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INTRODUCTION

ABSTRACT Macrophage-associated inflammation is crucial for the pathogenesis
of diverse diseases including metabolic disorders. Rhodanthpyrone (Rho) is an ac-
tive component of Gentiana rhodantha, which has been used in traditional Chinese
medicine to treat inflammation. Although synthesis procedures of RhoA and RhoB
were reported, the biological effects of the specific compounds have never been
explored. In this study, the anti-inflammatory activity and mechanisms of action of
RhoA and RhoB were studied in lipopolysaccharide (LPS)-stimulated macrophages.
Pretreatment with RhoA and RhoB decreased inducible nitric oxide synthase and cy-
clooxygenase-2 expressions in RAW 264.7 cells and in thioglycollate-elicited mouse
peritoneal macrophages. In addition, it downregulated transcript levels of several
inflammatory genes in LPS-stimulated RAW 264.7 cells, including inflammatory cyto-
kines/chemokines (Tnfa, 6, and Ccl2) and inflammatory mediators (Nos2 and Ptgs2).
Macrophage chemotaxis was also inhibited by treatment with the compounds.
Mechanistic studies revealed that RhoA and RhoB suppressed the nuclear factor
(NF)-kB pathway, but not the canonical mitogen activated protein kinase pathway,
in LPS-stimulated condition. Moreover, the inhibitory effect of RhoA and RhoB on in-
flammatory gene expressions was attenuated by treatment with an NF-kB inhibitor.
Our findings suggest that RhoA and RhoB play an anti-inflammatory role at least in
part by suppressing the NF-kB pathway during macrophage-mediated inflammation.

mation and innate immune response by control of the expressions

Inflammation is a self-protection response against pathogens,
chemicals, or mechanical injuries. However, hyperinflammation
can cause adverse effects in tissues and organs, which ultimately
leads to chronic inflammatory diseases [1]. A number of studies
have demonstrated that macrophages are the primary inflamma-
tory response cells [2,3]. Their activation causes the overproduc-
tion of inflammatory mediators such as tumor necrosis factor
(TNF)-q,, interleukin (IL)-1B, IL-6, nitric oxide (NO), and prosta-
glandin (PG)E2 [4].

Nuclear factor-kB (NF-«B) serves as a key regulator of inflam-

of numerous inflammatory genes [5,6]. For example, binding of
NF-«B to a unique sequence (NF-xBd) in the inducible nitric
oxide synthase (INOS) promoter is necessary for lipopolysaccha-
ride (LPS)-induced iNOS expression [7]. Similarly, the 5-flanking
region of murine cyclooxygenase-2 (COX-2) gene contains two
NF-kB binding consensus sequences [8]. LPS stimulation of mac-
rophages is known to activate mitogenactivated protein kinases
(MAPKSs) such as extracellular signalregulated kinase (ERK)-1/2,
p38 MAPK, and c-Jun N-terminal kinase (JNK) [9]. Hence, NF-
kB and MAPKSs pathways are potentially important targets for
regulating macrophage associated inflammation.

This is an Open Access article distributed under the terms
AT of the Creative Commons Attribution Non-Commercial
License, which permits unrestricted non-commercial use, distribution, and

reproduction in any medium, provided the original work is properly cited.
Copyright © Korean J Physiol Pharmacol, pISSN 1226-4512, elSSN 2093-3827

www.kjpp.net

Author contributions: K.S.K. and C.Y.H. performed the experiments and
analyzed the data. C.Y.H. and E.J.B. designed experiments, analyzed the
data and wrote the manuscript. Y.T.H. provided the materials and technical
supports. EJ.B. supervised the whole study.

Korean J Physiol Pharmacol 2019;23(6):493-499



494

Kim KS et al

Rhodanthpyrone (Rho) A and B are the primary active com-
pounds in the plant Gentiana rhodantha, a traditional Chinese
medicine for the treatment of inflammation [10]. However, to the
best of our knowledge, their biological properties have never been
reported. Therefore, in the present study, we elucidate the anti-
inflammatory effects and mechanisms of action of RhoA and
RhoB, using LPS-stimulated macrophages.

METHODS
Cell culture and reagents

The murine macrophage cell line RAW 264.7 and 3T3-L1
fibroblasts were purchased from the American Type Culture Col-
lection (Manassas, VA, USA). Cells were maintained at 37°C in
a humidified, 5% CO, atmosphere, and cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum, 2 mM glutamine, 50 U/ml penicillin, 50 pg/ml
streptomycin, and 2.5 pg/ml of amphotericin B. 3T3-L1 cells were
induced to differentiate and the adipocyte conditioned medium
(CM) was prepared as described elsewhere [11,12]. RhoA and
RhoB were prepared as previously described [13]. All reagents
used in this study were purchased from Sigma-Aldrich (St. Louis,
MO, USA), unless otherwise noted.

Isolation of peritoneal macrophages

C57BL/6] mice were intraperitoneally injected with 2 ml of
sterile thioglycollate medium from BD Biosciences (San Jose, CA,
USA). Macrophages were collected three days later by peritoneal
lavage with cold DMEM. The recovered peritoneal fluid was
washed twice with PBS by centrifugation. The cells were then re-
suspended in DMEM with 10% fetal bovine serum and incubated
for 3 h at 37°C with 5% CO,. Non-adherent cells were removed.

Cell viability

The viability of RAW 264.7 cells was determined by analyzing
the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) to formazan. In brief, after 24 h of incu-
bation, cells in 96-well plates were washed twice with PBS, and
MTT (0.5 mg/ml in PBS) was added to each well. Cells were then
incubated at 37°C for 3 h, and DMSO (100 pl) was added to dis-
solve the formazan crystals. Absorbance was measured at 570 nm
using the Spectra MAX PLUS spectrophotometer from Molecular
Devices (Sunnyvale, CA, USA).

NO measurement

NO levels were estimated by measuring nitrite levels (a stable
metabolite of NO) using the Griess reagent, as previously de-
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scribed [14]. Briefly, RAW 264.7 cells were pretreated with dif-
ferent concentrations of RhoA and RhoB for 1 h prior to the ad-
dition of LPS. After 24 h, 100 pl aliquots of culture supernatants
were mixed with an equal volume of a modified Griess reagent
at room temperature for 20 min, and the absorbance at 540 nm
was measured using a spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). The modified Griess reagent was a 1:1
mixture of 1% sulfanilamide in 30% acetic acid, and 0.1% N-(1-
naphthyl) ethylenediamine dihydrochloride in 60% acetic acid.

Western blot analysis

Cell lysates containing 20 pg of total protein were separated us-
ing 10% SDS-PAGE and transferred to nitrocellulose membranes.
After blocking with 5% skim milk, the blot was probed with pri-
mary antibodies against iNOS (BD610333) from BD Biosciences
(Palo Alto, CA, USA); COX-2 (sc-1745), IxBa (sc-371), and actin
(sc-1616) from Santa Cruz Biotechnology (Santa Cruz, CA, USA);
p-p65 (Ser311, ab51059) from Abcam (Cambridge, MA, USA);
and p-JNK (#92515), p-p38 (#4631), p-IKKa/p (#2697), and p-
ERK (#9101) from Cell Signaling Technology (Beverly, MA, USA).
Immunoreactive bands were detected using a Las-4000 imager
from GE Healthcare Life Science (Pittsburgh, PA, USA).

RNA isolation and quantitative real-time RT-PCR
(qPCR)

RNA was extracted from cells using TRIzol reagent from Invi-
trogen (Carlsbad, CA, USA). Total RNA (2 pg) was treated with
RNase-free DNase from Invitrogen, and first-strand cDNA was
generated using a random hexamer primer, using a first-strand
cDNA synthesis kit from Promega (Madison, WI, USA). Specific
primers were designed using qPrimerDepot (https://pga.mgh.
harvard.edu/primerbank/, Table 1). qPCR reactions consisted of
10 ng reverse-transcribed total RNA, 200 nM forward and reverse
primers, and 2 x PCR master mix, with a final volume of 10 pl.

Table 1. Sequences and accession numbers for primers (forward,
FOR; reverse, REV) used in gPCR

Gene Sequences for primers Accession no.

Tnfa  FOR: GCCACCACGCTCTTCTGCCT
REV: GGCTGATGGTGTGGGTGAGG

116 FOR: CCAGAGATACAAAGAAATGATGG NM_013693
REV: ACTCCAGAAGACCAGAGGAAAT

NM_013693

Ccl2 FOR: TCTGGACCCATTCCTTCTTG NM_011333
REV: AGGTCCCTGTCATGCTTCTG
Nos2 FOR: AATCTTGGAGCGAGTTGTGG NM_010927

REV: CAGGAAGTAGGTGAGGGCTTG
Ptgs2  FOR: TGCACTATGGTTACAAAAGCTGG NM_011198
REV: TCAGGAAGCTCCTTATTTCCCTT
Rps3  FOR: ATCAGAGAGTTGACCGCAGTTG
REV: AATGAACCGAAGCACACCATAG

NM_010493
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Reactions were carried out in 384-well plates using an ABI Prism
7900HT Sequence Detection System from Applied Biosystems
(Foster City, CA, USA). The mRNA expression of all genes tested
was normalized to the Rps3 expression.

Enzyme-linked immunosorbent assays (ELISA)

RAW 264.7 cells in 12-well plates were pretreated with either
RhoA or RhoB, and treated with LPS for 24 h. Protein levels of
C-C Motif Chemokine Ligand 2 (CCL2, also known as mono-
cyte chemoattractant protein-1, MCP-1) from Peprotech (Rocky
Hill, NJ, USA) and TNF-q from Enzo Life Sciences (Plymouth
Meeting, PA, USA) in cell-free supernatants were analyzed using
ELISA Kkits.

In vitro chemotaxis assay

RAW 264.7 cell migration assays were performed in transwell
migration assay chambers (BD Life Sciences, Franklin Lakes, N7,
USA) by adding adipocyte-derived CM to the lower chamber.
Raw 264.7 cells incubated with vehicle, RhoA or RhoB for 3 h
were seeded onto transwell and the migrated cells towards adipo-
cyte CM were counted after 3 h exposure.

Transient transfection and luciferase reporter assay

RAW 264.7 cells were seeded on 6-well plates. For the reporter
gene assay, cells were transfected with 2 pg/ml NF-xB luciferase
from Stratagene (La Jolla, CA, USA) and 1 ug/ml pRL-TK from
Promega using Lipofectamine 2000 from Invitrogen (Carlsbad,
CA, USA). Cells were pretreated with RhoA or RhoB for 1 h, and
then treated with 10 ng/ml LPS for 24 h. After cell lysis, luciferase
activity was measured using a Dual Luciferase Reporter assay kit
from Promega.

A o o
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H,C H,C ~
OH
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Rhodanthpyrone A Rhodanthpyrone B

C14H1405
Mol Wt:262.25456

C13H12()4

Mol Wt:232.22918

Statistical analysis

Values are expressed as mean + standard error of the mean
(SEM). Differences between treatment groups were determined
using the Student’s t-test or one-way ANOVA, using GraphPad
Prism, version 5.02 (San Diego, CA, USA). p < 0.05 was consid-
ered statistically significant.

RESULTS

RhoA and RhoB inhibit LPS-induced iNOS and COX-2
expression in macrophages

The chemical structures of RhoA and RhoB are shown in Fig.
1A. We first determined the non-cytotoxic concentration range
of RhoA and RhoB in RAW 264.7 cells. Neither RhoA nor RhoB
(up to 80 uM) affected cell viability (Fig. 1B). Therefore, con-
centrations less than or equal to 80 uM were selected for further
examination.

Since NO has been implicated in LPS-mediated inflammation,
we analyzed the effect of RhoA or RhoB on NO production in
LPS-stimulated RAW 264.7 cells. The cells were pretreated with
various concentrations of RhoA or RhoB for 1 h prior to LPS (10
ng/ml) stimulation and further incubated for 24 h. Supernatants
of LPS stimulated cells had significantly increased nitrite (a stable
oxidized product of NO) levels, compared with the controls.
Pretreatment with either RhoA or RhoB inhibited LPS-induced
NO production in a concentration-dependent manner, with
maximum inhibition at 80 uM for RhoA and 40 uM for RhoB
(Fig. 2A). To examine if RhoA and RhoB inhibit NO production
via suppression of iNOS (Nos2) gene expression, the changes in
iNOS mRNA and protein levels in RAW 264.7 cells were investi-
gated by qPCR and Western blotting, respectively. LPS treatment
increased iNOS protein levels as early as 5 h and plateaued at 10 h
after the treatment, while RhoA or RhoB pretreatment abrogated
the increases in iNOS levels at all-time points (Fig. 2B). Addi-
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Fig. 1. Chemical structures of Rhodanthpyrone (Rho)A and RhoB, and the effects of RhoA and RhoB on the viability of RAW 264.7 cells. (A)
Chemical structures of RhoA and RhoB. In (B), the results are expressed as the percentage of surviving cells treated with RhoA or RhoB for 24 h relative
to the unstimulated surviving RAW 264.7 cells (n = 3). Values are expressed as mean + SEM.
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Fig. 2. Prevention of lipopolysaccharide (LPS)-stimulated inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) expression
by Rhodanthpyrone (Rho)A and RhoB. (A) RAW 264.7 cells were pretreated with the indicated concentrations of RhoA or RhoB for 1 h, and then
10 ng/ml LPS was added for 24 h. Nitric oxide (NO) levels in the culture supernatant were determined (n = 3). (B) iNOS and COX-2 protein levels were
analyzed in RAW 264.7 cells treated with LPS (10 ng/ml) in the presence or absence of RhoA or RhoB as indicated (n = 5). (C, D) RAW 264.7 cells were
exposed to LPS (10 ng/ml) with or without RhoA or RhoB as indicated, and the protein (C) and mRNA (D) levels of iNOS and COX-2 were measured (n
=5). (E) Intraperitoneal macrophages were isolated as described in “Methods". iNOS and COX-2 protein levels after stimulation with LPS (10 ng/ml) in
the presence or absence of RhoA or RhoB were determined. Values are expressed as mean + SEM. “p < 0.01 vs. untreated control; p < 0.05 and *p < 0.01

vs. LPS alone.

tionally, RhoA and RhoB inhibited iNOS protein expression in
LPS-stimulated RAW 264.7 cells in a concentration-dependent
manner (Fig. 2C). The transcript levels of iNOS after 6 h expo-
sure of RhoA or RhoB were also suppressed (Fig. 2D). Moreover,
24 h treatment of RhoA or RhoB inhibited iNOS expression in
thioglycollate-elicited mouse peritoneal macrophages in a dose-
dependent manner (Fig. 2E). Results for COX-2 expression were
the same (Fig. 2B-E).

RhoA and RhoB suppress LPS-induced production of
pro-inflammatory mediators in RAW 264.7 cells

Effects of RhoA and RhoB on proinflammatory cytokines/

chemokine mRNA expression and protein production in RAW
264.7 cells exposed to LPS were investigated using qPCR and

Korean J Physiol Pharmacol 2019;23(6):493-499

ELISA analyses. gPCR analysis revealed that LPS treatment sig-
nificantly increased the mRNA levels of CCL2, TNF-q, and IL-6,
and that these increments were suppressed by pretreatment with
RhoA or RhoB (Fig. 3A). Subsequent quantitative analysis using
ELISA confirmed the reduced production of CCL2 and TNEF-
o; LPS treatment in the control group significantly increased
CCL2 and TNEF-q, protein levels by 12.0 + 2.9 and 118.7 + 7.0
folds, respectively. Pretreatment with 40 uM RhoA in the control
group reduced LPS-induced CCL2 and TNF-q secretion by 4.7
+ 0.8 and 74.6 + 2.3 folds, respectively, compared with the LPS
group (Fig. 3B). RhoB treatment also significantly inhibited CCL2
and TNF-q levels (Fig. 3B). Moreover, treatment with RhoA and
RhoB diminished the migration of RAW 264.7 cells exposed to
CM derived from adipocytes (Fig. 3C), indicating the inhibitory
effect of RhoA and RhoB on macrophage chemotaxis.

https://doi.org/10.4196/kipp.2019.23.6.493
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Fig. 3. Suppression of lipopolysaccharide (LPS)-stimulated pro-inflammatory cytokines/chemokine production by Rhodanthpyrone (Rho)
A and RhoB. RAW 264.7 cells were treated with indicated concentrations of RhoA or RhoB for 1 h and then stimulated with 10 ng/ml LPS for 24 h. (A)
mRNA levels of indicated genes were determined using qPCR (n = 3). (B) CCL2 and tumor necrosis factor (TNF)-a. protein levels in the culture super-
natant were determined using enzyme-linked immunosorbent assays (ELISA) (n = 3). (C) Representative images of the migration assay after staining
cells with crystal violet (left). Cells that migrated to the bottom of the inserts were counted, and the quantification results are expressed as the relative
ratio (%) (right). CM, conditioned medium. Values are expressed as mean + SEM. *p < 0.05 and **p < 0.01 vs. LPS alone.

RhoA and RhoB suppress the LPS-stimulated NF-xB
signaling pathway in RAW 264.7 cells

Since NF-«B activation is crucial for regulating iNOS, COX2,
and proinflammatory cytokines expression, we analyzed the NF-
kB signaling pathway in LPSstimulated RAW 264.7 cells, using
western blotting. Results revealed that LPS treatment increased
the phosphorylation levels of inhibitory kB kinase (IKK) and p65,
and decreased inhibitory kB kinase o (IxBay), which were suc-
cessfully attenuated by either RhoA or RhoB pretreatment (Fig.
4A). Suppression of NF-xB by RhoA or RhoB was further con-
firmed using the NF-kB luciferase assay (Fig. 4B). These results
indicate that RhoA and RhoB inhibit IxBo. degradation, thus,
preventing the activation of NF-xB.

Along with the suppression of NF-kB, the effects of RhoA and
RhoB on MAPK signaling were also investigated. As shown in
Fig. 4C, LPS alone significantly increased phosphorylation of
JNK, ERK, and p38 MAPK 30 min after stimulation. However, in
contrast to their effect on the NF-xB pathway, RhoA and RhoB
did not affect the phosphorylation status of three MAPK path-
ways, i.e. ERK, JNK and p38 MAPK, in RAW 264.7 cells (Fig. 4C).
Thus, we further verified the role of NF-«B signaling in the anti-
inflammatory effects of RhoA and RhoB. Treatment with an NF-

www.kjpp.net

kB inhibitor blocked LPS-induced iNOS and COX-2 expressions,
as did RhoA and RhoB (Fig. 4D). In addition, the inhibitory effect
of RhoA and RhoB was attenuated in the condition of NF-«B in-
hibition (Fig. 4D). Collectively, these data suppose that RhoA and
RhoB inhibit inflammatory responses in macrophages at least in
part by inhibiting NF-«B pathway.

DISCUSSION

Macrophage-associated inflammation contributes to the
pathogenesis of diverse diseases. Activated macrophages produces
numerous pro-inflammatory mediators, which are crucial for
the progression of acute and chronic liver diseases including viral
hepatitis, non-alcoholic or alcoholic steatohepatitis, and meta-
bolic disorders such as obesity and diabetes [2,3,15]. The main
finding of the current study is the discovery of RhoA and RhoB
as novel candidate compounds having the anti-inflammatory ac-
tivities. Several cell models using macrophages revealed that non-
cytotoxic concentration (mainly, 40 to 80 uM) of RhoA and RhoB
significantly reduced the expression of inflammatory genes, as
well as the secretion of various pro-inflammatory cytokines/
chemokine (i.e., Ccl2, Tnfa, and 116) in LPS-stimulated condition.

Korean J Physiol Pharmacol 2019;23(6):493-499
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Fig. 4. Suppression of lipopolysaccharide (LPS)-stimulated nuclear factor (NF)-kB pathway by Rhodanthpyrone (Rho)A and RhoB. (A) RAW
264.7 cells were treated with 40 uM RhoA or RhoB for 1 h and then stimulated with 10 ng/ml LPS for 24 h. Phosphorylated- and total-inhibitory kB ki-
nase (IKK), p65, and inhibitory kB kinase a. (IkBo.) were determined using western blotting. (B) RAW 264.7 cells transfected with NF-kB luciferase were
treated with LPS alone, or LPS with RhoA or RhoB, and then NF-«B luciferase activity in cell lysates were assayed (n = 5-6). (C) The levels of phosphory-
lated- and total mitogen activated protein kinases (MAPKs) were analyzed in RAW 264.7 cells treated as in panel A. (D) RAW 264.7 cells were treated
with RhoA or RhoB (40 uM, 1 h) in the presence or absence of Bay 11-7082 (5 uM), and then stimulated with LPS (10 ng/ml, 24 h). Values are expressed

as mean = SEM. "p < 0.01 vs. untreated control; *p < 0.01 vs. LPS alone.

The anti-inflammatory effects of RhoA and RhoB on iNOS and
COX2 expressions were also verified in primary murine mac-
rophages. They also decreased NO production, being consistent
with the repression of iNOS. The data support the possible pro-
tective roles of these compounds in inflammatory diseases.

Adipocytes serve as one of the sources of production of various
pro-inflammatory cytokines (e.g., TNF-a, and IL-6) and chemo-
kines (e.g., CCL2) upon metabolic stress [16]. Therefore, macro-
phage infiltration in adipose tissues is critical for obesity-linked
insulin resistance [17,18]. Another important finding of the pres-
ent study is that RhoA and RhoB inhibit macrophage chemotaxis
in response to adipocyte-derived CM, possibly raising the value
of the agents with beneficial effects on metabolic diseases with
inflammation.

As the molecular mechanisms of the anti-inflammatory ac-
tions of RhoA and RhoB, we found that the agents suppress the
NF-«B signaling pathway. More specifically, treatment of RhoA
and RhoB before LPS stimulation resulted in decreased p-IKK/
IKK and p-p65/p65, and increased IkBa, which are hallmarks
for NF-«xB suppression. As a consequence, RhoA and RhoB also
markedly decreased the transcriptional activities of NF-«B, as
shown in luciferase assays. Furthermore, the inhibition of NF-xB
activity diminished the ability of RhoA and RhoB to suppress the
inflammatory gene expressions under LPS-stimulated condition,
supporting the possible role of NF-xB inhibition in anti-inflam-

Korean J Physiol Pharmacol 2019;23(6):493-499

matory actions of RhoA and RhoB. MAPKs have been known to
be involved the pathogenesis of LPS-induced inflammation [9,19],
but the regulation of MAPK showed pro-inflammatory and anti-
inflammatory responses at different time points, indicating the
complex and dynamic regulation of the signaling pathway. In ad-
dition, the effects of MAPKSs on the activation of NF-kB seemed
unclear [20]. In our experimental condition, RhoA and RhoB did
not affect canonical three MAPK signaling pathways, suggesting
that the inhibition of NF-«B signaling is independent of MAPKSs
pathway. Activation of NF-kB-mediated inflammatory events is
involved in the initiation and progression of diverse inflamma-
tory diseases. TNF family cytokines also increase the activity of
NF-«B [21], which may result in vicious cycle for the activation
of inflammation. In this regard, controlling the NF-«B signaling
pathway is a promising therapeutic strategy for the prevention
and treatment of inflammation. Thus, the in vivo anti-inflamma-
tory efficacy of RhoA and RhoB should be further explored.

In conclusion, our findings suppose that RhoA and RhoB have
the anti-inflammatory properties, which might be mediated
at least in part by suppressing the NF-«B signaling pathway in
macrophages. It also may provide a novel approach to overcome
inflammation-associated diseases.

https://doi.org/10.4196/kipp.2019.23.6.493
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