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Triptonide protects retinal cells from oxidative
damage via activation of Nrf2 signaling
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Abstract. Age-related macular degeneration (AMD) is an
ocular disease that threatens the visual function of older
adults worldwide. Key pathological processes involved in
AMD include oxidative stress, inflammation and choroidal
vascular dysfunction. Retinal pigment epithelial cells
and Miiller cells are most susceptible to oxidative stress.
Traditional herbal medicines are increasingly being investi-
gated in the field of personalized medicine in ophthalmology.
Triptonide (Tn) is a diterpene tricyclic oxide, the main active
ingredient in the extract from the Chinese herbal medicinal
plant Tripterygium wilfordii, and is considered an effective
immunosuppressant and anti-inflammatory drug. The present
study investigated the potential beneficial role of Tn in retinal
oxidative damage in order to achieve personalized treatment
for early AMD. An oxidative stress model of retinal cells
induced by H,0, and a retinal injury model of mice induced by
light and N-Methyl-D-aspartic acid were constructed. In vitro,
JC-1 staining, flow cytometry and apoptosis assay confirmed
that low concentrations of Tn effectively protected retinal
cells from oxidative damage, and reverse transcription-quan-
titative PCR and western blotting analyses revealed that Tn
reduced the expression of retinal oxidative stress-related
genes and inflammatory factors, which may depend on the
PI3K/AKT/mTOR-induced Nrf2 signaling pathway. In vivo,
by retinal immunohistochemistry, hematoxylin and eosin
staining and electroretinogram assay, it was found that retinal
function and structure improved and choroidal neovascular-
ization was significantly inhibited after Tn pretreatment. These
results suggested that Tn is an efficient Nrf2 activator, which
can be expected to become a new intervention for diseases
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such as AMD, to inhibit retinal oxidative stress damage and
pathological neovascularization.

Introduction

Age-related macular degeneration (AMD) is a major cause of
visual impairment worldwide. As the world population ages,
the number of patients with AMD is expected to increase to
288 million by 2040, which will impose a heavy economic and
social burden on modern society (1). Age, high blood pressure,
atherosclerosis, diabetic retinopathy, smoking, alcohol abuse
and genetics are factors that increase AMD risk. However, the
oxidative stress, inflammation and choroidal vascular dysfunc-
tion induced by these high-risk factors are considered key
pathological events in AMD pathogenesis (2). Retinal pigment
epithelium (RPE) and Miiller cells are susceptible to oxida-
tive damage due to their high oxygen consumption during
retinal metabolism (3-5). Oxidative stress is the main cause
of RPE cell senescence, RPE-Bruch's membrane-choroid
complex dysfunction, and ultimately drusen formation (6).
Neovascularization, a typical sign of exudative AMD, may
also be due to RPE-Bruch's membrane-choroid complex
dysfunction and drusen formation, such that dry AMD can
eventually progress to wet AMD (7). Most patients with early
AMD have mild symptoms that progress relatively slowly; by
the time severe visual impairment has occurred, most patients
have progressed to having wet AMD. Uniform treatment
protocols have been developed for wet AMD, and a wide range
of treatment options is available with favorable results (8).
Unfortunately, there is no unified treatment protocol for
early AMD, highlighting the growing demand for personal-
ized treatment of early AMD (9). Therefore, it is particularly
important to identify new personalized drugs or protocols
for early AMD intervention. Existing evidence indicates that
early AMD treatment should focus on rescuing retinal cells
from oxidative stress and inflammatory damage, especially
RPE and Miiller cells (10,11). Several groups, including the
authors', have been focusing on the underlying mechanisms
of reactive oxygen species (ROS)-induced retinal cell damage
and developing drugs or therapeutic targets to inhibit or even
reverse this process (12,13) to achieve precise and personal-
ized treatment.

Research on personalized medicine in the field of
ophthalmology has progressed recently. Chemical compounds
originating from traditional Chinese herbal medicines are
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drawing increasing attention in personalized medicine because
of their ability to influence certain pathways without systemic
toxic effects (14). Additionally, compounds from traditional
Chinese medicine can provide a broader range of options for
individualized treatment. Tripterygium wilfordii is a traditional
Chinese medicine widely used to treat various inflamma-
tory and autoimmune diseases such as rheumatoid arthritis,
Behget's disease and multiple sclerosis (15). Triptolide (T1) and
triptonide (Tn) are active derivatives of Tripterygium wilfordii
that have attracted marked attention in recent years (16). Tl
has demonstrated anti-inflammatory effects in the treatment of
immune diseases by activating the Kelch-like ECh-associated
protein 1/nuclear factor erythrocyte 2-related factor 2/antioxi-
dant response element (Keapl/Nrf2/ARE) signaling pathway.
However, toxicity and side effects have limited its clinical
application (15). Previous studies did not find toxic effects
in mice treated with 20-fold the effective dose of Tn, and
subsequent studies confirmed Tn as a potential agent with
powerful anti-inflammatory and antioxidant effects (17,18).
Although understanding of the role of Tn in certain diseases
has increased recently, its potential activity against retinal
oxidative damage remains unexplored.

The Keapl/Nrf2/ARE pathway is one of the most critical
defense mechanisms against oxidative stresses (19). Oxidative
damage caused by various factors can cause conformational
changes in the Keapl-Cul3-E3 ubiquitin ligase and interfere
with Nrf2 ubiquitination. Subsequently, Nrf2 translocates to
the nucleus by heterodimerizing with the SMAF protein and
binding to the ARE/electrophilic reaction element, inducing
a series of cell protective genes, such as heme oxygenase-1
(HO1), NAD(P)H: quinone oxidoreductase 1 (NQOI), and
gamma-glutamyl-cysteine ligase catalytic subunits (20).
Thus, the activation of Nrf2 may lead to a remarkable anti-
oxidant response and protect the cells from oxidative stress
damage (21).

Using in vitro and in vivo experiments, the present study
intended to verify whether a low Tn concentration could
effectively protect retinal cells from oxidative damage, inhibit
retinal inflammation, stabilize retinal structure, and promote
functional recovery; it was also aimed to confirm Tn as a
potential highly efficient Nrf2 signaling pathway activator, thus
providing strong evidence for AMD treatment, and to some
extent, address the clinical need for personalized treatments.

Materials and methods

Chemicals and reagents. Tn and N-Methyl-D-aspartic acid
(NMDA) were obtained from Sigma-Aldrich; Merck KGaA.
All antibodies used in the present study were acquired from
Cell Signaling Technology, Inc., Asbcam and Thermo Fisher
Scientific, Inc., as detailed in Table SI. All primers used in the
present study were provided by Sangon Biotech Co., Ltd., and
their sequences are listed in Table SII.

Cell cultures. Human umbilical vein endothelial cells
(HUVECs, AC337632), human retinal capillary endothelial
cells (HRCECs, AC340334) and Miiller cells (MIO-MI1,
YS1695C) were obtained from Nanjing Saiyan Biotechnology
Co., Ltd. and stably cultured in Dulbecco's Modified Eagle's
Medium (DMEM) (Gibco; Thermo Fisher Scientific, Inc.)

supplemented with 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.) in a humidified incubator containing
5% CO, at 37°C. ARPE-19 (cat. no. CL-0026) cells were
purchased from ProCell Life Science & Technology Co.,
Ltd. and maintained in Ham's F12 nutrient medium (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum in the same environment.

Model establishment and mice grouping. In total, 50 C57BL/
6 male mice (6-8 weeks old; weight, 20-25 g) provided by
Nanjing Junke Bioengineering Co., Ltd. were used for the
in vivo studies. All animals received ad libitum access to food
and water in a pathogen-free environment with a constant
temperature (22+2°C) and (50+10%) humidity, and maintained
in a 12/12-h light/dark cycle during the experiment. The
animal experimental procedures used in the present study were
approved (approval no. 2303048) by the Ethics Committee of
Nanjing Medical University (Nanjing, China).

In the establishment of the animal model, the methods and
criteria in the previous authoritative literature were strictly
followed (22-25). The animals were randomly assigned to
one of five groups: i) control; ii) light-induced retinal neuro-
degeneration model: Mice were acclimatized to a 12-h dark
environment before the experiments, and they were exposed to
8000 1X of white light for 12 h/day for 7 days after mydriasis;
iii) Tn + light damage: 2 ul of Tn (1 mg/ml) was intravitreally
injected 24 h before exposure to light; iv) NMDA: 20 nmol
of NMDA was intravitreally injected 2 days before the
experiments; and v) Tn + NMDA: 2 ul of Tn (1 mg/ml) was
intravitreally injected 24 h before the NMDA treatment. All
mice were euthanized by cervical dislocation after anesthesia
with 90 mg/kg ketamine and 7.5 mg/kg xylazine injected intra-
peritoneally, and the retinal tissue was subsequently removed.

Cell viability and cytotoxicity assays. Cell viability tests were
performed using MTT and CCK-8 assays (Biosharp Life
Sciences). Cells were seeded in 96-well plates, with 100 ul of
cell suspension containing 5,000 cells injected into each well,
and five parallel replicates were prepared. Cells were incu-
bated with 25, 50, 100, 250, or 500 nM Tn for 24 h at 37°C. For
the CCK-8 assay, post-incubation, a precise volume of 10 pl
of CCK-8 reagent was dispensed into each designated well,
followed by a subsequent incubation period of 1 h at 37°C.
This was succeeded by spectrophotometric measurement
of the absorbance at a wavelength of 450 nm to assess cell
viability. For the MTT assay, upon completion of the initial
incubation period, 50 ul of MTT solution were administered to
each well. The plates were then incubated at 37°C for another
4 h to reduce the MTT to formazan. Subsequently, the super-
natant was aspirated without disturbing the cell monolayer,
and 150 ul of DMSO was added to each well to solubilize the
crystals. The plates were then shaken for 10 min on a shaker.
The absorbance was spectrophotometrically measured at
490 nm to assess cytotoxicity.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR). The Miiller and ARPE-19 cells were
treated with different Tn concentration levels 24 h before
RT-qPCR assays. RNA was extracted from cells and tissues
using Trizol™ reagent (Thermo Fisher Scientific, Inc.), and
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followed the manufacturer's protocol for reverse transcription
using PrimeScript RT Reagent kit (cat. no. RR037A; Takara
Bio USA, Inc.) at 37°C for 15 min and 85°C for 5 sec. RT-qPCR
was performed using the SYBR Green qPCR SuperMix kit
(Invitrogen; Thermo Fisher Scientific, Inc.) with a PikoReal
Real-Time PCR System (Thermo Fisher Scientific, Inc.). The
thermocycling conditions were as follows: Initial denaturation
at 95°C for 2 min, followed by 35 cycles at 94°C for 45 sec, 56°C
for 30 sec, and 72°C for 45 sec. Glyceraldehyde-3-phosphate
dehydrogenase was used as a control. All data were analyzed
using the 2224 method (26).

ROS estimation.ROS levels were measured using a ROS Assay
kit (cat. no. S0033S; Beyotime Institute of Biotechnology)
according to the manufacturer's protocol. Cells were
treated with 50 nM Tn at 37°C for 6 h or 8 h at a density of
5x10° cells/ml, and then with H,O,, followed by incubation
of cells with DCFH-DA (10 uM) for 30 min at 37°C. Finally,
flow cytometry was used to detect fluorescence intensity.
Dihydroethidium (DHE) staining was used to determine
the level of super oxidation in ARPE-19 cells using a DHE
staining kit (cat. no. ab145360; Abcam), according to the
manufacturer's protocols.

Flow cytometry and apoptosis detection. ARPE-19 and
Miiller cells were incubated with Tn at 10, 25, 50, and 100 nM
for 6 h at 37°C at a density of 5x10° cells/ml before stimulation
with H,0, (300 pM/ml). The cell suspension was counter-
stained with fluorescein isothiocyanate-labeled Annexin V
and propidium iodide (PI) for 10 min at 37°C in the dark.
Apoptosis was measured using a CytoFLEX flow cytometer
(Beckman Coulter, Inc.) and analyzed using CytExpert 2.2
(Beckman Coulter, Inc.). Early apoptosis was detected using
the JC-1 staining kit (cat. no. C2006; Beyotime Institute of
Biotechnology) according to the manufacturer's protocol.

Western blotting. Western blot assay protocols were applied
as previously described (12). Following treatment, cells
were collected and lysed using RIPA lysis buffer (Beyotime
Institute of Biotechnology) to extract proteins. Protein
concentration was determined using the BCA assay to ensure
consistent protein loading across samples. Protein samples
were mixed with SDS-PAGE loading buffer and denatured by
boiling. During the electrophoresis phase, equal quantities of
proteins (20 ug/lane) were separated using a 10% SDS-PAGE
gel. Subsequently, the proteins on the gel were transferred onto
a polyvinylidene fluoride membranes. After the transfer, the
membrane was blocked with 5% non-fat milk for 2 h at room
temperature on a shaking platform. It was then incubated with
primary antibodies overnight at 4°C with gentle agitation. On
the following day, the primary antibodies were removed, and
the membrane was incubated with secondary antibodies for 1 h
at room temperature. According to the instructions of the ECL
kit (Biosharp Life Sciences), the luminescent substrates A and B
were mixed in equal volumes under light-protected conditions
to prepare the luminescent working solution. The solution was
then evenly applied to the membrane and allowed to incubate
for at least 1 min. Finally, the membrane was scanned using
the Tannon 5200 (Tanon Science and Technology Co., Ltd.)
equipment to observe the protein bands, and ImageJ software
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(https://imagej.net; National Institutes of Health) was used for
quantitative densitometric analysis of the protein bands.

Immunofluorescence staining of retinal tissues. Retinal
tissues from the different groups were fixed with 4% parafor-
maldehyde at 4°C overnight and dehydrated in 30% sucrose for
24 h. The retinal tissues were then embedded in the compound
at the optimal cutting temperature and stored at -80°C after
being cut into 10-um sections at -25°C. The sections were
incubated for 45 min at 37°C in 5% bovine serum albumin
(neoFroxx GmbH) in phosphate buffered saline containing
0.5% Triton X-100 and then incubated with anti-NeuN
primary antibodies overnight at 4°C and then washed with
phosphate-buffered saline containing 0.05% Tween, and incu-
bated with the Alexa Fluor™ 647 secondary antibody (1:1,000;
Thermo Fisher Scientific, Inc.) for 4 h at room temperature
and shielded from light. Finally, the sections were observed
and images were captured under a fluorescence microscope
(Olympus Corporation).

Hematoxylin and eosin (H&E) staining of retinal tissues.
H&E staining kit (cat. no. C0105S; Beyotime Institute of
Biotechnology) was used to examine the retinal layers in
light-damaged and NMDA-treated mice. The eyes were fixed
in 4% paraformaldehyde at 4°C overnight. They were then
embedded in paraffin and cut into 5 ym-thick slices, which
were securely adhered to glass slides. After dewaxing and
hydration, the sections were stained in hematoxylin solution
for 10 min at room temperature, followed by eosin staining
for 1 min. The stained sections were dehydrated, cleared, and
mounted with neutral balsam (Biosharp Life Sciences). The
sections were observed and photographed under a fluorescence
microscope.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay. The TUNEL Apoptosis
Assay kit (cat. no. C1091; Beyotime Institute of Biotechnology)
was used to detect retinal cell apoptosis in light-damaged and
NMDA-treated mice. Eyes were preserved in 4% paraformalde-
hyde and fixed overnight at 4°C. Following this, the specimens
were embedded in paraffin, sectioned into 5 ym-thick slices
and firmly adhered to the glass slides. Post-dewaxing and
hydration, the sections underwent protease K (Beyotime
Institute of Biotechnology) treatment at 37°C for 30 min.
Subsequently, they were incubated with the TUNEL reac-
tion mixture at 37°C for 1 h in a light-protected environment.
To visualize the nuclei, cells were stained with 5 pg/ml of
4'6-diamidino-2-phenylindole (DAPI) (Beyotime Institute of
Biotechnology) for 10 min at room temperature, maintaining
light protection throughout. Sections were observed under
a fluorescence microscope with a 1.1-mm field of view, and
images were captured from three randomly selected fields
of view for each section. Apoptotic retinal cells were clearly
labeled with green fluorescence, while the nuclei showed blue
fluorescence due to DAPI staining.

Electroretinography (ERG). The experimental mice were
acclimated to the dark for at least 12 h before changes in
retinal electrical activity were evaluated. The pupils of the
mice were dilated using a 1% tropicamide solution (Alcon).
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ERGs were recorded in both eyes by placing a wire electrode
(Nihon Kohden) contacting the cornea with the reference
electrode in the forehead and ground electrode in the tail. Data
were analyzed for a- and b-waves in each group.

Cell functional assays. The 5-ethynyl-2'-deoxyuridine (EdU)
staining, Transwell migration, invasion and tube formation
assays were performed to observe the proliferative ability of
endothelial cells. HUVECs were pretreated with Tn at 250
and 500 nM, followed by stimulation with 10 ng/ml vascular
endothelial growth factor (VEGF) in 24-well plates for
24 h. Endothelial cells were incubated with EdU (Beyotime
Institute of Biotechnology) at 37°C for 2 h and images were
captured under a fluorescence microscope after fixation
and rinsing. Transwell migration and invasion assays were
performed to evaluate their influence on endothelial cell
migration and invasion. For the migration assay, no Matrigel
(Corning, Inc.) was added to the upper chamber of the
Transwell inserts (Corning, Inc.). For the invasion assay, the
Matrigel was diluted with DMEM medium at a ratio of 1:8,
and 100 ul of the diluted Matrigel was evenly spread onto
the upper chamber of the Transwell inserts, which was then
incubated at 37°C for 3 h. Subsequently, treated cells were
suspended in serum-free DMEM medium and adjusted to a
density of 1x10° cells, and then seeded onto the upper chamber
of Transwell inserts of 8.0-um pore size treated or untreated
with Matrigel. The lower chamber was filled with 600 ul
of DMEM medium containing 10% serum to support cell
migration. After incubation, the migratory cells were fixed
with methanol for 10 min at room temperature, stained with
0.5% crystal violet solution for 30 min, and counted under
a light microscope. Tube formation assays were designed to
evaluate the angiogenic ability of endothelial cells. After the
same treatment as aforementioned, the cells were added to
Matrigel for 6 h. The capillary network was observed using a
bright-field microscope. All results were quantified using the
ImagelJ software (https:/imagej.net).

Laser-induced choroidal neovascularization (CNV). A total
of 3 days before laser irradiation, Tn and normal saline injec-
tions were performed in the vitreous cavity of mice. CNV was
induced using a 532-nm laser, as previously described (27).
The mice were anesthetized with ketamine (90 mg/kg) and
xylazine (7.5 mg/kg) by intraperitoneal injection, followed by
pupil dilation. Laser photocoagulation was then performed
using a laser photocoagulator (75 ym spot size, 100 msec
duration, and 100 mW) to rupture the Bruch's membrane. A
10-mm coverslip was used to view the retinal vessels. Choroids
were harvested for immunohistochemical staining 7 days
after photocoagulation. Mouse eyes of different groups were
fixed in 4% paraformaldehyde at 4°C for 1 h. The choroids
were isolated by microsurgery and flat laid on slides. The
flat mounts were incubated in 5% bovine serum albumin in
phosphate buffered saline containing 1% Triton X-100 at 37°C
for 45 min. Subsequently, flat mounts were incubated with
isolin B4 (iB4; cat. no. 121411; 1:50; Thermo Fisher Scientific,
Inc.) overnight at 4°C, protected from light. The next day,
the flat mounts were washed with phosphate-buffered saline
containing 0.05% Tween and viewed under the fluorescence
microscope and images were captured.
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Figure 1. Cell viability tests confirm the safety of Tn under nanomolar
concentrations in vitro. (A) CCK-8 assays showed no significant reductions
of viability in cells of concentrations lower than 100 nM compared with the
Ctrl group. (B) MTT assays showed a similar trend. Data are expressed as the

*k

mean * standard error of the mean. "P<0.05 and "“P<0.005 (n=5). Tn, trip-
tonide; CCK-8, Cell Counting Kit-8; Ctrl, control; HRCECs, human retinal
capillary endothelial cells; HUVECs, human umbilical vein endothelial
cells; OD, optical density.

Statistical analyses. All data for the present study was obtained
from at least three independent experiments and expressed as
the mean + standard error of the mean. In conducting statistical
difference analysis, the unpaired Student's t-test was used to
evaluate the disparity between two data groups. For compari-
sons involving multiple data groups, ANOVA was first used
to examine the overall variability among the groups, followed
by Tukey's multiple comparisons test to further identify the
groups that exhibited significant differences. Data analyses
were conducted using GraphPad Prism 8.0.0 for Windows
(GraphPad Software; Dotmatics). P<0.05 was considered to
indicate a statistically significant difference.

Results

Tn: Novel and efficient activator of Nrf2 signaling. The potential
effects of Tn on the viability of HUVECs, HRCECs and Miiller
and ARPE-19 cells were first analyzed to evaluate its influence
on cytotoxicity. No pronounced reduction in cell viability or
significant cytotoxicity were observed in vitro (Fig. 1A and B).
Hence, Tn 10-100 nM was used in subsequent experiments.
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Nrf2/Keapl/ARE signaling is widely acknowledged as
one of the most critical antioxidant signaling pathways. The
Nrf2 cascade protects against oxidative injury in vitro (19).
To investigate whether Tn activates the Nrf2/Keapl signaling
pathway, the mRNA expression levels of Nrf2, Keapl and Nrf2
downstream genes, including HO1 and NQOI, were measured
in Miiller (Fig. 2A-D) and ARPE-19 cells (Fig. 2E-H). The
RT-gPCR results showed that following Tn administration, the
mRNA levels of Nrf2, HO1 and NQOIL increased significantly
in Miiller and ARPE-19 cells. By contrast, the mRNA level of
Keapl was significantly reduced in Tn-treated cells.

Western blotting was used to evaluate the protein expres-
sion of the Nrf2/Keapl cascade in ARPE-19 cells. As expected,
in Tn-treated ARPE-19 cells, the protein expression levels of
Nrf2 and its downstream effectors, HO1 and NQOI, exhibited
a significant concentration-dependent increase compared
with the control group (Fig. 2I-N). Concurrently, the protein
expression level of Keapl also demonstrated a corresponding
concentration-dependent decrease (Fig. 20 and P). These
results indicated that Tn may have been an efficient activator
of the Nrf2/Keapl signaling cascade.

Tn significantly alleviates apoptosis caused by oxidative injury
in vitro. Oxidative stress is an important pathogenic factor
in the development of retinal injury and diseases, especially
AMD (28). To confirm the protective effects of Tn against
H,0,-induced oxidative stress, the mitochondrial potential of
ARPE-19 cells was examined using the JC-1 assay. The change
in fluorescence from red to green indicates a marked reduction
in mitochondrial potential (29). The fluorescence analysis
using confocal microscopy and flow cytometry revealed that
Tn effectively ameliorated the reduction in mitochondrial
membrane potential (Fig. 3A-D), indicating that the Tn
cytoprotective effect was correlated with oxidative stress and
apoptosis. Furthermore, double labeling of Miiller cells was
performed with PI and Annexin V to verify the Tn cytoprotec-
tive effect. Flow cytometric assays showed that the percentage
of PI-and Annexin V-positive cells in the Tn-pretreated group
was significantly lower than that in the H,O,-stimulated group
(Fig. 3E and F). These results suggested that Tn substan-
tially reduced the mitochondrial membrane potential and
thus protected retinal cells from H,O,-induced apoptosis in
ARPE-19 and Miiller cells.

Tn decreases H,0,-induced ROS production in vitro. It was
investigated whether the decrease in apoptosis in ARPE-19
and Miiller cells was due to a decrease in ROS production
induced by Tn. To examine the effect of Tn on antioxidants,
the ROS expression was evaluated in Miiller cells and
ARPE-19 cells. Flow cytometry revealed that exposure to
H,0, at a concentration of 300 M for 18 h resulted in high
ROS levels. Simultaneously, Tn significantly suppressed ROS
levels in Miiller and ARPE-19 cells under stressed conditions.
Tn pretreatment decreased ROS optical density compared
with the H,0,-induced group, indicating that Tn enhanced the
antioxidant capacity of Miiller and ARPE-19 cells (Fig. 4A,
B, E and F). DHE staining, a sensitive probe for detecting
ROS generation in cells, showed similar results. After H,O,
stimulation, ARPE-19 cells had a substantial increase in DHE
staining intensity, which was significantly decreased in the Tn
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pretreatment group (Fig. 4C and D). These results illustrated
that Tn pretreatment significantly alleviated ROS production
induced by H,0, in ARPE-19 and Miiller cells.

Tn significantly reduces overall retinal inflammatory response
and oxidative stress. In vivo experiments were performed to
verify the protective effects of Tn injection into the mouse
retina against oxidative stress injury. Firstly, the concentration
of Tn was determined by referring to existing literature (30)
and through calculations based on the molecular weight of
Tn (358.39 Da) and anticipated in vivo bioavailability. At this
concentration, Tn can generate significant biological effects
without inducing notable toxic effects on the retina (Fig. S1).
As previously described, the mouse retinal photodamage
and NMDA injury models are relatively effective to evaluate
retinal oxidative stress injury (22,31).

First, RT-qPCR analysis of the genes involved in the Nrf2
pathway was performed. The results showed that in the light-
and NMDA-induced retinal models, the mRNA levels of Nrf2
pathway-related genes increased, which was more elevated in
the Tn pretreatment group, although the mRNA changes in
the light-induced model were not significant (Fig. 5A-C). To
further investigate the effect of Tn on oxidative protection,
the relative mRNA levels of inflammatory cytokines and
genes related to oxidative stress were measured. The results
of RT-qPCR demonstrated that the mRNA expression of
inflammatory factors, such as interleukin (IL)-6 and IL-1,
significantly increased in the NMDA-treated group; in the
Tn pretreatment these mRNA expression levels decreased
(Fig. 5D and E). Western blotting further validated the afore-
mentioned results (Fig. 5F). Genes related to the oxidative
stress response, including glutathione synthetase (GSS), gluta-
thione S-transferase (GST), superoxide dismutase 2 (SOD?2),
and glutamine peroxidase 1 (GPX1), almost doubled in the
light-induced group and tripled in the NMDA-induced group,
which plunged to a level equivalent to that of the control group
after Tn intravitreal injection (Fig. 5G and H). The RT-qPCR
results indicated that Tn promoted anti-inflammatory and
anti-oxidative activities and protected against light- and
NMDA-induced damage in vivo.

Tn ameliorates retina function in vivo. Using the light- and
NMDA-induced oxidative stress, it was tested whether
intravitreally injected Tn could ameliorate the retinal struc-
ture and function. H&E staining revealed that light- and
NMDA-induced retinal injury significantly decreased the
outer nuclear layer thickness, which was alleviated by Tn
pretreatment (Fig. 6A and B). The TUNEL assay demon-
strated that light exposure and NMDA treatment significantly
increased the number of apoptotic retinal cells. Tn pretreat-
ment significantly decreased the number of apoptotic retinal
cells (Fig. 6C and D). Immunohistochemistry was performed
to determine whether Tn affected the number of retinal
ganglion cells. The number of NeuN-positive cells decreased
in the light-damaged and NMDA-treated groups and increased
in the Tn-pretreated group (Fig. 6E and F). These results
identified that Tn pretreatment protected against light- and
NMDA-induced retinal degeneration in vivo. To determine
the protective effect of Tn on retinal function, ERGs were
performed in the mice. A decrease was found in the a- and
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Figure 2. Tn administration activates the expression of Nrf2 downstream target genes in Miiller and ARPE-19 cells under oxidative-stress conditions. (A-D) In
the H,0,-induced Miiller cells oxidative stress model, Tn significantly increased the RNA levels of Nrf2 and Nrf2 downstream antioxidant genes, while
suppressing Keapl levels, compared with the non-treated group. (E-H) ARPE-19 cells exhibited the same trend. (I-P) In the H,0,-induced ARPE-19 cells
oxidative stress models, Tn administration significantly elevated the protein expression levels Nrf2, HOI and NQOL, and similarly inhibited Keapl protein

expression. Data are expressed as the mean = standard error of the mean. "P<0.05, “P<0.01 and ""P<0.005 (n=5). Tn, triptonide; Nrf2, nuclear factor erythro-
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Figure 3. Tn rescues retinal cells from oxidative-stress induced apoptosis. (A and B) JC-1 staining under a confocal microscope showed the reduced level of JC-1
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cytometry of JC-1 assay revealed a similar trend. (E and F) Annexin V and PI staining detected by flow cytometry demonstrated the reduced proportion of apop-
tosis in Tn pre-treatment group compared with the H,0,-stimulated group. Data are expressed as the mean =+ standard error of the mean. "P<0.05 and “"P<0.01
(n=5). Scale bar, 50 ym. Tn, triptonide; Ctrl, control; FITC, fluorescein isothiocyanate; FSC-H, forward scatter height; PI, propidium iodide.


https://www.spandidos-publications.com/10.3892/ijmm.2024.5400

:P2 25H : P2

LI et al: TRIPTONIDE PROTECTS RETINAL CELLS FROM OXIDATIVE DAMAGE

25:P2 50H : P2 50H : P2

400
400

Count

200

Count
0 200

Count
200 400 600

o o o
0 10°10* 10° 10° 10’ 0 10°10* 10° 10° 10’ 0 10°10* 10° 10° 10’

600
400

Count
200 400
Count
100 200 300
Count
200

F

o O+ o
0 10°10* 10° 10° 10’ 0 10°10* 10° 10° 107 0 10°10* 10° 10° 107

FITC-A FITC-A FITC-A FITC-A FITC-A FITC-A
H,0, (umol/l) o 100 200 200 300 300
Tn (nmol/l) 0 0 0 50 0 50
Cs_ D
\% _g DHE/Hoechst
B SE
e *k
Kk kkk 3
— 31 >
g co g
~ [53
2 3
3 3
o [$]
3 1%
2, @
2 5
k] 8 o =
[ [} (0]
o <)
0- o
H,0, (1mol/l) 0 100 200 200 300 300 2
Tn(hmoll)0 O O 50 O 50 <
= N c
] % ':N
o
o ™~
gs T
5
Ke]
Q
o
C
[0
(s}
173
o
o
=
2
B
()
1

E Multi-sample : P2
o
&1 @H,0, 2.0m *k%k
1 ETnéh |
] 1 H Eg;lsh 15 —
LT 1 .5 =
1 ]
384 I 1 "& 1.0+
] | Uh !
] ! TK" 1 0.5 =
j‘:’i \‘k\ﬂiﬂ
10° 10° 00

FITC-A

Ctl  H,0, Tn6h Tngh

Figure 4. Tn successfully reduces the ROS levels in Miiller and ARPE-19 cells. (A) Flow cytometry of Miiller cells revealed the reduced levels of ROS in

the Tn pretreatment group. (B) Statistics of the ROS optical density in Miiller

cells. (C) The DHE staining, exhibited similar results in the ARPE-19 cells.

(D) Statistics of the DHE staining assay. (E) Flow cytometry of the ARPE-19 cells detecting the ROS level demonstrated that Tn effectively reduced the level
of ROS under H,0,-induced oxidative stress conditions. (F) Statistics of the ROS optical density in ARPE-19 cells. Data are expressed as the mean + standard

ks

error of the mean. “P<0.01 and
fluorescein isothiocyanate.

b-wave amplitudes in the retinas of the light-damaged and
NMDA-induced groups. However, this dysfunction was
partially reversed in the treatment group, as demonstrated by
the ERG a- and b-wave amplitudes (Fig. 6G-I).

Tn effects on the expression of the PI3K/Akt/mTOR signaling
pathway. PI3K/Akt/mTOR signaling is vital for Nrf2 phos-
phorylation and nuclear translocation, as confirmed in a
previous study by the authors (12). Western blotting was
performed to investigate whether Tn pretreatment affected
activation of the Akt signaling pathway. The present results

P<0.005 (n=5). Scale bar, 50 ym. Tn, triptonide; ROS, reactive oxygen species; Ctrl, control; DHE, dihydroethidium; FITC,

demonstrated that Tn phosphorylated Akt and its downstream
target, S6, in ARPE-19 cells (Fig. 7A and B). Furthermore,
mTOR downstream proteins 4EBP-1 and p70S6K1 were
significantly phosphorylated in the Tn-pretreated groups
(Fig. 7C and D). Increased expression of the signaling proteins
revealed that Tn pretreatment greatly enhanced Akt pathway
activation in ARPE-19 cells when treated with H,O,. Hence,
it was deduced that the Tn-mediated effects on Nrf2 activation
likely depend on the PI3K/Akt/mTOR signaling pathway. Thus,
it was reported that Tn protects ARPE-19 cells from oxidative
stress by activating the PI3K/Akt/mTOR signaling axis.
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Figure 5. Tn reduces the expression of inflammatory cytokines and increases oxidative stress-related genes in light-induced and NMDA-induced oxidative
stress models. (A-C) In the NMDA-induced models stimulating oxidative stress, Nrf2 and antioxidant response element-dependent genes HO1 and NQOI1
increased, which further increased in Tn pretreatment groups. (D and E) Reverse transcription-quantitative PCR assays of retinal inflammatory cytokines
were reduced after Tn pretreatment in the light and NMDA-induced oxidative stress models. (F) In the light and NMDA-induced oxidative stress models, Tn
significantly increased the levels of Nrf2, HO1 and NQO1 protein expression, and similarly inhibited the protein expression of retinal inflammatory cytokines.
(G and H) Similarly, HO1 and NQOI anti-oxidative genes were reduced in Tn pretreatment group. Data are expressed as the mean + standard error of the
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S-transferase; SOD2, superoxide dismutase 2.

Tn regulates angiogenic function in endothelial cells. VEGF
is involved in angiogenesis, which is a key pathological change
in exudative AMD (32). HUVECs were pretreated with Tn
(250 or 500 nM) and stimulated with VEGF (10 ng/ml). The
VEGF-treated group had increased viability and endothelial
cell proliferation compared with the control group. However,
EdU staining demonstrated that pretreatment with Tn
reduced endothelial cell proliferation and rescued the effects
of VEGF (Fig. S2A). Further investigation using Transwell
migration and invasion assays showed that VEGF-mediated
migration and infiltration were interrupted after Tn admin-
istration (Fig. S2B and C). Matrigel tube formation assay
results indicated that Tn decreased the ability of HUVECs to
form tubes (Fig. S2D). In addition, in vivo experiments using
laser-induced CNV models revealed that the neovascular area
in the Tn-pretreated group was significantly smaller than that

in the saline-treated control group (Fig. S3). Therefore, it was
concluded that Tn reduced the angiogenic function of endo-
thelial cells.

Discussion

It has been shown that retinal tissue is highly sensitive to
oxidative stress due to high oxygen consumption during
phototransduction (33). Therefore, oxidative stress is a key
factor in accelerating the pathological progression of ocular
diseases. The AMD pathophysiological course involves
various changes, including RPE injury, Bruch's membrane
lesions, neurodegenerative changes, and abnormal elevation of
proinflammatory and proangiogenic cytokines (34,35). RPE
cell senescence was previously considered to initiate AMD;
although, senescence and degeneration of RPE cells involve
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Figure 6. Tn ameliorates retinal structure and functions in light-induced and NMDA-induced oxidative stress models of mice retina. (A and B) H&E staining
showed the reduced thickness of retina ONL in the NMDA- and light-induced oxidative damage models. Tn pretreatment successfully reduced ONL thickness
reduction. (C and D) TUNEL (green) was measured by fluorescence, showing the number of retinal cells undergoing apoptosis. (E and F) NeuN (red) was
used to label retinal ganglion cells. (G) Electroretinographies reflect the function of retinal nerve electrophysiology, and a-wave and b-wave amplitude was
quantified and analyzed. (H and I) Bar plot showing the changes in a-wave and b-wave amplitudes. Data are expressed as the mean + standard error of the mean.
“P<0.05, “P<0.01 and “"P<0.005 (n=5). Scale bar, 100 ym. Tn, triptonide; ONL, outer nuclear layer; NMDA, N-Methyl-D-aspartic acid; TUNEL, terminal
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pathological processes such as oxidative stress damage and
apoptosis, which are considered important causes of AMD (6).
However, Miiller cells are the first cell type to show metabolic
abnormalities during retinal degeneration due to their high
aerobic metabolism (36-38). The peaks of glutamine and gluta-
thione are more than double the normal levels in the Miiller
cells of patients with early dry and wet AMD (38). Miiller cells
activated under hypoxic or high-glucose conditions secrete
angiogenic factors such as VEGF and basic fibroblast growth
factor, which promote endothelial cell proliferation (39,40).
Therefore, future studies on the pathological changes of RPE
and Miiller cells in AMD are expected to reveal therapeutic
targets for maintaining or restoring healthy retinal function.

Previously, numerous edible plants (cauliflowers, melons,
blueberries and legumes) and traditional Chinese herbs
have been extensively studied for their powerful antioxidant
capacity and low toxicity, and are expected to be antioxidant
therapeutics (41,42). Tn is a key bioactive small molecule
extracted from Tripterygium wilfordii, a plant utilized in
traditional Chinese medicine, which has a molecular struc-
ture similar to that of T1, but is significantly less toxic than
TI (43,44). Tn can play a neuroprotective role by regulating
MAPKs and NF-«kB pathways, inhibiting microglia activa-
tion, inflammatory factor release, oxidative stress and calcium
overload, antagonizing excitatory toxicity, and promoting the
synthesis of neurotrophic factors (16,17). The results of the
present study revealed that Tn was an efficient Nrf2 activator
with the potential for use in the treatment of diseases such
as AMD. An oxidative stress model of Miiller and ARPE-19
cells induced by H,0O, was constructed, and the results
showed that Tn pretreatment at different concentrations had
no obvious cytotoxicity in retinal cells. Mitochondria are
the main source of ROS in AMD and mitochondrial DNA
is a sensitive target of oxidative stress. Therefore, early
oxidative damage is often accompanied by the destruction
of mitochondrial transmembrane potential (3,45,46). It was
found that nanomolar levels of Tn effectively ameliorated the
reduction in mitochondrial membrane potential; flow cytom-
etry and JC-1 staining also confirmed the anti-oxidative
stress and anti-apoptotic effects of Tn. To further investigate
the antioxidant effect of Tn, ROS production in ARPE-19
and Miiller cells was detected by flow cytometry and DHE
staining. As previously described, light-induced retinal oxida-
tive stress and NMDA-induced neuro-excitotoxicity models
have been used to study oxidative stress conditions in AMD
and other ocular diseases because of their proposed ability
to induce oxidative stress, mitochondrial dysfunction and
retinal inflammation (22-25). Tn pretreatment significantly
decreased the expression of oxidative stress-related genes
and inflammatory factors in the retinal tissues of the two
models; and the results obtained by both western blotting and
RT-qPCR methods were highly consistent with each other.
In addition, H&E staining and immunofluorescence results
indicated that Tn improved retinal function and sustained the
integrity of retinal morphology, which was further verified
by ERG.

The transcription factor Nrf2 is a key signaling molecule
that regulates cell survival and maintains redox homeostasis.
It mediates the expression of antioxidant genes and phase II
detoxification enzymes by activating ARE signals. It is

considered as a potential intervention target for numerous
oxidative stress-related ocular diseases (47,48). Oxidative
stress stimulates Nrf2 dissociation from Keapl and subsequent
nuclear translocation. Gene transcription related to antioxidant
protection, such as HOI, NQOI1 and SOD (49), is activated by
Nrf2 when it interacts with downstream AREs. Some natural
plant components (such as quercetin, ginsenosides, astaxanthin
and curcumin) have been shown to inhibit oxidative damage in
ARPE-19 cells by activating Nrf2 signaling (50-53). Previous
studies by the authors have found that salvianolic acid A,
ginsenosides Rgl, Rg3, 3h-1, 2-dimercaptiol-3-thione, and
other Chinese herbal extracts or small molecular compounds
are effective Nrf2 activators, inducing phosphorylation of
Nrf2 dependent on Akt-mTORCI1, with potential thera-
peutic value for oxidative stress-related retinal degenerative
diseases (12,13,54). Based on these results, the mRNA expres-
sion levels of Nrf2, Keapl and the transcription levels of the
downstream target genes HOl1 and NQOI1 were determined.
The RT-qPCR results showed that the mRNA levels of Nrf2,
HO1 and NQOI1 significantly increased after Tn administration
in ARPE-19 and Miiller cells. This indicates that Tn can indeed
activate the Nrf2 signaling pathway and promote the expres-
sion of these antioxidant genes. Notably, the mRNA level of
Keapl decreased slightly after Tn treatment. This may be due
to the direct modification of Keapl by Tn, leading to decreased
stability or transcriptional inhibition. However, this decrease
was not significant, suggesting that Tn mainly exerts its thera-
peutic effects by promoting the activation of Nrf2, rather than
by directly inhibiting Keapl expression. Considering that the
core pathological process in the early stage of AMD mainly
affects RPE cells and photoreceptor cells (while Miiller
cells may play a relatively indirect role, primarily providing
nutritional support and neuroprotective functions as glial cells
within the retina and are not the direct targets of damage), the
protein expression levels of Nrf2, Keapl and their downstream
targets HOI and NQOI1 were further measured in ARPE-19
cells using western blotting. The results indicated that Tn not
only promotes the transcription of these genes except Keapl,
but also effectively facilitates their protein translation and
accumulation.

Although Tn was confirmed to be an effective activator of
Nrf2 in the present study, promoting the expression of down-
stream antioxidant proteins, the underlying signal transduction
mechanism has not been fully elucidated. Akt-mTORC]1 is a
key signal for cell proliferation and survival (55). Existing
evidence suggests that the phosphorylation of Nrf2 is
dependent on the activation of Akt-mTORCI1 and that the
PI3K/Akt/mTORCI1 pathway mediates activation of the
Keapl/Nrf2/ARE antioxidant pathway (56,57). Specifically,
the activation of PI3K triggers the phosphorylation of phos-
phatidylinositol (PI) to generate 3-phosphoinositide (PIP3).
PIP3, as a second messenger, recruits and activates Akt,
leading to its phosphorylation. Phosphorylated Akt not only
further activates downstream mTORCI1 but also stabilizes
Nrf2 by phosphorylating and inhibiting GSK3-f, a kinase that
negatively regulates Nrf2. By inhibiting GSK3-f, Akt protects
Nrf2 from degradation, promoting its nuclear translocation
and transcriptional activity (58,59). Therefore, it was attempted
to observe whether Tn activated the PI3K/Akt/mTORCI
pathway and its downstream target genes. It was found that Tn
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Figure 8. Illustration of the possible Tn mechanisms in the activation of antioxidant response element-dependent genes and ROS reduction in retinal cells. Tn,
triptonide; ROS, reactive oxygen species; HOI, heme oxygenase-1; Keapl, Kelch-like ECh-associated protein 1; NQOI1, NAD(P)H: quinone redox reductase-1;

Nrf2, nuclear factor erythrocyte 2-related factor 2.

pretreatment significantly increases the phosphorylation levels
of Akt, S6, as well as the mTORCI1 downstream target proteins
4EBP-1 and p70S6K after H,O, exposure, indicating that the
Tn effect in rescuing the antioxidant and anti-inflammatory
pathways of Nrf2/HO1 may have arisen from reactivation of
the PI3K/Akt/mTORC]1 axis (Fig. 8).

CNV is the core pathological change in wet AMD (60,61).
Interestingly, it was found that Tn significantly inhibited
pathological neovascularization, both in vitro and in vivo.
Specifically, Tn attenuated VEGF-induced vascular endo-
thelial cell proliferation and migration, and a significantly
decreased level of pathological angiogenesis was observed in
laser-induced CNV (animal models of exudative AMD) (62).

The present study indicated that Tn can induce the
activation of Nrf2 signaling by activating the PI3K/Akt
signaling pathway, thereby improving the structure and
function of the retina. However, in addition to this core
mechanism, there may be other signaling mechanisms that
interact with the effects of Tn. There is a close interaction
between the PI3K/Akt and NF-kB signaling pathways. Akt,
as a key molecule downstream of PI3K, can inhibit the
nuclear translocation and transcriptional activity of NF-xB
by phosphorylating the IxkB kinase (IKK) complex, thereby
achieving negative regulation (63). Therefore, Tn may indi-
rectly inhibit the excessive activation of NF-kB by activating
the PI3K/Akt signaling pathway. Furthermore, autophagy, a
highly conserved cellular self-degradation process, is crucial
for clearing damaged organelles and protein aggregates
and maintaining intracellular homeostasis. The activa-
tion of autophagy is closely related to the regulation of the

PI3K/Akt signaling pathway. Akt, as a key molecule in this
pathway, can regulate autophagic activity by influencing the
expression of autophagy-related genes and the initiation of
the autophagic process (64). Tn may promote the clearance
of harmful substances within retinal cells by activating the
autophagic signaling pathway.

Tn, as a potent Nrf2 activator, exhibits significant antioxi-
dant effects on the retina. In AMD, retinal cells are chronically
exposed to high oxidative stress, leading to cellular dysfunc-
tion and death. Therefore, by activating the Nrf2 signaling
pathway, Tn holds promise as an effective antioxidant protec-
tive agent for patients with AMD. Furthermore, Tn is capable of
modulating inflammatory signaling pathways, such as NF-«xB,
and suppressing the expression of inflammation-related genes,
thereby attenuating retinal inflammation. This mechanism
contributes to the protection of retinal cells from inflamma-
tory damage and the slowing of AMD progression. Notably,
Tn also demonstrates remarkable anti-angiogenic properties.
It can inhibit the proliferation and migration of vascular endo-
thelial cells, thus suppressing the formation of pathological
neovascularization. This mechanism provides a potential
therapeutic strategy for patients with wet AMD.

However, AMD is a complex retinal disease; combining
Tn with other drugs or therapies may lead to more compre-
hensive therapeutic outcomes. In the treatment of AMD, high
doses of antioxidant vitamins and minerals, such as vitamin C,
vitamin E, beta-carotene and zinc, have been extensively
studied and applied (65). These substances effectively scav-
enge free radicals and reduce retinal oxidative stress. When
combined with Tn, they can provide additional antioxidant
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protection by synergistically activating the Nrf2 pathway,
thereby delaying the progression of AMD. Furthermore, the
combination of Tn with anti-VEGF drugs, such as ranibizumab
and aflibercept, may also demonstrate promising results. This
combination not only synergistically controls the condition
of AMD, reduces the growth and leakage of abnormal blood
vessels, but also provides additional antioxidant protection. In
some severe cases of AMD, glucocorticoids are used to control
retinal inflammation (66). However, long-term or high-dose
steroid use may increase the risk of side effects such as cata-
racts and glaucoma. Therefore, combining low-dose steroids
with Tn may be a strategy to balance efficacy and safety.
Finally, cell therapy, particularly the transplantation of stem
cells or RPE cells, offers promise in restoring the structure
and function of the retina (67). When combined with Tn, this
therapeutic approach can be further optimized as Tn promotes
the survival and integration of transplanted cells through its
antioxidant and anti-inflammatory actions, thereby enhancing
the overall treatment outcome.

The present study also has some limitations. Firstly, further
studies are needed to investigate the specific mechanism of Tn
on the Nrf2 signaling pathway by in vivo and silencing experi-
ments. Secondly, the reactivation of the PI3K/AKT/mTOR
signaling pathway by Tn could be further verified using specific
inhibitors or activators. Additionally, to improve evaluation
of the protective effects of Tn, it can be compared with other
known retinal protective strategies such as antioxidants and
anti-inflammatory agents to improve identification of the supe-
riority or uniqueness of Tn. Finally, the current study did not
address the evaluation of the long-term efficacy of Tn in retinal
diseases. In the future, rigorous long-term follow-up trials will
be conducted by the authors to systematically assess both the
sustained efficacy and safety profile of Tn in the treatment of
retinal diseases.

In conclusion, the results of the present study suggest that
nanomolar concentrations of Tn protected retinal cells against
oxidative damage and inflammation. Activation of Tn-induced
Nrf2 signaling may be realized by activating PI3K/Akt/mTOR
signaling, thus enhancing the protective effect on cells. The
in vivo studies demonstrated that intravitreal injection of Tn
protected mice from light- and NMDA-induced retinal damage
and dysfunction. Consequently, it is reasonable to hypothesize
that Tn is a highly potent Nrf2 activator that could become a
new therapeutic agent for retinal oxidative stress injury and
pathological neovascular ocular diseases such as AMD.
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