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Acute pain-related pathology is a significant challenge in clinical practice, and
the limitations of traditional pain-relief drugs have made it necessary to explore
alternative approaches. Photobiomodulation (PBM) therapy using CO, laser has
emerged as a promising option. In this study, we aimed to identify the optimal
parameters of CO, laser irradiation for acute pain relief through in vivo and in
vitro experiments. First, we validated the laser intensity used in this study through
bone marrow mesenchymal stem cells (BMSCs) experiments to ensure it will
not adversely affect stem cell viability and morphology. Then we conducted
a detailed evaluation of the duty cycle and frequency of CO, laser by the hot
plate and formalin test. Results showed a duty cycle of 3% and a frequency of
25kHz produced the best outcomes. Additionally, we investigated the potential
mechanisms underlying the effects of CO, laser by immunohistochemical
staining, and found evidence to suggest that the opioid receptor may be involved
in its analgesic effect. In conclusion, this study provides insights into the optimal
parameters and underlying mechanisms of CO, laser therapy for effective pain
relief, thereby paving the way for future clinical applications.
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1. Introduction

Pain is a significant global health concern, affecting a large proportion of the adult
population worldwide. It has been reported that 20% of adults experience frequent pain, and
10% are diagnosed with chronic pain annually (1). Pain is an afflictive experience that is
characterized as “An unpleasant sensory and emotional experience associated with, or
resembling that associated with, actual or potential tissue damage” (2). While opioids have long
been considered frontline analgesics, their utility is limited due to undesirable side effects such
as respiratory depression and abuse liability (3). Therefore, there remains a pressing need to
identify alternative, less harmful approaches to pain relief.

Photobiomodulation (PBM), also referred to as low-level laser therapy (LLLT), has
shown great potential in relieving neurogenic pain (4, 5). This treatment method uses
low-power laser to promote wound healing, reduce inflammation, prevent tissue death, and
alleviate neurogenic pain (6). Among various types of PBM lasers, the CO, laser has been
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found to be particularly effective in pain relief. Originally used in
surgery for ablation and tissue section, the CO, laser has been
found to reduce post-operative analgesics and pain (7). Although
low-level CO, laser therapy has demonstrated a superior effect for
acute pain relief, the underlying mechanism is still unclear. Some
researchers hypothesize that the pain-relieving effects may be due
to the reversible blockage of nociceptive signals in afferent neurons,
especially those related to nociceptive stimuli transmission, such
as Ad and C fibers (8). Others propose that the therapy may impact
proteins involved in nociceptive transmission by increasing the
synthesis and release of f-endorphin or suppressing the release of
substance P (9). While opinions vary, a consensus has not yet been
reached, and further research is required for a more in-depth
exploration of the subject.

Furthermore, the terminology of “low level laser therapy” and
“non-ablative CO, laser therapy” has been replaced with
“photobiomodulation” since 2016, as there was no clear definition
for what “low level” meant (6). However, the protocol for CO, laser
therapy is still undefined, and standard precautions to protect
patients must be considered before laser irradiation. This includes
positioning the patient correctly, using non-analgesic hydrogel on
the lesion, and providing eye shields to protect against laser impact
(10). The optimal parameters for CO, laser therapy, such as power,
distance from skin, and time of scanning during the continuous
mode, have yet to be clearly defined and require
further investigation.

The efficacy and optimal parameters of CO, laser therapy for
acute pain remain uncertain. In this study, we aimed to identify the
most suitable parameters for pain relief by using a sophisticated
CO, laser instrument that enables accurate adjustment of various
parameters. To this end, we employed classic pain models such as
the hot plate test and formalin test to evaluate pain intensity under
different CO, laser parameters. Additionally, we investigated the
underlying mechanisms of CO, laser therapy by testing several
pain-related proteins. This study aimed to elucidate the optimal
parameters and mechanisms of CO, laser therapy for the effective
relief of acute pain.

2. Materials and methods

2.1. Materials

All the ultra-pure water used in the experiments was purified
by a Mili-Q A1l0 filtration system (Milipore, Billerica, MA,
United States). Phosphate-buffered saline (PBS) was obtained from
Solarbio (Beijing, China). Low glucose Dulbecco’s Modified Eagle’s
Medium (LGDMEM), fetal bovine serum (FBS), and streptomycin
double antibody were obtained from Gibco (Grand Island, NY,
United States). Hematoxylin and Eosin (H&E) stain dye solution
was purchased from Thermo Fisher Scientific Co., Ltd. (Shanghai,
China). Calcein-AM-PI staining kit were obtained from Bestbio
(Nanjing China). Rhodamine-phalloidin was obtained from
Solarbio (Beijing, China). Opioid receptor antibody, the voltage-
gated Na (+) channel subtype Nav1.7 antibody, and the P substance
receptor antibody were purchased from Abcam (MA,
United States). Goat antirabbit IgG were purchased from the Life
Technologies (United States).
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2.2. Stem cell viability and morphology
evaluation

In this study, we aimed to investigate the effects and mechanisms
of CO, laser with different duty cycle and frequencies on alleviating
acute pain in rats. In addition to the parameters of interest, the
following CO, laser emission-related parameters were as follows: a
wavelength of 10.6 um, a repetition frequency of 1-100kHz, a radiant
flux density ranging from 5.5 to 250.5 mW per square centimeter, and
a continuous pulse duration between 0.2 and 19.2ms, laser out
maximum power of 30 W, laser beam diameter of 1.8 +0.2mm. To
explore the effects of CO, laser irradiation on cells, we conducted an
in vitro assessment of the viability and morphology of rabbit bone
marrow mesenchymal stem cells (BMSCs). BMSCs were obtained
from healthy 1 week-old New Zealand rabbits and were cultured in
LG-DMEM medium supplemented with 10% PBS and 1%
streptomycin-penicillin in a humidified incubator at 5% CO, and
37°C. The culture medium was replenished every 2-3days as
previously reported (11). The third generation was applied to evaluate
the cell viability and morphology. The experiment was divided into
four groups, the control groups without CO, laser irradiation, the
20kHz group, the 25kHz group, and the 80 Hz group. The duty cycle
of all the irradiated groups was 3%. The time of irradiation was set
up 10 min every day. Briefly, the BMSCs were seeded at the density of
2% 10" cells per well in 24-well plates. With or without irradiation,
after cultured for 3 days, the cell viability test was carried out according
to the manufacturer’s protocol of the Calcein-AM/PI Double Stain Kit.
The cell viability of BMSCs was evaluated by a confocal laser scanning
microscope (CLSM, FV1000, Olymps, Japan). Quantitative analysis
was conducted using Image ] software (NIH, Bethesda, MD,
United States). Ten random images were selected from each sample
for quantitative analysis to calculate the proportion of viable cells in
each group.

As for the morphological assessment of the BMSCs, the
cytoskeleton of F-actin was stained by rhodamine-phalloidin. BMSCs
were seeded in 12-well plates at a density of 1x 10" cells per well.
Following irradiation with CO, laser or without for 3 days, the cells
were fixed with 4.0% paraformaldehyde for 10 min and permeabilized
with Triton X-100 for 5min. Finally, the samples were stained with
Rhodamine-phalloidin in the dark for 30 min and re-stained with
DAPI for 5min. The confocal laser scanning microscope was
employed to capture the images and quantitative analysis was
conducted using Image ] software.

2.3. Animals

All procedures were conducted in compliance with the National
Institutes of Health’s Guide for the Care and Use of Laboratory
Animals. The animal experimental protocols were approved by the
Animal Care and Use Ethics Committee of Jilin University. Male
Sprague-Dawley (SD) rats (8 weeks-old; 220-250 g; the Animal Center,
College of Basic Medical Science, Jilin University) were used in all
experiments. The rats were maintained in a controlled environment
with a 12h light/dark cycle, constant temperature of 25°C, and a
relative humidity of 50-70%. They were given free access to food and
water. Prior to the experiments, all animals were allowed to acclimate
to the laboratory environment for a period of 7 days.
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2.4. The hot plate tests

The hot plate test was employed to assess the potential analgesic
effect of CO, laser irradiation on thermal hyperalgesia. To
investigate the effect of different duty cycles and frequencies of CO,
laser, a total of 36 rats were employed in the hot plate experiments.
In the duty cycles section, the animals were divided into five groups,
each consisting of six animals. The duty cycles of the laser
irradiation were categorized into five groups: 1, 3, 5, 7, and 10%.
The CO, laser was positioned at a 30-degree angle beneath the rats
and was directly applied to the plantar surface of their hind paws
while they were housed in cages. The distance between the rats and
the laser probe was maintained at 40 + 5 cm. Prior to the hot-plate
test, the rats underwent a 10 min irradiation session with a defined
duty cycle. The test was conducted by placing the rats individually
on an electronic hot-plate that was maintained at a temperature of
55+ 1°C. The reaction time was measured from the time the rats
were placed on the hot-plate until a latency response of hind-paw
jump or lick was recorded. A cutoff time of 30s was set to prevent
tissue damage. Each animal was tested three times, with a 10 min
interval between each measurement, and the average value of
reaction time was calculated for analysis. Reaction time was
measured both before and after CO, laser irradiation, with the
elongation ratio used to determine pain relief. The remission rate
(R) was calculated using the formula R=T2/T1 x 100%, where R
represents the remission rate, T1 represents the reaction time before
irradiation, and T2 represents the reaction time after irradiation.

To investigate the impact of different frequencies of CO, laser
on relieving thermal hyperalgesia, rats were assigned into six groups
with six animals in each group. The groups included a control group
without any laser irradiation, and irradiation groups with
frequencies of 20kHz, 35kHz, 50kHz, 65kHz, and 80kHz. The
remission rate in each group was assessed using the same method
described previously. The measurements were repeated three times
for each animal with a 10 min interval between each measurement,
and the average value of reaction time was used for analysis.

2.5. The formalin tests

To evaluate the potential analgesic effect of CO, laser at different
frequencies, a smaller-scale study was conducted using a formalin
test in rats. An additional total of 42 rats were used for the study.
The animals were randomly allocated to one of seven groups, with
each group comprising six rats. The groups included a control group
that received no laser irradiation, and six irradiation groups that
were exposed to frequencies of 20kHz, 25kHz, 30kHz, 35kHz,
40kHz, and 45kHz, respectively. Following the injection of 100 pL
of 5% formalin into the right hind paw of each animal, CO, laser
irradiation was applied for 10 min. When the CO, laser irradiation
was completed, the rats’ behavioral responses were recorded using
a camera for a duration of 50 min. The duration of time during
which the rats licked and flinched their right hind paw was recorded
every 5min. The total time of licking and the number of flinches
were calculated at the end of the experiment. After 6h of the
formalin test, the rats were euthanized using an overdose of
analgesic injection. The right hind paws of the rats were collected
for histological testing.
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2.6. The histology and
immunohistochemical staining

In order to investigate the expression of nociception-related

genes in the irradiated area, we performed double
immunofluorescent staining of the opioid receptor, voltage-gated
Na (+) channel subtype Nav1.7 protein, and P substance receptor.
Briefly, the samples were decalcified and embedded in paraffin
before sectioning to a thickness of 5um. Tissue sections were
incubated with the primary antibodies overnight at 4°C, followed
by three washes with PBS. Subsequently, the tissue sections were
incubated with goat anti-mouse immunoglobulin G conjugated to
fluorescein isothiocyanate as the secondary antibody for 5h. The
intensity of the three nociception-related proteins was visualized
using an optical microscope, and quantitative analysis was

performed using Image J software.

2.7. Statistical analysis

All the data in experiments were shown as the mean + standard
deviation (SD). The Shapiro-Wilk tests were conducted to assess the
normality of our datasets. Statistical analyses were performed
exclusively on datasets that conformed to normal distribution. The
statistical analyses were carried out using one-way analysis of variance
(ANOVA) with Tukey’s post hoc analysis to test the variation between
groups. All the statistical analyses were performed by SPSS 19.0
software (SPSS Inc., Chicago, United States). p<0.05 was set as a
(*p<0.05, *p<0.01, and
***p <0.001). All experiments were repeated independently at least

statistically significant difference

three times.

3. Results
3.1. The cytotoxicity of the CO, laser

BMSCs are commonly used in bone rehabilitation pain
departments due to their therapeutic potential. Therefore, in this
study, we chose to investigate the impact of CO, laser irradiation
on the viability and morphology of BMSCs. The cell viability
results are illustrated in Figure 1 A. Our findings show that there
were no significant differences among the four groups after a
3 days irradiation period. The survival rates of the control group
were 93.60 +3.21%, of 20 kHz were 93.10 + 3.00%, of 25 kHz were
92.67 +3.78%, and of 80 kHz were 93.12+2.08%, as shown in
Figure 1B (p>0.05). Notably, compared to the control group
without CO, laser irradiation, the viability of BMSCs was similar
after irradiation with various frequencies for three days in the
irradiated groups. Thus, the given parameters of CO, laser did
not exhibit any cytotoxic effects on BMSCs. Moreover, no thermal
effects were observed during the irradiation process.

As for the effect of CO, laser on BMSCs morphology, the
F-actin staining results are presented in Figures 1C, 2. The
organization of F-actin filaments in BMSCs was assessed to
further investigate the effects of CO, laser irradiation on cell
morphology. As shown in Figure 1C, no significant differences in
the organization of F-actin filaments were detected among the
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FIGURE 1
The cytotoxicity of the CO; laser. (A) Calcein AM/PI staining of the live (green) and dead (red) cells (n = 3). (B) Quantitative analysis of cell survival rate
according to Calcein AM/PI staining (n = 3). (C) Quantitative analysis of F-actin fluorescence intensity (n = 3). The data are expressed as the mean + SD.
Statistical analysis was conducted using one-way ANOVA followed by Tukey's post hoc test for multiple comparisons. *p <0.05, **p <0.01, and
***%p <0.001.

four groups (p>0.05). In Figure 2, the control group exhibited = morphology post-irradiation. Thus, the present study suggests
well-organized F-actin filaments after 3days of incubation. that the given parameters of CO, laser are unlikely to impact the
Similar results were observed in the three irradiated groups, with ~ cytoskeletal organization of BMSCs, indicating the safety of
BMSCs showing a uniformly distributed F-actin filament clinical use.
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FIGURE 2
Fluorescent images of the rhodamine marked F-actin (red) and DAPI (blue) staining (n = 3)

3.2. The suitable parameter of the duty
cycle

In this study, we investigated the influence of duty cycle, which
represents the exact ratio of CO, laser exposure, on the thermal
hyperalgesia relief effect of CO, laser irradiation. As the CO, laser is
pulsed working, a larger duty cycle results in a stronger laser
irradiation intensity. To avoid any thermal effect, we selected a low
level of duty cycles ranging from 1 to 10% and evaluated the effect of
CO, laser under different duty cycles using the hot plate test. There
was no increase in skin temperature within this duty cycle interval. As
shown in , the pain relief effect was found to improve from
1 to 3%, with a subsequent trend of decline from 3 to 10%. Although
there were no statistical differences among the different duty cycles
(p>0.05), the single peak curve suggested that a duty cycle of 3% may
be the optimal choice for pain relief. Thus, in the subsequent
experiments, we used CO, laser irradiation under a duty cycle of 3%.
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However, due to the limited number of animals and wide deviation in
the behavioral measures, further studies with larger sample sizes are
required to verify the optimal duty cycle for pain relief.

3.3. The suitable parameter of the
frequency

After selecting the optimal duty cycle of 3%, we evaluated the
effect of different frequencies on pain relief using the hot plate test in
a range from 20kHz to 80kHz. As shown in , there were
significant differences in pain-relieving effects among the different
frequencies. None of the frequencies resulted in any thermal effects.
Notably, the frequency of 35kHz showed a significant improvement
in pain relief compared to the control (p<0.05), 20kHz (p<0.05),
65kHz (p<0.05), and 80kHz (p<0.01), while 50kHz exhibited a
better remission rate than the control group, although no significant
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FIGURE 3
Results of the hot plate test. (A) The duty cycles selection by the hot plate tests (n = 6). (B) The frequency effects of CO; laser in a wide range (n = 6).
The data are expressed as the mean + SD. Statistical analysis was conducted using one-way ANOVA followed by Tukey's post hoc test for multiple
comparisons. *p<0.05, **p <0.01, and ***p < 0.001.

difference was observed (p>0.05). In contrast, CO, laser irradiation
under frequencies of 20 kHz, 65kHz, and 80 kHz showed no difference
compared with the control group (p>0.05). Intriguingly, the frequency
of 80kHz even had an aggravating effect on pain. These results
highlight the crucial role of CO, laser frequency in pain relief, with the
outcome being highly sensitive to changes in frequency. Although
35kHz exhibited the best result among the wide frequency range of
20kHz to 80kHz, further investigation is necessary to determine the
most appropriate frequency. Thus, we plan to evaluate the pain relief
effect of CO, laser therapy under a narrow interval of different
frequencies ranging from 20kHz to 50kHz in our
subsequent experiments.

To ascertain the optimal frequency parameter for pain relief in
CO, laser therapy, the formalin test was employed, providing a more
comprehensive experimental approach. Following CO, laser
irradiation at various frequencies, the duration of right hind paw
licking was recorded in 5min intervals, with results depicted in
Figure 4A. The control group clearly exhibited the highest curve, while
the 25kHz group demonstrated the lowest. During the 20 to 30 min
range, the 20kHz group displayed a brief pain-relieving interval,
although this effect was short-lived and atypical. Painful behavior was
most pronounced in control groups between 5 and 25min.
Intriguingly, after 25 min, some irradiated groups, including 30kHz,
35kHz, and 45 kHz, exhibited increased pain-related behaviors. As no
other irradiated groups demonstrated worse outcomes than the
control group, the abnormal response cannot be solely attributed to
laser irradiation manipulation. Given its prevalence in higher
frequency groups, this aberrant reaction is likely a consequence of
increased irradiation intensity. Figure 4B presents the number of hind
paw licking instances recorded every 5min. The control group
exhibited the highest flinching frequency throughout the observation
period. Owing to the considerable behavioral statistical error,
discerning the group with the lowest flinching rate is challenging. The
40kHz group demonstrated the fewest occurrences between 5 and
15min, while the 25kHz group exhibited the lowest curve from
20 min onward. This suggests that the 40kHz laser’s higher intensity
facilitates faster pain relief, whereas the 25kHz laser requires more
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time to achieve a similar effect. However, the 40 kHz results become
less satisfactory after 20min. Considering the licking frequency
results, the 25kHz frequency demonstrates the most effective pain
relief, albeit with a longer onset time. In contrast, the 40 kHz frequency
provides early pain relief but lacks consistent long-term efficacy.

Furthermore, by totaling the number of foot licking instances over
the experiment, the 25kHz group displayed the lowest count, as
shown in Figure 4C. No significant differences were found between
the control, 30kHz, 35kHz, 40 kHz, and 45kHz groups (p>0.05), each
displaying similar licking frequencies. Surprisingly, the 30kHz group
exhibited a larger value than the 25kHz group (p <0.05). No significant
differences were observed between the 25kHz group and others.

The results of the formalin test with regard to the number of total
times of flinching the right hind paw differed from those of the time
spent licking the right hind paw (Figure 4D). Compared to the control
group, a decreasing trend in the total number of right hind paw
flinching was observed from 20kHz to 40kHz. The 40kHz group
exhibited a significant decrease in the number of flinches compared
to the control group (p<0.01) and 20-35kHz groups (p<0.05).
Interestingly, the response pattern still conformed to a unimodal
curve, with the number of flinches increasing after 40kHz. Although
the observed trend was not consistent with that observed in the licking
time recording, where a frequency of 25kHz showed the best effect for
pain relief, the pain relief effect of 40kHz irradiation was evident in
the total flinching time. These findings suggest that different types of
pain may correspond to varying optimal frequency parameters, as the
licking and flinching behaviors represent distinct pain-related signal
pathways. However, due to the large standard deviation, no significant
differences were observed between the groups, except for the 40 kHz
group. It is necessary to conduct further experiments with a narrower
range of frequencies to determine the optimal frequency parameters
for specific types of pain.

Based on the analysis of the number of total times of licking the
right hind paw in the formalin test with CO, laser at different
frequencies (Figure 4E), our results demonstrate that 25 and 30kHz
frequencies exhibit the most effective pain relief compared to the
control group (p<0.05). Notably, these frequencies significantly
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FIGURE 4
Results of the formalin test. (A) Time of licking the right hind paw results of formalin test with CO; laser at different frequencies (n = 6). (B) Number of
times of licking the right hind paw results of formalin test with CO, laser at different frequencies (n = 6). (C) Total time of licking the right hind paw
results of formalin test with CO, laser at different frequencies (n = 6). (D) Number of total times of flinching the right hind paw results of the formalin
test with CO; laser at different frequencies (n = 6). (E) Number of total times of licking the right hind paw results of the formalin test with CO, laser at
different frequencies (n = 6). The data are expressed as the mean + SD. Statistical analysis was conducted using one-way ANOVA followed by Tukey's
post hoc test for multiple comparisons. *p < 0.05, **p <0.01, and ***p <0.001.

reduced the number of times the right hind paw was licked.
Conversely, the 20, 35, 40, and 45 kHz frequencies yielded lower levels
of pain relief compared to the 25 kHz frequency. Overall, our findings
support the hypothesis that 25 kHz may be the most suitable frequency
for acute pain relief using CO, laser therapy.

3.4. The potential biological mechanisms

In order to elucidate the underlying biological mechanism of CO,
laser therapy, the current study performed immunohistochemical
staining of pain-related signaling pathways as shown in Figure 5.
Following formalin injection, inflammation was observed in all
groups (Figure 5A), with no significant difference detected among the
experimental groups. Interestingly, CO, laser irradiation did not
mitigate or exacerbate the inflammation. To investigate the potential
biological mechanism of CO, laser therapy for pain relief, the study
evaluated the expression levels of three commonly implicated pain-
associated proteins. Notably, the immunohistochemical staining of the
opioid receptor protein revealed variable intensities among different
groups (Figures 5A,B), consistent with the behavioral analysis. Our
results indicate that the 25kHz group exhibited the highest level of
opioid receptor protein expression compared to the 45kHz group
(p<0.001) and the 50kHz group (p <0.01). It is hypothesized that the
pain relief effect of CO, laser therapy is mediated through the opioid
receptor pathway, with different frequencies leading to varying degrees
of opioid receptor silencing. Specifically, 25kHz was identified as the
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most effective frequency among the tested frequencies. In contrast, the
immunohistochemical staining of tissue sections (Figures 5A,C) and
quantitative analysis of fluorescence intensity (Figures 5A,D) did not
reveal significant differences in the expression levels of Nav1.7 protein
and P substance receptor protein among all the experimental groups
(p>0.05). Taken together, the current results suggest that CO, laser
therapy is unlikely to modulate the Nav1.7 protein and P substance-
related pain pathways.

4. Discussion

For decades, the CO, laser has been widely employed as an
effective surgical instrument for excision, incision, and coagulation
(12, 13). However, recent investigations have shed light on the
potential of the CO, laser to serve as a non-ablative, non-thermal, and
low-level laser for immediate pain relief in oral lesions (14, 15).
Remarkably, no thermal or significant complications have been
reported thus far, indicating the safety and feasibility of using the CO,
laser for pain management (16).

Previous studies have investigated the potential of CO, laser
therapy as an immediate pain-relieving treatment for various pain-
related clinical conditions, including but not limited to Bechcet’s
disease (BD), Aphthous stomatitis, and Pemphigus Vulgaris (17, 18).
In a clinical research, Zand et al. (19) utilized the non-thermal CO,
laser therapy in the treatment of Behect’s disease and got promising
results. Prior to irradiation, a hydrogel layer, 3-4mm thick, was
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In vivo experimental histological staining results. (A) HGE and immunohistochemical staining of the hind paws after irradiation (n = 6). (B) The
quantitative statistics of MOR expression (n = 6). (C) The quantitative statistics of P substance receptor expression (n = 6). (D) The quantitative statistics
of Navl.7 expression (n = 6). The data are expressed as the mean + SD. Statistical analysis was conducted using one-way ANOVA followed by Tukey's
post hoc test for multiple comparisons. *p <0.05, **p < 0.01, and ***p <0.001.

40kHz

35kHz

applied to the ulcer to reduce the laser intensity. The CO, laser
operator employed a de-focused handpiece with a power of 1 W. The
therapy demonstrated significant pain relief at the lesions with no
visible complications observed. In another case reported by Zand
etal, a de-focused CO, laser with a power of 1 W was utilized to treat
genital ulcers in patients with Behcet’s disease. The study found that
the application of the CO, laser resulted in an immediate alleviation
of pain in the affected areas (20). Furthermore, a double-blind
randomized clinical trial conducted by Seyyedi et al. investigated the
efficacy of both continuous and pulsed CO, laser therapies in treating
recurrent aphthous stomatitis (RAS). The continuous CO, laser had a
power of 1 W and was irradiated for 5-10s, while the pulsed CO, laser
had a power of 261 W, with a pulse duration of 180ms and a pulse
interval of 40 ms. The study found that both CO, laser therapies were
more effective in relieving pain compared to conventional treatments
for RAS (21).

Previous studies have demonstrated the immediate pain-relieving
effect of CO, laser therapy on oral ulcers and mucosal lesions. To
ensure the safety of the operator, appropriate eyeglasses matching the
CO, laser should be worn during treatment (22). In addition, a
transparent gel with high water content (87.5%) and a thickness of
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3-4mm is commonly applied to the ulcerated area prior to laser
irradiation (23). This is done to reduce the laser intensity on the
wound, as the laser strength is rapidly attenuated throughout the
transparent gel. Sattayut et al. (22) conducted a detailed study using a
CO, laser with a power of 2W to treat aphthous stomatitis. It
demonstrated that the actual energy density throughout the
transparent gel was found to be 110.67 J/cm®.

Numerous studies have utilized the de-focused CO, laser in a
continuous mode, with power ranging from 0.7-2W and exposure
times varying from 3.5s to 10s. The non-contact handpiece of the CO,
laser has been commonly employed in most investigations, with the
distance between the handpiece and the wounds typically set between
5mm and 10mm (22). However, despite the use of CO, laser therapy
for pain relief, there are currently no standardized guidelines for its
application. Most practitioners rely on previous experience, and there
is a lack of detailed studies investigating the impact of CO, laser
parameters on pain relief efficacy. While output power is an important
parameter, other factors such as mode, frequency, and duty cycle also
play a crucial role. Thus, it is essential to comprehensively evaluate the
effect of these parameters on pain-related treatments using CO,
laser therapy.
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In this study, we carried out an investigation into the precise
impact of CO, laser parameters, namely duty cycle and frequency, on
pain relief. To achieve this, we used CO, laser in a rectangular wave
mode. The duty cycle, defined as the percentage of the total time of
laser exposure in a cycle, was varied in the range of 1 to 10%. It is
worth noting that small duty cycles were employed in order to avoid
any potential thermal effects. Our results indicate that under these
duty cycles, CO, laser did not induce any side effects. Immediate pain
relief was observed following CO, laser illumination, with different
duty cycles yielding varying degrees of analgesic effects. Notably, at a
duty cycle of 3%, the highest remission rates before and after
irradiation were observed. Our findings provide insight into the effects
of duty cycle on pain relief and underscore the importance of
considering CO, laser parameters beyond output power when
designing pain-related treatments. Unfortunately, no significant
difference was observed in behavioral measurements, likely due to a
large deviation in the data. There are two possible reasons for this
outcome. Firstly, it is possible that using only six animals per group
was insufficient to reduce the deviation and show a statistically
significant difference. Increasing the number of animals per group
may provide more accurate results. Secondly, it is possible that the
duty cycle is not a significant factor in pain relief. Therefore, further
experiments are necessary to determine the effect of duty cycle on
pain relief. In the upcoming experiments, we selected the 3% duty
cycle as the most appropriate parameter for examining the effect of
laser frequency.

In contrast to duty cycles, our results indicate that CO, laser
frequency has a significant impact on analgesic effects. We evaluated
the effects of CO, laser frequencies ranging from 20kHz to 80 kHz.
We observed no significant difference between the control group and
the CO, laser group at the highest (65kHz, 80kHz) and lowest
(20kHz) frequencies. However, our findings demonstrate that the
frequencies of 35kHz and 50 kHz exhibited superior analgesic effects
over the other frequencies tested. These results indicate that the choice
of laser frequency is an important parameter for achieving optimal
analgesic outcomes. In order to further evaluate the effect of different
laser frequencies on pain relief, we conducted formalin tests using
frequencies ranging from 20kHz to 50kHz. The formalin test is a
widely used method due to its ability to elicit biphasic pain-related
behavior. Specifically, after a certain amount of formaldehyde
injection, two consecutive response phases can be observed (24, 25).
The first phase, which is related to TRPA-mediated nociceptor
reaction, occurs within 0-5min after injection, while the second
phase, attributed to inflammatory or spinal sensitization, occurs
within 20-60 min after injection. A quiescent interphase is observed
between these two phases (26). The interphase during the formalin
test is characterized by the absence of algogenic compounds, and the
mechanism underlying this phenomenon remains unclear (27). In the
formalin test, the response behavior of lifting, flinching, and licking
the injected paw is recorded and quantified (28, 29). Prior studies have
shown that an injection of formaldehyde solution in the hind paw,
ranging from 19-616 mM,, elicits an immediate first phase response
characterized by pain-related licking behavior. Notably, the second
phase of the test is only observed with formaldehyde concentrations
above 39mM, and is associated with an inflammatory or spinal
sensitization response occurring 20-60 min after injection (30).

In our study, we utilized a formalin test to evaluate the analgesic
effects of CO, laser irradiation. Unlike the traditional formalin test,
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our experimental design involved administering the CO, laser
irradiation after formalin injection. This approach was taken because
the first phase of the formalin test only lasts for 5min, which is a
relatively short duration compared to the 10 min irradiation course.
Additionally, irradiation prior to formalin injection was deemed
invalid as there was no pre-existing painful condition to alleviate. The
formalin test is characterized by two response phases, with the second
phase being primarily responsible for pain-related behavior. We used
a formaldehyde solution concentration of 616 mM, which ensured that
both response phases were clearly observed. Following irradiation, the
behavior of the animals was recorded and analyzed.

We investigated the pain-relieving effect of CO, laser in different
frequencies using the formalin test. Our results showed that the CO,
laser frequency of 25kHz produced the best pain-relieving effects
according to the formalin test. Interestingly, we observed that under
the frequency of 40kHz, the number of flinching behaviors in the
right hind paw was the lowest among all the groups. However, the
different implications represented by licking and flinching behaviors
in the formalin test have not been thoroughly investigated. It is
therefore difficult to explain the difference in analgesic effects between
25kHz and 40kHz frequencies. Future studies should aim to clarify
the different meanings of each behavior observed in the formalin test
in order to fully understand the mechanisms underlying the pain-
relieving effects of CO, laser at different frequencies.

In previous studies, both continuous and pulsed low-level lasers
have been repeatedly used to alleviate pain, and they have shown
significant analgesic effects (31). Continuous-wave lasers do not
involve the concept of frequency, whereas pulsed lasers utilize different
frequencies (32). Currently, there is limited research on the influence
of frequency-specific pulsed low-level lasers on analgesic effects, and
the lasers used vary widely in terms of wavelength and frequency.
These lasers span a range of wavelengths from 610 to 10,600 nm and
frequencies from 0.01 to 100kHz (33, 34). In one study, de Oliveira
et al. employed a 9.5kHz, 904nm laser and demonstrated its
significant relief of neuropathic pain in rats (4). In another study,
Pigatto et al. used a 660 nm laser at 60 Hz, and their laser therapy
significantly alleviated acute pain in mice during the formalin test,
exhibiting promising therapeutic efficacy (35). It is evident that a
consensus on the optimal frequency for various lasers has not yet been
reached, and the optimal frequency may likely differ for lasers of
different wavelengths. In this study, it is observed that frequency
distinctly influences the laser’s pain-relieving effect, especially in the
case of carbon dioxide lasers, where 25kHz appears to yield the best
results. It is anticipated that future research will delve further into the
optimal frequency parameters for different-wavelength lasers used
in analgesia.

Several studies have demonstrated the analgesic properties of CO,
laser therapy, but the underlying mechanism remains unclear. It is well
established that long-wavelength lasers (1,200-10,600nm) are
primarily absorbed by the tissue surface, while shorter-wavelength
lasers (900-1,200nm) can penetrate deeper into the tissue (36, 37).
The wavelength of CO, laser, which is 10,600 nm, suggests that its
energy is more likely to be absorbed at the tissue surface, potentially
leading to an increase in tissue temperature. As such, the analgesic
effect of CO, laser is believed to be primarily related to surface
analgesia. To examine the advantageous impact of CO, laser on stem
cells, Constantin et al. conducted a study which demonstrated that
CO, laser irradiation resulted in a substantial rise in the levels of
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intracellular reactive oxygen species (ROS) (38). The modulation of
ROS levels in cells may be implicated in the observed analgesic effects
following CO, laser irradiation. In another study, Tsuchiya et al. (39)
found the expression of glial fibrillary acidic protein (GFAP) was
increased after CO, laser irradiation in the treatment of orthodontic
force-induced pain. The authors observed a significant increase in
protein expression in the bilateral trigeminal ganglia 24 h after a 30s
irradiation of CO, laser. Considering that GFAP expression has been
reported to occur in dorsal root ganglia after nerve injury within 4h,
it is plausible that the analgesic effect of CO, laser is related to
GFAP (40).

In this study, we investigated the effect of CO, laser irradiation on
the expression of three common pain-related proteins, namely the
opioid receptor (MOR), the Navl.7 protein, and the P substance
receptor. Our results showed no significant difference in the expression
of Navl.7 protein and the P substance receptor between the control
group and the groups subjected to irradiation at various frequencies.
This suggests that the analgesic effect of CO, laser is not mediated via
the Nav1.7 and P substance pathways. Interestingly, the expression of
MOR was found to be highest in the 25kHz irradiation group, which
is consistent with the observed analgesic effect. We therefore propose
that the irradiation of CO, laser can induce the expression of MOR
through the opioid pathway. As early as 1993, Honmura et al’s research
confirmed that low-level laser irradiation could eliminate hyperalgesia,
and its analgesic effect could be completely inhibited by a certain dose
of naloxone (a specific antagonist of opioid receptors), indicating that
at least part of its analgesic action is induced by the release of
endogenous opioid receptors (41). Later studies have also shown that
low-level laser therapy can increase the release of peripheral
endogenous opioid-like substances by promoting the migration of
immune system cells, a process that can be antagonized by naloxone
(42, 43). In this study, similar results were obtained through
immunohistochemical staining, suggesting that the mechanism may
be related to the opioid receptor pathway in pain relief.

In addition to opioid receptors, current research has also found
that low-level laser therapy’s inhibitory effect on pain may be related
to cytochrome c oxidase (44), cyclooxygenase (35), and various
proinflammatory cytokines (45). The underlying molecular
mechanism behind the analgesic effect of CO, laser irradiation
remains unclear. Specifically, it is unclear whether the laser induces
changes in the conformation of the relevant proteins or promotes the
expression of related genes. Therefore, further investigation is required
to elucidate the molecular basis of the observed analgesic effect.

While this study provides valuable insights into the analgesic
effects of CO, laser therapy in rodents, caution must be exercised
when extrapolating these findings directly to human research.
Differences between species may affect the applicability of our data to
humans. However, it is worth noting that previous clinical studies have
indeed demonstrated significant pain-inhibiting effects of low-level
laser therapy in humans (46). Furthermore, summarizing previous
research reveals a certain degree of similarity in laser parameters used
for rodents and humans to achieve pain inhibition; the laser
wavelength, power, and energy used are almost the same (34, 47).
Therefore, we are optimistic about translating the results of this study
into human research. In future research, we look forward to more
in-depth investigations into the mechanisms of CO, laser therapy,
with a particular focus on elucidating the potential pathways and
biological mechanisms involved. Additionally, we anticipate more
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clinical studies to explore the application of CO, laser therapy in pain
relief in humans. By combining these approaches, we aim to bridge
the gap between preclinical and clinical research, providing a more
comprehensive understanding of the therapeutic potential of CO,
laser therapy in pain management.

5. Conclusion

In summary, this study provides a detailed evaluation of the
analgesic effects of CO, laser therapy under various parameters,
specifically the duty cycle and frequency. Our findings reveal that the
degree of CO, laser significantly influences its acute pain-relieving
effect. Using the hot plate and formalin tests, we determined that the
most suitable duty cycle is 3% and the most suitable frequency is
25kHz. However, under a frequency of 40 kHz, the CO, laser exhibited
a better effect than at 25kHz in flinching of the right hind paw during
the formalin test, suggesting different mechanisms at different
frequencies. Furthermore, we employed immunohistochemistry to
investigate the potential mechanisms of CO, laser therapy, examining
three common pain-related protein signal pathways. Our results
suggest that the analgesic effect of CO, laser therapy is likely associated
with the opioid receptor signal pathway. Taken together, our study
provides an elaborate explanation of the influence of CO, laser
parameters on its analgesic effect and its potential mechanism
of action.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal experimental protocols were approved by the Animal
Care and Use Ethics Committee of Jilin University. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

XW: Conceptualization, Formal analysis, Investigation,
Methodology, Writing - original draft, Writing - review & editing. JL:
Formal analysis, Investigation, Methodology, Writing - original draft.
ZW: Formal analysis, Methodology, Writing — original draft. CG:
Methodology, draft.

HoL: Methodology, Resources, Writing - original draft. SF:

Formal analysis, Writing - original
Investigation, Methodology, Writing - original draft. HeL: Investigation,
Methodology, Writing — original draft. XG: Resources, Supervision,
Writing - original draft. DZ: Methodology, Resources, Writing —
original draft. LZ: Writing — original draft. HJ: Conceptualization,
Methodology,

administration, Writing - review & editing. JW: Funding acquisition,

Formal analysis, Funding acquisition, Project

Resources, Supervision, Writing — review & editing.

frontiersin.org


https://doi.org/10.3389/fneur.2023.1271655
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Wang et al.

Funding

The author(s) declare financial support was received for the research,
authorship, and/or publication of this article. This work was supported by
the Horizontal Project of Jilin University (Grant No. 2021YX0554);
Scientific Development Program of Jilin Province (Grant Nos.
20220401103YY); the National Natural Science Foundation of China
(Grant Nos. 82001971, 82102358 and 82202698); Scientific Development
Program of Jilin Province (Grant Nos. 20200403088SE, 20220204117YY,
YDZJ202201ZYTS086,20200404202YY and 20200802008 GH); Program
of Jilin Provincial Health Department (Grant No. 2020SC2T064 and
2020SC2T065); Project of “Medical+X” Interdisciplinary Innovation
Team of Norman Bethune Health Science Center of Jilin University
(Grant No. 2022JBGS06); China Postdoctoral Science Foundation (Grant
No. 2021M701384); Bethune Plan of Jilin University (Grant No. 2022B27
and 2023B10).

References

1. Goldberg DS, McGee S]. Pain as a global public health priority. BMC Public Health.
(2011) 11:770. doi: 10.1186/1471-2458-11-770

2. Raja SN, Carr DB, Cohen M, Finnerup NB, Flor H, Gibson S, et al. The revised
International Association for the Study of Pain definition of pain: concepts, challenges,
and compromises. Pain. (2020) 161:1976-82. doi: 10.1097/j.pain.0000000000001939

3. Withey SL, Maguire DR, Kangas BD. Developing improved translational models of
pain: a role for the behavioral scientist. Perspect Behav Sci. (2020) 43:39-55. doi: 10.1007/
540614-019-00239-6

4. de Oliveira ME, Da Silva JT, Brioschi ML, Chacur M. Effects of photobiomodulation
therapy on neuropathic pain in rats: evaluation of nociceptive mediators and infrared
thermography. Lasers Med Sci. (2021a) 36:1461-7. doi: 10.1007/s10103-020-03187-9

5. de Oliveira VT, Ferrara-Jr JI, Matielo HA, da Silva Alves A, Britto LR, Aranha ACC,
et al. Involvement of substance P, osteopontin and satellite glial cells on
photobiomodulation-induced antinociceptive effect in an experimental model of dentin
hypersensitivity. Lasers Med Sci. (2021b) 36:1297-305. doi: 10.1007/s10103-021-03246-9

6. Hamblin MR. Mechanisms and mitochondrial redox signaling in
photobiomodulation. Photochem Photobiol. (2018) 94:199-212. doi: 10.1111/php.12864

7. Kaplan I, Kott I, Giler S. The CO, laser in the treatment of lesions of the eyelids and
periorbital region. J Clin Laser Med Surg. (1996) 14:185-7. doi: 10.1089/clm.1996.14.185

8. Perchet C, Godinho F, Mazza S, Frot M, Legrain V, Magnin M, et al. Evoked
potentials to nociceptive stimuli delivered by CO, or Nd:YAP lasers. Clin Neurophysiol.
(2008) 119:2615-22. doi: 10.1016/j.clinph.2008.06.021

9. de Andrade ALM, Bossini PS, do Canto de Souza ALM, Sanchez AD, Parizotto NA.
Effect of photobiomodulation therapy (808 nm) in the control of neuropathic pain in
mice. Lasers Med Sci. (2017) 32:865-72. doi: 10.1007/s10103-017-2186-x

10. Luvero D, Filippini M, Salvatore S, Pieralli A, Farinelli M, Angioli R. The beneficial
effects of fractional CO, laser treatment on perineal changes during puerperium and
breastfeeding period: a multicentric study. Lasers Med Sci. (2021) 36:1837-43. doi:
10.1007/s10103-020-03212-x

11. Bai H, Zhao Y, Wang C, Wang Z, Wang ], Liu H, et al. Enhanced osseointegration
of three-dimensional supramolecular bioactive interface through osteoporotic
microenvironment regulation. Theranostics. (2020) 10:4779-94. doi: 10.7150/thno.43736

12. Carqueville JC, Chesnut C. Histologic comparison of upper blepharoplasty skin
excision using scalpel incision versus microdissection electrocautery needle tip versus
continuous wave CO, laser. Dermatol Surg. (2021) 47:1376-8. doi: 10.1097/
DSS.0000000000003178

13.Xu H, Li J, Zhou Z, Bi ], Li X, Huo R. Skin wound tension reduction device
combined with ablative fractional carbon dioxide laser to reduce scar formation after
excision of pediatric facial skin lesions: a prospective cohort study. Clin Cosmet Investig
Dermatol. (2022) 15:283-92. doi: 10.2147/CCID.S347065

14. Tenore G, Mohsen A, Nuvoli A, Palaia G, Rocchetti F, Di Gioia CRT, et al. The
impact of laser thermal effect on histological evaluation of oral soft tissue biopsy:
systematic review. Dent J. (2023) 11:28. doi: 10.3390/dj11020028

15. Waner M. Lasers and the treatment of congenital vascular lesions. J Oral Pathol
Med. (2022) 51:849-53. doi: 10.1111/jop.13367

16. Gawdat HI, El-Hadidy YA, Allam R, Abdelkader HA. Autologous platelet-rich
plasma ‘fluid” versus ‘gel’ form in combination with fractional CO(2) laser in the
treatment of atrophic acne scars: a split-face randomized clinical trial. ] Dermatolog
Treat. (2022) 33:2654-63. doi: 10.1080/09546634.2022.2067816

Frontiers in Neurology

11

10.3389/fneur.2023.1271655

Conflict of interest

LZ was employed by Changchun Ideal Medical Technology
Co., Ltd.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

17.Won T, Ma Q, Chen Z, Gao Z, Wu X, Zhang R. The efficacy and safety of low-
energy carbon dioxide fractional laser use in the treatment of early-stage pediatric
hypertrophic scars: a prospective, randomized, split-scar study. Lasers Surg Med. (2022)
54:230-6. doi: 10.1002/1sm.23459

18. Yuan B, Upton Z, Leavesley D, Fan C, Wang XQ. Vascular and collagen target: a
rational approach to hypertrophic scar management. Adv Wound Care. (2023) 12:38-55.
doi: 10.1089/wound.2020.1348

19. Zand N, Ataie-Fashtami L, Mansouri P, Fateh M, Shirkavand A. Clinical effect of
non-thermal CO, laser therapy (NTCLT) on pain relief of Oral Aphthous ulcers of
Behcet’s disease. ] Lasers Med Sci. (2021) 12:e72. doi: 10.34172/jlms.2021.72

20. Zand N, Mansouri P, Rezaee Khiabanloo S, Fateh M, Ataie-Fashtami L, Safaee
Naraghi Z, et al. The immediate pain-relieving effects of non-thermal CO, laser therapy
on genital ulcers of Behcet’s disease: a case report. ] Lasers Med Sci. (2020) 11:108-11.
doi: 10415171/j1ms.2020.18

21. Seyyedi SA, Olyaee P, Fekrazad R, Partovi S, Baghizadeh Fini M. The effect of
carbon dioxide laser on aphthous stomatitis treatment: a double-blind randomized
clinical trial. J Lasers Med Sci. (2020) 11:567-72. doi: 10.34172/jlms.2020.511

22. Suter VGA, Sjolund S, Bornstein MM. Effect of laser on pain relief and wound
healing of recurrent aphthous stomatitis: a systematic review. Lasers Med Sci. (2017)
32:953-63. doi: 10.1007/s10103-017-2184-z

23.Zand N, Mansouri P, Fateh M, Ataie-Fashtami L, Rezaee Khiabanloo S, Safar F,
et al. Relieving pain in Oral lesions of pemphigus vulgaris using the non-ablative, non-
thermal, CO(2) laser therapy (NTCLT): preliminary results of a novel approach. J Lasers
Med Sci. (2017) 8:7-12. doi: 10.15171/jlms.2017.02

24. Hoffmann T, Klemm E Kichko T, Sauer SK, Kistner K, Riedl B, et al. The formalin
test does not probe inflammatory pain but excitotoxicity in rodent skin. Physiol Rep.
(2022) 10:¢15194. doi: 10.14814/phy2.15194

25. Tlani M, Sajedianfard J, Tarlan M, Nazifi S, Fathi M. The effect of maternal exposure
to titanium dioxide nanoparticles on the pain response in offspring mice using formalin
test. Toxicol Ind Health. (2021) 37:776-81. doi: 10.1177/07482337211059701

26. Nakamura S, Nonaka T, Yoshida K, Yamada T, Yamamoto T. Neuropeptide W, an
endogenous NPBW1 and NPBW2 ligand, produced an analgesic effect via activation of
the descending pain modulatory system during a rat formalin test. Mol Pain. (2021)
17:1744806921992187. doi: 10.1177/1744806921992187

27. Deuis JR, Dvorakova LS, Vetter I. Methods used to evaluate pain behaviors in
rodents. Front Mol Neurosci. (2017) 10:284. doi: 10.3389/fnmol.2017.00284

28. Groemer TW, Triller A, Zeilhofer HU, Becker K, Eulenburg V, Becker CM.
Nociception in the glycine receptor deficient mutant mouse spastic. Front Mol Neurosci.
(2022) 15:832490. doi: 10.3389/fnmol.2022.832490

29.Jergova S, Perez C, Imperial JS, Gajavelli S, Jain A, Abin A, et al. Cannabinoid
receptor agonists from conus venoms alleviate pain-related behavior in rats. Pharmacol
Biochem Behav. (2021) 205:173182. doi: 10.1016/j.pbb.2021.173182

30. Fischer M, Carli G, Raboisson P, Reeh P. The interphase of the formalin test. Pain.
(2014) 155:511-21. doi: 10.1016/j.pain.2013.11.015

31. Avci P, Gupta A, Sadasivam M, Vecchio D, Pam Z, Pam N, et al. Low-level laser
(light) therapy (LLLT) in skin: stimulating, healing, restoring. Semin Cutan Med Surg.
(2013) 32:41-52.

32. Bahrami H, Moharrami A, Mirghaderi P, Mortazavi SMJ. Low-level laser and light
therapy after total knee arthroplasty improves postoperative pain and functional

frontiersin.org


https://doi.org/10.3389/fneur.2023.1271655
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1186/1471-2458-11-770
https://doi.org/10.1097/j.pain.0000000000001939
https://doi.org/10.1007/s40614-019-00239-6
https://doi.org/10.1007/s40614-019-00239-6
https://doi.org/10.1007/s10103-020-03187-9
https://doi.org/10.1007/s10103-021-03246-9
https://doi.org/10.1111/php.12864
https://doi.org/10.1089/clm.1996.14.185
https://doi.org/10.1016/j.clinph.2008.06.021
https://doi.org/10.1007/s10103-017-2186-x
https://doi.org/10.1007/s10103-020-03212-x
https://doi.org/10.7150/thno.43736
https://doi.org/10.1097/DSS.0000000000003178
https://doi.org/10.1097/DSS.0000000000003178
https://doi.org/10.2147/CCID.S347065
https://doi.org/10.3390/dj11020028
https://doi.org/10.1111/jop.13367
https://doi.org/10.1080/09546634.2022.2067816
https://doi.org/10.1002/lsm.23459
https://doi.org/10.1089/wound.2020.1348
https://doi.org/10.34172/jlms.2021.72
https://doi.org/10.15171/jlms.2020.18
https://doi.org/10.34172/jlms.2020.S11
https://doi.org/10.1007/s10103-017-2184-z
https://doi.org/10.15171/jlms.2017.02
https://doi.org/10.14814/phy2.15194
https://doi.org/10.1177/07482337211059701
https://doi.org/10.1177/1744806921992187
https://doi.org/10.3389/fnmol.2017.00284
https://doi.org/10.3389/fnmol.2022.832490
https://doi.org/10.1016/j.pbb.2021.173182
https://doi.org/10.1016/j.pain.2013.11.015

Wang et al.

outcomes: a three-arm randomized clinical trial. Arthroplast Today. (2023) 19:101066.
doi: 10.1016/j.artd.2022.10.016

33. Lutfallah S, Wajid I, Sinnathamby ES, Maitski RJ, Edinoff AN, Shekoohi S, et al.
Low-level laser therapy for acute pain: a comprehensive review. Curr Pain Headache Rep.
(2023) 27:607-13. doi: 10.1007/s11916-023-01149-8

34. Zhang WW, Wang XY, Chu YX, Wang YQ. Light-emitting diode phototherapy:
pain relief and underlying mechanisms. Lasers Med Sci. (2022) 37:2343-52. doi: 10.1007/
$10103-022-03540-0

35. Pigatto GR, Silva CS, Parizotto NA. Photobiomodulation therapy reduces acute
pain and inflammation in mice. ] Photochem Photobiol B. (2019) 196:111513. doi:
10.1016/j.jphotobiol.2019.111513

36. Cronshaw M, Parker S, Grootveld M, Lynch E. Photothermal effects of high-
energy photobiomodulation therapies: an in vitro investigation. Biomedicine. (2023)
11:1634. doi: 10.3390/biomedicines11061634

37.LouH, Ji A, QuC, Liu H, Jiang L, Chen H, et al. A small-molecule based organic
nanoparticle for photothermal therapy and near-infrared-IIb imaging. ACS Appl Mater
Interfaces. (2022) 14:35454-65. doi: 10.1021/acsami.2c11706

38. Constantin A, Dumitrescu M, Mihai Corotchi MC, Jianu D, Simionescu M. CO,
laser increases the regenerative capacity of human adipose-derived stem cells by a
mechanism involving the redox state and enhanced secretion of pro-angiogenic
molecules. Lasers Med Sci. (2017) 32:117-27. doi: 10.1007/s10103-016-2093-6

39. Tsuchiya T, Hasegawa N, Yugawa M, Sasaki A, Suda N, Adachi K. Different
therapeutic effects of CO(;)and diode laser irradiation on tooth movement-related pain.
Front Neurol. (2020) 11:481. doi: 10.3389/fneur.2020.00481

40.Ji RR, Berta T, Nedergaard M. Glia and pain: is chronic pain a gliopathy? Pain.
(2013) 154:510-28. doi: 10.1016/j.pain.2013.06.022

Frontiers in Neurology

12

10.3389/fneur.2023.1271655

41. Honmura A, Ishii A, Yanase M, Obata J, Haruki E. Analgesic effect of Ga-Al-as
diode laser irradiation on hyperalgesia in carrageenin-induced inflammation. Lasers
Surg Med. (1993) 13:463-9. doi: 10.1002/1sm.1900130411

42. Pereira FC, Parisi JR, Maglioni CB, Machado GB, Barragan-Iglesias P, Silva JRT,
et al. Antinociceptive effects of low-level laser therapy at 3 and 8 j/cm(2) in a rat model
of postoperative pain: possible role of endogenous opioids. Lasers Surg Med. (2017)
49:844-51. doi: 10.1002/1sm.22696

43. Peres Serra A, Ashmawi HA. Influence of naloxone and methysergide on the
analgesic effects of low-level laser in an experimental pain model. Rev Bras Anestesiol.
(2010) 60:302-10. doi: 10.1016/S0034-7094(10)70037-4

44, Muramoto K, Ohta K, Shinzawa-Itoh K, Yamashita E, Tsukihara T, Yoshikawa S.
Photo-dependent binding structures of CO and NO on the heme-copper site in bovine
cytochrome ¢ oxidase. BBA-Bioenergetics. (2010) 1797:97-8. doi: 10.1016/j.
bbabio.2010.04.294

45. Chia Y-Y, Liu C-C, Feng G-M, Tseng C-CA, Hung K-C, Chen C-C, et al. The
antinociceptive effect of light-emitting diode irradiation on incised wounds is
correlated with changes in cyclooxygenase 2 activity, prostaglandin e2, and
proinflammatory cytokines. Pain Res Manag. (2017) 2017:4792489. doi:
10.1155/2017/4792489

46. de Barros DD, dos Santos Barros Catio JS, Ferreira ACD, Simdes TMS, Almeida
R d AC, de Vasconcelos Cataio MHC. Low-level laser therapy is effective in controlling
postoperative pain in lower third molar extractions: a systematic review and meta-
analysis. Lasers Med Sci. (2022) 37:2363-77. doi: 10.1007/s10103-021-03470-3

47. Duarte de Oliveira FJ, Brasil G, Araujo Soares GP, Fernandes Paiva DF, de Assis de
Souza E Use of low-level laser therapy to reduce postoperative pain, edema, and trismus
following third molar surgery: a systematic review and meta-analysis. ] Craniomaxillofac
Surg. (2021) 49:1088-96. doi: 10.1016/j.jcms.2021.06.006

frontiersin.org


https://doi.org/10.3389/fneur.2023.1271655
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.artd.2022.10.016
https://doi.org/10.1007/s11916-023-01149-8
https://doi.org/10.1007/s10103-022-03540-0
https://doi.org/10.1007/s10103-022-03540-0
https://doi.org/10.1016/j.jphotobiol.2019.111513
https://doi.org/10.3390/biomedicines11061634
https://doi.org/10.1021/acsami.2c11706
https://doi.org/10.1007/s10103-016-2093-6
https://doi.org/10.3389/fneur.2020.00481
https://doi.org/10.1016/j.pain.2013.06.022
https://doi.org/10.1002/lsm.1900130411
https://doi.org/10.1002/lsm.22696
https://doi.org/10.1016/S0034-7094(10)70037-4
https://doi.org/10.1016/j.bbabio.2010.04.294
https://doi.org/10.1016/j.bbabio.2010.04.294
https://doi.org/10.1155/2017/4792489
https://doi.org/10.1007/s10103-021-03470-3
https://doi.org/10.1016/j.jcms.2021.06.006

	Unraveling the parameters and biological mechanisms of CO2 laser therapy for acute pain relief
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Stem cell viability and morphology evaluation
	2.3. Animals
	2.4. The hot plate tests
	2.5. The formalin tests
	2.6. The histology and immunohistochemical staining
	2.7. Statistical analysis

	3. Results
	3.1. The cytotoxicity of the CO2 laser
	3.2. The suitable parameter of the duty cycle
	3.3. The suitable parameter of the frequency
	3.4. The potential biological mechanisms

	4. Discussion
	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

