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Abstract

Our previous study showed that the ethanol extract of Dioscorea batatas Decne (Chinese yam) peel upregulated cer-
tain antioxidant enzymes and had the anti-inflammatory activity. In this study, 2, 7-dihydroxy-4, 6-dimethoxy phenan-
threne (DDP) was isolated from yam peel extract as a potent antioxidative enzyme inducer through bioassay-guided
fractionation using HepG2-ARE cells, and subjected to examination for its anti-inflammatory activity as well as anti-
oxidant activity. DDP decreased the levels of inflammatory mediators in LPS-stimulated Raw 264.7 macrophage and
reduced the level of reactive oxygen species in tert-butyl hydroperoxide-challenged Raw 264.7 cells. Moreover, DDP
enhanced the expression of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and its downstream heme oxygenase-1
proteins while it decreased the expression of INOS, COX-2, proinflammatory cytokines via nuclear factor-kB pathway.
However, the combinatorial treatment with DDP and the inhibitor of Nrf2 or HO-1 activity did not affect the levels of
inflammatory biomarkers, suggesting that anti-inflammatory action by DDP is achieved by the mechanism independ-
ent of Nrf2 signaling pathway. In conclusion, DDP was found to be a strong antioxidant and anti-inflammatory agent
and warrants further in vivo efficacy study for future use as a functional food ingredient.
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Introduction

Chronic inflammation increases the risk of many dis-
eases such as intestinal bowel diseases, colorectal cancer,
cardiovascular disease, and neurodegenerative disease
in which oxidative stress plays a critical role [1-3]. It is
widely known that inflammatory responses are medi-
ated by upregulation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) and its downstream
genes including inducible nitric oxide synthase (iNOS),
and cyclooxygenase-2 (COX-2). NF-kB activation is
influenced by ROS and leads to upregulation of antioxi-
dant proteins, demonstrating that NF-kB and ROS influ-
ence each other in a positive feedback loop [4].
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ROS are defined as reduced metabolites of oxygen that
have strong oxidizing capabilities [5]. The proper lev-
els of ROS acts as signaling molecules that regulate cell
growth, the adhesion of cells, differentiation, and apop-
tosis [6-8]. Increased ROS can activate inflammatory
signaling which includes pro-inflammatory signaling pro-
tein MAPK and the transcription factor NF-xB [9, 10],
and also cause the oxidation of protein and lipid and the
damage of DNA. Thus, the inflammatory responses are
regulated by the redox balance governed by cellular anti-
oxidant machinery [5, 11].

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a
transcription factor, induces a variety of phase 2 detoxi-
fying/inducible antioxidant enzymes including heme
oxygenase-1 (HO-1), NAD(P)H quinone dehydrogenase
1 (NQOL1), glutathione reductase (GR), and gamma-glu-
tamylcysteine synthetase (y-GCS). Multiple studies have
demonstrated that hyperactivation of Nrf2 can suppress
NF-kB-mediated inflammation [12, 13]. Nrf2 induces
the expression of HO-1 gene by increasing mRNA and
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protein expression. HO-1 and its metabolites including
carbon monoxide have been reported to have strong anti-
inflammatory effects by inhibiting of NF-«kB signaling. As
Nrf2/HO-1 axis plays an important role in anti-inflam-
matory function, Nrf2 and its downstream antioxi-
dant enzymes could be promising therapeutic targets in
inflammatory diseases [14—18].

Our previous study also showed that Dioscorea batatas
Decne extract effectively decreased the levels of inflam-
matory mediators in LPS-stimulated macrophage and
DSS-induced colitis mice model [19]. However, the yam
peel components responsible for anti-inflammatory
effect have not been identified so far. Therefore, this study
was conducted to isolate the yam peel component(s) with
anti-inflammatory and antioxidant activities through
bioassay-guided fractionation using HepG2-ARE cells,
leading to the isolation of a couple of active compounds
including phenanthrene derivatives. That is, chromato-
graphic fractions showing strong antioxidant enzyme-
inducing activity were serially collected and narrowed
down to the component(s) with the strongest antioxidant
capacity, subsequently examined its anti-inflammatory
activity.

Materials and methods

Plant material

The peel of D. batatas Decne (DBD; a synonym for
Dioscorea polystachya Turcz.), commonly called Chinese
yam was obtained from the Forest Resources Develop-
ment Institute of Gyeongsangbuk-do (Andong, S. Korea).

Extraction and isolation of Dioscorea batatas Decne peel
The peel (7 kg) of D. batatas Decne was extracted with
95%(v/v) ethanol (10 L) for 48 h at room temperature.
The ethanol extract was concentrated, and then parti-
tioned in a separatory funnel with the equivalent amount
of hexane, ethyl acetate, butanol and water, sequentially.
Ethyl acetate-soluble fraction with the highest anti-
oxidant enzyme-inducing activity was dissolved with
DCM:MeOH (1:1, v/v) and further fractioned on size
exclusion chromatography filled with Sephadex® LH20
resin (80 x 400 mm) using mobile phase, DCM:MeOH
(1:1, v/v). The eighth fraction among total 13 fractions
was purified by reversed phase HPLC using a gradient
mixture of acetonitrile/water (39:61 (0—44 min) — 100:0
(44.01-60 min)) to acquire 2,7-dihydroxy-4,6-dimethoxy
phenanthrene (DDP, 4.9 mg).

NMR data acquisition

The isolated compound (DDP) was dissolved in ace-
tone-dg, and 'H and *C nuclear magnetic resonance
(NMR) spectra were obtained from a Bruker Ascend"™
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(H-500 MHz, '3C-125 MHz (Billerica, MA, USA)
spectrometer.

Cell culture

A murine macrophage cell line (Raw 264.7) was obtained
from the Korean Cell Line Bank (KCLB, Seoul, S. Korea).
The cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen, Carlsbad, CA, USA) sup-
plemented with 10% heat-inactivated fetal bovine serum
(FBS; Welgene, S. Korea) and 1% penicillin—streptomy-
cin (Invitrogen/Thermo Fisher Scientific, Carlsbad, CA,
USA), and kept at 37 °C in an atmosphere of 5% CO,/95%
air under saturating humidity.

Cell viability assay

To test the cytotoxicity of DDP, a cell counting kit-8
(CCK-8; Dojindo Laboratories, Kumamoto, Japan) was
used as previously described [20]. Cells were treated
with various concentrations of DDP followed by incuba-
tion for 24 h. The absorbance, which is proportional to
the number of living cells in each well, was measured
at 450 nm using a microplate reader (Sunrise ", Tecan
Group Ltd., Ménnedorf, Switzerland).

Antioxidant response element (ARE)-luciferase activity
assay

To measure the transcriptional activity of ARE, lucif-
erase reporter gene assay was conducted on HepG2-
ARE as previously described [21]. The cells were treated
with DDP in 0.5% FBS-containing culture medium for
24 h. The ARE-luciferase activity was measured using
a luciferase assay system (Promega, Madison, WI,
USA) according to the manufacturer’s instruction. Sul-
foraphane (Sigma-Aldrich, St. Louis, MO, USA, 5 pM)
was used as a positive control [22]. The luminescence
was detected using a TD-20/20 luminometer (Turner
Designs, Sunnyvale, CA, USA), and calibrated with the
amount of total proteins. The values were then normal-
ized against the control.

Detection of intracellular reactive oxygen species

The intracellular oxidative stress was assessed by meas-
ures of reduced 2/,7/-dichlorofluorescein diacetate
(H,DCFDA; Invitrogen, Carlsbad, CA, USA), which is
converted into oxidized and fluorescent 2/, 7’-dichloro-
fluorescein (DCF) by reactive oxygen species (ROS). Cells
were plated into a black-bottom 96-well plate (Nunc,
Rochester, NY, USA) at a density of 2 x 10* cells/well.
After 24 h, cells were incubated with the various con-
centrations of DDP for another 24 h. Cells were treated
with H,DCFDA (20 uM) for 30 min, and subsequently
challenged by tert-butyl hydroperoxide (:BHP; 200 uM
in 1% FBS-containing PBS) for 1 h. After 1 h-incubation
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in tBHP-containing PBS, fluorescence was measured
at excitation and emission wavelengths of 485 nm and
535 nm, respectively, using a fluorescence microplate
reader (Infinite 200; Tecan, Grodig, Austria).

Determination of nitric oxide (NO) production

Raw 264.7 cells were incubated with various concentra-
tions of DDP and/or lipopolysaccharide (LPS, Sigma-
Aldrich, 1 pg/mL), Tin protoporphyrin IX (SnPP, Enzo
Life Sciences, Inc., Farmingdale, NY, 20 uM) and Brusa-
tol (Carbosynth Ltd., Newbury, Berkshire, UK, 50 nM).
After 24 h, the culture medium was then collected. The
NO level in the culture medium was determined by
measuring the nitrite content using the Griess reagent
system (Promega, Madison, WI, USA). Dexamethasone
(Sigma-Aldrich, St. Louis, MO, USA, 100 pM) was used
as a positive control.

Measurement of inflammatory cytokine levels

The levels of cytokines present in the culture medium
was measured using commercial ELISA kits for inter-
leukin (IL)-1p, IL-6 and tumor necrosis factor (TNF)-a,
(BioLegend, San Diego, CA, USA). The culture medium
was collected then centrifuged at 10,000 x g at 4 °C for
5 min. The supernatant was subjected to ELISA for each
cytokine. Dexamethasone was used as a positive control.

Western blot analysis

Whole cell lysates were prepared by homogenizing in
pre-cooled lysis buffer (20 mM Tris—HCI, 145 mM NacCl,
10%(v/v) glycerol, 5 mM EDTA, 1%(v/v) Triton-X and
0.5%(v/v) Nonidet). After centrifugation at 15,000 x g at
4 °C for 10 min, the supernatants were quantified for pro-
tein and denatured in sample buffer at 95 °C for 10 min.
Alternatively, nuclear and cytoplasmic proteins were
fractionated using NE-PER™ nuclear and cytoplasmic
protein extraction kit (Thermo Fisher Scientific., Rock-
ford, IL, USA), quantified and denatured. The proteins
were then electrophoretically separated on sodium dode-
cyl sulfate polyacrylamide gel (SDS-PAGE) and trans-
ferred to polyvinylidene fluoride (PVDF) membranes
(Merck Millipore Corp., Billerica, MA, USA). The mem-
branes were blocked in 1%(w/v) bovine serum albumin
(BSA) in Tris-buffered saline including 0.1% (v/v) Tween
20 (TBST). The primary antibodies used in this study
were against COX-2, iNOS, HO-1, p65, Nrf2, lamin B
or B-actin. The appropriate secondary antibodies conju-
gated with horse radish peroxidase (HRP) were used for
each primary antibody. Protein bands were developed
using SuperSignal™ West Pico Chemiluminescent Sub-
strate (Pierce, Cheshire, United Kingdom), digitalized
using ImageQuant LAS 4000 mini (GE Healthcare Life
Sciences, Little Chalfont, UK), and densitometrically
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analyzed using Image Studio Lite version 5.2 (LI-COR
Biotechnology, Lincoln, NE, USA).

Statistical analysis

All the statistical analyses were performed using the
SPSS software version 23.0 (SPSS Inc., Chicago, IL, USA).
Comparisons were conducted via one-way analysis of
variance (ANOVA) followed by Duncan’s multiple range
test. The p values less than 0.05 were considered signifi-
cant. Significant differences were indicated using differ-
ent alphabetical letters.

Results and discussion

We previously observed that the ethanolic extract of Chi-
nese yam peel had anti-inflammatory effect in LPS-stim-
ulated macrophage and DSS-induced colitis mice model
[19]. To find the potential bioactive substances in yam
peel extract, we performed bioassay-guided fractiona-
tion for yam peel extract, followed by examination of
the anti-oxidant and anti-inflammatory activities of each
fraction. First, the extract was fractionated using sol-
vent and size exclusion chromatography. Four fractions
of D. batatas peel extract were tested for their antioxi-
dant ability by measuring ARE-induction activity. Ethyl
acetate (EA) fraction increased ARE-induction activity
more highly than any other fractions. Therefore, EA frac-
tion was further fractionated by size exclusion chroma-
tography. Thirteen chromatographic fractions of EA layer
were obtained and examined for their anti-oxidant or
anti-inflammatory activities (Additional file 1: Fig. S3A,
S3B). The chromatographic fraction #8 enhanced ARE-
induction activity most significantly while decreased NO
concentration in LPS-stimulated Raw 264.7 cells. Further
purification of the fraction #8 using a preparative reverse
phase HPLC resulted in five clear single peaks (#1-5)
and two poorly resolved peaks (#6-7) (Additional file 1:
Table S1). Unfortunately, the yield of peak #4 was not
enough to conduct further experiments. Therefore, the
anti-inflammatory and antioxidant activities were evalu-
ated for 4 well-resolved single peaks (peak #1, 2, 3, 5).
The compound represented by peak #1 was identified to
be 2, 7-dihydroxy-4, 6-dimethoxy phenanthrene (DDP;
Fig. 1a) through NMR and mass spectrometry while the
other three peaks are under study for determination of
molecular structure.

The isolation procedure of 2, 7-dihydroxy-4, 6-dimeth-
oxy phenanthrene (DDP) from ethyl acetate fraction
in D. batatas Decne peel extract was detailed in Addi-
tional file 1: Fig. S1. The chemical structure of DDP was
identified through analysis of 'H, '*C NMR spectra as
shown in Additional file 1: Fig. S2(A, B) along with MS
spectroscopic data. The compound showed the chemi-
cal characteristics described below and identified as a
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Fig. 1 Chemical structure (a) and cytotoxicity (b) of 2, 7-dihydroxy-4,
6-dimethoxy phenanthrene (DDP). Values are mean +SEM (n=3).
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[
1=
S

@
=

'
=3

Cell viability (% of control)
N N
(=} (=}

2, 7-dihydroxy-4, 6-dimethoxy phenanthrene by com-
parison with previous reports [23, 24]. Electrospray
ionization-mass spectrometry (ESI-MS; positive mode)
m/z 271.1[M+H]*; '"H NMR & : 4.05 (3H, s, 6-OCH,),
4.14 (3H, s, 4-OCHy,), 6.82 (1H, d, J=2.25 Hz, H-3), 6.92
(1H, d, J=2.33 Hz, H-1), 7.27 (1H, s, H-8), 7.46 (1H, d,
J=8.77 Hz, H-10), 7.55 (1H, d, J=8.76, H-9), 9.14 (1H,
s, H-5); 13C NMR §: 160.09 (C-4), 155.96 (C-2), 148.21
(C-6), 145.72 (C-7), 135.61 (C-10a), 128.04 (C-4b), 127.76
(C-10), 125.37 (C-8a), 125.3 (C-9), 115.32 (C-4a), 112.24
(C-8), 109.45 (C-5), 106.26 (C-1), 99.85 (C-3), 56.02 (C-4,
OCHy,), 55.83 (C-6, OCHS,).

Phenanthrene, a skeleton of DDP, is a polycyclic aro-
matic hydrocarbon composed of three fused benzene
rings. It has been previously reported to have biological
activities including anticancer, antimicrobial, spasmo-
lytic, anti-allergic, anti-inflammatory, and antiplatelet
aggregation activities [25-31]. A few phenanthrene deriv-
atives have been reported in the Dioscoreaceae, Hepati-
cae class and Betulaceae families [32].

DDP reduced NO concentration in LPS-stimulated
macrophage and induced ARE-luciferase in HepG2-ARE
cells (Additional file 1: Fig. S3(C-F)). DDP was also shown
to have relatively low cytotoxicity for Raw 264.7 mac-
rophage cells as examined by CCK-8 assay. DDP did not
affect the cell viability at 5 pg/mL or less while it showed
a slight reduction in cell viability at 10 ug/mL (Fig. 1b).
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Inflammatory responses are generally mediated by pro-
inflammatory cytokines such as IL-1p, TNF-a and IL-6,
which are, in turn, controlled by NF-kB, a key inflam-
matory transcription factor [33, 34]. To investigate the
anti-inflammatory effects of DDP, Raw 264.7 cells were
exposed to different concentrations of DDP for 24 h in
the absence or presence of LPS. LPS treatment increased
NO production and pro-inflammatory cytokines such as
IL-1p, TNF-a and IL-6, but the addition of DDP inhibited
LPS-mediated increase of NO production and IL-1p in a
dose-dependent manner. However, the levels of TNF-«
and IL-6 were not affected by the compound (Fig. 2a—d).

In addition, DDP significantly suppressed LPS-induced
expression of cytosolic iNOS and COX-2 proteins
(Fig. 2e). The nuclear level of p65 was also significantly
reduced by the compound in LPS-stimulated Raw 264.7
cells (Fig. 2f), suggesting that DDP could exert anti-
inflammatory activity by suppressing NF-kB signaling
pathway.

As excessive ROS could activate inflammatory signal-
ing, it is important to control redox balance by cellular
antioxidant machinery [5, 11]. The expression of reporter
luciferase gene connected to ARE sequence present in
the promoter region of inducible antioxidant enzyme
genes was increased in DDP-treated human hepatoma
HepG2-ARE cells (Fig. 3a), suggesting that DDP could
induce antioxidant enzymes through Nrf2/ARE-signal-
ing pathway and exert a strong antioxidant activity. To
examine whether DDP can decrease the intracellular
ROS level, Raw 264.7 cells were treated with various con-
centrations of DDP following treatment with tBHP. As
expected, DDP significantly reduced intracellular ROS
level induced by tBHP (Fig. 3b).

Nrf2/HO-1 signaling pathway was known to down-
regulate the proinflammatory cytokines including IL-6
and TNF-a as well as other inflammatory mediators such
as COX-2 and iNOS [16, 17, 35]. Therefore, we further
examined whether DDP could promote Nrf2-mediated
antioxidant enzyme expression in Raw 264.7 cells. When
the cells were treated with DDP, the expression of Nrf2
and HO-1 was increased (Fig. 3c) but the expression of
another antioxidant enzymes such as NQO1 and y-GCS
remained unchanged (data not shown).

To further investigate whether Nrf2/HO-1 axis plays
a role in DDP-mediated anti-inflammatory activity, Raw
264.7 cells were treated with DDP in the absence or pres-
ence of tin protoporphyrin (SnPP) or brusatol, which
is an inhibitor of HO-1 and Nrf2, respectively. While
DDP suppressed NO production and IL-1B concentra-
tion induced by LPS (Fig. 2a, b), co-treatment of DDP
with brusatol or SnPP did not attenuate the repression
of IL-1 p and NO production mediated by DDP (Fig. 4a,
b). In addition, DDP significantly reduced the expression
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Fig. 2 Anti-inflammatory effects of DDP on LPS-activated Raw 264.7 macrophage. Cellular inflammatory response was provoked by LPS in Raw
264.7 cells. After 24 h incubation in the absence or presence of DDP, each culture medium was collected. The levels of extracellular NO (a) and
inflammatory cytokines, including IL-13, TNF-a and IL-6 (b—d) were analyzed. Intracellular protein expression levels of iNOS, COX-2 and nuclear
p65 in LPS-activated Raw 264.7 cells were quantitatively analyzed (e, f). Bars (values) not sharing common letter indicate statistically significant
difference from each other (p <0.05)
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of LPS-induced iNOS and COX-2. However, the inhibi-  anti-inflammatory effect of DDP is not directly associ-
tion of Nrf2 or HO-1 by brusatol or SnPP did neither ated with Nrf2 or HO-1 activity. There is another possi-
affect nor attenuate the effect of DDP on the expression  bility that NF-«B signaling pathway is irreversibly altered
of iNOS and COX-2 (Fig. 4c). These results suggest that
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by DDP and could not be restored at any means such as
Nrf2 signaling pathway or its downstream proteins.

In conclusion, DDP attenuated inflammatory
response and enhanced antioxidant activities on LPS-
stimulated Raw 264.7 cells. Thus, DDP poses potential
as a natural therapeutic agent or dietary supplement for
prevention of a multiple inflammatory diseases, such
as inflammatory bowel disease, rheumatoid arthritis,
atherosclerosis, systemic lupus erythematosus, type I
diabetes, multiple sclerosis, chronic obstructive pulmo-
nary disease and asthma.

Additional file

Additional file 1. Fig. S1. Schematic diagram of extraction and isolation
procedure for 2, 7-dihydroxy-4, 6-dimethoxy phenanthrene. Table S1.
Yield of eight compounds of chromatographic fraction #8. Values in
parenthesis represent actual weight in milligram obtained from 143.5 mg
of fraction #8. Fig. $2. "H NMR spectrum of 2,7-dihydroxy-4,6-dimeth-
oxyphenanthrene 500 MHz, Acetone-dj, (A), and '*C NMR spectrum of
DDP 125 MHz, Acetone-dj (B). Fig. S3. Antioxidant and anti-inflammatory
activities of chromatographic fractions of ethylacetate fraction. (A) ARE-
luciferase induction activities of thirteen fractions in HepG2-ARE cells.

(B) Extracellular NO levels in LPS-activated RAW 264.7 cells cultured with
thirteen fractions. (C) ARE-luciferase induction activities of four subfrac-
tions of chromatographic #8 fraction in HepG2-ARE cells. (D) Extracellular
NO levels in LPS-activated RAW 264.7 cells cultured with four subfractions.
(E-F) Effect of isolated compounds on the expression of inflammation-
related proteins and Nrf2-mediated antioxidant enzymes in LPS-activated
RAW 264.7 cells. Bars (values) not sharing common letter indicate statisti-
cally significant difference from each other (p <0.05).
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