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Salmonella enterica serovar Typhimurium (S. Typhimurium) 
is a facultative intracellular pathogen that causes 
salmonellosis and mortality worldwide. S. Typhimurium 
infects macrophages and survives within phagosomes 
by avoiding the phagosome-lysosome fusion system. 
Phagosomes sequentially acquire different Rab GTPases 
during maturation and eventually fuse with acidic lysosomes. 
Lysophosphatidylcholine (LPC) is a bioactive lipid that is 
associated with the generation of chemoattractants and 
reactive oxygen species (ROS). In our previous study, LPC 
controlled the intracellular growth of Mycobacterium 
tuberculosis by promoting phagosome maturation. In 
this study, to verify whether LPC enhances phagosome 
maturation and regulates the intracellular growth of 
S. Typhimurium, macrophages were infected with S. 
Typhimurium. LPC decreased the intracellular bacterial 
burden, but it did not induce cytotoxicity in S. Typhimurium-
infected cells. In addition, combined administration of LPC 
and antibiotic significantly reduced the bacterial burden in 

the spleen and the liver. The ratios of the colocalization of 
intracellular S. Typhimurium with phagosome maturation 
markers, such as early endosome antigen 1 (EEA1) and 
lysosome-associated membrane protein 1 (LAMP-1), were 
significantly increased in LPC-treated cells. The expression 
level of cleaved cathepsin D was rapidly increased in LPC-
treated cells during S. Typhimurium infection. Treatment 
with LPC enhanced ROS production, but it did not affect 
nitric oxide production in S. Typhimurium-infected cells. 
LPC also rapidly triggered the phosphorylation of IκBα 
during S. Typhimurium infection. These results suggest that 
LPC can improve phagosome maturation via ROS-induced 
activation of NF-κB pathway and thus may be developed as a 
therapeutic agent to control S. Typhimurium growth.
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INTRODUCTION

Salmonella enterica serovar Typhimurium (S. Typhimurium) 

is a gram-negative facultative intracellular pathogen that 

causes salmonellosis and septic shock (Johnson et al., 2018). 

Salmonella can infect and proliferate within phagocytic and 

nonphagocytic host cells. Following infection, S. Typhimuri-

um is recognized by pattern-recognition receptors (PRRs) that 

activate the NF-κB or MAPK signaling pathways to induce 

the expression of inflammatory cytokines, chemokines, and 

inducible nitric oxide synthase (NOS2), which encodes the 

enzyme that is responsible for producing the potent antibac-

terial molecule nitric oxide (NO) (Broz et al., 2012; Dougan et 

al., 2011). Furthermore, macrophage recognition of S. Typh-

imurium leads to the activation of NADPH oxidase in the pha-

gosomal membrane and the production of reactive oxygen 

species (ROS), which are critical for innate defense (Bae et al., 

2011; Cho et al., 2020; Rhen, 2019; Wong et al., 2009). This 

activation results in the control of bacterial growth.

 S. Typhimurium is also transferred from microfold cells 

(M cells) to macrophages and eliminated by phagocytosis 

(Monack, 2013; van Asten et al., 2005). However, recent 

studies have shown that S. Typhimurium enters macrophages 

via phagocytosis and forms a special membrane structure to 

avoid fusion with lysosomes and survive in the host cell. This 

unique membrane structure is called the Salmonella-contain-

ing vacuole (SCV) (Bakowski et al., 2008; Garcia-del Portillo 

et al., 2008). SCVs protect S. Typhimurium from host immu-

nity and alter virulence to effectively survive within host cells. 

Because of the formation of these structures, S. Typhimurium 

has various mechanisms to avoid the host immune system, 

including lysosomal degradation and the inhibition of pha-

gosome maturation (Wick, 2011). The biogenesis of SCVs 

occurs through sequential interactions with the endocytic 

pathway (Steele-Mortimer, 2008).

 The phagocytic process involves interactions with endo-

somes and lysosomes and changes the distribution of pro-

teins that interact with various Rab proteins belonging to the 

Ras superfamily of small GTPases (Hutagalung and Novick, 

2011; Prashar et al., 2017). During phagosome maturation, 

the early phagosome is formed through the interactions of 

PtdIns3P (phosphatidylinositol-3-phosphate), EEA1 (early 

endosome antigen 1) and SNARE with Rab5 (Levin et al., 

2016). Early phagosomes also become slightly acidic and 

recruit Rab7 to the phagosomal membrane (Vieira et al., 

2003). The late phagosome expresses Rab7 and LAMP-1 

(lysosome-associated membrane protein 1) and becomes 

more acidic via v-ATPase activity, promoting fusion with the 

lysosome (Huynh et al., 2007). Phagolysosomes eliminate 

microorganisms by using lysosomal degradative enzymes, 

including various cathepsins, proteases and hydrolases. Al-

though phagocytosis removes intracellular bacteria, some 

intracellular bacteria have diverse strategies to survive in host 

cells, including the regulation of phagosome maturation or 

the host environment (Uribe-Querol and Rosales, 2017).

 Lysophosphatidylcholine (LPC) is an oxidized low-density 

lipoprotein that can stimulate monocytes, macrophages, T 

lymphocytes, smooth muscle cells, and neutrophils (Hong 

and Song, 2008). It has been suggested that LPC plays a role 

in various biological processes, including T lymphocyte and 

macrophage chemotaxis, antibody formation by B lympho-

cytes and the bactericidal activity of neutrophils (Kabarowski, 

2009). LPC protects mice from cecal ligation and puncture 

(CLP)-induced sepsis and enhances bacterial clearance by 

neutrophils (Yan et al., 2004). In addition, a recent study 

showed that LPC controls intracellular M. tuberculosis growth 

by modulating phagosome maturation in mouse macro-

phages (Lee et al., 2018). However, it has not been estab-

lished whether LPC has bactericidal activity to inhibit bacterial 

growth during S. Typhimurium infection. In this study, we in-

vestigated whether LPC controls intracellular bacterial growth 

by regulating phagosome maturation in mouse macrophages 

during S. Typhimurium infection, similar to M. tuberculosis 

infection. Our study demonstrated that LPC suppressed in-

tracellular bacterial growth by accelerating phagosome mat-

uration in S. Typhimurium-infected cells, suggesting that LPC 

may be a potential candidate for controlling S. Typhimurium.

MATERIALS AND METHODS

Reagents
LPC (1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine 

[18:0]) was purchased from Avanti Polar Lipids, Inc. (USA). 

The other reagents used were 2′,7′-dichlorofluorescein diac-

etate (DCF-DA; Calbiochem, USA), apocynin (Sigma-Aldrich, 

USA), bay11-7082 (Cayman Chemical, USA), streptomycin 

(Sigma-Aldrich), and cephalexin (Sigma-Aldrich).

Cell culture
The mouse macrophage cell line Raw264.7 was purchased 

from American Type Culture Collection (ATCC, USA). 

Raw264.7 cells were maintained in RPMI 1640 (Cellgro, USA) 

culture medium containing 10% fetal bovine serum (FBS; 

Lonza, USA) and penicillin/streptomycin (Gibco-BRL, USA) at 

37°C with 5% CO2.

Bacterial strain and culture conditions
For this study, we used Salmonella enterica serovar Typh-

imurium strain ATCC 14028 or SL1344. S. Typhimurium was 

inoculated from frozen stocks onto LB agar (Difco™ LB Broth, 

Miller; BD Bioscience, USA) and incubated for 24 h at 37°C. 

A total of 1-3 colonies were inoculated in 5 ml of LB broth 

containing 10 g/L tryptone (BD Bioscience), 5 g/L yeast ex-

tract (USB, USA), and 5 g/L sodium chloride (Bio Basic Inc., 

Canada) and incubated at 37°C with vigorous shaking until 

an optical density at 600 nm (OD600) of 1 was reached. After 

culture, S. Typhimurium was used for further analysis.

S. Typhimurium infection in vitro
Raw264.7 cells were seeded at 1 × 104 cells/well on 6-well 

cell culture plates (SPL Lifesciences, Korea) and incubated for 

2 days at 37°C with 5% CO2. The cells were washed twice 

with phosphate-buffered saline (PBS; Gibco Life Technolo-

gies, USA) and mixed with S. Typhimurium at an multiplicity 

of infection (MOI) of 1 or 10. The plates were centrifuged at 

500g for 5 min and incubated for 30 min at 37°C with 5% 

CO2. After 30 min, the cells were washed twice with PBS and 

treated with 30 μM or 60 μM LPC in the presence of 60 μg/
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ml gentamicin, which removes extracellular bacteria.

S. Typhimurium infection in vivo
Six-week-old male BALB/c mice were used in this study and 

handled according to a protocol approved by the Institution-

al Animal Care and Use Committee of Kangwon National 

University (KIACUC) (No. KW-130613-1). The mice were 

inoculated orally with PBS or S. Typhimurium strain SL1344 

(1 × 108 CFU/mouse). After 2 h, the mice were injected sub-

cutaneously with LPC (20 mg/kg) or PBS in the presence or 

absence of the antibiotics cephalexin (1 mg/kg, oral injection) 

every 12 h for 3 days. Then, mouse survival was monitored 

daily for 10 days. For bacterial enumeration, tissues (liver and 

spleen) were collected from infected mice at 5 days post-in-

fection (dpi). Tissues were homogenized, diluted and plated 

onto LB agar plates supplemented with 100 μg/ml strep-

tomycin. LB agar plates were incubated overnight at 37°C. 

Colonies were counted and normalized to the weight of the 

tissue to obtain CFU/g.

Colony-forming unit (CFU) assay
A total of 1 × 104 cells were infected with S. Typhimurium at 

an MOI of 1 or 10 for 30 min and treated with LPC for the 

indicated times. The cells were washed twice with PBS and 

lysed with 200 μl of PBS containing 0.1% Triton X-100, and 

the number of intracellular bacteria was determined by calcu-

lating the CFU.

Cell viability assay
Raw264.7 cells were seeded at 1 × 104 cells/well on a 6-well 

cell culture plate and cultured for 24 h at 37°C with 5% CO2. 

The cells were washed twice with PBS and infected with S. 

Typhimurium at an MOI of 10 for 30 min. Then, the cells 

were washed with PBS and treated with LPC for the indicat-

ed times in the presence of gentamicin. The number of viable 

cells was counted using the trypan blue dye exclusion meth-

od.

Total RNA isolation and reverse transcription polymerase 
chain reaction (RT-PCR)
Raw264.7 cells were infected with S. Typhimurium at an 

MOI of 10 and then treated with LPC for 1 h. Then, the cells 

were washed with PBS and harvested. Total RNA extraction 

was performed as previously described (Lee et al., 2015). 

The oligonucleotide primers used were 5′-TTCTGTCTACT-

GAACTTCGGGGTAATCGGTCC-3′ (sense) and 5′-GTAT-

GAGATAGCAATCGGCTGACGGTGTGGG-3′ (antisense) 

for tumor necrosis factor alpha (TNF-α), 5′-GACCCAGAT-

GCAGGAAAGGAA-3′ (sense) and 5′-TCATGGTGCACAG-

CAAAGTGAT-3′ (antisense) for NOX2 (NADPH oxidase), 

and 5′-AGGCTGTGCTGTCCCTGTATGC-3′ (sense) and 5′- 

ACCCAAGAAGGAAGGCTGGAAA-3′ (antisense) for actin. 

The amplified PCR products were analyzed with a 1.5% aga-

rose gel and visualized under UV light after ethidium bromide 

staining.

Western blot analysis
SDS-PAGE and western blot analysis were performed as 

previously described (Woo et al., 2018). Briefly, Raw264.7 

cells were infected with S. Typhimurium and treated with 

LPC for the indicated times. The cells were then harvested 

and lysed with RIPA buffer in the presence of a protease 

inhibitor cocktail. Each sample was incubated for 40 min 

on ice and collected by centrifugation at 14,000 rpm for 40 

min at 4°C. Equivalent amounts of protein were resolved 

by 10% SDS-PAGE and transferred onto PVDF membranes 

(Millipore, USA). For the western blot analysis, anti-MEK1/2, 

anti-phospho-MEK1/2, anti-phospho-ERK, anti-ERK, an-

ti-phospho-SAPK/JNK, anti-SAPK/JNK, anti-Rab5, anti-Rab7, 

and anti-Cathepsin D were purchased from Cell Signaling 

Technologies (USA). Anti-phospho-IκBα and α-tubulin were 

purchased from Santa Cruz Biotechnology (USA). The target 

proteins were detected by chemiluminescence using an en-

hanced ECL detection system (Advansta, USA). α-Tubulin was 

used to verify that the proteins were equally loaded.

Immunofluorescence analysis
Immunofluorescence assays were performed as previously 

described (Lee et al., 2016a). Briefly, to detect markers asso-

ciated with phagosome maturation, the cells were seeded on 

coverslips in 12-well plates and infected with FITC-labeled S. 

Typhimurium at an MOI of 10 for 30 min. Then, extracellular 

bacteria were washed away with PBS, and the cells were cul-

tured in the presence or absence of LPC without antibiotics 

for the indicated times. The cells were washed with PBS and 

fixed with PBS containing 4% paraformaldehyde for 15 min 

at room temperature. Then, the cells were permeabilized 

with PBS containing 1% Triton X-100 for 10 min and incu-

bated with anti-EEA1-Alexa Fluor® 647 (MBL, USA) or Alexa 

Fluor® 647 anti-mouse CD107a LAMP-1 (BioLegend, USA) 

for 2 h at room temperature. The coverslips were mounted 

onto slides with Fluoromount-GTM mounting medium (South-

ern Biotech, USA) and observed by using confocal microsco-

py (FV1000 SPD; Olympus, Japan). To quantify phagosome 

maturation, a total of 3-5 fields containing more than 50 

cells were randomly selected. The percentage of phagosome 

markers that colocalized with S. Typhimurium was normal-

ized to the total number of cells.

 To quantify colocalization, the number of total cells, 

FITC-labeled S. Typhimurium puncta (green puncta) and 

FITC-labeled S. Typhimurium+ + EEA1+ double-positive punc-

ta (yellow puncta) was counted in images. The number of 

FITC-labeled S. Typhimurium+ + EEA1+ double positive puncta 

(yellow puncta) was divided by the number of FITC-labeled S. 

Typhimurium puncta (green puncta). The number of FITC-la-

beled S. Typhimurium-positive puncta was divided by the 

number of total cells. The percentage of colocalization was 

calculated as (the number of FITC-labeled S. Typhimurium+ + 

EEA1+ double positive puncta/the number of total cells)/(the 

number of FITC-labeled S. Typhimurium-positive puncta/the 

number total cells). To quantify the accumulation of EEA1 or 

LAMP-1, the number of EEA1- or LAMP-1-positive puncta 

and total cells counted, and then these values were normal-

ized to the number of total cells. The ratio of EEA1 or LAMP-

1 accumulation obtained from uninfected cells was set as 1. 

All experiments were based on three independent samples 

and repeated three times.
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Measurement of intracellular ROS production
Intracellular ROS production was assessed using 2′,7′-di-

chlorofluorescein diacetate (DCF-DA). Raw264.7 cells were 

infected with S. Typhimurium in the presence or absence of 

LPC for the indicated times. Then, the cells were treated with 

DCF-DA for 20 min at 37°C with 5% CO2, washed with PBS 

and fixed with PBS containing 4% paraformaldehyde. The 

coverslips were mounted onto slides with Fluoromount-GTM 

Fig. 1. LPC controls the intracellular growth of S. Typhimurium in mouse macrophages. Raw264.7 cells were infected with S. 

Typhimurium (ST) at an MOI of 1 (A) or 10 (B) and then treated with LPC for the indicated times. (A and B) Intracellular bacterial growth 

was determined by CFU assays. (C) The cytotoxic effect of LPC on Raw264.7 cells was assessed using a trypan blue exclusion assay. (D) 

The cultures were grown in LB broth in the presence or absence of LPC for 4 h. Left panel: bacterial growth was assessed by the OD600. 

Right panel: CFUs in LB agar plates were determined. (E and F) Mice were inoculated orally with PBS or S. Typhimurium (SL1344 strain, 1 

× 108 CFU/mouse) and then injected s.c. with LPC (20 mg/kg) or PBS in the presence or absence of the antibiotic cephalexin (Abx, 1 mg/

kg) every 12 h for 3 days. (E) Bacterial burdens carried at 5 dpi in liver and spleen (3 mice per group). Data are expressed as the mean ± 

SD (n = 3). (F) Mouse survival was monitored daily for 10 days (n = 3 in uninfected groups, n = 5 in SL1344-infected groups). Median 

survival time was determined using Prism5 software. The data in (A-E) were analyzed with one-way ANOVA followed by Tukey’s post hoc 

test for multiple comparisons; *P < 0.05, **P < 0.01, ***P < 0.001 and not significant (ns) (P > 0.05).
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mounting medium and observed by using confocal microsco-

py. To quantify intracellular ROS production, images of cells 

expressing DCF fluorescence were randomly selected in 3-5 

fields and analyzed using ImageJ software (National Institutes 

of Health, USA). The level of DCF fluorescence was normal-

ized to the DCF fluorescence intensity in control cells. All 

experiments were based on three independent samples and 

were repeated three times.

NO detection assay
The NO detection assay was previously described (Lee et al., 

2019) and performed using an NO detection kit according 

to the manufacturer’s instructions (iNtRON Biotechnology, 

Korea). In brief, culture supernatants were mixed with sulfa-

nilamide in reaction buffer (N1 buffer) for 10 min, and then 

naphthylethylenediamine in stabilizer buffer (N2 buffer) was 

added to the mixture and incubated for 10 min. The absor-

bance value at 540 nm was measured using a microplate 

reader. NO production was calculated using a standard curve 

with a nitrite standard solution.

Statistical analysis
All experiments were based on three independent samples 

and were repeated three times. Statistical analyses were 

performed using GraphPad Prism 5 software (GraphPad 

Software, USA). The significance of differences between 

groups was tested with Student’s t-test and one-way ANOVA 

followed by Tukey’s post hoc test for multiple comparisons. A 

P value < 0.05 (*P < 0.05; **P < 0.01; ***P < 0.001; and ns, 

not significant [P > 0.05]) was considered a significant differ-

ence.

RESULTS

Suppression of intracellular bacterial growth by LPC treat-
ment of S. Typhimurium-infected mouse macrophages
Our previous report showed that LPC enhances phago-

some maturation and suppresses proinflammatory cytokine 

production, suggesting that LPC plays a role in controlling 

intracellular M. tuberculosis growth without excessive inflam-

mation (Lee et al., 2018). In addition, a recent study showed 

that LPC increases Escherichia coli-killing activity in neutro-

phils via the enhanced fusion of azurophil granule-phago-

somes (Hong et al., 2010). Therefore, we first examined 

the effect of LPC on intracellular S. Typhimurium growth in 

mouse macrophages. LPC treatment significantly decreased 

intracellular bacterial growth in S. Typhimurium-infected 

Raw264.7 cells at an MOI of 1 or 10 compared with that in 

untreated S. Typhimurium-infected cells (Figs. 1A and 1B). As 

LPC exhibits cytotoxicity to macrophages by enhancing ROS 

production (Park et al., 2009), we determined whether LPC 

directly affected the growth of bacteria or host macrophages 

and that it did not show toxicity to S. Typhimurium-infected 

mouse macrophages or S. Typhimurium (Figs. 1C and 1D). To 

demonstrate the possibility as a therapeutic adjuvant for Sal-

monella treatment, mice were inoculated orally with PBS or 

S. Typhimurium (1 × 108 CFU/mouse) and then injected sub-

cutaneously (s.c.) with LPC or PBS in the presence or absence 

of antibiotics cephalexin (1 mg/kg) which is a 1st generation 

cephalosporin antibiotics and is effective against β-lactamase 

enzyme producing strains, every 12 h for 3 days. Combined 

administration of LPC and the antibiotic, cephalexin, signifi-

cantly improved the bacterial clearance in spleen and liver 

compared with treatment of cephalexin alone (Fig. 1E). Com-

bined administration of LPC and cephalexin slightly increased 

mouse survival compared with LPC-injected or cephalexin-in-

jected mice (Fig. 1F), indicating that combined administration 

of LPC and antibiotics could improve the therapeutic effect 

than single antibiotics treatment. Taken together, these re-

sults suggest that LPC controls the intracellular growth of S. 

Typhimurium in mouse macrophages without host cell dam-

age and has the potential to be developed as a therapeutic 

adjuvant for S. Typhimurium treatment.

LPC promotes phagosome maturation in S. Typhimuri-
um-infected mouse macrophages
During maturation, phagosomes sequentially acquire or lose 

new proteins according to the ‘kiss and run’ hypothesis (Des-

jardins, 1995). Briefly, the formation of early phagosomes 

involves Rab5, which cooperates with EEA1, which functions 

as tethering proteins. Rab5 and EEA1 are rapidly converted 

to Rab7 and LAMP-1, which leads to the formation of the 

late phagosome and phagolysosome progression (Pauwels 

et al., 2017). S. Typhimurium can generate a replicate niche 

known as the SCV to avoid fusion with lysosomes in host 

cells. Because of the various strategies to avoid host immune 

responses, it is important to discover a novel drug that effec-

tively targets the SCV (Brumell et al., 2002; Kamaruzzaman 

et al., 2017). It is also necessary to identify the mechanisms 

by which SCV-targeting drugs control bacterial growth. 

Thus, we sought to determine how LPC regulates intracel-

lular bacterial growth in S. Typhimurium-infected mouse 

macrophages. The percentage of EEA1 that colocalized with 

FITC-labeled S. Typhimurium increased approximately 4-fold 

in S. Typhimurium-infected cells treated with LPC compared 

to that of cells infected with S. Typhimurium without LPC 

treatment (Fig. 2A). In addition, LPC treatment contributed 

to the increased percentage of FITC-labeled S. Typhimurium 

that colocalized with the late phagosome marker LAMP-1 

compared to that of untreated S. Typhimurium-infected cells 

(Fig. 2B).

 Cathepsin D is a lysosomal aspartyl protease that functions 

in the endocytic pathway and contributes to killing intracellu-

lar pathogens (Pires et al., 2016). During phagosome matu-

ration, cathepsin D is trafficked to late phagosomes and pro-

teolytically activated at an acidic pH (pH 4.5-5.0) (Benes et al., 

2008). Thus, cleaved cathepsin D can be used as an indirect 

marker of phagosome maturation. To further demonstrate 

that LPC promotes phagosome maturation during S. Typh-

imurium infection in macrophages, we performed a western 

blot assay to detect the level of cleaved cathespin D. The level 

of cleaved cathepsin D clearly increased at 1 h after LPC treat-

ment in S. Typhimurium-infected cells (Fig. 2C). These results 

suggest that LPC promotes phagosome maturation during S. 

Typhimurium infection in macrophages.
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Fig. 2. LPC augments phagosome maturation in S. Typhimurium-infected cells. Raw264.7 cells were infected with FITC-labeled S. 

Typhimurium (ST) at an MOI of 10 and then treated with LPC for the indicated times. Cells were fixed and stained with anti-EEA1-

Alexa647 (A) or anti-LAMP-1-Alexa647 (B). Colocalization of FITC-labeled S. Typhimurium and each marker was observed under confocal 

microscopy. Bar graph represents the percentage of EEA1+ (A) or LAMP-1+ (B) phagosomes containing FITC-labeled S. Typhimurium. 

Scale bars = 100 μm. (C) Western blot analysis was performed on total cell lysates using antibodies for the indicated proteins. Bar graph 

represents the densitometric quantification of bands corresponding to cleaved cathepsin D normalized to total cathepsin D protein. 

Data are presented as the mean ± SD (n = 3) and were analyzed with one-way ANOVA followed by Tukey’s post hoc test for multiple 

comparisons; *P < 0.05, ***P < 0.001 and not significant (ns) (P > 0.05).
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LPC rapidly induces the phosphorylation of IκBα and en-
hances the level of intracellular ROS in S. Typhimurium-in-
fected mouse macrophages
Our previous study showed that LPC controls intracellular 

M. tuberculosis by increasing intracellular ROS levels that 

enhance NO production and phagosome maturation in 

mouse macrophages (Lee et al., 2018). Consistent with 

this, we investigated whether LPC enhances the production 

of NO and ROS during S. Typhimurium infection in mouse 

macrophages. Treatment with LPC increased intracellular 

ROS levels from early (30 min) to late (4 h) time points after 

S. Typhimurium infection (Figs. 3A and 3B). However, NO 

production did not change in S. Typhimurium-infected cells 

in the presence or absence of LPC (Fig. 3C). Next, we sought 

Fig. 3. LPC rapidly increases 

intracellular ROS levels and NF-κB 

activation in S. Typhimurium-

infected cells. Raw264.7 cells 

were infected with S. Typhimurium 

(ST) at an MOI of 10 and then 

treated with LPC for the indicated 

times. (A) Intracellular ROS levels 

were measured using dichloro-

fluorescein (DCF) under confocal 

microscopy. Scale bars = 100 

μm. (B) Bar graph represents the 

relative levels of intracellular ROS 

calculated from the fluorescence 

intensity. (C) NO production 

was determined in the culture 

supernatants at the indicated time 

points. Data are represented as 

the mean ± SD (n = 3), and the 

experiments were performed in 

triplicate. Statistical significance 

was analyzed with one-way 

ANOVA followed by Tukey’s post 

hoc test for multiple comparisons 

(*P < 0.05 and ***P < 0.001). 

(D) Western blot analysis was 

performed on total cell lysates 

using antibodies for the indicated 

proteins. Bar graph represents the 

densitometric quantification of 

bands corresponding to phospho- 

IκBα normalized to α-tubulin. (E) 

The mRNA levels of TNF-α, NOX2 

and actin were determined by RT-

PCR. N.C, negative control; PCR 

N.C, PCR negative control.
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to explore the intracellular pathway involved in LPC-mediated 

control of S. Typhimurium. The level of phosphorylated IκBα 

was significantly increased at 10 min after LPC treatment in 

S. Typhimurium-infected cells (Fig. 3D). The expression levels 

of TNF and NOX2 (NADPH oxidase 2) also slightly enhanced 

in LPC-treated cells during S. Typhimurium infection (Fig. 3E). 

These results suggest that LPC accelerates intracellular ROS 

production and the activation of the NF-κB signaling pathway 

in S. Typhimurium-infected macrophages.

LPC activates the NF-κB signaling pathway by inducing 
intracellular ROS production in S. Typhimurium-infected 
macrophages
A recent study showed that the activation of NF-κB enhanc-

es phagocytic activity and cytokine production (Jeon et al., 

2013). Based on our results that LPC induces an increase in 

intracellular ROS production and NF-κB activation, we de-

termined whether LPC induces intracellular ROS production 

via NF-κB activation or NF-κB activation via intracellular ROS 

Fig. 4. LPC activates the NF-κB signaling pathway by increasing intracellular ROS production in S. Typhimurium-infected cells. (A) 

Raw264.7 cells were pretreated with apocynin (Apo) for 1 h and infected with S. Typhimurium (ST) at an MOI of 10 in the presence 

or absence of LPC for 30 min. Western blot assays were performed using whole cell lysates to analyze the indicated proteins. (B) 

Raw264.7 cells were pretreated with apocynin (Apo) or bay11-7082 (Bay) for 1 h and infected with S. Typhimurium (ST) at an MOI of 

10 in the presence or absence of LPC for 30 min. Intracellular ROS levels were measured using dichlorofluorescein (DCF) under confocal 

microscopy. Scale bars = 20 μm. Bar graph represents the relative levels of intracellular ROS calculated from fluorescence intensity. Data 

are represented as the mean ± SD (n = 3), and the experiments were performed in triplicate. Statistical significance was analyzed with 

one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons (*P < 0.05 and **P < 0.01).
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production during S. Typhimurium infection in macrophages. 

To investigate whether intracellular ROS production induc-

es NF-κB activation, Raw264.7 cells were pretreated with 

apocynin, an NADPH oxidase inhibitor. Inhibition of ROS 

production using apocynin reduced the phosphorylation of 

IκBα, which was increased in LPC-treated cells during S. Ty-

phimurium infection (Fig. 4A). Next, to investigate whether 

the NF-κB pathway affects intracellular ROS production in 

LPC-treated cells during S. Typhimurium infection, Raw264.7 

cells were pretreated with bay11-7082, an inhibitor of NF-κB. 

Treatment with LPC enhanced the level of intracellular ROS 

in S. Typhimurium-infected cells; however, blockade of NF-κB 

using bay11-7082 failed to suppress intracellular ROS pro-

duction in LPC-treated cells during S. Typhimurium infection 

(Fig. 4B). Therefore, these results suggest that LPC enhances 

NF-κB activation by inducing intracellular ROS production 

during S. Typhimurium infection.

LPC controls the intracellular growth of S. Typhimurium 
by promoting phagosome maturation via ROS-induced 
NF-κB activation
According to the results that LPC activates the NF-κB path-

way through the increased level of intracellular ROS in 

macrophages, the intracellular growth of S. Typhimurium 

was measured in cells that were pretreated with inhibitors 

of NF-κB or NADPH oxidase. Treatment with LPC caused an 

approximately 2-fold decrease in the intracellular growth 

of S. Typhimurium (Fig. 5A). However, inhibition of ROS 

production or the NF-κB pathway restored intracellular S. 

Typhimurium growth, even though the cells were treated 

with LPC (Fig. 5A). Treatment with LPC rapidly facilitated the 

accumulation of EEA1 or LAMP-1, while this accumulation 

was significantly diminished in cells that were pretreated 

with apocynin or bay11-7082 (Fig. 5B). Consistent with the 

decreased intracellular growth of S. Typhimurium shown in 

Fig. 5A, the intensity of FITC-labeled S. Typhimurium declined 

in LPC-treated cells compared with that in untreated S. Typh-

imurium-infected cells (Fig. 5B). These data reveal that LPC 

accelerates phagosome maturation through activation of the 

NF-κB pathway by upregulating intracellular ROS production, 

and thus LPC controls intracellular S. Typhimurium growth in 

mouse macrophages.

DISCUSSION

S. Typhimurium is an intracellular pathogen that causes ty-

phoid-like disease in mice (Johnson et al., 2018). This patho-

gen can survive and replicate within host cells, including 

macrophages, dendritic cells and M cells, which contributes 

to the systemic spread this organism (Haraga et al., 2008). 

When S. Typhimurium passes through the intestinal epitheli-

um and reaches macrophages, the macrophages internalize 

S. Typhimurium via phagocytosis and control the intracellular 

growth of S. Typhimurium through phagosome maturation. 

Phagosome maturation is a homeostatic mechanism that 

removes intracellular bacteria and apoptotic cells (Lee et al., 

2020). Phagosomes contain target substances that enter 

host cells through phagocytosis and undergo a series of mat-

uration processes. Phagosomes acquire membrane molecules 

involved in maturation by interacting with the compartments 

of the endocytic pathway. The early-to-late phagosome tran-

sition is mediated by the conversion of two small GTPases, 

Rab5 and Rab7, and various molecules (Bohdanowicz and 

Grinstein, 2010). Rab5-expressing early phagosomes induce 

the recruitment of EEA1, which acts as a functional link be-

tween Rab proteins and SNARE to trigger membrane fusion 

(Simonsen et al., 1999). During phagosome maturation, 

Rab5 is converted to Rab7, which induces the recruitment 

of RILP, a Rab7 effector protein (Harrison et al., 2003). 

Rab7-expressing late phagosomes are ultimately converted to 

phagolysosomes by fusion with lysosomes expressing LAMP-

1 and LAMP-2 (Huynh et al., 2007). Phagolysosomes trigger 

phagosome acidification through the activity of v-ATPase, 

resulting in the inactivation or degradation of target mole-

cules by lysosomal enzymes, such as cathepsin D and various 

hydrolases (Flannagan et al., 2012). However, S. Typhimuri-

um has various immune evasion strategies, including the rec-

ognition or activation of PRRs (Wong et al., 2009), regulation 

of host cell death (Wemyss and Pearson, 2019) and inhibi-

tion of phagolysosome formation, which is the final step of 

phagosome maturation (Bernal-Bayard and Ramos-Morales, 

2018; Buchmeier and Heffron, 1991). In particular, to ham-

per the fusion of S. Typhimurium-containing phagosomes 

and lysosomes, S. Typhimurium constantly recruits the early 

phagosome markers Rab5 and EEA1 to S. Typhimurium-con-

taining vacuoles (SCVs) to prevent the accumulation of Rab7, 

LAMP-1 and v-ATPase, which characterizes late phagosomes 

(Smith et al., 2007). Brumell et al. (2002) showed that intra-

cellular replication of S. Typhimurium was increased in cells 

that expressed a constitutively active mutant of Rab5 or a 

dominant-negative mutant of Rab7, suggesting that SCVs 

maintain the characteristics of early phagosomes to allow S. 

Typhimurium to survive and replicate within macrophages. 

We found that LPC enhanced the accumulation of the early 

and late phagosome markers EEA1 and LAMP-1, respective-

ly, in S. Typhimurium-containing phagosomes. In addition, 

we confirmed that the protein level of activated cathepsin D 

(cleaved cathepsin D) was markedly enhanced in LPC-treat-

ed macrophages during S. Typhimurium infection. Previous 

studies have shown that the conversion of Rab5 to Rab7 or 

the expression of these proteins regulates phagosome mat-

uration (Meresse et al., 1999; Rink et al., 2005). Therefore, 

we confirmed that the expression of Rab5 and Rab7 was 

affected by LPC treatment at the transcriptional and trans-

lational levels; however, there was no notable difference in 

the expression of these proteins in the presence or absence 

of LPC during S. Typhimurium infection (data not shown). 

Our results suggest that the expression of Rab proteins is not 

promoted or inhibited by LPC treatment, indicating that Rab 

proteins are already expressed in macrophages and act as 

bridges between other proteins during phagosome matura-

tion.

 Recently, Shivcharan et al. (2018) demonstrated that LPC 

promotes the invasive ability of Salmonella by enhancing the 

Salmonella invasion-promoting molecules spiA and spiC. In 

addition, LPC continuously maintains the expression of hilA, 

one of the major transcription factors of Sips. Although LPC 

enhanced the invasive ability of epithelial cells, Miyazaki et al. 
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Fig. 5. LPC controls the intracellular growth of S. Typhimurium through the enhanced activation of the NF-κB signaling pathway by 

upregulating intracellular ROS production. (A) Raw264.7 cells were pretreated with apocynin (Apo) or bay11-7082 (Bay) for 1 h and 

infected with S. Typhimurium (ST) at an MOI of 10 in the presence or absence of LPC. Intracellular bacterial growth was determined by 

CFU assay at 2 h after LPC treatment. (B) Raw264.7 cells were pretreated with apocynin (Apo) or bay11-7082 (Bay) for 1 h and infected 

with FITC-labeled S. Typhimurium at an MOI of 10 in the presence or absence of LPC. Cells were fixed and stained with anti-EEA1-

Alexa647 (top panel) or anti-LAMP-1-Alexa647 (bottom panel). Accumulation of each marker was observed under confocal microscopy. 

Scale bars = 10 μm. Bar graph represents the ratio of EEA1+ or LAMP-1+ accumulation. Data are represented as the mean ± SD (n = 3), 

and the experiments were performed in triplicate. Statistical significance was analyzed with one-way ANOVA followed by Tukey’s post hoc 

test for multiple comparisons; *P < 0.05, ***P < 0.001 and not significant (ns) (P > 0.05).



  Mol. Cells 2020; 43(12): 989-1001  999

Anti-Salmonella Activity of LPC in Macrophages
Hyo-Ji Lee et al.

(2017) found that LPC induced bacterial membrane permea-

bility and suppressed the survival of various types of bacteria, 

including gram-positive methicillin-resistant Staphylococcus 

epidermidis (MRSE) and gram-negative E. coli and Pseudo-

monas aeruginosa. Our previous study showed that LPC pro-

moted intracellular bacterial killing in M. tuberculosis-infected 

macrophages (Lee et al., 2018). In line with our previous 

study, we also demonstrated that treatment with 18:0 LPC 

enhanced intracellular bacterial killing in S. Typhimurium 

SL1344-infected mouse macrophages.

 Because antibiotic resistance is one of the global health 

threat, it is an important to develop candidates which over-

come antibiotic resistance to protect the host against anti-

biotic resistant bacterial infection. Orsi et al. (2006) showed 

that propolis had an antibacterial activity on S. Typhi. In 

addition, combined treatment of propolis and antibiotics, 

including ampicillin, amoxicillin and cephalexin, synergistically 

enhanced antibacterial susceptibility. Hossain et al. (2020) 

also demonstrated that combined treatment of gallic acid 

and antibiotic ceftiofur decreased significantly bacterial bio-

film viability and the motility of S. Typhimurium than ceftiofur 

single treatment. In line with these studies, we found that 

combined administration of LPC and cephalexin significantly 

decreased bacterial burden in liver and spleen and moderate-

ly protected mouse survival against S. Typhimurium infection. 

However, since the effective concentration and frequency for 

the combination therapy could not be determined, further 

study will be designed to investigate the effective concentra-

tion and the administration frequency of LPC as an adjunctive 

therapy with antibiotic treatment.

 During S. Typhimurium infection, macrophages also acti-

vate intracellular NF-κB or MAPK signaling pathways by rec-

ognizing S. Typhimurium through various PRRs and generate 

cytokines, chemokines, ROS and reactive nitrogen species, 

which have microbicidal activities (Behnsen et al., 2015; Lee 

et al., 2016b; Yang et al., 2009). Our study demonstrated 

that treatment with LPC increased intracellular ROS but not 

NO production in S. Typhimurium-infected macrophages. 

Our previous study showed that LPC promoted phagosome 

maturation by augmenting intracellular ROS production 

through cAMP-induced activation of PKA in M. tuberculo-

sis-infected macrophages (Lee et al., 2018). Consistent with 

this finding, we also demonstrated that LPC-induced intra-

cellular ROS production promoted phagosome maturation 

via NF-κB pathway in S. Typhimurium-infected macrophages. 

Blander and Medzhitov (2004) demonstrated that TLR2/4-/- 

and MyD88-/- macrophages internalized S. Typhimurium and 

fused with lysosomes, suggesting that TLR2/4-MyD88 signal-

ing contributes to the internalization of S. Typhimurium and 

phagosome maturation in macrophages. Consistent with the 

findings of study, we also demonstrated that LPC enhanced 

phagosome maturation by rapidly activating the NF-κB path-

way in S. Typhimurium-infected cells.

 Taken together, our results demonstrate that LPC facilitates 

bactericidal activities by enhancing phagosome maturation 

via NF-κB activation through LPC-induced intracellular ROS 

production in S. Typhimurium-infected macrophages. There-

fore, these findings suggest that LPC could be developed as 

a potential therapeutic agent to improve host antibacterial 

activities.
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