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edu.br life-threatening inflammatory conditions characterized by neutrophil recruitment, cytokine

storm, and disruption of ventilatory mechanics. Despite advances in supportive care, effective
pharmacological therapies remain limited. Photobiomodulation (PBM), using different light
spectra, including LED and low-level laser therapy (LLLT), has shown potential anti-inflammatory
and tissue-regenerative effects. However, the specific impact of PBM on acute lung inflammation
is not fully established.

Methods: This experimental study involved 288 male Wistar rats subjected to tracheal instillation
of Escherichia coli lipopolysaccharide (LPS) to induce acute lung injury. Animals were allocated
to control and treatment groups receiving 430 nm LED, 660 nm red laser, or 808 nm infrared
laser. After 24 hours, ventilatory mechanics (resistance, viscosity, elastance, and hysteresivity)
were assessed through mechanical ventilation. Lung tissue was analyzed for myeloperoxidase
(MPO) activity, cytokine expression (TNF-a, IL-1B, IL-6, IL-10) by RT-qPCR, and histological
alterations.

Results: Among the phototherapies, the 660 nm red laser was the only intervention capable of
significantly reducing all parameters of ventilatory mechanics, MPO activity, and inflammatory
cytokines, with histological evidence of attenuated neutrophil infiltration, reduced alveolar
wall thickening, and decreased pulmonary edema. The 430 nm LED attenuated only selective
cytokines without histological or mechanical benefits, while the 808 nm infrared laser reduced
TNF-a and IL-6 with partial histological improvement but no effect on lung mechanics.
Conclusion: PBM with a 660 nm red laser effectively modulated the inflammatory cascade
in LPS-induced ALI, reducing the cytokine storm and improving ventilatory function with
histological evidence of lung protection. These findings highlight PBM as a potential adjuvant
therapy for acute lung inflammation.
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Introduction

Acute Lung Injury (ALI) and its severe manifestation,
Acute Respiratory Distress Syndrome (ARDS), are critical
conditions characterized by diffuse damage to the alveolar-
capillary membrane, leading to impaired gas exchange,
pulmonary edema, and progressive respiratory failure."?
Although the term “lung injury” is less frequently used in
clinical practice, it remains widely applied in preclinical
research, where no single animal model fully replicates
the complexity of ARDS.® Lipopolysaccharide (LPS)
instillation is among the most established experimental
models, simulating pneumonia-induced injury and

reproducing the rapid onset of inflammation and
structural disruption of lung tissue observed in humans.**
This model is marked by early neutrophil accumulation
within the alveolar and interstitial spaces, thickening and
edema of the alveolar wall, and subsequent parenchymal
damage.

The inflammatory cascade triggered by LPS plays a
central role in ALI/ARDS pathogenesis. Macrophages,
representing the majority of immune cells in the alveolar
space, initiate the response by releasing pro-inflammatory
mediators that drive neutrophil recruitment and
activation.” While essential for host defense, excessive
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neutrophil activity amplifies tissue injury through the
release of proteases, elastases, and reactive oxygen
species, further compromising epithelial and endothelial
integrity.*'* Damage to the alveolar epithelium disrupts
barrier function, facilitates protein leakage,and contributes
to pulmonary edema, a hallmark of ALI/ARDS.? Despite
progress in supportive therapies, including mechanical
ventilation and pharmacological attempts to mitigate the
“cytokine storm,” effective targeted interventions remain
lacking.® !

Photobiomodulation (PBM) has emerged as a promising
adjunctive strategy due to its anti-inflammatory,
regenerative, and immunomodulatory effects. Advances
in light-based technologies have demonstrated that
specific wavelengths—such as violet/blue light emitted
by LEDs and red or infrared light delivered by low-
level laser therapy (LLLT)—can influence biological
responses at the cellular and tissue levels.'> Experimental
evidence suggests PBM may attenuate inflammatory
cell infiltration, downregulate cytokine production,
and promote tissue repair, although outcomes depend
critically on parameters such as wavelength, fluence, and
exposure time."*'” Notably, red light exhibits favorable
penetration into lung tissue, whereas infrared light is
often associated with analgesic effects.!>

Given these properties, PBM could serve as an adjuvant
or alternative therapy to reduce lung inflammation and
improve prognosis in ALI/ARDS." Mechanistically,
PBM is believed to act primarily through the absorption
of photons by mitochondrial chromophores, especially
cytochrome ¢ oxidase, leading to enhanced electron
transport, increased ATP synthesis, and secondary
modulation of reactive oxygen species and inflammatory
signaling pathways.'>”” Animal studies are essential to
establish its mechanisms and therapeutic potential. We
hypothesized that PBM would exert protective effects
in LPS-induced ALI by attenuating inflammation and
improving ventilatory function, and that these effects
would be wavelength-dependent, with a 660 nm red laser
providing the most comprehensive benefit. Therefore,
the present study aimed to evaluate the effects of PBM at
different wavelengths on inflammatory cell recruitment,
cytokine expression, myeloperoxidase (MPO) activity,
ventilatory mechanics, and histopathological changes in
a rat model of LPS-induced lung injury.

Methods

Animals

We used 288 male Wistar rats, aged 7-8 weeks and
weighing 250-300 g. Animals were housed in the
Department of Physiotherapy, Central Bioterium at the
Federal University of Alfenas (UNIFAL-MG). They
were maintained in acrylic cages under controlled
environmental conditions: a temperature of 18-21 °C, a
relative humidity of 55-60%, and a 12 h light/dark cycle.

Food and water were provided ad libitum. All procedures
complied with institutional and national ethical standards
for animal research and were approved under registration
number 21/2020.

Experimental Groups

Animals were randomly assigned to twelve experimental
groups (n=24 per group, total =288 rats): vehicle/sham,
vehicle/LED 430 nm, vehicle/laser 660 nm, vehicle/laser
808 nm, vehicle/vehicle, vehicle/dexamethasone (DEXA),
LPS/sham, LPS/LED 430 nm, LPS/laser 660 nm, LPS/laser
808 nm, LPS/vehicle, and LPS/DEXA.

Anesthesia and Induction of Lung Injury

Rats were anesthetized intraperitoneally with ketamine
(100 mg/kg; Ketamine®) and xylazine (10 mg/kg;
Dopaser®). Following trichotomy and asepsis of the
cervical region, a midline skin incision was performed,
the muscles were retracted, and the trachea was
exposed. Acute lung injury was induced by intratracheal
instillation of Escherichia coli lipopolysaccharide (LPS;
Sigma, 2 mg/kg) or vehicle (PBS), using a 27 G needle
inserted between tracheal cartilage rings. The cervical
incision was then closed with a 4.0 silk suture. During
anesthetic recovery, external heating was provided to
prevent hypothermia. Positive control animals received
dexamethasone (1 mg/kg, orally) one hour before LPS
instillation, while sham groups received vehicle solution
(0.5% methylcellulose/0.2% Tween 80, orally)."

Photobiomodulation Protocol

One hour after LPS or PBS instillation, the animals
were subjected to photobiomodulation. Treatments
were applied over the skin at the sternum, close to the
anatomical projection of the right upper lung lobe. The
following irradiation protocols were used: 660 nm red
laser (Therapy EC, DMC, Brazil): emission power of
100 mW, fluence of 9 J/cm?, exposure time of 90 s, and
spot size of 0.06 cm? 808 nm infrared laser (Therapy
EC, DMC, Brazil): parameters identical to the 660 nm
red laser; 430 nm LED (D-2000, DMC, Brazil): emission
power of 900 mW, continuous mode, exposure time of
30 s, and spot size of 1.0 cm®. The selected wavelengths
(430, 660, and 808 nm) were chosen to represent distinct
regions of the optical window with known biological
relevance: 430 nm (blue) for superficial photochemical
and antimicrobial interactions, 660 nm (red) for optimal
absorption by mitochondrial cytochrome c oxidase, and
808 nm (infrared) for deeper tissue penetration and
modulation of inflammatory signaling.!>-1"-2%2!

The laser dose was selected to target a radiant exposure
within the effective range reported for pulmonary PBM in
rodent ALI/ARDS models, which commonly use red/near-
infrared wavelengths and radiant exposures on the order
of 7.5-30 J/cm?, balancing the biphasic dose-response
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and the optical penetration window in lung tissue.!>72*24
For the 430 nm LED, exposure time (30 s) was chosen
to achieve a comparable energy-on-tissue within the
same order of magnitude while avoiding thermal effects
and accounting for the broader spectral bandwidth and
lower coherence of LED emission relative to lasers."!”
The fluence for the 430 nm LED (27 J/cm?) was selected
based on previous reports using short-wavelength PBM
in inflammatory or infectious models, where higher
fluence is required to compensate for the greater optical
attenuation of blue light in tissue and its lower photon
energy deposition per unit depth.>”* The laser protocols
(660 nm and 808 nm) were designed to deliver similar
total radiant energy but at higher irradiance over smaller
spots, consistent with effective doses in prior pulmonary
PBM studies.”**

Photobiomodulation was applied one hour after LPS
instillation to coincide with the early activation phase of the
inflammatory cascade, preceding the peak of neutrophil
recruitment and cytokine expression, which typically
occurs between 2-6 hours post-LPS exposure in rodent
models.***** This time window was selected to assess
PBM’s ability to modulate the initial pro-inflammatory
signaling rather than acting as a pre-conditioning or late
rescue intervention, providing a reproducible model of
early therapeutic intervention after injury induction.

Dosimetry and derived metrics

660 nm laser (DMC Therapy EC): output power=0.10
W; beam area=0.06 cm? time=90s; energy=9 J;
irradiance =1.67 W/cm?; radiant exposure (fluence) =150
J/em?.

808 nm laser (DMC Therapy EC): nominal settings
identical to the 660 nm laser; energy =9 J; irradiance = 1.67
W/cm?; fluence=150 J/cm?>.

430 nm LED (DMC D-2000): output power=0.90
W; beam area=1.00 cm? time=30s; energy=27 J;
irradiance =0.90 W/cm?; fluence =27 J/cm?.

Although these fluences differ numerically, the protocols
were designed to approximate equal total energy delivery
within the effective range reported in prior pulmonary
PBM studies (23, 24, 15) and to compensate for variations
in coherence, divergence, and spot size among light
sources.

All irradiations were delivered transcutaneously over
the sternal window aligned to the projection of the right
upper lung lobe.

Respiratory Mechanics Assessment

Twenty-four hoursafterinstillation, respiratory mechanics
were evaluated. The animals were pre-anesthetized with
xylazine (8 mg/kg, i.p.), followed by pentobarbital (40
mg/kg, ip.) and tramadol hydrochloride (30 mg/kg,
i.p.) for analgesia. A tracheostomy was performed, and a
14-G cannula was inserted and connected to a ventilator

(Ventstar, RWD). Mechanical ventilation was set at the
tidal volume of 6 ml/kg, respiratory rate of 120 breaths/
min, and PEEP of 3.0 cmH,O. Pancuronium bromide
(1.0 mg/kg, i.p.) was administered for muscle relaxation.
After 5 minutes, the following parameters were recorded:
airway resistance (Raw), tissue viscosity (Gtis), tissue
elastance (Htis), and hysteresis (), calculated from Raw
and Hitis.

Mpyeloperoxidase (MPO) Activity

Lung fragments (300-350 mg) were homogenized in
50 mM potassium phosphate buffer (pH 6.0) on ice.
The homogenates were centrifuged at 12,000 g for 30
minutes at 4 °C. Pellets were resuspended in a buffer
containing 5% hexadecyltrimethylammonium bromide
and then subjected to three freeze—thaw cycles in dry ice
and thawing at room temperature. The final thaw was
followed by sonication (20-30% amplitude, 40 s, on ice).
After centrifugation (10,000 g, 5 min, 4 °C), supernatants
were collected for enzymatic determination of MPO
activity using a colorimetric assay based on the oxidation
of o-dianisidine dihydrochloride in the presence of
hydrogen peroxide. Absorbance was read at 560 nm, and
results were expressed as mU/g of tissue.

Gene Expression Analysis
Lung tissue was homogenized, and total RNA was
extracted using TRIzol (Invitrogen). RNA quality was
confirmed by spectrophotometry (NanoDrop® 2000),
and only samples with 260/280 ratios between 1.8 and
2.0 were used. The samples were treated with DNase to
prevent genomic contamination. cDNA was synthesized
using SuperScript® IV First-Strand Synthesis kit.
RT-qPCR was performed on a 7500 Real-Time PCR
System (Applied Biosystems) using SYBR® Green Master
Mix. Target genes included IL-1p, IL-6, IL-10, and TNF-q,
withGAPDHasthereferencegene. Primersequenceswereas
follows: IL-1p (F: 5-TGTGAAATGCCACCTTTTGA-3;
R: 5-GGTCAAAGGTTTGGAAGCAG-3"); IL-6

(F: 5'-CCACTTCACAAGTCGGAGGC-3'; R:
5-CCAGGTAGAAACGGAACTCC-3"); IL-
10 (F: 5'-CGGGAAGACAATAACTGCAC-3
R: 5-CATTTCCGATAAGGCTTGG-3"); TNF-a
(F: 5'-CCACCACGCTCTTCTGTCTAC-3'; R:
5-AGGGTCTGGGCCATAGAACT-3"); GAPDH
(F: 5-TGCACCACCAACTGCTTAGC-3'; R:
5-GGCATGGACTGTGGTCATGAG-3'). Primers

were synthesized by Sintese Biotecnologia, Brazil, and
validated for amplification efficiency between 95-105%.
Each reaction was performed in 8 biological replicates
and 3 technical replicates.

Gene expression was quantified using the 2A-AACt
method, with GAPDH as the reference (housekeeping)
gene. The PBS/Sham group was used as the calibrator
(control) for all comparisons, such that the relative
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expression level in this group was set to 1.0. Accordingly,
fold changes greater than 1.0 represent upregulation,
and values less than 1.0 indicate downregulation of the
respective cytokine genes relative to the baseline (PBS/
Sham).

Histopathological Analysis

For histology, lungs were fixed in 4% formaldehyde,
embedded in paraffin, sectioned, and stained with
hematoxylin and eosin (H&E). Sections were analyzed
by optical microscopy to evaluate neutrophil infiltration,
alveolar wall thickening, and edema. Comparisons were
made among the control (PBS), LPS, LPS + DEXA, and
LPS+PBM groups (430-nm LED, 660-nm laser, 808-nm
laser).

Statistical Analysis

For ventilatory mechanics (Raw, Gtis, Htis, and 1),
data were analyzed using a two-way repeated-measures
ANOVA with two factors: Time (within-subjects:
baseline vs. 24 hrs post-LPS) and Group (between-
subjects: six levels — PBS/Sham, LPS/Sham, LPS+LED
430 nm, LPS+Laser 660 nm, LPS+Laser 808 nm,
LPS + Dexamethasone).

Greenhouse-Geisser corrections were applied when
necessary. Bonferroni post hoc tests were performed for
pairwise comparisons, primarily contrasting each LPS-
treated group with LPS/Sham, and LPS/Dexamethasone
with LPS/Sham as a pharmacological control.

For MPO activity, cytokine expression (RT-qPCR),
and histopathology, a one-way ANOVA was used with
Group (six levels) as the factor (yielding statistics such as
F(5,66)), followed by Bonferroni post hoc tests with the
same primary contrasts.

To assess the safety of PBM in healthy lungs, a separate
one-way ANOVA compared vehicle groups (Vehicle/
Sham, Vehicle/LED 430 nm, Vehicle/Laser 660 nm,
Vehicle/Laser 808 nm). No significant differences
were observed (P>0.05); detailed data are available
in Supplementary Table SI1 . Results are expressed as
mean + SEM, and significance was set at P<0.05. Analyses
were conducted using GraphPad Prism 6.0.

Results

All experimental groups were analyzed relative to their
respective controls (PBS), with assessments conducted at
baseline (BL) and 24 hours after LPS instillation.

Respiratory Mechanics

The two-way repeated-measures ANOVA revealed
significant main effects of Group and Time, as well as a
Group x Time interaction (P<0.001) for all ventilatory
mechanics variables — airway resistance (Raw, Figure 1),
tissue viscosity (Gtis, Figure 2), tissue elastance (Htis,
Figure 3), and hysteresis (1, Figure 4). Bonferroni
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Figure 1. Effects of photobiomodulation on airway resistance (Raw) in rats
with LPS-induced acute lung injury. Data are shown at baseline (BL) and 24
hours after LPS or vehicle instillation for the following groups: PBS/SHAM,
PBS/LED 430 nm, PBS/LASER 660 nm, PBS/LASER 808 nm, PBS/SAL, PBS/
DEXA, LPS/SHAM, LPS/LED 430 nm, LPS/LASER 660 nm, LPS/LASER 808
nm, LPS/SAL, and LPS/DEXA. LPS significantly increased airway resistance,
whereas treatment with the 660 nm laser reduced this parameter, with
effects comparable to dexamethasone. Data are expressed as mean = SEM.

post hoc comparisons showed that LPS/Sham animals
exhibited marked increases in all parameters compared
to PBS/Sham (P<0.001), indicating impaired lung
mechanics following injury. Treatment with the 660-nm
laser significantly reduced Raw (P<0.01), Gtis (P<0.05),
Htis (P<0.001), and n (P<0.05) compared to LPS/Sham,
restoring these values to levels statistically similar to those
observed with dexamethasone (P>0.05 vs. LPS/DEXA).

In contrast, neither the 808-nm laser nor the 430-
nm LED produced significant improvements in any
ventilatory parameters (P>0.05), confirming that the
660-nm wavelength was the only phototherapy capable of
effectively restoring lung mechanics.

Myeloperoxidase (MPO) Activity

A one-way ANOV A revealed a significant effect of Group
on MPO activity (F(5,66) = 12.4, P<0.0001; Figure 5). LPS
instillation markedly increased MPO activity compared
to PBS/Sham (P<0.001). Treatment with the 660-nm
laser significantly reduced MPO levels relative to LPS/
Sham (P<0.01), reaching values comparable to those
observed with dexamethasone (P>0.05 vs. LPS/DEXA).
In contrast, the 808-nm laser and 430-nm LED did not
produce significant reductions (P>0.05), indicating a
selective anti-inflammatory effect for the red-light (660
nm) laser treatment.

Cytokine Expression (RT-qPCR)

Analysis of cytokine mRNA expression (Figure 6)
revealed significant treatment effects for TNF-a (F, =
15.7, p<0.0001), IL-6 (F_ = 11.2, p<0.0001), IL-1p (E,
~ 9.5, P<0.001), and IL-10 (E,  ~ 8.3, P<0.001). TNF-a
and IL-6 expression levels were significantly elevated in
LPS/sham compared with PBS (P<0.001). Treatment

with the 430-nm LED, 660-nm laser, and 808-nm laser
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Figure 2. Effects of photobiomodulation on tissue viscosity (Gtis) in rats
with LPS-induced acute lung injury. Measurements were obtained at
baseline (BL) and 24 hours after experimental induction. LPS increased
tissue viscosity compared with control animals, and treatment with the 660
nm laser significantly attenuated this increase. Neither the 430 nm LED nor
the 808 nm laser significantly improved this parameter. Data are expressed
as mean + SEM.
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Figure 3. Effects of photobiomodulation on tissue elastance (Htis) in rats with
LPS-induced acute lung injury. Measurements were performed at baseline
(BL) and 24 hours after LPS or vehicle instillation. LPS caused a marked
increase in tissue elastance, indicating impaired pulmonary mechanics.
Treatment with the 660 nm laser significantly reduced elastance, with
results similar to those observed in the dexamethasone group. Data are
expressed as mean + SEM.

each significantly reduced TNF-a and IL-6 expression
(P<0.05 to P<0.001 vs. LPS/sham). For IL-1f and IL-
10, only the 430-nm LED and 660-nm laser significantly
decreased expression compared with LPS/sham (P <0.05),
whereas the 808-nm laser did not produce significant
effects (P>0.05).

Importantly, the reduction of pro-inflammatory
markers by the 660-nm laser was consistent across all
cytokines analyzed, closely approximating the anti-
inflammatory profile observed with dexamethasone
(Figure 3).

Histopathology

Histological analysis supported the functional and
molecular findings. Control lungs (PBS) displayed
preserved alveolar structures, with thin septa and absence
of infiltrates. LPS/sham animals showed extensive

1 PBS/SHAM | PS/SHAM
=3 PBS/LED 430 nm B LPS/LED 430 nm
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Figure 4. Effects of photobiomodulation on hysteresivity () in rats with
LPS-induced acute lung injury. Values were assessed at baseline (BL) and 24
hours after lung injury induction. LPS significantly increased hysteresivity,
while the 660 nm laser reduced this alteration. The 430 nm LED and 808
nm laser did not significantly improve this variable. Data are expressed as
mean + SEM.
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1 PBS/LASER 808 nm EE LPS/LASER 808 nm
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Figure 5. Effects of photobiomodulation on myeloperoxidase (MPO) activity
in lung tissue 24 hours after LPS-induced acute lung injury. LPS markedly
increased MPO activity, reflecting neutrophil recruitment and pulmonary
inflammation. Treatment with the 660 nm laser significantly reduced MPO
activity, with values approaching those observed in the dexamethasone-
treated group. Data are expressed as mean + SEM.

pathological changes, including neutrophil infiltration in
alveolar capillaries, interstitial edema, and epithelial cell
injury (Figure 7).

Treatment with the 660-nm red laser markedly
attenuated these alterations, showing reduced neutrophil
accumulation and preservation of alveolar integrity. The
808-nm laser produced partial histological improvement,
consistent with its effect on TNF-a and IL-6, but
without an impact on IL-1p or ventilatory mechanics.
The 430-nm LED group showed minimal histological
benefit, with persistent neutrophil infiltration and
edema. Dexamethasone, as expected, robustly reduced
inflammatory changes.

Vehicle/PBM safety evaluation
Animals treated with photobiomodulation in the absence
of LPS (vehicle/LED, vehicle/laser 660 nm, vehicle/laser
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Figure 6. Effects of photobiomodulation on pulmonary cytokine expression in rats with LPS-induced acute lung injury. Relative mRNA expression of TNF-a, IL-6,
IL-10, and IL-1p was determined by RT-qPCR in lung tissue collected 24 hours after injury induction. LPS increased the expression of inflammatory cytokines,
whereas the 660 nm laser reduced all cytokines analyzed. The 430 nm LED also reduced selected cytokines, while the 808 nm laser showed a more limited

effect. Data are expressed as relative expression normalized to the control group.

o

LPS + 430 nm

'4\ d-'\.-&\

“?,w

k

}& g

LPS + 660 nm

LPS + 808 nm

Figure 7. Representative histological sections of lung tissue stained with hematoxylin and eosin from saline, LPS, LPS + dexamethasone, LPS + 430 nm LED,
LPS + 660 nm laser, and LPS + 808 nm laser groups. The LPS group showed inflammatory cell infiltration, alveolar wall thickening, and edema. Treatment with
the 660 nm laser attenuated these histopathological alterations, whereas the 808 nm laser showed partial improvement and the 430 nm LED showed minimal

histological benefit.

808 nm) showed ventilatory mechanics, MPO activity, and
cytokine expression comparable to those of the vehicle/
sham group (P>0.05 for all variables). Histological
analysis also revealed preserved alveolar architecture
without neutrophil infiltration or edema, confirming
that the phototherapies alone did not induce detectable
inflammatory or structural changes in healthy lungs.

The detailed data for vehicle/PBM groups are provided
in Supplementary Table SI.

Discussion

In this study, photobiomodulation demonstrated
wavelength-dependent effects in a rat model of LPS-
induced acute lung injury. The 660 nm red laser
significantly improved ventilatory mechanics, reduced
myeloperoxidase activity, and downregulated key
inflammatory cytokines (TNF-a, IL-6, IL-1f, and IL-
10), with histological evidence of attenuated neutrophil
infiltration and alveolar edema—results comparable to
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dexamethasone. The 430-nm LED showed partial anti-
inflammatory activity, reducing selected cytokines but
without functional or histological improvement, while
the 808-nm infrared laser reduced only TNF-a and IL-6
and provided modest histological protection, without
effects on respiratory mechanics. Taken together, these
findings indicate that the 660-nm wavelength exerts the
most consistent and robust protective effects against lung
injury, supporting its potential as an adjuvant therapeutic
strategy for ALI/ARDS.

Application of PBM to the lung markedly influenced
both local and systemic inflammatory responses.
Previous reports indicate that PBM not only reduces
pulmonary inflammation but also attenuates systemic
inflammatory activity, thereby improving ventilatory
mechanics, particularly in hypoxic tissues.>*' Our results
are consistent with these findings, suggesting that PBM is
especially promising in the context of ALI/ARDS, where
gas exchange is severely compromised.*

In the present study, treatment with the 660 nm red laser
significantly reduced airway resistance, tissue elastance,
viscosity, and hysteresis, in parallel with reductions in
MPO activity and pro-inflammatory cytokines. These
findings corroborate the work of Oliveira et al*, who
demonstrated suppression of the inflammatory process
and regenerative effects of PBM in pulmonary models.
Similarly, De Lima et al.** showed a reduction in acute
lung inflammation with light therapy, aligning with the
positive outcomes we observed for the 660 nm laser.
Oliveira et al. also reported attenuation of ARDS severity
in mice following PBM, reinforcing the therapeutic
potential of this approach.”

Nejatifard et al.” highlighted that PBM reduces
pulmonary edema, cytokine levels in bronchoalveolar
lavage fluid, neutrophil influx, and MPO activity.
Consistent with this, our study demonstrated that the
660 nm red laser and dexamethasone significantly
decreased MPO activity, whereas the 808 nm infrared
laser and 430 nm LED showed only partial or absent
effects. Histological analysis confirmed these outcomes,
with visible attenuation of neutrophilic infiltration and
alveolar edema in the 660 nm and dexamethasone groups.

Cytokine analysis further supported these findings. LPS
instillation led to a robust increase in TNF-q, IL-6, IL-1p,
and IL-10, consistent with the cytokine storm observed in
ALI/ARDS.* Treatment with the 660 nm laser and 430 nm
LED reduced all four markers, while the 808 nm infrared
laser only reduced TNF-a and IL-6, without significant
effects on IL-1B or IL-10. The molecular effects observed
here align with the cellular mechanisms described by
Nejatifard et al'®, where PBM acts at molecular, cellular,
and tissue levels to counteract excessive inflammation
and promote tissue regeneration.

Our results also corroborate previous findings by
De Lima et al.* and Oliveira et al.”, who demonstrated

that PBM decreases TNF-a expression, reduces alveolar
macrophage activation, and limits neutrophil migration
into lung tissue—key mechanisms in ARDS pathogenesis.
Importantly, these effects appear wavelength-dependent:
red light lasers (650-660 nm) are frequently reported
to achieve better penetration into lung tissue and to
yield superior anti-inflammatory outcomes.">* This is
consistent with our data, as significant improvements
in ventilatory mechanics and cytokine modulation were
observed only in the 660 nm group.

By contrast, infrared lasers (808-830 nm) have shown
anti-inflammatory potential in other contexts.">*?%
Kingsley et al” reported viral inactivation across
wavelengths, but our data do not support strong efficacy
for the 808 nm laser in ALI/ARDS, as we did not observe
reductions in ventilatory impairment or broad cytokine
modulation. One possible explanation, as suggested by
Sabino et al.?!, is that light penetration in small animals is
more effective than in humans; thus, in our rat model, the
808 nm wavelength may have surpassed the lesion depth,
limiting its efficacy in inflamed tissue.

The superior efficacy of the 660 nm red laser observed in
this study likely reflects wavelength-specific interactions
between light and biological chromophores, particularly
mitochondrial cytochrome ¢ oxidase (CCO), which
exhibits major absorption peaks in the red (=630-670 nm)
and near-infrared (=800-840 nm) ranges.'>!* Absorption
of 660 nm photons by CCO promotes enhanced electron
transport and mitochondrial membrane potential,
leading to increased ATP synthesis and the controlled
release of reactive oxygen species (ROS) that act as
secondary messengers to modulate NF-kB and other
inflammatory transcription factors.'>*! In immune and
epithelial cells, this mechanism can suppress excessive
cytokine production and neutrophil activation, consistent
with the broad down-regulation of TNF-a, IL-6, and IL-
1P observed here.

While the present results suggest a wavelength-
dependent pattern of efficacy, differences in fluence and
irradiance among emitters may also contribute to the
observed outcomes. Blue light requires higher radiant
exposure to reach comparable photon delivery at depth,
whereas red and near-infrared lasers achieve higher
irradiance but over smaller areas.’>'”*' These physical
differences affect energy distribution, penetration,
and chromophore activation, potentially interacting
with wavelengths to shape the overall biological effect.
Therefore, our conclusion of “wavelength dependence”
should be interpreted within the context of dose- and
irradiance-related factors, and future work should include
dose-response and area-matched protocols to disentangle
these variables and optimize PBM parameters for lung
inflammation.**

Additionally, optical penetration characteristics may
contribute to the wavelength-dependent effects. Red light
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(660 nm) achieves an optimal balance between photon
absorption and scattering in biological tissue, enabling
efficient energy deposition within the superficial and mid-
parenchymal lung layers, where inflammatory infiltrates
predominate in LPS-induced injury. By contrast,
shorter wavelengths (430 nm) are strongly absorbed by
hemoglobin and rapidly attenuated, while longer near-
infrared wavelengths (808 nm) penetrate more deeply
but may surpass the effective target depth in small-animal
lungs, dissipating energy beyond inflamed regions.'”?'
These combined biophysical and biochemical factors
likely explain the efficacy of gradients observed among the
tested wavelengths and support the preferential use of 660
nm light for modulating acute pulmonary inflammation.

Although IL-10 is classically anti-inflammatory, its
upregulation during ALI/ARDS is tightly coupled to
the same upstream stimuli that drive TNF-a and IL-6.
When PBM mitigates the early inflammatory trigger,
both pro- and counter-regulatory mediators can decline
concurrently, reflecting a global normalization of the
cytokine network rather than a pro-inflammatory shift.
In this context, the decrease in IL-10 after PBM likely
mirrors a reduced need for counter-regulation once
the inflammatory drive is blunted.**'>?*** Future work
should include time-course and protein-level analyses to
characterize the overall IL-10/TNF-a balance over time.

It is important to contextualize the between-device
comparisons by considering beam geometry and power
density. Although we targeted a similar energy scale across
devices, the lasers delivered substantially higher irradiance
and radiant exposure over a smaller spot (e.g., 150 J/cm?
at 1.67 W/cm? for 660/808 nm) than the LED (27 J/cm? at
0.90 W/cm?). Differences in coherence, divergence, and
spectral bandwidth between lasers and LEDs, coupled
with wavelength-dependent absorption/scattering in lung
tissue (the “optical window”), likely influenced photon
distribution and biological activation of mitochondrial
chromophores (e.g., cytochrome-c oxidase) and
downstream inflammatory signaling.'>'” Thus, while the
660 nm laser showed the most consistent efficacy across
functional, molecular, and histological endpoints, these
results should be interpreted as qualitative device-level
comparisons rather than strictly dose-equivalent effects;
future work should include dose-response and area-
matched protocols to harmonize radiant exposure and
irradiance across emitters.

Altogether, these findings indicate that while multiple
wavelengths exert partial anti-inflammatory effects, only
the 660 nm red laser consistently reduced ventilatory
dysfunction, MPO activity, and the full spectrum of
cytokine alterations, with histological evidence of
attenuated lung injury. This wavelength appears to offer
the most robust therapeutic profile among the PBM
protocols tested in the LPS-induced lung injury model.

Conclusion

Photobiomodulation demonstrated wavelength-
dependent effects in a rat model of LPS-induced acute lung
injury. Amongthe tested interventions, the 660 nmred laser
was the only modality capable of consistently improving
ventilatory mechanics, reducing myeloperoxidase activity,
and modulating the full spectrum of inflammatory
cytokines, with corroborating histological evidence of
attenuated lung injury. In contrast, the 430 nm LED and
808 nm infrared laser produced partial and limited effects,
respectively, without restoring pulmonary function. These
findings indicate that red-light photobiomodulation (660
nm) provides the most robust anti-inflammatory and
functional benefits in this model and may represent a
promising adjunctive therapeutic strategy for acute lung
inflammation. Further studies are warranted to optimize
dosimetry and to evaluate translational applicability in
clinical settings.
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