heterogeneity was 0.36.

For individual DRRDS components (Supplemental Table
1), weak inverse associations were observed with total coffee
(HRQ5vsQ1: 0.96; 95% CI: 0.90, 1.01; P-trend = 0.11) and whole
fruits (HRQ5vsQ1: 0.92; 95% CI: 0.86, 0.99; P-trend = 0.07). For
ER-negative tumors, total coffee intake (HRQ5vsQ1: 0.85; 95% CI:
0.73, 0.99; P-trend = 0.05) was inversely associated. For basal-
like tumors, the strongest associations were observed with total
coffee (HRQ5vsQ1: 0.65; 95% CI: 0.45, 0.94; P-trend = 0.02)
and trans fat intake (HRQ5vsQ1: 1.65; 95% CI: 1.05, 2.58; P-
trend = 0.05).

In breast tumor tissue gene expression analyses (n = 768),
with multivariable-adjusted model 1, 5 biological pathways were
significantly downregulated with higher DRRDS (Table 5),
which included 2 immune-regulatory pathways (interferon γ

response and interferon α response) and 3 pathways related
to proliferation (allograft rejection, mTOR signaling, and E2F
targets). With adjustment for change in weight since age 18
y, with higher DRRDS, the E2F response was no longer
significant (likely due to higher weight being associated with
higher E2F pathway activation) (68, 69) whereas 4 pathways
remained significantly downregulated, and a new proliferation-
related pathway (Myc targets v2) was also downregulated.

Discussion
In this study of 180,000 women followed for ≥26 y,

women with greatest adherence to a 9-item DRRDS showed a
modestly lower risk of incident invasive breast cancer, which

http://www.broadinstitute.org/gsea/msigdb/
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TABLE 1 Age and age-standardized characteristics of participants by quintiles of DRRDS as of the midpoint of follow-up (1996 in the NHS and 1997 in
the NHSII)1

NHS NHSII

Q1 Q5 Q1 Q5

n 15,431 15,300 19,342 18,925
Age, y 60.3 ± 7.0 64.0 ± 6.9 41.8 ± 4.7 43.6 ± 4.4
DRRDS 21.1 ± 1.9 33.1 ± 1.9 19.4 ± 2.3 34.2 ± 2.2
Ratio of polyunsaturated fat to saturated fat2 0.4 ± 0.1 0.6 ± 0.3 0.4 ± 0.1 0.6 ± 0.2
Cereal fiber,2 g/d 3.2 ± 1.3 5.2 ± 2.2 4.2 ± 1.5 7.7 ± 3.4
Total coffee intake,2 cups/d 1.5 ± 1.4 2.8 ± 1.5 0.7 ± 1.2 2.2 ± 1.6
Total nut or peanut butter intake,2 servings/d 0.2 ± 0.2 0.5 ± 0.5 0.1 ± 0.2 0.3 ± 0.4
Total whole fruit intake, servings/d 0.9 ± 0.6 2.2 ± 1.0 0.6 ± 0.5 1.7 ± 0.9
Glycemic index of diet2 54.5 ± 2.5 50.3 ± 2.6 55.7 ± 2.5 52.0 ± 2.6
Trans fat intake,2 % of total kcal/d 2.0 ± 0.5 1.4 ± 0.4 1.9 ± 0.5 1.1 ± 0.4
Sugar-sweetened beverage/fruit juice intake,2 servings/d 1.4 ± 1.0 0.7 ± 0.6 1.7 ± 1.4 0.7 ± 0.7
Total red meat intake,2 servings/d 1.5 ± 0.6 0.7 ± 0.4 1.3 ± 0.6 0.5 ± 0.4
Total caloric intake,2 kcal/d 1743.5 ± 434.2 1669.6 ± 408.5 1838.1 ± 517.8 1790.6 ± 477.5
Total vegetable intake,2 servings/d 3.1 ± 1.3 4.8 ± 1.9 2.5 ± 1.3 4.7 ± 2.4
Alcohol intake,2 g/d 5.3 ± 9.4 5.9 ± 8.2 2.1 ± 4.9 4.1 ± 6.2
Self-reported history of diabetes 8.4 5.5 2.3 1.7
Current BMI, kg/m2 27.1 ± 5.7 26.0 ± 4.9 27.1 ± 6.8 25.3 ± 5.3
BMI at age 18 y, ≥22 kg/m2 28.0 36.6 27.3 32.7
Weight change from age 18 y, kg 16.4 ± 13.8 11.5 ± 12.2 16.6 ± 14.6 10.4 ± 12.4
Height, in 64.4 ± 2.4 64.6 ± 2.4 64.8 ± 2.6 65.0 ± 2.6
Physical activity, metabolic-equivalent-of-task-h/wk 12.9 ± 18.1 23.4 ± 25.3 13.4 ± 18.2 25.6 ± 28.2
Self-reported African heritage 2.1 1.4 2.6 0.9
Census-tract median annual family income, $ 60,484.8 ± 21,081.2 68,669.0 ± 26,165.6 57,877.9 ± 18,358.0 67,431.8 ± 23,425.3
Family history of breast cancer 13.0 13.9 8.6 9.1
Personal history of benign breast disease 44.5 49.9 15.5 15.4
Age at menarche < 12 y 20.8 25.0 22.6 26.5
Ever used oral contraceptives 50.5 51.2 87.4 86.2
Nulliparous 5.1 6.7 17.1 26.3
Parity,3 n 3.2 ± 1.6 3.0 ± 1.4 2.3 ± 0.9 2.2 ± 0.9
Ever breastfed3 58.0 70.7 74.3 86.9
Postmenopausal 87.7 88.5 12.1 10.3
Age at menopause,4 y 47.3 ± 5.4 47.8 ± 5.3 37.9 ± 3.7 38.0 ± 4.2
Current postmenopausal hormone use5 42.2 53.6 75.2 73.0

1Values are means ± SD.s or percentages and are standardized to the age distribution of the study population; given the long follow-up (≥26 y), the
characteristics at follow-up midpoint were selected to better represent the study population characteristics. DRRDS, diabetes risk reduction diet score; NHS,
Nurses’ Health Study; Q, quintile. The SI equivalent of 1 cup is 250 ml, and 1 inch is quivalent to 2.54 cm.

2Intakes were adjusted for total energy and represent cumulatively updated intakes.
3Among parous women only.
4Among women with natural menopause or bilateral oophorectomy.
5Among postmenopausal women.

was independent of weight change, and this association was most
evident in lean women and in relation to basal-like and HER2-
enriched tumors. Because this was the first evaluation of a DRRD
and breast cancer, confirmation is needed.

Adiposity plays a key role in breast cancer, with higher
concentration of adipocytokines and hyperinsulinemia/insulin
resistance promoting breast cancer cell growth (70) and with
greater estradiol production in postmenopausal women (71, 72).
Indeed, lowering the likelihood of weight gain from age 18 y
explained 27% of the inverse association with DRRD-adherence,
particularly among postmenopausal women. However, a mecha-
nism independent of adiposity [e.g., stimulating cell proliferation
pathways such as MAP kinase (5) and PI3K/Akt/mTOR (6)
pathways] is likely given the inverse association evident after
adjustment for weight change and the identified pathways in gene
expression analyses. Indeed, whereas among overweight/obese

women, we observed no DRRDS association, among lean
women, greater DRRDS was inversely associated with risk,
even after adjusting for weight change. This is consistent with
observations that unhealthy diets were most strongly associated
with risk of T2D in lean women (73).

Our finding of stronger inverse DRRDS associations with ER-
negative breast cancers (for which nonhormonal exposures may
be most important) (74–76) is consistent with other studies that
have reported lower risks of ER-negative breast cancer associated
with lower glycemic load (77), lower total carbohydrate intake
(77), higher dietary fiber (78), higher fruits and vegetable intake
(79–81), and greater adherence to either a Dietary Approaches
to Stop Hypertension (82, 83) or a Mediterranean diet (84).
Among the DRRDS components, we observed the strongest
associations with coffee. In a meta-analysis, a weak inverse
association with breast cancer was observed (85), whereas in
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TABLE 5 Multivariable-adjusted gene expression pathway analysis showing associations with higher cumulatively updated DRRDS (modeled as a
continuous variable) in breast tumor tissue among 768 cases1

Genes, n
Direction of gene

expression regulation P value FDR

Pathways identified with multivariable-adjusted model 12

HALLMARK_INTERFERON_GAMMA_RESPONSE (immune regulation) 157 Down 1.42E-06 3.58E-05
HALLMARK_INTERFERON_ALPHA_RESPONSE (immune regulation) 78 Down 1.43E-06 3.58E-05
HALLMARK_ALLOGRAFT_REJECTION (proliferation) 152 Down 3.20E-05 5.33E-04
HALLMARK_MTORC1_SIGNALING (proliferation) 170 Down 8.38E-04 1.05E-02
HALLMARK_E2F_TARGETS (proliferation) 151 Down 1.90E-03 1.90E-02

Pathways identified with multivariable-adjusted model 23

HALLMARK_INTERFERON_ALPHA_RESPONSE (immune regulation) 78 Down 1.82E-05 9.12E-04
HALLMARK_INTERFERON_GAMMA_RESPONSE (immune regulation) 157 Down 4.46E-05 1.11E-03
HALLMARK_ALLOGRAFT_REJECTION (proliferation) 152 Down 8.88E-04 1.48E-02
HALLMARK_MTORC1_SIGNALING (proliferation) 170 Down 3.05E-03 3.51E-02
HALLMARK_MYC_TARGETS_V2 (proliferation) 49 Down 3.51E-03 3.51E-02

1DRRDS, diabetes risk reduction diet score; FDR, false discovery rate.
2We used a competitive gene set testing procedure to explore the functional enrichment of biological pathways (65) associated with the DRRDS.

Multivariable-adjusted model 1 adjusted for age at diagnosis, year of diagnosis, estrogen receptor status, menopausal status, physical activity, alcohol
consumption, total calorie intake, family history of breast cancer, history of benign breast disease, BMI at age 18 y, and total vegetable intake.

3Multivariable-adjusted model 2 further adjusted for change in weight since age 18 y.

some studies, like ours, the strongest inverse associations were
observed with ER-negative breast cancers (86, 87), potentially
due to inhibition of tumorigenesis by antioxidant polyphenols
(88) and influences on hormone concentrations (89). Among
the ER-negative breast cancers, higher DRRDS was associated
with 23%–33% lower risks for HER2-enriched and basal-like
tumors. Factors related to adiposity/hyperinsulinemia may be
important (75) for these subtypes. Triple negative breast cancers
(TNBCs), of which 80% are basal-like tumors, are known to
be especially sensitive to the anticancer effects of metformin
(an insulin-sensitizing drug). This effect of metformin may
operate through inhibition of the mTOR pathway (90); mTOR
pathway deregulation is relatively prominent in TNBCs (91) and
is associated with poor outcomes among TNBC patients (92, 93).
For HER2-enriched cancers, some studies (94, 95) have shown
metformin to be inversely associated with risk. Metformin can
suppress HER2 protein overexpression (96) and delay cancer
onset in animal models (97), and it was associated with reduced
risk of fatal HER2-positive breast cancer (95). Thus, although
there is some mechanistic support for the associations with breast
cancer subtypes, further confirmatory studies are warranted.

This study’s strengths include the 2 large prospective cohorts,
detailed and updated dietary and covariate information, and
availability of tissue information for the determination of
molecular subtypes. Limitations include inevitable measurement
errors in assessing diets, which would likely be nondifferential
in relation to risk of breast cancer; these may have caused
underestimation of associations. However, the DRRDS has
previously been strongly associated with lower T2D risk (41),
indicating that the score is well measured. One limitation was that
we could not evaluate diet from childhood/adolescence, which
may be a critical period for breast cancer initiation (98–100).
Also, we had limited power to evaluate molecular subtypes.
In addition, residual confounding cannot be excluded, but we
controlled for a wide variety of risk factors, and the similar
socioeconomic background of participants helped to minimize
this potential bias. Finally, because the participants were all

highly trained medical professionals who were mostly Caucasian,
the results may not be generalizable to populations with different
underlying breast cancer risks.

In sum, higher DRRD adherence was associated with lower
overall breast cancer risk, with some of this association being
explained by the lower weight gain observed with DRRD
adherence. However, even independently of weight change,
higher adherence to a DRRD was modestly associated with
lower breast cancer risk, particularly among lean women and
postmenopausal women. Further studies of this dietary pattern
and breast cancer are warranted.
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