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Introduction:Hypertension is amajor risk factor for cardiovascular disease (CVD)

and is associated with increased bone loss due to excessive activity of the local

renin-angiotensin system (RAS). Angiotensinogen/Angiotensin (ANG) II/

Angiotensin II type 1 receptor (AT1R) axis is considered as the core axis

regulating RAS activity. Azilsartan is an FDA-approved selective AT1R

antagonist that is used to treat hypertension. This study aimed to determine

whether azilsartan affects formation of osteoclast, resorption of bone, and the

express ion of cytok ines l inked with osteoclastogenes is dur ing

lipopolysaccharide (LPS)-triggered inflammation in vivo.

Methods: In vivo, following a 5-day supracalvarial injection of LPS or tumor

necrosis factor-alpha (TNF-a) with or without azilsartan, the proportion of bone

resorption and the number of tartrate-resistant acid phosphatase (TRAP)-

positive multinucleated cells, which are identified as osteoclasts on mice

calvariae were counted. The mRNA expression levels of TRAP, cathepsin K,

receptor activator of NF-kB ligand (RANKL), and TNF-a were also evaluated. In

vitro, the effect of azilsartan (0, 0.01, 0.1, 1, and 10 mM) on RANKL and TNF-a-
triggered osteoclastogenesis were investigated. Also, whether azilsartan restrains

LPS-triggered TNF-a mRNA and protein expression in macrophages and RANKL

expression in osteoblasts were assessed. Furthermore, western blotting for

analysis of mitogen-activated protein kinases (MAPKs) signaling was conducted.

Results: Azilsartan-treated calvariae exhibited significantly lower bone resorption

and osteoclastogenesis than those treatedwith LPS alone. In vivo, LPSwith azilsartan

administration resulted in lower levels of receptor activator of RANKL and TNF-a
mRNA expression than LPS administration alone. Nevertheless, azilsartan did not

show inhibitory effect on RANKL- and TNF-a-triggered osteoclastogenesis in vitro.

Compared to macrophages treated with LPS, TNF-amRNA and protein levels were

lower in macrophages treated by LPS with azilsartan. In contrast, RANKL mRNA and

protein expression levels in osteoblasts were the same in cells co-treated with
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fendo.2023.1207502/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1207502/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1207502/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1207502/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1207502/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1207502&domain=pdf&date_stamp=2023-09-15
mailto:hideki.kitaura.b4@tohoku.ac.jp
https://doi.org/10.3389/fendo.2023.1207502
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1207502
https://www.frontiersin.org/journals/endocrinology


Abbreviations: CVD, cardiovascular disease; RAS, renin-a

angiotensin; AT1R, angiotensin II type 1 receptor; LPS, lip

tartrate-resistant acid phosphatase; RANKL, receptor act

kappa-B ligand; TNF-a, Tumor necrosis factor-a; IHD,

M-CSF, macrophage colony-stimulating factor; NF-kB,

CRP, C-reactive protein; IL, interleukin; ACE, angiotensin-c

angiotensin II receptor blocker; SSHTN, salt-sensitive hyper

buffered saline; EDTA, ethylenediaminetetraacetic acid;

tomography; a-MEM,a-Minimum Essential Medium; F

MAPKs, mitogen-activated protein kinases.

Fan et al. 10.3389/fendo.2023.1207502

Frontiers in Endocrinology
azilsartan and LPS and those exposed to LPS only. Furthermore, azilsartan

suppressed LPS-triggered MAPKs signaling pathway in macrophages. After 5-day

supracalvarial injection, there is no difference between TNF-a injection group and

TNF-a with azilsartan injection group.

Conclusion: These findings imply that azilsartan prevents LPS-triggered TNF-a
production in macrophages, which in turn prevents LPS-Triggered osteoclast

formation and bone resorption in vivo.
KEYWORDS

osteoclast, azilsartan, bone resorption, TNF-a, LPS, Angiotensin II type 1
receptor blocker
1 Introduction

Hypertension is one of the most important risk factors for

cardiovascular disease (CVD) and it contributes to the global

disease burden. A large number of individuals are impacted by

hypertension and according to the Global Burden of Disease

research, approximately 3.5 billion persons worldwide had

systolic blood pressure in 2015 that was at least 110 to 115

mmHg, which is linked to an elevated risk of ischemic heart

disease (IHD), stroke, and renal disease. Moreover, it is

anticipated that by 2025, 1.56 billion adults will have

hypertension, representing a 60% increase in the global burden of

the disease (1–4). In addition to its effects on the cardiovascular

system, hypertension negatively affects bone health. Individuals

with hypertension may have a higher risk of osteoporosis and

fractures, potentially because hypertension can lead to impacts on

calcium homeostasis, vascular function, inflammation, and

oxidative stress which may change bone structure and function in

the body (5–7). Elevated blood pressure causes osteoclast formation

and activity and promotes bone resorption (8).

Osteoclastogenesis is initiated by macrophage colony-

stimulating factor (M-CSF) and receptor activator of NF-kB
ligand (RANKL), which induce hematopoietic monocytes

differentiation into osteoclasts (9). M-CSF and RANKL are

produced by osteoblasts and regulate the differentiation and

activation of osteoclasts. The interaction between RANKL and its

receptor, RANK, which is located on the surface of osteoclast
ngiotensin system; ANG,
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ivator of nuclear factor
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precursors, triggers a series of signaling events that lead to the

activation and differentiation of osteoclasts. In addition to M-CSF

and RANKL, tumor necrosis factor-alpha (TNF-a) was implicated

in osteoclastogenesis. TNF-a can promote RANKL production in

stromal cells, leading to increased osteoclast differentiation and

activation. Additionally, TNF-a can directly induce osteoclast

formation by interacting with its receptors on osteoclast precursor

cells (10–12). Lipopolysaccharide (LPS) is a major surface antigen

found in gram-negative bacteria and is known to strongly promote

inflammation and loss of bone tissue through osteolysis (13).

Several studies have indicated that LPS-injected mice exhibit

osteoclastogenesis and bone resorption (14–16). Moreover, LPS

triggers RANKL expression in stromal cells, which promotes

osteoclastogenesis. LPS can also activate macrophages to release

TNF-a, which further increases the expression of RANKL by

osteoblasts (17).

Many studies have shown that hypertension increases the

possibility of losing bone mineral density (18–21). Inflammation is

closely associated with hypertension, as evidenced by recent animal

studies demonstrating elevated plasma levels of proinflammatory

cytokines, including C-reactive protein (CRP), interleukin (IL)-6, IL-

1b, and TNF-a, in hypertensive animals (22, 23). Numerous clinical

investigations have revealed that people with high blood pressure

frequently have higher plasma concentrations of proinflammatory

cytokines compared to normotensive patients, which is consistent

with the findings of animal research (24, 25). Blood pressure and

electrolyte balance are tightly controlled by the renin-angiotensin

system (RAS). Hypertension is significantly influenced by RAS

activation (26, 27). RAS is a hormonal cascade in which renin from

the kidney cleaves angiotensinogen from the liver into inactive

angiotensin (ANG) I. Circulating ANG I attaches to angiotensin-

converting enzyme (ACE), which converts ANG I into ANG II.

ANG II binds to type 1 or type 2 receptor, regulating ANG II

downstream bioactivities. Angiotensinogen/ANG II/Angiotensin II

type 1 receptor (AT1R) axis is considered as the core of the RAS.

Local activation of the ANG II/AT1R pathway leads to pathological

changes such as vasoconstriction, fibrosis, inflammation, and bone loss.

Many tissues, like bone contain a local RAS in addition to the systemic

RAS, whose excessive activity increases bone resorption and decreases
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bone formation (28). ANG II contributes to osteoporosis by

suppressing osteoblastic stromal calcification as well as increasing

osteoclast bone resorption activity. For the majority of its biological

reactions, ANG II uses AT1R as a mediator. Pro-inflammatory

chemicals including IL-6 and TNF-a, which encourage bone

resorption, is further stimulated by ANG II. Several studies showed

angiotensin II receptor blockers (ARB) bind to AT1R and block ANG

II, preventing pathological changes (27–31).

Our previous research has shown that salt-sensitive hypertension

(SSHTN) negatively affects bone health. Increased production of the

pro-inflammatory cytokine TNF-a and excessive bone RAS activation

may have contributed to the deterioration of the bone microstructure

observed in these hypertensive animals (32).

Azilsartan is an FDA-approved selective AT1 receptor

antagonist used to treat hypertension (33). Without increasing the

side effects, azilsartan is more effective at its maximum permitted

dose than olmesartan or valsartan, both of which are selective AT1

receptor antagonists (34). Azilsartan, an angiotensin receptor

blocker, exhibits anti-inflammatory properties. Decreased levels of

plasma inflammatory cytokines, just like IL-6 and TNF-a were

spotted in the azilsartan treatment group compared to the diabetic

group (31). In addition, LPS-triggered gene expression elevation

and secretion of MCP-1, IL-6, and IL-1b were dramatically reduced

by azilsartan in a dose-dependent manner (35). In addition to its

antihypertensive and anti-inflammatory properties, azilsartan may

also regulate bone remodeling. In an ovariectomy-induced

osteoporosis mouse model, azilsartan treatment could

significantly reduce the number of tartrate-resistant acid

phosphatase (TRAP)-positive cells in the long bone compared to

the vehicle groups (36). In a ligature-induced periodontal rat model,

azilsartan treatment could improve bone loss (37). However, despite

the known effects of azilsartan on hypertension and inflammation,

there is a lack of studies investigating the specific mechanism by

which azilsartan reduces inflammation-triggered osteoclastogenesis

and bone resorption in vivo. Therefore, the top priority of the study

was to address this knowledge gap by examining the impact of

azilsartan on LPS-triggered osteoclast formation and bone

destruction, both in vivo and in vitro.
2 Materials and methods

2.1 Reagents and animals

Male C57BL6/J mice that were eight to ten weeks old were

acquired from CLEA Japan, Inc. (Tokyo, Japan) and maintained at

an animal facility. The Science Animal Care and Use Committee of

Tohoku University’s guidelines were followed in full for all animal

care and experimental procedures. Each experimental group

consisted of four randomly assigned mice. Azilsartan was

purchased from Sigma-Aldrich (St. Louis, MO) and dissolved in

DMSO before being kept at 4°C. LPS from Escherichia coli were

bought from Sigma-Aldrich (St. Louis, MO). As previously

mentioned, recombinant murine TNF-a (38) and M-CSF

(CMG14-12 cell line) (39) were produced.
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2.2 Experimental model in vivo

In vivo study previously showed that subcutaneous injections of

100 mg LPS or 3 mg TNF-a per day into mouse calvariae for five

consecutive days successfully triggered osteoclastogenesis (40, 41).

The same guidelines, dosages, and administration times were used

in this study. The mice were splited into four groups for the

experiments and each group received daily administration of

phosphate-buffered saline (PBS), LPS (100 µg/day) or TNF-a (3

mg/day) in the presence or absence of azilsartan (100 µg/day), and

azilsartan only (100 µg/day).
2.3 Histological analysis

All mice were euthanized on the sixth day, and their calvariae

were promptly excised and fixed in 4% PBS-buffered formaldehyde.

After 3 days of fixation at 4°C, all calvariae were demineralized for 3

days at room temperature with 14% ethylenediaminetetraacetic acid

(EDTA). All calvariae were dehydrated in a tissue processor

(TP1020; Leica, Wetzlar, Germany) before being embedded in

paraffin and sliced into 5-mm sections perpendicular to the

sagittal suture with a microtome (Leica). The TRAP solution was

mixed with acetate buffer (pH 5.0), Fast Red Violet LB Salt (Sigma-

Aldrich), naphthol AS-MX phosphate (Sigma-Aldrich), and 50 mM

sodium tartrate to stain the paraffin sections. Hematoxylin was

utilized to counterstain all sections. If a cell was TRAP-positive

multinucleated cell, it was classified as an osteoclast. TRAP-positive

multinucleated cells were counted as osteoclasts on the surface area

of each section at the suture mesenchyme which lies on the sagittal

suture of the mice as previously described (40).
2.4 mCT examination of area of
bone destruction

After 5-day-subcutaneous supracalvarial injections, the mice

were euthanized, and their calvariae were promptly fixed in 4%

PBS-buffered formaldehyde. The calvariae were subsequently

subjected to micro-computed tomography (mCT) (ScanXmate-

E090; Comscan, Kanagawa, Japan) to produce reconstructed

images using the TRI/3DBON64 software (RATOC System

Engineering, Tokyo, Japan). The resorption area, distinguishable

by the black appearance between the sutures, was identified against

the white bone surface. To calculate the proportion of the bone

destruction area to the entire area, a 7050-pixel rectangular region

was drawn at the intersection of the sagittal and coronal sutures

using ImageJ software (NIH, Bethesda, MD, USA) (40).
2.5 Preparation of osteoclast precursors
for osteoclastogenesis

To obtain osteoclast precursors from mouse bone marrow cells,

the lower limb long bones of male C57BL/6 sacrificed mice were
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excised. Bone marrow cells were extracted from femurs and tibiae

using a-Minimum Essential Medium (a-MEM) from Sigma-

Aldrich. The cell suspension was centrifuged twice at 4°C after

being strained through a 40 mm nylon cell strainer (Falcon, NY,

USA). The cells were then seeded in a 10 cm culture dish and

cultured in 10 mL a-MEM supplemented with 10% fetal bovine

serum (FBS), 100 IU/mL penicillin G (Meiji Seika, Tokyo, Japan),

and 100 µg/mL streptomycin (Meiji Seika). Bone marrow cells were

treated with 100 ng/mL M-CSF for 3 days to produce M-CSF-

dependent macrophages. Washing with PBS removed non-adherent

cells, and trypsin-EDTA solution was used to harvest adherent cells

(Sigma-Aldrich). Adherent cells were used in this research as

osteoclast precursors, as was previously described. Osteoclast

precursors were plated separately in each well with the number of

4 × 104 cells in a 96-well plate and cultivated in medium stimulated

by M-CSF-only (100 ng/mL), M-CSF (100 ng/mL) and RANKL

(100 ng/mL) or TNF-a (100 ng/mL) with different concentrations

(0,0.01, 0.1, 1, or 10 mM) of azilsartan for 5 days. Discard the

supernatant and the cells were then fixed in 10% formalin. After

fixation, the cells were permeabilized for 30 min at ambient

temperature with 0.2% Triton X-100 before incubation in a TRAP

staining solution prepared as previously described. Under a light

microscope, osteoclasts were identified as TRAP-positive

multinucleated cells and counted.
2.6 Cell viability analysis for
osteoclast precursors

In a 96-well plate, 1×104 osteoclast precursors were seeded

and M-CSF (100 ng/mL) and various azilsartan concentrations

(0,0.01, 0.1, 1, or 10 mM) were added during the incubation

process. After 5 d of incubation, the cells were cultured in each

well with 200 mL of culture medium. Four replicates were

analyzed for each sample. The plate was then incubated for 2

hours at 37°C with a 10 mL cell counting kit8 (Dojin, Kumamoto,

Japan) solution in each well. Absorbance was measured at 450 nm

using a microplate reader.
2.7 Peritoneal macrophages isolation

Macrophages were extracted from the peritoneal cavities of 8–

10-week-old mice. Sterile ice-cold PBS (pH 7.4) 6mL injection was

treated into the peritoneal cavity, and the fluid was aspirated to

collect peritoneal cells and obtain resident macrophages under

resting conditions. The cell suspension was centrifuged twice at 4°

C after being strained through a 40 mm nylon cell strainer.

Peritoneal cells were cultured in a 12-well plate for 2 h in the

medium and washed twice to remove non-adherent cells. After a

24-hour incubation period, adherent cells were collected and used

as macrophages (40).
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2.8 Preparation of osteoblasts

The calvariae of five to six-day-old mice were dissected, and a

collagenase solution (0.2% w/v) was prepared in an isolation buffer

(3 mM K2HPO4, 10 mMNaHCO3, 60 mM sorbitol, 70 mM NaCl, 1

mM CaCl2, 0.5% [w/v] glucose, 0.1% [w/v] bovine serum albumin

[BSA], and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid). A 0.2-mm filter was used to prepare EDTA at a concentration

of 5 mM with 0.1% BSA in PBS. For 20 and 15 min, respectively, at

37°C on a shaker, the calvariae were exposed to digestion with

collagenase and EDTA. Fractions 1 (collagenase), 2 (EDTA), 3

(collagenase), 4 (collagenase), and 5 (EDTA) and their digests were

collected. The highest fractions for osteoblasts were regarded as

fractions 3-5. The cells were cultured overnight in the medium.

Trypsin-EDTA was used to harvest adherent cells, which were then

cultivated for three days, and the medium was changed every two

days. The adhered cells serve as osteoblasts (41).
2.9 RNA preparation and real-time
RT-PCR analysis

To extract RNA from in vivo samples, liquid nitrogen was used

to freeze the calvariae to extract RNA from the in vivo samples.

Subsequently, they were pulverized using a Micro Smash MS-100R

(Tomy Medico, Tokyo, Japan) in the presence of 800 mL of TRIzol

reagent (Invitrogen, Carlsbad, CA). Total RNA was isolated using a

RNeasy Mini Kit (Qiagen, Valencia, CA, USA). In vitro experiments

involved the culture of osteoblasts or macrophages in a medium

consisting of PBS, LPS alone (100 ng/mL), LPS (100 ng/mL) plus

azilsartan (1 mM), or azilsartan (1 mM) alone. Total cellular RNA

was extracted after 3 days of culture using the RNeasy Mini Kit.

Reverse transcription of each RNA sample was performed using

oligo(dT) primers (Invitrogen) and reverse transcriptase, and the

resulting cDNA was quantified for Cathepsin K, TRAP, RANKL,

and TNF-a mRNA transcripts using real-time RT-PCR with a

Thermal Cycler Dice Real-Time System (Takara Bio, Shiga, Japan).

The reaction mixture comprised 2 mL of cDNA template, 23 mL of

SYBR® Premix Ex Taq (Takara), and 50 pmol/mL of each primer in

a total volume of 25 mL. The following primers were used in this

study: 5′-GGTGGAGCCAAAAGGGTCA-3′ and 5′-GGGGGCT
AAGCAGTTGGT - 3 ′ f o r GAPDH ; 5 ′ - CTGTAGCC

CACGTCGTAGC-3′ and 5′-TTGAGATCCATGCCGTTG-3′ for

TNF-a; 5′-CCTGAGGCCCAGCCATTT-3′ and 5′-CTTGGCC
CAGCCTCGAT-3′ for RANKL; 5′-GCAGAGGTGTGTA

CTATGA-3′ and 5′-GCAGGCGTTGTTCTTATT-3′ for cathepsin
K; 5 ′ -AACTTGCGACCATTGTTA-3 ′ and 5 ′ -GGGGA

CCTTTCGTTGATGT-3′ for TRAP. Normalization of the

expression levels of Cathepsin K, TRAP, RANKL and TNF-a
mRNA transcripts was performed using the levels of GAPDH,

which encodes for glyceraldehyde 3-phosphate dehydrogenase as a

reference gene.
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2.10 ELISA assay for TNF-a and RANKL

After 3-day culture of peritoneal macrophages and osteoblasts, cell

supernatants were obtained respectively. TNF-a concentration was

measured using Mouse TNF-alpha Sandwich ELISA Kit (KE10002,

Proteintech, IL, USA) according to the manufacturer’s protocols.

Added 100 mL of each standard and sample and incubate the plate

for 2 hours at 37°C. Wash the wells four times with 1X Wash Buffer.

After the last wash, added 100 mL of 1X Detection Antibody solution

incubate for 1 hour at 37°C. The next step was adding 100 mL of 1X

Streptavidin-HRP solution to each well. and incubate for 40 minutes at

37°C. For signal development, 100 mL of TMB substrate solution was

added, protecting it from light for 20minutes. Finally, adding 100 mL of
Stop Solution to each well and read the results immediately at a

wavelength of 450 nm using a microplate reader (Remote Sunrise,

Tecan, Kawasaki, Japan). RANKL concentration was measured using

RANKL (TNFSF11) Mouse ELISA kit (ab100749, Abcam, Cambridge,

UK). Added standard or sample to each well and incubate 2.5 h at

room temperature with gentle shaking. After the incubation period,

discard the solution and wash the wells four times and added the

prepared biotin antibody then incubate for 1 h. Next, the prepared

HRP-Streptavidin solution was added, and it was let to sit at room

temperature for 45 min. after that, proceed by adding 100 mL of TMB

One-Step Substrate Reagent to each well and incubating for 0.5 h in the

dark with gentle shaking. Then, use a microplate reader to measure the

absorbance at 450 nm after adding 50 mL of Stop Solution.
2.11 Western blotting analysis

How azilsartan effects LPS-triggered phosphorylation of ERK,

P38 and JNK mitogen-activated protein kinases (MAPKs) in

macrophages was investigated. Macrophages were cultivated in a

6-well plate overnight in a-MEM supplemented with 10% FBS, 100

IU/ml penicillin G, 100 mg/ml streptomycin. Then, macrophages

were cultured in a-MEM that was serum-free for starvation for 3

hours. The wells received additions of 100 ng/ml LPS only or LPS

with azilsartan for durations of 0, 5, 15, and 30 minutes. LPS and

azilsartan were absent from control wells (0 min). Insoluble

material was removed by centrifugation after macrophages were

lysed using radioimmunoprecipitation (RIPA) assay buffer

(Millipore, MA, USA) containing 1% protease and phosphatase

inhibitor (Thermo Fisher Scientific, IL, USA). In order to prepare

SDS-PAGE gel electrophoresis, the protein was treated with b-
Mercaptoethanol (BioRad, CA, USA) and Laemmli sample buffer

(BioRad, CA, USA) 3:1 and denatured at 95°C for 5 min. Equal

amounts of protein were loaded into gels 4–15% Mini-PROTEAN

TGX Precast Gels (Bio-Rad, CA, USA) and transferred to a Trans-

Blot Turbo Transfer System (Bio-Rad, CA, USA) and then

incubated in Block-Ace (DS Pharma Biomedical, Osaka, Japan) 2

h at room temperature. Membranes were incubated with the

following antibodies: Phospho-p38 MAPK (Thr180/Tyr182), p38

MAPK rabbit Ab, Phospho-p44/42 (ERK1/2) MAPK (Thr202/

Tyr204), p44/42 (ERK1/2) MAPK rabbit Ab Phospho-SAPK/JNK

(Thr183/Tyr185), SAP/JNK MAPK rabbit Ab (monoclonal rabbit
Frontiers in Endocrinology 05
IgG, 1:3000, Cell Signaling Technologies, MA, USA), anti-b-actin
antibody (monoclonal mouse IgG, 1:5,000, Sigma-Aldrich, MO,

USA) overnight at 4°C. The membranes were incubated with

horseradish peroxidase-conjugated anti-rabbit antibody (Cell

Signaling Technologies, MA, USA) at a dilution of 1:5,000 or

anti-mouse antibody (GE Healthcare, IL, USA) at a dilution of

1:10,000 for 1 h at room temperature after being washed in tris-

buffered saline with Triton X-100 (TBS-T). Bound antibodies were

detected with SuperSignalWest Femto Maximum Sensitivity

Substrate (Thermo Fisher Scientific, IL, USA) and a FUSION-

FX6. EDGE Chemiluminescence Imaging System (Vilber

Lourmat, Collégien, France).
2.12 Statistical analysis

Data are presented as mean values accompanied by their

corresponding standard deviations. Statistical analysis was

performed utilizing the Tukey–Kramer test and t-test to assess

the significance of group differences. Statistical significance was set

at P < 0.05 significance.
3 Results

3.1 Azilsartan inhibited LPS-triggered
osteoclastogenesis in vivo

The effect of azilsartan on LPS-triggered osteoclast formation in

mouse calvaria was investigated. To achieve this, LPS was

administered to mice either alone or in combination with

azilsartan, and the effects were observed in histological sections.

After 5 consecutive days of LPS administration, numerous large

TRAP-positive multinucleated cells were observed inside the suture

mesenchyme. Compared with PBS and azilsartan administration

groups, the number of osteoclasts was more in the LPS group.

However, the results indicated that the average number of

osteoclasts was considerably lower in the group that received both

LPS and azilsartan than that in the group that received LPS alone

(Figures 1A, B). In addition, the LPS group displayed higher TRAP

and cathepsin K mRNA levels than PBS and azilsartan groups. Mice

administered LPS with azilsartan showed considerably lower levels

of TRAP and cathepsin K mRNA than mice administered LPS alone

(Figures 1C, D).
3.2 Azilsartan inhibited LPS-triggered bone
resorption in vivo

Following mCT scanning, the proportion of bone destruction area

to the entire calvarial area was analyzed in calvaria. Results indicated

that the LPS group exhibited a significantly greater bone resorption

area than the PBS and azilsartan groups. Co-administration of LPS and

azilsartan led to a dramatic decrease in the bone resorption area

compared to that in the LPS group (Figures 2A, B).
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3.3 Azilsartan had inhibitory impact on
expression of oteoclast-related cytokines
(RANKL and TNF-a) in vivo

The mRNA expression levels of osteoclast-related cytokines

(TNF-a and RANKL) in mouse calvarial bone chips were assessed.

Compared with the PBS-and azilsartan-treated groups, the LPS-

administered group displayed increased TNF-a and RANKL

mRNA levels. In contrast to the LPS-only group, the azilsartan

and LPS co-administered group had lower levels of TNF-a and

RANKL mRNA expression (Figures 3A, B).
3.4 Azilsartan had no impact on cell
viability of osteoclast precursors, RANKL or
TNF-a−triggered osteoclast formation

The influence of various azilsartan concentrations (0, 0.01, 0.1,

1, and 10 mM) on RANKL-triggered osteoclastogenesis, TNF-a-
induced osteoclastogenesis, and osteoclast precursor cell viability

were examined to investigate the direct effects of azilsartan on
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osteoclast precursor cells. Many TRAP-positive cells were seen in

osteoclast precursor cells cultured with M-CSF, RANKL or TNF-a,
as well as in osteoclast precursor cells cultured with M-CSF,

RANKL, or TNF-a in the presence of azilsartan (Figures 4A–D).

In addition, after five consecutive days of culture, there was no

obvious change in cell viability among the various azilsartan

concentrations (0, 0.01, 0.1, 1, and 10 mM) (Figure 4E).
3.5 Azilsartan suppressed LPS-triggered
TNF-a expression in macrophages and had
no effect on LPS-triggered RANKL
expression in osteoblasts

Real-time RT-PCR was applied to assess the levels of TNF-a
mRNA expression in Macrophages. Compared with the PBS and

azilsartan groups, the LPS group displayed increased TNF-amRNA

levels. Compared to the LPS-only group, the LPS with azilsartan

group showed lower levels of TNF-a mRNA expression

(Figure 5A). We further detected the TNF-a protein expression.

As expected, LPS upregulated TNF-a protein expression but LPS
A B

DC

FIGURE 1

Azilsartan restrained LPS-triggered osteoclastogenesis in vivo. (A) TRAP-stained histological sections of mice calvariae, which were utilized to
distinguish osteoclasts, were obtained after a 5-day consecutive subdermal injection with PBS, LPS (100 µg/day) in the presence or absence of
azilsartan (100 µg/day), and azilsartan (100 µg/day) alone. Hematoxylin was utilized to counterstain all sections. (B) The number of TRAP-positive
multinucleated cells in the sagittal suture mesenchyme of the calvaria was determined. Scale bar = 50 mm. (C) The mRNA levels of TRAP transcripts
in mice calvariae were quantified. (D) The mRNA levels of Cathepsin K in mice calvariae were quantified. The Tukey–Kramer test was used to assess
the significance of group differences. Values are reported as means ± SD (n =4/group, ∗∗p <0.01).
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with azilsartan group showed lower levels of TNF-a protein

expression (Figure 5B). Furthermore, RANKL mRNA levels in

osteoblasts were analyzed. Compared with the PBS and azilsartan
Frontiers in Endocrinology 07
group, the LPS group displayed increased RANKL mRNA levels.

However, both LPS- and azilsartan-treated osteoblasts showed

RANKL mRNA expression levels comparable to those in

osteoblasts treated with LPS alone (Figure 5C) We also

determined the RANKL protein expression. As expected, the

protein expression of RANKL trend was consistent with the

mRNA expression level (Figure 5D).
3.6 Azilsartan suppressed LPS-triggered
MAPKs signaling pathway in macrophages

LPS and LPS with azilsartan were added to cultures of

macrophages at the indicated time points (0, 5, 15 and 30 min),

while 0 indicates that there was no LPS or azilsartan. LPS

temporarily increased the phospho-ERK/P38/JNK in relation to

the corresponding total protein and b-actin, peaking at 5 or 15

minutes (Figure 6A). And azilsartan suppressed LPS-triggered

phosphorylation of all three kinases after just 5 min of incubation

(Figures 6B–D).
3.7 Azilsartan had no impact on TNF-
a−triggered osteoclastogenesis in vivo

The effect of azilsartan on TNF-a-triggered osteoclast

formation in mouse calvaria was investigated. To achieve this,

TNF-a was administered to mice either alone or in combination

with azilsartan, and the effects were observed in histological

sections. After 5 consecutive days of TNF-a administration,

numerous large TRAP-positive multinucleated cells were observed

inside the suture mesenchyme. Compared with PBS and azilsartan

administration groups, the number of osteoclasts was more in the

TNF-a group. And there is no difference between TNF-a group

and TNF-a with azilsartan group (Figures 7A, B).
4 Discussion

Our goal was to determine the potential of azilsartan, an ARB,

to regulate LPS-triggered osteoclastogenesis and bone resorption in

vivo. Our results revealed that treatment with azilsartan effectively

inhibited LPS-triggered osteoclastogenesis and bone resorption

while inhibiting RANKL and TNF-a expression in vivo.

However, azilsartan did not directly inhibit RANKL-triggered

osteoclastogenesis, TNF-a-triggered osteoclastogenesis, or

osteoclast precursor cell viability in vitro. Furthermore, azilsartan

did not significantly suppress LPS-triggered RANKL expression in

osteoblasts in vitro. However, azilsartan effectively inhibited the

LPS-triggered TNF-a expression in macrophages in vitro.

As lifestyles continue to shift towards more sedentary and

unhealthy patterns, the prevalence of hypertension is increasing.

A growing number of people consume diets high in sodium and

saturated fats while engaging in little physical activity. These

lifestyle factors, combined with genetic predispositions and other

medical conditions, contribute to the development of hypertension.
A

B

FIGURE 2

Azilsartan restrained LPS-triggered bone resorption in vivo. (A) mCT
reconstruction of calvariae. The mice received subdermal injections of
the calvariae with PBS, LPS (100 µg/day) in the presence or absence of
azilsartan (100 µg/day), and azilsartan alone (100 µg/day) for 5
consecutive days, and calvariae were excised on the sixth day and
promptly fixed in 4% PBS-buffered formaldehyde. Then mice calvariae
were scanned by micro-computed tomography to produce
reconstructed images. The red dots indicate areas of bone resorption.
(B) The proportion of bone resorption area to the entire bone area.
Tukey–Kramer test is utilized to assess the significance of group
differences. Values are reported means ± SD (n =4/group; ∗∗p <0.01).
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As the world’s population continues to age and grow, the burden of

hypertension is expected to increase, placing significant strain on

healthcare systems and economies (1–3). Recent studies have

demonstrated a connection between hypertension and a higher

risk of osteoporosis and bone fractures, which may be mediated by

the effects of the RAS on bone metabolism. Research has linked

bone remodeling in osteoporosis to the renin-angiotensin system

(39). The classical RAS axis involves ACE/ANG II/AT1R, which

accounts for vasoconstriction and proinflammatory effects.

Specifically, ANG II, a key component of RAS, stimulates

osteoclastogenesis and bone resorption through the activation of

AT1R (42–45). AT1R has been identified in osteoclast precursors
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and mature osteoclasts, indicating that the RAS may directly impact

bone metabolism (46). In addition, several studies have shown that

blocking AT1R with drugs can have beneficial effects on bone

metabolism, potentially by reducing osteoclastogenesis and bone

resorption (47–49).

Our study investigated the effects of azilsartan on LPS-triggered

osteoclast formation in mice calvariae. After 5 days of subcutaneous

injection of 100 mg LPS with or without azilsartan into mice

calvariae, we analyzed the effects by histological sections. The

results showed that azilsartan significantly inhibited osteoclast

formation triggered by LPS, as evidenced by the lower mean

number of osteoclasts. Real-time RT-PCR was utilized to assess
A

B

FIGURE 3

Azilsartan restrained LPS-triggered expression of TNF-a and RANKL in vivo. Total RNA was extracted from mice calvariae after 5 days of
subcutaneous injections with PBS, LPS (100 mg/day) with or without azilsartan (100 mg/day), and azilsartan alone (100 mg/day). (A) TNF-a mRNA
levels in mice calvariae were assessed. (B) RANKL mRNA levels in mice calvariae were assessed. Tukey–Kramer test is utilized to assess the
significance of group differences. Values are reported as means ± SD. (n =4/group; ∗p <0.05, ∗∗p <0.01).
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A B

D

E

C

FIGURE 4

Azilsartan did not impact on RANKL-triggered osteoclast generation, TNF-a-triggered osteoclast generation, and osteoclast precursor cell viability in vitro.
Mouse bone marrow cells were extracted from femurs and tibiae using Bone marrow cells were treated with 100 ng/mL M-CSF for 3 days to produce M-
CSF-dependent macrophages. Adherent cells were used in this research as osteoclast precursors. (A) Micrographs and quantity of TRAP-positive
multinucleated cells. Osteoclast precursor cells were cultivated with M-CSF, M-CSF adding RANKL with or without the presence of azilsartan and azilsartan
alone, followed by TRAP staining. (B) Micrographs and quantity of TRAP-positive multinucleated cells. Osteoclast precursor cells were cultured with M-CSF,
M-CSF adding TNF-a with or without the presence of azilsartan and azilsartan alone, followed by TRAP staining. (C) Micrographs and quantity of TRAP-
positive multinucleated cells. Osteoclast precursor cells were cultivated with M-CSF adding RANKL with various concentrations of azilsartan (0, 0.01, 0.1, 1, or
10 mM), followed by TRAP staining. (D) Micrographs and quantity of TRAP-positive multinucleated cells. Osteoclast precursors were cultured with M-CSF
adding RANKL with various concentrations of azilsartan (0, 0.01, 0.1, 1, or 10 mM), followed by TRAP staining. (E) Cell viability of osteoclast precursors treated
with M-CSF alone and M-CSF with various concentrations of azilsartan (0, 0.01, 0.1, 1, or 10 mM) for 5 days. CCK-8 assay was utilized to evaluate cell viability.
Data are presented as percentage activity relative to the activity in the cultivation with M-CSF alone. Tukey–Kramer test is utilized to assess the significance
of group differences. Values are reported as means ± SD (n =4/group; ∗∗p <0.01).
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the levels of TRAP and cathepsin K mRNA in mice and the group

administered both LPS and azilsartan had lower levels of TRAP and

cathepsin K mRNA than those administered LPS alone. Our study

used mCT scanning to analyze the proportion of the bone resorption

area to the entire calvarial area in mice. The results showed that

mice treated with LPS and azilsartan had significantly smaller bone

resorption areas than mice treated with LPS alone. This finding is in

line with previous studies that showed the potential of azilsartan to

restrain osteoclastogenesis and bone resorption. For instance, Pan

et al. showed that azilsartan administration prevented OVX-

Induced Bone Loss in mice (36). Similarly, another study by

Araújo et al. found that azilsartan successfully reduced bone loss

in rats with ligature-induced periodontitis (37).

We tried to investigate the role of AT1R in the mechanism

underlying the effects of azilsartan on LPS-triggered

osteoclastogenesis. To assess the involvement of AT1R, after 5

days of subcutaneous injection of 100 mg LPS with or without

azilsartan into mice calvariae, we evaluated the expression of AT1R
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mRNA levels in vivo. Our results demonstrated there was no

difference between PBS, LPS, LPS with azilsartan and azilsartan-

only group (Supplementary Figure 1A). Earlier research showed

administration of LPS to hypertensive mice cannot increase AT1R

expression in cortex region and increased in hippocampus region

(50). Previous studies reported that expression of AT1R in LPS-

untreated and treated THP-1 macrophages at the protein level have

no difference (51). Another study demonstrated that LPS may

inhibit the expression of AT1R mRNA level in TI cells (52). Also,

Ye et al. showed that LPS increased the expression of AT1R mRNA

level in BEAS-2B cells (53). Therefore, to further validate our

findings, we assessed the expression of AT1R mRNA level in

macrophages, which yielded consistent findings (Supplementary

Figure 1B). These observations highlight the complexity and

context-dependent nature of AT1R regulation and its response to

various stimuli. And azilsartan may suppress LPS-triggered

osteoclastogenesis by other mechanisms rather than

decreasing AT1R.
A B

DC

FIGURE 5

Azilsartan restrained LPS-triggered expression of TNF-a in macrophages and had no effect on LPS-triggered RANKL expression in osteoblasts (A)
Cells were extracted from the peritoneal cavities of 8–10-week-old mice and adherent cells were used as macrophages. TNF-a mRNA levels in
macrophages were assessed. Total RNA was extracted from macrophages cultivated with PBS, LPS in the presence or absence of azilsartan, and
azilsartan only. (B) TNF-a protein levels in macrophages were assessed. Protein was extracted from macrophages cultivated with PBS, LPS in the
presence or absence of azilsartan, and azilsartan only. (C) The calvariae of five to six-day-old mice were dissected. Fractions 1 (collagenase), 2
(EDTA), 3 (collagenase), 4 (collagenase), and 5 (EDTA) and their digests were collected. The highest fractions for osteoblasts were regarded as
fractions 3-5. The adhered cells serve as osteoblasts. RANKL mRNA expression levels in osteoblasts were evaluated. Total RNA was isolated from
osteoblasts cultivated with PBS, LPS in the presence or absence of azilsartan, and azilsartan only. (D) RANKL protein expression levels in osteoblasts
were evaluated. Protein was isolated from osteoblasts cultivated with PBS, LPS in the presence or absence of azilsartan, and azilsartan only. Tukey–
Kramer test is utilized to assess the significance of group differences. Values are reported as means ± SD (n =4/group; ∗∗p <0.01).
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In previous reports, LPS induce phosphorylation of p38, ERK

and JNK in macrophages. When MAPKs were inhibited by several

inhibitors, expression of TNF-a was inhibited (54–56). In the

present study, LPS also induced phosphorylation of p38, ERK and

JNK in macrophages. The obtained results from the western

blotting analysis indicate that azilsartan treatment significantly

inhibits MAPKs signaling, including the phosphorylation of P38,

ERK, and JNK in macrophages. We showed that azilsartan inhibited
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LPS-induced TNF-a expression in macrophages. These results

suggested that azilsartan may inhibit TNF-a expression via

suppression of LPS-induced phosphorylation of p38, ERK and

JNK in macrophages.

This study aimed to investigate the mechanisms underlying the

suppression of LPS-triggered osteoclastogenesis and bone

resorption by azilsartan. We evaluated two potential mechanisms

and conducted in-depth experiments to explore them further. We
A

B

D

C

FIGURE 6

Azilsartan inhibited LPS-triggered activation of MAPK pathways in vitro. (A) Cells were extracted from the peritoneal cavities of 8–10-week-old mice
and adherent cells were used as macrophages which were starved for 3 (h) Then, LPS with or without azilsartan was added for specific periods (0, 5,
15 and 30 min). Proteins were collected and the P38/ERK/JNK, phospho-P38/ERK/JNK and b-actin were detected by Western Blotting. (B) Analysis
of the phospho-P38 band intensity in relation to b-actin and P38 quantitatively. (C) Analysis of the phospho-ERK band intensity in relation to b-actin
and ERK quantitatively. (D) Analysis of the phospho-JNK band intensity in relation to b-actin and JNK quantitatively. T-test is utilized to assess the
significance of group differences. Values are reported as means ± SD. (n =3/group; *p < 0.05, **p < 0.01).
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examined whether azilsartan inhibits the expression of the

inflammatory cytokines TNF-a and RANKL, which are known to

promote osteoclast formation (9, 57). Our findings revealed that

azilsartan significantly suppressed LPS-triggered increases in TNF-

a and RANKL mRNA levels caused by LPS in vivo. This indicated

that azilsartan effectively inhibited osteoclast formation by targeting

these crucial cytokines. We investigated whether azilsartan directly

inhibited osteoclast formation. However, despite its inhibitory effect

on LPS-triggered osteoclastogenesis and bone resorption in vivo,

azilsartan was found to have no significant inhibition on the

differentiation of osteoclast precursor cells into mature osteoclasts

triggered by RANKL or TNF-a. These results suggest that azilsartan
may act through a different pathway or target a different aspect of

the osteoclast differentiation process than RANKL or TNF-a
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signaling. After 5 days of culture, we found no difference in cell

viability between the different concentrations of azilsartan.

Therefore, our experiments showed that azilsartan did not

directly affect the osteoclast precursors. After evaluating the effect

of azilsartan on LPS-triggered RANKL expression in osteoblasts, we

got the result that azilsartan did not affect LPS-triggered RANKL

expression in osteoblasts. Next, we assessed whether azilsartan

restra ins LPS-tr iggered TNF-a mRNA express ion in

macrophages. Instead, we found that azilsartan restrained LPS-

triggered TNF-a expression in macrophages, which plays a vital

role in promoting RANKL expression and osteoclast formation. To

provide a critical test to ascertain whether the suppression of bone

loss by Azilsartan is primarily mediated through TNF-a inhibition,

3 mg TNF-a with or without azilsartan were injected into mice
A B

FIGURE 7

Azilsartan had no impact on TNF-a-triggered osteoclastogenesis in vivo. (A) TRAP-stained histological sections of mice calvariae, which were utilized
to distinguish osteoclasts, were obtained after a 5-day consecutive subdermal injection with PBS, TNF-a (3 µg/day) in the presence or absence of
azilsartan (100 µg/day), and azilsartan (100 µg/day) alone. Hematoxylin was utilized to counterstain all sections. (B) The number of TRAP-positive
multinucleated cells in the sagittal suture mesenchyme of the calvaria was determined. Scale bar = 50 mm. The Tukey–Kramer test was used to
assess the significance of group differences. Values are reported as means ± SD (n =4/group, ∗∗p <0.01).
FIGURE 8

Putative model of how azilsartan may play a role in preventing LPS-triggered osteoclastogenesis in vivo. Osteoclast differentiation is triggered by
RANKL and TNF-a, with M-CSF promoting the differentiation of osteoclast precursors into pre-osteoclasts, which subsequently fuse to form
osteoclasts and induce bone resorption. LPS administration induces the expression of RANKL in osteoblasts and TNF-a in macrophages, which
contributes to osteoclast formation and bone resorption. Azilsartan appears to inhibit LPS-triggered osteoclastogenesis by reducing the production
of TNF-a by macrophages, even though it does not significantly inhibit osteoclast precursors or RANKL expression in osteoblasts.
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calvariae for 5 days, the result showed that azilsartan had no impact

on TNF-a-triggered osteoclastogenesis in vivo. Therefore, our study
suggests that the in vivo suppression of LPS-triggered

osteoclastogenesis by azilsartan is possibly due to the suppression

of TNF-a expression in macrophages, leading to the restraining of

RANKL expression in stromal cells (Figure 8).
5 Conclusion

Overall, our study provides valuable insights into the

mechanisms underlying the suppressive effects of azilsartan on

osteoclast generation and bone resorption. This finding is

important for individuals with hypertension, who are at an

increased risk of osteoporosis and fractures.
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Araújo L, Oliveira do Nascimento JH, et al. Azilsartan increases levels of IL-10, down-
regulates MMP-2, MMP-9, RANKL/RANK, cathepsin K and up-regulates OPG in an
experimental periodontitis model. PloS One (2014) 9:e96750. doi: 10.1371/
journal.pone.0096750

38. Kitaura H, Sands MS, Aya K, Zhou P, Hirayama T, Uthgenannt B, et al. Marrow
stromal cells and osteoclast precursors differentially contribute to TNF-a-induced
osteoclastogenesis in vivo. J Immunol (2004) 173:4838–46. doi: 10.4049/
jimmunol.173.8.4838

39. Takeshita S, Kaji K, Kudo A. Identification and characterization of the new
osteoclast progenitor with macrophage phenotypes being able to differentiate into
mature osteoclasts. J Bone Miner Res (2000) 15:1477–88. doi: 10.1359/
jbmr.2000.15.8.1477

40. Ishida M, Shen W-R, Kimura K, Kishikawa A, Shima K, Ogawa S, et al. DPP-4
inhibitor impedes lipopolysaccharide-induced osteoclast formation and bone
resorption in vivo. BioMed Pharmacother (2019) 109:242–53. doi: 10.1016/
j.biopha.2018.10.052

41. Ma J, Kitaura H, Ogawa S, Ohori F, Noguchi T, Marahleh A, et al.
Docosahexaenoic acid inhibits TNF-a-induced osteoclast formation and orthodontic
tooth movement through GPR120. Front Immunol (2023) 13:929690. doi: 10.3389/
fimmu.2022.929690

42. Gebru Y, Diao T-Y, Pan H, Mukwaya E, Zhang Y. Potential of RAS inhibition to
improve metabolic bone disorders. BioMed Res Int (2013) 2013:1–6. doi: 10.1155/2013/
932691

43. Mo C, Ke J, Zhao D, Zhang B. Role of the renin–angiotensin–aldosterone system
in bone metabolism. J Bone Miner Metab (2020) 38:772–9. doi: 10.1007/s00774-020-
01132-y

44. Shimizu H, Nakagami H, Osako MK, Hanayama R, Kunugiza Y, Kizawa T, et al.
Angiotensin II accelerates osteoporosis by activating osteoclasts. FASEB J (2008)
22:2465–75. doi: 10.1096/fj.07-098954

45. Zhou Y, Guan X, Chen X, Yu M, Wang C, Chen X, et al. Angiotensin II/
Angiotensin II Receptor Blockade Affects Osteoporosis via the AT1/AT2-Mediated
cAMP-Dependent PKA Pathway. Cells Tissues Organs (2017) 204:25–37. doi: 10.1159/
000464461

46. Abuohashish HM, Ahmed MM, Sabry D, Khattab MM, Al-Rejaie SS.
Angiotensin (1-7) ameliorates the structural and biochemical alterations of
ovariectomy-induced osteoporosis in rats via activation of ACE-2/Mas receptor axis.
Sci Rep (2017) 7:2293. doi: 10.1038/s41598-017-02570-x

47. Abuohashish HM, Ahmed MM, Sabry D, Khattab MM, Al-Rejaie SS. The ACE-
2/Ang1-7/Mas cascade enhances bone structure and metabolism following
angiotensin-II type 1 receptor blockade. Eur J Pharmacol (2017) 807:44–55.
doi: 10.1016/j.ejphar.2017.04.031

48. Brito VGB, Patrocinio MS, Linjardi MC, Barreto AEA, Frasnelli SC, Lara V, et al.
Telmisartan prevents alveolar bone loss by decreasing the expression of osteoclasts
markers in hypertensive rats with periodontal disease. Front Pharmacol (2020)
11:579926. doi: 10.3389/fphar.2020.579926

49. Momenzadeh M, Khosravian M, Lakkakula BV. Potential of renin-angiotensin
system inhibition to improve metabolic bone disorders. J Nephropharmacol (2020) 10:
e16–6. doi: 10.34172/npj.2021.16

50. Goel R, Bhat SA, Hanif K, Nath C, Shukla R. Angiotensin II receptor blockers
attenuate lipopolysaccharide-induced memory impairment by modulation of NF-kB-
mediated BDNF/CREB expression and apoptosis in spontaneously hypertensive rats.
Mol Neurobiol (2018) 55:1725–39. doi: 10.1007/s12035-017-0450-5

51. An J, Nakajima T, Kuba K, Kimura A. Losartan inhibits LPS-induced
inflammatory signaling through a PPARg-dependent mechanism in human THP-1
macrophages. Hypertens Res (2010) 33:831–5. doi: 10.1038/hr.2010.79

52. Wong MH, Chapin OC, Johnson MD. LPS-stimulated cytokine production in
type I cells is modulated by the renin–angiotensin system. Am J Respir Cell Mol Biol
(2012) 46:641–50. doi: 10.1165/rcmb.2011-0289OC

53. Ye R, Liu Z. ACE2 exhibits protective effects against LPS-induced acute lung
injury in mice by inhibiting the LPS-TLR4 pathway. Exp Mol Pathol (2020) 113:104350.
doi: 10.1016/j.yexmp.2019.104350

54. Huang J-L, Zhang Y-L, Wang C-C, Zhou J-R, Ma Q, Wang X, et al. Enhanced
phosphorylation of MAPKs by NE promotes TNF-a Production by macrophage through a
Adrenergic receptor. Inflammation (2012) 35:527–34. doi: 10.1007/s10753-011-9342-4

55. Vittimberga FJ, Callery MP. Sodium salicylate inhibits macrophage TNF- alpha
production and alters MAPK activation. J Surg Res (1999) 84(2):143–9. doi: 10.1006/
jsre.1999.5630

56. Kraatz J, Clair L, Rodriguez JL, West MA. Macrophage TNF secretion in
endotoxin tolerance: role of SAPK, p38, and MAPK. J Surg Res (1999) 83:158–64.
doi: 10.1006/jsre.1999.5587

57. Kitaura H, Marahleh A, Ohori F, Noguchi T, Nara Y, Pramusita A, et al. Role of
the interaction of tumor necrosis factor-a and tumor necrosis factor receptors 1 and 2
in bone-related cells. Int J Mol Sci (2022) 23:1481. doi: 10.3390/ijms23031481
frontiersin.org

https://doi.org/10.1172/JCI119679
https://doi.org/10.1155/2018/5783639
https://doi.org/10.1155/2018/5783639
https://doi.org/10.1007/s00223-018-0435-z
https://doi.org/10.1007/s00223-018-0435-z
https://doi.org/10.1016/j.imlet.2016.04.004
https://doi.org/10.4049/jimmunol.166.5.3574
https://doi.org/10.4049/jimmunol.166.5.3574
https://doi.org/10.18632/oncotarget.20325
https://doi.org/10.1007/s00198-013-2457-8
https://doi.org/10.1007/s00223-008-9198-2
https://doi.org/10.1007/s11886-017-0888-0
https://doi.org/10.1016/j.biopha.2018.12.090
https://doi.org/10.1016/j.biopha.2020.110739
https://doi.org/10.1016/j.biopha.2020.110739
https://doi.org/10.2147/JIR.S148911
https://doi.org/10.1136/heartjnl-2018-314216
https://doi.org/10.1016/j.steroids.2020.108701
https://doi.org/10.1111/jch.13061
https://doi.org/10.1359/jbmr.081006
https://doi.org/10.1038/hr.2009.74
https://doi.org/10.1016/j.ejphar.2019.172519
https://doi.org/10.1016/j.bcp.2017.07.022
https://doi.org/10.3389/fcell.2022.816764
https://doi.org/10.1016/j.clinthera.2011.10.007
https://doi.org/10.1161/HYPERTENSIONAHA.110.163402
https://doi.org/10.1021/acsomega.0c03655
https://doi.org/10.3389/fphar.2021.774709
https://doi.org/10.1371/journal.pone.0096750
https://doi.org/10.1371/journal.pone.0096750
https://doi.org/10.4049/jimmunol.173.8.4838
https://doi.org/10.4049/jimmunol.173.8.4838
https://doi.org/10.1359/jbmr.2000.15.8.1477
https://doi.org/10.1359/jbmr.2000.15.8.1477
https://doi.org/10.1016/j.biopha.2018.10.052
https://doi.org/10.1016/j.biopha.2018.10.052
https://doi.org/10.3389/fimmu.2022.929690
https://doi.org/10.3389/fimmu.2022.929690
https://doi.org/10.1155/2013/932691
https://doi.org/10.1155/2013/932691
https://doi.org/10.1007/s00774-020-01132-y
https://doi.org/10.1007/s00774-020-01132-y
https://doi.org/10.1096/fj.07-098954
https://doi.org/10.1159/000464461
https://doi.org/10.1159/000464461
https://doi.org/10.1038/s41598-017-02570-x
https://doi.org/10.1016/j.ejphar.2017.04.031
https://doi.org/10.3389/fphar.2020.579926
https://doi.org/10.34172/npj.2021.16
https://doi.org/10.1007/s12035-017-0450-5
https://doi.org/10.1038/hr.2010.79
https://doi.org/10.1165/rcmb.2011-0289OC
https://doi.org/10.1016/j.yexmp.2019.104350
https://doi.org/10.1007/s10753-011-9342-4
https://doi.org/10.1006/jsre.1999.5630
https://doi.org/10.1006/jsre.1999.5630
https://doi.org/10.1006/jsre.1999.5587
https://doi.org/10.3390/ijms23031481
https://doi.org/10.3389/fendo.2023.1207502
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Azilsartan inhibits inflammation-triggered bone resorption and osteoclastogenesis in vivo via suppression of TNF-α expression in macrophages
	1 Introduction
	2 Materials and methods
	2.1 Reagents and animals
	2.2 Experimental model in vivo
	2.3 Histological analysis
	2.4 &mu;CT examination of area of bone destruction
	2.5 Preparation of osteoclast precursors for osteoclastogenesis
	2.6 Cell viability analysis for osteoclast precursors
	2.7 Peritoneal macrophages isolation
	2.8 Preparation of osteoblasts
	2.9 RNA preparation and real-time RT-PCR analysis
	2.10 ELISA assay for TNF-α and RANKL
	2.11 Western blotting analysis
	2.12 Statistical analysis

	3 Results
	3.1 Azilsartan inhibited LPS-triggered osteoclastogenesis in vivo
	3.2 Azilsartan inhibited LPS-triggered bone resorption in vivo
	3.3 Azilsartan had inhibitory impact on expression of oteoclast-related cytokines (RANKL and TNF-α) in vivo
	3.4 Azilsartan had no impact on cell viability of osteoclast precursors, RANKL or TNF-α&minus;triggered osteoclast formation
	3.5 Azilsartan suppressed LPS-triggered TNF-α expression in macrophages and had no effect on LPS-triggered RANKL expression in osteoblasts
	3.6 Azilsartan suppressed LPS-triggered MAPKs signaling pathway in macrophages
	3.7 Azilsartan had no impact on TNF-α&minus;triggered osteoclastogenesis in vivo

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


