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a b s t r a c t

Glutathione biosynthesis is catalysed by glutathione synthetase (GshF) in Streptococcus thermophilus.
Here, the gshF mutant constructed from S. thermophilus ST2017 was sensitive to oxidative stress and
decreased the viability of HT-29 cells under H2O2 exposure. Co-incubating the HT-29 cells with the gshF
mutant attenuated the enhanced intracellular activities of the antioxidant enzymes of strain ST2017
under 2 mM H2O2 and decreased the transcription levels of Nrf2-related antioxidant enzyme genes. To
investigate the anti-inflammatory effect, HT-29 cells were co-incubated with S. thermophilus strains, then
challenged with Salmonella braenderup H9812. ELISA and RT-qPCR analysis showed that the gshF mutant
could not effectively inhibit the pro-inflammatory cytokine production triggered by Salmonella. The
results suggested that glutathione biosynthesis by GshF contributes to the antioxidant and anti-
inflammatory effects of S. thermophilus ST2017 on its host cells.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Streptococcus thermophilus is most frequently used in ferment-
ing yoghurt and cheeses and is a “generally recognised as safe”
(GRAS) species according to the American Food and Drug Admin-
istration. As the second most important species after Lactococcus
lactis in the dairy industry, S. thermophilus possesses high milk
fermentation capabilities and flavour producing characteristics
(Hols et al., 2005; Nebesny & _Zy _zelewicz, 2006).

In addition to its use in dairy industry, several benefits of S.
thermophilus have been studied (Naidu, Bidlack, & Clemens, 1999;
Pagnini et al., 2010). S. thermophilus possesses a b-galactosidase,
which catalyses lactose degradation, rendering health benefits in
lactose digestion to lactose intolerant individuals, thus enabling
better use of the nutrients in milk (Rabot, Rafter, Rijkers, Watzl, &
Antoine, 2010; Savaiano, 2014). With long-term adaptation to the
fermented dairy environment and transit in the human gastroin-
testinal tract (GIT), S. thermophilus possesses several biological
functions necessary to survive through the GIT, including bile salt
and acid tolerance and the ability to adhere to the host's intestinal
tissues (Brigidi, Swennen, Vitali, Rossi,&Matteuzzi, 2003; Elli et al.,
2006; Kebouchi et al., 2016; Mater et al., 2005). Although the
antioxidant and anti-inflammatory activities of S. thermophilus
have been debated (Amaretti et al., 2013; Junjua et al., 2016), their
mechanisms of action have rarely been reported.

Glutathione (g-glutamyl-cystemyl-glycine, GSH), composed of
glutamate, cysteine and glycine, is an important non-protein thiol
compound widely distributed in eukaryotes and Gram-negative or-
ganisms and sporadically distributed in Gram-positive bacteria
(Pophaly, Singh, Pophaly, Kaushik,& Tomar, 2012). GSH is a key factor
in keeping the intracellular redox homeostasis and protecting cells
against oxidative damage (Li, Hugenholtz, Abee, & Molenaar, 2003).
GSH is also vital for detoxifying xenobiotics, and regulating cell pro-
liferation, apoptosis, immune function, and fibrogenesis (Wu, Fang,
Yang, Lupton, & Turner, 2004). GSH biosynthesis involves two re-
actions that formpeptidebonds. Thefirst reactionbetweenglutamate
and cysteine is catalysed by g-glutamylcysteine synthetase (GshA),
and the second reaction between g-Glu-Cys and glycine is catalysed
by glutathione synthetase (GshB) (Copley & Dhillon, 2002). Alter-
nately, several Gram-positive bacteria have evolved a bifunctional
glutathione synthetase (GshF), which catalyses both reactions for
glutathione biosynthesis in one step (Borgo, Carpen, Ferrario, Iametti,
& Fortina, 2013; Li, Li, Yang, & Ye, 2011; Vergauwen, de Vos, & van
Beeumen, 2006). We recently found that glutathione biosynthesis
byGshFoccurred extensively in S. thermophilus andwas an important
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process that enabled this species to tolerate oxidative and acid stress
(Wang, Lu, Lu, & Kong, 2015; Wang, Xu, Lu, Xin, & Kong, 2016).
Although the effect of glutathione biosynthesis in S. thermophilus
ST2017 defending host cells against oxidative stress has been well
studied (Wang et al., 2017), the antioxidant effect of this strain, which
depends on glutathione biosynthesis in intestinal epithelial cells, re-
mains unclear. In this study, we created a glutathione synthetase
(gshF) mutant and investigated the effect of glutathione biosynthesis
in S. thermophilus ST2017 on antioxidant and anti-inflammatory ef-
fects in intestinal epithelial cells.

2. Materials and methods

2.1. Bacterial strains and culture conditions

S. thermophilus ST2017, originally isolated from a traditional
yoghurt in Inner Mongolia, China, and its gshF inactivated mutant
were used in this study. Lactobacillus crispatusK313was included as a
positive control for the anti-inflammatory assays (Sun et al., 2012). S.
thermophilus strains were propagated in M17 broth (Oxoid, Basing-
stoke, United Kingdom) supplemented with 1% (w/v) lactose (LM17
broth)at42 �Cwithout shaking.Erythromycinat5mgmL�1wasadded
to the LM17broth formutant selection. L. crispatusK313was routinely
cultivated indeMan, Rogosa andSharpe (MRS) broth at 37 �Cwithout
shaking. Salmonellawas grown inLuriaeBertani (LB)mediumat37 �C
under aeration. All cultures were grown to the stationary growth
phase before being used in subsequent experiments.

2.2. Constructing the gshF mutant

The gshF gene was mutated by inserting the pGþhost9 plasmid
containing erythromycin into the active site. The gshF mutant was
constructed per the previously described method (Baccigalupi,
Naclerio, de Felice, & Ricca, 2000). Briefly, S. thermophilus ST2017
was cultured overnight in LM17 broth. A 776-bp internal fragment
of the gshF gene was amplified from this strain's genomic
DNA using the primer pair, IgshF-F (GAAGATCTATCCTGTCTA
GGAGCTCGTAG) and IgshF-R (CCGCTCGAGCAGTGTCCATAGTA
GTCTGAC), and was subsequently inserted into the temperature-
sensitive vector pGþhost9 (Biswas, Gruss, Ehrlich, & Maguin,
1993). The resulting plasmid was introduced into S. thermophilus
ST2017 by electroporation, and the transformants were selected at
30 �C with 5 mg mL�1 erythromycin. To obtain the gshF mutant,
appropriate diluted cultures were plated onto LM17 medium at
42 �C (nonpermissive temperature for plasmid replication) with the
selective pressure of erythromycin. Cultures were plated onto the
same medium at the same temperature without erythromycin to
count the integration rate. The gshF was mutated by homologous
crossing-over in the genome and verified by PCR amplificationwith
primers TgshF-F (CGTGTTTCATTCAGTGATAGA) and TgshF-R
(TTAAGTTTGACCAGCCACT).

2.3. Determining GSH content

The cellular extracts were prepared, and the GSH content was
determined as previously described (Wang et al., 2017).

2.4. Cell survival under oxidative stress

Cell survival under H2O2 treatment was assessed as previously
described (Thibessard, Leblond-Bourget, Fernandez, Gintz, &
Decaris, 2001). Briefly, after overnight static incubation at 42 �C, S.
thermophilus ST2017 and the gshF mutant, were inoculated at 2%
into 5 mL fresh LM17 broth and incubated statically at 42 �C. When
the OD600 reached 0.4, the cell cultures were treated with
15mM H2O2 for 30min. S. thermophilus cell survival under oxidative
stress was calculated by determining the numbers of colony-
forming units (cfu) per a previous method (Zhang et al., 2015).

2.5. Epithelial cell lines and culture conditions

The HT-29 human colonic epithelial cell line was used in this
study. The cells were grown in RPMI 1640 medium (Hyclone, Logan,
USA) containing 10% (v/v) foetal bovine serum (FBS; Biological In-
dustries, Israel) and 1% (v/v) penicillin-streptomycin solution
(100 U mL�1 penicillin and 100 mg mL�1 streptomycin: Hyclone,
Logan, UT, USA) at 37 �C in a humidified atmosphere under 5% CO2.
After reaching 80% confluence, the cells were detached using 0.25%
trypsin-EDTA (Hyclone) and seeded in 6-well culture plates at a
density of 8� 105 cells well�1 for the antioxidative assays. After 24 h
growth, cells were washed twice with phosphate-buffered saline
(PBS; Hyclone), then co-incubated with 1 � 108 cfu mL�1 of the S.
thermophilus strains (OD600 of 0.6e0.8) in FBS-free medium for 2 h
under the conditions described above for the following experi-
ments. Cells in freshmediumwithout FBSwere regarded as controls.

2.6. Cellular tolerance to oxidative stress

HT-29 cell viability under oxidative stress induced by H2O2 was
determined by the water-soluble tetrazolium-8 (WST-8) assay.
Specifically, HT-29 cells were cultured in a 96-well plate at a density
of 2 � 104 cells well�1 for 24 h. Next, 1 � 108 cfu mL�1 of the S.
thermophilus strains were added to the cells in a serum-free me-
dium. After treatment for 24 h, the cultured media were removed,
and the cells were washed twice and treated with 5 mM H2O2 in
serum-free media for 30 min to induce oxidative stress. Subse-
quently, the supernatants were removed, and 100 mL well�1 of the
WST-1 solutions (Dojindo Laboratories Co., Tokyo, Japan) were
added to the cells. After incubating for 1 h, the absorbance was
measured at 450 nm to evaluate the cell viability.

2.7. Measurement of antioxidant enzyme intracellular activities

For these assays, S. thermophilus ST2017 treated cells were
washed twice, then incubated in 2 mL of fresh RPMI 1640 medium
without FBS containing 2 mM H2O2 for 30 min to induce oxidative
stress. After treatment, the cells were washed twice and lysed using
cell lysis buffer with 1 mM phenylmethylsulfonyl fluoride (PMSF;
BeyotimeBiotechnology, Beijing, China). The lysateswere collectedby
scraping themfromtheplates, thencentrifugedat13,000�gat4 �C for
5min. The supernatantswere used immediately to further determine
superoxide dismutase (SOD), glutathione peroxidase (GSH-px), and
catalase (CAT) activity. The SOD, GSH-px, and CATactivity levelswere
measured using the corresponding activity assay kits (Nanjing Jian-
cheng Bioengineering Corporation, Beijing, China) per the manufac-
turer's instructions. Protein concentration in the supernatant was
determined using a Q5000 UVeVis spectrophotometer at 280 nm.

2.8. Analysis of the gene transcriptions by real-time qPCR

After co-incubating with the bacterial strains, total RNA was
extracted from the cells using an RNA Simple total RNA kit (Tiangen,
Beijing, China) per the manufacturer's protocols, then reverse
transcribed to synthesise the cDNA using a PrimeScript RT reagent
kit (TakaRa, Tokyo, Japan) per the manufacturer's instructions. To
quantify the gene transcription levels, RT-qPCR was performed
with SYBR Premix Ex TaqII (TakaRa) using a thermal cycler (Bio-Rad
Laboratories, Hercules, CA, USA) per the manufacturer's protocols.



Table 1
Real-time qPCR primers used to quantify human mRNAs.

Gene name Forward (from 50 to 30) Reverse (from 50 to 30)

Nrf2 ACACGGTCCACAGCTCATC TGTCAATCAAATCCATGTCCTG
HO-1 CTTCTTCACCTTCCCCAACA AGCTCCTGCAACTCCTCAAA
GCLC GGAGACCAGAGTATGGGAGTT CCGGCGTTTTCGCATGTTG
b-actin AGTTGCGTTACACCCTTTCTTG TCACCTTCACCGTTCCAGTTT
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The primer pairs used for the RT-qPCR are shown in Table 1. Relative
expression levels for each gene were normalised against b-actin as
an internal standard and calculated using the comparative
threshold cycle (CT) method (2�DDC

T).

2.9. Enzyme-linked immunosorbent assay of IL-8

To analyse IL-8 secretion, HT-29 cells were seeded into 24-well
culture plates at a density of 2 � 105 cells well�1 and cultured for
24 h. To determine the Salmonella-induced IL-8 secretion, HT-
29 cells were treated with Salmonella at a multiplicity of infection
(MOI) of 100 for 6 h after co-incubating with 1 � 108 cfu mL�1 of S.
thermophilus strains overnight. Following co-incubation, cell culture
supernatants were collected from bacteria-treated cells, cell culture
particulates were removed by centrifugation, and final samples
were frozen at �20 �C until assayed. The IL-8 protein concentration
was determined by a sandwich enzyme immune assay using
commercially available Human IL-8 ELISA kits (Elabscience, Beijing,
China). The assay was performed at room temperature per the
manufacturer's instructions using thawed samples.

2.10. Statistical analysis

Experimental data were reported as the means ± SD. Statistical
significance between treatment and control conditions was
assessed using Student's t-test. P values of <0.05 were considered
statistically significant.

3. Results

3.1. Effect of GSH biosynthesis on defending oxidative stress

To investigate the effect of GSH biosynthesis in defending
against oxidative stress, the gshF gene was inactivated in the S.
thermophilus ST2017 genome. As shown in Fig. 1A, the pGþhost9
Fig. 1. Verification of gshF mutant (A) and cell survival of S. thermophilus ST2017 and gshF m
(B). (A) PCR products from S. thermophilus ST2017 and its gshF mutant. Marker is the GeneR
1000 bp, respectively. In (B), data are shown as the means ± standard deviation, n ¼ 3. An a
oxidative stress (P < 0.01).
vector was integrated after the homologous arm in the gshF gene of
the S. thermophilus ST2017 genome, and a band of approximately
5000 bp was observed by agarose gel electrophoresis, resulting in
the gshF mutant. Subsequently, cell survival of the strain ST2017
and the gshF mutant generated under oxidative stress were deter-
mined, and the results showed that the gshF mutant cell survival
was three orders of magnitude lower than that of the strain ST2017,
while no change was observed between the two strains in the
absence of oxidative stress (Fig. 1B). Further study showed that the
intracellular GSH content of the gshF mutant was approximately 5-
fold lower than that of strain ST2017, suggesting that the gshF
mutant could not effectively synthesise GSH, and GSH biosynthesis
by GshF was necessary for S. thermophilus to defend against
oxidative stress.
3.2. Effect of GSH biosynthesis on cellular tolerance to oxidative
stress

To determine the effect of GSH biosynthesis on cellular antiox-
idant responses, the viability of HT-29 intestinal epithelial cells
(IECs) under oxidative stress was evaluated. Fig. 2 shows that when
co-incubated with the gshF mutant, HT-29 cell viability was less
than 10% under H2O2 exposure, while strain ST2017 showed no
obvious decrease in cell viability under the same condition.
3.3. Effect of GSH biosynthesis on antioxidant enzyme activities of
HT-29 cells

To evaluate the effect of GSH biosynthesis by GshF on antioxi-
dant responses in IECs, the activities of three antioxidant enzymes
in HT-29 cells were assayed under 2 mM H2O2 treatment. First, the
H2O2 concentration used was determined by preliminary experi-
ments: H2O2 concentrations ranging from 10 mM to 5 mM were
analysed for the HT-29 cell line, and 2 mM induced maximal
oxidative stress while maintaining cell viability at 70% (data not
shown). In these experiments, tertiary butylhydroquinone (tBHQ),
a synthetic antioxidant, was used as a positive control (Abiko,
Miura, Phuc, Shinkai, & Kumagai, 2011). As shown in Fig. 3A,
when HT-29 cells were co-incubated with strain ST2017, SOD ac-
tivity was enhanced by 2-fold under H2O2 treatment, while the
intracellular SOD activity decreased by 53.7% in gshF mutant-
treated cells compared with strain ST2017-treated cells.
utant (DgshF) under normal growth conditions (grey bar) and 15 mM H2O2 (white bar)
ular 1 Kb DNA Ladder, the sizes of the three brightest bands are 6000 bp, 3000 bp and
sterisk indicates statistically significant difference compared with strain ST2017 under



Fig. 3. Effects of S. thermophilus ST2017 and gshF mutant (DgshF) on SOD activity (A),
GSH-px activity (B) and CAT activity (C) in HT-29 cells. HT-29 cells were co-incubated
with strain ST2017, DgshF and positive control (tBHQ) with H2O2, respectively. Values
are expressed as means ± standard deviation, n ¼ 3. Normal indicates the untreated
cells. Control indicates the cells incubated with H2O2 alone. Asterisks indicate statis-
tically significant difference compared with the control group: *, P < 0.05; **, P < 0.01.

Fig. 2. Effects of S. thermophilus ST2017 and the gshF mutant (DgshF) on cellular
tolerance to oxidative stress induced by 5 mM H2O2. Cell viabilities are presented as
percentages relative to the normal group. Normal indicates the untreated cells. Control
indicates the cells incubated with H2O2 alone. ST2017 and DgshF indicate the cells
incubated with S. thermophilus ST2017 and its gshF mutant with H2O2. Data are shown
as the means ± standard deviation, n ¼ 3; an asterisk indicates P < 0.01 compared with
the control.
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The effect of GSH biosynthesis on GSH-px activity in HT-29 cells
was also evaluated, and the result is shown in Fig. 3B. Compared
with the increased intracellular GSH-px activity of strain ST2017-
treated cells, the gshF mutant treatment did not affect GSH-px ac-
tivity under the H2O2 condition.

CAT activity in HT-29 cells was also assayed (Fig. 3C). Similar to
the SOD and GSH-px activities, the intracellular CAT level decreased
to the control level after co-incubation with the gshF mutant under
oxidative stress.

3.4. Effect of GSH biosynthesis on gene expression of antioxidant
enzymes in HT-29 cells

To further investigate the effect of GSH biosynthesis on cellular
antioxidant activity, we used RT-qPCR to determine the gene
transcription levels of several antioxidant enzymes, including the
major antioxidant regulator, nuclear factor erythroid 2-related
factor 2 (Nrf2), and Nrf2-related antioxidant enzymes, haeme
oxygenase-1 (HO-1) and glutamate-cysteine ligase catalytic sub-
unit (GCLC). Fig. 4 shows that after co-incubating HT-29 cells with S.
thermophilus ST2017, the transcription levels ofNrf2,HO-1 and GCLC
in HT-29 cells were elevated to different degrees. However, gshF
mutant treatment significantly decreased the transcription levels of
these genes in HT-29 cells by 2.2-, 4-, and 1.3-fold, respectively.

3.5. Effect of GSH biosynthesis on S. thermophilus
anti-inflammatory activity

To investigate the effect of GSH biosynthesis on the inflam-
matory process in IECs, ELISA was performed to evaluate IL-8
levels. Fig. 5A shows that incubating IECs with Salmonella alone
increased the IL-8 level from 88.5 pg mL�1 in normal cells to
245.9 pg mL�1. When IECs were pre-incubated with strain ST2017,
the elevated IL-8 production significantly decreased by 37%e
155 pg mL�1, while this attenuation was not observed after gshF
mutant pretreatment. Lb. crispatus K313 was used as the positive
control.



Fig. 4. Effects of S. thermophilus ST2017 and gshF mutant on gene expression of anti-
oxidant enzymes in HT-29 cells. The gene transcription levels of the antioxidant en-
zymes, Nrf2, HO-1, and GCLC, were evaluated after co-incubation with strain ST2017
(grey) and gshF mutant (black) for 2 h. Relative gene expression levels are presented as
the fold change relative to the normal group (white). Data are shown as the
means ± standard deviation, n ¼ 3. Asterisks indicate statistically significant difference
compared with the normal group: *, P < 0.05; **, P < 0.01.

Fig. 5. S. thermophilus ST2017 and gshF mutant (DgshF) effects on anti-inflammatory
activity induced by Salmonella braenderup H9812. IL-8 production (A) was deter-
mined after pre-incubating HT-29 cells with strain ST2017 and DgshF prior to treat-
ment with Salmonella. H9812 indicates the cells incubated with Salmonella alone, and
K313 was used as the positive control. Data are shown as the means ± standard de-
viation, n ¼ 3. An asterisk indicates P < 0.05, compared with the H9812 group. Relative
transcription levels of proinflammatory genes, CXCL1 and CCL20 (B), were determined.
The striped bar indicates incubation with Salmonella alone; the grey, black and grid
bars indicate pre-incubation with strain ST2017, DgshF and K313 prior to treatment
with Salmonella, respectively. Relative gene expression levels are presented as the fold
change relative to the normal group (white). All data are shown as the
means ± standard deviation, n ¼ 3. Asterisks indicate statistically significant difference
compared with the normal group: *, P < 0.05; **, P < 0.01).
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To further confirm the anti-inflammatory effect, the transcrip-
tion levels of two key genes involved in proinflammatory re-
sponses, CXCL1 and CCL20, were evaluated. Fig. 5B shows that pre-
incubation with strain ST2017 significantly reduced the CXCL1 and
CCL20 transcription levels induced by Salmonella infection by 31%
and 83%, respectively. After pre-incubation with the gshF mutant,
the transcription levels of these two genes were enhanced by 36.7%
and 77.8% compared with the strain ST2017 pretreatment,
respectively.
4. Discussion

Lactic acid bacteria (LAB) are gaining attention for their poten-
tial benefits in treating diseases and preventing inflammation,
diarrhoea, cancer and other diseases (Saez-Lara, Gomez-Llorente,
Plaza-Diaz, & Gil, 2015; Zhong, Zhang, & Covasa, 2014;
_Zy _zelewicz, Nebesny, Motyl, & Libudzisz, 2010). S. thermophilus is a
common LAB with several benefits. However, research on its
beneficial mechanisms remains limited. Here, we investigated the
effect of GSH biosynthesis on S. thermophilus's antioxidant and anti-
inflammatory activities.

To investigate the effect of GSH biosynthesis on oxidative stress
resistance, the gshF mutant was constructed by inserting the
pGþhost9 plasmid into the S. thermophilus ST2017 genome. The
resulting mutant could not efficiently synthesise GSH or maintain
sensitivity to oxidative stress, suggesting that GSH biosynthesis has
important roles in antioxidant activity in S. thermophilus. GSH is a
cellular bioactive compound possessing many important functions
such as antioxidation, acid prevention, and detoxification. Thus,
GSH may play a beneficial role by endowing the bacterial strain
with good physiological activity. In addition, genomic analysis
revealed a putative transport gene, cydDC, localised near the gshF in
the S. thermophilus genome (Wang et al., 2015), suggesting that GSH
could be transferred out of the cells to exert its activity.

Oxidative stress in the human body occurs from an imbalance
between cellular antioxidant capacities and reactive oxygen species
(ROS) production (Halliwell, 2009; _Zy _zelewicz et al., 2016). Exces-
sive ROS and oxidation products cause oxidative damage to cellular
biomolecules, such as proteins, nucleic acids, and lipids, impairing
their biological functions (Berlett & Stadtman, 1997). As an edible
probiotic strain, S. thermophilus possesses antioxidant activity for
host cells. Due to their endogenous ability to induce ROS produc-
tion in eukaryotic cell models (Craig & Slauch, 2009; Watterlot
et al., 2010), bacteria generally cause oxidative damage or have
deleterious effects on cells. Thus, S. thermophilus ST2017 did not
notably enhance cellular tolerance to oxidative stress. However, the
gshF mutant markedly decreased HT-29 cell viability, suggesting
that inactivating gshF rendered the strains unable to properly
perform their antioxidant functions and was therefore essential for
the beneficial effects of S. thermophilus.

SOD, GSH-px, and CAT are key antioxidant enzymes in cells. SOD
transforms the superoxide anion into H2O and O2 with the assis-
tance of CAT. GSH is an electron donor for glutathione peroxidase,
enabling the reduction of H2O2 into H2O, thus preventing cells from
damage by H2O2 and its derivatives. SOD, GSH-px and CATactivities
were evaluated to determine cellular changes in antioxidant status.
The tBHQ is a synthetic antioxidant that enhances SOD and CAT's
intracellular activities. Our results indicated that co-incubating HT-
29 cells with S. thermophilus ST2017 significantly promoted SOD
and CAT activities in HT-29 cells, although not to the effect of tBHQ,
and enhanced the GSH-px activities. However, gshF deficiency
decreased the activities of these three enzymes to varying degrees,
suggesting that GSH biosynthesis by GshF played an important role
in S. thermophilus's alleviating oxidative stress in IECs. Nrf2 serves
as a master regulator of a cellular defence system against oxidative
stress, controlling the gene expression of multiple antioxidant en-
zymes with an antioxidant response element (ARE) in their pro-
moter regions (Jaiswal, 2004). The decreased transcription levels of
Nrf2-related antioxidant enzymes following co-incubationwith the
gshF mutant further confirmed the cytoprotective effect of GSH
biosynthesis against oxidative stress.

Many diseases are associated with inflammatory responses such
as inflammatory bowel diseases (IBDs) and Salmonella-induced
diarrhoea. Salmonella is a common pathogen that causes diarrhoea
(Hartnack, van Metre, & Morley, 2012). Salmonella infection stim-
ulates the production of cytokines, chemokine IL-8, CXCL1 and
CCL20, in IECs (Deligios, 2009). S. thermophilus can effectively
inhibit pro-inflammatory reactions, thereby reducing the risk of
disease. GSH has antioxidant and anti-inflammatory effects, so we
hypothesised that GSH biosynthesis played an important role in the
anti-inflammatory activity os S. thermophilus. As expected, IL-8
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ELISA in this study showed that S. thermophilus ST2017 exhibited a
stronger anti-inflammatory effect on Salmonella-infected human
IECs than did the gshF mutant. Further study suggested that pre-
incubation with strain ST2017 could reduce CXCL1 production,
while gshF mutant pretreatment did not alleviate the increased
CXCL1 transcription level induced by the Salmonella infection.
Although the CCL20 transcription level in the gshF mutant-treated
cells was significantly lower than that of the control and H9812-
treated cells, it was remarkably higher than that of the strain
ST2017-treated cells. Overall, these results suggested that GSH
biosynthesis in S. thermophilus was associated with inhibiting pro-
inflammatory responses in IECs.

5. Conclusions

In conclusion, GSH biosynthesis not only protected S. thermo-
philus against oxidative stress, but also played an important role in
S. thermophilus relieving oxidative stress in IECs. Furthermore, GSH
biosynthesis inhibited the pro-inflammatory responses by IECs,
thus endowing S. thermophilus with its anti-inflammatory effects.
Our findings suggest that GSH biosynthesis promotes antioxidant
and anti-inflammatory activities and is essential for the beneficial
effects of S. thermophilus.
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