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Abstract: Chloranthus oldhamii Solms (CO) is a folk medicine for treating infection and arthritis pain
but its pharmacological activity and bioactive compounds remain mostly uncharacterized. In this
study, the anti-inflammatory compounds of C. oldhamii were identified using an LPS-stimulated,
NF-«kB-responsive RAW 264.7 macrophage reporter line. Three diterpenoid compounds, 3a-hydroxy-
ent-abieta-8,11,13-triene (CO-9), 3x, 7B-dihydroxy-ent-abieta-8,11,13-triene (CO-10), and decandrin B
(CO-15) were found to inhibit NF-«B activity at nontoxic concentrations. Moreover, CO-9 and CO-10
suppressed the expression of IL-6 and TNF-o in LPS-stimulated RAW 264.7 cells. The inhibitory
effect of CO-9 on TNF-« and IL-6 expression was further demonstrated using LPS-treated bone
marrow-derived macrophages. Furthermore, CO-9, CO-10, and CO-15 suppressed LPS-triggered
COX-2 expression and downstream PGE2 production in RAW 264.7 cells. CO-9 and CO-10 also
reduced LPS-triggered iNOS expression and nitrogen oxide production in RAW 264.7 cells. The
anti-inflammatory mechanism of the most effective compound, CO-9, was further investigated. CO-9
attenuated LPS-induced NF-«B activation by reducing the phosphorylation of IKKa/ 3 (Ser176/180),
IkBx (Ser32), and p65 (Ser534). Conversely, CO-9 did not affect the LPS-induced activation of MAPK
signaling pathways. In summary, this study revealed new anti-inflammatory diterpenoid compounds
from C. oldhamii and demonstrated that the IKK-mediated NK-kB pathway is the major target of
these compounds.

Keywords: anti-inflammation; Chloranthus oldhamii Solms; lipopolysaccharide; NF-kB; decandrin B

1. Introduction

Inflammation is a complex biological response of tissues to harmful stimuli, such
as pathogens, damaged cells, or toxins. The function of inflammation is to remove the
initial cause of cell injury and restore tissue functions and structures [1-3]. However,
uncontrolled acute inflammation can turn into chronic inflammation leading to a variety of
chronic inflammatory diseases, such as arthritis, neurodegenerative and atherosclerotic dis-
eases [4,5]. Pattern recognition receptors (PRRs) (e.g., Toll-like receptors) are activated via
interactions with specific molecular structures, including pathogen-associated molecular
patterns (PAMPs) on pathogens. The stimulation of macrophages through TLR4 activa-
tion by lipopolysaccharides (LPS), a typical PAMP, leads to the expression of hallmark
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proinflammatory mediators, such as nitric oxide (NO), COX-2, PGE2, IL-6, and TNF-«, and
triggers subsequent inflammatory events [6].

Several intracellular signal transduction pathways are known to mediate TLR4-
dependent inflammation processes [7]; LPS-induced TLR4 activation triggers both MyD88-
dependent and MyD88-independent signaling pathways. MyD88-dependent signaling
cascades subsequently recruit tumor necrosis factor receptor-associated factor 6 (TRAF6) to
activate transforming growth factor-activated kinase-1 (TAK1), which then phosphorylates
and activates IkB kinase (IKK). Active IKK( phosphorylates IkBx (inhibitor of NF-«B) and
triggers the polyubiquitination and degradation of IkBe, leading to the exposure of the
nuclear localization signals (NLS) of NF-«B proteins. Consequently, NF-«kB is phospho-
rylated, translocates from the nucleus, and functions as a transcription regulator [7-9].
Conversely, TAK1 activation by LPS-mediated TLR4 signaling could also lead to the activa-
tion of mitogen-activated protein kinase (MAPK), which in turn activates activator protein
1 (AP-1) transcription factors [7,8]. Collectively, both NF-kB and AP-1 are crucial transcrip-
tional activators of proinflammatory molecules involved in LPS-activated inflammatory
processes [7].

Natural products have diverse pharmacophores and high complexity stereochemistry,
rendering them crucial lead compounds in the development of new drugs. Many natural
products identified from medicinal plants in folklore worldwide have been developed as
therapeutic agents for clinical medication [10]. Chloranthus oldhamii Solms, belonging to
the Chloranthaceae family, is distributed in forests at a low altitude of 500-1000 m and is a
unique plant in Taiwan. It has been used as a folk medicine for treating infection, arthritis
pain, and bone fractures. C. oldhamii is also used for external application to decrease
blood stasis and pain in patients [2]. However, the pharmacological activity and bioactive
compounds of C. oldhamii have rarely been studied. In this study, we identified the anti-
inflammatory compounds of C. oldhamii using an established NF-«kB activity reporter cell
line. Furthermore, the anti-inflammatory effects and mechanisms of candidate compounds
were investigated in LPS-treated macrophages.

2. Results
2.1. Isolation and Identification of Anti-Inflammatory Compounds from C. oldhamii

To identify anti-inflammatory ingredients from C. oldhamii, ethanol is considered as
an ideal solvent for dissolving both polar and nonpolar compounds, which can extract
most of the chemical components. Therefore, we first extracted C. oldhamii with ethanol,
and then the ethanol extract was divided into four divisions according to the polarity
by means of a liquid-liquid partition process. The effects of various fractions on NF-«B
activation were examined using the LPS-responsive reporter cell line RAW 264.7 /Luc-P1.
According to the results, the ethanol, n-hexane, and ethyl acetate fractions of C. oldhamii all
significantly suppressed NF-«B activation in LPS-stimulated RAW 264.7/Luc macrophages
(Supplemental Figure S1). Due to a highly repetitive TLC profile, the n-hexane and ethyl
acetate (EtOAc) fractions were combined and subsequently subjected to extensive chro-
matographic separations to obtain compounds CO-1 to CO-20. Based on the spectral data
(including 1D-, 2D-NMR, and MS) and comparison with those reported in the literature, the
isolated compounds were identified as myristicin (CO-1) [11], apiol (CO-2) [12], 4-allyl-2,6-
dimethoxyphenyl glucopyranoside (CO-3) [13], methyl rosmarinate (CO-4) [14], rosmarinic
acid (CO-5) [14], curzerenone (CO-6) [15], 1(10)Z,4Z-furanodiene-6-one (CO-7) [16], 3x-
hydroxy-ent-abieta-7,13-diene (CO-8) [17], 3x-hydroxy-ent- abieta-8,11,13-trien-7-one (CO-
11) [18], sessilifol ] (CO-12) [19], 3x-hydroxy-ent-podocarp-8(14)-en-13-one (CO-13) [19],
3o-hydroxy-ent-podocarp-8(14)-en-7,13-dione (CO-14) [19], dolabradiene (CO-16) [20],
isofraxidin (CO-17) [21], cinnamic acid (CO-18), caffeic acid (CO-19), and shizukaol C (CO-
20) [22]. The structures of all identified compounds are shown in Supplemental Figure S2.
The characterization of CO-9, CO-10, and CO-15 is further presented below.

CO-9, [«] -31.6 (c = 1, MeOH), has a molecular formula of CygH370, as deduced
by its EIMS and '3C NMR data. Its 3C NMR spectrum, including five methyl carbons,
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four secondary sp® carbons, two tertiary sp® carbons, one oxygenated tertiary sp® carbon,
two quaternary sp® carbons, one secondary sp? carbon, three tertiary sp? carbons, and
three quaternary sp? carbons, indicated that CO-9 is a hydroxyl diterpene. Its 'H NMR
spectrum showed signals of three tertiary methyls [6 0.88, 1.05, and 1.17 (each s, H3-19,
H3-18, and H3-20)]; an isopropyl group [6 1.20 (d, ] = 6.6 Hz, H3-16, 17), and 2.80 (m,
H-15)]; an oxygenated methine proton [6 3.28 (dd, J= 10.2/4.8 Hz, H-3)]; and a 1,2,4-
trisubstituted aromatic ring [6 6.88 (d, ] = 1.2 Hz, H-1), 6.98 (dd, ] =7.8/1.2 Hz, H-12), and
7.14 (d,] = 7.8 Hz, H-11)]. The 'H and '3C NMR data of CO-9 are consistent with those of
3a-hydroxy-abieta-8,11,13-triene [23], but the specific rotations of CO-9 and 3x-hydroxy-
abieta-8,11,13-triene ([x] + 37.3) [23] are opposite. Therefore, the structure of CO-9 was
deduced as 3a-hydroxy-ent-abieta-8,11,13-triene.

CO-10 was determined to have a molecular formula of CyyH39O; based on the 13C
NMR data and the [M]* ion peak at m/z 302 in the EIMS, with one oxygen atom more than
CO-9. Comparison of the 'H and '*C NMR spectra of CO-10 with those of CO-9 suggested
that the main differences were from the B-ring attached to a hydroxy group at C-7 in CO-10,
which was further verified by HMBC and NOESY experiments. The HMBC spectrum of
CO-10 showed correlations of C-7 (4 69.1) with H-5 (61.72) and H-14 (6 7.16), confirming
the location of the 7-hydroxy group. The NOESY spectrum showed correlations of H-7 (&
4.75) with H3-20 (6 1.12), indicating the configuration of 7«-hydroxy. Therefore, CO-10 was
proposed as 3«, 73-dihydroxy-ent-abieta-8,11,13-triene.

CO-15 was determined to have a molecular formula of CpgHs3,05 based on the 13C
NMR data and the [M]* ion peak at m/z 320 in the EIMS. The 'H NMR spectrum of CO-15
showed signals of three tertiary methyls [5 0.83, 0.86, and 0.97 (each s, H3-20, H3-19, and H3-
18)]; an isopropyl group [5 0.83 (d, J = 7.2 Hz, H3-16), 17), 0.93 (d, ] = 6.6 Hz, H3-17) and 1.77
(dd, ] =7.2/6.6 Hz, H-15)]; an oxygenated methine proton [ 3.28 (dd, ] = 10.2/4.8 Hz, H-3)];
and an olefinic proton (6 6.72, s H-14). These signals are consistent with those of decandrin
B [24]. The 13C NMR spectrum of CO-15 showed 20 signals, including characteristic signals
of oxymethine carbon [6 78.6 (d, C-3)], an oxygenated tertiary carbon [6 71.8 (s, C-13)], and
an o, B-unsaturated carbonyl group [6 200.2 (s, C-7), 138.1 (s, C-8), and 139.9 (d, C-140.97)].
These signals are also consistent with those of decandrin B [24]. Therefore, the CO-15
structure was determined.

Except for compounds with low amounts (CO-8, 11~14, 16, 18~19) or previously
reported active anti-inflammatory compounds (CO-4, 5) [14], all other compounds were
subjected to anti-NF-«B activity evaluation. Among them, CO-9, CO-10, and CO-15
suppressed NF-kB activation in a concentration-dependent manner without causing cyto-
toxicity (Figure 1). CO-9, CO-10, and CO-15 are diterpenoids, and their anti-inflammatory
activities have not been reported; thus, we further studied the anti-inflammatory activities
and mechanisms of these diterpenoids.

2.2. Anti-Inflammatory Mechanism of Diterpenoid Compounds (CO-9, CO-10, and CO-15) in
LPS-Induced Inflammatory Responses

Because the NF-kB pathway is involved in the induction of hallmark proinflammatory
cytokines such as TNF-a and IL-6, we investigated whether active compounds from C.
oldhamii (CO-9, CO-10, CO-15) could suppress LPS-induced TNF-« and IL-6 expression.
Our results showed that CO-9 and CO-10 suppressed LPS-induced production of TNF-a
at both 10 uM and 30 uM (Figure 2A). CO-9 suppressed LPS-induced production of IL-6
in a concentration-dependent manner, while CO-10 and CO-15 suppressed LPS-induced
production of IL-6 at 10 uM and 30 uM (Figure 2B). Bone marrow-derived macrophages
(BMDMs) show more physiologically relevant characteristics than immortalized RAW
264.7 cells. Thus, we used BMDM s to validate whether CO-9, CO-10, and CO-15 could
suppress the expression of proinflammatory cytokines. The results revealed that 30 uM
CO-9 significantly suppressed the expression of TNF-oc and IL-6 in LPS-stimulated BMDMs
(Figure 2C,D).
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Figure 1. The effect of pure compounds from C. oldhamii on NF-kB activity in LPS-stimulated
RAW264.7 /Luc macrophages. (A) The chemical structures of CO-9, 10, and 15 identified from
C. oldhamii. (B) RAW 264.7/Luc-P1 cells (3 x 10° in MP-24 plates) were treated with various
compounds or vehicle (0.1% DMSO) for 1 h before LPS treatment (10 ng/mL) for 6 h, then their
luciferase activities were measured. Andrographolide at 30 uM (A30) was used as the positive
control. (C) RAW264.7 macrophages (1 x 10* cells in MP-96 plates) were treated with the indicated
pure compounds of C. oldhamii or vehicle for 24 h, and then the cell viabilities of the treated cells
were measured using MTT assays. Data are expressed as the mean + SD from three independent
experiments. * indicates significant differences versus the vehicle group (p < 0.05).

The proinflammatory mediators nitric oxide (NO) and prostaglandin E2 (PGE2) are
generated by inducible nitric oxide synthase (iNOS) and COX-2, respectively, in inflam-
matory processes. Both iNOS and COX-2 are downstream targets of NF-«B. Therefore,
we investigated whether CO-9, CO-10, or CO-15 could suppress the production of iNOS,
NO, COX-2, and PGE2. In unstimulated RAW 264.7 cells, the iNOS protein was unde-
tectable. However, iNOS was obviously induced by LPS, and two diterpenoids (CO-9
and CO-10) significantly inhibited iNOS expression in a concentration-dependent manner
(Figure 3A,C). As nitric oxide is easily oxidized to nitrate, we examined the effect of these
diterpenoids on LPS-induced NO production by measuring the nitrate concentration in the
culture medium. The results showed that CO-9, CO-10, and CO-15 significantly suppressed
LPS-induced nitrate production in a concentration-dependent manner (Figure 3D).
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Figure 2. The effect of CO compounds on cytokine expression in LPS-stimulated RAW 264.7 macrophages and BMDMs.
(A,B) RAW 264.7 macrophages (5 X 10° in MP-6 plates) were treated with various concentrations of CO-9, CO-10, CO-15, or
vehicle for 1 h before LPS treatment (50 ng/mL) for 24 h. The culture medium was assayed for the production of TNF-o
(A) or IL-6 (B) using ELISA. (C,D) BMDMs (1 x 10° cells/well in MP-6) were treated with various concentrations of CO-9,
CO-10, CO-15, or vehicle for 1 h before LPS treatment (50 ng/mL) for 24 h. The expression of TNF-« (C) or IL-6 (D) in
the culture medium was detected by ELISA. Data are expressed as the mean + SD from three independent experiments.
* (p < 0.05) and ** (p < 0.01) indicate significant differences versus the LPS plus vehicle group.

Furthermore, COX-2 expression was also significantly reduced after treatment with
these diterpenoids (Figure 4A—C). The downstream mediators of COX-2 and PGE2 were
further measured by ELISA. Upon LPS treatment, PGE2 production was increased signifi-
cantly in the culture medium. CO-9 and CO-10 treatments suppressed PGE2 expression at
both 10 uM and 30 uM (Figure 4D,E), while CO-15 treatment suppressed PGE2 production
at all tested concentrations (Figure 4F). In summary, these results suggest that diterpenoid
compounds (CO-9, CO-10, and CO-15) extracted from C. oldhamii effectively inhibited
LPS-induced proinflammatory COX-2 and iNOS pathways.
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Figure 3. The effects of C. oldhamii compounds on iNOS expression and NO production in LPS-stimulated RAW
264.7 macrophages. (A-C) RAW 264.7 macrophages (5 x 10° in MP-6 plates) were treated with various concentrations
of CO-9, CO-10, CO-15, or vehicle for 1 h before LPS (50 ng/mL) treatment for 24 h. The iNOS expression levels were
determined by Western blotting. (D) The culture supernatants of treated cells were analyzed for NO production using
the Griess assay. Data are expressed as the mean & SD from three independent experiments. * (p < 0.05), ** (p < 0.01),
*** (p < 0.005), and *** (p < 0.001) indicate significant differences versus the LPS plus vehicle group.

2.3. The Effect of the CO-9 Compound on the LPS-Activated MAPK Pathway in RAW
264.7 Macrophages

Based on the above data, CO-9 showed the strongest inhibition of LPS-induced inflam-
mation among all tested CO compounds. We further examined the underlying mechanism
of CO-9-mediated inflammatory responses in LPS-stimulated RAW 264.7 macrophages.
The MAPK signaling pathways are known to play a key role in LPS-activated inflammatory
responses. Hence, we also examined the effects of the CO-9 compound on the activation of
the ERK1/2, JNK, and p38 signaling pathways. The expression levels of both active and
total proteins were examined. As shown in Figure 5, CO-9 treatment did not affect the
activation of MAPK signaling pathways in LPS-stimulated RAW 264.7 cells.
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Figure 4. The effects of C. oldhamii compounds on COX-2 expression and PGE2 production in LPS-stimulated RAW
264.7 macrophages. (A-C) RAW 264.7 macrophages (5 x 10° in MP-6 plates) were treated with various concentrations of
CO-9, CO-10, CO-15, or vehicle for 1 h before LPS treatment (50 ng/mL) for 24 h. Afterwards, COX-2 expression levels
were determined by Western blotting. (D-F) The culture supernatants of treated cells were analyzed for PGE2 levels using
ELISA. BAY 11-7082 (10 uM) served as the positive control. Data are expressed as the mean £ SD from three independent
experiments. * (p < 0.05), ** (p < 0.01), *** (p < 0.005), and **** (p < 0.001) indicate significant differences versus the LPS plus
vehicle group.
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Figure 5. The effects of the CO-9 compound on MAPK signaling pathways in LPS-stimulated RAW
264.7 macrophages. RAW 264.7 cells (1 x 10° cells in MP-6 plates) were treated with vehicle or CO-9
for 6 h, followed by LPS treatment (100 ng/mL) for 20 min. (A) Cell lysates were analyzed by Western
blotting to detect the activation of ERK, JNK, and p38. Quantitative data on the expression of ERK
(B), JNK (C), and p38 (D) are shown. Data are expressed as the mean + SD from three independent
experiments. * (p < 0.05) indicates significant differences versus the LPS plus vehicle group.
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2.4. CO-9 Significantly Inhibits IKK-Mediated NF-xB Signaling Pathways in LPS-Stimulated
RAW 264.7 Macrophages

CO-9 efficiently suppressed NF-«B activity upon pretreatment, cotreatment, or post-
treatment with LPS (Figure 1B; Supplemental Figure S3). The mechanism underlying CO-9
suppression of NF-kB activation was further examined. NF-«B is inactive when it is bound
to IkB in the cytosol, but it becomes active after IkB is phosphorylated by IkB kinase (IKK)
and subsequently degraded. Therefore, we determined the effect of the CO-9 compound
on the activation of IKK and the phosphorylation of IkB after LPS treatment. As shown in
Figure 6A-C, CO-9 reduced the LPS-activated phosphorylation of IKK« /{3 (Ser176/180)
and IkBo (Ser32). It is known that phosphorylation of p65 at Ser534 leads to nuclear
localization and transcriptional activation of NF-kB. Thus, we further examined the protein
expression of phosphorylated and total p65 proteins. As shown in Figure 6A,D, CO-9
evidently suppressed the LPS-induced phosphorylation of p65 (Ser534) at both 10 and 30
uM in RAW 264.7 macrophages. Together, the above experiments confirmed that the CO-9
compound inhibited the activity of the NF-kB pathway by suppressing IKK« /3 activation.
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Figure 6. CO-9 significantly inhibits IKK-mediated NF-«B signaling pathways in LPS-stimulated
RAW 264.7 macrophages. RAW 264.7 cells (1 x 106 cells in MP-6 plates) were treated with vehicle or
CO-9 for 6 h before incubation with LPS (100 ng/mL) for 20 min (p-IKKe/3Ser176/180) or 30 min
(p-IkBaSer32 and p-p65Ser534). (A) Cell lysates were analyzed by Western blotting to detect the
phosphorylation of p-IKKa/[3Ser176/180, p-IkBaSer32, and p-p65Ser534. Quantitative data on the
expression of p-IKK«/{3Ser176/180 (B), p-IkBxSer32 (C), and p-p65Ser534 (D) are shown. Data
are expressed as the mean + SD from three independent experiments. * (p < 0.05), ** (p < 0.01),
*** (p < 0.005), and **** (p < 0.001) indicate significant differences versus the LPS plus vehicle group.

3. Discussion

C. oldhamii Solms is a folk medicine that is commonly used to treat infection, arthritis
pain, and bone fractures. In this study, three diterpenoid compounds (CO-9, CO-10, and CO-
15) isolated from C. oldhamii were demonstrated to suppress LPS-induced NF-«kB activation
at nontoxic concentrations (Figure 1). The anti-inflammatory potential of these compounds



Molecules 2021, 26, 6540

90f13

was further supported by their suppressive effects on the expression of TNF-«, IL-6, NO,
iNOS, and COX-2 (Figures 2—4). Notably, CO-9 was the most effective anti-inflammatory
compound in this study because it concentration-dependently suppressed the expression
of all proinflammatory mediators (TNF-«, IL-6, NO, iNOS, and COX-2) in LPS-stimulated
RAW 264.7 cells (Figures 2—4) and suppressed TNF-oc and IL-6 expression in LPS-stimulated
BMDMs (Figure 2C,D). Although a previous study described several compounds isolated
from C. oldhamii that could suppress LPS-induced nitric oxide production [25], these
compounds are structurally different from the diterpenoid compounds described in our
study. Therefore, our study is the first to reveal anti-inflammatory diterpenoid compounds
in C. oldhamii.

LPS-mediated TLR4 signaling could activate TAK1, which leads to the activation
of both NF-«kB- and MAPK-signaling pathways [7]. Our results showed that the CO-9
compound significantly suppressed the transcriptional activity of NF-«B and reduced
the protein levels of p-IkB (Ser32) and p-p65 (Ser534) (Figures 1 and 6), indicating that
CO-9 suppressed NF-kB activation. In line with these observations, CO-9 downregulated
several known NF-kB downstream proinflammatory mediators, iNOS, COX-2, TNF-«,
and IL-6 (Figures 2—4). Interestingly, the CO-9 compound exhibited no significant effect
on the activation of the ERK-, p38-, and JNK-signaling pathways in LPS-stimulated RAW
264.7 cells (Figure 5). As CO-9 also suppressed the activation of IKKa/3, which is the
upstream regulator of the NF-«B signaling pathway (Figure 6), our data suggest that CO-9
selectively targets TAK1-downstream IKKo/3-mediated NF-«kB activation. Based on the
above observation, a proposed mechanism of the CO-9-mediated anti-inflammatory effect
is shown in Figure 7.
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Figure 7. A proposed mechanism of the CO-9-mediated anti-inflammatory effect. In the LPS-induced
TLR4 signaling pathway of macrophages, the CO-9 compound suppresses the activity of IKK, which

reduces the phosphorylation of IkB(Ser32) and thus attenuates NF-«kB-induced pro-inflammatory
signaling pathways.
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Based on current data, the CO-9 compound has stronger anti-inflammatory activity
than the CO-10 and CO-15 compounds. CO-9, CO10, and CO-15 are diterpenoids that
consist of four isoprenes. The structures of CO-9 and CO-10 are very similar; the only
difference between them is that carbon number seven of CO-10 has a hydroxyl group.
However, the structure of CO-15 is more distinct from both the CO-9 and CO-10 compounds.
The activity of drugs is highly related to their chemical structures, which determines their
binding capacity to target proteins. We speculate that the additional hydroxyl group at
carbon number seven in CO-10, compared with CO-9, may hinder the target-binding ability
of CO-10 and thus decrease its anti-inflammatory activity.

Our study reveals several novel anti-inflammatory diterpenoid compounds in C. old-
hamii. A previous study described the identification of twelve ent-Abietane diterpenoids
isolated from C. oldhamii [25], but the structures of these compounds are different from those
in our study. Furthermore, the paper mainly focuses on the structural features of these com-
pounds, and their anti-inflammatory activity was mainly determined by the inhibition on
LPS-induced nitric oxide production [25]. In addition, three new phloroglucinol-diterpene
adducts, chlorabietols A—C, have been isolated from the roots of C. oldhamii, and they were
shown to inhibit protein tyrosine phosphatase 1B (PTP1B) in vitro [26]. According to the
literature, other species of Chloranthus also contain anti-inflammatory components. The
sesquiterpene compounds isolated from Chloranthus japonicus and the water extracts of
Chloranthus serratus have been shown to suppress inflammatory responses by inhibiting
the NF-«B signaling pathway [4,27]. Together, current data indicate that Chloranthus
represents a rich resource of anti-inflammatory natural compounds.

In summary, our study discovers new anti-inflammatory diterpenoid compounds
from C. oldhamii Solms, demonstrating the anti-inflammatory potential of this folk medicine.
Among them, the CO-9 compound is the most effective and selectively targets the IKK-
mediated NK-«B pathway, representing a promising anti-inflammatory lead compound.
To fully explore the potential application of CO-9 as an anti-inflammatory agent, the
pharmacokinetics, toxicity profiles, and in vivo anti-inflammatory activity of CO-9 certainly
merit further investigation.

4. Materials and Methods
4.1. Chemicals and Antibodies

Ultrapure lipopolysaccharide (LPS) from E. coli O111:B4 was purchased from Invivo-
Gen (San Diego, CA, USA). Dimethyl sulfoxide (DMSO), MTT [3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide], protease inhibitors, albumin bovine serum (BSA),
and Bradford reagents were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (MAB374) was ob-
tained from Sigma-Aldrich. Anti-COX-2 (#12282), anti-phospho-I«B (Ser32) (#2859), anti-
phospho-NF-«B p65 (Ser534) (#3033), anti-phospho-ERK (Thr202/Tyr204) (#9101), anti-ERK
(#9102), anti-phospho-JNK (Thr183/Tyr185) (#9251), anti-JNK (#9252), anti-phospho-p38
(Thr180/Tyr182) (#9211), anti-p38 (#9212), and anti-p actin antibodies were purchased
from Cell Signaling Inc. (Danvers, MA, USA). Anti-iNOS (ab15323) and anti-NF-kB p65
antibodies (ab7970) were purchased from Abcam (Cambridge, UK).

4.2. Extraction and Isolation of Compounds from C. oldhamii Solms

Whole plants of C. oldhami Solms were collected from Hsinchu County, Taiwan, in
April 2016 and verified by comparison of a voucher specimen (TAIE-17362) of C. oldhami
Solms deposited in the Herbarium of Endemic Species Research Institute, Taiwan [28]. The
air-dried whole plant of C. oldhamii (1.4 kg) was cut into small pieces of about 5 cm and
extracted with EtOH (40 L) three times (for 16 h each time) at 50 °C. The solutions were
then combined and the solvents were removed to obtain EtOH extract. Then, the EtOH
extract (270 g) was suspended in H,O (1 L) and extracted successively with n-hexane, ethyl
acetate, and n-butanol (each 1 L x 3) to obtain the n-hexane, EtOAc, n-BuOH, and H,O
fractions. The extraction procedures were adopted from the literature [14]. The n-hexane
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and EtOAc fractions showed a highly repetitive profile in the TLC analysis; therefore, we
combined them together for the subsequent chromatography separation experiments to
isolate pure compounds as described in “Supplementary Methods”.

4.3. Cell Culture

The RAW 264.7 murine macrophage cell line purchased from Bioresource Collection
and Research Center (Hsinchu, Taiwan) was cultured at 37 °C in 5% CO, in Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, Grand Island, NY, USA) containing 10% heat-
inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 100 units/mL peni-
cillin, 100 pg/mL streptomycin, 2 mM L-glutamine, and 1 mM sodium pyruvate (Gibco).
RAW 264.7 /Luc-P1 cells were established and cultured as described previously [29].

4.4. Luciferase Reporter Assay

Vehicle- or drug-treated RAW 264.7/Luc-P1 cells were lysed in passive lysis buffer
(Promega, Wisconsin, USA) and analyzed using luciferase assays as described previ-
ously [29]. The data are expressed as relative activities versus the LPS plus vehicle group.

4.5. Cell Viability Assay

Cell viability was measured using MTT assays as described previously [14]. The data
are expressed as relative viability versus the untreated group.

4.6. Preparation of Bone Marrow-Derived Macrophages (BMDMs)

Bone marrow-derived macrophages were isolated from the femur and tibia bones of
6- to 8-week-old C57BL/6 male mice using a previously described protocol [30]. BMDMs
were grown in RPMI 1640 medium with 10% heat-inactivated FBS, 1% nonessential amino
acids (NEAAs), 100 units/mL penicillin, 100 ug/mL streptomycin, 2 mM L-glutamine, and
20 ng/mL macrophage colony-stimulating factor (R&D Systems). The animal study was
approved by the Institutional Animal Care and Use Committee (IACUC, NO. 1051219) at
National Yang-Ming University (Taipei, Taiwan).

4.7. Enzyme-Linked Immunosorbent Assay (ELISA)

The culture supernatants of treated cells were collected, and the level of TNF-o
or IL-6 was measured using commercial ELISA kits purchased from R&D Systems and
BD (Franklin Lakes, NJ, USA), respectively. The A450 nm and A540 nm (reference ab-
sorbance) were measured using a Model 680 microplate reader (TECAN, Miannedorf,
Zirich, Switzerland).

4.8. Western Blotting

The treated cells were lysed in RIPA buffer containing protease inhibitors and then
quantitated using Bradford assays. Equivalent amounts of cell lysate (50 ug) from each
sample were analyzed by 10% SDS-PAGE, transferred to PVDF membranes, and reacted
with the appropriate primary antibody and HRP-conjugated secondary antibody using the
protocol described previously [14]. The signals were detected by enhanced chemilumines-
cence (ECL) reagent (GE Healthcare, Chicago, IL, USA). Data were quantified using the
Image] program, version 1.52 (NIH, Bethesda, Rockville, MD, USA).

4.9. Statistical Analysis

All data are expressed as the mean £ SD of at least three independent experiments.
Statistical analysis of various concentrations at the same time was performed using one-
way analysis of variance (ANOVA) followed by Dunnett’s correction performed post hoc.
The p values of < 0.05 represent a statistically significant difference.
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Supplementary Materials: The following are available online: Supplementary methods; Figure S1:
The fraction procedure for Chloranthus oldhamii and the effects of different fractions on NF-«B
activity in LPS-stimulated macrophages; Figure S2: The structures of isolated compounds from
C. oldhami; Figure S3: The effect of CO-9 on NF-«B activity in LPS-stimulated macrophages under
different treatments.

Author Contributions: Conceptualization, J.-Y.W., C.-H.H., L.-C.L. and S.-L.E,; data curation, L.-C.C.
and S.-L.F,; validation, L.-C.C. and S.-L.F,; formal analysis, L.-C.C.; investigation, L.-C.C., J.-Y.W.
and C.-H.H.; resources, L.-C.L. and S.-L.E; writing—original draft preparation, L.-C.C. and C.-H.L.;
writing—review and editing, S.-L.F,; visualization, C.-H.L.; supervision, L.-C.L. and S.-L.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Ministry of Science and Technology in Taiwan
(MOST 109-2320-B-010-031-MY3; MOST 109-2320-B-010-044; MOST 109-2311-B-010-003). The funding
agents only provided economic support and did not participate in the experimental design, data
interpretation, or manuscript preparation of this study.

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

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

References

1.  Medzhitov, R. Inflammation 2010: New adventures of an old flame. Cell 2010, 140, 771-776. [CrossRef] [PubMed]

2. Ferrero-Miliani, L.; Nielsen, O.H.; Andersen, P.S.; Girardin, S.E. Chronic inflammation: Importance of NOD2 and NALP3 in
interleukin-1beta generation. Clin. Exp. Immunol. 2007, 147, 227-235. [CrossRef]

3. Nathan, C,; Ding, A. Nonresolving inflammation. Cell 2010, 140, 871-882. [CrossRef]

4. Zhou, Y;; Hong, Y.; Huang, H. Triptolide Attenuates Inflammatory Response in Membranous Glomerulo-Nephritis Rat via
Downregulation of NF-kappaB Signaling Pathway. Kidney Blood Press Res. 2016, 41, 901-910. [CrossRef] [PubMed]

5. Woo, ].H,; Lee, ].H.; Kim, H.; Park, S.J.; Joe, E.H.; Jou, I. Control of Inflammatory Responses: A New Paradigm for the Treatment
of Chronic Neuronal Diseases. Exp. Neurobiol. 2015, 24, 95-102. [CrossRef]

6. Rietschel, E.T.; Kirikae, T.; Schade, FU.; Mamat, U.; Schmidt, G.; Loppnow, H.; Ulmer, A.]J.; Zahringer, U.; Seydel, U.; Di Padova,
F.; et al. Bacterial endotoxin: Molecular relationships of structure to activity and function. FASEB J. 1994, 8, 217-225. [CrossRef]

7. Widera, D.; Martinez Aguilar, R.; Cottrell, G.S. Toll-like receptor 4 and protease-activated receptor 2 in physiology and patho-
physiology of the nervous system: More than just receptor cooperation? Neural Regen Res. 2019, 14, 1196-1201. [CrossRef]

8. Lu, Y.C; Yeh, W.C; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42, 145-151. [CrossRef] [PubMed]

9. Israél, A. The IKK complex, a central regulator of NF-kappaB activation. Cold Spring Harb. Perspect. Biol. 2010, 2, a000158.
[CrossRef]

10. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs from 1981 to 2014. |. Nat. Prod. 2016, 79, 629-661.
[CrossRef] [PubMed]

11.  Benevides, PJ.C.; Sartorelli, P.C.; Kato, M.]. Phenylpropanoids and neolignans from Piper regnellii. Phytochemistry 1999, 52,
339-343. [CrossRef]

12.  Gaia, A.M.; Yamaguchi, L.F; Jeffrey, C.S.; Kato, M.]. Age-dependent changes from allylphenol to prenylated benzoic acid
production in Piper gaudichaudianum Kunth. Phytochemistry 2014, 106, 86-93. [CrossRef]

13.  Miyase, T.; Yamaki, K.; Fukushima, S. Studies on Sesquiterpenes from Macroclinidium trilobum MAKINO. I. Chem. Pharm. Bull.
1984, 32, 3912-3917. [CrossRef]

14. Tsai, Y.C.; Chen, S.H,; Lin, L.C.; Fu, S.L. Anti-inflammatory Principles from Sarcandra glabra. J. Agric. Food Chem. 2017, 65,
6497-6505. [CrossRef]

15. Dekebo, A.; Dagne, E.; Sterner, O. Furanosesquiterpenes from Commiphora sphaerocarpa and related adulterants of true myrrh.
Fitoterapia 2002, 73, 48-55. [CrossRef]

16. Heinz Brieskorn, C.; Noble, P. Furanosesquiterpenes from the essential oil of myrrh. Phytochemistry 1983, 22, 1207-1211. [CrossRef]

17.  Anthonsen, T.; Bergland, G.; Lindberg, B.; Svensson, S.; Leander, K.; Swahn, C.-G. Constituents of Solidago Species. III. The
Constitution and Stereochemistry of Diterpenoids from Solidago missouriensis Nutt. Acta Chem. Scand. 1973, 27, 1073-1082.
[CrossRef]

18. Seca, A.M,; Silva, A.M.; Bazzocchi, L.L.; Jimenez, I.A. Diterpene constituents of leaves from Juniperus brevifolia. Phytochemistry
2008, 69, 498-505. [CrossRef] [PubMed]

19. Wang, L.J.; Xiong, J.; Lau, C.; Pan, L.L.; Hu, J.F. Sesquiterpenoids and further diterpenoids from the rare Chloranthaceae plant
Chloranthus sessilifolius. J. Asian Nat. Prod. Res. 2015, 17, 1220-1230. [CrossRef] [PubMed]

20. Kitahara, Y.; Yoshikoshi, A.; Oida, S. Total synthesis of dolabradiene. Tetrahedron Lett. 1964, 5, 1763-1770. [CrossRef]

21. Tsukamoto, H.; Hisada, S.; Nishibe, S. Coumarins from Bark of Fraxinus japonica and F. mandshurica var. japonica. Chem. Pharm.

Bull. 1985, 33, 4069-4073. [CrossRef]


http://doi.org/10.1016/j.cell.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20303867
http://doi.org/10.1111/j.1365-2249.2006.03261.x
http://doi.org/10.1016/j.cell.2010.02.029
http://doi.org/10.1159/000452591
http://www.ncbi.nlm.nih.gov/pubmed/27871079
http://doi.org/10.5607/en.2015.24.2.95
http://doi.org/10.1096/fasebj.8.2.8119492
http://doi.org/10.4103/1673-5374.251290
http://doi.org/10.1016/j.cyto.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18304834
http://doi.org/10.1101/cshperspect.a000158
http://doi.org/10.1021/acs.jnatprod.5b01055
http://www.ncbi.nlm.nih.gov/pubmed/26852623
http://doi.org/10.1016/S0031-9422(99)00177-6
http://doi.org/10.1016/j.phytochem.2014.06.013
http://doi.org/10.1248/cpb.32.3912
http://doi.org/10.1021/acs.jafc.6b05125
http://doi.org/10.1016/S0367-326X(01)00367-7
http://doi.org/10.1016/0031-9422(83)80223-4
http://doi.org/10.3891/acta.chem.scand.27-1073
http://doi.org/10.1016/j.phytochem.2007.07.026
http://www.ncbi.nlm.nih.gov/pubmed/17854850
http://doi.org/10.1080/10286020.2015.1118622
http://www.ncbi.nlm.nih.gov/pubmed/26652052
http://doi.org/10.1016/S0040-4039(01)89505-8
http://doi.org/10.1248/cpb.33.4069

Molecules 2021, 26, 6540 13 of 13

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kawabata, J.; Mizutani, J. Dimeric sesquiterpenoid esters from Chloranthus serratus. Phytochemistry 1992, 31, 1293-1296.
[CrossRef]

Urones, ].G.; Marcos, 1.S.; Ferreras, ]. EN.; Barcala, P.B. Terpenoids from Nepeta tuberosa subsp.reticulata (II). Phytochemistry 1988,
27,523-526. [CrossRef]

Wang, H.; Li, M.Y,; Satyanandamurty, T.; Wu, J. New diterpenes from a Godavari mangrove, Ceriops decandra. Planta Med. 2013,
79, 666—672. [CrossRef]

Xiong, J.; Hong, Z.L.; Xu, P; Zou, Y.; Yu, S.B.; Yang, G.X.; Hu, J.F. ent-Abietane diterpenoids with anti-neuroinflammatory activity
from the rare Chloranthaceae plant Chloranthus oldhamii. Org. Biomol. Chem. 2016, 14, 4678-4689. [CrossRef]

Xiong, J.; Hong, Z.L.; Gao, L.X; Shen, |.; Liu, S.T;; Yang, G.X,; Li, ].; Zeng, H.; Hu, ].F. Chlorabietols A-C, Phloroglucinol-Diterpene
Adducts from the Chloranthaceae Plant Chloranthus oldhamii. J. Org. Chem. 2015, 80, 11080-11085. [CrossRef] [PubMed]

Sun, S.; Du, Y, Yin, C; Suo, X,; Wang, R,; Xia, R,; Zhang, X. Water-separated part of Chloranthus serratus alleviates
lipopolysaccharide- induced RAW264.7 cell injury mainly by regulating the MAPK and Nrf2/HO-1 inflammatory pathways.
BMC Complement Altern. Med. 2019, 19, 343. [CrossRef] [PubMed]

Chloranthus oldhami Solms. Available online: https:/ /taieol.tw/pages /43420 (accessed on 18 October 2021).

Hsu, Y.H.; Fu, S.L. Detection of Endotoxin Contamination in Chinese Herbs by NF-kB Activity-Based Reporter Assays. J. Food
Drug Anal. 2004, 12, 34-39.

Trouplin, V.; Boucherit, N.; Gorvel, L.; Conti, F.; Mottola, G.; Ghigo, E. Bone marrow-derived macrophage production. | Vis. Exp.
2013, 81, €50966. [CrossRef] [PubMed]


http://doi.org/10.1016/0031-9422(92)80281-I
http://doi.org/10.1016/0031-9422(88)83133-9
http://doi.org/10.1055/s-0032-1328459
http://doi.org/10.1039/C6OB00731G
http://doi.org/10.1021/acs.joc.5b01658
http://www.ncbi.nlm.nih.gov/pubmed/26444099
http://doi.org/10.1186/s12906-019-2755-6
http://www.ncbi.nlm.nih.gov/pubmed/31791318
https://taieol.tw/pages/43420
http://doi.org/10.3791/50966
http://www.ncbi.nlm.nih.gov/pubmed/24300014

	Introduction 
	Results 
	Isolation and Identification of Anti-Inflammatory Compounds from C. oldhamii 
	Anti-Inflammatory Mechanism of Diterpenoid Compounds (CO-9, CO-10, and CO-15) in LPS-Induced Inflammatory Responses 
	The Effect of the CO-9 Compound on the LPS-Activated MAPK Pathway in RAW 264.7 Macrophages 
	CO-9 Significantly Inhibits IKK-Mediated NF-B Signaling Pathways in LPS-Stimulated RAW 264.7 Macrophages 

	Discussion 
	Materials and Methods 
	Chemicals and Antibodies 
	Extraction and Isolation of Compounds from C. oldhamii Solms 
	Cell Culture 
	Luciferase Reporter Assay 
	Cell Viability Assay 
	Preparation of Bone Marrow-Derived Macrophages (BMDMs) 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Western Blotting 
	Statistical Analysis 

	References

