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Macrophages play essential roles in innate immune responses by producing
various immune mediators. Therefore, modulating macrophage function is an
attractive strategy to treat immune disorders. Aralia cordata var. continentalis
(AQ), known as “Dokwhal” in Korea, possesses various biological and medicinal
functions, including immunomodulation. The present study investigated the
effect of the hot water extract of AC (HAC) on RAW264.7 murine macrophages.
When these cells were treated with HAC, nitric oxide production and inducible
nitric oxide synthase expression was induced dose-dependently. In addition, HAC
treatment triggered the secretion of innate immune cytokines, such as TNF-a and
IL-6. Phagocytosis, measured by FITC-dextran internalization showed that HAC
stimulated the phagocytic activity of macrophages. Furthermore, HAC promoted
the production of reactive oxygen species in RAW264.7 cells, determined by
CM-H,DCFDA. In addition, the immunoblot analysis of intracellular signaling
proteins revealed that NF-kB and MAPK signaling pathways, which are important
signaling mediators of inflammation, are upregulated by HAC. In conclusion,
these findings suggested that HAC can stimulate macrophage activity, and NF-kB
and MAPK signaling pathways might be involved in the immunostimulatory
effects of HAC.
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INTRODUCTION

Some traditional herbal medicines are thought to strengthen the body’s
resistance to illness by stimulating the immune system. Aralia cordata var.
continentalis (AC), known as “Dokwhal” in Korea, is classified as a shrub
belonging to the Araliaceae family (1). It has been used as an Asian traditional
herbal medicine to treat inflammatory disorders, including rheumatism, lumbago,
and lameness, and to relieve pain (2). Recent studies have highlighted the
antinociceptive and anti-inflammatory effects of AC, as well as its protective effect
against carbon tetrachloride-induced hepatotoxicity (3-5). It was also found that
the hot water extract of AC (HAC) protected mice from Listeria monocytogenes
infection by upregulating the innate immune response (6). The present study was
designed to investigate the effect of HAC on the RAW264.7 mouse macrophage
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cell line and elucidate the molecular mechanisms involved in its biological function.

Macrophages can not only initiate the innate immune response but also contribute to clearing pathogens and eliciting
inflammation (7). Moreover, macrophages serve as an essential interface between innate and adaptive immunity by releasing
inflammatory mediators, such as nitric oxide (NO), reactive oxygen species (ROS), prostaglandins, cytokines, chemokines,
and growth factors (8, 9). It is known that NO, produced by inducible nitric oxide synthase (iNOS), plays an important role in
the various pathophysiological responses, including inflammation, neoplastic disease, liver cirrhosis, diabetes, and killing of
infected cells, tumor cells, and microorganisms (10). In addition, ROS produced by macrophages also serve as key
components to eliminate intracellular bacteria (11, 12). Upon activation, macrophages release large amounts of interleukin-6
(IL-6), tumor necrosis factor-alpha (TNF-a), and other inflammatory cytokines, which enhance the inflammatory response
and orchestrate protective immune responses to pathogens (13). Immunostimulators, produced by macrophages, are
mediated mainly by two well-known intracellular signaling pathways, nuclear factor-kappa B (NF-xB) and mitogen-activated
protein kinase (MAPK) (14, 15).

In this study, the immunostimulatory effect of HAC was investigated in RAW264.7 macrophages. First, it was determined
whether HAC treatment could induce the production of NO, ROS, and proinflammatory cytokines that are important
mediators to clear pathogens and enhance inflammatory responses. Second, the phagocytic activity of macrophages was
examined in the presence of HAC. Finally, the intracellular signaling pathways responsible for the stimulatory actions of HAC
were determined in murine RAW264.7 macrophages.

MATERIALS AND METHODS
Chemicals and Antibodies

Lipopolysaccharide (LPS) (Escherichia coli O111:B4), sulfanilamide, A+(1-naphthyl) ethylenediamine dihydrochloride,
phosphoric acid, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), and FITC-dextran (40,000 Da) were
purchased from Sigma-Aldrich Co (St. Louis, MO, USA). The primary antibodies used were obtained from Cell Signaling
Technology (Danvers, MA, USA), except for B-actin (AbFrontier Company, Seoul, Korea). The secondary antibodies were
purchased from Thermo Scientific (Logan, UT, USA). TNF-a and IL-6 ELISA kit, and PE-conjugated anti-CD11b antibody were
purchased from eBioscience Inc. (San Diego, CA, USA).

HAC Preparation

The HAC was prepared as described earlier (6). Possible endotoxin contamination was checked using the Pierce® LAL
Chromogenic Endotoxin Quantitation kit (Thermo Fisher Scientific, Waltham, MA, USA). The endotoxin concentration was
less than 2.5 EU/mg, which is considered to be insignificant for various immunostimulators (16, 17).

Cell Culture

Murine RAW264.7 monocytes/macrophages were purchased from the Korean Cell Line Bank (KCLB, Seoul, Korea) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Scientific) containing 10% FBS (Thermo Scientific) and
1% penicillin-streptomycin solution (Thermo Scientific). Cells were maintained at 37°C in 5% CO, humidified atmosphere,
and experiments were conducted on cells at approximately 70-80% confluence.

Cell Viability

Cell viability was measured using MTT solution. This assay is based on the reducing activity of mitochondria in living cells,
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which change from an oxidized form (soluble) to a reduced form (insoluble). MTT solution was added to each well, and after
3 h, the medium was discarded. The formazan formed in the wells was dissolved with dimethyl sulfoxide. The intensity of the
purple color was measured, which is proportional to living cells, and expressed as a percentage of the control.

Nitrite Determination

Cells were treated with HAC for 24 h, and nitrite accumulation in the culture medium was assessed as an indicator of NO
production using the Griess method, as previously described (18). Briefly, the medium from treated cells was mixed with
Griess reagent (equal volumes of 1% sulfanilamide containing 5% phosphoric acid with 0.1% A~(1-naphthyl)
ethylenediamine dihydrochloride) and incubated at room temperature for 10 min. Absorbance at 570 nm was measured
using a microplate reader (BioTek, Winooski, VT, USA), with sodium nitrite as the standard.

ROS Analysis

After treatment with HAC, RAW264.7 cells were washed with PBS twice and treated with 20 uM CM-H,DCFDA (Invitrogen,
Carlsbad, CA, USA) at 37°C for 30 min in the dark. Cells were washed, harvested, and analyzed using a flow cytometer (BD
Accuri™ C6, BD Biosciences, San Jose, CA, USA).

Phagocytic Activity Assay

RAW?264.7 cells were treated with the indicated concentration of HAC and then incubated with DMEM containing FITC-
dextran (1 mg/ml) for 6 h followed washing the cells. Uptake of FITC-dextran by RAW264.7 cells was analyzed by flow
cytometry.

Immunoblot Analysis

Protein samples of RAW264.7 cells were separated by SDS-PAGE and transferred to nitrocellulose membranes. The
membrane was blocked with 5% skim milk in TBS with 0.025% Tween 20 (TBST) and probed with an appropriate primary
antibody in 5% BSA in TBS overnight at 4°C. Afterward, the membrane was incubated with HRP-conjugated secondary
antibody and developed by using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific).

Determination of IL-6 and TNF-a Levels

The IL-6 and TNF-a levels were determined by using a commercially available ELISA kit from eBioscience, Inc. Briefly, the
samples were added into a 96-well plate coated with affinity-purified specific antibody for mouse IL-6 and TNF-a. An
enzyme-linked detection antibody specific for IL-6 and TNF-o was added and left to react for 2 h, followed by washing to
remove any unbound antibody reagent. The intensity of the color detected at 450 nm was measured after the addition of a
substrate solution and was proportional to the amount of IL-6 and TNF-a produced.

Statistical Analysis
Data are expressed as mean + SEM. Statistical analysis was performed using GraphPad Prism, version 5.0 (GraphPad

Software, San Diego, CA, USA). Avalues were assessed using the unpaired, two-tailed Student’s #test (o = 0.05) at *p<0.05,
*xxp<0.01 and ***p<0.001 levels of significance.
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RESULTS
HAC induces production of NO by increasing iNOS

The cytotoxicity of HAC was first evaluated to find a suitable working concentration without detrimental effects on
RAW264.7 macrophages. RAW264.7 cells were treated with various concentrations of HAC for 24 h, and the cell viability
was measured by the MTT assay. As shown in Fig. 1A, HAC did not cause any cytotoxic effects up to 500 pg/ml. It is
well-known that LPS-stimulated macrophages produce NO, an important molecule that participates in the early defense
mechanisms against pathogens. Here, we found that HAC treatment also activated macrophages, leading to NO secretion in
a dose-dependent manner (Fig. 1B). NO is synthesized by nitric oxide synthase (NOS) from L-arginine, and iNOS is the most
important enzyme to trigger NO production, so we examined iNOS protein expression in LPS-or HAC-treated cell lysates. Fig.
1C shows that iNOS expression was significantly upregulated when cells were treated with LPS and, similarly, iNOS protein
levels were increased with increasing HAC concentration. These results indicate that HAC stimulated macrophages to
produce vi@ iINOS induction. It was confirmed that the effect of HAC on NO production is not due to contamination of
endotoxins (data not shown).

200
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Fig. 1. Effect of HAC on cell viability, nitrite accumulation, and iNOS expression in RAW264.7 cells. (A) Cells were treated with
different concentrations of HAC for 24 h, and their viability was assessed by the MTT assay. The results of independent
experiments were averaged and are expressed as the percentage of cell viability relative to the untreated control group. (B)
Nitric oxide production was measured in the culture medium by the Griess reaction, and NaNO, was used as a standard. (C)
iINOS expression was determined in RAW264.7 cells treated with LPS or HAC by immunoblotting. Data are presented as the
mean = SEM of three independent experiments. **p<0.01, ***p<0.001 indicate significant difference from the untreated
control group by the Student’s #-test.

HAC induces morphological changes in RAW264.7 cells

Macrophage activation is accompanied by morphological alteration. To determine whether HAC could trigger morphological
changes, the RAW264.7 cells were analyzed by light microscopy. Under microscopic observation, most RAW264.7 cells
cultivated without HAC appeared small and round, and some were spindle-like (Fig. 2A). When cells were activated by 1
ug/ml LPS for 24 h, the cells were expanded and showed lamellipodia extension. Cells treated with HAC showed
morphological changes similar to those treated with LPS. These data provided further evidence, in addition to NO production,
for the stimulatory effect of HAC on macrophages.

HAC promotes cytokine secretion in a voncentration-dependent way

Activated macrophages secrete various cytokines and amplify the innate immune response via recruiting more immune cells
to the infected area. TNF-a and IL-6 are the major inflammatory cytokines and are mainly produced by macrophages.
RAW264.7 cells were treated with HAC or LPS, and the concentration of IL-6 and TNF-a in the culture supernatant was
measured by using an ELISA kit after 24 h. As expected, HAC significantly increased the release of IL-6 and TNF-a
dose-dependently (Fig. 2B), and the cytokine levels of HAC-treated macrophages at 500 ug/ml were comparable to those of
LPS (1 ng/ml). Collectively, these findings indicated that HAC treatment induced proinflammatory cytokines, such as IL-6 and
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TNF-a, in RAW264.7 cells.
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Fig. 2. Effects of HAC on cell morphology, cytokine and ROS production, and phagocytosis. RAW264.7 cells were plated and
then treated with the indicated concentration of HAC for 24 h. (A) Cell morphology was observed by light microscopy.
Images were obtained with a 100xobjective. (B) IL-6 and TNF-a levels were determined using an ELISA kit, as described in the
text. (C) After incubation, the cells were washed twice with PBS and labeled with 20 uM CM-H,DCFDA for 30 min. The
intracellular ROS level was analyzed by flow cytometry. (D) The cells were incubated with DMEM containing 1 mg/ml FITC-
dextran, 2% FBS, and the indicated concentration of HAC for 6 h. After incubation, phagocytosis activity was measured by
flow cytometry. The results are expressed as mean + SEM of three independent experiments. *p<0.05, *p<0.01, ***p<0.001
indicate significant difference from the untreated control group by the Student’s #test.

HAC stimulates macrophage phagocytosis

Phagocytosis is the essential function of macrophages, resulting in removing invading pathogens and initiating the immune
response (19). Thus, phagocytic activity is commonly used in evaluating the functionality of macrophages. Here, the effect of
HAC on the phagocytic activity of macrophages was evaluated by measuring the uptake of FITC-labeled dextran particles. As
shown in Fig. 2C, increasing fluorescent intensity due to uptake of FITC-dextran by macrophages indicated that HAC
treatment enhanced phagocytic activity in a dose-dependent manner.

HAC induces ROS production

Macrophages that are activated upon pathogen recognition and phagocytosis produce intracellular ROS, which, in turn, kill
phagocytosed pathogens. Therefore, the cell-permeable probe CM-H,DCFDA was used to assess whether HAC triggers ROS
generation. As shown in Fig. 2D, HAC significantly increased ROS production compared with the non-treated control, and
the highest dose of HAC induced a similar level of ROS as LPS (1 ng/ml). These findings indicate that ROS, along with NO,
produced by HAC treatment might cause efficient clearance of engulfed bacterial pathogens.

HAC-treated cells show increased phosphorylation of p65, IkBa, ERK, JNK, and p38

To investigate the molecular mechanism responsible for HAC-induced immunostimulatory effects, RAW264.7 cells were
stimulated with HAC (200 pg/ml) at the indicated times, and analyzed by immunoblotting to detect the level of
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phosphorylation of signaling molecules of the NF-kB and MAPK pathways. As shown in Fig. 3A, LPS treatment promoted
phosphorylation of p65 and IkBa at 5-10 min, while phosphorylation of ERK, JNK, and p38 occurred at 10-30 min. HAC
treatment also induced phosphorylation of these signaling molecules but the responses were delayed and slightly weaker
when compared with LPS treatment (Fig. 3). In summary, these results suggest that HAC may activate the MAPK signaling
pathway, as well as the NF-kB signaling pathway, leading to activation of macrophages.
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Fig. 3. Effects of HAC on NF-kB and MAPK pathways, RAW264.7 cells were incubated at a density of 1x10° cells/well in a
12-well plate and stimulated with 200 pg/ml of HAC or 1 ng/ml of LPS for different times. Total cell lysates were collected
and hybridized with a specific antibody detecting the phosphorylated form or total amount of NF-kB and MAPK. The results
are representative of three independent experiments.

DISCUSSION

AC is a representative herbal plant prescribed to relieve pain, lumbago, rheumatism, and lameness, in Korea (20). Although
various studies have examined the physiological activity of AC, such as hepatotoxicity, anti-inflammatory, and anti-cancer
effects, its immunomodulatory action on the RAW264.7 murine cell line has not been investigated until now. Many herbal
extracts exert immunomodulatory activity through their ability to modulate macrophage functions. Some studies
demonstrated that herbal extracts have a potent immunostimulatory activity, leading to induction of inflammatory mediators,
such as NO and several cytokines (21, 22). NO production has been considered as a first-line defense against invasion of
microbial organisms, such as parasites, bacteria, and viruses (23, 24). Therefore, the amount of NO formation is regarded as
the level of immunostimulatory activity in macrophages. Qiang et al. demonstrated that purified Ganoderma atrum
polysaccharide (PGS-1) promotes production of NO, ROS, and cytokines, providing evidence that PGS-1 enhances
macrophage and immunomodulatory activities (25). Our results demonstrated that HAC enhances NO production and iNOS
expression, but did not show cytotoxicity.

Macrophages exposed to stimulating agents, including LPS, release several cytokines, as well as NO. These cytokines include
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TNF-a, IL-6, interleukin-10, and interleukin-12 (IL-12), which induce secondary immune responses, such as differentiation
and proliferation of other immune cells (26). Based on the research of immunostimulatory extracts from herbal plants, the
extracts enhanced NF-xB-mediated production of macrophage-related cytokines and induced activation of the adaptive
immune response through production of proinflammatory cytokines (27, 28). In another study, stimulation of
monocytes/macrophages led to the expression of many genes encoding immunomodulatory proteins and peptides, such as
macrophage-, granulocyte-, and granulocyte/macrophage-colony stimulating factor, the inflammatory cytokines TNF-a,
interleukin-1 (IL-1), IL-6, membrane receptors, the chemotactic protein MCP-1, and NOS (29). A recent study suggested that
exopolysaccharides promote functional and phenotypic activation of macrophages, as evidenced by the ability of the
exopolysaccharides to induce morphological changes, stimulate cell activities, and strongly upregulate the production of
cytokines, such as TNF-a, IL-1B, IL-6, and IL-12 (30). In a previous study, we determined that polysaccharide isolated from
HAC upregulated the innate immune response and L. monocytogenes clearance /in vivo (6). In conclusion, our results
indicated that HAC promotes the stimulation of monocytes/macrophages and release of proinflammatory cytokines, thereby
inducing the immune response.

The transcription factor NF«B is the key regulator of the expression of macrophage-related cytokines (29). Upon cell
activation, the phosphorylation of IkB leads to degradation and activation of NF-«B. Xie et al. published that in activated
macrophages, the NF-xB pathway is critical in the induction of iNOS (31). According to other studies, herbal or medicinal
plant extracts with immunostimulatory activities often triggered phosphorylation of [kBa and NF-xB p65 (32-34). Similarly,
we found that HAC contributed both to activation of the NF-xB pathway and production of iNOS. In addition, MAPK is major
signaling pathway for macrophage activation and macrophage-related cytokine production by various stimulation factors
(35, 36). The upregulation of MAPK can activate numerous transcription factors following production of NO and cytokines
(35). Not surprisingly, HAC also increased MAPKs, implying the role of this signaling in macrophage activation by HAC
treatment. Consequently, we suggest that both the NF-xB and MAPK pathways, respectively, might be involved in the
immunostimulatory effect of HAC on macrophages.

This study described that HAC increases the production of crucial inflammatory mediators, such as NO, ROS, and cytokines,
and promotes phagocytic activity. Furthermore, we obtained results that HAC activates NF-xB, which is one of the most

important transcription factors in macrophages, and also activates the MAPK signaling pathway in macrophages. From these
results, we suggest that HAC could be used to enhance the innate immune system mediated by macrophages.
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