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Background: Invasive infections due to foodborne pathogens, including Salmonella enterica serovar
Typhimurium, are prevalent and life-threatening. This study aimed to evaluate the effects of ginsenoside
Rg3 (Rg3) on the adhesion, invasion, and intracellular survival of S. Typhimurium.
Methods: The impacts of Rg3 on bacterial growth and host cell viability were determined using the time
kill and the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assays, respectively.
Gentamicin assay and confocal microscopic examination were undertaken to determine the effects of
Rg3 on the adhesive and invasive abilities of S. Typhimurium to Caco-2 and RAW 264.7 cells. Quantitative
reverse transcription polymerase chain reaction was performed to assess the expression of genes
correlated with the adhesion, invasion, and virulence of S. Typhimurium.
Results: Subinhibitory concentrations of Rg3 significantly reduced (p < 0.05) the adhesion, invasion, and
intracellular survival of S. Typhimurium. Rg3 considerably reduced (p < 0.05) the bacterial motility as
well as the release of nitrite from infected macrophages in a concentration-dependent manner. The
expression of genes related to the adhesion, invasion, quorum sensing, and virulence of S. Typhimurium
including cheY, hilA, OmpD, PrgK, rsgE, SdiA, and SipB was significantly reduced after Rg3 treatment.
Besides, the compound downregulated rac-1 and Cdc-42 that are essential for actin remodeling and
membrane ruffling, thereby facilitating Salmonella entry into host cells. This report is the first to describe
the effects of Rg3 on “trigger” entry mechanism and intracellular survival S. Typhimurium.
Conclusion: Rg3 could be considered as a supplement agent to prevent S. Typhimurium infection.
� 2019 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

Salmonella enterica serovar Typhimurium is the main cause of
foodborne gastroenteritis in human [1]. It is also an important
pathogen in food-producing animals, including cattle, pigs, and
chicken. Infection is commonly acquired after ingestion of
contaminated food or water. The bacteria colonize in the intestine
and adhere to and invade the enterocytes. Then, it penetrates the
basolateral membrane, internalized by phagocytic and non-
phagocytic cells, and rapidly disseminates through the bloodstream
[2].

The ability of Salmonella to cross the intestinal barrier and
invade mammalian cells is a crucial step to initiate infection. In-
vasion of Salmonella into nonphagocytic cells is mediated by a type
armacokinetics and Pharmacodyna
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III secretion system (T3SS). T3SS1 is encoded by Salmonella path-
ogenicity islands (SPIs) especially SPI-1 [3]. SPI-1 genome expres-
sion activates the release of bacterial effector proteins such as
Salmonella invasive protein (Sip)A and the Salmonella outer pro-
teins, including (Sop)E/E2, SopB, and SopA, which mediates the
“trigger” entry mechanism [4]. In addition, Salmonella uses Rck
(resistance to complement killing), an outer membrane protein, to
invade cells via a “zipper” process [5]. Once inside the cell, the
survival of Salmonella and the outcome of infection are dependent
on various bacterial and host factors [6]. Besides, quorum sensing
(QS) enables Salmonella to communicate with one another and
regulate its pathogenicity including biofilm formation, sporulation,
virulence factor production, and motility [7].
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The problem of emergence of antibiotic-resistant S. Typhimu-
rium necessitates alternative therapeutic options. Various studies
have demonstrated the antimicrobial activity of plant components
against a wide range of microorganisms [8,9]. Interestingly, the
T3SS and QS systems become an ideal target for the development of
antibacterial agents. Studies on baicalin [10] and thymol [11] have
demonstrated the potentials of plant-based natural compounds in
inhibiting the T3SS-1 of S. Typhimurium. For the past few years, the
authors have been working on large-scale screening of compounds
of plant origin that are capable of inhibiting or reducing the QS and
invasive abilities of various pathogens including S. Typhimurium.
Compounds that possess anti-QS and antiinvasive effects such as
ginsenoside Rg3 (Rg3) (Supplementary Fig. 1), pyrogallol, and
methyl gallate were identified when applied alone or in combina-
tionwith various antibiotics. Our recent studies verified the anti-QS
and antiinvasive activities of methyl gallate in the presence and
absence of marbofloxacin in Chromobacterium violaceum and
Pseudomonas aeruginosa [12] and S. Typhimurium [13].

This study was undertaken to evaluate the effects of Rg3 on the
adhesion, invasion, and survival of S. Typhimurium into host cells.
Ginseng is widely used in Korea for the treatment and prevention of
various diseases. It is available in the market in various forms, such
as syrups and tablets. The steroidal structure of ginsenosides en-
ables them to interact with cell membranes, membrane-bound ion
channels, and cellular receptors. Previous studies have confirmed
the in vitro and in vivo efficacies of ginsenosides mainly Rb1, Rg1
and Rg3, in the treatment of neurological, cardiovascular, diabetic,
and immune disorders [13e16]. A study on Panax ginseng
confirmed its anti-QS activity in P. aeruginosa [17]. Besides, Lee
et al [18] revealed the inhibitory potential of polysaccharides from
Panax ginseng on the adhesion of various pathogens to host cells.
Moreover, Chang et al [19] and Huy et al [20] reported the inhibi-
tion of Brucella abortus and S. Typhimurium invasion into RAW
264.7 cells by Rb1 and Rg3, respectively. Despite the widespread
uses of ginsenosides for various purposes, including a dietary
supplement, no studies have been conducted so far on its impacts
on the invasive capacity of S. Typhimurium in intestinal epithelial
cells. Thus, this study aimed to evaluate the effects of Rg3 on the
cellular adhesion, invasion, and QS activities of S. Typhimurium.
2. Materials and methods

2.1. Chemicals and reagents

Unless specified, the chemicals and reagents used in this study
were purchased from Sigma (St. Louis, MO, USA). A stock prepara-
tion of Rg3 was prepared in dimethyl sulfoxide (DMSO) and diluted
in the appropriate medium to the desired concentration. To avoid
the cytotoxic and antibacterial effects of DMSO, the proportion in
the final diluent never exceeded 0.1% (v/v).
2.2. Salmonella strains and culture conditions

S. Typhimurium (LVPP-STI15) and S. Typhimurium (ATCC 14028)
strainsweremaintained in LuriaeBertani (LB) agar (Difco, Sparks,MD,
USA) at 37�C with shaking. The strains of Salmonella were chosen
based on a previous study on the antibiotic susceptibility profiles
of Salmonella isolates to the commonly used antibiotics in veterinary
medicine especially marbofloxacin. The minimum inhibitory con-
centrations of marbofloxacin against S. Typhimurium ATCC 14028
and LVPP-STI15 were 0.03 and 2 mg/mL, respectively [21]. Before
each experiment, S. Typhimuriumwas grown overnight in LB broth at
37�C.
2.3. Cell culture

Human colorectal cancer (Caco-2) and murine macrophage
(RAW 264.7) cells were obtained from the Korean Cell Line Bank
(Seoul, Korea). Caco-2 cells were cultivated in minimum essential
medium (MEM; Gibco, Grand Island, NY, USA) containing 1%
penicillinestreptomycin, 1% nonessential amino acid, and 20% fetal
bovine serum, whereas RAW 264.7 macrophages were maintained
in Roswell Park Memorial Institute medium containing 1% peni-
cillinestreptomycin and 10% fetal bovine serum. Cells were grown
in monolayers at 37�C in 5% CO2, and the medium was changed
every other day.

2.4. Bacterial growth curve

The effect of Rg3 on the growth curve of S. Typhimurium was
determined according to the method described by Brunelle
et al [22], with a slight modification. Briefly, overnight cultures of S.
Typhimurium were diluted and grown up to an early log phase
(OD600 ¼ 0.15) in 96-well plates. Serial dilutions of Rg3 (15.6e500
mM) were added and incubated at 37�C for 24 h with continuous
shaking. LB broth in the presence and absence of S. Typhimurium
was included as controls. The growth of S. Typhimurium was
evaluated based on the OD600 measurements taken every hour
using a VersaMaxmicroplate reader (Molecular Devices, Sunnyvale,
CA, USA).

2.5. Cytotoxicity assay

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide assay was performed to evaluate the impacts of Rg3 on the
viability of Caco-2 and RAW 264.7 cells [23]. Briefly, cells (105/mL)
were grown onto 96-well plates in their respective antibiotic-free
medium for 24e48 h. Except for the control wells, cells were
treated with various concentrations of Rg3 (0.2e100 mM) and
incubated at 37�C in 5% CO2 for 24 h. Then, the medium containing
Rg3 was replaced by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (0.5mg/mL) solution. After 4 h of incu-
bation at 37�C, 100 mL of DMSOwas added to dissolve the formazan
precipitate. The absorbance was determined at 570 nm using a
VersaMax microplate reader. The percentage survival was deter-
mined using the following formula:

Percentage viability¼ (OD value of treated cells/OD value of control
cells) *100

where OD is the optical density.

2.6. Motility assay

The effect of Rg3 on the bacterial motility was assessed on LB
agar (0.4% w/v) containing 0.5% glucose [24]. Rg3 (25e100 mM) was
mixed with the medium and allowed to dry at 24�C. Then, plates
were inoculated with 5 mL of an 8-h culture of S. Typhimurium. The
diameter of bacterial spread was determined after incubation at
37�C for 10 h.

2.7. Adhesion and invasion assay

The effects of Rg3 on the adhesive and invasive abilities of S.
Typhimurium were evaluated using the gentamicin protection
assay [25]. Caco-2 cells (105/mL) were cultured in the antibiotic-
free medium on 24-well plates. After 24e48 h, the cells were
treated with different concentrations of Rg3 (12.5e50 mM) for
45 min. Then, 4-h cultures of S. Typhimurium were centrifuged



Fig. 1. Growth curve of S. Typhimurium in the presence of various concentrations of
Rg3. The growth curves of both strains of S. Typhimurium were almost similar. Thus, a
representative figure is displayed. Values represent mean � SD of five independent
experiments. OD, optical density; SD, standard deviation.
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(10,000 g for 10 min), washed twice with 1 � phosphate-buff-
ered saline (PBS), and resuspended in antibiotic-free medium.
Caco-2 cells were infected at a multiplicity of infection of
1:10, centrifuged at 1000 g for 2 min and incubated at 37�C
for 45 min. The supernatant was removed, and cells were
washed three times (1 � PBS) to remove unattached bacteria.
Cells were lysed with 1% Triton X-100, and the suspensions were
serially diluted in agar saline. The total number of adhering
bacteria (CFU/mL) was determined after incubation at 37�C for
16e18 h.

In the invasion assay, Rg3-pretreated and infected Caco-2 cells,
as described previously, were incubated at 37�C for 60 min. The
cells were washed three times with 1 � PBS and incubated for 60
min in the MEM medium supplemented with gentamicin (100 mg/
mL). Cell lysis and the total number (CFU/mL) of intracellular bac-
teria were determined following a similar procedure described
previously in the adhesion assay.

2.8. Intracellular survival of Salmonella Typhimurium

Survival of S. Typhimurium in macrophages pretreated with
Rg3 (12.5e50 mM) was determined by slight modifications of a
previously described method [26]. RAW 264.7 cells (105/mL)
grown in antibiotic-free Roswell Park Memorial Institute me-
dium was treated and infected as described previously for Caco-
2 cells in the invasion assay. After incubation with gentamicin
(100 mg/mL) at 37�C for 60 min, cells were washed with
Fig. 2. Viability of RAW 264.7 macrophages (A) and Caco-2 intestinal cells (B) exposed to va
experiments. SD, standard deviation.
1 � PBS, and 25 mg/mL of gentamicin in MEM was added for the
remaining incubation time. At 6 and 12 h after incubation, the
total number of surviving bacteria was determined as described
previously.

2.9. Confocal microscopic examination of intracellular S.
Typhimurium

Confocal microscopic examination was performed to visualize
intracellular S. Typhimurium in Caco-2 cells pretreated with 25 and
50 mM of Rg3 [27]. Briefly, Caco-2 cells (104/mL) were seeded onto
chambered glass slides in antibiotic-free MEM. After incubation at
37�C for 24 h, cells were treated and infected by amethod similar to
the invasion assay described previously. Then, the medium was
aspirated and cells were washed twice with 3-(N-morpholino)
propanesulfonic acid (0.1 M MOPS, pH 7.2) buffer mixed with
magnesium chloride (MgCl2, 1 mM) (MOPS/MgCl2). The medium
was replaced by 400 mL of BacLight staining solution (Invitrogen,
Thermo Fisher Scientific, Eugene, OR, USA) containing 5 mM SYTO9
and 30 mM propidium iodide mixed with saponin (0.1%) in MOPS/
MgCl2. After 15e30 min of incubation at room temperature, cells
were washed (2 � ) in MOPS/MgCl2 and covered with coverslips.
Finally, slides were examined using a Zeiss confocal microscope
(LSM700; Carl-Zeiss, Jena, Germany).

2.10. Measurement of nitric oxide production

The level of nitric oxide (NO) in the cell culture supernatant was
measured to evaluate the effects of Rg3 (12.5e50 mM) on S.
Typhimuriumeinduced oxidative stress. RAW 264.7 cells (105/mL)
were pretreated and infected by a method similar to the adhesion
assay described previously. The level of NO produced after 12 h of
incubation was determined using the Griess assay [28]. The
experiment was conducted in duplicate in three independent ex-
periments, and absorbance was determined at 550 nm using a
VersaMax microplate reader (Molecular Devices).

2.11. Virulence gene expression

S. Typhimurium (106/mL) was treated with Rg3 (12.5e50 mM) in
LB broth and incubated at 37�C for 13 h. TRIzol (Ambion Life
Technologies, Carlsbad, CA, USA) was used to extract total RNA. The
purity of RNA was confirmed using a Nanophotometer (Implen
GmbH, Munich, Germany). A random hexamer was added to the
bacterial RNA, and cDNA was synthesized by quantitative reverse
transcription polymerase chain reaction (qRT-PCR) premix
rious concentrations of Rg3. Data are presented as the mean � SD of five independent



Fig. 3. Motility of S. Typhimurium ATCC 14028 in the presence of 0 mM (A), 25 mM (B), 50 mM (C), and 100 mM (D) of Rg3. Bar graphs depicted mean � SD of three independent
experiments (E). The differences in the diameter of spread were insignificant (p > 0.05) between strains (data not shown). Therefore, representative photographs of on LB agar
plates are displayed. **p < 0.01; ***p < 0.001 compared to the non-treated S. Typhimurium. LB, LuriaeBertani; SD, standard deviation.
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(Bioneer, Korea). Gene expression levels of hilA, PrgK, sipB, OmpA,
OmpD, cheY, lexA, and rckwere determined by using a CFX96 Touch
real-time PCR detection system (Bio-Rad, Hercules, CA, USA) using
IQ SYBR Green Supermix [Bio-Rad Laboratories (Singapore) Pte.
Ltd.]. The reaction conditions include denaturation at 95�C for 3
min, 40 cycles of amplification at 95�C for 10 s and at 58�C for 30 s,
and dissociation at 95�C for 15 s and at 60�C for 30 s. The sequences
of all primers used in this experiment are listed in supplementary
file 2 (Table 1). The housekeeping gene rrsG was used to
normalize the gene expression (2�DDCT).

2.12. QS gene expression

Gram-negative bacteria such as Salmonella uses the acetylated
homoserine lactone (AHL) signaling molecule to activate the QS
system [29]. The effects of Rg3 on the expression AHL-induced QS
genes was assessed following a previous method [24]. Briefly, S.
Typhimurium (106/mL) was supplemented with the AHL (1 mmol/
mL) in the presence and absence of Rg3 (12.5-50 mM) in LB broth.
Then, it was incubated at 37�C for 13 h. Total RNA extraction, cDNA
synthesis, and PCR analysis were undertaken following similar
procedures explained previously in the virulence gene expression
assay. The gene expression levels of sdiA, rsgE, and rck were
determined by using IQ SYBR Green Supermix (Bio-Rad). The se-
quences of all primers used in this experiment are listed in the
supplementary file 2 (Table 1).

2.13. Invasion-related host cell gene expression

The impacts of Rg3 (12.5e50 mM) on S. Typhimuriumeinduced
expression of genes related to invasionwas assessed in Caco-2 cells.
Pretreated cells were infected by a method similar to the invasion
assay. Extraction of total RNA and synthesis of cDNAwas performed
as described previously. Oligo (dT) primer was used to synthesize
cDNA. Gene expression levels of RhoA, RhoG, Cdc-42, and rac-1were
assessed using a real-time PCR detection system as described pre-
viously. The reaction conditions include denaturation at 95�C for 7
min, followed by 35 cycles of 95�C for 20 s, 60�C for 30 s, and 72�C
for 30 s. The housekeeping gene b-actin was used to normalize the
gene expression (2�DDCT). The sequences of all primers used in this
experiment are listed in the supplementary file 2 (Table 1).

2.14. Data analysis

Data were analyzed using GraphPad Prism 6 (GraphPad Soft-
ware, Inc., San Diego, CA, USA). One-way analyses of variance
(ANOVAs) followed by the Tukey Honest significant difference
(HSD) test were conducted to compare the mean values among
treatment groups. A p value < 0.05 was considered statistically
significant.

3. Results

3.1. Effects of Rg3 on bacterial growth

The growth of S. Typhimurium strains was not affected by the
presence of Rg3 up to a maximum tested concentration of 500 mM
(Fig. 1). The growth curves of both strains exposed to varying
concentrations of Rg3 were almost similar. The figure shows a
representative growth curve of S. Typhimurium in the presence of
various concentrations of Rg3.

3.2. Cytotoxicity of Rg3

Exposure to 100 mM of Rg3 killed 29.3% of RAW 264.7 cells and
24.1% of Caco-2 epithelial cells, suggesting the toxicity of the



Fig. 4. Effects of Rg3 on adhesion and invasion of S. Typhimurium (ATCC 14028) to Caco-2 intestinal epithelial cells (A and B) and RAW 264.7 macrophages (C and D), respectively.
The counts of adhered and invaded S. Typhimurium (LVPP-STI15) to Caco-2 intestinal epithelial cells (E and F) and RAW 264.7 macrophages (G and H), respectively, are displayed for
comparison. The upper graphs represent the percentage inhibition. Cell ¼ noninfected and untreated control, Salmonella ¼ infected but nontreated. Values represent the mean � SD
of five independent experiments. **p < 0.01; ***p < 0.001; ****p < 0.0001 compared to the infected but nontreated cells. CFU, colony-forming unit; SD, standard deviation.
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Fig. 5. Intracellular survival of S. Typhimurium ATCC (14028) (A) and (LVPP-STI15) (B) in RAW 264.7 macrophages, respectively, after 6 and 12 h of incubation with various
concentrations of Rg3. Cell ¼ noninfected and nontreated control, Salmonella ¼ infected but nontreated. The data are given as mean � SD of five independent experiments.
*p < 0.05; **p < 0.01; ***p < 0.001 compared with the corresponding intracellular S. Typhimurium at 6 h. CFU, colony-forming unit; SD, standard deviation.
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compound at this concentration (Fig. 2). However, more than 89%
and 94% of RAW 264.7 and Caco-2 cells, respectively, survived after
treatment with 50 mM Rg3. Therefore, only subinhibitory concen-
trations of Rg3 (�50 mM) that were not lethal to the bacteria and
host cells were selected for subsequent experiments.
Fig. 6. Confocal images of Caco-2 cells pretreated with various concentrations of Rg3 and infe
infected and treated with 25 mM of Rg3 (C), and infected and treated with 50 mM of Rg3 (D)
left; and SYTO-9/PI merged image, lower right. (Green, live bacteria).
3.3. Inhibitory effect of Rg3 on the S. Typhimurium motility

Rg3 significantly reduced (p < 0.01) the motility of both S.
Typhimurium isolates in a concentration-dependent manner
(Fig. 3A). Exposure of S. Typhimurium to 100 and 50 mM of Rg3
reduced the bacterial spread by more than threefold than in the
nontreated control (Fig. 3B).
cted with S. Typhimurium ATCC 14028. Uninfected cell (A), Infected but nontreated (B),
. Parts of each image represent SYTO-9, upper left; cell structure, upper right; PI, lower



Fig. 7. Effect of Rg3 S. Typhimuriumeinduced nitric oxide production in RAW 264.7
cells. Results are depicted as the mean � SD of three independent experiments.
**p < 0.01; ***p < 0.001 compared with the infected and nontreated cells. SD, standard
deviation.
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3.4. Impacts of Rg3 on S. Typhimurium adhesion and invasion

Preincubation of Caco-2 cells with 12.5e50 mMRg3 significantly
reduced (p < 0.0001) the adhesion and invasion of S. Typhimurium
Fig. 8. Effects of Rg3 on virulence gene expressions of S. Typhimurium ATCC 14028. qRT-PC
(D), hilA (E), OmpA (F), invA (G), LexA (H), and rck (I). Salmonella ¼ nontreated S. Typhimuriu
***p < 0.001 compared with the nontreated S. Typhimurium. SD, standard deviation.
by at least twofold compared with those without Rg3 (Fig. 4). Fifty
micromolar of Rg3 strongly decreased the adhesion (34 and 29.9%)
and invasion (30.8 and 26.9%) of S. Typhimurium (ATCC 14028 and
LVPP-STI15), respectively, to Caco-2 cells. Similarly, the invasion of
S. Typhimurium (ATCC 14028 and LVPP-STI15) to RAW 264.7 cells
was lowered significantly (p< 0.001) in the presence of 25 mM (52.3
and 59.1%) and 50 mM (29.7 and 27%) of Rg3. However, only 50 mM
of Rg3 produced a significant reduction (61.2% to 57.8%, p < 0.001)
in the adhesion of S. Typhimurium strains to RAW 264.7 cells.

3.5. Effect of Rg3 on intracellular survival of S. Typhimurium

RAW 264.7 cells preincubated with Rg3 demonstrated concen-
tration- and time-dependent killing of intracellular S. Typhimurium
(Fig. 5). After 6 and 12 h of incubation with Rg3 (50 mM), the
intracellular load of S. Typhimurium strains was drastically reduced
(p < 0.001) by 65.5% and 86.5% (ATCC 14028) and 72.4% and 93%
(LVPP-STI15). After 12 h of exposure, the bacterial count in non-
treated cells was also reduced significantly (p< 0.01) but to a lesser
extent than that in the Rg3-treated cells.

3.6. Confocal microscopic examination of Rg3-pretreated and
infected cells

The invasion-preventive ability of Rg3 was confirmed by
confocal microscopic examination of SYTO-9/PIePropidium iodide
R was performed to evaluate the gene expressions of OmpD (A), SipB (B), PrgK (C), cheY
m. Results are the mean � SD of three independent experiments. *p < 0.05; **p < 0.01;



Fig. 9. Quorum sensing gene expressions of S. Typhimurium ATCC 14028 treated with various concentrations Rg3. The bar graph represents gene expressions of sdiA (A), srgE (B),
and rck (C) genes. Furanone (10 mg/mL) was used as a positive control. Results are the mean � SD of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 compared
with the expressions in AHL-stimulated but nontreated S. Typhimurium. AHL, acetylated homoserine lactone; SD, standard deviation.
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stained Caco-2 cells. Accordingly, a relatively small number of
viable bacteria (fluoresced green) were observed in infected cells
preincubated with 25 and 50 mM of Rg3 than the infected but
nontreated cells (Fig. 6).

3.7. Inhibitory effect of Rg3 on S. Typhimuriumeinduced nitrite
release

Rg3 significantly (p < 0.01) reduced the release of nitrite from
infected macrophages in a concentration-dependent manner
(Fig. 7). The amount of nitrite released by S. Typhimurium (ATCC
14028)einfected cells preincubated with 12.5, 25, and 50 mMof Rg3
was 42.4, 33.6, and 22.8 mM, respectively. The differences in Rg3-
induced reductions in nitrite levels were not significant between
the two strains (p > 0.05) (data not shown).

3.8. Effects of Rg3 on S. Typhimurium virulence gene expression

Rg3 significantly (p < 0.05) downregulated several genes that
are associated with virulence of S. Typhimurium ATCC 14028
(Fig. 8). The expression of OmpD, SipB, and PrgK was reduced
(p < 0.01) by 55.3, 78.8, and 91.1%, respectively, after exposed to 50
mMof Rg3. Similarly, Rg3 downregulated the expression of cheYand
hilA by at least 50%. However, treatment did not produce a signif-
icant change (p > 0.05) on the expression of OmpA, invA, lexA, and
rck.

3.9. Inhibitory effect of Rg3 on S. Typhimurium QS gene expression

Salmonella cannot synthesize AHLs which are crucial for the
activation of QS genes, but it can detect AHLs produced by other
bacteria [30]. Therefore, S. Typhimurium ATCC 14028 was incu-
bated with AHL to induce the expression of QS genes. Rg3 down-
regulated the expression of S. Typhimurium QS genes in a
concentration-dependent manner (p < 0.01) (Fig. 9). qRT-PCR
analysis depicted at least a twofold reduction in the AHL-induced
expression of SdiA and rsgE in S. Typhimurium exposed to 25 and
50 mM of Rg3. The downregulations of sdiA and rsgE caused by 50
mM of Rg3 were comparable with that of furanone (positive con-
trol). In contrast, Rg3 did not affect the rck gene expression.

3.10. Impacts of Rg3 on invasion-related host cell protein

To elucidate the contribution of host cells in S. Typhimurium
ATCC 14028 invasion, the gene expression of invasion-related host
cell proteins and virulence factors was evaluated in Caco-2 cells
(Fig. 10). Pretreatment of cells with 50 mM of Rg3 downregulated
(p < 0.01) the expressions of rac-1 and Cdc-42 by 58.6 and 51.3%,
respectively. However, treatment did not produce a significant
(p > 0.05) effect on the expression of RhoA and RhoG.

4. Discussion

S. Typhimurium is a global public health threat affecting both
human and animals. The emergence of resistant strains necessi-
tates alternative treatment options targeting various virulence
mechanisms of the bacteria [31]. Despite the enormous potential of
natural compounds in providing novel antimicrobial leads, only a
small proportion (less than 10%) of the world’s biodiversity has
been studied for potential antibacterial activity [32]. In this study,
we have attempted to evaluate the impacts of Rg3 on the adhesion,
invasion, and survival of S. Typhimurium in various cell lines. In
addition, the effects of Rg3 on S. Typhimurium motility, QS ability,
and the expression of genes related to host cell invasion and viru-
lence were determined.

Various authors reported the antibacterial activities of crude
extracts of ginseng against major foodborne pathogens including S.
Typhimurium. A study by Lee et al [33] demonstrated that steamed
extract leaves of ginseng inhibited the growth of S. enteritidis by
disrupting bacterial membrane. Chung et al [34] showed the
inhibitory effects of Korean Red Ginseng marc with aluminum
sulfate on the fecal load of S. enterica. In this study, Rg3 did not
affect the growth of S. Typhimurium up to 500 mM concentrations.
In addition, Lee and Jeong [35] and Yang et al [36] reported that Rg3
did not affect the viability of RAW 264.7 cells at a maximum tested
concentration of 100 mg/mL. In the present study; however, 100 mM
of Rg3 reduced the viability of Caco-2 and RAW 264.7 cells. Thus,
considering the direct effects of the compound on the bacteria and
mammalian cells, concentrations � 50 mM were used for subse-
quent experiments.

For successful initiation of infection, Salmonella has to adhere,
invade, and multiply in various cells and tissues. Coordinated
expression of various virulence factors is vital for adhesion, inva-
sion, and multiplication of S. Typhimurium in host cells. The
absence of one or more of these factors reduces the adhesive and
invasive abilities of S. Typhimurium, which subsequently reduces
bacteria-induced inflammatory host response [24,37]. Rg3 signifi-
cantly reduced the gene expressions of ompD, PrgK, and Sip-B. ompD
is correlated with the adhesion of Salmonella to macrophages and
intestinal epithelial cells [38,39]. The inability of bacterial adher-
ence facilitates its physical elimination and impedes the initiation
of infection [40]. PrgK is one of those genes that encode for SPI-1
secretion apparatus proteins and assembly of the needle complex.
Consequently, it facilitates the entry of Salmonella into the host cell
[41,42], whereas Sip-Beencoded proteins are mainly important for
translocation of effector proteins through this needle into the host
cell and facilitate invasion [42]. Therefore, the reduction in the



Fig. 10. Effects of Rg3 on the gene expressions of invasion-related host cell proteins and virulence factors. The gene expressions of rac-1 (A), Cdc-42 (B) RhoA (C), and RhoG (D) were
determined in Caco-2 cells pretreated with various concentrations of Rg3 (mM). Results are the mean � SD of three independent experiments. *p < 0.05; **p < 0.01 compared with
the expressions in S. Typhimurium ATCC 14028 infected but nontreated Caco-2 cells. SD, standard deviation.

A.F. Mechesso et al / Antiinvasive ability of ginsenoside Rg3 83
adhesion and invasion of S. Typhimurium after Rg3 administration
could be related to the reduced expression of ompD, PrgK, and Sip-B
genes.

SPI-1 and SPI-2 are directly associatedwith host cell invasion and
intracellular proliferation of S. Typhimurium, respectively [3]. SPIs
are important for thebacterial pathogenicity because it encodes for a
complex set of proteins, T3SS, thatmediates the transfer of virulence
factors (regulatory and effector genes) directly into the host cells
[24,37]. The hilA gene is among those regulatory genes that was
significantly downregulated by Rg3. Expression of hilA is essential
for SPI-1 transcriptional regulation and cellular invasion of Salmo-
nella through activation of invasion- and virulence-related genes
(prgH and invF genes). Besides, hilA induces the transcription of invF
that encodes for a transcriptional activator and targets Salmonella
outer proteins (sopE and sopB genes). Moreover, it is involved in the
regulation of SPI-1 that initiates systemic infection and shelters
Salmonella by promoting biofilm formation [43,44]. Therefore, the
downregulation of hilA gene and other virulence factors that
correlate with the activation of hilA by Rg3 could contribute to the
reduction in the invasion of S. Typhimurium into host cells.

The study confirmed that Rg3 decreased the motility of S.
Typhimurium, which is one of the most significant events during
cellular invasion [45]. The direction of flagellar rotation is the
determining factors for the motility of bacteria [46]. CheY regulates
bacterial chemotaxis, a property of motile bacteria to sense the
surroundings and swim in a specific direction. CheY binds with
motor switching complex of the flagella (FliG, FLiM, and FLiN) and
causes amotor response that ensures directed flagellar rotation and
bacterial motility. Therefore, Rg3-mediated suppression of CheY
could interfere with the chemotactic and invasive ability of S.
Typhimurium [47].

Virulence factors play an essential role in the pathogenicity of S.
Typhimurium [24]. Under proper environmental conditions and at
a sufficient population number, the QS system is critical for Sal-
monella invasion and virulence. Several plant extracts have proven
to inhibit or decrease the QS activity of bacteria, including S.
Typhimurium [12,13]. The present study demonstrated that Rg3
downregulated the AHL-induced expressions of QS genes (sdiA and
srgE). Choi et al [48] have verified that activated lsrR reduces the
expression of SPI-1 (invF, sicA, sopB, and sopE) and flagellar genes
which ultimately diminish the invasive ability of S. Typhimurium.
Therefore, S. Typhimurium requires a mechanism such as the QS
system that reduces the overexpression of lsrR and enhances
cellular invasion. Suppression of AHL-induced expressions of QS
genes (sdiA and srgE) by Rg3 could contribute to the inhibition of
lsrR-mediated S. Typhimurium invasion.

The T3SS-1emediated injection of Salmonella effector proteins
into the host cell is essential for invasion. The effector proteins
activate the host cell Rho guanosine triphosphate (GTP)ases such as
rac-1, Cdc-42, RhoA, and RhoG, which are related to various cellular
functions [49]. Activation of these RhoGTPases ultimately triggers a
signaling cascade that results in profuse rearrangement of the actin
cytoskeleton, membrane ruffling, and internalization of bacteria
[50,51]. Rg3 significantly downregulated the expression of ac-1r
and Cdc-42. Activation of rac-1 and Cdc-42 correlates with the
formation of lamellipodia and filopodia, respectively [4,52].
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Consequently, Rg3 could reduce S. Typhimurium invasion by
affecting the cytoskeletal remodeling mechanisms of the host cells,
which are essential for the “trigger” entry mechanism. In addition,
the insignificant difference (p > 0.05) in the rck gene expression
indicates the ineffectiveness of the compound on the “zipper” entry
mechanism of S. Typhimurium.

NO is a signaling molecule that regulates diverse physiological
processes. However, excessive NO production has been implicated
in a number of disease situations and chronic inflammation [53]. In
this study, the level of NO in S. Typhimuriumeinfected cells was
significantly higher than the nontreated cells. The excess NO might
interact with superoxide anions and produce peroxynitrites. The
peroxynitrites enhance the production of proinflammatory cyto-
kines that ultimately lead to tissue injury [54]. In contrast, the S.
Typhimuriumeinduced NO production was markedly reduced in
cells preincubated with Rg3. The antiinflammatory and antioxidant
effects of Rg3 [55] might contribute to the reduced level of NO.

In conclusion, subinhibitory concentrations of Rg3 reduced the
adhesion, invasion, and intracellular survival of S. Typhimurium.
Rg3 reduced the invasiveness of S. Typhimurium mainly through
suppression of the “trigger” entry mechanism. Besides, it reduced
the expression of virulence factors and QS-related genes. Therefore,
Rg3 could be considered as a supplement agent to prevent S.
Typhimurium infection. However, further studies are needed on the
in vivo efficacy of the compound before clinical application.

Acknowledgments

The National Research Foundation of Korea (NRF) funded by the
Ministry of Education (2016R1A2B4013507; 2019R1A2C2006277)
supported this study. The funders had no role in study design, data
collection and interpretation, or the decision to submit thework for
publication. The manuscript was based, in part, on the first author’s
doctoral dissertation at Kyungpook National University.

Author’s contribution

A.F.M. designed the concept and conducted the study, analyzed
and interpreted the data, and prepared the manuscript. Y.Q.
reviewed the manuscript. S-.C.P. designed the concept and
approved the final version of the manuscript.

Conflict of interests

The authors declare no conflicts of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jgr.2019.09.002.

References

[1] Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson MA, Roy SL, Jones JL,
Griffn PM. Foodborne illness acquired in the United States-Major pathogens.
Emerg Infect Dis 2011;17:7e15.

[2] Kraehenbuhl JP, Neutra MR. Epithelial M cells: differentiation and function.
Annu Rev Cell Dev Biol 2000;16:301e32.

[3] Kage H, Takaya A, Ohya M, Yamamoto T. Coordinated regulation of expression
of Salmonella pathogenicity island 1 and flagellar type III secretion systems by
ATP-dependent ClpXP protease. J Bacteriol 2008;190:2470e8.

[4] Lawhon SD, Khare S, Rossetti CA, Everts RE, Galindo CL, Luciano SA,
Figueiredo JF, Nunes JE, Gull T, Davidson GS, et al. Role of spi-1 secreted ef-
fectors in acute bovine response to Salmonella enterica serovar typhimurium:
a systems biology analysis approach. PLoS One 2011;6. e26869.

[5] Rosselin M, Abed N, Virlogeux-Payant I, Bottreau E, Sizaret PY, Velge P,
Wiedemann A. Heterogeneity of type III secretion system (T3SS)-1-
independent entry mechanisms used by Salmonella enteritidis to invade
different cell types. Microbiology 2011;157:839e47.

[6] Waterman SR, Holden DW. Functions and effectors of the Salmonella patho-
genicity island 2 type III secretion system. Cell Microbiol 2003;5:501e11.

[7] Jiang T, Li M. Quorum sensing inhibitors: a patent review. Expert Opin Ther
Pat 2013;23:867e94.

[8] Cowan MM. Plant products as antimicrobial agents. Clin Microbiol Rev
1999;12:564e82.

[9] Turgis M, Han J, Caillet S, Lacroix M. Antimicrobial activity of mustard
essential oil against Escherichia coli O157:H7 and Salmonella typhi. Food Con-
trol 2009;20:1073e9.

[10] Tsou LK, Lara-Tejero M, Rosefigura J, Zhang ZJ, Wang YC, Yount JS, Lefebre M,
Dossa PD, Kato J, Guan F, et al. Antibacterial flavonoids from medicinal plants
covalently inactivate type III protein secretion substrates. J Am Chem Soc
2016;138:2209e18.

[11] Zhang Y, Liu Y, Qiu J, Luo ZQ, Deng X. The herbal compound thymol protects
mice from lethal infection by Salmonella Typhimurium. Front Microbiol
2018;9:1022.

[12] Hossain MA, Lee SJ, Park NH, Mechesso AF, Birhanu BT, Kang J, Reza MA,
Suh JW, Park SC. Impact of phenolic compounds in the acyl homoserine
lactone-mediated quorum sensing regulatory pathways. Sci Rep 2017;7:
10618.

[13] Birhanu BT, Park NH, Lee SJ, Hossain MA, Park SC. Inhibition of Salmonella
Typhimurium adhesion, invasion, and intracellular survival via treatment
with methyl gallate alone and in combination with marbofloxacin. Vet Res
2018;49:101.

[14] Kim HS, Lee EH, Ko SR, Choi KJ, Park JH, Im DS. Effects of ginsenosides Rg3 and
Rh2 on the proliferation of prostate cancer cells. Arch Pharm Res 2004;27:
429e35.

[15] Nag SA, Qin JJ, Wang W, Wang MH, Wang H, Zhang R. Ginsenosides as anti-
cancer agents: in vitro and in vivo activities, structure-activity relationships,
and molecular mechanisms of action. Front Pharmacol 2012;3:25.

[16] Park D, Bae DK, Jeon JH, Lee J, Oh N, Yang G, Yang YH, Kim TK, Song J, Lee SH,
et al. Immunopotentiation and antitumor effects of a ginsenoside Rg3-
fortified red ginseng preparation in mice bearing H460 lung cancer cells.
Environ Toxicol Pharmacol 2011;31:397e405.

[17] Song Z, Kong KF, Wu H, Maricic N, Ramalingam B, Priestap H, Schneper L,
Quirke JM, Høiby N, Mathee K. Panax ginseng has anti-infective activity against
opportunistic pathogen Pseudomonas aeruginosa by inhibiting quorum
sensing, a bacterial communication process critical for establishing infection.
Phytomedicine 2010;17:1040e6.

[18] Lee JH, Shim JS, Chung MS, Lim ST, Kim KH. Inhibition of pathogen adhesion to
host cells by polysaccharides from Panax ginseng. Biosci Biotechnol Biochem
2009;73:209e12.

[19] Chang CH, Yu B, Su CH, Chen DS, Hou YC, Chen YS, Hsu YM. Coptidis rhizome
and Si Jun Zi Tang can prevent Salmonella enterica serovar typhimurium
infection in mice. PLoS One 2014;9. e105362.

[20] Huy TXN, Reyes AWB, Hop HT, Arayan LT, Min W, Lee HJ, Rhee MH, Chang HH,
Kim S. Intracellular trafficking modulation by ginsenoside rg3 inhibits Brucella
abortus uptake and intracellular survival within RAW 264.7 cells. J Microbiol
Biotechnol 2017;27:616e23.

[21] Lee SJ, Park NH, Mechesso AF, Lee KJ, Park SC. The phenotypic and molecular
resistance induced by a single-exposure to sub-mutant prevention concen-
tration of marbofloxacin in Salmonella Typhimurium isolates from swine. Vet
Microbiol 2017;207:29e35.

[22] Brunelle BW, Bearson SMD, Bearson BL. Tetracycline accelerates the
temporally-regulated invasion response in specific isolates of multidrug-
resistant Salmonella enterica serovar Typhimurium. BMC Microbiol 2013:202.

[23] Kim HJ, Tsoyi K, Heo JM, Kang YJ, Park MK, Lee YS, Lee JH, Seo HG, Yun-
choi HS, Chang KC. Regulation of LPS-induced iNOS synthase expression
through the NFkB pathway and interferon-beta/tyrosine kinase 2/janus
tyrosine kinase 2-signal transducer and activator of transcription-1 signaling
cascade by THI 53, a new synthetic isoquinoline alkaloid. J Pharmacol Exp
Ther 2007;320:782e9.

[24] Li Guanghui, Yan Chunhong, Xu Yunfeng, Feng Yuqing, Wu Qian, Lv Xiaoying,
Yang Baowei, Xin Wang XX. Punicalagin inhibits Salmonella virulence factors
and has anti-quorum-sensing potential. Appl Environ Microbiol 2014;80:
6204e11.

[25] Gagnon M, Zihler Berner A, Chervet N, Chassard C, Lacroix C. Comparison of
the Caco-2, HT-29 and the mucus-secreting HT29-MTX intestinal cell models
to investigate Salmonella adhesion and invasion. J Microbiol Methods
2013;94:274e9.

[26] Eswarappa SM, Panguluri KK, Hensel M, Chakravortty D. The yejABEF operon
of Salmonella confers resistance to antimicrobial peptides and contributes to
its virulence. Microbiology 2008;154:666e78.

[27] Johnson MB, Criss AK. Fluorescence microscopy methods for determining the
viability of bacteria in association with mammalian cells. J Vis Exp 2013;79.
e50729.

[28] Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS, Tannenbaum SR.
Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids. Anal Biochem
1982;126:131e8.

[29] Surette MG, Miller MB, Bassler BL. Quorum sensing in Escherichia coli, Sal-
monella typhimurium, and Vibrio harveyi: a new family of genes responsible
for autoinducer production. Proc Natl Acad Sci 1999;96:1639e44.

https://doi.org/10.1016/j.jgr.2019.09.002
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref1
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref1
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref1
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref1
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref2
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref2
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref2
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref3
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref3
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref3
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref3
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref4
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref4
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref4
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref4
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref5
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref5
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref5
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref5
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref5
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref6
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref6
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref6
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref7
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref7
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref7
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref8
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref8
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref8
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref9
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref9
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref9
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref9
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref10
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref10
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref10
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref10
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref10
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref11
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref11
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref11
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref12
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref12
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref12
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref12
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref13
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref13
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref13
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref13
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref14
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref14
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref14
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref14
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref15
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref15
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref15
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref16
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref16
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref16
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref16
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref16
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref17
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref17
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref17
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref17
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref17
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref17
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref18
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref18
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref18
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref18
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref19
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref19
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref19
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref20
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref20
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref20
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref20
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref20
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref21
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref21
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref21
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref21
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref21
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref22
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref22
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref22
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref23
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref23
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref23
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref23
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref23
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref23
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref23
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref24
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref24
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref24
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref24
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref24
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref25
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref25
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref25
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref25
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref25
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref26
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref26
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref26
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref26
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref27
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref27
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref27
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref28
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref28
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref28
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref28
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref29
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref29
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref29
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref29


A.F. Mechesso et al / Antiinvasive ability of ginsenoside Rg3 85
[30] Mambu J, Virlogeux-Payant I, Holbert S, Grépinet O, Velge P, Wiedemann A.
An updated view on the Rck invasin of Salmonella: still much to discover.
Front Cell Infect Microbiol 2017;7:500.

[31] Chousalkar K, Gole VC. Salmonellosis acquired from poultry. Curr Opin Infect
Dis 2016;29:514e9.

[32] Cragg GM, Newman DJ. Biodiversity: a continuing source of novel drug leads.
Pure Appl Chem 2005;77:7e24.

[33] Lee KA, Kim WJ, Kim HJ, Kim KT, Paik HD. Antibacterial activity of Ginseng
(Panax ginseng C. A. Meyer) stems-leaves extract produced by subcritical
water extraction. Int J Food Sci Technol 2013;48:947e53.

[34] Chung TH, Park C, Choi IH. Effects of Korean red ginseng marc with aluminum
sulfate against pathogen populations in poultry litters. J Ginseng Res 2015;39:
414e7.

[35] Lee JH, Jeong CS. Inhibitory effects of Ginsenoside Rb1, Rg3, and Panax ginseng
head butanol fraction on inflammatory mediators from LPS-stimulated RAW
264.7 cells. Biomol Ther 2008;16:277e85.

[36] Yang J, Li s, Wang L, Du F, Zhou X, Song Q, Zhao J, Fang R. Ginsenoside Rg3
attenuates lipopolysaccharide-induced acute lung injury via MerTK-
dependent activation of the PI3K/AKT/mTOR pathway. Front Pharmacol
2018;9:850.

[37] Hansen-Wester I, Hensel M. Salmonella pathogenicity islands encoding type III
secretion systems. Microbes Infect 2001;3:549e59.

[38] Hara-Kaonga B, Pistole TG. OmpD but not OmpC is involved in adherence of
Salmonella enterica serovar Typhimurium to human cells. Can J Microbiol
2004;50:719e27.

[39] Negm RS, Pistole TG. Macrophages recognize and adhere to an OmpD-like
protein of Salmonella typhimurium. FEMS Immunol Med Microbiol 1998;20:
191e9.

[40] Ofek I, Bayer EA, Abraham SN. Bacterial adhesion. Prokaryotes Hum. Micro-
biol. 2013;15:32.

[41] Klein JR, Fahlen TF, Jones BD. Transcriptional organization and function of
invasion genes within Salmonella enterica serovar Typhimurium pathogenicity
island 1, including the prgH, prgI, prgJ, prgK, orgA, orgB, and orgC genes. Infect
Immun 2000;68:3368e76.

[42] Galán JE. Salmonella interactions with host cells: type III secretion at work.
Annu Rev Cell Dev Biol 2001;17:53e86.

[43] Hapfelmeier S, Ehrbar K, Stecher B, Barthel M, Kremer M, Hardt WD. Role of
the Salmonella pathogenicity island 1 effector proteins SipA, SopB, SopE, and
SopE2 in Salmonella enterica subspecies 1 serovar Typhimurium colitis in
streptomycin-pretreated Mice. Infect Immun 2004;72:795e809.

[44] Thijs IMV, De Keersmaecker SCJ, Fadda A, Engelen K, Zhao H, McClelland M,
Marchal M, vanderleyden J. Delineation of the Salmonella enterica serovar
Typhimurium HilA regulon through genome-wide location and transcript
analysis. J Bacteriol 2007;189:4587e96.

[45] Khoramian-Falsafi T, Harayama S, Kutsukake K, Pechère JC. Effect of motility
and chemotaxis on the invasion of Salmonella typhimurium into HeLa cells.
Microb Pathog 1990;9:47e53.

[46] Guhaniyogi J, Wu T, Patel SS, Stock AM. Interaction of CheY with the C-ter-
minal peptide of CheZ. J Bacteriol 2008;190:1419e28.

[47] Wolanin PM, Webre DJ, Stock JB. Mechanism of phosphatase activity in the
chemotaxis response regulator CheY. Biochemistry 2003;42:14075e82.

[48] Choi J, Shin D, Kim M, Park J, Lim S, Ryu S. LsrR-mediated quorum sensing
controls invasiveness of Salmonella typhimurium by regulating SPI-1 and
flagella genes. PLoS One 2012;7. e37059.

[49] Ibarra JA, Steele-Mortimer O. Salmonella- the ultimate insider. Salmonella
virulence factors that modulate intracellular survival. Cell Microbiol 2009;11:
1579e86.

[50] Misselwitz B, Kreibich SK, Rout S, Stecher B, Periaswamy B, Hardt WD. Sal-
monella enterica serovar typhimurium binds to hela cells via fim-mediated
reversible adhesion and irreversible type three secretion system 1-mediated
docking. Infect Immun 2011;79:330e41.

[51] Patel JC, Galán JE. Differential activation and function of Rho GTPases during
Salmonella-host cell interactions. J Cell Biol 2006;175:453e63.

[52] Friebel A, Ilchmann H, Aepfelbacher M, Ehrbar K, Machleidt W, Hardt WD.
SopE and SopE2 from Salmonella Typhimurium activate different sets of
RhoGTPases of the host cell. J Biol Chem 2001;276:34035e40.

[53] Tripathi P. Nitric oxide and immune response. Indian J Biochem Biophys
2007;44:310e9.

[54] Chanana V, Ray P, Rishi DB, Rishi P. Reactive nitrogen intermediates and
monokines induce caspase-3 mediated macrophage apoptosis by anaerobi-
cally stressed Salmonella typhi. Clin Exp Immunol 2007;150:368e74.

[55] Lee IS, Uh I, Kim KS, Kim KH, Park J, Kim Y, JungJH, Jang HJ. Anti-inflammatory
effects of Ginsenoside Rg3 via NF- B pathway in A549 cells and human
asthmatic lung tissue. J Immunol Res 2016;2016:7521601.

http://refhub.elsevier.com/S1226-8453(19)30189-7/sref30
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref30
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref30
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref31
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref31
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref31
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref32
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref32
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref32
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref33
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref33
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref33
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref33
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref34
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref34
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref34
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref34
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref35
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref35
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref35
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref35
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref36
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref36
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref36
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref36
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref37
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref37
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref37
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref38
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref38
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref38
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref38
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref39
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref39
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref39
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref39
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref40
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref40
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref41
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref41
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref41
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref41
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref41
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref42
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref42
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref42
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref43
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref43
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref43
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref43
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref43
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref44
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref44
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref44
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref44
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref44
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref45
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref45
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref45
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref45
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref46
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref46
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref46
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref47
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref47
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref47
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref48
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref48
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref48
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref49
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref49
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref49
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref49
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref50
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref50
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref50
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref50
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref50
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref51
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref51
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref51
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref52
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref52
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref52
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref52
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref53
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref53
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref53
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref54
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref54
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref54
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref54
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref55
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref55
http://refhub.elsevier.com/S1226-8453(19)30189-7/sref55

	Ginsenoside Rg3 reduces the adhesion, invasion, and intracellular survival of Salmonella enterica serovar Typhimurium
	1. Introduction
	2. Materials and methods
	2.1. Chemicals and reagents
	2.2. Salmonella strains and culture conditions
	2.3. Cell culture
	2.4. Bacterial growth curve
	2.5. Cytotoxicity assay
	2.6. Motility assay
	2.7. Adhesion and invasion assay
	2.8. Intracellular survival of Salmonella Typhimurium
	2.9. Confocal microscopic examination of intracellular S. Typhimurium
	2.10. Measurement of nitric oxide production
	2.11. Virulence gene expression
	2.12. QS gene expression
	2.13. Invasion-related host cell gene expression
	2.14. Data analysis

	3. Results
	3.1. Effects of Rg3 on bacterial growth
	3.2. Cytotoxicity of Rg3
	3.3. Inhibitory effect of Rg3 on the S. Typhimurium motility
	3.4. Impacts of Rg3 on S. Typhimurium adhesion and invasion
	3.5. Effect of Rg3 on intracellular survival of S. Typhimurium
	3.6. Confocal microscopic examination of Rg3-pretreated and infected cells
	3.7. Inhibitory effect of Rg3 on S. Typhimurium–induced nitrite release
	3.8. Effects of Rg3 on S. Typhimurium virulence gene expression
	3.9. Inhibitory effect of Rg3 on S. Typhimurium QS gene expression
	3.10. Impacts of Rg3 on invasion-related host cell protein

	4. Discussion
	Acknowledgments
	Author's contribution
	Conflict of interests
	Appendix A. Supplementary data
	References


