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Abstract
Low-level laser therapy (LLLT) is known for its ability to induce a photochemical process, primarily targeting mitochondria, 
a process referred to as photobiomodulation (PBM). Recently, its use has been attributed as an adjunct in obesity treatment, 
to stimulate lipolysis and apoptosis. However, the pathway of stimulation remains uncertain. Thus, the objective of this study 
was to understand whether mitochondrial stimulation occurs in adipose tissue cells after PBM therapy, which could lead 
to the processes of lipolysis and apoptosis. A non-randomized clinical trial was conducted using a split abdomen design in 
obese women who received red and infrared LED photobiomodulation therapy (PBMT). The patients underwent bariatric 
surgery, and adipose tissue samples were collected for immunohistochemical analysis with primary mitochondrial antibodies. 
Adipose tissue samples subjected to LED intervention exhibited positivity in mitochondrial antibodies for cAMP, DRP1, 
FAS, FIS1, MFN2, and OPA1 (p<0.001) compared to the control group. In conclusion, we observed that PBMT was capable 
of generating mitochondrial stimulation in adipose tissue cells, as evidenced by the positive antibody signals. This finding 
suggests that mitochondrial stimulation could be the mechanism and action underlying adipose tissue lipolysis and apoptosis.
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Introduction

Low-level laser therapy (LLLT) is known for its ability to 
induce a cellular-level photochemical process called pho-
tobiomodulation (PBM). For a significant period, it was 

believed that this PBM effect was achievable only through 
sources of low-intensity Laser Emission Stimulated Radia-
tion (LASER), due to the unique properties of lasers such as 
coherence and monochromaticity [1–3].

However, with technological advancements, discover-
ies, and the high efficiency of light-emitting diodes (LEDs) 
pioneered by Dr. Nick Holonyak Jr. and his collaborators, it 
has become evident in recent years that non-coherent LEDs 
perform just as well as lasers, with the additional advantage 
of lower cost [2–4].

This advancement has also led to new indications for 
light therapy, supported by strong scientific evidence of 
its effects on tissue repair and regeneration. This has cul-
minated in the recent hypothesis of correlating its use as 
a potential adjunct in obesity treatment. The purpose is 
to physiologically stimulate lipolysis, followed by apop-
tosis—cellular death in adipocytes. This approach holds 
the potential to reduce risk factors associated with obesity-
related comorbidities and aid in the weight loss process 
[4, 5].

Our previous research has demonstrated the poten-
tial effects of LED-based photobiomodulation therapy 
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(PBMT) on adipose tissue through histological and 
immunohistochemical analyses. It was revealed that 
LED-based PBM could stimulate both apoptosis and 
lipolysis in adipose tissue, as evidenced by increased 
expression of Cleaved Caspase 3 and Caspase 3—mark-
ers present in the apoptosis process—as well as CD68, 
HSL, and adipophilin, markers present in the lipolysis 
process [6–8].

Such evidence has strengthened the hypothesis of utiliz-
ing PBMT as an adjunct treatment for obesity. However, the 
results have unveiled a pathway that remains relatively unex-
plored. Despite the positive effects on adipose tissue lipoly-
sis and apoptosis, the activation pathway for these stimuli 
remains unanswered. It is understood that PBMT triggers 
a photochemical process, primarily targeting mitochondria, 
stimulating the production of adenosine triphosphate (ATP), 
which can boost cellular metabolism and produce physiolog-
ical effects [4, 5, 9].

Hence, the objective of this present study was to compre-
hend whether, after PBMT using light-emitting diodes, there 
is mitochondrial stimulation in adipose tissue cells that may 
lead to the processes of lipolysis and apoptosis, as indicated 
by histological and immunohistochemical analyses from 
previous studies [8].

Methods

Ethical considerations

A non-randomized split abdomen clinical trial was 
conducted by the 1964 Helsinki Declaration and was 
approved by the institutional ethics committee of the 
State University of Campinas (UNICAMP) under proto-
col number 3,286,896 and registration ClinicalTrials ID 
NCT05012514.

Study population

Convenience sampling included women from the preopera-
tive preparation group for bariatric surgery at the Hospital 
de Clínicas da UNICAMP. Participants had Grade II or III 
obesity with indications for bariatric surgery according to 
National Institutes of Health (NIH) criteria, and a body mass 
index (BMI) ≥ 40 kg/m² or BMI ≥35 kg/m² combined with 
comorbidities. Due to the nature of the study, which involved 
laser therapy and the understanding that skin characteristics 
can significantly affect light absorption, a thorough examina-
tion was conducted to identify tattoos, scars, or lesions in the 
treatment area that could interfere with skin light absorption. 

If these conditions were present, the patient was excluded 
from the research [10, 11].

Exclusion criteria were as follows: individuals with skin 
lesions, a history of deep vein thrombosis, metabolic dis-
orders, smoking habits, electronic implant devices such as 
cardiac pacemakers, or those who had lost less than 10% of 
their initial weight. All participants simultaneously belonged 
to both groups, with the left half-abdomen being the interven-
tion group receiving photobiomodulation therapy (PBMT) 
using LED in red and infrared wavelengths, while the right 
half-abdomen served as the control group without any treat-
ment. The abdominal split was based on the linea alba.

Photobiomodulation parameters

The therapy was performed using the Antares® (IBRAMED 
– Amparo - Brazil) in cluster mode, following the param-
eters described in Table 1. Seven treatment sessions were 
administered, twice a week, totaling six sessions before the 
seventh session conducted just before the bariatric surgery. 
This schedule was carefully planned according to the logis-
tics of participant care, also taking into consideration the 
time required for surgical scheduling.

Sample collection

At the beginning of the bariatric surgery procedure, with 
participants under general venous anesthesia and mechani-
cal ventilation, a surgical doctor collected two fragments 
of adipose tissue and skin with an average diameter of 5 
cm from each participant. One sample was taken from the 
intervention site on the left side, and the other, the control, 
was taken from the right side.

Table 1  LED PBMT irradiation parameters

#Per irradiation point. The irradiation points were distributed in a 600 
cm² area on the left side of the abdomen

Parameters Red Near Infrared

Wavelength (nm) 630 850
Spot area (cm²) 80 80
Power (W) 3.9 3.15
Irradiance (W/cm²) 0.034 0.039
Irradiation time (sec) # 123 45
Fluence (J/cm²) 6 4
Number of applied points 4 4
Applied area (cm²) 400 400
Treatment sessions 2× per week 2× per week
Total energy (J) 2.398 292.5
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Immunohistochemical procedure

The blocks are cut using a rotating microtome in sections 
of 3 μm thickness, the size of which is used in histological 
studies. The immunohistochemical reactions were carried 
out following the manufacturer’s protocol and standard-
ized by the anatomopathological analysis laboratory of the 
Hospital de Clínicas da UNICAMP on marked sheets. The 
specifications of the primary mitochondrial antibodies used 
are described in Table 2.

After the immunohistochemical procedure, the tissues 
were analyzed using a DMR® microscope (Leica Microsys-
tems, Wetzlar, Germany) and photographed at a magnifica-
tion of 400×, following established protocols [8]. The quan-
tity of positive cells for the utilized markers was analyzed 
using ImageJ® software (NIH, Bethesda, USA). Based on 
a pixel scale considering the number of positive cells and 
the intensity of staining, scores were created to determine 
antibody immunoreactivity. The final scores were obtained 
through a specific formula, ranging from 0 to 300 points.

Statistical analysis

The data were tabulated and subjected to tests of normal-
ity, showing a normal distribution. The two-tailed Student’s 
t-test was applied to identify differences between the control 
and treated groups, with values of p<0.05 considered statis-
tically significant; for this purpose, the IBM-SPSS Statistics 
20.0 software was used.

Results

Initially, ten volunteers were involved in the study, but two 
were excluded for not adhering to the internal protocol of the 
preoperative program for bariatric surgery at the Hospital de 
Clínicas da UNICAMP. Consequently, only eight partici-
pants completed the treatment and underwent the surgical 
procedure.

The participants had a mean age of 35.0±8.6 years, 
initial weight (kg) of 110±5.2, final weight of 95.2±6.3, 
height (cm²) of 1.63±0.05, initial body mass index (BMI) 

of 41.4±2.2 kg/cm², and final BMI of 35.8±2.1 kg/cm², 
classified as Grade II and III obesity. None of the partici-
pants had associated comorbidities such as diabetes and 
hypertension.

Immunohistochemical analysis

Samples were marked with antibodies related to cellular 
metabolism signaling pathways (cAMP), mitochondrial 
division (DRP1), cellular apoptosis (FIS1, FAS, and OPA), 
and cellular proliferation regulation (Anti-MFN1 and 
Anti-MFN2). The blocks are cut with a rotating microtome 
in 3-μm-thick sections, the size of which is used in histo-
logical studies. Analyses were carried out in 3-μm blocks 
by optical microscopy with a binocular microscope (Nikon 
YS 100, Japan), adapted with a WSCF 10X/18 eyepiece 
and Nikon 4X/0.10 objective lenses (Table 2).

Control group samples showed that adipose tissue 
maintained normal morphology, with consistent size and 
regular distribution of adipocytes. Conversely, adipose 
tissue samples that underwent LED intervention appeared 
disorganized and had higher scores of staining for cel-
lular metabolism activation, indicated by cAMP posi-
tivity, showing a significant difference between groups 
(p<0.05). This result demonstrates a likely alteration 
in the cellular metabolism of adipocytes in the tissue 
(Fig. 1).

Protein DRP1 is essential for proper cellular distribu-
tion of mitochondria and was prominently expressed in the 
LED group, indicating increased mitochondrial division 
compared to the control group with p < 0.05 (Fig. 2).

Samples subjected to LED PBMT intervention exhibit 
higher staining scores for FAS (p < 0.05), FIS1 (p < 0.05), 
and OPA1 (p < 0.001) compared to the control group. 
These results indicate a probable process of apoptosis and 
degeneration of adipocytes in adipose tissue (Fig. 3)

MFN1 did not show significant differences, and MFN2 
exhibited a higher immunopositivity score in the interven-
tion sample compared to the control (p < 0.05), indicating 
cell proliferation regulation (Fig. 4).

Table 2  Primary antibodies 
used

Antibody Signaling Reference Manufacturer Dilution

cAMP Cellular metabolism sc-73761 Santa Cruz Biotechnology, Dallas, TX, USA 1:1000
DPR1 Mitochondrial division sc-271583 Santa Cruz Biotechnology, Dallas, TX, USA 1:1000
Mono FIS1 Cell apoptosis

Cellular metabolism
sc-376447 Santa Cruz Biotechnology, Dallas, TX, USA 1:1000

Mono FAS sc-8009 Santa Cruz Biotechnology, Dallas, TX, USA 1:500
OPA1 Ab-157457 Abcam, Cambridge, MA, USA 1:500
Anti-MFN1 Mitochondrial division sc-50330 Santa Cruz Biotechnology, Dallas, TX, USA 1:1000
Anti-MFN2 sc-50331 Santa Cruz Biotechnology, Dallas, TX, USA 1:1000
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Discussion

PBMT has become a common therapeutic modality in 
cellular photochemical therapy. Although the use of light 
for various treatments emerged with the studies of Ender 
Mester [12], research on its mitochondrial action in adi-
pose tissue cells that could lead to the processes of lipol-
ysis and apoptosis is still limited. Therefore, this study 
investigated possible mechanisms of action of LED PBMT 
using red (630 nm) and infrared (850 nm) wavelengths 
through histological and immunohistochemical analyses.

Mitochondria are responsible for cellular respiration 
and metabolism, playing important roles in oxidative stress 
regulation, calcium metabolism, apoptosis, and signal-
ing pathways [13]. Chromophores within mitochondria, 
especially cytochrome C oxidase (CCO), absorb photon 
energy and participate in light-tissue interaction through 
PBM effects [14]. Adenosine triphosphate (ATP) produc-
tion and cellular oxygen consumption increase, which can 
lead to changes in nitric oxide (NO) levels, activation of 

secondary messenger pathways, activation of transcription 
factors, and production of growth factors [15].

Cell death can occur due to various factors, such as 
depletion of ATP reserves within the cell from high doses 
of light, excessive production of reactive oxygen species 
(ROS), excessive release of free NO, and activation of a 
cytotoxic mitochondrial signaling pathway. Mitochondrial 
dynamics are a crucial point for regulating cellular lipolysis 
and apoptosis, and the imbalance between fission and fusion 
contributes to mitochondrial and cellular dysfunction [16].

Cyclic AMP (cAMP) is responsible for regulating mito-
chondrial metabolism and cell cycle progression. In the 
present study, the LED-irradiated group exhibited a higher 
amount of cAMP in adipose tissue, which could be attrib-
uted to the stress induced by light, with an attempt to nor-
malize cellular metabolism [17].

Mitochondrial fission is mediated by the protein DRP1, 
which triggers the apoptotic pathway [18]. Mitochondrial 
oxidative stress regulates the expression of DRP1, disrupt-
ing the balance between mitochondrial fission and fusion, 

Fig. 1  Qualitative and quantitative analysis of immunoreactivity for (A) cAMP in the control group and (B) cAMP in the LED group, demon-
strating diffuse positivity in adipose cells in the LED group. (C) Comparative graph of positivity between groups. Scale bar length (3 μm)

Fig. 2  Qualitative and quantitative analysis of immunoreactivity for 
(A) DRP1 in the control group and (B) DRP1 in the LED group, 
demonstrating diffuse positivity for mitochondrial division in adipose 

tissue cells. (C) Comparative graph of positivity between groups. 
Scale bar length (3 μm)
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leading to mitochondrial dysfunction, breakdown, and cell 
death [16]. With the increased cAMP due to photon absorp-
tion–induced stress, there was an elevation of DRP1 in the 
mitochondria during cell death, leading to an increase in 
mitochondrial fission and a decrease in fusion [19]. Results 
from the current study support this hypothesis, as the LED-
irradiated group showed a higher quantity of DRP1 com-
pared to the control group.

Markers of cellular apoptosis, FIS1, FAS, and OPA1, 
obtained higher staining scores in the LED-irradiated groups 
compared to the control group. FIS1 plays a crucial role in 
activating DRP1 in mitochondria and promotes mitochon-
drial fission. According to its function, overexpression of 
FIS1 blocks fusion activity and causes extensive mitochon-
drial fragmentation. FAS is a cell surface receptor that trans-
duces critical apoptotic signals for immune homeostasis and 

tolerance [20], characteristic of the tumor necrosis factor 
receptor (TNFR) family. During apoptosis, OPA1 is cleaved, 
and cytochrome c is released into the intermembrane space 
[21].

MFN1 and MFN2 primarily function as essential com-
ponents of the fusion machinery. Cells lacking Myofusins 
are highly susceptible to apoptotic death, indicating the 
importance of maintaining membrane morphology [21, 22]. 
MFN2 overexpression regulates respiratory complexes [23, 
24], suggesting that MFN2 may play a role in metabolic 
regulation. The significant increase of MFN2 in the current 
study indicates that LED is capable of enhancing the fusion 
process, leading to increased proliferation and consequently 
stabilizing cellular metabolism.

The results of this study demonstrate that LED photo-
biomodulation therapy (PBMT) was capable of generating 

Fig. 3  Qualitative and quantitative analysis of immunoreactivity for 
(A) FAS in the control group and (B) FAS in the LED group, dem-
onstrating positivity for cellular apoptosis. (C) Comparative graph 
of FAS positivity between groups. (D) FIS1 in the control group and 
(E) FIS1 in the LED group, showing positivity for cellular apoptosis. 

(F) Comparative graph of FIS1 positivity between groups. (G) OPA1 
in the control group and (H) OPA1 in the LED group, demonstrating 
positivity for cellular apoptosis. (I) Comparative graph of OPA1 posi-
tivity between groups. Scale bar length (3 μm)
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mitochondrial stimulation in adipose tissue cells, as evi-
denced by the positive antibody signals for cAMP, DRP1, 
FIS1, FAS, OPA, and MFN2.

It is believed that after irradiation with red and infrared 
light wavelengths, the mitochondrial molecule cytochrome C 
oxidase became electronically excited, leading to increased 
levels of cAMP in adipose tissue. This, in turn, initiates a 
process of mitochondrial oxidative stress, disrupting the bal-
ance of mitochondrial fission and fusion, as indicated by 
the increased expression of DRP1. This leads to mitochon-
drial dysfunction, breakdown, and cell death, supported by 
elevated levels of apoptotic markers FIS1, FAS, and OPA1. 
This cascade of cellular events ultimately resulted in the 
positivity of MFN2, suggesting possible induction in the res-
piratory chain with the regulation of respiratory complexes.

The physiological associations found in these results 
emphasize that LED PBMT acts through the mitochondrial 
pathway, stimulating a cascade of cellular events capable of 
promoting lipolysis and apoptosis in superficial adipose tis-
sue. This corroborates with our previous study by Modena 
et al. [8], which showed positive expression of apoptotic 
markers Caspase 3 and Cleaved Caspase in the group treated 
with red and infrared LED. This suggests that the therapy 
was able to induce autophagic lipolysis through the apop-
tosis of adipocyte cells in the subcutaneous tissue of obese 
individuals.

In our study, the correlation with apoptosis can be observed 
through the absorption of photons of light at high doses, resulting 
in increased cAMP, DRP1, FIS1, FAS, and OPA. Given that all 
mitochondrial molecules do not absorb energy equally, lipolysis 
could be mediated by the mitochondrial molecules of surrounding 
adipocytes that absorb lower energy. In other words, the cascade 
of physiological events had lower intensity but was capable of 
inducing the respiratory chain and consequent metabolic increase.

This is one of the few studies that evaluated the mechanism 
of action of PBMT on the mitochondrial pathway of adipose 
tissue in human individuals. However, it presents limitations 
concerning sample size and lack of randomization in distinct 
groups of individuals. Nevertheless, the research demonstrated 
relevant and innovative results regarding mitochondrial stimu-
lation in adipose tissue lipolysis and apoptosis, thus foster-
ing the future hypothesis of possible PBMT utilization as an 
adjunct in obesity treatment. To explore this further, new ran-
domized clinical studies must be conducted.

Conclusion

LED photobiomodulation therapy with red and infrared light 
was able to generate mitochondrial stimulation in adipose 
tissue cells, as evidenced by the positive antibody signals 
for cAMP, DRP1, FIS1, FAS, OPA, and MFN2.

Fig. 4  Qualitative and quantitative analysis of immunoreactivity for 
(A) MFN1 in the control group and (B) MFN1 in the LED group. 
(C) Comparative graph of MFN1 between groups did not show sig-
nificant differences. (D) MFN2 in the control group and (E) MFN2 in 

the LED group, demonstrating diffuse positivity in cell proliferation 
regulation. (F) Comparative graph of MFN2 between groups. Scale 
bar length (3 μm)
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