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Abstract: Oxidative stress is a significant factor in the development of age-related macular degen-
eration (AMD), which results from cell damage, dysfunction, and death in the retinal pigmented
epithelium (RPE). The use of natural compounds with antioxidant properties to protect RPE cells
from oxidative stress has been explored in Dendrobium, a genus of orchid plants belonging to the
family Orchidaceae. Two new compounds and seven known compounds from the MeOH extract of
the whole plant of Dendrobium virgineum were successfully isolated and structurally characterized.
Out of all the compounds isolated, 2-methoxy-9,10-dihydrophenanthrene-4,5-diol (3) showed the
highest protective effect against hydrogen peroxide (H2O2)-induced oxidative stress in human retinal
pigment epithelial (ARPE-19) cells. Therefore, it was selected to evaluate its protective effect and
mechanism on oxidative-stress-induced ARPE-19 cells. Cells were pre-treated with compound 3 at
25, 50, and 100 µg/mL for 24 h and then induced with 400 µM H2O2 for 1 h. The results demon-
strated that compound 3 significantly (p < 0.05) increased cell viability by 10–35%, decreased ROS
production by 10–30%, and reduced phosphorylation of p38, ERK1/2, and SAPK/JNK by 20–70%
in a dose-dependent manner without toxicity. Furthermore, compound 3 significantly (p < 0.05)
modulated the expression of apoptosis pathway proteins (cytochrome c, Bax and Bcl-2) by 20–80%,
and enhanced SOD, CAT, and GPX activities, and GSH levels in a dose-dependent manner. These
results suggest that compound 3 protects ARPE-19 cells against oxidative stress through MAPKs
and apoptosis pathways, including the antioxidant system. Thus, compound 3 could be considered
as an antioxidant agent for preventing AMD development by protecting RPE cells from oxidative
stress and maintaining the retina. These findings open up new possibilities for the use of natural
compounds in the treatment of AMD and other oxidative-stress-related conditions.

Keywords: Dendrobium virgineum; Orchidaceae; retinal pigment epithelium; oxidative stress;
dihydrophenanthrene

1. Introduction

The abnormality of the eyes in the macular area causes irreversible blindness and
retinal disease, the so-called age-related macular degeneration (AMD) [1]. The prevalence
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of AMD in Europe and Asia was around 200 million in 2020 and is expected to be a
global health issue in 2040 [2–5]. AMD is primarily found in patients older than 60, with
a loss of central vision that can disturb the patient’s daily life [6,7]. The pathogenesis of
AMD is complex; however, it is divided into two types including dry or atrophic and
wet or neovascular AMD [8]. The disease progression is associated with retinal pigment
epithelium (RPE), which is necessary to maintain photoreceptor cells in the retina [7].
In elderly patients, RPE cannot maintain metabolic activity in the macula and clear the
cellular waste and unusual proteins [7,9]. Eventually, it impairs the function of RPE, and
overloaded waste is detected as drusen, a yellow spot in the retina, which is a vital sign of
AMD [7,9,10]. Due to this imbalance, RPE loses function and affects the retina, which causes
vision loss [11,12]. Various risk factors associated with AMD include genetic and exogenous
factors such as aging, obesity, oxidative stress, and smoking [13,14]. According to the above
risk factors, oxidative stress is the primary cause of the development of AMD [15].

Continuous exposure to blue light, which generates reactive oxygen species (ROS),
is known to cause damage to RPE cells in the macula due to its ability to pass through
the structures of the retina and induce photooxidation of lipofuscin to cytotoxic com-
pounds [16]. RPE cells with abundant mitochondria exhibit elevated cellular metabolic
rates in environments rich with endogenous reactive oxygen species, such as superoxide
anions (O2−·) and hydroxyl radicals (OH·). ROS produced from mitochondria activity
are also released into the cytoplasm and affect other cells, leading to an increase in ROS
levels [17,18]. For the above reasons, high ROS production can be expected to lead to
oxidative stress in RPE cells [19,20]. In various studies, ROS such as hydrogen peroxide
(H2O2) cause the Fenton reaction, which is the chain reaction between iron in lysosomes
and oxidants, resulting in more production of ROS, and are used to induce the oxidative
stress condition in in vitro and in vivo [21,22].

Cellular dysfunction and abnormality of biomolecules, such as DNA damage and
misfolding proteins, in cells are caused by the attack from ROS [23]. To survive, cells
must remove the waste to maintain their function, especially in post-mitotic cells such as
RPE cells [24]. The mitogen-activated protein kinases (MAPKs) signaling pathway, which
controls the proliferation and cell death in RPE including Bax (pro-apoptotic) and Bcl-2
(anti-apoptotic), is activated by ROS [25,26]. Moreover, ROS can impact the mitochondrial
outer membrane by altering the Bax and Bcl-2 proteins, which can lead to the release of
cytochrome C into the cytoplasm, and activation of the apoptosis and caspase pathways,
including caspase-3 and caspase-9 [27,28]. Such dysfunctions can cause damage to RPE cells
and contribute to the development of AMD. Thus, the essential treatment for AMD focuses
on the prevention of RPE cells from oxidative stress. Typically, RPE cells contain various
endogenous antioxidants such as antioxidant enzymes including glutathione peroxidase
(GPx), glutathione transferase (GST), catalase (CAT), superoxide dismutase (SOD), and the
non-enzymatic antioxidant glutathione (GSH) for protection of the retina from oxidative
damage [29]. A deficiency in antioxidant enzymes frequently accompanied by aging can
contribute to the development of AMD [30].

Several studies on active compounds, such as kinsenoside from Anoectochilus roxburghii
and herbal extracts such as Emblica officinalis (Amla) and bilberry anthocyanin extracts,
have shown the existence of potent antioxidants for protective effects against AMD [31–33].
Dendrobium is a genus in the orchid family (Orchidaceae) with more than 1500 species
worldwide [34]. These species have been proved to have therapeutic properties and have
been used as folk medicines for more than 2300 years [35]. Dendrobium plants have been
used as traditional medicine in China to treat fever, diabetes, stomach diseases, and lung
and kidney disorders [36]. The natural exogenous non-enzymatic antioxidants such as
polyphenols, carotenoids, flavonoids, and organosulfur compounds, which exhibited the
preventive effects in AMD, have been reported in various studies [37–45]. Moreover,
Dendrobium extract has been reported to improve vision [46]. Dendrobium virgineum Rchb.f.
(Figure 1A), known in Thai as “Ueang Nang Chi”, is usually founded in dry evergreen
forests and mixed deciduous forests in Thailand’s east and north-east regions, and in
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Myanmar, Laos, and Vietnam. Its flower consists of white petals and a red lip, and it was
first discovered by Reichenbach in 1884 [47].
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In this study, we aimed to isolate and determine the protective effect against H2O2-
induced oxidative stress in human retinal pigment epithelial (ARPE-19) cells of isolated
compounds from the whole plant of Dendrobium virgineum. Among 9 isolated compounds,
two new compounds (1 and 2) and seven known compounds (3–9) were identified. Com-
pound 3, with the most potent antioxidant effect, was further investigated regarding its
protective mechanism against H2O2-induced ARPE-19 cells.

2. Materials and Methods
2.1. Experimental

The Milton Roy Spectronic 3000 Array spectrophotometer (Rochester, Monroe, NY,
USA) was used to record UV spectra, while IR spectra were obtained from the PerkinElmer
FT-IR 1760X spectrophotometer (Boston, MA, USA). Mass spectra were determined using
the Bruker MicroTOF mass spectrometer (ESI-MS) (Billerica, MA, USA). NMR spectra were
recorded by the Bruker Avance DPX-300FT NMR spectrometer or the Bruker Avance III
HD 500 NMR spectrometer (Billerica, MA, USA). Sigma Aldrich (Sigma-Aldrich, Dorset,
UK) provided 2′,7′-dichlorofluorescein di-acetate (DCFH-DA), and Merck Millipore (Merck
Millipore, Darmstadt, Germany) supplied fetal bovine serum (FBS). Invitrogen (Invitro-
gen Ltd., Paisley, UK) provided Dulbecco’s modified Eagle’s Medium/Nutrient Mixture
F-12 Ham (DMEM/F-12), penicillin–streptomycin, H2O2, dimethyl sulfoxide (DMSO), and
3-[4,5-dimethyltiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT). Antibodies used in
western blotting were obtained from Cell Signaling Technology (Danvers, MA, USA). An-
tioxidant enzyme assay test kits were obtained from Cayman Chemical (Cayman Chemical,
Ann Arbor, MI, USA).

2.2. Plant Material

The whole plants of D. virgineum were obtained from Chatuchak Market (Bangkok, Thai-
land) in September 2015. Authentication was performed by the author (Boonchoo Sritularak).
A voucher specimen (BS-DVir-2558) was deposited at the Department of Pharmacognosy
and Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, Chulalongkorn University.
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2.3. Extraction and Isolation

The dried, powdered whole plant of D. virgineum (2.7 kg) was extracted in a stainless
tank with 20 L of MeOH three times at room temperature to give a MeOH extract (297 g)
after evaporation of the solvent. The MeOH extract was partitioned with 10 L of EtOAc and
water to give an EtOAc extract (95 g) and an aqueous extract (200 g). The EtOAc extract was
initially subjected to liquid chromatography under vacuum on silica gel (acetone–hexane,
gradient) to yield 6 fractions (A–F). Fraction B (12.3 g) was separated by column chromatog-
raphy (CC) over silica gel (acetone–hexane, gradient) to give 5 fractions (B−I to B−V).
Fraction B−II (2.5 g) was fractionated by Sephadex LH-20 (MeOH) and then purified by CC
(EtOAc–hexane, gradient) to yield 2-methoxy-9,10-dihydrophenanthrene-4,5-diol (3) (5 mg)
and compound 1 (6 mg). Compound 1 (17 mg) and gigantol (4) (541 mg) were obtained
from fractions B−III (553 mg) and B−IV (1.2 g), respectively, after purification on Sephadex
LH-20 (MeOH). Fraction C (8.6 g) was separated by CC (silica gel, acetone–hexane, gradient)
to give 9 fractions (C−I to C−IX). Fraction C−V (2.0 g) was fractionated by Sephadex LH-20
(MeOH) to give 4 fractions (C−V1 to C−V4). Fraction C−V2 (206 mg) was isolated by
CC (silica gel, EtOAc–hexane, gradient) and further purified by Sephadex LH-20 (MeOH)
to furnish compound 2 (6 mg). Fraction C−V3 (116 mg) was separated by CC (silica gel,
EtOAc–hexane, gradient) and then subjected to repeated CC (silica gel, acetone–hexane,
gradient) to yield 5-methoxy-7-hydroxy-9,10-dihydro-1,4-phenanthrenequinone (5) (4 mg).
Fraction C−VI (1.3 g) was subjected to CC on silica gel (acetone–hexane) and then fraction-
ated by Sephadex LH-20 (MeOH) to give 9 fractions (C−VI1 to C−VI9). Fraction C−VI2
(106 mg) was separated by CC (silica gel, EtOAc–hexane, gradient) to yield p-coumaric
acid (6) (9 mg). Tristin (7) (101 mg) was obtained from fraction C−VI3 (237 mg) after
purification on CC (silica gel, EtOAc–hexane, gradient). Purification of fraction C−VI5
(156 mg) by CC (silica gel, EtOAc–hexane, gradient) gave 2,5,7-trihydroxy-4-methoxy-
9,10-dihydrophenanthrene (8) (116 mg). Fraction C−VI6 (11 mg) was separated by CC
(silica gel, EtOAc–hexane, gradient) to give 2,4,7-trihydroxy-9,10-dihydrophenanthrene
(9) (5 mg) (Scheme 1).

Dendrovirginin (1): Brown amorphous solid; UV (MeOH) λmax (log ε): 222 (4.49),
273 (4.15), 305 (3.94) nm; IR (film) νmax: 3166, 2936, 2837, 1616, 1463, 1435, 1250, 1152,
1104 cm−1; HR-ESI-MS: [M−H]− at m/z 271.0960 (calcd. for 271.0970, C16H15O4); 1H NMR
(500 MHz, acetone-d6) and 13C NMR (125 MHz): see Table 1.

Table 1. 1H (500 MHz) and 13C NMR (125 MHz) spectral data of 1 and 2 in acetone-d6.

1 2

Position 1H (Multiplicity, J in Hz) 13C 1H (Multiplicity, J in Hz) 13C

1 6.49 (d, 2.5) 107.1 - 180.7
2 - 160.7 - 158.9
3 6.45 (d, 2.5) 102.4 5.95 (s) 108.0
4 - 155.6 - 185.1
4a - 114.8 - 142.1
4b - 123.2 - 112.6
5 - 146.8 - 160.4
6 6.88 (d, 8.5) 116.1 6.43 (d, 2.0) 99.5
7 6.84 (d, 8.5) 111.7 - 161.5
8 - 150.9 6.41 (d, 2.0) 108.2
8a - 129.3 - 143.9
9 2.58–2.65 (m) 23.0 2.58 (t, 7.0) 29.3
10 2.58–2.65 (m) 31.6 2.46 (br s) 20.6
10a - 143.4 - 137.6
MeO-2 3.77 (s) 55.4 3.82 (s) 56.3
MeO-5 - - 3.69 (s) 56.0
MeO-8 3.78 (s) 56.6 - -
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Scheme 1. Extraction and isolation of compounds from Dendrobium virgineum.

Dendrovirginone (2): Red amorphous solid; UV (MeOH) λmax (log ε): 222 (4.39),
260 (4.07), 334 (3.79), 490 (3.53) nm; IR (film) νmax: 3416, 2939, 2922, 1722, 1658, 1605, 1560,
1349, 1213, 1160 cm−1; HR-ESI-MS: [M−H]− at m/z 285.0752 (calcd. for 285.0763, C16H13O5);
1H NMR (500 MHz, acetone-d6) and 13C NMR (125 MHz): see Table 1.

2.4. Culture of ARPE-19 Cells

ARPE-19 cells (ATCC, Rockville, MD, USA) were used as a representative model
of human RPE cells and cultured in DMEM/F-12 with 10% (v/v) heat-inactivated fetal
bovine serum (FBS) and 1% (v/v) penicillin–streptomycin (pen–strep). Standard 6-well or
96-well plates were used for all experiments, unless otherwise stated. Cells were seeded at
1.0 × 106 and 3.0 × 104 cells/well for 6- and 96-well plate experiments, respectively. The
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cells were allowed to grow until they reached over 90% confluence before being utilized in
subsequent experiments.

2.5. Cell Viability Assay

The viability of cells was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide tetrazolium (MTT) assay, which measures the conversion of
MTT substrate to a purple-colored formazan product in viable cells. After cells reached
their experimental time points, they were washed once with phosphate buffer saline (PBS)
and incubated with MTT in PBS at 0.5 mg/mL for 4 h at 37 ◦C. After removal of the
MTT solution, DMSO was added to dissolve the formazan crystals generated by viable
cells. The absorbance was subsequently measured at 540 nm using a microplate reader
(SPECTROstarNano, BMG LABTECH, Ortenberg, Germany).

2.6. Cytotoxicity Assay of Compounds 1–9

Following a 24 h incubation of ARPE-19 cells, the media was removed and cells were
washed with serum-free media. Cells were then treated with varying concentrations (10, 50,
and 100 µg/mL) of compounds 1–9 for 24 h, with a 0.5% DMSO used as the control group.
Cell viability was assessed using the MTT assay after the respective experimental time.

2.7. Determining the Optimal H2O2 Concentration for Cytotoxicity Induction

ARPE-19 cells in a 96-well plate were treated by removing the media and washing with
serum-free media. Subsequently, cells were treated with serum-free medium containing
various concentrations of H2O2 (200–1000 µM) for 30, 60, and 120 min at 37 ◦C. The control
group consisted of cells cultured in serum-free medium without H2O2. Following the
experimental treatment, cells were washed twice with PBS and evaluated for cell viability
using the MTT assay.

2.8. Assessing the Effect of Compound 3 on ARPE-19 Cells Exposed to H2O2

ARPE-19 cells in 6-well and 96-well plates were washed one time with serum-free
media and pre-incubated with compound 3 (25, 50, and 100 µg/mL) in serum-free media
for 24 h. A 0.5% DMSO served as the control group. After pre-treatment with compound
3, cells were washed with serum-free media and then treated with appropriate H2O2
concentrations in serum-free medium at 37 ◦C for 1 h. Cell viability was measured us-
ing the MTT assay in the 96-well plate setup, while the 6-well plate setup was used for
non-enzymatic and enzymatic antioxidant assays, caspase-9 and caspase-3 activities, and
western immunoblot analysis.

2.9. Evaluation of Reactive Oxygen Species (ROS) Production

To determine intracellular ROS, ARPE-19 cells were seeded at 3.0 × 104 cells/well in
black 96-well, clear bottom plates and cultured for 24 h. After washing with serum-free
media, cells were pre-incubated for 24 h with compound 3 (25, 50 and 100 µg/mL) in
serum-free media, with 0.5% DMSO as the control. Subsequently, cells were incubated
with 10 µM DCFH-DA in serum-free media at 37 ◦C for 30 min, then treated with varying
concentrations of H2O2 in serum-free media at 37 ◦C for 1 h. Following PBS washes, ROS
production was measured using a fluorescence microplate reader with excitation/emission
wavelengths of 485/530 nm.

2.10. Western Blot Analysis

ARPE-19 cell lysates were prepared from a 6-well plate by centrifuging at 14,000 rpm
at 4 ◦C for 10 min, and the protein concentrations were determined using the BCA protein
assay kits. Equal amounts (40 µg) of protein samples were separated by 10% SDS-PAGE,
transferred to a nitrocellulose membrane, blocked with 5% dry milk, and then incubated
with anti-p-p38, anti-p-ERK1/2, anti-p-SAPK/JNK, anti-Bax, anti-Bcl-2, or anti-cytochrome
c at a ratio of 1:1000 (v/v) in TBST overnight. The membrane was washed with TBST
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and incubated with a 1:2000 species-specific horseradish peroxide conjugated secondary
antibody for 2 h. The protein levels were detected using an enhanced chemiluminescent
detection kit, followed by imaging. The densitometry values of the phosphorylated forms
of p38 (p-p38), ERK1/2 (p-ERK1/2), and SAPK/JNK (p-SAPK/JNK) were normalized to
the band intensity of the respective total forms of p38, ERK1/2, and SAPK/JNK. Similarly,
the densitometry values of cytochrome c, Bax, and Bcl-2 were normalized to the band
intensity of β-actin.

2.11. Caspase-9 and -3 Activities

Following pre-treatment with compound 3 and H2O2 induction, as described in
Section 2.8, the cells were homogenized in a hypotonic buffer to extract the supernatant.
The supernatant was combined with a specific substrate (N-acetyl-Leu-Glu-His-Asp p-
nitroanilide or N-acetyl-Asp-Glu-Val-Asp p-nitroanilide for caspase-9 or caspase-3, respec-
tively) at a concentration of 100 µmol/L. The mixture was incubated at 37 ◦C for 1 h., and
the absorbance was measured at 450 nm using a microplate reader to detect the activity of
the caspases.

2.12. SOD, GPx, CAT, and GSH Determination

After treating ARPE-19 cells with compound 3 and H2O2, as described in Section 2.8,
the cells were harvested by scraping and incubated with 0.5% (v/v) Triton X-100 in cold
PBS. The resulting cell solution was transferred to a 1.5-mL tube and subjected to sonication
in an ultrasonic sonicator bath at 4 ◦C for 10 min. The cell lysate was then centrifuged at
14,000× g at 4 ◦C for 10 min, and the supernatant was collected to measure the levels of
GSH and the activities of SOD, GPx, and CAT using assay kits.

2.13. Statistical Analysis

The results are expressed as mean ± standard deviation (SD) of at least three inde-
pendent experiments. Statistical analysis was performed with SPSS software version 16.0
(SPSS inc., Chicago, IL, USA). The differences among groups were assessed by one-way
analysis of variance (ANOVA). Statistical significance was set at p < 0.05.

3. Results
3.1. Structural Characterization

Chromatographic separation of EtOAc extract from the whole plants of
D. virgineum resulted in the isolation of two previously unknown phenanthrene deriva-
tives (1 and 2), along with seven known compounds, which included 2-methoxy-9,10-
dihydrophenanthrene-4,5-diol (3) [48], gigantol (4) [49], 5-methoxy-7-hydroxy-9,10-
dihydro-1,4-phenanthrenequinone (5) [50], p-coumaric acid (6) [51], tristin (7) [52], 2,5,7-
trihydroxy-4-methoxy-9,10-dihydrophenanthrene (8) [53], and 2,4,7-trihydroxy-9,10-
dihydrophenanthrene (9) [54] (Figure 1B).

Compound 1 was purified as a brown amorphous solid. A molecular formula
C16H16O4 was deduced from its [M−H]− at m/z 271.0960 (calcd for C16H15O4 271.0970).
The IR spectrum exhibited absorption bands for hydroxyl (3166 cm−1), aromatic (2936,
1616 cm−1), and methylene (1463 cm−1) functionalities. The UV absorptions at 222, 273,
and 305 nm indicated the characteristic of a dihydrophenanthrene nucleus [55]. This was
confirmed by the presence of four methylene protons at δ 2.58–2.65 (4H, m, H2-9, H2-10),
which showed correlations to the carbon atom at δ 23.0 (C-9) and δ 31.6 (C-10). The
1H NMR displayed four aromatic protons at δ 6.45–6.88 and two methoxy groups at δ
3.77 (3H, s, MeO-2) and 3.78 (3H, s, MeO-8). On ring A, the 1H NMR showed two doublet
proton signals at δ 6.45 (1H, d, J = 2.5 Hz, H-3) and 6.49 (1H, d, J = 2.5 Hz, H-1). The
assignment of H-1 was based on its HMBC correlation with C-10 (δ 31.6) and NOESY
interaction with H2-10 (Figure 2). The first methoxy group was located at C-2 according to
its NOESY correlations with H-1 and H-3. A comparison of 1H and 13C NMR of ring B of 1
with those of dendroinfundin B, a dihydrophenanthrene derivative previously reported
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from Dendrobium infundibulum [56], revealed their structural similarity by the presence of
two doublet protons at δ 6.84 (1H, d, J = 8.5 Hz, H-7) and 6.88 (1H, d, J = 8.5 Hz, H-6),
and a methoxy group at δ 3.78 (3H, s, MeO-8). The assignment of H-7 was according to
3-bond correlations of C-8a (δ 129.3) with H-7 and H2-10. The second methoxy group was
substituted at C-8 based on its NOESY correlation with H-7 and H2-9 (Figure 2). Based
on the above spectral evidence, 1 was characterized as 4,5-dihydroxy-2,8-dimethoxy-9,10-
dihydrophenanthrene and named dendrovirginin.
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Compound 2, a red amorphous solid, was analyzed for C16H14O5 from its [M−H]− at
m/z 285.0752 (calcd for C16H13O5 285.0763). The IR spectrum showed absorption bands for
hydroxyl (3416 cm−1), aromatic (2939, 1658 cm−1), and ketone (1722 cm−1) functionalities.
The UV absorptions at 222, 260, 334, and 490 nm suggest a dihydrophenanthrenequinone
nucleus [50]. This was supported by the presence of the 1H NMR signals for two pairs of
methylene protons at δ 2.46 (2H, br s, H2-10) and 2.58 (2H, t, J = 7.0 Hz, H2-9), and the 13C
NMR signals of carbonyl carbon at δ 180.7 (C-1) and 185.1 (C-4). Compound 2 showed
1H and 13C NMR resonances similar to those of 5-methoxy-7-hydroxy-9,10-dihydro-1,4-
phenanthrenequinone (5), a dihydrophenanthrenequinone also isolated from this plant,
except for the presence of a methoxy group (δ 3.82, 3H, s) at C-2 of 2. The substitution of
this methoxy group was supported by the presence of a sharp singlet proton signal of H-3
(δ 5.95, 1H, s), which showed correlations with C-1 (δ 180.7) and C-4a (δ 142.1), and the
NOESY interaction between MeO-2 and H-3 (Figure 2). The 1H NMR also showed two
doublet protons at δ 6.41 (1H, d, J = 2.0 Hz, H-8) and 6.43 (1H, d, J = 2.0 Hz, H-6), and
a methoxy group at δ 3.69 (3H, s, MeO-5). The HMBC correlation of H-8 with C-9 and
the NOESY correlation of H-8 with H2-9 were also observed (Figure 2). The placement of
MeO-5 was supported by its NOESY correlation with H-6. Therefore, compound 2 was
identified as 7-hydroxy-2,5-dimethoxy-9,10-dihydro-1,4-phenanthrenequinone and given
the trivial name dendrovirginone.

3.2. Evaluation of the Effects of Compounds (1–9) on Viability of ARPE-19 Cells

To measure their non-toxic concentrations, compounds 1–9 were tested on ARPE-19
cells before assessing their protection against oxidative stress. The treatment was conducted
for 24 h at 25, 50, and 100 µg/mL. Compounds 1, 2, and 4 at 50 and 100 µg/mL, as well as
compounds 8 and 9 at 100 µg/mL, exhibited cytotoxicity against ARPE-19 cells (Figure 3).
To ensure efficient and continuous activity, the maximum concentration used in subsequent
experiments was 25 µg/mL.
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Figure 3. Evaluation of the effect of compounds (1–9) on cell viability of ARPE-19 cells. Cells were
treated with compounds (1–9) at 25, 50 and 100 µg/mL for 24 h. A 0.5% DMSO was used as a control
group. After incubation, cell viability was determined using an MTT assay. Results present average
cell viability as mean ± SD (n = 4). The symbol * indicates significantly different from the control
group (p < 0.05).

3.3. Evaluation of the Effect of H2O2 on Viability and ROS Production of ARPE-19 Cells

Various concentrations of H2O2 (200–1000 µM) were applied to ARPE-19 cells for 30,
60, and 120 min to determine the concentration required for a roughly 50% reduction in
viability. Results indicated that H2O2 treatment caused a concentration and time-dependent
decrease in cell viability and an increase in ROS production (Figure 4A,B). Treatment with
400 µM of H2O2 for 60 min caused a 50% reduction in cell viability (Figure 4A). As a result,
400 µM of H2O2 for 60 min was employed to generate oxidative stress in ARPE-19 cells.
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Figure 4. Evaluation of the effect of H2O2 on cell viability and ROS production of ARPE-19 cells.
Cells were treated at various concentrations of H2O2 (200–1000 µM) for 30, 60 and 120 min. (A) Cell
viability and (B) ROS production were measured using MTT and DCFH-DA assays, respectively.
Results present cell viability and relative fluorescence related to ROS production as mean ± SD
(n = 4). The symbol * indicates significantly different from the control group (p < 0.05).
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3.4. Evaluation of the Effect of Compounds (1–9) on Cell Viability of Oxidative-Stress-Induced
ARPE-19 Cells

To assess their protective effects against H2O2-induced oxidative stress in ARPE-19
cells, compounds 1–9 were evaluated by pre-incubating cells with each compound at
25 µg/mL for 24 h. After washing with serum-free media, cells were treated with serum-
free media containing 400 µM of H2O2 for 60 min. Among the compounds, compound 3
showed the highest protective effect against oxidative stress in ARPE-19 cells (Figure 5A)
without inducing toxicity in normal ARPE-19 cells (Figure 5B). Therefore, compound 3 was
selected to evaluate its protective mechanism in oxidative-stress-induced ARPE-19 cells.
As shown in Figure 3, the cytotoxicity results revealed that the maximum concentration
of compound 3 at 100 µg/mL had no significant impact on viability of ARPE-19 cells
compared with the control. Consequently, concentrations of 25, 50, and 100 µg/mL of
compound 3 were chosen for the protective mechanism studies.
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Figure 5. Evaluation of the effect of compounds (1–9) on cell viability in oxidative-stress-induced
ARPE-19 cells. (A) Cells were pre-treated with compounds (1–9) at 25 µg/mL for 24 h. After
incubation, cells were induced with 400 µM H2O2 for 60 min. (B) Cells were treated with compounds
(1–9) at 25 µg/mL for 24 h. Cell viability was determined using an MTT assay. Results present
average cell viability as mean ± SD (n = 4). Different superscript letters (a–d) indicate significant
differences between values in the column (p < 0.05).

3.5. Evaluation of the Effect of Compound 3 on Cell Viability and ROS Production in
Oxidative-Stress-Induced ARPE-19 Cells

The protective effects of compound 3 against oxidative-stress-induced cell death
in ARPE-19 cells were investigated by pre-incubation with compound 3 at 25, 50, and
100 µg/mL for 24 h followed by induction of oxidative stress with 400 µM H2O2 for 60 min.
The protective effect of compound 3 against H2O2-induced oxidative stress was supported
by inverted microscopic analysis (Figure 6A). H2O2 treatment caused a 50% decrease in cell
viability compared with the control group (Figure 6B). However, compound 3 significantly
(p < 0.05) protected the cell viability of ARPE-19 cells in a dose-dependent manner when
compared with the H2O2 group (Figure 6B). In terms of ROS production, H2O2 signifi-
cantly (p < 0.05) increased ROS production compared with the control group (Figure 6C).
On the other hand, compound 3 significantly (p < 0.05) decreased ROS production in a
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dose-dependent manner when compared with the H2O2 group (Figure 6C). These find-
ings suggest that compound 3 protects ARPE-19 cells against oxidative-stress-induced
cytotoxicity by reducing ROS production dose-dependently.
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promoted H2O2-induced apoptosis [57]. The current study explored whether the same 

Figure 6. Evaluation of the effect of compound 3 on cell viability and ROS production in oxidative-
stress-induced ARPE-19 cells. Cells were pre-treated with compound 3 at 25, 50 and 100 µg/mL
for 24 h, followed by incubation with H2O2 at 400 µM for 60 min. (A) Cell morphology under all
experimental conditions was observed by phase-contrast microscopy. Scale bar represents 100 µm;
(B) viability of cells was determined using an MTT assay; (C) production of ROS was measured
by a DCFH-DA assay. Results present average cell viability and ROS production as mean ± SD
(n = 4). Different superscript letters (a–e) indicate significant differences between values in the
column (p < 0.05).

3.6. Evaluation of the Effect of Compound 3 on MAPKs Protein Expression in
Oxidative-Stress-Induced ARPE-19 Cells

The protective effects of compound 3 on ARPE-19 cells under oxidative stress were in-
vestigated to determine the underlying molecular mechanisms. Previous research indicated
that phosphorylation of MAPK signaling pathways (p38, ERK1/2, and SAPK/JNK) pro-
moted H2O2-induced apoptosis [57]. The current study explored whether the same pathway
contributed to H2O2-induced cell damage and death. Immunoblotting was used to analyze
protein expression and revealed that incubation of ARPE-19 cells with H2O2 at 400 µM
for 1 h significantly increased the phosphorylation of p38 (p-p38), ERK1/2 (p-ERK1/2),
and SAPK/JNK (p-SAPK/JNK) in comparison with the control group (Figure 7A–C). This
finding suggests that H2O2-induced cell death occurs via the p-p38, p-ERK1/2, and p-
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SAPK/JNK pathways. Pre-incubation with compound 3 (25, 50, and 100 µg/mL) for 24 h
reduced the expression of the phosphorylation form of p38, ERK1/2, and SAPK/JNK in
comparison with the H2O2-induced ARPE-19 cell group (p < 0.05), indicating that com-
pound 3 protects against oxidative stress via a dose-dependent modulation of the MAPKs
signaling pathway.
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Figure 7. Evaluation of the effect of compound 3 on MAPK protein expression in oxidative-stress-
induced ARPE-19 cells. Cells were pre-incubated with compound 3 at 25, 50 and 100 µg/mL for
24 h, followed by incubation with H2O2 at 400 µM for 60 min. The protein expression levels of
phosphorylated p38 (A), ERK1/2 (B), and SAPK/JNK (C) were determined by immunoblotting
from cellular lysates. The densitometry values of the phosphorylated forms of p38, ERK1/2, and
SAPK/JNK were normalized to the total form bands of p38, ERK1/2, and SAPK/JNK, respectively.
Results are presented as mean ± SD values (n = 4). Different superscript letters (a–d) indicate
significant differences between values in the column (p < 0.05).
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3.7. Evaluation of the Effect of Compound 3 on Apoptosis Protein Expression in
Oxidative-Stress-Induced ARPE-19 Cells

To understand how compound 3 protects against oxidative stress, we assessed its
molecular mechanisms by analyzing the apoptosis pathway. Specifically, we evaluated
the levels of downstream targets of the MAPK pathways, such as cytochrome c, Bax
(pro-apoptotic), and Bcl-2 (anti-apoptotic) proteins [58,59]. We determined the expression
of cytochrome c, Bax, and Bcl-2 through immunoblotting in ARPE-19 cells induced with
oxidative stress (Figure 8A–C). Our results demonstrated that H2O2 incubation significantly
increased cytochrome c and Bax levels and decreased Bcl-2 levels compared with the
control group.
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Figure 8. Evaluation of the effect of compound 3 on apoptosis protein expression in oxidative-stress-
induced ARPE-19 cells. Cells were pre-treated with compound 3 at 25, 50 and 100 µg/mL for 24 h,
followed by incubation with 400 µM H2O2 for 60 min. Protein levels of (A) cytochrome c, (B) Bax, and
(C) Bcl2 were examined by immunoblotting. Band densitometry values of cytochrome c, Bax and Bcl-2
were normalized to the band of β-actin. Results are expressed as mean ± SD values (n = 4). Different
superscript letters (a–d) indicate significant differences between values in the column (p < 0.05).

However, pre-incubating cells with compound 3 at concentrations of 25, 50, and
100 µg/mL for 24 h resulted in a significant dose-dependent decrease in the levels of
cytochrome c and Bax proteins, and a significant dose-dependent increase in the level of
Bcl-2 protein compared with the H2O2 group (Figure 8A–C). Thus, in a dose-dependent
manner, the protective effect of compound 3 against oxidative-stress-induced cell death is
mediated by regulating the cytochrome c, Bax, and Bcl-2 proteins in the apoptosis pathway.

3.8. Effect of Compound 3 on Caspase-9 and Caspase-3 Activities in ARPE-19 Cells under
Oxidative Stress

To investigate the anti-apoptotic effect of compound 3 on oxidative-stress-induced
ARPE-19 cells, we examined its impact on caspase-9 and caspase-3 activities. H2O2 ex-
posure significantly (p < 0.05) increased the activity of both caspases compared with the
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control group (Figure 9A,B). However, pre-incubation with compound 3 at 25, 50, and
100 µg/mL for 24 h significantly decreased caspase-9 and caspase-3 activities in a dose-
dependent manner compared with the H2O2 group (Figure 9A,B). These findings indicate
that compound 3 can mitigate H2O2-induced apoptosis from oxidative stress by modulating
the apoptosis pathway via caspase-9 and caspase-3 activities.
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Figure 9. Effect of compound 3 on caspase-9 and caspase-3 activities in oxidative-stress-induced
ARPE-19 cells. Cells were pre-treated with compound 3 at 25, 50 and 100 µg/mL for 24 h, followed
by incubation with H2O2 at 400 µM for 60 min. The treated cells were homogenized in a hypotonic
buffer to obtain the part of the supernatant. The supernatant was determined on (A) caspase-9 and
(B) caspase-3 activities. Results are presented as mean ± SD values (n = 4). Different superscript
letters (a–e) indicate significant differences between values in the column (p < 0.05).

3.9. Evaluation of the Effect of Compound 3 on SOD, CAT, and GPx Activities as well as GSH
Levels in ARPE-19 Cells under Oxidative Stress

To determine whether compound 3 modulates enzymatic antioxidants such as su-
peroxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), as well as
the non-enzymatic antioxidant glutathione (GSH), we examined their activities and levels
in ARPE-19 cells under oxidative stress. Results showed that H2O2 incubation signifi-
cantly decreased SOD, CAT, and GPx activities, and GSH levels compared with the control
group (p < 0.05) (Figure 10A–D). However, pre-incubation of cells with compound 3 at
concentrations of 25, 50, and 100 µg/mL for 24 h significantly improved SOD, CAT, and
GPx activities, and GSH levels in a dose-dependent manner in ARPE-19 cells induced
with oxidative stress (Figure 10A–D). Interestingly, incubation with only compound 3
at a concentration of 100 µg/mL significantly increased SOD, CAT, and GPx activities,
and GSH levels compared with the control group (Figure 10A–D). These findings suggest
that pre-treatment with compound 3 could enhance the antioxidant system in RPE cells
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and protect against potential oxidative stress inducers. The findings suggest that prior
administration of compound 3 could enhance the antioxidant system of ARPE-19, thus
providing protection against potential triggers of oxidative stress.
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Figure 10. Evaluation of the effect of compound 3 on SOD, CAT, and GPx activities, and GSH levels
in oxidative-stress-induced ARPE-19 cells. Cells were pre-treated with compound 3 at 25, 50 and
100 µg/mL for 24 h, followed by incubation with H2O2 at 400 µM for 60 min. (A) SOD, (B) CAT, and
(C) GPx activities, and (D) GSH levels using the respective assay kits. Results are presented as mean
± SD values (n = 4). Different superscript letters (a–f) indicate significant differences between values
in the column (p < 0.05).

4. Discussion

Plants in the genus Dendrobium have been traditionally used for medicinal purposes,
and one of the benefits of Dendrobium extract is vision improvement [46]. In this study, we
initially investigated the protective effects of the MeOH extract from the whole plants of
D. virgineum on H2O2-induced oxidative stress in ARPE-19 cells. Chromatographic isolation
of this plant led to the isolation of two new compounds, dendrovirginin (compound 1) and
dendrovirginone (compound 2), along with seven known compounds (compounds 3–9).
The isolated compounds from the plant were subsequently evaluated for their cytotoxicity
and protective effects on ARPE-19 cells under oxidative stress. Among the isolated com-
pounds, only compound 3 showed the highest protective effect without inducing toxicity.
Therefore, compound 3 could be a potential candidate for treating oxidative-stress-related
eye diseases and was chosen for further protective effect and mechanism evaluation.

This study represents the first demonstration of the protective effects of the nat-
ural bioactive compound, compound 3, belonging to the dihydrophenanthrene group,
isolated from D. virgineum, against oxidative stress in ARPE-19 cells. Compound 3 ex-
hibited its protective effect by modulating the key apoptotic mitogen-activated protein
kinases (MAPKs), namely p38, extracellular-signal-regulated kinases 1/2 (ERK1/2 or
p44/42), and stress-activated protein kinases/c-Jun N-terminal kinases (SAPK/JNK), as
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well as the apoptotic signaling pathway, encompassing Bax, Bcl-2, and cytochrome c.
Furthermore, compound 3 could protect ARPE-19 under oxidative stress by enhancing
the activities of enzymatic antioxidant systems, including SOD, CAT, and GPx, and the
non-enzymatic antioxidant GSH. Previous studies have demonstrated that natural bioac-
tive compounds belonging to the dihydrophenanthrene group possess direct antioxidant
activities in 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), and cupric ion reducing antioxidant capacity (CUPRAC) assays [60].
Hence, it is plausible that compound 3 may confer its protective effect on oxidative stress
in ARPE-19 cells via direct antioxidant activity. Taken together, these findings emphasize
the potential utility of compound 3 as a prophylactic agent for AMD.

Moreover, we found that compound 3 exerts a protective effect via the modulation
of phosphorylation of MAPKs signaling, namely p38, ERK1/2, and SAPK/JNK. These
MAPKs play essential roles in cellular functions such as apoptosis and proliferation [58,59].
Transient or acute stimulation of this pathway is crucial for normal cell survival, whereas
sustained or chronic stimulation can lead to cell death. Such studies show that stimulating
these MAPKs can cause downstream expression of apoptotic regulators, including Bax
(pro-apoptotic), Bcl-2 (anti-apoptotic), and cytochrome c. In addition, the phosphorylation
of MAPKs is strongly related to the promotion of H2O2-induced cell apoptosis and death
in RPE cells [59,61,62]. Hence, assessing the activation of MAPK and the expression of
downstream molecules such as Bax, Bcl-2, and cytochrome c provides insights into the
mechanism of H2O2-induced apoptosis in ARPE-19. The treatment of H2O2 led to an
increase in the phosphorylation of p38, ERK1/2, and SAPK/JNK in ARPE-19. As a result,
there was an increase in Bax and cytochrome c expression, along with a decrease in Bcl-2
expression, indicating that cell death following H2O2 treatment occurred via the apoptotic
signaling pathway. Pre-incubation with compound 3 prevented these changes, leading
to increased cell viability under oxidative stress by H2O2. These findings highlight the
potential of compound 3 as a preventive agent for oxidative-induced cell dysfunction and
death in RPE cells, particularly in the case of AMD.

Additionally, pre-incubation with compound 3 increased the activities of key enzy-
matic antioxidants such as superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx), as well as the levels of the non-enzymatic antioxidant glutathione (GSH).
These results suggest that compound 3 can function indirectly as an antioxidant by enhanc-
ing the activities and levels of these critical antioxidants. Under oxidative stress conditions
induced by incubation with H2O2, we observed a decrease in the activities of SOD, CAT,
and GPx, as well as the levels of GSH. However, pre-incubation with compound 3 improved
the activities of these enzymes and the level of GSH in comparison with the cells under
oxidative stress. Furthermore, under normal conditions, where the cells were pre-incubated
with compound 3 without H2O2, we observed a significant increase in SOD, CAT, and GPx
activities, as well as GSH levels compared with the control group. These results indicate
that the pre-treatment of compound 3 could support oxidative stress protection by enhanc-
ing the SOD, CAT, and GPx activities, and the levels of GSH. A previous study showed
that bioactive compounds from the Dendrobium extract protected HaCaT keratinocytes
cells from oxidative stress by activating non-enzymatic and enzymatic antioxidant systems,
leading to reduced ROS production [63]. Another study showed that the bioactive com-
pounds in the dihydrophenanthrene group increased enzymatic antioxidant activity in
polymorphonuclear leukocytes [64].

The exact mechanisms by which compound 3 influences SOD, CAT, and GPx activities,
as well as the GSH level, were not evaluated in this study. However, previous studies
have reported that antioxidant compounds can protect RPE cells against oxidative stress by
activating the signaling pathway of Akt/Nrf2 [65,66]. This pathway relates the translocation
of Nrf2 into the nucleus, which leads to the expression of various non-enzymatic and
enzymatic antioxidants. Numerous studies have reported that dihydrophenanthrene
compounds, such as compound 3, exert protective effects against oxidative stress by
activating the Nrf2 signaling pathway [67,68]. Therefore, it is likely that compound 3
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can influence the levels of the non-enzymatic and enzymatic antioxidants through this
pathway. Our findings suggest that compound 3 can protect RPE cells from oxidative stress
by enhancing the activities of key enzymatic antioxidants, such as SOD, CAT, and GPx, and
the level of GSH. Further studies are needed to elucidate the precise mechanisms by which
compound 3 influences these antioxidants’ activities and levels.

5. Conclusions

In conclusion, the study shows that compound 3, a dihydrophenanthrene group
compound isolated from Dendrobium virgineum, has a protective effect against oxidative-
stress-induced damage in ARPE-19 cells by modulating key apoptotic signaling pathways
and enhancing the activities of enzymatic and non-enzymatic antioxidants (Figure 11).
These findings suggest that compound 3 has potential as a prophylactic agent for AMD
and other oxidative-stress-related eye diseases. The study also highlights the importance
of evaluating the activation of MAPKs and the apoptosis pathway to understand how
oxidative stress induces apoptosis in RPE cells. The discovery of new natural bioactive
compounds such as compound 3 provides opportunities for the development of novel
therapeutic agents to prevent and treat oxidative-stress-induced diseases.
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Figure 11. A schematic showed the proposed mechanism. (A) H2O2 induces oxidative stress in ARPE-
19 cells, which leads to cell death via MAPKs signaling and apoptosis pathways. (B) The protective
effect of compound 3 on oxidative-stress-induced ARPE-19 cells; pretreatment of compound 3 could
protect RPE-19 cells against induced oxidative stress through its ability to scavenge ROS and enhance
enzymatic (SOD, GPx, and CAT) and non-enzymatic (GSH) antioxidants.

Author Contributions: Conceptualization, C.M., P.R. and B.S.; data curation, P.P., R.P. and C.M.;
formal analysis, P.P., C.M., P.R. and B.S.; investigation, P.P., R.P., P.M., V.K. and W.M.; method-
ology, P.P., R.P., V.K., C.M., K.L. and B.S.; resources, P.R. and B.S.; supervision, P.R., K.L. and B.S.;
writing—original draft, V.K., C.M. and B.S.; writing—review & editing, C.M., P.R. and B.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research is funded by Thailand Science Research and Innovation Fund Chulalongkorn
University (CU_FRB65_hea (57)_066_33_10) and Center of Excellence in Natural Products for Ageing
and Chronic Diseases, Chulalongkorn University, Bangkok 10330, Thailand.



Antioxidants 2023, 12, 624 18 of 20

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article.

Acknowledgments: V.K. is grateful to Chulalongkorn University for a C2F (Second Century Fund)
Ph.D. scholarship.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wong, C.W.; Yanagi, Y.; Lee, W.K.; Ogura, Y.; Yeo, I.; Wong, T.Y.; Cheung, C.M.G. Age-related macular degeneration and

polypoidal choroidal vasculopathy in Asians. Prog. Retin. Eye Res. 2016, 53, 107–139. [CrossRef] [PubMed]
2. Fleckenstein, M.; Tiarnán, D.L.K.; Guymer, R.H.; Chakravarthy, U.; Steffen Schmitz-Valckenberg, S.; Klaver, C.C.; Wong, W.T.;

Chew, E.W. Age-related macular degeneration. Nat. Rev. Dis. Primers 2021, 7, 31. [CrossRef] [PubMed]
3. Mitchell, P.; Liew, G.; Gopinath, B.; Wong, T.Y. Age-related macular degeneration. Lancet 2018, 392, 1147–1159. [CrossRef]

[PubMed]
4. Keenan, T.D.L.; Cukras, C.A.; Chew, E.Y. Age-related macular degeneration: Epidemiology and clinical aspects. Adv. Exp. Med.

Biol. 2021, 1256, 1–31.
5. Singh, N.; Srinivasan, S.; Muralidharan, V.; Roy, R.; Jayprakash, V.; Raman, R. Prevention of age-related macular degeneration.

Asia Pac. J. Ophthalmol. 2017, 6, 520–526. [CrossRef]
6. Taylor, D.J.; Hobby, A.E.; Binns, A.M.; Crabb, D.P. How does age-related macular degeneration affect real-world visual ability and

quality of life? A systematic review. BMJ Open 2016, 6, e011504. [CrossRef] [PubMed]
7. Al-Zamil, W.M.; Yassin, S.A. Recent developments in age-related macular degeneration: A review. Clin. Interv. Aging 2017, 12,

1313–1330. [CrossRef]
8. García-Layana, A.; Cabrera-López, F.; García-Arumí, J.; Arias-Barquet, L.; Ruiz-Moreno, J.M. Early and intermediate age-related

macular degeneration: Update and clinical review. Clin. Interv. Aging 2017, 12, 1579–1587. [CrossRef]
9. Stahl, A. The diagnosis and treatment of age-related macular degeneration. Dtsch. Arztebl. Int. 2020, 117, 513–520. [CrossRef]
10. Jonas, J.B.; Cheung, C.M.G.; Panda-Jonas, S. Updates on the epidemiology of age-related macular degeneration. Asia Pac. J.

Ophthalmol. 2017, 6, 493–497.
11. Ding, X.; Patel, M.; Chan, C.C. Molecular pathology of age-related macular degeneration. Prog. Retin. Eye Res. 2009, 28, 1–18.

[CrossRef] [PubMed]
12. Kay, P.; Yang, Y.C.; Paraoan, L. Directional protein secretion by the retinal pigment epithelium: Roles in retinal health and the

development of age-related macular degeneration. J. Cell. Mol. Med. 2013, 17, 833–843. [CrossRef] [PubMed]
13. Ruan, Y.; Jiang, S.; Gericke, A. Age-related macular degeneration: Role of oxidative stress and blood vessels. Int. J. Mol. Sci. 2021,

22, 1296. [CrossRef]
14. Somasundaran, S.; Constable, I.J.; Mellough, C.B.; Carvalho, L.S. Retinal pigment epithelium and age-related macular degenera-

tion: A review of major disease mechanisms. Clin. Exp. Ophthalmol. 2020, 48, 1043–1056. [CrossRef]
15. Zhang, Z.Y.; Bao, X.L.; Cong, Y.Y.; Fan, B.; Li, G.Y. Autophagy in age-related macular degeneration: A regulatory mechanism of

oxidative stress. Oxidative Med. Cell. Longev. 2020, 2020, 2896036. [CrossRef] [PubMed]
16. Delcourt, C.; Michel, F.; Colvez, A.; Lacroux, A.; Delage, M.; Vernet, M.H. Associations of cardiovascular disease and its risk

factors with age-related macular degeneration: The POLA study. Ophthalmic Epidemiol. 2001, 8, 237–249. [CrossRef] [PubMed]
17. Terluk, M.R.; Ebeling, M.C.; Fisher, C.R.; Kapphahn, R.J.; Yuan, C.; Kartha, R.V.; Montezuma, S.R.; Ferrington, D.A. N-acetyl-L-

cysteine protects human retinal pigment epithelial cells from oxidative damage: Implications for age-related macular degeneration.
Oxidative Med. Cell. Longev. 2019, 2019, 5174957. [CrossRef]

18. Brown, E.E.; DeWeerd, A.J.; Ildefonso, C.J.; Lewin, A.S.; Ash, J.D. Mitochondrial oxidative stress in the retinal pigment epithelium
(RPE) led to metabolic dysfunction in both the RPE and retinal photoreceptors. Redox Biol. 2019, 24, 101201. [CrossRef]

19. Rohowetz, L.J.; Kraus, J.G.; Koulen, P. Reactive oxygen species-mediated damage of retinal neurons: Drug development targets
for therapies of chronic neurodegeneration of the retina. Int. J. Mol. Sci. 2018, 19, 3362. [CrossRef]

20. Datta, S.; Cano, M.; Ebrahimi, K.; Wang, L.; Handa, J.T. The impact of oxidative stress and inflammation on RPE degeneration in
non-neovascular AMD. Prog. Retin Eye Res. 2017, 60, 201–218. [CrossRef]

21. Chen, Y.; Wang, Z.Q.; Huang, Y.; Feng, S.Y.; Zheng, Z.C.; Liu, X.J.; Liu, M.M. Label-free detection of hydrogen peroxide-induced
oxidative stress in human retinal pigment epithelium cells via laser tweezers Raman spectroscopy. Biomed. Opt. Express 2019, 10,
500–513. [CrossRef] [PubMed]

22. Domènech, E.B.; Marfany, G. The relevance of oxidative stress in the pathogenesis and therapy of retinal dystrophies. Antioxidants
2020, 9, 347. [CrossRef] [PubMed]

23. Beatty, S.; Koh, H.; Phil, M.; Henson, D.; Boulton, M. The role of oxidative stress in the pathogenesis of age-related macular
degeneration. Surv. Ophthalmol. 2000, 45, 115–134. [CrossRef] [PubMed]

http://doi.org/10.1016/j.preteyeres.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27094371
http://doi.org/10.1038/s41572-021-00265-2
http://www.ncbi.nlm.nih.gov/pubmed/33958600
http://doi.org/10.1016/S0140-6736(18)31550-2
http://www.ncbi.nlm.nih.gov/pubmed/30303083
http://doi.org/10.22608/APO2017416
http://doi.org/10.1136/bmjopen-2016-011504
http://www.ncbi.nlm.nih.gov/pubmed/27913556
http://doi.org/10.2147/CIA.S143508
http://doi.org/10.2147/CIA.S142685
http://doi.org/10.3238/arztebl.2020.0513
http://doi.org/10.1016/j.preteyeres.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19026761
http://doi.org/10.1111/jcmm.12070
http://www.ncbi.nlm.nih.gov/pubmed/23663427
http://doi.org/10.3390/ijms22031296
http://doi.org/10.1111/ceo.13834
http://doi.org/10.1155/2020/2896036
http://www.ncbi.nlm.nih.gov/pubmed/32831993
http://doi.org/10.1076/opep.8.4.237.1613
http://www.ncbi.nlm.nih.gov/pubmed/11471092
http://doi.org/10.1155/2019/5174957
http://doi.org/10.1016/j.redox.2019.101201
http://doi.org/10.3390/ijms19113362
http://doi.org/10.1016/j.preteyeres.2017.03.002
http://doi.org/10.1364/BOE.10.000500
http://www.ncbi.nlm.nih.gov/pubmed/30800495
http://doi.org/10.3390/antiox9040347
http://www.ncbi.nlm.nih.gov/pubmed/32340220
http://doi.org/10.1016/S0039-6257(00)00140-5
http://www.ncbi.nlm.nih.gov/pubmed/11033038


Antioxidants 2023, 12, 624 19 of 20

24. Grune, T.; Jung, T.; Merker, K.; Davies, K.J. Decreased proteolysis caused by protein aggregates, inclusion bodies, plaques,
lipofuscin, ceroid, and ‘aggresomes’ during oxidative stress, aging, and disease. Int. J. Biochem. Cell Biol. 2004, 36, 2519–2530.
[CrossRef] [PubMed]

25. Giansanti, V.; Rodriguez, G.E.; Savoldelli, M.; Gioia, R.; Forlino, A.; Mazzini, G.; Pennati, M.; Zaffaroni, N.; Scovassi, A.I.; Torriglia,
A. Characterization of stress response in human retinal epithelial cells. J. Cell. Mol. Med. 2013, 17, 103–115. [CrossRef] [PubMed]

26. Hecquet, C.; Lefevre, G.; Valtink, M.; Engelmann, K.; Mascarelli, F. Activation and role of map kinase-dependent pathways in
retinal pigment epithelial cells: Erk and Rpe cell proliferation. Investig. Ophthalmol. Vis. Sci. 2002, 43, 3091–3098.

27. Vaseva, A.V.; Moll, U.M. The mitochondrial P53 pathway. Biochim. Biophys. Acta 2009, 1787, 414–420. [CrossRef]
28. McIlwain, D.R.; Berger, T.; Mak, T.W. Caspase functions in cell death and disease. Cold Spring Harb. Perspect. Biol. 2013, 5, a008656.

[CrossRef]
29. Plestina-Borjan, I.; Katusic, D.; Medvidovic-Grubisic, M.; Supe-Domic, D.; Bucan, K.; Tandara, L.; Rogosic, V. Association of

age-related macular degeneration with erythrocyte antioxidant enzymes activity and serum total antioxidant status. Oxidative
Med. Cell. Longev. 2015, 2015, 804054. [CrossRef]

30. Liles, M.R.; Newsome, D.A.; Oliver, P.D. Antioxidant enzymes in the aging human retinal pigment epithelium. Arch. Ophthalmol.
1991, 109, 1285–1288. [CrossRef]

31. Luo, X.; Gu, S.; Zhang, Y.; Zhang, J. Kinsenoside ameliorates oxidative stress-induced Rpe cell apoptosis and inhibits angiogenesis
via Erk/P38/Nf-Kb/VEGF signaling. Front. Pharmacol. 2018, 9, 240. [CrossRef] [PubMed]

32. Wang, Y.; Zhao, L.; Lu, F.; Yang, X.; Deng, Q.; Ji, B.; Huang, F. Retinoprotective effects of bilberry anthocyanins via antioxidant,
anti-inflammatory, and anti-apoptotic mechanisms in a visible light-induced retinal degeneration model in pigmented rabbits.
Molecules 2015, 20, 22395–22410. [CrossRef] [PubMed]

33. Nashine, S.; Kanodia, R.; Nesburn, A.B.; Soman, G.; Kuppermann, B.D.; Kenney, M.C. Nutraceutical effects of Emblica officinalis in
age-related macular degeneration. Aging 2019, 11, 1177–1188. [CrossRef] [PubMed]

34. Fan, X.; Han, J.; Zhu, L.; Chen, Z.; Li, J.; Gu, Y.; Wang, F.; Wang, T.; Yue, Y.; Shang, J. Protective activities of Dendrobium huoshanense
C. Z. Tang Et S. J. Cheng polysaccharide against high-cholesterol diet-induced atherosclerosis in zebrafish. Oxidative Med. Cell.
Longev. 2020, 2020, 8365056. [CrossRef] [PubMed]

35. Yeow, L.C.; Chew, B.L.; Sreeramanan, S. Elevation of secondary metabolites production through light-emitting diodes (LEDs)
illumination in protocorm-like bodies (PLBs) of Dendrobium hybrid orchid rich in phytochemicals with therapeutic effects.
Biotechnol. Rep. 2020, 27, e00497. [CrossRef]

36. Hossain, M.M. Therapeutic orchids: Traditional uses and recent advances-an overview. Fitoterapia 2011, 82, 102–140. [CrossRef]
37. Pawlowska, E.; Szczepanska, J.; Koskela, A.; Kaarniranta, K.; Blasiak, J. Dietary polyphenols in age-related macular degeneration:

Protection against oxidative stress and beyond. Oxidative Med. Cell. Longev. 2019, 2019, 9682318. [CrossRef]
38. Bungau, S.; Abdel-Daim, M.M.; Tit, D.M.; Ghanem, E.; Sato, S.; Maruyama-Inoue, M.; Yamane, S.; Kadonosono, K. Health benefits

of polyphenols and carotenoids in age-related eye diseases. Oxidative Med. Cell. Longev. 2019, 2019, 9783429. [CrossRef]
39. Mrowicka, M.; Mrowicki, J.; Kucharska, E.; Majsterek, I. Lutein and zeaxanthin and their roles in age-related macular

degeneration—Neurodegenerative disease. Nutrients 2022, 14, 827. [CrossRef]
40. Wen, J.; Cheng, H.Y.; Feng, Y.F.; Huang, H.; Liao, Y.J.; Liu, Y.C.; Yang, S.Y.; Xia, Z.Y. Sulforaphane mitigates retinal oxidative stress

and inflammation in streptozotocin-induced diabetic rats. Oxidative Med. Cell. Longev. 2019, 2019, 9682318.
41. Cheng, H.Y.; Liu, Y.C.; Huang, H.; Yang, S.Y.; Liao, Y.J.; Wen, J.; Xia, Z.Y. Inhibitory effects of sulforaphane on retinal neovascular-

ization via retinal pigment epithelial cells: Evidences from in vitro and in vivo studies. Oxidative Med. Cell. Longev. 2019, 2019,
9783429.

42. Li, Y.; Li, W.; Lv, L.; Chen, Q.; Li, M.; Liu, H.; Cheng, Y.; Zhou, L.; Li, C.; Yao, Y. Zeaxanthin attenuates retinal microglia activation
and inflammatory response in vitro and in vivo. Nutrients 2022, 14, 827.

43. Faggio, C.; Sureda, A.; Morabito, S.; Sanches-Silva, A.; Mocan, A.; Nabavi, S.M.; Atanasov, A.G.; Trombetta, D. Flavonoids and
age-related macular degeneration: An updated review of prospective cohort studies. Molecules 2018, 23, 2058.

44. Gorusupudi, A.; Nelson, K.; Bernstein, P.S. The age-related eye disease 2 study: Micronutrients in the treatment of macular
degeneration. Adv. Nutr. 2017, 8, 40–53. [CrossRef]

45. SanGiovanni, J.P.; Chew, E.Y.; Clemons, T.E.; Ferris, F.L.; Gensler, G.; Lindblad, A.S.; Milton, R.C.; Seddon, J.M.; Sperduto, R.D.
The relationship of dietary carotenoid and vitamin A, E, and C intake with age-related macular degeneration in a case-control
study: AREDS Report No. 22. Arch. Ophthalmol. 2007, 125, 1225–1232.

46. Wei, X.; Chen, D.; Yi, Y.; Qi, H.; Gao, X.; Fang, H.; Gu, Q.; Wang, L.; Gu, L. Syringic acid extracted from Herba Dendrobii prevents
diabetic cataract pathogenesis by inhibiting aldose reductase activity. Evid. Based Complement. Altern. Med. 2012, 2012, 426537.
[CrossRef]

47. Vaddhanaphuti, C. The Thai state and ethnic minorities: From assimilation to selective integration. In Ethnic Conflicts in Southeast
Asia; Institute of Southeast Asian Studies: Singapore, 2005.

48. Matsuda, H.; Morikawa, T.; Xie, H.; Yoshikawa, M. Antiallergic phenanthrenes and stilbenes from the tubers of Gymnadenia
conopsea. Planta Med. 2004, 70, 847–855. [CrossRef]

49. Chen, Y.; Junju, X.; Hong, Y.; Chen, Q.; Yanli, Z.; Liqin, W.; Ying, L.; Jihua, W. Cytotoxic phenolics from Bulbophyllum odoratissimum.
Food Chem. 2008, 107, 169–173. [CrossRef]

http://doi.org/10.1016/j.biocel.2004.04.020
http://www.ncbi.nlm.nih.gov/pubmed/15325589
http://doi.org/10.1111/j.1582-4934.2012.01652.x
http://www.ncbi.nlm.nih.gov/pubmed/23205553
http://doi.org/10.1016/j.bbabio.2008.10.005
http://doi.org/10.1101/cshperspect.a008656
http://doi.org/10.1155/2015/804054
http://doi.org/10.1001/archopht.1991.01080090111033
http://doi.org/10.3389/fphar.2018.00240
http://www.ncbi.nlm.nih.gov/pubmed/29615910
http://doi.org/10.3390/molecules201219785
http://www.ncbi.nlm.nih.gov/pubmed/26694327
http://doi.org/10.18632/aging.101820
http://www.ncbi.nlm.nih.gov/pubmed/30792375
http://doi.org/10.1155/2020/8365056
http://www.ncbi.nlm.nih.gov/pubmed/32724495
http://doi.org/10.1016/j.btre.2020.e00497
http://doi.org/10.1016/j.fitote.2010.09.007
http://doi.org/10.1155/2019/9682318
http://doi.org/10.1155/2019/9783429
http://doi.org/10.3390/nu14040827
http://doi.org/10.3945/an.116.013177
http://doi.org/10.1155/2012/426537
http://doi.org/10.1055/s-2004-827234
http://doi.org/10.1016/j.foodchem.2007.07.077


Antioxidants 2023, 12, 624 20 of 20

50. Sritularak, B.; Anuwat, M.; Likhitwitayawuid, K. A new phenanthrenequinone from Dendrobium draconis. J. Asian Nat. Prod. Res.
2011, 13, 251–255. [CrossRef]

51. Bertelli, D.; Papotti, G.; Bortolotti, L.; Marcazzan, G.L.; Plessi, M. 1H-NMR Simultaneous identification of health-relevant
compounds in propolis extracts. Phytochem. Anal. 2012, 23, 260–266. [CrossRef]

52. Majumder, P.L.; Pal, S. Cumulatin and tristin, two bibenzyl derivatives from the orchids Dendrobium cumulatum and Bulbophyllum
triste. Phytochemistry 1993, 32, 1561–1565. [CrossRef]

53. Hu, J.M.; Chen, J.J.; Yu, H.; Zhao, Y.X.; Zhou, J. Five new compounds from Dendrobium longicornu. Planta Med. 2008, 74, 535–539.
[CrossRef]

54. Li, S.C.; Shichao, H.; Shijie, Z.; Xingmei, D.; Haoyu, Y.; Jie, S.; Aihua, P.; Lijuan, C. Elution–extrusion counter-current chromatog-
raphy separation of five bioactive compounds from Dendrobium chrysototxum Lindl. J. Chromatogr. A 2011, 1218, 3124–3128.
[CrossRef]

55. Lin, Y.; Wang, F.; Yang, L.J.; Chun, Z.; Bao, J.K.; Zhang, G.L. Anti-inflammatory phenanthrene derivatives from stems of
Dendrobium denneanum. Phytochemistry 2013, 95, 242–251. [CrossRef]

56. Na Ranong, S.; Likhitwitayawuid, K.; Mekboonsonglarp, W.; Sritularak, B. New dihydrophenanthrenes from Dendrobium
infundibulum. Nat. Prod. Res. 2019, 33, 420–426. [CrossRef]

57. Fan, Z.; Wang, X.; Zhang, M.; Zhao, C.; Mei, C.; Li, P. Mapk pathway inhibitors attenuated hydrogen peroxide induced damage in
neural cells. Biomed. Res. Int. 2019, 2019, 5962014. [CrossRef]

58. Teiji, W.; Penninger, J.M. Mitogen-activated protein kinases in apoptosis regulation. Oncogene 2004, 23, 2838–2849.
59. Yue, J.; López, J.M. Understanding Mapk signaling pathways in apoptosis. Int. J. Mol. Sci. 2020, 21, 2346. [CrossRef]
60. Amina, B.; Touil, A.; Bensouici, C.; Bendif, H.; Rhouati, S. Phenanthrene and dihydrophenanthrene derivatives from Dioscorea

communis with anticholinesterase, and antioxidant activities. Nat. Prod. Res. 2019, 33, 3278–3282.
61. Muangnoi, C.; Phumsuay, R.; Jongjitphisut, N.; Waikasikorn, P.; Sangsawat, M.; Rashatasakhon, P.; Paraoan, L.; Rojsitthisak, P.

Protective effects of a lutein ester prodrug, lutein diglutaric acid, against H2O2-induced oxidative stress in human retinal pigment
epithelial cells. Int. J. Mol. Sci. 2021, 22, 4722. [CrossRef]

62. Muangnoi, C.; Sharif, U.; Ratnatilaka Na Bhuket, P.; Rojsitthisak, P.; Paraoan, L. Protective effects of curcumin ester prodrug, cur-
cumin diethyl disuccinate against H2O2-induced oxidative stress in human retinal pigment epithelial cells: Potential therapeutic
avenues for age-related macular degeneration. Int. J. Mol. Sci. 2019, 20, 3367. [CrossRef]

63. Warinhomhoun, S.; Muangnoi, C.; Buranasudja, V.; Mekboonsonglarp, W.; Rojsitthisak, P.; Likhitwitayawuid, K.; Sritularak, B.
Antioxidant activities and protective effects of dendropachol, a new bisbibenzyl compound from Dendrobium pachyglossum, on
hydrogen peroxide-induced oxidative stress in HaCat keratinocytes. Antioxidants 2021, 10, 252. [CrossRef]

64. Badalamenti, N.; Russi, S.; Bruno, M.; Maresca, V.; Vaglica, A.; Ilardi, V.; Zanfardino, A.; Di Napoli, M.; Varcamonti, M.; Cianciullo,
P.; et al. Dihydrophenanthrenes from a sicilian accession of Himantoglossum robertianum (Loisel.) P. delforge showed antioxidant,
antimicrobial, and antiproliferative activities. Plants 2021, 10, 2776. [CrossRef]

65. Smith, R.E.; Tran, K.; Smith, C.C.; McDonald, M.; Shejwalkar, P.; Hara, K. The role of the Nrf2/Are antioxidant system in
preventing cardiovascular diseases. Diseases 2016, 4, 34. [CrossRef]

66. Liu, S.; Jingbo, P.; Qiang, Z. Signal amplification in the Keap1-Nrf2-are antioxidant response pathway. Redox Biol. 2022, 54, 102389.
[CrossRef]

67. Ou, C.; Jiang, P.; Tian, Y.; Yao, Z.; Yang, Y.; Peng, J.; Zeng, M.; Song, H.; Peng, Q. Fructus Lycii and Salvia miltiorrhiza Bunge
extract alleviate retinitis pigmentosa through Nrf2/HO-1 signaling pathway. J. Ethnopharmacol. 2021, 273, 113993. [CrossRef]

68. Herrera-Bravo, J.; Beltrán-Lissabet, J.F.; Saavedra, K.; Saavedra, N.; Hevia, M.; Alvear, M.; Lanas, F.; Salazar, L.A. Protective effect
of pinot noir pomace extract against the cytotoxicity induced by polycyclic aromatic hydrocarbons on endothelial cells. Food
Chem. Toxicol. 2021, 148, 111947. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1080/10286020.2010.546354
http://doi.org/10.1002/pca.1352
http://doi.org/10.1016/0031-9422(93)85180-Y
http://doi.org/10.1055/s-2008-1074492
http://doi.org/10.1016/j.chroma.2011.03.015
http://doi.org/10.1016/j.phytochem.2013.08.008
http://doi.org/10.1080/14786419.2018.1455050
http://doi.org/10.1155/2019/5962014
http://doi.org/10.3390/ijms21072346
http://doi.org/10.3390/ijms22094722
http://doi.org/10.3390/ijms20133367
http://doi.org/10.3390/antiox10020252
http://doi.org/10.3390/plants10122776
http://doi.org/10.3390/diseases4040034
http://doi.org/10.1016/j.redox.2022.102389
http://doi.org/10.1016/j.jep.2021.113993
http://doi.org/10.1016/j.fct.2020.111947

	Introduction 
	Materials and Methods 
	Experimental 
	Plant Material 
	Extraction and Isolation 
	Culture of ARPE-19 Cells 
	Cell Viability Assay 
	Cytotoxicity Assay of Compounds 1–9 
	Determining the Optimal H2O2 Concentration for Cytotoxicity Induction 
	Assessing the Effect of Compound 3 on ARPE-19 Cells Exposed to H2O2 
	Evaluation of Reactive Oxygen Species (ROS) Production 
	Western Blot Analysis 
	Caspase-9 and -3 Activities 
	SOD, GPx, CAT, and GSH Determination 
	Statistical Analysis 

	Results 
	Structural Characterization 
	Evaluation of the Effects of Compounds (1–9) on Viability of ARPE-19 Cells 
	Evaluation of the Effect of H2O2 on Viability and ROS Production of ARPE-19 Cells 
	Evaluation of the Effect of Compounds (1–9) on Cell Viability of Oxidative-Stress-Induced ARPE-19 Cells 
	Evaluation of the Effect of Compound 3 on Cell Viability and ROS Production in Oxidative-Stress-Induced ARPE-19 Cells 
	Evaluation of the Effect of Compound 3 on MAPKs Protein Expression in Oxidative-Stress-Induced ARPE-19 Cells 
	Evaluation of the Effect of Compound 3 on Apoptosis Protein Expression in Oxidative-Stress-Induced ARPE-19 Cells 
	Effect of Compound 3 on Caspase-9 and Caspase-3 Activities in ARPE-19 Cells under Oxidative Stress 
	Evaluation of the Effect of Compound 3 on SOD, CAT, and GPx Activities as well as GSH Levels in ARPE-19 Cells under Oxidative Stress 

	Discussion 
	Conclusions 
	References

