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Purpose: The hypothalamic suprachiasmatic nucleus (SCN) is the master clock of the circadian rhythms, coordinating the entire
circadian system of the body, including the secretion of melatonin.

Methods: In this study, we aimed to clarify the transcriptome profile influenced by blue light in Sprague Dawley (SD) rats. Rats in the
experimental group were exposed to blue light with wavelengths of 450nm and 465nm for 3 and 6 hours respectively during nighttime.
After a 6-week intervention of blue light exposure, the retinal tissue was used for histological analysis, the blood were investigated
using ELISA, and hypothalamus samples were collected for the full-length RNA-seq. Differentially expressed genes were validated by
reverse transcription-quantitative RT-qPCR and Western blot. The relationships between the expression levels of clock genes and the
concentrations of melatonin and AA-NAT were evaluated via correlation analysis.

Results: Our findings demonstrated the retinal cytoarchitecture of SD rats exposed to blue light was damaged, melatonin and AA-
NAT in the blood of SD rats exposed to blue light was disordered. Differentially expressed genes were identified, and KEGG analysis
revealed that TGF-beta signaling pathway may be related to exposure to blue light. Despite the limitations imposed by the sample size
and difference parameters, RT-qPCR analysis was employed to validate the accuracy and reliability of the results, and it was found that
they were indeed both accurate and reliable.

Conclusion: The findings of this study provide a novel insight into the potential mechanisms underlying the impact of blue light
exposure and may offer a novel approach to the treatment of photopathogenesis by modulating circadian rhythms.
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Introduction

Circadian rhythms represent a fundamental aspect of a human being’s ability to adapt to the environment. The SCN is the
principal circadian pacemaker of the mammalian brain and plays a pivotal role in the generation and regulation of
biological rhythms.! Further damage studies on the hypothalamus find that the SCN at the anterior end of the
hypothalamus is a key element in initiating the rat biological clock.”? When the SCN is artificially damaged, the endocrine
rhythm and behavioral rhythm of rats are lost, which supports the hypothesis that the SCN may be the pacemaker of the
biological clock of rats.

Light pollution is thought to be linked to serious health problems, mainly through disrupted circadian rhythms and
melatonin secretion.” When the rats were exposed to constant light, the loss of spontaneous movement, melatonin
secretion, corticosterone rhythm, and decreased function of the SCN cells were observed.* Light can cause the
endogenous oscillator in the SCN to phase-shift, thereby synchronising it with the environmental day-night cycle.’
Among the most potent temporal cues for circadian photoentrainment is light, particularly short-wavelength blue light.®
Blue light is characterized by short wavelengths, high energy, and superior penetration in visible light. Retina, the
imaging screen of the eyes, is located in the back wall of the eye and can incur severe damage when exposed to specific
wavelengths or intensities of light.” When light strikes the retina, it is known to stimulate melanopsin-based intrinsically
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photosensitive retinal ganglion cells (ipRGCs), which are uniquely sensitive to wavelengths in the blue range of the light
spectrum.®'” These ipRGCs project extensively to the SCN, via the retinohypothalamic tract (RHT), and in turn, the
SCN suppresses melatonin production by the pineal gland.'''* Blue light exposure with a wavelength of approximately
460nm may be projected directly to the hypothalamus via a separate system of retinal ganglion cells, reliably influencing
the 24-hour biological clock.'*'* Irradiation at the same intensity with short-wavelength (450 nm) light is more likely to
induce retinal damage than irradiation with long-wavelength (650 nm) light.'”> Melanopsin is activated by blue
wavelength (465~480 nm) and insensitive to red or green light; meanwhile, the concentrations of melatonin and its
synthesizing enzyme AANAT are both lower.'® Prolonged exposure to blue light also affects melatonin secretion in the
pineal gland, disrupts the circadian rhythm, and then impacts cognitive ability, mood, and other physiological and
behavioral effects.'”*° However, the adverse biological effect of blue light radiation on the human body is wavelength-
dependent.

Light plays a pivotal role in the phase shifting of circadian rhythms by influencing the expression of clock genes
through the duration, intensity, timing, and spectrum.”' >* Studies have demonstrated that the expression of the pineal
gland NAT and Per gene in rats, under beta-adrenergic control from SCN is influenced by light exposure.>* In mammals,
circadian rhythms are regulated by a complex network of genes and the entire genome. The core of this regulatory
network comprises the transcription factors CLOCK and BMALI, which govern the transcription of the Nr1d1 gene.*>°
In humans, mutations in the circadian clock genes have been linked to circadian rhythm sleep disorders. Among the

1.%7 The Per2 mutation

genes associated with chronotypes are well-known clock genes, such as PER1, CRY1, and BMAL
was the first genetic cause of familial advanced sleep phase syndrome (FASPS) to be identified, providing direct evidence
that PER2 plays an essential role in the human circadian clock.”® A mounting body of evidence about circadian rhythms
in mammals underscores the indisputable link between circadian rhythms and human health.

Extended exposure to light has been demonstrated to disrupt circadian rhythms in humans.?* We hypothesized that
blue light instigates alterations in the transcriptome. To this end, a series of experiments were conducted, utilizing
different wavelengths of blue light and varying exposure durations, to explore the effects of blue light on the
transcriptome. In this study, we dynamically examined the concentration of MT and AA-NAT, histopathology of the
retina, and employed full-length transcriptome sequencing to investigate how blue light influences circadian rhythms in
SD rats, providing insights into the potential mechanisms underlying the effects of light. Subsequent analyses encom-

passed DEGs and KEGG pathway enrichment analysis.

Materials and Methods

Animals and Experimental Design

Sprague-Dawley male rats (6 weeks) were maintained under white light (wavelength 400 ~ 760 nm), at a room
temperature of 24 °C, a humidity level of 50%, and under a light cycle of LD 12 h / 12 h. The light intensity was set
at 100lux, with the lighting initiated at 08:30 am. SD rats are permitted to consume standardised granular food and tap
water. Starting from the 14th day, rats were randomly divided into 5 groups as follows: No blue light exposure group (C,
n=3), 450 nm blue light exposure group for 3 hours (S3, n=3), 450 nm blue light exposure group for 6 hours (S6, n=3),
465 nm blue light exposure group for 3 hours (L3, n=3) and 465 nm blue light exposure group for 6 hours (L6, n=3).
Subsequently, the subjects began receiving either 3 or 6 hours of blue light exposure every night at 8:30 pm for 6 weeks.
Meanwhile, the control group was not exposed to blue light and were fed according to standard procedures. The research
was approved by the Experimental animal Ethics Committee of Jinzhou Medical University (No. 2020121101) and
strictly adhered to ARRIVE guidelines.

The selection of lighting conditions, including intensity and duration, was based on the design of a rat model of
circadian rhythm disturbance. The selection of blue light at a wavelength around 460 nm was based on the premise that
such exposure may be projected directly to the hypothalamus via a distinct system of retinal ganglion cells, thereby
exerting a reliable influence on the 24-hour biological clock.'*'* The 446 ~ 477 nm wavelength region is identified as the

most potent in terms of its ability to regulate melatonin secretion via circadian input.®*!
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Following a 6-week treatment period, SD rats were euthanized at night (ZT12 ~ ZT14, 20:30-22:30pm) by
anesthetized with 10% chloral hydrate, followed by decapitation and collection of hypothalamus and eyeball tissues.
The hypothalamus tissue was then meticulously dissected from each rat’s brain and stored in 2 mL. RNA later at
a temperature of —80 °C in a refrigerated storage facility. The eyeball was immediately removed and immersed in
formaldehyde-acetic acid-saline (FAS), it was then paraffin-embedded for wax sectioning. Blood samples were collected
one day (ZT0, ZT4, ZT8, ZT12, ZT16 and ZT20) before the rats were euthanized and collected in BD vacutainer EDTA
tubes, and plasma was separated by centrifugation at 2000 x g for 20 min, aliquoted, and stored at —80 °C. Schematic
overview of treatments (Figure 1A).

ELISA Procedure
Rat Melatonin and AA-NAT ELISA kits were purchased from Enzyme-linked (https://www.mlbio.cn/). All tests were
performed according to the manufacturer’s guidance. The signal was detected using a microplate reader within 30 minutes

after the reaction. All data were presented as mean =+ standard deviation, and all experiments were performed three times. The
melatonin and AA-NAT concentrations were analyzed using Kruskal-Wallis. P-values < 0.05 were considered to be significant.

Hematoxylin and Eosin (H&E) Staining

The retinal tissue was immersed in FAS overnight and then dehydrated. Following this, the tissue was embedded in paraffin
blocks and sliced into 4 um sections. The sections were then placed on the glass slides and stained with hematoxylin and
eosin (H&E) for histological analysis. The observation was conducted under a 200 x optical microscope.

RNA Extraction, Library Construction, and Sequencing

Total RNA was isolated from the hypothalamus tissues of rats using TRIzol reagent (Takara, Kyoto, Japan). Moreover,
1 pg total RNA was prepared for cDNA libraries using the cDNA-PCR Sequencing Kit (SQK-PCS109, Oxford Nanopore
Technologies). Finally, the cDNA libraries were subjected to FLO-MIN109 flow cells and analyzed on a PromethlON
platform at Biomarker Technology Company (Beijing, China).

DEGs Analysis

The clean reads were mapped to the reference transcriptome sequence (Rnor 6.0 release95). Expression levels were
estimated by CPM (counts per million). Differential expression analysis of two groups was performed using the edgeR
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Figure | Schematic overview of treatments (A). Retinal sections were subjected to H&E staining (HE x 200, (B)), the presence of thinning in the outer nuclear layer (black
arrows) and outer plexiform layer (red arrows), unclear boundaries (green arrows), and impaired pigment epithelium (blue arrows). The distribution of MT and AA-NAT
concentration of different groups over time (C), the y-axis indicated the concentration of different groups and the x-axis indicated different time points, the processing of
the data was conducted utilising GraphPad Prism 9.0, and the results are hereby presented as the mean + SD, *P < 0.05.
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Table | Primer Sequences of the Selected DEGs

Gene Forward Sequence Reverse Sequence Product Length | Tm
GAPDH GGAAAGCTGTGGCGTGAT AAGGTGGAAGAATGGGAGTT 270 60
Eid| CCGTGCATTGTGGAAAAGGAG | GGCCCTGTGAGACCAAACAA 102 60
Leng8 AACCTTGGTCAGTTCAGGGG GCCCCTAGAGAAACTCTGGC 90 60
Hyoul CTGGTACGCGAGACGCTG CACCAAGGCCCAACAGAGTA 90 60
Pitx2 TTGCCCATTCTTGTTTCGCT CAAACTGCCCCTGTCTCTTCT 164 60
Pvalb TGATGGCTGCTGGAGACAAG AGTCAGCGCCACTTAGCTTT 89 60

(3.32.1). Genes with a p-value < 0.05 and fold change > 1.5 were considered as DEGs. Perform a Spearman correlation
analysis separately for the gene expression levels and the concentrations of MT and AA-NAT using the
R package (3.6.3).

Enrichment Analysis by KEGG

The KEGG database (http://www.genome.jp/kegg/) was commonly used in RNA-seq bioinformatics analysis. We used
KOBAS software to detect the statistical enrichment of DEGs in KEGG pathways. In KEGG pathway enrichment
analysis, those KEGG pathways with q values less than 0.05 and rich factor greater than 1 were considered significantly

enriched. The greater the rich factor, the higher the degree of enrichment. The KEGG gene set enrichment analysis
(GSEA) was performed using clusterProfiler (4.4.4).

Western Blotting

The total protein was extracted using RIPA buffer (Thermo Fisher, USA), and the concentration was determined with
a BCA protein quantification kit (Keygen, China). Then, the proteins were separated using SDS-PAGE and transferred to
a PVDF membrane (Merck, Germany). The membrane was subjected to a washing step with TBST for a duration of five
minutes, followed by an incubation period at ambient temperature with a 5% skim milk solution for a period of two
hours, then incubated overnight at 4 °C with primary antibodies. After TBST washing for 8 minutes, the secondary
antibody was added and incubated at 37 °C for 1 h. The membrane was subjected to a rinse with PBST, after which the
bands were exposed and analysed using an ECL Plus assay kit (Beyotime, China). The analysis of data was conducted
utilising the ImageJ software (v1.54), with GAPDH serving as the internal reference standard.

Quantitative Real-Time PCR Validation

The remaining RNA after transcriptome was used for RT-PCR, and cDNA was prepared using HiScript 1st Strand cDNA
Synthesis Kit for qPCR (Vazyme, Nanjing, China) according to the manufacturer’s instructions. The expression of the
screened genes was determined using SYBR Green, with 10 uL reaction components containing 2 uL cDNA, 5 ulL 2 x
SYBR Green Mix, 0.5 uL forward primer, 0.5 uL reverse primer and ddH,O added to a total volume of 10 uL. The
reaction program consisted of 40 cycles at 95 °C for 5 min, followed by incubation at 95 °C for 10s and 60 °C for 25s.
The primer sequence is synthesized according to the mRNA sequence obtained from the NCBI database (Table 1). The
2 A€ method was used for data quantification. All statistical analyses were performed using Prism 9.0 (GraphPad

Software Inc., San Diego, CA, USA).

Results
Effects of Different Wavelength and Time Blue Light in SD Rats

The research design is shown in Figure 1A. To investigate the effects of blue light on circadian rhythm in SD rats, an
initial assessment of retinal damage in rats was conducted. The results of HE staining for retinal sections are presented in
Figure 1B. In the control group, the retinal cytoarchitecture appeared intact with neatly arranged layers (Figure 1B). In
the S3 group, the outer nuclear layer of the retina exhibited uneven thickness, the outer plexiform layer displayed a loose
configuration, and the boundary was indistinct (Figure 1B). In the S6 group, the thickness of each retinal layer was
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reduced, and the boundary was indistinct, with damage to the photoreceptor layer and the pigment epithelium
(Figure 1B). In the L3 group, the outer nuclear layer cells were atrophied and thinned, the structural boundaries of
each layer were indistinct, and the photoreceptor layer and pigment epithelium were no longer discernible (Figure 1B).
The L6 group exhibited edema in the pigment epithelium, accompanied by thinning the outer plexiform layer and the
photoreceptor layer (Figure 1B).

Furthermore, the effects of different wavelengths of blue light on melatonin (MT) and AA-NAT (a key enzyme in
melatonin synthesis) in the blood of SD rats were investigated using ELISA (Figure 1C). The distribution of MT and AA-
NAT concentration demonstrated variability over time, exhibiting differences between the treatment groups and the
control group (Figure 1C and Tables S1, S2).

DEGs Differed Between Groups

In order to comprehend the manner in which blue light affects the circadian rhythm of SD rats, we conducted
a comprehensive analysis of the transcriptome across various groups. Bioinformatics and statistical approaches were
used to analyze the full-length RNA-Seq data. After quality filtering, each sample retained an average of 4.12 million
high-quality clean reads, with an average sequence length of 850 bp. A total of 92.28% of the reads were successfully
mapped to the rat reference genome. This involved comparisons between different groups (L3 vs C, L6 vs C, S3 vs C, S6
vs C, L6 vs L3, S6 vs S3, L3 vs S3, and L6 vs S6), which resulted in the identification of a substantial number of DEGs.
These findings illustrate distinct hypothalamus transcriptome profiles between the control groups and the groups exposed
to 465nm and 450nm blue light (Figure 2A). Subsequent analysis involved the investigation of gene expression patterns
through the implementation of a clustering approach on RNA-seq data. Heatmaps of DEGs revealed that the L and
S groups differed significantly from the C group in terms of gene expression patterns. Furthermore, the transcriptome
profile of the L groups appeared to be more analogous to that of the S groups in comparison to the C group (Figure 2B).
Finally, we analyzed the differences of several clock genes between the groups exposed to 465nm and 450nm blue light
and the control group (Figure 2C and Table S3). Perl, Amtl, Rasd1, Npy2r and Csnk2al showed significant differences
in the blue light exposure groups. As shown in Table 2, the correlation analysis of the six clock genes (Perl, Arntl,
Rasdl, Npy2r, Csnk2al and Cryl) indicated that there was only a partially significant correlation between MT and AA-
NAT concentration (Tables S4 and S5).

KEGG Pathway Enrichment Analysis

To gain further insight, we conducted a KEGG pathway enrichment analysis and visualized the top 20 pathways with the
lowest q values in a bubble chart (Figures 3 and 4). The DEGs in the L3 group compared to the C group were primarily
enriched in HIF-1 signaling pathway (p=0.000065 and q=0.0158, Figure 3A). In contrast, DEGs in the L6 group
exhibited enrichment in Circadian entrainment (p=0.000051 and q=0.014, Figure 3B). In addition, the results indicated
that DEGs were predominantly enriched in the Amyotrophic lateral sclerosis in the S3 group compared to the C group
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Figure 2 Statistics of DEGs (A) Heatmap of DEGs (B) and clock genes (C). In the heatmaps, red represents the upregulated genes, green represents the downregulated
genes.
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Table 2 Correlation Analysis of Clock mRNAs with MT and AA-NAT
Concentrations

Genes Arntl Perl Cryl Rasdl | Npy2r | Csnk2al
MT(ZTO) r | 0.082 | -0239 | —0.143 0.207 0.1 0.55
p 0.77 0.39 0.61 0.46 0.72 0.036*
MT(ZT4) r | 0.079 0.28 0.253 —0.146 | —0.157 —0.236
p| 078 0.31 0.36 0.60 0.58 0.40
MT(ZT8) r | 0.089 —0.46 0.314 | -0.396 | 0.307 0.889
p| 075 0.086 0.25 0.14 0.26 0%
MT(ZT12) r | 0288 | -0.132 | —0.534 | 0.093 0.045 0.045
p| 030 0.64 0.04* 0.74 0.87 0.87
MT(ZTI6) r | —0.189 | —0.107 —0.1 —0.34 | —0.054 —-0.12
p 0.50 0.70 0.72 0.22 0.85 0.67
MT(ZT20) r| —3.14 | —0.65 | —0.0071 0.15 —0.196 0.357
p 0.25 0.01* 0.98 0.59 0.48 0.19
AA-NAT(ZTO0) r| 0082 | —024 | —0.143 0.207 0.1 0.55
p| 077 0.39 0.6l 0.46 0.72 0.036*
AA-NAT(ZT4) r | 0.079 0.28 0.25 —0.15 | —0.157 —0.24
p| 078 0.31 0.36 0.60 0.58 0.40
AA-NAT(ZT8) r | 0.089 —0.46 0.314 0.396 0.307 0.89
p 0.75 0.086 0.25 0.14 0.26 0%
AA-NAT(ZTI12) | r | —0.288 | —0.132 | —0.534 | 0.093 0.045 0.045
p 0.30 0.64 0.04* 0.74 0.87 0.87
AA-NAT(ZTI16) | r | —0.189 | —OII —0.1 —0.34 | —0.054 —0.12
p 0.50 0.70 0.72 0.22 0.85 0.67
AA-NAT(ZT20) | r | -0.314 | —0.65 | —0.007 0.15 —-0.20 0.36
p 0.25 0.01* 0.98 0.59 0.48 0.19

Notes: r represents the Spearman correlation coefficient. p values are derived from the Spearman
rank correlation analysis. r>0: positive correlation, r<0: negative correlation, *p < 0.05.

(p=0.0003 and q=0.067, Figure 3C). In the S6 group, DEGs were predominantly enriched in the PI3K-Akt signaling
pathway (p=0.001 and q=0.33, Figure 3D).

Notably, we found that the DEGs of all four treatment groups were enriched in the TGF-beta signaling pathway in
comparison with the control group. Despite the lack of statistical significance in the enrichment of the TGF-beta
signaling pathway across all blue light exposure groups, this pathway may be associated with the effects of blue light
exposure on SD rats.

Furthermore, an analysis of functional enrichment was conducted between groups exposed to blue light of the same
wavelength for varying durations and between groups exposed to different wavelengths for the same duration. KEGG
analysis further demonstrated that DEGs were enriched in Amyotrophic lateral sclerosis in the L6 group compared to the
L3 group (p=0.000059 and q=0.015, Figure 4A). The DEGs in the S6 group compared to the S3 group were enriched in
cAMP signaling pathway (p=0.000018 and q=0.0042, Figure 4B). The DEGs in the L3 group compared to the S3 group
were enriched in Circadian rhythm (p=0.003 and g=0.69, Figure 4C). The DEGs in the L6 group compared to the S6
group were enriched in MAPK signaling pathway (p=0.000035 and q=0.007, Figure 4D).

Gene set enrichment analysis (GSEA) results showed that the JAK-STAT signaling pathway was significantly
inhibited (ES=—1.713, FDR=0.039) and the MAPK signaling pathway was significantly enriched (ES=1.623,
FDR=0.03) (Figure 5A), implying that blue light may be involved in JAK-STAT and MAPK signaling pathway.
Following that, we examined JAK1, STAT3, MAPK, P38 and ERK1/2 expression pattern in all groups. Western blotting
results indicated that protein expression levels of JAK1 and STAT3 were significantly decreased, and MAPK, P38 and
ERK1/2 were significantly increased in blue light exposure groups (Figure 5B).
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Figure 3 KEGG pathway enrichment analysis for different genes in L3 vs C (A), L6 vs C (B), S3 vs C (C), S6 vs C (D) comparisons. The y-axis indicates the name of the
KEGG pathway. The dot size means gene count. The dot color indicates the q value. The dot color indicates the q value.

Identification and Function of Common DEGs

Venn diagrams unveiled overlaps in DEGs between groups, highlighting the genes influenced by both 465nm and 450nm
blue light treatment in SD rats (Figure 6). Expression of ten genes was upregulated and forty-two genes was down-
regulated in the L and S groups compared to the C group (Figure 6A). Additionally, KEGG pathway analysis revealed
that TGF-beta signaling pathway (p=0.024 and q=1) were significantly enrichment (Figure 6B).

RT-qPCR Validation
To confirm RNA sequencing results, five DEGs (Eid1, Leng8, Hyoul, Pitx2, and Pvalb) were selected for validation
using RT-gPCR. The expression levels of these DEGs in the treatment groups compared with the control group were

consistent with RNA sequencing data, indicating our findings were accurate (Figure 7).

Nature and Science of Sleep 2026:18 heeps: 7



@ Meng et al

A Statistics of Pathway Enrichment B Statistics of Pathway Enrichment
mRNA surveillance pathway - . Vascular smooth muscle contraction .
Thermogenesis- @ Tightjunction @
Spliceosome - . Rap1 signaling pathway - [ ]
Salmonella infection 4 ® Prolactin signaling pathway - .
Regulation of actin cytoskeleton - @ ive ligand ptor i ion- @ gene_number
Prion disease | @ gene_number Longevity regulating pathway | . .4
Phosphatidylinositol signaling system - . ; 12 Herpes simplex virus 1 infection - . * 6
Parkinson disease | ® ® 20 FoxO signaling pathway - L] 38
Insulin signaling pathway - . ® 25 is and g . : 12
Inositol phosphate metabolism - . ‘ 30 Mineral absorption . . 14
Huntington disease - @ qva|ue Apelin signaling pathway - L
Glutamatergic synapse - . 1.00 cGMP-PKG signaling pathway - q-va I‘Iu.OO
Endocytosis4 @ .78 Dopaminergic synapse 0.75
Circadian entrainment -| . 22(5) Estrogen signaling pathway - 0.50
Axon guidance - o | 0:00 Thyroid hormone synthesis - - 0.25
Autophagy - animal - . Circadian rhythm - 0.00
Adherens junction - . Amphetamine addiction -
Amphetamine addiction - < Alcoholism - { ]
RNA transport - Cocaine addiction - .
Amyotrophic lateral sclerosis . cAMP signaling pathway - .
20 24 28 32 2 4 5 8
Rich factor Rich factor
C Statistics of Pathway Enrichment D Statistics of Pathway Enrichment
cAMP signaling pathway - [ ] VEGF signaling pathway - .
Ras signaling pathway 1 @ Oxytocin signaling pathway - .
Protein digestion and absorption - L] Morphine addiction - .
Prolactin signaling pathway - . Long-term depression -
PI3K-Akt signaling pathway . Human immunodeficiency virus 1 infection 4 ®
Notch signaling pathway - . gene_number Choline metabolism in cancer - . gene_number
Non-homologous end-joining - . * 4 Proteoglycans in cancer . g
Necroptosis - ° °8 Glutamatergic synapse - ® 12
MAPK signaling pathway - @ : ,1]§ Human cytomegalovirus infection @ 16
JAK-STAT signaling pathway - [ ] Huntington disease { @ . 20
Insulin signaling pathway - ® qval1u.00 Amphetamine addiction - *| qvalu
HIF-1 signaling pathway | @ 075 Circadian entrainment - . || 1.00
ECM-receptor interaction . 0.50 MAPK signaling pathway - [ ] 075
Dopaminergic synapse -~ ® 0.25 Alzheimer disease - @ 050
Alcoholism - ° B o000 inoid signaling - o | 2(2)2
ABC transporters - . Parkinson disease - [ ]
Cocaine addiction - Amyotrophic lateral sclerosis - .
Circadian rhythm Thermogenesis - [
Amphetamine addiction Oxidative phosphorylation - [ ]
Mineral absorption Prion disease - .
2 3 2 5 6 ; 2 ' 6

4 5 4 5
Rich factor Rich factor

Figure 4 KEGG pathway enrichment analysis for different genes in L6 vs L3 (A), S6 vs S3 (B), L3 vs S3 (C), L6 vs S6 (D) comparisons. The y-axis indicates the name of the
KEGG pathway. The dot size means gene count. The dot color indicates the q value.

Discussion
Understanding how circadian clock genes work together can provide valuable insights into their relationship with specific
behaviors, particularly the sleep-wake cycle. Blue light, recognized for its potent effect on synchronizing the human
circadian rhythm, can have far-reaching consequences. Exposure to low levels of blue light or bright light prior to
bedtime can have a detrimental effect on the circadian rhythm, with potentially adverse consequences for overall health.
Recent studies have demonstrated that light can significantly affect the circadian rhythm.*>*3 In the present study, we
investigated the effects of blue light on hypothalamus transcriptome levels in SD rats, with a particular focus on its
impact on circadian rhythm.

Circadian rhythms are influenced by external factors, with light being the predominant factor in this regard.*® Light is
processed through the retina and through the retinohypothalamic tract to the synchronization of rhythmic in the SCN,
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Figure 5 GSEA results showed JAK-STAT and MAPK signaling pathways associated with circadian rhythm (A and B). The protein expression levels of JAK I, STAT3, MAPK,
P38 and ERK1/2 were tested using the Western blot method (A and B).

which constitutes the master clock of the organism.>® The absorption of blue light by the retina instigates the initiation of
the photooxidation mechanism, leading to the formation of a substantial oxidation reaction. This, in turn, results in the
disruption of the body’s normal REDOX dynamic equilibrium, consequently activating the cell apoptosis mechanism,
resulting in cell death and damage. The results demonstrated that the retinal cytoarchitecture of the control group was
preserved with the layered structure. However, the retinal cytoarchitecture was damaged in the groups exposed to 465nm
and 450nm blue light.

It is evident that exposure to light exerts a significant influence on a multitude of physiological processes, including
circadian rhythms, sleep/wake patterns, seasonal timing, and reproduction.”>*” Furthermore, exposure to light at night is
another powerful stimulus that changes the internal clock phase and disrupts the endogenous rhythm of the day-night
cycle.?® In all mammal studies, whether exhibiting nocturnal or diurnal activity, melatonin is synthesized in the pineal
gland during the dark phase of light/darkness and rapidly delivered to the body through the bloodstream.*® The daily
rhythm of melatonin is thought to be the circadian medium used by the endogenous venous SCN clock to transmit
circadian information to the melatonin target structure.*® Exogenous light stimulation has been demonstrated to play
a significant role in regulating the secretion and expression of melatonin in biological rhythm.>* At night, the SCN
signals the pineal gland via sympathetic neurons to release norepinephrine, which in turn stimulates the transcription of
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the arylalkylamine n-acetyltransferase (AA-NAT) gene.***? This change in the activity of AA-NAT is responsible for the
variation in melatonin levels, and ultimately for the circadian rhythm.** In our study, we observed that the distribution of
MT and AA-NAT concentrations over time exhibited distinct patterns between the treatment groups and the control
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group. The findings indicated that blue light may have an impact on the circadian rhythm, and it was particularly
involved in the synthesis of melatonin.

Oxford Nanopore Technologies (ONT) sequencing stands as a unique third-generation sequencing technology that is based
on electrical signals to identify base sequences.** The full-length transcriptome, in its entirety and without interruption, can be
utilised to directly obtain high-quality full-length sequences of transcripts from 5’ to 3’, based on a third-generation sequencing
platform.*> The hypothalamic samples utilised for RNA sequencing were obtained exclusively during the time period
spanning from ZT12 to ZT14. The expression of clock-related genes is subject to diurnal variation. The peak phases of the
majority of rhythmic brain regions in mice are concentrated during the subjective dark night period (CT20 ~ 22), which
corresponds precisely to the end of the mouse’s active period.*® A comparative transcriptome analysis was conducted between
the control group and the treatment groups. This analysis revealed that 334 DEGs in the L3 group were up-regulated, while
276 DEGs were down-regulated. In the L6 group, 596 DEGs were up-regulated, with 298 DEGs being down-regulated. The
S3 group exhibited 270 up-regulated DEGs and 156 down-regulated DEGs. Finally, the S6 group showed 139 up-regulated
DEGs and 258 down-regulated DEGs. The application of Venn diagrams revealed 52 genes that are most probably associated
with circadian rhythm. Furthermore, we analysed the differences in transcriptomes between the various treatment groups. In
the L6 group, 704 DEGs were up-regulated and 413 DEGs were down-regulated compared to the L3 group. In the S6 group,
142 DEGs were up-regulated and 281 DEGs were down-regulated compared to the S3 group. In the L6 group, 299 DEGs were
up-regulated and 49 DEGs were down-regulated compared to the S6 group. In the L3 group, 183 DEGs were up-regulated and
336 DEGs were down-regulated compared to the S3 group. Despite the identification of a substantial number of differentially
expressed genes among the various groups, the limited number of samples within each group, and the relaxed criteria for
determining differences, both factors would have a detrimental effect on the accuracy of the results. Consequently, the
expression of these genes was verified by RT-qPCR, yielding results that were consistent with the findings of the transcriptome
sequencing analysis. The resulting data can provide necessary tissue-specific insights for the hypothalamus transcriptome,
including the number, the expression level, and the distribution of DEGs. The application of this method facilitates the
examination of target genes’ expression within the context of circadian rhythm, thereby contributing to the advancement of
research in the field of genetics. Furthermore, it can be used to select candidate genes that are more functionally related to
circadian rhythm.

The findings suggest that sleep restriction exerts a detrimental effect on the circadian rhythm of clock gene expression
in the hypothalamus.*” The hypothalamus express several rhythmic genes, such as ARNTL and BMALI, which exhibit
circadian fluctuations in the hypothalamus.*® Furthermore, the hypothalamus transcriptome profiles of SD rats exposed to
blue light were notably different from those of control SD rats, with significant differences at varying wavelengths and
exposure times. The transcription of mammalian clock genes within the cell-autonomous core of the circadian oscillator
is a highly regulated process.*’ Mechanisms of posttranscriptional regulation are increasingly recognized as crucial in
circadian rhythm regulation.’>>' In mammals, the Clock and Bmall genes represent positive elements in the molecular

52,53

feedback loop, while cycle genes (Perl, Per2, Per3) and cryptochrome genes (Cryl and Cry2) are negative elements
of the circadian feedback loop.*>> Rasdl has been shown to regulate circadian rhythms through photic and non-photic
inputs.’® Additionally, the potential of circadian rhythm genes as biomarkers for response to chemotherapy and
immunotherapy in specific cancers has been identified.”” The secretion of melatonin by the pineal gland is regulated
by the SCN of the hypothalamus via a series of positive and negative feedback loops, resulting in the expression of
various core clock genes.” In our study, we identified significant differences in the expression levels of Arntl, Perl,
Rasdl, Npy2r and Csnk2al between the treatment and control groups, and there was a partial significant correlation
between these expression levels and MT and AA-NAT concentrations. However, it was important to note that this result
may be influenced by two factors: the limited sample size and the lack of strictness applied to the parameters. Since
pineal melatonin is synthesised and released into the bloodstream under the control of the endogenous clock in the SCN,
a significant change in the circadian rhythm of melatonin is caused by a disrupted clock gene circadian rhythm.>’

It has been reported that the activation of the cAMP/ PKA/CREB signaling pathway enhances the transcription of Aa-
nat, an enzyme involved in melatonin synthesis.**%* % The circadian clock gene Bmall transcriptionally targets PAI-1 to
suppress TGF-beta functions by inhibiting plasmin production, and pharmacological inhibition of the TGF-beta signaling
largely ablated the circadian disruption-triggered cancer metastasis. In our study, KEGG pathway enrichment analysis
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revealed that the DEGs of the treatment groups were significantly enriched in the cAMP signaling pathway and TGF-beta
signaling pathway compared to the control group. The impact of night shift work on the temporal coordination between
the human circadian transcriptome and its environment has been demonstrated to be associated with alterations in natural
killer cell-mediated immune responses and the Jun/AP1 and STAT pathways.°® Disruptions to the JAK/STAT pathway
can also affect behavioural rhythms, and the clock appears to regulate JAK/STAT signalling, with central clock neurons
projecting to cells that express Udp in Drosophila.’” The effects of light on the circadian clock, including behavioral
phase shifts and induction of gene transcription, have been shown to rely on the MAPK signaling pathway.*®’ Research
conducted utilising diverse model systems has demonstrated that the MAPK pathway regulates both input to and output
from the clock.”>”’* The MAPK pathway has also been demonstrated to modulate the core clock transcriptional loop.”
The MAPK pathway dependent gene expression in the SCN may be partly the consequence of CRE-dependent
transcription being stimulated.®® To further explore the potential molecular mechanisms and pathways of circadian
rhythm regulation, gene set enrichment analysis was performed. The results of the GSEA revealed significant inhibition
of the JAK-STAT signaling pathway in the treatment groups, while the MAPK signaling pathway was found to be
significantly enriched. In conclusion, GSEA further demonstrated in the present study that the disruption of gene
expression patterns related to the circadian rhythm was a potential underlying mechanism. This Chrono disruption has
been demonstrated to be a causative factor for a range of physical impairments, including, but not limited to, increased
risk of gastrointestinal disorders, metabolic syndrome, diabetes, heart disease, and cancer.’®

The retinohypothalamic tract is a distinct neural pathway that mediates light-regulated circadian rhythms and projects
from the retina to the SCN.”” Another neural pathway extends from the SCN to the pineal gland.”® This pathway
facilitates the perception of light and dark cycles through the mammalian eye, entraining the SCN neural activity and,
consequently, regulating the rhythmic secretion of melatonin from the pineal gland.’' In the present study, it was
observed that exposure to blue light resulted in retinal structural damage to SD rats. The blue light was hypothesised
to transmitted through the retina to the SCN, where it was believed to regulate the transcription of the SCN. The
hypothesis is that it may regulate the secretion of melatonin in the pineal gland through the TGF-beta signalling pathway,
MAPK signaling pathway, and JAK/STAT signaling pathway, amongst other potential mechanisms.

While the research results offer valuable insights into the transcriptional profiles of SD rats exposed to blue light, there are
certain limitations that should be noted. Firstly, the utilisation of male SD rats in this study was predicated on their heightened
sensitivity to blue light, a factor which could result in deviations in the research results. Secondly, the small sample size and
loose difference parameters may lead to false positives. Future studies should also expand the cohort size and combine with
more stringent quality control parameters to obtain more accurate results. Thirdly, despite undertaking independent studies of
retinal damage, alterations in melatonin and AA-NAT concentrations, and the transcriptional profile of hypothalamic tissues
caused by blue light, we were incapable of establishing a robust link between these factors in order to provide a comprehensive
explanation of the consequences of blue light exposure in SD rats. Fourthly, due to the lack of evidence for other functional
circadian rhythm disorders such as those related to physical activities or body temperature rhythms, it needs to be particularly
considered and addressed in further research. Finally, the collection time of the hypothalamic samples used for RNA
sequencing was not continuous, and the evidence for the possible mechanisms affecting the circadian rhythm was insufficient.
In subsequent studies, we will supplement multiple and consecutive time points for research.

Conclusions

In conclusion, our study demonstrated a profile of the transcriptome affected by blue light on circadian rhythm in SD rats.
Blue light damaged the retinal cytoarchitecture and disrupted melatonin and AA-NAT levels in blood of SD rats. By
using a Full-length transcriptome, we observed 52 differentially expressed mRNAs (10 upregulated, 42 downregulated)
in all group to blue light exposure, and the TGF-beta signaling pathway is an important candidate pathway in this
process. Future research should explore the pathophysiological consequences of these changes and their potential as
therapeutic targets for circadian rhythm-related diseases.
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