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This study evaluates the functional characteristics of the exopolysaccharide (EPS) extracts produced by
various strains of Lactiplantibacillus pentosus (LPG1, 119, 13B4, and Lp13) and Lactiplantibacillus plantarum
(Lp15) isolated from table olives. None of the EPS crude extracts showed cytotoxicity when administered
to THP-1 human macrophage cells at dosages ranging from 6.25 to 50 ug mL™. Many exhibited anti-
inflammatory properties (reduction of pro-inflammatory cytokines TNF-a and IL-6 production) and anti-
oxidant activity (reduction of ROS%) when macrophages were stimulated with Escherichia coli lipopoly-
saccharide. Notably, the EPS extract produced by the L. pentosus LPG1 strain had the best results corro-
borated by western blot immune analysis for differential expression of COX-2, Nrf-2, and HO-1 proteins,
with the most significant antioxidant and anti-inflammatory response observed at a dosage of 50 pg
mL™L. Chemical analysis revealed that the EPS extract produced by this strain contains a heteropolymer
composed of mannose (35.45%), glucose (32.99%), arabinose (17.93%), xylose (7.48%), galactose (4.03%),
rhamnose (1.34%), and fucose (0.77%). Finally, we conducted response surface methodology to model the
EPS extract production by L. pentosus LPG1 considering pH (3.48-8.52), temperature (16.59-33.41 °C)
and salt concentration (0.03-8.77% NaCl) as independent variables. The model identified linear effects of
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salt and pH and quadratic effects of salt as significant terms. The maximum EPS extract production
(566 mg L™ in a synthetic culture medium (MRS) was achieved at pH 7.5, salt 7.0%, and a temperature of
20 °C. These findings suggest the potential for novel applications for the EPS produced by L. pentosus

rsc.li/food-function LPG1 as nutraceutical candidates for use in human diets.

be categorised into two distinct groups: homopolysaccharides
(containing only one type of monosaccharide) and heteropoly-

1. Introduction

Exopolysaccharides (EPSs) are non-toxic, natural, and bio-
degradable biopolymers with high molecular weight produced
by microorganisms. They are released into the surrounding
environment and adhere to bacterial cells, forming a capsule.
EPSs are formed by linear or branched long chains of repeat-
ing saccharide units or their derivatives." Based on their bio-
synthesis mechanisms and chemical composition, EPSs can

“Instituto de la Grasa (CSIC), Carretera de Utrera Km 1. Campus Universitario Pablo
de Olavide. Building 46, 41013 Seville, Spain. E-mail: elopez@ig.csic.es
bTechnological Applications for Improvement of the Quality and Safety in Foods. R&D
Division, Avda. Diego Martin Barrio 10. Second Floor, 41013 Seville, Spain
‘Department of Pharmacology, Faculty of Pharmacy. University of Seville, 41012
Seville, Spain

“Department of Food Science and Technology. University of Cordoba, Carretera
Madrid-Cddiz Km 396A. Darwin Building, 14071 Cordoba, Spain

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3fo04223e

1938 | Food Funct, 2024,15,1938-1947

saccharides (including at least two different types of monosac-
charides in their composition).” EPSs can be used as gelling or
flocculant agents with commercial applications in the food
and pharmaceutical sectors.’

Lactobacilli are well-known for their ability to form EPS,
and their final metabolites are typically recognised as safe,
thanks to the “food-grade” status of lactic acid bacteria (LAB).
EPSs produced by these microorganisms play a crucial role in
developing fermented foods, enhancing their rheological and
gustatory properties. Additionally, EPSs derived from these
microorganisms can create functional foods that benefit con-
sumers. Numerous studies have demonstrated that EPSs from
certain LAB strains can contribute to the prevention of human
diseases. These EPSs exhibit various health-promoting pro-
perties, including antioxidant, antiviral, antiulcer, anticancer,
immunomodulatory, bifidogenic, and cholesterol-lowering
features.™

This journal is © The Royal Society of Chemistry 2024
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Many species of Lactobacilli, including Lactiplantibacillus pen-
tosus and Lactiplantibacillus plantarum, have been shown to
produce EPS.* These two microorganisms are particularly signifi-
cant within the LAB species as they play a crucial role in govern-
ing the fermentations of table olives.” Table olives are a promi-
nent fermented vegetable with an annual worldwide production
of 3 million tons, especially relevant in the Mediterranean
Basin.® EPSs in bacteria cells defend against environmental
stresses, facilitating adhesion/colonisation and stabilising the
biofilms on the olive epidermis. Dominguez-Manzano et al.
(2012) proved that certain Lactiplantibacillus strains can grow on
olive epidermis, forming biofilms in a population exceeding
10 million CFU g™, with EPS enveloping microbial cells.”

However, there is limited research on producing EPSs by
microorganisms isolated from table olive fermentations and on
the applications of purified EPSs obtained from table olive fer-
mentations that are inoculated with LAB starters. Sanchez et al.
(2006) studied the EPSs produced by L. pentosus LPS26, isolated
from directly brined green olives.® They also investigated the cul-
tural conditions that influence EPS production. In a separate
study, Zhu et al. (2018) explored the potential applications of iso-
lated EPS crude extracts obtained directly from industrial table
olive fermentations in preventing and treating pig diarrhoea
caused by enterotoxigenic Escherichia coli.’ The same researchers
further examined the functional properties of EPSs isolated from
pilot plant table olive fermentations, which were inoculated with
various L. pentosus and yeast strains.'® Their findings indicated
that EPSs produced during olive fermentation could disrupt the
attachment of opportunist pathogens to animal intestinal epi-
thelial cells, underscoring their intriguing properties.

This study evaluates the cell cytotoxicity and functional fea-
tures of the EPS crude extract produced in a synthetic and well-
standardised culture medium by various Lactiplantibacillus
strains isolated from table olives. Subsequently, we modelled
the production of the EPS extract with the most favourable func-
tional properties, considering environmental variables (such as
pH, temperature, and salt) that typically play a pivotal role in
table olive fermentations.

2. Materials and methods

2.1. Microorganisms assayed

Four L. pentosus (LPG1, 119, 13B4, and Lp13) and one
L. plantarum (Lp15) strains were assayed in the present study.
All of them were previously isolated from table olive fermenta-
tions and identified by molecular methods.""'* Before experi-
ments, one colony of each strain was transferred onto 100 mL
of Man-Rogosa and Sharpe (MRS, Becton & Dickinson
Company, Sparks, USA) broth medium and incubated for 18 h
at 37 °C without agitation.

2.2. Production, extraction, and purification of the EPS crude
extract

For all strains assayed, 200 mL of MRS broth was used as the
culture medium for EPS production. The bacterial inoculum
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(1%, w/v) was added to the synthetic medium and incubated at
37 °C for 72 h under static conditions. After the incubation,
the bacterial culture was centrifuged at 10 000 rpm for 30 min
at 4 °C, and the culture supernatant was carefully separated
from the cell pellet. Then, the extraction of EPS crude extract
from the supernatant was carried out using the methodology
described by Sanchez et al. (2006) with slight modifications.®
Briefly, the supernatant of each strain was treated with 10%
(w/v) trichloroacetic acid (TCA) and incubated at 4 °C for 2 h
under gentle agitation, and then centrifuged at 10 000 rpm for
15 min at 4 °C for protein removal. The supernatant was recov-
ered by adding 2 mL of cold absolute ethanol for every 1 mL of
supernatant, followed by an overnight incubation at 4 °C. After
this, the precipitated EPS extracts were recovered by centrifu-
gation at 10 000 rpm for 15 min at 4 °C, resuspended in ultra-
pure water and dialysed in Slide-A-Lyzer™ dialysis cassettes of
10 kDa molecular-mass cut-off with 12 mL of capacity (Thermo
Fisher Scientific Inc., Madrid, Spain) against 4 L of distilled
water at 4 °C for 2 days with three water changes per day. EPS
extract was frozen, lyophilised, weighed, and stored at room
temperature (25 °C) until subsequent tests.

2.3. Cell culture

The human monocytic leukaemia THP-1 cell line (ATCC®
Number TIB-202) was used in the present study for functional
assays. It was grown in RPMI-1640 medium (GIBCO®, Thermo
Fisher Scientific, Ireland) containing 10% heat-inactivated
fetal bovine serum, 100 pug mL™' streptomycin, and 100 U
mL™" penicillin. Cells were grown in a humidified atmosphere
at 37 °C containing 5% CO,. To obtain human macrophages,
THP-1 cells were seeded at a density of 10 cells per well into
96-well plates (100 pL per well) in the presence of phorbol
12-myristate 13-acetate (PMA) (Sigma-Aldrich®, St Louis, MO,
USA) obtaining a final concentration of 8 nM, and incubated
in a humidified atmosphere (5% CO,) for 72 h at 37 °C.

2.4. Cell viability assay

In vitro cytotoxicity of the EPS crude extracts was quantified by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT, Calbiochem®, Germany) dye uptake assay using macro-
phages obtained from transformed THP-1 cells.’® The medium
was removed after the transformation period. Then, cells were
washed twice with phosphate saline buffer (PBS, 4 °C) and
incubated for 24 h with different concentrations of the EPS
crude extracts (0, 6.25, 12.5, 25, 50, and 100 pg mL "), which
were freshly prepared in culture medium.

Controls were incubated in a fresh medium containing
dimethyl sulfoxide (DMSO, up to 1% v/v), which did not affect
cell viability. Subsequently, the cells were washed with PBS
before adding 100 pL of 0.25 mg mL ™' MTT solution into each
well and incubated for 4 h. DMSO and 0.1 M glycine buffer
(pH 10.5) were used to dissolve the formazan crystals.
Afterwards, the absorbance was measured at 550 nm using a
Multiskan EX microplate reader (Labsystems, Thermo
Scientific, USA).
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2.5. Antioxidant activity

The intracellular production of Reactive Oxygen Species (ROS)
was detected using the 2',7’-dichlorodihydrofluorescein diace-
tate DCFDA assay kit (Abcam®, Cambridge, UK). 10" cells per
well were seeded into a 96-well black plate in the presence of 8
nM of phorbol 12-myristate 13-acetate (PMA). The medium
was removed after transformation, and cells were washed twice
with ice-cold PBS. Pretreatment of cells with the bacterial EPS
extracts (6.25, 25.0, or 50.0 pg mL™") and dexamethasone (Dex)
as an internal control (0.39 pug mL™") was performed for 1 h.
Subsequently, the intracellular ROS production was stimulated
by adding Escherichia coli lipopolysaccharide (LPS) (1 pg mL™")
for 24 h. Unstimulated (control) and stimulated (LPS) were
incubated with a growth medium containing DMSO (1% v/v).
Afterwards, the supernatants were discarded. According to the
manufacturer’s instructions, DCFDA (100 pL, 20 pM) was
added to each well for 45 min at 37 °C. Fluorescence was
measured at 485 nm for excitation and 535 nm for emission
using a fluorescence plate reader (Sinergy HT, Biotek®, Bad
Friedrichshall, Germany).

2.6. Antiinflamatory activity

THP-1 cells were seeded in 96-well plates at 10* cells per well
in the presence of 8 nM PMA. After differentiation, the
medium was removed, and cells were washed with ice-cold
PBS and pre-treated with the different bacterial EPS extracts
(12.5, 25.0, and 50.0 pg mL~') and Dex (as positive reference
compound at 0.39 pg mL™"), which was maintained for 1 h at
37 °C with 5% CO,. Then, cells were exposed to LPS stimu-
lation (1 pg ml™") for 24 h. The activity of pro-inflammatory
cytokines IL-6 and TNFo (Diaclone® GEN-PROBE, France) was
measured using specific ELISA kits, essentially according to
the manufacturer’s recommendation. The absorbance was
measured at 450 nm using a microplate reader (Labsystems®
Multiskan EX, Thermo Scientific, USA).

2.7. Inmunoblotting detection

Macrophages were obtained by incubating THP1-cells (8 x 10>
cells per well) with 8 nM PMA in 6-well plates (2 mL per well)
for 72 h. Afterwards, the medium was discarded, and cells
were washed twice with PBS at 4 °C and then pre-treated with
the EPS extract produced by LPG1 strain (12.5, 25.0 or 50.0 pg
mL™") or vehicle (DMSO 1%) for 1 h. Then, LPS stimulation
was carried out for 24 h. Cells were lysed in ice-cold lysis
buffer containing a cocktail of protease inhibitors (5 mM ethyl-
ene glycol-bis(2-aminoethylether)-N,N,N', N'-tetraacetic acid),
50 mM Tris-HCl pH 7.5, 8 mM MgCl,, 1 mM phenylmethyl-
sulfonyl fluoride, 0.5 mM EDTA, 0.01 mg mL™"' pepstatin,
0.01 mg mL™' leupeptin, 0.01 mg mL™' aprotinin, and
250 mM NacCl (40 pL per sample) and incubated for 30 min on
ice. Cell homogenates were then centrifugated at 12 000g at
4 °C for 5 min to discard cell debris and DNA, and protein
content in the supernatants was determined using the
Bradford method."* Identical aliquots containing equal
protein content (50 pg) were separated into an acrylamide gel
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by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to the nitrocellulose membrane. The specific
primary antibodies incubated were used as follows: rabbit
anti-Nrf2 (1:1000), rabbit anti-HO-1 (1:1000) (Cell Signaling,
Danvers, MA, USA), and rabbit anti-COX-2 (1:3000; Cayman
Chemical, Michigan, USA). Each membrane was washed 3
times for 10 min and incubated with the secondary horse-
radish peroxidase-linked anti-rabbit (Sigma-Aldrich, St Louis,
MO, USA). Anti-p-actin antibody was used as house-keeping
loading-control to normalise protein expression. Immunodetection
was carried out by using a chemiluminescence light-detecting
kit (Super-Signal West Pico Chemiluminescent Substrate,
Pierce®, IL, USA), and densitometry analysis was quantified by
a Scientific Imaging Systems (Biophotonics Image J Analysis
Software; National Institute of Mental Health, Bethesda, MD,
USA).

2.8. Monosaccharide composition analysis of the EPS crude
extract

The monosaccharide analysis of the EPS sample produced by
the LPG1 strain in the MRS broth medium was determined
from duplicated extracts. Initially, a trifluoroacetic acid (TFA)
hydrolysis (2 N TFA at 121 °C for 1 h) was performed before
reduction, acetylation, and gas chromatography analysis, fol-
lowing the method described by Englyst & Cummings (1984).'®
Inositol was used as an internal standard for this analysis.
Calibration was performed using a series of standard solutions
of r-arabinose, p-xylose, p-mannose, p-glucose, p-galactose,
i-rhamnose, and bp-fucose (Sigma-Aldrich®, St Louis, MO,
USA). The chromatographic analysis was conducted under the
conditions described by Lama-Mufioz et al. (2012)."® A chro-
matograph-equipped model Hewlett-Packard 5890 series II
with a 30 m x 0.25 mm fused silica capillary column (SP-2330
from Supelco, Bellefonte, PA) was used. The oven temperature
program involved an initial 7 min at 180 °C and then a gradual
increase to 220 °C at a rate of 3 °C min~" (for 15 min). Helium
was the carrier gas, flowing at a 1 mL min " rate. The injector
temperature was set at 250 °C, and the FID detector tempera-
ture was maintained at 300 °C, with a split ratio of 1/100. The
results for each specific sugar were expressed as a percentage
of the total sugar content, whilst the total sugar content was
expressed as a percentage of the total EPS lyophilised weight.

2.9 Modelling EPS extract production

The production of the EPS extract by the LPG1 strain was mod-
elled by response surface methodology (RMS). Table 1 presents
the experimental conditions included in the central composite
design, which consisted of 16 runs covering the pH range of
3.48-8.52, temperature range of 16.59-33.41 °C, and salt con-
centration range of 0.03 to 8.77% NaCl. Data analysis was per-
formed using Design-Expert v.12 software (StatEase software,
Minneapolis, USA). It involved a first sequential sum of
squares (Type I), which indicates the significance of higher-
order polynomial terms and ensures that the model was not
aliased. Once the proposed model was fitted, an ANOVA was
conducted, and significant (or necessary for hierarchical per-
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Table 1 Treatments included in the central composite design for mod-
elling the effects of salt, pH, and temperature on EPS extract production
by L. pentosus LPG1

Run Salt (%NaCl) pH Temperature (°C) mg L™ EPS extract
1 1.80 4.50 30.00 272.4
2 1.80 4.50 20.00 440.2
3 7.00 4.50 20.00 293.6
4 8.77 6.00 25.00 0.0
5 4.40 8.52  25.00 458.9
6 7.00 7.50 30.00 356.9
7 4.40 6.00 16.59 320.3
8 7.00 4.50 30.00 276.2
9° 4.40 6.00 25.00 353.9
10¢ 4.40 6.00 25.00 346.4
11 0.03 6.00 25.00 546.4
12 7.00 7.50  20.00 566.4
13 1.80 7.50  20.00 498.1
14 4.40 6.00 33.41 363.1
15 1.80 7.50  30.00 434
16 4.40 3.48 25.00 247.9

“Duplicated experiments.

formance) terms were selected (p < 0.05). Subsequently, the
model’s coefficients, standard errors, and confidence limits
were estimated. The model’s fit was assessed through lack of
fit estimation and adjusted R-squared. Finally, numerical and
graphical optimisation was performed.

The modelling assays were conducted in 100 mL MRS
broth adjusted to the different salt and pH levels as deter-
mined by experimental design. The culture media were inocu-
lated with the LPG1 strain at a 5 log;, CFU mL~" concen-
tration and incubated at the corresponding temperature for 7
days. After this incubation, EPS crude extract extraction and
purification from the culture medium were carried out as pre-
viously described.

3. Results and discussion

3.1. Invitro functional assays of the EPS crude extracts
produced by the Lactiplantibacillus strains

EPS samples from the five Lactiplantibacillus strains were pro-
duced in a synthetic growth medium without additional sugar
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addition. This was done to obtain sufficient EPS extracts for
subsequent in vitro tests, as described below. Among the
strains, those that exhibited the highest production of EPS
extracts in MRS at 37 °C after 3 days were Lp13 (470.0 =
51.6 mg L") and LPG1 (469.0 + 57.1 mg L"), without signifi-
cant differences. Following closely was the strain 13B4 (430.1 +
26.5 mg L"), followed by 119 (385.1 + 23.6 mg L™"). Notably,
Lp15 (300.1 + 6.9 mg L") produced the significantly lowest
EPS extract amount among the microorganisms assayed.

Table 2 shows the viability values obtained for
THP-1 macrophages following administration of all EPS crude
extracts produced by the Lactiplantibacillus strains at concen-
trations ranging from 6.25 to 100 ug mL™", as determined by
the MTT assay. Sample stocks were prepared in DMSO : water
(1:1) at 2500 pg mL~". None of the tested EPS extracts exhibi-
ted cytotoxicity in the range of 6.25 to 50 pug mL ™', while
only concentrations of 100 pg L™" resulted in a slight reduction
in the viability (17.0-28.9%) of human THP-1 macrophage
cells.

Consequently, concentrations below 50 pg mL™" were
chosen for subsequent functional experiments. Sharma et al.
(2020) also reported the absence of cytotoxicity in mammalian
epithelial cell lines when exposed to EPS produced by
L. paraplantarum KM1, even at concentrations higher than
500 pg mL™"."" The non-toxic effect was noticed for the EPS
produced by L. helveticus LZ-R-5 on the viability of the macro-
phage RAW264.7 cells within the tested concentrations
(50-400 pg mL™")."® Similar results were also obtained for the
EPS produced by L. pentosus LZ-R-17, which did not exhibit
cytotoxicity in RAW264.7 cells in the 50-400 pg mL™" range."®
All these data show that olive EPS crude extracts are safe for
consumption and, thus, could be formulated in foods.

Fig. 1 shows the pro-inflammatory TNF-a and IL-6 pro-
duction in THP-1 macrophages after administration
(12.5-50 pg mL™") of all EPS crude extracts produced by the
Lactiplantibacillus strains assayed in this work. Results were
compared to the stimulation of macrophages with E. coli-LPS,
which produces a significant pro-inflammatory response and
IL-6 and TNF-a production compared to unstimulated control
cells (p < 0.001). As expected, the anti-inflammatory reference
drug Dex caused a marked inhibition of TNF-a and IL-6 (p <
0.001) levels induced by LPS. As can be deduced from Fig. 1,

Table 2 The viability of THP-1 human macrophages after 24 hours treated with different concentrations of the EPS extracts obtained from the
Lactiplantibacillus strains assayed in this work. Values are mean + SE (%) (n = 3)

EPS (ug mL™)

Strain 6.25 12.5 25 50 100

LPG1 100.3 + 5.7 105.9 + 3.5 102.0 + 7.3 114.6 + 13.4 71.1+9.8
119 123.8+7.5 101.0 + 7.8 106.0 + 2.3 102.1 + 3.0 72.7 +3.7
13B4 118.6 + 6.9 109.2 + 7.0 113.1+ 8.9 99.1 + 2.4 83.0 +3.7
Lp15 116.5 + 3.8 100.5 + 2.7 112.6 + 6.6 110.1 + 4.0 77.4+2.0
Lp13 113.9+5.5 114.7 + 4.0 110.3 + 7.7 119.3 +4.1 82.4 +2.0
(%) 0.125 0.25 0.5 1 2

Vehicle (DMSO) 115.5 + 4.8 99.4 +2.7 100.3 + 3.7 94.3 + 0.7 77.0+1.5

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Effects of the different samples on LPS-induced TNF-a (A) and IL-6 (B) production in THP-1 macrophages. Cells were pre-treated with the
EPS crude extracts at different concentrations (12.5, 25, and 50 pg mL™) or the internal reference control Dexamethasone (Dex, 0.39 pg mL™?) for
1 h and stimulated with LPS (1 ug mL™) for 24 h. Cytokines were quantified in supernatants using ELISA assay. Data are means + SE from five inde-
pendent experiments (n = 5). The mean value differed significantly from the control group (+++p < 0.001; Student t-test). The mean value was sig-
nificantly different compared with LPS-stimulated cells (*p < 0.05, **p < 0.01, ***p < 0.001; Kruskal-Wallis test followed by Dunn’'s Multiple

Comparison test).

many of the EPS crude extracts assayed showed an anti-inflam-
matory effect, producing a statistical reduction in the pro-
duction of TNF-a with respect to the LPS control. Pretreatment
of cells with EPS-LPG1, EPS-119, and EPS-Lp13 significantly
reduced TNF-a levels at all the tested concentrations. As
regards the pretreatments with EPS-13B4 and EPS-Lp15 only
showed a significant reduction at 12.5 and 25 pg mL™"
(Fig. 1A). Furthermore, pretreatment with EPS-LPG1 and
EPS-119 also statistically reduced IL-6 levels at all tested con-
centrations, and only the concentration of 50 pg mL™"' of
EPS-13B4, EPS-Lp15, and EPS-Lp13 was able to decrease the
IL-6 levels (Fig. 1B) significantly. Although many functional
features of Lactobacilli EPS are reported, especially immuno-
modulatory properties are drawing much attention. Nikolic
et al. (2012) also showed that purified EPS obtained from
L. paraplantarum BGCG11 at 100 pg mL™" doses produced an
anti-inflammatory response in peripheral blood mononuclear
cells.”® Murofushi et al. (2015) reported that EPS produced by
L. plantarum N14 decreased the production of pro-inflamma-
tory cytokines.”" Min et al (2020) noticed that L. plantarum
YW11 produced an EPS that reduced the production of diverse
pro-inflammatory cytokines (among them TNF-a and IL-6) in a
mouse model induced with 5% dextran sulphate sodium.>* On
the contrary, You et al. (2020) showed that EPS produced by

1942 | Food Funct,, 2024, 15, 1938-1947

L. pentosus LZ-R-17 increased the production of TNF-a and IL-6
in the 50-200 pg mL™" range, suggesting an immune-modula-
tory but not anti-inflammatory activity.'® Thus, data obtained
in this work showed the great anti-inflammatory effects of
much of the EPS crude extracts obtained from the
Lactiplantibacillus strains assayed in this work, especially
LPG1.

Fig. 2 illustrates the production of intracellular ROS levels
in human LPS-stimulated THP-1 macrophage cells after
administration of all EPS crude extracts produced by the
Lactiplantibacillus in a range of concentrations of 6.25-50 pg
mL™", measured using the DCFDA method. ROS are undesir-
able by-products of aerobic metabolism synthesised by the cell
under environmental stresses. ROS production increased sig-
nificantly in the LPS treatment compared to the control (p <
0.01), which showed 57.3% of the baseline ROS levels. Dex
compound (0.39 pg mL™") reduced ROS production to levels
similar to those of the control group (p < 0.01). A major
reduction of ROS% was obtained for all strains at a dosage of
50 pug L', which was statistically different from the ROS% pro-
duction obtained in THP-1 cells after administration of LPS.
Specifically, the treatment using EPS-LPG1 caused a significant
decrease in ROS production at 25 and 50 pg mL™" (p < 0.01
and p < 0.001), which achieved a reduction close to 30% and

This journal is © The Royal Society of Chemistry 2024
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50% in ROS levels, respectively. There is plenty of well-
described evidence of the antioxidant activity of EPSs syn-
thesised by Lactobacillus species, such as the EPSs produced by
L. helveticus MB2-1, L. acidophilus P185, L. plantarum S123,
L. plantarum RO30, L. plantarum MC5, L. casei NA-2, and
L. pentosus.***° Data obtained in this work showed the great
antioxidant activity of many of the EPS crude extracts obtained
from Lactiplantibacillus strains, especially LPG1.

3.2. WB immune assay for the EPS crude extract produced by
L. pentosus LPG1

To confirm the potential anti-inflammatory mechanism of
action of the sample LPG1-EPS that showed the most capacity
to reduce ROS production, TNF-a, and IL-6 levels, the
expression of the pro-inflammatory enzyme COX-2 was evalu-
ated by western blotting analysis. THP-1 macrophages were
pre-treated with different sample concentrations (12.5, 25, and
50 ug mL™") for 1 h and then stimulated with LPS (1 pg mL™).
As presented in Fig. 3, the control group showed a 43% COX-2
expression level. LPS stimulation induced a significant
increase in COX-2 protein levels in THP-1 macrophages in
comparison with control cells (p < 0.01) (Fig. 3B). Pretreatment
with LPG1-EPS notably caused a reduction of 24.6% and
31.0% at 25 and 50 ug mL™", respectively, being stronger this
effect at 50 pg mL™" (p = 0.06).

It is well established that oxidative stress plays an important
role in chronic inflammation, promoting its maintenance over
time. In this regard, LPS activates both cellular oxidative stress
and inflammatory processes. To identify whether EPS-LPG1
could substantially attenuate LPS-induced oxidative stress
through regulation of the Nrf2-dependent antioxidant signal-
ling pathway, HO-1 protein and Nrf2 expressions were also
determined by western blotting. As presented in Fig. 4, LPS
stimulation did not significantly affect the expression of Nrf2
when compared to control cells. The pretreatment with
EPS-LPG1 was notably able to up-regulate Nrf2 protein levels at

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Effect of the EPS-LPG1 crude extract on the pro-inflammatory
COX-2 gene expression in stimulated THP-1 macrophages. Cells were
treated with 12.5, 25 and 50 pg mL™* of EPS-LPG1 for 1 h and then
stimulated with LPS (1 pg mL™) for 24 h. (A) Representative Western Blot
analysis of COX-2 protein. (B) Densitometric data were studied following
normalisation to the control (housekeeping gene, B-actin). Results are
representative of three independent experiments (n = 3). Values are
means with their SE represented by vertical bars. The mean value was
significantly compared with the control group (++P < 0.01; Mann-
Whitney U test). The mean value significantly differed from the LPS
group (# P = 0.06, indicates tendency; Mann—Whitney U test).

25 and 50 ug mL™" (p = 0.057, p < 0.05, respectively) in com-
parison with the LPS group (Fig. 4B). Further, these results
were correlated with a statistical increase in the Nrf2 target
gene, HO-1, at 25 and 50 pg mL™" (p = 0.057, p < 0.05, respect-
ively) (Fig. 4C).
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Fig. 4 Effect of EPS-LPGL1 crude extract on the antioxidant Nrf2/HO-1
pathway in LPS-stimulated THP-1 macrophages. Cells were treated with
different concentrations of EPS-LPG1 samples (12.5, 25 and 50 ug mL™)
for 1 h and then stimulated with LPS (1 g mL™) for 24 h. (A)
Representative Western Blot analysis of Nrf2 and HO-1 proteins. (B and
C) Densitometric data were studied following normalisation to the
control (housekeeping gene, p-actin). Results are representative of three
independent experiments (n = 3). Values are means with their standard
errors represented by vertical bars. Mean value was significantly
different compared with the LPS group (*P < 0.05; #P = 0.057, indicates
tendency; Mann—-Whitney U test).

COX-2 is a bifunctional enzyme that catalyses the first step
in the biosynthesis of prostaglandins, prostacyclins, and
thromboxanes. Diverse stimuli, such as bacterial LPS, induce
its expression. For this reason, this enzyme has been the focus
of attention for developing anti-inflammatory compounds. On
the contrary, heme oxygenase-1 (HO-1) is a Nrf2-regulated gene
that prevents vascular inflammation. HO-1 activity produces
and inhibits apoptosis and oxidative damage, with significant
reductions in inflammatory events and the production of
inflammatory cytokines. As can be easily deduced from Fig. 3,
the maximum decrease in the production of COX-2 enzyme
was obtained when 50 pg L™" of EPS-LPG1 crude extract was
administered to the human macrophages. In addition,
maximum output of Nrf-2 proteins was obtained at 50 pg mL™"
of EPS-LPG1, which was also correlated with a high production
of HO-1 enzyme, statistically different from values obtained for
experiments with exclusively bacterial-LPS. All these data
confirm the potent anti-inflammatory and antioxidant effects
of the EPS crude extract produced by LPG1. Wang et al. (2020)
reported that an acidic EPS produced by L. plantarum JLAU103
inhibited the production of COX-2 in RAW264.7 macrophages
activated by LPS, exerting immunomodulatory activity at
60-80 pg mL™".>° Recently, Cao et al. (2023) also noticed that
EPS crude extract obtained from Bacillus velezensis SN-1
increased the expression of antioxidant genes HO-1 in mice’s
liver through the Nrf2/ARE signalling pathway.>!
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3.3. Monosaccharide composition of the EPS crude extract
produced by L. pentosus LPG1

The EPS extract produced by the LPG1 strain in MRS broth
medium without additional sugar exhibited a composition pri-
marily consisting of various monosaccharides. They included
p-mannose (35.45 + 2.02%), p-glucose (32.99 = 2.66%),
t-arabinose (17.93 + 2.68%), pb-xylose (7.48 = 3.74%),
p-galactose (4.03 + 0.45%), r-thamnose (1.34 + 1.34%), and
p-fucose (0.77 £ 0.77%). As a result, the EPS-LPG1 crude extract
was identified as a soluble heteropolymer, with the sugars
representing 27.57% of the total lyophilised weight of the EPS
sample. The rest could be proteins, DNA, acids, etc.

Oleksy & Klewicka (2018) pointed out that heteropolysac-
charides produced by Lactobacillus strains showed significant
structural diversity, even within the same species." For
instance, L. pentosus LPS26, isolated from directly brined green
table olives, produced a capsular polymer of two distinct EPSs.
The first EPS had a high molecular weight (1.9 x 10° Da) and
consisted of glucose and rhamnose. The second EPS had a
lower molecular weight (3.3 x 10* Da) and was composed of
glucose and mannose.® Similarly, the EPS crude extract from
L. pentosus B8, isolated from Sichuan pickles, comprised two
EPSs. The first had a low molecular weight (1.12 x 10* Da) and
was composed of mannose and glucose, and the second had a
high molecular weight (1.78 x 10° Da). It consisted of
mannose, glucose, and galactose.?® In another study by Wang
et al. (2021), the EPS sample produced by L. pentosus
YY-122 had a molecular weight of 5.9 x 10* Da. It contained
glucose, mannose, glucosamine, galactose, and rhamnose.>?

On the other hand, the EPS produced by L. pentosus
LZ-R-17 in fermented milk had a molecular weight of 1.20 x
10° Da and was primarily composed of galactose and
glucose.™ In the current study, in addition to the glucose and
galactose monosaccharides, the EPS extract produced by the
LPG1 strain was found to have high proportions of mannose
and arabinose and lower proportions of xylose, rhamnose and
fucose. These findings are consistent with those obtained by
Zhu et al. (2018), who also detected the presence of rhamnose,
galactose, glucose, and arabinose in the sugar composition of
the EPS samples isolated from industrial brine table olive
fermentations.’

3.4. Optimisation of the EPS crude extract production by
L. pentosus LPG1

It is widely recognised that environmental factors and cultural
conditions can determine the yield of EPS production by LAB,
as discussed by Oleksy & Klewicka (2018)." Therefore, we
aimed to optimise EPS extract production with the most desir-
able functional properties as a function of pH (ranging from
3.48 to 8.52), temperature (16.59-33.41 °C) and salt concen-
trations (0.03-8.77% NaCl). These parameters encompass the
typical environmental variations encountered during table
olive fermentations.

Table 1 shows the EPS crude extract production results in
the MRS broth medium by the strain LPG1 across various

This journal is © The Royal Society of Chemistry 2024
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experimental conditions. EPS production ranged from non-
detectable levels in treatment 4 (8.77% NacCl, pH 6.0, tempera-
ture 25 °C) to a peak of 566.4 mg L' in treatment 7 (7.0%
NaCl, pH 7.50, temperature 20 °C). Notably, treatment 4
exhibited no growth of the LPG1 strain, resulting in no EPS
production.

The specific model suggested by the sequential sum of
squares (Type III) analysis was cubic. Following a backward
selection of variables, the retained terms were the linear and
quadratic effect of salt and the linear effect of pH (as shown in
Table 3). No statistically significant terms for temperature were
retained in the model. Consequently, the equation predicting
the production of the EPS crude extract by LPG1 strain as a
function of actual factors was as follows:

EPS-LPG1 = 243.68-74.21 x Salt + 47.93 x pH + 7.15 X Salt*

Sanchez et al. (2006) previously reported that controlling
the pH was necessary for enhancing EPS production by
L. pentosus LPS26, and they observed an increase in EPS syn-
thesis as temperature decreased.® Our study also found pH sig-
nificantly influenced EPS crude extract production by LPG1
strain, with higher pH values leading to increased EPS pro-
duction. However, in contrast, we did not observe any signifi-
cant influence of temperature on EPS production.
Additionally, salt concentration was identified as an important
environmental variable affecting EPS production by this
microorganism.

Using the model, we can optimise the production of the
EPS crude extract based on environmental variables.
Regarding the individual desirability profile after numerical
optimisation at 25 °C (Fig. 5), salt reached the highest value at
1.8%. It decreased as its concentration was higher, with a
slight curvature due to its quadratic term (Fig. 5A). Conversely,
desirability increased linearly as pH was more elevated
(Fig. 5B).

Considering both variables simultaneously, Fig. 6 illustrates
contour lines representing desirability after optimisation,
where pH and salt levels are maintained within the model’s
range while maximising EPS crude extract production. The
highest desirability (0.774) was achieved at 1.8% salt and pH
7.5. This result may be valid within the temperature range due
to the absence of the effect of this variable. The predicted EPS
extract production at this numerical optimum (1.8% salt and
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Fig. 6 Desirability contour lines for optimisation of EPS produced by
L. pentosus LPGL1 strain as a function of pH and salt concentration for a
temperature fixed at 20.5 °C.

7.5 pH) was 492.74 mg L™, using an MRS medium containing
20 g L™ glucose. In a recent study by Zhao & Liang (2023),
RSM was employed to identify the optimal conditions for
L. plantarum MC5 EPS production considering various environ-
mental variables.>” They achieved a maximum EPS production
of 345.98 mg L™" at an inoculum size of 4.0%, an incubation

Table 3 ANOVA and significant terms for the RS reduced quadratic model obtained for the EPS fraction production of L. pentosus LPG1

Source Sum of squares df Mean square Fvalue p-Value Prob > F

Model 108 902.793 3 36 300.9309 8.69508528 0.0031 Significant
Salt 7821.29118 1 7821.29118 1.87341735 0.1984

pH 70590.6118 1 70590.6118 16.9084201 0.0017

pH2 16 374.4907 1 16 374.4907 3.92214716 0.0732

Residual 45923.6714 11 4174.87922

Lack of Fit 45 895.5464 10 4589.55464 163.184165 0.0609 Not significant
Pure error 28.125 1 28.125

Cor total 154 826.464 14

This journal is © The Royal Society of Chemistry 2024
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time of 30 h, an initial pH of 6.4, and a temperature of 34 °C.
Sanchez et al. (2006) reported a maximum EPS production of
514 mg L™ by L. pentosus LPS26, isolated from table olives.®
This high production was observed at pH 6.0, a suboptimal
growth temperature of 20 °C, and a glucose concentration of
30 ¢ L™ in the medium. It is worth noting that other
Lactobacillus strains have been identified as even more prolific
EPS producers. For instance, Lactobacillus helveticus MB2-1
achieved a maximum EPS production yield of 753 mg L™, but
when cultured in a medium supplemented with 80 g L™" lactose
and 20 g L™ soya peptone.*® Lactobacillus reuteri LB121 reached
an impressive EPS production yield of 9800 mg L™ in MRS sup-
plemented with sucrose.*® L. pentosus B8 exhibited an EPS pro-
duction yield of 1401 mg L™" in an MRS culture medium sup-
plemented with 40 g L™' sucrose at 30 °C.>° Additionally,
L. pentosus KS-27, isolated from sucuk, produced 991 mg L ™" of
EPS in an MRS medium supplemented with 100 g L™
sucrose.*® Finally, L. pentosus LZ-R17 produced 185.20 mg L ™"
of crude EPS when cultured in a pasteurised milk medium."®

4. Conclusions

L. pentosus LPG1 is a valuable producer of heteropolysacchar-
ides with high functional properties. The production yield of
the EPS crude extract can be effectively controlled by manipu-
lating variables such as pH and salt concentration.
Remarkably, achieving substantial EPS production within the
typical ranges encountered during table olive fermentations is
feasible. This achievement presents a promising opportunity
to employ the strain LPG1 as a starter culture in the table olive
fermentation. Furthermore, the application of purified EPSs
produced by this strain in olive brines holds significant poten-
tial for various applications in human nutrition. Future
research will be prioritised to study the rheological and func-
tional features of this EPS crude extract added to food matrices
and deeper characterisation of its structure, which is crucial
for understanding its functionality.
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