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Abstract: Lactobacillus plantarum is a catalase-negative species and distributes in human intestinal
tracts. However, the cytoprotective effects of the catalase-activated L. plantarum strain have yet to
be exploited against reactive oxygen species (ROS). Here, a catalase-activated L. plantarum CGMCC
6888 (CatA*) was obtained using exogenous added heme. The scavenging free radical abilities of
this strain were obviously increased. Moreover, the activated catalase A in L. plantarum CGMCC
6888 endowed the intestinal epithelium NCM460 with lower ROS content after degrading H20z. In
addition, the transcription levels of Nrf2 and Nrf2-related antioxidant enzyme genes (HO-1, GCLC,
NQO-1 and TXNRD1) and tight junction protein genes (ZO-1, OCLN, and JAM-1) were upregulated
significantly when co-incubated with CGMCC 6888/CatA*. This work confirmed that the catalase A
conferred L. plantarum with the strong protection effects in the intestinal epithelial cells against ROS.
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1. Introduction

Oxidative stress, a deleterious process resulting from an imbalance between the
formation of reactive oxygen species (ROS) and the endogenous antioxidant defense
systems, is considered to play a critical role in the pathogenesis of a number of diseases
such as cardiovascular disease, cancer, aging, and mucosal inflammation [1,2]. To deal
with oxidative damage, most living organisms are equipped with different defense
systems to eliminate damage from ROS [2,3]. Nuclear factor-erythroid 2-related factor 2
(Nrf2) is a primary intracellular regulator for the response to the state of cellular oxidative
stress. It can bind to its suppressor keapl in cytoplasm but is free from the latter during
oxidative stress [2-5]. When the free Nrf2 binds to antioxidant response element (ARE) in
nucleus, it immediately drives the transcription of the genes of downstream antioxidant
enzymes, including heme oxygenase-1 (HO-1), NAD(P)H: quinone oxidoreductase 1
(NQO-1), thioredoxin reductase 1 (TXNRD1), glutamate-cystine ligase catalytic (GCLC),
etc. [6,7]. At the same time, intestinal epithelial cells could scavenge cellular ROS using
three major antioxidant enzymes: catalase (CAT), superoxide dismutase (SOD) and
glutathione peroxidase (GSH-px). However, when these endogenous antioxidant systems
are inadequate to resist the oxidative stress, antioxidant additives or small functional
molecules originating from foods and other functional dietary supplements (such as
glutathione (GSH), vitamin E (VE), ferulic acid, probiotics) which delay or prevent the
oxidation of cellular substances were demonstrated to be functional in the protection of
organisms from oxidative damage [8-10].

Lactic acid bacteria (LAB) are the most widely used industrial strains in food
processing. They can convert soluble carbohydrates to lactic acid as main end products
and contribute to flavor, texture, and the shelf life of fermented products [11,12].
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Lactobacillus plantarum is a versatile lactic acid bacterium that distributes in a range of
niches (human host, vegetable, meat and dairy products), and has the ability to survive
during gastric transit and colonize the intestinal tract of both humans and other animals
in the community [13-16].

Numbers of L. plantarum strains are well-known probiotics owing to their beneficial
effects on hosts, including antioxidant effects [17,18], anti-infective effects [19,20],
modulation of the gut microbiota [16,21], and enhancement of immunity [14,22]. Those
properties make this species attractive for the development of new functional foods and
several genetic and physiological studies [23-25]. It was demonstrated that L. plantarum
executed aerobic and respiratory growth in the presence of heme and/or menaquinone in
the medium, which contributed to new applications in food technology and probiotic
development [26]. Several studies have proved that an aerobic culture of L. plantarum
showed a higher scavenging rate for DPPH radical than an anaerobic culture [26].
Additionally, exogenous heme supplementation may promote the synthesis of a heme-
dependent catalase and a bd-type cytochrome oxidase in several Lactobacillus strains
[27,28]. Catalase protects cells against oxidative stress by degrading hydrogen peroxide
(H202), while cytochrome bd oxidase contributes to energy supply (through extra ATP
generation) and the depletion of intracellular oxygen [27,28]. The tolerance of oxidative
stresses may be important for LAB survival in the gut. However, the beneficial effects of
the catalase-activated L. plantarum strain have yet to be exploited in the protection against
reactive oxygen species (ROS) in intestinal epithelial cells. In this study, we detected the
catalase A activities of L. plantarum CGMCC 6888 in the presence of heme in anaerobic
and aerobic conditions, and then evaluated the enhanced capacities of the bacterial cells
or cell lysates to eliminate ROS. Furthermore, the cytoprotective effects of L. plantarum
CGMCC 6888 with catalase activity on intestinal epithelial cells against oxidative stress
were investigated. The aim of this study was to strengthen the antioxidant effects of L.
plantarum conferred by catalase.

2. Materials and Methods
2.1. Strains, Cells and Culture Conditions

L. plantarum CGMCC 6888 was isolated from a traditional yogurt in Xinjiang, China.
Briefly, 1 g of yogurt sample was added to 10 mL of sterile phosphate-buffered saline
(PBS) and the mixture was serially diluted in PBS, followed by surface spreading on de
Man, Rogosa and Sharpe (MRS) agar and cultivation at 37 °C for 48 h. Single colonies were
picked from the MRS agar and incubated statically in MRS broth at 37 °C for 48 h. Then,
cells were harvested from the above cultures and the genomic DNA was extracted to be
used as a template for the PCR amplification of 165 rRNA gene with primers 27F (5'-
AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3'). The
165 rRNA gene of CGMCC6888 showed 99% identities to those of L. plantarum by
sequence alignment.

L. plantarum CGMCC6888 was routinely cultured in MRS broth, statically or with
shaking, at 37 °C for 18 h, generating the CatA- cultures. For the activation of catalase,
heme (Sigma) at a final concentration of 20 pM was added to the MRS broth, generating
the CatA* cultures.

The intestinal epithelial cell line NCM460 was grown in RPMI-1640 medium
(SparkJade, Jinan, China) containing 10% (vol/vol) fetal bovine serum (Gibco, Shanghai,
China) and 1% (vol/vol) penicillin-streptomycin solution (100 U/mL of penicillin and 100
pug/mL of streptomycin, SparkJade, Jinan, China) at 37 °C in a saturated humidity
atmosphere containing 5% CO..

2.2. Preparation of Bacterial Cells and Cell Lysates

Cells pellets from 20 mL of L. plantarum CGMCC 6888/CatA- or CatA* cultures were
collected after centrifugation at 6000 rpm for 5 min, washed three times using sterile saline
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solution, and resuspended with sterile saline solution to 108 CFU/mL. For cell lysate
preparation, the cell suspension was subjected to ultrasonic disruption (450 W, 5-s stroke
on ice with 5-s intervals), followed by centrifuging at 10,000 rpm for 10 min to remove the
cell debris. The resulting cell lysate was filtered (sterile 0.22 pm pore size).

2.3. Analysis of Catalase Activity

To qualitatively analyze the catalase activities of the CatA- and CatA* cultures, 30%
H20: solution was dropped into the 100 pL of cell suspensions and the formation of
bubbles was observed.

The catalase activities of the cultures and cell lysates were determined according to
the instructions of the CAT kit (Nanjing Jiancheng Biological Engineering Research
Institute, Nanjing, China). A unit of enzyme was defined as the enzyme amount that
breaks down 1 uM of H20: at 37 °C per minute. The protein concentration of the cell
lysates was assayed using a NanoDrop 2000 (Thermo Fisher Scientific, Shanghai, China).

2.4. Scavenging Free Radical Abilities of L. plantarum CGMCC 6888

The scavenging activities of the L. plantarum CGMCC 6888 on 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radicals were analyzed according to a previously described
method with some modifications [29]. Briefly, 350 uL of the sample or saline buffer as a
control and 350 uL of 0.2 mM DPPH (Macklin, Shanghai, China) dissolved in methanol
were mixed and incubated in the dark at room temperature. After incubation for 30 min,
the mixture was centrifuged at 6000 rpm for 5 min, and the supernatant was recovered to
measure the reduction in absorbance at 517 nm. The DPPH radical scavenging activity
was calculated as follows: (1 — Asample/ Acontrol) x 100%.

The scavenging activity of the superoxide anion radical was analyzed as described
previously by Tang et al. [29]. Briefly, 200 puL of the sample or buffer as a control was
added to 600 puL of 50 mM Tris-HCI (pH 8.5) containing 10 mM EDTA and incubated at
room temperature for 20 min. Then, 80 puL of 25 mM pyrogallol in 0.1 M HCl was added
to the mixture and incubated accurately for 10 min, subsequently the reaction was
terminated with the addition of 100 uL of HCl. The mixture was centrifuged at 6000 rpm
for 5 min and the supernatant was recovered to measure the reduction in absorbance at
325 nm. The superoxide anion scavenging activity was calculated as follows: (1 -
Asample/ Acontrot) x 100%.

The scavenging activity of the hydroxyl radical was analyzed using the Fenton
reaction [30]. A reaction system containing 200 pL of the sample or buffer as control, 200
pL of 5 mM salicylic acid ethanol solution, 200 uL of 5 mM FeSOs and 200 pL of 3 mM
H20: was incubated at room temperature for 30 min, followed by centrifugation at 6000
rpm for 5 min. The supernatant was recovered to measure the absorbance at 510 nm. The
hydroxyl radical scavenging activity was calculated as follows: (1 — Asample/ Acontrol) x 100%.

2.5. The Cytoprotective Effects of L. plantarum CGMCC 6888 against Oxidative Stress
2.5.1. Intestinal Epithelial Cell Viability Assay

The viability of the NCM460 cells was assayed after exposure to H20: using Cell
Counting Kit 8 according to the instructions (CCK-8. US Everbright® Inc, Suzhou, China).
A total of 20 mL of the intestinal epithelial cell NCM460 detached with 0.25% trypsin-
EDTA solution (SparkJade, Jinan, China) was centrifuged at 1000 rpm for 5 min. The cells
were collected and suspended in 20 mL of RPMI 1640 medium, and seeded in a 96-well
plate at a concentration of 1x10* cells/well and incubated for 24 h at 37 °C in 5% COx. After
washing with phosphate-buffered saline (PBS, pH 7.2), the NCM460 cells were co-
incubated with 100 pL of the bacterial cells/cell lysates prepared according to 2.2 method
but washed with phosphate-buffered saline (PBS, pH 7.2) and then resuspended with
RPMI-1640 medium of L. plantarum CGMCC 6888/CatA- or CGMCC 6888/CatA* for 2 h.
Then, the NCM460 cells were washed three times with PBS buffer and treated with 100
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pL of 0.35 mM H20:2 for 30 min. Subsequently, the cells were washed three times with PBS
buffer, and 100 uL of 10% CCK-8 was added and incubated for 3 h. The optical density
(OD) at 450 nm was measured to evaluate the cell viability. The cells free of H20: treatment
were used as normal group, and the cells treated with H20O2 alone were used as control

group.

2.5.2. Intracellular ROS Detection in NCM460 Cells

NCM460 cells were seeded in 6-well plates at a concentration of 1x10¢ cells/well and
incubated for 24 h. After washing the cells with PBS buffer, 2 mL of the bacterial cells/cell
lysates according to 2.5.1 method of the L. plantarum CGMCC 6888/CatA- or CGMCC
6888/CatA+ was added to the NCM460 cells and co-incubated for 2 h. Then, the medium
was removed, and the cells were washed three times with PBS buffer and treated with 2
mL of 0.35 mM H202 in RPMI-1640 medium for 30 min. After removing the H-O», 2',7'-
dichlorofluorescin diacetate (DCFH-DA) (Beijing Solarbio Science & Technology, Beijing,
China) at a final concentration of 10 uM was added and incubated with the NCM460 cells
at 37 °C for 20 min. After washing the cells with PBS bulffer, the intracellular ROS level in
the NCM460 cells was observed using fluorescence microscopy.

2.5.3. Determination of CAT, GSH-px and SOD Activities in NCM460 Cells

The NCM460 cells co-incubated with the bacterial cells/cell lysates according to 2.5.1
method of L. plantarum CGMCC 6888 were exposed to H20: to induce oxidative stress as
described in 2.5.2. Subsequently, 100 uL of NP-40 lysis buffer (Beyotime Biotechnology,
Shanghai, China) with PMSF (Beyotime Biotechnology, Shanghai, China) at a final
concentration of 1 mM was added to each well on ice, with repeated pipetting for complete
cell lysis. The NCM460 cell lysates were recovered after centrifugation at 10,000 rpm for 5
min at 4 °C. The determination of intracellular CAT, GSH-px and SOD activities in the
lysates was carried out according to the protocols of the corresponding kit’s instructions
(Nanjing Jiancheng Biological Engineering Research Institute, Nanjing, China). A unit of
CAT was defined as above. A unit of GSH-px was defined as the enzyme amount that
catalyzes 1 nmol of GSH oxidation per minute. A unit of SOD was defined as the enzyme
amount that inhibits the reaction rate of xanthine oxidase by 50% per minute. The protein
concentration was assayed using a NanoDrop 2000 (Thermo Fisher Scientific, USA).

2.5.4. Analysis of the Gene Transcription Levels of the Antioxidant Enzyme Genes and
Tight Junction Protein Genes

Primers used in this study are listed in Table 1. NCM460 cells were washed three
times with PBS buffer and collected after centrifugation at 1000 rpm for 5 min and
dissociation with 0.25% trypsin-EDTA solution. Total RNA was obtained with a
SPARKeasy Cell Kit (SparkJade, Jinan, China) and the cDNA was synthesized using the
PrimeScript RT reagent kit (Takara, Dalian, China). The gene transcription levels of
antioxidant enzymes including Nrf2, HO-1, GCLC, NQO-1 and TXNRD1, and tight
junction proteins including ZO-1, OCLN, CLDN-1 and JAM-1, were analyzed using RT-
qPCR, which was carried out with a 2xUniversal SYBR Green Fast qPCR Mix (ABclonal,
Wuhan, China). The following amplification conditions were used: 95 °C for 3 min,
followed by 40 cycles at 95 °C for 5 s, 55 °C for 30 s and 72 °C for 30 s. Real-time
quantification Ct values were collected, and the target gene expression was normalized to
B-actin using the 2-24¢t method [31,32].
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Table 1. Real-time qPCR primers used for quantification of human mRNAs.
Gene Forward (from 5’ to 3') Reverse (from 5’ to 3')
B-actin AGTTGCGTITACACCCTTTCTTG  TCACCTTCACCGTTCCAGTTIT
Nrf2 1 ACACGGTCCACAGCTCATC TGTCAATCAAATCCATGTCCTGH
HO-1 CTTCTTCACCTTCCCCAACA AGCTCCTGCAACTCCTCAAA

GCLC GGAGACCAGAGTATGGGAGTT CCGGCGTTTTCGCATGTTG
NQO-1 ATGTATGACAAAGGACCCTTCC TCCCTTGCAGAGAGTACATTGG
ATATGGCAAGAAGGTGATGGTC

TXNRD1 C GGGCTTGTCCTAACAAAGCTG
CLDN-1 GTGCCTTGATGGTGGTTG TGTTGGGTAAGAGGTTGT
OCLN GCAGCTACTGGACTCTACG ATGGGACTGTCAACTCTTTC
Z0O-1 AAGAGTGAACCACGAGAC TCCGTGCTATACATTGAG
JAM-1 GATGTGCCTGTGGTGCTG GCTCTGCCTTGAGATAAGAA

2.5.5. Statistical Analysis

The experiments were repeated three times, and the results are expressed as mean +
standard deviation. Statistical significance between the normal/control and experimental
groups was analyzed using GraphPad Prism 5, and p < 0.05 was considered statistically
significant. p < 0.01 was considered highly statistically significant.

3. Results
3.1. Identification and Activity Analysis of Catalase A in L. plantarum CGMCC 6888

Normally, L. plantarum lacks catalase activity and respiration, and encountering toxic
reactive oxygen species is a challenge. Here, a putative catalase gene (catA) was identified
in the genome of L. plantarum CGMCC 6888 through comparative genomic analysis using
Clustal W and ESPript 3.0. The catA was 1455 bp in length, encoding 484 amino acids
residues. The deduced amino acid sequence showed 99.79%, 69.67% and 56.03% identities
to the catalases of L. plantarum SK151 (NZ_CP030105), L. casei JCM 1134 (NZ_AP612544)
and Enterococcus faecalis V583 (NZ_004668), respectively. A conserved domain search
showed that CatA belongs to the KatE superfamily, which catalyzes the conversion of
hydrogen peroxide to water and molecular oxygen. Tertiary structure prediction showed
that the polypeptide chain of CatA forms three regions: the N-terminal helix, the 3-barrel
and the C-terminal helical, similar to that of catalase from E. faecalis V583 (PDB: 1S5i8).
Sequence alignment revealed the amino acids Arg51, His54, Arg91, Phel40, Arg333,
Tyr337 and Arg344 [33] are important for heme and ligand interaction in CatA (Figure
la). The results suggested that the CatA of L. plantarum CGMCC 6888 was a heme-
dependent catalase. However, heme cannot be produced by LAB [34,35], which lead to
the heme-dependent catalase in L. plantarum CGMCC 6888 operating silently in the
absence of heme and no bubbles were observed after dropping H202 (CatA-). When heme
was supplemented to the medium, the CatA was activated to degrade H20: into H2O and
Oz, with the observation of the bubble formation showing a catalase positive phenotype
(CatA~) (Figure 1b).
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Figure 1. Identification of heme-dependent catalase of L. plantarum CGMCC 6888. (a) Sequence
alignment of catalase from Enterococcus faecalis V583 (NZ_004668), L. plantarum CGMCC 6888, L.
plantarum SK151 (NZ_CP030105) and L. casei JCM 1134 (NZ_AP612544). All sequences are displayed
as full-length sequences before processing. Abbreviations: «, a-helix; 3, B-sheet; 1, 310-helix; TT, -
turn. The important amino acids for the heme ligand are indicated by stars. (b) Qualitative analysis
of the catalase activity of L. plantarum CGMCC 6888. * represents some amino acids including Arg51,
His54, Arg9l, Phel40, Arg333, Tyr337 and Arg344 that are important for heme and ligand
interaction CatA.

As result, 8.74 + 0.39 U/mg of catalase was obtained in the cell lysates in the presence
of heme, but not for the absence of heme.

3.2. Scavenging Free Radical Activities of L. plantarum CGMCC 6888

To evaluate the antioxidant activity of L. plantarum CGMCC 6888, the scavenging free
radical activities of the bacterial cells and cell lysates against DPPH, *OH and Oz radicals
were determined. As shown in Table 2, both of the bacterial cells and cell lysates from
CatA- and CatA* strains could scavenge three kinds of free radicals. Interestingly, the
scavenging rates of CatA* bacterial cells/cell lysates towards Oz radicals were 1.63- and
2.07-fold higher than those of the CatA- strain, and for *OH radicals, they were 1.29- and
1.37-fold higher, respectively. These results indicated that the antioxidant activity was
significantly enhanced after the activation of catalase A in L. plantarum CGMCC 6888.
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Table 2. Free radical scavenging activities of L. plantarum CGMCC 6888.

Sample Scavenging Rate (%)
DPPH Or OH.
Bacterial cells of CatA- 16.74 £1.35 5.51+0.31 10.76 £ 0.67
Bacterial cells of CatA* 18.54 £ 5.51 8.99+097* 13.93£0.01 *
Cell lysates of CatA- 10.00 +2.34 2.90+0.44 5.82£0.50
Cell lysates of CatA* 12.90 +1.81 6.01 +0.60 ** 8.00 £ 0.47 **
*p <0.05,* p<0.0L.

3.3. Effects of L. plantarum CGMCC 6888 on Oxidative Stress in NCM460 Cells

Firstly, the cytotoxicity of L. plantarum CGMCC 6888 to NCM460 cells was tested. The
results showed the survival rates of the NCM460 cells co-incubated with the CGMCC
6888/CatA* bacterial cell/cell lysate strain or CGMCC 6888/CatA-bacterial cells/cell lysates
were higher than the NCM460 cells alone (Figure S1), suggesting that L. plantarum
CGMCC 6888 and the activated CatA had no cytotoxicity against the intestinal epithelial
cells.

As shown in Figure 2a, when NCM460 cells were exposed to H20: alone, the cell
viability decreased to 46.48%. However, the bacterial cells of L. plantarum CGMCC 6888
CatA- or CatA* could attenuate the damage from H20:, and significantly increased the
viability of the NCM460 cells by 18.54% and 53.96%, respectively. In particular, the
bacterial cells of CatA* showed obvious protection against H20:, leading to the viability
of NCM460 cells being the same as the normal group without H20: treatment.
Additionally, the cell lysates of the CatA-and CatA* strains showed similar cytoprotective
effects as bacterial cells against H202. The results indicated that the activation of CatA
endowed L. plantarum CGMCC 6888 with stronger antioxidant activity, thereby
alleviating the oxidative stress of intestinal epithelial cells.
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Figure 2. Effects of L. plantarum CGMCC 6888 on oxidative stress in NCM460 cells. (a) Viabilities of
the NCM460 cells. The normal or control represented the cells without or with H20: treatment,
respectively. * p < 0.05, ** p < 0.01, *** p < 0.001. (b) H202—induced ROS levels in NCM460 cells
observed using a fluorescence microscope.
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To assess the effects of L. plantarum CMCC 6888 on the intracellular ROS levels
induced by H2O2, the fluorescence intensity was detected. As shown in Figure 2b, the
fluorescence intensity of NCM460 cells treated with H202 was significantly higher than
that of untreated cells, indicating that H2O: increased the intracellular ROS content.
However, when co-incubated with bacterial cells or cell lysates of CGMCC 6888 CatA- or
CatA* before H20: treatment, the fluorescence intensities of NCM460 cells were obviously
reduced. In particular, the bacterial cells or cell lysates of CGMCC 6888 CatA* showed
stronger abilities to eliminate ROS, leading to the fluorescence intensities that were the
same as NCM460 cells without H20: treatment. These results were consistent with the
scavenging activities for free radicals.

3.4. Antioxidant Enzyme Activities in NCM460 Cells Promoted by L. plantarum CGMCC 6888

To confirm the effects of L. plantarum/CatA* on the ROS reduction, the activities of
the intracellular antioxidant enzymes activities including CAT, GSH-px and SOD in
NCM460 cells were assayed (Table 3). When NCM460 cells were exposed to H20: alone,
the activity of CAT sharply decreased from 0.55 U/mg protein to 0.11 U/mg protein, as
did the activities of GSH-px and SOD. After co-incubation with the bacterial cells of CatA-
and CatA*, the activities of CAT and GSH-px were restored to the same levels as control,
and the SOD activity increased by 21.62% and 18.92%, respectively, compared with H202
alone. In addition, the cell lysates of CatA-and CatA* showed stronger abilities to promote
the activities of these antioxidant enzymes. However, there were no significant differences
in the activities of the three antioxidant enzymes promoted by bacterial cells of CatA- and
CatA* or their cell lysates. These results showed that L. plantarum could recover the
intracellular antioxidant enzyme activities damaged by H202. These results also indicated
that the difference in ROS levels in NCM460 cells came from the CatA of L. plantarum
CGMCC 6888.

Table 3. Effects of L. plantarum CGMCC 6888 on the activities of antioxidant enzymes in NCM460
cells.

Sample CAT GSH-px SOD
(U/mg Prot) (U/mg Prot) (U/mg Prot)
Normal 0.55+0.07 39.42 +0.51 1.12+0.05
Control 0.11+0.01 28.91 £ 0.56 0.37+0.03
Bacterial cells of CatA- 0.73+0.13 ** 40.55 + 0.58 *** 045+0.05*
Bacterial cells of CatA* 0.81+0.15 ** 4298 +(0.12 *** 0.44+0.03*
Cell lysates of CatA- 1.41 +£0.13 *** 41.62 +2.26 *** 1.21 +0.08 ***
Cell lysates of CatA* 1.43 +£0.02 *** 44.43 +1.07 *** 1.11 £0.13 ***

The normal or control represented the cells without or with H20: treatment, respectively. * p <0.05,
**p <0.01, ** p<0.001.

3.5. L. plantarum CGMCC 6888 Enhanced the Transcription Level of Antioxidant Enzyme
Genes

To further investigate the protection of L. plantarum CGMCC 6888 on the intestinal
epithelial cells, the gene transcription levels of Nrf2, a key pathway of intestinal epithelial
cells to resist oxidative stress, and the four antioxidant enzymes HO-1, GCLC, NQO-1 and
TXNRD1 regulated by Nrf2, were detected using RT-qPCR. The results in Figures 3a,b
showed that the transcription levels of the Nrf2 gene in NCM460 cells co-incubated with
bacterial cells of CatA- or CatA+ were 1.24~1.51-fold higher than the normal group, and
the corresponding cell lysates increased 2.37~2.69-fold. Similarly, the gene transcription
levels of two or three of the antioxidant enzymes HO-1, GCLC, NQO-1 and TXNRD1 were
significantly upregulated. In particular, following CatA- lysate treatment, the mRNA
levels of HO-1 and TXNRD1 were elevated 5.71- and 4.63-fold compared with the normal

group.
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Figure 3. Transcriptional levels of Nrf2 and the four genes regulated by Nrf2 in NCM460 cells
treated with (a) bacterial cells of CatA  or CatA* and (b) cell lysates of CatA  or CatA*. NCM460
cells were treated with bacterial cells or cell lysates for 2 h. Normal represented the cells without
bacterial cells or cell lysate treatment. * p < 0.05, ** p <0.01, *** p <0.001.

The results verified that L. plantarum CGMCC 6888 could stimulate the transcription
of Nrf2 and Nrf2-related antioxidant enzyme genes to attenuate cellular oxidative stress,
and the activation of CatA in L. plantarum CGMCC 6888 had more significant
cytoprotective effects.

3.6. CatA-Mediated Protection of L. plantarum CGMCC 6888 on the Intestinal Barrier

Tight junction proteins play crucial roles in maintaining barrier integrity and
function. The abundances of ZO-1, OCLN, CLDN and JAM-1 transcripts in NCM460 cells
were examined using RT-qPCR (Figure 4). Compared with the normal group, the
NCM460 cells stimulated with H20: alone for 30 min showed significant downregulation
(p <0.01) for the expression of these four genes. L. plantarum CGMCC 6888/CatA* bacterial
cells/cell lysates or CGMCC 6888/CatA-bacterial cells/cell lysates alone had no significant
influence on the transcription levels of tight junction proteins gene compared with the
NCM460 cells without H202 treatment. However, co-incubation of NCM460 cells with the
CGMCC 6888/CatA* bacterial cell/cell lysate strain or CGMCC 6888/CatA- bacterial
cells/cell lysates before H2O2 addition could recover the gene transcription levels of the
above-mentioned tight junction proteins, and even promote ZO-1 and JAM-1. Moreover,
the bacterial cells of CatA* had obvious effects, especially on the gene transcription levels
of ZO-1, OCLN and JAM-1, which were 1.40-, 1.23- and 1.55-fold higher, respectively, than
those of CatA~. Similarly, the ZO-1, OCLN and JAM-1 genes were upregulated 2.47-, 1.67-
and 1.26-fold by CatA* lysate treatment than CatA- lysates. These results indicated that L.
plantarum CGMCC 6888 could improve the intestinal barrier function by increasing the
transcription levels of tight junction proteins, and the activation of catalase could
effectively enhance the defense function of intestinal epithelial cells.
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Figure 4. Effects of L. plantarum CGMCC 6888 on the gene transcription levels of (a) ZO—1, (b)

OCLN, (c¢) CLDN —1 and (d) JAM—1 in NCM460 cells. The normal group represented the cells
treated with bacterial cells or cell lysates for 2 h but without H20: treatment. The H202 group
represented cells treated with bacterial cells or cell lysates for 2 h, and then with 0.35 mM Hz0: for
30 min. * p < 0.05, ** p <0.01, *** p < 0.001.

4. Discussion

A number of L. plantarum strains inhabit human intestinal tracts and are widely used
as probiotics. The production of ROS compounds may be harmful for intestinal mucosal
cells. Therefore, the identification of L. plantarum strains with intrinsic ROS degrading
activities could contribute to human health. In this study, a heme-dependent catalase gene
catA was identified in the genome of L. plantarum CGMCC 6888, and its enzymatic activity
was obtained in the presence of heme. The activation of the CatA was proved to endow
the bacterial cells and cell lysates of L. plantarum CGMCC 6888 stronger scavenging
abilities against free radicals. For the intestinal epithelial cell NCM460, the activated CatA
in L. plantarum CGMCC 6888 also promoted the upregulation of the transcription levels
of Nrf2 and Nrf2-related antioxidant enzymes genes, indicating the enhanced protection
of the strain against ROS damage. In the similar way, the transcription levels of the tight
junction proteins of ZO-1, OCLN and JAM-1 in NCM460 cells co-incubated with CatA*
bacterial cells/cell lysates were obviously increased compared to those co-incubated with
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CatA- bacterial cells/cell lysates, suggesting the enhanced intestinal barrier function of
activated catalase A of L. plantarum.

LAB are facultative anaerobic microorganisms, usually negative for catalase
phenotype, but a number of them, such as L. plantarum, L. casei, L. pentosus, equipped with
genes encoding for catalase, require cofactors to activate [34,36]. After sequence
alignment, it was found that L. plantarum CGMCC 6888 carried the heme-dependent catA
gene (Figure 1a), but it was negative for catalase activity under normal growth conditions,
owing to a lack of heme production by L. plantarum [35,36]. Activated-catalase in the
presence of heme can decompose hydrogen peroxide to H202 and O: (Figure 1b) and
relieve ROS damage in intestinal epithelial cells. Previous studies on the catalase activity
of L. plantarum mainly focused on the improvement of the oxidative stress tolerance for
bacterial cell survival [37], while the effect of catalase on the probiotic effects in L.
plantarum was limited.

Except for the catalase, other antioxidant mechanisms may be involved in the ROS
degrading, such as chelating metal ions, antioxidant enzymes and reducing compounds
[38]. Free radical scavenging abilities and intestinal epithelial cell models are usually
adopted to evaluate the antioxidant activity of LAB and their metabolites in vitrol®-41.
Here, the catalase A in L. plantarum CGMCC 6888 was activated by exogenous heme,
leading to the remarkable enhancement of antioxidant activity. As shown in Table 1, L.
plantarum CatA* bacterial cells/cell lysates exhibited higher scavenging free radical
abilities than those of CatA- bacterial cells/cell lysates. The same phenomenon was
observed through a determination of the cell viability, ROS level and antioxidant enzyme
activities in NCM460 cells (Figures 2 and 3 and Table 3), indicating that activated-catalase
endowed L. plantarum CGMCC 6888 with stronger protection capacities against ROS for
resistance to oxidative stress.

The intestinal barrier plays critical roles in the defense against external toxic factors.
Faulty intestinal defense renders epithelial cells more susceptible to oxidative stress,
impairing the intestinal mucosal barrier and increasing the effect of inflammatory bowel
diseases [42]. The tight junction proteins ZO-1, OCLN, CLDN-1 and JAM-1 are usually
used as indicators to evaluate the integrity of the intestinal mucosal barrier [42]. Here, the
treatment by H20: markedly downregulated the transcription of above four genes in
NCM460 cells. However, L. plantarum CGMCC 6888 pretreatment negated the reduction
in gene transcription levels in ZO-1, OCLN and JAM-1, and the activation of CatA in L.
plantarum CGMCC 6888 exhibited more prominent upregulation effects on these three
genes. These results showed that L. plantarum CGMCC 6888 played a critical role in
promoting the formation of tight junctions, which was consistent with the report that
probiotics alleviated the damage to the intestinal barrier by pathogenic microorganisms
[43,44].

Table 3 showed that there were no significant differences between the CGMCC
6888/CatA* bacterial cells/cell lysates and CGMCC 6888/CatA- bacterial cells/cell lysates
in the activities of the three antioxidant enzymes including CAT, GSH-px and SOD,
indicating that the reduction in ROS levels in NCM460 cells resulted from the activation
of CatA in the CGMCC 6888strain. Thus, we speculated that the presence of heme may
confer other physiological characteristics to this strain, such as changing the cell
robustness and cell surface proteins. Therefore, this provided a new application in the
development of probiotic products, based on in-depth analysis of the physiological and
genetic characteristics, optimization of the culture medium, and preparation of probiotic
adjuvants.

Here, L. plantarum GCMCC 6888 cells were lysed using ultrasonic disruption to
release intracellular substances. The cell lysates exhibited higher activity than bacterial
cells in promoting antioxidant enzyme activities and increasing the gene transcription
levels of antioxidant enzymes. We speculated that more active components (such as GSH,
amino acids and fatty acids) involved in the cell lysates took part in the antioxidant
responses. These phenomena were in agreement with the previous literature [45-47],
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although there are several proteins displayed in the cell surface, including S-layer
proteins, peptidoglycans, teichoic acids and lipoproteins, to crosstalk with the intestinal
epithelial cells to activate antioxidant pathways [48-50]. However, the specific ingredient
is yet to be identified [51-53]. The results also provided theoretical support for the
development of postbiotics.

5. Conclusions

In this study, the heme-dependent catalase of L. plantarum CGMCC 6888 was
activated by exogenous added heme, which contributed to the enhancement of the free
radical scavenging abilities and the cytoprotective effects of bacterial cells/cell lysates in
intestinal epithelial cells against oxidative stress responses. The study provided a new
idea to improve the antioxidant capacities of L. plantarum.

Supplementary Materials: The following are available online at
https://www.mdpi.com/article/10.3390/applmicrobiol3010011/s1. Figure S1 Cytotoxic effects of L.
plantarum CGMCC 6888 on NCM460 cells evaluated by the CCK-8 method.
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