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ARTICLE INFO ABSTRACT

The renin-angiotensin system (RAS), aside its classical hormonal properties, has been implicated in the patho-
genesis of inflammatory disorders. The angiotensin converting enzyme 2/angiotensin-(1-7)/Mas Receptor
(ACE2/Ang-(1-7)/MasR) axis owns anti-inflammatory properties and was recently associated with bone re-
modeling in osteoporosis. Thus, the aim of this study was to characterize the presence and effects of the ACE2/
Ang-(1-7)/MasR axis in osteoblasts and osteoclasts in vitro and in vivo. ACE2 and MasR were detected by qPCR
and western blotting in primary osteoblast and osteoclast cell cultures. Cells were incubated with different
concentrations of Ang-(1-7), diminazene aceturate (DIZE - an ACE2 activator), A-779 (MasR antagonist) and/or
LPS in order to evaluate osteoblast alkaline phosphatase and mineralized matrix, osteoclast differentiation and
cytokine expression, and mRNA levels of osteoblasts and osteoclasts markers. An experimental model of alveolar
bone resorption triggered by dysbiosis in rats was used to evaluate bone remodeling in vivo. Rats were treated
with Ang-(1-7), DIZE and/or A-779 and periodontal samples were collected for immunohistochemistry, mor-
phometric analysis, osteoblast and osteoclast count and cytokine evaluation. Human gingival samples from
healthy and periodontitis patients were also evaluated for detection of ACE2 and MasR expression. Osteoblasts
and osteoclasts expressed ACE2 and MasR in vitro and in vivo. LPS stimulation or alveolar bone loss induction
reduced ACE2 expression. Treatment of bone cells with Ang-(1-7) or DIZE stimulated osteoblast ALP, matrix
synthesis, upregulated osterix, osteocalcin and collagen type 1 transcription, reduced IL-6 expression, and de-
creased osteoclast differentiation, RANK and IL-13 mRNA transcripts, and IL-6 and IL-1p levels, in a MasR-
dependent manner. In vivo, Ang-(1-7) and DIZE decreased alveolar bone loss through improvement of osteoblast/
osteoclast ratio. A-779 reversed such phenotype. ACE2/Ang-(1-7)/MasR axis activation reduced IL-6 expression,
but not IL-13. ACE2 and MasR were also detected in human gingival samples, with higher expression in the
healthy than in the inflamed tissues. These findings show that the ACE2/Ang-(1-7)/MasR is an active player in
alveolar bone remodeling.
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1. Introduction and its Mas-related G-coupled receptor type D (MrgDR) [2]. Ad-
ditionally, significant evidence from the last decades reveals that RAS
functions go far beyond blood pressure control [3].

Remarkable experimental and also some clinical data implicate RAS

The renin-angiotensin system (RAS) is a hormonal cascade long
known for controlling cardiovascular and renal physiology and disease

[1]. The classical vasoconstrictive actions of the Angiotensin-Con-
verting Enzyme (ACE)/Angiotensin (Ang) II/AT; Receptor (AT;R) axis
are counterbalanced by the ACE2/Ang-(1-7)/Mas Receptor (MasR) axis
and also by recently described RAS members, including Alamandine

components as active inflammatory mediators. Several studies de-
monstrate that AT;R activation by Ang II induces leukocyte migration,
release of pro-inflammatory cytokines (IL-1f3, IL-6, TNF, CXCL-1 and
others), fibrosis and NFkB activation in different contexts, such as
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arthritis [4], lung fibrosis [5], diabetes [6] and acute nephropathy [7].
On the other hand, increasing body of evidence point that the ACE2/
Ang-(1-7)/MasR axis owns anti-inflammatory properties. Ang-(1-7)
reduces hypernociception, edema, fibrosis, TNF and IL-13 expression
and tissue damage in inflammatory scenarios [8-11]. Indeed, MasR
activation favors resolution of inflammation by inducing neutrophil
apoptosis and efferocytosis [12]. Accordingly, RAS components have
also been characterized as bone-remodeling-associated mediators.

Indeed, blocking Ang II actions with an AT;R antagonist prevents
bone loss associated to estrogen deficiency [13,14] and also bone re-
modeling triggered by strain [15]. Such events derived from increased
rates of osteoblast and decreased osteoclast markers [15]. Similarly,
inhibiting Ang II engagement to AT;R treated inflammatory alveolar
bone resorption induced by dysbiosis. In this scenario, losartan reduced
inflammatory cytokines and osteoclast differentiation in vivo and in vitro
[16]. In contrast to these data, characterization of the ACE2/Ang-(1-7)/
MasR axis in bone metabolism is scarce. There is evidence that Ang-(1-
7) improves structural and mineral bone lesions in ovariectomy-in-
duced osteoporosis in rats [17,18] and decreases osteolytic damage in
an intra-tibial tumor model [19].

Nevertheless, the expression of ACE2 and MasR by bone cells and
their effects on bone remodeling triggered by dysbiosis and inflamma-
tion are not known. Therefore, the aim of this study was to characterize
the role of the ACE2/Ang-(1-7)/MasR axis in alveolar bone resorption
in vitro and in vivo.

2. Methods
2.1. Animals

Male Wistar rats weighing 250-300g were obtained from the
Animal House of the Biological Sciences Institute, Federal University of
Minas Gerais (UFMG), Brazil. The rats were kept under light/dark cycle
of 12/12h at 23-25 °C with free access to water and food. For in vitro
experiments, neonatal Wistar rats (4d of age) were used for the ex-
traction of calvaria osteoblasts and Wistar rats at 4 weeks for bone
marrow extraction and osteoclast differentiation. All the experimental
procedures were approved by the Committee on Ethics in the use of
Animals of UFMG.

2.2. Primary osteoblast cell culture

Osteoblasts were extracted from the calvaria of neonatal Wistar rats
(4d old) following a classical published protocol [20]. Briefly, after
euthanasia, calvaria were dissected, digested with 1 mg/ml collagenase
type II (Gibco) diluted in 0.25% trypsin at 37 °C and the obtained cells
were cultured. The culture medium [minimal essential medium (a-
MEM)(Gibco)] was supplemented with 10% fetal bovine serum (FBS;
Gibco), 100 pg/ml gentamicin, 5pg/ml ascorbic acid (Sigma-Aldrich,
USA), and 2.16 mg/ml B-glycerophosphate (Sigma-Aldrich) (osteogenic
medium) and was changed every 2d during 7 d. Afterwards, the cells
were counted and plated onto 24-well culture plates at a density of
1 x 10* cells/well or onto 96-well culture plates at a density of 2 x 10°
cells/well. Then, 48h after plating the osteoblasts, different con-
centrations of Ang-(1-7) (10~8-10~°M; Bachem) or DIZE, an ACE2
activator (10 ~°-10~3M; 6 h before LPS; diminazene aceturate; Sigma-
Aldrich) with and without E. coli LPS (50 ng/ml; Sigma-Aldrich) and/or
A-779 [10™° M; 30 min before Ang-(1-7) or DIZE; Bachem] were added.
Alkaline phosphatase and alizarin red assays were performed 14 d after
cell stimulation. The experiments were conducted in quadruplicates for
96-well plates and triplicates for 24-well plate experiments. The groups
used were: (1) Vehicle, which received only medium; (2) Ang-(1-7); (3)
DIZE; (4) LPS; (5) LPS + Ang-(1-7); (6) LPS + DIZE; (7) A-779; (8) A-
779 + Ang-(1-7) at 107 M of Ang-(1-7); (9) A-779 + DIZE at 10 >M
of DIZE; (10) A-779 + LPS; (11) A-779 + LPS + Ang-(1-7); (12) A-
779 + LPS + DIZE.
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2.2.1. Alkaline phosphatase assay

The alkaline phosphatase osteoblast activity was evaluated using
the NBT/BCIP (nitro-blue tetrazolium/5-bromo-4-chloro-3-indolylpho-
sphate) assay [21]. Fourteen days after osteoblast stimulation, the wells
were washed with PBS and the NBT/BCIP (Invitrogen)
[1(NBT):1(BCIP):8(PBS)] solution was added. The plates were in-
cubated at 37 °C for 2 h. Thereafter, a solution of 10% SDS (Sigma) and
0.3% HCI in deionized water was added and the plates were incubated
again at 37 °C overnight. The next day, the optical density of the su-
pernatant was read in a spectrophotometer at 595 nm.

2.2.2. Alizarin red assay

Evaluation of osteoblast mineralized matrix synthesis was con-
ducted using the alizarin red assay [22]. This assay was performed on
24-well plates with coverslips for cell culture. Fourteen days after cell
stimulation, the wells were washed with PBS, fixed with 4% glutar-
aldehyde in PBS for 15 min and washed again. Alizarin red solution
(40 mM, pH 4.2) was added to the wells and the plate was shaken for
20 min. The dye was removed, the wells were washed with distilled
water and the coverslips were mounted on slides, which were photo-
graphed for analysis. Five fields (4x magnification; totalizing
~17 mm?) were photographed in each coverslip for analysis. The area
with mineralized matrix was quantified using the ImageJ software.
Experiments were repeated at least twice.

2.3. Osteoclast cell culture

Cells extracted from the bone marrow of the tibia and femur of
4 week-old male Wistar rats were incubated in D-MEM (Cultilab)
medium supplemented with 10% fetal bovine serum and with soluble
macrophage colony-stimulating factor (M-CSF; 100 ng/ml; Peprotech)
for 10 d to generate pre-osteoclasts (macrophages). Then, the cells were
counted and plated in 24-well culture plates at a density of 1 x 10*
cells/well or in 96-well culture plates at a density of 1 x 10> cells/well.
Soluble receptor activator of nuclear factor-kB ligand (RANKL; 100 ng/
ml; Peprotech) was added to the cells to stimulate the differentiation of
macrophages into osteoclasts. This conditioned culture medium was
changed every 2 d, for 3 times. Then Ang-(1-7), DIZE, LPS and/or A-779
were added to stimulate the cells, using the same protocol described in
the osteoblast experiments.

2.3.1. TRAP assay

Ten days after osteoclast stimulation, TRAP staining was performed
with the acid phosphatase leukocyte (TRAP) Kit (Sigma-Aldrich), fol-
lowing manufacturer's recommendations. The whole wells were pho-
tographed (20 X magnification) for counting the multinucleated (two
or more nuclei) TRAP-positive cells. Experiments were repeated at least
twice.

2.4. MTT cell viability assay

Osteoblast and osteoclast cell viability was detected with the MTT
assay [20]. Thirty-six hours after the cell stimulation with Ang-(1-7),
DIZE, LPS and/or A-779, the wells were washed with PBS and a solution
of MTT (1 mg/ml) in a-MEM or D-MEM was added to the cells, which
were maintained in the CO, incubator for 4 h at 37 °C. After incubation,
another wash was done with PBS. Then, a solution of isopropanol/HCl
was added and the samples were shaken to promote the elution of the
formazan crystals. The supernatant was quantified by measuring the
absorbance values at 595 nm in a spectrophotometer.

2.5 Quantitative. real-time PCR
Total RNA was isolated from the osteoblast and osteoclast cultures

2, 7 and/or 14d after cell stimulation using Trizol reagent (Thermo
Fisher Scientific, Grand Island, NY, USA) according to the
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Fig. 1. The ACE2/Ang-(1-7)/MasR axis in primary osteoblasts. (A) ACE2 and (B) MasR mRNA were detected in osteoblasts by qPCR 2, 7 and 14 d post-LPS
stimulation. (C) Representative western blots for ACE2 and MasR, which were analyzed by densitometry using the ImageJ software [ratio of ACE2 (D) or MasR (E)
and the control B-actin] 2 d post-stimulation. (F) Alkaline phosphatase activity was detected colorimetrically 14 d after cell stimulation. (G) Alizarin red quantifi-
cation was conducted morphometrically 14 d after LPS stimulation. (H) Representative images of alizarin red stained osteoblast samples. (I) IL-6 was detected by
ELISA in osteoblast supernatants 24 h post-stimulation. * p < 0.05 versus Vehicle. * p < 0.05 versus the respective group without LPS. Statistical evaluation was
performed using Student's t-test for comparison of two independent groups and one-way ANOVA followed by the Newman-Keuls post-test for more than two groups.

Table 1
Effects of Ang-(1-7) and DIZE on osteoblast and osteoclast markers in the absence or presence of LPS.
Vehicle Ang-(1-7) DIZE LPS LPS + Ang-(1-7) LPS + DIZE
1077M 107°M 107"M 107°M
Osteoblasts Runx2 1,00 + 0,07 0,97 * 0,27 1,98 + 0,81 1,42 + 0,26 1,63 + 0,29 2,08 * 0,67
Osterix 1,37 + 0,52 1,39 + 0,24 1,44 + 0,34 1,61 = 0,12 2,43 + 0,30"" 1,79 + 0,21
Osteocalcin 1,89 + 0,87 2,62 *+ 0,45 2,56 = 0,90 0,71 = 0,29 1,84 + 0,96 0,42 = 0,13
Collagen type 1 0,71 = 0,20 2,55 = 0,46" 3,32 = 1,56 4,97 + 1,92 6,44 + 1,48" 4,67 = 1,98
Osteoclasts Interleukin-1p 1,15 + 0,34 3,19 + 1,76 3,4 = 0,35 31,26 + 3,04” 521 * 0,55 20,36 + 5,96”
Metalloproteinase-13 4,74 = 3,78 2,18 + 1,17 2,87 = 0,80 22,92 + 5,06” 6,79 = 3,66 9,95 + 5,95
Rank 1,60 + 0,85 1,82 = 0,95 2,3 + 1,25 5,78 + 0,5" 3,64 £ 0,35 4,99 = 0,40

* p < 0.05 versus Vehicle or LPS.
# p < 0.05 versus the respective group without LPS; One-way ANOVA followed by Newman-Keuls.
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Fig. 2. The ACE2/Ang-(1-7)/MasR axis in bone marrow-derived osteoclasts. (A) ACE2 and (B) MasR mRNA were detected in osteoclasts by qPCR 2, 7 and 14 d after
stimulation with LPS. (C) Representative western blots for ACE2 and MasR, which were analyzed by densitometry using the ImageJ software [ratio of ACE2 (D) or
MasR (E) and the control p-actin] 48 h post-stimulation. (F) Quantification of TRAP-positive multinucleated cells 10 d after cell stimulation. (G) Representative
photomicrographs from osteoclast cell culture. (H) IL-6 and (I) IL-1B were quantified by ELISA in cell culture supernatants 24 h post-stimulation. * p < 0.05 versus
Vehicle; * p < 0.05 versus the respective group without LPS. Statistical analysis was performed using Student's t-test for comparison of two independent groups and
one-way ANOVA followed by the Newman-Keuls post-test for more than two groups.

manufacturer's recommendations. Real-time PCR quantitative mRNA
analyses were performed on a 7500 Fast Real-Time PCR system using
iTaq Universal SYBR green supermix (Bio-Rad, Hercules, CA, USA) after
reverse transcription reactions of 1ug RNA utilizing RevertAid First
Strand cDNA Synthesis kit (Thermo Scientific). Relative expression of
MasR (primers: forward - 5’TTG GTG GTG AAG ATA CGG AAG 3’ and
reverse - 5" ATG GTG GAG AAA AGC AAG GA 3’), ACE2 (primers:
forward - 5 TCC TTC TCA GCC TTG TTG CT 3’ and reverse - 5 CAG
CCT CGT TCA TCT TTT GG 3), Osterix (primers: forward - 5" TGA GCT
GGA ACG TCA CGT GC 3’ and reverse - 5* AAG AGG AGG CCA GCC
AGA CA 3), Runt-related transcription factor 2 (RUNX2, primers: for-
ward - 5 GCC ACC ACT CAC TAC CAC AC 3’ and reverse - 5" CAG CGT
CAA CAC CAT CAT TC 3), Osteocalcin (primers: forward — 5 GGA CCA

TCT TTC TGC TCA CTC TG 3’ and reverse - 5 GTT CAC TAC CTT ATT
GCC CTC CTG 3’), Collagen 1A (primers: forward - 5 TAG GAG TCG
AGG GAC CCA AG 3’ and reverse - 5 AGG CTC TCC CTT AGG ACC AG
3’), RANK (primers: forward - 5 AAC TCC AAC TCA ACG GAT GG 3’
and reverse - 5 TGG GAA GGC CTA TGC TGT AG 3), IL-1p3 (primers:
forward - 5 TGC TGT CTG ACC CAT GTG AG 3’ and reverse - 5° CCA
AGG CCA CAG GGA TTT TG 3’) or Metalloproteinase-13 (MMP-13,
primers: forward — 5 CCC TGG AGC CCT GAT GTT 3’ and reverse — 5
TGG GTC ACA CTT CTC TGG TG 3’) was determined by the compara-
tive threshold cycle method using 2" normalized with GAPDH con-
stitutive gene (primers: forward - 5’-ACG GCC GCA TCT TCT TGT GCA-
3’ and reverse - 5-CGG CCA AAT CCG TTC ACA CCG A-3’) and ex-
pressed as fold change compared with control.
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Table 2

Effects of A779 on osteoblasts and osteoclasts in the absence or presence of LPS.
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Vehicle A-779 Ang-(1-7) Ang-(1-7) + A-779 DIZE DIZE + A-779
107’M 10°°M

Alkaline phosphatase (AU) 0,13 + 0,003 0,0845 + 0,005 0,23 + 0,013* 0,113 = 0,007 0,192 = 0,009+ 0,117 = 0,023%
Alizarin red (mm?) 8,131 + 0,336 8,894 + 0,125 14,59 + 0,841+ 9,895 + 1,649~% 15,02 + 0,24* 8,135 + 0,697~%
TRAP (cells/well) 35,3 + 0,903 34,3 + 0,723 27,15 + 0,613* 33,35 + 0,805 24,45 + 1,132+ 30,3 + 0,412-%

LPS LPS + A-779 LPS + Ang-(1-7) LPS + Ang-(1-7) + A-779 LPS + DIZE LPS + DIZE + A-779

10°"M 107°M

Alkaline phosphatase (AU) 0,192 + 0,019* 0,164 + 0,010* 0,259 + 0,009+ 0,152 + 0,005+% 0,253 + 0,003“* 0,126 + 0,003~%
Alizarin red (mm?) 13,31 * 0,716% 11,02 + 0,985 16,26 + 0,412* 9,821 + 1,239% 16,55 + 0,258+% 10,35 + 1,056+
TRAP (cells/well) 53,6 + 0,627% 52,15 + 0,531% 46 + 0,678~% 52,75 + 0,741%% 42,1 + 0,591=% 50,5 + 0,776=%&

Osteoblasts were cultivated for 14 d and osteoclasts for 10 d post-LPS stimulation. * p < 0.05 versus Vehicle or LPS; * p < 0.05 versus the respective group without
LPS; & p < 0.05 versus the respective groups without A-779; one-way ANOVA followed by Newman-Keuls.
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Fig. 3. The ACE2/Ang-(1-7)/MasR axis in periodontal tissues. Immunohistochemistry was performed to detect ACE2 (A) and MasR (C) in control (n = 6) and
diseased (n = 6) samples. Total ACE2 (B) and MasR (D) immunostained cells were counted morphometrically. Arrows indicate osteoblasts and osteoclasts. *

p < 0.05 versus Vehicle using unpaired Student's t-test.

2.6. Western blotting

Cell extract was obtained from osteoblast and osteoclast cultures
48 h after stimulation using Cell Lysis Buffer (1% Triton X100, 0.2 mM
EDTA, 100 mM Tris/HCI, 20% Glicerol) with anti-proteases. Protein
amounts were quantified with the Bradford assay reagent (Bio-Rad, CA,
USA). Extracts (50 pug) were separated by electrophoresis on a dena-
turing 8-10% polyacrylamide-SDS gel and electrotransferred to ni-
trocellulose membranes. Membranes were incubated with specific pri-
mary antibodies [anti-MasR (Alomone) and anti-ACE2 (GeneTex)]
overnight. Membranes were then incubated with the HPR-conjugated
secondary antibody for 1h at room temperature. Immunoreactive
bands were visualized using western ECL substrate kit as indicated by
the manufacturer (Bio-Rad, Hercules, CA, USA). For loading control,
membranes were reprobed with anti-3-actin antibody (Sigma).

2.7. ACE2 activity

Evaluation of ACE2 activity was performed using osteoblasts and
osteoclasts following previously described methods [25]. Cells were

mechanically lysed in 1 M NaCl, 75 mM Tris-HCl, 1% DMSO and 0.5 uM
ZnCl, solution, at pH7.4. Fifty microliters of the cell extract or re-
combinant ACE2 (R&D systems, USA) were incubated with the ACE2
substrate [fluorogenic peptide VI, Mca-YVADAPK(Dnp)-OH, ES007, R&
D Systems]. The enzymatic activity was measured with a Spectra Max
Gemini EM Fluorescence Reader (Molecular Devices) every 5min for
60 min immediately after addition of the substrate.

2.8. In vivo experimental model of alveolar bone resorption

Alveolar bone resorption was evaluated in vivo using a well-estab-
lished experimental model of periodontal disease, as described pre-
viously [23,24]. Briefly, rats were anesthetized with ketamine and xy-
lazine (80 and 9 mg/kg, i.m., respectively) and a sterile silk ligature was
tied around the cervix of the second left upper molar tooth. The ligature
remained around the tooth for 7 d. In the last day, the animals were
euthanized and periodontal tissues were collected for evaluation.

2.8.1. Drug treatment
In vivo treatments comprised the following groups (n = 5-6 rats per



C.M. Queiroz-Junior, et al.

1000 500
z e | -
2 800 =400
2 s
Q —
= 600 * = 300 *
: = —= 2 -
2400 5 200 ” —
8 8
£ 200 =100 i J
< £ L
0
Veh Ang (1-7) DIZE Veh Ang (1-7) DIZE
(100 ngsite/day) (100 pgsite/day) (100 ng/site/day) (100 pg/site/day)
60 - 10
+
‘ = 8 T
£ 40 £
a | 6
g | 8 ¥ —
Z
8 20 ‘ 8 #
| 2 I
L
Veh Ang (1-7) DIZE Veh Ang (1-7) DIZE
(100 ngfsite/day) (100 pg/site/day) (100 ng/site/day) (100 pg/site/day)
25
*
20
2
s
S5
8
% 10 - -
i
5
I
0
Veh Ang (1-7) DIZE

(100 ng/site/day) (100 pg/site/day)

Bone 128 (2019) 115041

Fig. 4. Effects of Ang-(1-7) or DIZE on alveolar bone resorption. Quantification of (A) alveolar bone loss and (B) fiber attachment loss were performed morpho-
metrically using the ImageJ software. Counting of (C) osteoblast-like cells and (D) TRAP-positive cells next to the alveolar bone associated to the tooth with ligature.
(E) Osteoblast/osteoclast ratio. Representative images of (F) Masson's trichrome stained osteoblast-like cells (arrows) and (G) TRAP-positive cells (arrows). N =5
rats/group. * p < 0.05 versus Vehicle using one-way ANOVA followed by the Newman-Keuls post-test.

Table 3
Effects of A-779 in alveolar bone resorption in vivo.
Vehicle A-779 Ang-(1-7) Ang-(1-7) + A-779 DIZE 100 pg/site/day DIZE + A-779
100 ng/site/day
Alveolar bone loss (um) 604,2 *+ 75,59 525,2 + 62,78 335,6 + 69,68" 483,1 £ 72,6 440,6 + 27,12" 554,4 + 54,32
Fiber attachment loss (um) 387,2 + 24,89 349,7 + 21,3 271,1 + 32,01* 371 + 8,46 257,4 + 28,82 410,6 + 39,39
ObN/BPm 25,15 + 4,6 37,49 + 0,94 47,42 + 7,9 31,66 = 0,07 41,88 + 2,59* 34,94 + 3,49
OcN/BPm 7,405 + 0,77 7,855 * 0,59 3,549 + 0,61* 7,944 + 0,63 5,427 + 0,88 8,271 + 2,19
Ob/Oc ratio 4,374 = 0,98 5,239 * 0,23 13,39 = 0,25* 4,036 = 0,317 9,757 * 1,78 4,558 + 0,63

N = 5 rats/group. * p < 0.05 versus Vehicle;

group): (1) Vehicle, rats with ligature treated with vehicle; (2) Ang-(1-
7), rats with ligature receiving Ang-(1-7) 100 ng/site/day; (3) DIZE,
rats with ligature that received DIZE 100 ug/site/day; (4) A-779 + Ang-
(1-7), rats with ligature receiving A-779 200 ng/site/day and Ang-(1-7)
100 ng/site/day; (5) A-779 + DIZE, rats with ligature that received A-
779 200 ng/site/day and DIZE 100 pg/site/day. In order to perform the
treatments, rats were anesthetized as described above and the drugs
were injected (50 pl) locally into the gingival tissue close to the ligated
tooth from the 1°¢ to the 7" day after ligature placement.

2.8.2. Morphometric analysis

After the experimental period, maxillary samples were removed and
processed for routine histological evaluation. The sample slices were
stained with Masson's trichrome and photographed to determine the
loss of alveolar bone and the fiber attachment. The distance from the
cemento-enamel junction (CEJ) to the most coronal edge of the alveolar
bone crest (ABC) was measured by the Image J software (National
Institutes of Health, Bethesda, USA). Alveolar bone loss (um) is reported
as the difference between sites, compared to the control site (non-

#p < 0.05 versus the respective group without A-779, one-way ANOVA followed by Newman Keuls.

ligated molar) of the same animal. The loss of fiber attachment was
quantified by measuring the distance between the CEJ and the most
coronal fiber insertion using the ImageJ software. The samples were
also evaluated for counting the number of osteoblasts next to the al-
veolar bone associated to the 2™ molar with ligature. Osteoblasts were
identified in view of their position next to alveolar bone and their
morphological characteristics (size and shape). The number of cells was
expressed as osteoblasts/bone perimeter (ObN/BPm). Histological
maxillary samples were also used for TRAP staining (following manu-
facture instructions; Sigma-Aldrich) and count of TRAP-positive osteo-
clasts. TRAP-positive cells located next to alveolar bone were counted
and the results were expressed as osteoclasts/bone perimeter (OcN/
BPm).

2.8.3. Immunohistochemistry

Histological —maxillary slices were processed for im-
munohistochemistry (IHC). The IHC reaction was performed using the
streptavidin-biotin protocol. Endogenous peroxidase blockade was
performed with 0.3% hydrogen peroxide and antigenic recovery with
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Fig. 5. Expression of cytokines in periodontal tissues after Ang-(1-7) or DIZE treatment. (A) Quantification of immunostained IL-6 cells by immunohistochemistry in
periodontal tissues. (B) IL-6 and (C) IL-1f expression by ELISA in periodontal tissue homogenates. (D) Representative images of IL-6-immunostained cells. N = 5 rats/
groups. * p < 0.05 versus Vehicle using one-way ANOVA followed by the Newman-Keuls post-test.

0.1 M citrate buffer solution. The samples were then incubated with the
primary antibodies, i.e. anti-ACE2 (GeneTex) at a dilution of 1:400,
anti-MasR (Alomone) at a dilution of 1:100, and anti-IL-6 (Imuny) at a
dilution of 1:20. The reaction was revealed with DAB chromogenic
solution and counterstained with hematoxylin. Negative reaction con-
trols comprised samples in which the primary antibodies were omitted.
Immuno-stained cells were counted in periodontal tissues and ex-
pressed as positive cells/mm?.

2.9. ELISA

Cytokines associated to bone resorption were evaluated in in vitro
and in vivo experiments using ELISA. For in vitro experimentation, 24 h
post-stimulation, the cell supernatants were collected to analyze the
levels of IL-6 and IL-1f using commercially available ELISA kits (R&D
Systems). For in vivo experiments, maxillary samples were removed and
processed with anti-proteases in order to evaluate the expression of the
same cytokines. The results are expressed as picograms of cytokine per
ml of supernatant or per 100 mg of tissues.

2.10. Human gingival samples

Six human gingival samples from 3 healthy and 3 periodontitis
patients were obtained for qualitative evaluation of ACE2 and MasR
expression. This study was approved by the Committee of Ethics in
Research at UFMG, Brazil (423/11). Donor patients did not have sys-
temic diseases or immunological abnormalities. Probing depth (PD),
clinical attachment loss (CAL), bleeding on probing (BOP) and oral
hygiene index were analyzed by a single trained examiner. Individuals
with proximal CAL = 3mm in 2 or more non-adjacent teeth were di-
agnosed as patients with periodontitis (Tonetti and Claffey, 2005).
Gingival samples from healthy patients were collected from the gingiva
that overlapped the third molar at the time of extraction. The collected
gingival samples were fixed in 10% buffered formalin, histologically
processed, sectioned and submitted to immunohistochemistry for ACE2
and MasR, as described in Section 2.8.3.

2.11. Statistical analysis

Quantitative data were expressed as mean + standard error of the
mean. Differences between means were assessed by unpaired Student's
t-test or one-way ANOVA followed by Newman-Keuls test. Differences
with p < 0.05 were considered statistically significant.

3. Results
3.1. The ACE2/Ang-(1-7)/MasR axis in osteoblasts

In order to characterize the involvement of the ACE2/Ang-(1-7)/
MasR axis on bone remodeling, we first evaluated the expression of
ACE2 and MasR by osteoblasts at mRNA and protein levels. Primary
osteoblasts expressed both the enzyme and receptor involved in the
Ang-(1-7) formation and activity (Fig. 1A-E). Such expression slightly
decreased after 2 d of LPS stimulation - significant reduction for ACE2
mRNA -, but returned to basal levels at 7 and 14 d post-stimulation
(Fig. 1A-B).

Afterwards, we stimulated osteoblast cell cultures with different
concentrations of Ang-(1-7) or DIZE, a compound already known to
increase ACE2 activity [25] (Sup. Fig. 1A), and evaluated osteoblast
enzyme activity and mineralized matrix synthesis. Both Ang-(1-7) and
DIZE significantly increased osteoblast metabolism, which translated
into higher ALP activity (Fig. 1F) and alizarin red-stained area
(Fig. 1G-H). The bacterial virulence factor LPS markedly stimulated
osteoblasts, and this phenotype was even more pronounced after the
treatments for ACE2/Ang-(1-7)/MasR axis activation (Fig. 1F-H). Ac-
cordingly, Ang-(1-7) increased the mRNA levels of the osteoblast dif-
ferentiation marker osterix (p < 0.05 in the presence of LPS) and the
osteoblast activity markers osteocalcin (p > 0.05, 39% and 159% in-
crease versus Vehicle and LPS, respectively) and collagen 1A (p < 0.05
in the absence of LPS). The effects of DIZE over these markers were
milder (p > 0.05), although it enhanced RUNX2, osteocalcin and col-
lagen 1A mRNA levels in 98%, 35% and 367%, respectively, in the
absence of LPS (Table 1).

As the ACE2/Ang-(1-7)/MasR axis is known for its anti-in-
flammatory properties, we also investigated whether the observed os-
teoblast activation could be associated with IL-6, a cytokine produced
by osteoblasts and directly related to bone resorption [26]. LPS sti-
mulation significantly increased IL-6 expression in cell culture. Ang-(1-
7) and DIZE reduced both non-stimulated and LPS-induced IL-6 release
by osteoblasts in vitro (Fig. 1I). Of note, Ang-(1-7) and DIZE did not
influence osteoblast viability (Sup. Fig. 2A).

3.2. The ACE2/Ang-(1-7)/MasR axis in osteoclasts
We also evaluated the involvement of the ACE2/Ang-(1-7)/MasR

axis in osteoclast differentiation. Osteoclasts differentiated from bone
marrow cells expressed both mRNA and protein for ACE2 and MasR.
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Fig. 6. The ACE2/Ang-(1-7)/MasR axis in human gingival tissues. Representative photomicrographs of (A) ACE2 and (B) MasR immunostained gingival samples
obtained from healthy and periodontitis patients. The inserts indicate the respective IHC reaction controls.
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The time-course expression presented increasing pattern and LPS sti-
mulation did not interfere significantly with such profile (Fig. 2A-E).

The treatment of pre-osteoclasts with Ang-(1-7) or DIZE decreased
osteoclast differentiation induced by RANKL. In the presence of LPS,
this effect was less pronounced, given that only the 10 "®M and 107’ M
Ang-(1-7) and 10~>M and 10~*M DIZE concentrations reduced the
formation of multinucleated TRAP-positive cells (Fig. 2F-G). It is worth
noting that the 10~ *M DIZE concentration reduced cell viability (Sup.
Fig. 2C). In line with these results, Ang-(1-7) reduced the mRNA levels
of IL-18 (p < 0.05), MMP-13 (p > 0.05, 70% decrease versus LPS) and
the receptor RANK (p < 0.05) in LPS-stimulated cells (Table 1). Si-
milarly, DIZE also induced a decreased pattern of mRNA levels for these
osteoclast differentiation and activity markers after LPS stimulation,
but the differences were not statistically significant (Table 1).

Regarding inflammatory cytokines associated to bone resorption
and synthesized by osteoclasts, LPS triggered increased IL-6 and IL-1f
release in cell culture (Fig. 2H-I). Both Ang-(1-7) and DIZE prevented
such higher expression in the presence of LPS, but in non-stimulated
conditions, only reduced IL-1f (Fig. 2H-I).

3.3. The in vitro effects of Ang-(1-7) and DIZE are dependent on MasR
activation

In order to investigate whether the afore mentioned effects of Ang-
(1-7) and DIZE derived from MasR activation, we pre-treated cells with
the MasR antagonist A-779 and evaluated the phenotype of osteoblasts
and osteoclasts. In the presence of the antagonist, both ALP activity and
mineralized matrix formation were not stimulated by the most effective
concentrations of Ang-(1-7) or DIZE in primary osteoblast cultures
(Table 2). Similarly, in osteoclast cultures, the protective effects trig-
gered by ACE2/Ang-(1-7)/MasR axis activation on osteoclast differ-
entiation were also prevented by A-779 (Table 2). These results indicate
that the observed phenotypes were dependent on MasR activation.

3.4. The ACE2/Ang-(1-7)/MasR axis in ligature-induced alveolar bone
resorption

We next evaluated the involvement of the ACE2/Ang-(1-7)/MasR
axis in alveolar bone resorption in vivo. Different cell types, including
fibroblasts, epithelium, endothelial cells, and also osteoblasts and os-
teoclasts, expressed ACE2 (Fig. 3A) and MasR (Fig. 3C) in periodontal
tissues in physiological conditions. In contrast, such expression was
weak in samples with alveolar bone loss associated to dysbiosis induced
by the placement of a ligature around the 2" molar (Fig. 3A-D). No-
teworthy, the number of ACE2-positive cells significantly decreased in
the bone resorptive context (Fig. 3B).

In another set of experiments, we locally treated ligature-rats with
Ang-(1-7) or DIZE. Both ACE2/Ang-(1-7)/MasR axis activating thera-
pies reduced bone resorption (Fig. 4A) and the related fiber attachment
loss (Fig. 4B), which are hallmarks of periodontitis. Such phenotype
associated to increased number of osteoblasts in bone edge (Fig. 4C and
F) and reduced number of TRAP-positive osteoclasts (Fig. 4D and G).
Accordingly, Ang-(1-7) significantly improved the osteoblast/osteoclast
ratio (Fig. 4E). Indeed, all these effects were dependent on MasR, given
that pre-treatment of rats with the MasR antagonist A-779 blocked all
the beneficial effects of Ang-(1-7) and DIZE on alveolar bone and bone
cells (Table 3).

In view of these results, we investigated whether Ang-(1-7) effects
derived, at least in part, from its anti-inflammatory potential. Similarly
to in vitro conditions, Ang-(1-7) decreased IL-6 levels in diseased peri-
odontal tissues (Fig. 5). Both the number of IL-6 expressing cells,
especially fibroblasts and inflammatory cells (Fig. 5A and D), and IL-6
levels detected by ELISA reduced after Ang-(1-7) therapy (Fig. 5B).
DIZE effect was milder. In contrast, IL-1[3 expression was not affected by
Ang-(1-7) or DIZE in periodontal tissues (Fig. 5C). Thus, the observed
effects may derive partially from reduction in cytokine release but also
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from direct action on osteoblast/osteoclast metabolism.

3.5. The ACE2/Ang-(1-7)/MasR axis in human gingival tissue from healthy
and periodontitis patients

Given the experimental results, we further evaluated the expression
of ACE2 and MasR in human periodontal tissues. Similarly to the ex-
perimental setting, gingival samples from healthy donors presented
strong immuno-staining for ACE2 (Fig. 6A) and MasR (Fig. 6B). The
positive cells were mainly epithelial cells, endothelial cells, fibroblasts,
and some mononuclear inflammatory cells. In contrast, immuno-
staining was significantly weak in samples from patients with period-
ontitis (Fig. 6). In the inflamed samples, the stained cells were mainly
inflammatory cells, especially mononuclear cells and endothelial cells.
These results indicate that the ACE2/Ang-(1-7)/MasR axis is down-
regulated in the dysbiotic and inflammatory periodontal environment
associated to alveolar bone resorption.

4. Discussion

The relevance of the RAS as a local hormonal system that may
control homeostatic and inflammatory conditions in different tissues
has received increasing attention lately. From the classical hormonal
events whose description began in 1898 with the discovery of renin
[27] to the recent description of new components of this peptidic cas-
cade [2], much has been learned but still has to be characterized. In the
current study, we showed the expression of ACE2/MasR by osteoblasts
and osteoclasts and demonstrated how the activation of the ACE2/Ang-
(1-7)/MasR axis can impact bone turnover in vitro and in vivo.

Distinct cells and tissues express locally active RAS components
[11,28-31]. To the well-known expression of kidney renin and ACE2,
lung ACE and hepatic angiotensinogen [32], recent data added RAS
components synthesis by several other cells/tissues. This includes heart
muscle cells [30] and fibroblasts [31], synovial tissue cells [11,33],
gum fibroblasts [34,35] and inflammatory cells [36,37]. Herein, we
evidenced the synthesis of ACE2 and MasR by osteoblasts and osteo-
clasts. Additionally, we showed that cell stimulation with the bacterial
virulence factor LPS slightly downregulated ACE2 expression by os-
teoblasts. These data are in line with previous studies that demon-
strated the presence of some RAS components in bone cells [38].
Lamparter et al. (1998) suggested that osteoblasts may express the
AT;R. It is also known that osteossarcoma cells express ACE2 and MasR
[28]. Moreover, monocytes/macrophages, which are osteoclast pre-
cursors, synthesize AT;R [36] and MasR [39,40]. Thus, current data
moves a step forward in the characterization of RAS components ex-
pression by bone cells.

We further evaluated the effects of ACE2/Ang-(1-7)/MasR axis ac-
tivation in vitro and in vivo. To that end, we first stimulated cells directly
with Ang-(1-7) or indirectly with DIZE, a compound that activates
ACE2 and thus favors Ang-(1-7) synthesis [25]. Although the effects of
DIZE were milder than those induced by Ang-(1-7), both strategies
improved osteoblast activity, which was specially evidenced by in-
creased osteocalcin and collagen 1A mRNA levels, and decreased os-
teoclast differentiation, as evidenced by reduced RANK and IL-1(
mRNA levels. Indeed, Krishnan et al. (2013) detected reduced osteo-
clastogenesis from bone marrow cells after Ang-(1-7) treatment in a
non-inflammatory milieu [19]. In vivo, we investigated the effects of
ACE2/Ang-(1-7)/MasR axis activation using a classical experimental
model of alveolar bone resorption in rats [23,41]. The placement of a
thread around the tooth of rats induces dysbiosis, which triggers in-
flammatory alveolar bone loss. This is the hallmark of periodontitis, the
leading cause of tooth loss in developed countries [42,43]. Similarly to
in vitro conditions, osteoblasts and osteoclasts, and also fibroblasts,
epithelial and endothelial cells, were immunostained for ACE2 and
MasR in periodontal tissues. Nevertheless, such expression decreased in
diseased samples. Accordingly, Santos et al. (2015) found RAS
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components mRNA, including ACE2 and MasR, in gingival homo-
genates of healthy and periodontitis rat samples [34]. ACE2 and MasR
were also detected in osteoporotic rat femurs [17,18]. In this setting,
local ACE2/Ang-(1-7)/MasR axis activation reduced bone resorption
through improvement of osteoblast/osteoclast ratio. Such improved
phenotype in a dysbiotic inflammatory condition is similar to the pro-
tective effects induced by Ang-(1-7) in experimental osteoporosis, i.e.
the heptapetide improved bone properties and prevented biochemical
alterations triggered by ovarietomy in rats [17,18].

Aside the direct effects of ACE2/Ang-(1-7)/MasR axis activation on
bone cells, at least part of the observed protective phenotype could
derive from Ang-(1-7) anti-inflammatory properties [44]. Several evi-
dence indicate that Ang-(1-7) can decrease the expression of cytokines
directly related to bone resorption, such as IL-1f, IL-6 and TNF, in a
wide range of inflammatory conditions [8-11]. Herein, ACE2/Ang-(1-
7)/MasR axis activation reduced IL-6 levels in vitro and in vivo, but had
mild effects on IL-1p in vivo. Indeed, ACE2 deficient mice express higher
levels of IL-6 than wild type mice [45]. In this regard, IL-6 is a pro-
osteoclastogenesis cytokine directly involved in alveolar bone resorp-
tion associated to dysbiosis [26]. IL-6 favors osteoclast differentiation
[46] and, in a dysbiotic inflammatory milieu, it induces the conversion
of FoxP3 T cells to Th17 cells, which protect against bacteria but in-
duces bone damage [26]. Thus, the protective bone effects triggered by
Ang-(1-7) were at least in part derived from its anti-inflammatory po-
tential.

Ultimately, in line with the experimental evidence of ACE2/Ang-(1-
7)/MasR protagonism in bone remodeling, we qualitatively showed
that human gingival samples had the same experimental pattern of
ACE2 and MasR protein expression in healthy and diseased periodontal
tissues. This is in line with a previous study indicating the mRNA pre-
sence of ACE2 and MasR in gum homogenates [34]. These data point
the potential translation of this pathway to the clinical context. In-
flammatory bone resorptive conditions are still a challenge worldwide
and, thus, deserve continuous investigation of new paths for interven-
tion.

In conclusion, current data shows that osteoblasts and osteoclasts
express ACE2 and MasR and that ACE2/Ang-(1-7)/MasR axis activation
reduces the bone resorptive milieu by modulating bone cells phenotype
at least in part for its anti-inflammatory properties. Therefore, the
ACE2/Ang-(1-7)/MasR is an active player in alveolar bone remodeling.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.115041.
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