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ABSTRACT: This study investigated the antioxidative characteristics of Zea mays L. purple corn cob and husk extract 
(PCHE) and its potential protective effects against blue light (BL)-induced damage in N-retinylidene-N-retinylethanol-
amine (A2E)-accumulated ARPE-19 retinal pigment epithelial cells. PCHE had a 2,2-diphenyl-1-picrylhydrazyl radical-scav-
enging capacity and Trolox equivalent antioxidant capacity of 1.28±0.43 mM Trolox equivalents (TE)/g and 2,545.41± 
34.13 mM TE/g, respectively. Total content of anthocyanins, polyphenols, and flavonoids in the PCHE was 11.13±0.10 mg 
cyanidin-3-glucoside equivalents/100 g, 227.90±7.38 mg gallic acid equivalents/g, and 117.75±2.46 mg catechin equiv-
alents/g, respectively. PCHE suppressed the accumulation of A2E and the photooxidation caused by BL in a dose-depend-
ent manner. After initial treatment with 25 M/mL A2E and BL, ARPE-19 cells showed increased cell viability following 
additional treatment with 15 g/mL PCHE while the expression of the p62 sequestosome 1 decreased, whereas that of 
heme oxygenase-1 protein increased compared with that in cells without PCHE treatment. This suggests that PCHE may 
slow the autophagy induced by BL exposure in A2E-accumulated retinal cells and protect them against oxidative stress. 
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INTRODUCTION

Exposure to blue light (BL) causes damage and dysfunc-
tion in the retinal pigment epithelium (RPE) of the eye 
(Peng et al., 2022). The increased use of artificial light-
ing from devices such as mobile phones and computers 
has led to higher levels of exposure to BL. The BL spec-
trum within the visible range (400－500 nm) has high 
levels of energy and can be transmitted through the lens 
to the retina to damage the RPE and photoreceptor cells 
(Hunter et al., 2012). Lipofuscin-derived fluorophore N- 
retinylidene-N-retinylethanolamine (A2E) accumulates in 
RPE cells and is a major cause of light-induced retinal 
damage (Brandstetter et al., 2015; Peng et al., 2022). A2E 
contributes to the formation of reactive oxygen species 
(ROS) and triggers apoptosis in BL-exposed RPE cells 
(Jeong et al., 2019). Light exposure increases oxygen 
consumption, oxidizes polyunsaturated fatty acids, and 
induces photoreceptor outer segment phagocytosis, gen-

erating high levels of free radicals (Upadhyay et al., 2020). 
Furthermore, RPE cell dysfunction is linked to ocular 
diseases such as age-related macular degeneration, reti-
nitis pigmentosa, and diabetic retinopathy (Wang et al., 
2023). Therefore, inhibiting A2E accumulation and re-
ducing A2E-induced cell death could play crucial roles in 
preserving RPE function.

Zea mays L. (corn) is a grain used to meet diverse needs, 
including human food and animal feed requirements. The 
agricultural waste from corn, mainly corn cobs, is often 
left in fields, causing pollution (Dhaneswara et al., 2022), 
and alternative uses for these byproducts are being ex-
plored to enhance their reuse. Anthocyanins, including 
cyanidin-3-glucoside (C-3-G), peonidin-3-glucoside, and 
pelargonidin-3-glucoside, have been identified in purple 
corn husk extracts (PCHE), and the relative abundance 
of C-3-G can be >40% (Li et al., 2008). C-3-G has been 
reported to protect A2E-accumulated RPE cells from 
light-induced damage by inhibiting photooxidation and 
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photodegradation (Wang et al., 2017). C-3-G also pro-
vides a protective effect against hyperglycemia-induced 
blood-retinal barrier damage (Li et al., 2024), and sup-
presses endoplasmic reticulum stress in RPE cells (Peng 
et al., 2022). Autophagy contributes to cell death and 
regulates proteins involved in antioxidant defense, such 
as heme oxygenase-1 (HO-1) in the Nrf2 pathway, which 
interacts with the p62 sequestosome 1 (p62/SQSTM1) 
that is essential for autophagy (Kaarniranta et al., 2017). 
Oxidative stress contributes to many ocular diseases, and 
dysregulated autophagy may exacerbate the condition by 
impairing cellular stress defense mechanisms. Therefore, 
this study investigated the protective effects of purple 
corn byproducts on BL-induced damage in A2E-accumu-
lated RPE cells via changes in autophagy-related protein 
expression.

MATERIALS AND METHODS

Purple corn extract
The PCHE used in this study was prepared according to 
the method patented under KR 10-2016-0081814 and 
obtained from Gangwondo Agricultural Research and 
Extension Services (Chuncheon, Korea). 

Total anthocyanin content
The total anthocyanin content (TAC) of the PCHE was 
determined as described by Moazami Goodarzi et al. 
(2020). PCHE (1 mg) was mixed with potassium chlo-
ride (pH 1.0) and sodium acetate (pH 4.5) buffers, and 
the absorbance was measured at 510 and 700 nm with 
an EPOCH2 microplate reader (Biotek Instruments). The 
TAC was calculated using the following equations and 
expressed in mg of C-3-G equivalents (C3GE) per 100 g 
of extract.

A=(Abs510−Abs700) pH 1.0
−(Abs510−Abs700) pH 4.5 (1)

TAC (mg/100 g)
=(A×MW×DF×V/W×100)/(×L) (2)

where MW=449.2 g/mol, DF is the dilution factor, V is 
the final volume, W is the extract weight, =26,900 
L/mol/cm, and L=1 cm.

Total phenolic content
The total phenolic content (TPC) of the PCHE was mea-
sured using the Folin-Ciocalteu method (Gujral et al., 
2011; Muhialdin et al., 2020). PCHE (20 L/mL) was 
mixed with 10% Folin-Ciocalteu reagent (500 L) and 
20% sodium carbonate (1.5 mL), incubated for 2 h in 
darkness, and the absorbance was measured at 765 nm 
using an EPOCH2 microplate reader. The TPC was quan-

tified using gallic acid as a standard and expressed as mg 
of gallic acid equivalents (GAE) per g of extract.

Total flavonoid content
The total flavonoid content (TFC) of the PCHE was de-
termined as described by Kim et al. (2018). The PCHE 
(100 L) was mixed with 1.25 mL of distilled water and 
75 L of 5% sodium nitrate for 6 min. Then, 150 L of 
10% aluminum chloride was added, and the mixture 
was incubated for a further 5 min before 500 L of 1 M 
sodium hydroxide was added. The absorbance was mea-
sured at 510 nm using an EPOCH2 microplate reader. 
Results were calculated using catechin as the standard 
and expressed as mg of catechin equivalents (CE) per g 
of extract.

2,2-Diphenyl-1-picrylhydrazyl radical-scavenging capacity
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scav-
enging capacity of PCHE was measured as previously de-
scribed (Aung et al., 2022). The PCHE (50 L) was mixed 
with 0.1 mM DPPH in 100% methanol (1,950 L). After 
30 min of incubation in darkness, the absorbance was 
measured at 515 nm using an EPOCH2 microplate. Re-
sults were expressed as M of Trolox equivalents (TE) 
per g of extract.

Trolox equivalent antioxidant capacity
The Trolox equivalent antioxidant capacity (TEAC) was 
determined as previously described (Lee et al., 2022). 
An ABTS+ stock solution was prepared by combining 
7.4 mM 2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic 
acid) (ABTS) with 2.6 mM potassium persulfate and al-
lowing this to react overnight in darkness. The ABTS+ 
stock solution was diluted with 100% methanol to an 
absorbance of 0.7 at 734 nm. Then, the ABTS+ stock so-
lution (2,960 L) and PCHE (40 L) were mixed for 7 
min, and the absorbance was measured at 734 nm using 
an EPOCH2 microplate reader (Biotek Instruments).

N-retinylidene-N-retinylethanolamine (A2E) synthesis and 
purification
A2E was synthesized as described by Furso et al. (2020) 
and Parish et al. (1998). Briefly, 50 mg of all-trans-reti-
nal, 4.75 L of ethanolamine, and 4.65 L of acetic acid 
were combined in 1.5 mL of 100% ethanol and stirred at 
250 rpm for 48 h in darkness. The ethanol was then 
evaporated, and the residue was dissolved in 10 mL of 
acetonitrile. A2E was purified by washing several times 
with hexane and 1 M sodium acetate (1:1), collecting the 
middle layer each time, and followed by a final wash with 
distilled water and drying with nitrogen (Guan et al., 
2020). 

The purity of the A2E was confirmed using Waters 
e2695 high-performance liquid chromatography (HPLC; 
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Table 1. TAC, TPC, TFC, DPPH, and TEAC values of PCHE

TAC
(mg C3GE/100 g)

TPC
(mg GAE/g)

TFC
(mg CE/g)

DPPH
(mM TE/g)

TEAC
(mM TE/g)

PCHE 11.13±0.10 227.90±7.38 117.75±2.46 1.28±0.43 2,545.41±34.13

Values are expressed as the mean of triplicate measurements±standard deviation. 
TAC, total anthocyanin content; C3GE, cyanidin-3-glucoside equivalents; TPC, total phenolic content; GAE, gallic acid equivalent; 
TFC, total flavonoid content; CE, catechin equivalent; DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; TE, Trolox 
equivalent; TEAC, trolox equivalent antioxidant capacity; PCHE, purple corn cob and husk extract. 

Waters Corp.) with a Capcell Pak C18 column (5 m, 
250×4.6 mm, Osaka Soda Corp.) and a photodiode ar-
ray (PDA) detector. The mobile phase comprised 0.1% 
trifluoroacetic acid (TFA) (Solvent A) and acetonitrile 
with 0.1% TFA (Solvent B). The flow rate was 1 mL/min 
with a 10 L injection. The gradient elution conditions 
started with 85% B, increased to 85%－96% B at 10 min, 
then to 96% for 5 min, 96%－100% for 17 min, and fi-
nally at 100% for 25 min. The PDA detector was set at 
340 and 430 nm (Kim et al., 2020). 

Cell-free A2E photooxidation assay
A2E (100 M) was added at 180 L per well to a 96-well 
plate and mixed with 20 L of either PCHE diluted in 
phosphate-buffered saline (PBS) or PBS only as a control. 
The plate was then exposed to BL for 20 min, and then 
the absorbance was measured at 440 nm using an 
EPOCH2 microplate reader (Wang et al., 2017). The dif-
ference in absorbance before and after BL exposure was 
used to determine the A2E oxidation, with an external 
A2E standard for reference.

Cell culture and cell viability assay
Human RPE cells, ARPE-19 (ATCC CRL-2302), were cul-
tured in Dulbecco’s modified Eagle medium/nutrient 
mixture F-12 (WelGENE Inc.) with 10% fetal bovine se-
rum (WelGENE Inc.), 100 units/mL penicillin, and 100 
g/mL streptomycin (WelGENE Inc.) in a humidified in-
cubator with 5% CO2 at 37°C. To determine the cytotox-
icity of A2E and PCHE and the inhibitory effects of PCHE 
on BL-induced damage, cell viability was measured using 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay (Kaczara et al., 2010). Briefly, 
ARPE-19 cells were seeded at 2×104 cells per well in a 
96-well plate and incubated at 37°C for 24 h. A2E and 
PCHE in fresh media were added to cells, which were in-
cubated for another 24 h. Subsequently, 100 L of the 
MTT stock solution (5 mg/mL) was added per well and 
incubated for 4 h. The medium was then removed, and 
100 L of dimethyl sulfoxide was added to dissolve the 
formazan crystals. The absorbance was measured at 595 
nm using an EPOCH2 microplate reader. Cytotoxicity 
results were expressed as the percentage of absorbance 
compared to the control group (without A2E or PCHE). 

Western blotting
ARPE-19 cells were treated with 25 M of A2E and 5, 
10, and 15 g/mL of PCHE in phenol red-free media for 
24 h. Cells were then washed with PBS and exposed to 
BL for 20 min. After a further 24-h incubation, cells were 
lysed with radioimmunoprecipitation assay buffer, and 
the total protein content was quantified using a Bradford 
assay; 25 g of protein was then separated using sodium- 
dodecyl sulfate polyacrylamide gel electrophoresis and 
transferred to a polyvinylidene fluoride membrane. Pro-
tein detection was conducted using primary (HO-1 
(E3F4S) Rabbit mAb #43966; LC3A/B (D3U4C) XPⓇ 
Rabbit mAb #12741; SQSTM1/p62 (D1Q5S) Rabbit mAb 
#39749) and secondary (Anti-rabbit IgG, HRP-linked An-
tibody #7074) antibodies (Cell Signaling Technology). 
Protein bands were detected using an iBright CL1500 
imaging system (Thermo Fisher), and quantified using 
ImageJ software (Huang et al., 2023); -actin was used 
as a loading control.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism 10 software (GraphPad Software). Data are ex-
pressed as the mean±standard deviation of triplicate 
measurements. Significant differences between groups 
were determined using a one-way analysis of variance 
(ANOVA) with Tukey’s post hoc test. 

RESULTS AND DISCUSSION

Antioxidant properties of purple corn cob and husk 
extracts (PCHE)
As shown in Table 1, the TAC of PCHE was 11.13±0.10 
mg C3GE/100 g while the TPC and TFC were 227.90± 
7.38 mg GAE/g and 117.75±2.46 mg CE/g, respectively. 
The antioxidant capacity of PCHE determined using 
DPPH-scavenging and TEAC assays was 1.28±0.43 and 
2,545.41±34.13 mM TE/g, respectively. Li et al. (2008) 
showed that extracts prepared from different parts of the 
corn plant (husk, cob, and leaf) predominantly contained 
C-3-G and cyanidin derivatives, which are known to ex-
hibit DPPH radical-scavenging activity. Furthermore, 
Yang and Zhai (2010) used linear regression analysis to 
reveal a strong positive correlation (r>0.828) between 
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Fig. 1. Total ion chromatograms from high-performance liquid chromatography of synthesized A2E. Chromatograms of A2E and 
iso-A2E (A), ultraviolet spectra of synthesized iso-A2E (max=333.8 and 425.1 nm) (B), and photooxidation of A2E by blue light 
(BL) irradiation (C). Values are expressed as the mean of triplicate measurements. ****P<0.0001. A2E, N-retinylidene-N- 
retinylethanolamine.

Fig. 2. Effect of purple corn cob and husk extract (PCHE) on 
A2E photooxidation in a cell-free system. Values are expressed 
as the mean of triplicate measurements±standard deviation. 
**P<0.01 and ***P<0.001 compared to the blue light (BL)-ir-
radiated group (BL+, PCHE−). A2E, N-retinylidene-N-retinyletha-
nolamine; NS, not significant.

the antioxidant activity, assessed by both DPPH-scav-
enging and TEAC assays, and the TAC of the studied 
extracts. Similarly, Orak et al. (2012) found a close asso-
ciation between TFC, TPC, DPPH-scavenging activity, 
and reducing power in pomegranate (Punica granatum L.) 
peel, which is rich in phenolic and flavonoid compounds, 
whereas PCHE contains significantly higher levels of 
anthocyanins. Therefore, based on the TAC and TPC of 
the PCHE, purple corn byproducts could be potential 
sources of antioxidants.

Chromatogram of high-performance liquid 
chromatography (HPLC)-purified A2E and blue light (BL)-
induced A2E oxidation
The synthesized A2E was purified by liquid partitioning 
and its purity was confirmed via HPLC. The A2E and 
iso-A2E were detected at 44.87% and 41.55% of the to-
tal HPLC peak area, respectively (Fig. 1A). The ultravio-
let spectra of iso-A2E exhibited max values of 333.8 
and 425.1 nm, which is consistent with previously re-
ported values of 335 and 426 nm (Parish et al., 1998), 
(Fig. 1B). The decrease in A2E concentration after BL 
exposure was measured at 440 nm (Fig. 1C). The initial 
A2E concentration of 208.69±0.54 M decreased to 
177.74±0.92 M after BL exposure, indicating that A2E 
may be photooxidized upon BL exposure.

Inhibition of A2E photooxidation by PCHE in a cell-free 
system
A cell-free system was then used to evaluate the direct 
effects of PCHE on A2E photooxidation. According to 
Lee et al. (2023), when A2E is exposed to light at its 
peak absorption of 440 nm, singlet oxygen is produced, 
which oxidizes A2E. BL irradiation catalyzes the con-
version of A2E into an oxidized form. The concentration 
of oxidized A2E induced by BL was 62.83±4.58 M but 
decreased to 46.43±6.09, 36.52±1.93, and 27.86±4.91 
M with 25, 50, and 100 g/mL PCHE, respectively (Fig. 

2), indicating that PCHE inhibits BL-induced A2E oxida-
tion. Similarly, Lee et al. (2016) demonstrated that bog 
bilberry (Vaccinium uliginosum L.) extract, particularly the 
polyphenol fraction without polar components, effectively 
suppressed BL-induced A2E photooxidation, with flavo-
noids and anthocyanins showing the strongest inhibitory 
effects.

Cytotoxicity effects of PCHE and A2E in ARPE-19 cells
ARPE-19 cells were exposed to various concentrations 
of PCHE (5－50 g/mL) for 24 h, yielding a cell viability 
of 80.69%±0.84% after treatment with 20 g/mL of 
PCHE (Fig. 3A). To determine the suitable A2E concen-
tration for further experiments, the cytotoxicity of A2E 
in ARPE-19 cells with BL exposure was measured at 
10－100 M of A2E, which showed that 10 M of A2E 
with BL did not induce cytotoxicity. However, the cell 
viability decreased to 60.72% and 34.67% with 25 and 
30 M A2E, respectively, under BL exposure (Fig. 3B 
and 3C). Therefore, 25 M of A2E was chosen for fur-
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Fig. 3. Effect of purple corn cob and husk extract (PCHE) and 
A2E cytotoxicity in ARPE-19 cells. PCHE cytotoxicity (A), A2E cy-
totoxicity (B), and A2E with blue light (BL) (C) on cell viability 
in ARPE-19 cells. Cells underwent PCHE and A2E treatment for 
24 h (A and B), and A2E treatment for 24 h followed by BL irra-
diation (C). Values are expressed as the mean of three triplicate 
measurements±standard deviation. **P<0.01 and ***P<0.001 
compared to the control (Con) group. A2E, N-retinylidene-N- 
retinylethanolamine; NS, not significant.

Fig. 4. Inhibitory effect of purple corn cob and husk extract 
(PCHE) on blue light (BL)-induced damage in A2E-accumulated 
ARPE-19 cells. Values are expressed as the mean of triplicate 
measurements±standard deviation. ###P<0.001 compared to 
the control (Con) group (A2E—, BL+, PCHE−). ***P<0.001 com-
pared to the A2E BL group (A2E+, BL+, PCHE0). A2E, N-reti-
nylidene-N-retinylethanolamine.

ther experiments. 

Inhibitory effect of PCHE on BL-induced damage in 
A2E-accumulated ARPE-19 cells
To investigate how PCHE influences BL-induced cell 
death in A2E-accumulated ARPE-19 cells, cells were in-
cubated with 25 M of A2E and different concentrations 
(5－15 g/mL) of PCHE, and then irradiated under BL. 
The cell viability of the A2E-treated group (without 
PCHE) decreased by 35.23%±0.79% (P<0.001), where-
as the addition of 15 g/mL of PCHE slightly increased 
the cell viability to 44.48%±0.11% (P<0.001). Thus, 
the BL-induced cell death in A2E-accumulated ARPE-19 
cells could be ameliorated by PCHE treatment (Fig. 4). 
Drusen impairs the barrier function of the Bruch’s mem-
brane and hinders waste transport by RPE cells (Fields 
et al., 2020). Light exposure causes lipofuscin, a type of 
drusen, to produce ROS, causing severe disruption of 
the Bruch’s membrane (Różanowska and Różanowski, 
2022) and resulting in the atrophy and loss of RPE and 
photoreceptor cells (van Lookeren Campagne et al., 
2014). Therefore, suppressing oxidative stress holds sig-
nificant potential for preventing cell damage. The mech-
anisms of light-induced cell death primarily involve apo-
ptosis and ROS production (Tanaka et al., 2011). As in-
dicated by the high TAC, TPC, and TFC, PCHE can ef-
fectively scavenge DPPH and ABTS radicals, confirming 
its ability to neutralize ROS. These antioxidant proper-
ties could effectively prevent BL-induced cell death in 
A2E-accumulated ARPE-19 cells. These findings are con-

sistent with results from studies on bog bilberries (Lee 
et al., 2016), blueberries (Liu et al., 2012), astaxanthin 
(Otsuka et al., 2013), purple rice extract (Tanaka et al., 
2011), and Arctium lappa L. leaves (Kim et al., 2020) 
where apoptosis was inhibited by antioxidants. Previous 
studies have also demonstrated that flavonoids and an-
thocyanins (Lee et al., 2016), especially C-3-G (Wang et 
al., 2017), effectively protect against A2E photooxidation 
damage. Thus, flavonoids and anthocyanins are likely 
the active compounds in PCHE.
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Fig. 5. Western blot of HO-1, LC3-II/I, 
p62/SQSTM1, and -actin expression 
levels in ARPE-19 cells. Values are 
expressed as the mean of triplicate 
measurements±standard deviation. 
-Actin was used as a loading con-
trol. ###P<0.001 compared to the 
control group (A2E—, BL—, PCHE—). 
*P<0.1, **P<0.01, and ***P<0.001 
compared to the A2E BL group 
(A2E+, BL+, PCHE—). BL, blue light; 
PCHE, purple corn cob and husk ex-
tract; HO-1, heme oxygenase-1; LC3, 
microtubule-associated protein light 
chain 3; p62/SQSTM1, p62 seques-
tosome 1; A2E, N-retinylidene-N- 
retinylethanolamine.  

Protective effects of PCHE on heme oxygenase-1 (HO-1) 
expression and autophagy in BL-irradiated, 
A2E-accumulated ARPE-19 cells
A2E and BL are known to increase the intracellular mi-
crotubule-associated protein light chain 3-II (LC3-II) lev-
els in RPE cells (Chen et al., 2016). In addition, BL-ex-
posed A2E-accumulated ARPE-19 cells have been shown 
to exhibit a substantial increase in LC3-II levels (Jeong 
et al., 2019). Changes in LC3‐II expression are known to 
correspond to autophagosome formation (Zhang et al., 
2020), and the transition from soluble LC3-I to autoph-
agy vesicle-associated LC3-II has been shown to indicate 
the autophagy induction (Schaaf et al., 2016). Herein, 
the photooxidation of A2E triggered by BL, rather than 
A2E alone, was shown to trigger the significant upregu-
lation of LC3-II expression in RPE cells. Exposure to BL 
increased the LC3-II/LC3-I ratio, inducing the formation 
of autophagosomes, which was suppressed by treatment 
with PCHE. p62/SQSTM1 functions as an autophagy re-
ceptor and serves as an indicator of autophagy (Jeong et 
al., 2019). Compared with that in the control and A2E- 
only treatment groups, PCHE treatment induced a de-
crease in p62 expression in the A2E and BL treatment 
group (Fig. 5). Removing ROS with antioxidants reacti-
vates lysosomes, enhances autophagic pathways, and pre-
vents cell death, implying that photooxidized A2E dis-
rupts autophagy by inhibiting the ROS-mediated lysoso-
mal function (Jeong et al., 2019). When ARPE-19 cells 
accumulate A2E, BL irradiation of this A2E significantly 
increases ROS levels (Cho et al., 2022), indicating that 
A2E produces photooxidation products and singlet oxy-
gen upon BL irradiation. In the current study, BL ex-
posure increased HO-1 expression in A2E-accumulated 
ARPE-19 cells, which was further enhanced by PCHE 
treatment. These results suggest that cells undergoing 
photooxidation strive to rebalance the cellular oxidation- 

reduction equilibrium by activating the expression of an-
tioxidant-response genes (Lu et al., 2016). In several 
studies, an increase in HO-1 levels has been demon-
strated as a crucial mechanism in protecting RPE cells 
from oxidative stress (Wang et al., 2016).

Overall, this study showed that CHE protected ARPE- 
19 cells from A2E photooxidation-induced cell death in 
vitro, impacting autophagy and oxidative stress response. 
BL irradiation increased LC3-II levels, indicating en-
hanced autophagosome formation, whereas PCHE treat-
ment decreased p62/SQSTM1 levels and increased HO-1 
expression, suggesting autophagy inhibition and the ac-
tivation of antioxidant pathways. These results under-
score the potential of PCHE to alleviate oxidative stress 
and enhance cellular protection mechanisms, suggesting 
this is a promising dietary intervention for BL-induced 
cell damage. 

Further study should be conducted to evaluate the ef-
fects of PCHE in vivo as gastrointestinal processes in 
clinical delivery may alter the results. Moreover, only the 
short-term effects were studied, leaving long-term im-
pacts uncertain. Thus, in vivo studies and research on 
prolonged exposure are necessary to confirm the pro-
tective effects of PCHE and understand the precise mo-
lecular mechanisms involved. The current study suggests 
the potential for validating the therapeutic potential of 
PCHE for BL-induced damage in A2E-accumulated RPE 
cells.

FUNDING 

This work was supported by ‘Future Leading Technology 
Industrialization Program’ funded by the Gyeongsang-
nam-do in 2022.



382  Park et al.

AUTHOR DISCLOSURE STATEMENT 

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Concept and design: MJK. Analysis and interpretation: 
TYK, YRS, GIK, SWP. Data collection: SWP, HJL, JK, 
SC, MJK. Obtained funding: TYK, YRS, GIK. Writing the 
article: SWP, HJL. Critical revision of the article and fi-
nal approval of the article: MJK.

REFERENCES

Aung T, Kim BR, Kim MJ. Comparative flavor profile of roasted 
germinated wheat (Triticum aestivum L.) beverages served hot 
and cold using electronic sensors combined with chemometric 
statistical analysis. Foods. 2022. 11:3099. https://doi.org/ 
10.3390/foods11193099

Brandstetter C, Mohr LK, Latz E, Holz FG, Krohne TU. Light 
induces NLRP3 inflammasome activation in retinal pigment 
epithelial cells via lipofuscin-mediated photooxidative damage. 
J Mol Med. 2015. 93:905-916. 

Chen Y, Perusek L, Maeda A. Autophagy in light-induced retinal 
damage. Exp Eye Res. 2016. 144:64-72. 

Cho HM, Jo YD, Choung SY. Protective effects of Spirulina maxima 
against blue light-induced retinal damages in A2E-laden 
ARPE-19 cells and BALB/c mice. Nutrients. 2022. 14:401. 
https://doi.org/10.3390/nu14030401

Dhaneswara D, Marito HS, Fatriansyah JF, Sofyan N, Adhika DR, 
Suhariadi I. Spherical SBA-16 particles synthesized from rice 
husk ash and corn cob ash for efficient organic dye adsorbent. 
J Clean Prod. 2022. 357:131974. https://doi.org/10.1016/j. 
jclepro.2022.131974

Fields MA, Del Priore LV, Adelman RA, Rizzolo LJ. Interactions 
of the choroid, Bruch’s membrane, retinal pigment epithelium, 
and neurosensory retina collaborate to form the outer blood- 
retinal-barrier. Prog Retin Eye Res. 2020. 76:100803. https:// 
doi.org/10.1016/j.preteyeres.2019.100803

Furso J, Zadlo A, Szewczyk G, Sarna TJ. Photoreactivity of bis- 
retinoid A2E complexed with a model protein in selected 
model systems. Cell Biochem Biophys. 2020. 78:415-427. 

Moazami Goodarzi M, Moradi M, Tajik H, Forough M, Ezati P, 
Kuswandi B. Development of an easy-to-use colorimetric pH 
label with starch and carrot anthocyanins for milk shelf life 
assessment. Int J Biol Macromol. 2020. 153:240-247. 

Guan Z, Li Y, Jiao S, Yeasmin N, Rosenfeld PJ, Dubovy SR, et al. 
A2E distribution in RPE granules in human eyes. Molecules. 
2020. 25:1413. https://doi.org/10.3390/molecules25061413

Gujral HS, Angurala M, Sharma P, Singh J. Phenolic content and 
antioxidant activity of germinated and cooked pulses. Int J 
Food Prop. 2011. 14:1366-1374. 

Huang YC, Chen BC, Chang KF, Hsieh MC, Sheu GT, Hsiao CY, 
et al. The alleviation effects of n-butylidenephthalide on apo-
ptosis, senescence, and tight junction impairment of retinal 
pigment epithelium by activating NRF-2/HO-1 signaling path-
way in early diabetic retinopathy. Life Sci. 2023. 327:121815. 
https://doi.org/10.1016/j.lfs.2023.121815

Hunter JJ, Morgan JI, Merigan WH, Sliney DH, Sparrow JR, 
Williams DR. The susceptibility of the retina to photochemical 
damage from visible light. Prog Retin Eye Res. 2012. 31:28-42. 

Jeong SY, Gu X, Jeong KW. Photoactivation of N-retinylidene-N- 
retinylethanolamine compromises autophagy in retinal pig-
mented epithelial cells. Food Chem Toxicol. 2019. 131: 
110555. https://doi.org/10.1016/j.fct.2019.06.002

Kaarniranta K, Tokarz P, Koskela A, Paterno J, Blasiak J. Au-
tophagy regulates death of retinal pigment epithelium cells in 
age-related macular degeneration. Cell Biol Toxicol. 2017. 
33:113-128. 

Kaczara P, Sarna T, Burke JM. Dynamics of H2O2 availability to 
ARPE-19 cultures in models of oxidative stress. Free Radic 
Biol Med. 2010. 48:1064-1070. 

Kim DH, Choi YR, Shim J, Choi YS, Kim YT, Kim MK, et al. 
Suppressive effect of Arctium lappa L. leaves on retinal damage 
against A2E-induced ARPE-19 cells and mice. Molecules. 
2020. 25:1737. https://doi.org/10.3390/molecules25071737

Kim MJ, Kwak HS, Kim SS. Effects of salinity on bacterial com-
munities, Maillard reactions, isoflavone composition, antioxi-
dation and antiproliferation in Korean fermented soybean 
paste (doenjang). Food Chem. 2018. 245:402-409. 

Lee BL, Kang JH, Kim HM, Jeong SH, Jang DS, Jang YP, et al. 
Polyphenol-enriched Vaccinium uliginosum L. fractions reduce 
retinal damage induced by blue light in A2E-laden ARPE19 
cell cultures and mice. Nutr Res. 2016. 36:1402-1414. 

Lee JE, Noh SK, Kim MJ. Effects of enzymatic- and ultrasound-as-
sisted extraction on physicochemical and antioxidant proper-
ties of collagen hydrolysate fractions from Alaska pollack 
(Theragra chalcogramma) skin. Antioxidants. 2022. 11:2112. 
https://doi.org/10.3390/antiox11112112

Lee SJ, Roh YJ, Kim JE, Jin YJ, Song HJ, Seol A, et al. Protective 
effects of Dipterocarpus tuberculatus in blue light-induced macu-
lar degeneration in A2E-laden ARPE19 cells and retina of 
BALB/c mice. Antioxidants. 2023. 12:329. https://doi.org/ 
10.3390/antiox12020329

Li CY, Kim HW, Won SR, Min HK, Park KJ, Park JY, et al. Corn 
husk as a potential source of anthocyanins. J Agric Food Chem. 
2008. 56:11413-11416. 

Li R, Du S, Ye Z, Yang W, Ding Z, Liu Y. Protective effect of 
Cyanidin-3-O-glucoside from blueberry anthocyanin extracts 
against hyperglycemia-induced outer BRB damage by sup-
pressing REDD1-mediated VEGFA upregulation. Food Biosci. 
2024. 61:104695. https://doi.org/10.1016/j.fbio.2024.104695

Liu Y, Song X, Zhang D, Zhou F, Wang D, Wei Y, et al. Blueberry 
anthocyanins: protection against ageing and light-induced 
damage in retinal pigment epithelial cells. Br J Nutr. 2012. 
108:16-27. 

Lu B, Sun T, Li W, Sun X, Yao X, Sun X. Piceatannol protects 
ARPE-19 cells against vitamin A dimer-mediated photo-oxi-
dative damage through activation of Nrf2/NQO1 signalling. J 
Funct Foods. 2016. 26:739-749. 

Muhialdin BJ, Rani NFA, Hussin ASM. Identification of anti-
oxidant and antibacterial activities for the bioactive peptides 
generated from bitter beans (Parkia speciosa) via boiling and 
fermentation processes. LWT. 2020. 131:109776. https://doi. 
org/10.1016/j.lwt.2020.109776

Orak HH, Yagar H, Isbilir SS. Comparison of antioxidant activities 
of juice, peel, and seed of pomegranate (Punica granatum L.) and 
inter-relationships with total phenolic, Tannin, anthocyanin, 
and flavonoid contents. Food Sci Biotechnol. 2012. 21:373- 
387. 

Otsuka T, Shimazawa M, Nakanishi T, Ohno Y, Inoue Y, Tsuruma 
K, et al. The protective effects of a dietary carotenoid, astaxan-
thin, against light-induced retinal damage. J Pharmacol Sci. 
2013. 123:209-218. 

Parish CA, Hashimoto M, Nakanishi K, Dillon J, Sparrow J. 
Isolation and one-step preparation of A2E and iso-A2E, fluoro-
phores from human retinal pigment epithelium. Proc Natl 
Acad Sci U S A. 1998. 95:14609-14613. 



Protection of Retinal Cells by Purple Corn Extract 383

Peng W, Wu Y, Peng Z, Qi W, Liu T, Yang B, et al. Cyanidin- 
3-glucoside improves the barrier function of retinal pigment 
epithelium cells by attenuating endoplasmic reticulum stress- 
induced apoptosis. Food Res Int. 2022. 157:111313. https:// 
doi.org/10.1016/j.foodres.2022.111313

Różanowska MB, Różanowski B. Photodegradation of lipofuscin 
in suspension and in ARPE-19 cells and the similarity of fluo-
rescence of the photodegradation product with oxidized do-
cosahexaenoate. Int J Mol Sci. 2022. 23:922. https://doi.org/ 
10.3390/ijms23020922

Schaaf MB, Keulers TG, Vooijs MA, Rouschop KM. LC3/ 
GABARAP family proteins: autophagy-(un)related functions. 
FASEB J. 2016. 30:3961-3978. 

Tanaka J, Nakanishi T, Ogawa K, Tsuruma K, Shimazawa M, 
Shimoda H, et al. Purple rice extract and anthocyanidins of the 
constituents protect against light-induced retinal damage in 
vitro and in vivo. J Agric Food Chem. 2011. 59:528-536. 

Upadhyay M, Milliner C, Bell BA, Bonilha VL. Oxidative stress in 
the retina and retinal pigment epithelium (RPE): Role of 
aging, and DJ-1. Redox Biol. 2020. 37:101623. https://doi. 
org/10.1016/j.redox.2020.101623

van Lookeren Campagne M, LeCouter J, Yaspan BL, Ye W. 

Mechanisms of age-related macular degeneration and thera-
peutic opportunities. J Pathol. 2014. 232:151-164. 

Wang S, Li W, Chen M, Cao Y, Lu W, Li X. The retinal pigment 
epithelium: Functions and roles in ocular diseases. Fundam 
Res. https://doi.org/10.1016/j.fmre.2023.08.011

Wang Y, Huo Y, Zhao L, Lu F, Wang O, Yang X, et al. Cyanidin- 
3-glucoside and its phenolic acid metabolites attenuate visible 
light-induced retinal degeneration in vivo via activation of 
Nrf2/HO-1 pathway and NF-B suppression. Mol Nutr Food 
Res. 2016. 60:1564-1577. 

Wang Y, Kim HJ, Sparrow JR. Quercetin and cyanidin-3-glucoside 
protect against photooxidation and photodegradation of A2E 
in retinal pigment epithelial cells. Exp Eye Res. 2017. 160: 
45-55. 

Yang Z, Zhai W. Identification and antioxidant activity of antho-
cyanins extracted from the seed and cob of purple corn (Zea 
mays L.). Innov Food Sci Emerg Technol. 2010. 11:169-176. 

Zhang Y, Yang Y, Yu H, Li M, Hang L, Xu X. Apigenin protects 
mouse retina against oxidative damage by regulating the Nrf2 
pathway and autophagy. Oxid Med Cell Longev. 2020. 2020: 
9420704. https://doi.org/10.1155/2020/9420704


