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A B S T R A C T

Obesity is a major public health problem and is a major contributor to the development of insulin resistance. In 
previous studies we observed that single-wavelength red or infrared photobiomodulation (PBM) improved in
sulin signaling in adipocytes and skeletal muscle of mice fed a high-fat diet, but information about the combi
nation of different wavelengths, as well as the effect of different light doses (J/cm2) is lacking. Therefore, the aim 
of this study was to investigate the effects of different doses of dual-wavelength PBM on insulin signaling in 
muscle cell, and explore potential mechanisms involved. Mouse myoblasts (C2C12) were differentiated into 
myotubes and cultured in palmitic acid, sodium oleate and L-carnitine (PAL) to induce insulin resistance high or 
in glucose medium (CTRL). Then, they received SHAM treatment (lights off, 0 J/cm2) or PBM (660 + 850 nm; 2, 
4 or 8 J/cm2). PAL induced insulin resistance (assessed by Akt phosphorylation at ser473), attenuated maximal 
citrate synthase activity, and increased the phosphorylation of c-Jun NH(2) terminal kinase (JNK) (T183/Y185). 
PBM at doses of 4 or 8 J/cm2 reversed these PAL-induced responses. Furthermore, at doses of 2, 4 or 8 J/cm2, 
PBM reversed the increase in mitofusin-2 content induced by PAL. In conclusion, the combination of dual- 
wavelength red and infrared PBM at doses of 4 and 8 J/cm2 improved intracellular insulin signaling in 
musculoskeletal cells, and this effect appears to involve the modulation of mitochondrial function and the 
attenuation of the activation of stress kinases.

1. Introduction

More than 2.5 billion (43 %) adults across the planet are overweight 
and more than 890 million (16 %) are obese [1]. It is estimated that 

more than 2.8 million deaths occur due to overweight or obesity each 
year in the world [2]. To put this number into perspective, during the ~3 
years of the pandemic (from January 22, 2020, to March 10, 2023), 6, 
881,955 deaths were recorded associated with the SARS-CoV-2 virus 
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[3], which causes COVID-19. This number corresponds to an average of 
2,293,985 deaths per year, less than the death rate associated with 
overweight and obesity yearly.

The increased availability of fatty acids, characteristic of obesity, can 
overload the ability cells to oxidize lipids, leading to the deposition of 
ectopic fat. As a consequence, there is an accumulation of lipids in the 
intracellular environment, which interferes with the insulin signaling 
process [4–8]. This interference culminates in impairments in the ability 
of insulin to inhibit endogenous glucose production in the liver and to 
stimulate glucose uptake in skeletal muscle and adipose tissues, char
acterizing the condition of insulin resistance [9]. Insulin resistance leads 
greater insulin production by pancreatic beta cells, as compensation, to 
maintain glycemic homeostasis. The persistence of these adaptative re
sponses for long periods of time can lead to stress and dysfunction of 
beta cells, leading to their incapacity to produce enough insulin to 
counteract the increased insulin resistance [10], which can result in 
chronic hyperglycemia and overt type 2 diabetes (T2D) [11].

Although the mechanisms are not yet fully elucidated, there is evi
dence that mitochondrial dysfunction is associated with impairment of 
the intracellular insulin signaling pathway and the development of in
sulin resistance [12,13]. Mitochondrial dysfunction favors the intracel
lular accumulation of lipid intermediates, which interferes with insulin 
signaling, impairing glucose metabolism. Furthermore, accumulation of 
fatty acids interferes with intracellular insulin signaling through the 
activation of mitogen-activated protein kinases, also known as stress 
kinases. Stress kinases regulate diverse cellular functions, including 
proliferation, differentiation, migration and apoptosis [14]. However, 
they can also exert other actions, promoting changes that impair insulin 
signaling and, consequently, glucose metabolism [15,16].

Given the close association between mitochondrial dysfunction and 
insulin resistance, it is not surprising that interventions that improve 
mitochondrial function in skeletal muscle [17] and in adipocytes [18] 
have the potential to increase insulin sensitivity in these tissues and 
systemically. The non-pharmacological strategies traditionally used to 
treat insulin resistance, arguably because they improve mitochondrial 
function and other parameters associated with insulin resistance, are 
caloric restriction [19,20] and physical training [21]. However, despite 
good results, these interventions have low adherence among the popu
lation [22,23]. Considering the growing number of people with obesity, 
it is necessary to investigate other therapies for treating insulin resis
tance and preventing or mitigating T2D.

Photobiomodulation (PBM) is a non-invasive, non-thermal, safe, 
economically viable and innovative therapeutic approach [24], based on 
the application of low intensity light (less than or equal to 10 W/cm2) 
[25]. Two important parameters that influence the photobiological ef
fects of PBM are wavelength [26], and dose (also called energy density 
or fluence, and reported as joules (J)/cm2) [27]. Red and infrared 
wavelengths are described as those with the greatest bioactivity [24,26,
28]. Moreover, there is evidence that the association of these wave
lengths can induce better outcomes than those produced each one in 
isolation [29,30], as this combination might activate more or different 
chromophores in the irradiated tissue [31]. Thus, the use of 
dual-wavelength could be an interesting approach for enhancing 
PBM-induced beneficial effects [30]. Regarding the dose, PBM effects 
have been described as biphasic, as studies show null to minimal effects 
on low dosage, positive effects on moderate dosage, and negative effects 
on higher dosage [24,31].

There is in vitro [32] and in vivo [33]evidence that PBM improves 
mitochondrial function in skeletal muscle cells. The effects of PBM on 
mitochondrial function appear to involve the attenuation of the acti
vation of inflammatory pathways [34,35] that contribute to the acti
vation of stress kinases [36]. In previous work, we showed that 
single-wavelength red [37] or infrared [38] PBM reduced insulin resis
tance in adipocytes and skeletal muscle from mice fed a high fat diet 
(HFD). In parallel with our studies and in line with our results, Gong 
et al. [39,40] showed that PBM with red wavelength improved the 

activation of protein kinase B (PKB/Akt) in insulin resistant 3T3-L1 
adipocytes and in insulin resistant L6 myotubes, contributing to the 
reduction of insulin resistance in T2D models. Taken together, these 
findings show that PBM exerts positive effects on insulin resistance, 
possibly involving improvement in mitochondrial function.

Despite the promising results on insulin signaling in adipocytes and 
muscle cells, ideal PBM parameters need to be explored. Studies are still 
needed to investigate the dose-response relationship of PBM in muscu
loskeletal cells and the effects of PBM with the combination of dual- 
wavelength on the insulin signaling pathway. Furthermore, studies are 
needed to better elucidate the potential mechanisms involved in the 
insulin sensitizing effects of PBM. Thus, the aims of this study are to 
investigate the dose-response relationship of dual-wavelength (red and 
infrared) PBM on insulin resistant muscle cells. We hypothesize that 
dual-wavelength PBM will improve intracellular insulin signaling in 
insulin resistant skeletal muscle cells and there will be a biphasic dose- 
response relationship. Furthermore, these responses will involve 
improving mitochondrial function and attenuating the activation of 
stress kinases. To test this hypothesis, insulin resistance was induced in 
skeletal muscle myotubes, before they were treated with dual- 
wavelength PBM, at different doses (2, 4 or 8 J/cm2).

2. Materials and methods

2.1. Experimental design

Insulin resistance was induced in myotubes for 24 h before they were 
exposed to dual-wavelength PBM at difference doses (0, 2, 4, or 8 J/ 
cm2). Fifteen minutes after PBM, cells were incubated with culture 
medium containing 20 mUI/mL of lispro insulin to stimulate the insulin 
signaling pathway or the same volume of PBS as control. Fifteen minutes 
later, cells were harvested for analysis. Therefore, analysis occurred 30 
min after PBM [39].

2.2. Cell culture and induction of insulin resistance

For C2C12 culture, differentiation into myotubes, and the induction 
of insulin resistance, we followed established protocols from Yang et al. 
[41] and Gaster et al. [42]. C2C12 myoblasts were distributed at a 
density of 5 x 103 viable cells/cm2 in 6 well plates. The culture medium 
used was DMEM - high glucose. Upon reaching high confluence, the 
stimulus was given for cellular differentiation of myoblasts into myo
tubes, using 2 % horse serum. After differentiation, the cells were 
incubated in culture medium containing 1 % fatty acid-free BSA, 0.5 mM 
palmitic acid and sodium oleate and 2 mM L-carnitine for the induction 
of insulin resistance. Culture medium containing 1 % BSA was used as 
control. Tests always took place within the same cell passages.

2.3. PBM

The PBM device used was developed in partnership with the Instituto 
de Ciência e Tecnologia (ICT) at Universidade Federal dos Vales do 
Jequitinhonha e Mucuri (UFVJM) and made with diodes arranged in 
clusters of 6 red LEDs (660 nm) and 6 infrared LEDs (850 nm) per well, 
in order to evenly illuminate all cells adhered to the bottom of the plate. 
In this device, the 6-well plate was positioned on top of the clustered 
diode arrangement, so the PBM is applied from bottom to top, and light 
did not have to travel through the culture medium to reach the cells 
(Fig. 1). In order to expose the myotubes to different doses of PBM, the 
exposure time was manipulated. Given the irradiance (i.e., the power 
density that reached the cells) was kept constant at 28.88 mW/cm2, we 
exposed the cells for 69, 139, or 277 s. Because energy can be calculated 
from power x time (J = [mW x seconds]/1000), the fluence (energy 
density or dose, in J/cm2) was 2, 4, and 8 J/cm2 for the exposure of 69, 
139, and 277 s, respectively. The parameters used are described in 
Table 1. For the present study, diodes from both wavelengths were 
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turned on, as we aimed to assess the effects of the combined red and 
infrared PBM on insulin signaling, as this dual-wavelength approach can 
induce better responses than either wavelength in isolation [30]. Thus, 
the combined (third) column in Table 1 represents the parameters used.

The optical power was measured with the aid of power meter 
(PM100USB, Thorlabs®) attached to a sensor S121C (Thorlabs®). The 
sensor was positioned inside each individual well (Fig. 1D) and the well 
was illuminated from underneath, to take into account the potential 
interference of the acrylic material of the well, mimicking the light that 
would actually reach the cell adhered to the bottom of the well. The 
values shown in Table 1 represent the results for the optical power as
sessments. Furthermore, the diodes were tested for peak wavelength and 
spectral band size. The 660 nm diode had a peak emission at 665.25 nm, 
with a spectral band size (±50 % of the peak) of 23.5 nm. The 850 nm 
diode 850 had a peak emission at 850.3 nm, and a spectral band size of 
45.68 nm. From these data it is possible to state that the light emission 
was within the expected ranges for the diodes used.

2.4. Temperature during PBM application

The plate containing myotubes and culture medium was exposed to 
PBM using exactly the same parameters defined for the cell experiments, 
and a digital multimeter sensor (Pol-41, Politerm) was inserted into the 
well, in direct contact with the cells and the culture medium. This 
process was carried out in three different wells. In the first, the sensor 
was kept against the side acrylic of the inner part of the well and the 
application time was 69 s, in the second, it was placed in the central 
region and the application time was 139 s, and in the third, it was 
positioned intermediately between these two portions and the applica
tion time was 277 s. The temperature (◦C), displayed on the device 
monitor, was recorded.

2.5. Cell viability

The tests took place 30 min after the PBM. Trypan blue solution (0.4 
%) was diluted in a 1:1 ratio with each sample. Then, 10 μL of this final 
solution was added to the Neubauer chamber to count viable (unstained) 
and non-viable (stained) cells under an inverted microscope. To calcu
late the percentage of viable cells, the number of viable cells was divided 
by the total number of cells and the result of this division was multiplied 
by 100.

2.6. Protein content and phosphorylation

The culture medium was removed and extraction buffer was added to 
each well. The cells were removed using a cell scraper and the entire 
volume was collected in identified tubes. The tubes were placed on ice 
and each sample was homogenized with a pipette in 6 cycles of 20 up- 
down. The lysates were centrifuged at 12000 g for 5 min at 4 ◦C and 
the supernatant was collected.

Protein content and phosphorylation were analyzed using the 
Western ImmunoBlotting technique. For a detailed description see Silva 
et al. [37,38]. Briefly, samples were run in SDS-PAGE and transferred to 
PVDF membranes. The following primary antibodies were used 
(1:1000): phospho-Akt (Ser473), total Akt, Mitofusin-2, GAPDH, 
phospho-SAPK/JNK (Thr183/Tyr185), total SAPK/JNK (all from Cell 
Signaling). The membranes were then incubated with anti-rabbit IgG 
secondary antibody (1:5000; Cell Signaling). Band density was quanti
fied using ImageJ software. The relative content values generated are 
presented as arbitrary units.

2.7. Citrate synthase activity

To analyze the maximum activity of citrate synthase in C2C12 
myotubes, 100 μL of extraction buffer were added to tubes containing 

Fig. 1. PBM device in C2C12 myotubes. A: Each individual well was illuminated by a cluster of 12 LED diodes (6 red – 660 nm, and 6 infrared – 850 nm). B: Detailed 
arrangement of the diodes. C: Device in operation. D: example of optical power being assessed. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Table 1 
PBM parameters in C2C12 myotubes.

Wavelengths 660 nm (red) 850 nm (infrared) Combined

Number of diodes per well 6 6 12
Pulse frequency continuous
Application mode 2.6 cm away from the plate
Sensor area (cm2) 0.71
Radiant flux at the sensor (mW) 6.5 14 19.5
Irradiance at the sensor (mW/cm2) 9.16 19.72 28.88
Exposure time (seg) 69 139 277 69 139 277 69 139 277
Fluence (J/cm2) 0.63 1.27 2.54 1.36 2.74 5.46 2 4 8
Well area (cm2) 9.6
Radiant energy (J) per well 6.1 12.2 24.4 13.1 26.3 52.4 19.2 38.5 76.8

Nm – nanometer; cm – centimeter; mW – miliwatt; seg – second; J – joule. For the present study diodes from both wavelengths were turned on, so the combined column 
represents.
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106 cells. The tubes were placed on ice and each sample was homoge
nized, with a P200 pipette, in 6 cycles of 20 up-down. The lysates were 
centrifuged at 10000 g for 20 min at 4 ◦C to separate cellular debris. 
Aliquots of supernatant were separated for measurement of total pro
teins and for the enzymatic assay. The concentration of total proteins in 
the extracts was determined using the Bradford technique [43]. The 
reading was carried out in a microplate reader at a wavelength of 595 
nm. Protein values were determined using the Softmaxpro® software, in 
mg/mL. The maximum activity of the enzyme was determined according 
to a modified protocol [44–46], from the quantification of the yellow 
complex formed between the CoA released in the reaction with 5, 
5-dithiobis(2-nitrobenzoic acid) (DTNB) (Ellman reagent) present in 
the assay buffer. To visualize the enzymatic activity curve up to the 
maximum point of the reaction, 48 readings were taken with 5 s in
tervals between them, at 25 ◦C. The assay was carried out in triplicate of 
each sample and the average of the 3 values obtained per sample was 
used for the calculation. The values were multiplied by one thousand 
(1000) and the results were expressed in nmol/min/mg of protein.

2.8. Statistical analysis

For statistical analysis, the Statistica software was used. The Shapiro- 
Wilk test was performed to assess data normality. A 3-way analysis of 
variance (ANOVA) was used. When significant differences were detec
ted, the tests were followed by Fisher LSD post-hoc for specific detection 
of differences. The significance level adopted was p < 0.05. The results 
are presented as mean ± standard error.

3. Results and discussion

3.1. Temperature during PBM application

Tissues heating is associated with improvement in glucose meta
bolism. For instance, exposure to heat increased mitochondrial 
biogenesis in C2C12 myotubes [47], and mitochondrial biogenesis and 
function in human skeletal muscle tissue [48], activated mitochondrial 
enzymes in rat skeletal muscle tissue [49], improved insulin sensitivity 
in skeletal muscle tissue of HFD-fed rats [50], protected against 
HDF-induced insulin resistance in skeletal muscle of mice [51] and 
improved insulin sensitivity in adipose tissue of women with polycystic 
ovary syndrome [52]. No change was observed in the temperature 
measured in wells containing culture media and cells, as shown in 
Table 2, which suggests that temperature did not affect the present 
results.

3.2. Cell viability

The percentage of viable cells was greater than 90 % in all groups 
(Fig. 2), and no difference was observed among groups. Therefore, the 
induction of insulin resistance with palmitate, sodium oleate and L- 
carnitine, treatment with PBM, and incubation with insulin did not alter 
the viability of C2C12 myotubes.

3.3. Protein content and phosphorylation

Akt is a key enzyme in insulin signaling and impairment in its ac
tivity is associated with a reduction in glucose uptake, characterizing the 
condition of insulin resistance [16]. In fact, humans with insulin 

resistance and T2D have a deficiency in Akt activation, associated with a 
reduction in glucose uptake [53–59]. Impairment in Akt activity has 
already been demonstrated in the skeletal muscle of rodents fed with 
HFD [60–62] and in C2C12 cells treated with palmitate [4,63]. 
Furthermore, Akt phosphorylation at ser473 is dramatically and nega
tively affected in insulin resistant states [4,39–41,64,65].

In the present study, we evaluated the phosphorylation of Akt (ser 
473) in C2C12 myotubes (Fig. 3) and, corroborating the aforementioned 
studies, we also observed a reduction in the activation of this protein in 
response to PAL, which characterizes the induction of insulin resistance. 
PBM, at doses of 4 or 8 J/cm2, completely reversed this reduction, 
suggesting that insulin sensitivity was reestablished. Therefore, the 
present study shows, for the first time, the effects of PBM, with the 
combination of red and infrared wavelengths, in different doses, on the 
insulin signaling pathway. This result expands our previous study [38] 
and shows that PBM reverses insulin resistance not only in adipocytes, 
but also in myotubes. These data are in line with the findings of Gong 
et al. [40], who also observed increased activation of the insulin 
pathway in skeletal muscle, with consequent improvement in glucose 
metabolism after red PBM in a mouse model with T2D and in insulin 
resistance L6 myotubes. Although it is not completely understood the 
mechanism by which PBM stimulates Akt phosphorylation, there is ev
idence that in insulin resistant skeletal muscles, PBM accelerates cyto
chrome c oxidase activity, and stimulates the production of reactive 
oxygen species, which activates the phosphatase and tensin homo
log/Akt pathway [40].

One of the factors that can interfere with insulin signaling, as a result 
of lipid overload, is the activation of stress kinases, such as JNK, which 
promotes the phosphorylation of serine and threonine residues of IRS1, 
inhibiting the pathway [15]. In cultured myocytes, it has been demon
strated that palmitate-induced insulin resistance is accompanied by an 
increase in JNK activation [66], while JNK knockdown attenuates 
palmitate-induced insulin resistance [67]. In mice and humans with 

Table 2 
Temperature during PBM application.

Well region Time (s) Initial temperature (◦C) Final temperature (◦C) Delta (◦C)

1 - side 69 24 24 0
2 - center 139 24 24 0
3 - intermediate 277 24 24 0

Fig. 2. Cellular viability of C2C12 myotubes. Effect of CTRL or PAL media and 
SHAM or PBM2 or PBM4 or PBM8 treatment and PBS or INS stimulation on cell 
viability. Groups: CTRL-SHAM-PBS (n = 6); CTRL-SHAM-INS (n = 6); CTRL- 
PBM2-PBS (n = 6); CTRL-PBM2-INS (n = 6); CTRL-PBM4-PBS (n = 6); CTRL- 
PBM4-INS (n = 6); CTRL-PBM8-PBS (n = 6); CTRL-PBM8-INS (n = 6); PAL- 
SHAM-PBS (n = 6); PAL-SHAM-INS (n = 6); PAL-PBM2-PBS (n = 6); PAL- 
PBM2-INS (n = 6); PAL-PBM4-PBS (n = 6); PAL-PBM4-INS (n = 6); PAL- 
PBM8-PBS (n = 6); PAL-PBM8-INS (n = 6).
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obesity, JNK activity is also increased in skeletal muscle [15,68,69]. 
Three different genes encode for 3 different JNK isoforms: JNK 1, 2 and 3 
[70], and studies point to JNK 1 as the isoform that most contributes to 
the development of insulin resistance associated with obesity, since 
knockdown mice for JNK 1, but not for JNK 2, are considerably pro
tected from obesity and insulin resistance, in models of diet- and 
genetically-induced obesity [15,36].

In this research, we evaluated the activation of JNK (1/2) in C2C12 
myotubes (Fig. 4) and, in line with the aforementioned studies, we 
observed increased activation in response to PAL. This increase was 
completely reversed by PBM at doses of 4 or 8 J/cm2. Previously, we 
demonstrated that infrared PBM partially inhibited JNK activation in 
adipose tissue in mice fed a HFD [38]. In another study, we also showed 
that red PBM completely reversed the increase in JNK activation 
induced by HFD in the adipose tissue of mice [37]. Along the same line, 
it has been demonstrated that infrared PBM reduced the increased JNK 
activation in response to restraint stress in the prefrontal cortex of mice 
[71]. Thus, PBM reduces JNK activation, and this reduction might be at 
least one of the mechanisms the PBM can improve glucose metabolism.

Another factor closely associated with insulin resistance is the 
reduction of mitochondrial biogenesis and function [12] that can be 
improved by PBM [29,33,72,73]. Therefore, we investigated the content 
of a mitochondrial protein, mitofusin-2. The morphology of mitochon
dria is constantly changing through the processes of fusion and fission 
[74] and Littlejohns et al. [75] suggested that these processes are 
important for the regulation of insulin resistance. In the present study, 
we observed that myotubes maintained in PAL showed an increase in 
mitofusin-2 content and that PBM, at doses of 2, 4 or 8 J/cm2, 
completely inhibited the increase in mitofusin-2 (Fig. 5).

Our results contrast with those of some studies that show a reduction 
in the content of the mitofusin-2 protein in skeletal muscle in obese 
Zucker rats [76], individuals with obesity and patients with T2D [77] 
and HFD-fed rats [78]. On the other hand, and consistent with our 
findings, Littlejohns et al. [75] observed an increase in mitofusin-2 
content in cardiac tissue from HFD-fed mice, in parallel with a 

Fig. 3. Phosphorylation of Akt (ser473) in C2C12 myotubes. Effect of CTRL or 
PAL media and SHAM or PBM2 or PBM4 or PBM8 treatment and PBS (− ) or INS 
(+) stimulation on Akt (ser473) phosphorylation. *p < 0.05 vs CTRL; #p < 0.05 
vs PAL-SHAM e PAL-PBM2; & p < 0.05 vs PBS. Groups: CTRL-SHAM-PBS (n =
6); CTRL-SHAM-INS (n = 6); CTRL-PBM2-PBS (n = 5); CTRL-PBM2-INS (n = 6); 
CTRL-PBM4-PBS (n = 6); CTRL-PBM4-INS (n = 6); CTRL-PBM8-PBS (n = 6); 
CTRL-PBM8-INS (n = 5); PAL-SHAM-PBS (n = 5); PAL-SHAM-INS (n = 6); PAL- 
PBM2-PBS (n = 6); PAL-PBM2-INS (n = 6); PAL-PBM4-PBS (n = 6); PAL-PBM4- 
INS (n = 6); PAL-PBM8-PBS (n = 6); PAL-PBM8-INS (n = 6).

Fig. 4. Phosphorylation of JNK (thr183/tyr185) in C2C12 myotubes. Effect of 
CTRL or PAL media and SHAM or PBM2 or PBM4 or PBM8 treatment and PBS 
(− ) or INS (+) stimulation on JNK (thr183/tyr185) phosphorylation. *p < 0.05 
vs CTRL; #p < 0.05 vs PAL-SHAM e PAL-PBM2. Grupos: CTRL-SHAM-PBS (n =
6); CTRL-SHAM-INS (n = 6); CTRL-PBM2-PBS (n = 6); CTRL-PBM2-INS (n = 5); 
CTRL-PBM4-PBS (n = 6); CTRL-PBM4-INS (n = 6); CTRL-PBM8-PBS (n = 6); 
CTRL-PBM8-INS (n = 6); PAL-SHAM-PBS (n = 6); PAL-SHAM-INS (n = 6); PAL- 
PBM2-PBS (n = 6); PAL-PBM2-INS (n = 6); PAL-PBM4-PBS (n = 5); PAL-PBM4- 
INS (n = 6); PAL-PBM8-PBS (n = 6); PAL-PBM8-INS (n = 6).

Fig. 5. Mitofusin-2 content in C2C12 myotubes. Effect of CTRL or PAL medium 
and SHAM or PBM2 or PBM4 or PBM8 treatment and PBS (− ) or INS (+) 
stimulation on mitofusin-2 content. *p < 0.05 vs CTRL; #p < 0.05 vs PAL- 
SHAM. Groups: CTRL-SHAM-PBS (n = 6); CTRL-SHAM-INS (n = 5); CTRL- 
PBM2-PBS (n = 6); CTRL-PBM2-INS (n = 5); CTRL-PBM4-PBS (n = 6); CTRL- 
PBM4-INS (n = 6); CTRL-PBM8-PBS (n = 6); CTRL-PBM8-INS (n = 6); PAL- 
SHAM-PBS (n = 6); PAL-SHAM-INS (n = 6); PAL-PBM2-PBS (n = 5); PAL- 
PBM2-INS (n = 6); PAL-PBM4-PBS (n = 6); PAL-PBM4-INS (n = 6); PAL- 
PBM8-PBS (n = 6); PAL-PBM8-INS (n = 6).
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reduction in the area, length and density of cardiac mitochondria. 
Furthermore, mitofusin-2 protein content in the skeletal muscle was 
increased in older compared to younger individuals [78], despite the 
fact that mitochondrial dysfunction is associated with aging [79–81]. 
Also, when subjected to chronic high-intensity aerobic training, these 
older individuals had reduced mitofusin-2, but increased mitochondrial 
content. Thus, it would be reasonable to speculate that as the subjects 
aged, there was an increase in mitofusin-2 to counteract mitochondrial 
dysfunction. Conversely, as they became physically trained, and mito
chondrial function improved, mitofusin-2 decreased. Similarly, in the 
present study, mitofusin-2 might have been increased by PAL to 
compensate for the worsening of mitochondrial function, while PBM 
caused both an improvement in mitochondrial function, along with a 
reduction in mitofusin-2.

3.4. Citrate synthase activity

Citrate synthase is an enzyme that participates in oxidative meta
bolism and has been used as a biomarker of mitochondrial content and 
function [82,83]. In this study, we observed that PBM, at doses of 4 or 8 
J/cm2, completely reversed the reduction in the maximum activity of 
citrate synthase in response to insulin, caused by PAL, reestablishing the 
response of this enzyme to insulin (Fig. 6).

The study by Ørtenblad et al. [84] also showed that citrate synthase 
activity from myotubes established from individuals with T2D were 
insensitive to insulin stimulation. Conversely, insulin stimulated citrate 
synthase activity by 26–33 % in myotubes established from lean control 
and obese individuals, and this stimulatory effect of insulin was abol
ished by high concentrations of palmitate. According to them, a likely 
mechanism for the change in citrate synthase activity in response to 
insulin is the phosphorylation/dephosphorylation of this protein.

Regarding the effects of PBM on citrate synthase, our results 
corroborate those of Aquino et al. [85] who observed an increase in 
citrate synthase activity induced by infrared PBM in the skeletal muscle 
of rats. In line with these findings, the study by Vieira et al. [86] also 
showed an increase in mitochondrial citrate synthase activity induced 
by infrared PBM in the skeletal muscle of rats subjected to aerobic 

training. Taken together, these data show that PBM increases citrate 
synthase activity in mouse and rat musculoskeletal cells.

Together, the results of mitofusin-2 and citrate synthase suggest that 
the excessive supply of lipids in PAL impaired mitochondrial oxidative 
capacity. In response, mitochondrial dynamics increased (i.e., 
mitofusin-2 content increased). However, this adaptive response insuf
ficiently compensated for the increase in lipid availability, leading to 
insulin resistance, including at the level of citrate synthase. In this 
context, the Krebs cycle appears to have been a limiting point for this 
compensatory response. In contrast, PBM reduced insulin resistance, 
probably reducing lipotoxicity and improving mitochondrial function. 
This reestablished the activation of citrate synthase by insulin and 
attenuated the stimulus for mitofusin-2. Further studies are needed to 
confirm whether the changes observed in citrate synthase and mitofusin- 
2 translate into changes in mitochondrial function and morphology, 
respectively.

The main finding of this study is that the effects of dual-wavelength 
PBM on musculoskeletal cells were dependent on the dose, similar to 
what was observed by Gong et al. [39], who used red PBM in fat cells. 
The effect on Akt activation was only observed with doses of 4 or 8 
J/cm2, similar to the study mentioned, as well as for the effects on the 
maximum activity of citrate synthase and activation of JNK. However, 
the effects on mitofusin-2 content were observed both with doses of 2, 4 
or 8 J/cm2. According to the Arndt-Schultz law, small doses are not 
sufficient to generate relevant biological effects [24,31]. Our data aligns 
with the Arndt-Schultz law as the dose of 2 J/cm2 was not sufficient to 
we cause alterations in most parameters assessed, while 4 and 8 were.

In conclusion, confirming our hypothesis, PBM improved intracel
lular insulin signaling in musculoskeletal cells in an in vitro experimental 
model of lipid overload with the combination of red and infrared 
wavelengths. This effect appears to depend on the dose and to be related 
to other changes promoted by PBM, such as the modulation of mito
chondrial function and the attenuation of the activation of stress kinases. 
These results add to studies in rodent models [34,37–40,87,88] and in 
humans [89–91] showing improvements in glucose metabolism 
following PBM treatment, and suggest that dual-wavelength PBM might 
be a suitable treatment option for individuals living with insulin 
resistance.
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