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Abstract

Intrauterine adhesion (IUA), a major cause of uterine infertility, is pathologically
characterized by endometrial fibrosis. Current treatments for IUA have poor ef-
ficacy with high recurrence rate, and restoring uterine functions is difficult. We
aimed to determine the therapeutic efficacy of photobiomodulation (PBM) ther-
apy on IUA and elucidate its underlying mechanisms. A rat IUA model was es-
tablished via mechanical injury, and PBM was applied intrauterinely. The uterine
structure and function were evaluated using ultrasonography, histology, and fer-
tility tests. PBM therapy induced a thicker, more intact, and less fibrotic endome-
trium. PBM also partly recovered endometrial receptivity and fertility in TUA rats.
A cellular fibrosis model was then established with human endometrial stromal
cells (ESCs) cultured in the presence of TGF-p1. PBM alleviated TGF-p1-induced
fibrosis and triggered cCAMP/PKA/CREB signaling in ESCs. Pretreatment with
the inhibitors targeting this pathway weakened PBM's protective efficacy in the
IUA rats and ESCs. Therefore, we conclude that PBM improved endometrial fi-
brosis and fertility via activating cAMP/PKA/CREB signaling in IUA uterus. This
study sheds more lights on the efficacy of PBM as a potential treatment for IUA.
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INTRODUCTION fibrosis, mainly resulting from endometrial injury or in-
fection." TUA is the most common cause of secondary
Intrauterine adhesion (IUA), or Asherman's syndrome, infertility in females and can lead to other problems in

has the pathological characterization of a completely or the reproductive system, such as hypomenorrhea, amen-
partially blocked uterine cavity caused by endometrial orrhea, and recurrent abortion." Therefore, uterine cavity
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reconstruction and uterine function restoration are prior-
itized when treating IUA. To date, the most widely used
intervention for TUA is hysteroscopic adhesiolysis com-
bined with various adjuvant therapies."* Although these
treatments can temporarily restore the morphology of
the uterus to varying degrees, the poor efficacy and high
recurrence rate of IUA persist.” Hence, efficient comple-
mentary interventions for IUA are urgently required.

Photobiomodulation (PBM) therapy uses near-infrared
or red lasers at non-thermal irradiance (output power
lower than 500 mW) to regulate biological activity without
heating the tissue.* PBM has been widely used to facili-
tate wound healing, alleviate inflammation, and reduce
pain.””’ The potential anti-fibrotic effects of PBM at vari-
ous wavelengths on diverse cells and tissues have been re-
ported.®® Furthermore, the few studies focusing on female
reproductive diseases have suggested that PBM increased
endometrial cell proliferation and the expression of endo-
metrial receptivity genes in vitro.'®!! Thus, PBM seems to
have great potential for reducing fibrosis and promoting
endometrial regeneration. However, whether PBM atten-
uates endometrial fibrosis and impaired fertility caused by
IUA remains unclear.

In the present study, we established a rat ITUA model
and evaluated the therapeutic efficacy of PBM at 632nm
on uterine morphology and function. Moreover, we inves-
tigated the underlying mechanisms by utilizing a cellular
fibrosis model established by culturing endometrial stro-
mal cells (ESCs) in the presence of TGF-p1 with a specific
focus on the signaling cascades stimulated by PBM.

MATERIALS AND METHODS
Animals and TUA model

Forty-five 7-week-old Sprague-Dawley rats (40 female,
5 male) were provided by Shanghai Laboratory Animal
Center, Chinese Academy of Sciences. All experiments
were approved by the Animal Care and Experiment
Committee of Shanghai Jiao Tong University School of
Medicine (approval number: SH9H-2020-A741-1).

After acclimatization for a week, the rats were subjected
to mechanical injury for IUA model establishment, as de-
scribed by a previous study.'? Briefly, 30 female rats were
subjected to anesthesia via intraperitoneal injection with
3% sodium pentobarbital (1 mL/kg). Afterwards, the mid-
line of the abdomen was incised longitudinally for 5cm
using ophthalmic scissors. The right uterus was exposed,
and an incision of 2mm was generated in the uterus 5mm
close to the ovary. A 16-gauge needle was inserted into the
uterus, passed through this incision, and scratched the

endometrium to make the wall of uterus pale and rough
(5-7 passes/direction, 3 directions). The left uterus was
not scratched as a control group. Nine days (two estrous
cycles) after uterus damage, the animals were randomized
into two groups (15 rats per group). For the IUA + PBM
group, PBM treatment was applied on the right uterus of
the rats, while the rats in the IUA group were not treated.
For histological analysis, uterine tissues were obtained
from 10 sacrificed rats 9 days after treatment. The remain-
ing 20 rats were used in the mating test. Figure 1A illus-
trates the study design.

For the mechanism elucidation experiment, IUA was
established on the bilateral uteri of 10 rats. The IUA rats
were then intraperitoneally injected with PBS or SQ22536
(10pg/day, n=5) for continuous 7days. The right uteri
were treated with PBM, and 9days later, mating test was
performed.

PBM therapy

A 40-mW laser device generating 632-nm lights (MY-
LAO001; Shanghai Well Medical Technology Co., Ltd)
was utilized for PBM (Table 1). The irradiance was
measured at the target surface by a power meter (Ophir).
A laser fiber with a diameter of 1.7 mm and a length of
2cm was used for the in vivo study. For emission, the
fiber was placed inside the uterine cavity of rats for
10min (Figure 1B). An energy fluence of 5.29J/cm?® in
the continuous mode was applied to the uterus in the
IUA + PBM group. The uteri of the ITUA group under-
went the same surgical procedure but without laser ir-
radiation. For the cell experiments, we customized the
spot size of the laser to make sure that the entire surface
area of the 3.5-cm culture dish was exposed to the laser
with a dose of 1.5J/cm?.

Mating test

Nine days after the treatment, a mating test was per-
formed between the female TUA and healthy male rats
under a ratio of 2:1 for 4days. After another 14 days, the
female rats were sacrificed, and the number of embryos
was recorded.

For endometrial receptivity analysis, the IUA rats
were mated with male rats overnight. The morning when
sperms were seen on vaginal smear was considered em-
bryonic day 0.5 (E 0.5). At E 4.5, the implantation sites
were visualized through intravenous injection of Trypan
Blue solution (MedChemExpress)."* The uteri were then
collected for histological analysis.
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FIGURE 1 Schema of photobiomodulation (PBM) therapy as an intrauterine intervention for the treatment of intrauterine adhesion
(IUA). (A) The design of the in vivo study. (B) Insertion of the fiber into the uterus and laser emission.

TABLE 1 Irradiance parameters for photobiomodulation
therapy.
In vivo In vitro

Wavelength (nm) 632 632
Operating mode CwW Cw
Output power (mW) 40 40
Sessions 1 1
Distance to tissue/cells (cm) 0.1 8
Spot size at target (cm?) 4.54 8
Irradiance (mW/cm?) 8.81 4.99
Exposure duration (min) 10 5
Energy density (J/cm?) 5.29 1.50
Total radiant energy (J) 24 12

Abbreviation: CW, continuous wave.

Ultrasound examination

Rats were anesthetized and placed in the prone position
after preparation of the dorsal skin 9 days after treatment.
Ultrasound examination (Philips) was conducted by a
trained sonographer to evaluate uterine health.

Histological staining

Uteri were subjected to fixation, dehydration and paraf-
fin embedding. Afterwards, 5-pm-thick sections were
prepared and stained with hematoxylin-eosin (HE) and
Masson for morphological assessment. Endometrial
thickness was calculated as the ratio of endometrial area
to the circumference at the junction of endometrium
and myometrium.14 For Masson staining, the percent-
age of blue-stained areas of collagen fibers was meas-
ured. For immunohistochemistry (IHC) staining, the
slides were incubated with anti-collagenl, anti-CK18, or
anti-Ki67 antibodies (Abcam), and then with horserad-
ish peroxidase-labeled secondary antibodies (Beyotime).
The intensity of staining was classified as 0 (negative), 1
(weak), 2 (intermediate), or 3 (strong).15 The slides were
finally photographed with a light microscope (Nikon). All
quantitative measurements were performed using ImageJ
(National Institutes of Health).

Culturing and treatment of cells

Human ESCs were purchased from ATCC (KC02-44D,
ATCC SC-6000). DMEM containing 10% fetal bovine
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serum, 10mM HEPES, 100U/mL penicillin, 100 pg/mL
streptomycin, and 2 pg/mL blasticidine was used to main-
tain the growth of ESCs at 37°C. The cells were passaged
at 80%-90% confluence.

To induce fibrosis, cells were cultured for 24h in
the presence of TGF-B1 at concentrations of 0, 5, 10, or
20ng/mL. Afterwards, mRNA and protein levels of FNI1,
COL1, and a-SMA were measured. To explore the effect
of PBM on cellular fibrosis, the ESCs were plated in 3.5-
cm dishes and irradiated after the treatment of TGF-f1, as
described by previous studies.®'® Twenty-four hours later,
total mRNA and protein were extracted for further eval-
uation. To explore whether the cAMP signaling pathway
is involved in the response to PBM, the cells were incu-
bated with adenylyl cyclase inhibitor SQ22536 (10 M),
PKA inhibitor H-89 (10uM), or CREB inhibitor KG501
(25pM) (MedChemExpress) for 1h before TGF-p1 and
PBM treatment.

RNA extraction and quantitative PCR

Total RNA was extracted using a extraction reagent
(EZBioscience), and the concentration was measured
using a NanoDrop spectrophotometer (ThermoScientific).
Another kit form EZBioscience was utilized for reverse
transcription of the isolated total RNA and qPCR was car-
ried out with a qPCR kit from the same vendor based on
the fluorescence dye SYBR Green. The following primers
were synthesized by Shanghai Sangon Biotech: GAPDH
sense 5-CTCCTCTGACTTCAACAGCG-3’ and anti-sense
5'-TTCGTTGTCATACCAGGAAATGAG-3’; FN1 sense
5'-ATTCATGGGAGAAGTATGTGCATG-3’ and anti-
sense 5-AGGACCACTTGAGCTTGGATAG-3’; COL1A1
sense 5-AGCCAGCAGATCGAGAACAT-3' and anti-
sense 5-GGTCAATCCAGTACTCTCCACT-3'. a-SMA
sense 5-TCAGGGGGCACCACTATGT-3' and anti-sense
5'-CGGAGGGGCAATGATCTTGAT-3'; PKA sense 5'-AC
CTCCTGCAGGTAGATCTCA-3" and anti-sense 5'-AT
GAAGGGAGCTTCCACCTTC-3’; CREB sense 5'-CAAGG
AGGCCTTCCTACAGG-3’ and anti-sense 5'-CCGTTACA
GTGGTGATGGCA-3'".

Western blotting

Whole cell lysates of ESCs were prepared with RIPA lysis
buffer added with inhibitors against phosphatase and
protease (Beyotime), and determined for protein con-
centration via the BCA method. SDS-PAGE was then
implemented to separate the proteins, which were then
electrotransferred onto PVDF membranes (Millipore).
The membranes were incubated at room temperature

(RT) in 5% non-fat milk, washed, and subjected to over-
night incubation in primary antibodies. Then the mem-
branes were washed and subjected to incubation in
secondary antibodies labeled with horseradish peroxidase
for 60min. Protein bands were visualized using chemi-
luminescence kits (ThermoScientific) by the Biolmaging
System (Bio-Rad).

Immunofluorescence and phalloidin staining

Endometrial stromal cells were incubated for 15min
in 4% paraformaldehyde, washed thrice (5min each) by
0.01% Triton X-100, immersed for 1h in 1% bovine serum
albumin (BSA), and subjected to overnight incubation
at 4°C in a diluted anti-a-SMA antibody (Cell Signaling
Technology). Then the cells were rinsed and labeled by
fluorescein (FITC)-conjugated secondary antibodies and
phalloidin conjugated with Alexa Fluor 594 (Beyotime) at
RT for 40 min. DAPI (ThermoScientific) was used to visu-
alize the nucleus. Cells were photographed under a Carl
Zeiss confocal microscope.

Cellular cAMP content measurement

Cellular cAMP content was detected by enzyme-linked
immunosorbent assay (ELISA). The cells were collected,
lysed, and the lysate was centrifuged to remove debris.
The supernatant was processed according to the manu-
facturer's instructions (GenScript) and analyzed using an
Infinite M200pro spectrophotometer (Tecan).

Statistical analysis

The statistical results are displayed as mean +standard
deviation (SD). One-way analysis of variance (ANOVA)
with post-hoc tests was performed in SPSS software (IBM)
to analyze differences among groups, with p <0.05 repre-
senting statistical significance. All graphs were processed
with GraphPad Prism (GraphPad Software) or Adobe
Illustrator CC software (Adobe).

RESULTS

PBM improves uterine morphology in IUA
rats

A rat IJUA model was established through mechanical
injury and treated with or without PBM to explore the
effect of PBM on uterine morphology. Two-dimensional
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ultrasound exhibited continuous, uniform endometrial
line centered in the uterine cavity for rats in the con-
trol group (Figure 2A). The echo of endometrium was
undetectable in most areas of the uterus for rats in the

IUA group, and the visible part was obscure and not in
the middle of the cavity. After PBM treatment, the echo-
genic signal of the endometrium partially recovered, with
improved intensity and continuity. In addition, gross
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FIGURE 2 Photobiomodulation (PBM) ameliorates uterine morphology in intrauterine adhesion (IUA) rats. (A) Ultrasound

examination of the uterus at 9 days after treatment. Dotted lines indicate the uterine cavity. Arrows indicate the endometrial line. Scale
bars=2mm. (B, C) Gross images of uteri at 9 days after treatment. (D) Histological staining of uteri at 9 days after treatment. Scale

bars=100 pm. *p <0.05.
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observation revealed that the IUA uterus had obvious uter-
ine edema with hydrometra and slight stenosis compared
to the control group (Figure 2B). With PBM treatment, the
general condition of the IUA uterus was partially restored,
with mild hyperemia and no obvious stenosis or atrophy
(Figure 2C). Furthermore, we evaluated the microstruc-
ture of the IUA uterus using histological analysis 9days
after treatment (Figure 2D). HE sections of endometrium
in the control group had a single columnar epithelium
layer and dispersed glands in the basal layer and submu-
cosa, revealing normal endometrium morphology. The
endometrium of IUA rats was significantly thinner com-
pared with that of control rats (370460 vs. 443 +51 pm;
p<0.05). This reduction was partially restored by PBM
(403+29pm; p>0.05), indicating the endometrium-
regenerating effect of PBM. To evaluate endometrial
fibrosis, Masson staining and IHC for collagen 1 were per-
formed. Collagen deposition was more evident in the TUA
group (39 +9%) than in control (24 +7%) and IUA+ PBM
groups (28 +6%) (p <0.05). Regarding the regeneration of
endometrial epithelial cells (EECs), further IHC for CK18
demonstrated that significantly less CK18-positive EECs
were found in the TUA group compared to the other two
groups (p<0.05). Collectively, the findings indicate that
PBM improves the morphological recovery of the uterus
after uterine injury in vivo.

PBM enhances fertility and endometrial
receptivity in IUA rats

We then determined whether the injured uterus of IUA
rats could accept embryos and support embryo develop-
ment into late gestation after PBM treatment. The rats
were mated, and embryos within the pregnant uteri
were harvested on gestational day 15-18 (Figure 3A,B).
All uteri in the control group were pregnant (100%), and
IUA uteri treated with PBM exhibited a much higher
pregnancy rate (60%) than those without PBM treatment
(20%). Meanwhile, the TUA uteri had significantly fewer
embryos (p <0.05), implying that PBM partially recovered
the reproductive ability of TUA rat uterus.

Endometrial receptivity, which refers to a transient
endometrium maturation period in which the endome-
trium can accept blastocyst attachment and implanta-
tion,'” was further evaluated. It is generally recognized
that IUA causes impaired endometrial receptivity, leading
to implantation failure and poor pregnancy outcomes."®
As shown in Figure 3C, the IUA uterus had fewer im-
plantation sites at E 4.5 than the other groups. Ki67 ex-
pression in the endometrium was also analyzed at E 4.5,
as non-proliferative epithelium at E 4.5 is a hallmark of
endometrial receptivity.'” The increase in the number of

Ki67-positive EECs by IUA was obviously reduced after
PBM (p <0.05) (Figure 3D,E). These data verify that PBM
facilitated the recovery of fertility function of the injured
uterus in vivo.

PBM alleviates TGF-f1-induced ESCs
fibrosis in vitro

To verify our in vivo results, human ESCs were treated
with TGF-B1 to mimic cellular fibrosis in the IUA animal
model. TGF-p1 activated ESCs into myofibroblasts and
induced the expressions of cytoskeleton and extracellular
matrix (ECM) in ESCs with no significant differences be-
tween concentrations (see Figure S1). Finally, 5ng/mL of
TGF-p1 was selected to induce fibrosis in ESCs in subse-
quent experiments.

To determine whether PBM improves TGF-p1-induced
ESCs fibrosis, ESCs were treated with TGF-f1 and imme-
diately received PBM. The increased mRNA and protein
levels of ECM after TGF-p1 treatment were markedly re-
duced by PBM (Figure 4A,B). We further evaluated the ex-
pressions of a-SMA and F-actin via immunofluorescence
and phalloidin staining. After treatment with PBM, the in-
creased fluorescence intensity of a-SMA in TGF-p1-treated
ESCs was reduced (Figure 4C). These results demonstrate
that PBM alleviates TGF-fB1-induced ESCs fibrosis in vitro.

PBM attenuates fibrosis through cAMP/
PKA/CREB signaling pathway

It has been reported that PBM irradiation increases cel-
lular cCAMP levels.*** To determine whether the cAMP
signaling contributed to the fibrosis-preventing ef-
fect of PBM, we first measured cAMP contents in ESCs
using ELISA (Figure 5A). TGF-p1 treatment decreased
cAMP contents, which were reversed by PBM irradiation
(p<0.05). In addition, PBM increased the transcription of
PKA and CREB genes and promoted the phosphorylation
of these two proteins, which are downstream molecules of
cAMP (Figure 5B,C). These data reveal that PBM activates
cAMP/PKA/CREB signaling pathway.

We next assessed the effects of PBM on cells pre-
treated with inhibitors of cAMP/PKA/CREB sig-
naling. After incubation with SQ22536 (an adenylyl
cyclase inhibitor), H-89 (a PKA inhibitor), or KG501
(a CREB inhibitor), the levels of phosphorylated PKA
and CREB declined significantly (Figure 5D,F,H). Most
importantly, the effect of PBM on reducing ECM ex-
pression in TGF-p1-treated ESCs was significantly de-
creased after treatment with cAMP signaling inhibitors
(Figure 5E,G,I). To validate these results in vivo, TUA rats
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FIGURE 3 Photobiomodulation (PBM) enhances fertility and endometrial receptivity in intrauterine adhesion (IUA) rats. (A) Pregnant
outcomes of ITUA rats at gestational day 15-18. (B) Numbers of embryos at gestational day 15-18. *p <0.05. (C) Trypan Blue dye staining of

the uteri at embryonic day 4.5. Arrows indicate the implantation sites. (D) Immunohistochemistry for Ki67 at embryonic day 4.5. Arrows

indicate Ki67-positive endometrial epithelial cells (EECs). Scale bars =50 pm. (E) Numbers of Ki67-positive EECs per uterus at embryonic

day 4.5. *p <0.05.

were intraperitoneally injected with SQ22536 (10pg/
day) before PBM. Pregnancy outcomes analysis showed
that PBM increased the number of embryos reduced
by IUA. However, treatment with the cAMP inhibitor

eliminated the protective effect of PBM (Figure 5J).
Taken together, our findings demonstrate the crucial
role of cAMP/PKA/CREB signaling in the effect of PBM
on IUA in vitro and in vivo.

85UB017 SUOLIWIOD SAIERID 3|ed! dde auy Aq pausecd e Sope YO ‘98N JO S9N 10} AR 17 8UIIUO AB]IA UO (SUONIPUCD-PUR-SLLLBY WD A8 |IW ARe.d] 1)U JUO//SAIY) SUORIPUOD PUe SWwie L 84} 38S *[7202/90/TT] uo Ariqiauluo 1M ‘(eruoiued anbeyiorjqig - NOE) auuesre ap aiseAun A €T8ET dyd/TTTT 0T/10pAL0D A ARIq1feuI|uO//SARY WO pepeojumoq ‘T ‘¥Z0Z ‘L60TTSLT



| 221

ZHENG ET AL.

(A) FN1 COL1A1 a-SMA
5§20 —= S 2. §15 =+
® —k ‘® ®
73 0 0
21 21. [

o o 0.1

x x x

0 ] ]

< 1. < 1. <

4 4 4

4 (4 0.

£ 0. € 0. £
0. 0. 0.

TGF-g1 — + + TGF-g1 — + + TGFg1 — + +
PBM — — + PBM - — + PBM — — +

(B)

FN1 coL1
TGF-g1  — + + _4 _5
[ [
PBM  — - + 2 ’ S
FNT (e 2 2
89 3
cot [T SR == [ 22
1 1
GAPDH " —
0 0
TGF-B1 — + + TGF-p1 — + +
PBM - — + PBM — — +
(%)
TGF-g1 - + +

PBM  — - +

a-SMA

F-actin

Merge

FIGURE 4 Photobiomodulation (PBM) alleviates TGF-f1-
induced endometrial stromal cells (ESCs) fibrosis in vitro. (A) The
mRNA expressions of FN1, COL1A1, and a-SMA in ESCs after
treatment with TGF-p1 and PBM for 24 h. *p <0.05. (B) The protein
expressions of FN1 and COL1 in ESCs after treatment with TGF-p1
and PBM for 24 h. *p <0.05. (C) The a-SMA and F-actin staining

of ESCs after treatment with TGF-B1 and PBM for 24 h. Scale
bars=50pm.

DISCUSSION

This study investigated the therapeutic effect of PBM on
IUA. Our data demonstrated that PBM at 632 nm signifi-
cantly alleviated the endometrial structural aberration
and fertility dysfunction, and attenuated endometrial

fibrosis through the activation of cAMP/PKA/CREB sign-
aling pathway in IUA.

Basal endometrial layer damage caused by intrauter-
ine surgery, such as hysteroscopic surgery or induced
abortion, is the major cause of IUA. It may lead to ab-
normal menstrual bleeding, intrauterine inflammation,
scar tissue formation, and difficulty in preserving fertil-
ity.! Consequently, the primary goal in treating TUA is
to prevent scarring of uterus and rescue the function of
endometrium. Hysteroscopic adhesiolysis combined with
adjuvant therapies, such as IUD placement, balloon place-
ment, and estrogen application, remains the standard
IUA treatment.”>*® Although the resection of adhesions
achieves immediate morphologic recovery of the uter-
ine cavity, the recurrence rate for adhesions is as high as
20%-63%, while the pregnancy rate after hysteroscopic
management is only 52%.%** Adjuvant therapies also pose
health risks due to systemic hormones or implant-related
concerns. Therefore, there is an urgent need to develop
a promising strategy for IUA patients to safely and effec-
tively recover both the morphology and function of their
injured uteri.

Photobiomodulation has been discovered over the last
five decades and has shown the potential in healing wound,
reducing inflammation, and relieving pain by increasing the
expression of anti-inflammatory cytokines, downregulat-
ing pro-inflammatory cytokines expression, and reducing
oxidative stress.””**® As promoting wound healing and
reducing inflammation are key to treating IUA, we specu-
late that PBM may also alleviate TUA through these aspects,
which requires further investigations. Fibrosis represents
the terminal state of dysregulated repairing responses to
injury, infection, inflammation, and immune responses of
tissues.”” The treatments for fibrosis normally involve re-
ducing fibroblast proliferation, suppressing the secretion
of pro-fibrotic cytokines, and reducing collagen synthesis
and deposition.*® According to previous reports, red and
infrared PBM could reduce tissue fibrosis in the lungs, kid-
neys, skin, pulp, muscles, and tendons.”*°-** Besides, PBM
has been reported to alleviate radiation fibrosis syndrome
caused by cancer radiation therapy.®® Consistent with these
reports, our study confirmed that PBM improved endo-
metrial fibrosis in TUA rats in vivo and TGF-B1-induced
ESCs fibrosis in vitro. In addition, re-epithelialization of
the endometrium is essential for its recovery following
pathological injury and scar-free repair after a physiologi-
cal menstrual breakdown in humans.* Our findings herein
indicated that PBM increased the expression of CK18, an
EECs-specific marker, suggesting improved endometrium
integrity. PBM intervention induced a much better out-
come in the TUA uterus, indicating the potential of PBM in
the morphological recovery of injured uteri.
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Fertility restoration is a major concern in TUA treat-
ment.! The application of PBM for infertility has attracted
attention since the early 2000s. A study in 2012 recruited
775 Japanese women with severe infertility after at least
4years of failure with assisted reproductive technol-
ogy (ART).*” After an average of 15 treatments of PBM

FIGURE 5 Photobiomodulation (PBM) attenuates fibrosis
through the cAMP signaling pathway. (A-C) Endometrial stromal
cells (ESCs) were treated with 5ng/mL TGF-p1 with/without
PBM. The cAMP content (A) was measured via ELISA and PKA
and CREB expressions were evaluated by qPCR (B) and WB

(C). *p<0.05. (D-T) ESCs were treated with/without different
cAMP signaling inhibitors and the protein expressions of p-PKA,
p-CREB, FN1, and COL1 were evaluated. (J) Pregnant outcomes
of intrauterine adhesion (IUA) rats at gestational day 15-18.
Pretreatment with SQ22536 eliminated the effect of PBM on the
functional restoration of the injured uterus.

at 830nm, with or without ART, 22.2% of these patients
became pregnant, and 11.6% achieved successful live de-
livery. Faham'® employed PBM to explore its impacts on
EECs and the underlying mechanisms and proved that
PBM at 635nm increased EECs proliferation and upreg-
ulated the expression of receptivity genes (ITGAV, ITGB3,
MUC1, and LIF). The effects of PBM on EECs were also
confirmed by Gebril in 2021. The pregnancy outcome
is the gold standard for verifying endometrial function
recovery.”® In our study, we observed that the pregnancy
rate in IUA rats was remarkably higher after PBM. Using
Trypan Blue staining and IHC for Ki67, early implantation
sites and the proliferation of the endometrium on E 4.5
were analyzed, which reflected the endometrial receptiv-
ity. Our data reflected a higher embryonic implantation
rate of the TUA+PBM group relative to the IUA group,
which can be attributed to the restored endometrial func-
tion, suggesting the PBM-induced amelioration of recep-
tivity in the injured uterus. Taken together, we believe that
PBM can be used to treat IUA and facilitate the recovery of
uterine reproductive function.

The mechanism underlying endometrial reconstruc-
tion remains unclear. By targeting chromophores with
different wavelengths and parameters of laser, PBM
can induce photochemical and photobiological effects
in treating various diseases without causing thermal
injury.“’38 cAMP is an important secondary messenger
produced from ATP by adenylyl cyclase (AC).>’ cAMP
has been shown to exert a crucial function in regulating
cellular processes and signaling pathways. In particu-
lar, the cAMP/PKA/CREB pathway has been implicated
with several organ fibrotic diseases, and cAMP-elevating
agents have been used to treat fibrosis.**™** Upon absorp-
tion by cytochrome C oxidase (CCO) located on the mito-
chondrial respiration chain complex IV, PBM stimulates
the photodissociation of the inhibitory nitric oxide (NO)
from CCO, generating a proton electrochemical gradi-
ent, which results in elevated levels of intracellular ATP
and cAMP.** In this study, ELISA and western blotting
showed that PBM increased levels of intracellular cAMP
and phosphorylated PKA and CREB. Moreover, treat-
ment with inhibitors targeting the cAMP/PKA/CREB
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pathway decreased the anti-fibrotic effects of PBM in
vitro and the pro-reproductive effects in vivo. Notably,
although the off-target effects of SQ22536 when applied
in vivo were not founded in our study as well as several
other researches,*™ the exact tissue distribution and
pharmacokinetics of SQ22536 have not been elucidated
and need to be studied in the future.*® Our study is the
first to prove that PBM alleviates IUA via triggering the
cAMP/PKA/CREB signaling pathway; however, this
should be further investigated in detail in the future.

In conclusion, our study clarified the effectiveness of
PBM at 632nm for restoring endometrial morphology,
receptivity, and fertility in IUA. Moreover, cAMP/PKA/
CREB signaling pathway activation is critical for the effect
of PBM in reducing endometrial fibrosis and restoring re-
productive function both in vitro and in vivo. To our knowl-
edge, our work is the first to demonstrate the pivotal role of
PBM in repairing the injured endometrium and improving
the pregnancy rate in IUA rats. Therefore, PBM may be a
potential strategy for treating IUA and possibly other infer-
tility conditions. PBM is a safe, non-invasive treatment mo-
dality that can be clinically applied intrauterine through
hysteroscopy in the future for convenience and safety.
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