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ARTICLE INFO ABSTRACT
Keywords: Miiller gliosis is a complex process that impairs the ability of retinal Miiller glial cells to respond
Diphlorethohydroxycarmalol (DPHC) to various forms of retinal injury or disease, leading to retinal damage. Blue light (BL) exposure is

Retinal Miiller glial cells
Miiller gliosis

CXCR4 signaling
Violet-blue 405 nm light
Retinal phototoxicity

a known cause of retinal damage. In this study, we aimed to investigate the potential of DPHC in
inhibiting Miiller gliosis in models of BL-exposure.

We conducted in silico binding analysis to evaluate the binding of DPHC to CXCR4. Then, we
developed in vitro and in vivo experimental models to assess the effects of DPHC and BL exposure
on Miiller gliosis using MIO-M1 cells and zebrafish.

Our findings show that DPHC can suppress the Miiller gliosis process in BL-exposed MIO-M1
cells in vitro and in BL-exposed zebrafish in vivo. In silico molecular docking, we identified CXCR4
as the target of active site 1 of DPHC. In BL-exposed MIO-M1 cells, DPHC inhibited CXCR4 ac-
tivity and altered the expression of Miiller gliosis markers and NF-kB-related ERK and AKT
signaling. In BL-exposed zebrafish, DPHC prevented retinal thickness reduction and inhibited
CXCR4 expression and retinal cell apoptosis.

This study suggests that DPHC could be a potential therapeutic agent for retinal diseases
involving Miiller gliosis. By inhibiting CXCR4 activity, DPHC downregulates the ERK/AKT/NF-xB
pathway, reducing retinal cell apoptosis and altered expression of Miiller gliosis markers. These
findings highlight the potential of natural bioactive compounds for treating various diseases, and
further research should investigate the therapeutic potential of DPHC and its derivatives.
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1. Introduction

Glial cells play diverse and critical roles in the adult nervous system, including immune defense, maintenance of homeostasis, and
support for neurons, which making them central to the pathogenesis of many neurological disorders [1]. In the retina, Miiller glial cells
(RMGs) are the primary glial cells, extending from the outer to the inner retinal layers, where they provide both structural and
metabolic support to photoreceptors and other retinal neurons [2,3]. Although RMGs aid in regulating ion and water balance and
contribute neuroprotective functions, these cells can also become reactive in response to various stressors contributing to retinal
pathology [4-6]. Among potential stressors, excessive exposure to blue light (BL) is known to damage retinal pigment epithelium
(RPE) cells, to induce oxidative stress, and to promote photoreceptor cell death [7-10]. Although BL can regulate circadian rhythms
and promote alertness, overexposure particularly at wavelengths between 400 and 440 nm has been linked to pathological changes in
the retina, including lipofuscin accumulation and age-related macular degeneration [8,9]. For instance, primary RPE cells produce
high levels of hydrogen peroxide and exhibit downregulation of glutathione peroxidase (GPX1) expression specifically at 400 nm,
suggesting heightened sensitivity to short-wavelength BL [10].

Excessive BL can also trigger gliosis in Miiller cells. Reactive gliosis involves morphological and molecular changes, including
increased expression of glial fibrillary acidic protein (GFAP) and glutamine synthetase (GS), as well as cellular hypertrophy [8,11,12].
This heightened gliotic response has been implicated in the progression of various retinal diseases, such as age-related macular
degeneration (AMD) and diabetic retinopathy, due in part to elevated inflammation, oxidative stress, and blood vessel growth [13].

C-X-C motif chemokine ligand 12 (CXCL12), also known as stromal cell-derived factor 1 (SDF-1), is a chemokine that acts as a
ligand for the G-protein coupled receptor chemokine (C-X-C motif) receptor 4 (CXCR4) [14]. Although initially known for its immune
system functions, recent studies have shown that it can also be produced by glial cells and neurons in the brain. Scientific research has
highlighted the interconnectedness between the CXCL12/CXCR4-7 system and other neurotransmitter systems within the brain,
including GABA, glutamate, opioids, and cannabinoids [15]. CXCL12 and its receptor CXCR4 play critical roles in inflammatory re-
sponses and glial activation in the spinal cord, and elevated levels of these molecules have been linked to behaviors [16]. Additionally,
the relationship between CXCL12 and gliosis has been investigated. CXCL12 acts as a growth factor for astrocytes, stimulating their
proliferation in vitro, which could be linked to pathological conditions like gliosis and malignant transformation. The primary pathway
responsible for CXCL12-induced proliferation in astrocytes has been identified as the G-protein— Phosphoinositide 3-kinases (PI3K)-
ERK1/2 signaling cascade [17].

Recent research has focused on exploring the potential use of natural products for treating retinal diseases related to Miiller cell
gliosis. To this end, a study was conducted to investigate the efficacy of diphlorethohydroxycarmalol (DPHC), a natural polyphenolic
compound extracted from the brown seaweed Ishige okamurae, in preventing BL-induced gliosis. DPHC is a phloroglucinol-based
compound including characteristics of phlorotannins. These compounds are composed of repeating units of phloroglucinol (1,3,5-
trihydroxybenzene). The specific structure of DPHC includes hydroxyl and ether functional groups, which contribute to its strong anti-
inflammatory [18] and anti-oxidant properties [19]. In addition, DPHC has been reported to interact with pro-inflammatory cytokines
such as TNF-a [18]. Despite these findings, the therapeutic role of DPHC in retinal diseases remains largely unexplored. Building on
this gap, we hypothesized that DPHC could mitigate BL-induced retinal damage by modulating gliotic responses in Miiller cells. To test
this hypothesis, our study aimed to determine whether DPHC interferes with key inflammatory and stress-related pathways specifically
the CXCR4/CXCL12 interaction and its downstream signaling cascades in experimental models of BL-induced retinal phototoxicity.
The findings presented here provide novel insights into the potential of DPHC to prevent or alleviate Miiller gliosis and, by extension,
reduce retinal degeneration.

2. Materials and methods
2.1. Insilico binding analysis for DPHC-CXCR4

The receptor preparation and molecular docking were performed using the Discovery Studio software (DS-Client v18.1.100.18065)
as described previously [20]. Briefly, the basic structure of CXCR4 was obtained from the protein data bank (PDB ID: 30DU). Het-
eroatoms and water molecules were removed and minor adjustments to the protein structure were made using the clean protein tool.
The receptor protein was further processed using the prepare protein tool, and the most stable form of the protein was obtained using
the minimization tool. The two active sites of CXCR4 were selected based on the ligands available with the crystal structure, the
cavities on the receptor, and the PDB site records [21]. The radius of the active site sphere was 15 A. The 3D structure of DPHC was
generated using the ligand preparation tool and hydrogen atoms were also added. Next, the most stable pose was obtained using energy
minimization of the ligand. The molecular docking simulation was performed using the automated DS flexible docking program to
reveal the most stable pose of DPHC with the selected active sites. Then, the binding affinity of DPHC was calculated using the calculate
binding energy tool.

2.2. Experimental models

2.2.1. BL irradiator

The BL irradiator comprised an aluminum housing, diffusing optics, custom light-emitting diode (LED) modules, and a heat sink for
temperature management. The arrangement of the components can be adjusted to provide different experimental settings by con-
trolling the distance between the light module and the target. The irradiator was equipped with six lens tubes containing a diffusing
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optic lens (DGUV10-220; Thorlabs, NJ, USA), which transforms the overlapped light from the LED array to a gaussian-like spatial beam
profile for uniform irradiation at the corresponding scopes of the lens tubes. Each LED module was comprised of three BL LEDs ar-
ranged in a triangular configuration, and the diffusers within the lens tubes ensure a diffuse gaussian-like light distribution by bidi-
rectional scattering. The BL LED was mounted on a metal plate printed circuit board (PCB) to promote efficient thermal conduction
between the LED and the heat sink for heat dissipation. Although the wavelength range of the LEDs spans from 390 nm to 420 nm,
which partially covers the ultraviolet A (UVA) range (315-400 nm), the central and peak wavelengths were located at 405 nm, which is
consistent with the characteristics of BL.

2.2.2. BL exposures or CXCL12 induction in cell cultures

Diphlorethohydroxycarmalol (CAS 138529-04-1, purity 98 %) was procured from Aktin Chemical Inc. (Chengdu, China). The
immortalized Moorfields/Institute of Ophthalmology-Miiller 1 (MIO-M1) cells exhibit characteristics of Miiller glial cells [22]. The
MIO-M1 cell line was obtained from Dr. G.A. Limb (UCL Institute of Ophthalmology, University of London, UK) through a license
agreement with UCLB-XIP, London, UK. The cells were cultured in a CO2 incubator using Dulbecco’s Modified Eagle Medium (DMEM;
Gibco, Grand Island, NY), supplemented with 10 % fetal bovine serum (FBS; Gibco) and 100 U/ml penicillin/streptomycin (Gibco).

To establish an in vitro model of blue light (BL) exposure, 2 x 10° MIO-M1 cells were seeded in a T-75 culture flask, allowed to
reach 90 % confluency, and subsequently washed with phosphate-buffered saline (PBS). The cells were then exposed to BL at a in-
tensity of 10 mW/cm? for a duration of 100 min. For the DPHC treatments, MIO-M1 cells were treated with either 5 pM or 10 pM DPHC
for 1 d, followed by BL exposure for 100 min. In another in vitro model, CXCL12 induction was achieved by treating MIO-M1 cells with
20 nM recombinant CXCL12 protein (R&D Systems) for 1 d. Prior to the induction of CXCL12 in MIO-M1 cells, DPHC was pre-treated
with the cells for 1 d.

2.2.3. BL exposures in zebrafish

Adult zebrafish (Danio rerio) were obtained from the Zebrafish Center for Disease Modeling (located in Daejeon, Korea) to establish
a BL exposure model. The approximately 3-6-month-old zebrafish were maintained under standard conditions at 28.5 °Cundera 14 h
light/10 h dark photoperiod. The adult zebrafish were randomly divided into four groups, each consisting of 10 individuals: i) Dark
Group: the zebrafish were kept in the dark for 4 h each day for a period of 3 d; ii) BL Group: the zebrafish were exposed to BL for 4 h
each day for a period of 3 d; iii) BL + DPHC (5 pM) Group: the zebrafish water was treated with DPHC at a concentration of 5 pM for one
day, after which the zebrafish were exposed to BL for 4 h each day for a period of 3 d; iv) BL + DPHC (10 pM) Group: the zebrafish
water was treated with DPHC at a concentration of 10 uM for 1 d, after which the zebrafish were exposed to BL for 4 h each day for a
period of 3 d. All guidelines for zebrafish husbandry and procedures were approved by the Institutional Animal Care and Use Com-
mittee of Inha University (approval no. INHA 221121-844).

2.3. Immunocytochemistry

The MIO-M1 cells (1 x 10*) were seeded in an 8-well chamber slide (SPL Life Sciences, Pocheon, Korea). The chamber slides were
washed with phosphate-buffered saline (PBS) and fixed with 10 % neutral buffered formalin (NBF) for 20 min. The slides were washed
with PBS and incubated with normal animal serum (Vectastain Elite Universal ABC kit; Vector Laboratories, CA, USA) for 1 h at room
temperature. Afterward, the slides were incubated with primary antibodies (anti-GFAP, anti-glutamine synthetase, anti-CXCR4, anti-
NF-kB, and anti-pNF- kB) and rinsed three times with PBS. The slides were then incubated with the biotinylated antibodies from the
ABC kit for 1 h and then incubated with an avidin-biotin complex. Next, the tissue slides were developed with 3, 3'-diaminobenzidine
(DAB; Sigma-Aldrich, CA, USA) as a substrate for 1 min, then mounted with 100 % glycerol (Sigma-Aldrich) and visualized via light
microscopy (Olympus Optical Co., Tokyo, Japan).

2.4. RNA extraction and cDNA synthesis

RNA extraction and complementary DNA (cDNA) synthesis are crucial steps in gene expression analysis. MIO-M1 cells were
combined with 1 mL of TRIzol (Invitrogen, MA, USA). Afterward, the homogenates were mixed with 0.2 mL of chloroform (Invitrogen)
and centrifuged at 14,000 xg for 20 min at 4 °C. The aqueous phases were transferred to new tubes, mixed with 0.5 mL of isopropanol
(Invitrogen), and centrifuged under the same conditions. The isolated total RNA was purified by washing with 70 % ethanol and
dissolved in 10-30 pL of nuclease-free water. The quality and quantity of the RNA samples were assessed using a NanoDrop spec-
trophotometer (Thermo Scientific, MA, USA) at 260 nm. The RNA samples were treated with RNase-free DNase I (Thermo Scientific) to
remove any genomic DNA traces. The purified RNA was then used to synthesize cDNA using a reverse transcription kit (SuperScript III
Reverse Transcriptase; Invitrogen) according to the manufacturer’s instructions. The generated cDNA was then utilized as a template
for quantitative real-time polymerase chain reaction (RT-qPCR) to measure the expression levels of target genes.

2.5. Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (RT-qPCR) was performed to evaluate the expression levels of target genes. The
RT-qPCR analyses were conducted using CXCR4-specific primers (F: 5-CTC CTC TTT GTC ATC ACG CTT CC-3/, R: 5-GGA TGA GGA
CAC TGC TGT AGA G-3') along with 800 ng of template DNA and 2X QGreenBlue qPCR Master Mix (CellSafe, Seoul, Korea). The
components were mixed together and then subjected to thermal cycling using a Bio-Rad thermal cycler (CA, USA). The thermal cycling
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protocol included a pre-denaturation step at 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at 58 °C
for 10 s, extension and fluorescence detection at 72 °C for 10 s, and a final melting curve analysis step. The RT-qPCR data obtained was
then utilized to calculate the relative expression levels of the target genes using the 2-AACt method. GAPDH was used as a reference
gene.

2.6. Protein extraction and western blotting

The MIO-M1 cells were first lysed for protein extraction and isolation in RIPA lysis buffer containing protease and phosphatase
inhibitors (ATTO; Tokyo, Japan). The lysates were then centrifuged at 13,000xg for 20 min at 4 °C. The resulting protein-enriched
supernatant was collected and protein concentration was analyzed using the Pierce BCA Protein Assay Kit (Thermo Fisher Scienti-
fic, Inc., MA, USA). The expression of the proteins was validated through western blot analysis.

To determine the protein expression levels in MIO-M1 cells, total protein extracts were subjected to 12 % sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) with 20 pg of total proteins per lane. The separated proteins were then transferred
onto polyvinylidene fluoride (PVDF) membranes through a semi-dry blotting procedure (ATTO) at a 500 mA current for 20 min. The
PVDF membranes were blocked with 5 % skim milk (v/v) to minimize non-specific binding before incubating overnight with the
relevant primary antibodies (as listed in Additional file 1: Table S1) at 4 °C. After washing the samples three times with Tris-buffered
saline with 0.1 % Tween 20 (TTBS), the PVDF membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h at room temperature. Next, a RIPA lysis buffer containing a protease and phosphatase inhibitor cocktail (ATTO) was
used to isolate the proteins from MIO-M1 cells. The protein expression levels were then determined through western blotting using a
ChemiDoc XRS + system and the signals were quantified using the ImageJ software (National Institutes of Health; MD, USA).

2.7. Cytokine/chemokine protein profiling array

A total of 40 cytokine and chemokine proteins were analyzed in each protein sample (100 pL) using the Cytokine Protein Proteomic
Profiler™ Array kit (R&D Systems, MN, USA) according to the manufacturer’s instructions. The pixel densities of the resulting western
blotting dots were quantified using ImageJ, and two measurements were taken from each sample, with the duplicate spots being
averaged to obtain the final value.

2.8. Zebrafish histology analysis

Adult zebrafish were fixed with 10 % NBF for 1 d at 4 °C. Following fixation, the zebrafish were rinsed with distilled water. The
paraffin-embedded tissues were processed using a tissue processor (Thermo Fisher Scientific; MA, USA) and sliced to 4 pm thick
sections.

Hematoxylin & Eosin (H&E) staining is a widely used method in histology that allows for the visualization of different cellular and
tissue structures under a light microscope. The paraffin-embedded sections were immersed in 100 % xylene to remove the paraffin,
then subjected to a series of increasing ethanol concentrations. After washing with water, the slides were stained with hematoxylin,
which stains the nuclei blue, for 1 min. The slides were then stained with eosin, a red-pink dye that binds to the essential components of
tissue, including the cytoplasm, extracellular matrix, and other organelles. Finally, the slides were mounted with glycerol on a mi-
croscope slide and covered with a coverslip before being examined under a light microscope (Olympus Optical Co.).

2.9. Immunohistochemistry

The de-paraffinized tissue slides were incubated with 0.3 % hydrogen peroxide solution (Merk; MO, USA) for 10 min. The slides
were then rinsed with PBS and incubated with normal animal serum from an ABC kit for 1 h at room temperature. Afterward, the slides
were incubated with anti-CXCL12 primary antibodies for 1 d at 4 °C and rinsed thrice with PBS. The tissue slides were then incubated
with biotinylated goat anti-rabbit IgG secondary antibodies and incubated with an avidin-biotin complex from the ABC kit. The tissue
slides were developed with DAB (Sigma-Aldrich) as a substrate for 5 min, mounted with a xylene-based DPX solution (Sigma-Aldrich),
and visualized via light microscopy (Olympus Optical Co.).

2.10. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

A terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed to detect apoptotic cell death in
zebrafish tissue. First, we de-paraffinized the tissue slides and then immersed them in PBS for 5 min. Next, the slides were per-
meabilized on ice with freshly prepared 0.1 % Triton X-100 in PBS for 10 min. After rinsing the slides twice with PBS, the TUNEL
reaction mixture (Hoffman-La Roche Ltd.) was added to the tissue slides, after which the samples were incubated at 37 °C in a hu-
midified atmosphere in the dark for 60 min. After another rinse with PBS, the slides were incubated with 1 pug/mL 4',6-diamino-2-
phenylindole (Sigma-Aldrich) for 30 s. Finally, the tissue slides were mounted using Vectashield mounting media (Vector Laboratories)
and imaged using an LSM 710 confocal microscope (Carl Zeiss, Gottingen, Germany).
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2.11. Statistical analysis

The data analysis was performed using GraphPad Prism 6 software. One-way analysis of variance (ANOVA) was conducted, fol-
lowed by Tukey’s test for multiple comparisons. A significance level of P < 0.05 was used to determine statistical significance. When
employing letter annotations to indicate statistical differences, groups marked with the same letter did not exhibit any significant
difference, while significant differences were observed between any two groups marked with different letters.

3. Results
3.1. Establishment of BL-exposed retinal phototoxicity models and the role of DPHC in modulating CXCR4 expression

First, we prepared a BL device to establish a BL-induced retinal phototoxicity model. The device consisted of six BL-emitting diode
(LED; 390-410 nm) modules mounted on a metal printed circuit board (PCB) and six heat sinks to decrease heat damage
(Supplementary Fig. S1). Next, MIO-MI cells were kept in the dark (dark group) or under BL exposure (BL group) for 100 min. Some
MIO-M1 cells were treated with DPHC (5 pM or 10 pM) for 1 day prior to BL exposure (BL/DPHC group) (Fig. 1A). After BL exposure,
the expression level of C-X-C motif chemokine 12 (CXCL12, red box) increased compared to the dark group. In contrast, CXCL12
expression decreased in the 10 pM DPHC-treated cells (Fig. 1B and C). Interestingly, the protein and mRNA levels of CXCR4, the
receptor of CXCL12, also increased in the BL-exposed group compared to the dark group. However, DPHC treatment reduced these
expression levels compared to the BL group (Fig. 1D-F). These results confirm that our BL-exposed retinal phototoxicity model
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Fig. 1. In vitro modeling of the effect of BL exposure on CXCL12 and CXCR4 expression (A) Schematic image showing the establishment of an
in vitro model of BL damage using a BL LED device. Figure (A) generated with BioRender (https://biorender.com/). (B) After a 100 min of BL
exposure, a cytokine array analysis was conducted. The protein expression of chemokine (C-C motif) ligand 5 (also known as CCL5) (indicated by the
black box) decreased in the BL group compared to the dark group, but there were no changes in the BL/DPHC groups. (B, C) Conversely, CXCL12
protein expression (indicated by the red box) increased only in the MIO-M1 cell group exposed to BL (BL group) compared to the MIO-M1 cells
exposed to darkness (Dark group). However, the CXCL12 protein expression decreased in the DPHC-treated BL-exposed MIO-M1 cell group (the BL/
DPHC groups) compared to the BL group. (D-F) BL exposure increased (D, E) the protein expression of CXCR4, which is the receptor of CXCL12,
compared to the dark group. Interestingly, (F) the CXCR4 mRNA expression followed a similar pattern to the protein expression. DPHC treatment
decreased both the protein and mRNA expression of CXCR4. The results presented in this study are expressed as the mean + SEM. One-way ANOVA
was conducted, followed by Tukey’s multiple comparisons test (p < 0.05). Distinct letters (a, b, ¢, d) above the bars denote groups that differ
significantly (p < 0.05), while bars sharing the same letter are not significantly different. Each experiment was performed at least three times
independently. Scale bar = 100 pm, BL, blue light; CCL5, chemokine (C-C motif) ligand 5; CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C
chemokine receptor type 4; DPHC, diphlorethohydroxycarmalol.
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successfully induces CXCL12 and CXCR4 upregulation as well as demonstrate that pre-treatment with DPHC effectively counteracts
this increase, thereby potentially mitigating early inflammatory and gliotic responses.

3.2. Analysis of CXCR4-DPHC interaction and binding affinity through computational predictions

Fig. 2 illustrates the computational predictions of the CXCR4 structure. The identification of the active sites 1 and 2 of CXCR4
within domains A and B, respectively, is illustrated in Fig. 2A. The analysis of the binding affinity between DPHC and the two active
sites of CXCR4 revealed that site 1 exhibited a stronger interaction, with a binding energy of —155.2840 kcal/mol, compared to site 2,
which had a binding energy of —112.9000 kcal/mol. The CDOCKER energy values of CXCR4-DPHC were determined to be —37.6654
kcal/mol and —20.9096 kcal/mol for sites 1 and 2, respectively (Fig. 2B). The interaction between DPHC and CXCR4 was further
investigated by analyzing three conventional hydrogen bonds formed between DPHC and ASP97, TYR190, and GLN200, as well as two
carbon-hydrogen bonds formed between DPHC and ILE185 and HIS281, and three weaker bonds between DPHC and ARG188, HIS208,
and GLU288 in domain A (Fig. 2C). Additionally, the stability of DPHC at active site 2 was found to be supported through one con-
ventional hydrogen bond with GLN200 and two pi-anion bonds with GLU92 and ASP187, as well as three pi-alkyl bonds with ALA98,
ARG188, and VAL196 in domain B (Fig. 2D). Overall, these computational predictions confirm a strong and specific interaction be-
tween DPHC and the primary CXCR4 active site, highlighting key binding residues and providing a molecular basis for DPHC’s po-
tential to modulate CXCR4-mediated pathways.

3.3. Inhibition of Miiller gliosis induced by DPHC treatment with BL damage in vitro

Fig. 2 demonstrates that DPHC can bind to active site 1 of CXCR4, leading to the inhibition of BL-induced Miiller gliosis. Miiller
gliosis is a well-known response to retinal injury, including BL exposure [23]. In this study, we evaluated the inhibitory effects of DPHC
on BL-exposed MIO-M1 cells by assessing the expression of glial fibrillary acidic protein (GFAP) and glutamine synthetase (GS), both of
which are markers of Miiller gliosis. The expression of the GFAP protein was significantly higher in the BL group than in the dark group.
However, treatment with 10 pM DPHC reduced GFAP expression even under BL damage (Fig. 3A and B). Similarly, the expression of GS
was altered in the BL group compared to the dark group, whereas DPHC treatment restored GS expression even under BL damage
(Fig. 3C). Arecent study reported that gliosis leads to swelling of the Miiller glial cell body or soma [23]. Consistent with these findings,
we observed that BL exposure caused an increase in the soma area compared to the dark group, whereas DPHC treatment reduced the
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soma area even under BL exposure (Fig. 3D and E). Therefore, these results suggest that DPHC treatment can effectively inhibit Miiller
gliosis in response to BL-exposed retinal damage. Our study found that exposure to BL leads to increased expression of CXCR4 and its
ligand, CXCL12 (Fig. 1). This upregulation subsequently triggers Miiller gliosis in vitro (Fig. 3A-C). To further investigate the direct
induction of Miiller gliosis by CXCL12, we established a CXCL12-induced MIO-M1 cell model. Prior to treatment with 20 nM CXCL12
for 24 h, MIO-M1 cells were subjected to 5 and 10 pM DPHC treatment (Fig. 3F). Our results showed that CXCL12 caused alterations in
the expression of gliosis markers, specifically GFAP and GS. However, DPHC treatment restored the protein expression levels of GFAP

and GS (Fig. 3G-D).
It is worth noting that nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) signaling is known to promote glial

A Dark BL B 3 b C 3
M (kDa) PBS PBS DPHC5 DPHC10 c
Z -
- e w— w—  GFAP 2% 2 " g2 2]
(=
- - " cs 2 |2 2
| =
0 . Ty = . 1 2z ] 2% o2 5 2 a
U]
403-—-M‘GAPDH -| || |
ol —Ll ol —
BL - + + + BL - + + +
DPHC - - 5 10 DPHC - - 5 10
E 151 b
S d
= a
g £ 104
e
i
E o
B & 054
.04+
BL 2 + + +
DPHC - 5 10
F FBS starvation medium
PBS 24 hr PBS 24 hr DPHC 5 or 10 uM, 24 hr

CXCL1220nM, 24 hr  CXCL12 20 nM, 24 hr

=" & —> Immunocytochemistry
) ° - e

G CXCL12 CXCL12

PBS /DPHC5 /DPHC10 H 84 | 1.5

oA
=)
I

GS intensity
(fold of PBS)
o
<
o

GFAP intensity
(fold of PBS)
i

N
L

CXCL12 CXCL12 - * b ki
DPHC - - DPHC - - 5 10

b
64 a
I | |
Cc
d
s [N ]
oL 1l ool AL
+ + +
5 10
Fig. 3. Validation of reactive Miiller glia markers in DPHC-treated MIO-M1 cells after BL damage or CXCL12 induction (A) To validate the
reactive Miiller glia marker expression in MIO-M1 cells, GFAP and GS protein expression was characterized using western blot analysis after BL
exposure. Standard protein markers were loaded in the far left lane. The uncropped and non-adjusted images can be found in the supplementary
Fig. 2 (B, C) The graphs show the expression intensity of GFAP and GS after BL damage. (D) The cell images demonstrate changes in cell morphology
after BL damage. Scale bar = 200 pm (E) BL damage altered the soma area or cell body. (F) Schematic image showing the establishment of an in vitro
model of CXCL12 induction. Figure (F) generated with BioRender (https://biorender.com/). (G-I) To validate the reactive Miiller glia marker
expression in CXCL12 induced MIO-M1 cells, GFAP and GS protein expression was characterized using immunocytochemistry. Scale bar = 100 pm
(H, I) The quantified graphs show GFAP and GS expression levels after CXCL12 induction. The results presented in this study are expressed as the
mean + SEM. One-way ANOVA was conducted, followed by Tukey’s multiple comparisons test (p < 0.05). Distinct letters (a, b, ¢, d) above the bars
denote groups that differ significantly (p < 0.05), while bars sharing the same letter are not significantly different. Each experiment was performed
at least three times independently. Scale bar = 100 pm, BL, blue light; DPHC, diphlorethohydroxycarmalol; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; GFAP, glial fibrillary acidic protein; GS, glutamine synthetase.
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reactivity [24]. Therefore, to examine the involvement of CXCR4-NF-kB signaling, we analyzed the expression of these molecules
(Fig. 4A). Gliosis is characterized by increased proliferation and glial reactivity, which are associated with ERK and AKT phosphor-
ylation, respectively (Fig. 4B-D). Importantly, we found that NF-kB phosphorylation was elevated in the BL-exposed group compared
to the dark group. At the same time, DPHC treatment decreased NF-kB expression and ERK and AKT phosphorylation (Fig. 4B-E). To
summarize, these experiments demonstrate that DPHC treatment effectively inhibits Miiller gliosis triggered by BL exposure and
CXCL12 stimulation, likely through the suppression of CXCR4-NF-kB signaling and subsequent modulation of ERK and AKT pathways,
ultimately preserving the homeostatic functions of Miiller cells under phototoxic stress.

3.4. Inhibition of BL-induced Miiller gliosis and cell death by DPHC treatment in vivo

In this study, we confirmed the inhibitory effects of DPHC on Miiller gliosis in vitro. To further investigate this effect in vivo, we
established an in vivo zebrafish model of BL damage (Fig. 5A). The retina is a complex tissue consisting of various cell types including
the retinal pigment epithelium, photoreceptors, horizontal cells, bipolar cells, and ganglion cells. Among them, bipolar cells are critical
in transmitting visual stimuli. For instance, the high sensitivity of the foveal region can be attributed to the arrangement of photo-
receptors and bipolar cells. The outer nuclear layer (ONL) contains photoreceptors, whereas the inner nuclear layer (INL) contains
horizontal cells, bipolar cells, amacrine cells, and Miiller cells [25]. Here, H&E staining was used to examine the histological features of
the retina.

Our results demonstrated that zebrafish with BL damage had a significantly decreased retinal thickness compared to the dark
group. However, DPHC treatment effectively restored the retinal thickness even in the presence of BL damage (Fig. 5B and C).
Furthermore, we observed an increase in CXCL12 protein expression in the INL of the BL group compared to the dark group.
Nevertheless, treatment with 10 pM DPHC decreased CXCL12 expression even in the presence of BL damage (Fig. 5D). Finally, TUNEL
staining revealed a significant increase in the number of apoptotic cells in both the ONL and INL of the BL-damaged group compared to
the dark group. However, treatment with 5 and 10 pM DPHC reduced the number of apoptotic cells even in the presence of BL damage
(Fig. 5E and F). In summary, these animal study findings further reinforce the protective role of DPHC in mitigating BL-induced Miiller
gliosis and retinal cell death, highlighting its potential to preserve retinal integrity and cellular viability under phototoxic conditions.
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Fig. 4. Validation of CXCR4-NF-kB signaling in DPHC-treated MIO-M1 cells after BL damage (A) Schematic depiction of the role of CXCR4-NF-
kB signaling in glial gliosis. In DPHC-treated MIO-M1 cells, DPHC tends to bind to CXCR4 instead of its ligand CXCL12. Figure (A) generated with
BioRender (https://biorender.com/). (B-D) (B) The results of western blot analysis and protein expression quantification revealed that DPHC
treatment resulted in altered phosphorylation of (C) ERK1/2 (Thr183/Tyr 185), (D) AKT1/2/3 (Thr 308/Ser 473). The uncropped and non-adjusted
images can be found in the Supplementary Fig. 3. (E) The translocation of pNF-kB from the cytoplasm to the nucleus was validated using immu-
nocytochemistry. Arrows indicate expression of pNF-kB in nucleus of MIO-M1 cells. Scale bar = 50 pm Standard protein markers were loaded in the
far left lane. The results presented in this study are expressed as the mean + SEM. One-way ANOVA was conducted, followed by Tukey’s multiple
comparisons test (p < 0.05). Distinct letters (a, b, ¢, d) above the bars denote groups that differ significantly (p < 0.05), while bars sharing the same
letter are not significantly different. Each experiment was performed at least three times independently. AKT1/2/3, Akt serine/threonine kinase
family 1/2/3; BL, blue light; DPHC, diphlorethohydroxycarmalol; ERK1/2, extracellular signal-regulated kinase 1/2; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells.
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Fig. 5. Inhibitory effects of DPHC on Miiller gliosis of zebrafish eyes after BL damage (A) Schematic illustrating the role of DPHC in the
development of gliosis in zebrafish. To induce retinal gliosis, zebrafish were exposed to BL for 4 h per day over a 3 d period. Figure (A) generated
with BioRender (https://biorender.com/). (B, C) Histological changes in the zebrafish retina were assessed through H&E staining, and the thickness
of the retina was measured using the ImageJ software. (D) The red arrowheads indicate CXCL12 expression in the cells, whereas the yellow ar-
rowheads indicate the absence of CXCL12 staining. (E, F) TUNEL staining, which detects apoptotic retinal cells, was used to stain the positive cells
(white), whereas DAPI stained the nucleus in blue. The TUNEL-positive cells (white) were counted using the ImageJ software and the graph
represents the quantification of apoptotic cell numbers derived from representative images. The results presented in this study are expressed as the
mean + SEM. One-way ANOVA was conducted, followed by Tukey’s multiple comparisons test (p < 0.05). One-way ANOVA was conducted, fol-
lowed by Tukey’s multiple comparisons test (p < 0.05). Distinct letters (a, b, ¢, d) above the bars denote groups that differ significantly (p < 0.05),
while bars sharing the same letter are not significantly different. Each experiment was performed at least three times independently. Scale bar = 20
um, BL, blue light; CXCL12, C-X-C motif chemokine ligand 12; DAPI, 4,6-diamidino-2-phenylindole; DPHC, diphlorethohydroxycarmalol; H&E,
hematoxylin & eosin, INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer; PRL, photoreceptor
layer; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

4. Discussion

CXCL12 is a natural ligand for CXCR4 that plays a crucial role in recruiting and activating various cell types in the retina, including
glial cells. The expression of CXCL14 in different ocular tissues, along with the expression of CXCL12 in the periocular mesenchyme,
ocular blood vessels, retina, and eyelid mesenchyme, suggests that these two chemokines may interact and contribute to cell prolif-
eration, differentiation, and migration during eye development in chick and mouse retinas [26]. However, CXCL12 has also been found
to induce neurotoxicity in cerebrocortical neurons, although the cellular mechanisms underlying this effect are not fully understood.
Additionally, The co-receptor CXCR4 mediates the neurotoxicity of the viral envelope protein gp120 and is also involved in human
immunodeficiency virus (HIV)-1 infection [27]. Our study demonstrates that DPHC inhibits Miiller cell gliosis by disrupting the
CXCR4/CXCL12 interaction, leading to the attenuation of downstream ERK and AKT signaling pathways (Figs. 2 and 4). This indicates
a novel mechanism of action for DPHC, distinct from its previously reported interactions with TNF-a. While TNF- is a critical mediator
of inflammation, our results suggest that targeting the CXCR4/CXCL12 axis may offer additional therapeutic benefits.

Overexposure to BL has been associated with various adverse effects, such as retinal damage, insomnia, and vision impairment. It
can also prompt photoreceptor death and retinal gliosis, which are linked to several retinal diseases. However, there is no conclusive
evidence that long-term exposure to blue light at lower intensities causes damage to the retina in humans. Despite this, it is important
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to note that Miiller gliosis, a form of glial cell activation, has been observed in response to overexposure to BL and can result in retinal
degeneration [28-31]. This study explored the relationship between CXCL12 expression and Miiller gliosis in response to BL damage.
The BL damage induced an increase in the expression of CXCL12 and that of its receptor, CXCR4, in MIO-M1 cells (Fig. 1).

Phenotypic changes in glial cells, including cellular hypertrophy and increased GFAP expression, are often associated with Miiller
gliosis [32]. In this study, BL damage induced Miiller gliosis in MIO-M1 cells. GFAP and GS are representative markers of Miiller gliosis
and their expression levels were altered after BL damage in MIO-M1 cells (Fig. 3). One study demonstrates that MIO-M1 cells exposed
to high glucose (25 mM) and hydrogen peroxide (Ho03) exhibit lower GS levels and increased migration capacity compared to MIO-M1
cells exposed to PBS. Additionally, the combination of high glucose and oxidative stress in MIO-M1 cells can significantly impact the
reprogramming capacity of Miiller cells [33]. Additionally, NF-kB signaling is essential in the gliosis process. A previous study explored
the role of NF-kB signaling in RMGs after retinal damage. The study demonstrated that retinal damage activates NF-kB and associated
genes in RMGs, and inhibiting NF-xB increases the reprogramming of RMGs into neuron-like cells. The inhibition of Smad3 or Id
transcription factors also increases neuron-like cells. The authors thus concluded that NF-«B is crucial in mediating the accumulation of
immune cells and suppressing the neurogenic potential of RMGs [24]. Another study investigated the role of NF-kB signaling in the
suppression of retinal regeneration in warm-blooded vertebrates. The study used a chick in vivo model and inhibiting NF-xB was found
to enhance the formation of proliferating Miiller glia-derived progenitor cells (MGPCs), whereas activation suppresses their formation.
This study suggested that NF-kB is a vital signaling hub that suppresses the reprogramming of Miiller glia into MGPCs and that reactive
microglia influences NF-kB-mediated Miiller glia reprogramming [34].

Importantly, our results also show that BL-induced upregulation of ERK and AKT in Miiller cells is attenuated by DPHC treatment
(Fig. 4). Both ERK and AKT pathways play critical roles in gliosis and cell survival; ERK activation can contribute to autophagy
regulation and energy metabolism by upregulating GLUT1, while AKT can prevent apoptosis by activating mTOR and other down-
stream targets [35]. By downregulating these key pathways, DPHC likely mitigates the oxidative stress and inflammatory responses
that drive Miiller gliosis. This highlights how DPHC’s suppression of ERK and AKT phosphorylation complements its disruption of the
CXCR4/CXCL12 axis, effectively reducing glial reactivity and alleviating the gliosis-promoting environment in the retina. Further-
more, NF-xB activation, also play significant roles in gliotic responses, is a key driver of inflammation and immune cell recruitment in
the retina following injury. However, its inhibition has been shown to suppress gliotic responses and enhance the reprogramming of
Miiller glia into neuron-like cells, mediated through its interplay with TGFp2 signaling and suppression of pro-gliotic transcription
factors like Smad3 proteins [36].

In our study, DPHC treatment not only reduced NF-«B expression but also inhibited the phosphorylation of ERK and AKT signaling.
These findings suggest that DPHC mitigates gliosis by targeting multiple pathways involved in stress and immune signaling, thus
creating an environment less conducive to glial reactivity and inflammation. Our findings highlight the multifaceted mechanisms by
which DPHC exerts its protective effects on Miiller cells under BL-induced stress. Beyond disrupting the CXCR4/CXCL12 axis, DPHC’s
simultaneous inhibition of ERK, AKT, and NF-kB pathways emphasizes its potential as a therapeutic agent for retinal disorders
characterized by gliosis and chronic inflammation.

Some single compounds from natural sources show suppression of Miiller gliosis. For instance, resveratrol, a naturally occurring
antioxidant found in red grapes, has been found to have protective effects against streptozotocin (STZ)-induced apoptosis of the INL in
the retinal layer [37]. Curcumin, a phytocompound derived from turmeric, has also been investigated as a promising therapeutic agent
for the treatment and prevention of retinal diseases, including Miiller cell activation and diabetic retinal oxidative stress [38]. In this
study, we examined the potential therapeutic effects of DPHC treatment at 5 or 10 pM in both in vitro and in vivo models of BL-exposed
damage. Bioactive compounds have diverse functional activities influenced by their unique structural characteristics, including hy-
drophobicity, charge, and microelement binding capacity. Our findings indicated that DPHC treatment effectively suppresses glial
reactivity and prevents retinal neuron apoptosis, as demonstrated in Figs. 3 and 5. Although no previous studies have investigated the
role of DPHC in the retina, it has been reported to inhibit the expression of pro-inflammatory cytokines and matrix metalloproteinases
(MMPs) in UVB-irradiated human dermal fibroblasts [37]. Furthermore, DPHC also exerts protective effects against in vivo photo-
damage in UVB-irradiated zebrafish by decreasing reactive oxygen species (ROS) levels and reducing lipid peroxidation and inflam-
mation, thereby decreasing cell death [39]. The notion that polyphenols, including DPHC, protect cells by scavenging free radicals is
an oversimplified view. Their biological effects extend beyond oxidative stress modulation [40,41].

Over the past decades, the zebrafish has emerged as a valuable model organism for investigating various aspects of eye diseases.
Particularly, zebrafish have been widely utilized in ophthalmology research due to their well-characterized developmental processes
and the availability of zebrafish lines with natural mutations [42]. In this study, we aimed to establish a zebrafish model to confirm the
inhibitory effects of DPHC on BL-induced retinal damage (Fig. 5). Unlike mammals, teleost fish such as zebrafish can regenerate retinal
neurons to replace those lost due to injury or disease [43,44]. The retina of a lesioned zebrafish can regenerate neurons of all types from
the same lineage that produces only rods. RMG-derived progenitors for margin neurons, rod photoreceptors, and regenerated neurons
originate from multipotent stem cells, which are associated with growth-related neurogenic activity. Therefore, future studies must
investigate the relationship between DPHC, RMG-derived progenitors, and major retinal neurons. In conclusion, our findings indicated
that DPHC derived from brown seaweeds is a promising bioactive compound for the treatment of retinal diseases related to Miiller
gliosis. However, additional research, including animal studies and human clinical trials, is needed to gain more insights into their
potential as therapeutic agents.

5. Conclusion
In summary, this study demonstrates the potential of DPHC, a natural bioactive compound derived from Ishige okamurae, to inhibit
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Miiller gliosis, a crucial process for retinal health and function. The study provides evidence that DPHC suppresses Miiller gliosis by
downregulating the ERK/AKT/NF-kB pathway through CXCR4 inhibition, resulting in altered expression of Miiller gliosis markers and
reduced retinal cell apoptosis. These findings indicate that DPHC can potentially be a promising therapeutic agent for retinal diseases
involving Miiller gliosis. Moreover, this study highlights the potential of natural bioactive compounds as sources of therapeutic agents
for various diseases. Future studies should investigate the full therapeutic potential of DPHC and its derivatives in treating retinal
diseases.
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