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Abstract

Background and Objective: Rugchalcones are isolated from the flowers of Rosa rugose. The pharmacological activities of rugchalcones
and their derivatives are rarely reported. In the present study, we investigated the ability of Rugchalcone Derivative 4 (RD4) to regulate
the inflammatory response in the RAW264.7 murine macrophage cell line. Material and Methods: To determine the anti-inflammatory
effects of RD4, the lipopolysaccharide (LPS)-induced synthesis of inflammatory mediators in RAW264.7 cells were measured by Enzyme-
Linked Immunosorbent Assay (ELISA) and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR). The anti-inflammatory
mechanism of RD4 was investigated via western blot analysis of the activation of Nuclear Factor (NF)-xB and expression of Heme
Oxygenase (HO)-1. Results: RD4 inhibited not only the synthesis of Nitric Oxide (NO) but also the expression of inducible NO synthase
by LPS in the RAW264.7 murine macrophage cell line. RD4 inhibited the release of pro-inflammatory cytokines induced by LPS in
RAW264.7 cells,including Interleukin (IL)-1B, IL-6 and tumour necrosis factor-a. The underlying anti-inflammatory mechanism of RD4 was
correlated with the down-regulation of NF-xB and induction of HO-1. Conclusion: The data collectively indicate that RD4 inhibited the
synthesis of several inflammatory mediators via regulation of NF-xB and HO-1 and represents a potential treatment for various
inflammatory diseases.
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INTRODUCTION

Inflammation is a complex processinvolving various types
of cells and substances produced in defence against external
challenges such as infections, injuries or toxins that ultimately
restore normal tissue structure and function. It is self-limiting
and strongly associated with the down-regulation of pro-
inflammatory protein expression, increased anti-inflammatory
protein levels and reversal of vascular changes that facilitate
early immune cell recruitment2. Abnormal inflammatory
responses contribute to the aetiology of many inflammatory
diseases, including bronchitis, gastritis, inflammatory bowel
disease, multiple sclerosis and rheumatoid arthritis3>.
Therefore, the control of inflammation is essential for the
prevention and treatment of various diseases.

Macrophages are representative cells that drive the
inflammatory response and serve as an essential interface
between innate and adaptive immunitys’. Stimulation of
macrophages by various agents such as lipopolysaccharide
(LPS) culminates in the activation of two distinct downstream
signalling pathways: the transcription factor Nuclear Factor
(NF)-xB pathway and the Mitogen-Activated Protein Kinase
(MAPK) pathway'8, Expression of major inflammatory
mediators including Nitric Oxide (NO) and inflammatory
cytokines are driven by these two pathways'81°,

NF-xB is an essential transcription factor in the control of
inflammatory responses'®1%12 NF-xB regulates the expression
of genes that encode inflammatory cytokines, adhesion
molecules, chemokines, growth factorsand inducible enzymes
such as inducible NO Synthase (iNOS)''3. NF-xB activity is
generally blocked in the cytoplasm via association with an
inhibitor of NF-xB (lx-B). Upon activation, Ik-B undergoes
phosphorylation and degradation, followed by nuclear
translocation and binding with DNA, resulting in induction of
transcription of various inflammatory mediators'"'3,

Heme Oxygenase (HO)-1,an antioxidant enzyme involved
in the stress response, catalyzes the degradation of heme,
biliverdin and carbon monoxide and also plays an important
role in inflammation™. Recent clinical studies reported the
application of pharmacological compounds to up-regulate
HO-1 in specific anti-inflammatory treatments''>. Indeed, a
variety of drugs, including statins, 5-amino salicylic acid and
polyphenols are used in standard therapies to provide anti-
inflammatory protection via induction of HO-1"17,

Rugchalcones are 2-aroyl benzofuran derivativesisolated
from the flowers of Rosa rugosa with anti-tobacco mosaic
virus activity’®. However, no studies have reported the
physiological and pharmacological activity of rugchalcones
and their derivatives. The previous studies demonstrated the
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efficient synthesis of rugchalcone A, rugchalcone B and their
derivatives'. Besides, their anti-inflammatory potential was
screened via inhibition of NO production in RAW264.7 murine
macrophages'. The study confirmed that the Rugchalcone
Derivative 4 (RD4) synthesized by us was likely to show
anti-inflammatory activity.

To confirmthe physiological and pharmacological activity
of bioactive natural products and analogues, the anti-
inflammatory effects of RD4 and the underlying mechanisms
for RAW264.7 cells were investigated in this study.

MATERIALS AND METHODS

Study area: This study was conducted from January-
November, 2020 at the Department of Biomedical Science,
Immunology Laboratory, Daegu Catholic University, Korea.

Chemicals and Reagents: RD4 (Fig. 1a) was synthesized as
previously described™. All reagents including LPS were
obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise
indicated. Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal
Bovine Serum (FBS), penicillin and streptomycin were
obtained from Hyclone (Logan, UT, USA). ELISA kits for
assaying interleukin (IL)-1B, IL-6 and Tumor Necrosis Factor
(TNF)-a were purchased from eBioscience (San Diego, CA,
USA). Antibodies targeted againstiNOS, HO-1, Ix-Ba, phospho-
NF-xB p65, phospho-ERK, phospho-JNK, phospho-p38, JNK,
ERK and p38 were procured from Cell Signaling Technology
(Danvers, MA, USA).

Cell culture and cell viability assay: RAW264.7 murine
macrophages were obtained from the Korean Cell Bank
(Seoul, Korea) and cultured in DMEM containing 10% FBS,
100 U mL™" penicillinand 100 ug mL~" streptomycin. The cells
were incubated in an atmosphere of 5% CO, at 37°Cand
sub-cultured every 3 days. The effects of RD4 on cell viability
were tested using the CellTiter 96® AQueous One Solution
Assay for cell proliferation (Promega, Madison, WI) according
to the manufacturer's instructions.

Measurement of nitrites and cytokines: RAW264.7 cells were
plated at a density of 2 X 10° cells in a 48-well cell culture plate
with 500 uL of culture medium and incubated for 12 hrs. They
were then treated with RD4 in a medium containing LPS
(500 ng mL™") and incubated for another 18 hrs. The number
of nitrites generated was measured using the Griess reagent
system (Promega). The amount of IL-1B, IL-6 and TNF-a in the
cell-culture supernatant was measured using an ELISA kit
(eBioscience, San Diego, CA) according to the manufacturer’s
instructions.
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Quantitative Real-Time reverse-transcription Polymerase
Chain Reaction (qRT-PCR): Total RNA was isolated from
RAW264.7 cells using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). DNA was eliminated from total RNA using RNA Qualified
RNase-Free DNase (Promega) and cDNA was synthesized by
GoScript™ Reverse Transcription System (Promega). The
gRT-PCR assay was carried out with a LightCycler (Roche
Diagnostics, Basel, Switzerland) using the LightCycler FastStart
DNA Master SYBR Green | (Roche Diagnostics). All the
experiments were repeated twice in triplicate each time.
Transcripts of Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) as a housekeeping gene were quantified as
endogenous RNAs of reference to normalize each sample.
Relative quantities were estimated by the -22Ct method.
The primers used in this study corresponded to mouse:

« mouseiNOS: F 5-CCT CCT CCA CCCTACCAAGT-3',R5'-
CACCCA AAGTGCTTC AGT CA-3'

« mouseIL-1B: F 5-TTC TCCACA GCC ACA ATG AG-3',R5'-
ACG GAC CCC AAA AGATGA AG-3'

« mouselL-6: F 5-CCT CTG GTC TTCTGG AGT ACC-3',R5'-
ACT CCT TCT GTG ACT CCA GC-3'

«  mouse TNF-a: F 5-TGT CTCAGC CTCTTCTCATT-3'R5"-
AGA TGA TCT GAG TGT GAG GG-3'

+  mouseHO-1:F 5'-CCT CACTGG CAGATCATC-3'R5'-CCT
CGT GGA GACGCT TTACATA-3', and

« mouse GAPDH: F 5'-TCT TGCTCAGTGTCCTTGC-3',R5"-
CTTTGT CAA GCT CATTTCCTG G-3'

Western blot analysis: The cells were then rinsed with
ice-cold PBS, followed by the addition of 100 pL of a PRO-
PREP™ Protein Extraction Solution (Seongnam, Korea) to each
sample. Proteins were denatured in Sodium Dodecyl Sulfate
(SDS). The samples were subjected to SDS Polyacrylamide Gel
Electrophoresis (PAGE), followed by transfer to a nitrocellulose
membrane. Non-specific binding was inhibited by exposing
the cell membranes to TBST (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl and 0.1% Tween-20) containing 5% non-fat milk for 1 h
at room temperature. The membranes were then incubated
overnight with the indicated primary antibodies at 4°C. The
membranes were then washed with phosphate-buffered
saline containing 0.1% Tween 20) and incubated for 1 h with
anti-rabbit IgG or anti-mouse IgG conjugated with Horseradish
Peroxidase (HRP). After washing, the protein bands were then
visualized using enhanced chemiluminescence reagent
(Thermo Fisher Scientific) and DAVINCH-Chemi CAS-400 SM
(Davinch-k, Seoul, Korea). Band densities were measured using
Total Lab software (Davinch-k).
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Statistical analysis: Values were expressed as the Mean = SEM
of the results of at least three experiments. The values were
then evaluated via One-Way Analysis of Variance (ANOVA)
with Bonferroni multiple comparison post hoc tests using
Prism 6.0 software (GraphPad Software, San Diego, CA, USA).
Differences with p<0.05 were considered statistically
significant.

RESULTS

Effect of rugchalcone derivative on cell viability: Selection
of the appropriate nontoxic range of RD4 is important for
further experiment. Therefore, the cytotoxicity of RD4 in
RAW264.7 macrophages was evaluated by measuring the
optical density at 490 nm using the MTS assay for 24 hrs. As
shown in Fig. 1b, no cytotoxicity of RD4 in RAW264.7 cells
occurred up to 50 uM.

Effect of RD4 on NO production and iNOS expressionin LPS-
stimulated RAW264.7 cells: First, the effect of RD4 on NO
synthesis in LPS-stimulated RAW264.7 cells was evaluated,
because overproduction of NO by iNOS has been implicated
in the pathology of several inflammatory disorders. As shown
in Fig. 2a, the concentration of NO was decreased by RD4

addition in LPS-stimulated RAW264.7 cells. The nitrite
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Fig. 1(a-b): Effect of RD4 on cell viability in RAW264.7 cells
(a) Chemical structure of RD4 and (b) RAW264.7 cells were treated
with the indicated concentrations of RD4 for 24 hrs and
proliferation was determined. The results are expressed as
Mean=SEM of three independent experiments
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Fig. 2(a-d): Effects of RD4 on LPS-induced NO synthesis and iNOS expression
RAW264.7 cells were treated with the indicated concentration of RD4 in the presence of 500 ng mL~" of LPS or with LPS alone for 24 hrs and (a) NO
release, (b) iNOS mRNA levels were determined, (c) Thirty micrograms of protein obtained from each cell lysate were resolved by 10% SDS-PAGE for
iNOS determination. The B-actin expression serves as aloading control and (d) Densitometric analysis of INOS protein expression. The results are reported
as Mean £ SEM of three independent experiments. Statistical significance is based on the difference when compared with LPS-stimulated cells (*p<0.05,

**p<0.01, ***p<0.001)

concentrationsin LPS-stimulated RAW264.7 cells and exposed
to 20 uM RD4 were 25.4%+0.1 and 7.8+ 1.4 uM, respectively
(Fig. 2a).

We further tested whether NO inhibition by RD4 was
caused by decreased expression of INOS mRNA and reduced
protein expression of INOS in RD4-treated cells compared with
LPS-treated cells. The relative levels of iNOS mRNA averaged
0.94%0.07 in LPS-treated RAW264.7 cells and decreased to
0.32£0.05 in the presence of 20 uM RD4 (Fig. 2b). Besides,
concentration-dependent inhibition was also observed in
iNOS protein levels (Fig. 2¢, d). As shown in 2d, the relative
protein expression level of iINOS was 1 in RAW264.7 cells
stimulated with LPS but decreased to 0.70%0.05 and
0.40£0.05 for 5 and 20 uM RD4 concentrations, respectively.

Effect of RD4 on pro-inflammatory cytokine expression in
LPS-stimulated RAW264.7 cells: IL-1B, IL-6 and TNF-a are pro-
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inflammatory cytokines, which mediate chronicinflammation.
The attenuation of these cellular cytokines is essential to avoid
furtherinflammatory response. Therefore, the level of cytokine
synthesis in LPS-stimulated RAW264.7 cells was evaluated via
ELISA. Without the LPS stimulation, the concentrations of
IL-1B, IL-6 and TNF-a in the cell culture medium, by ELISA were
28.1£3.1 pg mL™", 0.02£0.01 and 0.17+0.06 ng mL™,
respectively (Fig. 3a-c). Exposure of the cells to LPS
significantly increased the production of IL-1B, IL-6 and
TNF-a, when compared with an untreated control group
(106.3£6.3 pg mL~", 2.79%+0.12 and 10.1+0.15 ng mL™",
respectively). However, the RD4 treatment suppressed the
synthesis of these cytokines significantly in adose-dependent
manner. At the highest concentration of RD4 tested
(20 uM), IL-1B, IL-6 and TNF-a production decreased to
59.3%£3.1 pg mL7', 0.11£0.02 and 85%0.12 ng mL™,
respectively (Fig. 3c). Among the three types of
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Fig. 3(a-f): Effects of RD4 on LPS-induced pro-inflammatory cytokine production in murine macrophages
RAW264.7 cells were treated with indicated concentrations of RD4 with LPS (500 ng mL~") or with LPS alone for 24 hrs, (a-c) The cell culture media were
then collected and the amounts of IL-1B, IL-6 and TNF-a released were measured and (d-f) The mRNA levels of IL-1B, IL-6 and TNF-a were measured via
gRT-PCR. The results are expressed as Mean=SEM of three independent experiments. Statistical significance is based on the difference when compared

with LPS-stimulated cells (*p<0.05, **p<0.01, ***p<0.001)

pro-inflammatory cytokines, the IL-6 reduction by RD4
treatment was the most comparable to that of the untreated
control group (Fig. 3b).

To assess the effect of RD4 on mRNA expression of
pro-inflammatory cytokines in LPS-stimulated macrophages,
we measured their gene expression levels using gRT-PCR. Only
LPS-stimulated treatment was chosen as the control (with an
mMRNA fold induction of 1). Untreated cells did not induce
mMRNA expression of the three pro-inflammatory cytokines,
whereas LPS induced their expression (Fig. 3d-f). Treatment of
cells with RD4 inhibited the mRNA expression of IL-1Band IL-6
in a dose-dependent manner with a significant inhibitory
effect at 5 and 20 uM concentrations (Fig. 3d-e). Similar to the
ELISA results, the level of TNF-a mRNA level induced by LPS
significantly decreased only in 20 uM RD4 (Fig. 3f). These
findings suggest that RD4 strongly inhibits various
inflammatory mediators including NO and pro-inflammatory
cytokines.

RD4 blocks the NF-xB pathway in LPS-stimulated RAW264.7
cells: Since NF-«B is a key transcription factor regulating the
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level of pro-inflammatory mediators in activated
macrophages, we next investigated whether RD4 abrogated
the NF-«B signalling pathway, which is implicated in the
transcriptional regulation of inflammatory mediators in
LPS-stimulated RAW264.7 cells. The cells were treated with
LPS with or without RD4. The phosphorylated levels of
NF-kB p65 subunit and cytosolic levels of | k-Ba were analyzed
by western blot. LPS stimulation induced NF-«xB p65
phosphorylation and | x-Ba degradation in RAW264.7 cells
(Fig. 4a-b), however, RD4 treatment attenuated the
phosphorylation of NF-xkB p65 and | k-Ba degradation in
LPS-stimulated RAW264.7 cells (Fig. 4a-b).

Next, we investigated the role of RD4 in the LPS-induced
activation of the MAPK signalling pathway. We assessed the
effect of RD4 on LPS-induced phosphorylation of p38, JNKand
ERK using three different phospho-specific antibodies.
Results indicated that p38, JNK and ERK showed slight
phosphorylation in cells of the untreated control group
(Fig.4c-d). LPS treatment significantly increased the activation
of MAPKs by strengthening the phosphorylation of p38, JNK
and ERK. In contrast to NF-xB p65 phosphorylation and l«-Ba
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Fig. 4a-d: Effects of RD4 on LPS-induced NF-«B activation and MAPK phosphorylation in RAW264.7 cells

RAW264.7 cells were treated with the indicated concentration of RD4 in the presence of 500 ng mL~" of LPS or with LPS alone for 30 min. Western blot
analysis was performed to determine (a) NF-xB, (B) MAPK activation as described in Materials and Methods and (c-d) Data analysis was performed using
total lab software by measuring the integrated band densities following background subtraction. The results are reported as Mean£SEM of three
independent experiments. Statistical significance is based on the difference when compared with LPS-stimulated cells (***p<0.001)
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Fig. 5(a-c): Effects of RD4 on HO-1 induction in murine macrophages
RAW264.7 cells were treated with indicated concentrations of RD4 for 8 hrs and (a) HO-1 mRNA (b) HO-1 protein levels were determined gRT-PCR and
western blot analysis, respectively and (c) Data analysis was performed using total lab software by measuring the integrated band densities following
background subtraction. The results are expressed as Mean+SEM of three independent experiments. Statistical significance is based on the difference
when compared with 0 pM-treated cells (*p<0.05, ***p<0.001)
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degradation, no significant changes were found in the
phosphorylation and total protein levels of MAPKs in RD4-
treated cells compared with LPS-treated cells (Fig. 4c-d). These
resultsindicated the potential role of NF-«xBin the suppression
of inflammatory mediators including NO and pro-
inflammatory cytokines by RD4.

Effect of RD4 on HO-1 expression in RAW264.7 cells: We
finally investigated whether the RD4 stimulated the induction
of HO-1 in RAW264.7 macrophages because HO-1 plays an
important role in the suppression of inflammation. Cells were
challenged with RD4 and the levels of HO-1 mRNA were
quantified by qRT-PCR. A dramatic and significantinduction of
HO-1 mRNA occurred in cells treated with 5 and 20 uM of RD4
(Fig. 5a). Next, we evaluated the protein levels of HO-1. As
expected, RD4 dramatically induced HO-1 protein expression
in cells treated with 5 and 20 uM concentrations (Fig. 5b-c).
The relative protein expression level of HO-1 was 1 in
RAW264.7 cells stimulated with LPS but increased to
10.9£0.67 for 20 uM RD4 concentrations. Altogether, these
results suggest that HO-1 mediates the suppression of
inflammatory responses.

DISCUSSION

The major findings of the present study are: (1) RD4
inhibited the expression of inflammatory mediators such as
NO and pro-inflammatory cytokines, (2) RD4 suppressed NF-«xB
signalling pathways and (3) RD4 induced HO-1 expression.
Thus, it can be concluded that RD4, a novel rugchalcone
derivative, can significantly attenuate the inflammatory
response in LPS-stimulated RAW264.7 cells.

Natural products, including phytochemicals, have long
contributed to the development of modern therapeutics?2'.
In particular, many studies have shown that certain
phytochemicals can regulate the expression of various
inflammatory mediators such as iNOS, pro-inflammatory
cytokines and transcription factors such as NF-xB&192223 We
believe ongoing efforts will provide new insights into the
anti-inflammatory activity of phytochemicals and eventually
result in the development of new types of anti-inflammatory
agents. As part of this belief, we continue to synthesize
phytochemicals and their derivatives and verify their anti-
inflammatory activity. One of our previous studies
demonstrated an efficient strategy to synthesize rugchalcone
and its derivatives as well as their ability to inhibit NO
production’. Based on this previous study, we investigated
the anti-inflammatory activity and the detailed mechanism of
RD4 in the present study.
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NO acts as a cytotoxic agent in the pathophysiology of
specificinflammatory diseases. The synthesis of NO by iNOSin
activated macrophages may contribute to the pathology of
various acute and chronic inflammatory diseases?*%. It is well
known that the expression of iNOS plays a crucial role in
stimulated macrophages, via the synthesis of NO?*%, Besides,
pro-inflammatory cytokines, including IL-1B, IL-6 and TNF-a,
play an essential role in promoting and exacerbating the
inflammatory response®>’. Our data demonstrated that RD4
significantly inhibited the production of NO in LPS-stimulated
RAW264.7 cells at non-cytotoxic concentrations. The reduced
expression of INOS mRNA and protein by RD4 treatment may
result in the inhibition of LPS-induced NO synthesis by RDA4.
Besides, RD4 significantly inhibited the LPS-induced synthesis
of IL-1B, IL-6 and TNF-a in LPS-stimulated macrophages, in a
dose-dependent manner. These results indicate that RD4
regulates inflammation by inhibiting the synthesis of NO or
pro-inflammatory cytokines.

NF-xB is one of the most widely known transcription
factors in many cellular systems, where inflammatory stimuli
contribute to NF-«xB activation, followed by increased release
of inflammatory mediators and cytokines®'%'2, In the absence
of inflammatory stimuli, lx-Ba maintains NF-xB in the
cytoplasm by concealing the nuclear localization sequences
on NF-xB subunits. The phosphorylation of Ix-B triggers
proteasomal degradation of l«-B, increasing the nuclear
localization of NF-«kB, which activates various pro-
inflammatory genes®'%12, Our results revealed that exposure of
RAW264.7 cells to LPS induced the degradation of l«-Ba and
phosphorylation of NF-«B. However, RD4 treatment markedly
reduced the phosphorylation of NF-xB and induced l«-Ba
degradation. These findings suggest that RD4 treatment
interferes with NF-«xB activation by overcoming phospho-NF-
«B levels and degradation of l«-B in LPS-stimulated RAW264.7
cells.

HO-1-knockout mice demonstrated the essential role
of HO-1 in the anti-inflammatory effect. Compared with
wild-type mice, HO-1-knockout mice were characterized
by progressive  chronic inflammation?. Increased
proinflammatory cytokine levels were observed in peritoneal
macrophages derived from HO-1-knockout mice compared
with wild-type mice?. Similar phenomena have been foundin
humans, characterized by a pro-inflammatory state even in
the case of human HO-1 deficiency?”. Many recent studies
suggest that naturally occurring phytochemicals play an anti-
inflammatory role mediated via HO-1 expression'6172, Hence,
we investigated whether RD4 induced HO-1 expression.
Meanwhile, drugs that could strongly induce HO-1 might be
beneficial for patients with inflammatory diseases. Taken
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together, the significantly increased HO-1 expression induced
by RD4 treatment might contribute to the suppression of
LPS-induced inflammatory responses.

CONCLUSION

In conclusion, we report for the first time that RD4
has anti-inflammatory activity in LPS-induced RAW264.7
macrophages and its possible anti-inflammatory mechanism.
These effects were accompanied by blocking NF-«xB activation
and up regulating HO-1 expression in RAW264.7 cells. These
findings shed a light on the possibility of the clinical
application of RD4 in the treatment of inflammation-related
diseases.

SIGNIFICANCE STATEMENT

This study showed that RD4 effectively inhibits the
LPS-induced synthesis of inflammatory mediators including
NO and pro-inflammatory cytokines via suppression of NF-xB
in RAW264.7 macrophages without causing cytotoxicity.
Besides, the induction of HO-1 might contribute to the anti-
inflammatory activity of RD4. These results suggest that RD4
is a potential therapeutic agent against inflammatory disease.
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