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Background: Korean Red Ginseng extracts (RGE) have been suggested as effective immune modulators,
and we reported that ginsenosides possess anti-inflammasome properties. However, the properties of
nonsaponin components of RGE have not been well studied.

Methods: To assess the roles of nonsaponin fractions (NS) in NLRP3 inflammasome activation, we treated
murine macrophages with or without first or second inflammasome activation signals with RGE, NS, or
saponin fractions (SF). The first signal was nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB)-mediated transcription of pro-interleukin (IL)-18 and NLRP3 while the second signal triggered
assembly of inflammasome components, leading to IL-1f maturation. In addition, we examined the role
of NS in IL-6 production and IL-18 maturation in mice.

Results: NS induced IL-1p and NLRP3 transcription via toll-like receptor 4 signaling, whereas SF blocked
expression. During the second signal, SF attenuated NLRP3 inflammasome activation while NS did not.
Further, NS-injected mice presented increased IL-1p maturation and IL-6 production.

Conclusion: SF and NS of RGE play differential roles in the NLRP3 inflammasome activation. Hence, RGE
can be suggested as an NLRP3 inflammasome modulator.

© 2016 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ginseng, which is the root of Panax ginseng Meyer of the family
Araliaceae, is found in eastern Asia (mostly Korea, northeast China,
and eastern Siberia) and is one of the most well researched medicinal
herbs. Emerging literature has reported that ginseng has various
pharmacological constituents, including ginsenosides, poly-
acetylenes, polyphenolic compounds, and acidic polysaccharides,
which ameliorate cancer, diabetes mellitus, and neural disorders [1].
In addition, ginseng and its constituents possess antiaging, antith-
rombotic, wound healing, and immune regulatory activities [2].
Korean Red Ginseng is made by steaming and drying fresh ginseng
root to enhance efficacy, and it contains several unique ginsenosides
(Rh2, Rs4, and Rg3) derived from hydrolysis of saponins during
heating procedures [3,4]. Ginsenosides, which are the major active
components of Korean Red Ginseng, exhibit anti-inflammatory
properties by inhibiting nuclear factor kappa-light-chain-enhancer

of activated B cells (NF-kB) activation in association with reduced
transcriptional levels of proinflammatory mediators [5]. In addition,
Korean Red Ginseng and ginsenosides attenuate inflammasome
activation, which plays a vital role in innate immunity [6].
Inflammasomes play critical roles in hosts against microbial
pathogens and endogenous harmful signals [7]. Inflammasomes are
multiprotein complexes composed of a nucleotide-binding oligomer-
ization domain-like receptor (NLR, a pattern recognition platform), an
apoptosis-related speck-like protein containing a caspase recruitment
domain (ASC, an adaptor protein), and procaspase-1 (a cysteine pro-
tease). Inflammasome assembly facilitates self-activation of caspase-1,
leading to cleavage and secretion of precursor proinflammatory cy-
tokines such as interleukin (IL)-1B and IL-18. Activated inflamma-
somes also trigger caspase-1-mediated cell death known as pyroptosis
[8]. Among several inflammasomes, nucleotide-binding oligomeriza-
tion domain-like receptors (NOD)-like receptor family, pyrin domain
containing 3 (NLRP3) inflammasome is the most well characterized,
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Table 1
Primer sequences

Gene Name Species GeneBank ID Direction Sequence (5 to 3') Expected band size (bp)

Pro-IL-18 Mouse NM_008361 F CAG GCA GGC AGT ATC ACT CA 350
R AGG CCA CAG GTA TTT TGT CG

IL-6 Mouse NM_031168 F GTT CTC TGG GAA ATC GTG GA 339
R GGA AAT TGG GGT AGG AAG GA

TNFa Mouse NM_013693 F ACG GCA TGG ATC TCA AAG AC 324
R CGG ACT CCG CAA AGT CTA AG

IL-10 Mouse NM_010548 F TGC TAT GCT GCC TGC TCT TA 243
R TCA TTT CCG ATA AGG CTT GG

IL-1a Mouse NM_010554 F GAA GCT CGT CAG GCA GAA GT 253
R TGT TTC TGG CAA CTC CTT CA

NLRP3 Mouse NM_145827 F CAG ACT GGC AAA AGG CTG TG 333
R TCT TCC CGG TCT CCA TCT GT

F4/80 Mouse NM_010130 F TTT TCA GAT CCT TGG CCA TC 254
R AGG AGC CTG GTA CAT TGG TG

CD11b Mouse NM_001082960 F CCA AGA CGA TCT CAG CAT CA 296
R TAG CAG GAA AGA TGG GAT GG

B-actin Mouse NM_007393 F AGC CAT GTA CGT AGC CAT CC 228
R CTC TCA GCT GTG GTGGTG AA

GAPDH Mouse NM_001289726 F AAC TTT GGC ATT GTG GAA GG 223
R ACA CAT TGG GGG TAG GAA CA

Pro-IL-18 Human NM_000576 F CTG TCC TGC GTG TTG AAA GA 180
R TTC TGC TTG AGA GGT GCT GA

B-actin Human NM_001101 F GGA CTT CGA GCA AGA GAT GG 234
R AGC ACT GTG TTG GCG TAC AG

GADPH, glyceraldehyde 3-phosphate dehydrogenase; IL, interleukin; TNF, tumor-necrosis factor.

since it recognizes not only pathogens, but also a variety of danger-
associated molecular pattern molecules such as uric acid crystals
linked with gout, f-amyloid plaques associated with Alzheimer’s
disease, islet amyloid polypeptide and free fatty acids involved in type
2 diabetes, and cholesterol crystals and oxidized low density lipo-
protein connected with atherosclerosis [9]. Hence, inhibition of NLRP3
inflammasome activation and IL-1/IL-18 production, which are final
products of NLRP3 inflammasome, is currently a therapeutic strategy
for multiple diseases [9]. Activation of NLRP3 inflammasome requires
two signals. The first signal, also referred to as the priming step, is
commonly induced by toll-like receptor (TLR) ligands such as lipo-
polysaccharide (LPS), which trigger NF-kB-mediated transcription of
pro-IL-1B/IL-18 and NLRP3 [10]. The second signal, termed the acti-
vation step, induces assembly of inflammasome components and self-
catalytic activation of caspase-1 through K* efflux, Ca?>* mobilization,
or reactive oxygen species (ROS) generation [11].

Previously, we reported attenuation of NLRP3 inflammasome-
mediated IL-1f maturation by Korean Red Ginseng extracts (RGE)
as well as inhibition of NLRP3 inflammasome second signaling by
ginsenosides (Rh1 and Rg3) [6]. Hence, we investigated RGE as an
anti-inflammasome agent that regulates inflammasome-mediated
diseases. Although ginsenosides are key elements for regulation
of NLRP3 inflammasome activation, the effects of other constitu-
ents of RGE, such as nonsaponin fractions (NS), on inflammasome
activation have not been elucidated. In this study, we compared the
effects of SF or NS of RGE on dual signaling in NLRP3 inflammasome
activation using human and murine macrophages. The role of NS in
cytokine production was further confirmed in animals.

2. Materials and methods
2.1. Cell culture and treatment

Unless otherwise indicated, all materials for cell culture were
purchased from GenDEPOT Inc. (Barker, TX, USA). Bone marrow-
derived macrophages (BMDMs) were obtained by differentiation of
bone marrow progenitors from tibia and femur bones of C57BL/6
mice (6—12-wk-old; Narabio Co., Seoul, Korea) in L1929 cell-
conditioned medium as a source of macrophage colony-stimulating

factor [12]. The progenitors were cultured in RPMI 1640 supple-
mented with 10% fetal bovine serum (FBS), 50% L929 cell-conditioned
medium, 100 U/mL of penicillin, and 100 pg/mL of streptomycin. Cells
were seeded in nontissue culture-treated Petri dishes (SPL Life Sci-
ence Co., Phcheon-si, Gyeonggi-do, Korea) and incubated at 37°Cin a
5% CO, atmosphere for 7 d. THP-1 cells were obtained from Korea
Cell Line Bank (KCLB Number 40202; Seoul, Korea) and maintained in
RPMI 1640 medium containing 10% FBS, 100 U/mL of penicillin, and
100 pg/mL of streptomycin at 37°C in a 5% CO, atmosphere.

2.2. Preparation of SF and NS of RGE

RGE were manufactured from roots of 6-yr-old fresh P. ginseng
provided by Korea Ginseng Corp. (Daejeon, Korea) [6]. The SF and
NS were prepared according to a previous study [13]. Briefly, RGE
(2.0 kg) was subjected sequentially to Diaion HP20 adsorption
chromatography (Mitsubishi Chemical Co., Tokyo, Japan) using H,0,
20% ethyl alcohol (EtOH), and absolute EtOH (Daegung Chemicals
and Metal Co., Siheung-si, Gyeonggi-do, Korea) as eluents. No
ginsenosides were detected in H,O or 20% EtOH, which combined
and evaporated to dryness in vacuo (NS, 1.1 kg). EtOH yield was
135.4 g [saponin fraction (SF)]. According to the results of the
component analysis, SF was a more dominant saponin (223.4 mg/g)
than NS (5.5 mg/g). NS showed four-fold higher acidic poly-
saccharide content and six-fold higher arginine-fructose-glucose
content than SF. Generally, ginsenoside content of Korean Red
Ginseng powder was 18.5 mg/g. Endotoxin contaminations of RGE
powder (0.10 + 0.02 EU/mg), RGE solution (0.06 + 0.02 EU/mg), NS
(0.80 + 0.02 EU/mg), and SF (0.11 +0.01 EU/mg) were elucidated by
limulus amebocyte lysate (LAL) assays (QCL-1000 Test Kit, Lonza
Group Ltd., Basel, Switzerland).

2.3. Cell treatment for cytokine and NLRP3 expression

BMDMs or THP-1 cells (2.0 x 10° cells per well for RNA
extraction or 1.0 x 10° cells per well for protein analysis) were
plated on six-well plates or 12-well plates (SPL Life Science Co.) and
treated with RGE, NS, or SF with/without LPS (L4130, 10 ng/mL,
Sigma-Aldrich Co., St. Louis, MO, USA). In addition, BMDMs were
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Fig. 1. Effects of Korean Red Ginseng extracts (RGE), nonsaponin fractions (NS), and saponin fractions (SF) on cytokine expression. (A—G) Bone marrow-derived macrophages
(BMDMs) were treated with the indicated concentrations of RGE, NS, or SF with/without lipopolysaccharide (LPS; 10 ng/mL) for 3 h. The indicated genes were analyzed by reverse
transcription polymerase chain reaction (RT-PCR) and immunoblotting. All data shown are representative of at least two independent experiments. RGE, freeze-dried powder of
Korean Red Ginseng extracts, RGE solution, concentrated extracts of Korean Red Ginseng (64 % RGE powder). IL, interleukin; TNF, tumor-necrosis factor; GADPH, glyceraldehyde 3-
phosphate dehydrogenase; F4/80, EGF-like module-containing mucin-like hormone receptor-like 1; CD11b, Integrin alpha M.

treated with LPS, RGE, NS, or SF with/without TAK-242 (5uM, CLI-
095, InvivoGen, San Diego, CA, USA), Bay 11-7821 (Bay, 1744, Toc-
ris Bioscience, Bristol, UK), or diphenyleneiodonium chloride (DPI,
0504, Tocris Bioscience). Total RNA and cellular lysates were pre-
pared for further analysis.

2.4. Cell treatment for inflammasome activation and inhibition

BMDM s (1.0 x 10° cells per well) were plated on 12-well plates
(SPL Life Science Co.) and primed with 1 pug/mL of LPS (Sigma-
Aldrich Co.) with/without NS or SF in RPMI 1640 containing 10% FBS
and antibiotics for 3 h [14]. After priming, BMDMs were subjected
to the following activation steps. Culture medium was replaced

with RPMI 1640 supplemented with nigericin (NG, 40uM; 4312,
Tocris Bioscience) with/without NS or SF for 1 h. Cellular super-
natant, lysate (Lys), and cross-linked pellets (Pellet) with suberic
acid bis (Sigma—Aldrich Co.) were collected for further analysis.

2.5. Reverse transcription polymerase chain reaction (RT-PCR) and
quantitative real time PCR (qPCR)

Total RNA was extracted using Trizol (InvitroGen, Grand Island,
NY, USA) and reverse-transcribed to first-strand complementary
DNA (cDNA) using an M-MLV ¢DNA synthesis kit (Enzynomics,
Daejeon, Korea). For RT-PCR, transcription was amplified by a
SimpliAmp Thermal Cycler (Thermo Fisher Scientific Inc. Grand
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Fig. 2. Effect of nonsaponin fractions (NS) on cytokine expression. Bone marrow-derived macrophages (BMDMs) were treated with the indicated concentrations of Korean Red Ginseng
extracts (RGE) or NS for 3 h, after which gene and protein expression levels were analyzed by reverse transcription polymerase chain reaction (RT-PCR) (A) and immunoblotting (B).
Bone marrow-derived macrophages (BMDMs) were treated with lipopolysaccharide (LPS; 10 ng/mL), RGE (100 pg/mL), or NS (100 pg/mL) for the indicated time, after which expression
of genes (C) and proteins (D) was analyzed. A human leukemic cell line (THP-1) was treated with LPS (10 ng/mL) or the indicated concentration of NS for 6 h. Expression levels of pro-
IL-1p mRNA (E) and protein (F) were measured. All data shown are representative of at least two independent experiments. IL, interleukin; TNF, tumor-necrosis factor.

Island, NY, USA) and nTaq polymerase (Enzynomics). PCR products
were visualized by agarose gel electrophoresis and ethidium bro-
mide staining. For qPCR, gene expression was quantified using an
Eco Real-Time PCR system (Illumina, San Diego, CA, USA) and
TOPreal™ gPCR 2X PreMIX containing SYBR Green (Enzynomics).
Quantitation was normalized with B-actin (Actb) or glyceraldehyde
3-phosphate dehydrogenase (GAPDH). Information on gene-
specific primers is listed in Table 1.

2.6. Western blot analysis

Supernatant, Lys, and Pellet samples were separated on a so-
dium dodecyl sulfate polyacrylamide gel (10% or 16%), transferred

into a polyvinylidene difluoride membrane (Pall Co., Port Wash-
ington, NY, USA), and blocked with 3% skim milk. The membrane
was probed with primary antibodies against anti-mouse IL-1f
antibody (AF-401-NA, R&D Systems, Minneapolis, MN, USA), anti-
human IL-18 antibody (AF-201-NA, R&D Systems), anti-Asc anti-
body (sc-22514, Santa Cruz Biotechnology, Dallas, TX, ), anti-tumor
necrosis factor (TNF)a antibody (sc-1351, Santa Cruz Biotech-
nology), anti-NLRP3 antibody (AG-20B-0014-C100, AddipoGen Co.,
San Diego, CA, USA) or anti-actin antibody (sc-1615, Santa Cruz
Biotechnology) overnight at 4°C. The membranes were further
probed with HRP-conjugated 2" anti-sera (sc-2020 or sc-2004,
Santa Cruz Biotechnology) and visualized using Power-Opti ECL
solution (BioNote Co., Gyeonggi-do, Korea) and a cooled charge-
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Fig. 3. Effect of toll-like receptor 4 (TLR4) on nonsaponin fractions (NS)-mediated cytokine expression. Bone marrow-derived macrophages (BMDMs) were treated with the
indicated concentrations of lipopolysaccharide (LPS) (10 ng/mL), Korean Red Ginseng extracts (RGE) (100 pg/mL), NS (100 pg/mL), or heat-killed Listeria monocytogenes (HKLM) (1%)
with/without TAK (TAK-242, TLR4 inhibitor, 5uM) for 2 h. Expression levels of pro-IL-1f and TNFa were analyzed by RT-PCR (A), qPCR (B), or immunoblotting (C). All data shown are
representative of at least two independent experiments. * p < 0.05 vs. non-TAK treatment. IL, interleukin; TNF, tumor-necrosis factor.

coupled device camera system (AE-9150, EZ-Capture II, ATTO
Technology, Tokyo, Japan). The intensity of bands was measured
by CS Analyzer Version 3.00 (ATTO Technology).

2.7. Animals study

Male C57BL/6 mice (8-wk-old) were purchased from Narabio Co.
All mice were maintained under a 12 h light/dark cycle at 24°C.
Animals were provided standard sterile food and water ad libitum,
after which they were allowed to adjust to the environment for 1
wk. For intraperitoneal injection of NS, mice (n = 3 per group) were

injected with NS (1 mg/mouse or 5 mg/mouse) or LPS (100 pg/
mouse). After 6 h, mice were anesthetized with ether inhalation
and blood collected by decapitation. Peritoneal cavities were
washed with 5 mL of PBS, and peritoneal exudate cells were
analyzed by a cell counter (Moxi Z, ORFLO Techlogies, Ketchum, ID,
USA). Sera and lavage fluids were collected for further analysis. For
oral administration of NS, mice (n = 3 per group) were adminis-
tered NS (800 pg/mouse/d) for 7 d and then intraperitoneal injec-
tion of LPS (100 pg/mouse). Lavage fluids were collected for further
analysis. All animal experiments were carried out in accordance
with the National Institutes of Health Guide for the Care and Use of
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Fig. 4. Effects of Korean Red Ginseng extracts (RGE), nonsaponin fractions (NS), or saponin fractions (SF) on NLRP3 expression. Bone marrow-derived macrophages (BMDMs) were
treated with the indicated concentrations of RGE (A), NS (B), or SF (C) with/without lipopolysaccharide (LPS; 10 ng/mL) for 3 h. Expression of NLRP3 mRNA (left side panel) was
analyzed by reverse transcription polymerase chain reaction (RT-PCR) and quantitative real time PCR (qPCR). Levels of NLRP3 protein (right side panel) were measured by immu-
noblotting, and the below bar graph indicates relative NLRP3 band density. (D—E) Macrophages were treated with RGE (1 mg/mL), NS (500 pug/mL), or LPS (10 ng/mL) in the presence of
Bay (NF-kB signaling inhibitor) or diphenyleneiodonium chloride (DPI; blocker for ROS generation) for 3 h. The protein levels of NLRP3 and pro-IL-1§ were analyzed by immuno-
blotting. NOD (nucleotide-binding oligomerization domain-like receptors)-like receptor family, pyrin domain containing 3; GADPH, glyceraldehyde 3-phosphate dehydrogenase

Laboratory Animals and approved by the Institutional Animal Care
and Use Committee of Kangwon National University (Chuncheon,
Korea; IACUC; approval number KW-150313-1).

2.8. Cytokine and cytotoxicity assay

To quantify secreted IL-1f, cell culture supernatants of BMDMs
were measured by a mouse IL-1beta/IL-1F2 Quantikine ELISA Kit
(MTAOOB, R&D Systems) or mouse IL-6 Quntikine ELISA Kit
(M6000B, R&D Systems). For the cytotoxicity assay, BMDMs (10,000
cells/well) were treated with LPS for 3 h. The cells were treated
with the indicated substances (RGE, NS, or SF) for 1 h and cyto-
toxicity was assessed by the Cell Counting Kit-8 (Dojindo Molecular
Technologies, Inc., Rockville, MD, USA) as per the manufacturer’s
protocol. The plates were readout using an Epoch microplate
spectrophotometer (BioTek, Winooski, VT, USA).

2.9. Statistical analysis

Statistical analyses were performed using a t test (Mann-Whit-
ney U test) for the two groups or one-way analysis of variance
(Tukey’s multiple comparisons test) for multiple groups, and

survival analysis for lethality test using GraphPad Prism 6 (Graph-
Pad Software, San Diego, CA, USA).

3. Results

3.1. SF or NS differentially regulate cytokine expression in
macrophages

To elucidate the effects of RGE and its subfractions (SF and NS)
on proinflammatory cytokine production in macrophages, we
treated murine BMDMs with RGE with/without LPS. As expected,
RGE blocked LPS-mediated pro-IL-13, TNFe, and IL-1¢ mRNA in-
duction (Fig. 1A) as well as pro-IL-1 protein expression (Fig. 1B).
Interestingly, a lower dosage of RGE (1 mg/mL) without LPS
increased pro-IL-16 and TNF« mRNA (Fig. 1A), and pro-IL-1f pro-
tein (Fig. 1B) expression, whereas a high dosage of RGE (10 mg/mL
or 20 mg/mL) blocked LPS-mediated cytokine expression. In
addition, RGE solution (concentrated extracts) had a similar effect
on pro-IL-1f expression as RGE powder (Fig. 1C). Based on this
result, we hypothesize that RGE has differential effects on cyto-
kine production. To confirm this, we treated BMDMs with NS
with/without LPS (Fig. 1D). NS treatment did not attenuate LPS-
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induced cytokine expression. Although SF treatment alone did not
upregulate cytokine production, it did block LPS-mediated proin-
flammatory cytokine expression (Fig. 1E) and pro-IL-18 protein
expression (Fig. 1F). In addition, we tested the effects of NS on
other cytokine and macrophage markers (Fig. 1G). NS induced IL-6
and IL-10 transcription in macrophages, similar to pro-IL-18 and
TNFo expression. However, NS did not affect mRNA expression of
F4/80 and CD11b, which are widely used markers of murine
macrophages, in BMDMs. Thus, RGE plays differential roles in
cytokine production. Specifically, NS from RGE upregulates
proinflammatory cytokines while SF downregulates LPS-mediated
cytokine expression.

3.2. NS of Korean Red Ginseng induces proinflammatory cytokines
in macrophages

To assess the effect of NS on cytokine expression in BMDMs,
increasing dosages of RGE or NS for 6 h were applied, and the
expression of two proinflammatory cytokines (pro-IL-1 and TNFa)
and an anti-inflammatory cytokine (IL-10) was measured. As seen
in Fig. 2A, NS dose-dependently induced mRNA expression of all
cytokines, similar to LPS treatment. Protein expression of pro-IL-1
was elevated by NS treatment in a dose-dependent manner
(Fig. 2B). We further investigated the time-dependent expression
pattern of cytokines (Fig. 2C). Pro-IL-13 and TNFa mRNAs were
highly expressed at 1 h after LPS, RGE, or NS treatment, and
expression levels were maintained until 16 h. The expression levels

of pro-IL-1f and TNFa. proteins were further confirmed by immu-
noblotting (Fig. 2D). The effects of NS on cytokine upregulation
were measured in a human monocytic cell line (THP-1). Human
pro-IL-168 mRNA (Fig. 2E) and protein (Fig. 2F) levels were elevated
by NS. Taken together, NS potentially induces inflammatory cyto-
kine expression in macrophages.

3.3. NS is a ligand for TLR 4

Based on the cytokine-inducing property of NS, we speculate
that TLR may recognize NS. To confirm this, a TLR4 inhibitor, TAK-
242 [15], was applied in the presence of NS, LPS (TLR4 agonist),
or heat-killed Listeria monocytogenes (HKLM, TLR2 agonist). As
shown in Fig. 3A, all TLR agonists and NS induced pro-IL-18 and
TNFe mRNA expression, which was attenuated by TAK-242
cotreatment, whereas HKLM did not. Relative cytokine mRNA
expression levels were further analyzed by qPCR (Fig. 3B). TAK-242
significantly inhibited RGE-, NS-, or LPS-mediated pro-IL-18 and
TNFa mRNA expression, although the inhibition levels varied. The
effect of TAK-242 on pro-IL-1B and TNFa protein expression was
further confirmed (Fig. 3C). Thus, NS-mediated cytokine expression
was blocked by the TLR4 inhibitor.

3.4. NS induces NLRP3 expression while SF attenuates expression

Previously, we reported that RGE attenuate NLRP3 inflamma-
some activation, and ginsenosides (Rg1 and Rh3) were proposed
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Fig. 5. Effects of nonsaponin fractions (NS) or saponin fractions (SF) on the priming or activation steps of NLRP3 inflammasome activation. (A) Bone marrow-derived macrophages
(BMDMs) were treated with lipopolysaccharide (LPS) with/without NS or SF as the first signal for 3 h, after which cells were replaced by media containing nigericin (NG, 40uM, second
signal). (B) LPS-primed BMDMs were treated with NG as the second signal. Cell culture supernatants (Sup), cell lysates (Lys), and cross-linked pellets (Pellet) from whole cell lysates were
analyzed by immunoblotting as indicated. (C) LPS-primed BMDMs were treated with the indicated concentration of RGE, NS, or SF, and cell viabilities were measured. All data shown are
representative of at least two independent experiments. Bar graph presents the mean + standard deviation. Casp1, caspase-1; IL, interleukin; Asc, Apoptosis-associated speck-like
protein containing a C-terminal caspase-recruitment domain; NOD (nucleotide-binding oligomerization domain-like receptors) -like receptor family, pyrin domain containing 3.

as anti-inflammasome molecules [6]. In this study, we further
elucidated the effects of NS or SF on the priming (1% signal) and/or
activating step (2nd signal) of NLRP3 inflammasome activation.
Based on previous literature, the priming step mediated via NF-xB
signaling and ROS upregulates NLRP3 expression and is a pre-
requisite for the activating step, which induces assembly of
inflammasome components to maturation and secretes IL-1fB

[10,16]. To observe the effects of RGE on the first signal, BMDMs
were treated with RGE (Fig. 4A), NS (Fig. 4B), or SF (Fig. 4C) with/
without LPS. Similar to the effect of RGE, NS, or SF on cytokine
expression, RGE and NS without LPS induced NLRP3 mRNA and
protein expressions while RGE and SF blocked LPS-mediated
NLRP3 mRNA and protein expression. We further treated
blockers for NF-«kB signaling and ROS generation to RGE-, NS-, or
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Fig. 6. Effect of nonsaponin fractions (NS) on cytokine expression in vivo. (A—E) Mice (n = 3 per group) were intraperitoneally (ip) injected with NS (1 mg/mouse or 5 mg/mouse) or
lipopolysaccharide (LPS; 100 pg/mouse), and the samples (serum and peritoneal lavage fluid) were collected after 6 h. Peritoneal exudate cells (PECs) were calculated, and serum
and peritoneal IL-1B and IL-6 were measured. (F—-G) Mice (n = 3 per group) were orally administrated NS (800 pg/mouse/d) for 7 d and then ip injected with saline or LPS (100 ug/
mouse). Peritoneal lavage fluid was collected after 6 h LPS injection, and IL-1f and IL-6 concentrations were measured. IL, interleukin.

LPS-mediated NLRP3 expression, as performed in the literature
[10,16]. RGE- or NS-mediated NLRP3 and pro-IL-13 upregulation
was interrupted by Bay (NFkB inhibitor, Fig. 4D) and inhibited by
DPI (blocker for ROS generation, Fig. 4E). Thus, NS of RGE upre-
gulated NLRP3 and pro-IL-1f expression during the priming step
through NF-kB signaling and/or ROS generation.

3.5. NS induces priming step of NLRP3 inflammasome activation
while SF attenuates both of priming and activation

To investigate the effects of SF or NS on continuous NLRP3
inflammasome activation, we treated fractions during the priming
or activation steps. As seen in Fig. 5A, BMDMs were treated with SF
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or NS with/without LPS (1% signal) during the priming step. Cells
were further treated with NLPR3 trigger (NG) at the activation step.
As expected, SF attenuated LPS-mediated pro-IL-1f and NLRP3
expression, resulting in inhibition of NG-mediated Casp1 (p20) and
IL-1B (p17) secretion and Asc speck formation. By contrast, NS
without LPS induced pro-IL-1f and NLRP3 expression, resulting in
induction of NG-mediated NLRP3 inflammasome activation. Thus,
SF and NS oppositely acted on the priming step of NLRP3 inflam-
masome activation. As shown in Fig. 5B, LPS-primed BMDMs were
treated with NG (2™ signal) with/without SF or NS during the
activation step. NS did not change NG-mediated Casp1 and IL-18
secretion or ASC pyroptosome formation, while SF attenuated NG-
induced NLRP3 inflammasome activation. Thus, SF during the
activation step inhibited NLRP3 inflammasome activation. The
current treatment concentration of RGE, NS, or SF did not show any
cytotoxicity (Fig. 5C). Taken together, NS of RGE upregulated NLRP3
expression in the priming step (1°¢ signal) but not the activation
step (2" signal), unlike SF.

3.6. NS induces cytokine production and maturation in mice

To assess the effect of NS on in vivo cytokine production and/or
maturation, mice were intraperitoneally or orally administrated NS,
and cytokine levels in peritoneal lavage fluids or serum were
observed. Intraperitoneal NS injection significantly increased the
number of peritoneal exudate cells (Fig. 6A) as well as peritoneal IL-13
maturation (Fig. 6B) and IL-6 production (Fig. 6C), similar to LPS
treatment. Serum IL-1f (Fig. 6D) and IL-6 (Fig. 6E) expression was also
induced by NS injection, although the cytokine levels induced by NS
treatment were lower than those induced by LPS injection. In addi-
tion, we elucidated the effect of oral administration of NS on LPS-
induced peritonitis. Mice were injected with LPS or PBS after NS
feeding for 7 d, after which peritoneal IL-1p maturation (Fig. 6F) and
IL-6 production (Fig. 6G) were measured. Oral administration of NS
did not induce any cytokine production but did increase peritoneal IL-
1B and IL-6 secretion. Thus, both peritoneal injection and oral
administration of NS induced production and maturation of cytokines.

4. Discussion

In this study, we elucidated the properties of saponin and non-
saponin subfractions of RGE on the priming and activating steps of
NLRP3 inflammasome. Nonsaponin components of RGE stimulated
expression of inflammatory cytokines such as pro-IL-1§ via TLR4
signaling, whereas saponins of RGE attenuated TLR-mediated cyto-
kine production. NS also upregulated NLRP3 transcription, which is
an essential prerequisite for NLRP3 inflammasome activation
[10,16], whereas saponins attenuated NLRP3 transcription during
the priming step. Although SF and its ginsenosides attenuated
NLRP3 inflammasome-mediated IL-1p maturation [6], NS had no
effect on NLRP3 inflammasome activation. The role of nonsaponins
in cytokine production and maturation was further confirmed in
mice. IP-injected NS increased the number of peritoneal exudate
cells [17] as well as peritoneal and serum IL-1$ and IL-6 secretion,
similar to LPS injection. However, oral administration of non-
saponins did not induce cytokine secretion. Taken together, NS of
Korean Red Ginseng are suggested to be immunostimulatory agents
by acting as a first signal in NLRP3 inflammasome activation and
stimulating TLR4 to produce cytokine production in macrophages.

Ginsenosides, which are biological active saponin compounds
found in P. ginseng, have been reported as anti-inflammatory agents
[18]. Ginsenosides significantly inhibit production of proin-
flammatory mediators such as TNFa, IL-1B, and monocyte chemo-
attractant protein-1 as well as inducible nitric oxide synthase and
cyclooxygenase-2 [19]. Molecular targets of ginsenosides have

been identified for regulation of inflammatory responses [18].
Ginsenosides suppress NF-kB signaling, including phosphorylation
of IkBa, an inhibitor of NF-kB (p65/p50) activation, as well as acti-
vation of IkB kinase and phosphorylation of ERK (extracellular
signal—regulated kinases) 1/2, JNK (c-Jun N-terminal kinases), and
c-Jun [20—22]. Ginsenosides reduce cAMP, which activates protein
kinase A, by inhibiting phosphodiesterase type 4, resulting in
activation of NF-kB activation [23]. NF-kB signaling mediates
upregulation of IL-1p precursor and NLRP3 genes in the priming
step of NLRP3 inflammasome activation, and inflammasome as-
sembly cannot be completed without NF-«B signaling [10]. SF in the
priming step interrupted inflammasome activation since ginseno-
sides blocked NF-kB signaling. Thus, SF act as anti-inflammasome
agents in the priming and activating steps.

Similar to our results, several studies revealed that nonsaponin
components of ginseng upregulate expression of several cytokines
in macrophages. Polysaccharides from P. ginseng, also called ginsan,
upregulate proinflammatory cytokines such as TNFa, IL-1f, IL-6,
and INF-y in macrophages [24,25]. Red ginseng acidic poly-
saccharide (RGAP) combined with INF-y enhances IL-1, IL-6, TNFa,
and nitric oxide (NO) production via enhanced NF-kB signaling
[26]. In addition, low levels of IL-1 and IL-6 are detectable in RGAP-
treated macrophages, whereas TNFa is not affected by RGAP [26].
RGAP treatment was shown to induce NO reduction in RAW264.7
cells without morphological changes, unlike LPS [27]. Induced NO
production is associated with enhanced levels of inducible nitric
oxide synthase and nuclear transcription factors (NF-«kB, AP-1
(activator protein 1), and CREB (cAMP response element binding
protein)) through ERK and JNK signaling and TLR2 as a surface
receptor [27]. In addition, ginseng radix is known to induce pro-
duction of TNFa, and IFN-v in spleen cells and peritoneal macro-
phages but had no effect in TLR4-deficient mice [28]. Ginseng radix
extract was further shown to not be contaminated by LPS [28].
Thus, NS induce proinflammatory cytokines via TLR2 or TLR4
signaling in macrophages.

Inflammasomes not only recognize pathogens, but also sense
abnormal metabolites, such as saturated fatty acid palmitate, lip-
otoxic ceramides, islet amyloid polypeptide, and minimally
oxidized low density lipoprotein [29,30]. In addition, IL-1f result-
ing from inflammasome activation promotes metabolic inflamma-
tion and metabolic pathologies and their complications [31].
Macrophages sense metabolites and express TLR family proteins
and inflammasomes to induce inflammation by secreting proin-
flammatory cytokines such as IL-1f [32]. Expression of TLR2 and
TLR4, the first signal for inflammasome activation, was shown to be
a mediator for metabolic inflammation and insulin resistance [33].
Expression of NLRP3 is directly correlated with insulin resistance
via IL-1B-mediated Th1 proinflammation in adipose tissue [29,32].
Human clinical trials based on blockage of the IL-1 receptor
significantly improved insulin sensitivity and beta-cell function
[34]. Based on the present study, we speculate that saponin of RGE
attenuated inflammasome activation, resulting in improved meta-
bolic inflammation, while the nonsaponin may be present to induce
inflammation.

In conclusion, we suggest that Korean Red Ginseng is not only
an inflammatory modulator, but also an NLRP3 inflammasome
modulator. In this study, ginsenoside-enriched SF interrupted
cytokine expression while NS stimulated cytokine upregulation.
During NLRP3 inflammasome activation, SF attenuated NLRP3
gene and pro-IL-1B precursor levels during the priming step and
also blocked assembly of NLRP3 inflammasome. NS induced
NLRP3 gene and pro-IL-1f precursor expression but did not affect
inflammasome assembly. Thus, Korean Red Ginseng acts as a
stimulator and inhibitor of the NLRP3 inflammasome response
and activation.
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