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Abstract

The angiotensin IT type 2 receptor (AT2R) exerts vasorelaxant, anti-
inflammatory, and antioxidant properties. In obesity, its activation counterbal-
ances the adverse cardiovascular effects of angiotensin II mediated by the
AT1R. Preliminary results indicate that it also promotes brown adipocyte dif-
ferentiation in vitro. Our hypothesis is that AT2R activation could increase
BAT mass and activity in obesity. Five-week-old male C57BL/6J mice were fed
a standard or a high-fat (HF) diet for 6 weeks. Half of the animals were treated
with compound 21 (C21), a selective AT2R agonist, (1 mg/kg/day) in the
drinking water. Electron transport chain (ETC), oxidative phosphorylation,
and UCP1 proteins were measured in the interscapular BAT (iBAT) and tho-
racic perivascular adipose tissue (tPVAT) as well as inflammatory and oxida-
tive parameters. Differentiation and oxygen consumption rate (OCR) in the
presence of C21 was tested in brown preadipocytes. In vitro, C21-differentiated
brown adipocytes showed an AT2R-dependent increase of differentiation
markers (Ucpl, Cidea, Pparg) and increased basal and H' leak-linked OCR. In
vivo, HF-C21 mice showed increased iBAT mass compared to HF animals.
Both their iBAT and tPVAT showed higher protein levels of the ETC protein
complexes and UCP1, together with a reduction of inflammatory and oxidative
markers. The activation of the AT2R increases BAT mass, mitochondrial activ-
ity, and reduces markers of tissue inflammation and oxidative stress in obesity.
Therefore, insulin reduction and better vascular responses are achieved. Thus,
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1 | INTRODUCTION

Although traditionally characterized as a thermogenic
organ,"* brown adipose tissue (BAT) is currently recog-
nized as an active agent that collaborates to maintain
metabolic homeostasis beyond body temperature regula-
tion. BAT activity has been associated with lower risk of
type 2 diabetes, dyslipidemia, coronary artery disease,
cerebrovascular disease, heart failure, and hypertension.
These outcomes were supported by lower blood glucose,
triglyceride, and HDL values and overall suggested its
potential as a treatment against metabolic diseases.’

The underlying mechanisms for these metabolic
improvements lie in three key features of brown adipo-
cytes: (1) an elevated fuel (both glucose and fatty acids)
uptake rate together with a high mitochondrial density
that facilitates substrate clearance from circulation®;
(2) adaptive, non-shivering thermogenesis, conferred by
the uncoupling protein 1 (UCP1), a proton channel
within the inner mitochondrial membrane. UCP1 uncou-
ples the energy generated by the respiratory chain from
the production of ATP, dissipating it as heat’; and (3) an
important role as a secretory organ, releasing different
factors that regulate glucose and lipid metabolism such
as batokines, IncRNA, or lipid mediators.®™

In mice, interscapular BAT (iBAT) is the most abun-
dant brown adipose depot, and it has been widely studied
due to its fuel oxidation and thermogenic capacity. How-
ever, the discovery of its properties as an endocrine organ
opened a new window for the study of the inter-organ
crossed communication. Based on these observations, the
activation of peripheral and minor depots such as tho-
racic perivascular adipose tissue (tPVAT), cardiac, and
perirenal BAT, which may not have a significant impact
on energy expenditure, have demonstrated important
roles in the regulation of nearby organs.'”'" For instance,
the activation of tPVAT releases bioactive molecules that
regulate the aortic function.'” In addition, vascular injury
promotes tPVAT browning, triggering a compensatory
mechanism to regulate the inflammatory response, con-
tributing to a protective vascular remodeling."?

The regulation of BAT activity by adrenergic stimula-
tion has been widely studied. In mice, BAT is activated
by the sympathetic nervous system via p3-adrenergic

the activation of the protective arm of the renin-angiotensin system arises as a
promising tool in the treatment of obesity.

AT2R, brown adipose tissue, compound 21, electron transport chain, perivascular adipose

receptor (p3-AR), which enhances UCP1 transcription
and activity and stimulates lipolysis.'*'® However, the
translation to humans is controversial. On the one hand,
the use of sympathomimetics increases the risk of suffer-
ing side effects, especially those related with the cardio-
vascular system. On the other hand, the presence of
B3-AR in brown adipocytes has not been fully proven
yet'” so the beneficial metabolic effects of high doses of
B3-AR agonist mirabegron'® could, in fact, reflect the
result of an off-target activation of p1-AR and p2-AR
receptors.” Because of these concerns, identifying new
activators (including natriuretic peptides,'"” hormones
and bile acids, capsaicins and capsinoids, and
catechins,”® among others) becomes highly relevant in
the use of BAT as a therapeutic tool.

In this context, recent evidence points at the repara-
tive branch of the renin angiotensin system (RAS) as a
potential BAT activator. Angiotensin II (Ang II), the
main bioactive peptide in the RAS system, binds with the
same affinity to the Ang II type 1 (AT1R) and type
2 (AT2R) receptors. AT1R, which is highly and ubiqui-
tously expressed, promotes vasoconstriction, fibrosis, and
inflammation. On the other side, AT2R is the main mem-
ber of the reparative branch of the RAS system. This
receptor is also ubiquitous, but it is lowly expressed in
physiological conditions.”> When activated, it exerts the
opposite effects to ATI1R, including vasorelaxation and
prevention of hypertrophy, fibrosis, and inflammation,*
which are typical features of the obese BAT.*® There is
evidence that the components of the RAS are also present
in the adipose tissue and that both Ang II and ATIR
levels are overactivated in obesity, participating in the
pathogenesis of this disease.”* Interestingly, AT2R activa-
tion with Ang IT** or Ang 1-7°*** promotes browning of
white adipose tissue (WAT). Furthermore, the adminis-
tration of a non-peptide AT2R agonist, Compound
21 (C21), also promoted browning of WAT and brown
adipogenesis® in lean animals.

The aim of this study was to determine if the activa-
tion of the reparative branch of the RAS has the capacity
to enhance the function of the BAT in order to be used as
a therapeutic tool in the treatment of obesity. We hypoth-
esize that the activation of AT2R in a mice model of diet-
induced obesity could increase both the mass and the
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activity of the BAT, arising as a new mechanism of acti-
vation with potential applications in metabolic diseases.
According to our results, the oral administration of C21
for 6 weeks was able to increase iBAT mass and to over-
stimulate the mitochondrial respiration and uncoupling
capacity in obese mice. The anti-inflammatory and anti-
oxidant effects are, at least partially, responsible for the
enhanced biological activity of both iBAT and tPVAT,
which may account for the metabolic and vascular
improvements observed in these animals.

2 | EXPERIMENTAL PROCEDURES

21 | Animals

Four-week-old male C75BL/6 J mice inbred at Universi-
dad San Pablo-CEU animal facilities were used for this
experiment. Mice were maintained in our facility to accli-
matize for 1 week prior to the experiments under con-
trolled light (12:12 h light-dark cycles), temperature (22—
24°C), and relative humidity (44%-55%) with access to
standard food and water. Animals were then divided into
two groups and fed ad libitum for 6 weeks with either
chow diet (CHOW: Teklad Rodent Diet 2918, 18% of Kcal
from fat, 58% of Kcal from carbohydrates, and 24% of
Kcal from proteins; 3.1 kcal/g) supplied by Envigo (USA)
or High Fat diet (HF: D12451, 62% of Kcal from fat, 20%
of Kcal from carbohydrates, and 18% of Kcal from pro-
teins; 5.1 kcal/g) supplied by Test Diet (UK). Simulta-
neously, half of the animals of each group were treated
with the non-peptide specific AT2R agonist C21
(1 mg/kg/day in drinking water, Vicore Pharma), gener-
ating four different groups: CHOW-C, CHOW-C21,
HF-C, and HF-C21. C21 is a non-peptide AT2R-specific
agonist with an oral bioavailability of 30%. It has a Ki
value of 0.4 nM for the AT2R and a Ki > 10 uM for the
ATI1R. Body weight was monitored twice a week and
water consumption was daily recorded to readjust the
dose of C21 accordingly.

The vascular effects of this experimental approach
have been previously reported in Gonzalez-Blizquez
et al.***” The experimental procedures were performed
in accordance with the European Union Laboratory Ani-
mal Care Rules (86/609/ECC directive) and approved by
the Ethical Committee of the San Pablo CEU University
and the Animal Protection Area of the Comunidad
Auténoma de Madrid (PROEX 200/18).

After 6 weeks of diet and treatment, mice were weighed
and euthanized at 9 a.m. by decapitation. After iBAT and
tPVAT excision, an aliquot was snap frozen in liquid nitro-
gen and stored at —80°C and another aliquot was immersed
in 4% paraformaldehyde (PFA) for histological analysis.
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2.2 | Metabolic parameters

Plasma glucose was determined by an enzymatic colori-
metric test (GOD-PAP, Roche Diagnostics, Barcelona,
Spain). Plasma levels of insulin were measured using the
Mouse Insulin Elisa kit (Mercodia, Denmark).

2.3 | Histological analysis

BAT samples were preserved in a 4% PFA for 24 h and
then transferred to 70% ethanol. The specimens were
then paraffin-embedded, cut into 4-pm sections and
stained with hematoxylin and eosin. The area occupied
by lipid droplets was quantified using ImageJ software
1.53 (NIH, USA). Macrophage infiltration was evaluated
by CD68 immunostaining (Mouse CD68/SR-D1 Anti-
body, 1/300, Bio-Techne R&D Systems, USA). Briefly, tis-
sue sections were deparaffinized and antigen retrieval
was performed after 20 min of citrate unmasking at 95°C.
BOND polymer refine detection system was used in an
automated Leica BOND-III system (both from Leica,
Germany) for the detection of antigen-bond primary anti-
bodies. The stained slides were scanned with the Leica
Aperio Versa system (20x) and analyzed with the Leica
Aperio ImageScope 12.4.

2.4 | Cell culture experiments

An immortalized line of mouse brown preadipocytes cell
line (mBA) was generated and kindly provided by Dr
Angela M. Valverde from the Alberto Sols Biomedical
Research Institute. Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) with 2 mM L-
glutamine (L-0102, Biowest, France), 10% FBS (Biowest,
France), penicillin/streptomycin (100 U/mL) (Gibco),
and HEPES and maintained at 37°C in a humidified
atmosphere containing 5% CO, until 80% confluence was
reached. The cells were differentiated into mature brown
adipocytes in a 7-day process. A total of 75,000 cells/mL
were seeded in culture plates with the differentiation
medium (DM) supplemented with 20 nM insulin (Merck
Life Science, USA) and 1 nM 3,3’,5'-triiodo-L-thyronine
(T3) (Merck Life Science, USA). After 24 h (day 0), the
DM was changed to an induction medium
(IM) supplemented with 0.5 pM dexamethasone (Sigma),
1 pM rosiglitazone (Sigma), 0.125 pM indomethacin and
0.5 mM 3-isobutyl-1-methylxanthine (Sigma). After
2 days, the medium was replaced by DM and changed
every 2 days to avoid nutrient deprivation. On the last
day, cells have achieved their mature conformation,
which becomes obvious due to the numerous lipid
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droplets and their round shape. To study the role of C21
in preadipocytes differentiation process, cells were trea-
ted with 100 nM C21 or in combination with prior treat-
ment with AT2R antagonist PD123319 (100 nM, 20 min)
or AT1R antagonist losartan (100 nM, 20 min).

2.5 | Oilred O staining

Oil red O solution was prepared by diluting stock solu-
tion (3 mg/mL, Sigma-Aldrich-Merck, USA) in 2:3 ratio
with distilled water for 10 min and then filtered. Cultured
cells were washed with PBS and fixed with a 10% PFA
solution for 30 min. After washing with distilled water,
60% isopropanol solution was added for 5 min to permea-
bilize the cells and removed. The diluted red oil solution
was added to the cells and incubated in dark condition
for 15 min. Cells were finally washed five times with dis-
tilled water and analyzed in an inverted microscope
(Eclipse TS100, Nikon, UK).

2.6 | Western blot analysis

Frozen iBAT and tPVAT was homogenized in protein
extraction buffer (NaCl [0.42 M], Na,PO,0O; [1 mM], DTT
[10 mM], HEPES [0.02M], sodium orthovanadate
[l mM], EDTA [1mM], EGTA [1 mM], glycerol 20%,
PMSF [2mM], leupeptine [0.001 mg/mL], aprotinine
[0.001 mg/mL], TLCK [0.001 mg/mL], triton X-100 [1%]).
For cell culture experiments, cells were collected with
RIPA buffer directly from the culture dish. Protein concen-
tration was determined (Pierce BCA Assay Kit, Thermo-
Fisher Scientific, USA) and 30 pg of protein were loaded.
Samples were separated on 10% SDS-PAGE gels and then
transferred onto 0.45 um PVDF membranes (BioRad). The
following primary antibodies were incubated overnight at
4°C: UCP1 (anti-UCP1 antibody, ab10983, 1/5000; Abcam,
UK), mitochondrial complexes I, IT, III, IV, and V (OxPhos
Rodent WB Antibody Cocktail, 45-8099, 1/5000; Life
Technologies, USA), AT1 (anti-AT1 antibody, ab124734,
1/1000, Abcam, UK), AT2 (anti-AT2 antibody, ab92445,
1/1000; Abcam, UK), tubulin (a-tubulin, 11H10, 1/1000,
Cell Signalling, USA), GAPDH (anti-GAPDH antibody,
G8795, 1/5000, Merck Life Science, USA). Blots were incu-
bated with the appropriate IgG-HRP-conjugated secondary
antibody. Protein bands were visualized using the ECL
immunoblotting detection system (GE Healthcare) and
developed on ChemiDoc XRS + Imaging System (BioRad,
Hercules, CA). For the analysis of protein expression,
bands were quantified by densitometry using Image Lab
analysis software. Results were normalized by tubulin or
GAPDH and expressed as % of control.

2.7 | Analysis of mRNA expression by
quantitative real-time PCR

Total RNA was isolated from iBAT, tPVAT, and brown
adipocytes using Illustra RNspin Mini (GE Healthcare)
following the manufacturer instructions; 500 ng of RNA
was reverse transcribed to cDNA using 5x PrimeScript™
RT-PCR Kit (Takara Bio, Japan). Relative gene expres-
sion was analyzed in 6.25 ng of cDNA using 500 nM for-
ward and reverse primers (listed in Supplementary
Table S1) and 2x TB Green Premix Ex Taq (Tli RNase H
Plus) (Takara Bio, Japan) in a CFX96 Thermocycler (Bio-
Rad, USA). The —AACt method was used to calculate
the relative gene expression. In the cell culture experi-
ments, Thp and Actb were used as housekeeping genes
and the expression of the undifferentiated cells at day
0 was set as 1. In iBAT and tPVAT, Hprtl and Gapdh
were selected as housekeeping genes, and the relative
expression of the CHOW group was set as 1.

2.8 | Oxygen consumption rate

Brown preadipocytes grown to 80% confluence from a t75
cell culture flask were plated into eight-well cell culture
miniplates (Agilent) and differentiated into brown
mature adipocytes following the previously described
protocol. After differentiation, the real-time oxygen con-
sumption rate (OCR) was assessed using the Seahorse XF
HS Mini Extracellular Flux Analyzer (Agilent). On the
day of the experiment, XF assay media supplemented
with glucose (25 mM) was added to the differentiated
brown adipocytes and maintained in a CO,-free incuba-
tor for 1 h. Basal OCR was initially recorded. After the
injection of the ATPase inhibitor oligomycin (0.2 pM),
proton leak and ATP-linked respiration were calculated.
Next, the uncoupling agent FCCP (0.2 pM) was injected
to analyze the maximal respiration rate. The spare respi-
ratory capacity was calculated as the Maximal
OCR — Basal OCR. Finally, a combination of the electron
transport chain (ETC) inhibitors rotenone (1 pM) and
antimycin A (1 pM) was injected to differentiate between
the mitochondrial and the non-mitochondrial oxygen
consumption. The non-mitochondrial OCR was sub-
tracted to calculate the OCR parameters and the results
were normalized to total protein content.

2.9 | Superoxide dismutase antioxidant
enzyme activity

iBAT samples were homogenized in a buffer containing
50 mM Tris, pH =74 and 5mM EDTA. Superoxide
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dismutase (SOD) activity assay is based on the inhibition
of cytochrome C oxidation in the presence of superoxide
generated by xanthine and xanthine oxidase. Briefly,
50 pL of the diluted sample was combined in a spectro-
photometric cuvette with 1 mL of 50 mM phosphate
buffer, pH = 7.8 at 37°C, 50 pL of 0.1 mM cytochrome C
and 250 pL of 0.5 mM xanthine. The reaction was trig-
gered by the addition of 50 pL of 0.02 U/mg protein of
xanthine oxidase. The appearance of oxidized cyto-
chrome C was continuously measured at 546 nm for
2 min. All the reagents were purchased from Sigma-
Aldrich-Merck (USA).

2.10 | Statistical analysis

Data are shown as the mean values + standard error of
the mean (SEM). All statistics were performed by Prism
9.0 (GraphPad). Data were tested for a normal (Gaussian)
distribution using Shapiro-Wilk normality test. The pres-
ence of outliers was tested using the ROUT's test
(Q = 1%). Multiple comparisons were performed by using
one-way factorial ANOVA or two-way repeated-measures

Day of differentiation
0 3 6
Induction media (IM) = + + = =
Differentiation Media (DM) 4 w & + + + +
FCCP
501 0.2 uM Rotenone/
Antimycin A
—_ Oligomycin l 1M
T 40 c21 0.2 uM 4
a
2 - C
£ 304 - C2110uM
% - C21100nv
£ 204
=
&
o 101

Time (minutes)

FIGURE 1

AT,R ~ 32KDa — —
Tubulin ~ 50KDa
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AT,R ~ 41KDa [ -— —-— e
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ANOVA followed by Tukey's post hoc test. p values less
than 0.05 were considered statistically significant.

3 | RESULTS

3.1 | AT2R activation does not increase
thermogenesis in mature brown adipocytes

To test the effect of AT2R activation on thermogenesis
and brown differentiation in vitro, we used immortal-
ized brown preadipocytes from C57BL/6J mice. The
incubation with induction and differentiation media for
6 days led to mature brown adipocytes (Figure 1A).
First, to confirm that this type of cell may respond to
AT2R agonists, we quantified AT1R and AT2R by West-
ern blot. AT1R was poorly detected in undifferentiated
cells, while AT2R was undetectable. However, both
receptors increased their expression during brown adi-
pocyte differentiation, reaching prominent levels by day
6 (Figure 1B).

Once the presence of the two main receptors in the
RAS system was established in mature brown adipocytes,

d0 d6 d0O d6 dO d6 dO d6

40 e C O c2110uMm VvV C21100nM
g
S 30
f=2
=
£
£ 20
]
£
2
% 104
% 10 ’%‘
) A !%FII
. sl ,
Basal c21 ATP H* Maximal Spare
respiration linked leak respiratory  capacity

capacity

AT2R agonist C21 activates mouse brown adipocytes in a time-dependent manner. (A) Differentiation protocol of the

immortalized mouse brown preadipocytes (day 0) to mature brown adipocytes (day 6). The adipogenic process was followed using the oil red
O staining. (B) Representative immunoblots of protein levels for AT2R and ATIR at day 0 and day 6 of differentiation (n = 4). Tubulin levels
were used as a loading control. (C) Bioenergetic profile of brown adipocytes (day 6) after the injection of two different concentrations of C21
(10 pM—red squares and 100 nM—blue triangles). Basal oxygen consumption rate (OCR) is first recorded. Then, C21 was added. After
oligomycin was injected, ATP-linked respiration and proton leak were calculated. Maximal respiration and reserve capacity were measured
after FCCP addition, and finally, ETC inhibitors were added to determine non-mitochondrial oxygen consumption. Concentration of
inhibitors and incubation times are described in Section 2. Results are normalized by protein content (n = 2). (D) Bioenergetic parameters
were calculated from the OCR traces. Data are represented as mean + SEM. AT2R, angiotensin II type 2 receptor; C21, compound 21; ETC:
electron transport chain.
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we wanted to test whether the incubation with C21, a
selective AT2R agonist was able to induce thermogenesis.
By means of a Seahorse, we injected two concentrations
of C21 (10 pM and 100 nM) after recording the basal
OCR. We observed no response to any of the two tested
doses (Figure 1C,D) in a continuous OCR measurement
for 30 min. Other mitochondrial-related respiratory
parameters (H' leak, ATP synthesis, maximal respira-
tion, or spare capacity) also remained unaltered after the
incubation with C21, suggesting that in our model, an
acute injection of C21 does not increase mitochondrial
activity in mature brown adipocytes.

3.2 | AT2R activation by C21 modulates
brown differentiation in a dose-dependent
manner

We next wanted to test if AT2R activation could enhance
brown differentiation. To address this issue, we treated
brown preadipocytes with C21 along the differentiation
process (Figure 2A), observing a dose-dependent effect on
brown adipocytes. When tested in the micromolar range
(10 and 100 pM), C21 inhibit brown differentiation as it
can be inferred from the decreased expression of differenti-
ation markers such as Ucpl, Prdml6, and Cidea
(Figure 2B-D). However, when tested in the nanomolar
range (100 nM), we found an upregulation of these
markers after 6 days of cell differentiation (Figure 2E-G).
In addition, specific AT1R and AT2R antagonists (losartan
and PD123319, respectively) were used to demonstrate
that the effect was AT2R specific, since it was abolished in
cells pre-treated with PD123319 but not with losartan.
Finally, to test if the increase in brown adipocyte dif-
ferentiation by 100 nM C21 is reflected in the thermogenic
capacity, we analyzed the OCR using the same differentia-
tion model described above (Figure 2H,I). From the begin-
ning of the experiment, C21-differentiated adipocytes
exhibited a high OCR (p = 0.06) in comparison to the adi-
pocytes differentiated with the standard method. When
oligomycin, an ATPase inhibitor, was injected, we
observed a significant OCR increase in the
C21-differentiated adipocytes without detecting changes in
ATP-linked respiration. No changes in other parameters
(maximal respiratory rate or spare capacity) were detected.

3.3 | Effect of HFD and C21 treatment on
body weight, iBAT weight, and iBAT lipid
accumulation

Next, we wanted to determine if the AT2R-mediated dif-
ferentiation observed in vitro could account for metabolic

improvements in a mice model of diet-induced obesity.
For 6 weeks, mice receiving a HF diet were administered
1 mg/kg of C21 in the drinking water. At sacrifice, both
groups of animals fed on a HF diet showed an increased
body weight in comparison to CHOW mice. C21 adminis-
tration did not prevent body weight gain (Figure 3A). Cir-
culating glucose levels were increased in both HF-fed
groups compared to their corresponding controls, with
no additional effects of the C21 treatment (Figure 3B).
Insulin levels were also increased in the HF group com-
pared to CHOW as a response to the elevated glucose
levels. However, plasma insulin concentration in HF-C21
were significantly lower than in the HF group, suggesting
that AT2R activation in obesity may participate in meta-
bolic homeostasis by reducing insulin secretion
(Figure 3C). The weight of iBAT was increased in HF
mice compared to the control and it was even higher in
those treated with C21 (Figure 3D), indicating hypertro-
phy of the tissue. A histological examination was per-
formed to determine whether that increase in the mass
was due to fat accumulation or brown adipocyte expan-
sion. BAT from obese mice showed more unilocular adi-
pocytes compared with the multilocular adipocytes
present in CHOW mice (Figure 3E). Fat accumulation
was indirectly quantified by estimating the percentage of
the area occupied by lipid droplets. No differences were
found between the two groups fed a HF diet (Figure 3F),
suggesting that the increase of BAT mass in HF-C21 was
due to an enhanced brown differentiation and prolifera-
tion rather than fat accumulation.

To evaluate the influence of HF diet and C21 in the
expression of Ang II receptors in BAT, we measured the
expression of ATIR and AT2R by Western blot. Protein
levels of AT1R were increased in HF mice. However,
treatment with C21 reverted this effect reaching the same
expression level as the control group (Figure 3G). Protein
levels of AT2R were also increased in the HF group in
comparison to the CHOW group, but no effect of C21
treatment was observed (Figure 3H).

3.4 | C21 activates the ETC and
uncoupling capacity in iBAT of obese mice

To evaluate whether AT2R activation may modulate mito-
chondrial oxidation capacity in the iBAT, protein levels of
complexes I, II, IIT, IV, and V (ATP synthase) and UCP1
were measured by Western blot. HF diet significantly
increased the levels of complexes I, II, III, IV, and UCP1,
but not ATP synthase (Figure 4A-G). The concomitant
administration of C21 with the HF diet promoted a further
increase in the expression of complex III (Figure 4D) and
UCP1 (Figure 4G) compared to the HF group.
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FIGURE 2 Dose-specific effect of C21 in brown adipocyte differentiation. (A) Differentiation protocol of the immortalized mouse brown
preadipocytes (day 0) to mature brown adipocytes (day 6). First, brown preadipocytes were differentiated in the presence of C21 in the
micromolar range (10 pM and 100 pM). mRNA levels of BAT differentiation markers were used to track the differentiation process:

(B) Ucpl, (C) Prdm16, and (D) Cidea. The relative expression of the undifferentiated cells (day 0) was set as 1. Results were normalized using
the expression of Thp and Actin as housekeeping genes. Then, brown preadipocytes were differentiated in the presence of C21 in the
nanomolar range (100 nM), using specific AT1R and AT2R antagonists (losartan, 100 nM, 20 min preincubation and PD123319, 100 nM,

20 min preincubation, respectively). mRNA levels of (E) Ucp1, (F) Prdm16, and (G) Cidea were measured. (H) Oxygen consumption rate of
brown adipocytes (day 6) differentiated in the presence of 100 nM C21 from day 0. Oligomycin (ATP synthase inhibitor), FCCP (uncoupling
agent), and a combination of Rotenone and Antimycin A (ETC inhibitors) were injected as described in the Section 2. (I) Bioenergetic
parameters were calculated from the OCR traces: Basal respiration, proton leak, ATP-linked respiration, maximal respiration capacity, and
reserve capacity. Data are represented as mean + SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. C21, compound 21; ETC:
electron transport chain; OCR: oxygen consumption rate.
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FIGURE 3 C2l1-mediated AT2R activation increases iBAT mass and contributes to metabolic homeostasis in obese mice. C57BL6/J
male mice were fed on a Chow or HF diet for 6 weeks. Half of the animals received 1 mg/kg/day of C21 in the drinking water along the
whole experiment. (A) Evolution of the body weight during the 6 weeks of treatment. Postprandial circulating levels of (B) glucose and

(C) insulin. (D) iBAT weight, expressed as mg/mm tibia. (E) Representative images of hematoxylin/eosin stain of paraffin-embedded iBAT
slices. (F) Quantification of fat inclusion within iBAT, measuring the % of the image occupied by lipid droplets and normalized by the total
area. Relative protein levels of AT1R (G) and AT2R (H) in iBAT lysates. Tubulin levels were used as a loading control and the relative
quantification of the Chow group was set as 100%. Data are represented as mean + SEM. Experiments were performed with n = 6 mice per
group. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. AT2R, angiotensin II type 2 receptor; C21, compound 21; HF: high-fat; iBAT:
interscapular brown adipose tissue.

The enhancement of the ETC and uncoupling capacity =~ the CHOW group (Figure 4H,I). However, the additional
observed in the HF group may be linked to an increase in activation caused by C21 in HF-fed animals was indepen-
mitochondrial biogenesis, as it can be inferred from the dent of mitochondrial biogenesis since both Pgcla and
increased expression of Pgcla and Mfnl in comparison to ~ Mfnl expression were similar to CHOW animals.
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C21 promotes mitochondrial uncoupling by increasing complex III and UCP1 in the obese iBAT. (A) iBAT lysates were

subjected to Western Blot analysis to quantify the protein complexes of the ETC, ATP synthase and UCP1 (n = 8). Relative quantification of
complex I (B), complex II (C), complex III (D), complex IV (E), complex V or ATP synthase (F), and UCP1 (G). GAPDH levels were used as a
loading control and the relative quantification of the Chow group was set as 100%. (H) mRNA relative levels of markers of mitochondrial

biogenesis Pgcla (I) and Mfnl (J) (n = 6). The relative expression of the Chow group was set as 1. Results were normalized using the

expression of Gapdh and Hprt as housekeeping genes. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001,

*#*¥p < 0.0001. C21, compound 21; ETC: electron transport chain; iBAT: interscapular brown adipose tissue; UCP1: uncoupling protein 1.

Finally, the expression of key enzymes and transcrip-
tion factors in oxidative metabolic pathways was mea-
sured. No differences were observed among any of the
four groups in the expression of genes related to lipid
uptake (Cd36, Ldlr), intracellular lipid transport (Fabp4),
or lipid oxidation (Ppara, Hsl, or Cptlb) (Supporting
Information Figure S1).

3.5 | C21 exerts anti-inflammatory and
antioxidant roles in the iBAT of obese mice

Next, we wanted to assess if the enhanced metabolic per-
formance observed in HF-C21 animals was related to the
anti-inflammatory and antioxidant properties of C21. To
assess iBAT inflammation, tissue sections were immu-
nostained with anti-CD68 antibody, a macrophage
marker. When comparing the images from the four study

groups, HFD mice showed an increase in stained area
compared to CHOW animals, indicating higher macro-
phage infiltration. However, C21 treatment in obese ani-
mals was able to revert the infiltration of macrophages
within the tissue (Figure 5A,B). In accordance with these
results, the expression of the chemoattractant cytokine
Mecp-1 was four-fold higher in the HF mice but reduced
to basal levels in HF-C21 animals (Figure 5C). The
expression of proinflammatory cytokines II-1f and Il-6
followed a similar pattern: higher relative levels of
mRNA were found in the iBAT of HF mice in compari-
son to CHOW, but they were normalized in HF-C21
mice. (Figure 5D,E), confirming the anti-inflammatory
properties of C21 administration in the iBAT of obese
mice. The activity of the antioxidant enzyme SOD was
also increased in HF-fed animals, while restored to basal
levels in the HF-C21, suggesting that C21 also amelio-
rates the oxidative status of the obese iBAT (Figure 5F).
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FIGURE 5 C21-mediated AT2R activation exerts anti-inflammatory and antioxidant properties in the iBAT of obese mice.

(A) Representative images of immunohistochemical localization of CD68. Black arrows point at positive-stained macrophages. The stained

area was quantified from at least three independent fields from each slide and macrophage infiltration was expressed as percentage of total
area (B) (n = 4). mRNA relative expression of Mcp1 (C), Il-6 (D), and II-1 (E). The relative expression of the Chow group was set as 1. Results
were normalized using the expression of Gapdh and Hprt as housekeeping genes. (F) Specific activity of SOD in iBAT lysates (n = 8). Data
are represented as mean + SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. AT2R: angiotensin II type 2 receptor; C21, compound 21; iBAT:

interscapular brown adipose tissue; SOD: superoxide dismutase.

3.6 | AT2R activation potentiates the
ETC and UCP1 in the obese tPVAT

Finally, to evaluate if the beneficial actions of AT2R acti-
vation by C21 in obesity could be extended to other
brown adipose depots, we analyzed the adipose tissue
that surrounds the thoracic aorta. The histological analy-
sis revealed a higher number of large lipid droplets
within the tPVAT of the HF animals compared to
CHOW, but they were not as frequent in the HF-C21
mice (Figure 6A, left). However, the differential fat accu-
mulation did not influence tPVAT weight in any of the
four groups (Figure 6B).

Macrophage infiltration was observed in the tPVAT
of the four experimental groups (Figure 6A, right). The
relative quantification of the CD68-positive stained area
revealed no differences among the groups (% stained
area: CHOW = 0.216 + 0.065 vs. HF = 0.292 + 0.058
vs. HF-C21 = 0.275 vs. 0.059.). However, mRNA levels of
the proinflammatory cytokine II1 showed a non-
significant upregulation trend in the HF group compared
to CHOW (2.5-fold increase; p = 0.056), that was restored
to basal levels in the HF-C21 animals (Figure 6C).

Unlike in the iBAT, we did not observe an increase in
the components of the ETC of the tPVAT of HF animals.
No differences were found between the HF and CHOW

group in the protein levels of any of the respiratory com-
plexes (Figure 6D-1). However, the treatment with C21 in
HF animals promoted an increase in the protein levels of
complexes I and II in comparison to the HF group
(Figure 6E,F) and complex IV when compared to CHOW-
C21 (Figure 6H). Finally, HF induced a significant upregu-
lation of UCP1 protein levels independently of the C21
treatment when compared to their counterparts (Figure 6J).

4 | DISCUSSION

BAT activation has arisen as a promising therapeutic tool
in the treatment of metabolic diseases in the last decade.
Beta-adrenergic stimulation has proven to successfully
increase energy expenditure and restore metabolic
homeostasis, but the therapeutic window is dangerously
close to the toxic dose that cause cardiovascular side
effects.”® Considering that CVDs are a common feature
in patients with obesity, unraveling new mechanisms of
BAT activation may open the door to the discovery of
safer therapies. Since the protective arm of the RAS
exerts cardioprotective properties, in this report, we
employed a diet-induced obesity model to evaluate the
activation of the BAT thermogenic program using C21, a
specific agonist of the AT2R.
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FIGURE 6

C21 boosts the electron transport chain and reduces inflammatory markers in the tPVAT of obese mice. (A) Representative

images of hematoxylin/eosin stain of paraffin-embedded iBAT slices (left) and representative images of immunohistochemical localization of
CD68. Black arrows point at positive-stained macrophages (right). (B) tPVAT weight, expressed as mg/mm tibia. (C) mRNA relative

expression of Il-1. The relative expression of the Chow group was set as 1.

Results were normalized using the expression of Gapdh and Hprt

as housekeeping genes. (D) tPVAT lysates were subjected to Western Blot analysis to quantify the protein complexes of the ETC, ATP
synthase and UCP1 (n = 5-7). Relative quantification of complex I (E), complex II (F), complex III (G), complex IV (H), complex V or ATP

synthase (I), and UCP1 (J). GAPDH levels were used as a loading control

and the relative quantification of the Chow group was set as 100%.

Data are represented as mean + SEM. *p < 0.05, **p < 0.001, ****p < 0.0001. C21, compound 21; ETC: electron transport chain; iBAT:
interscapular brown adipose tissue; tPVAT: thoracic perivascular adipose tissue; UCP1: uncoupling protein 1.

The benefits of activating iBAT to treat metabolic dis-
eases have been widely described. Cold activation or
adrenergic stimulation, among others, have shown to
reduce dyslipidemia or insulin resistance.”** In our
model, C21-mediated activation of iBAT in HFD-fed mice

did not modify body mass, but successfully reduced circu-
lating insulin levels. In addition, previous reports from
our group in these animals showed that C21 preserves
the endothelial function in thoracic and abdominal aorta
from obese mice,’**” demonstrating a role in
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cardiovascular protection. According to our results, C21
enhances BAT activity in obese mice by (i) enhancing
thermogenesis via ETC and UCP1 upregulation;
(ii) increasing BAT mass through a promotion of cell dif-
ferentiation, and (iii) improving BAT function through a
reduction in inflammation and oxidative stress.

A defective mitochondrial ETC and oxidative phos-
phorylation (OxPhos) are hallmark features of metabolic
diseases such as diabetes and obesity. In humans, a lower
OxPhos capacity in WAT has been linked to higher body
mass index.’** In BAT, however, due to its key role in
thermogenesis, the ETC is mostly uncoupled from energy
production via UCP1. As a mechanism of adaptation to
energy-rich diets, substrate oxidation, ETC, and thermo-
genesis are increased in the BAT of HF diet-fed animals
in an UCP1-dependent manner.’>** We have previously
described how 20 weeks of HF diet feeding produced a
two-fold increase in oxygen consumption in the iBAT,
together with an increase in complex IIT and UCP-1 pro-
tein levels.”® Similarly, in this study, 6 weeks of HF diet
were sufficient to promote this adaptative thermogenesis,
as it was found to increase markers of mitochondrial bio-
genesis, protein levels of the four respiratory complexes
and UCP1. Accordingly, no differences were found in
complex V (ATP synthase), confirming that the electro-
chemical gradient generated by the ETC will be mostly
dedicated to thermogenesis and not ATP synthesis, as we
also observed in the in vitro model. Furthermore, the
main finding of this study is that the concomitant admin-
istration of HFD with C21, a selective AT2R agonist, lead
to a greater increase in iBAT mass, respiratory complex
ITI, and UCP1. These results expand previous observa-
tions where intraperitoneal administration of C21 for
2 weeks was able to induce iBAT thermogenesis in lean
animals.** In another study, 2 weeks of C21 treatment
also increased UCP1 protein levels and body temperature
in HFD-fed animals.*”

The discovery of the endocrine capacity of the BAT
revealed an important regulatory role that spans beyond
the classic view as a thermogenic organ. Through
batokines,® IncRNA,3® or extracellular vesicles,>” BAT
influences cardiac, hepatic, or brain function, among
others.'®"" Thus, other anatomical regions rich in brown-
like adipocytes other than iBAT could participate in the
regulation of the physiology of nearby organs. For
instance, the adipose tissue that surrounds the thoracic
portion of the aorta, known as tPVAT presents brown
adipocytes and participates in the regulation of the vascu-
lar function by releasing anticontractile vasoactive sub-
stances such as the adipocyte-derived relaxing factor
(ADRF), angiotensin 1-7, or H,0,”® Likewise iBAT,
tPVAT can be metabolically induced by cold, adrenergic
agonists, or HFD.***' In our work, HFD did not modify

tPVAT mass or ETC complex protein levels. Intriguingly,
C21 treatment in HFD-fed animals increased
complexes I, II, IV, and UCP1, which reflects an
increased substrate oxidation and a later dedication of
the released energy as heat rather than ATP synthesis.
Potentiating the brown characteristics of PVAT has been
proposed to exert protective effects in the aorta.'*** In
fact, using a similar methodological approach, we have
already described the beneficial effects of AT2R activa-
tion by C21 in the thoracic aorta of obese animals.** C21
prevented the development of obesity-induced endothe-
lial dysfunction by stimulating NO release through
PKA/p-eNOS and AKT/p-eNOS pathways. However, in
light of the results presented in the current report, we
should not discard the contribution of the enhanced
activity of tPVAT.

In fact, it is attractive to speculate that AT2R-
mediated NO release could be considered as a direct
inductor of BAT differentiation and activity. It has been
reported that systemic eNOS ablation in mice resulted in
the loss of BAT mass.** Recent studies support the role of
NO to enhance the thermogenic activity of BAT.*>* In
addition, NO could increase brown adipocyte differentia-
tion by stimulating the solubilized guanylate cyclase/
PKGIa (cGMP protein-dependent kinase Io)/GSK3p (gly-
cogen synthase kinase 3f) pathways (Supporting Infor-
mation Figure S2). Interestingly, AT2R agonists have
demonstrated to activate the same pathway.*’ This mech-
anism of brown adipocyte differentiation could explain
the observation of Than and colleagues,24 who described
how Ang II-induced AT2R activation promoted brown
adipocyte proliferation and adipogenesis in vitro.

These results are consistent with our findings, where
C21-induced AT2R activation increased adipogenesis and
the mitochondrial oxygen consumption dedicated to ther-
mogenesis in brown adipocytes differentiated in vitro.
Our results demonstrate that this activation is AT2R spe-
cific and dose-dependent. Stimulating brown preadipo-
cytes with micromolar concentrations of C21 resulted in
an ablation of their ability to differentiate. At this range
of concentrations, C21 loses its specificity and binds to
ATIR, inhibiting differentiation. However, when nano-
molar concentrations of C21 were used, it binds exclu-
sively to AT2R (Ki AT2R=04nM vs. Ki
ATI1R > 10 pM) promoting brown adipocyte differentia-
tion and mitochondrial respiration due to H' leak, which
was confirmed with the cotreatment in the presence of
the corresponding AT1R and AT2R inhibitors. Overall,
these in vitro evidence could explain the increase in the
iBAT mass, ETC, and UCP1 levels that we observed in
our animal model.

We have previously shown that obesity promotes oxi-
dative stress and inflammation in the iBAT of HFD-fed
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mice.?> In fact, time-course microarrays revealed
increased immune trafficking after 8 weeks of HFD.*
The overactivation of the deleterious branch of the RAS,
including Ang II circulating levels and AT1R expression,
has been reported in obesity”**’ and can contribute to
the oxidative and inflammatory status that we observed
in the BAT of the obese animals. The administration of
C21 was able to reduce ATIR levels while maintaining
AT2R. Due to the existing negative cross-regulation
between ATI1R and AT2R, the administration of C21
could prevent the inflammation and oxidative stress
mediated by AT1R overactivation. Thus, indirectly, the
amelioration of inflammation and oxidative stress could
also explain the enhanced function of the BAT, since
both processes have proved to alter mitochondrial struc-
ture and function.**>%>!

5 | CONCLUSION

In this report, we demonstrate that the activation of the
reparative branch of the RAS increases the thermogenic
program of the obese BAT by (1) increasing ETC com-
plexes and UCP1 protein levels; (2) promoting cell differ-
entiation, resulting in increased BAT mass, and
(3) improving BAT physiology by decreasing the inflam-
matory and oxidative state. Therefore, better glucose
homeostasis and vascular function were achieved. Since
the administration of C21 was concomitant to the dietary
intervention, further studies should be carried out to con-
firm if C21 could be a potential candidate in the treat-
ment rather than in the prevention of obesity-related
metabolic alterations.
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