Biomedicine & Pharmacotherapy 158 (2023) 114138

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

biomedicine ..
PHARMACOTHERAPY

ELSEVIER journal homepage: www.elsevier.com/locate/biopha

Retinal protection by fungal product theissenolactone B in a sodium
iodate-induced AMD model through targeting retinal pigment epithelial
matrix metalloproteinase-9 and microglia activity

Fan-Li Lin ™", Yu-Wen Cheng ', Li-Huei Chen ™", Jau-Der Ho 4, Jing-Lun Yen ™",
Mong-Heng Wang ¢, Tzong-Huei Lee “'!, George Hsiao ™% "'

@ Graduate Institute of Medical Sciences, College of Medicine, Taipei Medical University, Taipei, Taiwan

b Department of Pharmacology, School of Medicine, College of Medicine, Taipei Medical University, Taipei, Taiwan

¢ School of Pharmacy, College of Pharmacy, Taipei Medical University, Taipei, Taiwan

4 Department of Ophthalmology, Taipei Medical University Hospital, Taipei, Taiwan

¢ Department of Physiology, Augusta University, Augusta, GA, USA

{ Institute of Fisheries Science, National Taiwan University, Taipei, Taiwan

8 Ph.D. Program for the Clinical Drug Discovery from Botanical Herbs, College of Pharmacy, Taipei Medical University, Taipei, Taiwan

ARTICLE INFO ABSTRACT
Keywords: Age-related macular degeneration (AMD) is the leading cause of low vision and blindness for which there is
Age-related macular degeneration currently no cure. Increased matrix metalloproteinase-9 (MMP-9) was found in AMD and potently contributes to

Theissenolactone B

oS > its pathogenesis. Resident microglia also promote the processes of chronic neuroinflammation, accelerating the
Retina pigment epithelium

| . progression of AMD. The present study investigates the effects and mechanisms of the natural compound
Matrix metalloproteinase-9 . . . L. . . .
Microglia theissenolactone B (LB53), isolated from Theissenia cinerea, on the effects of RPE dysregulation and microglia
NF-xB hyperactivation and its retinal protective ability in a sodium iodate (NalO3)-induced retinal degeneration model
of AMD. The fungal component LB53 significantly reduces MMP-9 gelatinolysis in TNF-a-stimulated human RPE
cells (ARPE-19). Similarly, LB53 abolishes MMP-9 protein and mRNA expression in ARPE-19 cells. Moreover,
LB53 efficiently suppresses nitric oxide (NO) production, iNOS expression, and intracellular ROS levels in LPS-
stimulated TLR 4-activated microglial BV-2 cells. According to signaling studies, LB53 specifically targets ca-
nonical NF-kB signaling in both ARPE-19 and BV-2 microglia. In an RPE-BV-2 interaction assay, LB53 amelio-
rates LPS-activated BV-2 conditioned medium-induced MMP-9 activation and expression in the RPE. In NalO3-
induced AMD mouse model, LB53 restores photoreceptor and bipolar cell dysfunction as assessed by electro-
retinography (ERG). Additionally, LB53 prevents retinal thinning, primarily the photoreceptor, and reduces
retinal blood flow from NalOs damage evaluated by optic coherence tomography (OCT) and laser speckle
flowgraphy (LSFG), respectively. Our results demonstrate that LB53 exerts neuroprotection in a mouse model of
AMD, which can be attributed to its anti-retinal inflammatory effects by impeding RPE-mediated MMP-9 acti-
vation and anti-microglia.

Abbreviations: AMD, age-related macular degeneration; COX-2, cyclooxygenase-2; CNV, choroidal neovascularization; ECM, extracellular matrix; ERG, electro-
retinography; IL, interleukin; IKK, IxB kinase; iNOS, inducible nitric oxide synthase; LB53, theissenolactone B; LPS, lipopolysaccharide; LSFG, laser speckle flowg-
raphy; MAPK, mitogen-activated protein kinase; MCP-1, monocyte chemoattractant protein-1; MMP, matrix metalloproteinase; NF-kB, nuclear transcription-factor
kappa B; NFL, nerve fiber layer; NO, nitric oxide; OCT, optic coherence tomography; ONL, outer nuclear layer; OPL, outer plexiform layer; RPE, retinal pigmented
epithelium; ROS, reactive oxygen species; TLR-4, toll-like receptor-4; TNF-a, tumor necrosis factor-o; VEGF, vascular endothelial growth factor.
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1. Introduction

Age-related macular degeneration (AMD) is the leading cause of
irreversible blindness in the global elderly population and preferentially
affects the macular region of the retina. More than 170 million people
worldwide are affected by AMD, and the prevalence of AMD is projected
to double by 2050 as the population ages [1]. AMD can be classified as
dry or wet forms. Dry AMD is characterized by deposits of drusen
beneath the subretinal space between the retinal pigmented epithelium
(RPE) and Bruch’s membrane, contributed by dysregulated cellular
control of oxidative stress, proteostasis, lipid homeostasis, and mito-
chondrial function, which cause subsequent RPE atrophy and photore-
ceptor damage [2,3]. Thereafter, dry AMD can progress to wet AMD
characterized by choroidal neovascularization (CNV), with the pro-
gression of hemorrhage, lipid exudates, and fluid accumulation in the
retina, ultimately resulting in retinal detachment and RPE death [4].
The advent of anti-vascular endothelial growth factor (VEGF) therapies
has facilitated the management of advanced wet AMD by improving
visual outcome, but there are limitations [5]. Moreover, there are no
effective drugs approved for dry AMD, which accounts for at least 80 %
of all AMD cases [6,7].

Matrix metalloproteinases (MMPs) are a family of zinc-containing
endopeptidases that mainly digest extracellular matrix (ECM) proteins
and have been reported to be involved in pathological tissue remodeling
during disease states and inflammation [8]. A clinical study in subjects
with AMD elucidated that MMP-9 was distinctly expressed adjacent to
Bruch’s membrane and RPE, blood vessels (endothelial cells) and stroma
[9,10]. Significantly increased MMP-9 expression and its activity have
been detected in the aqueous humor and plasma of AMD patients [8,11,
12]. Vitreous MMP-9 levels have also been used as a biomarker of
subretinal fluid accumulation in wet AMD [13]. Upregulation of MMP-9
at the transcriptional level is associated with increased vascular
permeability and CNV in AMD development [14,15]. RPE cells are an
important source of MMP-9 in the outer retinal environment, which has
been implicated in Bruch’s membrane defects and RPE barrier function
[9,16-18], and the mobilization of angiogenic factors, including VEGF
and platelet-derived growth factor, shifts the balance to a proangiogenic
state [19]. MMP-9 also promotes the inflammatory condition at the
locus of AMD by modulating physical barriers, enhancing inflammatory
cytokine and chemokine release, and promoting chemoattractant of
immune cells, especially resident retinal microglia, into the outer retina
[20,21].

Recruited microglia play an important role in the neuroinflammatory
etiology of AMD. In human AMD retinas, activated microglia and other
immune mediators, such as immunoglobulins, complement proteins,
and cytokines, have been found in or contact with drusenoid deposits
and the RPE [22,23]. The microglia that accompany the choroid are the
major source for proinflammatory cytokines such as interleukin (IL)— 1,
IL-6, and tumor necrosis factor (TNF) production in early AMD [23]. By
virtue of a positive feedback mechanism, infiltrating microglia can alter
RPE function, which in turn leads to disruption of immune privilege and
increased chronic inflammation associated with AMD pathogenesis by
further recruiting and activating immune cells and enabling new blood
vessels to grow toward the retina [24].

Xylariaceae, a plant-derived bioactive fungus, has been used as a
Chinese herbal medicine for the treatment of gastritis infection, cancer,
and anti-aging due to its rich pharmacologic polysaccharides and alka-
loids [25]. Theissenolactone C is a polyketide isolated from extracts of
submerged culture of Theissenia cinerea 89091602, which is categorized
in the genus Xylaria [26]. In an endotoxin-induced uveitis model,
Theissenolactone C significantly reduced ocular inflammation and
neuroinflammatory responses of GFAP and Iba-1 in the retina, with
strong anti-microglial activities [27]. Theissenolactone C was also found
to be a potent anti-MMP-9 agent that preserves retinal defects in a high
IOP-induced ischemia/reperfusion injury model of glaucoma and at-
tenuates monocytic activation in vitro [28]. Theissenolactone B (LB53) is
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a diastereoisomer of theissenolactone C, as determined by 'H- and '3C
NMR and HR-ESI-MS (MW=210) [26]. In contrast to theissenolactone C,
a much higher yield of LB53 could be obtained from submerged culture
of Theissenia cinerea. The success of theissenolactone in treating ocular
diseases, including uveitis and glaucoma, via its anti-MMP-9 and
anti-microglial/monocytic activities lead to the launch of this study. We
investigate the therapeutic effects of LB53 in sodium iodate
(NalOgs)-induced retinal degeneration mimicking dry AMD, as well as its
anti-MMP-9 activities and anti-inflammatory mechanisms in RPE and
microglial cells, respectively.

2. Materials and methods
2.1. Reagents and antibodies

LB53 was provided by Professor Tzong-Huei Lee (National Taiwan
University, Taiwan). The structure was determined by 'H- and 1*C-NMR
and HR-ESI-MS (Fig. 1A), and the purity was at least 95 %. Sodium
iodate (NalO3) (>99.5 %; 71702), lipopolysaccharide (LPS) from
Escherichia coli 0127:B8 (L3880), and thiazolyl blue tetrazolium bro-
mide (MTT) (M5655) were purchased from Sigma—Aldrich (St. Louis,
MO). Recombinant human TNF-a (300-01 A) was purchased from
PeproTech (Cranbury, NJ). Gelatin (17009-01) was purchased from
Kanto Chemical. 2’ 7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
(85155) and nitrate/nitrite colorimetric assay kits (780001) were from
Cayman (Ann Arbor, MI). TRIsure™ reagent was purchased from Bioline
(London, UK). Agarose was purchased from GeneDirex (Las Vegas City,
Nevada). GelRed™ nucleic acid gel stain was purchased from Biotium
(Fremont, CA). The 2 x One-tube RT—PCR mix was from Bioman (New
Taipei City, Taiwan). IKKp (gtx105690), p38 (gtx110720), goat anti-
mouse IgG (HRP) (gtx213111-01), and goat anti-rabbit IgG (HRP)
(gtx213110-01) antibodies were purchased from GeneTex (Irvine, CA).
MMP-9 antibody (AB19016) was purchased from Millipore (Temecula,
CA). Antibodies against p-IKKa/p (2697), p-p38 (9211), p-p65 (3033),
and IxBa (4812) were purchased from Cell Signaling Technology (Bev-
erly, MA). Antibodies against p65 (NB100-56712) and COX-2
(NB100-689) antibodies were purchased from Novus Biologicals (Lit-
tleton, CO). An iNOS antibody (sc7271) was purchased from Santa Cruz
(Dallas, Texas). a-Tubulin antibody (MS-581-P1) was purchased from
Thermo Fisher Scientific (Waltham, MA).

2.2. Cell culture

The human RPE (ARPE-19) cell line was purchased from American
Type Culture Collection (Manassas, VA) and cultured in DMEM/F12
medium; mouse BV-2 microglial cell line was a gift from Professor
Wang-Wang Lin (National Taiwan University, Taiwan) and was cultured
in DMEM. For general culture, cells were maintained in suitable medium
containing NaHCOj3 (23.57 mM), HEPES (18 mM), penicillin (90 units/
ml), streptomycin (90 pg/ml), i-glutamine (3.65 mM) and 10 % heat-
inactivated fetal bovine serum (FBS) in a humidified atmosphere (95
% Oz and 5 % CO3) at 37 °C. Cells were seeded in medium containing
0.5 % FBS overnight before further assays. The culture conditions and
treatments have been previously described [29].

2.3. Gelatin zymography analysis

MMP-9 activities in conditioned medium were evaluated by gelatin
zymography as previously described [30]. The white bands in the bril-
liant blue G solution-stained gel represent MMP-9 gelatinolysis activity.
An IP-008-SP Photoprint digital imaging system (Marne La Vallee,
France) was used to capture images.

2.4. MTT assay

Cell viability was measured using a colorimetric MTT assay. In brief,
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Fig. 1. Effects of LB53 on TNF-a-induced MMP-9 activation and expression in ARPE-19 cells. (A) The chemical structure of LB53 (MW = 210). (B, C) ARPE-19 cells
(3 x 10° cells/ml) were seeded in 12-well plates. After pretreatment with LB53 (2, 5 and 10 uM) or vehicle for 30 min, ARPE-19 cells were treated with TNF-o
(50 ng/ml) for 24 h. (B) The conditioned medium was collected and subjected to gelatin zymography to determine the MMP-9 activity. (C) The remaining cells were
lysed to assess MMP-9 protein expression by Western blotting. (D) After 6 h of TNF-a treatment in the presence or absence of LB53, ARPE-19 cell lysates were

analyzed for MMP-9 mRNA by RT—PCR. The analysis was conducted from three independent results and presented as the mean =+ S.

D. #*##p < 0.001 compared with

the resting group; *p < 0.05, * *p < 0.01, and * **p < 0.001 compared with the vehicle group stimulated with TNF-a.

cells (3 x 10° cells/ml) were seeded in 12-well plates and incubated
with a stimulator (TNF-a or LPS) in the presence or absence of LB53 for
22.5 h. MTT was added (final concentration of 0.55 mg/ml) and incu-
bated for an additional 1.5 h. Cells were then lysed with DMSO to
release the purple color. The absorbance was measured by a Thermo
Multiskan GO microplate reader at 550 nm (Ratastie, Finland).

2.5. Western blot analysis

Western blotting was used to detect iNOS, COX-2, MMP-9, and
phosphorylated molecules in ARPE-19 and BV-2 cell lysates as previ-
ously described [30]. The protein level was quantified by optical density
and expressed as the ratio: target protein/housekeeping protein
(a-tubulin) or corresponding nonphosphorylated protein.

2.6. Reverse transcription-polymerase chain reaction (RT—PCR)

RNA was extracted from ARPE-19 cells by TRIsure™ reagent, and
0.5 pg of RNA was reverse-transcribed to cDNA and amplified according
to the manual. Primers (0.2 pM) used: human MMP-9 forward: 5'-TGG
TCC TCG CCC TGA ACC TGA G-3/, reverse: 5'-CGT CCA CCG GAC TCA
AAG GCA C-3'; and human GAPDH forward: 5-CCA CCC ATG GCA AAT
TCC ATG GCA-3/, reverse: 5'-TCT AGA CGG CAG GTC AGG TCC ACC-3'.
The PCR products were then electrophoresed in a 1.5 % agarose gel and
visualized by GelRed™ staining.

2.7. Nitric oxide (NO) measurement

Nitric oxide (NO) production in BV-2 conditioned medium was
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measured by a nitrate/nitrite colorimetric assay kit. BV-2 cells were
seeded at a density of 3 x 10° cells/ml in 12-well plates. After LB53
and/or LPS stimulation (150 ng/ml) for 24 h, the conditioned medium
was collected for NO detection. Then, 100 pl medium was mixed with
50 ul Griess reagent A and 50 ul Griess reagent B, followed by a 20-min-
ute reaction. Absorbance values were measured at 550 nm by a Thermo
Multiskan GO microplate reader (Ratastie, Finland). Nitrite concentra-
tions were calculated according to the standard curve.

2.8. Measurement of reactive oxygen stress

BV-2 cells were seeded at a density of 3 x 10° cells/ml in 12-well
plates. After LB53 and/or LPS stimulation (150 ng/ml) for 24 h, BV-2
cells were incubated with 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA) (10 uM) for 40 min. Intracellular reactive oxygen species
(ROS) stress was then evaluated by detecting the fluorescent intensity of
2',7'-dichlorofluorescein (DCF), the oxidized product of DCFH-DA, using
flow cytometry [27].

2.9. Animals and a NalOs-induced AMD model

Male C57BL/6 mice (8 weeks old) were obtained from BioLASCO
Taiwan Co., Ltd. (Taipei, Taiwan). Animals were maintained on a 12-
hour light/dark cycle at 25 4+ 1 °C and 39-45 % relative humidity. All
animal experiments were performed in accordance with the Association
for Research in Vision and Ophthalmology (ARVO) guidelines for
ophthalmic and vision research.

Sodium iodate (NalOg), delivered via either intraperitoneal (i.p.) or
intraocular injection, selectively induces RPE dystrophies and secondary
photoreceptor degeneration, mimicking the progression and advanced
features of AMD [31]. In this study, C57BL/6 mice received 25 mg/kg
NalOs by i.p. injection at Day 0, and LB53 (75 mg/kg) was delivered by
i.p. injection 1 day before (Day —1) and 1 day after (Day 1) NalOg
administration. LB53 was dissolved in customized cosolvent (ethanol:
cremophor:saline= 1:1:8) and given to mice once a day. Mice in the
control group also received cosolvent by i.p. injection to observe
possible toxicity.

2.10. Electroretinography (ERG) analysis

The retinal function of the experimental animals was evaluated using
the Celeris system (Diagnosys LLC; Lowell, MA). Mice were dark-
adapted overnight, and all operations were performed under dim red
light on the day of ERG testing. Mice were anesthetized with a mixture of
Zoletil 50™ and xylazine by i.p. injection. Mouse pupils were dilated
with tropicamide (1 %) (Alcon; Geneva, Switzerland), and the eyes were
instilled with Systane gel (0.3 % Hypromellose) (Alcon; Geneva,
Switzerland) to keep them hydrated. As RPE is the main source of c-wave
ERG responses, the preset c-wave protocol in the system was used to
detect RPE activity. Recordings were obtained using 100-msec flash
stimuli at an intensity of 150 cd/m?, and a prolonged length of the
acquisition sweep to 2-4 sec was required to detect the c-wave. In
addition to the c-wave response, the protocol records the a- and b-waves,
which reflect the conditions of photoreceptors and bipolar cells,
respectively [32]. Amplitude (intensity) and implicit time (temporal
properties) are two critical indicators for ERG responses. The amplitudes
of the ERG a- and c-waves were measured from baseline to their peak,
while the b-wave amplitude was measured from the preceding trough to
the b-wave peak. The implicit time of ERG response was defined by the
time-to-peak, measured from stimulus onset [32].

2.11. Spectral-domain optical coherence tomography (SD-OCT) imaging
The Micron III intraocular imaging system (Phoenix Research Labs,

Pleasanton, CA), consisting of an OCT engine and a scanning lens, was
used to detect cross-sectional tomographic images of the retina [33]. The
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OCT method can monitor retinal morphology in living animals without
invasive surgery. OCT results were imported into InSight XL software
(Phoenix Research Laboratories) to measure the specific and total retinal
thickness.

2.12. Measurement of retinal blood flow by laser speckle flowgraphy
(LSFG)

Retinal blood flow was evaluated by the noninvasive LSFG-Micro
system (Softcare Co., Ltd.; Fukuoka, Japan). The system uses a diode
laser (wavelength 830 nm) equipped with an ordinary charge-coupled
camera (output image resolution 700 x 480 pixels). Blood flow was
measured in mice 7 min after the induction of anesthesia by i.p. injec-
tion of a mixture of Zoletil 50™ and xylazine. To produce a temporal
composite, images were captured continuously at a rate of 30 FPS over
4 seconds. A representative color map was acquired and analyzed by
LSFG Analyzer software (version 3.5.0.0; Softcare, Co., Ltd.). The results
were quantified as mean blur rate (MBR), an indicator of the relative
velocity of red blood cell movement to reflect blood flow rate. Red in-
dicates faster blood flow, while blue indicates a slower speed.

2.13. Statistical analysis

The experimental results were analyzed by GraphPad Prism 7.00
software. One- or two-way analysis of variance (ANOVA) with the
Newman-Keuls test was used to calculate statistical significance. The
data shown on the histogram are expressed as the mean + S.D. A p value
< 0.05 was considered statistically significant.

3. Results

3.1. LB53 attenuated TNF-a-induced MMP-9 expression and activities in
ARPE-19 cells

To assess whether LB53 treatment reduced MMP-9 expression, the
proinflammatory cytokine TNF-a was applied to ARPE-19 cells, as pro-
teome profiling revealed that extracellular matrix remodeling-related
proteins, including MMP-9, were more abundant in TNF-o-treated
ARPE-19 cells [34]. Cell viability of ARPE-19 was first tested after LB53
(2, 5, 10, and 20 uM) treatment (Fig. S1A). LB53 alone didn’t obviously
affect cell viability even at highest concentration (20 uM). After TNF-a
stimulation in the presence or absence of LB53 (2, 5, 10, and 20 uM) in
ARPE-19 (Fig. S1B), we found that high concentration of LB53 (20 puM)
leaded to decreased cell viability (34.95 + 3.90 %). LB53 concentrations
within the range of 2-10 uM were therefore used for the following in
vitro study on ARPE-19 cells. As shown in Fig. 1B, the gelatin zymog-
raphy results showed that MMP-9 activity was significantly induced by
50 ng/ml TNF-a (vehicle group; 2.68 + 0.49-fold) compared with the
resting  group. LB53  concentration-dependently  attenuated
TNF-a-induced gelatinization activity of MMP-9 (LB53 2 pM: 2.17
+ 0.40-fold; 5 pM: 1.69 + 0.11-fold; 10 uM: 1.25 + 0.31-fold). Consis-
tent with the results, LB53 transcriptionally repressed MMP-9 protein
and mRNA expression in a concentration-dependent manner in
TNF-a-stimulated ARPE-19 cells (Figs. 1C and 1D). LB53 suppressed
MMP-9 protein at 2 uM (2.52 + 0.24-fold), 5 uM (2.15 =+ 0.14-fold), and
10 uM (1.58 + 0.13-fold) compared to the vehicle group (3.55
+ 0.51-fold) (Fig. 1C). MMP-9 mRNA was decreased by LB53 at 2 uM
(4.64 + 0.55-fold), 5uM (4.09 + 0.41-fold), and 10uM (2.97
+ 0.51-fold) compared to the vehicle group (5.06 + 0.70-fold) (Fig. 1D).

3.2. LB53-mediated MMP-9 inhibition via NF-xB signaling in ARPE-19
cells

Inflammation caused by proinflammatory stimuli such as TNF-o
depends on the activation of NF-kB [35]; therefore, we investigated the
role of NF-kB in MMP-9 expression in TNF-a-stimulated ARPE-19 cells.
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Phosphorylation of p65 peaked at 5 min after TNF-a stimulation
(Fig. S2) (1.56 £ 0.16-fold) compared with 15 min (1.21 £ 0.20-fold),
30 min (1.12 + 0.10-fold), and 45 min (0.75 + 0.08-fold). LB53
concentration-dependently suppressed p65 phosphorylation after 5 min
of TNF-a stimulation (Fig. 2A). The release of p65 is associated with
multiple mechanisms, including the activation of IKKa/p and the
degradation of IkB inhibitor proteins [35,36]. After TNF-a stimulation,
LB53 reduced IKKo/f phosphorylation (Fig. 2B) and reversed IkB
degradation (Fig. 2C) in a concentration-dependent manner. In addition,
PI3K, p38, and JNK signaling pathways, especially p38 signaling, have
been found to be involved in MMP-9-evoked human RPE responses [37].
Thus, we examined whether LB53 inhibits p38 activity in
TNF-a-stimulated ARPE-19 cells. TNF-«a significantly induced the phos-
phorylation of p38 (1.66 + 0.24-fold), and LB53 did not affect p38
activation at the indicated concentrations (Fig. 2D).
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3.3. LB53 attenuated microglia-produced inflammatory mediators via
NF-kB signaling

The histopathological retina of AMD revealed that microglia accu-
mulated near the drusen deposits [22] and produced a variety of in-
flammatory mediators that promote disruption of Bruch’s membrane
and progression of AMD [38]. We next examined the anti-inflammatory
effects of LB53 in LPS-stimulated BV-2 microglia. LPS is a Toll-like re-
ceptor 4 (TLR4) activator, and during retinal degeneration, microglia
can be activated through the TLR4 pathway [39,40]. LPS (150 ng/ml)
significantly induced the expression of the inflammatory mediators
iNOS (34.52 + 4.12-fold) and COX-2 (28.91 + 4.92-fold) compared to
the resting conditions in BV-2 microglial cells (Figs. 3A and B). Treat-
ment with LB53 concentration-dependently inhibited LPS-activated
iNOS (2 uM: 27.82 + 1.36-fold; 5 uM: 16.74 + 1.4-fold; 10 uM: 7.74
+ 3.26-fold) and COX-2 protein expression (2 uM: 25.54 + 5.18-fold;
5uM: 21.11 + 4.71-fold; 10 uM: 15.65 + 3.89-fold) compared to
vehicle (Fig. 3A and B). BV-2 microglia were tested for cell viability after
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Fig. 2. Signalings of LB53 on TNF-o-stimulated ARPE-19 cells. ARPE-19 cells (1 x 10° cells/ml) were seeded in 6-well plates. Cells were pretreated with LB53 (2, 5
and 10 uM) or vehicle for 30 min followed by TNF-a (50 ng/ml) stimulation for the indicated period (p65 and IKK: 5 min; IkB and p38: 30 min). The cell lysates were
analyzed for phosphorylation of (A) p65, (B) IKK, (D) p38 and (C) protein degradation of IkBa by Western blots. Three independent experiments were analyzed and
are presented as the mean + S.D. *##p < 0.001 compared with the resting group; * *p < 0.01 and * **p < 0.001 compared with the vehicle (DMSO) group.
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Fig. 3. Effects of LB53 on LPS-induced inflammatory responses and reactive oxygen stress in microglial BV-2 cells. BV-2 cells (3 x 10° cells/ml) were seeded in 12-
well plates. After treatment with LB53 (2, 5, 10 and/or 20 uM) or vehicle for 30 min, BV-2 cells were stimulated with LPS (150 ng/ml) for 24 h. The cell lysates were
subjected to Western blotting to detect (A) iNOS and (B) COX-2 protein expression. (C) The conditioned medium was collected and assayed for nitric oxide levels. (D)
Twenty-four hours post-LPS stimulation, BV-2 microglial cells were incubated with DCFH-DA (10 pM) for 40 min. Cells were then trypsinized and analyzed for DCF
fluorescence intensities to evaluate reactive oxygen stress levels by flow cytometry. (E) BV-2 cells (1 x 10° cells/ml) were seeded in 6-well plates and treated with LPS
(150 ng/ml) in the presence or absence of LB53 (2, 5 and 10 uM) or vehicle. The cell lysates were analyzed for phosphorylation of p65 protein by Western blots.
Three independent results were used for analysis and are expressed as the mean + S.D. *#p < 0.01 and *##p < 0.001 compared with the resting group; *p < 0.05,
*p < 0.01, and * **p < 0.001 compared with the LPS-treated vehicle group (DMSO).
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reactive nitric oxide levels (37.08 + 8.51-fold) (Fig. 3C), and LB53
significantly reduced the nitric oxide level (2 uM: 28.07 + 6.96-fold;
5 uM: 18.35 + 1.76-fold; 10 uM: 9.26 + 1.75-fold) in the vehicle group
(Fig. 3C). Microglia are considered to be a major source of oxidative
stress in the eye [41]. In BV-2 microglia, LPS triggered intracellular
reactive oxygen species (ROS) labeled by DCF fluorescence by 12.9
+ 2.2-fold compared with resting conditions (Fig. 3D). LC53 treatment
concentration-dependently suppressed ROS production (2 pyM: 4.9
+ 1.5-fold; 5uM: 2.8 + 0.5-fold; 10 uM: 1.8 + 0.4-fold). Since LPS
activation of TLR4 leads to a series of signaling cascades that lead to
NF-kB activation and the release of proinflammatory cytokines [42], we

Biomedicine & Pharmacotherapy 158 (2023) 114138

assessed the inhibitory effect of LB53 on p65 activation upon LPS
stimulation. LB53 suppressed LPS-induced p65 phosphorylation (2.62
+ 0.41-fold) in a concentration-dependent manner (2 pM: 2.09
+ 0.44-fold; 5 uM: 1.93 + 0.15-fold; 10 uM: 0.91 + 0.03-fold) (Fig. 3E).

3.4. LB53 inhibited MMP-9 expression in the inflammation-activated BV-
2 microglial supernatant-activated RPE

The interaction of microglia and the RPE has an important role in

inflammation in AMD [7,43]. Microglia trigger a more proin-
flammatory, chemoattractive, and proangiogenic environment by
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altering the RPE during AMD [24]. We next investigated the interaction
of activated microglial BV-2 cells with RPE. Conditioned medium from
LPS-stimulated BV-2 microglia caused 2.09 + 0.25-fold and 1.87
=+ 0.23-fold greater MMP-9 activation and protein expression in RPE

Biomedicine & Pharmacotherapy 158 (2023) 114138

manner (Fig. 4A and B). We were unable to detect MMP-9 gelatinase
activity by zymography in LPS-stimulated BV-2 microglia (data not
shown). Furthermore, LB53 (5 and 10 uM) inhibited MMP-9 mRNA
expression in activated RPE cells (Fig. 4C).

compared to the resting group, respectively (Fig. 4A and B). LB53
treatment suppressed MMP-9 activation (5puM: 1.52 + 0.42-fold;
10 pM: 1.01 + 0.25-fold) and protein expression (5puM: 1.27
+ 0.29-fold; 10 uM: 0.99 + 0.18-fold) in a concentration-dependent
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3.5. LB53 protected mice from NalOs-induced functional degeneration in
the retina

To assess whether LB53 treatment preserves the degeneration of RPE
or retinal cells in vivo, a sodium iodate (NalO3)-induced mouse model of
retinal degeneration that features dry AMD was applied [31]. The
experimental design is shown in Fig. 5A. C57BL/6 mice received
25 mg/kg NalOs by i.p. injection at Day 0. LB53 (75 mg/kg) was
intraperitoneally injected 1 day before (Day —1) and 1 day after (Day 1)
NalO3 administration. Retinal function and structure were evaluated 3
days post-NalO3 administration by electroretinography (ERG) and op-
tical coherence tomography (OCT), respectively. Retinal circulation
(blood flow) was measured by laser speckle flowgraphy (LSFG) 4 days
after NalO3 administration. To examine retinal function, we measured
ERG using a c-wave protocol in LB53- and/or NalOs-treated mice. A
dark-adapted c-wave protocol records a, b, and c-waves, which are
derived from rod photoreceptors (nuclear location in the outer nuclear
layer (ONL)), bipolar cells, and retinal pigment epithelium (RPE) [32].
Compared with the control group, NalO3 caused a decline in the C-wave
response (Fig. 5B) and thus undetectable amplitude (Fig. 5C) and im-
plicit time (5D), suggesting RPE dystrophy-related loss of functional.
Administration of LB53 did not protect against NalOs-induced RPE
dysfunction (loss of c-wave response) in mice (Fig. 5B - D), which is
consistent with our in vitro data that LB53 did not rescue NalOs-elicited
ARPE-19 cell death (Fig. S1D). Rod photoreceptors are the primary
source for the a-wave response. NalOs treatment affected rod photore-
ceptors, resulting in a reduced a-wave amplitude (112.0 & 16.3 pV) and
prolonged implicit time (37.0 = 7.9 msec) compared to the control
group (amplitude: 183.0 + 23.1 pV; implicit time: 21.0 & 0.7 msec).
LB53 rescued the functions of amplitude (238.0 + 60.7 pV) and implicit
time (29.6 + 3.2 msec) (Fig. 5B - D). NalO3 administration significantly
impaired bipolar cell functions by reducing the b-wave amplitude
(119.0 + 60.8 pV) and shortening implicit time (62.0 + 4.0 msec)
compared with the control group (amplitude: 390.0 + 62.9 pV; implicit
time: 81.6 + 2.5 msec). LB53 significantly prevented NalOs-induced
loss of b-wave response by restoring the amplitude (354.0 & 81.9 pV)
and implicit time (111.0 + 8.9 msec) (Fig. 5B - D). We repeated the
experiment shown in Fig. 5A but without NalO3 administration to test
the side effects of LB53, and we didn’t find adverse effects on ocular
surface, the fundus, retinal structure (detected by OCT) (Fig. S3A), and
also the retinal functions (assayed by ERG) from LB53 alone treatment
compared with control group. (Fig. S3B).

3.6. LB53 preserved retina structure and regulated blood flow in NalOs-
injured retinas

Representative fundus photography (FP) showed that some pale
plaques around the fundus after exposure to NalO3 on Day 3 (Fig. 6A),
which may be related to the altered opacity caused by atrophy of the
scattered RPE. Total retinal thickness was analyzed from OCT images
and plotted every 200 um intervals beginning from the optic nerve to the
ventral and dorsal directions along the vertical axis (Fig. 6A). Three days
of NalO3 exposure resulted in retinal thinning, and LB53 administration
mildly protected the effect (Fig. 6A). Although retinal thinning was not
dramatically observed after NalO3 treatment, outer retinal disorgani-
zation (RPE to OPL) was more frequently observed than the inner retina
according to magnified OCT images (scanning at approximately 500 um
away from the optic nerve) (Fig. 6B). NalOgs caused significant thickness
reductions in the choroid to nerve fiber layer (NFL) (215.5 £+ 8.1 um),
RPE to OPL (89.8 + 6.6 um), and choroid to OPL (110.8 + 12.5 pym) but
not in the OPL to NFL (104.7 + 7.1 ym) compared to controls (choroid
to NFL, 236.6 + 4.1 um; RPE to OPL, 113.5 + 7.0 um; choroid to OPL,
138.5 £ 7.2 uym; and OPL to NFL, 98.2 + 8.1 um, respectively). LB53
treatment preserved the outer retinal thickness, mainly in the ONL and
mildly in the RPE and choroid layer, after NalOg exposure (choroid to
NFL, 227.6 + 4.2 um; RPE to OPL, 108.6 + 4.4 um; choroid to OPL,
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126.4 + 5.1 um; and OPL to NFL, 101.2 + 3.8 um, respectively).

Similar to AMD pathology, decreased retinal blood flow occurred
after NalOs-induced RPE atrophy [44]. In this context, the LSFG-Micro
system was used to examine the retinal blood flow in NalOs-injured
mouse retinas. LSFG results were generated from the representative
colormap shown in Fig. 6C and expressed as mean blur rate (MBR). After
4 days of NalO3 exposure, the mean MBR value in the four annotated
quadrants decreased to 2.7 + 0.5 compared to 5.7 + 0.5 in the control
group, and LB53 treatment significantly restored the blood flow in the
retina by 3.7 £+ 0.5.

4. Discussion

The etiology of AMD is closely related to chronic inflammation,
which involves neuroinflammation, ECM turnover, growth factor
imbalance, oxidative stress, and complement activation [19,45]. Matrix
metalloproteinases (MMPs) have multiple roles in these processes, and
MMPs secreted by RPE have been shown to contribute to the patho-
genesis of AMD [9,10,19,46]. Retinal microglia are also a known source
of MMPs in the AMD models, but more attention has been focused on
their classic role in neuroinflammation [8]. This study reveals that
theissenolactone B (LB53), a fungal-derived natural compound, displays
strong anti-MMP-9 activities in RPE cells and an anti-inflammatory
response in microglia in vitro. Although LB53 did not restore RPE
functional loss or disorganization, it significantly preserved retinal
neuronal function (photoreceptors and bipolar cells) and improved
retinal blood flow in NalOs-induced retinal degeneration.

MMP activity is physiologically required for tissue remodeling, pri-
marily through cleavage of extracellular matrix or protein substrate, but
alterations in MMP activities have been widely reported in AMD. Pre-
vious studies reported that MMP-2, MMP-3, and MMP-9 were found in
human RPE-Bruch’s membrane, stroma, and vessels, and the levels of
two gelatinases, MMP-2 and MMP-9, were increased with donor age [10,
16]. In addition to their incremental changes observed in human spec-
imens, MMP-2 and MMP-9 preferentially catalyze collagen type IV,
which is a key component of the basement surrounding vessels, Bruch’s
membrane, and ECM [47,48]; thus, special attention has been given to
these two MMPs in AMD.

Bruch’s membrane is arranged between the RPE and the choroid
with a distinct five-layer structure. The RPE basement membrane is
located on the apical side, and the choriocapillary basement membrane
is located on the basal side [49]. MMP-9-mediates epithelial barrier
disruption in the RPE by affecting occludin and ZO-1, and proteolysis of
the endothelial basement membrane allows the influx of circulating
leukocytes and plasma protein into the immune-privileged retina [9,50],
triggering an inflammatory stimulus in tissue injury. MMP-2 and MMP-9
activate pro-inflammatory cytokines, such as IL-8, IL-1$, and TNF-a, by
truncating their full-length forms [50,51]. In addition, increased
cleavage of cell-surface FasL by MMPs results in restricted apoptosis of
infiltrated leukocytes [52]. Continued infiltration of immune cells and
the presence of proinflammatory mediators in the retina thus lead to
chronic inflammation, accelerating the progression of dry AMD.
Regarding wet AMD, the role of MMP-9 in CNV progression has also
been explained [8,15,19]. Since MMP-9 is closely associated with AMD
disease, and RPE is a major source of this enzyme [46], we tested the
anti-MMP-9 activities of LB53 in the TNF-a-stimulated human ARPE-19
cell line. Gelatin zymography assays revealed that TNF-a substantially
elicited MMP-9 activation in ARPE-19 cells, but not MMP-2. MMP-2 was
consistently activated, regardless of TNF-a treatment (Fig. 1B). TNF-«
also stimulated MMP-9 mRNA and protein expression in ARPE-19 cells
(Fig. 1C, D). LB53 significantly inhibited the activation of MMP-9 and its
transcription upon TNF-a stimulation, suggesting that LB53 has a strong
pharmacologic effect against MMP-9 (Fig. 1B - D).

In the RPE, the signaling pathway of TNF-a-induced MMP-9 has been
extensively investigated. The natural compound quercetin inhibits TNF-
a-induced MMP-9 and ICAM-1 expression in ARPE-19 cells via the
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MAPK and NF-kB pathways [36]. Wang et al. reported that TNF-a pro-
motes MMP-9 expression by activating Akt/mTORC1 but not MAPK
signaling, thereby enhancing RPE cell migration [53]. LB53 significantly
attenuated signaling axes that synergize with canonical NF-kB signaling
[35] in TNF-a-stimulated ARPE-19 cells, including phosphorylation of
IKK o/, degradation of IkB, and phosphorylation of p65 (Fig. 2A - C).
We also detected MAPK p38 activity in this cellular model, whereas
LB53 did not affect TNF-a-elicited p38 activation (Fig. 2D). The genes
encoding complement C3, syndercan-4, and plasminogen activator in-
hibitor related to pathogenesis of AMD all have NF-xB binding site in
their promoter regions. Application of LB53 may reduce the synthesis of
these mediators in the AMD retinas in response to TNF-o exposure [34].

In addition to RPE-mediated MMP9 activities, the inflammatory re-
sponses by resident microglia also contribute to pathogenesis of AMD
[54]. Retinal microglia are normally absent from the outer retina. In
cases of advanced disease, the disruption of the RPE epithelial barrier
allows the recruitment of microglia and inflammatory cells into the
locus of AMD, creating an inflammatory microenvironment by the
release of proinflammatory cytokines [24]. VEGF is the primary
proangiogenic factor that promotes CNV secondary to dry AMD, and
proinflammatory cytokines, including IL-1p, IL-6 and TNF-o, may
exacerbate neuronal damage. In addition, increased production of MIP-2
and MCP-1 amplifies the inflammatory chemoattractant [43]. Toll-like
receptor 4 (TLR4) is critical for microglial activation in many neuro-
inflammatory and retinal degenerative diseases [40,55]. The
immune-driven mediators, including inducible NO synthase (iNOS) and
cyclooxygenase-2 (COX-2), are induced under inflammatory conditions,
leading to the production of cytotoxic NO and proinflammatory pros-
taglandins, respectively [56]. We next tested the anti-inflammatory ac-
tivities of LB53 in BV-2 microglia for iNOS and COX2 production after
stimulation with a known TLR4 agonist, lipopolysaccharide (LPS) [56].
LPS strongly induced iNOS, COX-2, and NO production in BV-2 cells,
whereas LB53 showed strong inhibition of iNOS and downstream NO
production, but mild inhibition on COX-2 (Fig. 3A - C). Along with NO
species, microglia are also considered to be a main source of reactive
oxygen species (ROS) in the eye [57]. Since oxidative stress coopera-
tively promotes AMD pathogenesis by promoting inflammation, angio-
genesis and drusen-related protein transcripts [58,59], we evaluated the
antioxidation effect of LB53 in LPS-stimulated BV-2 microglia. The
DCFH-DA assay results revealed that LB53 had a significant inhibitory
effect on LPS-induced ROS production in BV-2 cells (Fig. 3D). Similar to
the pathway regulated in the RPE (Fig. 2A), LB53 significantly inhibited
p65 activation (Fig. 3E). Given these anti-microglial activities via sup-
pression of inflammatory responses and oxidative stress, LB53 may serve
as a potential treatment for neuroinflammatory diseases, including
AMD, which are affected by dysfunctional microglia.

As mentioned above, microglia are normally absent in the outer
retina but migrate to the subretinal sites around the RPE-Bruch’s
membrane during AMD progression [24]. The interaction of activated
microglia with the RPE causes multiple structural and functional de-
ficiencies of the latter, such as the reduction of RPE65 (visual cycle
protein) and tight-junctional proteins (ZO-1 and claudin-1) [20]. In vitro
studies also revealed markedly increased gene/protein expression levels
of proinflammatory cytokines (IL-1$ and TNF-a), chemotactic cytokines
(MCP-1 and SDF-1), adhesion molecules (VCAM-1 and ICAM-1), and
proangiogenic molecules (VEGF and MMP-1, —2, —9) in RPE exposed to
activated microglia [24]. Blockade of microglia attenuated the inflam-
matory response, complement activation, and inflammasome formation
in RPE-exposed to activated microglia [60]. In this study, conditioned
medium (CM) of LPS-activated BV-2 microglial cells was used to stim-
ulate ARPE-19 cells, and a cellular model was used to evaluate the
regulation of MMP-9 expression in RPE by LB53. BV-2 CM significantly
induced MMP-9 enzymatic activation, protein expression, and gene
expression in ARPE-19 cells (Fig. 4A - C), consistent with other findings
on inflammatory responses associated with cell-cell interactions. LB53
pretreatment effectively inhibited these effects in BV-2 CM-stimulated
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ARPE-19 cells, suggesting that LB53 may potentially protect the
RPE-mediated immune privileged milieu from activated microglia
attack, thereby ameliorating the pathogenesis of AMD management of
associated chronic neuroinflammation.

Sodium iodate (NalO3) directly induces RPE necroptosis, resulting in
sheet-like loss of RPE with secondary effects on photoreceptors and
choriocapillaris in vivo [61]. Due to these phenomena that feature the
pathology of AMD, NalOs injection has been widely been used as a
preclinical model for diseases characterized by extensive RPE degener-
ation, including advanced dry AMD or geographic atrophy (GA) [31]. In
this study, an AMD model of NalOs-induced retinal degeneration was
used to test the protective effects of LB53. Indeed, NalO3 degenerated
the RPE as no c-wave response reflecting the RPE condition was detected
(Fig. 5B). Treatment with LB53 did not preserve the RPE function from
NalOs, which is consistent with the OCT results, showing that LB53
largely restored ONL thickness, but only slightly restored the RPE or
choroid layer (Fig. 5F). The preservation of the ONL layer was found in
not only the structural observation but also the functional assay given
that LB53 restored the a-wave response (Fig. 5B). Interestingly, while
NalO3 caused a clear loss of function in the b-wave response (Fig. 5B),
we did not find structural degeneration in the bipolar cell layer (Fig. 5F).
This may be due to an aberrant signal transduction cascade at the level
of photoreceptors to depolarizing bipolar cells, rather than a direct
defect in bipolar cells [62]. LB53 treatment significantly protected bi-
polar cell function from NalOg. Decreased retinal blood flow velocity has
been found in patients with AMD. Clinical symptoms may be related to
the loss of metabolic transport function in the RPE, resulting in impaired
choroidal perfusion [63,64]. In our studies, LB53 effectively rescued the
NalOs-impaired retinal blood flow (Fig. 6), suggesting its pharmaco-
logical role in repairing retinal vascular perfusion.

5. Conclusion

In conclusion, our findings demonstrate that LB53 is able to preserve
retinal neuronal function (photoreceptors and bipolar cells) and
improve retinal blood flow in NalOs-induced retinal degeneration model
of AMD. Cellular studies indicate that LB53 had strong anti-MMP-9 ac-
tivities in RPE cells and an anti-inflammatory/oxidative response in
microglia. Additionally, LB53 regulates inflammatory responses associ-
ated with RPE-microglia interactions. Given its neuroprotective and
immunoregulatory effects, LB53 may be a potential therapeutic agent
for advanced dry AMD to delay further vision loss and prevent CNV
development (wet AMD).
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