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ria exhibit similar antioxidant
capacities in Caenorhabditis elegans- and
Campylobacter jejuni-infected mice†
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Caenorhabditis elegans (C. elegans) is increasingly used as a model organism to screen probiotics for

ageing research. In this study, a C. elegans lifespan analysis model exposed to H2O2 and juglone (for

chronic and acute assays) was used to preselect lactic acid bacteria (LAB) with resistance to oxidative

stress. The mechanism of oxidative stress protection was analyzed. Seven out of ten LAB strains

screened for namely 427, X13, 9-5, 422, Z5, G14 and H29M-8M demonstrated higher levels of protection

to C. elegans, ranging from 70% to 85% survival rate, in comparison to the inactive strains 408, 13-7 and

430 (35% to 45% survival rate). The survival rates of the seven oxidative stress tolerant strains were

correlated to increase in catalase (CAT), superoxide dismutase (SOD) and malondialdehyde (MDA) levels

and decrease in reactive oxygen species (ROS) expression in C. elegans during H2O2 and juglone

exposure. In addition, the transcription of mitogen-activated protein kinase (MAPK) and Nrf2-Keap1-ARE

pathway related genes was elevated in the oxidative stress protection of LAB isolates. Finally, a significant

correlation was found between the ability of these LAB strains to protect C. elegans from H2O2 or

juglone exposure and their antioxidative ability in Campylobacter jejuni-infected mice. Thus the results

indicated that the oxidative stress-based lifespan model of C. elegans is useful for screening of LAB with

antioxidant efficacy in pathogen-infected mammals.
Introduction

Oxidative stress does great harm to the health of organisms,
including humans. For example, the etiology of Parkinson's
disease, heart failure, cancer, atherosclerosis and Alzheimer's
disease is linked to damage due to oxidative stress.1–6 Oxidative
stress is attributed to excessive accumulation of reactive oxygen
species (ROS) derived from endogenous or exogenous sources.
In response to oxidative stress induced damage, organisms may
activate production of antioxidant enzymes or phase II
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metabolising enzymes, such as superoxide dismutase (SOD),
haem oxygenase-1 (HO-1), catalase (CAT) and glutathione-S-
transferases (GSTs),7 via antioxidant responsive elements
(AREs) in the promoter regions of these enzymes' genes. In
addition, nuclear factor erythroid-2-related factor 2 (Nrf2),
which belongs to the basic leucine zipper transcription factor
(NF-E2) family, has been veried to play a vital antioxidant role
in adjusting gene expression by binding to ARE to activate the
Nrf2-ARE signalling pathway.8 In addition, the evolutionarily
conserved endocrine insulin/IGF-1-like signalling (IIS) pathway
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and mitogen-activated protein kinases signalling pathway
(MAPK) form part of the host's immune defence against
oxidative stress.

Lactic acid bacteria (LAB) are generally recognised as safe
and widely used in food industry. Their health-promoting
properties, such as anti-carcinogenic activity, inhibition of
foodborne pathogens, anti-mutagenic and hypocholester-
olaemic activity, lead to their increased uses.9,10

Although many methods exist for quantifying the antioxi-
dant capacities of natural LAB,11,12 there is few in vivo methods
for the rapid large-scale screening of LAB antioxidant for their
ability to prolong the life of organisms. It has been reported that
Lactobacillus paracasei Fn 032, Lactobacillus rhamnosus GG and
Lactobacillus spp. can scavenge hydroxyl radicals in colon
fermentation-mimetic systems.13 In addition, orally adminis-
tered Lactococcus lactis and Lactobacillus plantarum were shown
to protect against TNBS-induced colitis by generating SOD in
mice and rats.14

However, all animal models have the disadvantages of high
cost, long cycle, cumbersome operation and insignicant
immune response indicators, and do not permit rapid large-
scale screening for LAB capable of effectively protection
against oxidative stress. In these respects, the uses of less
complex test organisms may offer an attractive and practical
solution.15

The small, free-living (non-parasitic) soil nematode (nema-
tode) Caenorhabditis elegans (C. elegans) is widely applied in
ecotoxicological studies as an in vivo model, due to its short
generation time, diminutive form and dened genetic back-
ground. C. elegans has been used as a model for investigation of
oxidative injury and its inuence on ageing.16 Nematodes have
also been shown to be a suitable model for screening of anti-
Salmonella infection microorganisms and antibacterial
compounds.17,18 Moreover, there is a correlation between the
longevity of C. elegans and the activity of insulin-like growth
factor and diabetes in mammals.19 Few studies have used C.
elegans as a model for screening LAB for their ability to protect
against oxidative damage and thereby enhance longevity. Also,
no study has reported on the relationship between the antioxi-
dant properties of LAB and their ability to alleviate pathogen
infection-generated oxidative damage in animals.

In this study, a C. elegans lifespan model was used to
investigate the biological response of nematodes to oxidative
stress, enabling rapid evaluation of the mitigation effects of
LAB. A Toxoplasma gondii (T. gondii)-induced acute ileitis
model that abrogated the resistance of mice to Campylobacter
jejuni infection was also used to validate the relationship
between the antioxidation properties of LAB in nematodes and
its mitigation of oxidative damage in Campylobacter jejuni-
infected mice.
Materials and methods
C. elegans, LAB and Campylobacter jejuni

The N2 wild-type strain of C. elegans was used in this study,
cultivated and maintained at 20 �C. S medium, M9 buffer and
3330 | RSC Adv., 2020, 10, 3329–3342
nematode growth medium (NGM) were used for culturing the
nematodes and conducting the experimental lifespan studies.

Escherichia coli (E. coli) OP50 was provided as feed for the
nematodes. The E. coli was grown at 37 �C for 24 h in Luria–
Bertani medium to a concentration of 108 colony-forming units
(CFU) per mL.

Ten strains of LAB were isolated from human and poultry
faeces, and traditional fermented food. All the strains were
stored in the Culture Collection of Food Microorganisms at
Jiangnan University (Table 1). No human experiments were
conducted. The contributors were not expected to encounter
risk or discomfort in the process of gathering the faecal
samples, and written informed consent to handle faecal
samples for public health purposes was obtained from the
contributors or, where relevant, their legal guardians. All the
LAB strains were identied through 16S gene sequencing and
cultivated in deMan, Rogosa and Sharpe (MRS) agar at a 2% (v/v)
inoculum size at 37 �C for 18–20 h. LAB were kept in 30%
glycerol at �80 �C for long-term storage. LAB were sub-cultured
twice before being used in tests at 2% (v/v) inoculation.

The Campylobacter jejuni strain NCTC 11168 was purchased
from ATCC. A Campylobacter jejuni-selective supplement
(Oxoid) and 5% sterile sheep blood (Xinrui, China) were added
to Columbia blood agar base plates (Oxoid, UK) and Campylo-
bacter jejuni strains were grown in this medium under a gas
condition of (5% O2, 10% CO2, 85% N2) for 48 h at 37 �C.

Lifespan experiment of C. elegans under oxidative stress

Growth and reproduction of nematodes were synchronised as
previously described.20 Aer synchronisation, the eggs were
placed on E. coli OP50 NGM plates for 72 h until they reached
the L4 stage. All experiments were carried out at 20 �C and at
least three independent replications were executed for every
assay. To determine the appropriate chronic and acute
concentrations to induce oxidative damage in C. elegans,
0.001%, 0.003% and 0.006% (v/v) H2O2 and 100, 200 and 400
mM juglone were tested. To evaluate the ability of the LAB
strains to protect the nematodes against oxidative stress, the
nematodes were fed respective LAB strains at a concentration of
109 CFU mL�1 for the rst two days. Fiy nematodes (100
nematodes in total) were then treated with 0.003% (v/v) H2O2 or
200 mM juglone in 12-well tissue culture plates and incubated at
20 �C. Under H2O2 stress, count of live nematodes was per-
formed every 12 h, until all of the nematodes were death. Under
juglone stress, count of live nematodes was performed every
hour, until all the nematodes were death. A negative control
group of nematodes were fed only E. coli OP50 for the rst two
days, and then 50 nematodes (100 nematodes in total) were
treated with H2O2 or juglone (Fig. 1A and B). The numbers of
live nematodes were recorded, and the probability of their
survival was calculated as described previously.

Measurement of catalase (CAT), dismutase (SOD) and
malondialdehyde (MDA)

Aer a 0.003% (v/v) H2O2 (12 h exposure) and a 200 mM juglone
(30 min exposure) treatment, the nematodes were homogenised
This journal is © The Royal Society of Chemistry 2020
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Table 1 The information of LAB strains

Strain Species Year of isolation Location of isolation Origin

427 L. plantarum 2014 Ledong, Hainan Traditional pickles
X13 L. crispatus 2015 Zhongxiang, Hubei Healthy poultry feces
9-5 L. reuteri 2015 Yangzhou, Jiangsu Healthy adult feces
422 L. fermentum 2010 Leshan, Sichuan Traditional pickles
Z5 L. salivarius 2013 Huhehaote,

Neimengu
Traditional koumiss

G14 L. reuteri 2016 Bama, Guangxi Healthy adult feces
H29M-8M P. pentosaceus 2017 Zhongxiang, Hubei Healthy poultry feces
408 L. plantarum 2014 Lingao, Hainan Traditional pickles
13-7 L. salivarius 2016 Bama, Guangxi Healthy adult feces
430 L. plantarum 2014 Lingao, Hainan Traditional pickles
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View Article Online
for measurement of CAT, SOD and MDA. Each group comprised
100 nematodes, and at least three independent replications
were performed for each assay. The measurement of CAT, SOD
and MDA was conducted with homologous kits from Nanjing
Jiancheng Institute of Biotechnology (Nanjing, China) accord-
ing to the supplier's instructions.

Measurement of extracellular ROS

Aer treatment with 0.003% (v/v) H2O2 (12 h exposure) or 200
mM juglone (30 min exposure), the nematodes were washed
Fig. 1 Flow chart of LAB interventions in C. elegans and mice. (A) Experi
Experimental design for juglone exposure during L4 stage of C. elegans

This journal is © The Royal Society of Chemistry 2020
three times with M9 buffer and were then incubated with 5 mg
mL�1 of H2DCFDA for 10 min and 10 mM Dihydroethidium
(DHE) for 1 hour respectively. The nematodes were then washed
three times with PBS to remove the supercial H2DCFDA and
DHE, and then treated with 30 mM sodium azide (NaN3) to
narcotise the uorescent stained nematodes. Nematodes were
then photographed by uorescent microscope (Nikon Eclipse
Ti–S, Japan). ImageJ soware recorded the relative uorescent
intensity of H2DCFDA and DHE. At least three independent
replications were performed for each assay.
mental design for H2O2 exposure during the L4 stage of C. elegans. (B)
. (C) Experimental design for assay in mice.

RSC Adv., 2020, 10, 3329–3342 | 3331
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RNA extraction, reverse transcription and quantitative real-
time PCR analysis

Aer treatment with 0.003% (v/v) H2O2 (12 h exposure) or 200
mM juglone (30 min exposure), approximately 200 nematodes
from each treatment group were assayed. The whole RNA of C.
elegans and of the bacteria was extracted as previously
described.21

The transcription level of mitogen-activated protein kinase
(MAPK) pathway genes (pmk-1 and sek-1), IIS signalling pathway
genes (skn-1) and Nrf2-Keap1-ARE pathway genes (sod-3) in C.
elegans was determined by quantitative polymerase chain
reaction (qPCR) assay.22 The housekeeping gene GapA was used
to determine and normalize the level of mRNA transcription of
the C. elegans. The annealing temperature of the RT-qPCR assay
was 56 �C. The delta Ct method was used to analyse the RT-
qPCR data and determine the relative abundance of the target
genes (in terms of fold-changes).20,23
Induction of acute ileitis for Campylobacter jejuni infection
and LAB intervention in mice

Three-week-old female C57BL/6 mice obtained from Shanghai
Laboratory Animal Center (Shanghai, China) were used in the
tests. Six mice were housed in each cage, with a 12 h light–dark
cycle and under a controlled environment (humidity, 45% �
5%; temperature, 22 �C � 2 �C). All of the experimental proce-
dures (#JIPD2017030) were approved by the Animal Care and
Use Committee at the Jiangsu Institute of Parasitic Diseases.

To induce ileitis, the C57BL/6 mice were infected orally with
100 T. gondii cysts (ME49 strain; obtained from the Jiangsu
Institute of Parasitic Diseases, Remington, Wuxi, China).24 As
shown in Fig. 1C, for the four days thereaer the mice were
successively (at 1 h intervals) treated with LAB (109 CFU in 0.3
mL) or PBS (0.3 mL) and were subsequently treated with
Campylobacter jejuni NCTC 11168 (109 CFU in 0.3 mL) by gavage
on two consecutive days.
Determination of antioxidant index of liver in mice

Mouse liver (0.1 g) was ground with saline (0.9 mL), and
resulting homogenate was centrifuged at 8000 rpm for 6 min at
4 �C. The liquid supernatant was extracted and its biochemical
indices were assayed. Total antioxidant capacity (TOC) and
glutathione (GSH) were measured by assay kits from Nanjing
Jiancheng Institute of Biotechnology (Nanjing, China), accord-
ing to the supplier's protocols.
Statistical analysis

Statistical analysis was performed with GraphPad Prism 5.0 and
Origin 9.0, and signicance analysis was performed with SPSS
Statistics 20.0. The data were expressed as means � standard
deviations (SDs). Kaplan–Meier survival analysis was used to
assess the survival rate of C. elegans. The groups were compared
using a two-tailed Student's t-test, and a two-sided p-value of
less than 0.05 was considered to indicate statistical signicance.
Mean values with different superscript letters over the bars are
signicantly different (i.e., p < 0.05).
3332 | RSC Adv., 2020, 10, 3329–3342
Results
LAB intervention showed different protective effects on C.
elegans against oxidative stress

Ten LAB strains were assessed to determine their capacity to
protect C. elegans against oxidative damage from exposure to
H2O2 or juglone. Several different concentrations of H2O2

(0.001%, 0.003% and 0.006% (v/v)) and juglone (100, 200 and
400 mM) were used to determine the optimal concentration for
inducing chronic and acute oxidative damage (Fig. S1†).
Consistent with many previous studies, 0.003% (v/v) H2O2 and
200 mM juglone were chosen as the oxidant concentrations used
in this study. As shown in Fig. 2A–C and Table 2, treatment with
only H2O2 killed�50% of the nematodes within�3 days of their
exposure, whereas 72.86–85.37% of the nematodes pre-treated
with 427, X13, 9-5, 422, Z5, G14 or H29M-8M strains of LAB
before exposure to H2O2 were still alive at this time. The time till
death of all nematodes in the H2O2-exposed groups that were
pre-treated with the LAB strains was more than twice as long as
that for nematodes in the H2O2-treated group that were not pre-
treated with the LAB strains. These LAB strains were also
investigated for their ability to protect nematodes exposed to
juglone for 6 h. The average lifespan of C. elegans exposed to
juglone and treated only with E. coli OP50 was half of those pre-
treated with the LAB strains (Fig. 2D–F and Table 3). Corre-
spondingly, only 20–30% of the nematodes treated with 427,
X13, 9-5, 422, Z5, G14 or H29M-8M prior to exposure to juglone
were dead aer 6 h, attending a longer average lifespan of �4 h
than that of nematodes exposed to juglone and OP50 (i.e., life-
span of �10 h for LAB-treated nematodes versus �6 h for OP50-
treated nematodes). However, LAB strains 408, 13-7 and 430 did
not confer resistance to oxidative stress from H2O2 or juglone.
The increase in levels of antioxidant enzymes in C. elegans
under LAB treatment and oxidative stress

The data in Fig. 3A–C indicated production of CAT, SOD and
MDA in the control and LAB pre-treated C. elegans groups
exposed to H2O2 for 12 h. Most of the LAB pre-treated groups
were quite strongly protected, exhibiting signicant increases in
the levels of CAT, SOD and MDA (P < 0.05) and a prolonged
lifespan compared with the H2O2 group not pre-treated with
LAB. The oxidative damage in nematodes pre-treated with E. coli
OP50 and exposed to juglone was more extensive than that in
nematodes pre-treated with E. coli OP50 and exposed to H2O2

(Fig. 3A–C).
The overall trend in antioxidant levels for groups pre-treated

with 427, X13, 9-5, 422, Z5, G14 or H29M-8M and exposed to
juglone was consistent with the H2O2 exposure experiments.
However, as shown in Fig. 3D–F, the actual levels of CAT, SOD,
and MDA in these LAB pre-treated, H2O2-exposed groups were
greater than those of the LAB pre-treated, juglone-exposed
groups. However, LAB strains 408, 13-7 and 430 conveyed no
resistance to H2O2- or juglone-mediated oxidative stress, and
also showed no signicant effect on levels of CAT, SOD, and
MDA.
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The differential effects of LAB strains on the survival of C. elegans under oxidative stress. (A–C) The differential effects of LAB on the
survival of C. elegans under H2O2 exposure. H2O2: treatment with E. coliOP50 in the first two days and then exposed to H2O2 at the L4 stage of
C. elegans. LAB: treatment with LAB in the first two days and then exposed to H2O2 at the L4 stage ofC. elegans. Day 0marked the point at which
the nematodes were first exposed to H2O2. (D–F) The differential effects of LAB strains on the survival of C. elegans under juglone exposure.
Juglone: treatment with E. coli OP50 in the first two days and then exposed to juglone at the L4 stage of C. elegans. LAB: treatment with LAB in
the first two days and then exposed to juglone at the L4 stage of C. elegans. Hour 0 marked the point at which the nematodes were first exposed
to juglone. * indicates statistically significant differences at p < 0.01.
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The decrease of ROS expression in C. elegans under LAB-
treatment during H2O2 or juglone exposure

The generation of reactive oxygen species (ROS) in N2 nema-
todes exposing to H2O2 or juglone was assayed and shown in
Fig. 4 and 5. The results showed that nematodes pre-treated
with LAB were protected against H2O2 stress, having a pro-
longed lifespan and lower ROS levels than the non LAB pre-
treated, H2O2-exposed group (Fig. 4A, B and 5A, B). This sug-
gested that LAB pre-treatment resulted in a decrease in the ROS
levels in nematodes exposed to H2O2 or juglone.

The uorescence microscope photographs showed that the
nematodes exposed to juglone had more extensive ROS damage
than the H2O2 control group. Fig. 4C, D and 5C, D showed that
the uorescence intensity of nematodes pre-treated with 427,
This journal is © The Royal Society of Chemistry 2020
X13, 9-5, 422 or Z5 strains of LAB and exposed to juglone were
signicantly less than that of the non-pre-treated, juglone-
exposed group, demonstrating that the LAB pre-treatment
could reduce the ROS levels in nematodes. The results for
nematodes pre-treated with LAB before H2O2 or juglone expo-
sure were mostly consistent with the lifespan and enzyme levels
of nematodes under oxidative stress.
LAB strains upregulated immune gene transcription to
protect C. elegans against oxidative stress

To determine the mechanism by which the ten LAB strains
varied in their protection conferred on the nematodes (high or
low) against oxidative stress, the transcription levels of the four
immunity genes (pmk-1, sek-1, skn-1 and sod-3) of the nematodes
RSC Adv., 2020, 10, 3329–3342 | 3333
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Table 2 Statistical analysis of the protection effects of LAB stains onC.
elegans against H2O2 exposure

a

Groupsb Survival (%) DT50c (day) P

H2O2 45.39 2.07 —
427 80.48 5.11 <0.01
X13 82.67 5.79 <0.01
9-5 78.56 5.14 <0.01
422 81.03 4.89 <0.01
Z5 85.37 5.71 <0.01
G14 82.18 5.96 <0.01
H29M-8M 72.86 4.54 <0.01
408 40.21 2.63 —
13-7 35.66 2.21 —
430 45.85 3.07 —

a Summary of two or more separate experiments. Survival of worms on
the last day (day 3) of the assays was estimated with the Kaplan–Meier
survival analysis. b H2O2: treatment with E. coli OP50 in the rst 2
days and then under H2O2 exposure when C. elegans at L4 stage. LAB:
treatment with LAB in the rst 2 days and then under H2O2 exposure
when C. elegans at L4 stage. Day 0 marked the point at which the
nematodes were rst exposed to H2O2.

c DT50, the time at which half
of the worms were dead.

Table 3 Statistical analysis of the protection effects of LAB stains onC.
elegans against juglone exposurea

Groupsb Survival (%) DT50c (hour) P

Juglone 48.25 6.05 —
427 79.32 10.23 <0.01
X13 80.14 9.15 <0.01
9-5 70.49 8.67 <0.01
422 79.86 8.41 <0.01
Z5 72.14 8.97 <0.01
G14 80.09 7.87 <0.01
H29M-8M 70.32 7.09 <0.01
408 45.73 5.78 —
13-7 45.79 5.94 —
430 39.99 6.08 —

a Summary of two or more separate experiments. Survival of worms on
the last hour (hour 6) of the assays was estimated with the Kaplan–Meier
survival analysis. b Juglone: treatment with E. coli OP50 in the rst 2
days and then under juglone exposure when C. elegans at L4 stage.
LAB: treatment with LAB in the rst 2 days and then under juglone
exposure when C. elegans at L4 stage. Hour 0 marked the point at
which the nematodes were rst exposed to juglone. c DT50, the time
at which half of the worms were dead.
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were assayed aer H2O2 (aer 12 h) and juglone (aer 30 min)
treatment. As shown in Fig. 6, when nematodes were treated
with LAB strains conferring high levels of protection (such as
427, X13, Z5), the transcription levels of the immunity genes
were signicantly elevated compared with those of nematodes
exposed to H2O2 aer treatment with E. coliOP50. As shown, the
transcription levels of pmk-1 and sek-1 (MAPK-signalling
pathway genes) were doubled and quadrupled, respectively. At
the same time, the transcription levels of skn-1 (an IIS signalling
pathway gene) and sod-3 (Nrf2-Keap1-ARE) were also increased.
These may have prolonged the lifespan of the nematodes under
H2O2 exposure. The transcript levels of skn-1 in the LAB pre-
treated group was approximately six times the non-pre-
treated, H2O2-exposed group.

The increase in levels of antioxidant gene-transcripts in
groups treated with effective LAB strains before H2O2 exposure
was greater than that in groups treated with non-LAB strains
treated before juglone exposure (Fig. 7). For example, the tran-
scription levels of the MAPK-signalling pathway genes pmk-1
and sek-1 in the LAB-427, 9-5 or Z5 pre-treated groups under
H2O2 exposure were two to three times higher than those in the
group treated with E. coli OP50 before juglone exposure. At the
same time, pre-treatment with 427, 9-5 or G14 signicantly
increased the transcription levels of the IIS signalling pathway
gene skn-1 (four to ve times) and the Nrf2-Keap1-ARE-
signalling pathway gene sod-3 (eight times).

In contrast, when nematodes were treated with LAB strains
408, 13-7 or 430, which conferred only a low level of antioxidant
protection, the transcription levels of their antioxidant genes
were almost identical to those of nematodes treated with E. coli
OP50 alone, before juglone exposure. To avoid the contamina-
tions from bacterial RNA in altering the yield of RNA and sub-
sequenty cDNA, the primers had been veried by different cDNA
templates (Fig. S2†). No cross-reactivity was found in the results.
3334 | RSC Adv., 2020, 10, 3329–3342
In addition, whether the surface of C. elegans were cleaned did
not signicantly affect the changes in the level of transcription
of the nematodes immune gene (Fig S3 and S4†). These data
indicated that the ability of LAB to protect nematodes against
oxidative stress was correlated with their inuence on the levels
of transcription of immune (i.e., antioxidant) genes. The role of
LAB in regulating the activity of immune genes was thus shown
to be linked with their role in preventing death of C. elegans
exposed to H2O2 or juglone.
LAB with anti-oxidative activity in C. elegans also improved
liver antioxidative parameters in mice infected with
Campylobacter jejuni

LAB strains differing in their ability to protect C. elegans against
oxidative stress were further investigated to determine their
ability to alleviate oxidative stress in Campylobacter jejuni-
infected mice with T. gondii-induced acute ileitis. Seven days
aer T. gondii and Campylobacter jejuni infection, the mice
showed acute ileitis and likely to die imminently. As shown in
Fig. 8, the T. gondii + Campylobacter jejuni group had signi-
cantly reduced levels of TOC and GSH compared with the
control group and the T. gondii group (P < 0.05). In contrast,
groups pre-treated with LAB strains 427, X13, 9-5, 422, Z5 or G14
did not exhibit these changes in TOC and GSH levels (Fig. 8). In
addition, the TOC and GSH activity in these LAB intervention
groups were the same as that in the T. gondii group. However,
LAB strains 408 and 13-7 had no effect on these activities.
Obviously, the antioxidant activity of LAB strains that had
ability to prolong the lifespan of nematodes subject to H2O2 or
juglone exposure was higher than the antioxidant activities of
the ineffective strains.

Next, correlation analysis was conducted to examine the
relationship between the antioxidative ability of the ten LAB
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Effects of LAB pre-treatment on antioxidant enzyme (CAT, SOD and MDA) levels in C. elegans during H2O2 or juglone exposure. (A–C)
Effects of LAB pre-treatment on CAT, SOD and MDA levels in C. elegans exposed to H2O2. H2O2: treatment with E. coliOP50 in the first two days
and then exposed to H2O2 at the L4 stage of C. elegans. LAB: treatment with LAB in the first two days and then exposed to H2O2 at theL4 stage of
C. elegans. (D–F) Effects of LAB pre-treatment on CAT, SOD and MDA levels in C. elegans exposed to juglone. Juglone: treatment with E. coli
OP50 in the first two days and then exposed to juglone at the L4 stage of C. elegans. LAB: treatment with LAB in the first two days and then
exposed to juglone at the L4 stage of C. elegans. The graphs show means � SDs. Columns labelled with different superscript letters (a–c) show
significant differences (p < 0.05). Any two columns with the same superscript letter have no significant difference.
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strains in Campylobacter jejuni-infected mice and the survival
rate of nematodes subject to H2O2 or juglone exposure aer
treatment with one of these ten LAB strains. In this analysis,
GSH, one of the primary non-enzymatic antioxidants, was
considered to represent the antioxidative capacity of LAB in
Campylobacter jejuni-infected mice. The coefficients of deter-
mination (R2) values for these correlations were 0.71915 and
0.80804 for H2O2 and juglone, respectively, which indicated that
the antioxidative ability of LAB strains in C. elegans under H2O2

or juglone exposure was signicantly correlated to the anti-
oxidative ability of LAB strains in Campylobacter jejuni-infected
mice (Fig. 9).
Discussion

Themodel organism C. elegans has been used in research on the
ageing of animals and humans to examine the relationships
between senescence and the organism.25 The ageing process is
oen accompanied by oxidative stress,26 and an organism will
generally clear away ROS and any deleterious infectious
organisms to protect itself from oxidative stress. In this study,
chronic and acute assays were designed to investigate the
antioxidant properties of LAB in C. elegans through measure-
ment of the responses of nematodes to H2O2 and juglone.27 The
nematode lifespan was used as a model for oxidative stress to
This journal is © The Royal Society of Chemistry 2020
screen for candidate LAB strains for their protection against
oxidative damage in host organisms. The ndings indicated
that LAB strains protected against oxidative stress not only by
reducing levels of ROS in nematodes, but also by activating the
nematodes' antioxidant genes. Also, the antioxidative ability of
LAB in nematodes could reect the antioxidative ability of LAB
strains in Campylobacter jejuni-infected mice. This offered a new
method of screening for LAB with antioxidant efficacy in
pathogen-infected hosts.

ROS are generated by normal oxygen-consuming metabolic
processes and are typically related to oxidative stress.28 ROS
comprise oxygen ions and peroxides, and these species can be
both endogenously and exogenously generated. The detection
of ROS levels in vivo can intuitively reect the extent of oxidative
stress in hosts. It has been reported that L. fermentum
CECT5716, L. coryniformis CECT5711 and L. gasseri CECT5714
veriably reduce ROS activity and the expression of NADPH
oxidase, considered a major generator of ROS, in spontaneously
hypertensive rats.29–32 Patel et al. conrmed that L. acidophilus
intervention reduced ROS expression in calf thymus macro-
phages to enhance the immune response.33 In this study, the
LAB pre-treatment groups that had the strongest protective
effect against H2O2- or juglone-mediated oxidative stress in
nematodes also signicantly reduced the levels of ROS (P <
0.005) compared with the groups treated only with E. coli OP50.
RSC Adv., 2020, 10, 3329–3342 | 3335
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Fig. 4 The change of ROS expression in C. eleganswith LAB treatment during H2O2 and juglone exposure by H2DCFDA. (A and B) The sectional
photographs and decrease in ROS expression in C. elegans with LAB treatment during H2O2 exposure. H2O2: treatment with E. coli OP50 in the
first two days and then exposed to H2O2 at the L4 stage of C. elegans. LAB: treatment with LAB in the first two days and then exposed to H2O2 at
the L4 stage ofC. elegans. (C and D) The sectional photographs and decrease of ROS expression in C. eleganswith LAB treatment during juglone
exposure. Juglone: treatment with E. coli OP50 in the first two days and then exposed to juglone at the L4 stage of C. elegans. LAB: treatment
with LAB in the first two days and then exposed to juglone at L4 stage of C. elegans. The graphs show means � SDs. Columns labelled with
different superscript letters (a–c) showed significant differences (p < 0.05). Any two columns with the same superscript letter have no significant
difference.
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An alleviation of overall free radical status, a decrease in both
the oxidation of lipids and carbonylation of proteins and an
increase in antioxidant defences are known to correlate with
diminished levels of ROS.34 Therefore, the analyses showed that
the protection against oxidative stress conferred to C. elegans by
the active LAB strains that prolonged nematode lifespan also
correlated with the effect of LAB on ROS levels in a mouse
disease model.

The antioxidant enzyme systems of organisms are usually
studied under oxidative stress. In mitochondria, superoxide is
one of the primary generators of ROS. Concurrently, the cata-
lytic action of SOD decomposes the superoxide into H2O2 and
3336 | RSC Adv., 2020, 10, 3329–3342
H2O, and thus SOD is a central manager of ROS levels.35 Kulli-
saar et al. veried L. fermentum had the ability to stimulate the
expression of Mn-SOD to counter oxidative damage.36 The
ability of LAB to affect local delivery of SOD offers a new
approach in nullication of enteric diseases typied by the
production of ROS. To this end, it has been reported that L. casei
BL23 could induce SOD expression in hosts with Crohn's
disease, which explained the ability of the L. casei BL23-treated
group to recover faster from initial weight loss, milder intestinal
inammation and increased intestinal enzymatic activities than
the placebo group.14,28 CAT takes part in cellular antioxidant
defence by decomposing H2O2 to prevent the production of
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The change of ROS expression in C. elegans with LAB treatment during H2O2 and juglone exposure by DHE. (A and B) The sectional
photographs and decrease in ROS expression in C. elegans with LAB treatment during H2O2 exposure. H2O2: treatment with E. coli OP50 in the
first two days and then exposed to H2O2 at the L4 stage of C. elegans. LAB: treatment with LAB in the first two days and then exposed to H2O2 at
the L4 stage ofC. elegans. (C and D) The sectional photographs and decrease of ROS expression in C. eleganswith LAB treatment during juglone
exposure. Juglone: treatment with E. coli OP50 in the first two days and then exposed to juglone at the L4 stage of C. elegans. LAB: treatment
with LAB in the first two days and then exposed to juglone at L4 stage of C. elegans. The graphs show means � SDs. Columns labelled with
different superscript letters (a–c) showed significant differences (p < 0.05). Any two columns with the same superscript letter have no significant
difference.
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hydroxyl radicals by the Fenton reaction.37 It was reported that
L. casei could restrain or reduce the damage of intestinal
pathologies ascribed to oxidative stress.38 MDA is a representa-
tive product in the process of lipid peroxidation. Its concen-
tration reects the level of free radicals in an organism, and it is
also a sensitive indicator of the metabolism of free radicals in
an organism. The level of MDA indirectly reects the attack of
free radicals on cells, and the activity of SOD indirectly reects
the removal of oxygen free radicals in hosts. In this study,
treatment of C. elegans with active strains of LAB increased the
expression of CAT, SOD and MDA in nematodes exposed to
either H2O2 or juglone conrmed the antioxidant enzyme
This journal is © The Royal Society of Chemistry 2020
system was one of the mechanisms by which certain LAB strains
protected the nematodes against oxidative stress.

With the growth and reproduction of LAB in a host's intes-
tine, a host's immune system is regulated through pivotal LAB-
mediated signalling pathways.39 Thus, the intervention of LAB
may trigger a host's immune response to oxidative stress
damage. Three main antioxidant signalling pathways mediated
by LAB were examined in this study: the mitogen-activated
protein kinase (MAPK) signalling pathway, the IIS signalling
pathway and the Nrf2-Keap1-ARE signalling pathway.28,40 It has
been found that the metabolite of Lactobacillus GG can induce
heat shock protein (Hsp) 25 and Hsp72 to partially activate the
RSC Adv., 2020, 10, 3329–3342 | 3337
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Fig. 6 Differential effects of LAB on the transcription of antioxidant genes of C. elegans exposed to H2O2. H2O2: treatment with E. coli OP50 in
the first two days and then exposed to H2O2 at the L4 stage ofC. elegans. LAB: treatment with LAB in the first two days and then exposed to H2O2

at the L4 stage of C. elegans. * indicates statistically significant differences at p < 0.05.
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MAPK signalling pathway in mouse colon cells.41 It has also
been reported that Lactobacillus rhamnosus GG can generate
soluble proteins p40 and p75, and that these signalling mole-
cules have the ability to reduce H2O2-induced epithelial barrier
disruption via a MAPK-dependent mechanism.42 In turn, data
from this study showed that the activity of LAB strains, which
demonstrated a protective effect against oxidative stress in C.
elegans was correlated with the upregulation of the MAPK
pathway genes pmk-1 and sek-1.

The antioxidant capacity of these LAB in nematodes was also
reected in their activation of the IIS signalling pathway gene
skn-1, where the IIS pathway is an evolutionarily conserved
endocrine signalling pathway that regulates food storage and
growth.43 The skn-1 gene codes for SKN-1, which is a target of the
IIS pathway. The SKN-1 is a transcription factor that orches-
trates the oxidative stress response in adult C. elegans, inde-
pendent of DAF-16 activity, by activating the expression of genes
encoding for enzymes including CATs, SODs, and some
GSHs.44–46 Overexpression of SKN-1 in intestinal cells increases
lifespan and oxidative stress resistance.40 The antioxidant LAB
strains that conferred protection for C. elegans against oxidative
stress in this study, signicantly enhanced the transcription of
skn-1.
3338 | RSC Adv., 2020, 10, 3329–3342
Another widely researched biological system, the Nrf2-
Keap1-ARE pathway, regulates and controls the trans-
formation of exogenous stimuli into eukaryotic transcriptional
responses. The activation of Nrf2 has been demonstrated to
upregulate genes, which are involved in ROS detoxication,
thus protecting against oxidative damage or electrophilic
environmental stressors.47,48 Nrf2 levels were observably
increased in the livers of high cholesterol diet mice fed with
Lactobacillus plantarum.49 It has also been shown that Lacto-
bacillus plantarum FC225 has antioxidant and hypolipidemic
effects and that Nrf2 expression is markedly promoted in mice
fed a high-fat diet.50 Somewhat consistent with these obser-
vations, we observed that the transcription of sod-3, a Nrf2-
Keap1-ARE pathway gene, was signicantly enhanced by
those LAB strains that greatly enhanced the lifespan of
nematodes exposed to H2O2 or juglone. Moreover, in juglone
acute assays, the upregulation of sod-3 was more distinctly
correlated with LAB treatment. All of the signalling pathways
mentioned above are highly conserved and represented by
numerous homologous genes in mammals. They are also
known to play a pivotal role in growth promotion, acclimati-
sation, and resistance to oxidative stress in C. elegans.
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Differential effects of LAB on the transcription of antioxidant genes ofC. elegans exposed to juglone. Juglone: treatment with E. coliOP50
in the first two days and then exposed to juglone at the L4 stage of C. elegans. LAB: treatment with LAB in the first two days and then exposed to
juglone at the L4 stage of C. elegans. * indicates statistically significant differences at p < 0.05.
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Due to the limits of the growth temperature and microbiota
of C. elegans compared with mammals, the reliability of our
assay that correlated the antioxidative efficiency of certain LAB
strains in C. elegans with the ability of these strains to also
protect against oxidative stress in mammals should be
conrmed. Infection with Campylobacter, a genus of pathogenic
microorganisms, oen generates symptoms such as bloody
diarrhoea, abdominal pain and fever, and LAB such as L. gasseri
SBT2055 and L. salivarius NRRL B-30514 have been shown to
prevent and protect against Campylobacter infections.51

However, our study was the rst to correlate the antioxidant
properties of LAB in C. elegans with the ability of LABs to alle-
viate oxidative damage in animals caused by Campylobacter
jejuni infection. Mice co-infected with T. gondii and Campylo-
bacter jejuni exhibited an obvious increase in Campylobacter
jejuni infection and more serious oxidative stress damage,
which indicated that the mice's resistance to Campylobacter
jejuni colonisation was eliminated and the immune system was
destroyed by T. gondii infection.24,52

GSH is the main non-enzymatic cellular antioxidant, and
synergises with selenium-dependent glutathione peroxidase to
effectively remove peroxynitrite and hydroxyl radicals and
This journal is © The Royal Society of Chemistry 2020
hydrogen peroxides. GSH is also responsible for reducing H2O2,
in a process catalysed by glutathione peroxidases (GSH-PX).
Lactobacillus fermentum53,54 and Clostridium butyricum55 have
both been reported to stimulate high levels of GSH production,
leading to suppression of hepatic oxidative stress in mice. TOC
is a comprehensive index to measure the functional status of
antioxidant system, and is typically understood to reect the
ability of antioxidant enzyme and non-enzymatic systems in
response to external stimulation and control the state of free
radical metabolism. Treating a Type 2 diabetes model with
Bidobacterium lactis Bb12 and Lactobacillus acidophilus La5
improved levels of GSH and TOC compared with a placebo.56

Human experiments in healthy older persons showed that the
administration of Lactobacillus fermentum ME-3 signicantly
increased the TOC.57 In this study, the TOC and GSH levels were
found to correlate with the activity of LAB strains against
oxidative stress in C. elegans and the ability to mitigate oxidative
damage in Campylobacter jejuni-infected mice. The correlation
analysis showed the lifespan model of C. elegans against
oxidative stress can be applied to screen LAB for antioxidant
efficacy in pathogen-infected mammals.
RSC Adv., 2020, 10, 3329–3342 | 3339

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06105c


Fig. 9 The correlation between LAB strains' antioxidative ability inCampylobacter jejuni-infectedmice and their ability to promote the survival of
C. elegans during H2O2 or juglone exposure. (A) Correlation analysis of antioxidative ability of LAB strains in Campylobacter jejuni-infected mice
and the survival time of nematodes during H2O2 exposure. (B) Correlation analysis of antioxidative ability of LAB strains in Campylobacter jejuni-
infected mice and the survival time of nematodes during juglone exposure.

Fig. 8 Effects of LAB administration on hepatic biochemical indices in mice infected by Campylobacter jejuni. (A) The change of TOC by LAB
treatment of mice infected by Campylobacter jejuni. (B) The change of GSH by LAB treatment of mice infected by Campylobacter jejuni. The
graphs showmeans� SDs. Columns labelledwith different superscript letters (a–c) show significant differences (p < 0.05). Any two columnswith
the same superscript letter have no significant difference.
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Conclusion

The C. elegans model caused by H2O2 or juglone to oxidative
damage and Campylobacter jejuni-infected mice model were
used to screen LAB with antioxidant effect in vivo. The results
indicated the lifespan model of C. elegans against oxidative
stress can to some extent be applied to screen LAB for antioxi-
dant efficacy in pathogen-infected mammals.
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