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Abstract

Body is always exposed to both endogenous and exogenous oxidative stress, and neutralizes them with
antioxidant defense system. Imbalance between oxidant and antioxidant produces reactive oxygen and
nitrogen species, causing oxidation of protein, lipid, and DNA damage that lead to aging and various
types of diseases such as neurodegenerative, pulmonary, or cardiovascular disease. Therefore,
antioxidative agents are important for prevention and treatment of these diseases. In this study, we
screened Okinawan plant extract library of 80 species to find nuclear factor erythroid-derived two-like-2
(Nrf2)-dependent antioxidant activity by antioxidant response element (ARE)-lucifearase reporter assay.
The three species extracts of Garcinia subelliptica, Ocimum gratissimum, and Plectranthus Ornatus dose-
dependently induced mRNA and protein expression of HO1, a downstream antioxidant gene of Nrf2.
Furthermore, these extracts induced nuclear translocation of Nrf2 and the reduction of reactive oxygen
species (ROS). These results suggested that these plants are natural antioxidant sources of Nrf2
activators.
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1. Introduction

Plants have been the important resources of medicines for humankind since thousands years
and formed traditional medicine elements in medical systems of China and rest of the world &
4. A number of medicines like penicillin were derived from natural plants and traditional
medical plants are culturally acceptable nowadays. Research on plants and use of traditional
medicinal information has received considerable interest as bioresources for a new medicine.
Of all physiological activities of plants, antioxidant one is one of the most interesting and
important activities for medical usage Bl In this study, we have focused on the antioxidant
activity of the plants in Okinawan Islands, a subtropical resion in Japan, because these
vegetables grow under exposure to strong ultraviolet light and are thought to contain high
antioxidant activities. In fact, the extracts of these vegetables contain strong radical scavenging
activities and directly neutralize reactive oxygen species (ROS) in vitro and in vivo I,
Antioxidants have a role in protecting plants against oxidative damage and are abundantly
contained in plant and fruits 1. Natural antioxidants gather attention for maintaining healthy
life due to its low toxicity compared to synthetic antioxidants and a number of natural
antioxidants have been intensely searched. Some substances such as sulforaphane in broccolis
(6. 71 curcumin in turmeric © 9, and Carnosic acid in rosemary [1% U are reported to show
antioxidant effect through activation of Nrf2.

Nuclear factor erythroid-derived two-like-2 (Nrf2) 4 is well known as a transcription factor to
maintain cellular redox homeostasis 3. Nrf2 is characterized as a member of the cap “n”
collar (CNC) subfamily of basic region leucine zipper (bZip) transcription factor and bound in
cytoplasm in basal state to Keapl which is anchored to the actin cytoskeleton and an adopter
protein for CULLI3-based ubiquitin E3 ligase that ubiquitinates Nrf2 for proteasomal
degradation . In addition to Keap1-CULLI3 pathway, degradation of Nrf2 is also regulated
by B-TrCP -GSK3 pathway. Phosphorylation of Neh6 domain of Nrf2 by GSK3 leads to the
binding B-TrCP in this domain and the formation of CULLI1-based ubiquitin E3 ligase 15 €1,
Under oxidative stress, reactive oxygen species oxidizes cysteine thiol in Keapl causing the
conformation change of Keapl that lead to the disruption of keap1-Nrf2 association and Nrf2
is released from Keapl and translocated to the nucleus. Thiol residues in KEAPL act as
electrophilic sensors [*7], Then Nrf2 binds to antioxidant response element (ARE) and induces
ARE target genes coding antioxidant enzymes such as Heme oxigenase 1 (HO1) ['81, NADPH
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dehydrogenase quinone 1 (NQO1), Cystathionine gamma-
synthase (CGS) 9. Recently, Nrf2 and Keapl system is the
critical therapeutic target and the drugs to activate Nrf2 have
been intensely investigated 2%,

In this study, we screened a herb extract library of 80 species
living in Okinawa Islands to find direct antioxidant Nrf2-
dependent activity using ARE-lucifearase reporter assay
system. Then the three candidates of plants, Garcinia
subelliptica, Ocimum gratissimum L., and Plectranthus
ornatus, were chosen for natural source of Nrf2 activators.

2. Materials and methods

2.1 Plant extracts

The library of 50 % aqueous ethanol extract of plants (OP
Biofactory, Okinawa, Japan) was gifted by Kobayashi
Pharamaceutical Co. Ltd. (Osaka, Japan). Lyophilized 50 %
aqueous ethanol extract of Garcinia subelliptica, Ocimum
gratissimum L., and Plectranthus ornatus were purchaced
from OP Biofactory and dissolved in DMSO.

2.2 Cells
HEK 293T cells or HEK293 cells (RIKEN cell bank) were
cultured in 10% FBS-containing Dulbecco’s Modified Eagle’s
medium (DMEM)-low glucose or 10% FBS-containing
DMEM-high glucose at 37 °C in a humidified 5% CO;
incubator.

2.3 Nrf2 luciferase reporter assay

HEK 293T cells were seeded at 1.5 x 10° cells / well of 6-well
plate and cultured 16 h then transfected with
pGL4.37[luc2p/ARE/Hygro] vector (Promega, Madison WI)
by using PEI-MAX (Polyscience, Warrington, PA) according
to the instructions. Six hours after transfection, cells were
collected and seeded at 1.5 x 10* cells /well in a 96-well plate
with various concentrations of plant extracts in 10 % FBS
containing-DMEM (High glucose) medium and cultured for
23h. Cells were lysed with 70 ul of lysis buffer and
transferred in white 96-well plate. The luciferase activity was
measured as the intensity of luminescence by using a micro
plate  reader  (TriStar LB 941, BERTHOLD
TECHNOLOGIES, Bad Wildbad, Germany).

2.4 MTT assay

HEK293 cells were seeded in 96-well plate at 0.75 x 10* cells
/well and cultured 16 h. Cells were treated with plant extracts
in 2% FBS containing-DMEM (high glucose) medium or
0.2% or 0.3% DMSO containing 2% FBS-DMEM (high
glucose) mediun for 24h. Culture medium was replaced with
833 pg/ml of MTT in DMEM medium and cells were
incubated at 37°C for 2h in the absence of light. After the
medium was removed, MTT-formazan crystals were
dissolved in 150 pl of elution solution (4 mM HCI, 0.1% NP-
40 in isopropanol) per wells by shaking. The absorbance was
measured using a micro plate reader at 590 nm.

2.5 Gene expression analysis

HEK 293 cells were seeded at 5 x 10* cells / well of 24-well
plate and cultured for 16 h. After treatment with several
concentration of plant extracts in DMEM (high glucose)
medium with 2% FBS for 6h, total RNA was extracted from
each well by using RNeasy Mini kit (Qiagen, Hilden
Germany). Complementary DNA was synthesized with
ReverTra Ace (TOYOBO, Osaka Japan). Gene expression
was quantified by using KOD SYBR gPCR (TOYOBO) with
the 7500 First Real-Time PCR System (Applied Biosystems
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Foster City, CA). The relative expression levels of each
samples were calculated by using the ddCt method with the
expression level of vehicle control. The primer pairs used are
listed below.

<HO-1>

Forward: 5°-AAGACTGCGTTCCTGTCAAC-3’

Reverse: 5°-AAAGCCCTACAGCAACTGTCG-3’

<NQO1>

Forward: 5’-CCGCAGACCTTGTGATATTCCA-3’

Reverse: 5’-AGAGTACATGGAGCCATGCCA-3’

<yGCS>

Forward: 5’-CATCATCAATGGGAAGGAAGGT-3’
Reverse: 5’-TTTGCGATAAACTCCCTCATCC-3’

<Nrf2>

Forward: 5°- TTCCCGGTCACATCGAGAG-3’

Reverse: 5°- TCCTGTTGCATACCGTCTAAATC-3’

< GAPDH>

Forward: 5°~ACCTGCCGTCTAGAAAAACCTGC -3’
Reverse: 5°-CTTGACAAAGTGGTCGTTGAGGG-3’
<B-actin >

Forward: 5°- CATGTACGTTGCTATCCAGGC-3’

Reverse: 5°- CTCCTTAATGTCACGCACGAT-3’

2.6 Protein preparation

HEK 293 cells were seeded at 7.5 x 10* cells / well of 12-well
plate and cultured for 16 h. After treatment with several
concentration of plant extracts in DMEM (high glucose)
medium with 2% FBS for 24 h. Cells in each well were lysed
with 100 pl of RIPA buffer for 40 min on ice. Cell lysates
were centrifugated at 8000 x g for 10 min at 4 °C and
supernatants were collected as cell lysate. Protein
concentrations were quantified using Pierce BCA Protein
Assay kit (Thermo Fisher Scientific, Waltham, MA).

2.7 Preparation of whole cell lysates and Nuclear fractions
HEK?293 cells were seeded at 1.5 x 106 cells/10 cm dish and
cultured for 40 h.

Culture medium was changed with 60 pg/ml of plant extracts
in DMEM (high glucose) medium with 2% FBS and
incubated for 3h. Cells were collected with trypsinization, and
lysed with RIPA buffer as whole cell lysates. In the other
experiments, cells were washed with PBS and suspended with
1.2 ml of cold TMK buffer (20 mM Tris-HCI pH7.4, 25 mM
KCI, 5 mM MgCl,), then homogenized and centrifuged at 600
x g for 10 min at 4 °C. Pellets were collected as nuclear
fractions and lysed with RIPA Buffer. Protein concentrationw
were quantified using Pierce BCA Protein Assay kit (Thermo
Fisher Scientific).

2.8 Antibodies

Anti-HO-1 antibody (sc-136960 Santa Cruz Biotechnology,
Dallas TX) anti-Nrf2 antibody (#200-3 MBL, Nagoya, Japan)
and Anti-Lamim B1 antibody (sc377000, Santa Cruz
Biotechnology) were used. Horseradish peroxidase-
conjugated goat anti-rabbit 1gG (or horseradish peroxidase-
conjugated goat anti-mouse IgG antibody) (CST Danvers,
MA) was used as the secondary antibody.

2.9 Western blotting analysis

SDS-solved cell lysates were denatured at 95 °C for 5 min,
and resolved by 12% SDS-PAGE and transferred to a Hybond
ECL nitrocellulose membrane (GE Healthcare, little Chalfont,
UK) by using semi-dry transfer cell (Bio-Rad, Hercules, CA).
For the detection of Nrf2 and Lamin B1, cell lysate was
denatured at 95 °C for 5 min resolved by 10% SDS-PAGE


http://www.florajournal.com/

International Journal of Herbal Medicine

and transferred to immobilion-P (Merck Millipore Ltd.
Burlington, MA) by using Mini Trans-Blot Cell (Bio-Rad).
The membrane was blocked with blocking buffer (5% skim
milk in Tris-based buffer with 0.1% Tween 20) at 4 °C for 16
h, then washed 3 times with TBST Buffer (Tris-based buffer
with 0.1% Tween 20) for 5 min, and incubated with primary
antibody diluted in Can Get Signal Solution A (TOYOBO,
Osaka, Japan) by 500-fold at 4 °C for 16 h. After washed 3
times with TBST buffer for 5 min the membrane was
incubated with secondary antibody diluted in Can Get Signal
Solution B (TOYOBO) by 1000-fold at room temperature for
1 h, followed by 3 times-wash with Tris-based buffer with
0.1% Tween 20 for 5 min. Detection of Chemiluminescence
was performed by using enzyme-linked chemiluminescence
(ECL) prime Western Blotting Detection Reagent (GE
Healthcare, Little Chalfont, UK) and Image Quant LAS 4000
digital Image system (GE Healthcare).

2.10 Isolation of mouse primary hepatocytes

Primary hepatocytes were obtained from 8-10w-old female
ICR mice as described 21, Hepatic cells were isolated from
the liver by perfusing 0.0125% collagenase type X (Wako),
followed by passing through 70-um opening mesh.
Hepatocytes were purified by two times of centrifugation at
50 x g for 2 min. Nonparenchymal cells in the supernatant
were discarded. Dead hepatocytes were removed by density
gradient centrifugation in 45% Percoll (GE Healthcare) at 50
x g for 10 min. The obtained hepatocytes were then
suspended in William’s Medium E (Sigma) supplemented
with 5% fetal bovine serum (FBS) (Japan Bio Serum) and
seeded on collagen-coated 96-well plate at 8 x 103 cells / well
seeding density in Williams medium E (Sigma) containing
5% FBS, 2 mM L-Glutamine (Sigma), 0.1 uM insulin
(Sigma), 0.1 uM Dexamethasone (Nacalai) .

2.11 Statistical analysis

Multiple comparisons were performed with Bonferroni's
multiple comparison tests depending on the combinations of
comparisons, after one-way or two-way ANOV A. All
analyses were done with GraphPad Prism 7 for Mac OS X
software (GraphPad Software, Inc., La Jolla, CA).

3 Results

3.1 Screening of plant extracts as activators of Nrf2.

To evaluate the 80 plant extracts for activators of Nrf2,
luciferase reporter assay with ARE elements was conducted.
Extracts of 8 plants, Garcinia subelliptica, Ocimum
gratissimum L., Plectranthus ornatus, Talinum crassifolium,
Alpinia zerumbet, Lactuca sativa, Benincasa hispida, and
Basella alba significantly increased luciferase activity (data
not shown). Dose dependency of Nrf2 activation by these 8
candidates was examined (Fig.1). Extracts of Garcinia
subelliptica, Ocimum gratissimum L., and Plectranthus
ornatus showed dose-dependent luciferase activity. At high
concentration (200 pg/mL), their effect on luciferase activity
was comparable to that of a potent electrophilic Nrf2
activator, tertiary butylhydroquinone (tBHQ). These three
plant extracts were chosen for further validation.
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Fig 1: Screening of a plant extract library for Nrf2 activation

HEK293T cells  were transfected with ARE
pGL4.37[luc2p/ARE/Hygro] vector and treated by various
concentration of plant extracts with the concentrations
described for 24 hrs. Luciferase activity was measured as the
Nrf2 activation. As a positive control, 33uM of tBHQ was
used. meantSD, n=3, Two-way ANOVA t- test *p<0.05,
**p<0.01, ***p<0.001, ****p< 0.0001

3.2 Induction of ARE-dependent transcriptional activity
by the plant extracts.

The induction of three antioxidant genes downstream of
Nrf2, HO-1  (hemuoxygenase-1), NQO1 (NADPH
dehydrogenase), and yGCS (y glutamylcysteine synthetase)
were analyzed. The mRNA expression of HO-1 was
significantly induced by stimulations of Garcinia subelliptica,
Ocimum gratissimum L., and Plectranthus ornatus in dose-
dependent manner (Fig.2a) while either NQO1 or gGCS was
not (data not shown). The strong expression of HO-1 protein
by these three plant extracts was also confirmed (Fig.2b).
These results indicate that these plants extract practically
activated intracellular Nrf2 molecules.


http://www.florajournal.com/

International Journal of Herbal Medicine

HO-1 GAPDH

mRNA expression
(mean+SD)

mRNA expression
(mean+SD)
o a4 0m © & o

I
0103060 0 103060 0 103060 M&/m 0103060 0 103060 0 1030 60 M&/M!

Garcinia Ocimum Plectranthus Garcinia Ocimum Plectranthus
subelliptica gratissimum Ornatus subelliptica  gratissimum Ornatus
b
Garcinia Ocimum Plectranthus
subelliptica  gratissimum Ornatus
Mw
(kDa) C C 30 60 30 60 30 60 ug/ml
35—
- -—-—“-
28  w—

Fig 2: Extracts from Garcinia subelliptica, Ocimum gratissimum L.,
and Plectranthus ornatus induce the expression of Nrf2-dependent
molecule, HO-1 at both mRNA and protein levels.

(a) Messenger RNA expression of HO-1.

HEK293 cells were treated with various concentrations of
plant extracts and the mRNA samples collected 6 h after
treatment was subjected to gRT-PCR. The relative expression
levels of HO-1 and GAPDH as a control gene were shown.
meanzSD, n=3, Two-way ANOVA t-test *p<0.05,
***p<0.001, ****p< 0.0001

(b) The induction of HO-1 protein.

HEK?293 cells were treated with various concentrations of
plant extracts. Protein samples collected 24h after treatment
with various concentration of plant extracts were subjected to
immunoblotting. C: control for treatment of Garcinia
subelliptica or Plectranthus ornatus. Cells were treated with
0.2%DMSO0/2% FBS containing DMEM medium, C’: control
for treatment of Ocimum gratissimum. Cells were treated with
0.3%DMSO/2% FBS containing DMEM medium.

3.3 Nuclear translocation of Nrf2 by treatment of Garcinia
subelliptica

Activation of Nrf2 released Keapl from Nrf2/Keapl complex
and released Nrf2 translocates into the nuclei. To confirm the
translocation of Nrf2 by Garcinia subelliptica, nuclear Nrf2
protein was examined by western blotting analysis. Three
hours after the addition of Garcinia subelliptica extracts into
culture medium, the amount of nuclear Nrf2 protein was
increased as compared to that of the control without any
change in that of total Nrf2 protein (Fig. 3a). Figure 3b shows
the protein ratio of Nrf2 to the control nuclear protein, Lamin
B1 by scanning the images of Fig. 3a.
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Fig 3: Extract of Garcinia subelliptica induces nuclear localization
of Nrf2

(a) Nuclear protein and total cellular protein were collected 2
h after treatment with

60pg/mL  of Garcinia subelliptica and subjected to

immunoblotting with the indicated antibody. 20 pg protein

samples were loaded per lane. (b) Signal intensities of bands

detected in (a) were scanned and quantified.

3.4 The selected plant extracts do not show cell
cytotoxicity.

MTT assay was performed to examine whether plant extracts
induce cellular cytotoxicity. The extracts of either Garcinia
subelliptica or Ocimum gratissimum L. did not exhibit
cytotoxicity at even relatively high concentration (60 pg/mL),
whereas the extract of Plectranthus Ornatus show slight
cytotoxicity at the concentration of over 50 ug/ml (Fig.4).

1 -8 Garcinia subelliptica
Q oo - Ocimum gratissimum
E‘-ﬁ 0. - Plectranthus Ornatus
a 3o
°E,

0.

2
0

0 10 20 30 40 50 60
Concentration (ng/ml)

Fig 4: Evaluation of cytotoxicity of plant extracts.

HEK293 cells were treated with various concentration of plant
extracts and incubated 24h. MTT assay was performed for evaluation
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of cell toxicity. mean+SD, n=3, Two-way ANOVA t- test *p<0.05

3.5 Extract of Garcinia subelliptica prevented IFN-y-
induced cytotoxicity in primary hepatocytes.
We have previously reported that IFN-y itself induced
oxidative stress and promoted apoptosis in hepatocytes ?2, To
evaluate the antioxidative effect of extract of Garcinia
subelliptica in a pharmaceutical condition, the protective
effect against IFN-y-induced cytotoxicity in primary
hepatocyte was examined by MTT assay. IFN-y at 100 U/ml
caused cytotoxicity in hepatocytes and extract of Garcinia
subelliptica successfully prevented it in dose-dependent
manner (Fig.5). It suggested that the extract of Garcinia
subelliptica is effective for cytoprotection in liver damage.

kkk
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I T I
N
0 103060 0 10 30 60 (ug /ml)
IFNy (-)

0.25-
0.20+
0.151
0.10+
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Fig 5: Extract of Garcinia subelliptica suppresses ROS-dependent
cell death in primary hepatocytes

Primary hepatocytes were treated with several concentrations
of Garcinia subelliptica. with / without 100 U/ml of IFN-y.

The effect of Garcinia subelliptica on IFN-induced
cytotoxicity were evaluated by MTT assay.

meanzSD, n=4, Two-way ANOVA t-test **p<0.01,
***n<0.001,

4. Discussion

Antioxidant activity is divided in two major mechanisms.
That is, (1) extracellularly trapping ROS and deleting the
molecule as radical scavengers and (2) inducing antioxidant
genes and intracellular quenching ROS ™. The latter is mainly
dependent on the activation of the master molecule Nrf2 1, In
this study, we have screened plant library of Ryukyu
(Okinawa) islands by the index of Nrf2 activity and identified
several promising species, and examined the details in
Garcinia subelliptica, Plectranthus Ornatus, and Ocimum
gratissimum L.

Garcinia subelliptica Merr. (Fukugi) has been used for long
time in Okinawa area as the traditional medical herb. This
herb contains mainly benzophenones, xanthones, and
biflavonoids and show various medicinal activities such as
anti-inflammatory and  anti-bacterial  functions [,
Plectranthus Ornatus is a member of plectranthus family,
which contains various subspecies and has been employed as
tranditional medicine herbs worldwide [4, however, the
feature of Ornatus is little known except the herb contains
antimicrobacteria components 3. Ocimum gratissimum
belongs to the family of Labiatae and is indigenous to tropical
areas such as India and West Africa. This plant is
worldwidely known by various names has been also
commonly used as tranditional medicne for long time. The
antimicrobial and antifungal activities of the herb are widely
known function and some other medical activities such as
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anti-inflammatory function have been reported 2, So far, to
our knowledge, the function of Nrf2 activation in these three
plants have not been reported. Our results may in part explain
the mechanisms of these traditional medical activities.

Plant extracts contain miscellaneous components as direct
radical scavengers, Nrf2 activators or bifunctional molecules.
A large number of phytochemicals were identified as Nrf2
activators with diversified mechanisms - 281, The fact that the
different mechanisms by various phytochemicals control Nrf2
activation may explain that the three plant extracts in our
present study induced HO-1 but not NQO-1 (NAD (P) H:
ginone oxidoreductase-1) or GCS (g-glutamylcysteine
synthetase) despite all are under Nrf2 regulation. The
activated genes by Nrf2 are supposed to depend on the
specific componets of plant extracts.

Because Nrf2 functions as a protective gene againt various
diseases through the antioxidant activity, a large number of
the drug candidates are under development 2%, Especially,
phytochemicals are one of the most attractive candidate
category for varoius diseases including chronic ones 2% 30,

Of the Nrf2 protective functions, it has been gathering
attention that Nrf2 suppresses ferroptosis, a novel type of
regulated cell death characterized by the iron-dependent
accumulation of lipid peroxides to lethal levels, which is
morphologically, biochemically, and genetically distinct from
apoptosis, necroptosis, and autophagy BY. Interestingly, the
recent accumulating data show that ferroptosis is the central
role in the pathogenesis of various diseases such as liver
331, renal B4, and cardiovascular 3. Ferroptosis is regulated
by two distinct pathways, mitochondria-dependent and —
independent/GPX inhibition-dependent pathway [6. It is
noteworthy that Nrf2 suppresses the both pathways via the
expression of its downstream genes B, Accordingly, this
function has Nrf2 becomes the one of the most important
taraget molecules for the clinical usages.

Extracts of three natural plant, Garcinia subelliptica, Ocimum
gratissimum L., and Plectranthus Ornatus, showed induction
of Nrf2 activation dose-dependently. The induction efficacy
of them were comparable to the classic Nrf2 activator, tBHQ.
Furthermore, these three extracts caused potent HO-1
induction. To confirm the Nrf2 activation by Garcinia
subelliptica, nuclear translocation of Nrf2 was examined after
treatment of Garcinia subelliptica extract. Garcinia
subelliptica extract increased the amount of nuclear Nrf2
protein, but interestingly there was almost no change in total
amount of Nrf2 protein. It suggested that it had no effect on
Nrf2 degradation itself. Nrf2 activators such as tBHQ or
Sulforaphane modify cysteine residue in KEAP1 which leads
to inhibition of proteasomal degradation of Nrf2. So, total
protein of Nrf2 is increased by treatment of these Nrf2
activators. Garcinia subelliptica might activate Nrf2 activation
through different mechanism from general Nrf2 activators [5®
%1, Further examinations are required to answer the question
about the precise mechanism of Nrf2 activation by Garcinia
subelliptica.

Interferon g, one of the major inflammatory cytokines,
induces ROS-dependent cell death in primary hepatocytes 22,
It is pharmaceutically significant that extract of Garcinia
subelliptica suppressed the cell death because the fact would
partly support the various clinical effects of these herbal
medicines.

Component identification for Nrf2 activation in these plant
lead to discover the novel potent antioxidants. At the same
time, it might lead to discover new mechanism of Nrf2
activation and inactivation. Results from this study showed
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novel potent sources of antioxidant through Nrf2 activation.
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