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Abstract

Background Osteomyelitis involves bone destruction, impaired bone formation, and systemic inflammation. Dex-
medetomidine (DXMT) possesses antioxidant, anti-inflammatory, and anti-apoptotic properties alongside sedative
and analgesic effects. This study evaluates DXMT's effects on markers of infection and bone healing using osteocyte-
like cells infected by Staphylococcus aureus (S. aureus).

Methods Human osteosarcoma-derived SAOS-2 cells were differentiated to an osteocyte-like phenotype

over 28 days using potassium dihydrogen phosphate. Differentiation was verified via gPCR for osteogenic mark-

ers. Cytotoxicity of DXMT (0.1-10 uM) was tested using WST-1 assay and Reactive Oxygen Species (ROS) production
analysis. Cells infected with S. aureus were treated with DXMT to assess its antimicrobial, anti-inflammatory (via ELISA
for cytokines IL1-3, TNF-a, IL-17, and IL-6), and osteogenesis-promoting effects.

Results DXMT <1 uM did not affect cell viability, while 2, 5, and 10 uM DXMT administration reduced cell counts.
A5 uM dose slightly reduced intracellular bacterial load (6.2 log in controls vs. 6.1 log with DXMT), while neither less
nor more DXMT was effective on reducing the S. aureus load. Doses > 5 uM effectively reduced ROS production

and inflammation post-infection in a time-dependent manner. S. aureus infection decreased osteogenic markers,
but DXMT mitigated cellular stress and inflammation with a positive impact on osteogenesis at therapeutic doses.

Conclusion DXMT at 5 uM is an optimal dose to reduce infection-induced cellular stress and promote bone healing
in osteomyelitis in vitro, balancing antimicrobial effects and cytotoxicity.

Keywords Anti-inflammation, Antimicrobial, Dexmedetomidine, Osteoblast, Osteomyelitis, Reactive Oxygen Species
(ROS), Staphylococcus aureus (S. aureus)

*Correspondence:

Duru Aras-Tosun

duruaras@gmail.com

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12891-025-08555-6&domain=pdf

Kocaoglu et al. BMC Musculoskeletal Disorders (2025) 26:319

Introduction

Osteomyelitis, which may manifest acutely or chronically,
is a bone infection that results in progressive destruction
of bone tissue, decreased new bone formation, and dete-
rioration of bone quality, accompanied by an elevated
systemic inflammatory response [1, 2]. It may manifest
due to direct exposure of bone tissue to the pathogen fol-
lowing acute trauma, or it may emerge due to hematoge-
nous dissemination of the pathogen from another source,
particularly in the pediatric population. Especially in
hematogenous osteomyelitis in which osteoblast-rich and
highly vascularized growth plate is involved, complete
treatment is quite challenging, and recurrence is very fre-
quent [1].

The effects of the immune system on bone tissue have
been an important subject of research since its discov-
ery a few decades ago that IL-1p triggers bone destruc-
tion [3]. In addition to IL-1f, cytokines such as IL-17 and
TNE-a also play a significant role in this process. Several
bacterial agents involved in the etiology of osteomyelitis
trigger an immune response by secreting toxins, leading
to the release of these cytokines and contributing to bone
destruction. The initial stage of osteomyelitis treatment
entails prolonged antibiotic therapy along with surgical
debridement. Since both osteomyelitis itself and its treat-
ment can induce inflammatory responses and exacerbate
bone loss [4], patients may benefit from immunomodu-
latory properties of alternative treatment options along-
side conventional therapies, particularly in cases of lower
treatment efficacy [5].

Dexmedetomidine (DXMT), a selective
a2-adrenoreceptor agonist, has been demonstrated to
elicit anxiolytic, hypnotic and sedative effects without
the induction of respiratory depression. In addition to
its anesthetic properties and its use in inducing semi-
physiological sleep or sedation in critically ill patients
in intensive care, neuroprotective, cardioprotective and
renal protective effects have been demonstrated. Moreo-
ver, protective and healing effects, as well as antioxidant,
anti-inflammatory and anti-apoptotic effects on various
tissues and organs in different pathological processes,
have been documented [6-13]. The administration of
DXMT has been demonstrated to enhance the expression
of genes associated with osteogenesis and angiogenesis
while concurrently reducing the incidence of apoptosis in
a multitude of experimental models [14-17].

The objective of this study was to demonstrate the
effects of DXMT on the suppression of infection and
enhancement of bone healing markers in an in vitro infec-
tion model created with osteoblast cells. Although the
positive effects of DXMT on osteoblastic activity, bone
regeneration and inflammation are well documented in
the literature, evaluation of the applicable antimicrobial
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dose with the assessment of cytotoxic effects is absent.
Therefore, varying doses of DXMT was administered
to the SAOS-2 cell line infected with Gram-positive S.
aureus to investigate the drug’s impact on cytotoxicity to
provide insights into the potential therapeutic benefits of
DXMT in managing osteomyelitis.

Materials and methods

Culture and maintenance of osteosarcoma-derived
osteoblast cells (SAOS-2)

In this study, osteoblast cells derived from the human
osteosarcoma cell line (SAOS-2), procured from the
Turkish SAP Institute, were utilized. All chemicals
were purchased from Merck KGaA, (Darmstadt, Ger-
many) unless otherwise stated. The cells were cultured
in DMEM/Ham’s F-12 medium supplemented with 10%
Fetal Bovine Serum (FBS), 1% Penicillin—Streptomycin,
and 1% Amphotericin-B. Cultures were maintained under
standard conditions at 37 °C in a humidified atmosphere
with 5% CO,. Upon reaching 80% confluency, the cells
were re-seeded, and the lag phase as well as the Popula-
tion Doubling Time (PDT) were calculated and given as a
Supplementary Figure (Supp. Figure 1). The experimen-
tal time intervals for infection control were subsequently
determined based on the PDT (24,6 h) and its doubling
which refer to 24 and 48 h, approximately.

Differentiation and characterization of SAOS-2 cells for S.
aureus susceptibility

To enhance susceptibility to S. aureus infection, an oste-
ocyte-like phenotype was induced following the protocol
described by Gunn et al. [18]. Briefly, the culture medium
was supplemented with 1.8 mM potassium dihydrogen
phosphate, and the cells were transitioned into this dif-
ferentiation medium. The cells were maintained under
standard culture conditions (5% CO, and 37 °C) for a
duration of 28 days to facilitate differentiation.

On the 28th day, the differentiated cells were char-
acterized through quantitative PCR (qPCR) to assess
alterations in the expression of biomarkers associated
with early osteogenesis and osteocyte-like differentia-
tion. The osteoblast-specific markers evaluated included
RUNX2 (Runt-related transcription factor 2) and SP7
(Specifity Protein 7) [19-21]. In addition, markers indica-
tive of osteocyte-like differentiation, such as RANKL
(Receptor Activator of Nuclear Factor Kappa-B Ligand)
and SOST (Sclerostin) were quantified with qPCR [22—
24]. Primers are listed as a Supplementary Table (Supp.
Table 1).

RNA isolation
The medium of SAOS-2 cells, whose RNA is to be iso-
lated, was removed, and the cells were lysed using 1 mL



Kocaoglu et al. BMC Musculoskeletal Disorders (2025) 26:319

TRIzol Reagent. Following centrifugation at 12,000 g for
10 min at 4°C, the aqueous phase containing RNA was
transferred to a new tube. For phase separation, 100 pL
BCP (1-bromo-3-chloropropane) was added, vortexed
for 15 s, and incubated at room temperature for 10 min.
The sample was then centrifuged again at 12,000 g for
10 min at 4°C. RNA was present in the supernatant. To
the transferred supernatant, 500 pL isopropanol was
added, vortexed for 5-10 s, and incubated at room tem-
perature for 15 min. At this stage, a white RNA pellet was
expected to form. The RNA pellet was washed with 1 mL
of 75% ethanol and centrifuged at 7,500 g for 5 min at
room temperature to remove the alcohol. The RNA pellet
was then dissolved in 100 pL nuclease-free water.

cDNA synthesis

cDNA was synthesized from 1 pg of total RNA using the
Roche Transcriptor First Strand cDNA Synthesis Kit with
random hexamers in a total reaction volume of 20 pL.

qPCR

qPCR was performed using LightCycler® 480 SYBR®
Green I Master on the Roche LightCycler® 480 platform
with three biological and three technical replicates. Rela-
tive gene expression was calculated using the 2-AACt
method. Gene expression levels were normalized to the
endogenous control, GAPDH.

Establishment of S. aureus infection in osteocyte-like
differentiated SAOS-2 cells

S. aureus ATCC 43300 (MRSA)  stock culture was acti-
vated in Tryptic Soy Broth (TSB) medium at a 1% inocu-
lation rate and incubated at 37 °C for 24 h. Following the
24-h incubation, the cultures were inoculated into the
cell line to achieve an OD600 value of 0.5. Prior to inocu-
lation, the active culture was centrifuged at 10,000 g for
10 min to obtain the pellet, which was washed twice with
Phosphate Buffered Saline (PBS). The washed pellet was
resuspended in an equal volume of PBS and added to the
cell line.

Bacterial enumeration was performed by preparing
serial dilutions of the culture and spreading them onto
Tryptic Soy Agar (TSA, Merck) plates. After 24 h of
incubation at 37 °C, the bacterial count per milliliter was
calculated.

The bacteria were incubated with host cells at 37 °C for
2 h, followed by two PBS washes. To eliminate extracel-
lular bacteria, the cultures were treated with 10 pg/mL
lysostaphin and incubated at 37 °C for 2 h. The experi-
ment was carried out over a 7-day period, during which
the culture medium was replaced daily.

To quantify intracellular bacteria, the infected cultures
were lysed using 0.2% Triton X-100 in water at 37 °C for
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20 min. Serial dilutions of the lysates were plated onto
TSA plates and incubated at 37 °C for up to 120 h. Bac-
terial counts were recorded at the 24th and 120th hours
of incubation to evaluate both rapid and slow growth
rates [25]. After infection was confirmed, drug-treated
and untreated media were introduced to the cells, and at
the 24th and 48th hours, TSA plating was performed to
investigate the presence of extracellular bacterial growth.

Optimization of dexmedetomidine administration

and dosing protocols

The aim of this study was to evaluate the antimicrobial
and anti-inflammatory effects of DXMT in an in vitro
osteomyelitis model, with a simultaneous assessment of
its cytotoxic effects through the measurement of reac-
tive oxygen species (ROS) production and cell viability.
The antimicrobial dose of DXMT for S. aureus had been
previously reported in the literature as 32 pg/mL, though
this study did not include host cells [23]. In subsequent
research using osteoblast cells, lower DXMT concentra-
tions ranging between 0.1 and 10 pM were employed
[18, 25-27] To prioritize the assessment of antimicrobial
efficacy, the highest dose, 10 uM, was selected as the ini-
tial test concentration. Additional concentrations of 0.1,
0.3, 1, 2, and 5 pM were also evaluated on control and
infection positive groups to mitigate potential cytotoxic
effects of higher doses on host cells.

Investigation of the therapeutic effects of DXMT
Assessment of cellular activity

The WST-1 assay, a colorimetric method to assess cell
viability via the measurement of the metabolic activity
of the cells was evaluated to address cytotoxicity. Follow-
ing DXMT treatment, cells were trypsinized, centrifuged,
and seeded into 96-well plates at an optimized density to
ensure confluency did not exceed 80% during the assay.
The WST-1 reagent was prepared according to the manu-
facturer’s instructions and stored under appropriate con-
ditions until use.

The reagent was added to each well at a volume cor-
responding to 10% of the total well volume. The plates
were gently mixed to ensure even distribution of the rea-
gent and incubated at 37 °C for 2 h. During this time, the
WST-1 reagent was enzymatically reduced by mitochon-
drial enzymes in viable cells, forming a yellow-colored
formazan product proportional to the number of meta-
bolically active cells.

After the incubation period, the absorbance of the
formazan product was measured at 450 nm using a
microplate reader, with background readings sub-
tracted to ensure accuracy. The data were normalized to
untreated control groups, and cell viability was expressed
as a percentage relative to these controls. Negative
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controls (wells containing medium without cells) and
positive controls (wells containing untreated viable
cells) were included to validate the assay. Each experi-
mental condition was performed in triplicate to ensure

reproducibility.

Quantification of Reactive Oxygen Species (ROS) levels

ROS levels were visualized and quantified using a Carl-
Zeiss LSM-510 confocal microscope equipped with
488 nm Argon, 543 nm He—Ne, and 633 nm He-Ne
lasers and a 63 Zeiss Plan-Apo objective. Osteoblast
cells were loaded with 10 pM cell-permeable 2,7’-dichlo-
rodihydrofluorescein diacetate (H,DCFDA) for 60 min
at room temperature, following the protocol described
by Tuncay and Turan [28]. After exposure to 100 uM
H,0,, the maximum fluorescence intensity from 10 ran-
domly selected fields, each containing 30-70 cells, was
measured. These values were compared with basal fluo-
rescence levels for each cell. The data obtained were then
analyzed comparatively across the experimental groups.

Quantification of inflammatory cytokine levels
Inflammatory cytokines associated with osteomyelitis,
either induced or inhibited, had been previously identi-
fied in the literature [3, 4]In this study, pro-inflammatory
cytokines, including IL-1f, IL-6, IL-17, and TNF-a (were
quantified using ELISA kits purchased from Elabscience,
Houston, Texas.

Quantification of osteogenic markers of bone healing

Bone healing was determined with the quantification
of osteogenic markers [BMPR1A (Bone Morphoge-
netic Protein Receptor Type 1), BMPR1B (Bone Mor-
phogenetic Protein Receptor Type 1B), MMP2 (Matrix
Metallopeptidase 2)] with ELISA kits purchased from
MyBiosource, Inc. (San Diego, CA, USA) following
DXMT treatment on infectious osteoblast cells.

ELISA assay
For the quantification of inflammatory cytokine levels
and osteogenic markers cells designated for the experi-
mental groups were seeded into 6-well culture plates
prior to the establishment of infection conditions. Fol-
lowing exposure to drug-treated or untreated conditions,
cells were centrifuged at 150 g for 10 min at the 24th
and 48th hours. Pro-inflammatory cytokine levels in the
supernatant were measured spectrophotometrically at
450 nm, with a separate ELISA assay performed for each
cytokine in 96-well plate set ups.

The negative control group was exposed exclusively
to poly-L-arginine hydrochloride for 48 h. All measure-
ments were conducted at the highest concentration of
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each experimental group. The resulting data were ana-
lyzed comparatively among the groups.

Statistical analysis

Data were analyzed using GraphPad Prism (version
8.2.1). Statistical significance was assessed using two-way
analysis of variance (ANOVA). Tukey’s multiple compari-
sons test was performed to identify specific group differ-
ences. Results are presented as mean * standard deviation
(SD). A p-value of<0.05 was considered statistically
significant.

Results

Characterization of the osteocyte-like differentiation

of the SAOS-2 cells

For the characterization of the SAOS-2 cells following
differentiation to an osteocyte-like stage, osteoblast and
osteocyte markers were quantified with qPCR before
and after the application of the differentiation protocol.
While osteoblast markers (RUNX2 and SP7) were down-
regulated in osteocyte-like SAOS-2 cells compared to
the undifferentiated stage (p<0.0001), osteocyte mark-
ers (RANKL and SOST) were up-regulated significantly
(p<0.0001). These results indicate that we have success-
fully altered the phenotype of our target cells along with
changes at the cellular level (Fig. 1).

Effects of DXMT on cellular activity

To understand whether applicable doses of DXMT
are cytotoxic or not, osteocyte-like SAOS-2 cells were
treated with 0.1-10 pM DXMT for 24 h. Although cel-
lular activity was not affected by low doses up to 1 pM,
viable cell number decreased with DXMT adminis-
tration>5 pM. Viable cell numbers were as follows
for osteocyte-like SAOS-2 cells for 1, 2, 5 and 10 pM
DXMT doses: 0.32+0.03, 0.29+0.04, 0.21+0.03 and
0.19+0.01x10% Cell number significantly decreased
compared to the control group with increasing doses
(p=0.0025, p=0.0002, p <0,0001 and p <0,0001 for 1,2, 5
and 10 uM DXMT doses, respectively) (Fig. 2).

Antimicrobial properties of DXMT on osteocyte-like
SAOS-2 cells

For the determination of optimum antimicrobial dose
on osteocyte-like SAOS-2 cells infected with S. aureus
DXMT doses ranging from 0.1-10 uM were tested.
0.1-2 pM doses and 10 uM dose showed no antimicrobial
effects on any experimental groups. The counts (CFU/mL
and log values) of S. aureus ATCC 43300 in the medium
following the application of 0, 5, and 10 pM doses of
DXMT on osteocyte-like SAOS-2 cells at 37 °C after 24
and 48 h of incubation were summarized in Table 1.
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Fig. 1 A Osteoblast and B Osteocyte—Ilike SAOS-2 cells following 28 days of incubation with 1.8 mM potassium dihydrogen phosphate visible

with their typical phenotypes. Scale bar: 100 um
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Fig. 2 WST-1 assay results at 450 nm absorbance for numbers of viable DXMT-treated osteocyte-like SAOS-2 cells

The enumeration results revealed that, particularly
in the intracellular bacterial counts, there was a slight
reduction in the bacterial load in the samples treated
with 5 pM dose compared to the controls. For the 24-h
incubation period, the intracellular bacterial count in the
control sample was calculated as 6.2 log, while the count
for the sample treated with 5 uM DXMT was determined
as 6.1 log. After 48 h of incubation, the counts for these
samples were calculated as 6.9 log and 6.3 log for control
and 5 uM DXMT groups, respectively (Fig. 3).

Effects of DXMT on Reactive Oxygen Species (ROS)
production
To evaluate the cytotoxic effects of DXMT on osteo-
cyte-like SAOS-2 cells, DXMT doses ranging between
0.1-10 uM was tested on infection negative and positive
groups.

In the S. aureus (-) group, ROS production increased
by 1.35+0.29-fold at 5 uM DXMT and 1.38 +0.42-fold at

10 uM DXMT, suggesting a cytotoxic effect of DXMT on
osteoblast-like cells.

A significant increase in ROS levels was observed in
the S. aureus (+) control group compared to S. aureus
(-) control group (p<0,0001). Administration of 5 pM
DXMT revealed a significant reduction in ROS lev-
els on cells infected with S. aureus. However, when S.
aureus (+) cells were treated with 10 pM DXMT ROS
levels were elevated rather than diminished. Further-
more, direct comparison between the S. aureus (+) con-
trol, 5 uM and 10 pM DXMT groups demonstrated that
the lowest ROS levels were observed in the 5 uM group
(Fig. 4).

Effects of DXMT on inflammatory pathways

Anti-inflammatory effects of varying DXMT doses on S.
aureus infection was demonstrated with ELISA test for
specific inflammatory cytokines. Within these cytokines,
IL-1p and TNF-a levels significantly increased follow-
ing S. aureus infection at 24 h (p=0.0007 and p=0.0012,
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Table 1 CFU/mL and log values for S. aureus ATCC 43300 in DXMT treated osteocyte-like SAOS-2 cells
Infection status Incubation time Cell count DXMT dose Cell count (kob/mL) Cell count Fold change
(logarithmic) (compared to the
controls)
S.aureus (+) 24 h Extracellular 0 1.9%107 7,3 log
5 40x107 7,6 log 0,3 log increase
10 47x10 7,7 log 04 log increase
Intracellular 0 15%10° 6,2 log
5 13%x10° 6,1 log 0,1 log decrease®
10 16x10° 6,2 log 1
48 h Extracellular 0 16x10'° 10,2 log
5 2.5%10'"° 10,4 log 0,2 log increase
10 16x1010 10,2 log 1
Intracellular 0 85x10° 6,9 log
5 22%x10° 6,3 log 0,6 log decrease*
10 9.0x10° 6,95 log 0,05 log increase
S.aureus (-) 24 h Extracellular 0 <10 kob/mL <1 log
5 <10 kob/mL <1log
10 <10 kob/mL <1log
Intracellular 0 <10 kob/mL <1log
5 <10 kob/mL <1log
10 <10 kob/mL <1log

2 Logarithmic decrease in cell count pointing to an antimicrobial effect compared to the controls was revealed at 5 uM dose at both time points

respectively) and 48 h (p <0.0001). 10 uM DXMT reduced
IL-1P levels significantly (15.00+1.00 vs. 5.00+1.00 pg/
mL for infected and non-infected groups, respectively,
Fig. 5A), but not TNF-a (118.33 £ 6.66 vs. 95.00 + 1.00 pg/
mL, p=0.0144, Fig. 5B). At 48 h, IL-1p and TNF-a lev-
els were similar between infectious and non-infectious
groups following 5 and 10 uM DXMT administration
indicating an anti-inflammatory effect (Fig. 5A and B).
Dose-dependent effects of DXMT varied between
cytokines. A significant reduction in inflammation was
observed starting from 0.3 pM for IL-6 (p=0.0271,
Fig. 5D), 2 uM for IL-1B (p=0.0247, Fig. 5A) and IL-17
(p=0.0118, Fig. 5C), and 10 uM for TNF-a (p=0.0137,
Fig. 5B) at 24 h. At 48 h, significant reductions occurred
starting at 0.1 uM for IL-17 (p=0.0022) and IL-6
(p=0.0022, Fig. 5C and D) and at 0.3 uM for IL-1f
(p=0.0212, Fig. 5A) and TNF-a (p<0.0001, Fig. 5B).
Notably, IL-6 and IL-17 levels did not align with controls
at any time point for 5 and 10 pM doses (Fig. 5C and D).

Effects of DXMT on bone healing and regeneration

Levels of osteogenic markers were compared between
non-infectious osteocyte-like SAOS-2 cells and S.
aureus (+) cells following DXMT administration for 5
and 10 uM doses where both antimicrobial and anti-
inflammatory effects were determined. Levels of all three
osteogenic markers that were tested was decreased with

infection (p<0.0001, Fig. 6). In S. aureus (+) groups
protein concentrations for BMPR1A and BMPR1B were
significantly increased with 5 (p=0.0184 and p=0.0343,
respectively) and 10 pM (p=0.0010 and p=0.0041,
respectively) DXMT administration, while MMP2 levels
(818.33+155.2 pg/mL) were increased only with 10 uM
dose compared to the S. Aureus (+) controls (p=0.0183).

Discussion

In this study, we investigated the antimicrobial and anti-
inflammatory effects of DXMT using an in vitro bone
infection model. Our results demonstrated that DXMT
exerts dose-dependent effects on cell viability, ROS pro-
duction, and inflammatory cytokine levels in S. aureus
infected osteoblast-like cells. While DXMT at 5 uM
reduced intracellular bacterial load and decreased ROS
production, higher doses exhibited cytotoxic effects,
indicating a fine balance between therapeutic benefits
and potential cellular toxicity. These findings provide
critical insights into DXMT’s potential role in osteomy-
elitis treatment.

Aside from its sedative and hypnotic effects, clinical
trials have demonstrated that DXMT suppresses inflam-
matory cytokines such as TNF-a and IL-6 in both in vitro
and in vivo settings [29]. Our findings align with these
studies, further highlighting DXMT’s immunomodula-
tory properties, particularly in relation to IL-1f and IL-17
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Fig. 3 The logarithmic changes in bacterial counts in the experiment conducted with osteocyte-like SAOS-2 cells infected and non-infected with S.
aureus ATCC 43300 bacteria, were analyzed both extracellularly and intracellularly at 5 and 10 uM DXMT doses following 24 and 48 h of incubation.
The logarithmic cell count revealed an optimum antimicrobial effect at 5 uM dose compared to the controls
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regulation. At doses of 0.1-5 uM, our results showed that
the increase in inflammatory cytokine levels at 24 h was
attributed to S. aureus infection, whereas the significant

reduction observed at 48 h reflected DXMT’s anti-
inflammatory action compared to controls. This is con-
sistent with previous research demonstrating that DXMT
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significantly reduces inflammatory markers such as IL-1,
IL-6, TNF-q, ESR, and CRP in patients with septic shock
[8, 30]. However, at a 10 uM concentration, we observed
that DXMT’s cytotoxic effects impaired its immunomod-
ulatory function, potentially disrupting the delicate bal-
ance between inflammation control and cell viability.
These findings underscore the importance of adjusting
in vivo doses based on in vitro cytotoxicity, as excessive
concentrations may counteract the expected therapeutic
effects over time.

Antibiotics such as cefazolin, clindamycin, and vanco-
mycin have been successfully used in the treatment of
various types of osteomyelitis in conjunction with sur-
gery [31, 32]. Extending the treatment duration to six or
even twelve weeks does not appear to make a significant
difference [33]. In this case, prolonged antibiotic therapy
could be recommended alongside antimicrobial agents to
improve remission rates, which range between 60—90%,
particularly benefiting patients with lower treatment effi-
cacy [34]. The results of our study suggest that DXMT,
due to its observed antimicrobial effect even in the early
stages, may help reduce the treatment duration for S.
aureus infections when used together with antibiotics as
a part of the routine treatment. However, this needs to
be validated through experimental studies, as one of the
limitations of our study is the lack of evaluation of poten-
tial synergistic effects. The only in vivo study evaluated
the effects of DXMT together with an antibiotic, lido-
caine, further attenuated inflammatory responses and
reduced postoperative pain in a study of patients under-
going laparoscopic hysterectomy [29]. On the contrary,
in vivo studies demonstrating the antimicrobial effect
of DXMT alone are limited to above, and in vitro stud-
ies can be misleading due to the absence of host cells in
experiments using high doses of DXMT. For example,
multiple studies investigating the antimicrobial effects
of DXMT have reported varying doses ranging between
32-64 ug/mL [25, 35], which is significantly higher than
the therapeutic dose demonstrated in our study, which is
5 uM in vitro. In this context, our study’s identification of
high-dose cytotoxicity provides valuable insights for opti-
mizing DXMT’s clinical application for osteomyelitis.

In our study, we evaluated the effects of 5 and 10 uM
doses of DXMT on osteogenic markers, since S. aureus
infection significantly reduced BMPR1, BMPR2, and
MMP2 levels. DXMT administration increased BMPR1
and BMPR2 levels at both doses, whereas MMP2 lev-
els were elevated only at the 10 uM dose. Nonetheless,
these dose-independent findings are consistent with
the existing literature, suggesting a potential mecha-
nism that may promote bone healing in vivo. In a study
examining morphine-induced oxidative damage in rat-
derived osteoblasts, it was shown that DXMT could
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enhance bone healing by enhancing the Nrf2-mediated
antioxidant system and the PI3K/Akt pathway [36].
Zhang et al. demonstrated the improvement of arthritic
pain as a result of intraarticular DXMT administration
in rats [37]. Subsequently, in a study by Cheng et al.
repeated intraarticular administration of DXMT was
shown to improve arthritic gait disturbance, pain scores
and cartilage tissue damage in pathological examination
with anti-inflammatory mechanisms papain-mediated
osteoarthritis in rats [38]. As indicated by our study,
further in vivo investigations are required to establish
the non-cytotoxic dose range of DXMT and to optimize
its osteogenetic potential through alternative strategies,
with a particular emphasis on local applications.

In conclusion, these findings, along with our results,
suggest that DXMT not only exhibits antimicrobial and
immunomodulatory properties but may also contrib-
ute to bone healing through its effects on osteogenic
markers and inflammatory regulation. However, further
in vivo studies are necessary to elucidate its precise role
in osteomyelitis treatment and to optimize its thera-
peutic application while minimizing potential cytotoxic
effects.
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