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RAW264.7 cells through ATF3 and Nrf2/HO-1 activation
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Abstract. Honeyberry (Lonicera caerulea) has long been used
as a traditional medicine in China, Japan and northern Russia.
Functional studies of honeyberry have mainly focused on the
fruits, which have been reported to exert various pharmaco-
logical activities, including anti-inflammatory activity, with
limited or no studies on the other parts of the plant, such as
the leaves and branches. In the present study, the anti-inflam-
matory effects of extracts of the leaves (HBL), branches
(HBB) and fruit (HBF) of honeyberry plant were evaluated
in lipopolysaccharide (LPS)-stimulated RAW264.7 cells.
HBL and HBB significantly inhibited the production of pro-
inflammatory mediators in LPS-stimulated RAW264.7 cells,
and the inhibitory effects of HBL and HBB were stronger than
those of HBF. HBL and HBB blocked the nuclear accumula-
tion of p65 independently of IxB-a. HBL did not inhibit the
phosphorylation of ERK1/2 or p38; however, HBB effectively
inhibited the phosphorylation of p38 but not ERK1/2. HBL and
HBB increased the expression of heme oxygenase-1 (HO-1)
protein by inducing the nuclear accumulation of nuclear factor
erythroid 2-related factor 2 (Nrf2) through the activation of
the reactive oxygen species (ROS)/p38 pathway; the reduction
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in inducible nitric oxide synthase (iNOS) and interleukin-1f
(IL-1P) expression by HBL and HBB was inhibited by HO-1
knockdown. In addition, HBL and HBB increased the expres-
sion of activating transcription factor-3 (ATF3), and the
reduction in iNOS and IL-1f expression by HBL and HBB
was inhibited by ATF3 knockdown. Collectively, HBL and
HBB inhibited LPS-induced nuclear factor-kB activation by
blocking the nuclear accumulation of p65, increasing HO-1
expression through activation of the ROS/p38/Nrf2 pathway,
and increasing ATF3 expression. Furthermore, HBB inhibited
LPS-induced p38 phosphorylation. These findings suggest that
HBL and HBB may have great potential as natural products
for the development of anti-inflammatory drugs.

Introduction

Inflammation, which is one of the physical barriers of innate
immunity, is the protective response by which the body elimi-
nates harmful stimuli, such as damaged cells, pathogens and
irritants (1). However, the prolonged inflammatory response of
immune cells to noxious stimuli leads to chronic inflammation,
which causes various diseases, including rheumatoid arthritis,
type 2 diabetes, cancer, cirrhosis, Alzheimer's disease and
neurological diseases (2). Macrophages, which play a pivotal
role in the innate immune system, release various inflamma-
tory cytokines and mediators to protect the body from external
harmful factors (3). However, excessive amounts of inflam-
matory cytokines, such as tumor necrosis factor (TNF)-a,
interleukin (IL)-1f and IL-6, and inflammatory mediators,
such as nitric oxide (NO), prostaglandin E,, inducible NO
synthase (iNOS) and cyclooxygenase-2 (COX-2), have been
linked to pathophysiological events and chronic inflammatory
diseases (4). Therefore, the control of excessive inflammatory
responses is important for the prevention of chronic inflamma-
tory diseases, and drugs that suppress excessive inflammatory
responses are constantly being developed.

Currently used anti-inflammatory drugs, such as
non-steroidal anti-inflammatory drugs (NSAIDs), may cause
serious side effects. Therefore, numerous researchers have
focused on the development of anti-inflammatory drugs
from plant sources that are considered to be safe, effective,
biocompatible and cost-effective alternatives (2). Berries
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are fruits rich in nutritive compounds, such as minerals,
vitamins and dietary fiber. They also contain polyphenolic
compounds that have strong anti-inflammatory properties (5).
Honeyberry (Lonicera caerulea) has long been used as a
traditional medicine in China, Japan and northern Russia (6).
Honeyberry fruits have been reported to have strong anti-
oxidant effects due to their ascorbic acid content and the
presence of phenolic compounds, including anthocyanins,
flavonoids and low-molecular-weight phenolic acids (7). In
addition, a study found that honeyberry fruits had the stron-
gest antioxidant property among 12 types of colored berries
from northern China (8). A number of studies have shown
the various effects of honeyberry fruits, which include anti-
inflammatory (9,10), hepatoprotective (11), lipid and glucose
metabolism-enhancing (12), anti-hyperthyroidism (13),
anti-obesity (14) and anticancer effects (15,16). These fruits
contain a variety of polyphenolic compounds, including
protocatechuic acid, caffeic acid, chlorogenic acid, coumaric
acid and ferulic acid, which have a close association with
anti-inflammatory effects (17,18). In addition, the anti-inflam-
matory activity of honeyberry cultivars has been shown
to depend on the levels of polyphenolic compounds they
contain (19). Much research has been carried out into the
pharmacological activity of honeyberry; however, these
studies have mainly focused on honeyberry fruits, and reports
of the pharmacological activities of its leaves and branches are
limited. The leaves and branches of plants are important for
the development of natural medicines due to the presence of
high levels of functional substances with various biological
activities; therefore, pharmacological studies on the leaves and
branches of honeyberry are recommended. Notably, the leaves
of chokeberry and mulberry have higher contents of functional
substances and higher levels of antioxidant activity than the
fruits (20,21). Thus, in the present study, the anti-inflammatory
activity of honeyberry leaves and branches was evaluated, and
their mechanisms of action were investigated.

Materials and methods

Chemical reagents. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), N-acetyl-L-cysteine
(NAC), SB203580 (p38 inhibitor), lipopolysaccharide (LPS)
and 2'7'-dichlorofluorescein diacetate (DCFH-DA) were
purchased from Sigma-Aldrich (Merck KGaA). The control,
HO-1 (cat. no. sc-35555) and ATF3 (cat. no. sc-29758) small
interfering RNAs (siRNAs) were purchased from Santa Cruz
Biotechnology, Inc.

Sample preparation. Honeyberry (FMCLC-20190506-01)
was provided by Forest Medicinal Resources Research Center,
Korea. The leaves, branches or fruits of honeyberry were
extracted according to a previously described method (22).
Briefly, leaves, branches or fruits of honeyberry (20 g)
were extracted by shaking in 70% ethanol (400 ml) at room
temperature for 72 h. The ethanol-soluble fraction was then
filtered, concentrated to a volume of ~120 ml using a vacuum
evaporator and freeze-dried. The ethanol extracts were kept in
a freezer (-80°C) until use. The extracts from the leaves (HBL),
branches (HBB) or fruits (HBF) of honeyberry were dissolved
in dimethyl sulfoxide (DMSO) when used to treat cells. DMSO
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was used as a control and the final DMSO concentration in the
cell culture was <0.1% (v/v).

Determination of total phenolic content. Total phenolic
content was measured using the Folin-Ciocalteu assay (23).
Briefly, 0.5 ml HBL, HBB or HBF (50 mg/ml) was mixed
with 0.5 ml 2N Folin-Ciocalteu reagent (cat. no. 47641;
Sigma-Aldrich; Merck KGaA) at room temperature for 5 min,
followed by the addition of 2 ml 7% sodium carbonate (w/v).
The mixtures were incubated for 90 min at room temperature.
The absorbance of the mixture was then measured at 750 nm
using a UV/visible spectrophotometer (Xma-3000PC; Human
Corporation).

Determination of total flavonoid content. Total flavonoid
content was measured according to a previously described
method with some modifications (23). Briefly, 20 1 HBL,
HBB or HBF (50 mg/ml), 80 ul distilled water and 6 ul
5% NaNO, were mixed and incubated for 5 min at room
temperature. Next, 12 ul 10% AlCl;-6H,0 was added and
the mixture was incubated at room temperature. After 6 min,
40 pul 1 M NaOH was added and the mixture was incubated
for 11 min at room temperature. Finally, the absorbance was
measured at 510 nm using a UV/visible spectrophotometer
(Xma-3000PC).

Cell culture. RAW264.7 cells purchased from the American
Type Culture Collection were cultured according to a previ-
ously described method (22). The cells were maintained in
DMEM/F-12 1:1 (Hyclone Laboratories Inc.) containing 10%
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.),
100 U/ml penicillin and 100 ug/ml streptomycin at 37°C under
a humidified atmosphere of 5% CO,.

Cell viability assay. MTT assay for measuring cell viability
was performed according to the method described in a previous
study (22). Briefly, the cells were plated on a 96-well plate at
a density of 3x10° cells/well, followed by treatment with HBL
and HBB (0, 100 or 200 pg/ml) at 37°C for 24 h. Next, the
cells were treated with 50 yl MTT solution (I mg/ml) at 37°C
for 4 h. After 4 h, the cell culture supernatant was removed
and DMSO was added to dissolve the resulting crystals.
The formation of formazan was evaluated by measuring the
absorbance at 570 nm using a UV/visible spectrophotometer
(Xma-3000PC).

Measurement of NO production. The Griess assay was
performed to measure NO production, following a previously
described method (22). Briefly, after plating RAW264.7 cells
(1x10° cells/well) on a 12-well plate for 24 h, the cells were
pretreated with 100 and/or 200 ug/ml HBL, HBB and HBF,
and 100 pg/ml ibuprofen at 37°C for 4 h and then co-treated
with LPS (1 pg/ml) at 37°C for 20 h. Then, 100 ul cell
culture supernatant was mixed with 100 ul Griess reagent
(Sigma-Aldrich; Merck KGaA) at room temperature for
15 min, and the absorbance was measured at 540 nm using
UV/visible spectrophotometer (Xma-3000PC).

Measurement of reactive oxygen species (ROS). The levels of
ROS produced by HBL- and HBB-treated RAW264.7 cells
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were measured with DCFH-DA staining. Briefly, RAW264.7
cells plated on a 96-well plate (3x10° cells/well) for 24 h were
treated with 200 pg/ml HBL and HBB at 37°C for 24 h. The
culture medium was then removed, and the cells were treated
with DCFH-DA (10 M) for 20 min at 37°C in the dark. After
washing the cells three times with 1X phosphate-buffered
saline (PBS) and the fluorescence intensity was measured at an
excitation wavelength of 488 nm and emission wavelength of
525 nm using a UV/visible spectrophotometer (Xma-3000PC).

Isolation of nuclear fraction. Nuclear protein was extracted
from the treated RAW264.7 cells using a Nuclear Extract kit
(Active Motif, Inc.) according to the manufacturer's proto-
cols. The nuclear protein was stored at -80°C prior to further
analysis.

SDS-PAGE and western blotting. Western blot analysis was
performed according to a previously described method (22).
RAW264.7 cells were pretreated with 100 and 200 pg/ml HBL
and HBB at 37°C for 4 h and then co-treated with LPS (1 pg/ml)
at 37°C for 30 min or 1 h. In addition, RAW264.7 cells were
pretreated with SB203580 (20 u#M; p38 inhibitor) or NAC
(10mM; ROS scavenger) at 37°C for 2 h and then co-treated with
200 pg/ml HBL and HBB at 37°C for 20 min. After treatment,
RAW264.7 cells were washed three times with cold 1X PBS,
and the protein was extracted using radioimmunoprecipitation
buffer containing 50 mM Tris Base/Tris-HCI, 150 mM NaCl,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate and
1% Nonidet P-40 substitute (Boston BioProducts) containing
protease and phosphatase inhibitor cocktails (Sigma-Aldrich;
Merck KGaA) at 4°C for 30 min. The protein concentration
was quantified using a BCA protein assay (Thermo Fisher
Scientific, Inc.). Briefly, 5 ul cell lysate was mixed with 45 ul
distilled water and 1 ml BCA protein assay solution (Reagent
A:B=50:1, v/v), and the mixture was incubated at 37°C for
30 min. The absorbance was then measured at 562 nm using
a UV/visible spectrophotometer (Xma-3000PC). The protein
(30 ug/lane) was separated with 10% SDS-PAGE and trans-
ferred to a PVDF membrane (Bio-Rad Laboratories, Inc.).
After blocking the PVDF membrane using 5% non-fat dry milk
in Tris-buffered saline containing 0.05% Tween-20 (TBS-T)
with stirring at room temperature for 1 h, the PVDF membrane
was incubated overnight at 4°C with the following primary
antibodies in 0.05% TBS-T containing 5% non-fat dry milk:
IkB-a (1:1,000; cat. no. 4814), p65 (1:1,000; cat. no. 8§242),
phospho-ERK1/2 (1:1,000; cat. no. 4377), ERK1/2 (1:1,000;
cat. no. 9102), phospho-p38 (1:1,000; cat. no. 4511), p38
(1:1,000; cat. no. 9212), heme oxygenase 1 (HO-1; 1:1,000;
cat. no. 70081), nuclear factor erythroid 2-related factor 2
(Nrf2; 1:1,000; cat. no. 12721), B-actin (1:1,000; cat. no. 5172)
and TATA-box-binding protein (TBP; 1:1,000; cat. no. 8515)
all from Cell Signaling Technology, Inc., and activating tran-
scription factor-3 (ATF-3; 1:1,000; cat. no. sc-188) from Santa
Cruz Biotechnology, Inc. After treatment with the primary
antibodies, the PVDF membrane was washed three times with
0.05% TBS-T, and then incubated with the following secondary
antibodies in 0.05% TBS-T containing 5% non-fat dry milk for
1 h at room temperature: Anti-rabbit immunoglobulin G (IgG),
horseradish peroxidase (HRP)-linked antibody (1:1,000;
cat. no. 7074) and anti-mouse IgG, HRP-linked antibody
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(1:1,000; cat. no. 7076), both from Cell Signaling Technology,
Inc. Chemiluminescence was detected with Amersham ECL
western blotting reagent (Cytiva) and visualized using a
LI-COR C-DiGit Blot Scanner (Li-COR Biosciences). The
density of the western blot bands was calculated using the
software UN-SCAN-IT gel version 5.1 (Silk Scientific, Inc.).

Reverse transcriptase-polymerase chain reaction (RT-q)PCR.
RT-PCR was performed according to a previously described
method (22). After treatment, total RNA was extracted from
the cells using a RNeasy Mini kit (Qiagen Sciences, Inc.),
and cDNA was synthesized from total RNA (1 ug) using a
Verso cDNA Synthesis kit (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. PCR was performed
using a PCR Master Mix (Promega Corporation) and mouse
primers for iNOS, COX-2, IL-1B, IL-6 and GAPDH as
follows: iNOS: Forward, 5'-ttgtgcatcgacctaggectggaa-3' and
reverse, 5'-gacctttcgcattagcatggaage-3'; COX-2: Forward,
5'-gtactggctcatgetggacga-3' and reverse, 5'-caccatacactgccag-
gtcagcaa-3'; IL-1pB: Forward, 5'-ggcaggcagtatcactcatt-3' and
reverse, 5'-cccaaggccacaggtattt-3'; IL-6: Forward, 5'-gaggatac-
cactcccaacagacc-3' and reverse, 5'-aagtgcatcatcgttgttcataca-3';
TNF-a: Forward, 5'-tggaactggcagaagaggca-3' and reverse,
5'-tgctectecacttggtggtt-3'; GAPDH: Forward, 5'-ggactgtggt-
catgagcccttcca-3' and reverse, 5'-actcacggcaaattcaacggeac-3'.
PCR reaction conditions were as follows: 5 min at 94°C for
denaturation, 30 cycles of 30 sec at 94°C for denaturation,
1 min at 55°C for annealing and 1 min at 72°C for elonga-
tion and final extension for 10 min at 72°C. The PCR results
were visualized using 1% agarose gel electrophoresis and Safe
Shine Green (10,000 X; Biosesang). The density of the mRNA
bands was calculated using the software UN-SCAN-IT gel
version 5.1.

SiRNA transfection. RAW264.7 cells were seeded in 6-well
plates (1x10° cells/well) and incubated at 37°C for 24 h. The
cells were then transfected with control, HO-1 or ATF3
siRNA at 37°C for 48 h at a concentration of 100 nM using
TransIT-TKO transfection reagent (Mirus Bio, LLC) according
to the manufacturer's instructions. After 48 h, RAW?264.7 cells
were pretreated with 200 yg/ml HBL and HBB were treated
at 37°C for 4 h and then co-treated with LPS (1 ug/ml) at 37°C
for 20 h. Following treatment, mRNA expression levels of
HO-1, ATF3, iNOS or IL-1§3 were analyzed using RT-qPCR.

High-performance liquid chromatography (HPLC) analysis
of HBL, HBB and HBF. An analysis of the anti-inflammatory
compounds in HBL, HBB and HBF was performed using a
Waters 1525 HPLC system with Waters 2487-dual A absorbance
detector (Waters Corporation). The column was equipped with
a SunFire™ C18 column (250x4.6 mm; Waters Corporation),
and the binary mobile phase consisted of water (solvent A)
and acetonitrile containing 1% acetic acid (solvent B). The
flow rate was kept constant at 1.0 ml/min at 37°C for a total
run time of 40 min. The mobile phase was programmed
consecutively in a linear gradient as follows: 0-5 min (10% A);
5-10 min (10—15% A); 10-15 min (15% A), and 15-40 min
(15—40% A). The injection volume of the extract was 10 ul
and the elution was monitored at 254 nm. The anti-inflamma-
tory compounds of HBL, HBB and HBF were identified by
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Figure 1. Effects of HBL and HBB on NO production and cell viability in LPS-stimulated RAW264.7 cells. (A) RAW264.7 cells were pretreated with 100 and
200 pug/ml HBL and HBB for 4 h and then co-treated with LPS (1 ug/ml) for 20 h. The concentration of NO in the cell culture medium was measured by Griess
assay. (B) RAW264.7 cells were treated with 100 and 200 pg/ml HBL and HBB for 24 h. The cell viability was then measured using MTT assay. (C) RAW264.7
cells were treated with 200 xg/ml HBL and HBB in the absence or presence of LPS (1 pg/ml) for 24 h. The cell viability was measured using MTT assay.
“P<0.05 vs. the untreated cells and "P<0.05 vs. the cells treated with LPS alone. HBL, honeyberry leaf extract; HBB, honeyberry bark extract; NO, nitric oxide;
LPS, lipopolysaccharide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMSO, dimethylsulfoxide.

comparison with the chromatograms of analytical standards,
including protocatechuic acid, chlorogenic acid, caffeic acid,
coumaric acid and ferulic acid.

Statistical analysis. All experiments were performed in
triplicate. Data are presented as the mean + standard error of
the mean. Data analysis was carried out using SPSS software
(version 19.0; IBM Corp.). One-way analysis of variance
followed by Tukey's honestly significant difference test was
used to compare differences among groups. P<0.05 was
considered to indicate a significant difference.

Results

HBL and HBB suppress the overproduction of inflammatory
cytokines and mediators in LPS-stimulated RAW264.7 cells.
RAW264.7 cells were pretreated with HBL, HBB or HBF
for 4 h to ensure that the extracts were sufficiently absorbed
by the cells, and then co-treated with LPS for 20 h so that
inflammatory mediators were expressed by LPS in sufficient
quantities for detection (22). HBL and HBB significantly
reduced the LPS-mediated production of NO (Fig. 1A). The
results of the MTT assay demonstrated that HBL and HBB
were not toxic to RAW264.7 cells (Fig. 1B), which indicates
that the inhibition of NO production by HBL and HBB was
not due to the cytotoxicity of the extracts. The effects of HBL
and HBB on cell viability in the presence of LPS were also
evaluated. As shown in Fig. 1C, treatment with LPS alone
decreased cell viability, while HBL and HBB attenuated
the LPS-induced reduction in cell viability. The ability of
HBL and HBB to block the LPS-induced overexpression
of inflammatory mediators, namely iNOS and COX-2, and

inflammatory cytokines, namely IL-1p3, IL-6 and TNF-q, in
RAW264.7 cells was also investigated. As shown in Fig. 2,
the upregulation of iNOS, COX-2, IL-1p, IL-6 and TNF-a
was observed in LPS-treated RAW264.7 cells, which was
significantly inhibited by HBL. Similarly, HBB significantly
attenuated the expression of iNOS, COX-2, IL-1f and IL-6,
but not TNF-a in the LPS-induced cells. Previous studies
have reported the anti-inflammatory activity of HBF (9,10).
Therefore, the anti-inflammatory activities of HBL, HBB
and HBF were compared in the present study. As shown in
Fig. 3A and B, the inhibitory effect of HBL on the production
of NO and expression of iNOS and IL-1f3 was higher than
that of HBB at a concentration of 100 xg/ml. Moreover, HBF
did not significantly inhibit the LPS-induced production
of NO and expression of iNOS and IL-1p (Fig. 3A and B).
We hypothesized that the differences in the activities of the
extracts may be associated with the levels of polyphenols and
flavonoids they contain. Therefore, the total polyphenol and
flavonoid contents of HBL, HBB and HBF were compared. As
shown in Fig. 3C, the total polyphenol and flavonoid contents
were reduced in the order HBL > HBB > HBF, which was
the same as the order of their inhibitory activities against the
production of inflammatory mediators. This result indicates
that the difference in the inhibitory activities of HBL, HBB
and HBF against the production of inflammatory mediators is
likely due to differences in the total polyphenol and flavonoid
contents of the extracts. Furthermore, the anti-inflammatory
activities of HBL and HBB were compared with that of
ibuprofen, an NSAID. As shown in Fig. 3D, the inhibitory
activity of HBB against NO production was lower than that
of ibuprofen, whereas the inhibitory activity of HBL was
comparable with that of ibuprofen.
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Figure 2. Effects of HBL and HBB on the expression of pro-inflammatory mediators in LPS-stimulated RAW264.7 cells. RAW264.7 cells were pretreated with
100 and 200 pxg/ml HBL and HBB for 4 h and then co-treated with LPS (1 ug/ml) for 20 h. Total RNA was extracted after the treatment. GAPDH was used as
the internal control for analysis using reverse transcription-polymerase chain reaction. "P<0.05 vs. untreated cells and “P<0.05 vs. cells treated with LPS alone.
HBL, honeyberry leaf extract; HBB, honeyberry bark extract; LPS, lipopolysaccharide; iNOS, inducible nitric oxide synthase; COX, cyclooxygenase; IL-1f3,

interleukin 1f; IL-6, interleukin 6; TNF-a, tumor necrosis factor a.

Effects of HBL and HBB on the regulation of NF-kB and
mitogen-activated protein kinase (MAPK) signaling pathways
in LPS-stimulated RAW264.7 cells. The ability of HBL and
HBB to inhibit the LPS-mediated activation of NF-xB was
investigated. As shown in Fig. 4A, HBL and HBB did not
suppress the LPS-induced degradation of IkB-a; however, HBL
and HBB significantly attenuated the LPS-induced nuclear
accumulation of NF-xB p65 (Fig. 4B). These results indicate
that HBL and HBB may inhibit the activation of NF-xB
signaling independently of IxB-a degradation. Whether HBL
and HBB inhibit the LPS-induced activation of the MAPK
signaling pathway was also investigated. As shown in Fig. 4A,
LPS increased the phosphorylation levels of p38 and ERK1/2,
which was not inhibited by HBL. However, HBB significantly
attenuated the LPS-induced phosphorylation of p38 but not
that of ERK1/2. These results indicate that HBL did not inhibit
the LPS-induced activation of the MAPK signaling pathway,
whereas HBB inhibited the activation of p38.

Effect of HBL and HBB on HO-1 expression in RAW264.7
cells. As shown in Fig. 5SA, HBL significantly increased the
expression of HO-1 protein from 1 h after treatment. The
expression level of HO-1 was observed to be highest at 6 h
of HBL treatment, and gradually decreased when the treat-
ment duration was >6 h. HBB started to significantly increase
the expression level of HO-1 protein from 6 h of treatment,
and the level continued to increase until 24 h after treatment.
The effect of different HBL and HBB concentrations on
HO-1 protein expression levels were also examined. As the
previous results confirmed that the HO-1 expression induced

by HBL and HBB was highest at 6 and 10 h after the start
of treatment, respectively, RAW264.7 cells were treated with
HBL and HBB for 6 and 10 h. As shown in Fig. 5B, HBL
and HBB concentration-dependently increased the HO-1
protein level. Furthermore, whether the increase in HO-1
protein level induced by HBL and HBB was associated with
the LPS-mediated overexpression of iNOS and IL-1p was
evaluated. The results demonstrated that the knockdown of
HO-1 by transfection with HO-1 siRNA blocked the HBL-
and HBB-induced downregulation of iNOS and IL-1f in
LPS-stimulated RAW264.7 cells (Fig. 5C). These results
indicate that HBL and HBB inhibited the overexpression of
pro-inflammatory mediators through the upregulation of the
HO-1 protein expression level.

HBL- and HBB-induced increase in HO-1 protein level is
dependent on ROS/p38 activation. It has been reported that
ROS increase the expression of HO-1 and are upstream of
p38 (24). Isoegomaketone has been shown to inhibit the
production of pro-inflammatory mediators through the acti-
vation of a ROS/p38/HO-1 pathway (24). Thus, the effect
of ROS/p38 signaling on the HBL- and HBB-mediated
expression of HO-1 was investigated. As shown in Fig. 6A,
the inhibition of p38 by SB203580 and of ROS by NAC
suppressed the HBL- and HBB-induced expression of HO-1.
Thus, whether HBL and HBB induce the production of ROS
was investigated. As shown in Fig. 6B, ROS production was
observed in HBL- and HBB-treated RAW264.7 cells. In addi-
tion, HBL and HBB increased the phosphorylation level of p38
(Fig. 6C), and the inhibition of ROS by NAC attenuated the
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Figure 4. Inhibitory effects of HBL and HBB on NF-kB and MAPK activation in LPS-stimulated RAW264.7 cells. (A) RAW264.7 cells were pretreated with
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HBL and HBB-induced p38 phosphorylation (Fig. 6D). These = accumulation of Nrf2 is associated with the upregulation of
results indicate that HBL and HBB induced HO-1 expression = HO-1 expression (22,24). Therefore, whether HBL and HBB
through the ROS-dependent activation of p38. influence the nuclear accumulation of Nrf2 was investigated.

As shown in Fig. 7A, the nuclear accumulation of Nrf2 signifi-
HBL- and HBB-induced increase in HO-1 protein level cantly increased after 1 h of HBL and HBB treatment. In
is dependent on ROS/p38/Nrf2 activation. The nuclear addition, HBL and HBB induced a concentration-dependent



MOLECULAR MEDICINE REPORTS 22: 5219-5230, 2020

5225

A - —
0 1 3 6 10 24 HBL(200ug/ml) & 12f 3
. e e - e HO-1 % 10F g
D e e s @ @B 5-actin 2 8r o
- 6f -
0 1 3 6 10 24 HBB(200ugm) £ 4f e 4l
|--- h....:_:u-ﬂ-lHO-1 .f’g’ 2f g '
) I 0 ©
[ - - — - -] £-actin @ "0 13 6 1024 e 0 1 3 6 10 24
HBL (200 pg/ml, h) HBB (200 pg/ml, h)
® s
B 0 100 200 HBL (ug/mi) 3 14 . 3 12
E=—fpaan £ ¥
- T 6 T
0 100 200 HBB (ug/ml) Q i @ 4
HO-1 2 2 2
. s 9 T o0
Eﬁ‘ac“” & 0 100 200 @ 0 100 200
HBL (ug/ml) HBB (ug/ml)
C LPS (1 ug/ml)
Cont. siRNA  HO-1 siRNA T 45
0 0 L _ v
S 38 8¢ &8 8 §5 !
8 T T & T T (00ugm) BTO8
5206
| - - - B 85 04
= = — — [
o
E 0
“w-m DMSO HBL HBB DMSO HBL HBB (200 pug/ml)

LPS (1 ng/ml)

Figure 5. Effects of HBL and HBB on HO-1 expression in RAW264.7 cells. (A) RAW264.7 cells were treated with 200 y#g/ml HBL and HBB for the indicated
times. (B) RAW264.7 cells were treated with HBL (100 and 200 pg/ml) for 6 h or HBB (100 and 200 pg/ml) for 10 h. The cell lysates were subjected to and
western blotting was performed using an antibody against HO-1. Actin was used as an internal control for western blot analysis. (C) RAW264.7 cells were
transfected with control or HO-1 siRNA for 48 h. After the transfection, the cells were pretreated with 200 xg/ml HBL and HBB for 4 h and then co-treated
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increase in the nuclear accumulation of Nrf2 (Fig. 7B).
Furthermore, it was observed that the inhibition of p38 by
SB203580 and the inhibition of ROS by NAC blocked the
nuclear accumulation of Nrf2 induced by HBL and HBB
(Fig. 7C). These results indicate that HBL. and HBB induced
the upregulation of HO-1 protein through the activation of
ROS, p38 and Nrf2.

Upregulation of ATF3 contributes to the inhibition of the
production of pro-inflammatory mediators by HBL and
HBB. There is evidence to suggest that ATF3 inhibits the
inflammatory response (25). Thus, the effect of ATF3 on the
inhibition of pro-inflammatory mediators by HBL and HBB
was investigated. As shown in Fig. 8A, HBL and HBB rapidly
increased the expression of ATF3. In addition, HBL and HBB
dose-dependently increased the ATF3 protein expression level
(Fig. 8B). The knockdown of ATF3 by transfection with ATF3
siRNA was observed to attenuate the HBL- and HBB-induced
downregulation of iNOS and IL-1p (Fig. 8C). These results
indicate that the upregulation of ATF3 by HBL and HBB may

be associated with the downregulation of pro-inflammatory
mediators.

Analysis of bioactive compounds in HBL, HBB and HBF.
Standardization of materials is essential for the development
of functional products. Thus, the levels of certain polyphe-
nolic compounds in HBL, HBB and HBF were analyzed, as
honeyberry has been reported to contain polyphenolic
compounds such as protocatechuic acid, caffeic acid, chloro-
genic acid, coumaric acid and ferulic acid (17,18). As shown
in Fig. 9, chlorogenic acid (58.66 ug/g extract), caffeic acid
(21.51 uglg extract), coumaric acid (120.51 pug/g extract) and
ferulic acid (283.31 ug/g extracts) were detected in HBL. In
HBB, protocatechuic acid (4.23 ug/g extract), chlorogenic acid
(21.86 ug/g extract), caffeic acid (43.88 ug/g extract), coumaric
acid (26.77 pg/g extract) and ferulic acid (8.69 pg/g extract)
were detected. HBF contained protocatechuic acid (6.53 ug/g
extract), chlorogenic acid (27.23 ug/g extract), coumaric acid
(5.44 pglg extract) and ferulic acid (7.99 ug/g extract). The
anti-inflammatory activities of these polyphenolic compounds
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have been reported in previous studies (26-30). In addition, Discussion

it has been reported that ferulic acid, coumaric acid, chloro-

genic acid, and caffeic acid are able to activate the Nrf2/HO-1 ~ Although inflammation is a beneficial response that helps to
signaling pathway (31-34). protect the body from external pathogens, it is considered that
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excessive inflammatory responses should be controlled to
prevent the development of chronic inflammation-associated
diseases (1,2). The development of new anti-inflammatory
agents is desirable due to the side effects and treatment fail-
ures associated with currently available anti-inflammatory
drugs (35). There is growing evidence that various plants and
plant-derived compounds have therapeutic anti-inflammatory
effects with few or no side effects (35,36). Thus, in the present
study, the anti-inflammatory activity of HBL and HBB derived
from honeyberry were evaluated and their potential molecular
mechanisms of action were elucidated.

According to previous reports, HBF inhibits the produc-
tion of pro-inflammatory mediators during the LPS-induced
inflammatory response (6,9). However, in the present study,
it was observed that HBF (100 pg/ml) did not inhibit the
LPS-induced overproduction of pro-inflammatory mediators,
namely NO, iNOS, and IL-13, whereas HBL and HBB signifi-
cantly suppressed the overproduction of these mediators at the
same concentration. Polyphenolic compounds are associated
with lower risk of degenerative and chronic diseases than other
dietary components and are known to have anti-inflammatory
properties (37). The present study found that the levels of
polyphenolic compounds in the extracts decreased in the order

HBL > HBB > HBF. This result indicates that the difference
in the inhibitory activities of HBL, HBB and HBF against the
production of inflammatory mediators may be associated with
the levels of polyphenolic compounds they contain. We also
hypothesize that the differences in the inhibitory effect of HBF
on the production of pro-inflammatory mediators in different
studies may be due to variations in the growth environment
of honeyberry. This is because the secondary metabolites of
plants are regulated by the environment in which the plants
are grown (38).

NF-«B is an important transcription factor involved in the
inflammatory response (39). Inflammatory stimuli, such as
LPS, activate NF-«xB by inducing cytosolic IxB-a degradation
and the subsequent accumulation of p65 in the nucleus, which
leads to the upregulation of pro-inflammatory mediators (39).
Interestingly, the present study demonstrated that HBL and
HBB did not inhibit the LPS-induced cytosolic degradation
of IxB-a but attenuated the increase in the nuclear level of
p65 protein. There is evidence that p65 phosphorylation is
essential for the nuclear accumulation of p65 and transcrip-
tional activation (40). There are various phosphorylation sites
of p65, among which the phosphorylation of serine 529 has
been reported to be involved in the nuclear accumulation of
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Figure 9. HPLC chromatograms of polyphenolic compounds in HBL, HBB and HBF. HPLC chromatograms of (A) the standards and (B) HBL, HBB and
HBEF. (C) The contents of polyphenolic compounds in HBL, HBB and HBF. HPLC, high-performance liquid chromatography; HBL, honeyberry leaf extract;

HBB, honeyberry bark extract; HBF, honeyberry flower extract.

p65 (40). Therefore, we hypothesize that the inhibitory effects
of HBL and HBB on p65 nuclear accumulation are caused by
the inhibition of p65 phosphorylation at serine 529. However,
this hypothesis requires elucidation through further study.

MAPK is also involved in the upregulation of pro-inflam-
matory mediators (41,42). In the present study, HBL did not
inhibit the LPS-induced phosphorylation of ERK1/2 and p38.
However, HBB suppressed LPS-induced p38 phosphoryla-
tion but not ERK1/2 phosphorylation. As p38 MAPK is
considered a potential molecular target for the development
of anti-inflammatory drugs, p38 inhibitors are currently being
developed. The anti-inflammatory activities of these p38
inhibitors have been confirmed clinically (41,42). Therefore,
the data in the present study indicate that the inhibition of p38
activation by HBB was associated with the downregulation of
pro-inflammatory mediators.

The present study also indicated that HBL and HBB
upregulated the HO-1 protein expression level through the
ROS/p38-dependent activation of Nrf2, and that HO-1 knock-
down inhibited the downregulation of inflammatory mediators
by HBL and HBB. It has previously been shown that ROS
induce the expression of HO-1 through the p38-dependent
activation of Nrf2 (24,43), which can inhibit the inflammatory
process. Therefore, Nrf2 activators are considered poten-
tial therapeutic agents for the treatment of various human
diseases, including inflammatory diseases (44). Furthermore,
Nrf2 activation-dependent responses are an effective
means of preventing and treating inflammation, the most

effective of which is the expression of HO-1 (45,46). Nrf2 is
a redox-sensitive transcription factor that is known to regulate
the expression of antioxidant enzymes such as HO-1 (47).
In the absence of stimulation, Nrf2 binds to Keapl and is
present in the cytoplasm in an inactive form. However, ROS
induces the translocation of Nrf2 to the nucleus through the
degradation of Keapl. Nuclear Nrf2 binds to the antioxidant
response element and induces the transcription of HO-1 (48).
On the basis of these previous studies (47,48), we hypothesize
that ROS produced by HBL and HBB may induce Nrf2 trans-
location into the nucleus through the degradation of Keapl,
contributing the expression of HO-1. Thus, the present data
may provide evidence of a link between ROS/p38/Nrf2/HO-1
signaling and the anti-inflammatory activity of HBL and HBB.

Finally, it was observed that the expression of ATF3 was
increased in cells treated with HBL and HBB. It has been
reported that ATF3 plays an important role in innate immu-
nity (49) and that its expression mitigates the production of
various pro-inflammatory mediators (50). In an in vivo study,
ATF3 knock-out mice died sooner than wild-type mice when
injected with a high dose of LPS (49). Previous studies have
demonstrated that ATF3 mitigates inflammatory responses
by inhibiting the overproduction of pro-inflammatory media-
tors (49-51). In the present study, ATF3 knockdown completely
blocked the HBL- and HBB-induced downregulation of
inflammatory mediators, which indicates that ATF3 may be a
major mediator of the anti-inflammatory activity of HBL and
HBB, although HBL and HBB can also inhibit the production
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of inflammatory mediators through various signaling path-
ways such as MAPK, NF-kB, and Nrf2/HO-1. It has been
reported that a deficiency of ATF3 increases the production
of inflammatory mediators via the inhibition of Nrf2/HO-1
signaling (52). Thus, the effect of the HBL- and HBB-induced
expression of ATF3 on Nrf2/HO-1 signaling requires further
elucidation. In addition, the mechanisms through which
HBL and HBB promote the expression of ATF3 need to be
investigated.

In summary, the present study demonstrated that HBL and
HBB inhibited LPS-induced NF-«xB activation by blocking
the nuclear accumulation of p65, increasing HO-1 expres-
sion through ROS/p38/Nrf2 activation, and increasing ATF3
expression. Furthermore, HBB inhibited LPS-induced p38
phosphorylation. The regulatory effects of HBL and HBB on
these signaling pathways may be associated with their anti-
inflammatory activities. These findings suggest that HBL and
HBB may have great potential as anti-inflammatory drugs
and should be further explored for development as natural
anti-inflammatory drugs. However, the study is limited as it
involved only cell-based experiments. Therefore, preclinical
studies using animal models are required to validate the
anti-inflammatory activities of HBL and HBB prior to their
development as natural anti-inflammatory drugs.
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