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Abstract
Obesity is a risk factor for postmenopausal breast cancer. Obesity-related inflamma-
tion upregulates aromatase expression, the rate-limiting enzyme for estrogen synthe-
sis, in breast adipose tissue (BAT), increasing estrogen production and cancer risk. 
The regulation of aromatase gene (CYP19A1) in BAT is complex, and the mech-
anisms linking obesity and aromatase dysregulation are not fully understood. An 
obesity-associated factor that could regulate aromatase is the CC chemokine ligand 
(CCL) 2, a pro-inflammatory factor that also activates signaling pathways implicated 
in CYP19A1 transcription. By using human primary breast adipose stromal cells 
(ASCs) and aromatase reporter (hARO-Luc) mouse mammary adipose explants, we 
demonstrated that CCL2 enhances the glucocorticoid-mediated CYP19A1 transcrip-
tion. The potential mechanism involves the activation of PI.4 via ERK1/2 pathway. 
We also showed that CCL2 contributes to the pro-inflammatory milieu and aromatase 
expression in obesity, evidenced by increased expression of CCL2 and CYP19A1 
in mammary tissues from obese hARO-Luc mice, and subcutaneous adipose tissue 
from obese women. In summary, our results indicate that postmenopausal obesity 
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1  |   INTRODUCTION

Adult obesity is a well-known risk factor for developing the 
most commonly diagnosed cancer among women, estrogen 
receptor positive (ER+) postmenopausal breast cancer.1 After 
menopause, estrogens are produced from androgens by the 
enzyme aromatase in peripheral tissues, adipose tissue being 
the major source. Excessive fat accumulation associates with 
a chronic low-grade inflammation, and elevated aromatase 
expression and activity in breast adipose tissue (BAT) of post-
menopausal women.2,3 Combined, these changes are seen as 
the major driving forces increasing local estrogen production 
and promoting breast carcinogenesis after menopause.4,5

Human aromatase (CYP19A1) gene expression is con-
trolled by alternative usage of at least nine tissue-specific 
promoters, each of which is expressed and regulated in a 
tissue-selective manner by distinct set of hormones, cytokines, 
and/or growth factors. In the healthy BAT, basal levels of 
CYP19A1 mRNA transcripts are thought to be maintained by 
the exclusive use of the aromatase promoter I.4 (PI.4) and the 
balance between the transcriptional inducers and repressors 
of this promoter within the tissue. Upregulation of PI.4 in ad-
ipose tissue is closely linked with the local pro-inflammatory 
factors, tumor-necrosis factor (TNF)-α, interleukin (IL)-6, 
IL-1β, and IL-8, produced by hypertrophic adipocytes and 
resident macrophages.6-8 Glucocorticoids, always present 
in BAT, are essential for these factors to induce PI.4 and 
CYP19A1 expression in adipose stromal cells.9,10 On the con-
trary, anti-inflammatory factors, such as IL-10 produced by, 
for example, mammary parenchyma and M2 macrophages, 
mediate its transcriptional repression.11 In postmenopause, 
BAT inflammation is a common phenomenon, indicated by 
increased number of macrophages and crown-like structures 
(CLS, necrotic adipocytes surrounded by macrophages).12-14 
Although this process is primarily driven by postmenopausal 
weight gain, it may also occur in women with normal BMI.15

CCL2, also known as monocyte chemotactic protein-1 
(MCP-1), is a key factor in macrophage-mediated inflamma-
tion in the obese white adipose tissue. It is widely recognized 
by its potent chemoattractant effect when binding to its recep-
tor on monocytes, macrophages, and lymphocytes. High cir-
culating and tissue levels of CCL2 have been found in obese 
subjects, as well as in women with breast cancer.16-19 CCL2 

and its receptor CCR2, a G-protein coupled receptor, are ex-
pressed by a large variety of cells in subcutaneous fat includ-
ing mature adipocytes, fibroblasts, and immune cells, such 
as macrophages.20-23 Interestingly, CCL2-CCR2 interaction 
involves the activation of the NF-κB and MAPK-ERK1/2 cel-
lular pathways, both of them implicated in the transcription 
of aromatase PI.4 in BAT.24,25 Given the importance of CCL2 
in supporting the inflammatory environment and its poten-
tial in activating molecular pathways that regulate aromatase 
PI.4, we hypothesize that CCL2 could also play a direct role 
in modulating the local expression of aromatase in BAT. In 
this study, we focused on investigating the effects of adiposity 
and CCL2 on aromatase gene expression in the mammary 
tissue by using a transgenic human aromatase reporter mouse 
(hARO-Luc mouse) model, and subcutaneous adipose tissue 
samples and breast adipose stromal cells from women.

2  |   MATERIALS AND METHODS

2.1  |  Animals

Animal care and use was conducted in accordance with the 
Finnish Act on the Use of Animals for Experimental Purposes 
and EU laws, guidelines, and recommendations. The study pro-
tocols and procedures were approved by the national Animal 
Experiment Board in Finland (ESAVI/7471/04.10.03/2012).

The hARO-Luc mice26 expressing the full regulatory re-
gion of the human aromatase gene (CYP19A1) were housed 
under standard conditions in the Central Animal Laboratory 
at the University of Turku. The mice were maintained with 
12 hours light/dark cycle in constant temperature (21 ± 3°C) 
and humidity (55 ± 15%), fed with soy-free RM3 chow (SDS, 
Whitham, Essex, UK) and tap water ad libitum. Mouse line 
maintenance and genotyping was done in collaboration with 
the Turku Center for Disease Modeling (TCDM).

Six-week-old hARO-Luc female mice were allocated 
into two groups with similar body weights and littermate 
distribution, and fed with purified low-fat D12450B diet 
(LFD, 10% of calories from fat) or high-fat D12492 diet 
(HFD, 60% of calories from fat) obtained from Research 
Diets Inc (New Brunswick, NJ). Experiments were done in 
three parts with 4 to 6 animals per group for a final number 

may promote CCL2 production in BAT, leading to exacerbation of the menopause-
related inflammatory state and further stimulation of local aromatase and estrogens. 
These results provide new insights into the regulation of aromatase and may aid in 
finding approaches to prevent breast cancer.
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of 16 mice on LFD and 17 mice on HFD. After 8 weeks, 
whole body fat content was measured with EchoMRI (Echo 
Medical Systems, Houston, TX, USA) and the mice were 
sacrificed with CO2 followed by neck dislocation. Four 
hours fasting tail vein blood was collected for immediate 
fasting glucose analysis and heart puncture blood for serum. 
Inguinoabdominal mammary gland (lymph node removed) 
samples were collected to liquid nitrogen for the aromatase 
reporter (luciferase) activity measurements. Different adi-
pose tissue depot samples (mammary gland, gonadal fat, 
and retroperitoneal fat) were collected to culture medium 
for ex vivo tissue-derived cytokine measurements (de-
scribed below), and also to 10% of neutral-buffered forma-
lin for histological analyses.

2.2  |  Ex vivo mammary adipose 
tissue cultures

As previously described by McGillicuddy et al,27 inguino-
abdominal mammary gland, gonadal and retroperitoneal fat 
samples from hARO-Luc mice were divided into explants of 
approximately 100 mg each, and placed separately on 24-well 
culture plates containing 1  mL of Modified Eagle Medium 
(DMEM/F12, Life Technologies Ltd, Grand Island, NY, USA) 
supplemented with 100 IU/mL of penicillin and 100 μg/mL of 
streptomycin. In each experiment, 4 to 6 animals were used.

For tissue producing cytokine measurements, tissue culture 
media were collected after 24 hours incubation at 37°C in a hu-
midified atmosphere with 5% CO2, and then frozen at −70°C 
until analyzed. CCL2, leptin, IL-6, and TNFα concentrations 
were analyzed from tissue exposed media and serum samples 
with a MILLIPLEX MAP Mouse Adipocyte Magnetic Panel 
(#MADCYMAG-72K; Merck Millipore, Billerica, MA, USA) 
according to manufacturer's instructions by using the Luminex 
200 analyzer (Luminex Corporation, Austin, TX, USA).

To investigate the potential modulation of luciferase 
(Luc) aromatase reporter activity by CCL2 in mammary 
gland explants, the antibiotics containing serum-free 
DMEM/F12 medium was supplemented with 250  nM 
dexamethasone (DEX, SERVA Electrophoresis GmbH, 
Heidelberg, Germany) alone or in combination with 
100  ng/mL of CCL2 (PeproTech, Rocky Hill, NJ, USA). 
After 24  hours incubation, mammary gland tissues were 
collected and analyzed for Luc activity.

2.3  |  Luciferase reporter activity assay

The Luc reporter activity in mammary gland was measured 
as described before.26 Shortly, tissue samples were homog-
enized in buffer containing 25 mM of Tris acetate (pH 7,8), 
1.5 of mM EDTA, 10% of glycerol, 1% of Triton X-100, 

2  mM of dithiothreitol, and plus 1 x Roche Complete 
Miniproteinase inhibitor tablets (Roche Diagnostics, 
Penzberg, Germany). The homogenates were then centri-
fuged at 800 g for 30 minutes at +4°C. Luc activity was 
measured from the supernatant with the Luciferase assay 
kit (BioThema AB, Handen, Sweden) according to man-
ufacturer's instructions by using the Victor2 Multilabel 
counter (PerkinElmer, Turku, Finland). The results were 
related to the sample weight or protein content measured 
by using Pierce BCA Protein Assay Kit (Thermo Fisher 
Scientific, Rockford, IL, USA) according to manufacturer's 
instructions.

2.4  |  Subcutaneous adipose tissue

Snap-frozen human abdominal subcutaneous adipose tis-
sue samples were purchased from ZenBIO Inc (Research 
Triangle Park, NC, USA). Tissue samples were collected 
from nonobese BMI (≤25) or obese (≥30) women aged 
32-47 years.

2.5  |  Primary human breast adipose stromal 
cells (ASCs)

Primary breast ASCs isolated from breast tissues of women 
undergoing elective breast reduction or mastectomy were 
purchased from ZenBIO Inc or were obtained from Turku 
University Hospital (Ethical committee approval ETKM 
23/2018). The patients gave their written informed con-
sent for sample usage. ASCs were isolated from dissected 
human tissue by enzymatic digestion and differential pulse 
centrifugations as described previously.28,29 At least three 
independent experiments using 3 different donors cells 
each run in triplicates (aged 20-66 y, BMI: 25.1-29.1 kg/
m2) . For expansion, ASCs were plated at a density of 
2x104/cm2 in DMEM/F12 supplemented with 5%-15% heat 
inactivated fetal bovine serum, 100  IU/mL penicillin and 
100 μg/mL streptomycin and were maintained at 37°C hu-
midified atmosphere with 5% CO2. Cells were passaged 
once by treating with 0.25% of trypsin-EDTA and seeded 
(40 000 cells/well) on 12-well plates. At 70% confluency, 
cells were serum starved for 12 hours in medium contain-
ing 0.1% of BSA. Cells were treated with 10  nM DEX 
alone and in combination with 100 ng/mL CCL2 and with 
one of the inhibitors (10 μM): U0126 (MEK-ERK1/2 in-
hibitor, Sigma-Aldrich), BAY 11-7082 (NF-κB inhibitor, 
Sigma-Aldrich), or RS 504393 (CCR2 inhibitor, Tocris 
Bioscience, Bristol, UK). The effectiveness and relevance 
of these inhibitors to inhibit each of their target proteins 
have been widely demonstrated in different biological 
systems.30-35
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2.6  |  RNA isolation, cDNA synthesis, and 
quantitative-PCR

Total RNA was isolated from human ASCs or snap-frozen adi-
pose tissue samples by using TRIsure (Bioline, Luckenwalde, 
Germany) according to the manufacturer's instructions. One μg 
of total RNA was treated with deoxyribonuclease I (DNase I 
amplification grade, Sigma-Aldrich, St Louis, MO, USA) and 
converted to cDNA by using SensiFAST cDNA synthesis kit 
(Bioline, London, UK). Quantitative-PCR (qPCR) was per-
formed using the Dynamo Flash SYBR Green qPCR Kit (Thermo 
Fisher Scientific) on the CFX96 Real-Time C1000 Thermal 
Cycler (Bio-Rad, Hercules, CA, USA). Primers used were: 
CYP19A1 F: 5ʹ-TTGGAAATGCTGACCCGAT-3ʹ, CYP19A1 
R: 5ʹ-CAGGAATCTGCCGTGGGAGA-3ʹ, aromatase PI.4 F: 
5ʹ-GTAGAACGTGACCAACTGG-3, aromatase PI.4 R: 5ʹ-
CACCCGGTTGTAGTAGTTGCAGGCACTGCC-3ʹ, CCL2 
F: 5ʹ-AATGGTCTTGAAGATCACAGCTTC-3ʹ and CCL2 R: 
5ʹ-TAGCAGCCACCTTCATTCCCCAAG-3ʹ. Cycling condi-
tions were 95°C for 10 minutes and variable cycles of 95°C for 
10 seconds, 59°C for 30 seconds and 72°C for 15 seconds. All 
samples and standards were run in triplicate. Expression levels 
of the final products were normalized to human housekeep-
ing genes: ACTB F: 5ʹ-TGCGTGACATTAAGGAGAAG-3ʹ, 
ACTB R: 5ʹ- GCTCGTAGCTCTTCTCCA-3ʹ and GAPDH F: 
5ʹ-TGGTATCGTGGAAGGACTCATGAC-3ʹ, GAPDH R: 
5ʹ-ATGCCAGTGAGCTTCCCGTTCAGC-3ʹ.

2.7  |  ERK1/2-MAPK activity

ASCs were plated in 24-well plates at the density of 20 000 
cells/well. At 80%-90% confluency, cells were treated with 
one the inhibitors (10 µM): R504393 or U0126. Fifteen min 
later, 100  ng/mL of CCL2 was added, and after another 
15  minutes, endogenous levels of phosphorylated ERK1/2 

protein was measured from the cell lysates (containing 10-
15 μg of protein per well) by using ERK1/2 (pT202/Y204) 
SimpleStep ELISA Kit (Abcam). The assay was performed 
according to the manufacturer's instructions and analyzed 
at 450 nm using VICTOR Multilabel Plate Reader (Perkin 
Elmer, Turku, Finland).

2.8  |  Statistical analyses

Statistical analyses were performed using GraphPad Prism 
version 8.0.1 for windows (GraphPad Software Inc, San 
Diego, CA, USA). To assess the statistical significance be-
tween two groups, unpaired parametric t test was used. The 
differences between multiple treatments groups were tested 
by one-way analysis of variance (ANOVA) followed by 
Tukey's or Dunnett's multiple comparisons test. Pearson cor-
relation test was used to evaluate the relationship between 
two variables. Differences were considered statistically sig-
nificant at P ≤ .05. Data are expressed as mean ± standard 
error of mean.

3  |   RESULTS

3.1  |  HFD induces weight gain and adiposity 
and impairs the metabolic status of female 
hARO-Luc reporter mice

Female hARO-Luc mice fed with HFD gained more weight 
and accumulated more body fat during the 8-week interven-
tion, compared to the LFD-fed mice (Figure 1A,B). At the 
end of the experiment, HFD-fed mice were at least 38% heav-
ier and had accumulated 35% more fat than mice fed with 
LFD and exhibited higher circulating leptin and glucose lev-
els (Figure 1C,D).

F I G U R E  1   HFD induces obesity and obesity-related metabolic disturbances in female hARO-Luc mice. A, Body weight gain. B, Body 
adipose mass. C, Serum leptin levels. D, Circulating blood glucose levels. LFD N = 16 mice and HFD N = 17 mice. Data are shown as 
mean ± SEM and was analyzed by unpaired parametric t test. *P < .05, **P < .001

(A) (B) (C) (D)
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3.2  |  Weight gain and adiposity are 
drivers of both the increased aromatase Luc 
reporter activity and CCL2 levels in mammary 
gland of HFD-fed hARO-Luc mice

As has been shown before, HFD induces a variable weight 
gain in FVB/N mice.36,37 In our study, the majority of animals 
on HFD exhibited evident metabolic changes, but three out of 
17 mice did not gain weight or, gained less than 20%, after the 
8 weeks of dietary intervention. In animals with ≥20% weight 
gain the expression of aromatase Luc reporter in mammary 
fat tissue was significantly higher than in the mammary of 
mice that remained lean (Figure 2A). Furthermore, mammary 
gland hARO-Luc reporter expression correlated positively 
with both weight gain and adiposity (Figure 2B,C).

Interestingly, mammary Luc reporter expression cor-
related positively with tissue pro-inflammatory factors, CCL2 
(Figure 2D), IL-6 (R2 = 0.72, P = .05), and leptin (R2 = 0.60, 
P = .07). However, only a low number (≤2 per mm2) of CLS 
was detected in mammary fat tissue, despite the weight gain 
and increased adiposity. Additionally, CLS numbers did not 
correlate with the tissue Luc reporter expression (data not 
shown). Notably, in the gonadal or retroperitoneal fat tis-
sue no significant correlation was found between CCL2 or 
IL-6 levels and Luc reporter activity (Supplementary Table 

1). The levels of TNFα, IL-1β, IL-1α, adiponectin, VEGF, 
PAI-1, and resistin did not correlate with aromatase reporter 
expression in mammary, gonadal, or retroperitoneal fat tissue 
(Supplementary Table 1).

3.3  |  CCL2 and CYP19A1 mRNA 
expressions are upregulated in subcutaneous 
adipose tissue of obese women

In order to confirm the findings from the mouse model, we 
investigated whether adipose tissue from obese and lean 
women show any difference in the expression of CCL2 or 
total CYP19A1 mRNA. Our results show that subcutaneous 
adipose tissue of obese women exhibited significantly higher 
aromatase gene expression and almost sixfold increase in 
CCL2 gene expression compared to those tissue samples col-
lected from nonobese women (Figure 3A,B).

3.4  |  CCL2 upregulates CYP19A1 in the 
breast adipose tissue through promoter I.4

To examine whether CCL2 directly modulates glucocorticoid-
dependent aromatase gene expression through promoter I.4 

F I G U R E  2   In HFD-fed hARO-Luc female mice weight gain and adiposity associate with increased both Luc aromatase reporter activity and 
CCL2 expression in mammary gland. A, hARO-Luc reporter activity. Data are shown as mean ± SEM and was analyzed by two-way ANOVA with 
Tukey's multiple comparisons post hoc test. *P < .05, no significant (n.s). Correlations between: B, Luc reporter activity in mammary gland and 
body weight gain, C, Luc reporter activity in mammary gland and body adiposity, and D, Luc reporter activity and CCL2 levels in mammary gland 
of HFD-fed mice. Open circles in figures B-D denote data from the same six animals. Counts per second (CPS)

(A) (B)

(C) (D)
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in mammary adipose tissue, ex vivo cultures of hARO-Luc 
tissue were performed. Indeed, in the presence of DEX, ad-
dition of CCL2 caused a further stimulation of Luc reporter 
activity in mammary tissue explants from hARO-Luc mice 
(Figure 4).

Next, we investigated whether CCL2 could also regu-
late aromatase expression in human breast adipose tissue. In 
cultured primary human breast ASCs, similar to hARO-Luc 
mammary gland tissue, CCL2 enhanced total CYP19A1 gene 
expression levels (Figure  5A). CCL2-induced aromatase 
CYP19A1 gene transcription was prevented by blocking the 
CCL2 receptor CCR2, with the specific receptor antagonist 
RS504303 (Figure  5A). Additionally, to examine whether 
CCL2 mediates aromatase expression via aromatase pro-
moter I.4, transcript levels of this promoter were quantified 
in ASCs after treatments. Correspondingly, CCL2 enhanced 
over threefold the effect of glucocorticoids on aromatase pro-
moter I.4 transcripts expression (Figure 5B), thus indicating 
a specific action through this distal promoter. No significant 
induction of aromatase promoter II-driven aromatase expres-
sion was detected (Supplementary Figure 1).

3.5  |  Activation of the MAPK-ERK1/2 
signaling pathway is necessary for CCL2 effect 
on CYP19A1 gene expression in ASCs

The intracellular signaling pathway displayed upon CCL2-
CCR2 activation on the cell surface involves both the NF-κB 
and MAPK inflammatory cascades. Besides of being impor-
tant for modulating cell immune responses, the two pathways 
are also known to regulate aromatase promoter I.4 transcrip-
tional activity in adipose stromal cells.25,31,38 To determine 
the potential implication of the two signaling pathways 
in mediating CCL2 effect on aromatase gene expression, 

specific inhibitors of both cascade proteins were tested in 
ASC cultures in the presence of DEX and CCL2. Our results 
demonstrate that inhibition of the ERK1/2 pathway with the 
inhibitor U0126 led to a significant reduction in the CCL2 
stimulatory effect on both PI.4 and CYP19A1 expression 
(Figure 5B,C, respectively), whereas inhibition of the NF-κB 
pathway did not show significant effect on total CYP19A1 
expression (Figure 5C).

The activation of the MAPK-ERK1/2 signaling pathway in 
primary breast ASCs by CCL2 was further confirmed using a 
Phospho-ERK1/2 ELISA assay. Phosphorylated ERK1/2 pro-
tein levels were measured after treatment with CCL2 alone 

F I G U R E  3   Increased expression of CYP19A1 and CCL2 in subcutaneous adipose tissue of women with high BMI. Differences in A, 
CYP19A1 aromatase and B, CCL2 gene mRNA expression levels in subcutaneous adipose tissue from nonobese and obese postmenopausal women. 
Lean women N = 4 and obese women N = 4. Data (mean ± SEM) were analyzed by unpaired parametric t test. *P < .05

(A) (B)

F I G U R E  4   In mammary tissue explants of hARO-Luc mice, 
CCL2 enhances glucocorticoid-dependent aromatase reporter 
expression. Counts per second (CPS). Data (mean ± SEM) are 
shown relative to dexamethasone (DEX, set at 100%). Data from 
three experiments (4 to 6 animals per experiment) analyzed by 
two-way ANOVA with Tukey's multiple comparisons post hoc test. 
***P < .001. DEX: 250 nM, CCL2: 100 ng/mL
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or in combination with specific CCR2 inhibitor RS 504393 
or with MEK-ERK1/2 inhibitor U0126. As expected, CCL2 
stimulated phosphorylation of ERK1/2 intracellular path-
way in breast preadipocytes (Figure  5D), while preventive 
treatment with CCR2 and MEK-ERK1/2 inhibitors reduced 
CCL2-mediated phosphorylation of ERK1/2 (Figure 5D).

4  |   DISCUSSION

Inflammation and increased expression of aromatase are 
important risk factors for postmenopausal breast cancer. 
However, the regulation of aromatase (CYP19A1) gene ex-
pression in breast tissue is complex, and the mechanisms link-
ing adipose tissue inflammation to the increase in aromatase 
expression are not fully understood. In this study, we demon-
strated that CCL2, a chemokine secreted by adipocytes and 
macrophages, besides being overexpressed in WAT of obese 

women, also directly regulates aromatase gene expression in 
BAT via promoter I.4.

In response to adipose tissue expansion during obesity, 
hypertrophic adipocytes secrete chemokines, particularly 
CCL2, to recruit monocytes from the circulation, which 
facilitates tissue remodeling and adaptation to the altered 
metabolism. Increased adiposity often associates with ab-
normally high secretion of CCL2, which in turn, promotes 
monocyte recruitment and development of CLS, and aug-
ments production of pro-inflammatory factors, including 
TNFα, IL-6, PGE2, and CCL2, and ultimately, increases 
aromatase expression in BAT.39,40 Although the most import-
ant actions of CCL2 are related to chemotaxis, this cytokine 
also triggers several intracellular signals implicated in in-
flammation, angiogenesis, and carcinogenesis.41-44 Most of 
these intracellular signals associate with the activation of the 
PI3K/Akt/NF-κB cascade and the mitogen-activated protein 
kinase (MAPK) pathway, particularly the Ras/MEK/ERK 

F I G U R E  5   CCL2 induces aromatase mRNA expression in primary human breast ASCs through the MAPK-ERK1/2 signaling pathway. A, 
CCL2 upregulates glucocorticoid-dependent total CYP19A1 mRNA expression, and the effect of CCL2 is inhibited by the specific CCR2 inhibitor 
RS504393. B, CCL2 increases glucocorticoid-dependent PI.4-specific transcript expression. C, Inhibition of MAPK-ERK1/2 signaling pathway by 
the MEK-ERK1/2 inhibitor U0126 blocks CCL2 effect on total CYP19A1 mRNA expression. D, CCL2 activates ERK1/2 in breast ASCs (measured 
as phosphorylation of ERK1/2-activated protein by ELISA). Data (mean ± SEM) are shown in A-C relative to dexamethasone (DEX, set at 100%) 
and in D relative to CCL2 (set at 1). Data are obtained from 3 to 4 experiments (different donors), each treatment with three replicates. Statistical 
analyses were performed using two-way ANOVA and Dunnett's multiple comparisons post hoc test. *P < .05, **P < .001, ****P < .0001. DEX: 
10 nM. CCL2: 100 ng/mL. RS504393, U0126, and BAY-11-7082 (BAY, NF-κB inhibitor): 10 μM

(A) (B)

(C)

(D)



8 of 12  |      MARTÍNEZ-CHACÓN et al.

cascade.21,24,25,45 Interestingly, these signaling pathways have 
also been demonstrated to regulate aromatase promoter I.4 
transcript expression in breast ASCs.31 Given the importance 
of CCL2 in macrophage-mediated BAT inflammation, as 
well as its potential to activate NF-κB and MAPK pathways, 
it is pertinent to propose that CCL2 may also regulate aro-
matase expression in a transcriptional level. In our study, we 
showed that, indeed, CCL2 activates aromatase gene tran-
scription in the breast tissue. By utilizing hARO-Luc-derived 
mammary tissue explants and primary breast ASCs, we 
have found that CCL2 specifically induces glucocorticoid-
dependent CYP19A1 expression via the activation of the 
distal promoter I.4. Such activation seems to be particularly 
mediated through its membrane receptor, CCR2, and by the 
following stimulation of MAPK/ERK1/2 signaling pathway 
in primary breast ASCs. However, we cannot exclude the 
possibility that other pro-inflammatory pathways in addition 
to MAPK/ERK1/2 and NF-κB, may also be implicated in this 
stimulatory effect. We then propose that CCL2 may regulate 
CYP19A1 transcription in similar manner than TNFα, a well-
known inducer of aromatase promoter I.4 in adipose tissue. 
Prior studies have reported that TNFα acts cooperatively 
with glucocorticoids to induce CYP19A1 expression in breast 
ASCs, acting through NF-κB and MAPK signaling cascades, 
downstream stimulation of EGR2 and EGR3 transcrip-
tion factors, and activation of the AP-1 element within PI.4 
transcriptional region.31,46 Nevertheless, further studies are 
needed to determine whether transcriptional mechanisms of 
CCL2 involve also the activation of AP-1 responsive element.

Expression of aromatase in a noncancerous BAT either 
before or after menopause is primarily driven by the use of 
the I.4 promoter located approximately 73  kb upstream of 
the common coding region. In noncancerous conditions, low 
levels of aromatase transcripts are thought to be maintained 
via PI.4 thanks to normal tissue levels of pro-inflammatory 
factors, providing low levels of estrogens in the breast tis-
sue.7,47-49 As previously established, elevated BMI in 
postmenopausal women positively associates with higher cir-
culating and adipose tissue levels of estrogens, attributed, in 
part, to increased inflammation and aromatase expression in 
WAT.15,50-52 Adiposity and subsequent adipose tissue inflam-
mation are known to promote a gradual increase in promoter 
I.4 transcripts. It has also been reported that glucocorticoid 
levels are higher in the obese subcutaneous adipose tissue.53,54 
The increase in BAT aromatase expression in obese women is 
likely due to pro-inflammatory factors rather than glucocor-
ticoids as there is no evidence of a direct association between 
systemic glucocorticoid and aromatase expression levels.10,55 
In the case of morbid obesity and severe inflammation, as 
well as breast cancer, the increased activity of aberrant pro-
moters I.3 and II in BAT upregulate CYP19A1 transcription 
levels up to10-fold higher than those in a healthy BAT.12,55-58

The magnitude of aromatase gene upregulation in BAT, 
however, depends, for example, on the degree of adiposity, 
the levels of pro-inflammatory factors and the abundance 
of CLS.4,13,52,59,60 In line with this, we observed a positive 
correlation between mammary aromatase reporter activity 
and weight gain in HFD-fed female hARO-Luc (FVB/N) 
mice. Interestingly, no weight-related changes in aromatase 
reporter expression were observed in gonadal, visceral or ret-
roperitoneal fat, indicating that obesity-related aberration in 
CYP19A1 regulation is fat depot specific. This is supported by 
earlier studies with Aromhum FVB/N61 mouse models, show-
ing upregulation of aromatase by HFD feeding in mammary 
fat pad, but not in intra-abdominal fat depots. In these stud-
ies, unlike ours, higher activity of promoters I.4 and II was 
associated with a significant increase in CLS density, indi-
cating a rather severe inflammatory condition. Interestingly, 
in our current study, similar to our earlier studies in hARO-
Luc males62 and ovariectomized females,11 weight gain and 
adiposity-induced mammary gland aromatase reporter ex-
pression via promoter I.4 independent of CLS. This indicates 
that the pro-inflammatory milieu, prior the onset of CLS, 
may be sufficient to activate promoter I.4 and upregulate aro-
matase expression in breast tissue.

The inflammatory milieu and the regulation of aromatase 
gene transcription in subcutaneous adipose tissue differ from 
visceral fat depots.11,61,63,64 Despite the significant increase 
in fat content in visceral and subcutaneous adipose tissue 
in our in vivo experiments, aromatase expression and pro-
inflammatory factors were significantly altered only in the 
mammary fat pad. And unlike visceral fat depots, levels of 
pro-inflammatory cytokines IL-6 and CCL2, and leptin, were 
significantly higher in mammary fat pad of animals with sig-
nificant weight gain and correlated positively with mammary 
aromatase reporter activity. It is important to note that the 
use of ovary intact mice in this study may have attenuated the 
inflammation and, in turn, the levels of cytokines and aro-
matase in the mammary fat pad and other fat tissue depots. 
In obese women, level of CCL2 is increased in WAT, where 
it also associates with macrophage infiltration and insulin re-
sistance.16,39,65,66 Furthermore, circulating CCL2 increases in 
postmenopause, independent of BMI, as well as in serum and 
tumors of women with breast cancer.17-19,66-69 In this study, 
the expression levels of CCL2 and aromatase transcripts in 
subcutaneous adipose tissue of obese women were higher, 
compared to the adipose tissue of lean women, supporting the 
finding of CCL2 as a factor that induces adipose aromatase 
expression.

High circulating level of estrogens is accepted as a marker 
of increased risk for developing postmenopausal breast 
cancer. Estrogen concentrations in the bloodstream after 
menopause reflect the metabolism and production rates of 
estrogens in non-gonadal sites, WAT being the main source 
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of estrogen biosynthesis. However, it is not known how well 
blood hormone concentrations reflect the actual local syn-
thesis of estrogens in the breast tissue.4,5,70-72 Recent stud-
ies indicate that postmenopausal women with normal BMI 
may exhibit signs of WAT inflammation.15,73 Furthermore, 
it should be noted that postmenopausal status is associated 
with increased expression of aromatase in BAT, independent 
of BMI. Therefore, it is not only the obese women who are 
at high risk of breast cancer, but also it is well possible that 
(some) postmenopausal women with normal BMI and blood 
estrogen levels may present with inflammation and increased 
aromatase expression in breast tissue, causing an increase in 
their cancer risk.

Taken together, cessation of ovarian hormone produc-
tion causes a wide range of changes that lead to increase 
in BAT aromatase expression (summarized in Figure  6). 
Postmenopausal hormone milieu stimulates weight gain, as 
well as development of WAT inflammation. Furthermore, 
postmenopausal regression of mammary parenchyma, and 
subsequent loss of local IL-10 production, upregulates aro-
matase specifically in BAT. Here, we demonstrated that 
CCL2-CCR2 axis induces aromatase transcription via pro-
moter I.4 in breast tissue, in a process mediated by the acti-
vation of its MAPK/ERK1/2-related signaling pathway. This 
suggests that CCL2 is one of the drivers behind the increased 
aromatase expression and estrogen synthesis in BAT of obese 
postmenopausal women.

The key strengths of this study are the use of mouse mod-
els, adipose tissues, and primary breast adipose stromal cells 
from mouse and human females, which facilitate elucidating 

the mechanisms regulating aromatase in adipose tissue, and 
translational research aimed at understanding how obesity 
and adipose tissue inflammation predispose women to breast 
cancer. Yet, the use of primary cells causes experimental 
limitations due to poor transfection efficiency and restricted 
lifespan of cells. To overcome this, we have used the available 
small molecule inhibitors for the most important mediators 
along the CCL2 signaling pathway, to provide initial evi-
dence for the involvement of the ERK1/2 signaling cascade 
in the CCL2-mediated activation of aromatase. However, fur-
ther studies are needed for more detailed information.

In conclusion, as regards healthy postmenopausal women 
with normal or moderately elevated BMI, increased tran-
scriptional activity of promoter I.4, regulated by numerous 
pro- and anti-inflammatory factors, is the underlying force 
driving aromatase expression, while in women with morbid 
obesity and /or breast cancer, aromatase expression is mainly 
driven by the more potent proximal promoters I.3 and PII. 
Our data suggest an important role for body weight manage-
ment and control of WAT inflammation in primary breast 
cancer prevention.
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