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Abstract
Green and Red LEDs increase insulin production, but their comparative effects 
on pancreatic and beta cell development are unclear. Zebrafish embryos were di-
vided into three groups: Control (n = 60), Green (G) (n = 60), and Red (R) (n = 60), 
then irradiated for three days (14 hours/day) with 0.5 W/cm2 G (λpeak = 520 nm, 
180 mA) and R (λpeak = 660 nm, 210 mA). At the end of 72 h, pancreatic and 
beta cells, circadian rhythm, and oxidative stress gene were analyzed using RT-
PCR. Malondialdehyde, nitric oxide, superoxide dismutase, and glutathione lev-
els were also evaluated. In the Red group, pancreatic area increased by ~97.13% 
compared to the Control group and by approximately ~62.16% compared to the G 
group (both p < 0.0001), and no significant difference in beta cell area (p = 0.964). 
G group insulin expression increased 2.31-fold compared to R group (p < 0.0001). 
Red LED treatment increased MDA levels (p < 0.001), oxidative stress (fth1b, 
nqo1) (p < 0.0001), and per1b during the photophase (p < 0.0001) compared to G 
group. R LED treatment increases oxidative stress and disrupts circadian rhythm, 
leading to reduced insulin secretion. The positive effects of G LED treatment have 
potential for metabolic syndrome, diabetes, and pancreatic diseases.
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INTRODUCTION

Photobiomodulation (PBM) is a promising approach 
aimed at enhancing tissue healing and function by regu-
lating cellular metabolism, energy balance, and oxidative 
stress. Green (G) and Red (R) LED therapies may offer 
new non-invasive treatment pathways for metabolic dis-
orders by exerting different effects on pancreatic devel-
opment, insulin signaling, and circadian rhythm. These 
methods are free from the toxic side effects of chemicals, 
providing low-cost solutions with rapid healing times, 
which can reduce healthcare expenses. Furthermore, they 
may improve overall health and quality of life by reducing 
cellular damage and oxidative stress.

LEDs with different wavelengths have been shown 
to influence cell proliferation, differentiation, angio-
genesis, ATP synthesis, oxidative stress responses, reg-
ulation of blood sugar levels, glycogen synthesis, and 
hepatic parameter modulation.1–6 G and R treatments 
optimize ATP synthesis by modulating cellular energy 
production, oxidative stress responses, and circadian 
rhythms,2,4 offering potential therapeutic strategies for 
metabolic diseases, particularly metabolic syndrome 
and diabetes. While G treatment modulates cellular 
signaling pathways, especially oxidative stress and in-
flammatory responses, R treatment promotes energy 
production and cellular healing by increasing the ac-
tivity of enzymes such as mitochondrial cytochrome C 
oxidase.5,6 The potential of G treatment to alter cellular 
stress responses by regulating intracellular calcium lev-
els is a significant finding for the photomodulation of 
secretory cells.7 Evidence exists that R treatment exerts 
different effects on the biological clock and metabolic 
processes by suppressing melatonin production and se-
cretion.5,8,9 We know that prolonged, dose-dependent 
exposure to R treatment increases oxidative stress and 
leads to cellular damage.8,10

The lack of understanding regarding the specific sen-
sitivity of pancreatic development, beta cell differentia-
tion, and insulin production to light spectra necessitates 
a better comprehension of the roles of transcription fac-
tors such as PTF1A, PDX1, PAX4, and NKX6.1, which 
mediate the morphogenetic transformation of pancreatic 
multipotent cells.11–14 While nkx6.1 and pdx-1 stimulate 
the differentiation and proliferation of beta cells in the 
islets, an increase in ptf1a expression directs cells toward 
an acinar cell fate.14,15 The synthesis and secretion of in-
sulin are regulated by pdx1 and mafa, neurod1, nkx6.1, 
slc2a2, kcnj11, and glucose uptake in beta cells.16 GLUT2, 
encoded by slc2a2, is responsible for glucose entry into 
beta cells.17 Elevated glucose levels in beta cells activate 
glycolysis and the pentose phosphate pathway, leading to 
increased intracellular NADH and NADPH levels, which 

regulate ATP production and redox reactions of mole-
cules involved in the antioxidant system.18 The increased 
ATP levels in beta cells interact with the Kir6.2 protein, 
encoded by kcnj11, which is a component of the K-ATP 
channel. When intracellular glucose levels rise, ATP closes 
the K-ATP channel, leading to increased intracellular po-
tassium levels; this depolarizes the cell membrane, opens 
voltage-dependent calcium channels, and allows calcium 
to enter the cell, thereby triggering insulin secretion.19 
Although studies on the effects of G and R treatments on 
pancreatic development and beta cell differentiation are 
limited, there is cellular evidence that LED can modulate 
pancreatic and insulin signaling.7 R treatment increases 
mitochondrial respiration and ATP production in cells 
through a mechanism similar to glucose stimulation, 
resulting in the upregulation of Ca2+/Na+ antiporters, 
Na+/K+ ATPase, and Ca2+ pumps by enhancing the pro-
ton gradient.7,20 While the potential of G treatment to 
alter intracellular Ca2+ levels and, consequently, cellular 
stress responses has been previously studied, its effects 
on insulin synthesis and secretion in beta cells have not 
been investigated. R (660 nm) treatment enhances energy 
metabolism by activating cytochrome C oxidase (COX), 
an enzyme in the mitochondrial respiratory chain, while 
G (520 nm) treatment affects oxidative stress responses 
and cellular ion channels.7 G treatment may increase 
insulin synthesis and secretion by regulating circadian 
rhythm and oxidative stress. Although R treatment can 
enhance mitochondrial energy production, prolonged 
exposure may lead to oxidative stress and cellular dam-
age. Understanding the potential effects of G and R on 
the pancreas and beta cells could contribute to the de-
velopment of new light-based therapeutic strategies for 
the treatment of diseases such as diabetes and metabolic 
syndrome.

Sleep–wake behavior, endocrine and metabolic regula-
tion, cellular proliferation, and gene expression are regu-
lated by the positive regulators of the circadian rhythm, 
BMAL1 and CLOCK (which increase during the photo-
phase), and the negative regulators, PER and CRY (which 
increase during the skotophase).21 The expression of cir-
cadian transcription factors has been demonstrated in 
beta cells, and the ablation of the pancreatic circadian 
cycle has been reported to trigger the onset of diabe-
tes.22–25 The melatonin hormone secreted by the circadian 
rhythm suppresses insulin expression.26 This mechanism 
helps maintain energy levels during the dark phase. On 
the other hand, melatonin functions as a scavenger for re-
active oxygen species (ROS).27 In our previous study, we 
showed that R treatment at 1 watt power led to a decrease 
in melatonin levels in zebrafish embryos, disrupting the 
oxidant–antioxidant balance.8 The ability of G treatment 
to regulate metabolic processes by maintaining circadian 
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rhythm paves the way for the development of new ap-
proaches in the treatment of diseases such as metabolic 
syndrome and obesity.5,6

Zebrafish embryonic cells become light-sensitive as 
early as 5 hpf during the gastrula stage. The pineal organ 
initiates this capability at 24 hpf, and retinal photorecep-
tors begin to develop between the second and third days 
of development.28 This short developmental period and 
the transparent embryonic development facilitate the as-
sessment of systemic effects of light and the observation 
of developmental changes in internal organs such as the 
pancreas. Due to these developmental characteristics, 
Zebrafish embryos have been selected as the model organ-
ism for this study.

The aim of our study was to compare the effects 
of G (520 nm) and R (660 nm) LED light sources on 
in  vivo pancreatic development and beta cell differen-
tiation. We evaluated pancreatic and beta cell develop-
ment morphologically and examined the expressions of 
differentiation-related transcription factor genes, oxida-
tive stress genes, and circadian genes. Additionally, we 
assessed biochemical levels of malondialdehyde (MDA), 
nitric oxide (NO), superoxide dismutase (SOD), and glu-
tathione (GSH).

MATERIALS AND METHODS

Experimental design

In this study, the effects of 14 hours/day Green (520 nm, 
0.5 watt/m2) and Red (660 nm, 0.5 watt/m2) LED light spec-
tra on pancreatic and beta cell development were investi-
gated by applying treatments for 72 h from the zygote stage. 
The development of the pancreas, insulin synthesis, and 
gene expression related to circadian rhythms and oxidative 
stress were evaluated; additionally, biochemical methods 
were used to analyze levels of MDA, NO, SOD, and GSH.

Zebrafish care and embryo collection

Three different strains of zebrafish, obtained from 
the Marmara University Zebrafish Resource Center 
(MZRC) and the European Zebrafish Resource Center 
(EZRC) at Karlsruhe Institute of Technology, were 
used in this study. Embryos from AB/AB (wild type) ze-
brafish obtained from MZRC were used to evaluate gene 
expressions related to pancreatic development, beta 
cell development, insulin secretion, circadian rhythms, 
and oxidative stress. Embryos from the Tg(ptf1a:eGFP)
jh1 strain obtained from EZRC were utilized to observe 

pancreatic development, while the Tg(ins:mCherry)jh2 
strain was used to study beta cell development and insu-
lin secretion, allowing for the collection of quantitative 
data.

Adult zebrafish were maintained under stable water 
conditions (pH: 7.2 ± 0.1, Conductivity: 750 ± 50 μS/cm) in 
an aquarium rack system (Zebtec, Tecniplast, Italy) at a 
temperature of 27 ± 1°C with a 14/10 hour light/dark cycle. 
They were fed commercial fish flakes (TetraMin®) and 
Artemia nauplii three times daily. The embryos obtained 
from adult zebrafish were washed with E3 (5 mmol/L 
NaCl, 0.33 mmol/L CaCl2, 0.33 mmol/L MgSO4·7H2O, and 
0.17 mmol/L KCl) (the same protocol was applied for all 
three strains) and then divided into three groups in E3 
medium.

Since the zebrafish embryos used in this study were 
less than 5 days old, ethical approval was not required in 
accordance with the protocols implemented under the 
Council of Europe Directive 86/609/EEC.29

Embryonic LED exposures and 
investigation of pancreatic morphology

As described by Westerfield,30 fertilized healthy embryos 
were randomly assigned into 6 cm glass Petri dishes at the 
eight-cell stage as follows: Control (n = 60), Green (510–
530 nm/peak λ = 520 nm, 180 mA, 0.5 watt/m2, n = 60), and 
Red (650–670 nm/peak λ = 660 nm, 210 mA, 0.5 watt/m2, 
n = 60). The control group consisted of 400 lux white LEDs 
(3200 K, 0.5 watt/m2), used to simulate a natural photoper-
iod (SNP). The spectral ranges and Kelvin values of the LEDs 
were calibrated using a Sekonic C-700R SpectroMaster light 
meter (Sekonic).8 All LED exposure groups were subjected 
to a photoperiod of 14 h (light phase)/10 h (dark phase) as 
previously defined8 (lights turned on at 09:00 am and off 
at 11:00 pm). Throughout the experimental period (3 days, 
72 hours), embryos were incubated at 28°C. Light-blocking 
photoblock plates were placed between the LED light 
sources during the experiment. An incubator (Nuve EN400) 
equipped with a fan system was used to prevent tempera-
ture fluctuations. At the end of 72 h, Tg(ptf1a:eGFP)jh1 
and Tg(ins:mCherry)jh2 line embryos were anesthetized 
with 0.02% Tricaine-Methanesulfonate (MS-222) and pho-
tographed using a Leica DMi8 inverted fluorescence mi-
croscope in 96-well plates. Subsequently, lysates (n = 30) 
for RT-PCR and homogenates (n = 30) for biochemical pa-
rameters were prepared. The images were analyzed using 
ImageJ (open-source software). Fluorescence levels were 
determined by corrected total cell fluorescence (CTCF) cal-
culated as: integrated density-(area selected × mean fluores-
cence of the background readings).
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Total RNA extraction and cDNA synthesis

Total RNA isolation from 30 embryos in each group at 72 
hpf was performed using the RNeasy Mini Kit (Cat No./ID: 
74104). For each exposure group (n = 30 embryos), diluted 
RLT buffer was added to the whole body embryos. Following 
homogenization, samples were centrifuged at 14,000 × g for 
3–5 min. The supernatant was transferred to a new micro-
tube. Binding (70% alcohol was added), washing (the mix-
ture was transferred to a tube containing the RNeasy column 
and centrifuged, then washed twice using RPE Buffer), and 
elution (RNA was eluted using RNA elution buffer, and cen-
trifuged to remove RNA from the columns) were performed 
using a QIAcube (QIAGEN). RNA concentrations were 
determined using a NanoDrop 2000c Spectrophotometer 
(Thermo Scientific). Samples were diluted with RNase-free 
water for an RNA concentration of 500 ng/μL. cDNA syn-
thesis from total RNA samples was carried out using the 
EasyScript™ cDNA Synthesis Kit (G236, Abm) and Rotor-
Gene PCR (QIAGEN). RNA samples (1–2 μg) and primers 
(oligo(dT)) were heated at 65°C for 5 min and then cooled 
for 1 min. Subsequently, 5X EasyScript™ Reaction Buffer, 
dNTP Mix, RNase-free water, and EasyScript™ Reverse 
Transcriptase were added, and the final volume was adjusted 
to 20 μL, mixing thoroughly. This mixture was incubated at 
42°C for 30–60 min using the Rotor-Gene PCR (QIAGEN, 
Hilden, Germany). At the end of the reaction, the mixture 
was heated at 70°C for 15 min to stop the enzyme activity. 
The resulting cDNA was stored at −20°C for a maximum of 
2 months.

Quantitative RT-qPCR protocol for 
analyzing gene expression

The expression levels of genes related to pancreatic 
development and beta cell differentiation (pdx1, ptf1, 
hnf1a, pax4, and nkx6.1), insulin synthesis and secretion 
(ins, slc2a, and kcnj11), the circadian clock (bmal1a, 
clock1a, per1b, and cry2a), and oxidative stress (fth1b, 
hmox1a, nqo1, and txnrd1) were determined using β-
actin gene sequences as a reference. The primers used 
for RT-PCR are listed in Table  1. BlasTaq 2X qPCR 
Master Mix (G891, Abm) was used for gene expression 
analysis. For each sample, 10 μL of BlasTaq 2X qPCR 
Master Mix, 0.6 μL of forward primer (300 nM), 0.6 μL of 
reverse primer (300 nM), and diluted cDNA were added 
to achieve a final volume of 20 μL. After thoroughly mix-
ing the solution, the PCR tubes were subjected to 40 cy-
cles of 2 min of preheating at 95°C, 15 s of denaturation 
at 95°C, 30 s of hybridization at 60°C, and 30 s of exten-
sion at 72°C. Three technical replicates were performed 
for each group. The relative expression of genes was 

analyzed and quantified using the comparative ΔΔCt 
method for each sample and the internal control (β-
actin): ΔΔCt = 2^−(ΔCtsample – ΔCtinternal control).25

Biochemical methods

At 72 hpf, 30 embryos from each group were anesthe-
tized with 0.02% MS-222 and homogenized in 300 μL of 
0.9% NaCl solution using a homogenizer (Tissuelyser LT, 

T A B L E  1   Oligonucleotide primer sequences for quantitative 
real-time PCR.

Gene Nucleotide sequences (Forward/Reverse)

Pancreas and beta cell Development-related genes

pdx1 5’-TCACACGCACGCATGGAAAG-3’/
5’-GCTCTGGTGTAAGCTGTGCG-3’

pax4 5’-ACAGAGAGAGCCTGCAGAGG-3’/
5’-GCGGTTCTGCTTCGATGAGC-3’

hnf1a 5’-TCTGCAGTCCACTTCACCTG-3’/
5’-CTCCACAGCTTTTGGAGGAG-3’

ptf1a 5’-GCAGTCGGACATGCCAATTC-3’/
5’-GATCTTGTTCCTCGGTGGCA-3’

nkx6.1 5’-TTGTCTGGACTGCCCCGTTT-3’/
5’-AGGGGTTTGGGATAGCGAGC-3’

Insulin synthesis and secretion genes

slc2a2 5’-GCCGTTTGCTGGCACTTCAT-3’/
5’-GCGTAGTGCCGCTCAATGAC-3’

ins 5’-GCTCTGTTGGTCCTGTTGGT-3’/
5’-GGGCAGATTTAGGAGGAAGG-3’

kcnj11 5’-GTGCTTCATGTTTCGCCTTG-3’/
5’-GGATGTCTATCTGGTCCAAAGG-3’

Circadian clock genes

clock1a 5’-GACACCACCAGACCTCCACT-3’/
5’-CCAGAATTCAGTGCAAGCAA-3’

bmal1a 5’-CCTGGACCAAAGAAGTGGAA-3’
5’-CATCACTTCCTCTGCGATCA-3’

per1b 5’-CCACAGGCTCCTAGTTCAGC-3’/
5’-CCGTTTGTCTTGACCATGTG-3’

cry2a 5’-ACCAACAACTGTCCCGCTAC-3’/
5’-CAACAGAGCCGCTTGATACA-3’

Oxidative stress response genes

fth1b 5’-AATGTGAGGCGGCAATAAAC-3’/
5’-CGTCCTCCTCTCTGGTTCTG-3’

hmox1a 5’-CCACGTCAGAGCTGAAAACA-3’/
5’-CGAAGAAGTGCTCCAAGTCC-3’

nqo1 5’-CTCAAGGATTTGCCTTCAGC-3’/
5’-CGCAGCACTCCATTCTGTAA-3’

txnrd1 5’-GGGAAGACTCTTGTGGTGGG-3,
5’-CTCGCAGCAGAATAGAGCGA-3’

β-Actin 5’-AAGCAGGAGTACGATGAGTCTG-3’/
5’-GGTAAACGCTTCTGGAATGAC-3’
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Qiagen) at 50 oscillations per second for 2 min. MDA lev-
els were measured from the homogenate, while NO levels, 
SOD activity, and GSH levels were determined from the 
supernatant.

Total protein

The Lowry method was used to assess the total protein 
levels in the experimental groups.31 After homogeni-
zation, supernatants were diluted with 0.9% NaCl at a 
1:2 ratio. To 0.5 mL of the diluted supernatant, 3 mL of 
freshly prepared alkaline copper solution (containing 
2 g NaCO3, 0.4 g NaOH, 0.2 g copper sulfate, and 0.4 g 
sodium potassium tartrate) was added. Then, 0.1 mL of 
Folin reagent (which is reduced by Cu+2 ions in the alka-
line protein solution) was added, followed by a 10-minute 
incubation at 25°C. Absorbance was measured at 500 nm 
using a spectrophotometer (Shimadzu UV-1280, Kyoto, 
Japan). Protein levels were calculated in mg/dL based 
on a standard curve prepared with 5, 10, and 15 mg/dL 
albumin standards. A 0.9% NaCl solution was used as 
the blank. Three technical replicates were performed for 
each group. The results for MDA, NO levels, and SOD 
activity were normalized to protein content.

Lipid peroxidation (LPO)

Malondialdehyde, a marker of LPO, was determined using 
thiobarbituric acid reactive substances according to the 
Yagi method.32 To 0.25 mL of tissue homogenate, 1.25 mL 
of 1.22 M trichloroacetic acid in 0.6 M HCl and 0.75 mL of 
0.047 M thiobarbituric acid were added and mixed, fol-
lowed by incubation in a boiling water bath for 30 min. 
Then, 2 mL of n-butanol was added and the mixture was 
transferred to polyethylene tubes. After centrifugation at 
3000 rpm for 10 min, the butanol phase was collected, and 
absorbance was measured at 532 nm. A 100% n-butanol 
solution was used as the blank. Three technical replicates 
were performed for each group. The results were ex-
pressed as nmol MDA/mg protein, using a molar extinc-
tion coefficient of 1.56 × 105 M−1 cm−1.

Nitric oxide (NO)

NO levels were measured using the Griess reagent.33 
Nitrite, reduced by vanadium chloride, forms a diazo-
nium complex with sulfanilamide and N-(1-naphthyl)
ethylenediamine dihydrochloride in an acidic envi-
ronment. To 0.15 mL of supernatant, equal volumes 
of 0.15 mL 0.3 M NaOH and 0.15 mL 10% ZnSO4 were 

added, followed by centrifugation at 14,000 rpm for 
10 min. The deproteinized 0.1 mL samples were then 
treated with 0.1 mL of 1% VCl3 solution, 0.05 mL of 2% 
sulfanilamide, and 0.05 mL of 0.1% N-(1-naphthyl)eth-
ylenediamine dihydrochloride solutions, and incubated 
at 37°C for 30 min. Distilled water was used as the blank 
control. Each group was determined with three techni-
cal replicates. The absorbance of the diazonium complex 
was measured at 540 nm, and the results were expressed 
as nmol NO/mg protein.

Superoxide dismutase (SOD) activity

SOD activity was measured according to the Mylorie 
method.34 Supernatants were diluted 1:40 in 0.9% NaCl so-
lution. To 0.1 mL of diluted supernatant, 2.6 mL of 50 mM 
phosphate buffer (pH: 7.8), 0.1 mL of 6 mM o-dianisidine, 
and 0.2 mL of 0.2 mM riboflavin were sequentially added. 
For the blank tube, 0.1 mL of distilled water was used in-
stead of the diluted supernatant. Absorbance at 460 nm 
was recorded as the baseline (0 min). The samples were 
then incubated for 8 min at room temperature inside a 
box illuminated by a 20-watt fluorescent lamp (420 nm), 
and absorbance was recorded again at 460 nm at 8 min. 
Distilled water was used as the blank control. Each group 
was determined with three technical replicates. The con-
centration was calculated based on the kinetic absorbance 
readings and expressed as U/min.mg protein.

Glutathione (GSH)

GSH levels were measured according to the Beutler 
method.35 Supernatants were deproteinized with 2% 
metaphosphoric acid. 0.3 M Na2HPO4 and 40 mg/dL 
5.5′-dithiobis 1–2 nitrobenzoic acid solution (Ellman's rea-
gent) were added to the deproteinized fluid, respectively. 
Distilled water was used as the blank control. Each group 
was determined with three technical replicates. The absorb-
ance of the colored product, resulting from the reaction of 
glutathione sulfhydryl groups with Ellman's reagent, was 
recorded at 412 nm. The results were expressed as mg/dL 
using a molar extinction coefficient of 13,600 M−1 cm−1.

Evaluation of locomotor activities

The movement activity of zebrafish embryos was inde-
pendently assessed at 72 hpf using a modified version of 
Foody's thigmotaxis response method.36 During the ex-
periment, the ambient temperature was maintained at a 
constant 28°C under a light/dark cycle of 14 h light and 
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10 h dark, using E3 solution. Embryos (n = 15 per group) 
were placed in the center of a 11 mm petri dish under con-
stant light conditions (400 lux, 6200 K, fluorescent bulb), 
and allowed to acclimate for 30 s. The tail fin of each em-
bryo was gently touched. The total observation time for 
each embryo was set to 15 s, and a camera (Canon EOS 
20D) positioned 30 cm above (z-axis) recorded the em-
bryos' movements. The camera was configured to shoot at 
a resolution of 1080p and a frame rate of 60 fps. Average 
speed (the distance covered by the embryo after the stimu-
lus (touch) divided by the time (mm/s)), exploration rate 
(the percentage change in the rate at which the embryo ex-
plored or entered new areas after the stimulus (touch) be-
tween groups), and total distance traveled (the amount of 
distance the embryo moved in a given period following the 
stimulus (touch)) were analyzed using the pre-calibrated 
ToxTrac (open-source executable software) tracking soft-
ware. Results were expressed as mean ± standard devia-
tion. The internal control was the Cont group (3200 K, 400 
lux) under a normal light cycle.

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism 9.0 (GraphPad Software) to assess the effects of 
changes in pancreatic development, beta cell differentia-
tion, insulin secretion-related genes, locomotor activity 
tests, and oxidative stress parameters in zebrafish em-
bryos. The normality of the data was evaluated using the 
Shapiro–Wilk test, confirming that all parameters were 
normally distributed. One-way ANOVA was applied for 
comparisons among three or more groups, followed by 
Tukey's post-hoc test for multiple comparisons. Data 
are expressed as mean ± standard deviation (SD), with 
p < 0.05 considered the threshold for significance.

RESULTS

Gene expression results related with 
pancreatic development, beta cell 
development, and insulin secretion

When molecularly evaluating the differentiation of 
pancreatic cells into endocrine cells, the expression 
of pdx1 and hnf1a significantly increased in both G 
(ppdx1=0.0011, phnf1a=0.0016) and R (ppdx1=0.0002, 
phnf1a<0.0001) groups compared to the Cont group. 
Additionally, the expressions of pdx1 and hnf1a were 
significantly decreased in the G group compared to 
the R group (ppdx1=0.0006, phnf1a=0.0016) (Figure  1A, 

Figure  1C). Furthermore, the upregulation of pax4 in 
beta cell differentiation (FANOVA (1.340, 2.679) = 1348, 
pANOVA= 0.0001) significantly decreased in both the 
Cont (p < 0.0001) and G (p =0.0002) groups compared to 
the R group (Figure 1B, Table 2).

The role of ptf1a in pancreatic exocrine cell differentia-
tion (FANOVA(1.007, 2.014) = 681.5, pANOVA= 0.0014) signifi-
cantly increased in both G (p = 0.0019) and R (p = 0.0016) 
groups compared to the Cont group, while it significantly 
decreased in the R group compared to the G group (95% 
CI=(2.918–4.717), p = 0.0022, Figure 1D, Table 2).

The expressions of nkx6.1 and kcnj11 significantly 
increased in both G (pnkx6.1= 0.0181, pkcnj11=0.0016) and 
R (pnkx6.1= 0.0106, pkcnj11=0.0015) groups compared to 
the Cont group; there was also a significant increase 
in both gene expressions in the R group compared to 
the G group (pnkx6.1= 0.0065, pkcnj11=0.0009, Figure  1D, 
Figure 1E, Figure 1H, Table 2). The expressions of slc2a2 
and ins significantly increased in the G (pslc2a2<0.0001, 
pins<0.0001) and R (pslc2a2=0.0013, pins=0.0003) groups 
compared to the Cont group. Similarly, there was a sig-
nificant increase in both gene expressions in the R group 
compared to the G group (95% CI for slc2a2=(7.732–9.983), 
pslc2a2=0.0022, 95% CI for ins=(16.69–20.90), pins<0.0001, 
Figure 1F, Figure 1G, Table 2).

Results of pancreatic and beta cell 
morphological assessment and 
comparison of insulin fluorescence 
signaling

Zebrafish embryos exposed to 0.5 watt 14/day monopha-
sic G and R light conditions for 3 days. Pancreatic surface 
area measurements were performed using a Leica DMi8 
inverted fluorescence microscope in the Tg(ptf1a:eGFP)
jh1 line, and both beta cell area and insulin signals were 
assessed in the Tg(ins:mCherry)jh2 line. insulin fluores-
cence levels were expressed as CTCF. Compared to the 
Cont group, the pancreatic area increased by ~22.53% 
(p = 0.0002) in the G group and by ~97.13% (p < 0.0001) 
in the R group (Figure 2A,D). The pancreatic area in the 
G group was reduced by ~37.84% (p < 0.0001) when com-
pared to the R group (Figure  2A,D). There were no sig-
nificant differences in beta cell areas among all groups 
(pANOVA = 0.964, Figure 2B,D). The beta cell CTCF signal 
increased by ~50.27% (p < 0.0001) in the G group and by 
~43.80% (p < 0.0001) in the R group compared to the Cont 
group. The beta cell CTCF signal was ~4.5% higher in the 
G group compared to the R group (FANOVA (1.898, 26.57) 
= 257.8, pANOVA <0.0001, 95%CIins = (127.6–5587), pTukey 
= 0.0398, Figure 2C,D).
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Glucose level alterations in zebrafish 
embryos exposed to G (520 nm) and R 
(660 nm) LEDs

Glucose levels were assessed in whole-body homogen-
ates of zebrafish embryos, with each group consisting of 
30 embryos (n = 30 per group). Glucose levels significantly 
increased in both the G (p = 0.0238) and R groups (95% 
CI = −6.580 to −5.220, p < 0.0001) compared to the Cont 
group. Additionally, glucose levels in the G group were 
significantly lower compared to the R group (p = 0.0045, 
Figure 3).

Results of circadian cycle gene expression

The expression of clock1a and bmal1, positive regula-
tors of the circadian cycle, significantly increased in the R 
group compared to the Cont group (pclock1a <0.0001, pbmal1 

<0.0001, Figure  4A,B). The expression of bmal1 signifi-
cantly decreased in the G group compared to the Cont group 
(95% CI = 0.1788–0.7908, p <0.0205, Figure 4B, Table 2).

Regarding the negative regulators of the cycle, per1b 
and cry2a expression significantly decreased in the G 
group compared to the Cont group (pper1b = 0.0057, pcry2a 
= 0.0185, Figure  4C, Figure  4D, Table  2). Additionally, 
per1b expression significantly increased in the R group, 
while cry2a expression significantly decreased com-
pared to the Cont group (pper1b <0.0001, pcry2a = 0.0212, 
Figure 4C, Figure 4D, Table 2).

Results of oxidative stress gene expression

The presence of free iron ions in an oxidative stress environ-
ment contributes to the formation of ROS through Fenton-
type reaction. Under hypoxic conditions caused by oxygen 
deficiency and oxidative stress, the expression of hmox1a 

F I G U R E  1   Expression levels of genes associated with pancreas and beta cell development in zebrafish embryos exposed to 0.5 watt 14/day 
monophasic G and R light conditions for 3 days. Expression of pdx1 (A), pax4 (B), hnf1a (C), ptf1a (D), nkx6.1 (E), slc2a2 (F), ins (G), and kcnj11 
(H). Cont: control, G: green (520 nm) LED, R: red (660 nm) LED. Pools of 30 zebrafish embryos were created for each group, and experiments 
were performed with three technical replicates. Data are presented as mean ± SD. Statistical significance was assessed using ANOVA followed 
by Tukey post-hoc tests. ns: nonsignificantly different from another. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, compared with each group.
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increases, while fth1b serves as an antioxidant that binds to 
free iron ions. In the R group, the expressions of fth1b and 
hmox1a were significantly increased compared to the Cont 
group (pfth1b < 0.0001, phmox1a = 0.0012) and the G group 
(pfth1b < 0.0001, phmox1a = 0.0019) (Figure 5A, Figure 5B, 
Table 2). The expressions of nqo1 and txnrd1 were also sig-
nificantly increased in both the G (pnqo1 = 0.0007, ptxnrd1 
< 0.0001) and R (pnqo1 < 0.0001, ptxnrd1 < 0.0001) groups 
compared to the Cont group (Figure 5C, Figure 5D, Table 2). 
When compared to the G group, the expression of nqo1 was 
significantly increased in the R group (95% CI = −12.27 to 
−10.26, p < 0.0001) (Figure 5C, Table 2).

Biochemical assessment of oxidative stress

The assessment of oxidative stress in PMD applications 
indicates how cells and tissues are affected by light. In our 
study, the levels of MDA, a product of lipid peroxidation, 
were significantly increased in the R group compared 

to both the Cont group (p < 0.0001) and the G group 
(p = 0.0005) (Figure 6A). NO levels significantly increased 
in the G group compared to the Cont group (p = 0.0173) 
and the R group (95% CI = 0.2149–0.9251, p = 0.02) 
(Figure 6B). SOD activities and GSH levels were signifi-
cantly decreased in the G (pSOD = 0.0009, pGSH <0.0001) 
and R (pSOD = 0.0039, pGSH <0.0001) groups compared to 
the Cont group. In the R group, SOD and GSH levels were 
significantly increased compared to the G group (pSOD 
<0.0001, pGSH = 0.0074) (Figure 6C,D).

Results of locomotor activity

In zebrafish embryos exposed to 0.5 watt, 14/24 h G and R 
light conditions at 72 h post-fertilization (hpf), the average 
speed, exploration rate, and total distance traveled were 
assessed after placing the embryos in the center of 11 cm 
petri dishes and applying a stimulus (touching the tail fin). 
The average speed was calculated as the distance traveled 

F I G U R E  2   Measurement of pancreas, beta cell areas, and insulin fluorescence signaling in zebrafish at 72 hpf. Comparison of 
pancreatic area in Tg(ptf1a:EGFP) jh1 zebrafish (A). Comparison of total beta cell area in Tg(ins:MCherry)jh2 zebrafish (B). Comparison 
of corrected total cell fluorescence (CTCF) intensities of beta cells in Tg(ins:MCherry)jh2 zebrafish (C). Images of pancreas and beta cells 
in exposure groups (D). Cont: control, G: green (520 nm) LED, R: red (660 nm) LED. Data were shown as mean ± SD (n = 15 embryos). 
Statistical significance was assessed using ANOVA followed by Tukey post-hoc tests. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale 
bar: 100 μm.
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(mm) divided by the time elapsed (s) after stimulation. 
The exploration rate was determined as the percentage 
change in the speed of exploring or entering new areas 
post-stimulation across the groups. The total distance 
traveled was defined as how far the embryo moved within 
a specified duration after the stimulus. These parameters 

were quantified using ToxTrac (open-source executable 
software).

Average speed significantly increased in the G group 
compared to the Cont group (95% CI = −15.25 to −2.47, 
p = 0.0061), while it significantly decreased in the R 
group (95% CI = 0.2521 to 13.59, p = 0.0412, Figure 7A). 
The exploration rate was significantly higher in both the 
G and R groups compared to the Cont group (p < 0.0001 
for both groups, Figure 7B). The distance traveled in both 
exposure groups was significantly reduced compared to 
the Cont group (p < 0.0001 for both groups, Figure  7B, 
Figure 7C).

DISCUSSION

In this study, both the G and R groups promoted the mor-
phological development of pancreatic exocrine and endo-
crine structures compared to the Cont group. Although 
there was an increase in the expression of genes support-
ing beta cell differentiation in the R group, the increase 
in beta cell insulin signaling was lower than that in the G 
group. The increase in slc2a2 and ins expression levels in 
the G group, along with the ~2.25-fold increase in kcnj11 
expression in the R group compared to the G group, sup-
ports this decrease in insulin signaling. The underlying 
mechanism for the reduced ins expression in the R group 
indicates a disrupted circadian rhythm and increased oxi-
dative stress.

There are limited direct studies on the effects of G 
(520 nm) and R (660 nm) treatments on beta cells, al-
though some research indicates that these wavelengths 

F I G U R E  3   The effects of 0.5 watt 14/day G and R light 
conditions on glucose levels in zebrafish embryos at 72 hpf. Data 
are presented as mean ± SD obtained from three replicates per 
group (30 embryos per pool). Statistical significance was assessed 
using ANOVA followed by Tukey post-hoc tests. Significant 
differences are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001, Cont: control, G: green (520 nm) LED, R: red 
(660 nm) LED.

F I G U R E  4   Expression of circadian cycle genes in zebrafish embryos exposed to 0,5 watt 14/per day monophasic G and R light 
conditions at 72 hpf. Expressions of clock1a (A), bmal1(B), per1b(C), cry2a(D). G: green (520 nm) LED, R: red (660 nm) LED. Pools of 30 
zebrafish embryos were created for each group, and experiments were performed with three technical replicates. Data were shown as mean 
± SD. Statistical significance was assessed using ANOVA followed by Tukey post-hoc tests. ns: nonsignificantly different from another. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, compared with each group.
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affect systemic effects and cellular activities. Growth 
hormone and insulin-like growth factor (IGF) support 
insulin secretion by regulating insulin production and 
calcium levels, thereby aiding growth, development, 
and regeneration.37–39 It has been reported that G 
(520–550 nm) increases proliferation and 3D migration 
in human umbilical vein endothelial cells compared 
to R (620–660 nm),40 and that it elevates IGF levels in 
Paralichthys olivaceus41 and Takifugu rubripes fish,42 
supporting morphological growth. The increase in 
plasma IGF expression and insulin levels in juvenile 

barfin flounder following G (520 nm) treatment further 
supports this hypothesis.2 Furthermore, G (530 nm) 
treatment has been shown to lead to an increase in 
the expression of the anti-apoptotic gene bcl-2 and 
promote morphological growth in juvenile Takifugu 
rubripes fish.42 In zebrafish embryos, R (660 nm) treat-
ment was reported to cause oxidative stress, result-
ing in an increase in apoptotic cell counts and higher 
mortality rates.5 Similarly, our results indicate that 
G treatment leads to an increase in pancreatic area in 
zebrafish embryos compared to the R treatment group 

F I G U R E  5   Expression of oxidative stress genes in zebrafish embryos exposed to 0,5 watt 14/per day monofazik G and R light conditions 
at 72 hpf. Expression of fth1a (A), hmox1a (B), nqo1(C), txnrd1 (D). Cont: control, G: green (520 nm) LED, R: red (660 nm) LED. Pools of 30 
zebrafish embryos were created for each group, and experiments were performed with three technical replicates. Data were shown as mean 
± SD. Statistical significance was assessed using ANOVA followed by Tukey post-hoc tests. ns: nonsignificantly different from another. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, compared with each group.

F I G U R E  6   Biochemical analysis of oxidative stress in zebrafish embryos exposed to 0.5 watt monophasic 14 h/ day G (520 nm) and 
R (660 nm) light conditions at 72 hpf. Malondialdehide (MDA) (A); nitric oxide (NO) (B); superoxide dismutase (SOD) activities (C); 
glutathione (GSH) levels of groups (D). Cont: control, G: green (520 nm) LED, R: red (660 nm) LED. Pools of 30 zebrafish embryos were 
created for each group, and experiments were performed with three technical replicates. Data were shown as mean ± SD. Statistical 
significance was assessed using ANOVA followed by Tukey post-hoc tests. ns: nonsignificantly different from another. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001, compared with each group.
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(p = <0.0001, Figure 2A). Although no significant dif-
ference was found in beta cell areas (pANOVA = 0.964, 
Figure  2B), there was a significant increase in insulin 
signaling in both G and R groups (p < 0.0001, Figure 2C). 
Additionally, the dramatically increase in slc2a2 and ins 
expressions in the G group (pslc2a2 < 0.0001, pins <0.0001, 
Figure  1F, Figure  1G) supports the increase in insulin 
signaling (p < 0.05). However, systemic R treatment led 
to an increase in gene expressions (pdx1, pax4, hnf1a, 
and nkx6.1) that support the differentiation of pancre-
atic progenitor cells into beta cells (Figure 1, Table 2). 
Similarly, Min SH et  al. demonstrated that 4 weeks of 
local two-dimensional illuminated R (630/850 nm) 
treatment in adult rats provided protection in pancre-
atic islets, resulting in reduced hyperglycemia and in-
creased serum insulin levels.43 These results suggest 
that the systemic and local effects of R treatment are 
different. The evaluation of the stress effect exerted by 
R treatment on the central nervous system in systemic 
activities is beyond the scope of our study. However, 
the increase in neuropeptide Y levels, a neurohormone, 
that suppresses insulin secretion in juvenile red spotted 
(Epinephelus akaara) fish under R (590 nm) treatment 
for 2 months (12 h/day) indicates that insulin secretion 
is regulated by multiple factors.44 Furthermore, in this 
study, we showed for the first time that 14 h/day R treat-
ment for 3 days leads to an increase in the expression of 
the kcnj11 (p < 0.001), which encodes the K-ATP channel 
subunit Kir6.2 and causes a decrease in ins expression 
(p < 0.0001) and insulin signaling (p < 0.05) compared 
to G treatment group (Figure 1G,H, Figure 2C, Table 2). 
Wang et  al. demonstrated that G (540 nm) causes an 

increase in intracellular calcium levels in adipocyte cells 
differentiating into osteoblasts.7 Previous studies and 
our findings indicate that G treatment promotes beta 
cell differentiation, enhancing insulin secretion through 
modulation of K-ATP channels and Ca ion channels. 
Despite methodological differences, the findings indi-
cate that both G and R treatments increase insulin levels 
in peripheral tissues and promote glucose uptake, which 
may provide clinical benefits in metabolic syndrome, di-
abetes, and regulation of cellular metabolism.

There is a strong interaction between BMAL1 and 
CLOCK1A and antioxidant hormone melatonin secreted 
by the pineal gland.8,24,45 Conditional transcriptional ab-
lation of CLOCK and BMAL1 in pancreatic islets of mice 
leads to impaired beta cell function.24 Increased mela-
tonin secretion during the scotophase inhibits insulin se-
cretion.26 The desynchronization of melatonin and insulin 
contributes to metabolic syndrome and diabetes.46 In our 
previous study, we demonstrated that 1 watt R treatment 
caused a decrease in melatonin (aanat2) expression in 
zebrafish.8 While R treatment increases melatonin levels 
in Amphiprion clarkii,47 G treatment increases melatonin 
levels in zebrafish embryos.5 According to our findings, R 
treatment during the photophase increased the expression 
of the positive regulators of the circadian rhythm, clock 
and bmal1, compared to both the Cont and G treatments 
groups (p < 0.0001). In contrast, R treatment during the 
photophase resulted in an increase in the expression of the 
negative regulator of circadian rhythm, per1b (p < 0.0001), 
while cry2a expression decreased (p < 0.05). This indi-
cates a disruption of the central controller of metabolic 
processes, the circadian rhythm. In light of these findings, 

F I G U R E  7   Locomotor activities of in zebrafish embryos exposed to 0.5 watt monophasic G (520 nm) and R (660 nm) light conditions 
at 72 hpf. Average speeds (A) of the groups, Exploration rate(B), Distance traveled (C). Cont: control, G: green (520 nm) LED, R: red 
(660 nm) LED. The locomotor activity test was performed on n = 15 embryos representing each group. The data are presented as mean ± SD. 
Statistical significance was evaluated using ANOVA followed by Tukey's post-hoc tests. ns: nonsignificantly different from other groups. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, when compared between groups.
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the reduction in ins expression and insülin signaling in 
the R group compared to the G group may be attributed 
to the disrupted circadian cycle and decreased melatonin 
levels. Melatonin neutralizes mitochondrial-derived free 
radicals in cells, reducing oxidative stress and improving 
mitochondrial function, thereby optimizing cellular en-
ergy production.27 G (530 nm) treatment has been shown 
to prevent oxidative stress by reducing the levels of H2O2, 
a source of hydroxyl radicals (·OH), in species such as 
Amphiprion clarkii,47 Carassius auratus,48 and Seriola 
lalandi.49 In our earlier study, we observed that 1 watt 
of G (520 nm) led to an increase in MDA levels against 
decreasing melatonin levels.8 Similarly, Wang et  al.50 
demonstrated that G (540 nm) light caused an increase in 
ROS levels in adipose-derived stem cells compared to R 
(660 nm) treatment. In this study, 0.5 watt/m2 R LED treat-
ment caused an increase in MDA levels compared to both 
the Cont (p < 0.0001) and G (p < 0.001) groups (Figure 2A). 
There was no significant difference between the G group 
and the Cont (p = 0.12). The reason for the contradiction 
between previous studies and our findings suggests that 
R treatment has a greater capacity to increase oxidative 
stress compared to G treatment, depending on the applied 
power and duration. Increased lipid peroxidation in R 
treatment compared to G treatment may cause an increase 
in fth1b, hmox1a, nqo1, txnrd1, a decrease in GSH, dis-
ruption of circadian cycles, and affecting insulin expres-
sion and secretion. R treatment supports cellular energy 
production by enhancing mitochondrial activity,50 but in 
the long term, it can lead to excessive oxidative stress and 
inflammation, resulting in DNA damage, cellular aging, 
and the development of chronic diseases. The protective 
effects of G treatment in reducing oxidative stress and 
optimizing cellular energy production present promising 
potential for the treatment of metabolic diseases and dis-
eases related to cellular damage.

The regulation of circadian rhythm and the balance of 
NAD/NADH redox by BMAL1 enhance the resistance of 
cells to oxidative damage.51 The increased intracellular lev-
els of NADH and NADPH through glycolysis and the pen-
tose phosphate pathway have been reported to augment 
the binding of the CLOCK:BMAL1 complex to DNA.51 
This mechanism facilitates the maintenance of the photo-
phase period, which has high energy demands. Moreover, 
elevated NADPH levels help preserve the levels of reduced 
glutathione (GSH), a potent antioxidant.52 Inhibition of the 
pentose phosphate pathway, which is the primary source 
of NADPH,53 can extend the circadian period of clock gene 
expression in cells. In our study, R treatment resulted in 
lipid peroxidation and increased MDA levels. The decrease 
in GSH levels observed in the R group in response to in-
creased damage may also be attributed to reduced NADPH 
levels due to pentose phosphate pathway inhibition. Pir R. 

et al. explained that R treatment significantly lowered the 
light/dark ratio (indicating wakefulness and activity mea-
surement) in zebrafish embryos.5 Furthermore, R treat-
ment increases the activation of cytochrome C (COX, also 
known as Complex IV), facilitating the reduction of oxy-
gen to water and generating the proton gradient necessary 
for ATP synthase, thereby enhancing ATP production.20,50 
Wang et al. found that a 3 h R (660 nm) treatment increases 
ATP levels in adipocyte-derived stem cells compared to G 
(540 nm) treatment, suggesting that G treatment is safer.50 
The COX-dependent increase in ATP induced by R treat-
ment explains the enhanced energy (ATP)-dependent mo-
tility observed in adult zebrafish, tilapia, and ram sperm 
cells.54,55 Conversely, uncontrolled increases in COX ac-
tivity can lead to increased oxygen consumption in cells. 
When sufficient oxygen is not available, cells may enter a 
hypoxic state, contributing to oxidative stress. During ex-
cessive COX activity, electron leakage can result in the for-
mation of partially reduced oxygen species that can damage 
cellular components such as DNA, proteins, and lipids.5,56 
In this study, the increased MDA levels in the R group com-
pared to the control group (p < 0.0001, Figure 2A), along 
with elevated glucose levels in the R group (p < 0.0001, 
Figure 3), indicate a disruption in cellular energy balance 
due to oxidative stress. Given that the disrupted energy 
balance under hypoxic conditions may lead to neuroin-
flammation and cognitive dysfunction in the central 
nervous system,57 the increased oxidative stress in the R 
group explains the reduction in average speed compared 
to the control group (95% CI = 0.2521–13.59, p = 0.0412, 
Figure 7A). In contrast, there was a significant increase in 
average speed in the G group compared to both the control 
(p < 0.001) and R groups (p < 0.0001) (Figure 7A). Similarly, 
Pir R. et  al. reported that compared to the GLED group, 
zebrafish in the RLED group exhibited increased expres-
sion levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG), a 
marker of mitochondrial DNA damage, along with elevated 
levels of Hsp70, as well as decreases in activity, heart rate, 
and blood flow.5 Under high oxygen concentrations, COX 
predominantly exists in an oxidized state, consuming NO. 
When COX is significantly reduced, NO is not consumed 
and accumulates in the microenvironment, which has im-
plications for both cellular respiration rates and local vas-
cular tone.58 The increased NO levels observed with GLED 
treatment (p < 0.05, Figure 6B) suggest that electron flow 
in the electron transport chain remains intact and that in-
creased blood flow and oxygen uptake in the pancreas may 
enhance insulin expression. These findings indicate that G 
treatment has positive effects on cellular energy balance, 
oxidative stress, and mitochondrial functions in zebrafish, 
ultimately enhancing motor functions.

The current study has several limitations. First, while 
zebrafish provide a significant advantage in evaluating the 
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systemic effects of light, the applicability of the results to 
other mammalian models or human physiology may be 
limited. Second, the wavelength, power, light permeability, 
and application method (local or systemic) of light used in 
PBM therapy are important factors. Third, this study eval-
uated treatments in the wavelength range of 510–540 nm 
for green LED and 620–660 nm for red LED. Therefore, 
the dosage and exposure time of the LED lights used in 
our study may not be optimized for different organisms or 
tissues, which restricts the generalizability of the results. 
Finally, while our focus on systemic effects rather than 
local effects demonstrates the advantages of using zebraf-
ish as a model organism in such holistic analyses, it should 
also be noted that specific wavelengths in specific cell types 
require more detailed investigation of local responses.

G treatment contributes to the enhancement of in-
sulin expression, beta cell differentiation, and function. 
These results hold promise for the treatment of diabetes, 
metabolic syndrome, and pancreatic diseases. This study 
represents the first investigation focused on pancreatic 
development and beta cell functions. The effects of cellu-
lar energy metabolism, particularly on beta cell develop-
ment and functionality, should be considered in light of 
the varying wavelengths, dosages, and exposure times of 
LED light sources. Therefore, further studies are needed 
to elucidate the mechanisms underlying beta cell differen-
tiation associated with different light spectra.

In conclusion, our study elucidates the effects of green 
and red LED lights on pancreatic development, beta cell 
differentiation, insulin signaling, and circadian rhythms. 
G treatment may be more effective in promoting pancre-
atic development and insulin signaling compared to R. 
Conversely, while R promotes the differentiation of pan-
creatic progenitor cells into beta cells, it may also lead to 
a reduction in insulin signaling associated with increased 
oxidative stress and disrupted circadian rhythms. These 
findings provide a new perspective on understanding the 
effects of light-based therapeutic approaches on pancre-
atic development and metabolic processes, suggesting that 
different LED wavelengths could serve as potential tools 
in the treatment of cellular metabolic disorders.
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