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Estradiol treatment increases M2-like visceral adipose tissue macrophages in
obese ovariectomized mice regardless of its anorectic action
Kyeong-dae Kima†, Jeong Min Choeb†, Soomin Myoungb, Seung Hyun Leea, Minkyu Kima, Jae-Hoon Choia and
Hyun Tae Parkb

aDepartment of Life Science, College of Natural Sciences, Research Institute for Natural Sciences, Hanyang Institute of Bioscience and
Biotechnology, Hanyang University, Seoul, Republic of Korea; bDepartment of Obstetrics and Gynecology, College of Medicine, Korea
University, Seoul, Republic of Korea

ABSTRACT
Estradiol (E2) treatment has been known to induce changes in food intake, energy expenditure,
and weight gain. However, its direct effects on adipose tissue macrophages (ATM) in vivo are
not fully understood. Thus, we aimed to explore this aspect at cellular and molecular levels in
ovariectomized obese mice. We examined the changes in ATMs after eight weeks of a high-fat
diet (HFD) in male, female, and ovariectomized (OVX) mice. After eight weeks, osmotic pumps
were inserted into OVX mice to provide two weeks of E2 treatment. We additionally set up a
vehicle Pair-Fed (PF) control group that supplied the same amount of HFD consumed by the E2-
treated group. We then investigated the in vivo phenotypic changes of visceral adipose tissue
(VAT) macrophages. The percentage of M1-like ATMs decreased by the anorectic effect of E2,
while M2-like ATMs increased regardless of the anorexia. E2 treatment increased the expression
of anti-inflammatory genes but decreased pro-inflammatory genes in VAT. Monocyte
recruitment and local proliferation contributed to M2-like ATMs. Furthermore, M2-like
phenotypes were induced by E2 treatment in human macrophages. E2 treatment increases M2-
like macrophages and improves the tissue milieu of VAT regardless of the anorectic reaction of E2.
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Introduction

Obesity is a global metabolic disease mainly caused by
an imbalance between energy intake and expenditure.
As obesity progresses, this energy overload pressures
the adipose tissue environment, and low-grade and
chronic inflammation occurs. This inflammatory state
increases insulin resistance (IR) and type 2 diabetes risk
(Xu et al. 2003; Hotamisligil 2006; Russo and Lumeng
2018). It is known that obesity-induced inflammation
in adipose tissue causes an accumulation of immune
cells, primarily pro-inflammatory macrophages (Hotami-
sligil et al. 1993; Ito et al. 2008). These macrophages
differ from anti-inflammatory macrophages, which
maintain adipose tissue homeostasis through anti-
inflammatory mechanisms (Russo and Lumeng 2018).
The accumulation of these adipose tissue macrophages
(ATMs) affects adipose tissue inflammation and IR induc-
tion (Pekala et al. 1983; Hotamisligil et al. 1993; Parker
et al. 2018). Although further studies are needed to

determine the exact mechanism of ATMs activation,
there is evidence that adipocyte hypertrophy and local
hypoxia caused by the energy imbalance results in
their accumulation (Weisberg et al. 2003; Lumeng et al.
2007; Gericke et al. 2015). Another example of stimuli
that activates ATMs is the crown-like structures (CLSs),
a cluster produced by dead adipocytes surrounded by
ATMs in obese adipose tissue (Cinti et al. 2005). Bone
marrow-derived CD11c+ macrophages are the major
class of recruited ATMs in CLSs, and CD11c+ cell
removal attenuates obesity-induced inflammation and
metabolic dysfunction (Patsouris et al. 2008).

The sex hormone, especially estrogen, is known to
affect the adipose tissue environment and homeostasis.
In humans, adipose tissue distribution is influenced by
sex hormones (Regitz-Zagrosek et al. 2006; Jürimäe
et al. 2010; Shi et al. 2013). In postmenopausal women,
the accumulation of visceral adipose tissue (VAT) and
the risk of cardiovascular disease increase due to
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decreased estrogen levels (Barton and Meyer 2009).
These symptoms can be attenuated by treatment with
17β-estradiol (E2), a type of estrogen produced mainly
in the ovarian follicle (Barton and Meyer 2009; Christin-
Maitre 2017). Additionally, E2 induces appetite suppres-
sion through a signalling pathway like leptin (Gao et al.
2007); this anorectic (appetite suppressant) reaction pre-
vents excessive energy accumulation and obesity.

Collectively, obesity is not a simple metabolic dis-
order but a multifactorial disease with multiple com-
ponents of the adipose tissue niche involved. E2
treatment has been known to attenuate VAT inflam-
mation. This beneficial effect of E2 appears to be
mediated in two mechanisms: anorectic and anti-inflam-
matory action. To dissect the effect of E2 treatment on
VAT, we focused on the changes in ATMs by E2 treat-
ment. In this study, we used a high-fat diet (HFD)-
induced ovariectomized (OVX) mouse obesity model
and performed E2 treatment via osmotic pump inser-
tion. In addition, since the anorectic effect of E2 can
affect ATMs, we performed pair-feeding in control and
E2-treated mice to eliminate the anorectic effect of E2.

Materials and methods

Mice

C57BL/6 mice were purchased from Orient Bio
(Sungnam, Republic of Korea). Whole-body GFP expres-
sing mice (C57BL/6 background) were generously gifted
from Dr. Goo Taeg Oh, Ewha Womans University, Repub-
lic of Korea. All mice were housed under specific patho-
gen-free conditions with a 12-hour light–dark cycle. Mice
aged 7 weeks were fed with HFD (Rodent Diet with
60Kcal% Fat, cat. D12492; Research Diets Inc., New
Brunswick, NJ, USA) to induce obesity. Female mice
were sham-operated or OVX before inducing obesity.
Obese OVX mice (OVX-HFD) were hypodermically
implanted with an osmotic pump and administered E2
(3 µg/day, cat. E8875; Sigma-Aldrich, St. Louis, MO,
USA) for two weeks. All mice except for the vehicle
pair-fed (PF) group had ad libitum (AL) access to HFD
and water. The vehicle PF group was given the same
amount of HFD that the E2-treated group consumed
on average per day. All animal experiment protocols
were approved by the Institutional Animal Care and
Use Committee of the universities.

Antibodies and reagents

All sources of the antibodies and reagents are listed in
the supplementary online table (Table S1).

Measurement of mouse body weight, energy
intake, and E2 level

Mouse body weight and food intake (grams, g) were
measured for each experiment. The total energy intake
(kcal) was calculated from the consumed food (regular
chow diet = 3.2 kcal/g, HFD = 5.24 kcal/g). Plasma
samples were separated from mouse blood collected
from the retro-orbital plexus, and E2 levels were exam-
ined using an enzyme-linked immunosorbent assay kit
(cat. ab285237; Abcam, MA, USA). The body composition
of vehicle PF and E2-treated mice was estimated using a
mini-spec nuclear magnetic resonance spectrometer
(cat. LF90; Bruker Corp., TX, USA).

Clodronate-loaded liposome injection to deplete
blood monocytes

Clodronate-loaded liposomes were prepared as pre-
viously described (Amano et al. 2014). 200 μl of clodro-
nate-loaded liposomes was intravenously injected into
the vehicle PF and E2-treated groups every 24 h. Every
12 h after the liposome injection, 100 μl of 5-ethynyl-
2’-deoxyuridine [EdU, 1 mg/ml in phosphate-buffered
saline (PBS), cat. A10044; Molecular Probes, Eugene,
OR, USA] was intraperitoneally administered to the
mice. Flow cytometry assessed ATMs 84 h after the first
liposome injection. 10 μl of blood was taken before
the liposome injections, and CD11b+ cells were analyzed
to evaluate the blood monocytes using flow cytometry.

Bone marrow-derived monocyte injections

Bone marrow cells were isolated from the femur, tibia,
and humerus of C57BL/6 GFP+ mice aged 8–9 weeks.
To isolate pure monocytes, we used Miltenyi Biotec (Ber-
gisch Gladbach, Germany) bone marrow isolation kit
(cat. 130-100-629), LS columns (cat. 130-042-401), and
VarioMACS separator (cat. 130-090-282) according to
the manufacturer’s instructions. The monocytes (2.0 ×
106 cells) were suspended in 100 μl PBS and injected
into vehicle PF and E2-treated mice via the mouse tail
vein after the osmotic pump was inserted.

VAT processing and flow cytometry analysis

VATs were excised from perigonadal white adipose
tissue of all mice groups. The tissues were weighed
and washed with PBS. Single cells from adipose tissue
stromal vascular fractions (SVFs) were prepared as
described earlier (Jang et al. 2020). The cells were ana-
lyzed using FACS CANTO II or FACS Fortessa flow
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cytometer (BD Biosciences, Franklin Lakes, NJ) and
FlowJo software (v9.8.0, Tree Star Inc., Ashland, OR, USA).

Immunostaining

VATs were fixed with 1% paraformaldehyde for 2 h and
permeabilized for 30 min with 0.3% Triton X-100.
Normal goat serum (5%) was used to block tissue for
one hour at room temperature with gentle shaking.
After blocking, the tissues were stained with primary
antibodies (1:200) for 12 h at 4 °C and washed five
times for ten minutes with a 0.3% Twin-20 detergent sol-
ution in PBS. The secondary antibodies (1:400) were
stained for four hours and washed with PBS five times.
VATs were stained with BODIPY for three minutes at
room temperature in the dark to detect lipid droplets
in the adipocytes. A confocal laser-scanning microscope
(LSM 700; Carl Zeiss, Oberkochen, Germany) was used to
observe the stained samples. The nucleus was stained
with Hoechst 33342 (cat. 62249; Thermo Fisher Scientific,
Waltham, MA, USA) or 4’,6-diamidino-2-phenylindole
(DAPI, cat. D1306; Invitrogen). The images were pro-
cessed using the ImageJ software (1.49p, National Insti-
tutes of Health).

Human peripheral blood mononuclear cell
(PBMC) culture

Human PBMCs were prepared as previously described
(Luukkainen et al. 2018). Blood samples were collected
from the subjects after obtaining written informed
consent from the Declaration of Helsinki. 1 × 106 cells
were plated in 24-well plates with complete media
(RPMI 1640 with 10% heat-inactivated FBS, 1% L-gluta-
mine, 1% penicillin–streptomycin, and 20 ng/ml macro-
phage colony-stimulating factor) and incubated for six
days to differentiate into macrophages. The medium
was changed every three days. From the 6th to 8th
days, the media components were changed to RPMI
1640 supplemented with 10% charcoal-stripped FBS
and 1% antibiotics. Simultaneously, E2 (0, 3, 10, and
30 nM) was added to the media, as indicated for each
experiment.

Quantitative real-time polymerase chain
reaction (qRT-PCR)

mRNA was extracted from 40 mg VAT using RNAiso Plus
(cat. 9109; Takara Biotechnology Inc., Japan) and DNase I
(cat. 18068-015; Invitrogen, Waltham, MA) according to
the manufacturer’s instructions. The RNA concentration
was determined using a NanoDrop spectrophotometer

(TM ND-1000, NanoDrop Technologies Inc., Wilming-
ton, DE), measuring absorbance at 260 and 280 nm.
According to the manufacturer’s instruction, cDNA
was synthesized from 1 μg of total RNA using the Pri-
meScript RT–PCR kit (cat. RR-37A, Takara Biotechnol-
ogy Inc., Japan). Real-time PCR was performed using
the CFS96 Touch Real-Time System (Bio-Rad, USA).
Each PCR sample mix contained 10 ng of cDNA, 1X
SYBR green supermix (cat. 170-888, Bio-Rad, USA),
and 0.5 μM of primer in a 20 μl reaction volume and
then analyzed. The temperature profile was 95 °C for
three minutes, amplification for 40 cycles: 30 s at
95 °C, 45 s at annealing temperatures for matching
primers, and 30 s at 72 °C. The mRNA levels were nor-
malized to the housekeeping gene 36b4 or ACTB using
the 2–ΔΔCT method. The mouse and human primer
sequences are listed in the supplementary online
table (Table S2).

Statistical analysis

All results are shown as the mean ± standard deviation
or mean ± standard error of the mean (qRT-PCR data).
Before statistical analysis, we performed a normality
test (Shapiro–Wilk) on the samples. A two-group inde-
pendent t-test or one-way analysis of variance
(ANOVA) with Bonferroni correction for post hoc mul-
tiple comparisons was used if the variables satisfied
the normality assumption. Otherwise, the Mann–
Whitney U test or Kruskal–Wallis ANOVA with Dunn’s
multiple comparison test was used. The statistical analy-
sis was performed using GraphPad Prism 5 or InStat
(GraphPad Software, La Jolla, CA, USA), with a P-value
< 0.05 considered significant.

Results

Male and OVX-female mice are more susceptible
to diet-induced obesity

To validate the obesity sensitivity of OVX mice, we first
examined the body weight and VAT weight gains after
8 weeks of HFD (Figure 1A). Obese male and OVX mice
continuously gained body weight during HFD, whereas
the sham-operated female mice showed significant
weight gain only after day 40 (Figure 1B). Previous
studies revealed that OVX mice gain more weight than
sham-operated mice (Rogers et al. 2009; Sul et al.
2021), and the OVX-chow mice gained more weight
than female-chow mice even though they uptake
similar calories (Figure 1B and S1A). After HFD, all
obese mice gained more body and VAT weight than
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lean mice, and the OVX-HFD group even exhibited more
weight gains than the sham-operated HFD group (Figure
1C). In addition, the VAT of the OVX-HFD group showed
more CLSs – the hallmark of adipose tissue inflammation
and accumulated a higher number of F4/80+ cells
(murine macrophages) than the sham-operated HFD
group (Figure S1B). These results suggest that female
mice are more resistant to obesity than male mice, and
estrogen depletion via ovariectomy makes them less
resistant to obesity.

Male and OVX-female mice have more ATM
accumulation during HFD

Using flow cytometry analysis, we examined VAT
macrophages in obese mice. After extracting SVFs
from VAT, we identified CD11b+CD64+ macrophages
from CD45+ leukocytes (Figure 2A). We used two
protein markers to show ATM subsets: CD11c and
CD206 (macrophage mannose receptor), representing

pro-inflammatory M1-like ATMs and anti-inflammatory
M2-like ATMs, respectively (Figure 2B). The obese
male and OVX groups increased ATMs, especially M1-
like ATMs, compared to their chow diet group and
the OVX-HFD group also showed more CD11c+ macro-
phages than the sham-operated HFD group (Figure 2C
and S2A). In contrast, the M2-like ATMs decreased in
the male HFD and OVX-HFD group (Figure 2B and
S2A), but there were no significant changes in the per-
centage of M2-like ATMs in SVFs (Figure 2C, right).
These results suggest endogenous estrogen loss is
related to pro-inflammatory macrophage accumulation
into the VAT during obesity.

E2 treatment decreases the VAT adiposity
compared to the pair-fed control OVX mice

We next examined the changes in obese OVX mice with
E2 treatment. For this purpose, we subcutaneously
inserted osmotic pumps into OVX-HFD mice and

Figure 1. Body weight and visceral adipose tissue weight of a diet-induced obesity mouse model. (A) Experimental design for diet-
induced obesity. (B) Changes in mouse body weight over 50 days. Stars indicate the P-values of the high-fat diet (HFD) group vs.
control group for the day (male, n = 8–10, blue stars; sham-operated female, n = 10–13, red stars; ovariectomized female, n = 47–
49, black stars). *P < 0.05, **P < 0.01, ***P < 0.001. Non-significant P-values (P≥ 0.05) are not displayed in this graph. (C) Mouse
body weight (left) and visceral adipose tissue (VAT) weight (right) after an 8-week chow diet or HFD. OVX, ovariectomized.
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continuously supplied E2 for two weeks (Figure 3A and
S2B). During 8-week-HFD, the OVX mice took more cal-
ories than their control group (Figure S1A). However,
during E2 treatment, the E2-treated OVX group
showed significantly lower calorie intake and weight
gain than the control vehicle AL group (Figure 3(B and
C)). Since dietary control is one of the essential factors
in improving obesity, we set up a vehicle PF control
group to eliminate the anorectic effect of E2 treatment
(Figure 3(A and B)).

The E2-treated group decreased body weight com-
pared with the vehicle AL group, but did not change

when compared with the vehicle PF group (Figure 3C
and D, left). However, VAT weight decreased in the E2-
treated group compared to both vehicle groups
(Figure 3D, right). Nuclear magnetic resonance (NMR)
analysis also showed a significantly reduced fat compo-
sition in the E2-treated group compared to the vehicle
PF group (Figure 3E). These results suggest two
aspects of the E2 treatment on obese OVX mice. First,
the anorectic reaction of E2 significantly impacts the
body- and VAT-weight in obesity. Second, regardless of
this anorexia, E2 treatment directly reduces VAT adi-
posity in OVX mice.

Figure 2. Analysis of the visceral adipose tissue macrophages (ATMs) using flow cytometry. The gating strategy (A) and representative
plots of ATM subsets (B) of flow cytometric analysis. (C) Percentage of ATMs in stromal vascular fractions (SVFs). FSC, forward scatter;
HFD, high-fat diet; OVX-HFD, high-fat diet fed-ovariectomized mice; SSC, side scatter.
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E2 treatment increases M2-like macrophages in
VAT compared to the pair-fed control OVX mice

To investigate ATM accumulation after E2 treatment, we
performed the flow cytometry analysis. The E2 treatment
did not show any overall changes in VAT macrophages
compared with the vehicle AL group (Figure 4(A and
B)). However, the reduced calorie uptake (vehicle AL

vs. vehicle PF) decreased ATM accumulation. When com-
paring the vehicle PF with the E2-treated group, ATMs
increased in the E2-treated group. This change in ATM
populations was confirmed in the ATM subset (Figure
4(A and C)). M1-like macrophages decreased between
the vehicle AL and vehicle PF groups but did not
decrease between the vehicle PF and E2 groups

Figure 3. Estradiol (E2) treatment induces body weight and visceral adipose tissue changes in obese ovariectomized (OVX-HFD) mice.
(A) Experimental design for E2 treatment. (B and C) Daily calorie intake (B) and body weight (C) during E2 treatment. Stars indicate P-
values compared vehicle AL with E2-treated group (blue stars, n = 8-22) or vehicle PF and E2-treated group (green stars, n = 8-22). *P
< 0.05, **P < 0.01. Non-significant P-values (P≥ 0.05) are not displayed in this graph. (D) Body weight (left) and visceral adipose tissue
weight (VAT, Right) after E2 treatment. (E) Nuclear Magnetic Resonance (NMR) analysis of Mouse body composition. AL, ad libitum;
BW, body weight; PF, pair-fed.
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(Figure 4C, left). M2-like macrophages decreased in the
vehicle PF group compared with the vehicle AL group
but significantly increased in the E2 group compared
with the vehicle AL or vehicle PF groups (Figure 4C,
right). These results indicate that the composition of
ATM populations resulting from the E2 treatment
(vehicle AL vs. E2) is not a unilateral decrease or increase

in the pro- or anti-inflammatory macrophages, respect-
ively. These results also suggest that M1-like ATMs may
decrease by the appetite-inhibiting effect of E2
(vehicle AL vs. vehicle PF). Regardless of the anorectic
consequences, the estrogen treatment increases the
M2-like macrophage levels compared to M1-like macro-
phage levels (vehicle PF vs. E2).

Figure 4. Change of the macrophage subsets and visceral adipose tissue (VAT) milieu after two weeks of estradiol (E2) treatment. (A)
Representative plots of VAT macrophages on vehicle ad libitum (AL), vehicle pair-fed (PF), and E2-treated groups. (B and C) Percentage
of VAT macrophages (B) and their subsets (C) (n = 9–20). (D) Visualization of CD11c, CD206 and F4/80 VAT (n = 3). VAT mRNA
expression levels of adipokines (E) and pro-inflammatory or anti-inflammatory genes (F), (base = 1, n = 3–12). *P < 0.05, **P < 0.01,
***P < 0.001, N.S., non-significant. SVFs, stromal vascular fractions.
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This phenomenon was also confirmed by immu-
nostaining of VAT (Figure 4D). The CD11c+ and F4/
80+ cells, which indicate inflammatory macrophages
in VAT CLSs (Figure S1B), significantly decreased in
the E2-treated group compared with the vehicle AL
group (Figure 4D, top). On the other hand, E2-
treated mice showed more F4/80+ and CD206+ VAT
cells than the vehicle PF group (Figure 4D, bottom).
Next, we examined the expression level of two adipo-
kines: Leptin and Adipoq (encoding adiponectin).
Between them, only Adipoq showed a significant
increase in the E2-treated group, compared to the
vehicle PF group (Figure 4E). Adiponectin is known
to promote M2-like ATM polarization (Ohashi et al.
2010). Therefore, we compared the vehicle PF and
E2 groups to confirm changes in the VAT environ-
ment through qPCR analysis. Inflammatory genes,
such as Mcp-1, iNos, and Tnf decreased, whereas

anti-inflammatory genes Il-10, Arg1, Mgl1, and Il-4ra
increased in the E2-treated group compared with
the vehicle PF group (Figure 4F). This result suggests
that E2 treatment induces an anti-inflammatory
adipose tissue milieu by increasing M2-like ATMs
and anti-inflammatory genes regardless of the anor-
ectic effect.

Monocyte recruitment and local proliferation are
responsible for increasing M2-like ATMs by E2
treatment

To understand the source of the increased M2-like
ATMs, we examined the M2-like ATM proliferation in
the E2-treated group when an external influx of
blood monocytes (CD11b+ cells) was suppressed
by clodronate-liposome injection (Amano et al. 2014)
(Figure 5A, left). The blood monocytes were

Figure 5. Estradiol (E2)-induced M2-like macrophages are related to macrophage proliferation and monocyte recruitment. (A) Left: the
injection plan of Clodronate-liposome and 5-ethynyl-2’-deoxyuridine (EdU) for vehicle pair-fed (PF) and E2-treated mice. Right: per-
centages of EdU+ macrophages in stromal vascular fractions (SVFs) after administration of clodronate-liposome. (B) Left: Bone
marrow-derived monocytes expressing green fluorescent protein (GFP) were injected into vehicle PF and E2-treated mice. Right:
GFP+ macrophage percentages after one-week monocyte injection. I.P., intraperitoneal; I.V., intravenous; VAT, visceral adipose tissue.
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significantly reduced by clodronate-liposome adminis-
tration (Figure S3A). We injected 5-ethynyl-2’-deoxyur-
idine (EdU) to label the proliferating cells. We found
that the EdU+ M2-like ATMs of the E2-treated group
increased compared with vehicle PF despite the
decrease in monocyte recruitment (Figure 5A, right),
whereas M1-like ATM numbers showed no significant
changes.

Next, we injected GFP+ bone marrow-derived mono-
cytes into the mice and investigated the GFP-expressing
cells in M2-like ATMs (Figure 5B, left). As a result, GFP+

M2-like ATMs increased in the E2 group (Figure 5B,
right). These results suggest that E2 treatment influences

M2-like ATMs both from the blood-origin and local pro-
liferation, and the regional expansion is the primary
source of the macrophages.

E2 treatment induces M2-like cell polarization in
human macrophages

We investigated whether the E2 action occurs in human
macrophages using a human peripheral blood nucleus
cell (PBMC) culture. We extracted human PBMCs and incu-
bated cells (1 × 106) with M-CSF for six days and then
treated culture media with E2 0–30 nM for 48 h (Figure
6A). The CD206 level was higher than that in the control

Figure 6. M2-like macrophage polarization via estradiol (E2) treatment in human CD14 + cell-derived macrophages. (A) Experimental
design for E2-induced human macrophage polarization from peripheral blood mononuclear cells (PBMCs). (B) Comparison of mRNA
expression of human macrophages (n = 5–7) treated with E2 for 48 h (concentration: 0, 3, 10, and 30 nM). The fold changes were
compared to the untreated cells (base = 1). *P < 0.05, **P < 0.01, ***P < 0.001. Non-significant P-values (P≥ 0.05) are not displayed
in this graph. M-CSF, Macrophage colony-stimulating factor.
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group for all E2 treatment concentrations, and CD163 and
IL10 levels were significantly increased upon treatment
with 30 nM of E2. TNF expression decreased at 10 and
30 nM E2 concentrations, while MCP1 levels decreased
only after 3 nM of E2 treatment. IL4R and IL1B levels
showed no significant differences after E2 treatment
(Figure 6B). Altogether, E2 treatment increases expression
of alternative macrophage genes such as CD163, CD206,
and IL10 in human PBMC-derived macrophages.

Discussion

Since obesity occurs due to the energy imbalance
caused by excessive nutrition (Hotamisligil 2006), we
should consider the effects of this energy accumulation
when studying this metabolic disorder. In the case of
estrogen, the hormone suppresses appetite by a
similar pathway as leptin (Gao et al. 2007). Therefore,
to determine in vivo E2 effect on obesity, the variables
should be considered according to this anorectic effect.

As expected, our E2-treated mice consumed less HFD
than the control mice (vehicle AL vs. E2 group, Figure
3B). The decrease of body weight and M1-like ATMs
(Figure 3C and Figure 4C) was related to the calorie
uptake reduction (vehicle AL vs. PF group). To compen-
sate for this calorie intake inhibitory effect, we set up a
vehicle PF control group that received the same
amount of feed consumed by the E2-treated group. By
comparing Vehicle PF and E2-treated groups, we
excluded the anorectic effect of E2 and solely
confirmed the impact of the E2 treatment on the VAT
and M2-like macrophages (Figure 3D, Figure 4C–F). In
addition to our ATM study, a recent report showed
that regulatory T cells increased during long-term HFD
and E2 treatment (Ishikawa et al. 2020). The ATMs and
regulatory T cells are crucial immune cells in VAT homeo-
stasis. Further, research for other adipose tissue immune
cells is also required.

Our study did not focus on a molecular pathway of
the M2-like macrophage increase due to E2 treatment,
but the increased macrophage population is consistent
with the previous studies (Pepe et al. 2017; Sul et al.
2021). E2 treatment to peritoneal macrophages
increases gene expressions related to cell proliferation,
anti-inflammatory responses, and wound healing (Pepe
et al. 2017). A recent study revealed that increased
heme oxygenase-1 expression with E2 treatment polar-
ized the M2-like macrophage population (Sul et al.
2021). The induced heme oxygenase-1 lowered macro-
phage reactive oxygen species levels, enhancing M2
polarization.

Furthermore, we found that the increased M2-like
ATMs are from local proliferation and monocyte

recruitment (Figure 5(A and B)). We also confirmed
gene expression patterns of E2 treated-human cultured
macrophages. Although human macrophages show a
mixture of phenotypes of M1-like and M2-like macro-
phages (Zeyda et al. 2007; Bourlier et al. 2008; Went-
worth et al. 2010; Hill et al. 2018), the cultured human
PBMC-derived macrophages showed anti-inflammatory
gene expressions after E2 treatment. The result suggests
an alternative activation of human macrophages (Figure
6B) is similar to our mouse model and reported result
(Toniolo et al. 2015).

In conclusion, we confirmed that the E2 treatment
showed anti-inflammatory effects on the adipose
tissue environment and ATMs, even excluding the
energy intake inhibitory effect. Hence, our results
suggest that E2 therapy could directly alleviate
obesity-induced adipose tissue inflammation in postme-
nopausal women.
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