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Targeting ER(3 in Macrophage

Reduces Crown-like Structures
in Adipose Tissue by Inhibiting
Osteopontin and HIF-1x

LiWang?, Rui-peng Zhao?, Xiao-yu Song* & Wan-fu Wul*

Proinflammatory processes in adipose tissue contribute to development of breast cancer and insulin
resistance. Crown-like structures (CLS) are histologic hallmarks of the proinflammatory process in
adipose tissue. CLS are microscopic foci of dying adipocytes surrounded by macrophages mostly derived
from monocytes in blood. Estrogen receptor 3 (ER(3) is expressed in microglia, macrophages within

the central nervous system (CNS), where it evokes an anti-inflammatory response. The present study
investigates the function of ER3 in macrophages within CLS. We report that even though monocytes

in the blood have no detectable levels of ER3, macrophages in CLS do express ER(3. In ER3—/— mice,
there was a significant increase in the number of CLS in both subcutaneous adipose tissue (SAT) and
visceral adipose tissue (VAT). CLS in these mice were dominated by pro-inflammatory macrophages (M1
macrophages) with higher expression of osteopontin (OPN) and an increase in number of proliferating
macrophages. In mice made obese by Western diet, treatment with an ER3 selective agonist (LY3201)
reduced the number of CLS in both SAT and VAT with downregulation of OPN, activated hypoxia-
inducible factor-1a (HIF-1a), proliferation and upregulation prolyl hydroxylase 2 (PHD2), the enzyme
which prevents activation of HIF1c, in macrophages. We conclude that ER3 expression is induced in
macrophages in CLS within adipose tissue where it plays a pivotal role in suppression of CLS. Thus ER(3
agonists may be used to alleviate CLS-related breast cancer and insulin resistance in adipose tissue.

Crown-like structures (CLS), hallmarks of proinflammatory process in adipose tissue, are macrophages mostly
derived from monocytes in blood surrounding dead or dying adipocytes. Adipose tissue proinflammatory pro-
cesses are related to development of breast cancer'~* and insulin resistance*®. It has been reported that in inflamed
breast white adipose tissue (WAT) both expression and activity of aromatase, the enzyme converting androgens to
estrogens, are significantly increased’. Furthermore, there was an increase in the estrone/androstenedione ratio
in breast tissue that contained CLS from postmenopausal breast cancer patients®. Macrophages in CLS are able
to cause hyperinsulinemia and insulin resistance by releasing proinflammatory factors and free fatty acids*'°.
CLS are also related to activation of NF-kB, expression of inducible nitric oxide synthase (iNOS, a driver of
inflammation) and secretion of inflammatory factors, such as IL13, IL6 and TNFa!"'2 Inflamed adipose tissue
can release cell-free DNA to stimulate insulin resistance!>!,

Osteopontin (OPN), a secreted glycoprotein, plays key roles in lots of physiological and pathological processes,
including inflammation'>. OPN expressed in activated macrophages plays a pivotal role in cell-mediated immunity®'”.
OPN has also been reported to involve in macrophage infiltration and insulin resistance in obese mice'®. It has been
shown that OPN promotes survival and inhibits human monocytes apoptosis. Remarkably, the ability of OPN enhanc-
ing macrophage proliferation is similar to that of macrophage colony stimulating factor (M-CSF) in well differentiated
macrophages®.

Hypoxia-inducible factor-1o (HIF-1a) is a transcription factor playing pivotal role in cellular adaptation to
hypoxia and is tightly regulated by the oxygen tension®>?!. HIF-1a hydroxylated by prolyl hydroxylases (PHD)
is ubiquitinated and degraded under normoxia?’. Under hypoxia, HIF-1a can be stabilized and translocated
into nucleus, where it dimerizes with HIF-10, the other subunit of HIF-1, and activates the gene transcription
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Figure 1. Expression of ER( in monocytes of blood smear and macrophages in CLS. (A) ER3 and CD11b double
fluorescent staining. There was no co-localization between ER3 (green) and CD11b (red) (white arrow) (c). Co-
localization of ER( (green), CD11b (red) and DAPI (blue) (white arrow) (d). (B) ERG and Ibal double fluorescent
staining. There was co-localization between ER@ (red) and Ibal (green) (c,d). The red arrows show ER3 and Ibal
co-localization in macrophages. Nuclei were counterstained with DAPI (blue). (Scale bars in A,B, 30 pm).

involving in survival in hypoxia. As obesity develops, HIF-1« is activated in macrophages in adipose tissue?.
HIF-1a-activated macrophages are accumulated in CLS?*. In CLS M1 polarization of macrophages is induced by
HIF-1a activation through elevating glycolysis®.

Estrogen receptor 3 (ERB) is expressed in microglia, macrophages within the central nervous sys-
tem (CNS)?®¥. In experimental autoimmune encephalomyelitis (EAE) mice stimulating ER(3 evokes an
anti-inflammatory response by inhibiting activated microglia®”25.

In the present study, by using ER3 knock out (ER3—/—) mice and wild type (WT) mice with obesity induced
by consumption of a Western diet (WD), we found that ERJ regulates the number of CLS in subcutaneous adi-
pose tissue (SAT) and visceral adipose tissue (VAT) as well as activation of macrophages in CLS.

Results

ERQ is expressed in macrophages in CLS but not in monocytes in blood. Macrophages in CLS
are mostly derived from monocytes in blood. To identify whether ERJ is expressed in monocytes in blood or in
macrophages in CLS, we used double fluorescent staining with antibodies for ER3 503/CD11b (marker for mouse
monocytes) in mouse blood smear samples and ER(3 503/Ibal (maker for macrophages) on mouse adipose tissue.
There was no co-localization between ER3 and CD11b although there were ER3-nuclear-positive cells (Fig. 1Aa-d).
However, ER3 co-localized in cells with Ibal in CLS (Fig. 1Ba-d). Thus ER(3 expresses in macrophages in CLS, not
in monocytes. HeLa cells transfected with vehicle, ER31, ER32 or ERa were used to verify ER3 503 antibody. The
ERQ 503 antibody only stained HeLa cells transfected ER31 (Fig. s1Ab). No positive staining was found in HeLa cells
transfected with vehicle, ER32 or ERa (Fig. s1Aa,c,d). To further confirm ER@ 503 antibody staining is specific on
mouse tissue, immunohistochemistry was performed on SAT (from mammary glands) sections. ER(3 was localized
in the nuclei of the macrophages within CLS in SAT of WT mice. No ER3 positive cells were found in ER3—/— mice
(Fig. s1Ba,b). These results proved that the ER3 503 antibody is specific.

Loss of ER(3 leads to an increase of CLS in both SAT and VAT. To investigate whether there is an
increase in the number of CLS in adipose tissue, both SAT (from mammary glands) and VAT (from mesenteric
adipose tissue) were analyzed. Because CLS are microscopic foci of dying adipocytes surrounded by macrophages,
Ibal staining was performed to identify CLS. There were a few CLS in both SAT and VAT in 12-month-old WT
mice (Fig. 2Aa,b). However, in ER3—/— mice? there were much more CLS in both SAT and VAT (Fig. 2Ac,
Ad and 2B, 2C). To further identify which subtype of macrophages dominated in CLS, we used IHC staining
for M1 macrophage makers (IL-103 and iNOS) or M2 macrophage maker (cd206). Macrophages in CLS were
strongly stained for M1 macrophage makers (compared to WT mice IL-103 and iNOS staining is much stronger
in ERB—/— mice) with very weak staining for cd206 (Fig. s2). Thus we conclude that CLS are dominated by M1
macrophages. No significant difference in body weight (W'T: 33.9 £2.99 g vs ER3—/—: 34.47 +-2.90 g) was found
between WT mice and ER3—/— mice.
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Figure 2. Increase of CLS number in both SAT and VAT of ER3—/— mice. (A) Ibal staining in SAT and VAT.
In WT mice, there were a few CLS (red square) in both SAT and VAT (a,b). In ER3—/— mice, the number of
CLS was much higher (*P < 0.01) than that in SAT or VAT of WT mice (Ac, d and B,C). For each picture, a
close-up view of a CLS has been included. (Scale bars in A, 500 pm).

Macrophages without ER3 express more OPN with higher proliferation. OPN in activated mac-
rophages induced macrophage proliferation in a manner similar to that induced by macrophage colony stimulating
factor (M-CSF). Even in fully differentiated macrophages, OPN still induced a proliferative response!®. We used
OPN fluorescent staining to determine whether there was a change in OPN expression in macrophages within
CLS. Macrophages in CLS of WT mice did express OPN in cytoplasm (Fig. 3Aa-c,Ba—c), but in ER3—/— mice, the
macrophages had high levels of OPN (Fig. 3Ca-c,Da-c). It was increased about 3-fold in ER3—/— mice (Fig. 3E,F).
We used Ki67 staining to determine whether higher expression of OPN correlated with higher cell proliferation.
Only scattered Ki67-positive cells were found in CLS of WT mice (Fig. s3Aa,b). Ki67-positive cells in CLS were
clearly higher in the ER3—/— mouse (Fig. s3Ac,d). Percentages of Ki67-positive cells in the ER3—/— mouse were
significant higher than that in WT mice (Fig. s3B,C). The number of macrophages per CLS was calculated to iden-
tify whether there was a difference between WT mice and ER3—/— mice. In SAT number of macrophages/CLS in
WT mice and ER3—/— mice was 14.17 +-1.72 and 24.41 £ 2.16 respectively. It was 11.5241.39 and 17.66 4-1.85 in
VAT. The differences in both SAT and VAT were significant (p < 0.05). These data show that macrophages in CLS of
ERB—/— mice express higher level of OPN and proliferate more than macrophages in CLS of WT mice.

HIF-1ocis unchanged with increased PHD2 in macrophages in CLS of ER3—/— mice. Macrophages
in CLS are both hypoxic and inflammatory. HIF-1o in macrophage was involved in the formation of CLS, further
enhancing the inflammatory responses*. HIF-1c immunohistochemistry confirmed that HIF1a was expressed in
both cytoplasm and nuclei of macrophages in WT mice and ER3—/— mice (Fig. 4Aa-d). This result confirmed that
macrophages are hypoxic once CLS are formed. There were no significant differences in percentage of nuclear HIF-
la-positive cells in either SAT (Fig. 4B) or VAT (Fig. 4C). Macrophages outside CLS were not hypoxic in WT mice
(black arrows indicate macrophages outside CLS in insert pictures in Fig. 4Ab). It has been reported that ER(3 acti-
vation increases PHD2 (a HIF inhibitor) and decreased HIF-1a expression. However, we found that PHD2 in mac-
rophages of ER3—/— mice was 3- to 4-fold higher than that in macrophages of WT mice (Fig. s4). It has been report
that these ER3—/— mice, by 5 months of age, have fewer alveoli and reduced elastic recoil, which leads to systemic
hypoxia®**!. H&E staining of 12 m-old ER3—/— mouse lung also showed abnormal lung structure with fewer cells
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Figure 3. Increased expression of OPN in macrophages in CLS of ER3—/— mice. (A-D) OPN fluorescent
staining in SAT and VAT. OPN was expressed in macrophages in CLS of WT mice both in SAT and VAT (A, B).
OPN fluorescent intensity was much stronger in macrophages in CLS of ER3—/— mice (C,D). (E,F) Expression
of OPN was increased about 3 folds in ER3—/— mice (*P < 0.01). (Scale bars in A-D, 50 um).

WT KO

in lung parenchyma and more empty spaces (Fig. s5). This indicates that ER3—/— mice also have systemic hypoxia.
Increased PHD?2 in macrophage may be a response to systemic hypoxia.

An ER(3 agonist reduces number of CLS in WD-induced obese mice. ERS has anti-inflammatory
actions and an ER( agonist has been used to repress activation of microglia in the CNS*>?%. LY3201 administra-
tion to mice resulted in a marked reduction of CLS number in both SAT and VAT of WD-induced obese mice
(Fig. 5Aa-d,B,C). In addition, expression of the proinflammatory cytokine IL-13, and TNF« in macrophages
was also downregulated in CLS by LY3201 treatment (Fig. s6). No significant difference in body weight (Veh:
41.1+£2.04gvs LY: 39.8 g+ 1.92 g) was found between vehicle-treated mice and LY3201-treated mice.

An ER{ agonist inhibits macrophage proliferation with down-regulating osteopontin. In
ERB—/— mice, macrophages in CLS expressed much higher level of OPN than that in WT mice. LY3201
treatment significantly downregulated OPN expression in macrophages in CLS (Fig. 6A-F). Overall LY3201
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Figure 4. No significant change of HIF-1a expression in macrophages in CLS. (A) HIF-1a staining in SAT and
VAT. HIF-1a can be detected in both cytoplasm and nucleus (red arrows). HIF-1a stained in both cytoplasm
and nucleus of macrophages in WT mice (a,b). In ER3—/— mice, HIF-1c also stained in both cytoplasm and
nucleus of macrophages (c,d). Macrophages outside CLS were not hypoxic in WT mice (black arrows in insert
pictures in b). (B,C) No significant change in ratio of nuclear HIF-1a-positive cells was found between WT
mice and ER3—/— mice. (Scale bars in Aa—-d, 50 pm).

administration resulted in reduction in OPN expression and loss of ERQ resulted in increased OPN expression.
Ki67 immunohistochemistry was performed to investigate whether LY3201 repressed cell proliferation. We
demonstrated that after seven days of LY3201 treatment, there was a significant decrease in ratio of Ki67-positive
cells in CLS (Fig. s7). The number of macrophages per CLS was calculated to identify whether LY3201 treat-
ment decreased it. In SAT number of macrophages/CLS in vehicle-treated mice and LY3201-treated mice was
15.31+1.96 and 8.73 £ 1.53 respectively. In VAT it was 16.29 £1.62 and 9.48 4= 1.75. LY3201 treatment signifi-
cantly decreased the number of macrophages/CLS (p < 0.05).

An ER( agonist decreases HIF-1a expression and nuclear translocation with up-regulating
PHD2 in macrophages. In vehicle-treated mice, macrophages highly expressed HIF-1a in both the cyto-
plasm and nucleus (active HIF-1a) (Fig. 7a,b). LY3201 treatment downregulated HIF-1c cytoplasm expression
and caused a clear decreased nuclear HIF-1« (Fig. 7¢,d). In addition, we demonstrated that PHD2 expression
was significantly upregulated in macrophages by LY3201 treatment (Fig. s8). Overall LY3201 treatment inhibits
HIF-1o expression and up-regulates PHD2 in macrophages within CLS.

Activation of ER3 does not reduce number of CLS or inhibit macrophage proliferation in
ERB—/— mice. To further confirm that the effect of LY3201 on macrophage in CLS was mediated by ER3,
we treated 6-month old ER3—/— mice with vehicle or LY3201. In the SAT of ER3—/— mice LY3201 treat-
ment failed to reduce the number of CLS (Fig. 8Aa,c,B) or to inhibit macrophage proliferation (Fig. 8Ab,d,C).
These results suggested that LY3201 is an effective ERB3-selective agonist, and activation of ER3 is responsible
for LY3201-caused decreasing in number of CLS and inhibiting of macrophage proliferation in CLS in adipose
tissues.
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Figure 5. Decrease in CLS number in both SAT and VAT of WD-induced obese mice by LY3201 treatment. (A)
Ibal staining in SAT and VAT. In vehicle-treated mice, there were many CLS in both SAT and VAT (a,b). There
were much less CLS in both SAT and VAT of LY3201-treated mice (c,d). (B,C) LY3201 treatment significantly
decreased CLS number in both SAT and VAT (*P < 0.01). For each picture, a close-up view of a CLS has been
included. (Scale bars in A, 500 pm).

Discussion

In the present study, we demonstrated that mice without ER(3 have a significant increase of CLS number in both
SAT and VAT. Macrophages in CLS in ER3—/— mice express higher OPN and proliferate more. LY3201 (an ER3
selective agonist) treatment reduces the number of CLS in adipose tissue with downregulating OPN and HIF-1c
in macrophages of mice made obese by Western-diet. Furthermore, we demonstrate LY3201 inhibits macrophage
proliferation and upregulates PHD2, the enzyme which prevents HIF-1a activation.

CLS, accumulation of macrophages that surround dead or dying adipocytes, are markers of chronic inflam-
mation in adipose tissues. With increased body mass index (BMI) CLS number is increased in postmenopau-
sal women?2. CLS were reported associating with obesity and a proinflammatory, pro-carcinogenic process®.
Presence of CLS negatively correlates with outcomes in female with ERa-positive breast cancers®. CLS-related
carcinogenic processes can be reversed by weight-loss or chemopreventive agents in mice****. Macrophages
within CLS in adipose tissue are also known to play important roles in the pathophysiology of IR and to be related
to systemic IR®. Thus reducing CLS may be used to alleviate CLS-related breast cancer and insulin resistance.

Macrophages are the main components of CLS. It has been reported that macrophages in mice express ERa”3%.
In the present study, we found with immunohistochemistry and immunofluorescence that ERJ is expressed
in mouse macrophages even though it is not detectable in monocytes in the blood. This result confirmed that
ERQ selective agonist is able to target macrophage directly. It has been reported that hypoxia increased ERG,
but not ERa expression in both human and rat pulmonary artery endothelial cells (PAECs)*. ER3 mRNA is
time-dependently increased when PAECs were exposed to hypoxia. ER3 expression in PAEC is increased by
normoxic HIF-1a stabilization, while ER3 expression in hypoxic PAECs is decreased by HIF-1a knockdown?.
The present study demonstrated either macrophages in CLS in WT mice or in ER3—/— mice expressed HIF-1a
in nuclei (active HIF-1a). It also showed that macrophages are hypoxic in CLS. More studies are needed to inves-
tigate whether ER( in macrophages within CLS is also induced by hypoxia through HIF signaling.

Two polarized phenotypes, pro-inflammatory macrophages (classically activated M1 macrophages) and
constructive macrophages (alternatively activated M2 macrophages), of activated macrophages have been
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Figure 6. Downregulation of OPN expression in macrophages in CLS by LY3201 treatment. (A-D) OPN
fluorescent staining in SAT and VAT. Macrophages in CLS of vehicle-treated mice expressed high level of
OPN both in SAT and VAT(A,B). OPN staining was much weaker in macrophages in CLS of mice treated by
LY3201(C,D). (E,F) Expression of OPN was downregulated about 60% by LY3201 (*P < 0.01). (Scale bars in
A-D, 50 pm).

identified*’. M1 macrophages are involving in inflammatory diseases and host’s defense against infection*!. M2
macrophages are relating to tissue remodeling and inflammation relief*?. In the present study, we found that
in CLS the dominant macrophages were M1 macrophages with high expression of IL-1(3 and iNOS. LY3201
administration not only decreased the number of CLS but also significantly inhibited inflammatory factors in
macrophages within CLS.

OPN expressed by activated macrophages has an important role in cell-mediated immunity'®. OPN played a
key role in the development of insulin resistance through promoting macrophage accumulation and enhancing
inflammation in adipose tissue*’. Moreover, even in fully differentiated macrophages OPN still induces mac-
rophage proliferation. In this study, our results show that macrophages in CLS of ER3—/— mice expressed
much higher level of OPN with higher cell proliferation. Thus high expression of OPN in the ER3—/— mouse
may promote macrophage proliferation. Furthermore, LY3201 treatment significantly repressed macrophage
proliferation with downregulated OPN expression. Overall LY3201 treatment resulted in reduction in OPN
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Figure 7. Decrease in HIF-1a expression and nuclear translocation in macrophages upon treatment with
LY3201. There was strong HIF-1a expression in both cytoplasm and nuclei in macrophages of the vehicle-
treated mice (red arrows) (a,b). LY3201 downregulated HIF-1a cytoplasm expression and obviously decreased
nuclear HIF-1a (c,d). For each picture, a close-up view has been included. (Scale bars in a-d, 50 pm).

expression and lacking ERJ resulted in upregulated OPN expression. This result gives a possible explanation for
the anti-proliferative effect of ER3 in macrophages within CLS.

CLS formed by HIF-1a-activated macrophages are the major sites of hypoxia in later stages of obesity*!. M1
polarization of macrophages is further induced by HIF-1 activation®. Thus, HIF-1a in macrophages may be
a potential therapeutic target for CLS-related diseases. In hypoxic PAECs, knockdown ERQ leads to a decrease
expression of PHD2 (HIF-1« inhibitor), while activation of ERB causes an increase of PHD2 and decreases
HIF-1a. These data suggest that PHD2/HIF-1a axis is regulated by ER3 during hypoxia®. Either macrophage
in WT mice or in ER3—/— mice expressed HIF-1a in both cytoplasm and nuclei indicating that macrophages
are hypoxic once CLS are formed. However, the interesting finding in this study is that PHD2 in macrophages
was upregulated in ER3—/— mice. To explain this unexpected finding, H&E staining of the ER3—/— mouse lung
was performed. Abnormal lung structure with less cells and more empty spaces was found. This indicates that
ERB—/— mice have systemic hypoxia. Increased PHD2 in macrophage may be a response to systemic hypoxia.
However, in diet-induced obese mice, LY3201 treatment significantly decreased HIF-1a expression in both cyto-
plasm and nuclei in macrophages. We further demonstrated that HIF-1« expression inhibited by LY3201 was
mediated though up-regulated PHD?2 in macrophages within CLS.

Six-month old ER3—/— mice were treated with vehicle or LY3201 to confirm that the effect of LY3201 on
macrophage in CLS is mediated by ER(. No effect was found on the number of CLS or on proliferation of mac-
rophage. It proved that activation of ER3 is responsible for LY3201-induced decreasing in number of CLS and
inhibiting of macrophage proliferation in CLS. In our previous study*, to rule out LY3201 acting through ERq,
ERa—/— female mice at 1-year-old age were treated by LY3201 for 3 days. Similar to WT mice, LY3201 treatment
still increased browning of SAT without correcting the abnormalities in the ovary and uterus of ERo—/— mice.
Based on the previous finding, the effect of LY3201 in this study is not mediated by ERa even there is ERa in
macrophages.

Overall our data prove that ER plays a key role for in CLS formation by regulating OPN and HIF-1c in mac-
rophages within CLS and suggest that stimulating ER3 in macrophage should be useful in treating CLS-related
disorders.

Materials and Methods

Materials and animals. LY3201 (3aS, 4R, 9bR)-2, 2-difluoro-4-(4-hydroxyphenyl)-3, 3a, 4, 9b-tetrahy-
dro-1H-cyclopenta[c] chromen-8-ol (CAS 787621-78-7), an ER( agonist, was from Eli Lilly. The animal studies
were approved by the local Animal Experimentation Ethics Committee for animal experimentation (University
of Houston animal protocol 09-036). All experimental protocols were adhered to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. Effort was made to minimize the number of mice and
their suffering. In this study, 12-month old ER3—/— (B6.129P2-Esr2tm1Unc/J, The Jackson Laboratory) and
their littermate female mice (five mice for each group) and 5-month old C57BL/6 male mice were used for exper-
iments. Ten C57BL/6 male mice were induced to be obese by Western diet (Research Diets Inc. NJ, USA. Cat#:
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Figure 8. No change of CLS Number or Macrophage Proliferation in ER3—/— mice treated by LY3201. (A)
Ibal and Ki67 staining in SAT. In either vehicle-treated or LY3201-treated ER3—/— mice, there were many CLS
in SAT (a,c). Ki67-positive cells were found in CLS in SAT of either vehicle-treated or LY3201-treated ER3—/—
mice (b,d). (B,C) No significant difference was found in CLS number or in ratio of Ki67-positive cells in CLS
between vehicle-treated and LY3201-treated ER3—/— mice. (Scale bars in a,c, 500 pm; b,d, 50 pm).

D12079B. Its caloric composition is 17 kcal% protein, 43 kcal% carbohydrate, and 40 kcal% fat. Every gram of its
ingredient contains 4.67 kcal calorie) and then randomly separated into 2 groups: (1) Mice treated with Vehicle
(n=5); (2) Mice treated with LY3201 (n=5). To confirm that the effect of LY3201 on CLS was mediated by
ERB 6-month old ER3—/— (B6.129P2-Esr2tm1Unc/], The Jackson Laboratory) female mice were treated by
either vehicle (n =4) or LY3201 (n=4). LY3201 was used as pellets (0.04 mg/d) made by Innovative Research of
America (2 North Tamiami Trail, Suite 404. Sarasota, Florida 34236)***° and implanted on the lateral side of the
neck between the ear and the shoulder. The mice were treated by either vehicle pellets or LY3201 pellets for 7 days.
All mice were anesthetized by CO, and transcardially perfused with 1XPBS followed by 4% paraformaldehyde (in
0.1 M PBS, pH7.4). SAT and VAT were dissected and postfixed in 4% paraformaldehyde overnight at 4 °C. Tissues
were processed for paraffin sections at thickness of 5 pm after fixation.

Immunohistochemistry. Paraffin-embedded sections were processed for antigen retrieval with 10mM
citrate buffer (pH 6.0) in a Lab Vision PT module (Thermo Scientific) After dewaxed in xylene, rehydrated.
Buffer composed of 50% (vol/vol) methanol and 3% (vol/vol) H,0, was used to quench endogenous peroxi-
dase and then 3% (wt/vol) BSA with 0.1% Nonidet P-40 in PBS was used to block unspecific binding. Sections
were then incubated with anti-ERB (1:100; in house ER( antibody mapping the C-terminus part**-*%), anti-Ibal
(1:5000; Abcam), anti-IL-10 (1:100; Abcam), anti-IL-6 (1:50; Abcam), anti-TNFa (1:100; Abcam), anti-iNOS
(1:100; Millipore), anti- Arginasel(1:100; Abcam), anti-Cd206 (1:100; Abcam), anti-Ki67 (1:2000; Abcam),
anti-HIF-1a (1:100; Novus Biologicals), and anti-PHD2 (1:100; Novus Biologicals) at 4 °C for overnight. In neg-
ative controls primary antibodies were replaced by 3% BSA. Sections were incubated with HRP polymer kit
(Biocare Medical; GHP516) for 30 min after washing, followed by 3, 3-diaminobenzidine tetrahydrochloride as
the chromogen. Immunofluorescence was performed as described before®!. Sections were incubated overnight
with anti-OPN(1:100; Abcam), anti-Cd11b (1:100; Abcam) and anti-ER( (1:100; in house) or anti-Ibal (1:5000;
Abcam) and anti-ER(3 (1:100; made in our laboratory) at 4 °C after blocking nonspecific binding in 3% BSA.
Primary antibodies were detected with donkey anti rabbit FITC (1:400; Jackson Immuno Research), donkey anti
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chicken FITC (1:400; Jackson Immuno Research) and donkey anti mouse Cy3 (1:400; Jackson Immuno Research),
donkey anti chicken Cy3 (1:400; Jackson Immuno Research) and donkey anti rabbit FITC (1:400; Jackson
Immuno Research). To label nuclei sections were counterstained with Vectashield mounting medium containing
4/, 6'-diamidino-2-phenylindole (DAPI) (Vector). Every fifth slide from 25 consecutive slices i.e., five slices from
each mouse were stained. The Image] software was used to quantitate of levels of immunoreactivity. Before statis-
tic analyze, wild type mice or vehicle-treated mice were set as standard.

Data analysis. Data are expressed as mean + SD; GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA,
USA) was used for statistical analysis. Statistical comparisons were made by using a one-way ANOVA followed by
the Newman-Keuls post hoc test or using Kruskal-Wallis test followed by Dunns post test or using Paired t-Test.
P < 0.05 was considered to indicate statistical significance. The investigators who analyzed the imaging data were
blinded to sample condition.

Received: 11 March 2019; Accepted: 15 October 2019;
Published online: 31 October 2019

References

1. Iyengar, N. M. et al. Metabolic Obesity, Adipose Inflammation and Elevated Breast Aromatase in Women with Normal Body Mass
Index. Cancer Prev Res (Phila) 10, 235-243, https://doi.org/10.1158/1940-6207.CAPR-16-0314 (2017).

2. Carter, J. M. et al. Macrophagic “Crown-like Structures” Are Associated with an Increased Risk of Breast Cancer in Benign Breast
Disease. Cancer Prev Res (Phila) 11, 113-119, https://doi.org/10.1158/1940-6207.CAPR-17-0245 (2018).

3. Cha, Y.J,, Kim, E. S. & Koo, J. S. Tumor-associated macrophages and crown-like structures in adipose tissue in breast cancer. Breast
Cancer Res Treat 170, 15-25, https://doi.org/10.1007/s10549-018-4722-1 (2018).

4. Takikawa, A. et al. HIF-1a in Myeloid Cells Promotes Adipose Tissue Remodeling Toward Insulin Resistance. Diabetes 65,
3649-3659, https://doi.org/10.2337/db16-0012 (2016).

5. van Diepen, J. A. et al. SUCNR1-mediated chemotaxis of macrophages aggravates obesity-induced inflammation and diabetes.
Diabetologia 60, 1304-1313, https://doi.org/10.1007/s00125-017-4261-z (2017).

6. Olefsky, J. M. & Glass, C. K. Macrophages, Inflammation, and Insulin Resistance. Annu Rev Physiol 72, 219-46, https://doi.
org/10.1146/annurev-physiol-021909-135846 (2010).

7. Morris, P. G. et al. Inflammation and increased aromatase expression occur in the breast tissue of obese women with breast cancer.
Cancer Prev Res 4, 1021-1029, https://doi.org/10.1158/1940-6207.CAPR-11-0110 (2011).

8. Mullooly, M. et al. Relationship between crown-like structures and sex-steroid hormones in breast adipose tissue and serum among
postmenopausal breast cancer patients. Breast Cancer Res 19, 8, https://doi.org/10.1186/s13058-016-0791-4 (2017).

9. Jung, U. J. & Choi, M. S. Obesity and its metabolic complications: the role of adipokines and the relationship between obesity,
inflammation, insulin resistance, dyslipidemia and nonalcoholic fatty liver disease. Int ] Mol Sci 15, 6184-6223, https://doi.
org/10.3390/ijms15046184 (2014).

10. Glass, C. K. & Olefsky, J. M. Inflammation and lipid signaling in the etiology of insulin resistance. Cell Metab 15, 635-645, https://
doi.org/10.1016/j.cmet.2012.04.001 (2012).

11. Hotamisligil, G. S. Inflammation, metaflammation and immunometabolic disorders. Nature 542, 177-185, https://doi.org/10.1038/
nature21363 (2017).

12. Iyengar, N. M., Gucalp, A., Dannenberg, A. J. & Hudis, C. A. Obesity and Cancer Mechanisms: Tumor Microenvironment and
Inflammation. J Clin Oncol 34, 4270-4276, https://doi.org/10.1200/JCO.2016.67.4283 (2016).

13. Thomou, T. et al. Adipose-derived circulating miRNAs regulate gene expression in other tissues. Nature 542, 450-455, https://doi.
org/10.1038/nature21365 (2017).

14. Nishimoto, S. et al. Obesity-induced DNA released from adipocytes stimulates chronic adipose tissue inflammation and insulin
resistance. Sci Adv 2, 1501332, https://doi.org/10.1126/sciadv.1501332 (2016).

15. Kahles, E, Findeisen, H. M. & Bruemmer, D. Osteopontin: a novel regulator at the cross roads of inflammation, obesity and diabetes.
Molecular Metabolism. 3, 384-393, https://doi.org/10.1016/j.molmet.2014.03.004 (2014).

16. Rittling, S. R. Osteopontin in macrophage function. Expert Rev Mol Med 13, el5, https://doi.org/10.1017/51462399411001839
(2011).

17. Zeyda, M. et al. Newly identified adipose tissue macrophage populations in obesity with distinct chemokine and chemokine receptor
expression. Int | Obes (Lond) 34, 1684-1694, https://doi.org/10.1038/1j0.2010.103 (2010).

18. Kiefer, E W. et al. Neutralization of osteopontin inhibits obesity-induced inflammation and insulin resistance. Diabetes 59, 935-946,
https://doi.org/10.2337/db09-0404 (2010).

19. Tardelli, M. et al. Osteopontin is a key player for local adipose tissue macrophage proliferation in obesity. Mol Metab 5, 1131-1137,
https://doi.org/10.1016/j.molmet.2016.09.003 (2016).

20. Semenza, G. L. Hypoxia-inducible factor 1: oxygen homeostasis and disease pathophysiology. Trends Mol Med 7, 345-350 (2001).

21. Semenza, G. L. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 3, 721-732, https://doi.org/10.1038/nrc1187 (2003).

22. Ivan, M. et al. HIFalpha targeted for VHL-mediated destruction by proline hydroxylation: implications for O2 sensing. Science 292,
464-468, https://doi.org/10.1126/science.1059817 (2001).

23. Jian, C. et al. Disruption of hypoxiainducible factor 1 in adipocytes improves insulin sensitivity and decreases adiposity in high-fat
diet-fed mice. Diabetes 60, 2484-2495, https://doi.org/10.2337/db11-0174 (2001).

24. Fujisaka, S. et al. Adipose tissue hypoxia induces inflammatory M1 polarity of macrophages in an HIF-1a-dependent and HIF-1a-
independent manner in obese mice. Diabetologia 56, 1403-1412, https://doi.org/10.1007/s00125-013-2885-1 (2013).

25. Wang, T. et al. HIF1a-Induced Glycolysis Metabolism Is Essential to the Activation of Inflammatory Macrophages. Mediators
Inflamm 2017, 9029327, https://doi.org/10.1155/2017/9029327 (2013).

26. Hidalgo-Lanussa, O. et al. Tibolone Reduces Oxidative Damage and Inflammation in Microglia Stimulated with Palmitic Acid
through Mechanisms Involving Estrogen Receptor Beta. Mol Neurobiol 55, 5462-5477, https://doi.org/10.1007/s12035-017-0777-y
(2018).

27. Wu, W.E et al. Targeting estrogen receptor (3 in microglia and T cells to treat experimental autoimmune encephalomyelitis. Proc Natl
Acad Sci USA 110, 3543-3548, https://doi.org/10.1073/pnas.1300313110 (2013).

28. Saijo, K., Collier, J. G., Li, A. C., Katzenellenbogen, J. A. & Glass, C. K. An ADIOL-ERB-CtBP transrepression pathway negatively
regulates microglia-mediated inflammation. Cell 145, 584-595, https://doi.org/10.1016/j.cell.2011.03.050 (2011).

29. Krege, J. H. et al. Generation and reproductive phenotypes of mice lacking estrogen receptor beta. Proc Natl Acad Sci USA 95,
15677-15682 (1998).

30. Morani, A. et al. Lung dysfunction causes systemic hypoxia in estrogen receptor 3 knockout mice. Proc Natl Acad Sci USA 103,
7165-7169, https://doi.org/10.1073/pnas.0602194103 (2006).

SCIENTIFIC REPORTS |

(2019) 9:15762 | https://doi.org/10.1038/s41598-019-52265-8


https://doi.org/10.1038/s41598-019-52265-8
https://doi.org/10.1158/1940-6207.CAPR-16-0314
https://doi.org/10.1158/1940-6207.CAPR-17-0245
https://doi.org/10.1007/s10549-018-4722-1
https://doi.org/10.2337/db16-0012
https://doi.org/10.1007/s00125-017-4261-z
https://doi.org/10.1146/annurev-physiol-021909-135846
https://doi.org/10.1146/annurev-physiol-021909-135846
https://doi.org/10.1158/1940-6207.CAPR-11-0110
https://doi.org/10.1186/s13058-016-0791-4
https://doi.org/10.3390/ijms15046184
https://doi.org/10.3390/ijms15046184
https://doi.org/10.1016/j.cmet.2012.04.001
https://doi.org/10.1016/j.cmet.2012.04.001
https://doi.org/10.1038/nature21363
https://doi.org/10.1038/nature21363
https://doi.org/10.1200/JCO.2016.67.4283
https://doi.org/10.1038/nature21365
https://doi.org/10.1038/nature21365
https://doi.org/10.1126/sciadv.1501332
https://doi.org/10.1016/j.molmet.2014.03.004
https://doi.org/10.1017/S1462399411001839
https://doi.org/10.1038/ijo.2010.103
https://doi.org/10.2337/db09-0404
https://doi.org/10.1016/j.molmet.2016.09.003
https://doi.org/10.1038/nrc1187
https://doi.org/10.1126/science.1059817
https://doi.org/10.2337/db11-0174
https://doi.org/10.1007/s00125-013-2885-1
https://doi.org/10.1155/2017/9029327
https://doi.org/10.1007/s12035-017-0777-y
https://doi.org/10.1073/pnas.1300313110
https://doi.org/10.1016/j.cell.2011.03.050
https://doi.org/10.1073/pnas.0602194103

www.nature.com/scientificreports/

31. Wu, W.E et al. Estrogen receptor (3, a regulator of androgen receptor signaling in the mouse ventral prostate. Proc Natl Acad Sci USA
114, E3816-E3822, https://doi.org/10.1073/pnas.1702211114 (2017).

32. Iyengar, N. M. et al. Systemic correlates of white adipose tissue inflammation in early-stage breast cancer. Clin Cancer Res 22,
2283-2289, https://doi.org/10.1158/1078-0432.CCR-15-2239 (2016).

33. Subbaramaiah, K. et al. Obesity is associated with inflammation and elevated aromatase expression in the mouse mammary gland.
Cancer Prev Res (Phila). 4, 329-346, https://doi.org/10.1158/1940-6207.CAPR-10-0381 (2011).

34. Bhardwaj, P. et al. Estrogen protects against obesity-induced mammary gland inflammation in mice. Cancer Prev Res (Phila) 8,
751-759, https://doi.org/10.1158/1940-6207.CAPR-15-0082 (2015).

35. Bhardwaj, P. et al. Caloric restriction reverses obesity-induced mammary gland inflammation in mice. Cancer Prev Res (Phila) 6,
282-289, https://doi.org/10.1158/1940-6207.CAPR-12-0467 (2013).

36. Sun, K., Kusminski, C. M. & Scherer, P. E. Adipose tissue remodeling and obesity. J Clin Invest 121, 2094-2101, https://doi.
org/10.1172/JCI45887 (2011).

37. Calippe, B. et al. 17Beta-estradiol promotes TLR4-triggered proinflammatory mediator production through direct estrogen receptor
alpha signaling in macrophages in vivo. ] Immunol 185, 1169-1176, https://doi.org/10.4049/jimmunol.0902383 (2010).

38. Campbell, L. Estrogen receptor-alpha promotes alternative macrophage activation during cutaneous repair. J Invest Dermatol 134,
2447-2457, https://doi.org/10.1038/jid.2014.175 (2014).

39. Frump, A. L. et al. Hypoxia up-regulates estrogen receptor 3 in pulmonary artery endothelial cells in a HIF-1a dependent manner.
Am ] Respir Cell Mol Biol 59, 114-126, https://doi.org/10.1165/rcmb.2017-01670C (2018).

40. Martinez, F. O. The M1 and M2 paradigm of macrophage activation: time for reassessment. F1000Prime Rep 6, 13, https://doi.
org/10.12703/P6-13 (2014).

41. Sica, A. & Bronte, V. Altered macrophage differentiation and immune dysfunction in tumor development. J Clin Invest 117,
1155-1166, https://doi.org/10.1172/JCI31422 (2007).

42. Tan, Z. et al. Pyruvate dehydrogenase kinase 1 participates in macrophage polarization via regulating glucose metabolism. J
Immunol 194, 6082-6089, https://doi.org/10.4049/jimmunol.1402469 (2015).

43. Nomiyama, T. Osteopontin mediates obesity-induced adipose tissue macrophage infiltration and insulin resistance in mice. J Clin
Invest 117, 2877-2888, https://doi.org/10.1172/JCI31986 (2007).

44. Miao, Y. F. et al. An ERB agonist induces browning of subcutaneous abdominal fat pad in obese female mice. Sci Rep. 6, 38579,
https://doi.org/10.1038/srep38579 (2016).

45. D’Errico, F et al. Estrogen receptor (3 controls proliferation of enteric glia and differentiation of neurons in the myenteric plexus after
damage. Proc Natl Acad Sci USA 115, 5798-5803, https://doi.org/10.1073/pnas.1720267115 (2018).

46. Dall, G. V. et al. Estrogen receptor subtypes dictate the proliferative nature of the mammary gland. ] Endocrinol. 237, 323-336,
https://doi.org/10.1530/JOE-17-0582 (2018).

47. Maneix, L. et al. Estrogen receptor (3 exon 3-deleted mouse: The importance of non-ERE pathways in ER3 signaling. Proc Natl Acad
Sci USA 112, 5135-5140, https://doi.org/10.1073/pnas.1504944112 (2015).

48. Fan, X., Warner, M. & Gustafsson, J. A. Estrogen receptor beta expression in the embryonic brain regulates development of
calretinin-immunoreactive GABAergic interneurons. Proc Natl Acad Sci USA 103, 19338-19343 (2006).

Acknowledgements

This work was supported by grants from the Robert A. Welch Foundation (E-0004), the Brockman Foundation
(G0500851) and the Swedish Cancer Society. We thank Dr. Bilqees Bhatti for processing and cutting tissues, Dr.
Guilherme Godoy from Baylor College of Medicine for sharing HeLa cells transfected with vehicle, ER31, ER32
or ERau.

Author contributions
W.W. and L.W. designed research; WW., L.W,, R.Z. and X.S. performed research; W.W. and L.W. wrote the paper.
All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52265-8.

Correspondence and requests for materials should be addressed to W.-£.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15762 | https://doi.org/10.1038/s41598-019-52265-8


https://doi.org/10.1038/s41598-019-52265-8
https://doi.org/10.1073/pnas.1702211114
https://doi.org/10.1158/1078-0432.CCR-15-2239
https://doi.org/10.1158/1940-6207.CAPR-10-0381
https://doi.org/10.1158/1940-6207.CAPR-15-0082
https://doi.org/10.1158/1940-6207.CAPR-12-0467
https://doi.org/10.1172/JCI45887
https://doi.org/10.1172/JCI45887
https://doi.org/10.4049/jimmunol.0902383
https://doi.org/10.1038/jid.2014.175
https://doi.org/10.1165/rcmb.2017-0167OC
https://doi.org/10.12703/P6-13
https://doi.org/10.12703/P6-13
https://doi.org/10.1172/JCI31422
https://doi.org/10.4049/jimmunol.1402469
https://doi.org/10.1172/JCI31986
https://doi.org/10.1038/srep38579
https://doi.org/10.1073/pnas.1720267115
https://doi.org/10.1530/JOE-17-0582
https://doi.org/10.1073/pnas.1504944112
https://doi.org/10.1038/s41598-019-52265-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Targeting ERβ in Macrophage Reduces Crown-like Structures in Adipose Tissue by Inhibiting Osteopontin and HIF-1α

	Results

	ERβ is expressed in macrophages in CLS but not in monocytes in blood. 
	Loss of ERβ leads to an increase of CLS in both SAT and VAT. 
	Macrophages without ERβ express more OPN with higher proliferation. 
	HIF-1α is unchanged with increased PHD2 in macrophages in CLS of ERβ−/− mice. 
	An ERβ agonist reduces number of CLS in WD-induced obese mice. 
	An ERβ agonist inhibits macrophage proliferation with down-regulating osteopontin. 
	An ERβ agonist decreases HIF-1α expression and nuclear translocation with up-regulating PHD2 in macrophages. 
	Activation of ERβ does not reduce number of CLS or inhibit macrophage proliferation in ERβ−/− mice. 

	Discussion

	Materials and Methods

	Materials and animals. 
	Immunohistochemistry. 
	Data analysis. 

	Acknowledgements

	Figure 1 Expression of ERβ in monocytes of blood smear and macrophages in CLS.
	Figure 2 Increase of CLS number in both SAT and VAT of ERβ−/− mice.
	Figure 3 Increased expression of OPN in macrophages in CLS of ERβ−/− mice.
	Figure 4 No significant change of HIF-1α expression in macrophages in CLS.
	Figure 5 Decrease in CLS number in both SAT and VAT of WD-induced obese mice by LY3201 treatment.
	Figure 6 Downregulation of OPN expression in macrophages in CLS by LY3201 treatment.
	Figure 7 Decrease in HIF-1α expression and nuclear translocation in macrophages upon treatment with LY3201.
	Figure 8 No change of CLS Number or Macrophage Proliferation in ERβ−/− mice treated by LY3201.




