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Abstract

Obesity has been consistently associated with several types of malignant tumors, including
hormone-responsive breast carcinoma (BC) in postmenopausal patients. BC is the most
diagnosed malignancy and the leading cause of cancer-related morbidity and mortality
among women worldwide. The predominant association between obesity and hormone-
responsive BC subtypes is often explained by the increased local production of estrogens
due to upregulation of aromatase, the rate-limiting enzyme in estrogen biosynthesis, in the
chronically inflamed “obese” adipose tissue. However, the underlying molecular mech-
anisms are not fully defined. One potential mediator of inflammatory responses in the
setting of obesity is bacterial endotoxin. Indeed, subclinical concentrations of endotoxin
are chronically present in the circulation of obese patients and experimental animals (the
phenomenon termed ‘metabolic endotoxemia” [ME]). Here, we investigated whether ME
conditions are mechanistically involved in augmented estrogen reactivity that sustains the
obesity-BC link, focusing primarily on ME effects on key cellular components of the BC
microenvironment (i.e., fibroblasts, macrophages). Our findings identify ME as a microen-
vironmental driver that directly induces aromatase expression in adipose fibroblasts, and
simultaneously triggers upregulation of estrogen receptor levels in breast tumor cells via a
macrophage-mediated mechanism. This dual action of ME in fueling obesity-accelerated
hormone-dependent breast tumorigenesis may suggest new avenues for both therapeu-
tic intervention and prevention of BC-promoting consequences of excess adiposity in an
increasingly obese population.

Keywords: breast carcinoma; obesity; estrogen; fibroblasts; macrophages

1. Introduction

Metabolic endotoxemia (ME) is a condition characterized by the chronic presence of in-
creased (yet subclinical) levels of bacterial endotoxin in the circulation of obese individuals
and experimental models of obesity [1-8]. In ME, small quantities of endotoxin are translo-
cated from the gut lumen to the circulation due to impaired intestinal permeability [6,9-11].
Importantly, adipose tissue is considered the primary site where endotoxin tends to ac-
cumulate and drive aberrant inflammatory responses [12,13]. ME has been proposed to
underlie the mechanistic link between excess adiposity and several pathological conditions,
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e.g., insulin resistance, type 2 diabetes mellitus, pancreatitis, and cardiovascular compli-
cations [1,6,12-16]. Additionally, a possible contribution of ME in the pathogenesis of
specific types of obesity-influenced malignancies was proposed by us [8] and others [17,18].
Indeed, obesity (defined as a body mass index [BMI] above or equal to 30 kg/m?) has been
associated with at least 13 different types of malignant tumors (i.e., breast, esophageal,
gastric, colorectal, hepatocellular and pancreatic carcinoma, multiple myeloma, gallbladder,
endometrial, ovarian, renal and thyroid cancers) [19-21]. Endotoxin is a canonical activator
of Toll-like receptor 4 (TLR4), which, in addition to its well-documented expression by
immunocytes, was detected in tumor cells and implicated in tumorigenesis at several
anatomic sites [17,22-24].

We previously demonstrated that ME enhances the malignant phenotype of TLR4-
expressing breast carcinoma (BC) cells, and proposed ME as a possible mechanism un-
derlying the breast tumor-promoting action of obesity [8,25]. Remarkably, in vivo ex-
perimental ME promotes the growth of tumors formed by E0771 BC cells [which are
considered a luminal B subtype and express estrogen receptor (ER), although at relatively
low levels [26-29]] to a greater extent than ER-negative MDA-MB-231 tumors (~2-fold
increase, Supplementary Figure S1A, and ref. [8]). On the other hand, in vitro ME condi-
tions (i.e., 0.1 ng/mL endotoxin, reflecting the levels reported in clinical/experimental
obesity [1-6,10]) promote proliferation of E0771 and MDA-MB-231 cells to the same extent
(Supplementary Figure S1B). These observations suggest an involvement of a hormone-
dependent mechanism in the BC-promoting action of ME, as well as a contribution of
the host-derived microenvironment. Consistent with the latter assumption, key cellu-
lar players in the obesity-associated BC-promoting microenvironment, i.e., macrophages
and fibroblasts residing in the breast/adjacent adipose tissue [30-35], express TLR4
(Supplementary Figure S2) and are therefore capable of responding to subclinical levels of
endotoxin typical for ME.

It is important to note in this respect that, unlike in cancer types linked to obesity, in BC,
an obesity-related increase in tumor risk was observed only in ER+ subtypes and solely in
postmenopausal patients [19,25,36-45]. This notion suggests that the obese state promotes
ER+ BC primarily through hormone-dependent mechanisms. One suggested mechanism
appears to involve abnormal activation of macrophages, which adopt a maladaptive phe-
notype that dictates changes in expression levels of ERx in normal or malignant mammary
epithelial cells [46,47]. Even better recognized is the mechanism that involves increased
local production of estrogen in chronically inflamed “obese” adipose tissue (primary site of
estrogen production in postmenopausal women), due to induction of aromatase, the rate-
limiting enzyme in estrogen biosynthesis. Importantly, in adipose tissue of postmenopausal
women, aromatase is predominantly expressed in adipose stromal cells, i.e., fibroblasts,
and is virtually absent from mature adipocytes [48]. Thus, adipose fibroblasts represent the
principal cellular source of estrogen production after cessation of menstrual cycles [48-52].
In obesity, the hormone production is augmented, reportedly due to heterotypic inter-
actions between immune and stromal compartments of adipose tissue [31,34,44,51-54].
Specifically, it was proposed that adipose/tumor tissue infiltrating macrophages, which
become adversely activated under obese conditions, secrete inflammatory mediators (e.g.,
TNF«) capable of inducing expression of aromatase in adipose fibroblasts [33,49,50,52,55].
Thus, in obese postmenopausal patients, production of estrogen in adipose tissue (including
breast adipose, which is in continuity with epithelial elements of the mammary gland [56])
can be markedly increased [57], promoting progression of ER+ BC. Nevertheless, the exact
identity of molecules triggering the adverse responses of immune/stromal components in
“obese” adipose tissue was not properly determined. Notably, in ME, endotoxin homes to
adipose tissue [12,13] and, according to our hypothesis, can modulate abnormal responses
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of immune and stromal components in the setting of excess adiposity. In this study, we
demonstrate that in obesity-associated BC, ME enhances ER-mediated tumor progression
by orchestrating adverse interactions in BC microenvironment. Our present findings in-
dicate that ME directly induces aromatase expression in fibroblasts, and simultaneously
upregulates ER expression in BC cells in a macrophage-dependent manner. Collectively,
these findings suggest that ME may establish a mechanistic bridge between obesity and
hormone-dependent BC progression.

2. Results

Increased accumulation of macrophages and fibroblasts in E0771 tumors under
ME conditions. As stated above, metabolic deregulation and obesity are known to pro-
mote BC through abnormal activation of the microenvironment in the tumor and adjacent
adipose compartments [30-32]. In breast tissue (both healthy and tumorous), glandu-
lar epithelial elements are embedded in the adipose compartment, which consists of
lipid-storing adipocytes, stromal cells and immunocytes [56]. Among those, fibroblasts
(expressing aromatase [31,34,44,51-54]) and macrophages (producing tumor-promoting cy-
tokines [33,49,50,52,55]) are recognized as key cell types promoting obesity-associated ER+
BC. Notably, endotoxin at subclinical levels typical for ME selectively triggers prolonged
expression of moderate levels of cytokines in macrophages [58], including those implicated
in obesity-associated BC progression, i.e., IL6 and TNF«. Based on the above data, we
hypothesized that in the setting of excess adiposity, ME may fuel abnormal interplay be-
tween macrophage, fibroblast and adjacent adipose tissue compartments, accounting (at
least in part) for the enhanced progression of hormone-responsive BC. To test this hypothe-
sis, we first assessed the mobilization/activation of the cancer-associated fibroblasts and
macrophages in tissue sections from E0771 tumors grown under ME conditions vs. tumors
grown in control mice, applying an in vivo model of ME-associated breast cancer (as de-
tailed in Section 4). Plasma endotoxin levels typical for ME (0.15 EU/mL) were measured
(as described in Section 4) in the plasma of endotoxin-infused experimental mice at 14 days
post-implantation, compared to undetectable levels (below the assay limit of detection,
i.e., <0.005 EU/mL) in saline-infused control mice. The tumor tissues were then harvested
and immunostained with antibodies directed against mouse macrophage-specific markers
F4/80 [59] and Mac2 (AKA galectin-3, a member of the lectin family that drives alternative
macrophage activation [60]), as well as cancer-associated fibroblast (CAF) markers «SMA
and Pdpn (podoplanin, whose expression in CAF predicts unfavorable prognosis in ER+
BC patients [61,62]). As shown in Figure 1A,B, significantly increased numbers of «SMA-
and Pdpn-positive CAF were detected in a ME-exposed tumor microenvironment. In
parallel, a significant increase in macrophage infiltration was detected in the E0771 BC
tumors exposed to experimental ME (Figure 1C,D), echoing a similar increase reported
in obesity-associated E0771 tumors [63-65]. Moreover, applying immunostaining with
an antibody directed against the proliferation marker Ki-67, we found that ME-induced
activation of the tumor microenvironment was invariably associated with an increased
proliferation rate of tumor cells (Figure 1E). These observations are in line with the ME-
accelerated growth of E0771 tumors in vivo (Supplementary Figure S1), and point to the
possible contribution of tumor microenvironment (i.e., fibroblasts and macrophages) to
this phenomenon.

https://doi.org/10.3390/ijms27104338


https://doi.org/10.3390/ijms27104338

Int. J. Mol. Sci. 2026, 27, 4338

40f18

Control

A

N N W W
o U»v o un

=
o

aSMA staining intensity

* %k

0 -+
Control ME

2350 - 230 - % 276000 - 2 3000 - *
= »n ‘B ‘»
w
g 300 1 S5 S 5000 - i S 2500 -
'E 250 - 'E E E
£ =20 1 .£ 4000 1 £ 2000 -
00200 3 o0
< L5 .£ 3000 1 .£ 1500 |
€ 150 £ = £
o— © ] © i © 4
2 100 | S0 £ 2000 £ 1000
€ 50 - s & 1000 A 5 500 A
~ © o=
2 o S o S o- X 9.
Control ME Control ME Control ME Control ME

Figure 1. Stromal and proliferation markers are increased in murine E0771 orthotopic breast
tumors under chronic ME conditions. C57/Bl6 mice were implanted sc. with the osmotic mini-pump
(as described in Section 4) filled with either saline (control) or endotoxin (to infuse 300 microg per kg
per day, resulting in plasma endotoxin concentrations corresponding to metabolic endotoxemia, ME).
Ultrapure LPS from E. coli 0111:B4 (Invitrogen) was used to ensure the absence of contaminating TLR
agonists, i.e., lipoproteins. Syngeneic BC cells E0771 were injected 3 days after pump implantation, as
described in Section 4. Tumor tissue was harvested 15 days after cell injection. (Top) Immunofluores-
cent staining for xSMA (orange, (A)), podoplanin (Pdpn (purple, (B)), F4/80 (green, (C)), Mac2 (red,
(D)), and Ki67 (olive green, (E)) of tumor tissue specimens harvested from saline-infused (control)
and endotoxin-infused (ME) mice. Cell nuclei were counterstained with DRAQS5 (blue). (Bottom)
Staining intensity was quantified using Zen software (Zen 3.4, blue version) per 0.07 mm? microscopic
field (all the fields chosen for analysis were located >1 mm from the tumor border), based on at
least four sections from 3 mice per condition. Error bars represent &= SE. Two-sided Student’s ¢ test
*p < 0.05; ** p < 0.005.

ME upregulates ERox expression levels. As stated above, upon acquiring a mal-
adaptive phenotype, macrophages are capable of inducing expression of ER« in estrogen-
responsive malignancies (i.e., breast, endometrial cancer [47,66]). Given the cytokine-driven
mechanism underlying this effect [66] and the ability of endotoxin levels reported in ME to
activate macrophages toward a low-grade inflammatory phenotype [58], we next tested
whether experimental ME affects ERx levels in E0771 tumors in vivo. Immunohisto-
chemical examination of ERo expression levels in the tumor tissue derived from mice
exposed to experimental ME vs. control mice revealed that expression of the ERa pro-
tein was significantly increased in E0771 tumors growing in mice under ME conditions
(Figure 2A). Quantitation of ERox expression intensity (Figure 2B) and percentage of ER+
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cells (Figure 2C) in the tumor tissue samples, performed as described in [67], revealed a
significant increase in both parameters in the tumors derived from ME-exposed vs. control
mice. Importantly, these in vivo findings were in agreement with observations made under
conditions mimicking ME in vitro, i.e., incubation of E0771 cells with medium conditioned
by macrophages that were either unstimulated or stimulated by 0.1 ng/mL of endotoxin.
As shown in Figure 3, medium conditioned by macrophages incubated under ME-like
conditions markedly upregulated ERo protein levels in E0771 cells.
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Figure 2. Chronic ME increases ERx expression in E0771 orthotopic tumors in vivo. Chronic
ME was established as described in Section 4. Syngeneic BC cells E0771 were injected 3 days
after pump implantation. Tumor tissue was harvested 15 days post cell injection and processed for
immunohistochemistry, as described in Section 4. (A) Representative images of immunohistochemical
staining (brown) with anti-ER« antibody in tumor tissue specimens derived from saline-infused
(control) and endotoxin-infused (ME) mice. (B) The intensity of ERx staining in tumor tissue
specimens derived from saline-infused (control) and endotoxin-infused (ME) was scored as weak (1),
moderate (2), or strong (3), as described in Section 4; tumors with staining score 1 were categorized
as “low ER” (black bars); tumors with staining score 2 and 3 as “high ER” (grey bars). Chi-squared
analysis was then used to assess the relationship between ME conditions in vivo and high versus
low ER levels in E0771 orthotopic tumors. Significant correlation between ME and high ER levels
was detected: ~5-fold higher proportion of “high ER” tumors was noted under ME conditions versus
control group (52% vs. 10%, chi-square test * p = 0.0041). A minimum of 3 microscopic fields per
mouse/3 mice per condition were scored. (C) Percentage of ERx positive cells in tumor tissue
specimens derived from saline-infused (control) and endotoxin-infused (ME) was determined as
described in Section 4. A minimum of 100 tumor cells per tissue section were scored. Data shown
are the percentage of ER«x positive cells relative to control. Error bars represent &+ Sdev. Two-sided
Student’s t test * p < 0.001.
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Figure 3. E0771 cells were either left untreated (ut) or incubated (24 h, 37 °C) with 0.1 ng/mL of
endotoxin (concentration reflecting metabolic endotoxemia, ME), or with medium conditioned by
macrophages stimulated by 0.1 ng/mL endotoxin (emME). ER«x protein levels were determined
by immunoblotting (top) and quantified using Image]J 1.54g software (bottom). Intensity ratio for
ER/GAPDH is shown. The data are representative of at least 3 independent experiments; error bars
represent = SE.* p < 0.007.

Macrophages under ME conditions confer estrogen sensitivity to E0771 cells.
Next, to validate the functional significance of ERx upregulation mediated by ME-
stimulated macrophages, we examined the effect of medium conditioned by primary
murine macrophages exposed to ME conditions on the proliferative response of E0771 cells
to estrogen. Prior to the hormone treatment, the E0771 cells were depleted of estrogen for
2 weeks (as described in Section 4) and then treated with 17f3 estradiol in the presence or
absence of medium conditioned by macrophages (which were either untreated or incubated
with 0.1 ng/mL endotoxin). As shown in Figure 4, the presence of medium conditioned by
endotoxin-stimulated macrophages significantly augmented proliferation of E0771 cells in
response to estradiol, consistent with the upregulation of ER«x levels depicted in Figure 3.
In further agreement with the above observation, we detected significantly increased ex-
pression levels of mRNA encoding progesterone receptor and pS2 (two estrogen-regulated
genes commonly used as indicators of augmented estrogen signaling) in E0771 breast
tumors growing in ME-exposed vs. control mice (Figure 5). Collectively, these findings
indicate that ME conditions can trigger macrophage-driven upregulation of ERx levels in
BC cells, thus enhancing the proliferative response of the tumor to estrogen.

ME directly induces aromatase in adipose fibroblasts. In addition to ERo expres-
sion levels, augmented production of estrogen is known to profoundly affect obesity-
influenced breast tumorigenesis and BC response to hormonal therapy [44,52]. More-
over, the BC-promoting action of obesity/metabolic dysregulation in postmenopausal
patients is most often attributed to increased production of the hormone in ‘obese” adi-
pose tissue due to induction of aromatase, the rate-limiting enzyme in biosynthesis of
estrogens [33,44,55,68]. Prior to menopause, aromatase is expressed in the ovary, the
principal production site of estrogens in pre-menopausal women [57]. After menopause,
the expression of aromatase and biosynthesis of estrogen takes place in extragonadal
sites (although at a lower rate [57,69])—primarily in peripheral adipose, i.e., mammary
and visceral adipose tissues [34,44,48,51,52,54]. Importantly, under metabolic deregula-
tion/obese conditions, extragonadal production of estrogens is markedly increased [70-73],
due to upregulation of aromatase expression in fibroblasts residing in “obese” adipose tis-
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sue [48,51,52,54,57,74]. Obesity-related upregulation of aromatase in fibroblasts is believed
to be driven by macrophages, which are adversely activated under metabolic deregulation
(via a TLR4-dependent mechanism) and secrete a cocktail of inflammatory modulators
capable of inducing aromatase expression in fibroblasts [34,35,49-51,54,64,75,76]. We there-
fore assumed that ME conditions in the obese state contribute to adverse macrophage
stimulation and consequent induction of aromatase expression in adipose tissue fibrob-
lasts. To investigate the proposed mode of action, we used primary human mammary
fibroblasts (HMFs) isolated from breast adipose tissue of healthy women undergoing re-
duction mammoplasty (as described in Section 4), a reliable model to study regulation
of aromatase expression in adipose tissue [49,50,52]. However, contrary to our expecta-
tions, medium conditioned by macrophages stimulated by endotoxin at a ME-relevant
concentration (i.e., 0.1 ng/mL) had no significant effect on aromatase expression by HMFs.
We then noted that fibroblasts per se express TLR4 at levels comparable to macrophages
(Supplementary Figure S2, also see refs. [77,78]) and, when stimulated by pro-inflammatory
signals, i.e., bacterial products, are capable of generating cytokines [78,79] [including TNF«,
known to activate the promoter of the Cyp19al1 gene encoding aromatase [35,49,54]]. Hence,
we hypothesized that ME conditions can directly affect aromatase expression in fibrob-
lasts. To test this hypothesis, the HMFs were left untreated or incubated with 0.1 ng/mL
endotoxin, mimicking ME. As shown in Figure 6A, a significant increase in aromatase
expression was detected in HMFs in the presence of endotoxin. Since both IL-6 and TNF«
were shown to induce aromatase in adipose tissue fibroblasts [35,49], we next assessed
changes in the expression of these cytokines by HMFs in response to endotoxin. We
found that TNF« (known to upregulate aromatase expression via stimulation of c-fos/c-jun
binding to the AP-1 binding site upstream of promoter 1.4 of the CYP19 gene, encoding
aromatase [49]) was the only cytokine whose expression was increased in HMFs under ME
conditions in vitro (Figure 6B). As shown in Figure 6C, ME conditions in vitro also resulted
in a marked increase in the expression of Pdpn, a fibroblast marker associated with worse
clinical outcomes in BC [61,62]. This observation is consistent with the previously reported
ability of TNFa to upregulate Pdpn expression in human fibroblasts in several tissue types
other than breast adipose [80,81], as well as with an increased number of Pdpn-positive
CAF detected in E0771 tumors under chronic ME (Figure 1B). To our knowledge, this is
the first demonstration that ME conditions directly induce TNF and aromatase in breast
adipose fibroblasts.
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Figure 4. Effect of medium conditioned by macrophages stimulated by ME conditions on estrogen
sensitivity of E0771 cells. Prior to estrogen treatment, E0771 cells were hormone-depleted by
culturing for 2 weeks in phenol red-free medium supplemented with charcoal-stripped FCS (5%).
Then the cells remained either untreated (ut) or were incubated with endotoxin (at a concentration of
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0.1 ng/mL, corresponding to metabolic endotoxemia conditions, ME), or with medium conditioned
by macrophages stimulated by 0.1 ng/mL endotoxin (emME), and grown in the absence or presence
of 1072 M estradiol (96 h, 37 °C). Cell proliferation was analyzed by MTS assay. Data shown are the
fold increase in cell proliferation in response to estradiol. * p = 0.027, Error bars represent + SE.
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Figure 5. ME increases the expression of estrogen target genes in E0771 orthotopic tumors. Expres-
sion of the genes encoding pS2 (A) and progesterone receptor (PR, (B)) in E0771 tumors growing
in saline-infused (control) and endotoxin-infused (ME) mice was assessed by qRT-PCR (1 > 3 per
condition, * p = 0.004; ** p = 0.017).
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Figure 6. Adipose fibroblasts upregulate aromatase, TNFx, and Pdpn expression in response to
ME conditions in vitro. Human mammary fibroblasts (HMFs), isolated from breast adipose tissue
of healthy women, remained untreated (ut) or incubated with dexamethasone (DEX, 250 nM, grey
bar), alone or in the presence of 0.1 ng/mL of endotoxin (ME). Quantitative real-time RT-PCR was
used to assess the expression of human aromatase (A), TNFx (B) and Pdpn (C) RNA levels. * p < 0.02;
** p < 0.005.

To better place these observations in the context of ME in vivo, we utilized sections
of adipose tissue adjacent to E0771 orthotopic tumors growing in mice with chronic
ME or control mice, and analyzed changes in fibroblast-derived aromatase expression
under ME. As shown in Figure 7A,B, increased aromatase levels were detected by im-
munofluorescent staining in adipose tissue under chronic ME conditions. Consistent
with the notion that fibroblasts represent the chief cellular source of aromatase in adi-
pose tissue [48,51,52,54,57,74,82], double immunofluorescent staining for Pdpn and aro-
matase, along with confocal microscopy analysis (Figure 7C), detected a marked increase
in aromatase-expressing Pdpn-positive (Pdpn™) adipose tissue fibroblasts in adipose tissue
harvested from mice exposed to chronic ME, compared with control mice. In further
agreement with fibroblast aromatase induction in vivo (Figure 7) and in vitro observation
depicted in Figure 6B, a significant increase in TNFoc" /Pdpn™ fibroblasts, concomitant with
augmented TNF«x levels, was detected in adipose tissue derived from mice with chronic
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ME (Supplementary Figure S3). Collectively, these observations support the notion that
ME conditions trigger an autocrine TNF« loop in adipose fibroblasts, directly leading to
aromatase upregulation (most likely, via AP-1-dependent activation [49] of the CYP19 gene
promoter).
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Figure 7. Effect of chronic ME on aromatase expression by adipose fibroblasts in vivo. (A) Sec-
tions of mouse adipose tissue samples derived from saline-infused (control) and endotoxin-infused
(ME) mice (n > 3) were harvested 18 days after pump implantation and processed for double
immunofluorescent analysis using anti-aromatase (green) and anti-Pdpn (red) antibodies. Yellow ar-
rows indicate aromatase-expressing Pdpn* fibroblasts. Cell nuclei were counterstained with DRAQ5
(blue). Photographs are representative of control (upper panels) and ME (lower panels) samples.
Scale bar = 10 um. (B) Staining intensity of aromatase (B) and Pdpn was quantified based on at least

four sections from 3 mice per condition using Zen software (Carl Zeiss) per 0.01 mm?

microscopic
field. (C) Quantification of the degree of association between aromatase and Pdpn staining in mouse
adipose derived from control (empty bar) and endotoxin-infused (ME, filled bar) mice (n > 3) was
performed using colocalization tool of Zen software. Bar graph shows the weighted correlation
coefficient values for aromatase/Pdpn colocalization. Data are the mean =+ SE; two-sided Student’s

t test * p < 0.01; ** p < 0.002.

3. Discussion

Cancer-promoting effects exerted by obesity and associated metabolic derangements
are certainly multifactorial in all obesity-influenced tumor types [83,84]. Elevated circu-
lating levels of insulin, glucose, inflammatory mediators, and misbalanced production
of adipokines are the most extensively studied factors believed to contribute to cancer
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progression under an obese state [68,83,85-87]. Among obesity-associated malignancies,
BC is unique in that the increase in tumor risk was largely confined to ER+ subtypes in
postmenopausal patients [25,40-45], suggesting a critical role of estrogen signaling in the
obesity-BC link. This pattern was traditionally attributed to excessive estrogen exposure,
due to augmented extragonadal production of the hormone in chronically inflamed adipose
tissue of obese women (in the face of cessation of the menstrual cycle) [33,55,68]. Augmen-
tation of estrogen synthesis is often described within the context of adverse activation of
macrophages, which, in turn, upregulate expression of estrogen-synthesizing aromatase in
adipose tissue fibroblasts [34,35,49-51,54,64,75,76].

We have previously demonstrated that obesity and ME directly affect the growth
and malignant phenotype of BC cells expressing the TLR4 receptor [8]. Notably, di-
rect exposure to ME-like conditions in vitro increased proliferation similarly in ER+
and ER— BC cells, whereas in vivo ME preferentially accelerated ER+ tumor growth
(Supplementary Figure S1), pointing to microenvironment-dependent mechanisms. In the
present study, we identify ME as a microenvironmental driver of two “arms” of estrogen
signaling: ME directly induces aromatase in adipose fibroblasts (Figures 6A and 7) and,
in parallel, triggers macrophage-mediated ERa upregulation in breast tumor cells in vitro
(Figures 3-5) and in vivo (Figure 2).

A central finding of this study is that ME conditions can directly activate breast
adipose fibroblasts to upregulate TNFx and aromatase in a macrophage-independent
manner. Using primary human mammary adipose fibroblasts and adipose tissue adjacent
to E0771 tumors in vivo, we show that ME conditions induce an autocrine TNF«x loop in
fibroblasts, leading to increased aromatase expression and expansion of a Pdpn-positive
aromatase-expressing fibroblast population in adipose tissue (Figures 6, 7 and S3). To our
knowledge, this is the first demonstration that endotoxin at obesity-relevant subclinical
levels directly induces aromatase and TNFo in breast adipose fibroblasts, thereby providing
a mechanistic link between ME and extragonadal estrogen biosynthesis.

In parallel, the present study extends the previous observation that BC-associated
macrophages can affect ER expression levels in tumor cells. Previous reports have im-
plicated tumor-infiltrating immunocytes (including macrophages) in the regulation of
steroid hormone receptor expression in several hormone-responsive cancer types, includ-
ing BC [47,66,88,89]. Here, we demonstrate that ME conditions in vivo increase ERo
expression and the fraction of ER+ cells in E0771 tumors, and macrophage-conditioned
medium generated under ME conditions induces ERx protein levels, estrogen-dependent
proliferation, and expression of ER target genes (PR, pS2) in BC cells (Figures 2-5).

Collectively, our data support a hypothesized role of ME in mediating the BC-
promoting action of obesity at the microenvironmental level, i.e., by priming both fibroblasts
and macrophages, leading to increased estrogen production and heightened ER signaling in
ER+ tumor cells. Moreover, these fibroblast- and macrophage-directed effects may explain
why ME “favors” ER+ tumors in vivo, despite similar proliferative effects on ER+ and
ER— cell lines in vitro. In ME-exposed mice, fibroblast aromatase induction amplifies local
estrogen availability, while macrophage-mediated ERo upregulation increases tumor cell
sensitivity even to very low hormone concentrations. This dual modulation of estrogen
synthesis and receptor abundance may be particularly relevant in postmenopausal women,
where adipose fibroblasts are the principal estrogen source and systemic estrogen levels
are low. Given the occurrence of ME in obese patients [2,5,7,8] and the ability of the en-
dotoxin to home to adipose tissue [13], such a mechanism provides a conceivable cellular
explanation for the selective enrichment of obesity-accelerated disease in ER+ BC and may
contribute (at least in part) to the diminished efficacy of aromatase inhibitors in obese
BC patients [90-93].
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Several limitations of our study should be acknowledged. Our in vivo experiments
relied primarily on the E0771 murine BC model, which currently represents the only
syngeneic ER+ breast cancer cell line available for interrogating obesity /ME-accelerated
hormone-dependent tumorigenesis in immunocompetent mice. This constrains the gener-
alization of our findings to other ER+ subtypes and to the clinical heterogeneity of human
disease. An additional limitation is that, while our data implicate TLR4 signaling and TNFa
in mediating ME effects on fibroblasts and macrophages, no inhibitory /loss-of-function
studies (e.g., TLR4 knockout, pharmacologic inhibition, or TNF« neutralization) have been
performed. Specifically, confirmation of the role of TNFa as a clinically actionable target,
and its translational validation, are important directions for future investigation. Such
studies are expected to clarify whether pharmacological interruption of the ME-TNF«-
aromatase axis (i.e., by TNFx blockade) could improve aromatase inhibitor efficacy in the
obese patient population. Lastly, our work does not fully address potential interactions
with other obesity-related factors (e.g., hyperinsulinemia, hyperglycemia, or adipokine
imbalance). Thus, future studies integrating these factors, as well as prospective corrobora-
tion in a clinical setting, are required to fully validate ME in BC patients as a biomarker of
endocrine therapy response and as a potential target for preventing/mitigating hormone-
dependent BC progression in obese postmenopausal patients.

4. Materials and Methods

Orthotopic immunocompetent murine model of obesity-associated breast cancer.
The mouse model of obesity-associated BC growth was established essentially as de-
scribed [64]. Briefly, ten-week-old female C57BL/6] mice (Envigo, Jerusalem, Israel) were
fed ad libitum a high-fat diet (HFD) (Teklad TD.06414, 60% of total calories from fat), or a
control diet (CD) (Teklad 2018S) for 15 consecutive weeks. On experimental week 12, when
HFD-fed animals became obese, E0771 cells were injected orthotopically into the 4th left
mammary fat pads of both HFD-fed (obese) and control diet-fed (lean) mice (5 x 10° cells
per injection). The tumor volume was monitored until experimental week 15. Animals
were then sacrificed, tumor tissue samples collected and snap-frozen for protein extraction.

Murine model of ME-associated breast cancer. The mouse model of ME was es-
tablished essentially as described [1]. Briefly, nude or syngeneic C57BL/6 mice were
implanted subcutaneously with the micro-osmotic pumps (Alzet, Cupertino, CA, USA;
Model 1004), filled with saline (control) or with endotoxin (ultrapure LPS from E. coli
0111:B4, Invitrogen), to infuse 300 ug x Kg~! x Day~! (these conditions produce plasma
LPS concentrations similar to those found in ME [1]). Then, 3 days later, when the endo-
toxin infusion rate reaches a constant level and remains stable for 28 days [94], murine
E0771 or human MDA-MB-231 BC cells (5 x 10° cells per injection) were injected ortho-
topically into the 4th left mammary fat pad of C57BL/6 or nude mice, respectively. Tumor
growth was monitored for two weeks. Mice were then sacrificed, tumor tissue samples
collected and snap-frozen for protein extraction. Before sacrifice, the persistence of ME in
the circulation of mice implanted with endotoxin-infusing (but not saline-filled) pumps
was validated by determination of endotoxin levels in mouse plasma samples collected
14 days post pump implantation, essentially as described in [8], using the chromogenic
kinetic Limulus Amoebocyte Lysate assay, applying Endosafe-nextgen portable test system
apparatus, multi-cartridge system readers and cartridges with a lower limit of detection of
0.005 EU/mL endotoxin (Charles River, Charleston, SC, USA).

Macrophage isolation and treatment. Primary mouse macrophages were obtained
by applying the isolation procedure described in [64,95,96]. Some cells were treated with
0.1 ng/mL of ultrapure endotoxin derived from E. coli 0111:B4 (Invitrogen, Waltham, MA,
USA), as indicated in Section 2.
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Fibroblast isolation and treatment. Human fibroblasts isolated from normal mam-
mary adipose tissue of women undergoing reduction mammoplasty (as described in [97]),
were kindly provided by Dr. A. Orimo (Juntendo University of Medicine, Tokyo, Japan) and
grown in DMEM medium supplemented with 1 mM glutamine, 50 pg/mL streptomycin,
50 U/mL penicillin and 10% fetal calf serum (Biological Industries, Beit-Haemek, Israel)
at 37 °C and 8% CO,. Mouse fibroblasts, isolated from normal mammary adipose tissue
of 10-week-old female C57BL/6 mice as described in [98], were grown in RPMI medium
supplemented with 1 mM glutamine, 50 ng/mL streptomycin, 50 U/mL penicillin and
10% fetal calf serum (Biological Industries) at 37 °C and 8% CO;. Prior to treatment with
endotoxin, cells were kept for 24 h in serum-free medium and then either left untreated
or incubated with 250 nM dexamethasone (known to allow for aromatase expression in
human fibroblasts [49]), alone or in the presence of 0.1 ng/mL of endotoxin, as indicated
in Section 2.

Breast carcinoma cell culture. E0771 cells were cultured in RPMI medium; MDA-
MB-231 cells were cultured in DMEM supplemented with 1 mM glutamine, 50 pg/mL
streptomycin, 50 U/mL penicillin and 10% fetal calf serum (Biological Industries) at 37 °C
and 8% CO,. Some cells were treated with 0.1 ng/mL of endotoxin. For estrogen depletion,
cells were cultured for 14 days in phenol red-free DMEM supplemented with 5% charcoal-
stripped fetal calf serum (Biological Industries), antibiotics, and supplemented with | mM
glutamine, prior to estrogen treatment.

MTS Assay. Cells were seeded in 96-well culture plates in phenol red-free DMEM, sup-
plemented with 5% charcoal-stripped FCS. MTS assay (Promega, Madison, WI, USA) was
performed according to the manufacturer’s instructions. Each experiment was performed
at least 3 times. Each data point shows the mean of pentaplicate cultures.

Antibodies. Inmunoblot analysis or immunohistochemistry was carried out with the
following antibodies: anti-ER« (ab3575, Abcam, Cambridge, UK), anti-aSMA (ab124964,
Abcam), anti-Pdpn (AF3244, R&D Systems, Minneapolis, MN, USA), anti-F4/80 (MCA497R,
Serotec, Kidlington, Oxfordshire, UK), anti-Mac2 (CL8942AP, Cedarlane, Burlington, ON,
Canada), anti-Ki67 (SP6, Thermo Fisher Scientific, Waltham, MA, USA), anti-aromatase
(NB100-1596, Novus Biologicals, Centennial, CO, USA), anti-TNF« (AF-410-SP, R&D Sys-
tems), anti-Actin (C-2) (sc-8432, Santa Cruz, Dallas, TX, USA) and anti-GAPDH (EnCor
Biotechnology Inc., Gainesville, FL, USA).

Immunoblotting. Cell and tumor tissue lysates were homogenized in lysis buffer
containing 0.6% SDS, 1 mM Tris-HCI, pH 7.5, supplemented with a mixture of protease
inhibitors (Roche, Basel, Switzerland) and phosphatase inhibitors (Thermo Scientific,
Waltham, MA, USA). Equal protein aliquots were subjected to SDS-PAGE (10% acry-
lamide) under reducing conditions and proteins were transferred to a polyvinylidene
difluoride membrane (Millipore, Darmstadt, Germany). Membranes were blocked with 3%
BSA for 1 h at room temperature and probed with the appropriate antibody, followed by
horseradish peroxidase-conjugated secondary antibody (KPL, Milford, MA, USA) and a
chemiluminescent substrate (Biological Industries, Beit-Haemek, Israel). Band intensity
was quantified by densitometry analysis using Image] software.

Immunohistochemistry. Paraffin-embedded slides were deparaffinized and incubated
in 3% H,O,. Antigen retrieval was carried out by heating (20 min) in a microwave oven
in citrate buffer. Slides were incubated with primary antibodies diluted in CAS-Block
(Invitrogen) or with CAS-Block alone, as a control. Appropriate secondary antibodies
(Nichirei Biosciences Inc, Tokyo, Japan) were then added and slides incubated at room
temperature for 30 min. Color was developed using the DAB substrate kit (Thermo
Scientific), followed by counterstaining with Mayer’s hematoxylin. Staining with the
control IgG or without addition of primary antibody showed low or no background
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staining in all cases. Immunodetection of ERo in E0771 tumor specimens was performed
using Abcam (ab3575) ERa antibody. Staining intensity [scored as weak (=1), moderate
(=2), or strong (=3)] and percentage of positively stained tumor cells were determined in
accordance with [67,99].

Immunofluorescence. For immunofluorescence analysis, Alexa-555 donkey anti-goat
(Abcam) and CyTM2 donkey anti-rabbit (The Jackson Laboratory, ME, USA) antibodies
were used as secondary antibodies. Nuclear staining was performed with 4/,6-diamidino-
2-phenylindole (DAPI). Images were captured using a Zeiss LSM 5 confocal microscope
(Zeiss, Oberkochen, Germany) and analyzed with Zen software (Zen 3.4, blue version,
Carl Zeiss).

Analysis of gene expression by quantitative real-time PCR (qQRT-PCR). Total RNA
was isolated from cultured cells or snap-frozen tumor tissue samples using TRIzol (Invit-
rogen, Waltham, MA, USA), according to the manufacturer’s instructions, and quantified
by spectrophotometry. Single-stranded cDNA was amplified from 1 pg of total RNA us-
ing a qScript cDNA Synthesis Kit (Quanta, Beverly, MA, USA). Real-time quantitative
PCR (qRT-PCR) analysis was performed with an automated Rotor-Gene system RG-3000A
(Corbett Research, Sydney, Australia). The PCR reaction mix (20 pL) was composed of
10 pL of QPCR sybr master mix (Quanta, Beverly, MA, USA), 5 uL of diluted cDNA (each
sample in triplicate) and a final concentration of 0.3 uM of each primer. Hypoxanthine
guanine phosphoribosyl transferase (HPRT) primers were used as an internal standard.
The following primers were utilized: mouse HPRT sense: 5'-GTC GTG ATT AGC GAT GAT
GAA-3/, antisense: 5'-CTC CCA TCT CCT TCA TGA CAT C-3'; mouse Estrogen Receptor
Alpha sense: 5-GGG CTG ACT TCA CTT ACA TTT C-3/, antisense: 5-GGA GCA TCT
ACA GGA ACA CAG-3’; mouse TLR4 sense: 5-ATG CAT GGA TCA GAA ACT CAG
CAA-3/, antisense: 5-AAA CTT CCT GGG GAA AAA CTC TGG-3'; mouse progesterone
receptor sense: 5'-CCC ACA GGA GTT TGT CAA ACT C-3/, antisense: 5'-TAA CTT CAG
ACA TCA TTT CCG G-3’; mouse PS2 sense: 5'-CTG CCC AGG AGA GAA ATG AG-3/,
antisense: 5'-CAG GGT ATG AGG GTT CTC CA-3’; mouse TNF« sense: 5-GCC TCT TCT
CAT TCC TGC TTG-3, antisense: 5'-CTG ATG AGA GGG AGG CCA TT-3’; human HPRT
sense: 5'-GCT ATA AAT TCT TTG CTG ACC TGC T-3/, antisense: 5'-ATT ACT TTT ATG
TCC CCT GTT GAC TG-3’; human Estrogen Receptor Alpha sense: 5-TGA TGA AAG
GTG GGA TAC GA-3/, antisense: 5'-AAG GTT GGC AGC TCT CAT GT-3’; human TLR4
Sense: 5'-ACC AAG AAC CTG GAC CTG AG-3/, antisense: 5'-TCT GGA TGG GGT TTC
CTG TC-3'; human Aromatase Sense: 5'-CAC ATC CTC AAT ACC AGG TCC-3/, antisense:
5'-CAG AGA TCC AGA CTC GCA TG-3’; human TNF« Sense: 5'-CTG CCC CAA TCC
CTT T-3/, antisense: 5'-CCC AAT TCT CTT TTT G-3'.

Statistical analysis. The results are presented as the mean + SD unless otherwise
stated. p values < 0.05 were considered statistically significant. Statistical analysis of
in vitro and in vivo data was performed by unpaired Student’s t-test, if not otherwise
stated. All statistical tests were two-sided.

Study approval. Animal experiments were approved by the Institutional Animal Care
Committee of the Hebrew University.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms27104338/s1.
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