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Abstract: Azithromycin displays immunomodulatory and anti-inflammatory effects in addition
to broad-spectrum antimicrobial activity and is used to treat inflammatory diseases, including
respiratory and odontogenic infections. Few studies have reported the effect of azithromycin therapy
on bone remodeling processes. The aim of this study was to examine the effects of azithromycin on
the osteogenic function of osteoblasts using osteoblast-like MC3T3-E1 cells. Cells were cultured in
the presence of 0, 0.1, 1, and 10 ug/mL azithromycin, and cell proliferation and alkaline phosphatase
(ALPase) activity were determined. In vitro mineralized nodule formation was detected with alizarin
red staining. The expression of collagenous and non-collagenous bone matrix protein was determined
using real-time PCR or enzyme-linked immunosorbent assays. In cells cultured with 10 pg/mL
azithromycin, the ALPase activity and mineralized nodule formation decreased, while the type I
collagen, bone sialoprotein, osteocalcin, and osteopontin mRNA expression as well as osteopontin
and phosphorylated osteopontin levels increased. These results suggest that a high azithromycin
concentration (10 pg/mL) suppresses mineralized nodule formation by decreasing ALPase activity
and increasing osteopontin production, whereas low concentrations (<1.0 pg/mL) have no effect on
osteogenic function in osteoblastic MC3T3-E1 cells.
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1. Introduction

Azithromycin is a macrolide antibiotic that inhibits protein synthesis by binding to the
bacterial 50S ribosomal subunit [1]. It displays immunomodulatory and anti-inflammatory
effects in addition to broad-spectrum antimicrobial activity and is used to treat asthma
and chronic obstructive pulmonary disease [2] as well as respiratory, urogenital, dermal,
dental, and other bacterial infections [3,4]. It extensively penetrates tissues, and its concen-
trations are sustained after serum concentrations have declined to low levels [5]. Tonsillar
azithromycin is maintained at higher concentrations than the minimum inhibitory concen-
tration (MIC) required to inhibit pathogenic bacteria responsible for respiratory infections
after multiple dose regimens (500 mg/day for 3 consecutive days or 500 mg/day for a day
followed by 250 mg/day for 2-5 days) [6]. It is predicted that the azithromycin concentra-
tion in uterine or periodontal tissue is similarly maintained at high levels, despite antibiotic
dose regimens dependent on the disease type and condition of the patients [6,7].
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Osteoblasts and osteoclasts are involved in bone remodeling to maintain the mass
and quality of osseous tissue [8]. Osteoblasts have osteogenic characteristics, including
high alkaline phosphatase (ALPase) activity and production of bone matrix proteins, while
osteoclasts secrete protons (H") and proteases into the microresorptive area and decompose
inorganic and organic bone tissue components [9]. Imbalanced osteoblast and osteoclast
functions lead to osteoporosis and reduction in bone mineral density. The balance may be
positively restored using bisphosphonate treatment to strongly inhibit osteoclastic bone
resorption [10,11], whereas steroid therapy causes osteoblast apoptosis, which is an osteo-
porosis risk factor [12]. Some evidence exists that azithromycin stimulates alveolar bone
regeneration in addition to its reduction in periodontal pathogens during administration
to periodontal patients [13,14]. In vitro studies have indicated that azithromycin inhibits
osteoclast differentiation and bone resorption activity in osteoclast procurer cells [15] and
the production of inflammatory cytokines involved in bone metabolism in gingival fibrob-
lasts [16]. Sub-antibiotic azithromycin doses attenuated alveolar bone destruction and
improved trabecular microarchitectures in a rat model of experimental periodontitis [17].
The pre-existing periapical bone loss in a mouse model of periapical inflammation was
also diminished by azithromycin administration [18]. These previous findings indicate that
azithromycin may affect bone remodeling.

The aim of this study was to examine the effects of azithromycin on the osteogenic
function of osteoblasts. Osteoblast-like MC3T3-E1 cells were continuously stimulated with
azithromycin and examined for in vitro mineralized nodule formation, ALPase activity,
and the expression of collagenous and non-collagenous bone matrix protein.

2. Materials and Methods
2.1. Reagents

Minimal essential medium o« (MEM«) and heat-inactivated fetal bovine serum (FBS)
were purchased from Gibco (Rockville, MD, USA) and HyClone Laboratories (Logan, UT,
USA), respectively. Azithromyecin, dimethyl sulfoxide (DMSO), and penicillin—streptomycin
solution were obtained from Sigma (St. Louis, MO, USA).

2.2. Cell Culture and Azithromycin Stimulation

Murine osteoblastic MC3T3-E1 cells (ECACC 99072810, Culture collections, Public
Health England, Salisbury, UK) were seeded on 100-millimeter culture dishes and main-
tained in MEM« containing 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin solution
at 37 °C in a humidified atmosphere of 95% air and 5% CO,. Cells were plated onto an
appropriate culture plate at a density of 6.0 x 102 cells/cm?, incubated overnight, then
stimulated by the addition of 0.1, 1, or 10 pg/mL azithromycin (solubilized in DMSO), and
further incubated for 10 or 14 days. Control cells contained a final concentration of 0.1%
DMSO in the culture medium. The medium was changed every 2 days.

2.3. Cell Proliferation and ALPase Activity

Cells were plated into 96-well plates at a density of 6.0 x 10° cells/cm? and cultured in
medium with or without azithromycin for up to 10 days. Cell proliferation was determined
using a cell-counting kit-8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) ac-
cording to the manufacturer’s protocols. ALPase activity was determined by adding 200 uL
enzyme assay solution containing 8 mM p-nitrophenyl phosphate [19]. The absorbance
was measured at 450 nm (cell counting) or 405 nm (p-nitrophenyl) using a microplate
reader (SpectraMax® ABS Plus; Molecular Devices LLC., San Jose, CA, USA). One unit of
ALPase activity was defined as the amount of enzyme required for the formation of 1.0 pM
p-nitrophenol per minute. Enzyme activity was recorded in milliunits (mU)/10% cells.

2.4. Alizarin Red S Staining

Cells plated into 24-well plates at a density of 6.0 x 10° cells/cm? were cultured in
medium with 50 mM (-glycerophosphate and 50 pug/mL ascorbic acid in the presence or
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absence of azithromycin for 14 days. The conditions of the cells and nodule formation
were routinely checked via phase-contrast microscopy (Nikon DIAPHOTO ELWD 0.3,
Tokyo, Japan) at 100 x magnification. Mineralized nodules were detected by staining with
alizarin red S (PG Research, Tokyo, Japan) according to a previous method [19]. After
capturing images of the wells, 500 pL of 5% formic was added into the wells and incubated
for 30 min. The solution was transferred to 96-well plates and the absorbance at 415 nm
was determined for quantification.

2.5. Real-Time PCR

Cells were seeded into six-well plates at a density of 6.0 x 10 cells/cm? in medium
with or without azithromycin for 10 days. Total RNA was isolated from cells harvested after
a 7- or 10-day incubation using NucleoSpin® RNA (Macherey-Nagel GmbH & Co., Diiren,
Germany). cDNA synthesis was conducted using 500 ng RNA in a total volume of 10 uL
containing 50 pmol random 6 mers, 25 pmol origo dT Primer, 0.5 uL PrimeScript RT Enzyme
Mix I, and 2 uL PrimeScript Buffer (these components were bundled with PrimeScript™ RT
reagent Kit; Takara Bio Inc., Kusatsu, Japan). Aliquots of 2 pL of the cDNA solution were
subjected to quantitative real-time PCR (RT-PCR). Reactions were performed in a total volume
of 25 uL containing 2 uL. cDNA solution, 12.5 uL. TB green® Premix Ex Taq II (Takara Bio
Inc., Kusatsu, Japan), and 10 uM forward and reverse primers. Primer sequences were as
follows: type I collagen (forward: 5-TCAGTGCAATTGTGTTGCTGAAAG-3'; reverse: 5'-
GATACCAAACTGGGCGTGCTG-3'), bone sialoprotein (forward: 5-AATTCTGACCCTCG
TAGCCTTCATA-3; reverse: 5-GAGCCTCGTGGCGACACTTA-3'), osteopontin (forward:
5'-TACGACCATGAGATTGGCAGTGA-3; reverse: 5-TATAGGATCTGGGTGCAGGCTGT
AA-3"), osteocalcin (forward: 5'-CAGACACCATGAGGACCATCTT-3'; reverse: 5'-AAGGC
TTTGTCAGACTCAGGG-3'), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH
forward: 5-AAATGGTGAAGGTCGGTGTG-3'; reverse: 5-TGAAGGGGTCGTTGATGG-
3’). PCR was performed using a Thermal Cycler Dice real time system (Takara Bio Inc.,
Kusatsu, Japan) and analyzed using the instrument’s software. The cycling conditions
reported in a previous study were used [11].

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

Culture supernatants were collected from plates on day 10. Phosphoprotein was
purified using a phosphoprotein enrichment kit (Clontech Laboratories, Inc., Mountain
View, CA, USA). Osteopontin levels in the crude and the phosphoprotein-purified sample
were measured with an ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s protocols.

2.7. Statistical Analyses

Values are reported as means + standard deviation. Significant differences were
determined using a one-way analysis of variance followed by Tukey’s multiple comparison
test. A p-value <0.05 was considered statistically significant. GraphPad Prism 6.0 software
(San Diego, CA, USA) was used for statistical analyses.

3. Results
3.1. Effect of Azithromycin on Cellular Proliferation and ALPase Activity

Azithromycin concentrations of 0.1 and 1 pug/mL did not affect osteoblast cell prolif-
eration at all time points, whereas significantly decreased growth was observed on days
5 and 7 following treatment with 10 ug/mL azithromycin compared with untreated cells
(Figure 1). There was no difference in cell proliferation at all azithromycin concentra-
tions on day 10. Meanwhile, ALPase activity gradually increased in untreated cells and
azithromycin-stimulated cells during the culture period (Figure 2). ALPase activity signifi-
cantly decreased following treatment with 10 pg/mL azithromycin on day 10 compared
with the untreated control (Figure 2).
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Figure 1. Effect of azithromycin on osteoblast proliferation. MC3T3-E1 cells were untreated (vehicle
control) or grown in the presence of variable azithromycin concentrations (0.1, 1, or 10 ug/mL) for
10 days. Data represent the mean =+ SD of three independent experiments. ** p < 0.01 compared with
the control.
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Figure 2. Effect of azithromycin treatment on ALPase activity. MC3T3-E1 cells were untreated (vehicle
control) or grown in the presence of variable azithromycin concentrations (0.1, 1, or 10 pg/mL) for
10 days. Data represent the mean + SD of three independent experiments. *** p < 0.001 compared
with the control.

3.2. Effect of Azithromycin on Mineralized Nodule Formation

A previous study reported that DMSO at a concentration of 0.2% or less had no
effects, whereas DMSO at a concentration of 0.5% or more increased osteogenic function
in MC3T3-E1 cells [20]. Our pilot study indicated that 0.1% DMSO slightly increased the
expression of Runx2, an osteoblast differentiation-related factor, in MC3T3-E1 cells (data
not shown); therefore, we examined the effects of azithromycin on mineralized nodule
formation in the presence of osteogenic supplements (OS; 50 mM [-glycerophosphate
and 50 pg/mL ascorbic acid) and 0.1% DMSO as a vehicle (Figure 3). The intensity of
alizarin red staining increased in the control (with OS) and the vehicle control compared
with the negative control (NC) without OS. Azithromycin reduced staining intensity at a
concentration of 10 pg/mL compared with the vehicle control and control (with OS).
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Figure 3. Effect of azithromycin on mineralized nodule formation. MC3T3-E1 cells were treated
with 0.1, 1, or 10 ug/mL azithromycin in the presence of osteogenic supplements (OS; 50 mM
-glycerophosphate and 50 pg/mL ascorbic acid) and 0.1% DMSO as a vehicle. Mineralized nodule
formation was examined by alizarin red staining. Data represent the mean =+ SD of three independent
experiments. NC, negative control. *# p < 0.001, # p < 0.01, # p < 0.05 compared with negative
control (NC); * p <0.001, ™ p < 0.01, T p < 0.05 compared with control; *** p < 0.001 compared with
the vehicle control.
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3.3. Effects of Azithromycin on Bone Matrix Protein mRNA Expression

The osteopontin, osteocalcin, bone sialoprotein, and type I collagen mRNAs were
differentially expressed to variable degrees after treatment for 7 and/or 10 days in cells
stimulated with azithromycin at 0.1, 1, and 10 pg/mL compared with untreated control cells
(Figure 4a—d). Osteopontin and bone sialoprotein expression on days 7 and 10 of culture
increased with application of 0.1, 1 or 10 ug/mL azithromycin compared with the untreated
control (Figure 4a,c). These concentrations of azithromycin induced osteocalcin expression
on day 10 of culture (Figure 4b). The greatest differences in expression were observed at
10 pg/mL azithromycin. Type I collagen expression increased on day 7 following treatment
with 10 ug/mL azithromycin compared with the untreated control, whereas a decrease
was observed with azithromycin treatment at 0.1 and 1 pg/mL. The expression of type
I collagen significantly decreased on day 10 following azithromycin treatment at 1 and
10 pg/mL compared with the control (Figure 4d).
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Figure 4. Effect of azithromycin on (a) osteopontin, (b) osteocalcin, (c) bone sialoprotein, and (d) type I collagen mRNA
expression determined by real-time PCR following 7- and 10-day culture. MC3T3-E1 cells were untreated (vehicle control)
or grown in the presence of variable azithromycin concentrations (0.1, 1, or 10 pg/mL). The expression level of each gene
was calculated and expressed as a ratio to the expression level in cells without azithromycin and DMSO treatment on the
day when cells were seeded (T0). Data represent the mean =+ SD of three independent experiments. * p < 0.05, ** p < 0.01,
and *** p < 0.001 compared with the vehicle control on each day of culture.

3.4. Effect of Azithromycin on Osteopontin Levels

Osteopontin levels significantly increased in the crude culture supernatant derived
from cells stimulated with 10 pg/mL azithromycin after 7 and 10 days following treatment
compared with the untreated control (Figure 5a). Phosphorylated osteopontin levels
increased in cells stimulated with 10 pg/mL azithromycin on days 7 and 10 compared with
the control, with a significant difference observed on day 10 (Figure 5b).
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Figure 5. Effect of azithromycin on osteopontin levels. MC3T3-E1 cells were untreated (vehicle control) or grown in the
presence of variable azithromycin concentrations as stated in the legend. The levels of (a) osteopontin in the supernatant
and (b) phosphorylated osteopontin in the phosphoprotein-purified supernatant were determined using enzyme-linked
immunosorbent assays 7 and 10 days after treatment. Data represent the mean + SD of three independent experiments.
** p <0.01 and *** p < 0.001 compared with the vehicle control.

4. Discussion

Several previous studies reported sustained azithromycin concentration in periodontal
tissue following its administration to periodontitis patients [7,21-23]. The clinical efficacy
of azithromycin has been demonstrated in odontogenic infections characteristic of gingiva,
periodontal ligament, and alveolar bone destruction [4,13,14]. Malizia et al. reported
a higher azithromycin concentration in the periodontal tissue than in the plasma of pa-
tients who were orally administrated azithromycin; the concentration of azithromycin in
the gingiva, alveolar bone, and plasma was 6.47 £ 0.57 mg/kg, 1.86 £ 0.15 mg/kg, and
0.33 &+ 0.04 mg/L, respectively, in these patients 12 h following its administration at a
dose of 500 mg/day for 3 consecutive days, with a gradual decline observed over several
days [21]. There is no marked difference in the prescription between periodontitis [21]
and respiratory infection [6]. In the present study, there was no significant difference in
mineralized nodule formation by MC3T3-E1 cells treated with azithromycin at concentra-
tions <1 ug/mL compared with the control. These findings and our results indicate that
ordinary dose regimens of azithromyecin for the treatment of respiratory and odontogenic
infections are unlikely to influence osteogenesis by osteoblasts. Other clinical studies
reported the bone regenerative potential of azithromycin in patients with bone destruction
caused by periodontal abscesses [13,14]. Moreover, azithromycin concentrations below
10 mg/mL markedly suppressed osteoclast bone resorption in vitro [15]. Azithromycin at
concentrations ranging from 0.1 to 10 pg/mL attenuates lipopolysaccharide (LPS)-induced
production of pro-inflammatory cytokines, including interleukin 6 which associates with
osteoclast differentiation [16]. These findings and our present results suggest that potential
bone regeneration induced by azithromycin may be associated with the downregulation of
osteoclastic bone resorption and not the upregulation of osteoblastic bone formation.

Furthermore, in this study, ALPase activity and mineralized nodule formation in
MC3T3-E1 cells were markedly suppressed with 10 pg/mL azithromycin, whereas mRNA
expression of type I collagen, bone sialoprotein, osteocalcin, and osteopontin increased.
Type I collagen is a crucial scaffold, while bone sialoprotein and osteocalcin are indis-
pensable for the initiation of bone mineralization [24-26]. The present results show that
increased collagenous and non-collagenous protein expression does not contribute to
mineralized nodule formation when there is decreased ALPase activity. Moreover, the
role of osteopontin in calcification and the interaction of ALPase, pyrophosphate, and
osteopontin may explain the suppression of mineralized nodule formation in cells cultured
with 10 ug/mL azithromycin. ALPase hydrolyzes pyrophosphate, which has an inhibitory
effect on hydroxyapatite crystal growth [8,27], and pyrophosphate stimulates osteopontin



Curr. Issues Mol. Biol. 2021, 43 1458

production in MC3T3-E1 cells [28]. Moreover, phosphorylated osteopontin inhibits hy-
droxyapatite formation [28,29], whereas ALPase attenuates this inhibitory effect [29-31]. In
the present study, osteopontin and phosphorylated osteopontin levels increased following
treatment with 10 pg/mL azithromycin, whereas ALPase activity markedly decreased.
Therefore, the high azithromycin concentration (10 ng/mL) suppressed mineralized nodule
formation by increasing phosphorylated osteopontin production and decreasing ALPase
activity.

It is well known that azithromycin tends to accumulate in inflamed tissues [1-3].
Blandizzi et al. reported that azithromycin levels were significantly higher in pathological
tissue, reaching a concentration of approximately 10 mg/kg in marginal periodontitis, peri-
apical periodontitis, radicular granuloma, and the cyst wall of dentigerous cyst compared
with that in normal gingiva 2.5 days after oral administration of 500 mg azithromycin/day
for 3 consecutive days [22]. Accumulation of azithromycin in tissues surrounding the bone
may inhibit osteoblastic bone formation following frequent or long-term administration of
the drug.

5. Conclusions

High azithromycin concentration (10 pug/mL) suppressed mineralized nodule forma-
tion by decreasing ALPase activity and increasing osteopontin production, whereas low
concentrations (<1.0 ug/mL) had no effect on osteogenic function in osteoblastic MC3T3-E1
cells.

Author Contributions: Conceptualization, TK. and M.T.; methodology, H.T. and K.N.; software,
K.N.; validation, T.K. and H.T.; formal analysis, M.O. and K.K.; investigation, K.K., ].N. and M.O.;
resources, M.N. and R.K,; data curation, M.O.; writing—original draft preparation, K.K.; writing—
review and editing, T.K. and M.O.; visualization, M.O. and K.K.; supervision, T.K.; project adminis-
tration, M.T.; funding acquisition, T.K. and M.O. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Grants-in-Aid for Young Scientists (B) (grant number
21K16978) from the Ministry of Education, Culture, Sports, Science, and Technology of Japan; the
Sato Fund; and a grant from the Dental Research Center of Nihon University School of Dentistry.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Available data are presented in the manuscript.
Acknowledgments: The authors are very thankful to Kyoko Fujiwara for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bakheit, A.H.; Al-Hadiya, B.M.; Abd-Elgalil, A.A. Azithromycin. Profiles Drug Subst. Excip. Relat. Methodol. 2014, 39, 1-40.
[CrossRef]

2. Uzun, S; Djamin, R.S,; Kluytmans, J.A.; Mulder, P.G.; van’t Veer, N.E.; Ermens, A.A_; Pelle, A ]J.; Hoogsteden, H.C.; Aerts, ].G.;
van der Eerden, M.M. Azithromycin maintenance treatment in patients with frequent exacerbations of chronic obstructive
pulmonary disease (COLUMBUS): A randomised, double-blind, placebo-controlled trial. Lancet Respir. Med. 2014, 2, 361-368.
[CrossRef]

3. Parnham, M.].; Erakovic Haber, V.; Giamarellos-Bourboulis, E.J.; Perletti, G.; Verleden, G.M.; Vos, R. Azithromycin: Mechanisms
of action and their relevance for clinical applications. Pharmacol. Ther. 2014, 143, 225-245. [CrossRef] [PubMed]

4. Keestra, J.A\],; Grosjean, I.; Coucke, W.; Quirynen, M.; Teughels, W. Non-surgical periodontal therapy with systemic antibiotics
in patients with untreated chronic periodontitis: A systematic review and meta-analysis. J. Periodontal. Res. 2015, 50, 294-314.
[CrossRef] [PubMed]

5. Foulds, G.; Shepard, R.M.; Johnson, R.B. The pharmacokinetics of azithromycin in human serum and tissues. J. Antimicrob.
Chemother. 1990, 25, 73-82. [CrossRef]

6.  Foulds, G.; Johnson, R.B. Selection of dose regimens of azithromycin. ]. Antimicrob Chemother 1993, 31, 39-50. [CrossRef] [PubMed]

7. Gomi, K,; Yashima, A.; Lino, F.; Kanazashi, M.; Nagano, T.; Shibukawa, N.; Ohshima, T.; Maeda, N.; Arai, T. Drug concentration in

inflamed periodontal tissues after systemically administered azithromycin. J. Periodontol. 2007, 78, 918-923. [CrossRef] [PubMed]


http://doi.org/10.1016/B978-0-12-800173-8.00001-5
http://doi.org/10.1016/S2213-2600(14)70019-0
http://doi.org/10.1016/j.pharmthera.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24631273
http://doi.org/10.1111/jre.12221
http://www.ncbi.nlm.nih.gov/pubmed/25142259
http://doi.org/10.1093/jac/25.suppl_A.73
http://doi.org/10.1093/jac/31.suppl_E.39
http://www.ncbi.nlm.nih.gov/pubmed/8396095
http://doi.org/10.1902/jop.2007.060246
http://www.ncbi.nlm.nih.gov/pubmed/17470027

Curr. Issues Mol. Biol. 2021, 43 1459

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Katsimbri, P. The biology of normal bone remodelling. Eur. J. Cancer Care (Engl.) 2017, 26, €12740. [CrossRef] [PubMed]

Chen, X.; Wang, Z.; Duan, N.; Zhu, G.; Schwarz, E.M.; Xie, C. Osteoblast-osteoclast interactions. Connect. Tissue Res. 2018, 59,
99-107. [CrossRef]

Reszka, A.A.; Rodan, G.A. Bisphosphonate mechanism of action. Curr. Rheumatol. Rep. 2003, 5, 65-74. [CrossRef]

Nagasaki, M.; Nakai, K.; Tanaka, H.; Ozaki, M.; Kato, K.; Koshi, R.; Maeno, M.; Nishikubo, S.; Kawato, T.; Tonogi, M.
Lipopolysaccharide and high concentrations of glucose enhances zoledronate-induced increase in RANKL/OPG ratio by
upregulating PGE, production in osteoblasts. |. Hard. Tissue Biol. 2021, 30, 37-44. [CrossRef]

Kirchgatterer, A.; Aschl, G.; Knoflach, P. Steroid-induced osteoporosis: Pathogenesis and therapeutic consequences. Acta Med.
Austriaca 2000, 27, 23-26. [CrossRef]

Hirsch, R. Periodontal healing and bone regeneration in response to azithromycin. Aust. Dent. |. 2010, 55, 193-199. [CrossRef]
Hirsch, R.; Deng, H.; Laohachai, M.N. Azithromycin in periodontal treatment: More than an antibiotic. J. Periodontal. Res. 2012,
47,137-148. [CrossRef]

Gannon, S.C; Cantley, M.D.; Haynes, D.R.; Hirsch, R.; Bartold, PM. Azithromycin suppresses human osteoclast formation and
activity in vitro. J. Cell Physiol. 2013, 228, 1098-1107. [CrossRef] [PubMed]

Doyle, CJ.; Fitzsimmons, T.R.; Marchant, C.; Dharmapatni, A.A.; Hirsch, R; Bartold, PM. Azithromycin suppresses P. gingivalis
LPS-induced pro-inflammatory cytokine and chemokine production by human gingival fibroblasts in vitro. Clin. Oral Investig.
2015, 19, 221-227. [CrossRef] [PubMed]

Park, S.H.; Lee, Y.S.; Choi, E.Y.; Choi, J.I.; Choi, I.S.; Kim, S.J. Subantibiotic dose of azithromycin attenuates alveolar bone
destruction and improves trabecular microarchitectures in a rat model of experimental periodontitis: A study using micro-
computed tomography. Int. Immunopharmacol. 2017, 47, 212-217. [CrossRef]

Andrada, A.C.; Azuma, M.M.; Furusho, H.; Hirai, K.; Xu, S.; White, R.R.; Sasaki, H. Inmunomodulation mediated by azithromycin
in experimental periapical inflammation. J. Endod. 2020, 46, 1648-1654. [CrossRef]

Nakai, K.; Kawato, T.; Morita, T.; linuma, T.; Kamio, N.; Zhao, N.; Maeno, M. Angiotensin II induces the production of MMP-3
and MMP-13 through the MAPK signaling pathways via the AT; receptor in osteoblasts. Biochimie 2013, 95, 922-933. [CrossRef]
[PubMed]

Cheung, W.M.; Ng, WW.,; Kung, A.W. Dimethyl sulfoxide as an inducer of differentiation in preosteoblast MC3T3-E1 cells. FEBS
Lett. 2006, 580, 121-126. [CrossRef]

Malizia, T.; Tejada, M.R.; Ghelardi, E.; Senesi, S.; Gabriele, M.; Giuca, M.R,; Blandizzi, C.; Danesi, R.; Campa, M.; Del Tacca, M.
Periodontal tissue disposition of azithromycin. J. Periodontol. 1997, 68, 1206-1209. [CrossRef] [PubMed]

Blandizzi, C.; Malizia, T.; Lupetti, A.; Pesce, D.; Gabriele, M.; Giuca, M.R.; Campa, M.; Del Tacca, M.; Senesi, S. Periodontal tissue
disposition of azithromycin in patients affected by chronic inflammatory periodontal diseases. J. Periodontol. 1999, 70, 960-966.
[CrossRef]

Malizia, T.; Batoni, G.; Ghelardi, E.; Baschiera, F.; Graziani, F.; Blandizzi, C.; Gabriele, M.; Campa, M.; Del Tacca, M.; Senesi, S.
Interaction between piroxicam and azithromycin during distribution to human periodontal tissues. J. Periodontol. 2001, 72,
1151-1156. [CrossRef]

Gordon, J.A,; Tye, C.E.; Sampaio, A.V.; Underhill, TM.; Hunter, G.K.; Goldberg, H.A. Bone sialoprotein expression enhances
osteoblast differentiation and matrix mineralization in vitro. Bone 2007, 41, 462-473. [CrossRef]

Baht, G.S.; Hunter, G.K.; Goldberg, H.A. Bone sialoprotein-collagen interaction promotes hydroxyapatite nucleation. Matrix Biol.
2008, 27, 600-608. [CrossRef]

Rammelt, S.; Neumann, M.; Hanisch, U.; Reinstorf, A.; Pompe, W.; Zwipp, H.; Biewener, A. Osteocalcin enhances bone remodeling
around hydroxyapatite/collagen composites. |. Biomed. Mater. Res. A 2005, 73, 284-294. [CrossRef] [PubMed]

Anderson, H.C. Mechanism of mineral formation in bone. Lab. Investig. 1989, 60, 320-330.

Addison, W.N.; Azari, E; Serensen, E.S.; Kaartinen, M.T.; McKee, M.D. Pyrophosphate inhibits mineralization of osteoblast
cultures by binding to mineral, up-regulating osteopontin, and inhibiting alkaline phosphatase activity. J. Biol. Chem. 2007, 282,
15872-15883. [CrossRef] [PubMed]

Jono, S.; Peinado, C.; Giachelli, C.M. Phosphorylation of osteopontin is required for inhibition of vascular smooth muscle cell
calcification. J. Biol. Chem. 2000, 275, 20197-20203. [CrossRef]

Boskey, A.L.; Maresca, M.; Ullrich, W.; Doty, S.B.; Butler, W.T.; Prince, C.W. Osteopontin-hydroxyapatite interactions in vitro:
Inhibition of hydroxyapatite formation and growth in a gelatin-gel. Bone Miner. 1993, 22, 147-159. [CrossRef]

Hunter, G.K; Kyle, C.L.; Goldberg, H.A. Modulation of crystal formation by bone phosphoproteins: Structural specificity of the
osteopontin-mediated inhibition of hydroxyapatite formation. Biochem. J. 1994, 300, 723-728. [CrossRef] [PubMed]


http://doi.org/10.1111/ecc.12740
http://www.ncbi.nlm.nih.gov/pubmed/28786518
http://doi.org/10.1080/03008207.2017.1290085
http://doi.org/10.1007/s11926-003-0085-6
http://doi.org/10.2485/jhtb.30.37
http://doi.org/10.1046/j.1563-2571.2000.00105.x
http://doi.org/10.1111/j.1834-7819.2010.01227.x
http://doi.org/10.1111/j.1600-0765.2011.01418.x
http://doi.org/10.1002/jcp.24259
http://www.ncbi.nlm.nih.gov/pubmed/23065774
http://doi.org/10.1007/s00784-014-1249-7
http://www.ncbi.nlm.nih.gov/pubmed/24806810
http://doi.org/10.1016/j.intimp.2017.04.008
http://doi.org/10.1016/j.joen.2020.07.028
http://doi.org/10.1016/j.biochi.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23277113
http://doi.org/10.1016/j.febslet.2005.11.062
http://doi.org/10.1902/jop.1997.68.12.1206
http://www.ncbi.nlm.nih.gov/pubmed/9444596
http://doi.org/10.1902/jop.1999.70.9.960
http://doi.org/10.1902/jop.2000.72.9.1151
http://doi.org/10.1016/j.bone.2007.04.191
http://doi.org/10.1016/j.matbio.2008.06.004
http://doi.org/10.1002/jbm.a.30263
http://www.ncbi.nlm.nih.gov/pubmed/15800855
http://doi.org/10.1074/jbc.M701116200
http://www.ncbi.nlm.nih.gov/pubmed/17383965
http://doi.org/10.1074/jbc.M909174199
http://doi.org/10.1016/S0169-6009(08)80225-5
http://doi.org/10.1042/bj3000723
http://www.ncbi.nlm.nih.gov/pubmed/8010953

	Introduction 
	Materials and Methods 
	Reagents 
	Cell Culture and Azithromycin Stimulation 
	Cell Proliferation and ALPase Activity 
	Alizarin Red S Staining 
	Real-Time PCR 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Statistical Analyses 

	Results 
	Effect of Azithromycin on Cellular Proliferation and ALPase Activity 
	Effect of Azithromycin on Mineralized Nodule Formation 
	Effects of Azithromycin on Bone Matrix Protein mRNA Expression 
	Effect of Azithromycin on Osteopontin Levels 

	Discussion 
	Conclusions 
	References

