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Abstract This study examined the antioxidative activity of delphinidin, a kind of anthocyanidin from eggplant. Cellular
protective potential from oxidative damage by nitric oxide (NO), superoxide anion (O,”), and peroxynitrite (ONOQ™) using
epithelial cell line LLC-PK1 cell as well as in vitro radical scavenging effects were investigated. Delphinidin showed strong in
vitro radical scavenging effects against NO, O,, and hydroxyl radical (-OH) in dose-dependent manners. In addition,
delphinidin increased cell viability in LLC-PK1 cells in a concentration-dependent manner when viability was reduced by
ONOO™-induced oxidative damage. To elucidate the protective mechanisms of delphinidin from ONOO™, sodium
nitroprusside (SNP), and pyrogallol were also employed to generate NO and O,, respectively. The treatment of delphinidin
recovered reductions in cell viability caused by SNP and pyrogallol, indicating that delphinidin can attenuate oxidative stress
induced by NO and O,". The present study suggests that delphinidin is a promising antioxidative agent.
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Introduction

The overproduction of reactive oxygen species (ROS) as
well as reactive nitrogen species (RNS) mediates damage
to cell structures, nucleic acids, lipids, and proteins (1). The
harmful effects of free radicals, causing potential biological
damage, are termed oxidative stress and nitrosative stress.
Free radical-mediated oxidative and nitrosative stress leads
to pathological conditions and has been implicated in a
variety of degenerative diseases as well as in the aging process
(2-5). Therefore, antioxidants that prevent free radical
damage have attracted much attention, and great efforts
have been made to find safe and effective therapeutic agents
for oxidative stress-related various diseases. Compelling
evidences indicate that increased consumption of dietary
antioxidants or vegetables with antioxidant properties may
contribute to improve quality of life by delaying the onset
and reducing risk of degenerative diseases (6-8).

Among the vegetable species, eggplant is one of the
most common, widespread vegetables in the world, and it
is the anthocyanins in eggplant that produce its color. Our
previous study demonstrated that eggplant scavenged free
radical and exerted protective effect against oxidative stress
under in vitro and cellular system (9). In addition, the
beneficial potential of eggplant is attributed to its anthocyanin
content, which includes delphinidin and nasunin. There is
an increasing interest in anthocyanidins for their use as
natural food colorants as well as potential health promoting
properties. Numerous studies have shown the positive
therapeutic effects of anthocyanins, such as antioxidative,
anti-inflammatory, vision improvement, anticancer, and
cardiovascular properties (10-13). Eggplant’s major anthocyanin
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pigment component is nasunin, and several reports
demonstrated that it possesses biological activities,
including antioxidative and anticancer properties. However,
studies examining the protective activity of delphinidin
from free radical-induced oxidative stress have rarely been
carried out. Therefore, the present study was focused on
the radical scavenging effect of delphinidin under in vitro
and protective potential from oxidative stress under cellular
system.

Materials and Methods

Materials Delphinidin was purchased from Sigma-Aldrich
(St. Louis, MO, USA), and the structure was shown in Fig.
1. 3-Morpholinosydnonimine (SIN-1) was also obtained
from Sigma-Aldrich. Sodium nitroprusside (SNP), pyrogallol
and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium
bromide (MTT) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). The LLC-PK1 cell, porcine
renal epithelial cell, was provided from ATCC (Manassas,
VA, USA). Dulbecco’s modified Eagal medium/nutrient
mixture F-12 (DMEM/F-12) and fetal bovine serum (FBS)
were purchased from Invitrogen Co. (Grand Island, NY,
USA).
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Fig. 1. Structure of delphinidin.
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Nitric oxide (NO) scavenging activity NO was generated
from SNP and measured by the Griess reaction, according
to the method of Sreejayan and Rao (14). SNP (5 mM), in
phosphate buffered saline (PBS), was mixed with different
concentrations of delphinidin and then incubated at 25°C
for 150 min. The amount of NO produced by SNP was
assayed by measuring the accumulation of nitrite, based on
the Griess reaction, using a microplate assay method.

Superoxide anion (O,7) scavenging activity The level
of O~ was measured following the method as described by
Ewing and Janero (15). For the assay, delphinidin was
added to microplate wells containing 200 uL. of freshly
prepared 0.125mM ethylenediamine tetraacetic acid
(EDTA), 62 uM nitro blue tetrazolium (NBT), and 98 M
NADH in 50 mM phosphate buffer, pH 7.4. The reaction
was initiated with the addition of 25 uL of freshly prepared
33 uM S5-methylphenazium methyl sulfate (PMS) in
50 mM phosphate buffer (pH 7.4). The absorbance was
continuously monitored at 540 nm over 5 min as an index
of NBT reduction using a microplate reader (Model 3550-
UV; Bio-Rad, Tokyo, Japan).

Hydroxyl radical ((OH) scavenging activity The reaction
mixture contained 0.45mL of 0.2M sodium phosphate
buffer (pH 7.0), 0.15 mL of 10 mM 2-deoxyribose, 0.15
mL of 10 mM FeSO,-EDTA, 0.15mL of 10 mM H,0,,
0.525 mL of H,;O, and 0.075 mL of sample solution. The
reaction was initiated by the addition of H,0,. After
incubation at 37°C for 4 hr, the reaction was stopped by
adding 0.75 mL of 2.8% trichloroacetic acid and 0.75 mL
of 1.0% of 2-tribarbituric acid in 50 mL NaOH. The
solution was boiled for 10 min, and then cooled in water.
The absorbance of the solution was measured at 520 nm.
‘OH scavenging activity was evaluated as the inhibition
rate of 2-deoxyribose oxidation by -OH (16).

Cell culture Commercially available LLC-PK; cells were
maintained at 37°C in a humidified atmosphere of 5% CO,
in culture plates with 5% FBS-supplemented DMEM/F-12
medium. The cells were subcultured weekly with 0.05%
trypsin-EDTA in calcium- and magnesium-free phosphate
buffer.

Treatment of free radical gemerators To investigate
delphinidin’s protective activity against oxidative damage,
we employed SIN-1, SNP, and pyrogallol-induced cellular
oxidative models (17,18). After confluence had been
reached, the cells were seeded into 96-well culture plates at
10* cells/mL. Two hr later, 1.0 mM of SIN-1, 1.2 mM of
SNP, or 1.2 mM of pyrogallol was added to all of the wells
for 24 hr, followed by treating the test wells with
delphinidin for 24 hr.

MTT assay Cell viability was determined using a MTT
colorimetric assay (19). Fifty uL of MTT (1 mg/mL)
solution was added to the each well. After incubation for 4
hr at 37°C, the MTT solution was removed from the medium.
The resultant formazan crystals in the renal cells were
solubilized with 100 pL of dimethyl sulfoxide (DMSO).
The absorbance of each well was then read at 540 nm
using a microplate reader (Model 3550-UV; Bio-Rad).
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Statistical amalysis The results for each group were
expressed as meantstandard deviation (SD) values. The
data were analyzed by the one-way analysis of variance
(ANOVA) using SAS (SAS Institute Inc., Cary, NC, USA).
To compare differences between control and sample treated
groups. Significant differences among the groups were
determined at p<0.05.

Results and Discussion

Radical scavenging activity Because the negative correlation
between antioxidative status and various pathological
conditions is clearly recognized, there has been much
interest focused on the safe and effective therapeutic agents
for oxidative stress-related diseases (6,7). Biologically
active compounds found in vegetables, may play roles in
reducing the risk of degenerative diseases caused by
oxidative stress (20). Our previous study demonstrated that
among different vegetables, eggplant, with high polyphenol
content, exerted the strongest antioxidative effects within
in vitro and cellular systems (9). In addition, much
evidence suggests that the biological effects of eggplant are
attributed to its antocyanins, especially delphinidin that is
the main anthocyanin in eggplant. Anthocyanins, the
reddish-blue pigments present in a variety of plant tissues,
play a significant role in the antioxidant properties of
vegetables and fruits. In particular, delphinidin is contained
especially in the peel of eggplant and the extract from
eggplant peel contains 0.43% delphinidin (21). However,
the protective activity of delphinidin from free radical-
induced oxidative stress under cellular system has not been
studied.

Table 1 shows the NO scavenging activity of delphinidin,
indicating that it effectively scavenged NO in a concentration-
dependent manner. Although delphinidin’s NO scavenging
effect was lower than 10% at 5 ug/mL concentration, it
exerted strong NO scavenging effect at the 25 pg/mlL

Table 1. Protective effect of delphinidin from NO scavenging
activity

Concentration (ug/mL) NO scavenging effect” (%)

2.5 1.3+2.24
5 5.5+1.9°
10 32.8+3.3%
25 95.0+4.3°

DValues are mean+SD; *®Means with different letters are significantly
different (»<0.05) by Duncan’s multiple-range test.

Table 2. Protective effect of delphinidin from O, scavenging
activity

Concentration (ug/mL) 0, scavenging effect” (%)

25 35.6+1.6°
5 48.5+2.74
10 60.7+1.8°
25 81.4+0.8"
50 89.1+0.2%

100 94.1+4.5°

DValues are mean=SD; “*Means with different letters are significantly
different (»<0.05) by Duncan’s multiple-range test.
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Table 3. Protective effect of delphinidin from ‘OH scavenging
activity
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Table 4. Protective effect of delphinidin under LL.C-PK1 cells
treated with SIN-1

Concentration (ug/mL) ‘OH scavenging effect! (%) Material Cell viability" (%)

2.5 75.3£0.3° SIN-1-treated control 44.8+1.8

5 81.9+0.6° 2.5 60.4%1.0°

10 82.0+0.2¢ 5 66.6+1.9°

25 90.0:t0.5; Delphinidin 10 70.0+£0.8¢

50 92.0+£0.4 (ug/mL) 25 72.0+1.4°

100 99.10.6* 50 75.6+1.2°

"Values are mean+SD; **Means with different letters are significantly 100 81.8+0.6

different (»<0.05) by Duncan’s multiple-range test.

Normal 100.0+£1.0

concentration (95.0+4.3%). As shown in Table 2,
delphinidin showed strong and significant O,~ scavenging
effects in a concentration-dependent manner. At the low
concentration of 5mg/mL, it scavenged approximately
50% of O,". In addition, when delphinidin was treated at
10 and 100 pg/mlL, its O, scavenging activities were 60.7
+1.8 and 94.1+4.5%, respectively. Table 3 shows
delphinidin’s in vitro protective effects against -OH. When
compared with its NO and O, scavenging activities, the
effects for ‘OH were markedly strong. At the low
concentration of 5 ug/mL, delphinidin exerted greater than
80% scavenging activity against -OH. Moreover, at 50 and
100 pg/mL, it scavenged -OH more than 92.0+0.4 and
99.1+0.6%, respectively.

Oxygen free radicals are products of normal cellular
metabolism and are well recognized for playing dual roles
as both deleterious and beneficial species, since they can
either be harmful or beneficial to living systems (1,22).
Their beneficial effects occur at low/moderate concentrations
and involve physiological roles in cellular responses. On
the other hand, their harmful effects are due to their
overproduction, which leads to oxidative stress and
contributes to disease pathology. Many types of oxygen
free radicals are produced through the cellular reactions,
and O, “‘OH, and NO account for the majority. O, and
NO are generated under normal metabolism, and have
biological and beneficial roles in the body at low levels;
when in excess, however, they can cause damage. Unlike
O, and NO, -OH always plays a harmful role. -OH is the
most powerful and deadly oxygen free radical, providing
no benefit to the body, even in small amounts. It is highly
reactive, destroying everything in its path by altering DNA
and contributing to plaque formation in blood vessels.
Based on this evidence, it is well established that the
excessive production of ROS, including O, ", -OH, and NO,
plays a critical role in the development of various diseases
(1,23). ROS may induce tissue damage either directly
through interacting with and destroying cellular proteins,
lipids, and DNA, or indirectly by affecting normal cellular
signaling pathways and gene regulation. Superoxide anion,
arising either through metabolic processes or ischemia-
reperfusion, is considered the primary ROS and can further
interact with other molecules including NO. The in vitro
results of this study demonstrate that delphinidin exerted
strong radical scavenging effects against NO, O,~, and -OH
in concentration-dependent manners. In particular, the
highest scavenging activity by delphinidin was against
“OH, the most reactive and toxic among the radicals.

DValues are mean=SD; ““Means with different letters are significantly
different (p<0.05) by Duncan’s multiple-range test.

Protective effect against LLC-PK; cellular damage
Protective effects of delphinidin against ONOO™ under
cellular system are shown in Table 4. While the treatment
of well-known ONOQO™ generator, SIN-1, reduced LLC-
PK1 cell viability by 44.8+1.8%, the addition of delphinidin
significantly recovered LLC-PK1 cell viability in a dose-
dependent manner, in which the treatments of 10 and 100
ug/mL of delphinidin increased cell viability to 70.0+0.8
and 81.8+0.6%, respectively.

The reaction of O,~ and NO produces the more toxic
radical, peroxynitrite (ONOQO™). ONOO™ has been suggested
as an important pathogenic causative agent of cellular
damage; the pathological effects of ONOO™ and -OH, the
decomposition product of ONOO", are attributed to
antioxidant depletion, the alterations of protein structure
and function by tyrosine nitration, and oxidative damage
(24-26). Therefore, RNS are considered potential targets
for therapeutic intervention in the prevention and treatment
of oxidative stress-related diseases. The development of
agents that possess protective activity against ONOO™
offers great potential for treating oxidative stress-related
pathological conditions that play crucial roles in the
development of tissue injury.

In this study, we evaluated cytotoxicity by employing a
cellular oxidative system using LLC-PK1 cells, which
have proximal tubules known to be susceptible to ischemic
renal failure (27). Because SIN-1 has been used as an
experimental model for the simultaneous generation of NO
and O, in chemical and biological systems (28), we
evaluated the cytoprotective effects of delphinidin against
SIN-1 using cultured epithelial cell line, LL.C-PK1. The
excessive generation of ONOQ™, and its related damaging
effects, ultimately induce the cellular losses (29,30). Our
present investigation showed that LLC-PK, cell viability
was reduced by SIN-1-induced oxidative damage. The cells
were cultured with various concentrations of delphinidin
after oxidative stress was induced by SIN-1. The cells that
were exposed to SIN-1 showed a marked decrease in
viability, suggesting that the radicals generated by SIN-1
caused cellular injury. Delphinidin scavenged SIN-1-
generated radicals in a cell model, leading to the elevation
of LLC-PK1 cell viability that had been damaged by
oxidative stress. The detailed mechanisms causing biomolecule
modifications by ONOO™ are still not completely
understood, but there is little doubt of the cytotoxicity
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Table 5. Protective effect of delphinidin under LLC-PK1 cells
treated with SNP

J S Nohet al.

Table 6. Protective effect of delphinidin under LLC-PK1 cells
treated with pyrogallol

Material Cell viability? (%) Material Cell viability? (%)
SNP-treated control 30.0+0.7 Pyrogallol-treated control 33.8+1.1
25 50.5+2.3 25 41.4+0.9
5 61.3+1.0° 5 50.3+1.5°
Delphinidin 10 69.3+0.8¢ Delphinidin 10 544%1.7¢
(ng/mL) 25 743+1.8° (ug/mL) 25 59.8+0.8°
50 78.0+0.9" 50 65.6+2.0°
100 81.3+1.22 100 75.842.6°
Normal 100.0+£1.0 Normal 100.0+1.0

DValues are mean+SD; *Means with different letters are significantly
different (»p<0.05) by Duncan’s multiple-range test.

associated with ONOO™ formation at physiological pH
(29). The contribution of ONOO™ has been ascribed to
induction of DNA damage, inhibition of DNA repair, and
promotion of cell death due to either apoptotic or necrotic
responses (30-32). Therefore, much attention has been
given to preventing the formation of these radicals and to
scavenging them. To clarify the protective effects of
delphinidn against free radical-induced oxidative damage,
we attempted to determine whether it could protect
susceptible renal cells from oxidative injury generated by
free radical donors.

Protective effects of delphinidin against cellular damage
induced by SNP, a well-known NO generator, in LLC-PK1
cells are shown in Table 5. SNP treatment at 1.2 mM
reduced LLC-PK1 cell viability to 30.0+£0.7% as compared
with cells not treated with SNP. However, the addition of
delphinidin significantly recovered LLC-PK1 cell viability
in a dose-dependent manner, in which 5 and 50 pg/mL of
delphinidin, treated after SNP-induced oxidative stress,
increased cell viability to 61.3£1.0 and 78.0+0.9%,
respectively. As shown in Table 6, pyrogallol treatment
reduced LLC-PK1 cell viability to 33.8+=1.1% as compared
to 100% for normal cell viability. Delphinidin recovered
the cellular damage induced by pyrogallol dose-dependently,
and at the concentrations of 5 and 50 pg/mlL, cell viability
increased to 50.3+1.5 and 65.6+2.0%, respectively. To
elucidate the protective mechanisms of delphinidin against
ONOO', we used SNP and pyrogallol under the cellular
system to generate NO and O, , respectively, the precursors
of ONOQ™. The treatments of SNP and pyrogallol led to
the significant decreases in cell viability, indicating
oxidative stress by these NO and O, generators. However,
the addition of delphinidin significantly elevated the cell
viability in a concentration-dependent manner. These
results suggest that delphinidin can ameliorate oxidative
stress induced by NO and O,". Taken together, we could
propose the several feasible mechanisms for delphinidin’s
protective activity against ONOO™ under cellular system.
Firstly, delphinidin scavenges NO and O,, which are
precursors of ONOO™, secondly, ONOO™ itself may be
scavenged; thirdly, delphinidin scavenges ‘OH and nitrogen
dioxide, which are known to be decomposition products of
ONOOH. From the present results, we could confirm the
strong antioxidative activity of delphinidin. Our previous
result showed that the antioxidative effect of delphinidin

YValues are mean+SD; *"Means with different letters are significantly
different (»p<0.05) by Duncan’s multiple-range test.

was as strong as that of vitamin C; ICs, value against 1,1-
diphenyl-2-picrylhydrazyl of delphinidin was 6.59 ng/mlL,
while that of vitamin C was 1.10 pg/ mL (data not shown).

For better understanding the role of anthocyanins as
antioxidants, structure-antioxidative activity relationship
has been suggested (33-35). The number of OH substituent
in the B ring primarily determines the reactivity of
anthocyanins toward free radicals. In addition, O-
methylation at 4'-OH position is critical in reducing the
scavenging activity against free radical. This is probably
because the methoxyl groups in the B ring increased the
stability of the resulting phenoxyl radical. The more OH
substituents and the lower O-methylation in the B ring, the
higher antoxidative effect. Delphinidin has 3 free OH
group in the B ring without O-methylation. Based on these
evidences, the protective activity of delphinidin against
oxidative stress was mainly responsible for higher
hydroxylation and lower methoxylation in the B ring. To
support the information on the consumption amount of
eggplant for the protective effect of delphinidin against
oxidative stress, the further study on the confirmation of its
beneficial role under in vivo and the related protective
mechanisms of delphinidin from oxidative stress has to be
carried out.
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