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Abstract: A peroxynitrite (ONOO−)-generating system induced by 3-morpholinosydnonimine,
was used to evaluate the ONOO− scavenging properties of plants that have been widely used as
traditional medicine in Korea for the treatment of several diseases. The most effective medicinal
plants were Paeonia suffruticosa Andrew, followed in order by Lonicera japonica Thunb., Curcuma
zedoaria (Christm.) Roscoe, and Pueraria thunbergiana Benth. In addition, root bark of P. suffruticosa was
partitioned with organic solvents of different polarities, and the ethyl acetate (EtOAc) fraction showed
the strongest ONOO− scavenging activity. Methyl gallate, a plant-derived phenolic compound
identified from the EtOAc fraction, exerted strong ONOO− scavenging activity. The in vivo
therapeutic potential of methyl gallate was investigated using lipopolysaccharide-treated mice.
Oral administration of methyl gallate protected against acute renal injury and exhibited potential
anti-inflammatory properties through an increase in antioxidant activity and decrease in nuclear
factor-kappa B activity.

Keywords: peroxynitrite; medicinal plant; Paeonia suffruticosa Andrew; methyl gallate;
lipopolysaccharide; anti-inflammatory activity

1. Introduction

It is widely recognized that oxidative stress caused by excessive reactive species (RS) including
reactive oxygen species (ROS) and reactive nitrogen species (RNS) is associated with the pathogenesis
of diseases [1]. Peroxynitrite (ONOO−), a powerful oxidant formed through the reaction of nitric oxide
(NO) and superoxide (O2

−), is thought to be cytotoxic itself and is capable of breaking down into
other toxic species, such as the hydroxyl radical (·OH) [2]. RNS are also known to be active nuclear
factor-kappa B (NF-κB), redox sensitive, and pro-inflammatory transcription factor [3]. Antioxidants
that protect against oxidative damage induced by free radicals, prevent the onset and progression
of disease [4,5]. Therefore, research interests are focused on the development of safe, effective, and
non-toxic antioxidants.
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From ancient times, humans have benefited from natural plants and compounds. It has been
generally recognized that traditional oriental medicines plays a unique role in the prevention and
treatment of many human diseases associated with excess free radicals. Koreans have also used and
cultivated a variety of plants with medicinal function, which are speculated to be potent ONOO−

scavengers that can protect tissues and cells from damage caused by excess RS. ONOO− and ROS
scavengers can provide promising indicators of new treatments.

Currently, several methods and procedures, have been established to evaluate radical
scavenging and antioxidant activity both in vivo and in vitro [6–9]. In this study, we used a
3-morpholinosydnonimine (SIN-1)-induced ONOO−-generating system, because it can be used to assay
a large number of samples within a short period and is sensitive enough to detect natural antioxidants
at low concentrations. We used this system to conduct the primary screening for the presence of
radical scavenging activity among various medicinal plants, their fractions, and active compounds.
We also investigated the effects of methyl gallate, a plant-derived phenolic compound found in
root bark of Paeonia suffruticosa Andrew, on oxidative stress and inflammation in lipopolysaccharide
(LPS)-treated mice.

2. Results

2.1. ONOO− Scavenging Activity of 70% EtOH Extracts from Korean Medicinal Plants

To evaluate the oxidative status, 70% EtOH extracts from seven different medicinal plants (Table 1)
were screened using a dihydrorhodamine 123 (DHR 123)probe (Table 2). As shown in Table 2, the most
potent ONOO− scavenger was Paeonia suffruticosa Andrew, which showed an IC50 value of 7.69 µg/mL.
Lonicera japonica Thunb. also showed a strong scavenging effect, with an IC50 value below 8 µg/mL. In
addition, Curcuma zedoaria (Christm.) Roscoe, Pueraria thunbergiana Benth, and Scirpus yagara Ohwi
were effective ONOO− scavengers with IC50 values of 10.13, 10.65 and 11.74 µg/mL, respectively. All
the plants tested had IC50 values below 14 µg/mL.

Table 1. Korean medicinal plants.

Herb Name Family Used Part

Lonicera japonica Thunb. Caprifoliaceae Whole
Lysimachia christinae Hance Primulaceae Whole
Scirpus yagara Ohwi Cyperaceae Root
Paeonia suffruticosa Andrew Paeoniaceae Root bark
Ailanthus altissima (Mill.) Swingle Simaroubaceae Leaf
Pueraria thunbergiana Benth Leguminosae/Fabaceae Root
Curcuma zedoaria (Christm.) Roscoe Zingiberaceae Root

Table 2. ONOO− scavenging activity of 70% EtOH extract from Korean medicinal plants.

Extract IC50 Value (µg/mL) a

Lonicera japonica Thunb. 7.92 ± 0.72
Lysimachia christinae Hance 13.19 ± 0.28
Scirpus yagara Ohwi 11.74 ± 0.77
Paeonia suffruticosa Andrew 7.69 ± 0.67
Ailanthus altissima (Mill.) Swingle 12.64 ± 0.37
Pueraria thunbergiana Benth 10.65 ± 0.04
Curcuma zedoaria (Christm.) Roscoe 10.13 ± 0.14
l-Penicillamine b 8.24 ± 0.24

a 50% inhibition concentrations (IC50, µg/mL) was calculated from the log dose inhibition curve and are expressed
as mean ± S.E.M. of triplicate experiments. b Positive control.

After separation of the root bark of P. suffruticosa extracts, which is the strongest ONOO− scavenger,
a difference in scavenging activity was observed among the various solvent-soluble fractions (Figure 1).
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As shown in Table 3, the ONOO− scavenging activity of dichloromethane (CH2Cl2) and n-butanol
(n-BuOH) fractions were stronger than that exhibited by the 70% EtOH extract. Moreover, the ethyl
acetate (EtOAc) fraction showed the strongest, ONOO− scavenging activity with an IC50 value of
0.25 µg/mL.

Figure 1. Extraction and fractionation from root bark of P. suffruticosa.

Table 3. ONOO− scavenging activity of subfractions from the 70% EtOH extract of root bark of
P. suffruticosa.

Sample IC50 Values (µg/mL) a

70% EtOH extract 4.78 ± 0.13
CH2Cl2 fraction 1.78 ± 0.05
EtOAc fraction 0.25 ± 0.03

n-BuOH fraction 4.19 ± 0.23
H2O fraction 7.99 ± 0.79
l-Penicillamine b 9.00 ± 0.38

a 50% inhibition concentrations (IC50, µg/mL) was calculated from the log dose inhibition curve and are expressed
as mean ± S.E.M. of triplicate experiments. b Positive control.

Methyl gallate was detected in the EtOAc fraction from root bark of P. suffruticosa extracts (Figure 2,
Tables 4 and 5) and exhibited a high ONOO− scavenging activity with an IC50 of 0.91 µM compared to
that of the positive control l-penicillamine with an IC50 value of 8.79 µM (Table 6).
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Figure 2. HPLC chromatograms of methyl gallate (A), 70% EtOH extract from P. suffruticosa (B),
and EtOAc fraction (C) of the 70% EtOH extract.

Table 4. Retention time, calibration equation, and correlation coefficient of methyl gallate.

Compound Retention Time
(min) Calibration Equation a Correlation Coefficient

(r2)

Methyl gallate 15.451 y = 17.430x + 4.221 0.996
a y = peak area, x = concentration of standard (mg/mL).

Table 5. Contents of methyl gallate in the 70% EtOH extract and EtOAc fraction from root bark of
P. suffruticosa.

Sample Content (mg/g) RSD a (%)

70% EtOH extract 5.07 ± 0.06 2.22
EtOAc fraction 39.62 ± 1.04 4.53

a RSD = relative standard deviation.

Table 6. ONOO− scavenging activity of methyl gallate.

Sample IC50 Values (µM) a

Methyl gallate 0.91 ± 0.26
l-Penicillamine b 8.79 ± 0.17

a 50% inhibition concentrations (IC50, µM) was calculated from the log dose inhibition curve and are expressed as
mean ± S.E.M. of triplicate experiments. b Positive control.
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2.2. Effect of Root Bark of P. suffruticosa Extracts and Methyl Gallate on LPS-Induced Kidney Injury in Mice

ROS levels in the kidneys of LPS-treated mice were higher than that of normal mice (Figure 3).
However, ROS production was significantly inhibited by treatment with both root bark of P. suffruticosa
extract (20 or 100 mg/kg body weight) and methyl gallate (5 mg/kg body weight) (Figure 3).

Figure 3. ROS content in the kidney. N, normal mice, Veh, vehicle-administered and LPS-treated mice;
PM20, P. suffruticosa 20 mg/kg body weight-administered and LPS-treated mice; PM100, P. suffruticosa
100 mg/kg body weight-administered and LPS-treated mice; and MG5, methyl gallate 5 mg/kg body
weight-administered and LPS-treated mice. One-factor ANOVA: # p < 0.05 versus normal mice;
* p < 0.05 and ** p < 0.01 versus veh (vehicle-administered and LPS-treated mice). Bars indicate
standard errors of means (S.E.M.).

Phosphorylated extracellular signal-regulated kinase (p-ERK), phosphorylated c-Jun N-terminal
kinase (p-JNK), and phosphorylated p-38 (p-p38) protein levels increased in the kidneys of LPS-treated
mice (Figure 4).

Figure 4. Total and phosphorylated p-ERK, p-JNK, and p-p38 protein levels in the kidney. N,
normal mice; Veh, vehicle-administered and LPS-treated mice; PM20, P. suffruticosa 20 mg/kg body
weight-administered and LPS-treated mice; PM100, P. suffruticosa 100 mg/kg body weight-administered
and LPS-treated mice; and MG5, methyl gallate 5 mg/kg body weight-administered and LPS-treated
mice. The protein levels of p-ERK, p-JNK, and p-p38 were quantified using CS analyzer software.
Respective total-form proteins were used as loading control. A representation of three experiments
that yielded similar results. One-factor ANOVA: # p < 0.05 versus normal mice; * p < 0.05 and
*** p < 0.001 versus veh (vehicle-administered and LPS-treated mice). Bars indicate standard errors of
means (S.E.M.).
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The oral administration of 100 mg/kg root bark of P. suffruticosa extract and 5 mg/kg methyl gallate
significantly reduced the expression of these two mitogen-activated protein kinase (MAPK)-related
proteins (p-ERK and p-JNK). The level of p-p38 significantly decreased in response to treatment with
5 mg/kg methyl gallate administration (Figure 4).

The phosphorylation levels of the NF-κB-related protein inhibitor-κB kinase inhibitor of nuclear
kappa-B kinase (IKK) α/β, and nuclear p65 increased in the kidney in response to LPS treatment;
however, methyl gallate-treated mice expressed significantly lower levels of these proteins relative
to the normal mice. Treatment with 100 mg/kg root bark of P. suffruticosa extract also decreased the
LPS-induced increase in IKKα/β and nuclear p65 (Figure 5).

Figure 5. Phosphorylated IKKα/β and p65 protein levels in the kidney. N, normal mice; Veh,
vehicle-administered and LPS-treated mice; PM20, P. suffruticosa 20 mg/kg body weight-administered
and LPS-treated mice; PM100, P. suffruticosa 100 mg/kg body weight-administered and LPS-treated mice;
and MG5, methyl gallate 5 mg/kg body weight-administered and LPS-treated mice. The protein levels
of IKKα/β and p65 were quantified using CS analyzer software. GAPDH and transcription factor II B
(TFIIB) were used as loading control in cytosolic and nucleus fraction, respectively. A representation
of three experiments that yielded similar results. One-factor ANOVA: # p < 0.05 versus normal mice;
* p < 0.05, ** p < 0.01 and *** p < 0.001 versus veh (vehicle-administered and LPS-treated mice). Bars
indicate standard errors of means (S.E.M.).

We quantified renal cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and
interleukin (IL)-6 protein expression levels, whose activations are involved in ROS and related to
inflammatory responses (Figure 6). COX-2, iNOS, and IL-6 protein expression in LPS-treated mice
significantly increased compared to those observed in normal mice; however, all three proteins were
downregulated in response to methyl gallate treatment. Specially, COX-2 and IL-6 protein expression
methyl gallate-treated mice reduced nearly to the levels observed in normal mice or lower (Figure 6).
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Figure 6. COX-2, iNOS, and IL-6 protein levels in the kidney. N, normal mice; Veh, vehicle-administered
and LPS-treated mice; PM20, P. suffruticosa 20 mg/kg body weight-administered and LPS-treated mice;
PM100, P. suffruticosa 100 mg/kg body weight-administered and LPS-treated mice; and MG5, methyl
gallate 5 mg/kg body weight-administered and LPS-treated mice. The protein levels of COX-2,
iNOS, and IL-6 were quantified using CS analyzer software. GAPDH was used as loading control.
A representation of three experiments that yielded similar results. One-factor ANOVA: # p < 0.05 versus
normal mice; * p < 0.05, ** p < 0.01 and *** p < 0.001 versus veh (vehicle-administered and LPS-treated
mice). Bars indicate standard errors of means (S.E.M.).

3. Discussion

Antioxidants that protect against oxidative damage induced by free radicals, prevent the onset
and progression of diseases. Research interests have been focused on the development of safe, effective,
and non-toxic antioxidants. Medicinal plants are also thought to be potent free radical scavengers
that can protect tissues and cells from injury caused by exposure to excess free radicals and may
provide novel therapies for various pathological conditions. Therefore, we investigated the ONOO−

scavenging properties of medicinal plants.
Among the medicinal plants studied, root bark of P. suffruticosa exhibited strong ONOO−

scavenging activity. It has been used extensively in Korea and other countries in eastern Asian,
as traditional medicine for the treatment of various diseases. A variety of compounds, such as
oxypaeonifloin, paeoniflorin, albiflorin, benzoyl albiflorin, gallic acid, pentagalloylglucose, paeonol
and benzoic acid make up its bioactive constituents [10,11]. These polyphenolic compounds have been
reported to improve memory [12], possess antioxidant capabilities [13], confer hepatoprotection [14],
and possess anti-atherosclerotic [15], antimutagenic [16], and antiplatelet aggregation properties [17].

The 70% EtOH extract of from root bark of P. suffruticosa has been shown to exhibit an ONOO−

scavenging effect and was therefore partitioned with organic solvents of different polarities to afford
CH2Cl2, EtOAc, n-BuOH fractions, and H2O residue (Figure 1). The EtOAc fraction exhibited the
strongest ONOO− scavenging activity, with an IC50 value of 0.25 µg/mL. Then the EtOAc fraction
was subjected to reverse-phase high-performance liquid chromatography (HPLC), and methyl gallate
was identified (Figure 2). This compound showed strong ONOO− scavenging properties with an IC50

value of 0.91 µM, whereas the derivatives of methyl gallate such as ethyl gallate, propyl gallate, and
butyl gallate showed weak ONOO− scavenging (data not shown). Therefore, we investigated the
antioxidant effect of methyl gallate in vivo, in an animal model of oxidative stress.

Many studies have demonstrated that endotoxemia, sepsis, and septic shock are associated with
the generation of ROS. LPS promotes production of ROS, such as O2

−, hydrogen peroxide, and ·OH in
macrophages [18]. After LPS administration, the NO produced is a potent inflammatory mediator that
reacts with O2

− and produces ONOO- [19–22]. Therefore, this study evaluated the effect of methyl
gallate on LPS-treated renal injury in mice.

Oxidative stress plays an important role in pathological conditions of the kidney. We have
demonstrated that increased oxidative stress may significantly contribute to the development of renal
conditions that lead to structural and functional changes, similar to those observed in the LPS-treated
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model [23]. In this study, mice with LPS-treated renal injury were found to be more susceptible to
oxidative damage; however, methyl gallate treatment suppressed renal ROS levels, suggesting that
methyl gallate protected oxidative stress damage of kidneys in mice (Figure 3).

Increased oxidative stress-related MAPKs (p-ERK, p-JNK, and p-p38) protein expressions was also
observed in the renal tissues of the LPS-treated mice and decreased with the administration of methyl
gallate (Figure 4). The MAPKs pathway is activated by oxidative stress, resulting in inflammation,
apoptosis, and the development of renal lesions in mice with LPS-induced renal injury [24]. Conversely,
methyl gallate treatment in these LPS-treated mice reduced p-ERK, p-JNK, and p-p38 activation. The
results suggest that methyl gallate has a crucial effect on oxidative stress, and oxidative stress mediates
the activation of the MAPKs-related NF-κB signaling pathway in renal tissue.

NF-κB is a major pro-inflammatory transcription factor that plays a key role in the regulation of
transcription and the expression of many genes producing a wide range of pro-inflammatory molecules
including cytokines, chemokines, adhesion molecules, and inflammatory enzymes, such as COX-2
and iNOS [25]. Upon activation by LPS, inhibitor of kappa B (IκB) α is rapidly phosphorylated and
degraded, leading to the release of NF-κBp65. After which, NF-κB translocates to the nucleus and
promotes the transcription of target genes such as tumor necrosis factor α, IL-1, and IL-6 [26]. Increased
IL-6 protein expression is significantly lowered with the administration of methyl gallate (Figure 6).

Furthermore, LPS is a well-known as a potent stimulator of iNOS expression, leading to the
overproduction of NO [27]. The iNOS-induced excessive NO plays a key role by directly inducing
tissue dysfunction and formation of ONOO−. Inhibition of iNOS is critical for the alleviation of acute
renal injury. We demonstrated that the protein levels of renal iNOS, which generates NO and COX-2,
and in turn generates prostaglandin E2 and ROS, significantly improved in LPS-treated mice. In
contrast, methyl gallate administration significantly suppressed these proteins.

As summarized in Figure 7, methyl gallate is protective against acute kidney injury and
exhibits strong anti-inflammatory properties through increased antioxidant activity and reduce IκBα
degradation and NF-κB activity. This study suggests that methyl gallate may exert its kidney-protecting
potential by inhibiting the oxidative stress-sensitive mechanisms of the proinflammatory response.
Methyl gallate is a plant-derived phenolic compound found in various plants and natural products
including Schinus terebinthifolius, Rosa rugose, and Galla rhois [28–30]. It has been extensively studied
because of its antioxidant, antitumor, and antimicrobial activities [31–33]. In relation to its antioxidant
effects, methyl gallate has been shown to be a free radical scavenger that inhibits lipid peroxidation
and protects against DNA damage due to oxidative stress [34,35]. Our current results suggest that
methyl gallate may be an important factor in the prevention of kidney disorders caused by LPS.

Figure 7. Predicted activity of methyl gallate in renal tissue.



Molecules 2019, 24, 3483 9 of 13

4. Materials and Methods

4.1. Materials

LPS from Escherichia coli (serotype 0111:B4), diethylenetriamine pentaacetic acid (DTPA), DHR123,
3-morpholinosydnonimine (SIN-1), l-2-amino-3-mercapto-3-methylbutanoic acid (l-penicillamine),
and methyl gallate were obtained from Sigma Chemical Co. (St. Louis, MO, USA). DCFH-DA was
obtained from Molecular Probes (Eugene, OR, USA), and immobilon-P transfer membranes were
purchased from Millipore (Bedford, MA, USA). The antibodies used were sourced as follow: The
antibodies to p-ERK, ERK, p-JNK, JNK, p-p38, p38, COX-2, iNOS, IL-6, β-actin, and horseradish
peroxidase (HRP)-conjugated secondary antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); and p-IKKα/β and p65 were from Cell Signaling Biotechnology (Beverly, MA, USA).
Enhanced chemiluminescence western blot detection reagents were purchased from Amersham Life
Science (Arlington Heights, IL, USA). All chemicals and solvents used were purchased from E. Merck
(Frankfurt Str., Darmstadt, Germany), Fluka (St. Louis, Mo, USA) and Sigma-Aldrich Co., unless
stated otherwise.

4.2. Korean Medicinal Plants

As shown in Table 1, the following 7 kinds of Korean medicinal plants were prepared: Lonicera
japonica Thunb. (whole), Lysimachia christinae Hance (whole), Scirpus yagara Ohwi. (root), P. suffruticosa
Andrew (root bark), Ailanthus altissima (Mill.) Swingle (leaf), Pueraria thunbergiana Benth. (root), and
Curcuma zedoaria (Christm.) Roscoe (root). A voucher for the herbarium specimen, identified by a plant
systematist (PUREMIND R&D center), was supplied by PUREMIND Co. (Youngchunsi, Kyungpook,
Korea). A voucher specimen (no. 20180911~20180917) has been deposited in the laboratory of Prof. J.
C. Jeong.

4.3. Preparation of Extracts

The dried parts of the Korean medicinal plants were pulverized and ultrasonically extracted twice
in 70% EtOH (60 Hz, room temperature, 12 h). Subsequently, the solvents were evaporated in vacuo to
obtain an extract with the yield of 8–15% by weight of each original material.

4.4. Fractionation of the 70% EtOH Extract of Root Bark of P. suffruticosa

The 70% EtOH extract was partitioned using organic solvents of different polarities to afford
CH2Cl2, EtOAc, n-BuOH fractions, and H2O residues, in sequence, as shown in Figure 1.

4.5. HPLC Analysis of the EtOAc Fraction of Root Bark of P. suffruticosa

The EtOAc fraction was dissolved in 10 mL of 50% MeOH with multi vortexing, and filtered
through a Dismic-13 JP membrane filter (Advantec Toyo, Tokyo, Japan; pore diameter: 0.2 µm). We
injected 10 µL of the sample into a reverse-phase HPLC using a YMC pack ODS-AM (4.6 × 250 mm,
5 µm pore size), with a column temperature of 35 ◦C. Mobile phase: A = 0.5% formic acid (aq.), B
= acetonitrile. The gradient conditions were as follows: 0 min, 0% B; 4 min, 12% B; 20 min, 18% B;
24 min, 22% B; 34 min, 26% B; 44 min, 30% B; 54 min, 100% B. The flow rate was 0.8 mL/min. The
UV absorbance at 254 nm was monitored using an Agilent 1200 series diode array detector (Agilent
Technologies, Waldbronn, Germany). The peak was assigned by carrying out co-injection tests with an
authentic sample and comparing with the UV spectral data. The measurement was repeated three
times for each sample. Representative HPLC results are illustrated in Figure 2. Quantification of
methyl gallate was conducted by peak area measurement. The calibration curve of the standard
compound (methyl gallate) was made over a range of 1–8 µg/mL. The detector response was linear
over the concentration range used. The regression coefficient (r2) of standard compound was higher
than 0.996 (Table 4). The amount of methyl gallate is shown in Table 5.
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4.6. Assay of ONOO− Levels

ONOO−-dependent oxidation of DHR 123 to rhodamine 123 was assayed, according to the method
described by Kooy et al. [36]. Samples were added to the rhodamine buffer (pH 7.4) containing 6.25 µM
DHR 123 and 125 µM DTPA and incubated for 5 min at 37 ◦C. The absorbance was determined at
500 nm, the absorbance of rhodamine 123. The antioxidant activity of each sample was expressed in
terms of the IC50 value (concentration in µg/mL or µM required to inhibit ONOO− formation by 50%)
determined from the log dose-inhibition curve. L-Penicillamine was used as positive control.

4.7. Experimental Animals and Treatment

All animal experiments were performed according to the Guidelines for Care and Use of
Laboratory Animals (PNU-IACUC; Approval No. PNU-2018-2054). Six-week-old male C57BL/6 mice
were purchased from Samtako (Osan, Korea) and housed under a 12 h light/dark cycle in a room
with controlled temperature (24 ◦C) and humidity (55 ± 5%). After acclimatization (1 week), the mice
were divided into five groups (n = 6, each), avoiding any intergroup differences in body weight. The
normal and vehicle-treated LPS groups were provided water, whereas the other groups were orally
administered P. suffruticosa at a dose of 20 or 100 mg/kg body weight, and methyl gallate at a dose of
5 mg/kg body weight daily, using a stomach tube for three consecutive days. The doses administered
and the duration of treatment were determined based on the data obtained in a preliminary study.
After the three day administration period, all mice except those in the normal group, were administered
intraperitoneal LPS at 5 mg/kg body weight. At 5 h after LPS challenge, blood samples were collected
from anesthetized mice. Subsequently, the kidney was rinsed with ice-cold physiological saline (0.9%
NaCl, pH 7.4), removed, flash frozen, and stored at −80 ◦C until analysis.

4.8. Measurement of ROS Levels in the Kidney

ROS was measured according to the method described by Ali et al. [37]. Renal tissue was
homogenized on ice with 1 mM ethylenediaminetetraacetic acid (EDTA)-50 mM sodium phosphate
buffer (pH 7.4), and 25 mM DCFH-DA was added to the homogenate. After incubation for 30 min,
changes in fluorescence values were determined at an excitation wavelength of 480 nm and emission
wavelength of 535 nm.

4.9. Preparation of Cytosol and Nuclear Fractions

Following the method proposed by Deng et al. [38], renal tissue was homogenized with an
ice-cold lysis buffer containing 10 mM Tris (pH 8.0), 20 mM NaF, 2 mM sodium orthovanadate,
20 mM β-glycerophosphate, 0.01 mM dithiothreitol (DTT), 1 mM EDTA, 0.5 mM phenylmethylsulfonyl
fluoride (PMSF), 0.1% Nonidet P-40, and protease inhibitors. It was then kept on ice for 20 min and
centrifuged at 12,000 rpm at 4 ◦C for 10 min. The supernatants were used as the cytosolic fraction. The
pellets were washed three times with cytosol lysis buffer. To extract the nuclear fraction, the pellet was
homogenized and suspended in 10 mM Tris (pH 8.0), 100 mM NaCl, 50 mM KCl, 10% (v/v) glycerol,
0.01 mM DTT, 0.1 mM EDTA, 20 mM β-glycerophosphate, 2 mM sodium orthovanadate, 20 mM NaF,
0.5 mM PMSF, and protease inhibitors. The suspension was incubated on ice for 30 min, and then
centrifuged at 12,000 rpm for 10 min. The resultant supernatants were used as the nuclear fraction.
The protein concentration in each fraction was determined using the bicinchonic acid assay method
with bovine serum albumin as a standard.

4.10. Western Blotting

Western blotting was conducted as described previously [39]. Lysed samples were measured using
bicinchoninic acid (Thermo Scientific, Waltham, MA, USA) and bovine serum albumin was used as the
standard for protein concentrations. Samples were prepared in a gel buffer [12.5 mM Tris buffer (pH 6.8),
4% sodium dodecyl sulfate (SDS), 20% glycerol, 10% 2-mercaptoethanol, and 0.2% bromophenol blue]
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and kept at 100 ◦C for 5 min. SDS-polyacrylamide gel electrophoresis containing with 8% to 14%
acrylamide was used to separate equal concentrations of protein. Using a wet transfer system, the
gels were transferred to polyvinylidene difluoride membranes at 90 V for 90 min. Membranes were
immediately incubated in blocking buffer [10 mM Tris buffer (pH 7.5), 100 mM NaCl, 0.1% Tween 20,
and 5% non-fat milk]. Blotting was done at 25 ◦C for 30 min and then membranes were incubated with
specific primary antibody at 4 ◦C for 16 h. The secondary antibody was then added followed by an
HRP conjugated anti-rabbit, anti-goat antibody, or anti-mouse antibody at 25 ◦C for 1 h. Antibody
labeling was used to detect antibodies with WesternBrightTM ECL reagent (Advansta, Menlo Park,
CA, USA).

4.11. Statistical Analyses

All statistical analyses were performed using Graphpad Prism5 software. Analysis of variance
(ANOVA) was used to analyze differences between each group, and Dunnett’s multiple comparison
tests were used to determine the differences between the mean values of groups. Statistical significance
was accepted for p values < 0.05. For western blotting, blots are representative of at least three
independent experiments.

Author Contributions: D.J.P. wrote the manuscript. D.J.P. and H.J.J. performed the experiments. C.H.P. performed
the HPLC analysis. D.J.P., T.Y. and J.-C.J. designed experiments and interpreted data.

Funding: This research received no external funding.

Acknowledgments: We thank Aging Tissue Bank for providing research materials.

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

References

1. Bashan, N.; Kovsan, J.; Kachko, I.; Ovadia, H.; Rudich, A. Positive and negative regulation of insulin signaling
by reactive oxygen and nitrogen species. Physiol. Rev. 2009, 89, 27–71. [CrossRef] [PubMed]

2. Beckman, J.S.; Koppenol, W.H. Nitric oxide, superoxide, and peroxynitrite: The good, the bad, and ugly.
Am. J. Physiol. 1996, 271, C1424–C1437. [CrossRef] [PubMed]

3. Mariotto, S.; Suzuki, Y.; Persichini, T.; Colasanti, M.; Suzuki, H.; Cantoni, O. Cross-talk between NO and
arachidonic acid in inflammation. Curr. Med. Chem. 2007, 14, 1940–1944. [CrossRef] [PubMed]

4. Cutler, R.G. Antioxidants and aging. Am. J. Clin. Nutr. 1991, 53, 373S–379S. [CrossRef] [PubMed]
5. Meydani, M.; Lipman, R.D.; Han, S.N.; Wu, D.; Beharka, A.; Martin, K.R.; Bronson, R.; Cao, G.; Smith, D.;

Meydani, S.N. The effect of long-term dietary supplementation with antioxidants. Ann. N. Y. Acad. Sci. 1998,
854, 352–360. [CrossRef] [PubMed]

6. McCord, J.M.; Fridovich, I. The reduction of cytochrome c by milk xanthine oxidase. J. Biol. Chem. 1968, 243,
5753–5760. [PubMed]

7. Nishikimi, M.; Appaji, N.; Yagi, K. The occurrence of superoxide anion in the reaction of reduced phenazine
methosulfate and molecular oxygen. Biochem. Biophys. Res. Commun. 1972, 46, 849–854. [CrossRef]

8. Bindoli, A.; Valente, M.; Cavallini, L. Inhibitory action of quercetin on xanthine oxidase and xanthine
dehydrogenase activity. Pharmacol. Res. Commun. 1985, 17, 831–839. [CrossRef]

9. Yokozawa, T.; Fujitsuka, N.; Oura, H.; Mori, A.; Kashiwagi, H. Determination of radical species in the kidney
of rats with chronic renal failure by the spin trapping method. Nephron 1995, 70, 382–384. [CrossRef]

10. Wu, H.K.; Sheu, S.J. Capillary electrophoretic determination of the constituents of paeoniae radix. J. Chromatogr.
A 1996, 753, 139–146. [CrossRef]

11. Lee, S.C.; Kwon, Y.S.; Son, K.H.; Kim, H.P.; Heo, M.Y. Antioxidative constituents from Paeonia lactiflora. Arch.
Pharm. Res. 2005, 28, 775–783. [CrossRef] [PubMed]

12. Hirokawa, S.; Nose, M.; Ishige, A.; Amagaya, S.; Oyama, T.; Ogihara, Y. Effect of Hachimi-jio-gan on
scopolamine-induced memory impairment and on acetylcholine content in rat brain. J. Ethnopharmacol. 1996,
50, 77–84. [CrossRef]

http://dx.doi.org/10.1152/physrev.00014.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126754
http://dx.doi.org/10.1152/ajpcell.1996.271.5.C1424
http://www.ncbi.nlm.nih.gov/pubmed/8944624
http://dx.doi.org/10.2174/092986707781368531
http://www.ncbi.nlm.nih.gov/pubmed/17691936
http://dx.doi.org/10.1093/ajcn/53.1.373S
http://www.ncbi.nlm.nih.gov/pubmed/1985414
http://dx.doi.org/10.1111/j.1749-6632.1998.tb09915.x
http://www.ncbi.nlm.nih.gov/pubmed/9928443
http://www.ncbi.nlm.nih.gov/pubmed/4972775
http://dx.doi.org/10.1016/S0006-291X(72)80218-3
http://dx.doi.org/10.1016/0031-6989(85)90041-4
http://dx.doi.org/10.1159/000188627
http://dx.doi.org/10.1016/S0021-9673(96)00525-0
http://dx.doi.org/10.1007/BF02977342
http://www.ncbi.nlm.nih.gov/pubmed/16114491
http://dx.doi.org/10.1016/0378-8741(95)01332-6


Molecules 2019, 24, 3483 12 of 13

13. Okubo, T.; Nagai, F.; Seto, T.; Satoh, K.; Ushiyama, K.; Kano, I. The inhibition of phenylhydroquinone-induced
oxidative DNA cleavage by constituents of Moutan Cortex and Paeoniae Radix. Biol. Pharm. Bull. 2000, 23,
199–203. [CrossRef] [PubMed]

14. Qi, X.G. Protective mechanism of Salvia miltiorrhiza and Paeonia lactiflora for experimental liver damage.
Zhong Xi Yi Jie He Za Zhi 1991, 11, 102–104. [PubMed]

15. Zhang, Y. The effects of nifedipine, diltiazem, and Paeonia lactiflora Pall. on atherogenesis in rabbits. Zhonghua
Xin Xue Guan Bing Za Zhi 1991, 19, 100–103. [PubMed]

16. Sakai, Y.; Nagase, H.; Ose, Y.; Kito, H.; Sato, T.; Kawai, M.; Mizuno, M. Inhibitory action of peony root extract
on the mutagenicity of benzo[a]pyrene. Mutat. Res. 1990, 244, 129–134. [CrossRef]

17. Lin, H.C.; Ding, H.Y.; Ko, F.N.; Teng, C.M.; Wu, Y.C. Aggregation inhibitory activity of minor acetophenones
from Paeonia species. Planta Med. 1999, 65, 595–599. [CrossRef]

18. Lin, C.H.; Yeh, C.H.; Lin, L.J.; Wang, S.D.; Wang, J.S.; Kao, S.T. Immunomodulatory effect of Chinese herbal
medicine formula sheng-fei-yu-chuan-tang in lipopolysaccharide-induced acute lung injury mice. Evid.
Based Complement. Alternat. Med. 2013, 2013, 976342. [CrossRef]

19. Moncada, S.; Palmer, R.M.; Higgs, E.A. Nitric oxide: Physiology, pathophysiology, and pharmacology.
Pharmacol. Rev. 1991, 43, 109–142.

20. Thiemermann, C.; Ruetten, H.; Wu, C.C.; Vane, J.R. The multiple organ dysfunction syndrome caused by
endotoxin in the rat: Attenuation of liver dysfunction by inhibitors of nitric oxide synthase. Br. J. Pharmacol.
1995, 116, 2845–2851. [CrossRef]

21. Boveris, A. Biochemistry of free radicals: From electrons to tissues. Medicina, B. Aires 1998, 58, 350–356.
22. Leach, M.; Frank, S.; Olbrich, A.; Pfeilschifter, J.; Thiemermann, C. Decline in the expression of copper/zinc

superoxide dismutase in the kidney of rats with endotoxic shock: Effects of the superoxide anion radical
scavenger, tempol, on organ injury. Br. J. Pharmacol. 1998, 125, 817–825. [CrossRef] [PubMed]

23. Tsai, C.L.; Lin, Y.C.; Wang, H.M.; Chou, T.C. Baicalein, an active component of Scutellaria baicalensis, protects
against lipopolysaccharide-induced acute lung injury in rats. J. Ethnopharmacol. 2014, 153, 197–206. [CrossRef]
[PubMed]

24. Park, J.H.; Kim, K.H.; Lee, W.R.; Han, S.M.; Park, K.K. Protective effect of melittin on inflammation and
apoptosis in acute liver failure. Apoptosis 2012, 17, 61–69. [CrossRef] [PubMed]

25. Manna, S.K.; Mukhopadhyay, A.; Aggarwal, B.B. Resveratrol suppresses TNF-induced activation of nuclear
transcription factors NF-κB, activator protein-1, and apoptosis: Potential role of reactive oxygen intermediates
and lipid peroxidation. J. Immunol. 2000, 164, 6509–6519. [CrossRef] [PubMed]

26. Lawrence, T.; Fong, C. The resolution of inflammation: Anti-inflammatory roles of NF-κB. Int. J. Biochem.
Cell Biol. 2010, 42, 519–523. [CrossRef]

27. Speyer, C.L.; Neff, T.A.; Warner, R.L.; Guo, R.F.; Sarma, J.V.; Riedemann, N.C.; Murphy, M.E.; Murphy, H.S.;
Ward, P.A. Regulatory effects of iNOS on acute lung inflammatory responses in mice. Am. J. Pathol. 2003,
163, 2319–2328. [CrossRef]

28. Cho, E.J.; Yokozawa, T.; Kim, H.Y.; Shibahara, N.; Park, J.C. Rosa rugose attenuates diabetic oxidative stress
in rats with streptozotocin-induced diabetes. Am. J. Chin. Med. 2004, 32, 487–496. [CrossRef]

29. Kang, M.S.; Jang, H.S.; Oh, J.S.; Yang, K.H.; Choi, N.K.; Lim, H.S.; Kim, S.M. Effects of methyl gallate and
gallic acid on the production of inflammatory mediators interleukin-6 and interleukin-8 by oral epithelial
cells stimulated with Fusobacterium nucleatum. J. Microbiol. 2009, 47, 760–767. [CrossRef]

30. Rosas, E.C.; Correa, L.B.; Pádua Tde, A.; Costa, T.E.; Mazzei, J.L.; Heringer, A.P.; Bizarro, C.A.; Kaplan, M.A.;
Figueiredo, M.R.; Henriques, M.G. Anti-inflammatory effect of Schinus terebinthifolius Raddi hydroalcoholic
extract on neutrophil migration in zymosan-induced arthritis. J. Ethnopharmacol. 2015, 175, 490–498.
[CrossRef]

31. Whang, W.K.; Park, H.S.; Ham, I.H.; Oh, M.; Namkoong, H.; Kim, H.K.; Hwang, D.W.; Hur, S.Y.; Kim, T.E.;
Park, Y.G.; et al. Methyl gallate and chemicals structurally related to methyl gallate protect human umbilical
vein endothelial cells from oxidative stress. Exp. Mol. Med. 2005, 37, 343–352. [CrossRef] [PubMed]

32. Lee, S.H.; Kim, J.K.; Kim, D.W.; Hwang, H.S.; Eum, W.S.; Park, J.; Han, K.H.; Oh, J.S.; Choi, S.Y. Antitumor
activity of methyl gallate by inhibition of focal adhesion formation and Akt phosphorylation in glioma cells.
Biochim. Biophys. Acta 2013, 1830, 4017–4029. [CrossRef] [PubMed]

http://dx.doi.org/10.1248/bpb.23.199
http://www.ncbi.nlm.nih.gov/pubmed/10706384
http://www.ncbi.nlm.nih.gov/pubmed/2060049
http://www.ncbi.nlm.nih.gov/pubmed/1879309
http://dx.doi.org/10.1016/0165-7992(90)90061-N
http://dx.doi.org/10.1055/s-1999-14030
http://dx.doi.org/10.1155/2013/976342
http://dx.doi.org/10.1111/j.1476-5381.1995.tb15935.x
http://dx.doi.org/10.1038/sj.bjp.0702123
http://www.ncbi.nlm.nih.gov/pubmed/9831920
http://dx.doi.org/10.1016/j.jep.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24534526
http://dx.doi.org/10.1007/s10495-011-0659-0
http://www.ncbi.nlm.nih.gov/pubmed/21928088
http://dx.doi.org/10.4049/jimmunol.164.12.6509
http://www.ncbi.nlm.nih.gov/pubmed/10843709
http://dx.doi.org/10.1016/j.biocel.2009.12.016
http://dx.doi.org/10.1016/S0002-9440(10)63588-2
http://dx.doi.org/10.1142/S0192415X04002132
http://dx.doi.org/10.1007/s12275-009-0097-7
http://dx.doi.org/10.1016/j.jep.2015.10.014
http://dx.doi.org/10.1038/emm.2005.44
http://www.ncbi.nlm.nih.gov/pubmed/16155411
http://dx.doi.org/10.1016/j.bbagen.2013.03.030
http://www.ncbi.nlm.nih.gov/pubmed/23562553


Molecules 2019, 24, 3483 13 of 13

33. Acharyya, S.; Sarkar, P.; Saha, D.R.; Patra, A.; Ramamurthy, T.; Bag, P.K. Intracellular and membrane-damaging
activities of methyl gallate isolated from Terminalia chebula against multidrug-resistant Shigella spp. J. Med.
Microbiol. 2015, 64, 901–909. [CrossRef] [PubMed]

34. Cho, E.J.; Yokozawa, T.; Rhyu, D.Y.; Kim, S.C.; Shibahara, N.; Park, J.C. Study on the inhibitory effects of Korean
medicinal plants and their main compounds on the 1,1-diphenyl-2-picrylhydrazyl radical. Phytomedicine
2003, 10, 544–551. [CrossRef] [PubMed]

35. Hsieh, T.J.; Liu, T.Z.; Chia, Y.C.; Chern, C.L.; Lu, F.J.; Chuang, M.C.; Mau, S.Y.; Chen, S.H.; Syu, Y.H.; Chen, C.H.
Protective effect of methyl gallate from Toona sinensis (Meliaceae) against hydrogen peroxide-induced oxidative
stress and DNA damage in MDCK cells. Food Chem. Toxicol. 2004, 42, 843–850. [CrossRef]

36. Kooy, N.W.; Royall, J.A.; Ischiropoulos, H.; Beckman, J.S. Peroxynitrite-mediated oxidation of
dihydrorhodamine 123. Free Radic. Biol. Med. 1994, 16, 149–156. [CrossRef]

37. Ali, S.F.; LeBel, C.P.; Bondy, S.C. Reactive oxygen species formation as a biomarker of methylmercury and
trimethyltin neurotoxicity. Neurotoxicology 1992, 13, 637–648.

38. Deng, L.; Lin-Lee, Y.C.; Claret, F.X.; Kuo, M.T. 2-Acetylaminofluorene up-regulates rat mdr1b expression
through generating reactive oxygen species that activate NF-κB pathway. J. Biol. Chem. 2001, 276, 413–420.
[CrossRef]

39. Kim, J.M.; Lee, E.K.; Kim, D.H.; Yu, B.P.; Chung, H.Y. Kaempferol modulates pro-inflammatory NF-kappaB
activation by suppressing advanced glycation endproducts-induced NADPH oxidase. Age 2010, 32, 197–208.
[CrossRef]

Sample Availability: Samples of the compounds are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1099/jmm.0.000107
http://www.ncbi.nlm.nih.gov/pubmed/26272388
http://dx.doi.org/10.1078/094471103322331520
http://www.ncbi.nlm.nih.gov/pubmed/13678241
http://dx.doi.org/10.1016/j.fct.2004.01.008
http://dx.doi.org/10.1016/0891-5849(94)90138-4
http://dx.doi.org/10.1074/jbc.M004551200
http://dx.doi.org/10.1007/s11357-009-9124-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	ONOO- Scavenging Activity of 70% EtOH Extracts from Korean Medicinal Plants 
	Effect of Root Bark of P. suffruticosa Extracts and Methyl Gallate on LPS-Induced Kidney Injury in Mice 

	Discussion 
	Materials and Methods 
	Materials 
	Korean Medicinal Plants 
	Preparation of Extracts 
	Fractionation of the 70% EtOH Extract of Root Bark of P. suffruticosa 
	HPLC Analysis of the EtOAc Fraction of Root Bark of P. suffruticosa 
	Assay of ONOO- Levels 
	Experimental Animals and Treatment 
	Measurement of ROS Levels in the Kidney 
	Preparation of Cytosol and Nuclear Fractions 
	Western Blotting 
	Statistical Analyses 

	References

