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ARTICLE INFO ABSTRACT

Keywords: Uveitis causes blindness and critical visual impairment in people of all ages, and retinal microglia participate in
Icar'fh} uveitis progression. Unfortunately, effective treatment is deficient. Icariin (ICA) is a bioactive monomer derived
Uveitis from Epimedium. However, the role of ICA in uveitis remains elusive. Our study indicated that ICA alleviated
Ilz/ll?c)r);i;lia intraocular inflammation in vivo. Further results showed the proinflammatory M1 microglia could be transferred

to anti-inflammatory M2 microglia by ICA in the retina and HMC3 cells. However, the direct pharmacological
target of ICA is unknown, to this end, proteome microarrays and molecular simulations were used to identify the
molecular targets of ICA. Data showed that ICA binds to peroxiredoxin-3 (PRDX3), increasing PRDX3 protein
expression in both a time- and a concentration-dependent manner and promoting the subsequent elimination of
H,0,. In addition, GPX4/SLC7A11/ACSL4 pathways were activated accompanied by PRDX3 activation. Func-
tional tests demonstrated that ICA-derived protection is afforded through targeting PRDX3. First, ICA-shifted
microglial M1/M2 phenotypic polarization was no longer detected by blocking PRDX3 both in vivo and in
vitro. Next, ICA-activated GPX4/SLC7A11/ACSL4 pathways and downregulated HyO, production were also
reversed via inhibiting PRDX3 both in vivo and in vitro. Finally, ICA-elicited positive effects on intraocular
inflammation were eliminated in PRDX3-deficient retina from experimental autoimmune uveitis (EAU) mice.
Taking together, ICA-derived PRDX3 activation has therapeutic potential for uveitis, which might be associated
with modulating microglial M1/M2 phenotypic polarization.

M1 phenotype
M2 phenotype

1. Introduction Although the etiology of uveitis remains largely unknown, strong

evidence has shown that uveitis is associated with oxidative stress [5,6].

Autoimmune uveitis (AU), characterized by immune-mediated
chronic inflammatory intraocular disorders, is one of the main causes
of visual impairment and blindness [1,2]. A robust model of human
uveitis is experimental autoimmune uveitis (EAU), which can be
induced by immunization with interphotoreceptor retinoid-binding
protein (IRBP) [3]. Although immunosuppressive treatments including
corticosteroids, antimetabolites, and alkylating agents are effective
therapies, the nonspecific nature and the side effects preclude their
long-term application [4]. Thus, searching more effective and less
side-action therapeutic potential treatments is urgent.

Accumulated reactive oxygen species (ROS) including hydrogen
peroxide (Hy02) can disrupt retinal homeostasis. HyO» is usually pro-
duced in mitochondria and can activate mitochondrial oxidative dam-
age [7]. Peroxiredoxins (PRDXs), including at least 6 isoforms, are a
family of thiol peroxidases. Among them, PRDX3 is the main species in
mitochondria [8]. As an important mitochondrial antioxidant protein,
PRDX3 is the most plentiful and efficient HyO5 eliminating enzyme in
mitochondria, playing a major role against oxidative stress [9]. Being
oxidized into inactive dimer form, PRDX3 scavenges HyO, and effec-
tively prevents oxidative stress, apoptosis and cellular damage [10]. The
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increase of mitochondrial H»O; is a critical pathological process of EAU.
Increased PRDX3 expression in some neurons may represent a basic
protective mechanism that can reduce oxidative stress injury [11].
Hence, reducing the overproduction of HoO, via PRDX3 may ameliorate
retinal damage during EAU.

Meanwhile, microglia-elicited inflammatory processes also partici-
pate in the progression of uveitis [12]. Microglia are resident immune
cells of the retina, and activated microglia release inflammatory factors
including tumor necrosis factor (TNF-a) cyclooxygenase-2 (COX-2),
inducible nitric oxide synthase (iNOS), which further aggravate retinal
damage and blood-retina barrier (BRB) dysfunction. In turn, over-
production of inflammatory factors further results in microglial reac-
tivation, and reactivated microglia release more inflammatory factors,
frequently aggravating the uncontrolled inflammatory cascade in the
retina [13,14]. Microglia activation states can be divided into a proin-
flammatory M1 state and an anti-inflammatory M2 state. LPS is an
agonist of M1 microglia, COX-2, iNOS, TNF-a and nitric oxide (NO) are
markers of M1 microglia. In contrast, arginase 1 (ARG1), CD206 and
interleukin 10 (IL-10) are markers of M2 microglia that not only inhibit
the expression of proinflammatory mediators but also facilitate neuro-
protection [15,16]. Thus, promoting the transformation of microglia
from the M1 state to the M2 state may ameliorate retinal damage in
EAU.

Icariin (ICA), a flavone compound extracted from Epicedium, shows
a range of pharmacological functions, such as anti-oxidation, anti-
inflammation and anti-aging effects both in vivo and in vitro, as multiple
studies have concluded [17]. ICA has also been reported to inhibit
LPS-induced inflammation in mouse peritoneal macrophages and peri-
tonitis models [18]. Furthermore, ICA could reduce inflammatory
penetration in neurological disorder models by passing the blood-brain
barrier [19]. In addition, ICA protected dopamine neuronal damage
against LPS-induced neurotoxicity in the Parkinson’s disease animal
model [20]. Although the neuroprotective effects of ICA in the CNS
system are well documented, the role and mechanism of ICA in EAU are
poorly understood.

This study was conducted to explore the protective effects of ICA in
the progression of EAU and to understand its underlying mechanisms.
We utilized IRBP-induced EAU mice and LPS-induced inflammatory
HMC3 cells in this study, we reported that ICA alleviated intraocular
inflammation in vivo and shifted the microglial M1/M2 phenotypic
polarization in the retina and HMC3 cells. Further studies revealed that
ICA alleviated EAU by directly acting on microglia in a PRDX3-
dependent manner. We revealed the critical role of ICA in EAU retina
one of which is to maintain M1/M2 phenotype homeostasis and the
other of which is to protect the retina from HyO,-mediated damage by
increasing PRDX3.

2. Material and methods
2.1. Reagents

Icariin (HPLC identified purity as 98.04%) was purchased from
Topscience (Shanghai, China). Human IRBPgs1.670 (LAQGAYRTAV-
DLESLASQLT) (purity>98%) was synthesized by Sangon Bioengineering
Technology and Services Co., Ltd. (Shanghai, China). Lipopolysaccha-
ride (O111:B4) and complete Freund’s adjuvant were obtained from
Sigma-Aldrich (St. Louis, Missouri, USA). Heat-killed M. tuberculosis
strain H37Ra was got from BD Biosciences (New Jersey, USA). Pertussis
toxin (PTX) was obtained from Sigma-Aldrich (St. Louis, Missouri, USA).

2.2. Animals

Female C57BL/6J mice (6-8 weeks) were purchased from The
Experimental Animal Center of Chongqing Medical University. All ani-
mal experiments strictly abided by the management of the Ethics
Committee of the First Affiliated Hospital of Chongging Medical
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University. All the animals were kept in a specific pathogen free facility
under constant temperature and relative humidity conditions.

2.3. EAU induction and ICA treatment

Human IRBPgs1.670 (500 mg) was dissolved in PBS (1 ml) and
M. tuberculosis strain H37Ra (40 mg) was dissolved in Freund’s adjuvant
(1 ml). Next, IRBP and Freund’s adjuvant were emulsified with an equal
volume (1:1, v/v) for 1 h. Mice received subcutaneous injection of IRBP
(500 pg) and intraperitoneal injection of PTX (1 pg) for EAU model [21].
After EAU induction for 7 days, all immunized mice were examined with
slit lamp to guarantee model success. All mice were randomly divided
into three groups according to the different treatments: the Control
group and the EAU group received intragastric administration of saline;
the EAU + ICA group received intragastric administration of ICA (10
mg/kg/day) for 7 consecutive days. Next, the clinical severity of ocular
inflammation was examined by slit lamp according to five independent
criteria and Caspi’s criteria. Then, the mice were sacrificed for the
following experiments.

2.4. Integrity of the blood-retinal barrier (BRB)

Evans Blue dye (2%, 100 pL, Sigma-Aldrich) was injected through
the tail vein. After blood circulation for 2 h, eyeballs were obtained and
submerged in 4% paraformaldehyde for 2 h. The retina was carefully
stripped and made into a four-leaf clover shape. BRB integrity was
observed by microscope (Leica, Germany).

2.5. Immunofluorescence staining

According to the abovementioned methods, the retinal four-leaf
clover shape was permeabilized with 3% Triton X-100 for 15 min and
blocked with bovine serum albumin for 2 h. Next, the retina was incu-
bated with IBA1 antibody (1:500, Abcam, USA) at 4 °C overnight. After
washing, the retina was incubated with Alexa-488 (green) conjugated
goat anti-rabbit IgG (1:3000, Abcam, USA) for 1 h. Images were taken
under the microscope (Leica, Germany).

2.6. Hematoxylin and eosin (H&E) staining

The eyeballs were embedded in paraffin wax and sectioned to 4-6
pM thickness. After dewaxing with xylene, the slides were dehydrated in
absolute ethanol, 95% alcohol, 85% alcohol and 75% alcohol for
gradient dehydration for 5 min/each time. Antigens were repaired in
citrate antigen repair buffer (pH 6.0) (Servicebio, Wuhan, China). Sec-
tions were stained with H&E and each eye was scored based on Caspi’s
criteria.

2.7. Proteome microarray assays

The HuProt microarray was obtained from the Johns Hopkins Med-
ical Institutions Protein Microarray Core (CDI Laboratories, Inc).The
array experiment was performed by Wayen Biotechnologies (Shanghai,
China) according to the following procedure. Briefly, the proteome
microarrays were immersed in blocking buffer and incubated with
biotin (10 pM) and Biotin-icariin (10 pM) for 1 h. After washing, pro-
teome microarrays were put into 0.1% Cy5-Streptavidn solution for 20
min in the dark. After washing and centrifuging (1000xg, 2 min), the
microarrays were scanned with a GenePix 4000B microarray scanner
(Axon Instruments, CA).

2.8. Network analyses
The Search Tool for Recurring Instances of Neighboring Genes

(STRING) system, a database of protein-protein interactions, was used to
build the biological interaction networks for PRDX3. The organism and
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confidence were set to “Homo sapiens”, “20 connections” and “high-
confidence”, respectively.

2.9. Molecular docking of ICA to PRDX3

The crystal structure of PRDX3 was derived from Protein Data Bank
and the 3D structure of ICA was obtained from PubChem. Before testing,
the structures of PRDX3 and ICA were ensured to be in the optimized
active arrangement. Finally, the Glide SP (standard precision) scoring
function was used for docking.

2.10. HMCS3 cell line

The human microglial cell line (HMC3) was obtained from the
American Type Culture Collection (ATCC). Briefly, cells were main-
tained in eagle’s minimum essential medium (EMEM) supplemented
with 10% FBS, 50 U/ml penicillin, and 50 pg/ml streptomycin in a
humidified incubator. The cells were seeded in 6-well plates at 5 x 10°
cells/well for 24 h, and HMC3 cells were randomly divided into Control,
LPS (1 pg/ml) + IFN-y (500 ng/ml) and LPS (1 pg/ml) + IFN-y (500 ng/
ml) + ICA (10 pM) groups. Another 24 h later, cells and supernatant
were collected.

2.11. Cell viability

Cells were seeded in 96-well plates at a density of 8000 cells/100 pL
for 24 h. Following ICA and Biotin-ICA (0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20
puM) treatments for 24 h, CCK8 solutions were added and HMC3 cells
were incubated at 37 °C for 1.5 h. Then, the absorbances were detected
at 450 nm.

2.12. TNF-a, COX-2, nitric oxide (NO) assays

Griess reagent was used to quantify the production of NO by
measuring increased levels of nitrite in the supernatant. The production
of TNF-a and COX-2 in the supernatant were measured by ELISA kits
from R&D Systems following the manufacture’s protocol.

2.13. Quantitative real-time PCR

RT Master Mix for qPCR (Cat.No. HY-K0510; Lot No.80770) and
SYBR Green qPCR Master Mix (Cat.No. HY-K0522; Lot N0.107813) were
purchased from Med Chem Express (Shanghai, China). Total RNA of
cells or tissues was isolated using TRIzol reagent. The mRNA levels were
assessed using RT Master Mix and SYBR Green qPCR Master Mix based
on the manufacturer’s recommended protocol. RNA levels were
normalized to GAPDH. All primers of targeted genes have been shown in
Table S1.

2.14. Western blot assays

Ten-percent Bis-Tris-polyacrylamide electrophoresis gels were used
to separate equal amounts of proteins, and proteins were transferred to
PVDF membranes. Following blocking with 5% nonfat milk, the mem-
branes were incubated with primary antibody overnight at 4 °C. The
following antibodies were purchased from Proteintech: TNF-a (1:1000,
Cat.No. 17590-1-AP), COX-2 (1:1000, Cat.No. 12375-1-AP), iNOS
(1:1000, Cat.No. 18985-1-AP), ARG1 (1:1000, Cat.No. 16001-1-AP),
CD206 (1:1000, Cat.No. 18704-1-AP), PRDX3 (1:2000, Cat.No. 10664-
1-AP), SLC7A11 (1:1000, Cat.No. 26864-1-AP), goat anti-rabbit IgG
(1:5000, Cat.No. SA00001-2), goat anti-mouse IgG (1:5000, Cat.No.
SA00001-1). IL-10 (1:500, ab189392), IBA1l (1:1000, ab178846),
B-actin (1:2000, ab8226) and occludin (1:500, ab222691) were pur-
chased from Abcam. GPX4 (1:1000, sc-166570) and ACSL4 (1:1000, sc-
365230) were obtained from Santa Cruz Biotechnology. The membranes
were incubated with anti-rabbit or mouse IgG for 1 h and detected by
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ECL Plus reagents. The amounts of proteins were analysed using ImageJ
and normalized to the amount of $-actin.

2.15. Retina and HMC3 H;0, measurements

Hydrogen peroxide assay kit (Nanjing Jiancheng Corp., China) was
applied to quantify the HyO- levels of the retina and HMC3 cells based
on the manufacturer’s recommended protocol. A firmness complex was
formed after the reaction with H,O», and its absorbance was measured at
405 nm.

2.16. Cell transfection for silencing

The PRDX3-shRNA and Vehicle-shRNA were purchased from Gen-
eChem (Shanghai, China). HMC3 cells were transfected with PRDX3-
shRNA (MOI = 10) or Vehicle-shRNA (MOI = 10) for 10 h. After
changing the medium, HMC3 cells were cultured with puromycin (2 pg/
ml)-containing medium. Transfective cells were seeded in 6-well plates
at 5 x 10° cells/well. Twenty-four hours later, cells were received LPS
(1 pg/ml) + IFN-y (500 ng/ml) + ICA (10 pM) administration. Another
24 h later, cells and supernatant were collected to measure the specific
indicator.

2.17. Statistical analysis

All the data were presented as the means + SDs and analysed by SPSS
20.0 software. Unpaired Student’s t-test was applied to assess signifi-
cance between two groups. One-way ANOVA was applied to multiple
groups, which was corrected by Least Significant Difference (LSD)
analysis. For clinical scores and pathological scores, Kruskal-Wallias test
was applied to multiple groups and Mann-Whitney U test was applied to
two groups. The differences at p < 0.05 were considered to be statisti-
cally significant.

3. Results
3.1. ICA alleviated EAU progression in vivo

To investigate whether ICA could alleviate intraocular inflammation,
EAU mice received intragastric treatment with ICA (10 mg/kg/day) for
7 consecutive days. Next, the clinical symptoms and histopathological
staining were examined. As shown in Fig. 1B, ICA significantly
decreased the conjunctival and ciliary hyperaemia as well as infiltration
of anterior chamber inflammatory cells (Fig. 1B). As indicated in Fig. 1C,
H&E staining revealed fewer retinal folds and inflammatory cells in the
EAU + ICA group (Fig. 1C). This clinical score and pathological score
results were consistent with the abovementioned phenomenon. In
addition, to examine the effect of ICA on BRB breakdown, we measured
the integrity of BRB. The results indicated that ICA significantly relieved
leakage accompanied by increased occludin expression (Fig. 1D).
Furthermore, to detect the influence of ICA on microglia, morphological
changes as well as microglial activation were investigated by immuno-
staining for a specific microglial marker (IBA1). As illustrated in Fig. 1E,
there were many activated microglia in the EAU group, which was
characterized by strengthened IBA1 staining and expanded rounded cell
size. Interestingly, microglia in ICA-treated mice displayed normal
morphology and a similar level of IBA1 expression compared to those in
the Control group, suggesting that microglial activation is blocked by
ICA (Fig. 1E).

3.2. ICA promoted the phenotypic polarization of M1 microglia to M2
microglia in vivo and in vitro

The results shown in Fig. 1E prompted us to explore whether ICA
could promote microglial M1/M2 phenotypic polarization. We used
retina and HMC3 cells to determine the levels of M1 microglial markers
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Fig. 1. ICA alleviated EAU progression in vivo (A) The schematic of animal experimental design. (B-C) Anterior chamber inflammation and retinal histopathological
staining in the Control, EAU and EAU + ICA groups. Clinical scores and pathology scores were also exhibited. (scale bar, 100 pm; yellow arrows, conjunctival and/or
ciliary congestion; black arrow, infiltration of inflammatory cells; green arrow, retinal folds). (D) Retinal integrity in the Control, EAU and EAU + ICA groups. Retinal
occludin quantification was detected by Western blotting (scale bar, 100 pm, white arrow, retinal vascular leakage). (E) Retinal microglia staining in the Control,
EAU and EAU + ICA groups. Further quantification of retinal IBA1 was performed by Western blotting (scale bar, 100 pm). *p < 0.05 compared with the Control

group; #p < 0.05 compared with the EAU group. (n = 3-5).

(TNF-a, COX-2, iNOS) and M2 microglial markers (ARG1, CD206 and IL-
10). As shown in Fig. 2, the EAU group exhibited elevated protein
expression of M1 markers and reduced protein levels of M2 markers. As
expected, ICA treatment reversed EAU-elicited microglial phenotypic
polarization (Fig. 2A and B). Next, HMC3 cells were randomly divided
into Control group, LPS (1 pg) + IFN-y (500 ng) group and LPS (1 pg) +
IFN-y (500 ng) + ICA (10 uM) group. Twenty-four hours later, cells and
supernatant were collected to measured M1/M2 phenotypic polariza-
tion. As indicated in Fig. 2, LPS + IFN-y addition markedly increased the
protein levels of M1 markers and declined the protein expression of M2
markers, which was greatly reversed by ICA (10 pM) treatment (Fig. 2C
and D). These data, combined with Fig. 1E implied that ICA could
change M1 microglia to M2 microglia.

3.3. Identification of ICA-binding proteins

We utilized HuProt microarray, which consisted of 20,000 affinity-
purified GST-tagged proteins to screen for ICA-binding proteins [22].
Briefly, we incubated biotin-labelled ICA (Biotin-ICA) or biotin with the
HuProt microarray, and used Cy5-coupled streptavidin (Cy5-SA) to
identify proteins with ICA-binding capacity (Fig. 3A). The molecular
structure of ICA and Biotin-ICA were shown in Fig. 3B. Next, CCK8 assay
indicated that at the experimental concentration, both ICA and
Biotin-ICA had no effect on cell viability (Fig. 3C). A partially enlarged
view of biotin and Biotin-ICA proteome microarrays were shown in
Fig. 3D. In venn diagram, after nonspecific signals were removed, 246
proteins were identified as ICA-binding candidate proteins. The IMean
ratio of two repeated spots was evaluated to standardize the data, which
was set to >1.414. In descending order of IMean ratio, 22 proteins were

selected (Fig. 3E). Then, Gene Ontology (GO) analysis was applied to
examine the 246 candidate proteins (Fig. 3F). Furthermore, to under-
stand the functional roles of ICA-binding proteins deeply, the 246 pro-
teins were used for KEGG pathway enrichment. A substantial
enrichment in metabolic pathways, glutathione metabolism and purine
metabolism were found in the KEGG pathway (Fig. 3G).

3.4. PRDX3 is a target of ICA

Among the selected 22 proteins, the highest-ranking protein was
ALDH9A1(IMean ratio of 2.301), and the second was PRDX3 (IMean
ratio of 2.095). ALDH9A1 belongs to the aldehyde dehydrogenase
family of proteins [23]. However, we did not observe any changes in the
Control, EAU or EAU + ICA group (Fig. S1). PRDX3 encodes a mito-
chondrial protein with antioxidant function [9]. Research have shown
that oxidative stress plays a vital role in the progression of uveitis [5].
Thus, we selected PRDX3 for functional verification. Enlarged images of
PRDX3 in the proteome microarray were shown in Fig. 4A. Further
molecular docking showed that ICA may bind to PRDX3 in the pocket
between the two chains. Hydroxyl groups on the ICA form hydrogen
bonds with Lys135 and Glul62 on chain A and Thr44 on chain B
(Fig. 4B). Furthermore, we detected the presence of retinal PRDX3
protein, as shown in Fig. 4C, PRDX3 exhibited higher expression in the
EAU + ICA group than in the EAU group (Fig. 4C). To verify the effect of
ICA on PRDX3 in microglia, HMC3 cells were pretreated with ICA (0.1
pM, 1 pM and 10 pM) for 1 h and then stimulated with LPS + IFN-y for
24 h. The results indicated that ICA (0.1 pM-1 uM) showed no effect on
PRDX3 protein expression, while there was a significant increase in
PRDX3 with ICA (10 pM) (Fig. 4D). Furthermore, HMC3 cells were
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Fig. 2. ICA promoted the phenotypic polarization of M1 microglia to M2 microglia in vivo and in vitro (A-B) Retinal microglial M1 markers (TNF-a, COX-2, iNOS)
and M2 markers (ARG1, CD206, IL-10) in the Control, EAU and EAU + ICA groups were measured by Western blotting, respectively. (C) HMC3 cells M1 markers
(TNF-a, COX-2, NO) in the Control, LPS + IFN-y and LPS + IFN-y + ICA groups were revealed by ELISA. (D) HMC3 cells M2 markers (ARG1, CD206, IL-10) in the
Control, LPS + IFN-y and LPS + IFN-y + ICA groups were measured by Western blotting. *p < 0.05 compared with the Control group; *p < 0.05 compared with the

EAU group or LPS + IFN-y group. (n = 3).
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pretreated with ICA (10 uM) for 1 h and then stimulated with LPS +
IFN-y for 6 h, 12 h, 24 h and 36 h. As shown in Fig. 4E, PRDX3 expression
increased only after ICA (10 pM) treatment for 24 h (Fig. 4E). The in
vitro results suggested that ICA increased PRDX3 protein expression in
time- and concentration-dependent manner. In addition, PRDX3 is a
H0; scavenger, whether ICA-elicited higher PRDX3 accompanied by
enhanced Hy05 clearance is unclear. Thus, we further measured HyO4
production in the retina and HMC3 cells. As illustrated in Fig. 4F, ICA
decreased the Hy05 production compared with EAU treatment. Consis-
tently, ICA-elicited enhanced HyO5 clearance was found in HMC3 cells
(Fig. 4F).

3.5. ICA regulated the GPX4/SLC7A11/ACSL4 pathways

The binding of ICA to PRDX3 prompted us to examine the PRDX3-
related signalling pathways regulated by ICA. To investigate the pro-
teins that interact with PRDX3, we constructed biological interaction
networks for PRDX3 to identify the top 20 connections using STRING
system with “Homo sapiens” and a “high-confidence” setting (Fig. 5A).
Among them, glutathione peroxidase 4 (GPX4) is the main enzyme
involved in glutathione metabolism and diminishing phospholipid hy-
droperoxides within a cellular environment [24], which is consistent
with the results of the KEGG analysis of ICA-binding proteins, as shown
in Fig. 3G. Thus, we focused on the GPX4 signalling pathway. As shown
in Fig. 5B and D, the EAU group exhibited lower levels of GPX4 and
solute carrier family 7 member 11 (SLC7A11), and higher levels of
acyl-CoA synthetase long chain family member 4 (ACSL4). ICA (10
mg/kg) increased GPX4 and SLC7A11 expression and decreased ACSL4
expression (Fig. 5B and D). Furthermore, LPS + IFN-y addition markedly
decreased the mRNA and protein levels of GPX4 and SLC7A11, but
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increased the mRNA and protein levels of ACSL4, which were greatly
reversed by ICA (10 pM) treatment (Fig. 5C and E).

3.6. PRDX3 knockdown reversed ICA-elicited retinal microglia M1/M2
phenotypic polarization in vivo

To determine whether ICA elicited retinal microglial M1/M2
phenotypic polarization by increasing PRDX3, we transfected HMC3
cells with PRDX3-shRNA and Vehicle-shRNA, and transfection efficiency
was assessed by fluorescence microscope, qPCR and Western blotting
(Fig. 6A). Transfected cells were received LPS + IFN-y + ICA (10 pM)
administration. Then, cells and supernatant were collected to measure
M1 and M2 phenotypic polarization after 24 h. Next, we measured the
protein expression of M1/M2 markers in the HMC3 cells from both the
Vehicle + LPS + IFN-y + ICA group and the shPRDX3 + LPS + IFN-y +
ICA group. As shown in Fig. 6B and C, ICA-elicited decreased M1
phenotypic polarization and increased M2 phenotypic polarization was
no longer detected after blocking PRDX3, which differs from the results
shown in Fig. 2 (Fig. 6B and C). Similarly, we also determined the
protein levels of the GPX4/SLC7A11/ACSL4 pathways. As indicated in
Fig. 6D, the effects of ICA on GPX4/SLC7A11/ACSL4 pathways were
reversed by inhibiting PRDX3 compared with Fig. 5 (Fig. 6D). Consis-
tently, the ICA-induced decrease in HyO2 production was attenuated in
shPRDX3 cells compared with vehicle cells (Fig. 6E). These data implied
that ICA could promote microglial M1/M2 phenotypic polarization in a
PRDX3-dependent manner.
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Fig. 6. PRDX3 knockdown reversed ICA-elicited retinal microglial M1/M2 phenotypic polarization in vivo (A) HMC3 cells were exposed to PRDX3-shRNA and
Vehicle-shRNA, transfection efficiency was assessed by fluorescence microscope, qPCR and Western blotting. (B) Microglial M1 markers (TNF-a, COX-2, NO)
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3.7. PRDX3 knockdown aggravated EAU progression and eliminated ICA-
elicited microglial M1/M2 phenotypic polarization in vivo

We considered whether ICA exerts protective effects on intraocular
inflammation by medicating PRDX3. Therefore, normal mice received
intravitreal injections of PRDX3-shRNA (1 pL) or Vehicle-shRNA (1 pL)
using a microglass syringe for 7 days, and the knockdown efficiency of
PRDX3 were evaluated by qPCR and Western blotting (Fig. 7A). Next, on
the 7th day after EAU mice immunization, Vehicle + EAU + ICA group
received intravitreal injections of Vehicle-shRNA and shPRDX3 + EAU
+ ICA group received intravitreal injections of PRDX3-shRNA. Then, the
two groups received intragastric administration of ICA (10 mg/kg) once
a day for 7 consecutive days. As shown in Fig. 7B, both conjunctival and
ciliary hyperaemia and infiltration of anterior chamber inflammatory
cells were aggravated by shPRDX3. Moreover, the pathological view
displayed more retinal folds and inflammatory cells in the shPRDX3 +
EAU + ICA group. The clinical score and pathological score were
consistent with the above findings (Fig. 7B). Furthermore, the integrity
of BRB and quantification of occludin protein showed a significant
decrease in the shPRDX3 + EAU + ICA group (Fig. 7C). Next, we
measured the retinal protein expression of M1/M2 markers. As shown in
Fig. 7D, the ICA-elicited reduced M1 phenotypic polarization and
increased M2 phenotypic polarization was no longer detected after
blocking PRDX3 compared with those in Fig. 2 (Fig. 7D). Similarly, the
effects of ICA on GPX4/SLC7A11/ACSL4 pathways were reversed by
inhibiting PRDX3 which contrasted with the results shown in Fig. 5
(Fig. 7E). Consistently, ICA-mediated decrease in HyO activity elimi-
nated after inhibiting PRDX3 (Fig. 7F). These results not only confirm
the indispensable PRDX3 during ICA-elicited anti-uveitis properties, but
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also indicate that PRDX3 plays a vital role in the switching cycle from
M1 microglia to M2 microglia.

4. Discussion

Through our experiments, we have provided strong evidence indi-
cating that ICA could alleviate EAU pathogenesis. This finding further
led to the novel discovery that ICA could modulate microglial M1/M2
phenotypic polarization in vivo and in vitro. We further devised a
strategy to investigate ICA-binding proteins worldwide by integrating
biotinylated ICA with a human proteome microarray. In this way, we
provided evidence that ICA acted on PRDX3, subsequently activating the
GPX4/SLC7A11/ACSL4 pathways and decreasing H>O, production. As
expected, ICA-shifted microglial M1/M2 phenotypic polarization was
eliminated in PRDX3-deficient HMC3 cells in vitro. In parallel, we also
found that the depletion of PRDX3 in retina not only exacerbated
intraocular inflammation but also blocked the effects of modulating
microglial M1/M2 phenotypic polarization in vivo. In view of the
abovementioned well-documented evidence, ICA might be a potential
therapeutic treatment for uveitis.

Our findings indicated that ICA could alleviate EAU pathogenesis.
Notably, ICA could also modulate microglial M1/M2 phenotypic po-
larization in vivo and in vitro. Under different forms of stimulation
involving LPS and IRBP, microglia become polarized towards the M1
phenotype accompanied by overexpression of TNF-a, COX-2 and NO/
iNOS. Mounting evidence has demonstrated that accumulated inflam-
matory factors can result in retinal degeneration/damage and blindness
[25,26]. Fortunately, we also found that ICA treatment polarized
microglia from the M1 phenotype to the M2 phenotype, accompanied by
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Fig. 7. PRDX3 knockdown aggravated EAU progression and eliminated ICA-elicited microglial M1/M2 phenotypic polarization in vivo (A) Retinal PRDX3 knock-
down efficiency were detected by qPCR and Western blotting. (B) Anterior chamber inflammation and retinal histopathological staining of Vehicle + EAU + ICA and
shPRDX3 + EAU + ICA groups. Clinical scores and pathology scores were also shown. (scale bar, 100 pm; yellow arrow, conjunctival and/or ciliary congestion; black
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overexpression of ARG1, CD206 and IL-10, which subsequently pro-
tected the retina. CD206 can be linked to apoptotic and necrotic cells,
promoting the elimination of dying cells and preventing secondary
damage [27]. In the injured mice spinal cord, both ARG1 and CD206
promoted axonal growth [28]. In addition, subretinal injection of
rAAV-2 encoding murine IL-10 into the retina of C57BL/6 mice signif-
icantly decreases EAU severity [29]. Collectively, these data emphasize
that ICA-elicited microglial M1/M2 polarization might be involved in
the improvement of EAU progression.

The identification of drug-binding proteins is one of the effective
ways to elucidate the mechanisms of drug targets. We utilized HuProt
microarrays for the first time for ICA-binding proteins, and 246 candi-
date ICA-interacting proteins were identified. When the proteins were
sorted in descending order by their IMean ratio, the top interacting
protein was ALDH9A1(IMean ratio of 2.301), the second highest-
ranking interacting protein was PRDX3 (IMean ratio of 2.095). How-
ever, when we detected the protein expression of ALDH9A1 and PRDX3
in EAU retina after ICA application, we did not observe significant dif-
ference in ALDH9AL1 in ICA-treated EAU mice (Fig. S1). Interestingly,
ICA increased the protein expression of PRDX3. We assume that, at least
in this EAU system, ICA-elicited action through ALDH9A1 interaction
does not occur. Thus, we identified PRDX3 as a potential target of ICA.
This interaction was further validated by molecular docking, which
showed that ICA may bind to PRDX3 in the pocket between the two
chains. Notably, Lys135 and Glul62 on chain A and Thr44 on chain B,
thus sites might represent key regulatory points of the biological func-
tion of PRDX3. Further studies are needed to perform to verify the bind
sites between PRDX3 and ICA.

Additional questions have also emerged: which downstream signal-
ling pathway is triggered by PRDX3? Biological interaction networks for
PRDX3 were constructed automatically by the STRING system with the
settings “Homo sapiens”, “20 connections” and “high-confidence”. We
further constructed GPX4/SLC7A11/ACSL4 pathways. A previous study
indicated that GPX4 is the main enzyme involved in glutathione meta-
bolism, which is required for the maturation of photoreceptor cells [30].
GSH protects against oxidative damage in RPE cells [31]. SLC7A11, a
key component of cystine/glutamate transporter, regulates the level of
cellular lipid peroxidation. SLC7A11 reduces laser-induced choroidal
neovascularization by inhibiting RPE ferroptosis and VEGF production.
Since decreased PRDX3 and disruptive redox homeostasis are peculiar
signs of EAU, ICA targeted on PRDX3 to upregulate GPX4 and SLC7A11,
decrease ACSL4 expression, and restore normal levels of HoO5 simulta-
neously. This regulation further maintained redox homeostasis and
amplified antioxidative effects. Therefore, we anticipate that ICA rep-
resents a promising strategy for autoimmune uveitis therapy.

Collectively, we investigated the potential binding proteins of ICA,
which will provide a valuable resource for ICA-binding proteins.
Furthermore, we verified PRDX3 as a key target, and this targeting could
modulate microglial M1/M2 phenotypic polarization and alleviate EAU.
However, its clinical application requires further research.
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