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Polysaccharides from pectinase digests of green tea enhances
host immune defence through toll-like receptor 4
BoYoon Changa, TaeYoung Kimb and SungYeon Kima

aInstitute of Pharmaceutical Research and Development, College of Pharmacy, Wonkwang University, Iksan,
Republic of Korea; bBTC Corporation, Asan, Republic of Korea

ABSTRACT
To develop new immunostimulatory ingredients, green tea
polysaccharides were obtained by pectinase-assisted extraction.
The present study investigated the immune stimulating and
protective ability of polysaccharides from pectinase digests of
green tea (PPGT) against infectious disease and the mechanisms
involved. Macrophages stimulated with PPGT exhibited dose-
dependent increases in nitric oxide, tumour necrosis factor-α (TNF-
α) production and phagocytosis. PPGT increased phosphorylation
of mitogen-activated protein (MAP) kinase, nuclear factor-kappaB
(NFκB) and signal transducers and activators of transcription
(STATs) through toll-like receptor 4 (TLR4) activation. The survival of
mice infected with a lethal dose (1 × 107 CFU) of S. typhimurium
was significantly extended by PPGT administration. Furthermore,
PPGT induced production of cytokines (interleukin-12, interferon-γ,
and TNF-α) in mice infected with a sub-lethal dose (1 × 105 CFU) of
S. typhimurium. Furthermore, PPGT was significantly promoted
natural killer cell and cytotoxic T lymphocyte activity. The above
results lead to conclude that PPGT have a potent immune
stimulating effect on immune cells via TLR4 pathway.
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Introduction

Green tea prepared from Camellia sinensis is a popular beverage throughout Asia and is
recognized as a herbal remedy (Dekant, Fujii, Shibata, Morita, & Shimotoyodome, 2017;
Saeed et al., 2017). Catechin polyphenols, such as epicatechin, epigallocatechin (EGC), epi-
catechin-3-gallate, and epigallocatechin-3-gallate (EGCG), are the major components
responsible for the beneficial effects of green tea (Du et al., 2016; Monobe, Ema,
Tokuda, & Maeda-Yamamoto, 2010). Moreover, green tea polysaccharides have been
reported to possess immunological, anti-radiation, anticarcinogenic, anti-HIV, antioxi-
dant, and anti-fatigue and hypoglycemic properties (Du et al., 2016; Lu et al., 2017; Lu,
Zhao, Sun, Yang, & Yang, 2013).

Recently, more evidence suggest that numerous polysaccharides isolated from various
sources have immunostimulatory effects are appearing. Although most of such data derive
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from in vitro experiments or oral administration of polysaccharides to experimental
animals (Pan et al., 2017; Shu et al., 2017; Zhang et al., 2018). The extraction of polysac-
charides by hot water results in relatively poor yields. In order to increase the yield and
physiological activity of polysaccharides, researchers have adjusted variables such as temp-
erature and pH and employed enzymes in the extraction process (Baik et al., 2015; Zhai
et al., 2018), but these methods remain suboptimal.

It is well known that the plant cell wall comprises a three-dimensional dynamic
network composed of cellulose, pectins, crosslinking glycans, and proteins (Nagai et al.,
2017). Pectinase may be used to cleave pectin and pectic compounds. Pectinase was the
cell wall may be broken down, decreasing mass transfer resistance (Barman, Sit,
Badwaik, & Deka, 2014). Moreover, the reaction is mild and the products stable, and pec-
tinase can improve extraction efficiency and shorten extraction time (Barman et al., 2014;
Palaniyandi, Suh, & Yang, 2017; Zhai et al., 2018). Here, polysaccharides from pectinase
digests of green tea (PPGT) was performed, using the optimal temperature and time ident-
ified from previous studies of pectinase treatment. The immunostimulatory activity and
the underlying signalling mechanism were investigated. In addition, the effect of polysac-
charides from PPGT on host defence was examined by its administration to mice and sub-
sequent challenge with the pathogen S. typhimurium.

Materials and methods

Chemical and reagents

Roswell Park Memorial Institute medium 1640 (RPMI) and foetal bovine serum (FBS)
were obtained from GIBCO (Grand Island, NY, USA). Nitric oxide (NO) detection kit
was obtained from INTRON Biotechnology (Sungnam, Korea). Trizol was obtained
from Invitrogen (Carlsbad, CA, USA). Interleukin (IL)-6, IL-12, interferon-gamma
(IFN-γ) and tumour necrosis factor-alpha (TNF-α) were obtained from R&D Systems
(Minneapolis, MN, USA). Penicillin, streptomycin, neutral red, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), lipopolysaccharide (LPS), and all other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture and animal care

RAW264.7 cells were routinely cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Sigma-Aldrich) supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, and
100 μg/mL of streptomycin. Cells were grown at 37°C in a humidified 5% CO2 incubator.
S. typhimurium was grown on LB broth at 37°C under aerobic conditions. All experiments
were performed in accordance with the guidelines for animal experimentation of Wonk-
wang University and were approved by the university’s institutional animal care and use
committee (Approval No. WKU17-21).

Preparation of standardized PPGT

PPGT was supplied by BTC Corporation and used for experiments. For extraction, 1 kg of
ground tea leaves was added to 10 L water and heated twice at 90°C for 2–4 h. 0.5%
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pectinase (26,000 1 PGU/mL, v/w) based on the dry weight of green tea leaves was added
to the filtrate and the mixture was incubated at 40°C for 30 min. The enzyme was then
inactivated by heating the mixture at 90°C for 1 h. The product was concentrated to
10° Brix at 60°C in a vacuum evaporator and dried in a freeze-dryer after solvent precipi-
tation (FD8505, Ilshin Corp., Seoul, Republic of Korea) to yield PPGT (7.12%, w/w). For
standardization, EGC + EGCG content was estimated as a maker of PPGT. The EGC +
EGCG content was 14.24 mg/g.

HPLC estimation of EGC + EGCG

PPGT was dissolved in HPLC-grade methanol to a concentration of 5 mg/mL and filtered
through a 0.45-μm syringe filter. The reference standard comprised 0.5 mg EGC and
EGCG in 1 mL HPLC-grade methanol. The HPLC system consisted of a model 515
pump and model 717 autosampler (Waters, Beverly, MA, USA). Reverse-phase separation
was performed at room temperature using a YMC Triart C18 ExRS column (ID of
4.6 mm × 250 mm, particle size of 5 μm). The mobile phase included water containing
0.1% Phosphoric acid and ACN containing 0.1% Acetic acid. The flow rate was main-
tained at 1 mL/min and the peak was detected at 206 nm. The marker compound was
identified by comparing the UV spectrum and retention time (Figure 1).

Antioxidant activity

To ascertain the antioxidant activity of the green tea extracts, a DPPH radical scavenging
assay was performed using the method described by Klouwen (1962). The inhibition rate
was calculated as follows: (1 – A/B) × 100, where A is the absorbance of the sample and B is
the absorbance of the control. A superoxide radical scavenging assay was also performed
using a SOD Assay Kit-WST (Dojindo, Tokyo, Japan) according to the manufacturer’s
instructions.

Figure 1. HPLC analysis of PPGT, EGC, and EGCG.
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Cell viability assay

RAW264.7 were then cultured for 24 h in 96-well culture plates at 2.5 × 104 cells/well in
the presence or absence of 10, 30, or 100 μg/mL PPGT or 1 μg/mL LPS as a positive
control for 24 h. MTT solution was added to each well and the plate was incubated for
another 4 h before completion of the cell viability assay.

NO assay

RAW264.7 (1 × 105 cells/well) were incubated in a 96-well plate with 10, 30, or 100 μg/mL
PPGT for 24 h. NO was measured by determining the concentration of nitrite, its stable
oxidative metabolite, using a microplate assay according to a previously described
method (Chang et al., 2015).

Measurement of cytokine levels

TNF-α, IL-6, IL-12, and IFN-γ production were measured by the sandwich ELISA method
according to the manufacturer’s instructions. ELISA kits for IL-6 (DY406), IL-12 (DY419),
and TNF-α (DY410) were provided by R&D Systems and that for IFN-γ (558258) was
supplied by BD PharMingen (San Jose, CA, USA).

Peritoneal macrophage phagocytosis assay

Phagocytosis assays were performed as described by Han et al. (2009). The fluorescence
intensity (in relative fluorescence units) associated with intracellular bacteria was deter-
mined using a spectrofluorometer (Infinite F200, Tecan, Zurich, Switzerland).

Toll-like receptor 4 (TLR4) gene knockdown and quantitative reverse-
transcription (RT)-polymerase chain reaction (PCR)

RAW264.7 cells were transfected using Lipofectamine by adding to the culture medium
TLR4 siRNA (siRNA ID 110005, Thermo Fisher Scientific, Waltham, MA, USA) or non-
specific siRNA (AM4611, Thermo Fisher Scientific) combined with Opti-MEM. For
control cultures, only Opti-MEM was added to the medium. After 24 h, the cells were
treated for a further 24 h with PPGT or LPS, before being collected for RNA isolation.
For amplification of TLR4 (Mm00445273) and iNOS (Mm00440485), TaqMan Gene
Expression Assay (Applied Biosystems, Foster City, CA, USA) primers and probes were
used. Expression levels of target genes were normalized to those of the housekeeping
gene GAPDH. Relative expression levels and PCR efficiency were evaluated. Data analysis
was performed with SDS 2.1.1 software (Applied Biosystems).

MAPK, NFkB, and STAT-1 protein expression analysis

Treated cells were lysed by adding RIPA buffer directly to the plate. After isolation, the
concentration of protein in the samples was determined using a Micro BCA Assay Kit.
The membrane was blocked with 5% skim milk and sequentially incubated with
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phospho P38, phospho JNK, phospho ERK, phospho NF-κB, phospho STAT1 and
GAPDH antibodies at 4°C overnight. Immunoreactive bands were visualized using horse-
radish peroxidase-conjugated secondary antibodies and ECL detection reagent. Images
were captured using a FluorChem E system (ProteinSimple, Santa Clara, CA, USA).

MAPK and NFκB inhibitor assay

The cells were pre-incubated with the MAPK inhibitors SB202190 (10 μM), SP600125
(10 μM), and PD98059 (25 μM) and ammonium pyrrolidine-dithio-carbamate (PDTC;
50 μM) for 1 h before PPGT treatment, before being collected for RNA isolation. For
Amplification of iNOS (Mm00440485), TNF-ɑ (Mm00443258) and GAPDH
(Mm99999915) was performed using TaqMan Gene Expression Assay primers and
probes. Data analysis was performed with SDS 2.1.1 software. Expression of each target
gene was normalized to that of the housekeeping gene GAPDH. Relative expression
levels and PCR efficiency were evaluated.

Animals and experimental design

Male ICR mice (6 weeks old and weighing 25–27 g) were purchased from Orient Bio
(Iksan, Republic of Korea) and randomly divided into two sets. The first set comprised
seven groups, each of 10 mice, as follows: normal, S. typhimurium infection, S. typhimur-
ium infection 50 mg/kg β-glucan(positive control) and S. typhimurium infection with 10,
30, 100, and 300 mg/kg/day PPGT. The second set also comprised seven groups, with 10
mice in each group. The mice were divided into six groups: normal, S. typhimurium infec-
tion, S. typhimurium infection 50 mg/kg β-glucan(positive control) and S. typhimurium
infection with 10, 30, 100, and 300 mg/kg/day PPGT. Mice in the normal and S. typhimur-
ium infection groups were administered an equivalent volume of distilled water instead of
PPGT. PPGT or β-glucan was dissolved in sterile double-distilled water and administered
for 12 consecutive days. After 5 days of PPGT treatment, mice of the first and second set
were intraperitoneally injected with a lethal (1 × 107 CFU/mouse) and sublethal (1 ×
105 CFU/mouse) dose, respectively, of a bacterial suspension to induce peritonitis. The
challenged mice were given a standard diet and water for 7 days and their survival and
health were monitored twice per day for the duration of the experiment. At the end of
the experiment, the mice were anaesthetized with ether, and blood samples were taken
from the central vein.

Natural killer cell and cytotoxic T lymphocyte activity assay

Splenocytes were collected from infected mice and used as effector cells at a concen-
tration of 1 × 106 cells/well. YAC-1 cells (as a natural killer (NK) cell target) and
CT26 cells (as a cytotoxic T lymphocyte (CTL) target) were seeded in RPMI 1640 com-
plete medium in a 96-well, flat-bottom microtiter plate at 2 × 104 cells/well to give an
effector:target ratio of 50:1. The plates were incubated for 24 h at 37°C in an atmosphere
containing 5% CO2. MTT solution was added to each well and the plate was incubated
for another 4 h before completion of the MTT assay. The percentage of target cells
killed (% lysis) was calculated as ((ODT – (ODS – ODE))/ODT) × 100, where ODT
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is the OD of the target cell control, ODS is the OD of the test sample, and ODE is the
OD of the effector cell control.

Statistical analysis

Data are expressed as means ± SD and were examined for statistically significant differ-
ences by analysis of variance and Student’s t-test. p-Values < .05 were considered statisti-
cally significant.

Results

PPGT antioxidant activity

Hydroxyl radical scavenging increased with PPGT concentration, being 24.5%, 64.7%, and
92.4% at concentrations of 10, 30, and 100 μg/mL, respectively, 50 μM vitamin C (positive
control), was recorded as 72.1%. The scavenging activity of PPGT at 100 μg/mL was sig-
nificantly higher than that of vitamin C (Figure 2(A)). PPGT was also tested for superox-
ide radical scavenging activity, which was found to range from 8.3% to 59.4%. A
superoxide radical scavenging value of 60.9% was recorded for the positive control,
trolox 500 μg/mL. PPGT at 100 μg/mL had an effect similar in degree to that of the posi-
tive control (Figure 2(B)).

Effect of PPGT on macrophage activation

There was no cytotoxicity of PPGT at the experimental concentration (Figure 3(A)). NO
production was 2.99 ± 0.38 μM in the untreated group and 19.8 ± 7.05 μM in the 1 μg/mL
LPS group (the positive control). TNF-α secretion was 0.40 ± 0.02 ng/mL in the untreated
group and 2.34 ± 0.15 ng/mL in the LPS group. The PPGT associated NO and TNF-α were
significantly increased to 2.5–5.6 fold and 2.6–4.6 fold of untreated group, respectively
(Figure 3(B,C)).

Figure 2. Hydroxyl (A) and superoxide (B) radical scavenging activity of PPGT. The values shown are
means ± SD of changes in hydroxyl and superoxide radical scavenging activity. ***p < .001 compared
with the untreated (UN) group.
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To determine the effect of PPGT on the phagocytic activity of macrophages, the uptake
of FITC-labeled E. coli cells by PPGT-treated and untreated macrophages were compared.
Phagocytosis of E. coli was significantly increased 2.8–3.9 fold treated with PPGT com-
pared to the untreated group, demonstrating that PPGT enhances macrophage phagocy-
tosis (Figure 4).

Effect of PPGT on mechanisms of macrophage stimulation

Knockdown of TLR4 was performed by transfection of TLR4 siRNA into macrophages,
resulting in a 56.8% reduction of TLR4 gene expression compared to the nonspecific
siRNA treatment (data not shown). Expression of iNOS mRNA increased 1.31, 5.51,
and 6.38 fold following treatment with 10, 30, and 100 mg/mL PPGT the compared to
nonspecific siRNA. In TLR4-knockdown, iNOS expression was 1.00, 1.20, and 2.13 fold
that in the untreated group after administration respectively. iNOS expression was signifi-
cantly inhibited in the TLR4-knockdown group than the nonspecific siRNA group at
PPGT concentrations of 30 and 100 mg/mL (Figure 5(A)).

PPGT induced phosphorylation of p38, ERK, JNK, IKK, STAT-1 in macrophages in
a dose-dependent fashion (Figure 6(A)). To confirm the association between
PPGT and MAPK and NFκB activation, the effects of several inhibitors (SB203580

Figure 3. Effect of PPGT onmacrophage activation. RAW264.7 cells were treatedwith 10, 30, or 100 μg/mL
PPGT or 1 μg/mL LPS for 24 h, after which, cell viability (A), NO (B) and TNF-α (C) secretion was measured.
The values shown are means ± SD. **p < .01, ***p < .001 compared with the untreated (UN) group.
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for p38, SP600125 for JNK, and PD98059 for ERK) on PPGT-treated macrophages were
investigated. PPGT-induced iNOS and TNF-α expression were significantly decreased
after treatment with inhibitors of MAPK and NFκB activation (Figure 6(B,C)).

Effect of PPGT on the survival of lethal dose of S. typhimurium-infected mice

Figure 7 shows that only 10% of mice administered lethal dose of S. typhimurium were
alive by day 7. In contrast, the survival rate in the β-glucan positive control group was
50% at the same time point. Of the mice treated with 10, 30, 100, or 300 mg/kg PPGT
along with S. typhimurium, 20%, 30%, 40%, and 40% remained alive, respectively, on

Figure 4. Effect of PPGT on phagocytosis. RAW264.7 cells were treated with 10, 30, or 100 μg/mL PPGT
or 1 μg/mL LPS (as a positive control) for 24 h, before being incubated with FITC-labeled E. coli for 2 h.
Phagocyosed bacteria was measured with a fluorescence microplate reader. The values shown are
means ± SD. **p < .01, ***p < .001 compared with the untreated (UN) group.

Figure 5. Effect of TLR4 knockdown on PPGT-induced iNOS expression. RAW264.7 cells were trans-
fected with 100 nM TLR4 siRNA using Lipofectamine. After 24 h, the cells were treated with 10, 30,
or 100 µg/mL PPGT or 10 µg/mL LPS for a further 24 h, and subsequently collected for RNA isolation.
iNOS gene expression was determined by quantitative RT-PCR. The values shown are means ± SD.
*p < .05, **p < .01, ***p < .001 compared with the nonspecific siRNA group.
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day 7. These observations demonstrate the dose-dependent protective influence of PPGT
against the lethal effects of S. typhimurium on mice.

Effect of PPGT on the body weight of sub-lethal dose of S. typhimurium-infected
mice

Average body weight across all groups before the start of the experiment was 32.4 ± 0.60 g.
Prior to infection with S. typhimurium, no significant difference in body weight was noted
between the PPGT and positive control groups. Weight loss was observed in all groups
following S. typhimurium (1 × 105 CFU/mouse) infection. The body weight of mice admi-
nistered only S. typhimurium was 12.2% lower on day 2 than the pre-infection weight (day
0), and had increased by day 7 to be 5.3% lower than that on day 0. In the PPGT groups,
recovery of weight was observed from day 4 post infection. At the end of the experiment,
there was no significant difference between the groups (Figure 8).

Figure 6. Effect of PPGT on the downstream of TLR4 signalling pathway. (A) Cytosolic protein extracts
were prepared and analysed by western blotting using phospho-ERK, phospho-JNK, phospho-p38,
phospho-IKK, phospho-STAT1 antibodies. (B,C) Cells were pretreated for 2 h with SB203580 (a p38
inhibitor), SP600125 (a JNK inhibitor), PD98059 (an ERK inhibitor), or PDTC before exposure to PPGT.
iNOS and TNF-α gene expression was determined by quantitative RT-PCR. The values shown are
means ± SD. *p < .05, **p < .01, ***p < .001 compared with the untreated (UN) group. #p < .05,
##p < .01, ###p < .001 compared with the PPGT-only group.
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Effects of PPGT on cytokine production in sub-lethal dose of S. typhimurium-
infected mice

IL-6 secretion did not show any significant difference PPGT (Figure 9(A)). IL-12 secretion
was increased by 21% in the infected the compared S. typhimurium-infected group. IL-12
secretion was 19 – 45% higher than that in the normal group (Figure 9(B)). Concerning

Figure 7. Effect of PPGT on the survival in mice challenged with lethal dose of S. typhimurium. Mice
were orally administered 10, 30, 100, or 300 mg/kg PPGT for 12 days and subsequently challenged
with a lethal dose of a bacterial suspension (1 × 107 CFU/mice) by intraperitoneal injection to induce
peritonitis. The challenged mice were kept for 7 days on a standard diet with water and their survival
was monitored twice per day throughout the experimental period.

Figure 8. Effect of PPGT on the body weight in mice challenged with sub-lethal dose of S. typhimurium.
Mice were orally administered 10, 30, 100, or 300 mg/kg PPGT for 12 days and subsequently challenged
with a sub-lethal dose of a bacterial suspension (1 × 105 CFU/mice) by intraperitoneal injection to
induce peritonitis. Body weight was recorded daily.
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secretion of TNF-α, mice treated with only S. typhimurium demonstrated an increase of
84.6% compared to those in the normal group. TNF-α secretions were 106%, 115%,
133%, and 142% higher in 10, 30, 100, and 300 mg/kg PPGT groups, respectively, than
the normal group (Figure 9(C)). The increase resulting from the highest dose was statisti-
cally significant. Secretion of IFN-γ was 46.9% higher in the S. typhimurium-only group
than the normal group. IFN-γ secretion was significantly increased in the 30, 100, and
300 mg/kg PPGT+ S. typhimurium groups, by 95%, 141%, and 154%, respectively
(Figure 9(D)).

Effects of PPGT on NK cell and CTL activity in sub-lethal dose of S. typhimurium-
infected mice

A difference of 24.6% was noted between NK cell activity in the S. typhimurium-only
group (56.4 ± 3.67%) and that in the normal group (31.8 ± 2.7%). NK cell activity also sig-
nificantly differed, by 19.3%, between the β-glucan positive control group (67.3 ± 4.48%)
and the S. typhimurium-only group. PPGT did not show any significant effect on NK cell
activity (Figure 10(A)).

Figure 9. Effect of PPGT on the production of cytokines in mice challenged with sub-lethal dose of
S. typhimurium. Mice were orally administered 10, 30, 100, or 300 mg/kg PPGT for 12 days and sub-
sequently challenged with a sub-lethal dose of a bacterial suspension (1 × 105 CFU/mice) by intraper-
itoneal injection to induce peritonitis. At the end of the experiment, the mice were anesthetized using
ether. Serum was then collected from blood samples to measure levels of (A) IL-6, (B) IL-12, (C) IFN-γ,
and (D) TNF-α. The values shown are means ± SD. *p < .05 compared with the normal group.
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CTL activity was higher in mice administered only S. typhimurium (61.0 ± 4.0%) than
in those of the normal group (40.3 ± 3.4%), with a difference of 20.7% being recorded. CTL
activity significantly differed, by 20%, between the β-glucan-treated positive control group
(81.0 ± 5.3%) and the S. typhimurium-only group. A dose-dependent increase in CTL
activity was observed in relation to PPGT treatment, with increases of 10.0% being
noted in the 300 mg/kg PPGT+ S. typhimurium groups, respectively, and the difference
associated with the amount of these doses was statistically significant (Figure 10(B)).

Discussion

One approach to the effective release of bioactive substances from protein and carbo-
hydrate sources is enzymatic hydrolysis. Indeed, this method is widely applied to
enhance the functional, nutritional, and pharmacological properties of proteins and carbo-
hydrates (Kim et al., 2011; Thitiratsakul & Anprung, 2014). In addition, several studies
have reported that enzymatic hydrolysates of plants exert biological effects, including anti-
oxidant and anticoagulant activity and inhibition of enzymes and cell proliferation
(Ridley, O’Neill, & Mohnen, 2001; Zhai et al., 2018). Pectinase and cellulase treatment sig-
nificantly increased yield and soluble solid content (Baik et al., 2015; Ridley et al., 2001;
Zhai et al., 2018). In the present study, attempts were made to enhance the polysaccharide
content and increased the radical scavenging and immunostimulatory activity of green tea
extract involving a pectin-hydrolysing enzyme.

Polysaccharides have been reported as act as effective free radical scavengers and anti-
oxidants, playing a critical role in protecting organisms against oxidative damage (Liao
et al., 2017; Liu & Huang, 2017; Lu et al., 2013). Our results indicate that PPGT has a
strong hydroxyl and superoxide radical scavenging capacity.

Activation of macrophages is a key event for initiating and propagating defensive
reactions against pathogens. Phagocytosis is the first step in the macrophage response
to invading microorganisms, and activated macrophages further function in antigen
processing and presentation, and antibody-dependent cell-mediated cytotoxicity

Figure 10. Effects of PPGT on NK cell and CTL activity in sub-lethal dose of S. typhimurium-infected
mice. Splenocytes were collected from sub-lethal dose of S. typhimurium-infected mice as effector
cells. YAC-1 and CT26 cells were used as NK cell and CTL targets, respectively, at an effector:target
ratio of 50:1. (A) NK cell and (B) CTL activity was measured. The values shown are means ± SD.
**<.01, ***p < .001 compared with the S. typhimurium-only group.
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(Deng, Fu, Shang, Chen, & Xu, 2018; Fang et al., 2015; Wang et al., 2018; Wang,
Wakeham, Harkness, & Xing, 1999). We observed that PPGT enhances phagocytic activity
in macrophage. Macrophage also induces the production of numerous cytokine or
mediators, such as TNF-α, interferons, interleukins, NO, and other reactive oxygen
species. NO can diffuse freely through cells and is synthesized from l-arginine by NOS,
which contributes to killing microorganisms and tumour cells through activated macro-
phages and mediates a variety of biological functions as an intracellular messenger mol-
ecule (Fonseca et al., 2003). The roles of TNF-α include activation and chemotaxis of
leukocytes and induction of the expression of adhesion molecules (Parameswaran &
Patial, 2010). PPGT was significantly increased the release of TNF-α and NO produced
by macrophages. Therefore, PPGT-mediated phagocytosis and production of NO and
cytokines contribute to its immunostimulatory.

TLRs are innate immune sensors that recognize conserved microbial structures and
signal expression of MHC proteins, co-stimulatory molecules, and inflammatory
mediators by macrophages, neutrophils, dendritic cells, and other cell types. The
binding of polysaccharides to TLR4 is a critical event in immune activation (Tewari
et al., 2017). iNOS and TNF-α signalling pathway is activated by TLR4 and transduced
via mitogen-activated protein kinases MAPKs (ERK, p38 and JNK), NFκB as well as a
Janus tyrosine kinase (JAK) and signal transducers and activators of transcription
(STATs) (Chang, Kim, Lee, Park, & Kim, 2015; Zhou et al., 2015). PPGT was found to
increase the phosphorylation of ERK, JNK, p38, IKK, and STAT-1 in a dose-dependent
manner. PPGT-induced iNOS expression was attenuated by knockdown of TLR4, there-
fore, immune activity resulting from PPGT administration may occur through activation
of TLR4 signalling. Moreover, inhibition of MAPK and NFκB signalling by pretreatment
with MAPK inhibitors and PDTC inhibited PPGT-induced increases in iNOS and TNF-α
gene expression (Chang et al., 2015; Sun et al., 2013). These results suggest that PPGT-
mediated macrophage activation largely depends on MAPK and NFκB signalling.
Taken together, our findings demonstrate that PPGT may act as a macrophage activator
and immune stimulator through TLR4 signalling.

We found that PPGT enhanced immune activity and resistance to experimental chal-
lenge with S. typhimurium. The protective effect of PPGT against this pathogen is likely to
be mediated by potentiation of host defence, such as macrophage activation, rather than
by indirect inhibition of bacterial growth.

IL-12 is produced primarily by monocytes, macrophages, and other antigen-presenting
cells and is essential in responses to infectious diseases and cancer (Tong et al., 2015; Xing,
Zganiacz, & Santosuosso, 2000). IL-12 acts synergistically with TNF and other proinflam-
matory cytokines to stimulate IFN-γ production, as well as NK cells and CD8+ cytotoxic T
cells. Levels of the proinflammatory cytokine TNF-α in plasma directly correlate with
superoxide generation by phagocytes and iNOS activity and, thus, NO levels (Wherry,
Schreiber, & Unanue, 1991; Zwirner & Ziblat, 2017). The cytokines IL-12, IFN-γ, and
TNF-α, which have vital roles in both innate and adaptive immunity and are responsible
for Th1 polarization (Belardelli, 1995; Wang et al., 1999), were upregulated in the PPGT-
treated groups, further indicating important immunoregulatory activity via activation of
macrophages. However, Th2 cytokine production (IL-6) was unaffected. The immune
system includes a population of lymphocyte-like cells that induce cytotoxicity in patho-
gens. NK lymphocytes contribute substantially to the inhibition of pathogens, and do
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not need to be primed by prior antigen recognition. By contrast, CTLs are activated upon
recognition of antigens on the surface of immune cells (Chang et al., 2015; Gonzales et al.,
2012; Mills, Lenz, & Ley, 2015). PPGT significantly increased NK cell and CTL activity in
S. typhimurium-infected mice, suggesting that it can enhance the function of specific and
nonspecific cytotoxic cells. Macrophages, NK cells, and NK T cells can produce IFN-γ
during the innate immune response and have immunostimulatory properties, augmenting
defence against pathogens (Dillon, Lee, Bramante, Barker, & Wilson, 2014; Rivera, Sira-
cusa, Yap, & Gause, 2016). The increased resistance to pathogens conferred by PPGT
may be explained by the observed increases in IL-12, TNF-α, and IFN-γ secretion by
macrophages in mice treated with this extract.

Conclusion

PPGT exhibited antioxidant properties, stimulated cytokine production via TLR4, and
enhanced macrophage defence against bacterial infection. Macrophage activation was
induced through TLR4-mediated MAPK, NFκB and STAT1 signalling pathways, which
initiated phagocytosis and the release of cytokines, TNF-α and effector molecules NO.
The survival rate of mice infected with S. typhimurium was significantly increased when
PPGT was administered. These results suggest that enhancement of innate immune and
host defence activity by PPGT occur through activation of TLR4 signalling.
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