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Abstract
Obesity is associated with increased risk of breast cancer in postmenopausal but not in premenopausal women. Many factors may be
responsible for this difference. The aim of this study was to determine the mechanisms by which the genes related to the AMPK
pathway, inflammation, and estrogen actions are affected by adiposity in breast tissue with the objective of identifying differences that
may explain the different breast cancer risk in premenopausal and postmenopausal women. Random fine needle aspirates (rFNAs) of
breast tissue were collected from 57 premenopausal and 55 postmenopausal women and were classified as normal weight, over-
weight, or obese. Expression levels of 21 target genes were determined using a TaqMan Low Density Array procedure. Breast tissue
estradiol levels were measured by a liquid chromatography-tandem mass spectrometry procedure, and serum estradiol and follicle-
stimulating hormone (FSH) were measured by a radioimmunoassay and an enzyme-linked immunosorbent assay, respectively. We
found that in postmenopausal women, serum and tissue estradiol levels were increased in thosewhowere overweight, and serumFSH
levels were decreased in obese status. Interestingly, RPS6KB1, an AMPK downstream-responsive gene for protein synthesis and cell
growth, and estrogen receptor α (encoded by the ESR1 gene) and its target gene GATA3 were significantly decreased in rFNA of
premenopausal, obese women. In postmenopausal women, RPS6KB1, ESR1, andGATA3 expression remained unchanged in relation
to adiposity. However, prostaglandin-endoperoxide synthase 2 (PTGS2), cyclin D1 (CCND1), and another ESR1 target gene, TFF1,
were elevated in rFNA of obese postmenopausal women. Thus, as bodyweight increases, gene expression is indicative of increased
proliferation in postmenopausal women but decreased proliferation in premenopausal women. Overall, our data reveal a novel
process by which obesity promotes the risk of breast cancer in postmenopausal but not premenopausal women.

Introduction

Approximately 1.5 billion adults in the world are overweight
(BMI ≥ 25 kg/m2), and more than 500 million are obese (BMI
≥ 30 kg/m2). In the USA, the majority (> 60%) of adults are
overweight, and obesity rates are continuously increasing [1].
Obesity is associated with increased breast cancer risk in post-
menopausal women but decreased cancer risk in premeno-
pausal women [2–5]. However, the underlying mechanisms
linking obesity to alterations of breast cancer risk in women
remain unclear.

Estrogen, a unique product of the aromatase enzyme, is an
important risk factor for the development of estrogen receptor
α (ERα, encoded by the ESR1 gene)-positive breast cancer [2,
6]. In premenopausal women, the biosynthesis of estradiol
(E2), a biologically active estrogen, occurs primarily in the
ovaries but aromatase expression and estrogen formation
[mainly estrone (E1)] also occur in the preadipocytes
(fibroblasts) of breast adipose tissue and subcutaneous fat in
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other areas of the body [3, 7]. When the ovaries cease to pro-
duce E2 in postmenopausal women, local aromatase expression
in the breast preadipocytes provides the main source of estro-
gens (E1 and E2) that drive ERα-positive breast cancer devel-
opment [8]. The activation of the master energy regulator
AMP-dependent protein kinase (AMPK) inhibits aromatase ex-
pression and estrogen formation in breast adipose fibroblasts
via transcriptional factors cAMP-responsive element-binding
protein (CREB) and CREB-regulated transcription coactivator
2 (CRTC2) [9]. Rapid cell growth requires the active synthesis
of proteins, ribosomal RNA, and lipids, all of which are sup-
pressed by AMPK activation. Conversely, a chronic inflamma-
tory condition associated with obesity results in type 1 cyto-
kines [e.g., tumor necrosis factor β (TNFβ)] and prostaglandin
E2 (PGE2) which further promote the transcription of aroma-
tase and increase local estrogen formation via activation of
transcription factors of CCAAT-enhancer-binding protein-β
(C/EBPB) and JUNB [10–12]. However, the differential ex-
pression of PGE2 and AMPK in premenopausal or postmeno-
pausal breast tissue is unknown.

The Ser/Thr protein kinase AMPK is recognized as a master
sensor of cellular energy availability and a connection for the
convergence of endocrine signals including estrogens, andro-
gens, inflammatory factors, leptin, and adiponectin [13, 14].
AMPK is a heterotrimeric enzyme consisting of a catalytic (α)
and two regulatory subunits [15]. Two isoforms of AMPKα
(AMPKα1 and α2) are encoded by PRKAA1 and PRKAA2,
respectively. One of the major upstream kinases that activate
AMPK is liver kinase B1 (LKB1), also known as serine/
threonine kinase 11 (STK11) [16]. Activation occurs through
phosphorylation of AMPKα on Thr-172. Activated AMPK in-
hibits mTOR and subsequently downregulates ribosomal protein
S6 kinase (RPS6KB1) which leads to reduced protein synthesis,
reduced cellular growth, and decreased proliferation [17]. AMPK
activation also turns off fatty acid synthesis via phosphorylation
and inactivation of acetyl-CoA carboxylase alpha (ACACA) [18]
and increases glycolysis via activation of 6-phosphofructo-2-ki-
nase/fructose-2,6-biphosphatase 2 (PFKFB2).

Phosphorylation of LKB1, AMPK, and their downstream
kinases is generally considered as a common mechanism for
activation of the catabolic pathways. However, the levels of
gene expression may play an important role as well. For ex-
ample, the tumor suppressor p53 can increase the expression
of AMPKβ and TSC2, a downstream mediator of AMPK
signaling. Increased gene expression of either AMPKβ or
TSC2 can negatively regulate the IGF-I/AKT/mTOR pathway
after stress [19, 20]. Moreover, fatty acid synthesis is particu-
larly active in proliferating cells [21], and AMPK turns this off
by a dual mechanism: (1) phosphorylation and inactivation of
ACACA [22] and (2) downregulation of ACACA as well as
fatty acid synthase and other lipogenic genes [23, 24] .

Prostaglandin-endoperoxide synthase (PTGS) is the rate-
limiting enzyme for prostaglandin production. There are three

isozymes of PTGS: a constitutively expressed PTGS1, an in-
ducible PTGS2, and a PTGS1 splice variant named as PTGS3,
which differ in their regulation of expression and tissue distri-
bution [25]. PTGS1 is distributed almost ubiquitously.
However, PTGS2, also known as cyclooxygenase-2 or
COX-2, is constitutively expressed in some tissues in physio-
logical conditions (such as the endothelium, kidney, and
brain) and in pathological conditions (such as cancer) [26].
In cancer cells, PTGS2 is responsible for the production of
inflammatory PGE2, which plays important roles in breast
tumor development, growth, vascularization, and resistance
to apoptosis [27]. Elevated levels of PTGS2 and PGE2 indi-
cate poor prognosis of breast cancer [28] .

In the present study, we investigated the genes regulating
aromatase expression and those responding to estrogen action
in normal weight, overweight, and obese premenopausal and
postmenopausal women, especially genes associated with the
AMPK pathway and inflammation. The differential expres-
sion of these genes may help to explain the difference in breast
cancer risk associated with increasing adiposity in premeno-
pausal and postmenopausal women [29, 30].

Materials and Methods

Subjects

The procedures have been described in detail in a previous
publication [31]. In brief, healthy women aged 35 to 60 and
willing to undergo a random fine-needle aspiration (rFNA) of
the breast within 14 weeks of having a normal mammogram
were recruited to the study. If the time elapsed was greater than
14 weeks, a new mammogram was obtained. Fifty-seven
women were premenopausal, having regular menstrual cycles
of between 25 and 32 days, and 55 women were postmeno-
pausal based on not having had a menstrual period for
12 months and having serum E2 < 110 pmol/l and follicle-
stimulating hormone (FSH) of > 30 mIU/ml. Excluded were
women with a personal history of breast cancer, recent biopsy,
or surgical excision for a breast abnormality, and those with
any other cancer within the previous 5 years (with the excep-
tion of non-melanoma skin cancer or cervical carcinoma in
situ). Women were required to have intact and healthy bilat-
eral breasts, without implants or history of radiation for any
indication. Prior and current medications were restricted as
follows. Medication for breast cancer prevention (e.g., tamox-
ifen, raloxifene, or aromatase inhibitor) for up to 12 months
was permitted if the last dose was taken 2 years or more prior
to participation. Oral contraceptive, hormone replacement
therapy, or vaginal/topical hormonal preparations were not
permitted within 3 months of study enrollment. Concurrent
use of daily aspirin, other non-steroidal anti-inflammatory
drugs (NSAIDs), fish oil supplements (omega-3 fatty acids),
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multivitamins, or vitamins C and E were not allowed within
2 weeks of the rFNA procedure.Womenwere excluded if they
had a history of pregnancy or lactationwithin the prior 2 years,
if they had any condition that in the opinion of the investigator
it may not make it safe to take part, or if they were unable to
give voluntary consent. Recruitment was focused to enroll
similar numbers of premenopausal and postmenopausal wom-
en. Study patient characteristics are shown in Table 1.

Eligible participants were scheduled for an in-person clinic
visit where study procedures, in most cases, occurred in a
single visit. Participants completed personal and medical his-
tory questionnaires and vital signs. Of those approached for
the study, 88.3% agreed to participate and 11.7% were ineli-
gible based on the exclusion criteria. Height and weight were
measured and BMI was calculated. Subjects with BMI of 18.5
to 24.9 kg/m2 were classified as normal body weight; those
between 25 and 29.9 kg/m2 were classified as overweight; and
those ≥ 30 kg/m2 were classified as obese. Blood for hormone
levels and rFNA cells were collected following a breast exam
and mammogram.

The rFNA procedure involved inserting a 1.5-in. 21-gauge
needle around the periphery of the areola and drawing out
tissue. The tissue within the syringe was rinsed into 15 ml of
phosphate buffered saline, pH 7.4. The procedure was repeat-
ed 10 times encircling the areola. This provided a representa-
tive sample of the breast, including parenchymal tissue, con-
nective tissue, fat, and vasculature. The lipid was separated by
centrifugation at 4000g for 10min at 4 °C for steroid analyses.
Coarse connective tissue was then removed from the pellet by
filtration through a 20-μm nylon mesh, and the filtrate was
used for the mRNA analyses. The study was approved by the
Institutional Review Boards of Northwestern University and
Johns Hopkins University.

Total RNA Extraction and Preamplification of cDNA

Total RNA was extracted from rFNA samples using TRIzol
reagent (Invitrogen) and purified using RNeasy Plus Micro
Kit (Qiagen). RNAwas then treated with DNase and checked
for integrity using Agilent 2100 Bioanalyzer. Total RNA
(100 ng) was reverse-transcribed using High Capacity RNA-
to-cDNA Master Mix (Applied Biosystems). The cDNAwas
further amplified by preamplification PCR (14 cycles) using
TaqMan® PreAmp Master Mix and Pooled Assay Mix. The
preamplification cDNA was diluted 1:20 with 1× TE buffer
before applying quantitative RT-PCR.

Quantitative RT-PCR Using TaqMan Low-Density
Assay (TLDA) Microfluidic Cards

Primers for the 21 target genes and three housekeeping genes
(GAPDH,HPRT1, and 18S for normalization) were preloaded
in 384-well TLDA Microfluidic Cards from Life

Technologies for gene expression assays. Assays were de-
signed with small amplicons (< 100 bp) to enhance detection
sensitivity. Mixtures of the preamplification cDNAs and
TaqMan Real-Time PCR Master Mix were loaded to the
TLDA Microfluidic Cards. Three ERα target genes [GATA3,
progesterone receptor (PGR), and trefoil family factor 1
(TFF1)], which were not included in 384-well TLDA
Microfluidic Cards, were determined by regular real-time
PCR assay. Real-time PCR reactions were then carried out
in an Applied Biosystems 7900HT machine. For each target
gene, the expression level was normalized against the average
expression of three housekeeping genes.

Serum and Breast Tissue Hormones

Blood samples were obtained from all women at the time
rFNAwas obtained. E2 was measured by a radioimmunoassay
from Beckman-Coulter (Brea, CA, DSL-4800). FSH was
measured by an enzyme-linked immunosorbent assay
(ELISA) with a kit from ALPCO (Salem, NH, 11-FSHHU-
E01). E1 and E2 in rFNA of breast tissue were determined
using liquid chromatography-tandem mass spectrometry
(LC-MS2) at the IIT Research Institute, as described previous-
ly [30, 31].

Statistical Analysis

Results are expressed as mean ± s.e.m., unless otherwise in-
dicated. Statistically significant differences at P < 0.05 were
determined using a two-tailed Student’s t test or ANOVAwith
Fisher’s LSD or Tukey’s multiple comparison tests. The rela-
tionship between BMI and the gene transcript was determined
by linear regression analysis. All data were transformed to
natural log values for analysis and were adjusted for age, ex-
cept those in Fig. 2. Statistical analysis was performed using
the SYSTAT 13 software and the GraphPad Prism software.

Results

Serum and Tissue E2 Levels Are Higher
in Postmenopausal Overweight Women

The patient demographic information is shown in Table 1.
Among the 112 women, 57 were premenopausal (35–52 years
of age) and 55 were postmenopausal (41–60 years of age).
The median age of the premenopausal women was 43 years
and that of the postmenopausal women was 55 years. The age
and race distribution were balanced among normal weight,
overweight, and obese groups. Genes selected for expression
analysis were based on their known and hypothesized actions
in regulating aromatase activity and estrogen formation in
breast tissue, such as the genes associated with the AMPK
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pathway and inflammation (Table 2). In the rFNAs, we found
that aromatase (CYP19A1) mRNA levels were significantly
and positively correlated with BMI without regard to
menopausal status (P = 0.0463; Fig. 1a). Previous studies
have shown that undifferentiated preadipocytes express
higher levels of aromatase, which is responsible for
increased production of estrogen. Estrogens produced in
preadipocytes in turn exert an intracrine effect to enhance
antiadipogenic properties of tumor necrosis factor α (TNFα)
by selectively increasing the expression of the TNF receptor
superfamily member 1A (TNFRSF1A), which mediates inhi-
bition of adipocyte differentiation [32]. Consistent with this
previous finding, we found that TNFRSF1A mRNA levels
were also significantly correlated with BMI (P = 0.0065;
Fig. 1b). Perilipin 2 (PLIN2) is an adipose differentiation-
related protein and a lipid droplet-specific marker for meta-
bolically active cells [33]. We found that PLIN2mRNA levels
in breast tissue were significantly correlated with BMI, as
expected (P = 0.0150; Fig. 1c).

To determine whether increased breast tissue aromatase
expression in overweight/obese women is accompanied by a
change in tissue or serum estrogen levels, we compared pe-
ripheral serum concentrations of E2 and FSH in premenopaus-
al and postmenopausal women (Fig. 2a, b). We also measured
tissue concentrations of E2 in premenopausal and postmeno-
pausal womenwith various degrees of adiposity (Fig. 2c, d). It
is known that increased serum E2 levels are associated with
decreased serum FSH levels via negative feedback in the hy-
pothalamus and pituitary glands. As expected, serum E2 levels
were significantly lower (P < 0.05) and serum FSH levels
were significant higher (P < 0.01) in postmenopausal women
than in premenopausal women. In premenopausal women,
serum E2 and FSH levels did not differ between normal
weight, overweight, and obese groups. Serum E2 levels in
postmenopausal women, however, were higher in overweight
women compared to normal-weight women (P < 0.05). FSH

levels were lower in overweight/obese postmenopausal wom-
en but only reached significance in obese women compared to
normal women (P < 0.01)(Fig. 2b). Generally, breast tissue E1

and E2 levels were lower in postmenopausal women than in
premenopausal women (P < 0.05, Fig. 2c). Furthermore,
breast tissue E2 levels were higher in overweight women com-
pared to normal-weight women in postmenopausal women
(P < 0.05), but did not differ among all three groups of pre-
menopausal women. These results show that both serum and
local breast tissue E2 levels were higher in overweight as
compared to normal-weight postmenopausal women.

Effect of Obesity on the AMPK Pathway and Estrogen
Receptor α and Its Target Genes in Premenopausal
Women

To determine the AMPK signaling pathway in the human
breast tissue and its relationship with increased adiposity
(obesity) and menopausal status, we analyzed genes involved
in the AMPK pathway and its downstream responders
(Table 2 and Fig. 3a–c). In premenopausal samples, we first
used one-way ANOVA to determine whether there are any
overall statistically significant differences of each gene ex-
pression between normal-weight, overweight, and obese
groups (Table 2). To define the detailed differences between
those groups, post hoc multiple comparison analyses were
used to further characterize effects of adiposity in those statis-
tically significant genes identified by ANOVA (e.g.,
RPS6KB1 and ESR1). The genes either regulated RPS6KB1
(i.e., PRKKA1 and MTOR) or regulated by ESR1 (GATA3,
PGR, and TFF1) were also compared using post hoc multiple
comparison analyses. We found that the mRNA levels of
PRKAA1 tended to be higher (P = 0.073) and mRNA levels
of MTOR tended to be lower (P = 0.171) in obese women as
compared to normal-weight women, although significance
was not reached. Most importantly, RPS6KB1, an AMPK

Table 1 Patient demographic
information Group Premenopausal n = 57 Postmenopausal n = 55

Normal No. of subjects n = 18 n = 20

BMI (kg/m2) 19.9–24.9 18.7–24.9

Median age (range) 46 (35–52) 57 (47–60)

Caucasian (%) 95 95

Overweight No. of subjects 20 16

BMI (kg/m2) 25.1–29.6 25.1–29.8

Median age (range) 43 (37–50) 56 (41–59)

Caucasian (%) 85 75

Obese No. of subjects 19 19

BMI (kg/m2) 31.3–51.3 30.2–50.8

Median age (range) 43 (37–51) 53 (45–60)

Caucasian (%) 85 80

232 HORM CANC (2018) 9:229–239



downstream target gene and a ribosomal protein kinase re-
sponsible for protein biosynthesis and cell growth, was signif-
icantly lower in both obese (P = 0.020) and overweight wom-
en (P = 0.030) than in normal-weight women (Fig. 3a–c).
However, ACACA, a rate-limiting enzyme in fatty acid syn-
thesis, did not differ in three groups of premenopausal women
(Table 2). No significant changes occurred in expression of
several other AMPK pathway-related genes (STK11,

PRKAA2, CRTC2, CREB1, PFKFB2, and EEF2) (Table 2).
In addition, ERα (encoded by ESR1) expression was de-
creased in obese women than in normal-weight women (P =
0.003, Fig. 3d). Next, we determined the expression levels of
classical ERα target genes (GATA3, PGR, and TFF1) in pre-
menopausal women. Consistent with a decrease in ESR1 in
premenopausal obese women,GATA3mRNA levels were sig-
nificantly decreased in obese women compared with normal

Table 2 Gene expression differences between normal-weight, overweight, and obese women in premenopausal and postmenopausal states. *P < 0.05
stands for significance of ANOVA prior to post hoc testing

Gene symbol Gene name P values from ANOVA

Premenopause n = 57 Postmenopause n = 55

Estrogen synthase, receptor and responsive genes

CYP19A1 Cytochrome P450, family 19, subfamily A, polypeptide 1 0.511 0.585

ESR1 Estrogen receptor 1 0.071 0.357

CCND1 Cyclin D1 0.879 0.001*

SUSD3 Sushi domain containing 3 0.331 0.335

PLIN2 Perilipin 2 0.324 0.077

Genes associated with the AMPK pathway

STK11 Serine/threonine kinase 11 0.556 0.793

PRKAA1 Protein kinase, AMP-activated, alpha 1 catalytic subunit 0.194 0.845

PRKAA2 Protein kinase, AMP-activated, alpha 2 catalytic subunit 0.274 0.646

MTOR Mechanistic target of rapamycin (serine/threonine kinase) 0.482 0.127

RPS6KB1 Ribosomal protein S6 kinase, 70 kDa, polypeptide 1 0.037* 0.773

EEF2 Eukaryotic translation elongation factor 2 0.293 0.031*

ACACA Acetyl-CoA carboxylase alpha 0.896 0.585

PFKFB2 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 0.944 0.985

CRTC2 CREB-regulated transcription coactivator 2 0.292 0.247

CREB1 cAMP-responsive element-binding protein 1 0.967 0.863

Genes associated with the inflammation

TNF Tumor necrosis factor 0.590 0.668

TNFRSF1A Tumor necrosis factor receptor superfamily, member 1A 0.390 0.845

TNFRSF1B Tumor necrosis factor receptor superfamily, member 1B 0.567 0.949

PTGS2 Cytochrome c oxidase subunit II 0.565 0.041*

JUNB Jun B proto-oncogene 0.770 0.641

CEBPB CCAAT/enhancer-binding protein (C/EBP), beta 0.419 0.588

*P < 0.05 for comparison between normal-weight, overweight, and obese women
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weight women (P = 0.046, Fig. 3e) and PGR mRNA levels
were also decreased in obese women, marginally significant
as compared to overweight women (P = 0.059, Fig. 3f). TFF1
mRNA levels did not differ between three groups (data not
shown). Decreased expression of RPS6KB1, ESR1, andGATA
3 may be responsible for reduced breast cancer risk in pre-
menopausal obese women. In contrast, the mRNA levels of
RPS6KB1, ESR1, GATA3, and PGR in breast tissue remained
unchanged among normal-weight, overweight, and obese
postmenopausal women (Table 2 and data not shown).

PTGS2, CCND1, and TFF1 Are Highly Expressed
in Breast Tissue of Postmenopausal Obese Women

To determine the inflammatory effects on the human breast
tissue and its relationship with increased adiposity and meno-
pausal status, we analyzed genes related to inflammation and
estrogen responsiveness using one-way ANOVA (Table 2)
followed by post hoc multiple comparison analyses (Fig. 4a,
b). We found that in postmenopausal women, PTGS2 expres-
sion was significantly higher in obese women (P = 0.017), and
tended to be higher in overweight (P = 0.064) compared to
normal-weight women (Fig. 4a). Cyclin D1 (encoded by the
CCND1 gene) is an estrogen target gene that regulates the cell
cycle during G1/S transition in breast epithelial cells. In post-
menopausal women, we found that breast tissue CCND1
mRNA levels were significantly higher in obese women than
in normal-weight and overweight women (P = 0.013 and P =
0.0004, respectively, Fig. 4b). Moreover, the mRNA levels of

ERα target gene TFF1 were significantly increased in obese
postmenopausal women (P = 0.034, Fig. 4c). In contrast,
mRNA levels of PTGS2, CCND1, and TFF1 were not signif-
icantly affected by adiposity in premenopausal breast samples.
It is clear that cellular proliferative pathways were upregulated
with increased adiposity in postmenopausal women but not in
premenopausal women. No significant changes were found in
expression of several other inflammatory genes with adiposity
(TNF, TNFRSF1A, TNFRSF1B, JUNB, and CEBPB) in pre-
menopausal or postmenopausal women. The mRNA levels of
EEF2 were not consistent between the pairs of contrasts. It
was decreased in overweight women as compared to normal-
weight women (P = 0.030) but restored to normal levels in
obese women (Table 2 and data not shown).

Discussion

Obesity increases breast cancer risk by 1.5- to 3-fold in
postmenopausal women but is protective in premenopausal
women [34, 35]. In premenopausal women, we found that
the mRNA levels of RPS6KB1, an important target of
PRKAA1, were significantly lower in obese breast tissue,
indicating decreased protein synthesis and cell growth. The
observed decrease in ESR1 and its target gene GATA3 with
increasing adiposity also results in a lower proliferative
potential in premenopausal women. Decreased expression
of RPS6KB1, ESR1, and GATA3 is likely responsible for
reduced breast cancer risk in premenopausal women. Such
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results are consistent with the observation that overweight
and obese premenopausal women are at lower risk of
breast cancer [30, 34, 36], even though the prognosis of
established breast cancer is worse in obese women for both
premenopausal and postmenopausal women [37]. In

postmenopausal women, mRNA levels of PTGS2 ,
CCND1 , and TFF1 were signif icant ly higher in
overweight/obese breast tissue, suggesting increased cell
proliferation and increased breast cancer risks associated
with increasing adiposity.
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Significant differences were found in serum E2 levels of
postmenopausal women among the normal-weight, over-
weight, and obese groups, but the actual differences were
probably greater. Because serum E2 levels are very low in
postmenopausal women, the currently available assays may
not differentiate their exact levels when below the limit of
detection (< 20 pg/ml) in this study. Undetectable levels were
found in 8 out of 20 normal-weight, 6 out of 16 overweight,
but only 1 out of 19 obese postmenopausal subjects. Once E2

levels below the limit of detection, we designated E2 levels as
20 pg/ml. Therefore, the actual E2 levels in the normal-weight
group could be much lower. Lower serum levels of FSH in
overweight/obese women further confirmed this speculation.

Although the CYP19A1 gene expression is correlated with
BMI across the full age range of BMI, both serum and tissue E2
levels were found to be lower in obese than in overweight
postmenopausal women. This observation requires further
study, but we speculate that the number of estrogen secreting
preadipocytes may be lower in obese women. In this regard,
Isakson et al. have shown that the number of preadipocytes
able to differentiate into adipose cells is negatively correlated
with both BMI and adipocyte cell size [38]. However, whether
this affects the ability of the preadipocytes to produce estrogen
is unknown. Because tissue estrogen levels were calculated per
unit of lipid fluid, the lower estrogen concentration in adipose
tissue of obese women may simply be due to the dilution effect
of the large quantity of lipid in breasts of obese compared with
overweight women. The total amount of E2 levels produced by
adipose tissue is probably not lower in obese women. The
lower serum E2 levels may reflect a lower rate of diffusion
from the lower concentration of estrogen in the fatty tissue of
obese women. Paradoxically, serum FSH levels were much
lower in obese women than in overweight women. Based on
the negative feedback relationship of estrogen on FSH

secretion, this would indicate that serum estrogen is higher in
obese women. The higher expression of estrogen-responsive
gene TFF1 further supports the higher levels of serum E2 in
obese postmenopausal women as do previous publications [39,
40]. These inconsistent results remain unexplained.

Parenchymal differences between tissue samples from pre-
menopausal and postmenopausal women may occur as a re-
sult of age-related breast involution. However, we limited the
age of the postmenopausal women to 60 years, and thus the
median age difference between premenopausal (43 years) and
postmenopausal women (55 years) was only 12 years to min-
imize differences in the proportion of cellular components.
Also, we removed the lipids and the coarse connective tissue
from all samples prior to analysis of the transcripts. Those
procedures minimized the age effect of breast tissue on the
gene expression in this study.

This study investigated a number of gene expressions in-
volved in the AMPK pathway in human breast tissues in pre-
menopausal and postmenopausal women including an AMPK
kinase (STK11), AMPKs (PRKAA1 and PRKAA2), and a
number of downstream genes, such as MTOR, RPS6KB1,
and EEF2 for protein synthesis and cell growth, ACACA for
fatty acid synthesis, PFKFB2 for controlling glycolysis, and
CRTC2 and CREB1 for regulation of the aromatase expres-
sion. With increasing adiposity in premenopausal women,
PRKAA1 and MTOR tended to be more highly expressed,
and most importantly, RPS6KB1 was significantly suppressed
only in premenopausal women. EEF2 in the breast is impor-
tantly involved with synthesis of milk proteins and proteins
for cell proliferation [41, 42]. Although it was significant by
ANOVA in postmenopausal women (Table 2), the inconsis-
tent change of EEF2 with adiposity makes these changes dif-
ficult to evaluate. The kinase gene expression for fatty acid
synthesis, glycolysis, and the CRTC2/CREB-mediated
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Fig. 4 Expression of PTGS2 (a), CCND1 (b), and TFF1 (c) in rFNA breast tissue samples of postmenopausal women. n = 20 for normal weight, n = 16
for overweight, and n = 19 for obese. *P < 0.05; **P < 0.01
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aromatase expression remained unchanged in premenopausal
and postmenopausal womenwith differences in adiposity. The
kinases in the AMPK pathway are largely regulated by phos-
phorylation and/or activity. We recognize that regulation of a
number of the enzymes by phosphorylation may be more im-
portant than by changes in the gene expression. However, the
level of the gene expression is also an important component of
the regulatory process [22–24]. Thus, the upregulated
PRKAA1 gene expression followed by the downregulated
RPS6KB1 gene expression in the AMPK pathway in premen-
opausal woman breast with increasing adiposity may explain,
in part, the decreased risk of breast cancer in premenopausal
obese women. The present study is limited to changes in the
expression of genes associated with energy utilization, estro-
gen activity, and inflammation. Future studies will expand to
explore the kinase phosphorylation of the AMPK pathway in
normal-weight, overweight, and obese premenopausal and
postmenopausal women. We have no simple explanation for
the apparent association of PRKAA1 with transcripts of genes
associated protein synthesis in premenopausal but not post-
menopausal women. However, there are many factors that can
influence the activity of PRKAA1. These include LKB1,
sirtuin 1, free fatty acids, estrogens, androgens, and
adipokines [43], so there may be differences in the input to
PRKAA1 in premenopausal and postmenopausal women.

The association of inflammatory factors with obesity is
well documented [44–46]. PTGS2 is also overexpressed in
malignant breast epithelial cells, and the resultant PGE2 in-
creases aromatase expression and estrogen production in
breast adipose fibroblasts via paracrine pattern [47]. It has
been shown that the positive association of PTGS2with great-
er risk of breast cancer is limited to postmenopausal women
[48]. A remarkable finding in this study was the further dem-
onstration that PTGS2 expression increased with increasing
adiposity in postmenopausal women, but not in premenopaus-
al women. Both non-activation of the protective AMPK path-
way and increased inflammatory responses may be responsi-
ble for the increased risk of breast cancer in postmenopausal
obese women, as evidenced by epidemiological studies [49,
50]. As a result, the AMPK activator (e.g., biguanides) and
anti-inflammatory drugs may be therapeutic options for breast
cancer prevention and treatment in postmenopausal obese
women.

In postmenopausal women, without the AMPK protection
effects, breast tissue is vulnerable to the detrimental factors
associated with breast cancer proliferation. We found that
CCND1, an indicator of proliferative changes in the breast
[48], was increased in obese postmenopausal women. As an
estrogen target gene, the increased expression ofCCND1may
be induced by higher serum E2 levels in overweight women
compared to normal-weight women. Moreover, the high
PTGS2 associated with increased PGE2 can induce CCND1
expression via PKA/PKC-mediated aromatase expression and

estrogen production as well as other signaling pathways such
as PI3K/Akt and MAPKs [51, 52]. The increased expression
of CCND1 is possibly associated with other inflammatory
factors such as TNF and IL-11 as a consequence of the
inflammatory processes in adipose tissue of obese
individuals [32].

In summary, distinct differences in association of gene ex-
pression patterns with obesity were found in rFNA of breast
tissue of premenopausal and postmenopausal women. In pre-
menopausal women, expression of genes that are involved in
estrogen action such as ESR1 and GATA3 and genes involved
in cell proliferation such as RPS6KB1 was lower in breast
tissue with increasing adiposity. In postmenopausal women,
the response to increasing adiposity was related to increased
inflammatory molecule PTGS2, increased ESR1 target gene
TFF1, and a significant elevation of cell cycle G1/S check-
point gene CCND1. The differences between the expression
patterns in premenopausal and postmenopausal obese women
are consistent with the observed differences in breast cancer
risks associated with these age groups.
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