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ABSTRACT

Background: Korean Red Ginseng (KRG) was reported to play an anti-inflammatory role, however, pre-
vious studies largely focused on the effects of KRG on priming step, the inflammation-preparing step, and
the anti-inflammatory effect of KRG on triggering, the inflammation-activating step has been poorly
understood. This study demonstrated anti-inflammatory role of KRG in caspase-11 non-canonical
inflammasome activation in macrophages during triggering of inflammatory responses.
Methods: Caspase-11 non-canonical inflammasome-activated J774A.1 macrophages were established by
priming with Pam3CSK4 and triggering with lipopolysaccharide (LPS). Cell viability and pyroptosis were
examined by MTT and lactate dehydrogenase (LDH) assays. Nitric oxide (NO)-inhibitory effect of KRG was
assessed using a NO production assay. Expression and proteolytic cleavage of proteins were examined by
Western blotting analysis. In vivo anti-inflammatory action of KRG was evaluated with the LPS-injected
sepsis model in mice.
Results: KRG reduced LPS-stimulated NO production in J774A.1 cells and suppressed pyroptosis and IL-1
secretion in caspase-11 non-canonical inflammasome-activated ]J774A.1 cells. Mechanistic studies
demonstrated that KRG suppressed the direct interaction between LPS and caspase-11 and inhibited
proteolytic processing of both caspase-11 and gasdermin D in caspase-11 non-canonical inflammasome-
activated J774A.1 cells. Furthermore, KRG significantly ameliorated LPS-mediated lethal septic shock in
mice.
Conclusion: The results demonstrate a novel mechanism of KRG-mediated anti-inflammatory action that
operates through targeting the caspase-11 non-canonical inflaimmasome at triggering step of
macrophage-mediated inflammatory response.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

which activates and augments the inflammatory responses via
activation of inflammasomes [4—7].

Inflammation is an innate immunity that protects self from
microbes and cellular dangers [1]. The inflammatory response is
initiated by the interaction of pattern recognition receptors (PRRs)
with pathogen-associated molecular patterns (PAMPs) and danger-
associated molecular patterns (DAMPs) of invading pathogens
[1—3]. The inflammatory response is a two-step process: 1) priming
step, which prepares the inflammatory response by increasing the
expression of inflammatory molecules, and 2) triggering step,
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Inflammasomes, assembled in response to PAMPs and DAMPs,
are intracellular multiprotein complexes comprising a PRR and
inflammatory molecules, which activate the innate immune
response [7—9]. Inflammasomes can be categorized into two main
groups. The earliest discovered canonical inflammasomes include
NLR family inflammasomes, such as NLRP1, NLRP3, NLRC4, NLRP6,
and NLPR9 inflammasomes, and an absent in melanoma 2 (AIM2)
inflammasome [7—9]. More recently, a group of inflammasomes
distinguishable from the canonical inflammasomes has been
identified and termed non-canonical inflammasomes [10—12].
Non-canonical inflammasomes include mouse caspase-11 and hu-
man caspase-4 and caspase-5 inflammasomes [10—12]. Interest-
ingly, despite the variety of PAMPs and DAMPs that activate
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canonical inflammasomes, only lipopolysaccharide (LPS) was
identified as a direct ligand of non-canonical inflammasomes
[10—12]. The canonical and non-canonical inflammasomes differ in
their activating ligands, PRR types, and assembled structures but
share common downstream signaling pathways. The activation of
inflammasomes induces proteolytic processing of gasdermin D
(GSDMD) that produces GSDMD N-terminal fragments (GSDMD-
NT). The GSDMD-NT are subsequently recruited to cell membranes
where they produce GSDMD pores, resulting in pyroptosis,
inflammation-induced cell death. Inflammasome activation also
induces caspase-1 activation and the caspase-1-induced matura-
tion and secretion of pro-inflammatory cytokines, IL-18 and IL-18
[13—19].

Korean ginseng (Panax ginseng) has long been cultivated as a
medicinal plant in far-eastern Asian and North American countries
[20,21]. Fresh ginseng rapidly decomposes; therefore, a stable
product of ginseng is processed by cycles of repeated steaming and
drying to produce a dehydrated and dark red colored ginseng,
named Korean Red Ginseng (KRG). Numerous pharmacological
compounds in KRG, such as saponins, glycosides, polysaccharides,
and essential oils were identified, and KRG was demonstrated to
play pharmacological roles in multiple diseases [22—30]. Addi-
tionally, KRG was also demonstrated to play an anti-inflammatory
role in inflammatory responses and diseases [26,31—35]; but,
KRG-mediated anti-inflammatory action in these studies was
accomplished by inhibiting the priming step. Recent studies have
reported that KRG also has an anti-inflammatory effect by targeting
inflammasome activation to inhibit the triggering step of inflam-
matory responses [36—40]; importantly, these studies focused only
on the canonical inflammasomes, and the anti-inflammatory role of
KRG through modulating non-canonical inflammasomes has not
yet been studied. Therefore, the present study explored in vitro and
in vivo anti-inflammatory action of KRG via targeting caspase-11
non-canonical inflammasome as well as the associated underly-
ing mechanisms.

2. Materials and methods
2.1. Materials

KRG water extract and the information of ginsenoside compo-
sition (Table 1) was provided by Korea Ginseng Cooperation (Dae-
jon, Korea). J774A.1 mouse macrophages (40067) and HEK293 cells
(21573) were purchased at the Korean Cell Line Bank (Seoul, Korea).
RPMI 1640 medium (SH30027.01), Dulbecco's modified Eagle's

medium (DMEM; SH30243.01), fetal bovine serum (FBS;
16000044), penicillin-streptomycin (15140-22), 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES;

15630080), polyethylenimine (PEI; 23966—100), mouse IL-1f

Table 1
The ginsenoside composition present in KRG used in this study.

Ginsenosides Amounts (mg/g) Amounts (%)

Ginsenoside Rb1 5.43 245
Ginsenoside Rg3s 4.21 19.0
Ginsenoside Rc 1.99 9.0
Ginsenoside Rb2 1.83 83
Ginsenoside Rg2s 1.77 8.0
Ginsenoside Rg3r 1.72 7.8
Ginsenoside Rh1 1.50 6.8
Ginsenoside Rf 1.48 6.7
Ginsenoside Rd 0.89 4.0
Ginsenoside Re 0.68 3.1
Ginsenoside Rg1 0.66 3.0
Total 22.16 100
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uncoated enzyme-linked immunosorbent assay (ELISA) kit (88-
7013-88), and streptavidin agarose resin (20347) were purchased at
Thermo Fisher Scientific (Waltham, MA, USA). LPS (Escherichia coli
0111:B4; tlrl-eblps), Pam3CSK4 (tlrl-pms), and biotin-conjugated
LPS (tlrl-lpsbiot) were purchased at InvivoGen (San Diego, CA,
USA). FUGENE® HD (E2311) was purchased at Promega (Madison,
WI, USA). The Quanti-LDH™ PLUS Cytotoxicity Assay Kit (BCT-
LDHP500) was purchased at BIOMAX (Seoul, Korea). Bovine serum
albumin (BSA; A0100-010) and Xpert protease inhibitor cocktail
solution (P3100-010) were purchased at GenDEPOT (Katy, TX, USA).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; HC0793), sodium deoxycholate (194—08311), and sodium
dodecyl sulfate (SDS; 8106551204) were purchased at HanLab
(Seoul, Korea). The PCMV-flag-caspase-11 plasmid (21145) was
purchased at Addgene (Watertown, MA, USA). Antibodies specific
for caspase-11 (ab180673), GSDMD (ab209845), Flag (sc-166355),
B-actin (sc-47778) were purchased at abcam (Cambridge, UK) and
Santa Cruz Biotechnology (Santa Cruz, CA, USA). An enhanced
chemiluminescence (EBP-1073) was purchased at ELPIS-Biotech
(Daejeon, Korea).

2.2. Mice

C57BL/6] mice (female, 6-wk-old) were purchased at ORIENT
BIO (Seongnam, Korea). Mice were kept in plastic cages with a cycle
of 12 h light and 12 h dark and fed pelleted diet and tap water ad
libitum. The animal study was conducted in accordance with the
Institutional Animal Care and Use Committee of Kyonggi University
(#2021-0009).

2.3. Cell culture

J774A.1 and HEK293 cells were cultured in RPMI 1640 medium
and DMEM, respectively, with 10% heat-inactivated FBS, penicillin,
streptomycin, and HEPES (25 mM) at 37 °C in a 5% CO, incubator.

2.4. Cell viability assay

J774A1 cells were treated with KRG (1-1000 pg/mL) for 24 h
J774A.1 cells pre-treated with KRG (1—1000 pg/mL) for 30 min were
treated with LPS (0.5 pg/mL) for 24 h. The cell viability was deter-
mined by the MTT assay [41].

2.5. NO production assay

J774A.1 cells pre-treated with KRG (1-1000 pg/mL) for 30 min
were then treated with LPS (0.5 pg/mL) for 24 h. NO levels in culture
medium was determined by the Griess assay [42].

2.6. Pyroptosis assay

J774A1 cells pre-incubated with KRG (100 and 150 pg/mL) for
1 h were treated with Pam3CSK4 (1 pg/mL) for 4 h and transfected
with LPS (2.5 pg/mL plus 0.25% v/v FUGENE® HD) for 18 h. Pyrop-
tosis of J774A.1 cells was determined by the lactate dehydrogenase
(LDH) release in culture medium using a Quanti-LDH™ PLUS
Cytotoxicity assay Kit.

2.7. IL-18 production assay

Soluble IL-1B secreted in culture medium was determined by
ELISA using a mouse IL-1f ELISA Kit.
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2.8. Western blotting analysis

J774A.1 cells pre-incubated with KRG (100 and 150 pg/mL) for
1 h were treated with Pam3CSK4 (1 pg/mL) for 4 h and transfected
with LPS (2.5 pg/mL plus 0.25% v/v FuGENE® HD) for 18 h. Whole
cell lysates were prepared by lysing the cells in RIPA buffer (25 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, protease inhibitor cocktail) on ice for 1 h,
and the supernatants were obtained by centrifugation as whole cell
lysates. The proteins in the whole cell lysates were separated by
SDS-PAGE transferred onto polyvinylidene fluoride membranes.
The membranes were blocked in TBST containing 5% BSA and
incubated with the primary and horseradish peroxidase-linked
secondary antibodies. Thereafter, the target proteins were detec-
ted using the ECL reagent.

2.9. Caspase-11—LPS binding inhibition assay

HEK293 cells transfected with PCMV-flag-caspase-11 plasmids
were incubated in lysis buffer (50 mM Tris-HCl, pH 7.6, 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100, protease inhibitor cocktail) on
ice for 1 h and incubated with KRG (50 and 100 pg) for 1 h at 4 °C
with constant rotation. Biotin-LPS (1 png) was conjugated with 8 puL
of streptavidin agarose resin, and unconjugated ligand was
removed by washing the resin three times with lysis buffer. The
LPS-conjugated resins were then incubated with the cell lysates for
1 h at 4 °C and washed three times with lysis buffer. The
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precipitates were dissolved in 1X SDS sample buffer, and analyzed
through western blotting.

2.10. In vivo septic shock study

C57BL/6] mice (n = 7 mice per group) were orally administered
KRG (200 and 300 mg/kg) every 12 h for a total of 5 times. At 12 h
after the final dose, the C57BL/6] mice were challenged via intra-
peritoneal injection with LPS (54 mg/kg) [12,43,44]. The survival
rate and body weight of the mice were monitored for 25 h.

2.11. Statistical analysis

The data are presented as the mean + standard deviation of at
least 3 experiments conducted independently. Statistical signifi-
cance between the groups was determined by either analysis of
variance or the Mann—Whitney test, and P < 0.05 was considered
statistically significant (*P < 0.05, **P < 0.01).

3. Results
3.1. Inhibitory effect of KRG on NO production in J774A.1 cells

The cytotoxicity of KRG was first evaluated in J774A.1 macro-
phages. It was found that KRG exerted slight cytotoxicity at con-
centrations up to 200 ug/mL but severe cytotoxicity at 500 pg/mL
(Fig. 1A). Thereafter, the in vitro anti-inflammatory effect of KRG on
J774A1 cells was explored. The results showed that KRG dose-
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Fig. 1. Inhibitory effect of KRG on NO production in J774A.1 cells. (A) J774A.1 cells were treated with KRG (0—1000 pg/mL) for 24 h, and the cell viability was determined by a MTT
assay. J774A.1 cells pre-treated with KRG (0—1000 pg/mL) for 30 min were then treated with LPS (0.5 pg/mL) for 24 h. (B) The NO levels in culture medium were determined by a
Griess assay, and (C) the cell viability was determined by a MTT assay. n = 3 independent experiments. *P < 0.05, **P < 0.01 compared to the vehicle-treated control in (A).
##Pp < 0,01 compared to the vehicle-treated control, and *P < 0.05, **P < 0.01 compared to the stimulator-treated controls (B—C).
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Fig. 2. Inhibitory effect of KRG on caspase-11 non-canonical inflammasome activation in J774A.1 cells. ]774A.1 cells pre-treated with KRG (100 and 150 pg/mL) for 30 min were
treated with Pam3CSK4 (1 pg/mL) for 4 h and transfected with LPS (2.5 pg/mL) for 18 h. (A) Cell shapes were observed by a light microscope (magnification: 100 x ) and pho-
tographed with a digital camera. (B) Pyroptotic cell death was determined based on LDH release in culture medium. (C) IL-1p levels in culture medium were determined by an ELISA.
n = 3 independent experiments. **P < 0.01 compared to the vehicle-treated control, and **P < 0.01 compared to the stimulator-treated controls.
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Fig. 3. Mechanism of KRG-mediated inhibition of casp 11 non-c ical inflammasome activation in J774A.1 cells. J774A.1 cells pre-treated with KRG (100 and 150 pg/mL)

for 30 min were treated with Pam3CSK4 (1 pg/mL) for 4 h and transfected with LPS (2.5 ug/mL) for 18 h. (A) Pro-caspase-11 and caspase-11 and (B) GSDMD-FL and GSDMD-NT in
whole cell lysates were detected by western blotting. (C) The whole lysates of the HEK293 cells transfected with empty or PCMV-flag-caspase-11 plasmids were incubated with LPS
(1 pg) in the presence or absence of KRG (50 and 100 pg), and LPS-bound caspase-11 was detected through western blotting.

dependently suppressed NO production in LPS-exposed
J774A1 cells (Fig. 1B). Thus, KRG at concentrations up to 500 pg/
mL protected J774A.1 cells from LPS stimulation and increased the
viability of LPS-exposed J774A.1 cells; however, the viability was
dramatically decreased with KRG at a concentration of 1000 pg/mL
(Fig. 1C).

3.2. Inhibitory effect of KRG on caspase-11 non-canonical
inflammasome activation in J774A.1 cells

An in vitro macrophage model in which the caspase-11 non-
canonical inflammasome was activated was established in
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J774A1 cells and confirmed by evaluating the cell shape, LDH
release, and IL-1f secretion (Fig. S1).

Thereafter, KRG-mediated inhibitory effect on caspase-11 non-
canonical inflammasome was investigated in the in vitro
J774A.1 cell model. It was found that KRG significantly inhibited
pyroptotic death of LPS-triggered J774A.1 cells (Fig. 2A) and sup-
pressed LDH release from LPS-triggered J774A.1 cells (Fig. 2B).
Additionally, KRG markedly inhibited IL-18 secretion from LPS-
triggered J774A.1 cells (Fig. 2C).
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Fig. 4. In vivo protective effect of KRG on lethal sepsis in mice. (A) Schematic summary of the experimental schedule. (B) Kaplan—Meier survival plots for the LPS (54 mg/kg)-
challenged lethal sepsis mice administered KRG (200 and 300 mg/kg). (C) Body weight of the LPS (54 mg/kg)-challenged lethal sepsis mice administered KRG (200 and 300 mg/kg).

n = 7 mice per group.

3.3. KRG-mediated inhibitory mechanism of caspase-11 non-
canonical inflammasome activation in J774A.1 cells

Next, the molecular mechanism by which KRG inhibits caspase-
11 non-canonical inflammasome activation during inflammatory
responses was investigated in J774A.1 cells. KRG dose-dependently
inhibited proteolytic processing of pro-caspase-11 (p43 and p38) to
caspase-11 (p32) (Fig. 3A). KRG also inhibited proteolytic process-
ing of full-length GSDMD (GSDMD-FL; p50) to GSDMD-NT (p30)
(Fig. 3B). Interestingly, KRG dose-dependently inhibited the direct
interaction of caspase-11 with LPS (Fig. 3C).

3.4. In vivo protective effect of KRG on lethal sepsis in mice

Finally, the in vivo protective effect of KRG against lethal sepsis
was investigated using an LPS-challenged mouse model of acute
septic shock. Acute septic shock was induced in mice that were
previously administered multiple doses of KRG (200 and 300 mg/
kg), and the survival rate and body weight of the mice were eval-
uated for 25 h (Fig. 4A). The results revealed that KRG protected the
mice from LPS-triggered lethal sepsis by increasing the survival rate
of the septic mice at 200 mg/kg, but interestingly, a higher dose of
KRG (300 mg/kg) did not show the protective effect on lethal septic
in mice (Fig. 4B). Furthermore, KRG treatment appeared to be well
tolerated, with no signs of acute toxicity, such as significant loss of
body weight, and none of the surviving mice showed significant
changes in body weight during the experiments (Fig. 4C). The P

Table 2

The P values of the survival rate between groups analyzed by Kaplan-Meier plot.
Group Group P value
Vehicle KRG (200 mg/kg) 0.0418
Vehicle KRG (300 mg/kg) 0.1206
KRG (200 mg/kg) KRG (300 mg/kg) 0.2707
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values of the survival rate between groups analyzed by Kaplan-
Meier plot are summarized in Table 2.

4. Discussion

Although numerous studies demonstrated the anti-
inflammatory role of KRG [25,26,32,33,45—48], these studies
mostly investigated the priming step of inflammatory responses.
Recently, a multiple studies demonstrated the anti-inflammatory
action of KRG in the triggering step of inflammatory responses
via suppressing the activation of various inflammasomes; however,
all these studies investigated only canonical inflammasomes,
particularly the NLRP3 inflammasome [31,36,38—40,45,49,50].
Therefore, the present study investigated the anti-inflammatory
role of KRG by targeting caspase-11 non-canonical inflammasome
activated in the triggering step of inflammatory responses in
macrophages. First, the pharmacologically effective but safe doses
for KRG-mediated inhibition of caspase-11 non-canonical inflam-
masome were determined. At a concentration of 500 ug/mL, KRG
exhibited severe cytotoxicity. Additionally, KRG showed a dose-
dependent anti-inflammatory action by suppressing NO produc-
tion in LPS-stimulated ]J774A.1 cells and played a protective role in
LPS-induced inflammatory responses at doses up to 500 pg/kg.
However, KRG concentrations of 100 and 150 pg/mL were selected
for further studies given that significant KRG-induced cytotoxicity
of J774A.1 cells was detected at 200 pg/mL (Fig. 1A).

To investigate the in vitro inhibitory effect of KRG on the acti-
vation of caspase-11 non-canonical inflammasome in macro-
phages, an in vitro cell model of caspase-11 non-canonical
inflammasome activation was first established in J774A.1 cells by
priming with Pam3CSK4 and triggering with LPS, which is a se-
lective ligand that activates only the caspase-11 non-canonical
inflammasome [6,16—19,51,52]. The establishment of the in vitro
cell model was confirmed by evaluating pyroptosis and IL-18
secretion in J774A.1 cells (Fig. S1). We next used this model to
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Fig. 5. Schematic summary of the novel KRG-mediated anti-inflammatory action via targeting caspase-11 non-canonical inflammasome in macrophages.

examine the inhibitory effect of KRG on caspase-11 non-canonical
inflammasome activation during inflammatory responses in mac-
rophages. The results demonstrated that KRG dramatically inhibi-
ted caspase-11 non-canonical inflammasome activation in
J774A.1 cells by suppressing pyroptosis and IL-1f secretion (Fig. 2).
Given that LPS triggering activates only the caspase-11 non-ca-
nonical inflammasome in macrophages, as previously described,
KRG-inhibited pyroptosis and IL-1B secretion in this model is
mediated by targeting caspase-11 non-canonical inflammasome.
Using the same in vitro model, we next investigated the po-
tential molecular mechanisms by which KRG inhibits caspase-11
non-canonical inflammasome-induced inflammatory responses in
macrophages. Macrophages initially express inactive pro-caspase-
11, which is proteolytically cleaved under LPS stimulation, which
generates active caspase-11 [6,16—19,51,52]. There are multiple
proteolytic cleavage sites in pro-caspase-11, and the cleavage pat-
terns differ between types of macrophages [43,53—55]. Previous
studies have reported that J774A.1 macrophages express two main
forms of pro-caspase-11, p43 and p38, and that LPS-induced pro-
teolytic processing produces two different forms of caspase-11, p32
and p26 [56,57]. The generation of active form of caspase-11, p32,
which is proteolytically processed by LPS stimulation in
J774A1 cells, was suppressed by KRG (Fig. 3A). Activation of
caspase-11 non-canonical inflammasome subsequently generates
GSDMD-NT by proteolytic processing in the 276 aspartic acid res-
idue, resulting in the formation of GSDMD pores in cell membranes
and pyroptosis [6,16—19,51,52]. Therefore, we next evaluated the
effect of KRG on the proteolytic cleavage of GSDMD in LPS-triggered
J774A1 cells. As anticipated, KRG substantially inhibited GSDMD

680

proteolytic cleavage in J774A.1 cells (Fig. 3B). The initiation of
caspase-11 non-canonical inflammasome activation is accom-
plished by direct interaction of pro-caspase-11 with LPS
[6,16—19,51,52]. Therefore, we evaluated whether KRG competi-
tively inhibits the direct molecular interaction of pro-caspase-11
with LPS and found that KRG inhibited the direct interaction of
these two molecules (Fig. 3C). These mechanism studies strongly
suggest that KRG significantly prevents caspase-11 non-canonical
inflammasome-activated inflammatory responses in macrophages
by inhibiting direct interaction of pro-caspase-11 with LPS, thereby
inhibiting the activation of caspase-11 and GSDMD by blocking
their proteolytic cleavage.

Finally, we investigated the in vivo inhibitory effect of KRG on
caspase-11 non-canonical inflammasome activation using a lethal
sepsis mouse model. Several in vivo animal models of LPS-induced
acute septic shock and lethal sepsis have been reported, and mice
intraperitoneally injected with a lethal dose of LPS (54 mg/kg) are
the most well-established models [12,43,44]. We investigated the
in vivo inhibitory effect of KRG on lethal sepsis induced by caspase-
11 non-canonical inflammasome activation using this animal
model and found that KRG prevented caspase-11 non-canonical
inflammasome-induced lethal sepsis without causing severe
toxicity (loss of body weight) in mice (Fig. 4).

In conclusion, we report for the first time a new role for KRG-
mediated anti-inflammatory action by targeting caspase-11 non-
canonical inflammasome in macrophages using in vitro macro-
phage and in vivo lethal sepsis mouse models. Moreover, we pro-
vide a novel mechanism of KRG-mediated anti-inflammatory
action, which involves inhibition of the signaling pathways
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activated by caspase-11 non-canonical inflammasome via blocking
molecular interaction between caspase-11 and its activating ligand,
LPS, in macrophages, as illustrated in Fig. 5. Given the evidence of
the previous and this study, KRG plays an anti-inflammatory role
via targeting not only priming step, but also triggering step of in-
flammatory responses by inhibiting both canonical and non-
canonical inflammasomes in macrophage-mediated inflammatory
responses, strongly suggesting that KRG could alleviate inflamma-
tory responses in multiple ways by targeting a wide range of
molecules. However, despite the inhibitory role of KRG in the
activation of caspase-11 non-canonical inflammasome, the possible
ginsenosides or other components in KRG that may be responsible
for targeting caspase-11 non-canonical inflammasome are still
unclear, which needs to be further investigated. Taken together, this
study provide strong scientific basis that KRG, functioning via this
novel mechanism, could be an effective and safe complementary
and alternative therapeutics to prevent and treat infectious and
inflammatory diseases.
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