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ARTICLE INFO ABSTRACT

Keywords: Photobiomodulation (PBMT) speeds up wound healing, partly by attracting pericytes. However, its specific

Perlcyt‘?s ) mechanisms in a diabetic setting are still not well understood. We studied tissue regeneration after PBMT using a

E:otob%omodulatlon transgenic mouse model (NG2"DsRed/Nestin"GFP) with streptozotocin-induced Type 1 diabetes. PBMT was
otonics

applied daily (660 nm, 20 mW, 7 s, 0.14 J, 0.71 W/cmz, 5 J/cm?). Our results showed increased lumen area of
pericyte-covered vessels and significant flow of perivascular and neural progenitor cells in PBMT-treated
wounds. We also saw an increase in the pro-resolving cytokine IL-1RA after irradiation. PBMT did not change
levels of GLUT1, TNF, IL-1a, or NF-kB in the chronic inflammatory environment. Diabetic cells treated with
PBMT showed limited proliferation and migration but had improved ability for adipogenic differentiation.
Despite only modest changes in the inflammatory microenvironment, photobiomodulation notably accelerates
tissue repair by directly encouraging pericyte and neural progenitors entry into the wound bed.

Wound repair

1. Introduction patients, pericyte coverage is decreased compared to healthy in-

dividuals, which may contribute to impaired wound healing [4,5].

Diabetes mellitus (DM) is characterized by persistent hyperglycemia
[1]. Although glycemic control can often be achieved with medication,
improving delayed wound healing remains difficult due to the ongoing
damage to the vascular endothelium [2]. Pericytes and endothelial cells
are essential components of the endothelium, which serves as the
interface between blood and tissue [3]. Pericytes, in particular, help
with angiogenesis, maintaining vascular integrity, and regulating blood
flow, thus playing a vital role in microvascular health. In diabetic

Hyperglycaemia triggers multiple cellular processes, leading to an
imbalance in free radical levels and activating the (Nuclear Factor - kB)
NF-kB cascade [6,7]. The NF-kB pathway controls inflammation and
oxidative stress [8]. Prolonged NF-kB activation contributes to endo-
thelial dysfunction, which then promotes pericyte loss [9,10]. As a
result, hyperglycemia disrupts pericyte function and phenotype,
impairing neovascularization [10,11]. Besides hyperglycemia, other
factors like hyperlipidemia and low-grade inflammation also contribute
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to endothelial dysfunction [3,10]. The latter is characterized by
increased fibrinogen, C-reactive protein, IL-6, IL-1, and TNF, which
collectively activate the immune system [10,12]. Ultimately, the wound
site becomes a complex biochemical environment marked by high
glucose levels, oxidative stress, hypoxia, and, eventually, bacterial
infection. These conditions hinder macrophages from shifting from an
inflammatory to a pro-healing phenotype, thereby delaying proper
wound resolution [1].

Photobiomodulation therapy (PBMT) is an increasingly recognized
method for accelerating wound healing [13,14]. In our previous work,
we showed that PBMT (5 J/cm?) applied to healthy mice attracted NG2+
pericytes and Nestin™ neural progenitors to the wound bed. Addition-
ally, wounds treated with PBMT displayed consistent structural regen-
eration, closely resembling the original skin tissue [13]. In fact, PBMT
promotes cell proliferation and angiogenesis in endothelial cells by
stimulating vascular endothelial growth factor (VEGF) expression
[15,16]. A classic placebo-controlled clinical trial demonstrated that
PBMT (30 J/cmz) increased cutaneous microcirculation in patients with
diabetic microangiopathy [17]. Earlier studies applying PBMT (4 and 6
J/cm?) to diabetic skin also reported significantly faster wound healing
compared to untreated controls, mainly due to increased collagen pro-
duction [18,19]. In streptozotocin-induced Type 1 diabetic rats, PBMT
treatment (6.23 J/cmz) reduced the expression of NF-kB and the Re-
ceptor for Advanced Glycation End-products (RAGE) in the peripheral
nervous system, while suppressing TNF expression in the central ner-
vous system [20]. Ultimately, through the p38 Mitogen-Activated Pro-
tein Kinases (MAPK) and NF-kB-mediated signaling pathways, PBMT
(11.46 J/cm?) protects vascular cells from inflammation-induced
apoptosis [21].

Although several studies have explored PBMT in diabetic models
[17-24], the mechanisms behind the accelerated wound repair in dia-
betes are still underexplored. Using a pericyte reporter mouse model
(NestinGFPTNG2DsRed "), we examine the effect of PBMT on pericytes
during wound healing in streptozotocin-induced diabetic Type 1 mice.

2. Material and methods
2.1. Animals

All experiments adhered to the ARRIVE guidelines. The
NestinGFP"NG2DsRed* transgenic phenotypes were obtained as previ-
ously described [13]. This model exhibits endogenous fluorescence for
two proteins: NG2DsRed/pericytes (shown in red) and NestinGFP/
neural progenitor cells (labeled in green). Double-labeled populations,
NestinGFP"NG2DsRed ™ (shown in yellow), can also be observed.

All animals were kept under a 12:12-h light-dark cycle and fed freely.
Ten-week-old male or female NestinGFP"NG2DsRed " or wild-type (WT)
mice were used for molecular, histological, and confocal analyses. To
determine the sample size, one of the most unstable pericyte-related
variables was used: PDGFR-p expression, which has a coefficient of
variation of 23% [25]. To ensure experimental reliability, a 25% con-
fidence interval was used. Rounding the calculated n to the nearest
whole number resulted in n = 5. Furthermore, one additional animal per
experimental time point was included to prevent loss of statistical power
in the event of any animal attrition or experimental losses, resulting in a
final n = 6 per group. All experiments received approval from the Ani-
mal Care and Use Committee at the Universidade Federal de Minas
Gerais (protocol #62/2019).

2.2. Streptozotocin-induced Type 1 diabetes (DM)

DM was chemically induced in mice as previously described [26].
Mice received daily intraperitoneal injections of streptozotocin (STZ)
(Sigma-Aldrich, St. Louis, MO, USA) at a dose of 50 mg/kg, diluted in 50
mM sodium citrate buffer, for five consecutive days. Two weeks after the
final injection, body weight and blood glucose levels were measured at
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24 h, 3 days, and 7 days to confirm the onset of diabetes. Glucose levels
in the blood exceeding 300 mg/dL, along with clinical signs of poly-
dipsia, polyphagia, and polyuria, were considered diabetic. Healthy
animals (n = 3) were used as controls.

2.3. Experimental model validation

Blood samples were collected periodically via the caudal vein, and
blood glucose levels were measured using the Accu-Check Active
glucose monitor (Roche-Brasil, Sao Paulo, SP, Brazil). To assess the
animals' average blood glucose over the past two weeks, a fructosamine
test was performed on day 7. After anesthesia, blood was collected
through puncture of the abdominal aorta. Following clotting at room
temperature for 30 min, samples were centrifuged at 3000 rpm for 15
min. The serum was analyzed using the Cobas Mira Plus® (Roche-Brasil)
with a fructosamine kit (Biotécnica, Varginha, MG, Brazil). Additionally,
the expression of GLUT1 - a glucose transporter regulated by insulin -
was measured by RT-qPCR and compared between STZ-induced Type 1
diabetic mice and healthy controls.

2.4. Wound healing model

Animals were anesthetized, and wounds were created twelve days
after the last STZ injection. Full-thickness excisions were performed
simultaneously on each side of the midline of the dorsal skin. Briefly,
using a 4.0 mm biopsy punch, two circular wounds were made and
bordered with a 0.5 mm silicone splint to prevent premature wound
contraction (Fig. 1). The left wound was treated with PBMT, while the
right served as the sham control.

2.5. Photobiomodulation (PBMT)

A customized diode laser, functioning in punctual, contact and
continuous operation modes (indium-gallium-aluminum-phosphide/
InGaAlP, 660 nm wavelength, 0.028 cm? spotarea, 7s,5J /em?, 0.71 W/
cm?, 20 mW, 0.14 J total energy per point) [13]. PBMT was applied
transoperatively and continued daily for up to 7 days. A thick black
cardboard paper was placed over the wound to prevent light exposure in
the sham group. To ensure the reliability of our comparative analysis,
the procedure was mimicked in the control group with the device turned
off, maintaining identical experimental conditions across all groups.

2.6. Macroscopy

Under anesthesia, wound sizes were measured at 24 h, day 3, and day
7 using a caliper. Digital photographs of each wound were taken through
day 7.

2.7. Laser doppler analysis

Local blood flow was measured at two specific time points (days 3
and 6 after irradiation) using a Laser Doppler imager (MoorLID2-IR).
During the procedure, mice were anesthetized with a mixture of keta-
mine and xylazine (100 and 10 mg/kg, respectively, IP). We used the
Moor LDI V5.3 software to analyze the scanned images; the average
perfusion units were calculated from the mean pixel density of each
wound area to indicate regional blood supply.

2.8. Histology

The mice were euthanized at three different times after wounding:
24 h, 3 days, and 7 days. Tissues were collected, leaving 2.0 mm beyond
the wound borders, fixed in 4% paraformaldehyde (PFA) for 48 h, and
embedded in paraffin. A microtome was used to cut the blocks into 5 pm
sections. Slides were then routinely stained. Five consecutive histolog-
ical fields per sample were analyzed at 50x magnification using an
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Fig. 1. Quantitative and qualitative in vivo analysis of diabetes parameters and remaining wound area in sham and PBMT-treated (5 J/cm?) groups (n = 6). Bar
graphs display animal body weight (a) and blood glucose levels (b) at 24 h, 3 days, and 7 days. Fructosamine levels at day 7 (c). Bar graphs compare GLUT1 fold
change between healthy and diabetic mice, as well as between sham and PBMT-treated wounds at day 3 (d). Animal procedures involved applying PBMT trans-
operatively and daily (e). A curve graph shows the remaining wound area between sham and PBMT-treated groups (f). Representative macroscopic images at 24 h, 3
days, and 7 days are shown in panel (g), while hematoxylin-eosin and Masson's trichrome-stained images at 7 days are displayed in panels (h) and (i), respectively.
Notable findings include reduced wound contraction and granulation tissue formation, along with increased collagen production in PBMT-treated samples. PBMT =
photobiomodulation therapy. GLUT = insulin-stimulated glucose transporter 1. NS = not significant. Magnification bar = 200 pm.

optical microscope (Axioskop 40, Zeiss, Gottingen, Lower Saxony,
Germany).

2.9. Masson's trichrome stain

Slides were immersed in Harris' hematoxylin for 40 s. Sections were
then washed for two minutes and stained with Masson's trichrome for
17 min. Five regions of the wound borders and beds were photographed
at x 50 magnification using an optical microscope (Axioskop 40, Zeiss)

to evaluate collagen fibers.

2.10. Confocal analysis

Imaging of NestinGFP'NG2DsRed" double-transgenic mice was
performed using a confocal microscope (Eclipse Ti with a Zeiss LSM 880,
Oberkochen, Germany). Samples were analyzed at 24 h, 3 days, and 7
days. Briefly, after fixation with 4% PFA, samples were immersed in
30% sucrose (w/v) overnight and embedded in OCT. Sections were cut at
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25 pm thickness and mounted with DAPI counterstaining (Abcam,
Cambridge, UK). A Plan Apo x 10 objective was used. For NG2"Nestin™
(green/GFP) and NG2 Nestin™ (red/DsRed) quantification, each chan-
nel was analyzed separately. Before analysis, the threshold was adjusted,
and the raw fluorescence in each image was quantified using ImageJ
(NIH, Bethesda, Maryland, USA). NG2"Nestin® pericytes exhibiting
yellow fluorescence due to the colocalization of GFP and DsRed markers
were quantified by the area using Image J (NIH).

2.11. Endothelin-1 (ET-1) immunostaining

Criosectioned wounds were permeabilized with 0.2% Triton X-100
and blocked using a universal blocker (ThermoFisher Scientific, Wal-
tham, MA, USA) to prevent nonspecific binding. Primary rabbit poly-
clonal antibody against ET-1 (ThermoFisher Scientific) (1:100) was
incubated for 1 h at room temperature. After several washes with PBS,
sections were incubated with a secondary antibody (1:750, goat anti-
rabbit Alexa Fluor™ 405, ThermoFisher Scientific). Images were
captured at x20 magnification using a fluorescence microscope (Nex-
cope, Ningbo Yongxin Optics Co., Ningbo, China). The ET-1-
immunostained area was quantified after manual threshold adjust-
ment in ImageJ (NIH).

2.12. Diabetic skin cell culture

Intact skin cells from diabetic and healthy mice were isolated as
previously described [27]. Cells were grown in regular medium (Dul-
becco's Modified Eagle Medium, ThermoFisher), adding 10% fetal
bovine serum, 100 Ul/mL penicillin/streptomycin, and an additional 28
mM glucose solution [28] to simulate diabetic conditions in vitro (all
from Gibco, ThermoFisher Scientific).

2.12.1. Colony-forming unit — Fibroblastic (CFU-F) counting

CFU-F ability was evaluated by plating 500 cells per mL into a six-
well microtitration plate. After 2 weeks of culture, cells were fixed in
4% PFA for 30 min. CFU-F colonies were stained with 1% toluidine blue
dye (Sigma-Aldrich) for 1 h. CFU-F were quantified using ImageJ soft-
ware. Only colonies containing more than 50 cells were counted.

2.12.2. Cell viability/survival

Cell viability/survival was analyzed according to the manufacturer's
instructions (MTT, Invitrogen, ThermoFisher Scientific). Cells were
plated at 1 x 10 cells/well into 96-well microtitration plates in sextu-
plicate. Samples were analyzed at 24, 48, and 72 h. The 540 nm filter
was used for reading.

2.12.3. Cell scratch assay

Cells grown in regular media were plated into 48-well microtitration
plates at 2 x 10* cells/well in quadruplicate. After confluence, a “cell
scratch” was performed using a micropipette tip (p200) along the wells'
midline. The percentage of remaining wound area was calculated in
ImageJ at 0, 12, 24, and 48 h. Images were acquired at x40 magnifi-
cation using a Cytation 5 Cell Imaging system (Winooski, VT, USA).

2.12.4. Adipogenic differentiation

For adipogenic differentiation induction, 1 x 10° cells/well in 24-
well microtitration plates were grown in a-MEM supplemented with
10% FBS, 100 U/mL penicillin-streptomycin, 2 mM 1-glutamine, 100 pM
ascorbic acid, 0.5 pM hydrocortisone, 0.5 mM 3-isobutyl-1-methylxan-
thine, 60 pM indomethacin, and 10 pg/mL insulin. Regular or induc-
tion media were refreshed every 2-3 days.

2.12.5. Oil red staining

Lipid droplets were quantified using the Oil Red-O (ORO) assay.
Point five ORO (w/v) was prepared in isopropanol and further diluted in
a 6:4 isopropanol-to-water mixture. After 4% PFA for 30 min, cells were
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stained with Oil Red O for 30 min. Images were captured at 400 x
magnification (Cytation 5 Cell Imaging). Lipid accumulation was
assessed using ImageJ software.

2.12.6. Real time-quantitative polymerase chain reaction (RT-gPCR)

Samples were analyzed at day 3 for the in vivo experiments. In vitro,
adipogenic differentiation was evaluated by measuring peroxisome
proliferator-activated receptor y (PPARy) at day 14. Cells cultivated in
regular media for 14 days were also analyzed for expression of the
neural-glial antigen 2 (NG2), Nestin, interleukin-lo (IL-1a), and
interleukin-1 receptor antagonist (IL-IRA) genes. cDNA was produced
from 2500 ng of total RNA (SuperScript VILO IV Master Mix, Thermo-
Fisher Scientific).

Table 1 lists the quantified primer sequences. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the endogenous con-
trol. The 2"22CT method was used to calculate gene expression. In mouse
experiments, intact diabetic skin served as the reference sample (1-fold).
Cells cultivated in regular media and not irradiated were the reference
sample for the in vitro assays.

2.13. Statistical analysis

Statistical significance between groups was analyzed after data
normalization and further assessed using an unpaired Student's t-test
with Welch's correction in GraphPad Prism (GraphPad Prism Version
9.0c for Mac, GraphPad Software, La Jolla, California, USA). Multiple
comparisons, where applicable, were performed using Analysis of
Variance (ANOVA) followed by the Bonferroni post hoc. Data are pre-
sented as mean + standard error of the mean (SEM). The confidence
level was set at 5%.

3. Results
3.1. Glycemic bioassays confirmed DM status
Fig. 1 shows no change in body weight, increased blood glucose (p <

0.0001), and higher fructosamine levels after DM induction (p < 0.01)
(Fig. la-c). GLUT1 - a glucose transporter regulated by insulin - was

Table 1
Primer sequences used for RT-qPCR analysis.
Gene Primers
Nestin Forward: 5°-TGGCTACATACAGGACTCTGC-3’
Reverse: 5’-AAGGATGTTGGGCTGAGGAC-3’
NG2 Forward: 5’-CTGTTCTCACACAGAGGAGCC-3’

Reverse: 5’-TGGACAGACGGTCAACTTCC-3’

IL-1IRA Forward: 5’-AACCAGTCATTGCTGGTACTTA-3’
Reverse: 5’-GCCCAAGAACACACTATGAAGGTC-3’
IL-1a Forward: 5’-ACGTCAAGCAACGGGAAGAT-3’
Reverse: 5’-AAGGTGCTGATCTGGGTTGG-3’
GFAP Forward: 5’-CTAACGACTATCGCCGCCAA-3’
Reverse: 5’-CTCTAGGGACTCGTTCGTGC-3’
ITGA3 Forward: 5’~-AGGCCTCGCTCAGCTTAATG-3’
Reverse: 5'-GCAGTTTTCATGGCAGCCTC-3’
NFkB Forward: 5’-CCACTGTCAACAGATGGCCC-3’
Reverse: 5’-AGCGGAATCGAAATCCCCTC-3’
TNF-a Forward: 5’-GATCGGTCCCCAAAGGGATG-3’
Reverse: 5'-TGAGGGTCTGGGCCATAGAA-3’
PPARy Forward: 5’-GTCACACTCTGACAGGAGCC-3’
Reverse: 5’ -CACCGCTTCTTTCAAATCTTGT-3’
GLUT1 Forward: 5’-GGATCCCAGCAGCAAGAAGGT-3’
Reverse: 5’-CGAACTGCAGTGATCCGAGC-3’
GAPDH Forward: 5’-ACGGCCGCATCTTCTTGTGCA-3

Reverse: 5’-CGCCAAATCCGTTCACACCGA-3’

NG2 = Neural/glial antigen 2; IL-1RA = Interleukin 1 receptor antagonist; IL-1x
= Interleukin 1 o; GFAP = glial fibrillary acidic protein; ITGA3 = Integrin alpha
3; NF-kB = Nuclear Factor Kappa B; TNF = Tumoral Necrosis Factor; PPARy =
Peroxisome proliferator-activated receptor y; GLUT1 = insulin-stimulated
glucose transporter 1; GAPDH = Glyceraldehyde-3-phosphate dehydrogenase.
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significantly reduced in the diabetic group compared to the healthy one
(p < 0.0001) (Fig. 1d). When evaluating the sham and PBMT-treated
wounds, GLUT1 expression remained statistically similar between
groups (Fig. 1d).

3.2. PBMT enhances wound size reduction

Macroscopic analysis showed that the remaining wound area was
significantly reduced in the groups treated with PBMT compared to the
control at all experimental times (Fig. le-g) (p < 0.05). Routine histo-
logical analysis indicated less inflammatory response in the PBMT-
treated group. Masson's trichrome also revealed greater collagen depo-
sition compared to the control (Fig. 1h and i).

3.3. PBMT promotes an influx of NG2 " nestin~, NG2™ Nestin™ and
NG2*nestin™ cells at the wound bed

Fig. 2 shows bright-field and epifluorescent images of PBMT-treated
wounds and sham wounds at 24 h, 3 days, and 7 days after the pro-
cedure. At 24 h, there were no noticeable differences between the groups
(Fig. 2a). However, at 3 days post-procedure, NG2'Nestin
NG2 Nestin®, and NG2"Nestin® cells appeared in the wound bed,
especially at the wound edges (Fig. 2b). The number of NG2*Nestin™
cells was significantly higher in the PBMT-treated group compared to
the sham group at day 3 (p < 0.05) (Fig. 3a), but there was no significant

a) Sham

0
—
=
o
K =
<
N

Journal of Photochemistry & Photobiology, B: Biology 278 (2026) 113427

difference at day 7 (p > 0.05) (Fig. 3b).

At 7 days, more NG2 " Nestin~ and NG2 Nestin™ cells appeared at the
wound bed and margins of PBMT-treated wounds compared to the sham
ones (p < 0.05) (Fig. 4a).

3.4. Pro-resolutive signals are activated in PBMT-treated groups without
changes in the in vivo pro-inflammatory scenario

The gene expression profile at day 3 (Fig. 4b-i) showed that Nestin
mRNA levels were higher following PBMT compared to the control,
although not statistically significant (p > 0.05). Additionally, NG2 and
GFAP, a glial cell marker, mRNA were upregulated (p < 0.05 and p <
0.01, respectively), as well as IL1IRA, a key molecule for reducing IL-1
expression (p < 0.05). Levels of IL-1a, TNF, and NF-kB were similar
between sham and PBMT-treated wounds.

3.5. Blood perfusion was similarly stimulated by PBMT and sham
treatments, but a larger blood vessel lumen area was observed after
irradiation

Fig. 5 displays the distribution of pericyte-covered blood vessels in
sham or PBMT-treated wounds (Fig. 5a). Doppler analysis showed that
neither treatment differed from the other, but both increased blood flow
within the wounds compared to intact skin at day 3 (p < 0.05) (Fig. 5b).
Notably, when compared to intact skin, the perfusion difference was

PBMT

Fig. 2. Representative bright-field and epifluorescent images of the wound edges showing endogenous fluorescence for NG2" (marked in red) and Nestin™ (marked
in green) at 24 h (a), day 3 (b) and 7 (c) in the sham and PBMT-treated (5 J/em?) samples. Blood vesssels structures covered by pericytes are also stained in red.
PBMT = photobiomodulation therapy. Magnification bar = 200 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 3. Representative epifluorescent images of the wound edges showing
NG2"Nestin™ cells marked in yellow (arrows) at 3 days (a) and 7 days (b) in the
sham and PBMT-treated (5 J/cm?) samples. Bar graphs display the in vivo
quantification of NG2"Nestin™ cells at 3 days (a) and 7 days (b) in both the
sham and PBMT-treated (5 J/cm?) groups. PBMT = photobiomodulation ther-
apy. NS = not significant. Magnification bar = 200 pm. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

greater with PBMT treatment than with sham (Fig. 5b). By day 6, there
were no differences between groups or when compared to the intact skin
(p > 0.05) (Fig. 5b).

A morphological analysis of the lumen area of pericyte-covered
blood vessels was performed on the sham and PBMT-treated samples
(Fig. 5¢). On day 3, there was no significant difference between the
groups. However, on day 7, the lumen area was larger in PBMT-treated
wounds (p < 0.05) (Fig. 5¢).

The assessment of ET-1 expression, a potent endogenous vasocon-
strictor, showed no difference between groups, although there was a
numerical reduction in ET-1 expression in PBMT-treated wounds (p >
0.05) (Fig. 6). (See Fig. 7.)

3.6. PBMT promoted binary effects in vitro

The DM status in vitro was confirmed by lower GLUT1 expression in
diabetic cells compared to healthy cells (p < 0.001) (Fig. 4a). PBMT
significantly increased GLUT1 expression in healthy samples (p < 0.01).
In contrast, no statistical difference was observed in diabetic cells
(Fig. 4a). CFU-F showed no difference between PBMT-treated and sham
groups (Fig. 4b). Cell viability decreased at 24 and 72 h after PBMT but
increased at 48 h (p < 0.05). At 7 days, there was no statistical difference
in cell viability between groups (Fig. 4c). The cell scratch bioassay
showed increased cell migration following PBMT at 12 h but a signifi-
cant reduction at 24 h (p < 0.001) (Fig. 4d and e). At 48 h, no difference
in the remaining wound area was observed between the PBMT-treated
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and sham groups, with all groups showing complete wound closure
(Fig. 4d).

Under induction, adipogenic cell differentiation was stimulated by
PBMT, leading to increased expression of PPARy mRNA and lipid droplet
content (p < 0.05) (Fig. 4f). After 2 weeks of cell culture, NG2 and Nestin
genes were significantly upregulated following PBMT (p < 0.05). IL1a
was also markedly upregulated, while ILIRA was downregulated in the
PBMT-treated groups (p < 0.05).

4. Discussion

In diabetes, microvascular complications are marked early by peri-
cyte loss [10]. Dysfunctional pericytes contribute to disease progression
by promoting vasoconstriction and thickening of the basement mem-
brane through excessive deposition of fibronectin and collagen, ulti-
mately causing tissue ischaemia [10,29]. Our findings suggest that
PBMT may enhance the lumen of pericyte-covered vessels and improve
the flow of perivascular cells in diabetic wound beds, potentially
restoring pericyte coverage during wound healing. An increase in neural
progenitors at the injury site was also observed. Notably, PBMT signif-
icantly increased IL-1 receptor antagonist (IL-1RA) expression in vivo,
despite promoted only modest changes in the overall inflammatory
scenario. An increase in adipogenic differentiation and NG2/Nestin
expression in vitro was also induced by light.

The cooperation between pericytes and endothelial cells is crucial in
both the formation and long-term stability of the vasculature [30].
Diabetes is associated with vascular complications characterized by
disrupted pericyte-EC communication, leading to pericyte loss and
abnormal endothelial cell behavior [10]. In our study, PBMT promoted a
significant influx of NG2+ cells, including double NG2*Nestin" peri-
vascular cells at day 3, which are considered less lineage-committed
cellular components [13]. Both in vivo and in vitro, NG2 expression
was upregulated in PBMT-treated samples. Aligning with our findings,
previous studies have reported that PBMT can mobilize perivascular
cells to sites of injury, thereby supporting faster and more coordinated
tissue repair in healthy subjects [13,31-33].

Notably, morphometric analysis showed that PBMT not only
enhanced pericyte recruitment but also increased the luminal areas of
pericyte-covered vessels at day 7. These structural improvements sug-
gest a move toward a more mature and stable microvascular network,
even though significant changes in total perfusion (Doppler analysis)
were not observed at this time. To support these findings, we also
examined endothelin-1 (ET-1), a potent vasoconstrictor often elevated
in the diabetic microvasculature, which hampers perfusion and delays
healing [34]. The trend toward ET-1 downregulation may indicate that
PBMT helps reduce the vasospastic state in diabetic wounds, even if full
hemodynamic recovery, as measured by Doppler, takes longer to
become apparent. A previous study corroborates our findings showing
that PBMT reduces smooth muscle cell reactivity in arteries, and this
phenomenon is accompanied by decreased ET-1 expression [35].
Further studies are necessary to investigate the microvascular functional
integrity of PBMT in this Type 1 diabetic model.

Glial cells provide structural support and regulate nerve regeneration
and tissue homeostasis [36]. During wound healing, Schwann cells may
co-locate with pro-resolutive M2 macrophages [37]. In diabetic mice,
Schwann and glial cells exhibit an impaired ability to quickly initiate
repair processes following skin wound injury, demonstrating limitations
in cell dedifferentiation, cell-cycle re-entry, and cell migration [38,39].
Here, neural progenitor cells (NG2 Nestin™) and Nestin mRNA levels
increased at the injury site. We also observed significant upregulation of
glial fibrillary acidic protein (GFAP) in vivo in PBMT-treated wounds.
Glial cells in peripheral nerve tissues are mainly activated and play a key
role in promoting wound repair [27]. A study on diabetic neuropathic
ulcers in rodents showed that PBMT (at 4, 6, and 8 J/cm?) improved
wound oxidative balance by modulating antioxidant and reactive oxy-
gen species levels [40]. Other reports have also highlighted the positive
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(g), IL-1RA = interleukin 1 receptor antagonist (h), and IL-1a = interleukin 1 alpha (i). PBMT = photobiomodulation therapy. NS = not significant. Magnification bar
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role of PBMT on glial cells and nerve regeneration [41,42]. Future TNF cascades. [1]. A study analyzing IL-1p, IL-6, and TNF, reported that

research into the spatial and temporal roles of glial cells in PBMT-treated pro-inflammatory cytokines were significantly reduced following PBMT
diabetic individuals, especially regarding protective glial responses, is in diabetic animals. RAGE analysis did not show any differences among
warranted. groups, whereas NF-kB p65 showed higher concentrations in STZ sam-

In vivo, we observed that NF-xB and TNF mRNA levels were com- ples than in STZ + PBMT samples [43]. Conversely, another study re-

parable between PBMT-treated and non-irradiated samples at day 3. In ported upregulation of NF-kB, TNF, MMP, and S100a8 in PBMT-treated
fact, NF-xB represents the prototypical pathway that drives pro- skin wound samples (800 nm; 20, 40, and 60 J/em?) [44]. Despite an
inflammatory signaling and its activation is primarily triggered by initially inflammatory state induced by PBMT, irradiated samples
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quantification by area. PBMT = photobiomodulation therapy. NS = not sig-
nificant. Asterisks indicate structures suggestive of vessels. Magnification bar
= 200 pm.

showed increased dermal expression of type I and III procollagen at day
30. Accordingly, the literature reports conflicting findings on NF-xkB
signaling pathway activation following PBMT [12,45,46], corroborating
the notion that PBMT-generated ROS can be tightly regulated. This
might indicate that, despite PBMT promoting modest changes in the
overall inflammatory microenvironment, accelerated wound healing
was still observed.

In our study, diabetic cells showed reduced viability and limited
migration in response to PBMT at specific time points, unlike a previous
study that used 5 J/cm? [47]. Considering IL-1a and IL-1RA expression,
we observed that an inflammatory profile persisted even after 14 days in
culture. In vivo, PBMT did not alter the expression of IL-1a or integrin-
related genes. However, IL-1RA was upregulated considerably following
photobiomodulation. IL-1RA is known to dampen IL-1a and IL-1p ac-
tivity, contributing to inflammatory control and regeneration [48]. A
study observed that PBMT reduced gingival inflammation by down-
regulating IL-1p and TNF cytokines, and upregulating IL-1RA, whose
neutralization partially reversed the healing effects of light. Previously,
we also found that PBMT significantly increased IL-1RA expression
during epithelial-mesenchymal crosstalk [49,50]. The divergence be-
tween our in vivo and in vitro findings regarding the IL-1a/IL-1RA ratio
likely reflects the inherent limitations of isolated cell cultures [49]. This
is especially relevant for the inflammatory panel, given its labile
expression during the initial phase of tissue repair and the prolonged cell
culture context, which leads to late-stage cellular stress [51]. These re-
sults underscore that the regenerative effects of PBMT are best captured
within the complex physiological context of the wound bed, where
multi-cellular signaling pathways are intact.

The STZ-induced Type 1 diabetes mouse model was confirmed by
elevated blood sugar and fructosamine levels, along with decreased
expression of insulin-stimulated glucose transporter 1 (GLUT1). How-
ever, we saw progressive wound healing after photobiomodulation.
Although PBMT did not increase GLUT1 levels in vivo or in vitro, dia-
betic cells showed improved adipogenic differentiation and higher
PPARy levels compared to controls. Recently, we found that PBMT
promotes NG2 activation via lipolysis in fat cells during wound healing,
along with increased PPARy expression [31]. The enhanced adipogenic
signature observed in the PBMT group likely represents a regenerative
advantage by expanding the pool of progenitor cells available for tissue
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repair. An earlier in vitro study also showed that PBMT boosts PPARy
activity in insulin-resistant fat cells via the Dok1l/ERK pathway. This
process prevents excessive lipolysis, reducing circulating free fatty acids,
and suggests that PBMT could be a useful treatment for lipid metabolism
issues in insulin resistance [52].

The choice of 660 nm (red spectrum) over near-infrared (NIR, e.g.,
808 nm) is justified by its optimal absorption by cytochrome c oxidase in
superficial injuries [53]. Unlike NIR, which has greater tissue penetra-
tion for deep structures (muscle/bone), 660 nm is the primary indication
for cutaneous wound healing, where the target cells, such as keratino-
cytes, fibroblasts, and the superficial NG2* pericytes investigated here,
are located within the first few millimeters of the tissue [32,54]. The
selection of the 660 nm wavelength and the specific irradiation protocol
was based on extensive evidence from our research group, which has
successfully utilized these parameters for superficial tissue repair and
inflammatory modulation, including on perivascular and neural com-
ponents of the skin [13,31,32,49,50].

Our study limitations include using the same animal in both the
control and test groups, which was necessary due to the rarity of the
transgenic mouse model. While some literature suggests potential sys-
temic anti-inflammatory effects of PBMT [55], the significant differ-
ences we observed in pericyte recruitment and luminal area between the
treated and untreated sides within the same animal indicate that the
primary regenerative effects were locally driven. Additionally, although
we included both male and female mice to ensure biological represen-
tativeness, the sample size was powered to evaluate a primary effect of a
pericyte marker rather than to detect subtle sex-dependent differences in
healing kinetics; these nuances remain a factor for future large-scale
investigations.

5. Conclusion

Our data support increased pericyte-covered vessel lumen and
increased pericyte flow during wound repair following PBMT. Neural
cellular components were also increased at the injury site. The pro-
resolving cytokine IL-1RA was significantly upregulated, while pro-
inflammatory markers remained essentially unchanged. These findings
suggest that PBMT may enhance wound healing by promoting
resolution-oriented pathways, even in the presence of persistent chronic
inflammation within the diabetic wound microenvironment.
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