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ABSTRACT

Compound 21 (C21), a selective agonist of angiotensin type 2 receptor (AT,R), induces
vasodilation through NO release. Since AT,R seems to be overexpressed in obesity, we
hypothesize that C21 prevents the development of obesity-related vascular alterations.
The main goal of this study was to assess the effect of C21on thoracic aorta endothelial
function in a model of diet-induced obesity and to elucidate the potential crosstalk

between AT,R, MasR and/or B,R in this response.

5-week-old male C57BL6J mice were fed a standard (CHOW) or a high-fat diet (HF)
for 6 weeks and treated daily with C21 (1mg/Kg p.o) or vehicle, generating four groups:
CHOW-C, CHOW-C21, HF-C, HF-C21. Vascular reactivity experiments were
performed in thoracic aorta rings. Human endothelial cells (EA.hy926) were used to

elucidate the signaling pathways, both at receptor and intracellular levels.

Arteries from HF mice exhibited increased contractions to Ang Il than CHOW mice,
effect that was prevented by C21. PD123177, A779 and HOE-140 (AT,R, Mas and B,R
antagonists) significantly enhanced Ang II-induced contractions in CHOW but not in
HF-C rings, suggesting a lack of functionality of those receptors in obesity. C21
prevented those alterations and favoured the formation of AT,R/MasR and MasR/B;R
heterodimers. HF mice also exhibited impaired relaxations to acetylcholine due to a
reduced NO availability. C21 preserved NO release through PKA/p-eNOS and AKT/p-

eNOS signaling pathways.

In conclusion, C21 favours the interaction between AT,R, MasR and B;R and prevents
the development of obesity-induced endothelial dysfunction by stimulating NO release

through PKA/p-eNOS and AKT/p-eNOS signaling pathways.
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1. INTRODUCTION

Obesity has reached epidemic dimensions and is nowadays a major public health
concern. Affecting more than 1 billion people worldwide, obesity is directly connected
to cardiovascular diseases which comprise the two major causes of death in the world,
ischemic heart diseases and stroke '. Pathological conditions shared in the etiology of
these diseases are vascular alterations including endothelial dysfunction, decreased
vascular compliance and reduced blood flow, among others 2. In this context, our group
and others have demonstrated the deleterious effects of HFD intake and human morbid
obesity on vascular disorders such as arterial stiffness and endothelial dysfunction
associated with a reduced NO availability and AMPK activity together with an increase
in oxidative stress > .

The renin-angiotensin system [RAS, extensively reviewed in 9] plays a key role in the
regulation of cardiac and vascular functions. It includes a network of enzymes, bioactive
peptides and receptors that systemically participate in the control of blood pressure and
vascular homeostasis. The precursor, angiotensinogen, an inactive protein secreted
mainly by the liver and the adipose tissue '°, is sequentially transformed into numerous
oligopeptides with differential biological functions. Among them, angiotensin II (Ang
IT) mediates the classical cardiovascular and renal effects. It interacts with Ang I type 1
receptor (AT R) and Ang II type 2 receptor (AT,R), both G protein-coupled receptors
(GPCR). The AT|R is expressed ubiquitously and its activation leads to increase in
blood pressure by promoting vasoconstriction, water and Na" retention '', as well as
oxidative stress '?, inflammation, cardiac hypertrophy " or fibrosis 1 among others.
AT,R is ubiquitously expressed in human fetal tissues, but its expression rapidly
declines after birth. Although AT,R level in adults is typically low, its expression rises

in pathophysiological situations such as diabetes, inflammation, hypertension and



atherosclerosis . Its activation promotes the activity of phosphotyrosine phosphatases
[DUSP1/ MKP-1, PP2A and SHP-1] and stimulates NO generation, which counteracts
the pathological effects of AT;R by inducing vasodilation, reducing fibrosis and
inflammation, among others '°.

Beyond these classic interpretations, new receptors (AT4R/IRAP, Mas receptor,
renin/prorenin receptor or the Mas-related G-protein coupled receptor type D), as well
as relaxant (Ang 1-7, Ang 1-9, Alamandin) and contractile peptides (Ang III, Ang IV)
have been reported to participate in a tightly regulated mechanism to control blood
pressure .

The regulatory negative crosstalk between AT,R and AT;R is critical for the proper
functioning of the vascular system. Ang Il-induced AT;R expression and its vascular
effects are boosted in AT,R KO animals '*. On the other hand, Ang IT administration in
the presence of ATR blockers mediate AT,R-dependent aortic relaxation '°.
Furthermore, AT,R activation and overexpression inhibit AT ;R expression in an NO-
dependent manner *°. In addition to these functional relations, a physical interaction
between the two receptors has been described. Indeed, AT;R-AT,R heterodimers
regulate the internalization and the signaling pathways of both receptors both in ligand
dependent *' and independent fashion **. Similarly, AT,R might heterodimerize with
MasR * and with bradykinin (BK) receptor (B,R) **, leading to a synergistic
potentiation of the phosphatase activity and NO/cGMP production and reinforcing its
vasodilatory actions. Highlighting the relevance of this combined signaling, the
activation of downstream markers of AT,R was increased after the treatment with the
AT,R selective agonist, C21, but depleted when the antagonist of the MasR was

simultaneously used. The same effect was observed when an agonist of the MasR and



an antagonist of the AT,R were concomitantly used *. Similarly, NO release in
response to AT,R activation was blunted in presence of a B,R antagonist .

In obesity, the circulating levels of members of the “deleterious arm” of the RAS
(angiotensinogen, Ang I, ACE, Ang II) are increased partially due to a strong
contribution of secretion from the white adipose tissue *°. Local expression of AT|R and
renin/prorenin receptors is also increased >, which may account for obesity-related
hypertension and cardiovascular dysfunction. However, although the elements of the
“protective arm” are supposed to be activated under pathological stress >*, there is
limited evidence of the upregulation and activation of these pathways in obesity at a
vascular level. To the best of our knowledge, in obesity there are no reports about
vascular expression of MasR and only a slight increase in the protein levels of AT,R has
been reported in mesenteric arteries from monosodium-glutamate fed obese rats > and
abdominal arteries of HFD obese rats .

The goal of the present study was to analyze the effects of AT,R activation on thoracic
aorta endothelial function in a model of diet-induced obesity using the specific agonist
C21. Our hypothesis was that obesity promotes a state of resistance to the beneficial
effects of the protective arm of the RAS by disrupting the AT,R-MasR-B;R interaction
and BK/NO/cGMP pathways. We show that the activation of AT,R with C21 could
prevent obesity induced impairment of signaling and function of the protective RAS

thus preserving endothelial function.

2. METHODS

2.1. Animal model
All experiments were performed in four-week old male C57BL/6J mice, from Charles
River strains and inbred at Universidad San Pablo-CEU animal facilities and housed

under controlled light (12:12 h light-dark cycles), temperature (22-24 °C) and relative

7



humidity (44-55%) with standard food and water ad libitum and placed in individual
cages. After one week of acclimation, animals with similar average body weight (BW)
were divided into two groups and assigned to a control CHOW diet (CHOW) or to a
high-fat diet (HF). CHOW diet (Teklad Rodent Diet 2918, 18 % of Kcal from fat, 58 %
of Kcal from carbohydrates and 24 % of Kcal from proteins; 3.1 kcal/g) was supplied
by Envigo (USA) and HF diet (D12451, 62 % of Kcal from fat, 20 % of Kcal from
carbohydrates, and 18 % of Kcal from proteins; 5.1 kcal/g) was supplied by Test Diet
(UK). All animals had free access to food for 6 weeks. Simultaneously, half of the
animals of each group were treated with Compound 21 (C21; 1 mg/kg/day in drinking
water), thus generating 4 different groups CHOW-C, CHOW-C21, HF-C, HF-C21.
Both BW and food intake were monitored twice a week. Water intake was monitored
daily. Energy consumption was calculated from food intake values and expressed as
Kcal/day/mice. Caloric efficiency was calculated from BW increase/Kcal intake per
animal per week and expressed as g/Kcal. On the last day, mice were weighed and
euthanized by decapitation at 9 am under inhalational anesthesia with isoflurane (5%).
Thoracic aorta was immediately removed and used for vascular function studies. Blood
was collected in chilled heparin-coated polypropylene tubes, centrifuged at 800G for 20
min to obtain the plasma, which was stored at -80°C until biochemical analysis.

All experimental procedures were performed in accordance the Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific
purposes and were approved by the Animal Research Committee of San Pablo CEU

University (PROEX 200/18).

2.2. Plasma measurements

Insulin was determined by means of a specific ELISA kit for mouse insulin (Mercodia,

Denmark) (2.2% intra-assay variation, 4.9% inter-assay variation). Glucose (glucose
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Trinder Method, Roche Applied Science, Barcelona, Spain), triglycerides (glycerol
phosphate oxidase method, Biolabo, Maizy, France), non-esterified fatty acids (Acyl-
CoA oxidase method, Wako, Bioproducts, Germany) and cholesterol (cholesterol
oxidase - peroxidase method, Spinreact, Barcelona, Spain) were measured by enzymatic

colorimetric methods.

2.3. Functional studies in the thoracic aorta

Thoracic aortas were carefully dissected, placed in cold Krebs buffer solution, cleaned
of perivascular adipose tissue, cut into 2-3-mm length rings and introduced in an organ
bath as previously described *'. Isometric tension was recorded in a Power Lab system
(ADInstruments, Oxford, UK). Aortic segments were given an optimal resting tension
of 1 g. After 40 min of equilibration period, arterial contractility was assessed with
potassium chloride (KCl, 60 mmol/l). Endothelial integrity was analyzed with
acetylcholine (ACh, 10°-10* mol/l) on aortic segments pre-contracted with a
submaximal concentration of phenylephrine (Phe, 10° mol/l). Cumulative
concentration-response curves to Ang II (10°-10° mol/1) were carried out to analyze the
contractile response to Ang II. In addition, relaxations curves to Ang IT (10°-10° mol/I)
were also performed in segments pre-contracted with Phe (10 mol/l) and preincubated
with Losartan (AT;R antagonist, 10”7 mol/l, 20 min) to block the contractile response
elicited by Ang II through this receptor. Some aortic rings were preincubated for 20 min
with NG-nitro-L-arginine methyl ester (L-NAME, NOS inhibitor, 10 mol/l),
PD123177 (AT,R antagonist, 10”7 mol/l), HOE-140 (B;R antagonist, 10”7 mol/l), KT-
5720 (PKA inhibitor, 10™ mol/l) or triciribine (AKT inhibitor, 10~ mol/l) or for 5 min
with A779 (MasR antagonist, 10° mol/l) before adding the agonists. All the reagents

were provided by Sigma-Aldrich (Spain).



2.4. Functional studies data analyses
Contractile responses to Ang II are expressed as percentage of maximal contraction to
KCl. Relaxations are expressed as percentage of contraction to Phe. The maximal
response (Enax) and the potency (pD,) of ACh or Ang II were determined by a non-
linear regression analysis of each individual concentration-response curve. Area under
the concentration-response curves (AUC) were calculated from the individual

concentration response curve plots (GraphPad Software, California, United States).

2.5. Cell culture experiments

Human umbilical vein endothelial cells (cell line EA.hy926, HECs) were obtained from
the American Type Culture Collection (ATCC). HECs were cultured in DMEM high-
glucose with L-glutamine (2 mmol/l), 10% FBS (Biowest, USA), penicillin (100 U/mL)
and streptomycin (100 pg/mL) (Lonza, Switzerland) and maintained at 37°C in a
humidified atmosphere containing 5% CO,. Sub-confluent HECs were serum-starved
for 4h. To study the role of AT,, B, and Mas receptors in C21-induced NO production,
HECs were treated either with C21 alone (10 mol/l,5 min) or in combination with the
respective antagonists PD123177 (107 mol/l, 20 min), A779 (10°° mol/l,5 min) or HOE-
140 (107 mol/l, 20 min), with which cells were pretreated for the indicated periods of
time.

BK and Ang 1-7 concentrations were determined in cell culture media from HECs
incubated or not with C21 (10 mol/l, 5 min) by using a specific enzyme immunoassay
commercial kit (Cloud-Clone Corp. S.L. USA; CV<10% intra-assay variation, CV<12%
inter-assay variation).

To assess the involvement of PKA and AKT signaling pathways, KT-5720 (10”mol/l,
20 min), triciribine (10 mol/l, 20 min) or a combination of both KT-5720+triciribine

treatments were performed prior to a 5 min incubation with C21 (10" mol/l).
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2.6. Western blot studies
Western blot experiments were performed in HECs as previously described *%. 1.2 x 10°
cells/well were seeded in a 6-well plate and grown to 90% confluence. HECs, which
had been treated as described in the previous section, were washed with ice-cold PBS
and scraped in lysis buffer containing (50 mmol/l NasP,07, 50 mmol/l NaF, 5 mmol/l
EDTA, 5 mmol/l NaCl, 5 mmol/l EGTA, 10 mmol/l HEPES, 0,5 % Triton X-100,
2mmol/l phenylmethylsulfonyl fuoride, 1 pul/ ml leupeptin, Iul/ml aprotinin, and
0.5ul/ml Tosyl-L-lysyl-chloromethane hydrochloride). Cell lysates were centrifuged at
18000G for 20 min at 4 °C. Protein concentrations were determined in the supernatants
with the BCA reagent. 30 ug protein samples were loaded in Laemmli buffer [50
mmol/l Tris (pH 6.8), 10% sodium dodecyl sulfate, 10% glycerol, 5% mercaptoethanol,
and 2 mg/ml blue bromophenol] and size-separated in 7%-10% SDS-PAGE. Proteins
were transferred to nitrocellulose (Bio-Rad, Hercules, CA) using a transblot apparatus
(Bio-Rad, Hercules, CA). For immunoblotting, membranes were blocked with 5%
nonfat dried milk for 1h. Primary antibodies against p-eNOS (Ser''”") (1:500 dilution;
Cell Signaling Technology, USA), eNOS (1:500 dilution; BD Transduction
Laboratories, UK), AT,R (1:1000 dilution; Abcam, Germany), MasR (1:10000 dilution;
Abcam, Germany) and B;R (1:500 dilution, Santa Cruz Biotechnology, USA) were
applied overnight at 4°C. After washing, appropriate secondary antibodies (anti-rabbit
or anti-mouse IgG-peroxidase conjugated; 1:2000 dilution) were applied for 1h. Blots
were washed, incubated in enhanced chemiluminescence reagents (ECL Prime,
Amersham Bioscence, UK) and bands were detected by ChemiDoc XRS+ Imaging
System (Bio-Rad, USA). To prove equal loadings of samples, blots were re-incubated

with a-tubulin antibody (1:1000 dilution; Cell Signaling Technology, Massachusetts,
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USA) or B-actin antibody (1:5000 dilution; Sigma-Aldrich, Spain). Blots were

quantified using Image Lab 6.0 software (Bio-Rad, USA).

2.7. Co-immunoprecipitation

1.5 x 10 ® cells were seeded in a 10 cm-diameter Petri dish and grown to 90%
confluence. HECs were serum-fasted for 4h, treated with C21 (10 mol/l, 5 min) and
crosslinked with 3,3’-dithiodipropionic acid (N-hydroxysuccinimide ester) (DSP, 2
mmol/l; Sigma-Aldrich, Spain) for 30 min. After quenching the crosslinker with Tris
(20 mmol/l) pH 7.4 in PBS with Ca*"and Mg*" (D-PBS) (Thermo, USA), HECs were
lysed in lysis buffer (50 mmol/l NasP,0O7, 50 mmol/l NaF, 5 mmol/l EDTA, 5 mmol/l
NaCl, 5 mmol/l EGTA, 10 mmol/l HEPES, 0,5 % Triton X-100) with protease
inhibitors at 4°C for 45 min. Protein concentrations of the lysates were determined using
the BCA reagent and 1.5 mg of protein were incubated overnight at 4°C with 2 ug of
rabbit anti-Mas antibody (Abcam, Germany). The immunocomplex was subsequently
captured with 20 ul of prewashed protein A/G PLUS-Agarose beads (Santa Cruz
Biotechnologies, USA) overnight at 4°C. Immunoprecipitants were then washed 3 times
with washing buffer (50 mmol/l HEPES, 0.1% Nonidet P-40, 5 mmol/l EDTA 250
mmol/l NaCl, protease inhibitor cocktail, pH = 8) and re-suspended in Laemmli buffer
to a final volume of 30 pl. Samples were resolved by SDS-PAGE as aforementioned,
followed by immunoblotting analysis using rabbit anti-Mas (1:10000 dilution; Abcam,
Germany), rabbit anti-AT,R (1:1000 dilution; Abcam, Germany), mouse anti-B,R
(1:500 dilution; Santa Cruz Biotechnologies, USA) and rabbit anti-a-tubulin (1:1000
dilution; Cell Signaling, USA) as a Co-IP specify control. Input protein samples were
loaded along with the Co-IP samples, washing supernatants and positive controls. Non-

conjugated beads were loaded as negative controls. Images were analyzed using Image
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Lab 6.0 software (Bio-Rad, USA). IP bands were normalized by their corresponding

input signals and expressed relative to control.

2.8. Co-localization studies

The interaction between AT,, Mas and B, receptors was assessed in HECs by
immunofluorescence. 2 x 10 * cells/well were seeded in coverslips in a 24 well plate and
grown to 70% confluence, fasted for 4h and treated with C21 (10 mol/l, 5 min) and
fixed in 4% paraformaldehyde (PFA, in D-PBS for 15 min at room temperature, RT).
Briefly, HECs were incubated with anti-AT, (1:50; Santa Cruz Biotechnologies, USA),
Mas (1:100; Abcam, Germany) or B, (1:50 dilution; Abcam, Germany) receptors
antibodies overnight at 4°C. HECs were washed and incubated with Alexa Fluor 555®
or Alexa Fluor 488® anti-rabbit IgG and anti-mouse IgG, respectively (1:200 dilution,
Invitrogen, USA) for 1h at RT in the darkness. Afterwards, nuclei were stained with
DAPI (1:500, 10 min, RT, Molecular Probes, USA). Fluorescence analysis was
performed at 63x zoom 3 using a confocal microscope (SP5 Leica Microsystems,
Germany). Cells incubated only with secondary antibody were used as negative control.
“Co-localization analyses were performed by using the ICA (Intensity Correlation
Analysis; http://www.uhnresearch.ca/facilities/wcif/imagej/colour analysis.htm)
plugging as described by Li et al. 2004 **. The Pearson correlation coefficient (PCC)
and the Mander’s overlap coefficient (MOC) were determined to quantify the degree of

co-localization between AT>R and MasR or B,R.”

2.9. In vitro NO production
Sub-confluent HECs, previously serum-fasted for 4h, were treated with C21 (10 mol/l,

5 min) in cells previously treated with PD123177 (10'7 mol/l, 20 min), A779 (10'6 mol/l,
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5 min), HOE-140 (107 mol/l, 20 min), KT-5720 (10” mol/l, 20 min), triciribine (107
mol/l, 20 min) or both KT-5720+triciribine. Thereafter, to assess NO production, treated
HECs were incubated with 4,5-diaminofluorescein diacetate (DAF-2 DA, 10™ mol/l;
Sigma-Aldrich, USA) for 30 min at 37°C in the dark, nuclei were stained with DAPI
(1/5000; Molecular Probes, USA) and HECs were fixed in 4% PFA. The cover slips
were mounted in a glycerol/PBS solution (Citifluor, VWR International, Spain) and
analyzed with a fluorescence microscope (DMS5500B, Leica, Solms, Germany). From
each culture, a minimum of 2 randomly selected images were captured using the
488nm/530nm (DAF-2DA, NO) and 405nm/410—475nm (DAPI, nuclei) filters with a
x20 objective. To ensure the selection of complete cells in the acquired field, cells with
an area of >400 um” were analyzed using the “Analyze Particle” function in ImageJ
software (NIH, Bethesda, MD, Version 1.50f). After applying the threshold, mean
fluorescence signal per cell was calculated.
2.10. Chemicals
ACh and L-NAME were dissolved in saline, Phe in 0.01% ascorbic acid/saline and Ang
II, A779, Losartan, HOE-140 and C21 in distilled water. Triciribine was dissolved in
DMSO and KT-5720 in methanol. All reagents were purchased from Sigma-Aldrich
(USA) with the exception of C21 that was provided by Vicore Pharma.
2.11. Statistical analysis

Results are expressed as mean = SEM and n denote the number of animals used in each
experiment. Comparison between groups were made by performing a Student’s t-test,
one or two-way analysis of variance (ANOVA) as appropriate using GraphPad Prism 07
(San Diego, CA, USA). Post-hoc comparisons were carried out with Bonferroni’s test.

Statistical significance was set at p<0.05.
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3. RESULTS
3.1. Effect of HF-feeding and C21 treatment on BW, biochemical parameters

and RAS components

Mice fed the HF diet exhibited a significant increase in both BW and energy intake
together with a reduction in water intake that were not modified by the treatment with
C21 (Supplemental Figure 1 and Table 1). Plasma levels of glucose, insulin and
cholesterol were significantly higher in the HF group. The treatment with C21 only
reduced insulin and NEFA levels in HF mice, without modifying neither glucose nor

cholesterol levels (Table 1).

3.2. C21 reverses HF-induced alterations in both contractile and relaxant
responses to Ang II through the activation of AT;R, MasR and B;R

receptors

In a first set of experiments, we aimed to evaluate the impact of a 6-week HF diet and
the effect of C21 treatment on vascular responses to Ang II. Previously, we assessed the
maximal contractile ability of the thoracic aorta segments to KCI (60 mM), without
finding differences between groups (Supplemental table 1). Compared to the CHOW
mice, contractions to Ang II (10°-10° mol/l; Figure 1A) were significantly increased in
aortas from HF mice affecting both the maximal response (Emax) and AUC values but
not the potency (PD;) (Supplemental Table 2). Treatment with C21 reduced
contractions to Ang II to similar values than the CHOW group (Supplemental Table 2).
To assess the participation of AT,R, MasR and B,R in this response, cumulative
concentrations of Ang II (10” to 10°mol/l) were added to aortic rings previously
incubated with the respective, specific antagonists PD123177, A779, and HOE-140,

respectively. All antagonists significantly enhanced Ang II-induced contraction in
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arteries from CHOW (Figure 1B, Supplemental Table 2); however, none of the
inhibitors modified the contractile effect of Ang II in HF mice (Figure 1D and
Supplemental Table 1) suggesting that HF diet abolishes the attenuation of Ang II-
induced responses by AT,R, MasR and B;R. Interestingly, HF animals treated with C21
exhibited similar responses to the inhibitors as seen in CHOW mice (Figure 1E),
indicating that C21 restores AT,R, MasR and B;R function in obese mice. No effect of

C21 was observed in CHOW mice (Figure 1C, Supplemental Table 2).

We next analyzed the specific contribution of the AT,R to relaxant responses to Ang 11
(10° to 10 mol/l) in rings preincubated with losartan (10”7 mol/l) and pre-constricted
with Phe (1 pM). Phe-induced contractile responses were similar in all groups
(Supplemental table 1). As shown in Figure 1F, Ang II-induced relaxation was nearly
abolished by HF feeding (Emax; Supplemental Table 3) but restored by treatment with
C21 in HF mice. Moreover, preincubation with PD123177, A779 or HOE-140
significantly inhibited the relaxation to Ang II (Emax) in both CHOW-C and in HF-C21
mice (Figures 1G and 1J, respectively and Supplemental Table 3) but not in HF-C mice

(Figure 11).

The differences in the AUC in absence or presence of PD123177, A779 or HOE-140,
which indirectly indicate the contribution of the respective receptor, were significantly
higher in HF-C21 mice than in HF-C mice for both contractile and relaxant responses to

Ang II for all three antagonists (Supplemental Tables 2 and 3, respectively).

Altogether, these results suggest that there is a functional interaction between AT;R,
MasR and B;R that is required for Ang II-mediated contractile and relaxant responses
which is lost in HF mice but restored by the treatment with C21. The treatment with

C21 did not modify vascular responses in CHOW mice (Figure 1H).
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3.3. Ang II-induced relaxation through the activation of the AT,R requires the

association with both the MasR and B,R

To better understand the interaction between AT,R, MasR and B,R, we performed co-
immunoprecipitation studies of the three receptors in HECs. When the MasR was
immunoprecipitated, simultaneous presence of both AT,R and B,R was detected,
confirming an association between the three receptors. In addition, this interaction was
significantly enhanced by the treatment with C21, as demonstrated by the increased co-

[P/input ratio in the AT,R and the B,R (Figure 2B).

Immunofluorescent staining revealed that AT,R is located mainly in the cell membrane,
cytoplasm and perinuclear regions, while MasR is found mostly in the cytoplasm and, to
a lesser extent, in the membrane of the HECs. The treatment with C21 increased the
fluorescent signal of both receptors, with a stronger signal in the cellular membranes

that become evident when the images are merged (Figures 2D, 2F and 2G).

B,R staining is seen in the cytoplasm and the membrane in basal conditions, but its
colocalization with AT,R is weak (Figure 2E). Whereas treatment with C21 enhanced
the fluorescence signal of B,R in the cell membrane, there was a marked increase in the
expression of B;R in the perinuclear region and also in the nucleus (Figure 2E and 2H).
Colocalization analyses revealed a similar overlapping ratio between AT,R and both
MasR and B;R as evidenced by PCC and MOC (Table 2). However, since C21
increased AT;R, MasR and B;R protein amounts, the net colocalization rate between
AT,R/MasR and AT,R/B,R was higher in C21-treated cells than in control cells.
Together, those data provide further evidence of the association amongst the three

receptors.
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Furthermore, HECs treated with C21 showed a significant increase in AT,R, MasR and
the glycosylated isoform of B,R (Supplemental Figure 2). Altogether, these data
corroborate the interaction amongst the AT,, Mas and B, receptors in C21-mediated

effects.

Finally, to elucidate whether C21 might induce a local production of BK or Ang 1-7, we
analyzed the levels of both peptides in cell culture media after incubation with C21 (107
mol/l,5 min). BK levels were 2-fold higher in HECs treated with C21 (C=3.7 = 0.7
pg/ml vs C21= 8.1+ 1.1 pg/ml, p<0.01). However, Ang 1-7 was not detected in any

experimental group.

3.4.C21 improves endothelial function in HF mice by increasing NO

availability

To assess the impact of AT,R stimulation on endothelial function in HF mice, we
assessed concentration-dependent relaxations to ACh (10 to 10™ mol/l). HF mice
exhibited a significant impairment in endothelial-dependent relaxation to ACh and a
reduction in E,x values as compared with CHOW animals (Eax cnow.c= 85,6 = 1,7%
VS Emax ur.c= 63,8 = 3,0%; two-way ANOVA, p<0.001, Figure 3A and Supplemental
Table 4). Treatment with C21 prevented the development of endothelial dysfunction in
HF mice (Emax #r-c2i= 86,0 £ 1,8%, p<0.001 vs HF-C). The contribution of NO to
endothelial function was assessed in the presence of L-NAME (10 mol/l), which
abolished ACh-induced relaxations in all groups (Figures 3B-3E). However, NO
availability, estimated from the difference in the AUC with or without L-NAME, was
significantly reduced by the HF diet but preserved by the treatment with C21 (Figure 3F

and Supplemental Table 4).
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The molecular mechanism of C21 to prevent vascular dysfunction in HF-animals was
analyzed in HECs. Stimulation of AT;R by C21 enhanced eNOS phosphorylation at
Ser''””, which was completely blocked by PD123177, A779 or HOE-140 (Figure 4A).
Similarly, NO availability (determined by DAF-2DA staining) was significantly
augmented by the treatment with C21, but blunted by PD123177, A779 and HOE-140

(Figures 4B and 4C).

3.5. The activation of AT;R by C21 enhances NO release through both PKA/p-

eNOS and AKT/p-eNOS signaling pathways.

To better elucidate the mechanisms by which C21 was able to increase NO release in
HF mice, we analyzed Ang Il-induced relaxation (10 to 10 mol/l) in presence of
either a selective inhibitor of the PKA (KT-5720, 10 mol/l) or an inhibitor of AKT
phosphorylation (triciribine, 10° mol/l). Both KT-5720 and triciribine significantly
reduced the relaxation to Ang II in CHOW animals, thus suggesting that both PKA/p-
eNOS and AKT/p-eNOS signaling pathways are involved in Ang II-induced relaxation
through the AT,R. C21 treatment of mice per se did not result in any changes to the
relaxant responses to Ang Il in CHOW animals, as their arteries showed similar
responses regardless of the presence or absence of the inhibitors (Figure 5B). In
contrast, relaxant responses to Ang II were hardly absent in arteries from HF fed-
animals and consequently also did not show any response to KT-5720 or triciribine
preincubation (Figure 5C-5F). This corroborates the finding that the relaxant responses
mediated by the AT,R are absent in obese mice. However, when treated with C21,
arteries from HF mice showed a recovery of the relaxant, AT,R-mediated responses to
Ang II through both a PKA and AKT-dependent mechanisms, since the pre-incubation
with either KT-5720 or triciribine abrogated Ang Il-induced relaxation (Figure 5D).
These observations are further supported by the analysis of the AUC, which shows that
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both PKA and AKT are responsible for NO synthesis and thus accounting for relaxant
responses in both control and HF-C21 animals (Figure SE and 5F).

Finally, we assessed NO release in HECs treated with C21 and preincubated with KT-
5720 and/or triciribine. As expected, NO release was 5-fold higher in cells treated with
C21 than in control cells (Figure 6A and 6B). Interestingly, while preincubation with
either KT-5720 or triciribine only partially reduced C21-induced NO release,
simultaneous treatment with both inhibitors completely blocked the C21-induced NO
production, strongly indicating that AKT and PKA pathways contribute similarly to the
NO production stimulated by C21.

4. DISCUSSION

Many reports have implicated the activation of the “deleterious arm” of the RAS in
obesity-related endothelial dysfunction ***"***>. According to the conventional view of
the RAS, the “protective arm” should be triggered in a pathological state such as obesity
as a response to the negative effects driven by AT;R activation. However, there is a
general paucity of detailed information in the literature on the effects of triggering
AT,R or MasR pathways regarding vascular pathology in obesity, although
pharmacological activation of these receptors has shown beneficial effects at metabolic
and vascular levels ***". We hypothesized that obesity leads to a miscommunication in
the “protective arm” of the RAS that impedes the counteracting role of the AT,R, B,R
and MasR pathways. If proven true, potentiating the effect of these pathways could
protect the vascular system from the negative effects of obesity. To test this hypothesis,
we have used a HFD-induced mouse obesity model to analyze the effects of the
activation of the AT,R using a non-peptide agonist called C21, on vascular function.
Our results highlight that: 1) the physical interaction (“heterodimerization”) between

AT,R and B;R with MasR is necessary to exert the vasodilatory functions of the
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protective arm of the RAS, 2) obesity interrupts that crosstalk, leading to a reduction of
NO-dependent relaxation and 3) the activation of the AT,R with C21 in obesity is
sufficient to restore the interaction among the three receptors, activate the PKA/p-eNOS
and the AKT/p-eNOS signaling pathways and restore the normal contractile/relaxant
response in the thoracic aorta.

To determine the role of angiotensin receptors in obesity, we first analyzed the
contractile and relaxant responses to Ang II in thoracic aorta rings. In the arteries from
HF-C animals, Ang II caused a shift in the AT;R-AT,R equilibrium towards an AT;R-
mediated contraction, probably due to the relative abundance of this receptor as
previously described by Jerez et al *®. In fact, blockade of the dominating AT|R with
losartan unmasked the AT,R-mediated relaxation, as it has been previously described in
other models *. Interestingly, the independent blockade of AT,R (with PD123177),
B,R (with HOE-140) or MasR (with A799) hindered the vasorelaxant responses to Ang
II, even in the presence of C21 in lean animals. This effect, i.e. the inhibition of the
downstream function of one receptor by antagonizing another receptor, is not exclusive
for the RAS system, where it has been described for the AT,R-MasR dimer **°, but
also between the RAS and the B-adrenergic system *' and others. Importantly, our
findings indicate for the first time that this type of cross-regulation also occurs between
the 2 members of the protective RAS and B,R and it suggests a requirement for
interaction among the three receptors to execute the actions of the protective arm of the
RAS. In fact, obesity per se not only increased the contractile effects of Ang Il as a
result of AT R receptor overexpression as others have reported *, but also through a
disruption in the AT,R/B,R/MasR axis as evidenced by the lack of protective effects of
these receptors in HF-C mice. Nevertheless, because of the low ATy, receptor levels in

the thoracic aorta compared to those observed in other arteries like the abdominal aorta
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or the femoral artery **, a limitation of this study is that thoracic contractile responses to
Ang 11, as well as the changes observed between groups, are small. Therefore, further
research is needed to analyze if this obesity-induced increase in contractile response,
although limited in magnitude, is a preliminary signal of vascular damage or if it has
physiological relevance per se. That would help to further understand the protective
effects of C21.

Interestingly, C21 was able to maintain the functionality of the thoracic aorta in obese
animals by preserving AT,R-mediated vasodilatory effects. It is noteworthy that this
effect required an intact AT,R/B,R/MasR axis, since disruption of any of the three
receptors abolished the effect.

Although several studies have shown the ability of AT,R to form heterodimers with
MasR and B,R ***°, our findings demonstrate for the first time the physical interaction
among AT;R/MasR and B);R/MasR in endothelial cells. While MasR
coimmunoprecipitated with both AT,R and B,R in untreated cells, this interaction was
enhanced when the cells were treated with C21 likely due to increased expression of the
3 proteins both at the intracellular and membrane level. Furthermore, the glycosylated
form of B,R, which is required to promote its trafficking to the membrane, was also
increased *°.

To shed some light on the endothelial damage caused by obesity, we analyzed the
endothelium-dependent relaxant responses to ACh alone and in the presence of L-
NAME to assess the net contribution of NO. Aortic rings from HF mice exhibited a
significant reduction in ACh-induced relaxation due to an approximately 30% reduction
in the availability of NO. It is known that obesity causes not only a reduction in the
protein levels of eNOS in aorta *”** but also a decrease in phosphorylation of eNOS at

Ser!””7 430 The activation of AT,R with C21 preserved NO levels in the aorta of obese

22



777" phosphorylation of

animals, in a mechanism that involves AKT-dependent Ser
eNOS. It has also been described that the phosphatases downstream of AT,R activation
can dephosphorylate the inhibitory Tyr®’ and Thr*” residues on eNOS °'.

Besides this direct mechanism of activation, C21 through AT,;R can also increase NO
generation indirectly by triggering the activation of PKA/p-Ser®®eNOS ****. In aortic
rings from CHOW animals, there was a similar contribution of PKA/eNOS and
AKT/eNOS signaling pathways in the generation of NO, that was completely abolished
in obese mice but preserved by the treatment with C21. This complementary action of
the two pathways was confirmed in endothelial cells, where each inhibitor
independently reduced the NO release in response to C21 to half rate, and both together
completely abrogated the C21-induced NO generation to basal levels. It has been
already demonstrated that NO release can also result from AT,R-mediated BK synthesis
and the consequent activation of B,R >°. Therefore, and since BK levels were
significantly increased in HECs treated with C21, a stimulation of BK synthesis by C21
cannot be discarded. Nevertheless, a limitation of this study is that murine aortic
endothelial cell lines are not available, reason why in vitro studies were performed in
HECs. Consequently, although we suggest that the results observed in HECs could
explain the effects observed in the murine thoracic aorta, further studies should be
required to clearly demonstrate it.

Further studies should be carried out to explore the nature of the desensitizing
mechanisms that lead to disrupted physical interaction among AT,R/B,R/MasR in
obesity. Although our data demonstrate the protein-protein interaction among the three
receptors, we cannot disregard the possibility that C21 could also bind to the MasR
based on structural similarities between the C21 and the MasR agonist, AVE 0991,

although the region of the molecule critical for selective AT;R binding is quite distinct
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40 Nonetheless, even if C21 could stimulate AT,R and MasR simultaneously, the use of

one of the antagonists should only inhibit NO release partially instead of total ablation

of the relaxant response, as we have found.

Altogether, the present data provide novel insights into a new premise regarding the

activation of eNOS and the consequent NO release where, prior to the activation of the

PKA/p-eNOS or the AKT/p-eNOS pathways, the combined action of the upstream

heterodimers AT,R/MasR and B;R/MasR is required. Although in obesity, this

crosstalk is interrupted, leading to a complete loss of the action of the protective arm of

the RAS, we have shown that it can be restored with AT,R stimulation.

Clinical Perspectives

The reduction of nitric oxide availability lies in the basis of obesity-associated
endothelial dysfunction. The stimulation of AT,R by Compound 21 is known to
induce NO release in endothelial cells, so the purpose of this study was to
evaluate the effect of C21 on thoracic aorta endothelial function in a model of diet-
induced obesity and to elucidate the implication of the potential crosstalk between
AT,R, MasR and/or B,R in this response.

This study evidences a defective AT,;R signaling due to the disruption of the
AT,R/B;R/MasR axis associated to endothelial dysfunction in diet-induced obese
mice. Chronic treatment with C21 prevents those alterations favoring AT,R/MasR
and B);R/MasR heterodimerization, increased NO availability and vascular
protection.

C21, recognized as an orphan drug in idiopathic pulmonary fibrosis, is in phase 11
clinical trials for pulmonary fibrosis and COVID-19. Therefore, we suggest that
activation of the renin-angiotensin system protective arm by C21 might constitute a
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promising pharmacological strategy in the management of obesity-derived vascular

damage.
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FIGURE LEGENDS

Figure 1. Characterization of contractile and relaxant responses to Ang II: role of
AT;R, MasR and B;R. Cumulative concentration-response curves to Ang II (10°-10°
mol/l) in aortic segments from (A) CHOW and HF animals treated or not with C21, (B-
E) CHOW-C (B), CHOW-C21 (C), HF-C (D) and HF-C21 (E) mice pre-incubated or
not with PD123177, A-779 or HOE-140. Cumulative concentration-response curves to
Ang 11 (10°-10"° mol/1) in aortic segments pre-incubated with losartan (107 mol/l) from
(F) CHOW and HF animals treated or not with C21, (G-J) CHOW-C (G), CHOW-C21
(H), HF-C (I) and HF-C21 (J) pre-incubated or not with PD123177, A-779 or HOE-140.
Results are represented as the mean £ S.EMM. (n = 10). (A and F) **p<0.01 and
#%%p<0.001 compared with CHOW-C mice; “p<0.01 and **p<0.001 compared with
HF-C mice. (B-E and G-J) *p<0.05 and **p<0.01 PD123177 vs C, “p<0.05, *p<0.01
and " p<0.001 A779 vs C and “p<0.05 HOE-140 vs C. (2-ANOVA; Bonferroni post

hoc test).
Figure 2. Characterization of the interaction between AT,R, MasR and B;R.

(A) Co-immunoprecipitation (Co-IP) of AT,R, MasR and B;R heterodimers in HECs.
The Co-IP lanes represent proteins immunoprecipitated with the MasR antibody
attached to protein A/G PLUS-Agarose. Co-immunoprecipitants (IP) were analyzed by
SDS-PAGE and immunoblotted (IB) using the indicated antibodies. These blots are
representative of AT,R, MasR, B;R and a-tubulin expression in samples from HECs
treated or not with C21. The Input lanes represent immunoblot analysis of cell extracts
before immunoprecipitation. NS, non-specific, refers to omission of the primary
antibody in the Co-IP assay. (B) Densitometric analysis of the MasR-AT,R and (C)
MasR-B;R heterodimers. Equal amounts of proteins were IP with the MasR antibody

and IB with the AT,R and B,R antibody, respectively. The IP signal was normalized
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against the input bands. Results are expressed relative to control and represented as the
mean + S.E.M of a minimum of 5 independent experiments. *p<0.05, compared with C
(Student's t-test). (D-E) Representative confocal projections of HECs treated or not with
C21 and stained with anti-AT,R (red) and (C) anti-MasR or (D) anti-B,R (green)
antibodies. Nuclei staining was performed with DAPI (blue). (F-H) Dot plot graphs
show quantification of fluorescence intensity for AT,R (F), MasR (G) and B,R (H).
Results are represented as the mean £ S.EIM. (n = 6). *p<0.05 compared with C

(Student's t-test).

Figure 3. Effect of C21 treatment on obesity-derived endothelial dysfunction and
NO availability. Cumulative concentration-response curves to ACh (10°-10* mol/l) in
aortic segments from (A) CHOW and HF animals treated or not with C21, (B- E)
CHOW-C (B), CHOW-C21 (C), HF-C (D) and HF-C21 (E) animals pre-incubated or
not with L-NAME (10™* mol/l). Results are represented as the mean + S.EM. (n=7 -
10). (A) ***p<0.001 compared with CHOW-C mice; "p<0.001 compared with HF-C
mice. (B-E) ***p<(0.001 compared with their corresponding matched control groups. (2-
ANOVA; Bonferroni post hoc test). (F) AUC, Area under concentration—response
curves elicited by ACh in presence (black bars) or absence (full histogram) of L-
NAME. AUC is expressed in arbitrary units. White bars represent the difference
between the AUC in presence and absence of L-NAME. **p<0.01 and ***p<0.001 (1-

ANOVA; Bonferroni post hoc test).

Figure 4. Role of AT,R, MasR and B;R in NO production. (A) Representative
immunoblots of p-eNOS*"'”7/eNOS and b-actin expression in HECs previously
incubated or not with PD123177, A-779 or HOE-140 and treated or not with C21. Bars
graph shows the result of densitometric analysis of p-eNOS*"'”7/eNOS immunoblots

expressed as percentage of p-eNOS*"''""/eNOS in C HECs. (B) Representative pictures
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of HECs previously incubated or not with PD123177, A-779 or HOE-140 and treated
with C21 or nothing as control and incubated with DAF-2 DA (green). Nuclei staining
was performed with DAPI (blue). (C) Dot plot graphs show quantification of
fluorescence intensity with DAF-2. Results are represented as the mean £ S.E.M. (n =
5-7). **#%p<0.001 compared with C; "p<0.01 and **p<0.001 compared with C21 (1-

ANOVA; Bonferroni post hoc test).

Figure 5. Characterization of signaling pathways involved in C21-mediated NO
release. Cumulative concentration-response curves to Ang II (10°-10° mol/l) in aortic
segments from CHOW-C (A), CHOW-C21 (B), HF-C (C) and HF-C21 (D) mice pre-
incubated with losartan (107 mol/l) and with KT-5720, triciribine or untreated as
control. (E, F) AUC, Area under concentration-response curves elicited by ACh in
presence (black bars) or absence (full histogram) of KT-5720 (E) or triciribine (F).
White bars represent the difference between the AUC in presence and absence of KT-
5720 or triciribine. AUC is expressed in arbitrary units. Results are represented as the
mean = S.E.M. (n = 10). *p<0.05 and **p<0.01 KT-5720 vs C; "p<0.05 and *p<0.01

triciribine vs C. (1-ANOVA; Bonferroni post hoc test).

Figure 6. Implication of PKA/eNOS and AKT/eNOS signaling pathways in NO
production. (A) Representative pictures of HECs previously incubated or not with KT-
5720 or triciribine, treated or not with C21 and incubated with DAF-2 DA (green).
Nuclei staining was performed with DAPI (blue). (B) Dot plot graphs show
quantification of fluorescence intensity with DAF-2. Results are represented as the
mean £ S.EM. (n = 5). *p<0.05, **p<0.01 and ***p<0.001 compared with C;

#5<0.001 compared with C21 (1-ANOVA; Bonferroni post hoc test).

Figure 7. Mechanisms involved in NO release mediated by AT;R stimulation with

C21.
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C21 favors a crosstalk between AT,R, MasR and B;R, leading to i) an increased BK
release and its consequent activation of B,R and ii) the activation of both PKA/eNOS
and AKT/eNOS signaling pathways, thus enhancing NO release and contributing to

vascular protection.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Table 1. Effect of diet and treatment with C21 on body weight and biochemical

parameters.

CHOW-C CHOW-C21 HF-C HF-C21
Body weight (g) 26.7+£1.0 26.8+0.7 31.3+£1.5% 34.0 £ 1.7%*
Biochemical parameters:
Plasma glucose (mg/dL) 1834+14 1752+5.5 196.7 + 2.6* 198.5 +£2.2*
Plasma insulin (pg/L) 0.6+0.1 1.2+0.2 3.5+ 0.4%%* 22+0.2°
Plasma TG (mg/dL) 135.7+11.7 135.0+12.2 111.4+£94 117.1£9.6
Plasma cholesterol (mg/dL) 98.9+3.8 101.6£2.9 148.1 £ 3.9%*** 149.8 £ 2.4***
Plasma NEFA (mM) 0.6 £0.04 0.7+0.1 0.6+0.03 0.5+0.03"

Data are expressed as mean + SEM (n = 5-10 determinations per group). *p<0.05,
#¥p<0.01 and ***p<0.001 vs Chow-C mice; "p<0.05 vs HF-C mice (I-ANOVA;
Bonferroni post hoc test). Triglycerides (TG), non-esterified fatty acid (NEFA).



Table 2. Co-localization analyses.

Control C21
AT,R-MasR
PCC (Rr) 0,77 £0,02 0,78 £0,01
MOC (R) 0,78 £ 0,01 0,80 £ 0,01
AT;R - B;R
PCC (Rr) 0,65+ 0,03 0,69 + 0,03
MOC (R) 0,67 + 0,06 0,67 £ 0,03

Data are expressed as mean + SEM (n = 6). Pearson correlation coefficient (PCC);

Mander’s overlap coefficient (MOC).
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