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Abstract: One of the Korean endemic plants, Abeliophyllum distichum Nakai (Oleaceae), contains
acteoside, which is a glycoside exhibiting neuroprotective, anti-inflammation effects and antibacterial capacities. We conducted an investigation on the effects of the callus of A. distichum (cultivar
Okhwang 1, CAO) on pro-inflammatory mediators released following nuclear factor-кB (NF-кB),
phosphatidylinositol 3-kinase/Akt (PI3K-Akt) and mitogen-activated protein kinase (MAPK) signal
activation in lipopolysaccharide (LPS)-induced RAW 264.7 cells. Immunoblotting was employed to
find out the expression of cyclooxygenase-2 (COX-2), inducible nitric oxide (iNOS), and activation of
MAPK molecules, NF-κB and Akt. Cytokines, COX-2, and iNOS gene expression were assessed using
polymerase chain reaction techniques. Cytokines, COX-2, and iNOS gene expression were assessed
using polymerase chain reaction techniques. High-performance liquid chromatography revealed
that CAO was rich in acteoside and isoacteoside. As a result, CAO inhibited the generation of NO,
cytokines, COX-2, and iNOS expression. Further, translocation to the nuclear of NF-κB p65 and degradation of the inhibitor of NF-кB (IкB) were alleviated by suppressing phosphorylation. Additionally,
CAO significantly impacted MAPK pathway activation by potentially reducing phosphorylation
of MAPKs. These results indicate that the anti-inflammatory effect of CAO is mediated via the
inhibition of MAPK, PI3K/Akt, and NF-κB signaling pathways, probably via glycosides, phenolics,
and flavonoids bioactivity derived from plants. CAO can serve as a potential anti-inflammatory
agent, which alleviates inflammation factors and act through specific cell signaling pathways.
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Inflammation serves as a response to harmful stimuli. The stimuli are caused by
injured cells, pathogens, and endogenous signals, which result in cellular healing to restore
normal function [1]. These reactions may repair injured tissues and maintain homeostasis,
which is regulated by numerous cytokines and inflammatory mediators, which includes the
tumor necrosis factor (TNF)-α, nitric oxide (NO), and interleukin-6 (IL-6) [2,3]. Lipopolysaccharide (LPS), the main ligand of Toll-like receptor 4 (TLR4), disproportionately initiates
the response of innate immunity, resulting in enhanced inflammatory states and causing cell death [4]. LPS activates macrophages to secrete pro-inflammatory cytokines and
reactive oxidative species (ROS) [5,6]. Under these stimulations, the pro-inflammatory
mediators, including NO and prostaglandin E2 (PGE2), are generated in large amounts
by inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), respectively [7].
COX-2 and iNOS are expressed in responses to various pro-inflammatory cytokines, which
can contribute to growing tumors by relating them with angiogenesis and apoptosis [8–12].
The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is involved
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in regulating the expression of various genes’ inflammation [13]. In unstimulated cells,
this complex is maintained in an inactive structure in the cytoplasm by binding with the
NF-κB inhibitor (IκB) [14]. The common NF-κB signaling pathway is activated within
stimulation to pro-inflammatory mediators, such as molecular stimulus, pathogens, and
cytokines. Activation of NF-κB occurs through ubiquitination of IκB proteins [13,15]. Phosphorylation of IκB protein is followed by its degradation and ubiquitination, which results
in releasing NF-κB p50:p65 dimers [16,17]. The released p65 is then translocated to the
nucleus, where it binds to target genes and brings about the transcription of related mediators [18,19]. According to recent studies, phosphatidylinositol 3-kinase/Akt (PI3K-Akt)
signaling pathways are related to the expression of pro-inflammatory mediators through
IκB degradation and phosphorylation of NF-κB in LPS-induced macrophages. Hence,
investigating PI3K/Akt and MAPK signaling pathways will contribute to providing an
effective therapeutic approach for alleviating inflammation [20]. Thus, the modulation
of inflammatory cytokines and mediators could alleviate various inflammatory diseases.
Abeliophyllum distichum Nakai, the deciduous shrub of the flowering plants in Oleaceae, is
regarded as a unique plant resource as only one species exists worldwide [21]. Okhwang
1 (light yellow-colored corolla), the first official cultivar of A. distichum, displays in contrast to the ivory color of the natural isolate [22]. A. distichum contains glycosides (e.g.,
acteoside, isoacteoside, rutin, and hirsutrin) and phenolic compounds (e.g., rutin, gentisic acid, caffeic acid, ferulic acid, chlorogenic acid, and quercetin) [23,24]. In particular,
acteoside possesses several pharmacological properties, including anti-hepatotoxic [25],
anti-inflammatory [26], and antioxidant activities [27]. In plants, acteoside is known to
be present only in low concentrations [28,29]. Reportedly, isoacteoside demonstrates anticancer [30] and anti-inflammatory effects. When seeking for alternatives to selectively
produce useful compounds from plant resources, plant tissue cultures have shown continuous potential in the production of bioactive plant metabolites [31,32]. Both cultured plant
cells and whole plant cells synthesize compounds in a qualitatively similar manner [33].
This processing provides an effective alternative source for extracting worthy compounds
from plants [34]. Previously, the antioxidant activity, as well as the inhibitory effects on
oxidative DNA damage, of the callus of A. distichum have been reported [35]. However, the
anti-inflammatory effect of A. distichum Okhwang 1 (CAO) callus and its mechanism are
still unclear. Thus, to determine the mechanisms of the anti-inflammatory effects of CAO,
we investigated whether CAO inhibits the expression of inflammatory mediators and the
MAPK, NF-κB, and PI3K/Akt signaling pathways. As CAO demonstrated the capability
to improve LPS-induced inflammatory responses in macrophages, we speculate that the
CAO can be developed as a potential resource for reducing inflammation.
2. Materials and Methods
2.1. Plant Material of A. distichum Nakai Cultivar OkHwang 1
A. distichum Nakai was collected from GoesanBun-jae-Nongwon (Goesan-gun, Republic of Korea, voucher in InfoBoss Cyber Herbarium (IN); Y. Kim, IB-00589, Figure 1a).
2.2. Chemicals and Reagents
All chemicals were purchased from Sigma–Aldrich Chemical Co. (St. Louis, MO, USA)
unless otherwise specified. Acteoside and isoacteoside were purchased from Sigma. Acetonitrile, chloroform, dimethyl sulfoxide (DMSO), ethyl acetate, methanol, and petroleum
ether (HPLC-grade) were purchased from Merck (Darmstadt, Germany). DMEM, FBS,
penicillin/streptomycin, and trypsin were purchased from Hyclone (Logan, UT, USA).
The antibodies were purchased from Abcam (Cambridge, UK), Santa Cruz Biotechnology
(Dallas, TX, USA), and Cell Signaling Technology (Boston, MA, USA).
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2.8. NO Assay
RAW 264.7 cells were seeded for 24 h. The cells were then treated with CAO for 2 h
with 1 µg/mL of LPS. The media were collected for NO analysis. The NO concentrations
were analyzed using the Griess reagent (Sigma). Supernatants and the Griess reagent
were mixed for 10 min. The absorbance was spectrophotometrically measured using a
HumanCorp Xma-3000PC at 540 nm.
2.9. Western Blotting Analysis
The cells were lysed in a RIPA buffer with a 1 × protease and phosphatase inhibitor
cocktail (Thermo Scientific, MA, USA). Total protein in the sample was determined using the Bradford protein assay (Bio-Rad). The proteins were then separated on a 10%
SDS-PAGE and transferred to a PVDF membrane (Bio-Rad). Next, the membranes were
incubated with an appropriate primary antibody, maintained overnight at 4 ◦ C. The primary antibodies included a dilution of an anti-iNOS polyclonal antibody (ab3523), an
anti-COX-2 polyclonal antibody (ab52237), a phosphospecific anti-PI3K (Y607) polyclonal
antibody (ab182651), an anti-GAPDH (6C5) monoclonal antibody (ab8245, Abcam), a
phosphospecific anti-NF-κB p65 (Ser536) (93H1) monoclonal antibody (#3033), a phosphospecific anti-p38 MAPK (Thr180/Tyr182) polyclonal antibody (#9211), an anti-p38 MAPK
polyclonal antibody (#8690S1), a phosphospecific anti-p44/p42 MAPK (Thr202/Tyr204)
polyclonal antibody (#9101), an anti-p44/p42 MAPK polyclonal antibody (#9102), a phosphospecific anti-SAPK/JNK MAPK (Thr183/Tyr185) polyclonal antibody (#9251), an antiSAPK/JNK MAPK polyclonal antibody (#9252S), a phosphospecific anti-IκB-α (Ser32)
(14D4) monoclonal antibody (#2859), an anti-IκB-α monoclonal antibody (#4812S), a phosphospecific anti-Akt (Ser473) (D9E) monoclonal antibody (#4060, Cell signaling), and an
anti-NF-κB p65 (F-6) monoclonal antibody (sc-8008, Santa Cruz Biotechnology) (1:1000).
After, the membranes were incubated with secondary antibodies; anti-rabbit IgG-HRP
monoclonal antibody (18-8816-33) and anti-mouse IgG-HRP monoclonal antibody (188817-33, Rockland) (1:5000) for 1 h. The immunoreactive bands were visualized using an
Luminol/enhancer solution (Bio-Rad). The bands were analyzed using the ImageJ software
(developed at the National Institutes of Health, USA, http://rsb.info.nih.gov/ij, 2020).
2.10. RT-PCR
Total RNA was extracted from RAW 264.7 cells using Nucleo Spin® RNA Plus
(Macherey-Nagel, Düren, Germany), and cDNA was synthesized using Rever Tra Ace
–α- (Toyobo, Osaka, Japan) following the manufacturer’s protocol. PCR was performed
using Quick Taq® HS Dye Mix (Toyobo). The transcription levels were normalized to those
of GAPDH.
2.11. Quantitative PCR Analysis
The cDNAs obtained in the previous experiment were used as templates for qPCR,
employing the Quanti Tect® SYBR Green PCR kit (Qiagen, Hilden, Germany). To quantify
the mRNA expression, the qPCR analysis was performed using a 7500 Real-Time PCR
system (Applied Biosystems, CA, USA). The primers were designed using the Primer
3 program (Table 1). Datasets were analyzed using the ABI 7500 Software version 2.3
(Applied Biosystems). The transcription levels were normalized to those of GAPDH.
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Table 1. Sequences of primers used in the RT-PCR and RT-qPCR analysis.
A, RT-PCR
Forward primer sequence (50 -30 )

Reverse primer sequence (50 -30 )

AATGGCAACATCAGGTCGGC
CATCACT
GGAGAGACTATCAAGATAGT
CACACTCAGATCATCTTCTC
ATTACACATGTTCTCTGGGA
CAGGATGAGGACATGAGCAC
AACTTTGGCATTGTGGAAGG

GCTGTGTGTCACAGAAGTCTC
GAACTC
ATGGTCAGTAGACTTTTACA
TTGAAGAGAACCTGGGAGTA
TTTTACCTCTTGGTTGAAGA
CTCTGCAGACTCAAACTCCA
ATGCAGGGATGATGTTCTGG

Gene

Forward primer sequence (50 -30 )

Reverse primer sequence (50 -30 )

iNOS
COX-2
GAPDH

TGGTGGTGACAAGCACATTT
AGAAGGAAATGGCTG CAGAA
CCTCCAAGGAGTAAGAAACC

AAGGCCAAACACAGCATACC
CCCCAAAGATAGCATCTGGA
CTAGGCCCCTCCTGTTATTA

Gene
iNOS
COX-2
TNF-α
IL-6
IL-1β
GAPDH
B, RT-qPCR

2.12. Immunofluorescence
Immunofluorescence was performed to visualize localization of NF-κB, IκB-α, and
phosphorylation of Akt upon LPS stimulation. RAW 264.7 cells seeded on glass coverslips
were treated with the CAO extract for 24 h with 1 µg/mL of LPS. After treatment, cells
were fixed with 4% paraformaldehyde (Biosesang) Next, the cells were blocked with 3%
BSA for 1 h. The cells were then incubated with the appropriate primary antibodies
overnight at 4 ◦ C. The primary antibodies included an anti-NF-κB p65 antibody (1:500),
an anti-IκB-α antibody (1:500), and a phosphospecific anti-Akt antibody (1:500). After,
cells were incubated with the appropriate secondary antibodies at a 1:1000 dilution of an
anti-mouse IgG (Alexa Fluor® 488) polyclonal antibody (ab150113) and an anti-rabbit IgG
(Alexa Fluor® 568) polyclonal antibody (ab175471, Abcam) or 300 nM of DAPI (D1306,
Invitrogen, Waltham, MA, USA) for 5 min in the dark. Finally, sample coverslips were
mounted using Fluorescence Mounting Medium (S3023, Dako, Carpinteria, CA, USA). The
observations were performed using a fluorescence microscope and a CKX53 microscope
(Olympus, Tokyo, Japan) with 400× magnification, and micrographs were captured with a
Digital Single-Lens Reflex Camera (DS126271, Canon, Tokyo, Japan).
2.13. Statistical Analysis
All the data were analyzed using GraphPad Prism 5.0 (GraphPad Software, Inc., La
Jolla, CA, USA) and are presented as the mean ± standard deviation. The data were
analyzed using the one-way analysis of variance, with Tukey’s multiple-comparisons
post-hoc test employed for comparing mean values among multiple groups.
3. Results
3.1. Analysis of Acteoside and Isoacteoside in CAO
To identify and quantify acteoside and isoacteoside of CAO, the major chemical constituents were analyzed by HPLC and compared with its standards. The chromatogram of
CAO was identified by comparing the retention time (RT) to that of standard acteoside and
isoacteoside at 330 nm. The HPLC results revealed acteoside and isoacteoside contained
in CAO (RT = 19.87 and 22.85) (Figure 2A), and it was compared with that of standard
acteoside and isoacteoside (RT = 20.10 and 22.83) (Figure 2B). Compared with the standard
curve, the amount of acteoside was analyzed to be 399.27 ± 2.3 mg/g (39.93% w/w), and
isoacteoside was analyzed to be 56.69 ± 1.1 mg/g (5.67% (w/w) in CAO. These results
confirmed that acteoside and isoacteoside, with chemical structures shown in Figure 2C,D,
are the major compounds in CAO.
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cretions in macrophages. In particular, CAO at 50 µg/mL significantly down-regulated
the released levels of pro-inflammatory cytokines (IL-6 and IL-1β) compared with the
LPS-treated group.
3.4. Effects of CAO on NO Production, COX-2 and iNOS Expression
NO production is shown in Figure 4A. LPS-induced macrophages produced significant
amounts of NO (1443.9 ± 31.6%) when compared to the control (100%). However, the production of NO was significantly attenuated following CAO treatment at 25 (1166.7 ± 46.8%)
and 50 µg/mL (753.8 ± 68.6%) compared with CAO alone treatment (107.61 ± 6.1%). To investigate the mechanisms by which CAO suppressed the production of NO, the expression
of COX-2 and iNOS was measured. As shown in Figure 4, western blotting analysis demonstrated that 24 h of LPS stimulation significantly upregulated iNOS (4.16 ± 0.12-fold) and
COX-2 (1.52 ± 0.03-fold) protein expression (Figure 4B,D). CAO treatments at 50 µg/mL
significantly attenuated the expression (1.82 ± 0.12-fold and 0.98 ± 0.04-fold). Additionally,
we investigated whether CAO inhibited iNOS (Figure 4C,E) and COX-2 (Figure 4C,F)
mRNA levels. The significantly increased iNOS (12.21 ± 0.08-fold) mRNA expression was
attenuated following CAO treatments (9.57 ± 0.15-fold at 50 µg/mL) when compared to
8 of 14
the control. As detected by RT-qPCR, the expression levels of iNOS followed a similar
pattern as those detected by RT-PCR (Figure 4e). Furthermore, the significantly increased
COX-2 (6.46 ± 0.04-fold) mRNA expression was attenuated following CAO treatments
(5.59 ± 0.09-fold at 50 µg/mL); the COX-2 expression levels detected by RT-qPCR followed
a similar pattern (Figure 4f).

Figure 4. Cont.
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Next,
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significantly inhibited (Figure 5A,C). Additionally, we confirmed the effect of CAO on the
phosphorylation of Akt through immunoblotting (Figure 5B) and immunofluorescence
investigations (Figure 6A). These results demonstrated that CAO suppressed the expression
and detection of phospho-Akt in individual cells. Collectively, our results suggest that
CAO reduced the production of NO, COX-2, and iNOS expression by down-regulating the
LPS-induced ERK, JNK, p38 MAPKs, IκB-α/NF-κB, and PI3K/Akt signaling pathways.
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Figure 5. Effect of CAO on MAPK phosphorylations and PI3K/Akt/IκB/NF-κB signaling pathways in macrophages.
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value of each non-treated group. Data are expressed as the mean ± SD (n ≥ 3). # p < 0.001 vs.
non-treated cells. *** p < 0.001 vs. LPS-treated cells. CAO = callus of A. distichum var. Okhwang 1.

3.6. Effects of CAO on PI3K-Akt Activation and MAPKs Pathway
The activation of the MAPK (ERK1/2, JNK1/2, and p38) and PI3K-Akt signaling
pathway is crucial for initiating the NF-κB signal transduction pathway. We sought to
identify the activities of action by which CAO reduces the production of inflammatory
cytokines. LPS induction significantly increased Akt phosphorylation; this enhanced
phosphorylation was suppressed by CAO. Furthermore, CAO demonstrated that the
ERK1/2 (except 25 µg/mL), JNK1/2, and p38 phosphorylation levels induced by LPS
were significantly inhibited (Figure 5A,C). Additionally, we confirmed the effect of CAO
Figure 6. Cont.
on the phosphorylation
of Akt through immunoblotting (Figure 5B) and immunofluorescence investigations (Figure 6A). These results demonstrated that CAO suppressed
the expression and detection of phospho-Akt in individual cells. Collectively, our results
suggest that CAO reduced the production of NO, COX-2, and iNOS expression by
down-regulating the LPS-induced ERK, JNK, p38 MAPKs, IκB-α/NF-κB, and PI3K/Akt
signaling pathways.
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Figure 6. Effects of CAO on the expression of NF-κB and p-Akt in macrophages. (A) The immunofluFigure
6. Effects of CAO on the expression of NF-κB and p-Akt in macrophages. (A) The im
orescence images show NF-κB staining (green), p-Akt staining (red), and Nuclei (blue). (B) The
fluorescence images show NF-κB staining (green), p-Akt staining (red), and Nuclei (blue).
immunofluorescence images show Nuclei (blue), NF-κB staining (green), and IκB-α staining (red).
immunofluorescence images show Nuclei (blue), NF-κB staining (green), and IκB-α stainin
Each image was captured at 400× magnification. CAO = 50 µg/mL of callus of A. distichum var.
Each
image was captured at 400× magnification. CAO = 50 µg/mL of callus of A. distich
Okhwang 1.
Okhwang 1.

4. Discussion
According to a study on chemotaxonomy of the Oleaceae [37], the Oleaceae family
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serine/threonine kinases, such as JNK, p38 MAPK, and ERK [53]. The phosphorylation
of MAPKs has been involved in signaling pathways linked to LPS-induced inflammation,
which suggests that MAPKs are a major molecular for regulating inflammation [54,55]. We
identified the mechanism of action by which CAO reduces the production of inflammatory
mediators. CAO significantly inhibited LPS-induced ERK, JNK, and p38 MAPKs. The
ability of CAO to regulate the phosphorylation of ERK1/2, JNK, and p38 may also affect
a reduction in COX-2 and iNOS expression. These results are supported by the fact that
MAPKs are involved in the regulation of COX-2 and iNOS genes, as inhibition of MAPK
activity results in the suppression of COX-2 and iNOS gene expression [56]. Based on
the inhibitory effects of CAO on COX-2 and iNOS expression, we investigated whether
CAO could suppress the phosphorylation IκB/NF-κB pathway under LPS stimulation.
Furthermore, we confirmed the expression of NF-κB by an immunofluorescence investigation. NF-κB that controls the transcription of DNA regulates the expression of target
genes coding for pro-inflammatory mediators involved in immune and inflammatory
responses, including cytokines [57,58]. Therefore, NF-κB is regarded as a target molecular
for inflammatory treatment strategies [59,60]. The degradation of IκB and phosphorylation
of MAPKs are the upstream regulatory signaling pathways for the transcriptional activation of NF-κB [13]. CAO reduced LPS-stimulated inflammation through the inhibition of
phosphorylation of NF-κB. Furthermore, phosphorylation and degradation of IκB were
inhibited following CAO treatment. Based on immunofluorescence data detected in individual cells, we confirmed our discovery that the LPS-induced phosphorylation and
translocation to the nucleus of NF-κB was potentially inhibited by CAO treatment. These
findings verify that CAO might regulate the production of cytokines, chemokines, and NO
through suppressing IκB degradation, thus inhibiting translocation to the nucleus of NF-κB.
Therefore, the inhibition of these signaling pathways could demonstrate the potential of
CAO as a suppressor of inflammatory mediators. Additionally, IκB/NF-κB, MAPKs, and
PI3K/Akt is another signaling pathway that controls the expression of inflammatory factors
by activating the NF-κB signal transduction pathway [61]. Thus, suppression of phosphorylation is known to be a main target to modulate inflammatory disorders. CAO significantly
suppressed LPS-induced PI3K/Akt phosphorylation. Furthermore, immunofluorescence
data from cells confirmed that the phosphorylation of Akt was inhibited by CAO treatment,
leading to the retention of p65 in the cytoplasm. Additionally, correlation among the
expression of IκB and the penetration to the nuclear of p65 was shown. In the present study,
we demonstrated that the suppression of NO production and iNOS and COX-2 expression
by CAO was mediated through the down-regulation of MAPKs, NF-κB, and PI3K/Akt
pathways. In conclusion, we suggest that CAO has anti-inflammatory effects and could be
a superior candidate for an anti-inflammation agent derived from natural resources.
5. Conclusions
In summary, treatment of CAO can reduce the levels of cytokines, iNOS, and COX-2
in RAW 264.7 macrophages. Moreover, CAO affected particular proteins regulating MAPK,
NF-κB, and PI3K-Akt signaling pathways. In conclusion, the present study suggests that
the treatment of CAO could be a potential resource for alleviating inflammatory diseases
by significantly attenuating specific factors in LPS-induced signaling pathways.
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