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Purrose. Uveitis is an immune-mediated ocular disorder that poses a significant threat
to vision, particularly among young and middle-aged adults. The treatment of uveitis
is complicated by the presence of the blood-retinal barrier (BRB), which restricts the
passage of large molecular drugs into the eye, thus limiting effective therapeutic options.
The primary objective of this study is to identify a novel therapeutic agent capable of
treating uveitis and explore its underlying mechanism.

MetHobs. In this study, we used a mouse model of experimental autoimmune uveitis
(EAU) induced by interphotoreceptor retinoid-binding protein (IRBP) and lipopolysac-
charide (LPS) and interferon-gamma (IFN-y)-induced inflammatory BV2 cells. Evans blue
and fundus fluorescein angiography (FFA) experiments were performed to evaluate the
destruction of BRB. Silt lamp and hematoxylin and eosin (H&E) staining were conducted
to evaluate the inflammatory response. In vivo proteomics and Western blot were carried
to investigate the underlying mechanisms.

Resurrs. Our study reveals that Muscone significantly alleviates EAU and restores the
integrity of BRB. Moreover, Muscone treatment markedly downregulated inflamma-
tory factors within the retinas and BV2 cells. In vivo proteomic combined with liquid
chromatography-mass spectrometry (LC-MS) has elucidated that Muscone exerts its anti-
inflammatory effects by modulating the PI3K-AKT signaling pathway. Moreover, by using
LY294002 to specifically inhibit PI3K, we observed a marked decrease in inflammatory
phenotype and BRB destruction of EAU.

Concrusions. In summary, this study establishes the protective efficacy of Muscone against
the progression of EAU and provides insights into the molecular mechanisms responsible
for its therapeutic action.
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veitis is a common eye disease with a high potential

for blindness, which can occur at any age but is partic-
ularly prevalent among young and middle-aged individu-
als between the ages of 20 and 50 years.! Reports indi-
cate that, in developed countries, 5% to 15% of legally blind
cases can be attributed to uveitis.!'? Uveitis, categorized into
four types based on its anatomic location, anterior uveitis
typically presents with pain, redness, blurred vision, photo-
phobia, tearing, floaters, changes in pupil shape, swollen
conjunctiva, and hypopyon; intermediate uveitis is charac-
terized by floaters, blurred vision, mild redness, and visual
field defects; posterior uveitis manifests with blurred vision,
photophobia, visual field loss, retinal vasculitis, optic disc
swelling, and macular edema; and panuveitis involves the
entire uvea.>* The etiology of the disease is complex and
diverse, resulting from infections by various pathogens such
as bacteria, viruses, fungi, and parasites, as well as factors
like autoimmune and genetic conditions.?:>
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The treatment of uveitis remains challenging at present,
primarily due to the complex etiology and pathogenesis
of this disease.® A variety of medications are commonly
used to manage uveitis, including glucocorticoids, immuno-
suppressants, biologics, and nonsteroidal anti-inflammatory
drugs.®® Among these, biologics that target specific
cytokines, such as IL-6 inhibitors (e.g. tocilizumab) and IL-17
inhibitors (e.g. secukinumab), have emerged as a promising
approach, particularly for treating non-infectious uveitis that
is resistant to conventional therapy.® It is worth noting that
a significant number of patients achieve sustained remission
following appropriate immunosuppressive therapy, with the
rates of remission varying depending on the specific subtype
and etiology of uveitis.!%!!

With the advancement of modern science and technol-
ogy, traditional Chinese medicine has entered a new stage
of development.'>"'* Modern analysis has shown that the
integration of traditional Chinese and Western medicine can
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reduce the side effects of drugs during the treatment process
and achieve better therapeutic effects.!> The combination of
traditional Chinese and Western medicine has therapeutic
effects on uveitis and is considered to be relatively safe.

Muscone is a medicinal material obtained from the musk
glands of musk animals and has excellent pharmacolog-
ical activity.'® Studies have reported that musk has ther-
apeutic effects on various diseases, including the central
nervous system and the cardiovascular system.'®~'® Addition-
ally, it can rapidly pass through the blood-brain barrier or
the blood-retinal barrier (BRB) to exert anti-inflammatory
effects directly at the pathological core.’® Muscone is the
main active component of musk, exhibiting strong anti-
inflammatory properties.”® These groundbreaking studies
provide new strategies and hope for the clinical treatment
of uveitis.

In this study, we found that Muscone alleviates experi-
mental autoimmune uveitis (EAU)-related inflammation and
helps restore the integrity of the blood-retinal barrier
(BRB). It also suppresses the M1 phenotypic polarization
of microglia in the retina and BV2 cells. Mechanically,
in vivo proteomic and liquid chromatography-mass spec-
trometry (LC-MS) analysis showed that Muscone regulates
EAU inflammation through the PI3K-AKT signaling pathway.
Taken together, this study identified the protective effects of
Muscone on EAU progression and provided a novel thera-
peutic agent.

MATERIALS AND METHODS
Animals

Female C57BL/GJ mice, aged between 6 and 8 weeks and
weighing approximately 16 to 18 grams, were sourced
from the Experimental Animal Center at Chongqing Medical
University. All animal-related procedures were conducted in
strict accordance with the guidelines set forth by the Ethics
Committee of the First Affiliated Hospital of Chongqing
Medical University (Approval number: 2019-296). Addition-
ally, the research adhered to the Association for Research
in Vision and Ophthalmology’s Statement for the Use of
Animals in Ophthalmic and Vision Research.

Cell Culture and Reagents

The microglial cell line (BV2) was obtained from the Amer-
ican Type Culture Collection (ATCC). These cells were
cultured in a humidified incubator maintained at a constant
temperature of 37°C, with a consistent 5% CO, supply.
The growth medium used was Dulbecco’s Modified Eagle
Medium (DMEM; Gibco), enriched with 10% fetal bovine
serum (FBS) and 0.5% penicillin-streptomycin (P/S; Procell
Life Science & Technology Co., Ltd.). Serum-free cell freez-
ing medium was purchased from Witcel (A401, Shang-
hai). The cell cryopreservation tube was purchase from A-
GEN. Lipopolysaccharides (LPS) and interferon-y (IFN-y)
were sourced from PeproTech (Thermo Fisher Scientific,
Inc., USA). Dimethyl Sulfoxide (DMSO) was purchased from
Sigma-Aldrich. Muscone was obtained from Selleck Chem-
icals (S3871, USA). Fluorescein sodium salt was acquired
from Aladdin (Shanghai, China). LY294002 was purchased
form MCE.

The BV2 cells that remained untreated served as the
control group. The BV2 cells were treated with a combina-
tion of LPS (1 pg/mL) and IFN-y (100 ng/mL) for a duration
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of 24 hours, representing the stimulated group. In the exper-
imental group, the BV2 cells were pre-treated with Muscone
at concentrations of 10 pM and 20 pM for 2 hours prior to
the stimulation with LPS (1 pg/mL) and IFN-y (100 ng/mL)
for an additional 24 hours.

Induction of Experimental Autoimmune Uveitis

In our study, the mice were subjected to immunization
with a precise dosage of 500 pg of human interpho-
toreceptor retinoid-binding protein (IRBP®*7%) peptide
(sequence: LAQGAYRTAVDLESLASQLT).>21-23 Concurrently,
1 pg of Bordetella pertussis toxin was administered
intraperitoneally, following the established protocols. The
mice that developed EAU were then randomly assigned into
two distinct groups. The first group of EAU mice was given
Muscone intraperitoneally at a dosage of 20 mg/kg body
weight, starting from day 7 to day 13 post-immunization,
with administrations occurring every other day. The second
group received an intraperitoneal administration of the vehi-
cle saline solution supplemented with 1% DMSO in an equiv-
alent volume (200 pL per mouse). Non-immunized mice
served as the control group.

Intravitreal Injection

The sterile injection procedure adhered to previously estab-
lished protocols. To summarize, the mice were subjected
to intraperitoneal injections of 1% pentobarbital sodium
(50 mg/kg) and 0.5% tropicamide to induce anesthesia.
A precise incision was meticulously created at a distance
of approximately 1.0 to 2.0 mm from the corneoscleral
limbus, utilizing a 29-gauge needle. A blunt-tipped 29-gauge
needle (Hamilton, CA, USA) was then delicately inserted
into the vitreous cavity through the incision, and LY294002
(10 pM/mL) was administered gradually. The needle was
subsequently withdrawn with a gentle motion, following a
brief pause. Postoperatively, antibiotic ointment was applied
to the cornea daily for a continuous period of 3 days to
prevent infection.

Clinical Scores and Pathological Scores

The anterior segment scores were evaluated based on five
independent criteria, as previously described, in a blinded
manner to ensure the objectivity of the results.?* Fundus clin-
ical scores were similarly assessed according to Caspi’s crite-
ria, also in a blinded manner to maintain the integrity of the
study.® At the apex of the inflammatory response, which
occurred on day 14 of the study, all mice were humanely
euthanized to facilitate further analysis.

Hematoxylin and Eosin Staining

Tissues were stained with Harris’ hematoxylin for 6 hours
at 60°C to 70°C, followed by thorough rinsing in tap water
to remove excess stain. The tissues were then treated with a
solution of 10% acetic acid and 85% ethanol for 2 cycles:
2 hours and 10 hours, respectively. After each cycle, the
tissues were rinsed with tap water. The bluing step was
performed in a saturated lithium carbonate solution for
12 hours, followed by a final rinse in tap water. Staining was
completed with an eosin Y ethanol solution for 48 hours.
Microscopic images were captured using a Leica microscope
(Leica, Germany).
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Retinal Immunofluorescence

The eyes of the mice were immersed in a 4% paraformalde-
hyde (abs9179, Absin) solution and allowed to fix at room
temperature for a duration of 2 hours. Once fixed, the
surrounding extraneous tissues were meticulously excised,
and the retina was delicately dissected into a precise quadri-
foliate configuration. The cell membranes were permeabi-
lized to facilitate access to intracellular antigens, followed
by a blocking step with goat serum (Bio Channel Bio Tech-
nology) for 30 minutes at a temperature of 37°C. After
gently removing the blocking solution, the tissue sections
were incubated with the IBA1 antibody, which serves as a
specific marker for microglia (at a dilution of 1:350). The
slides were subsequently placed flat within a humidified
chamber, ensuring an optimal environment for antibody
binding, and incubated at 4°C overnight. Subsequently, the
sections were incubated with the Cy3 fluorescent-conjugated
secondary antibody (Beyotime, Shanghai, China) for 1 hour
at room temperature to form a visible complex. Images were
captured with a high-resolution fluorescence microscope
(Leica, Germany).

Assessment of the Blood-Retinal Barrier

The breakdown of the BRB was evaluated by Evans blue
analysis and fluorescein fundus angiography (FFA) on day 14
after immunization. The mice were gently sedated, followed
by an intraperitoneal injection of 10% fluorescein sodium
salt solution, and the resulting images were captured.

For the Evans blue analysis, the mice were injected with
a 2% Evans blue solution (Sigma-Aldrich, USA) via the tail
vein. After a period of 2 hours, the animals were humanely
euthanized. Their eyes were then fixed in a 4% paraformalde-
hyde solution for 2 hours. Then, the retinas were care-
fully dissected, mounted with glycerol onto glass slides, and
covered with coverslips to prepare for microscopic exam-
ination. The images of the stained retinas were collected
using a confocal laser scanning microscope (Olympus,
Japan).

Protein Preparation, Digestion, and Peptide
Labeling

Protein extraction followed a published protocol. Tissue was
homogenized in a lysis buffer (8 M urea, 2 M thiourea, 4%
CHAPS, 20 mM Tris - base, 30 mM DTT, and Roche protease
inhibitors) at 1 mg/10 pL on ice. After centrifugation at
15,000 g and 4°C for 20 minutes, the supernatant was precip-
itated with 3-fold cold acetone for 30 minutes, and then
centrifuged again under the same conditions. Pellets were
resuspended in 100 pL of 5 M urea and dissolved in four
volumes of 40 mM NH4HCO3. Protein concentration was
measured using a BCA assay. The sample was treated with
10 mM DTT for 1 hour to cleave disulfide bonds, followed
by alkylation in the dark with 50 mM iodoacetamide for
1 hour at room temperature. Proteins were digested with
sequencing-grade trypsin (enzyme-to-protein ratio of 1:50)
at 37°C for 14 hours, then the reaction was stopped with
formic acid. Peptides were concentrated using a SpeedVac
system and labeled with TMT reagent for 1 hour at room
temperature, followed by quenching with hydroxylamine for
15 minutes according to the kit’s manual. Labeled samples
were pooled and stored at —80°C.
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LC-MS Analysis

Peptide samples were analyzed using a high-resolution LC-
MS system, specifically the U3000 nano HPLC system and
Q-Exactive mass spectrometer (both from Thermo Fisher
Scientific, USA), configured with a nano electrospray source.
For peptide enrichment, reverse-phase chromatography was
performed on a 2-cm-long, 75 pm i.d. fused silica trap
column packed with 3.0 ym Aqua C18 resin beads (Thermo
Fisher Scientific). Peptides were loaded at 5 pL/min and
then eluted from a 25-cm-long, 75 pm i.d. analytical column
packed with 2.0 pm Aqua C18 beads using a gradient
elution at 300 nL/min. The gradient started at 100% buffer
A (0.1% formic acid), increased to 3% buffer B (0.1% formic
acid and 99.9% acetonitrile) over 5 minutes, then to 18%
buffer B over 31.5 minutes, followed by a step to 30%
buffer B over 2 minutes, and finally to 80% buffer B for
5 minutes. Eluted peptides were introduced into the mass
spectrometer’s nano-ESI source. Full scan resolution was set
at 70,000 (m/z range 350-1600), and tandem mass spectrom-
etry (MS/MS) scans were performed at a resolution of 3500
with an isolation window of 2 m/z, normalized collision
energy of 29, and a loop count of 20. Dynamic exclusion
parameters were applied to enhance efficiency and prevent
redundant sequencing. The MS/MS data were stored in RAW
format using Xcalibur software (version 2.2, Thermo Fisher
Scientific).

Quantitation of Protein Abundance

Raw MS data were processed using Proteome Discov-
erer 2.3 (Thermo Fisher Scientific) to quantify protein
abundance. Feature detection was performed via the
expectation-maximization algorithm, and alignment of iden-
tical peptides across samples was achieved using a high-
performance retention time algorithm. Retinal protein levels
were quantified and compared based on the sum of
the three most intense tryptic peptide ions. Statistical
significance was determined by a P value < 0.05 and
a fold change > 1.5. Differentially expressed proteins
between the EAU and EAU + Muscone groups were
profiled via hierarchical clustering and visualized using
heatmap.2.

Bioinformatics Analysis

To further characterize the biological groups and path-
ways associated with the identified proteins, we utilized
the OmicsBean software via its online platform at http://
www.omicsbean.cn/. Gene Ontology (GO) category enrich-
ment was assessed using a right-sided hypergeometric test,
comparing the identified proteins to the GO annotations
across the Mus musculus genome. The false discovery
rate (FDR) was controlled using the Bonferroni step-down
method to ensure confidence in the enriched GO cate-
gories. Proteins were grouped according to their GO anno-
tations, with significant categories defined by P values less
than 0.05.

Cell Viability Assay

The BV2 cells viability was evaluated using the CCK8
assay, following the protocol provided by the manufac-
turer. Cell quantification was performed using a cell counter
(Countstar, China). Cells were plated at a concentration of
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5 x 10° per well in 96-well plates, each filled with 100 pL of
DMEM medium. After undergoing the designated treatments,
the CCKS8 reagents (C0005, TargetMol, USA) were introduced
into the culture medium and allowed to incubate for 2 to
3 hours. Thereafter, the optical density for each well was
quantified at a wavelength of 450 nm, using a microplate
reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

EdU Proliferation Assay

The cell proliferation was assessed through the EdU Staining
Proliferation Kit from Beyotime, Shanghai, China. Initially, 5
x 10% cells were seeded into each well of a 24-well plate
(BDBIO HangZhou China). Once the cells had adhered to
the surface, they were subjected to the respective treat-
ments. Subsequently, the cells were treated with a 50 pM EdU
reagent for 2 hours and then fixed with a 4% paraformalde-
hyde solution for 30 minutes. After fixation, the cells were
permeabilized by incubation in 0.5% Triton X-100 (Biosharp)
for 20 minutes. The cells were then incubated with a 200 pL
reaction mixture provided by the EdU kit for 30 minutes,
followed by staining with 1X Hoechst 33342 (23491-52-
3, Cytoch) for 5 minutes. The proportion of EdU-positive
cells was captured using fluorescence microscopy (Leica,
Germany).

Transwell Assay

The BV2 cells were cultured in the upper chamber of Corn-
ing Transwell systems (Corning Inc., Corning, NY, USA), at
a seeding density of 2 x 10* cells per well. Once the cells
had firmly attached to the surface, the upper compartment
was treated with either none, LPS 4+ IFN-y, or a combina-
tion of LPS, IFN-y, and Muscone. After a 24-hour incuba-
tion period, the BV2 cells in the upper compartment were
gently washed twice with PBS to remove any non-adherent
cells. They were then fixed with a 4% paraformaldehyde
solution for 10 minutes and stained with 0.1% crystal violet
(Beyotime, Shanghai) for 20 minutes. The cells on the upper
surface were carefully removed, leaving the cells on the
lower surface intact for imaging. The lower surface cells
were photographed, and the staining was quantified using
Image]J software.

Western Blotting

BV2 cells were cultured in 6-well plates (Jet Biofil,
Guangzhou) and subjected to various treatments. After the
treatments, the cells were gently washed twice with PBS
to remove any residual substances. Pre-cooled lysis buffer
(RO010, Solarbio) was then added to lyse the retina or
BV2 cells. The protein concentration within these samples
was quantified using the Bicinchoninic Acid Kit (Beyotime,
Shanghai, China). The proteins were resolved by gel elec-
trophoresis and subsequently transferred onto a polyvinyli-
dene fluoride (PVDF) membrane. The membrane was
blocked with Fast Blocking Western reagent (Yeasen, Shang-
hai) to prevent non-specific binding. After blocking, the
membrane was gently washed with Tris-buffered saline-
Tween 20 (TBST) to prepare it for incubation with primary
antibodies. The membrane was then incubated at 4°C
overnight to allow for optimal antibody binding to the target
proteins. Finally, the protein bands were visualized using an
ECL kit (KF8001, Affinity). The intensity of the bands was
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quantified using Image J software. The primary antibodies
used in this study are listed in Supplementary Table S1.

Statistics Analysis

All experiments were replicated at least three times for relia-
bility and reproducibility. We used the Unpaired Student’s t-
test for two group comparisons and 1-way ANOVA for multi-
ple groups. The Mann-Whitney U test was applied to clinical
and pathological scores. Statistical significance was set at P <
0.05. Data are presented as mean £ SD, analyzed using SPSS
27 (IBM Corp., Armonk, NY, USA) and Prism 9.0 (GraphPad,
USA).

RESULTS

Muscone Alleviates Retinal Inflammation in EAU
Mice

To explore Muscone’s effect on autoimmune uveitis, EAU
mice were treated with intraperitoneal Muscone (20 mg/kg)
starting on day 7 post-induction and every other day until
day 14, after which the retinas were collected (Fig. 1A). The
structure of Muscone is depicted (Supplementary Fig. S1).
Body weight was monitored from day 7, with no difference
observed among the Muscone, the control, and the DMSO
groups (Fig. 1B). Clinical images revealed severe conjunc-
tival and ciliary hyperemia in the EAU + DMSO group
compared with the controls, whereas the EAU + Muscone
group showed milder symptoms (Figs. 1C, 1E). Hematoxylin
and eosin (H&E) staining indicated more retinal folds and
inflammatory cells in the EAU + DMSO group, with fewer
observed in the EAU + Muscone group after treatment
(Figs. 1D, 1F). Western blotting showed increased levels of
inflammatory cytokines (iNOS, IL-6, and IL-18) in the reti-
nas post-immunization (Fig. 1G), which were significantly
reduced by Muscone treatment (Fig. 1H).

Microglia, the resident immune cells in the retina and
central nervous system, are crucial for maintaining reti-
nal homeostasis and immune surveillance.?* Immunofluo-
rescence staining of retinal flat mounts revealed a reduced
number of microglia with Muscone treatment (Figs. 11, 1]).
Consistently, the EAU group exhibited elevated protein
expression levels of IBA1 and CDG68 (Fig. 1K). Notably, treat-
ment with muscone led to a significant reduction in these
elevated levels (Fig. 1L).

Muscone Protects the Function of the
Blood-Retinal Barrier

The BRB is a crucial protective structure in the eye. It
protects the retina from harmful substances in the blood-
stream while maintaining selective permeability, facilitating
the efficient removal of metabolic waste via active trans-
port.”’ In diseases like uveitis, the BRB’s integrity is compro-
mised, making the retina more vulnerable to damage, includ-
ing inflammation-induced cellular injury.?®?

The FFA and Evans blue assay showed aggravated reti-
nal vessel leakage in EAU mice. However, Muscone treat-
ment alleviated this leakage (Figs. 2A, 2B). Additionally, we
measured the expression of Occludin, a key protein for
tight junction function. Occludin levels were significantly
higher in EAU mice than in the healthy controls (Fig. 20),
but Muscone treatment notably decreased Occludin protein
levels in EAU mice (Fig. 2D).
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Muscone Inhibits the M1 Polarization of Microglia
In Vitro

In vitro experiments using BV2 cells demonstrated the
effect of Muscone on microglia. CCK8 assays at concen-
trations of 0.1, 1, 5, and 10 uM showed no cytotoxic-
ity, with 0.1 yM and 1 pM selected for further experi-
ments (Supplementary Fig. S2). The EdU555 assay indi-
cated enhanced proliferation of BV2 cells after LPS and
IFN-y stimulation, which was reduced by Muscone treat-
ment at 0.1 pM and 1 pM (Figs. 3A, 3B). Similarly, Muscone
at these concentrations decreased the increased migra-
tory capacity of BV2 cells under inflammatory conditions
(Figs. 3C, 3D). Western blot analysis revealed elevated
protein levels of inflammatory mediators (NOS, IL-6,
and IL-18) in response to LPS and IFN-y, which were
decreased by Muscone treatment (Figs. 3E-3H). Consis-
tently, the Nitric Oxide Test Kit showed increased nitric
oxide levels in the LPS and IFN-y group, reduced by
Muscone treatment (Fig. 3I). These results suggest that
Muscone may have anti-inflammatory effects by suppress-
ing BV2 cell activation and proliferation under inflammatory
conditions.

Muscone Alleviates Inflammation Through the
p-PI3K/p-AKT Pathway In Vivo and In Vitro

To explore how Muscone reduces EAU inflammation,
we performed Data-independent acquisition (DIA)
proteomics on retinal tissues from EAU + DMSO mice
and Muscone-treated EAU mice (Fig. 4A). Violin plots
showed good experimental repeatability and strong sample
correlation (Supplementary Fig. S3A). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis of total
proteins revealed significant enrichment in metabolic
pathways (Fig. 4B), suggesting a link between EAU
and metabolism. Comparing the 2 groups, 74 proteins
were upregulated and 203 downregulated in Muscone-
treated mice (P < 0.05, fold change > 1.5; Fig. 4C). Many
down-regulated proteins were related to inflammation,

such as TLR2, TLRG, IRF7, Clqc, AHR, etc. A circular
heatmap detailed all differentially expressed proteins
(Fig. 4D).

Further, differential proteins of GO analysis indicated that
Muscone impacts the downregulation of various aspects of
the immune response, the immune system process as well
as the innate immune response (Fig. 4E). Chord diagram
of the relationship between differential proteins and path-
ways was showed (Fig. 4F). The top 10 of KEGG pathway
analysis, in particular, highlighted the downregulation of the
PI3K-AKT signaling pathway (Fig. 4G), a key player in medi-
ating immune responses. We thus investigated this path-
way further. Protein expression related to PI3K-AKT signal-
ing was shown (Supplementary Figs. S3B-3M). Western blot
revealed significantly decreased p-PI3K and p-AKT levels
in the EAU + Muscone group as compared with the EAU
+ DMSO group (Fig. 4H). Similarly, in BV2 cells, Muscone
reduced p-PI3K and p-AKT levels induced by LPS + IFN-y
(Fig. 4D).

PI3K Selective Inhibitor Attenuates EAU
Inflammation

LY294002, a selective PI3K inhibitor,>*3! is reported in
numerous references to have an effective concentration of
10 uM.32-3% Then, it was administered intravitreally at days
9 and 11 after immunized. At day 14, the development of
EAU phenotype was observed. Clinical scores showed that
inhibiting PI3K with LY294002 alleviated the ciliary conges-
tion (Figs. 5A, 5B). Pathological evaluations revealed a
decrease in inflammatory infiltrates following treatment with
LY294002 (Figs. 5C, 5D). FFA suggested that the destruc-
tion of BRB was attenuated in LY294002 treated EAU mice
(Fig. 5E). Additionally, the protein levels of iNOS and IL-
6 were significantly decreased in the retinas of EAU mice
treated with LY294002 (Fig. 5F).

Collectively, our results suggested that Muscone signifi-
cantly alleviates inflammation associated with EAU via the
PI3K-AKT pathway (Fig. 5G).
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FiGure 3. Muscone exerts an inhibitory effect in activated BV2 cells. (A, B) EAU555 assay for the control, LPS + IFN-y treated, and LPS
+ IFN-y treated with 0.1 pM or 1 pM Muscone (mean + SD; n = 3/group; *P < 0.05, **P < 0.001, 1-way ANOVA). (C, D) Transwell assay
and quantitative analysis for the four groups described (mean £ SD; n = 4/group; **P < 0.001, 1-way ANOVA). (E, F) Protein levels and
quantitative analysis of iNOS, IL-6, and IL-18 in BV2 cells with or without LPS + IFN-y stimulation (mean + SD; n = 3/group; *P < 0.05, **P
< 0.01, unpaired Student’s #-test). (G, H) Protein levels and quantification of iNOS, IL-6, and IL-18 protein levels in LPS + IFN-y stimulated
BV2 cells treated with DMSO, 0.1 pM or 1 pM Muscone (mean + SD; n = 3/group; **P < 0.01, unpaired Student’s #-test). (I) Measurement
of NaNO2 concentration in the control, LPS + IFN-y, LPS + IFN-y + 0.1 pM Musocne, LPS + IFN-y + 1 pM Muscone groups (mean =+ SD;

n = 5/group; ***P < 0.001, 1-way ANOVA).

DiscussIoN

Uveitis is a prevalent ocular condition that poses a significant
risk of blindness, affecting individuals across all age groups
but showing a marked predilection for young people.>® The
management of uveitis presents a formidable challenge, with
no universally effective or targeted clinical therapies avail-
able, largely due to the intricate and multifactorial nature
of its etiology and pathogenesis. While traditional gluco-

corticoids and a range of immunosuppressants can achieve
a degree of symptom management, they are not without
severe side effects.’>> Consequently, the quest for thera-
peutic agents that can prevent relapses, mitigate medication
side effects, and maintain treatment efficacy has become a
critical and pressing issue in clinical management.
Muscone, a derivative of the musk glands of musk
animals, is a medicinal substance renowned for its potent
pharmacological properties. Extensive research indicates
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FiGure 4. Muscone exhibits anti-inflammatory properties by modulating the PI3K/AKT signaling pathway. (A) Overview of the DIA
experimental workflow. (B) KEGG pathway analysis of total proteins identified by LC-MS. (C) Volcano plot derived from DIA proteomics data.
(D) Circular heatmap of significantly differential proteins. (E) Top 20 GO terms of the data. (F) Chord diagram illustrating the interconnectivity
between differential proteins and their respective pathways. (G) Top 10 KEGG pathways. (H) Quantitative analysis of PI3K, p-PI3K, AKT,
and p-AKT protein levels in the retinas of EAU mice with and without Muscone treatment (mean + SD; 7 = 3/group; *P < 0.05, unpaired
Student’s #-test). (I) Analysis of PI3K, p-PI3K, AKT, and p-AKT protein levels in LPS + IFN-y treated BV2 cells with DMSO, 0.1 pM Muscone,
and 1 pM Muscone (mean + SD; n = 3/group; *P < 0.05, **P < 0.01, unpaired Student’s #-test).

that Muscone possesses therapeutic benefits across a spec-
trum of diseases, impacting both the central nervous
and cardiovascular systems.!”'® Notably, Muscone exhibits
robust anti-inflammatory action, capable of modulating the

secretion of inflammatory cytokines like IL-18 and IL-6.
Furthermore, Muscone plays a role by regulating membrane
fluidity, MMP9 expression, and Na+, K (4+)-ATPase activity
in cells, thereby increasing the permeability of the blood-
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FFA injection (purple triangle = blood vessel curvature and leakage). (F) The protein level and quantification of iNOS, IL-6, and IL-1 in
the retinas of EAU mice with LY294002 (mean + SD; n = 3/group; ns > 0.05, *P < 0.05, unpaired Student’s #-test). (G) The function and

mechanism of Muscone in EAU.

brain or BRB, exerting a direct anti-inflammatory effect at
the site of pathology.?®°

Considering that multiple studies reporting that the
regulation of microglia activation can reduce the sever-
ity of EAU,%-% targeting microglia for the treatment of
uveitis has been a research hotspot.*!43:4 In this study, we
identified that Muscone could play a powerful therapeu-
tic effect on EAU through the PI3K/AKT pathway in BV2
cells.

Building on prior research indicating that inflammation
peaks on day 14 after immunization,> we selected this
time point to evaluate Muscone’s efficacy. We administered
Muscone intraperitoneally at 20 mg/kg from day 7 to day
14, every other day. Our findings revealed that Muscone alle-
viated BRB disruption and reduced inflammatory cytokine
levels in retinas. In vitro experiments also demonstrated that
Muscone blocked BV2 cell activation and downregulated
inflammatory factors.

To further investigate the specific mechanism of Muscone
attenuating EAU mice, we performed proteomic and LC-
MS analysis with the retinas from EAU + DMSO and EAU
+ Muscone mice on day 14 after induction. GO analy-
sis indicated that Muscone affected the downregulation of
innate immune responses. In consistently with GO analy-
sis, Muscone could inhibit the activation of microglial cells,
which are the major innate immune cells in the eye.®
KEGG analysis revealed a significant downregulation of the
PI3K/AKT signaling pathway, which is a classic immune-
related pathway that plays important roles in various autoim-
mune diseases.*~% PI3Ks are a family of heterodimeric lipid
kinases. AKT is one kind of serine protein kinase from the
protein kinase AGC subfamily and acts as one of essential
downstream factors of PI3K.* PI3K/AKT is widely regarded
as an important pathway to trigger several biochemical reac-
tions that are closely related to metabolism and disease
occurrence. Some autoimmune diseases, such as rheumatoid
arthritis and multiple sclerosis, show increased activity of the
PI3K/AKT pathway.’*:>! Here, subsequent Western blotting
confirmed that the expression of p-PI3K/p-AKT was upregu-
lated in EAU, and Muscone could downregulate the expres-
sion of p-PI3K/p-AKT both in vivo and in vitro. Further-
more, after intravitreal injection of PI3K selective inhibitor
LY294002, we observed reduced inflammatory phenotypes
in EAU.

In this study, there are still some limitations. In the
retina of EAU mice, other cell types besides microglia,
such as macrophages and RPE cells, also express inflam-
matory chemokines and cytokines. Western blotting, while
useful for assessing overall protein expression, cannot distin-
guish the specific cell types responsible for expressing these
proteins. Acknowledging these limitations, flow cytome-
try or confocal microscopy are needed to further validate
muscone’s effects on microglia in the future study. The data
mentioned are derived from in vivo animal models and in
vitro cell models. However, our current understanding is
limited by the absence of clinical data, as we have not yet
evaluated the effects of Muscone in clinical trials involving
human patients. Further study is planned to bridge this gap
with clinical studies. Additionally, whereas our proteomic
analysis has revealed numerous downstream proteins poten-

tially regulated by Muscone, the inherent structural limi-
tations of Muscone preclude a straightforward verification
of direct interactions with these targets. Consequently, the
specific molecular targets that are directly engaged by
Muscone remain to be elucidated. Furthermore, the current
experimental design for constructing EAU mouse models is
limited by the exclusive use of female subjects. To better
mirror the heterogeneous nature of uveitis presentation in
human populations and enhance the clinical relevance of
our findings, future in vivo studies will incorporate both
male and female mice in experimental cohorts.

In conclusion, we demonstrated that Muscone could alle-
viate autoimmune uveitis via the PI3K/AKT pathway.
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