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caused by drug-resistant bacteria
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Osteomyelitis is a severely destructive bone disease caused by microbial
infections, and currently, no available treatment effectively controls the
infection. 5-Aminolevulinic acid is a second-generation endogenous
photosensitizer. This study investigated the efficacy of 5-aminolevulinic acid-
mediated photodynamic therapy (ALA-PDT) in combination with antibiotics in the
treatment of tibial osteomyelitis in rabbits. The results illustrated that ALA-PDT
alone and in combination of antibiotics displayed significant efficacy in treating
osteomyelitis. Animals in the photodynamic antimicrobial chemotherapy (PACT)
+ antibiotics group exhibited a higher survival rate, an improved overall mental
status, a lower localized infection rate, and reduced Tang Hui and Norden scores
(P < 0.05), indicating less severe bone destruction. Histologically, more strips of
lamellar new bone formation and more pronounced periosteal hyperplasia were
noted in the PACT + antibiotics group. Micro-computed tomography illustrated
that the structural integrity of cortical bone and cancellous bone structure had
better continuity and clearer display in the PACT + antibiotics group than in the
other groups, and the periosteal reaction in the modeling area was the most
obvious. Bone parameter analysis indicated that trabecular thickness, bone
volume, and trabeculae volume were significantly higher in the PACT +
antibiotics group than in the model and antibiotics groups (P < 0.05).
Additionally, trabecular separation was significantly lower in the PACT +
antibiotic group than in the other groups (P < 0.05). These findings suggest
that the combination of ALA-PDT and antibiotics has a sensitizing therapeutic
effect, offering a promising strategy for the clinical treatment of osteomyelitis.

animal model of osteomyelitis, osteomyelitis, drug-resistant bacteria, photodynamic
antimicrobial chemotherapy, microimaging indicators, micro-CT

Introduction

Osteomyelitis is an infectious inflammatory disease characterized by bone destruction,
and it is caused by pathogenic bacterial infections (Lew and Waldvogel, 2004). The infection
primarily affects bone marrow, but it can also involve the bone cortex, periosteum,
surrounding soft tissues, and adjacent joints. Inflammation can occur following surgery,
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trauma, infection, or skin degradation attributable to vascular
insufficiency or peripheral neuropathy. Osteomyelitis is a
persistent and challenging condition to manage, often leading to
progressive bone destruction and osteonecrosis. In severe cases,
amputation can be required. Effective control of both local and
systemic infections is a fundamental principle in treating
osteomyelitis in adults. Despite advances in research, clinical
progress in the prevention and treatment of skeletal infections
has been limited in recent decades, with the incidence of
osteomyelitis continuing to rise (Muthukrishnan et al, 2019;
Masters et al., 2022).

For instance, one study reported a 15.3% increase in the
incidence of osteomyelitis in Germany between 2009 and 2019
(Walter et al.,, 2022). Osteomyelitis carries a significant physical
and psychologic burden on patients and their families and imposes a
substantial burden on healthcare systems. Staphylococcus aureus
remains the predominant pathogen responsible for osteomyelitis
(Urish and Cassat, 2020). However, widespread misuse of antibiotics
has contributed to a dramatic increase in antimicrobial resistance
globally (Ventola, 2015). In some regions, more than 50% of cases of
osteomyelitis are caused by Methicillin-resistant Staphylococcus
aureus (MRSA) (Turner et al, 2019; Yi et al, 2021). It is
that MRSA
10 million deaths annually by 2050 if no new anti-infective
treatments are developed (Sutradhar et al., 2021).

estimated drug-resistant could cause nearly

In comparison with infections caused by other pathogens,
osteomyelitis attributable to MRSA often has a more aggressive
and complicated course. It is typically associated with higher
inflammatory markers, more frequent febrile episodes, prolonged
hospitalization, and an increased need for reoperations (Hawkshead
et al., 2009). Additionally, MRSA-induced osteomyelitis is linked to
a range of complications, including multi-organ failure, deep vein
thrombosis, sepsis, pulmonary embolism, subperiosteal abscesses,
and fractures (Belthur et al, 2012),which further complicate its
management.

Osteomyelitis can be classified into acute, subacute, and chronic
stages based on the disease’s duration (Jones et al., 2009; Obremskey
et al, 2020). The pathophysiologic changes associated with
osteomyelitis vary by stage, and treatment strategies differ
accordingly (Waldvogel et al., 1970). Acute osteomyelitis typically
develops rapidly and presents with clinical symptoms such as severe
pain, swelling, elevated skin temperature, and localized tenderness.
Early diagnosis is crucial for timely intervention. Acute osteomyelitis
is usually managed with empirical antibiotic therapy and local
decompression or drainage (Cierny et al., 2003). If left untreated
or inadequately treated, it can progress to subacute osteomyelitis.

Subacute osteomyelitis often has an insidious onset and mild
symptoms, and it lacks the characteristic clinical manifestations of
acute osteomyelitis (St Jeor et al., 20205 Salik et al., 2021; Zairi et al.,
2021). Although positive results are observed on imaging, its
specificity is relatively low, which leads to the disease being easily
misdiagnosed or missed in the clinic, thus delaying treatment. If this
phase is overlooked and allowed to progress, chronic osteomyelitis
can develop, often accompanied by biofilm formation, which is one
of the hallmarks of chronic osteomyelitis. Once a biofilm forms,
bacterial resistance to antibiotics increases significantly, and
eradication of the infection generally

requires  surgical

intervention (Cierny et al,, 2003; Masters et al., 2019). Chronic
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osteomyelitis is a long-lasting condition, often persisting for months
or even years because of severe bone destruction and various
complications in later stages (Qian et al., 2020; Lari et al., 2024).
This phase is particularly difficult to treat, and it carries a high risk of
recurrence and no guarantee of complete resolution. Therefore, the
key to effective osteomyelitis treatment lies in effectively arresting
the progression of the disease early in its course. Early treatment of
osteomyelitis focuses on infection control, but conventional
antibiotic  therapies are often insufficient. Furthermore,
inappropriate antibiotic use can contribute to the emergence of
drug-resistant bacterial strains (Kavanagh et al, 2018; Cortés-
Penfield and Kulkarni, 2019).

Exploring novel therapeutic strategies that effectively manage
infections while minimizing the risk of resistance development is
crucial. Photodynamic antimicrobial chemotherapy (PACT)
represents an innovative chemotherapeutic approach in which
light irradiation triggers localized microbial inactivation. Unlike
conventional bactericidal methods, the probability of bacterial
resistance to PACT is significantly reduced (Sobotta et al., 2019;
Maldonado-Carmona et al., 2020).

The three essential components of PACT are an excitation light
source, a photosensitizer, and oxygen (St Denis et al.,, 2011), which
together produce significant cytotoxicity. PACT is primarily
performed using specific wavelengths of light to activate
photosensitizers and generate reactive oxygen species (ROS).
These ROS participate in cytotoxic reactions, oxidizing and
destroying surrounding biomolecules, thereby killing pathogenic
microorganisms (Kolarikova et al, 2023). The selection of a
photosensitizer is a crucial factor influencing the efficacy of
PACT. Photosensitizers (or their metabolites) can selectively
accumulate at sites of infection and undergo a photodynamic
reaction when excited by light at specific wavelengths. However,
commonly used photosensitizers in antimicrobial applications have
several drawbacks, including non-natural origins, unclear metabolic
pathways, poor lipid solubility, and high toxicity, which limit their
clinical applicability (Guo et al., 2024). The photosensitizer 5-
aminolevulinic acid (ALA) is a naturally occurring amino acid
precursor to heme and protoporphyrin IX. ALA exhibits
enhanced amphiphilicity, allowing it to penetrate cell membranes
more efficiently and rapidly, facilitating swift cellular uptake. This
results in more precise targeting after treatment. Additionally, ALA
displays lower cytotoxicity and favorable photodynamic effects
(Fujino et al., 2016).

Therefore, ALA-mediated photodynamic therapy has become
an important branch of photodynamic medicine, with a significant
emphasis on its basic research (Wang et al., 2020). However, its
application in the treatment of osteomyelitis infections remains
limited, highlighting the urgent need for further in-depth and
detailed research.

Imaging techniques play a crucial role in diagnosing orthopedic
diseases, offering unique advantages in diagnosing osteomyelitis.
Micro-computed tomography (micro-CT), a non-destructive, three-
dimensional imaging technology, enables high-resolution X-ray
imaging of living animal models. Using post-processing software,
it permits quantitative analysis of bone parameters, facilitating its
wide use in bone tissue engineering research. Micro-CT has become
the “gold standard” for evaluating bone morphology and
microstructure. Imaging-based monitoring can provide insights
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into changes in bone quality parameters in osteomyelitis from a
microscopic perspective (Li et al., 2022), enabling better assessment
of treatment efficacy. Therefore, this study used MRSA as an inducer
to establish a rabbit tibial osteomyelitis model, and the therapeutic
effects of ALA-based PDT alone and in combination with antibiotics
were explored using micro-CT, X-ray, bone density measurement,
and histopathologic examination, providing new insights and
approaches for the anti-infective treatment of osteomyelitis. The
findings also offer a foundation for the further expansion of the
clinical applications and indications of ALA.

Materials and methods
Chemical drugs and lasers

ALA was obtained from Shanghai Macklin Biochemical Co., Ltd.
(purity >98%, M834743, Shanghai, China). A 5% cod liver oil
sodium solution was purchased from Shanghai Xinyi Jinzhu
Pharmaceutical Co. (Shanghai, China). Gentamicin, a broad-
spectrum antibiotic, was provided by Shiyao Group Ouyi
Pharmaceutical ~ Co.  (Shijiazhuang, ~China). A  650-nm
semiconductor laser (WSLS-650-500 m-M-2) was procured from
Wave Spectrum Laser Group Limited (China).

Bacterial strain

MRSA was provided by the Laboratory Department of the
Affiliated Hospital of Hebei University, and its preparation,
antimicrobial spectrum, and bacterial solution concentration
followed those described by Yin et al. (2022).

Fractional inhibitory concentration
index (FICI)

Gentamicin and ALA were dissolved in ultrapure water to
obtain concentrations of 4x, 2x, 1x, 0.5x and 0.25x relative to
the minimum inhibitory concentration (MIC) to determine the
FICI. Using a checkerboard design, 50 uL of each drug were
added at different concentrations to the horizontal and vertical
columns of a 96-well plate. Then, 100 uL of bacterial suspension (1 x
106 CFU/mL) were added and mixed by gentle shaking. These plates
were incubated in the dark at 37°C for 30 min followed by 30 min in
the light. Next, the samples were incubated in the dark at 37°C for
16-20 h. The MIC of each antimicrobial agent in the combination
was determined using the aforementioned method. For each
antimicrobial ~combination, we calculated the FICI by
determining the ratio of the MIC of the combination to the MIC
of each individual antimicrobial and then summing the two values
(see equation:FICI = [MICA (withB)/MICA (alone)] + [MICB
(withA)/MICB (alone)]. alone)]). The following criteria were used
to interpret the FICI results: synergy, FICI <0.5; no interaction, FICI
0.5-4.0; antagonism, FICI >4.0 (Willis et al., 2022).
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Analysis of the relative viability of MRSA
suspensions

In total, 6 uL of SYTO9 dye and 6 pL of PI dye were added to
2.0 mL of sterile deionized water and mixed well, and the MRSA
suspension was adjusted to 2 x 107 CFU/mL. The live and dead
bacteria were treated with saline and 70% isopropanol, respectively,
and the suspensions were prepared with five live-cell ratios: 0%,
10%, 50%, 90%, and 100%. Then, 100 uL of the suspension and
100 pL of the staining solution were added to each well. Meanwhile,
100 pL of the suspension and 100 pL of the staining solution were
added to 96-well plates, which was incubated at room temperature
and protected from light for 15 min, and the fluorescence intensity at
530 (green) and 630 nm (red) was measured using a fluorescence
spectrometer at an excitation wavelength of 485 nm. The proportion
of live cells in the MRSA suspensions was plotted according as
follows: RatioG/R = Fcell, em1/Fcell, em2. The RatioG/R value of the
samples was calculated. RatioG/R values to obtain the corresponding
percentage of live bacteria.

Animal experiment

Forty-eight male New Zealand white rabbits aged 6 months
(average weight: 2.5-3.0 kg) were purchased from Beijing Specific
Bio-Technology Co. Ltd. (License No.: SCXK (Beijing) 2019-0010).
The rabbits were housed individually in cages under specific
pathogen-free conditions. All experimental procedures were
conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and the protocol
was approved by the Laboratory Animal Management Committee/
Laboratory Animal Welfare Ethics Committee of Hebei University
(Approval No. HBU2024RA021). The room was maintained at an
ambient temperature of 22°C + 2°C and relative humidity of 40%-
70%, and the animals were provided with food and sterile water at
regular intervals as per the experimental requirements.

Osteomyelitis models and grouping

The process of osteomyelitis model preparation was reported by
Yin et al. (Yin et al., 2022). After surgery, 48 experimental rabbits
with bilateral lower limb modeling were randomly divided into four
groups (n = 24/group) using the random number table method. One
day after modeling, the experimental rabbits in each group began to
display signs of immobility, elevated body temperature, depression,
decreased feeding, emaciation, and gradual swelling and pus
discharge from the wounds. The general condition of the animals
and their wounds were continually monitored. On the fifth day of
modeling, three animals were randomly selected from each group
and anesthetized using 3% pentobarbital solution (30 mg/kg). A
surgical incision was created, and a small portion of bone marrow
tissue was taken for bacterial culture (the gold standard for
identifying osteomyelitis), which was identified as S. aureus,
indicating that the modeling had been successfully completed.
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TABLE 1 Tanghui’s score.
0-3 points 0 points
0.5 points
1.0 points
1.5 points
2.0 points
2.5 points

3 points

no signs of infection

only a small amount of erythema on the surface of the skin

erythema on the surface of the skin and combined with pus oozing

erythema on the surface of the skin and combined with sinus formation

erythema on the surface of the skin and combined with thickening of the tibial stems
mild bone destruction with abscess

10.3389/fphar.2025.1566744

severe bone destruction with abscess

A score of 22 was defined as a significant infection.

Osteomyelitis treatment

Four treatment groups were created: model group (control group)
(local injection of 0.2 mL of saline every other day), antibiotics group
(intramuscular injection of 16 mg/kg gentamicin sulfate every other
day), PACT group (local injection of 0.2 mL of ALA solution [2.0 mM]
every other day with laser irradiation performed after 30 min of
incubation in the dark once per day), and PACT + antibiotics group
(intramuscular injection of 16 mg/kg gentamicin sulfate every other day
combined with local injection of 0.2 mL of ALA solution [2.0 mM]
every other day and laser irradiation after 30 min of incubation in the
dark once per day). In this study, 2.0 mM ALA, the MIC measured in
the in vitro experiment, was chosen as the therapeutic dose.

Using a semiconductor laser (WSLS-650-500 m-200 M-H4),
wounds were exposed to a light source (650 nm) with a power
density of 158 mW/cm? for 10 min to achieve a luminous flux of
95 J/cm? (Yin et al, 2022). After illumination, the animals were
moved to a dark environment for rearing. To ensure complete
absorption of the photosensitizer, the drug was administered
every other day for four doses along with daily exposure to light.
Animals in each group were treated for 8 days.

Detection indicators
General condition

The general conditions of the experimental rabbits, such as their
mental status, activity, and feeding, were observed and recorded
before and every day after the operation. The survival of the animals
in each group was monitored and recorded in detail every day after
surgery until the end of the experiment.

Gross wound and bone anatomy observation

Postoperatively, the experimental rabbits were regularly observed,
and the presence or absence of erythema at the incision site, wound
exudation, sinus formation, and pus effusion was recorded.

One week after the completion of treatment, the experimental
rabbits were euthanized using the air embolization method. The
surrounding soft tissues were examined, and the original incision
was extended to separate the tissues. The tibia was exposed, and the
presence of tibial backbone thickening and severe bone destruction
or resorption was assessed. The modified Tang Hui score (Hui et al.,
2009) was used for double-blind scoring of the visual observations.
The scoring criteria are summarized in Table 1.

X-ray observation and evaluation

One week after the completion of treatment, the experimental
animals in each group were anesthetized as described for modeling,
and the anesthetic dose was adjusted according to the irradiation time.
Immediately thereafter, the anesthetized animals were subjected to
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TABLE 2 Norden osteomyelitis score.

Suspicious
Dead bone formation 3.0 1.5 0
Destruction of bone 2.0 1.0 0
Hyperosteogeny 1.0 0.5 0
Soft tissue shadow 1.0 0.5 0

X-ray scanning to obtain lateral images of the tibia with the following
scanning parameters: 50 kV, 100 mA, and 25 ms. These images were
used to assess the bone destruction of the tibia and perform radiologic
analysis. The severity of osteomyelitis was graded using the modified
Norden osteomyelitis scale (Norden et al., 1986), which ranges from
0 to 7, representing the severity of osteomyelitis from absent to
present. The details are presented in Table 2.

Micro-CT evaluation

One week after the completion of treatment, the tibiae of
animals in each experimental group were scanned layer-by-layer
using the Quantum FX Micro-CT system with the following
scanning parameters: scanning voltage, 70 kV; current, 100 UA;
exposure time, 3 min; and resolution, 59 pum. In addition, the
corresponding tomographic images were obtained. The region of
interest (ROI) was set approximately 1 mm below the epiphyseal
growth plate, and a length of 1 mm was taken as the ROIL The ROI
was outlined using Analyzerl5 software to calculate bone mineral
density (BMD), trabecular thickness (Tb.Th), and other parameters
in each group. The most meaningful bone parameter measurements
were selected for comparative analysis with reference to relevant
studies (Zhang et al, 2019; Li et al,, 2022; Zhao et al, 2024),
including: BMD, BoneVolume (BV), TrabeculaeVolume (Tb.BV),
Cortical BMD (Cort.BMD), Trabecular BMD (Tb.BMD), Tb.Th,
and Trabecular Separation (Tb.Sp).

Total body BMD evaluation

One week after the completion of treatment, the experimental
animals in each group were anesthetized as described for modeling,
and the anesthetic dose was adjusted according to the irradiation time.
Immediately thereafter, whole-body bone scans of the anesthetized
animals were taken using a dual-energy X-ray bone densitometer. The
scanning parameters were as follows: scanning voltage, 76 kV; current,
0.150 mA; exposure time, 4.35 min; and dose, 1.8 pGy.

Histologic evaluation

After completing other tests, bone tissue (approximately 1.5 cm
in length) was taken from area of bone infection in the tibia of each
rabbit, and the collected bone samples were fixed in 4%
paraformaldehyde solution at room temperature. After fixation,
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TABLE 3 Smeltzer's histological score.

Acute inflammation Chronic inflammation

Score

10.3389/fphar.2025.1566744

Periosteum inflammation Osteonecrosis

0 No Inflammation No Inflammation

No Inflammation No Osteonecrosis

Mild inflammation, no obvious
intramedullary fibrosis

1 Mild inflammation, No
intramedullary abscess

One necrotic focus, no dead
bone formation

Mild inflammation without formation of
subperiosteal abscess

2 Moderate inflammation, no
intramedullary abscess

Moderate to severe chronic inflammation,
no obvious intramedullary fibrosis

Moderate to severe inflammation without
formation of subperiosteal abscess

Multiple necrotic foci, no dead
bone formation

3 Mild inflammation with

intramedullary abscess fibrosis

4 Severe inflammation with

intramedullary abscess with intramedullary fibrosis

TABLE 4 Synergistic effects of ALA-PACT with gentamicin.

Bacterial Strain ALA-PDT

MICa

MICh with B)

Methicillin-resistant S. aureus 2mM 0.5 mM

FIC index of < 0.5 = synergy, >0.5 - < 4 = no interaction and > 4 = antagonism.

the samples were subjected to HE staining through a series of steps
including dehydration, wax embedding, sectioning, and dewaxing.
Stained sections were used to examine inflammatory cells, necrotic
tissue, bone destruction, and repair or healing of bone tissue. The
initial analysis of osteomyelitis was performed using the modified
Smeltzer score method (Smeltzer et al., 1997), the specific scoring
rules are detailed in Table 3.

Statistical analysis

All recorded data were entered into the computer to organize
the database. SPSS 25.0 statistical software was used to analyze
the data, and the measurement data were expressed as the mean +
standard deviation. The groups were compared using one-way
ANOVA and the least significant difference method. If the
variance was not equal, then the Games-Howell test was
chosen to compare the groups. Significance was indicated
by P < 0.05.

Results
Fractional inhibitory concentration index

As presented in Table 4, the mean FICI for the combination
treatment was 0.5, denoting a synergistic effect.

Synergy, FICI <0.5;
antagonism, FICI >4.0.

no interaction, FICI 0.5-4.0;

Analysis of relative viability of MRSA
suspensions

The proportion of live cells in MRSA suspensions is plotted in
Figure 1A, and RatioG/R of the samples was compared with the
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Mild inflammation with intramedullary

Moderate to severe chronic inflammation

05

Mild inflammation with subperiosteal
abscess Formation

Single dead bone formation

Moderate to severe inflammation with
subperiosteal abscess formation

Multiple dead bones formation

Gentamicin FIC index Effect

MICg MICg (with A)

16 ug/mL 4 ug/mL 0.5

synergy

values in Figure 1A to calculate the corresponding percentage of
viable bacteria (Figure 1B). The results revealed a significant
decrease (P < 0.05) in cell survival in the combined treatment
group compared with the findings in the PACT alone and
antibiotics alone groups. This result implies that the combined
treatment produced a synergistic effect beyond the sum of the
effects of the individual treatments.

General condition record observation

Before modeling, the animals were in good condition,
exhibiting normal spirit, activity, and feeding and no obvious
differences among the groups. In the first 3 days after
modeling, the animals’ feeding and activity were obviously
affected, However, there were no significant differences. With
prolonged treatment, the animals in each group gradually
showed more pronounced differences. The animals in the
model and antibiotic groups exhibited a significant reduced
mobility, depressed spirit, poor feeding, swelling of the affected
limbs, and pus and oozing from the wounds, whereas the animals
in the PACT and PACT + antibiotics groups displayed an increase
in activity and a gradual increase in food intake, as well as gradual
wound healing. The survival curve (Figure 2) illustrated that no
animals died in the PACT + antibiotics group Conversely, the
survival rates were 50% in the antibiotics and PACT groups and
33% in the model group.

Gross wound and bone anatomy
observation

Gross observation allows for a visual assessment of the severity
of osteomyelitis infection and the effectiveness of treatment. After
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Trends in survival rates by group.

treatment, the model group exhibited swelling of the soft tissues
around the wound, pus discharge, partial sinus tract formation, and
obvious bone destruction upon dissection, indicating more severe
infection. In the antibiotics group, swelling of the soft tissues,
significant pus discharge and oozing, partial sinus tract
formation, and bone destruction were observed after dissection,
with minimal differences in infection severity compared with that in
the model group. In the PACT group, mild swelling around the
wound, partial scabbing, and healing were noted. Bone destruction
was partially visible upon dissection, but the infection was less severe
than those in the model and antibiotics groups. In the PACT +
antibiotics group, the soft tissue surface displayed healing after
treatment, and there was no obvious bone destruction. The tibia
was slightly thickened, and osteomyelitis appeared to be
healing (Figure 3A).

Quantitative scoring of soft tissue swelling, abscess
formation, sinus tract development, and bone destruction
permitted a more systematic statistical analysis. The scores of
the treatment groups were all lower than that of the model group,
with the score being lowest in the PACT + antibiotics

group. Based on the visual scores, the severity of infection
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decreased in the order of model group > antibiotics group >
PACT group > PACT + antibiotics group. The score in the PACT
+ antibiotics group significantly differed from those in the model
and antibiotics groups (P < 0.05), and the score in the PACT
group significantly differed from that in the Model group (P <
0.05, Figure 3B).

X-ray observation and evaluation

At the end of treatment, the X-ray results illustrated that the
original bone defect did not heal in the model group, with obvious
bone destruction, hyperplasia and sclerosis of bone, partial
osteonecrosis, and slight swelling of the surrounding soft tissues.
In the antibiotics group, the area of the original bone defect was
slightly indistinct together with hyperplasia and sclerosis of bone
and a little laminar periosteal reaction, with some areas displaying
pathologic fractures. In addition, the surrounding soft tissues were
obviously swollen with a small amount of air accumulation. In the
PACT group, there was a ring-shaped sclerotic border around the
bone defect, slight thickening of the tibial backbone, obvious
periosteal reaction, and slight swelling of the soft tissues. In the
PACT + antibiotics group, there was no obvious bone destruction,
the bone defect was indistinct, and there was sclerotic osteoid
hyperplasia around the bone defect. Other findings included
slight thickening of the tibial backbone, a periosteal reaction
around the cortical bone, and swelling in the surrounding soft
tissues (Figure 4A).

Bone destruction, osteophytes, osteonecrosis, and soft tissue
swelling were scored semi-quantitatively, and the modified
Norden scores illustrated that the severity of bone destruction
decreased in the order of model group > antibiotics group >
PACT group > PACT + antibiotics group. The severity was
significantly lower in the PACT + antibiotics and PACT groups
than in the model and antibiotics groups (P < 0.05, Figure 4B).
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Visual inspection of wound soft tissue, bone tissue, and Tang Hui's score test results. (A) Naked eye observation of soft tissue and bone tissue in each

group.; Figure al: sinus tract formation (white arrow); a3: purulent discharge (white arrow); a4: bone destruction (white arrow); b1: sinus tract formation
(white arrow); b2: purulent discharge and exudate (white arrow); b4: bone destruction (white arrow); b5: pus (white arrow); c1: wound crusting (white
arrow); c4: bone destruction (white arrow). (B) Visual assessment of Tang Hui's score in each group. *P < 0.05 represents a statistically significant
difference compared with the model group).” P < 0.05 represents a statistically significant difference compared with the antibiotics group.

(A)

Antibiotics
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FIGURE 4

PACT PACT + Antibiotics

Norden Score

Results of X-ray analysis and the Norden score. (A) X-ray assessment in each group.; (A-a): Area of low density bone destruction (white arrow); (A-b):
Pathologic fracture (white arrow); (A-c): Circumferential sclerotic rim around bone defect (white arrow); (A-d): Sclerotic osteophytes with mild thickening
of the diaphysis (white arrow) (B) Norden score in each group. *P < 0.05 represents a statistically significant difference compared with the model
group. P < 0.05 represents a statistically significant difference compared with the antibiotics group.

Micro-CT observation

Micro-CT has been widely used in the study of animal bone
tissue because the scanned tomographic image can be both observed
and evaluated. Moreover, the bulk image information obtained by
micro-CT can be used to select the ROI and perform threshold

Frontiers in Pharmacology 07

segmentation using analysis software, followed by post-processing
to analyze the data on the microstructure of the bone to better
evaluate the changes of the bone.

Micro-CT scans of the condylar and backbone regions are
presented in Figure 5, and the overall observation of the condylar
region illustrated that the cancellous bone structure of each group
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Micro-CT images of each group.; al: thinning and destruction of cancellous bone; bl: thinning and defective bone cortex; a2: destruction and
defective bone cortex; b2: thickening of the backbone; d2: marked periosteal reaction.
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Micro-CT detection of the effects of different treatment modalities on bone structural parameters. (A) Tb.Th (B) Tb.Sp. (C) BV (D) Tb.BV. (E)
Cort.BMD (F) Tb.BMD. (G) BMD (H) Total Body BMD. *P < 0.05 represents significant differences compared with the model group. P < 0.05 indicates
significant differences compared with the antibiotics group. +P < 0.05 indicates significant differences compared with the PACT group.

displayed varying degrees of sparse and destruction, thinning of the
bone cortex, as well as defects. In the PACT + antibiotics group, the
anatomical structure of the image was clear, the contrast and
sharpness were good, the
homogeneous, and the cortical bone was intact. Observation of

cancellous bone was more

Frontiers in Pharmacology

the structure at the level of the backbone in the modeling area
illustrated that the treatment groups had obvious bone hyperplasia,
different degrees of thickening of the backbone, and more obvious
periosteal reaction, especially in the PACT and PACT +
antibiotics groups.
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FIGURE 7

Pathologic results and Smeltzer pathology scores of each group. (A) HE staining results of bone tissues (x20).; (A-a): Small abscess (white arrow);
(A-b): Inflammatory cells (white arrow); (A-c): Fibrosis (white arrow); (A-d): Periosteal reaction (white arrow), newborn bone (black arrow). (B) Smeltzer's
scores of bone tissues. *P < 0.05 denotes significant differences compared with the model group).”P < 0.05 denotes significant differences compared

with the antibiotics group.

Micro-CT bone parameter analysis

On micro-CT, Tb.Th was significantly higher in the PACT and
PACT + antibiotics groups than in the model and antibiotics groups
(P < 0.05), and the value was lower in the model group than in the
antibiotics group (P > 0.05, Figure 6A). Tb.Sp was significantly lower
in the PACT + antibiotics group than in the other groups (P < 0.05,
Figure 6B). The total bone volume and trabecular bone volume were
also significantly higher in the PACT + antibiotics group than in the
other groups (P < 0.05). The PACT group displayed significant
differences compared with the model group (P < 0.05, Figures 6C,
D). Additionally, the trabecular bone volume was significantly
higher in the antibiotics group than in the model group (P <
0.05). No statistically significant differences were found in overall
BMD, cortical BMD, and trabecular BMD among the groups (P >
0.05, Figures 6E-G).

Total body BMD evaluation

The Total body BMD ranged 0.23-0.24 g/cm” in each group. The
value was higher in the PACT + antibiotics group than in the PACT
group, whereas the value was similar between the model and
antibiotics groups. No significant statistical differences were
observed between the groups (P > 0.05, Figure 6H).

Histologic evaluation
Histology was performed to evaluate the therapeutic effect of

PACT on osteomyelitis at a microscopic level. One week after the
completion of treatment, the model group displayed obvious bone
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inflammation, including obvious inflammatory cell infiltration in
bone tissue. In addition, multiple small abscesses had formed, and
part of the bone was destroyed. The antibiotics group extensive
many inflammatory cell infiltration, the formation of multiple small
abscesses, and fibrous tissues in the bone marrow cavity. The PACT
group had a low level of inflammatory cell infiltration, fibrous tissues
and small necrotic foci were present in the bone marrow cavity, and
some neoplastic bone had formed. The PACT + antibiotics group
exhibited a small amount of inflammatory cell infiltration in bone
tissue, and fibrous tissue was observed in the bone marrow cavity. In
addition, a large number of strips and pieces of new bone formation
were present in the field of view, and periosteal hyperplasia was
more obvious (Figure 7A).

The histologic scores were significantly lower in the PACT +
antibiotics and PACT groups than in the model and antibiotics
groups (P < 0.05, Figure 7B).

Discussion

Osteomyelitis remains a persistent challenge in medicine. This
condition is often associated with circulatory disorders, immune
suppression, and bacterial resistance (Masters et al, 2022).
Traditional antibiotic therapies are significantly less effective
because of the persistence of inflammatory responses, whereas
the success rate of surgical treatments is unsatisfactory because of
recurrent infections and impaired bone tissue regeneration (Ranjbar
and Alam, 2023). This is particularly true for patients with diabetic,
traumatic, or post-surgical osteomyelitis, in whom recurrent

infections  complicate  treatment  strategies. = Advanced
osteomyelitis often leads to severe bone destruction and
dysfunction, exacerbating the disease and increasing the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1566744

Zuo et al.

(Colston and Atkins,
2018).Given these factors, identifying an effective treatment or

consumption of medical resources
method to improve osteomyelitis management is of great interest
and importance.

Suitable animal models are crucial for the success of medical
research (Huang et al., 2023). In this experiment, New Zealand white
rabbits were used as the experimental animals, and a small hole was
made in the tibia, followed by the injection of bacteria and a vascular
sclerosing agent to induce osteomyelitis (Norden, 1970). MRSA is
emerging as an important causative agent of nosocomial and
community-acquired infections because of the use of antibiotics
in high doses and frequencies (Lee et al., 2018; Turner et al., 2019).
Studies indicated that antibiotic resistance could lead to millions of
deaths by 2050 (Sutradhar et al., 2021), underscoring the urgent
need to address infections caused by drug-resistant bacteria.

The process of this study is described in Scheme 1. The results of
this study revealed no significant differences among the groups.
After treatment, the animals in the model and antibiotic groups
displayed obvious reduced mobility and reduced feeding, whereas
the overall activity and mental state of animals was better in the
PACT and PACT + antibiotics groups. At the same time, the degree
of infection was lower in the PACT group than in the model and
antibiotics groups after treatment, whereas the soft tissue surface
healed well in the PACT + antibiotics group after the completion of
treatment, as well as no obvious bone destruction, slight thickening
of the bone stem, and healing of osteomyelitis lesions. This suggested
that PACT represents a new anti-infective strategy relative to
traditional antibiotic treatment. Antibiotic treatment displayed a
certain sensitizing effect when combined with PACT because this
combination effectively halted the progression of osteomyelitis. This
effect might be explained by the fact that PACT promotes local
blood circulation, which in turn increases the penetration of
antibiotics into the wound (Zhao et al., 2024). The percentage of
viable bacteria showed that the percentage of cell membrane-
damaged cells in the PACT + antibiotic group was significantly
higher than the sum of the percentages in the PACT and antibiotic
groups, suggesting that PACT disrupted the bacterial cell
membranes, making it easier for gentamicin to enter into the
interior of the MRSA, and further destroying the integrity of the
cell membranes. This may be one of the mechanisms by which
PACT and gentamicin act synergistically. Meanwhile, the results of
survival analysis indirectly proved this experimental hypothesis.

Imaging has always played an important role in the evaluation of
osteoarthritic diseases (Park and Fritz, 2023). X-ray can provide a
general understanding of the severity of bone infection because it
can highlight bone destruction and resorption, thickening of the
tibial tuberosity, and swelling of the surrounding soft tissues. X-ray
performed after treatment revealed blurring of bone defects, better
bone healing, and slight swelling of the surrounding soft tissues in
the PACT + antibiotics group, and these outcomes were better than
those in the PACT and antibiotics groups. By contrast, the untreated
model group featured obvious bone destruction, proliferation and
hardening of bone, osteonecrosis, and swelling of the surrounding
soft tissues. Meanwhile, the Norden score indicated that the disease
severity decreased in the order of model group > antibiotics group >
PACT group > PACT + antibiotics group (P < 0.05). The same trend
was noted for the Tang Hui score and pathohistologic score in the
bulk observation.
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Micro-CT can be used to observe the microstructure of bone
joints in detail and effectively assess the three-dimensional structure
of bone tissue (Piscaer et al, 2008; Tan et al, 2022).It can
additionally be used to assess the bone healing process,
contributing to a deeper understanding of the mechanism of
action and therapeutic effects of drugs (Wee et al, 2022).
Imaging of the anatomical structure demonstrated that the PACT
+ antibiotics group had more uniform cancellous bone, more
complete bone cortex, and the best continuity of the structural
morphology of cancellous and cortical bone. Further analysis using
post-processing software permitted visual and quantitative analyses
of the structure and quality of bone after measuring several bone
parameters (Suzuki et al., 2018; Li et al., 2022). Tb.Th and Tb.Sp are
micro-CT bone parameters used to evaluate the internal structural
characteristics of cancellous bone from a microscopic perspective
because these variables sensitively reflect the morphology and
structural alterations of the trabeculae of cancellous bone caused
by inflammation. Tb.Th and Tb.Sp did not differ between the model
and antibiotics groups, but a difference was detected between the
PACT and PACT + antibiotics groups (P < 0.05), indicating that the
PACT treatment effectively improved the thickness of trabecular
bone. In addition, Tb.Th was highest and Tb.Sp was lowest in the
PACT + antibiotics group, consistent with the anatomical findings
on micro-CT, indicating that PACT + antibiotics could stop the
by the

progression internal

structure of bone.

of osteomyelitis improving
Bone volume is an important variable of bone morphology that
reflects the development of bone, and it is also closely related to the
mechanical properties of bone. The total bone volume and
trabecular bone volume were higher in the PACT + antibiotics
group than in the other groups (P < 0.05), and they were higher in
the PACT group than in the model group (P < 0.05). The trabecular
bone volume was higher in the antibiotics group than in the model
group (P < 0.05). These findings indicated that the treatment
effectively stimulated the proliferation of bone tissue, causing
changes in volume. In particular, the efficacy of PACT and
PACT + antibiotics was significant, suggesting that these two
treatment regimens have positive effects on bone repair and
regeneration. However, no significant differences were observed
among the groups regarding the local tibia overall BMD, cortical
BMD, and trabecular BMD as measured by micro-CT and whole-
body BMD measured by bone densitometry (P > 0.05). Thus, it
cannot be stated that PACT altered bone density in this experiment.
The periosteum surrounds most skeletal structures. The
osteogenic potential of the periosteum is activated in several
pathologic conditions, such as infections, benign and malignant
tumors, and systemic diseases, resulting in the production of new
bone tissue, a process also termed the periosteal reaction or
periosteal neo-osteogenesis (Bisseret et al., 2015). Periosteal
reaction is a natural phenomenon in the process of bone healing
that is characterized on imaging by periosteal thickening or the
presence of new bone formation. According to related studies,
periosteal reaction is closely related to the healing and repair
processes of bone tissue (Lin et al., 2014; Allen et al., 2023).
Micro-CT revealed different degrees of periosteal reaction were
observed in all experimental groups (Figure 5). Compared with the
findings in the model group, periosteal hyperplasia were more
obvious in the PACT and PACT + antibiotics groups, and PACT
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enhanced the osteogenic activity of the periosteum, increased the
anabolism of the osteocortex, and activated bone healing, especially
in the PACT + antibiotics group. The pathohistologic results
indicated that inflammatory cell infiltration was greater in the
model and antibiotics groups. There was obvious intraosseous
inflammation in the model group, whereas there were fewer
inflammatory cells in the PACT and PACT + antibiotics groups,
as well as some strips of flaky new bone. In addition, periosteal
hyperplasia was more obvious in the PACT + antibiotics group.
Based on the study results, PACT can reduce inflammatory
responses in osteomyelitis and accelerate bone tissue repair and
regeneration to some extent. PACT displayed efficacy in treating
tibial osteomyelitis in rabbits, and its therapeutic effect was
with
demonstrating its superior therapeutic potential.

significantly ~enhanced in combination antibiotics,

Shortcomings and prospects

First, the animal model established in this experiment is
relatively simple and ideal. However, because of the increased
frequency of high-violence injuries such as car accidents in
modern society and the aging population, osteomyelitis is more
frequently caused by complex trauma, and a significant proportion
of events also involve internal fixation devices. The incidence of
internal implant-related osteomyelitis, which is characterized by a
tendency to form biofilm attachment sites and cause biofilm-related
osteomyelitis, is rising, further hindering the efficacy of anti-
infective therapy, and the fabrication of an implant-related model
should be considered to further validate the anti-microbial
efficacy of PACT.
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Second, X-ray and micro-CT were used to detect the effects of
the treatments against osteomyelitis in this study, but they provide
less information than MRI, which permits a more sensitive
observation of soft tissues and bone marrow. Thus, MRI should
be considered to more comprehensively assess the experimental
efficacy of the treatments from the imaging point of view.

Third, we focused on the efficacy of PACT in the treatment of
osteomyelitis, but we did not include a separate laser treatment group to
explore the effect of low-dose laser exposure on bone healing. This could
be assessed by including light-only groups and other photosensitizer-
mediated PACT groups for comparative exploratory studies.

Conclusion

The present study confirmed the therapeutic advantages of ALA-
based PACT in the treatment of osteomyelitis caused by drug-resistant
bacteria. ALA-based PACT effectively reduced the inflammatory
response and ameliorated the destruction of bone microstructure
caused by inflammation, thereby promoting the healing of bone
tissue. In addition, our findings suggest that the combination of
PACT and antibiotics produces specific synergistic effects in the
treatment of osteomyelitis, thereby providing a promising new
approach for future clinical studies of osteomyelitis treatment.
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