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Abstract
The relationship between adiposity and breast cancer risk and prognosis

complex, with associations that differ depending on when body size is assessed

is

(e.g., pre- vs. postmenopausal obesity) and when breast cancer is diagnosed (i.e.,
pre- vs. postmenopausal disease). Further, the impact of obesity on risk differs

by tumor hormone receptor status (e.g., estrogen (ER) and progesterone
(PR) receptor) and, among postmenopausal women, use of exogenous hormones

(i.e., hormone replacement therapy (HRT)). In the context of these complexities,
this review focuses on associations between childhood and adolescent adiposity,

general adiposity, weight changes (i.e., loss and gain), abdominal adiposity, and
breast cancer risk and survival. Finally, we discuss potential mechanisms linking

adiposity to breast cancer.
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1 Introduction

Breast cancer is the most frequently diagnosed cancer in women worldwide (1.67
million new cases in 2012) and a leading cause of cancer mortality [1]. Age, age at
menarche, first full-term pregnancy and menopause, parity, use of hormone
replacement therapy (HRT), alcohol consumption, and postmenopausal obesity are
among the established risk factors for disease. Obesity is a modifiable risk factor,
but the relationship between adiposity and breast cancer risk is complex, and differs
by tumor characteristics, menopausal status, and exogenous hormone use. We
describe the association between body size, from childhood through
post-menopause, and breast cancer risk and survival, and discuss the mechanisms
linking adiposity to breast cancer risk.

2 Body Size Across the Life Course and Breast Cancer Risk

Higher adiposity has opposing effects on breast cancer risk, depending on a
woman’s menopausal status. Among premenopausal women, higher adiposity, in
childhood or during adult life, is associated with decreased risk of breast cancer,
while among postmenopausal women obesity increases risk [2, 3]. Interestingly,
greater adiposity during childhood and adolescence is inversely associated with
both hormone receptor-positive disease (i.e., tumors expressing estrogen (ER) and
progesterone (PR) receptors) and receptor-negative disease. In contrast, obesity in
adulthood has been found to be associated predominantly with ER+/PR+ breast
cancer, and, in the case of postmenopausal obesity, with increased risk of ER+/PR+
disease only among women not using HRT. Of note, while the relationship between
body size in pre- and postmenopausal women and subsequent breast cancer risk has
been extensively investigated, it still remains somewhat uncertain until what point
in the premenopausal period obesity is protective, and, similarly, from what point in
the postmenopausal period obesity begins to show a deleterious effect.

2.1 Childhood Body Size

In several prospective cohort studies, larger recalled body size in childhood and
adolescence has been found to be inversely associated with subsequent breast cancer
risk, independently of current body mass index (BMI, kg/m?) [3]. In the largest and
most comprehensive study to date, Baer et al. investigated recalled childhood body
size (ages 5 and 10 years; Fig. 1) and breast cancer risk among 188,860 women in the
Nurses’ Health Studies [4]. Women reporting larger body size in childhood had lower
risk of breast cancer regardless of menopausal status at diagnosis and tumor hormone
receptor status (e.g., RRs per 1-unit higher body size at age 5, premenopausal: 0.94
[0.90-0.97], postmenopausal: 0.93 [0.91-0.95]; RRs per 1-unit higher body size in
adolescence: ER+/PR+: 0.92 [0.89-0.95], ER—/PR—: 0.85 [0.80-0.90]); results were
essentially unchanged after controlling for BMI at age 18 or BMI at baseline
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Fig. 1 Somatotype pictogram to assess body shape at different ages. Reproduced from Stunkard
et al. [94]

recruitment (e.g., RRs per 1-unit higher body size at age 5, not adjusted for BMI at
older ages RR: 0.93 (0.92-0.95), adjusted for current BMI, RR: 0.93 [0.91-0.95]),
adjusted for BMI at age 18, RR: 0.95 [0.94-0.97]. Similar inverse associations have
been observed in other prospective studies [3].

2.2 General Adiposity in Adulthood and Breast Cancer

2.2.1 BMI and Premenopausal Breast Cancer Risk

Consistent with larger childhood body size, obesity in adulthood is associated with
lower breast cancer risk in premenopausal women [3], though this inverse associ-
ation is observed only for hormone receptor-positive disease. For example, in the
European Prospective Investigation into Cancer and Nutrition (EPIC) cohort, a
5 kg/m* higher BMI was associated with a 20 % decreased risk of ER+/PR+ breast
cancer (RR: 0.80 [0.69-0.93]) among premenopausal women (age < 49 years), but
showed no association with ER—/PR— disease (RR: 0.90 [0.71-1.13], p hetero-
geneity = 0.44) [5]. Similar observations were made in the Nurses’ Health Study IT
(RRs, per 1-unit higher BMI, ER+: 0.91 [0.84-0.99]; ER—: 1.03 [0.91-1.15]) [6].

2.2.2 Premenopausal BMI and Postmenopausal Breast Cancer Risk

The protective effect of larger body size in early adulthood persists into the post-
menopausal period [4, 7-10]. In the most recent prospective investigation, Fagher-
azzi et al. [7] observed a 14 % decrease in risk of postmenopausal breast cancer for
women reporting larger body sizes at age 20-25 years (RR, 24 vs. 1 on pictogram:
0.86 [0.74—1.00]). These results are in line with findings from another large cohort
using the somatotype pictogram [4] and prospective investigations evaluating breast
cancer risk and BMI at age 18 [8—10]. The protective effect of premenopausal BMI on
postmenopausal breast cancer risk is likely strongest for ER+/PR+ tumors; however,
risk differences by hormone receptor status are not well characterized.

Of note, Fagherazzi et al. observed no association between later premenopausal
body size (ages 35-40 years) and postmenopausal breast cancer risk (RR, 24 vs.
1 on pictogram: 0.98 [0.82—1.18]). Further data in prospective settings are required
to clarify until what point larger premenopausal body size is inversely associated
with postmenopausal breast cancer risk.
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2.2.3 Postmenopausal BMI and Breast Cancer Risk

In contrast to the inverse association between larger early adult body size and breast
cancer risk, higher postmenopausal BMI increases risk, though this association
appears to be limited to ER+/PR+ disease among women not using HRT [5, 8, 10—
12]. This differential effect by HRT use has been consistently observed across studies,
with few exceptions [13]. In the EPIC cohort, risk was 28 % higher for every 5 kg/m?
higher BMI in women who had never used HRT, with no association observed
among current HRT users (RRs ER+/PR+, HRT never users: 1.28 [1.18-1.38]; past
users: 1.47 [1.26-1.72]; current users: 1.01 [0.91-1.12]). Further, in analyses
cross-classified by both BMI and HRT use, higher BMI was associated with increased
risk in a stepwise fashion among both never and past-HRT users, while risk of ER+/
PR+ disease was more than twofold higher among current HRT users, regardless of
BMI (all relative to HRT never users with BMI < 22.5 kg/m?; Fig. 2).

Fat-derived estrogens are widely considered the principal mechanism through
which postmenopausal obesity impacts breast cancer risk. Adipose tissue expresses
high levels of aromatase and represents a major source of endogenous estrogens in the
postmenopausal period. In turn, postmenopausal endogenous estrogens, as well as
exogenous hormones (i.e., HRT), increase breast cancer risk [14-16]. It is plausible
that fat-derived endogenous estrogens are only etiologically relevant for breast cancer
in the context of the lower estrogen environment experienced by postmenopausal
women not using HRT, and that obesity, and its actions via endogenous estrogens, is
not etiologically relevant in the context of exogenous hormone use.

On balance, data to date do not support a relationship between BMI and ER—/PR—
disease [5, 11, 13, 17]. In the EPIC cohort, BMI > 25.9 versus <22.5 kg/m2 was
associated with an increased risk of ER—/PR— disease, but only among never HRT
users (RR: 1.59 [1.08-2.34]) [5]. However, the impact of BMI on postmenopausal
ER—/PR— disease is not fully understood, with few other studies examining risk of
ER—/PR— disease by HRT use [12]. Possibly, some breast tumors presenting as
receptor-negative tumors at diagnosis were still receptor-positive and hormone—re-
sponse reflects earlier stages of development. There are limited prior data on obesity
by other tumor classifications based on molecular phenotype [18], though existing
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Fig. 2 BMI and risk of ER+ PR+ and ER— PR— tumors across HRT use categories, among
postmenopausal women. HRT never users in BMI tertilel serve as the reference category. BMI
tertile cutpoints: T1: <22.5 kg/m%; T2: 22.6-25.8 kg/m?; T3: 225.9 kg/m? [5]
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Fig. 3 Hazard ratios of ER+ PR+ and ER— PR— tumors for increases in BMI across age bands.
All models are for a 5 kg/m? increase in BMI and were stratified by age at recruitment and study
center [5]

data suggest obesity impacts androgen receptor (AR)-positive and androgen
receptor-negative tumors similarly [19].

To date, it remains unclear precisely when in the postmenopausal period
higher BMI begins to increase risk. Data from the EPIC cohort suggest BMI may
become a relevant risk factor especially for breast cancer diagnosed at a more
advanced, postmenopausal age. [5] evaluated risk in 5-year age bands (e.g., women
55-59 or 60-64 for both BMI assessment and diagnosis) to address the issue of
timing (Fig. 3). In this investigation, higher BMI was significantly related to higher
risk of ER+/PR+ disease among women aged 65 or older, but not significantly
related to risk among women earlier in menopause (i.e., ages 55-64) [5].

These results suggest that it may take several years after the onset of menopause
before the inverse association of excess adiposity with breast cancer risk among
premenopausal women is offset, and gradually turned into a positive association.
The findings by [5]. are in agreement with a pooled analysis of prospective cohort
data by van den Brandt et al. which suggested postmenopausal BMI increases
breast cancer risk after age 65 [20], but contrast with findings in the Women’s
Health Initiative which suggested stronger positive associations among younger
postmenopausal women [10].

3 BMI and Breast Cancer-Specific Survival

Higher BMI is associated with poorer breast cancer-specific survival. A recent
meta-analysis showed that overweight (25-29.99 kg/m?) and obese (=30 kg/m?)
women were at higher risk of breast cancer-specific mortality than normal weight
women (18.5-24.99 kg/mz) (RRs, overweight: 1.11 [1.06-1.17]; obese: 1.35
[1.24-1.47]), whether BMI was assessed before diagnosis, within one year after
diagnosis, and at least 12 months after diagnosis [21]. In contrast to investigations
on BMI and breast cancer risk, studies on BMI and breast cancer survival generally
do not suggest strong heterogeneity by menopausal status or tumor hormone
receptor status [21].
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4 Weight Changes

Independently of BMI, adult weight gain has been found to increase breast cancer
risk in many epidemiologic studies. In addition to the possible independent effect of
weight gain on risk, this observation underscores the importance of maintaining a
healthy weight, or minimizing weight gain [22].

4,1 Weight Gain and Risk of Premenopausal Breast Cancer

Data with respect to weight gain and premenopausal breast cancer risk are sparse
and results are inconsistent. In a recent meta-analysis of three prospective studies,
weight gain was not associated with premenopausal breast cancer risk [22]. In
contrast, weight gain was associated with increased risk of premenopausal breast
cancer in two subsequent evaluations in the EPIC cohort and the Nurses’ Health
Study (e.g., EPIC: RR, 20.83 kg/year weight gain vs. stable weight: 1.37 [1.02—
1.85]) [23], and these associations persisted after adjustments for current [23] or
average [24] BML In the Nurses’ Health Study, weight gain was only associated
with PR— tumors (i.e., ER+/PR—, ER—/PR—) and not with ER+/PR+ disease [24];
in the EPIC study, analyses by hormone receptor status among the premenopausal
women were not reported.

Both studies investigated whether the impact of weight gain differed by baseline
BMI at the time of recruitment into the cohort, with contradictory results. In EPIC,
results were similar regardless of baseline BMI (RR = 0.83 kg weight gain vs.
stable weight, BMI < 25 kg/m*: 1.23 [0.87-1.72]; BMI > 25 kg/m?*: 1.42 [0.76-
2.65]; p for heterogeneity >0.05) [23]. In the Nurses’ Health Study, by contrast,
weight gain was related to higher risk only among women leaner at baseline (RR
per 11 kg weight gain, BMI < 25 kg/m?: 1.65 [1.35-2.02]; BMI > 25 kg/m*: 1.02
[0.83—1.25]; p for heterogeneity <0.001) [24].

4.2 Weight Gain and Postmenopausal Breast Cancer Risk

As with overall postmenopausal obesity, adult weight gain is associated with
postmenopausal breast cancer risk among women not using HRT (RRs per 5 kg
increase, HRT nonusers: 1.11 [1.08-1.13]; HRT users: 1.01 [0.99-1.02]) [22] and
according to recent meta-analyses appears to be more strongly associated with ER+/
PR+ disease (RR: 2.33 [2.05-2.60]) than with ER—/PR— disease (RR: 1.34
[1.06-1.63]) [25]. However, it should be noted that two subsequent prospective
analyses observed similar results regardless of HRT use and for both ER+/PR+ and
ER—/PR— tumors [23, 24]. In most prospective studies, weight gain was associated
with postmenopausal breast cancer risk irrespective of body size at baseline [24,
26-29], though three large studies, including recent analyses in the EPIC cohort and
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Women’s Health Initiative, reported stronger associations among women leaner at
baseline [13, 23, 30].

4.3 Weight Loss and Breast Cancer Risk

Data to date do not support a relationship between weight loss and breast cancer
risk, with most investigations observing no association [13, 23, 24, 26, 28, 31], or
risk reductions only in subgroups of postmenopausal women (i.e., >10 kg weight
loss after menopause and only in never HRT users (RR: 0.43 [0.21-0.86] [30]);
>1 kg weight loss between ages 45-55 years (RR: 0.5 [0.3-0.9] [29]).

4.4 Weight Change and Breast Cancer-Specific Survival

Weight gain after breast cancer diagnosis is common [32, 33], but whether weight
gain impacts breast cancer-specific survival is not fully understood. Weight gain of
>10 % body weight was suggestively associated with increased risk of breast
cancer-specific mortality in a recent meta-analysis (RR: 1.17[1.00-1.38]) [32]; it
remains to be determined whether the effect of weight gain differs depending on
baseline BMI. Clinical trials are underway to assess the effect of post-diagnosis
weight loss on disease-free survival [34].

5 Visceral Adiposity: Waist Circumference/Waist-Hip Ratio

While imaging studies suggest that BMI is a valid parameter of general adiposity, it
does not reflect the visceral fat compartment well [35]. Waist circumference
(WC) and waist-hip ratio (WHR) provide measures of body fat distribution and are
proxy measures of abdominal subcutaneous fat and of visceral adiposity. Inde-
pendent of BMI, higher WC and WHR increase risk of several chronic diseases
including other cancers, cardiovascular disease, and all-cause mortality [36—-38] and
accumulating evidence suggests WC and WHR may be risk factors for breast
cancer [2, 39]. Whether the relationship between WC and WHR and breast cancer
risk differs by tumor hormone receptor subtype has not been thoroughly explored in
prior studies, though limited data to date suggest heterogeneity by tumor subtypes.

5.1 WC/WHR and Risk of Premenopausal Breast Cancer

On balance, data support a positive association between WHR and premenopausal
breast cancer risk. Each 0.1 unit higher WHR was related to 8 % higher risk of
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premenopausal breast cancer in a recent meta-analysis of 12 studies [40]. Few
studies have investigated WC and WHR and premenopausal breast cancer by
hormone receptor subtype, and results are conflicting. After adjusting for BMI, WC
and hip circumference (HC) were not associated with premenopausal ER+/PR+ or
ER—/PR— breast cancer in the EPIC cohort [5], whereas higher WC, HC, and WHR
was related to higher risk of ER—breast cancer risk in the Nurses’ Health Study II
(e.g., WC =87 cm vs. <69 cm, RR: 2.75 [1.15-6.54], multivariable models
including adjustment for BMI) [41]. Consistent with the results from EPIC, in the
Nurses’ Health Study no association was observed for premenopausal ER+/PR+
disease.

5.2 WC/WHR and Risk of Postmenopausal Breast Cancer

Prospective investigations suggest higher WC and WHR increase postmenopausal
breast cancer risk. A meta-analysis restricted to cohort studies observed a 5 %
increase in risk with each 8 cm higher WC (RR: 1.05 [1.00-1.10]) and a 19 %
increase in risk of with each 0.1 unit higher WHR (RR: 1.19 [1.10-1.28]) [2].
However, data to date are not consistent [5, 9, 10, 26, 42-46].

Investigations on the relationship between WHR and WC with postmenopausal
breast cancer classified by hormone receptor subtype are limited [5, 44, 45, 47]. In
the largest study to date, from the EPIC cohort, larger WC was not associated with
ER+/PR+ or ER—/PR— breast cancer risk in BMI-adjusted models (ER+/PR+,
n = 3586; ER—/PR—, n = 1021); WHR was not included in this investigation [5].
In contrast, higher WC was related to higher risk of ER+ breast cancer, but not
triple negative disease (i.e., ER—/PR—/HER2-), in the Women’s Health Initiative
(RRs WC > 95 vs. <76 cm, ER+: 1.34 [1.09-1.64] n = 2610 cases; triple negative:
0.66 [0.37-1.20], n = 307 cases; after adjustment for BMI); WHR was not asso-
ciated with either subtype [47]. Other prospective studies [44, 45] observed no
association between WHR and WC and postmenopausal breast cancer by ER status.
While there is some evidence that the association between WC and breast cancer
risk may differ by HRT use [5, 47], this is not well characterized.

5.3 WC and WHR and Breast Cancer-Specific Survival

The impact of abdominal adiposity on survival after a breast cancer diagnosis is not
established; however, data to date do not support an association between WC and
breast cancer-specific mortality [48, 49], and the evidence for WHR is weak (e.g.,
RR, 20.867 vs. <0.763: 1.27 (0.98-1.65), pyena = 0.04; n = 11,351 breast cancer
cases) [48].
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Fig. 4 Individuals with similar age, gender, BMI and same % body fat. Reproduced from Thomas
et al. [95]

Body fat distribution versus general adiposity: Limitations of anthropometric
exposure assessments

While general adiposity is well reflected by BMI, imaging data show that this is
not the case for visceral adiposity (Fig. 4) [35, 50]. The use of alternative anthro-
pometric parameters more directly reflecting visceral adiposity (e.g., WC and WHR)
may not fully resolve this issue; however, anthropometric measures of adiposity in
most large prospective investigations are limited to BMI, WC, and WHR.

An additional pitfall with the use of anthropometric parameters, especially in
studies on breast cancer survival, is that muscle mass is not sufficiently captured [51].
It is plausible that sarcopenic adiposity, characterized by reduced muscle mass and
abdominal fat accumulation, rather than overall adiposity, is related to worse prog-
nosis in breast cancer patients [51, 52]. Although there is a lack of prospective patient
trials, studies on other cancer types clearly indicate that both visceral fat accumu-
lation and sarcopenic adiposity may be much more relevant for cancer progression
than general adiposity [51]. Imaging studies to assess the effects of visceral and
sarcopenic adiposity in breast cancer patients, as well as in the general population, are
needed to achieve a better understanding of the role of different types of adiposity in
cancer development and to facilitate a more precise quantification of risk estimates.
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6 Potential Biologic Mechanisms
6.1 Endogenous Sex Hormones

Numerous observations document the relationships between breast cancer devel-
opment and endogenous sex hormone metabolism. Cancer registry data worldwide
show that before the average age at menopause of about 50 years breast cancer
incidence rates increase more strongly with age than after the age of 50 [53]. Also, an
older age at menopause, indicative of a longer cumulative period of premenopausal
steroid hormone levels, is associated with increased risk of breast cancer; this is more
strongly the case for ER+ than for ER— tumors [54]. These observations point to
tumor-enhancing effects of ovarian sex hormones, notably estradiol, and possibly
progesterone. Anti-estrogenic pharmacologic treatments with selective estrogen
receptor modulators (SERMs) [55] or aromatase inhibitors (Als) reduce the risk of
ER+ breast tumor recurrences among cancer patients, and have also been shown to
reduce first occurrence of breast tumors among high-risk women [56]. Conversely,
the postmenopausal use of hormone replacements—especially combined
estrogen-plus-progestin regimens, but to a lesser extent also regimens based on
estrogen only—increases the risk of breast cancer, and this increase in risk consis-
tently has been found to be stronger among women who are comparatively leaner
and have a lower endogenous synthesis of estrogens [5, 47, 57].

Especially in postmenopausal women, the impact of adiposity on concentrations
of circulating sex steroid hormones likely represents the main mechanism linking
adiposity and breast cancer risk. Aromatase is a key enzyme in the synthesis and
metabolism of sex steroid hormones (Fig. 5).

Aromatase activity is well known to be upregulated in the context of obesity, and
adipose tissue is a major source of estrogens in postmenopausal women [58, 59].
Adiposity is consistently associated with higher concentrations of estradiol and
estrone (e.g., estradiol, BMI > 30 kg/m*: 54.9 pmol/L; BMI < 22.5 kg/m*:
30.0 pmol/L; [60]) in postmenopausal women [60-64]. Beyond total estrogen
concentrations, obesity is associated with lower sex hormone-binding globulin
(SHBG) (e.g., BMI > 30 kg/m?*: 29.6 nmol/L; BMI < 22.5 kg/m?: 52.8 nmol/L)
[60], resulting in higher concentrations of bioavailable estradiol, as well as
bioavailable testosterone, unbound to SHBG.

Prospective epidemiologic investigations have consistently documented direct
associations between circulating endogenous estrogens (i.e., estradiol, estrone) and
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Fig. 5 Synthesis of sex steroid hormones
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postmenopausal breast cancer risk [14—16]. In a pooled analysis of eight cohort
studies (total of 624 incident cases of breast cancer), the Endogenous Hormones
and Breast Cancer Collaborative Group evaluated the mediation effect of post-
menopausal sex steroid hormones on the association between BMI and post-
menopausal breast cancer. In this analysis, which included only women not using
HRT at the time of blood donation, a 5 kg/m? unit higher BMI was associated with
a 18 % increase in breast cancer risk (RR: 1.18 [1.06-1.16]) before adjusting for
hormone concentrations. This increase in risk was attenuated and no longer sta-
tistically significant after adjusting for estrogens, with the strongest attenuations
observed for estradiol and free estradiol (e.g., RRs, after estradiol adjustment: RR:
1.07 [0.95-1.20]; after free estradiol adjustment: RR: 1.02 [0.89-1.17]) [60]. Very
similar findings were noted in a study within the EPIC cohort (613 incident cases of
breast cancer), again in support of a mediation effect of estradiol and free estradiol
on the association between other anthropometric measures and breast cancer risk
[61].

With regard to premenopausal breast cancer, the mechanisms underlying the
inverse associations between childhood and adult life overall adiposity and risk are
less well understood. One postulated mechanism [65] refers to reductions in ovarian
progesterone synthesis, especially among more obese women, as consequence of
obesity-induced ovarian hyperandrogenism [66]. This hypothesis gains some sup-
port from epidemiologic observations that, among postmenopausal women, use of
combined estrogen-plus-progestin HRT induces a stronger increase in breast cancer
risk than the use of estrogen-only formulations [57]. However, prospective studies
have not observed significant associations between higher serum progesterone
levels and increased breast cancer risk among premenopausal women [67, 68],
although in the same studies a significant reduction in progesterone levels was
observed for women with BMI > 30 kg/m? [67]. For estrogens, prospective studies
among premenopausal women have shown a positive association between higher
circulating estrogen levels and breast cancer risk [67, 68], as well as a weak inverse
association between BMI and circulating total, but not bioavailable (calculated free,
estradiol concentrations) [67].

Besides estrogens, prospective studies have shown increases in breast cancer risk
among both pre- and postmenopausal women who have higher blood concentra-
tions of androgenic steroid hormones, including androstenedione and testosterone
[67-69]. Like estrogens, blood levels of androgens also show positive associations
with BMI, among both pre- and postmenopausal women.

6.2 Insulin

Obesity and visceral adiposity are associated with insulin resistance, resulting in
hyperinsulinemia and the metabolic syndrome [70], and insulin has been implicated
in breast cancer due to its mitogenic and anti-apoptotic effects as a growth factor
[70-73]. High insulin levels, furthermore, lead to increased levels of bioactive (free)
IGF-I due to downregulation of IGF-binding proteins —1 and —2, and also lead to
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increased blood levels of bioavailable testosterone and estradiol by downregulating
the hepatic synthesis and blood concentrations of SHBG. Finally, in at least a
subgroup of susceptible women, hyperinsulinemia can cause overstimulation of
ovarian androgen synthesis, which in a small percentage (3—5 %) of premenopausal
women can result in anovulatory menstrual cycles coupled with impaired proges-
terone synthesis (polycystic ovary syndrome; PCOS) [66, 74].

The above various observations have led to speculations that, in addition to
alterations in estrogen metabolism, hyperinsulinemia could provide a major phys-
iologic link between excess adiposity and breast cancer development [73, 75].
Prospective studies, however, have yielded somewhat conflicting results regarding
the relationship between insulin levels and risk of breast cancer [76-80]. A study
within the EPIC cohort (1141 cases, 2204 matched controls), which included only
women who did not use any exogenous hormones (i.e., oral contraceptives; HRT)
at the time of blood donation, found a variable, age-dependent association of breast
cancer risk with C-peptide, a marker for pancreatic insulin secretion, and breast
cancer risk [78]. Elevated serum C-peptide levels were associated with a reduced
risk of breast cancer diagnosed up to the age of 50 years, but with an increase of
breast cancer risk among women above 60 years of age, mimicking the
age-dependent association of breast cancer risk with BMI [78]. A study within the
Women’s Health Initiative cohort (835 cases, 816 controls) showed a positive
association of serum insulin concentrations with breast cancer risk among post-
menopausal women not using HRT (top vs. bottom quartile, RR: 2.48 [1.38—4.47]),
but no association among HRT users (e.g., estrogen and progesterone HRT, RR:
1.15 [0.34-3.84]), again mimicking associations observed between breast cancer
risk and BMI [76]. Further, within this subgroup, insulin was most strongly asso-
ciated with ER+ disease (top vs. bottom quartile, RR for ER+: 3.23 [1.62-6.49],
Puend = 0.001; ER—: 1.37 [0.57-3.25], Puena = 0.99). Finally, a study within the
Nurses’ Health Studies (1084 cases, 1785 controls) showed an approximately 50 %
increase in risk of invasive breast cancer for the top versus bottom quartile of serum
C-peptide; associations were similar after adjustment for free estradiol and sex
hormone-binding globulin [79]. In this latter study, however, the association was
stronger for ER— disease (RR: 2.0 [1.2-3.6]) than ER+ disease (RR: 1.4 [1.0-2.0]),
contrary to the associations observed in the WHI cohort. Furthermore, in contrast to
data from the EPIC cohort, associations were similar for breast cancers diagnosed
before and after menopause (top vs. bottom quartile, RR, postmenopausal women:
1.4 [0.79-2.5]: premenopausal women: 1.5 [1.1-2.0]). Taken together, while
experimental evidence supports growth promoting effects of insulin on breast
cancer cells [72], epidemiologic associations between serum insulin or C-peptide
and breast cancer risk are inconsistent with regard to menopausal status, users and
nonusers of HRT, and tumor ER status. Thus, at present the evidence for insulin as
an independent physiologic link between adiposity and breast cancer development,
further to estrogens, remains limited.
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6.3 Insulin-like Growth Factor 1 (IGF-1)

IGF-1is a peptide with high structural homology to insulin, and plays a central role in
regulating anabolic (growth) processes as a function of available energy and ele-
mentary substrates, particularly amino acids. IGF-I has well-documented effects on
cell proliferation, differentiation, and apoptosis. Further, higher IGF-I may both
increase sex steroid hormone synthesis and decrease SHBG concentrations, resulting
in higher concentrations of circulating free estradiol and free testosterone [81].

Epidemiologic investigations support a role for IGF-I in breast cancer risk.
A pooled analysis of nested case—control data from 17 prospective cohorts,
including a total of 4790 incident cases of breast cancer and 9428 matched controls,
showed a modest positive association of breast cancer risk with blood levels of
IGF-I (top vs. bottom quintiles, RR: 1.28 [1.14-1.44], p < 0.0001). This association
did not vary significantly by menopausal status at blood collection, but was
restricted to ER+ (RR: 1.38 [1.14-1.68]). No association was seen for ER-negative
tumors (RR: 0.80 [0.57-1.13]) (p for heterogeneity = 0.007) [82, 83]. A comple-
mentary study within the EPIC cohort (938 breast cancer cases and 1394 matched
controls) observed similar findings (top vs. bottom quartiles, IGF-I and ER+ dis-
ease, RR: 1.41 [1.01-1.98]), and no association for ER— tumors [83]. These
observations suggest synergism between IGF-I and estrogens in promoting breast
tumor development—an interpretation that is in line with experimental findings
[84]. Epidemiologic data, however, did not indicate any clear evidence for inter-
action between IGF-I and BMI, or between IGF-I and serum estrogen levels, among
either post- or premenopausal women [82, 83].

Although the association of higher IGF-I with higher risk of ER-positive breast
tumors is well documented, this association can provide only a marginal explana-
tion for the observed epidemiologic relationships of breast cancer risk with adi-
posity. First of all, the association of IGF-I with breast cancer risk is relatively
weak. More importantly, however, the relationship between BMI and serum total
IGF-I concentration is nonlinear and shows modest increases in IGF-I with BMI
increasing from less than 18 to about 26 kg/m?, followed by a progressive drop in
IGF-I concentrations as BMI levels increase further [82, 83, 85]. A more direct,
linear relationship may exist between BMI and serum levels of free IGF-1, a small
fraction (1-2 %) of circulating IGF-I that is unbound to IGF-binding proteins,
rather than with total IGF-I [81, 86], and one might anticipate a stronger association
of free IGF-I with breast cancer risk. However, due to complexities associated with
assays for free IGF-I only few prospective studies on the relationship of free IGF-I
with breast cancer risk have been conducted so far, and did not document any clear
association [76].

6.4 Chronic Inflammation

Obesity has been characterized as a condition of low-grade chronic inflammation
[87]. To a large extent, the inflammation is the result of increased macrophage
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infiltration of adipose tissue. Adipocytes and macrophages synergize to increase the
production of inflammatory mediators, including the pro-inflammatory cytokines
including interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-a) [88]. The
pro-inflammatory cytokines contribute to the development of obesity-related insulin
resistance and hyperinsulinemia [89], and also play a key role in upregulating
aromatase expression and activity [90].

Recent studies have shown that overweight and obesity-associated aromatase
expression and activity (i.e., hormone alterations) correlate with inflammation in the
breast tissue of women, and, additionally, that increased levels of
cyclo-oxygenase-2 (COX2) and its product prostaglandin E2 (PGE2) contribute to
elevated aromatase expression in inflamed breast tissue of obese women [91]. The
inflammation was strongly related to the presence of crown-like structures, formed
by macrophages around large, lipid-filled adipocytes which are present in the
breasts of obese women, and the severity of breast inflammation, defined as the
CLS-B (crown-like structure) index, was found to correlate with both body mass
index and adipocyte size [92]. COX2 is also frequently expressed in breast tumors
and correlates with tumor size and a worse disease-free interval. Observations
suggest that PGE2 produced by the tumor directly increases aromatase activity in
immediately surrounding adipose tissue [90]. The local production of estrogens, in
turn, can further stimulate proliferation of the tumorous breast epithelium. Besides
increasing aromatase activity and estrogen synthesis in breast tissue, the inflam-
matory response in adipose tissue also causes the systemic increase in circulating
estrogen levels observed in obese women.

6.5 Summary: Biologic Mechanisms

Taken together, epidemiologic, clinical and experimental data indicate a dominant
role of estrogens in the development of ER+ breast cancer, the breast tumor subtype
most clearly associated with adiposity. Overweight and obesity may drive breast
cancer development by increasing estrogen synthesis in adipose tissue. This
increase is largely the result of an inflammatory response of adipose tissue, which is
characterized by macrophage infiltration and the production of pro-inflammatory
cytokines and PGE2. Recent findings suggest that the obesity—inflammation—aro-
matase axis is present in the breast tissue of most overweight and obese women, and
is likely to contribute to the increased risk of hormone receptor-positive breast
cancer and the worse prognosis of obese patients with breast cancer. In addition to
increasing aromatase activity and estrogen synthesis in breast tissue, the inflam-
matory response in adipose tissue also causes the systemic increase in circulating
estrogen levels observed in obese women. Increased circulating levels of insulin
and bioactive IGF-I may contribute to breast tumor development by increasing
bioavailable estrogen levels, or directly as growth factors (Fig. 6).
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7 Summary and Conclusions

Higher adiposity has opposing effects on breast cancer risk, depending on the
window of exposure (Table 1). Among premenopausal women, higher adiposity, in
childhood or during adult life, is associated with decreased risk of both hormone
receptor-positive and hormone receptor-negative disease. Conversely, post-
menopausal obesity increases risk of hormone receptor-positive disease, though
only among women not using HRT. It still remains uncertain until what point in the
premenopausal period obesity is protective, and, similarly, from what point in the
postmenopausal period onwards obesity begins showing a deleterious effect.
Higher BMI is associated with poorer breast cancer-specific survival, irrespective of
menopausal status or hormone receptor status of the tumor. As with post-
menopausal BMI, weight gain increases risk of postmenopausal disease, though
these effects may be limited to women not using HRT and appear to be predomi-
nantly impact risk of ER +/PR + disease. Data to date support a weak but signif-
icant positive association between WHR and pre- and postmenopausal breast cancer
risk, with suggestive heterogeneity by tumor subtypes.

While the strengths of risk associations with respect to postmenopausal breast
cancer risk may seem modest, it has been argued that approximately 10 % of all
postmenopausal breast cancer cases worldwide, and up to 14 % of cases in North
America and Europe, can be attributed to high BMI, given the high global
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Table 1 Summary of anthropometric measures and breast cancer risk by menopausal status of
exposure and at diagnosis

Breast cancer risk Mortality®
Premenopausal Postmenopausal
Premenopausal exposures
Childhood body size 4 ¢ ¢
BMI ¥ ER+/PR+ ¥ 1
Weight gain 1e TER+/PR+ ¢
WC and WHR * ER—/PR- b ¢
Postmenopausal exposures
BMI n.a. T HRT nonusers 1
Weight loss n.a. 1 e ¢
Weight gain n.a. fe. d )
WC and WHR n.a. ¢ ER+/PR+ ¢

“Reflects associations for breast cancer-specific mortality among pre- and postmenopausal women
"Differences by ER/PR status not observed or not well established

“Not established

dAssociations evident in both ER+/PR+ and ER—/PR—

°Effect may differ depending on HRT status

prevalence of adiposity [93]. These observations underscore the relevance of
maintaining a healthy weight, or minimizing weight gain, as a strategy for modu-
lating breast cancer risk.
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