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Highlights

e Lactic acid bacteria and fermentation facilitates Zgougou juice to enhance tight junction
protein expression.

e  Fermentation enhances the protective effect of Zgougou juice on intestinal barrier.

e  Fermented Zgougou juice can inhibit inflammatory cytokine levels.

Abstract

The intestinal barrier is a complex and dynamic structure that plays a critical role in maintaining gut
health. Though, pathological conditions such as, dysbiosis or inflammation that could damage the
intestinal barrier to varying degrees, aggravating the primary disease. Recently, fermented plant-
origin foods and probiotics were used as an alternative for health remedy. For this reason, in this
current study, we made the inquiries about the effect of Tunisian zgougou juice obtained upon both
spontaneous (J) and driven fermentation (J(A1+A2)) with autochthonous probiotic bacteria
Lactiplantibacillus plantarum (LP) species A1l and A2, the whole bacteria (Al) and (A2) and their CFS.
The cell integrity and permeability was assessed based on the TEER measurement on monolayer cell
culture of Caco-2 cell, then the gene expression levels of the tight junction proteins (TJP) and the gene
expression level of the inflammatory cytokine TNFa were evaluated using the RT-PCR. Our
experimental findings exhibited that the driven fermented had a potential protective effects on
intestinal barrier function in vitro shown by the great increase the electrical barrier detection (TEER)
between Caco2 cell reaching ca. 690 to 963.33 (3/cm?, although the regulatory mechanism has not been
reported yet. Otherwise LP (Al and A2) and their CFS showed moderate results. Furthermore,
J(A1+A2) promoted the mRNA relative gene expression of the different tested tight TJPs and
moderated the intestinal inflammation by influencing the TNFa expression. This study revealed that
probiotics and especially probiotic-based plant-origin fermented functional foods (Tunisian zgougou
juice) could improve and reinforce the intestinal barrier which provide new ideas for treating
intestinal injury-related diseases, and have to be a revival in worldwide popularity, mostly as a
consequence of claims made about their health benefits. So that, to completely reveal the health
advantages of these probiotic LAB strains for humans and this new food matrix, additional in vivo
and clinical investigations are necessary, as highlighted by the limitations of in vitro models.

Keywords: zgougou; fermentation; L. plantarum group; intestinal barrier integrity; TNFo; TEER; tight
junction proteins
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1. Introduction

Aleppo pine (Pinus halepensis Mill) seeds represent the main ingredient for a Tunisian fermented
food known as “Assidet zgougou’. Its putative health benefits are anecdotally known (Botella et al.,
2011; Schiller, 2014; Kadri et al., 2015; Zaroual et al., 2019; Ait Atmane et al., 2021). It is postulated
previously that these health benefits could be linked to its chemical composition and its richness on
phenolic compounds that confer the analgesic, anti-inflammatory and antioxidant capacities
(Minervini et al., 2020; Ait Atmane et al., 2024). Furthermore, zgougou nuts or juice obtained upon
both driven and spontaneous fermentation are rich in bioactive molecules (polyunsaturated fatty
acids, linolenic acid (Omega3), vitamins (B1, E...), iron, phosphorus...) also rich in nutrients and
energy. In addition, zgougou is fermented with lactic acid bacteria with in vitro antimicrobial and
antioxidant activities, which can positively influence the gut microbiota composition and function,
leading to improved gut barrier function (Tukan et al., 2013; Missaoui et al., 2019; Minervini et al.,
2020).

Intestinal epithelial barrier, having a pivotal role in maintaining the human body in good health,
results from complex interactions that involve biochemical, immunological, microbial, and structural
components (Han et al.,, 2023; Mosiej et al., 2025). Besides the mucous layer and microbial
community, Tight Junction Proteins (TJP) of intestinal epithelium are of almost importance for its
“gate and fence” function. In fact, the intercellular junction known as the tight junction or zona
occludens are found at the tight junctions of endothelial and epithelial cells. They are essential for
controlling cell permeability of ions, water, and solutes move through the paracellular route,
coordinating the distribution of membrane proteins and lipids, and affecting the polarity,
proliferation, and differentiation of cells in order to create selectively permeable cellular barriers that
divide the body’s apical (luminal) and basolateral (abluminal) sides. This allows the tight junction to
control the transport processes and preserve homeostasis (Balda & Matter, 2000; Suzuki, 2020;
Paradis et al., 2021; Zhang et al., 2022). Occludin (OCLN), the first identified TJP, provides structural
integrity to the tight junctions existing between the Intestinal Epithelial Cells (IECs) (Zhang et al.,
2022). When over-synthesized, it limits the cytokine-induced increase of gut permeability (Weber et
al, 2016; Wang, et al., 2021). Claudin-2 (CLDN2) is another TJP associated with improved
permeability of intestinal epithelium (Colegio et al., 2003; Campbell et al., 2017; Zhang et al., 2022).
Tumour necrosis factor-a (TNFa) is an inflammatory cytokine that regulates integrity of tight
junctions through internalization of OCLN, which elevates gut permeability. Lipocalin-2 (LCN2) is a
further protein component of the intestinal epithelial barrier, with antibacterial activity, which seems
to be induced by inflammatory stimuli (Saha et al., 2017; Sahu et al., 2023).

Oxidative stress and several pathological conditions may damage intestinal barrier integrity,
thus facilitating the transit of pathogenic microorganisms and their toxic metabolites from gut lumen
to underlying layers (e.g., lamina propria, endowed with immune function) (Yuki et al., 2007;
Ohland & Macnaughton, 2010; Heli et al., 2012; Zhang et al., 2022; Bae et al., 2022; Mosiej et al.,
2025). Recently, some probiotic bacteria showed to benefit host health through restoration of the
intestinal barrier function (Mosiej et al., 2025). For instance, probiotic strains of lactobacilli and
Bifidobacterium infantis could restore the intestinal barrier by increasing the transcription level of
genes involved in the tight junctions (Ohland & Macnaughton, 2010; Sharma et al., 2010; Ashida et
al., 2011; La Fata et al., 2018; Wierzbicka et al., 2021; Wei et al., 2022; Zhang et al., 2022; Oudat, &
Okour, 2025). Restoration of barrier function could also be obtained through administration of cell-
free supernatant (CFS) from probiotic microorganisms, thus overlooking the “postbiotic” frontier
(Nouri et al., 2016; Tiptiri-Kourpeti et al., 2016; Wierzbicka et al., 2021; Zhang et al., 2022; Dasriya
et al., 2024; Mosiej et al., 2025). Furthermore, probiotics may display their beneficial activity also
when administered as food ingredient (Nithya et al., 2023). However, in the latter case it is hard to
define the borders between the food matrix and the probiotics, in terms of their contribution to the
observed beneficial effect.

This study aims to understand the in vitro effect of two selected lactobacilli with probiotic traits
on intestinal permeability and level of expression of OCLN, CLDN2, and LCN2. The lactobacilli were
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tested in different preparations: (i) cell biomass from single liquid culture; (ii) CFS from single liquid
culture; (iii) zgougou obtained through the combination of lactobacilli as starters. In addition,
spontaneously fermented zgougou was also subjected to the same assays, using human Caco-2 cells
monolayer, as in vitro model for intestinal epithelium.

2. Material & Methods
2.1. Preparation of Epithelial Cell Monolayers (Cell Culture)

Caco-2 (Caucasian colon adenoarcinoma) cells, purchased from ATCC (ATCC, Rockville, USA),
were seeded in the upper part of Corning® Transwell® 12 well plates with 0.4 pm pore size (Corning®,
New York, USA) in Dulbecco Modified Eagles Medium (DMEM, Thermo Fisher Scientific,
Massachusetts, USA) supplemented with L-Glutamine, 10% heat-inactivated Fetal Bovine Serum
(Thermo Fisher Scientific, Massachusetts, USA), 1% of 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma-Aldrich, St. Louis, USA) (1 M), 1% of sodium puryvate
solution (100 mM) (Sigma-Aldrich, St. Louis, USA ), 1% of streptomycin solution (10 mg/mL) and
penicillin solution (Thermo Fisher Scientific, Massachusetts, USA) (10000 U/mL). Cells were
incubated at 37 °C in a 5% CO2 atmosphere for six days, feeding them, on alternate days, with fresh
DMEM. Full differentiation of monolayer was confirmed through measurement of transepithelial
electrical resistance (TEER), using the Millicell ERS Volt- Ohm-meter (Millipore, Eschborn, Germany)
and visual control of cell layer integrity using a microscope, following the steps elsewhere reported
(Huang, 2009; Tala et al., 2022).

2.2. Preparation of Bacterial Cultures and Zgougou Juices

Lactiplantibacillus paraplantarum A1 and Lactiplantibacillus plantarum A2, previously isolated
from traditional zgougou (Missaoui et al., 2019) and belonging to the Culture Collection of the
Department of Soil, Plant, and Food Sciences, University of Bari ALDO MORO, Italy and the
Departement of Bio-resources: Integrative Biology & Valorization, Higher Institute of Biotechnology
of Monastir, University of Monastir, Tunisia, were cultured in de Man Rogosa and Sharpe (MRS)
broth (Oxoid, Basingstoke, Hamsphire, UK) at 37 °C for 24 h, under anaerobic conditions. The culture
broth was then centrifuged (10,000xg, 20 min, 4° C) and CFS was separated from cell biomass.
Zgougou juice was obtained from a mixture of Aleppo pine seeds and water according to a ratio (2:3;
w:v), in a sampling container we puted 20 g of Aleppo pine’s seeds ground by coffee mill, and then
30 mL of tap water were added and mixed together, inoculated with L. paraplantarum Al and L.
plantarum A2 (J A1+A2) (both at cell density in the order of 8 log CFU/g) and fermented at 25 °C for
24 1, as previously detailed (Minervini et al., 2020). Additionally, juice from spontaneously fermented
zgougou (J) was obtained after fermentation at 25 °C for 24 h, without addition of lactobacilli.

2.3. Exposure of Caco-2 Cell Line to Bacterial Biomass, CFS, and Zgougou Juices

Caco-2 cells became confluent after about 6 days, when confluence have been reached, cells were
stimulated individually for 24 hours with: different samples probiotic bacterial strains A1, A2, CFS
extracted from either strain, (J), and (J (A1+A2)) into the wells of the tissue culture plates. The blank
was empty without cells. Untreated cells were used as negative controls in all experiments (vehicle).
As a positive control 1ug/mL of Escherchia coli lipopolysaccharide (LPS) stimulation was used (Sigma-
Aldrich, St. Louis, USA). Plates were then incubated at 37 °C in 10% CO2 and 90% air. Confluence
was controlled by TEER measurement using a Millicell ERS Ohmmeter, (Millipore, Eschborn,
Germany) and visual control of cell monolayer integrity under the microscope following the steps
reported previously by (Tala et al., 2022). The integrity of the monolayer was assessed at various
times ; after 10 — 30 minutes and after 1- 2-6 and 24 hours. Measurements were expressed in standard
units ((Qcm?2) after subtracting mean values for resistance obtained from cell-free inserts.
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2.4. Gene Level Expression Related to Intestinal Barrier Integrity

The level of expression of genes related to intestinal barrier integrity was analysed through real-
time PCR. Total RNA was extracted from cells exposed to the aforementioned treatments for 24 h
using the Invitrogen™ TRIzol™ Reagent (Thermo Fisher Scientific, Massachusetts, USA), following
the manufacturer’s instructions. Total RNA (500 ng) was reverse-transcribed to cDNA using iScript
cDNA Synthesis kit (Biorad, California, USA) with random primers, as described elsewhere (Parlesak
etal.,, 2004; Tala et al., 2022). The following TagMan™ (Thermo Fisher Scientific, Massachusetts, USA)
gene expression assays were used: Hs00174128_m1for the TNF gene, coding for tumour necrosis
factor; Hs00252666_s1 for the CLDN2 gene, coding for claudin 2; Hs05465837_g1 for the OCLN gene,
coding for occludin; Hs01008571_m1 for the LCN2 gene, coding for lipocalin 2; and Hs02758991_g1
for the GAPDH gene, coding for glyceraldehyde-3-phosphate dehydrogenase. The latter was used as
the housekeeping gene. PCR was performed on a CFX96 System (Biorad, California, USA), using the
mixture reaction and conditions reported by Tala et al. (2022). The level of expression of the target
genes was calculated using the AACt method, with respect to the expression level of the GAPDH gene.

2.5. Quantification of TNFa

The cell culture medium was recovered from the wells hosting the cells exposed to the different
treatments and centrifuged for ten minutes. Supernatants were subjected to quantification of TNFa
using the ELISA kit (RD Systems, Minneapolis, MN, USA) with 96-well plates, as described by
Bermudez-Brito et al., 2015.

2.6. Statistical Analysis

Statistical analysis was performed using the Graphpad Prism 9.3.1 (471). All data were expressed
as means* S.D. Statistical significance were assessed with two-tailed Student’s t-test and 2-way
Anova test (*P<0.05; **P<0.01; ***P<0.001). Results were considered statistically significant at P<0.05.
The experiments were conducted in triplicate except for ELISA where analyses were performed in
duplicate.

3. Results & Discussions
3.1. Impact of Probiotics and Fermentation on Gut Integrity

In order to maintain a good intestinal barrier, human being must have a balanced diet high in
fiber, exercise frequently, drink enough water, and control their stress levels. Rather, probiotics—
particularly those belonging to the Lactoplantibacillus spp.— as well prebiotics, postbiotics, and
fermented foods containing probiotic bacterial starter cultures, can also improve gut health by
fostering a healthy microbiota (Dasriya et al., 2024; Mosiej et al., 2025). Thus, when the intestinal
barrier is functioning effectively, nutrients and water can be absorbed selectively, while pathogens,
toxins, and undigested food particles can’t enter. However, several factors, including chronic
diseases, poor diet, stress, and infections, can weaken the barrier and result in “leaky gut”. Otherwise,
persistent inflammation occurs when the immune system fails to regulate or control the immune
response due to excessive stimulation by pro-inflammatory substances, impairing its ability to return
to baseline (peripheral immunological tolerance) (Mosiej et al., 2025). Additionally, persistently high
tissue or serum TNFa concentrations may be the primary inflammatory phenomenon with tissue
consequences. This condition is linked to increased intestinal permeability and has been linked to
various health issues, including autoimmune diseases, allergies, and inflammatory bowel diseases
(Bamola et al., 2022). For this reason, human Caco-2 cells are a perfect monolayer system to explore
this phenomenon in vitro. To the best of our knowledge, this is the first study that analysed the
epithelial intestine cell integrity and to trigger the anti-inflammatory effect of two lactobacilli isolated
from zgougou, their cell free supernatants (Missaoui et al., 2019), and the two samples of zgougou;
spontaneous fermented Zgougou juice (J), and fermented Zgougou juice inoculated with probiotic
LAB (J (A1+A2)) (Minervini et al., 2020). Those samples were tested in vitro for their adhesive
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capacities to Caco-2 monolayer cells, grown on trans-well membranes, at varying degrees and time
of treatment. Their effects were evaluated by trans-epithelial electrical resistance (TEER)
measurement and compared to the positive control LPS from Escherichia coli, focusing on and their
anti-inflammatory activity and modulation of the tight junction protein gene expression.

The outcomes of this study underscored that LPS (1 pg/ml) treatment caused a time-dependent
decrease in TEER values, with the resistance dropping significantly over several hours. Indeed, after
30 min and 2 h of exposure to LPS the TEER value of Caco-2 monolayer was significantly (P <0.05)
lower (ca. 160 Q/cm?) than the untreated cells; however, no significant differences were found when
TEER was measured at the subsequent times (1, 6, 24 h) (Figure 1). Thus, a lower TEER value directly
correlates with increased permeability of the cell monolayer, indicating disruption of the intestinal
barrier that onset of a “leaky”. This damage to the tight junctions can trigger the inflammatory
pathways, leading to the release of pro-inflammatory cytokines, as previously reported (Tunisi et al.,
2019).
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Figure 1. Average trans-epithelial electrical resistance (TEER; QQ/cm2) measurements of Caco-2 monolayer after
10%, 30’, 1h, 2h, 6h and 24h after treatment with LPS (positive control).

Otherwise, Caco-2 monolayer exposed to L. paraplantarum Al biomass diluted 1:10 showed
increased (P < 0.05) TEER values after 10 min and 2 h; afterwards no significant (P > 0.05) differences
were found (Figure 2A). When the monolayer had been exposed to the biomass of the same LAB
diluted 1:100, increased (P < 0.05) TEER values were found after 30 min, and 24 h. However, a
decrease (P < 0.05) of TEER was strikingly found after 1 h (Figure 2A). When exposed to the CFS of
L. paraplantarum Al, significant (P < 0.05) higher values of TEER of Caco-2 monolayer were found
after 30 min (CFS of L. paraplantarum Al diluted 1:10) and 6 h (diluted 1:100) than the untreated cells
(Figure 2B). However, treating of Caco-2 monolayer by the biomass of L. plantarum A2 (at both
dilutions) (1:100) resulted in higher (P < 0.05) TEER (183 — 213 QO/cm?2) only at 30 min, compared to
the negative control (Figure 2C). At 30 min and 2 h, TEER of the monolayer treated with the diluted
(1:10) CFS of L. plantarum A2 was significantly higher than the untreated cells (Figure 2D). Therefore,
the treatment of Caco-2 cell line by probiotic LAB reported that the two tested lactobacilli could
moderate and influence the cell-cell interaction and cell barrier integrity based on the TEER
measurement, but in dose-strain-time-dependent manner. So, L. plantarum broth’s treated Caco-2
monolayers had significantly boosted the TEER level with both dilution (1:10, v/v) and (1:100, v/v) to
approximately 294 )/cm2 and 290 Q/cm?2 at 30" and 10’ respectively, however L. paraplantarum had
moderate fundings of the TEER value after 30" of incubation reaching approximately 213 Q/cm?2 and
183 Q/cm? for both dilution (1:100) and (1:10) respectively. Those results are consistent with previous
studies that showed a noticeable increase in TEER values with L. plantarum species, which is not
unexpected as different strains of L. plantarum may influence the cell membrane integrity in vitro in
different ways. Indeed, some strains may not affect TEER values, while others can cause an increase,
as reported in previous studies carried out before. Consequently, outcomes are typically evaluated
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through dose-time-effect safety experiments in Caco-2 cells (Klingberg et al., 2005; Anderson et al.,
2010; Tunisi et al., 2019; Dasriya et al., 2024; Mosiej et al., 2025). Besides, when the CFS of the both
lactobacilli were tested, the TEER value had significantly (P < 0.05) and gradually increased over time
of co-culture, then the measurement decreased cautiously alike strain-dose-time dependent. These
results accentuate the importance of bioactive molecules present in the CFS of lactobacilli and they
put in value their crucial role in cell-cell interaction and the modulation of the cell integrity compared
to untreated cells. Our outcomes were in concordance with other scientific reports (Dasriya et al.,
2024; Mosiej et al., 2025).
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Figure 2. Average trans-epithelial electrical resistance (TEER; QO/cm2) measurements of Caco-2 monolayer after
107, 30’, 1h, 2h, 6h and 24h after treatment with L. paraplantarum cells A1 (1 :10) and (1 :100) (A); with A1 CFS (1
:10) and (1 :100) (B); L. plantarum cells A2 (1 :10) and (1 :100) (C) and with A2 CFS (1 :10) and (1 :100) (D).
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When the Caco-2 monolayer was exposed to the zgougou juice fermented by L. paraplantarum
Al and L. plantarum A2 (] A1+A2) and diluted 1:10, we found at all time-points higher (P <0.05) values
of TEER than the negative control. No significant (P > 0.05) differences were observed when cells
were treated with ] AI1+A2 diluted 1:100 (Figure 3A). Treatment of Caco-2 monolayer with
spontaneously fermented zgougou juice (J) resulted in higher (P < 0.05) TEER than the negative
control, just at 30 min when cells were treated with J (1:10), (Figure 3B), however the treatment with
J (1:100) doesn’t have any effect on TEER.
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Figure 3. Average trans-epithelial electrical resistance (TEER; QO/cm2) measurements of Caco-2 monolayer after
107, 30", 1h, 2h, 6h and 24h after treatment with fermented zgougou juice driven with LAB starter culture ]
(A1+A2) at (1 :10) and (1 :100) (A) and zgougou juice spontaneously fermented J at (1 :10) and (1 :100) (B).
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From the membrane integrity study, we concluded that the presence of fermented zgougou
isolates did not affect the permeability of the intestinal lining. On the other hand, the non-dairy food
isolate could strengthen intestinal barrier function, as demonstrated by an increase in TEER values
over the incubation period. However, the intestinal epithelial system is a home of immune cells which
function in close relation with the epithelial cells to maintain the homeostasis of the intestine. In fact,
the intestinal epithelial cells are in permanent contact with the luminal contents, including the
microbiota and they have a crucial role in the maintenance of barrier integrity, which enables the
permeability of essential ions, nutrients, and water but circumscribes the entry of bacterial toxins and
pathogens. The cellular integrity is maintained by the epithelial junction adhesion complex, the
mucous layer, and released products by both host cells and bacteria (Yuki et al., 2007; Ohland &
Macnaughton, 2010; Heli et al., 2012, Han et al., 2023). Our findings are in concordance with previous
reports about plant-based fermented alternatives which are rich in microbes and their metabolites, in
addition to their phytochemicals, so these metabolites can modulate the permeability of the intestinal
barrier (Scott et al., 2020; Han et al., 2023). In the current study, zgougou could strengthen the
intestinal barrier function, as demonstrated by a very great increase in TEER levels over all the
incubation period. Different studies confirmed and exhibited that plants-based fermented foods such
as kefir, dahi, and the korean kimchi, faba bean-using different probiotic LAB strains-are found to be
advantageous against many diseases such as cancers, irritable bowel syndromes, anorexia nervosa,
cardiovascular diseases, and diabetes (Chopra & Mathur, 2013; S engiin & Giiney, 2021; Nithya et
al.,, 2023; Patel et al., 2023). Likewise, L. acidophilus C11 and L. plantarum C06, isolated from pickled
cabbage, showed good in vitro performance in terms of duodenal cell adhesion and gut biotic stress
tolerance (Wang et al., 2010, Aslam et al., 2020). It has also been shown that anchoring of
microorganisms onto the vegetable surface and present in plant-origin ferment food (e.g., kimchi,
sauerkraut, natto, tempeh, fermented soy, pickles, kombucha...) yield to cell integrity and stability
during their passage through the gastrointestinal tract, until their subsequent release in the colon
(Lavermicocca, 2006, Han et al., 2023).

3.2. Differential Modulation of Tight Junction Genes (CLDN2 and OCLN)

Traditional fermented beverages and products, predominantly dairy-based, may act as efficient
vehicles for probiotics, ensuring their successful delivery to the host and contributing to the
associated health benefits. But in last decades, an increase in demand for plant-based products, novel
fermented drinks have been developed from plant-based alternatives such as soymilk kefir and
fermented soymilk (Ashaolu, 2020; Tiss et al., 2020; Ilango & Antony, 2021). Similarly, the intensive
use of Aleppo pine (Pinus halepensis Miller) seeds, named “zgougou”, particularly in Tunisia and
generally in other Arabic countries, is not just linked to food. Zgougou is also highly valuated for its
therapeutic potential, owing to its richness in bioactive compounds such as essential fatty acids,
flavonoids, and phenolic compounds, which can function as antioxidant agents or supplementary
additives in food fermentation and cosmetic formulations. The potential health benefits of these
compounds, such as their anti-inflammatory properties, have been investigated. Nevertheless, the
phenolic compounds found in Aleppo pine seeds - including catechins, flavonoids, and phenolic
acids - exhibit strong antioxidant potential (Nasri et al., 2004; Cheikh-Rouhou et al., 2006; Missaoui
et al., 2019; Aslam et al., 2020; Minervini et al., 2020; Han et al., 2023) and may contribute to the
attenuation of inflammation through free radical scavenging and the inhibition of inflammatory
pathways. Indeed, flavonoids and fatty acids - particularly linoleic acid and a-linolenic acid - have
been shown to possess anti-inflammatory properties by inhibiting inflammatory enzymes such as
cyclooxygenase (COX) and lipoxygenase (LOX), as well as by modulating the production of pro-
inflammatory mediators and cytokines. Consequently, these compounds may help prevent or treat a
variety of human and animal diseases and pathological conditions (Missaoui et al., 2019).

Many transmembrane proteins, including the occlusive protein (OCLN), synaptic connexin
(CLDN), and junction adhesion molecules (JAMS), (Colegio et al., 2003; Campbell et al., 2017), are
included in membrane proteins. Tight Junctions (T]s) between IECs have the ability to transport
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substances selectively, keep hazardous compounds and pathogenic bacteria out of the intestinal
lumen, and preserve the normal function of the intestinal barrier. T]-related complex proteins are
membrane and intracellular proteins. (Suzuki, 2020; Paradis et al., 2021). However, probiotics
influence the function of the intestinal barrier via controlling the expression of genes and proteins in
IECs that are involved in TJs signaling. Overall, it seems that Lactobacillus plantarum affects tight
junction proteins in the gastrointestinal tract, including OCLN, CLDN2, and LCN2, which helps to
alter immune responses and preserve the integrity of the intestinal barrier. However, the precise
processes and outcomes can differ based on the host, the gut microbiota, and the strain of L. plantarum.
To completely understand L. plantarum’s effects on tight junction proteins and their consequences for
gastrointestinal health and illness, more research is required (Ohland and Macnaughton, 2010;
Sharma et al., 2010; Ashida et al., 2011; La Fata et al., 2018; Wierzbicka et al., 2021; Wei et al., 2022;
Zhang et al., 2022; Oudat & Okour., 2025; Mosiej et al., 2025). Indeed, a healthy intestinal barrier
prevents the translocation of harmful substances from the gut lumen into the bloodstream, thereby
reducing systemic inflammation.

In the current research, Caco-2 monolayer exposed to L. paraplantarum A1l biomass, at both
dilutions, showed an increased (P < 0.05) level of expression of TNF (Figure 4A) and LCN2 (Figure
4B) genes. In addition, the 1:10 diluted CFS of this strain increased (P < 0.05) the transcription level
of CLDN2 gene of the monolayer (Figure 4D). When cells were treated with L. plantarum A2 biomass
(diluted 1:10), they showed an increased (P < 0.05) expression of CLDN2 gene. Exposure of Caco-2
monolayer to ] A1+A2 (diluted 1:10) favoured (P < 0.05) the transcription of TNF, OCLN, and CLDN2
genes (Figure 4A,C,D). The expression of the latter two genes was strongly increased (P < 0.05) in the
monolayer co-incubated with the 1:10 diluted zgougou (J).

Our outcomes highlighted also that the used fermented plant-based matrix was the fermented
zgougou in two types spontaneously and with starter culture LAB-based. Inspite, both fermented
matrices diluted at (1:10) critically enhanced and increase the level of CLDN-2 mRNA relative gene
expression which reach ~100pg/ml and ~1000pg/ml respectively (Figure 4C. Otherwise those two
food matrices had the ability to significantly upregulate the mRNA relative gene expression of the
OCLN to reach 8pg/ml and 100pg/ml when J(A1+A2) diluted (1:10) and ] diluted (1:10) were tested
respectively (Figure 4D). Those findings confirmed the TEER measurement and cell integrity results
showed below which highlighted the capacity of both zgougou juices. This great activity of both
samples ] (A1+A2) at (1:10) and J (1:10) of fermented zgougou might be due to the presence of
different bioactive compounds and probiotic strains which could alter the pH value of the
environment, reduce the availability of oxygen, and produce a competitive environment in the gut
against the growth of pathogens. It also alters the host’s immunological response thus strengthening
the immune system and changing the composition of the microbiota of the host and their metabolic
activity and reinforce the cell-cell integrity via the enhancement of TJPs via different signalling
pathways.

In this present study, the outcomes showed that the tested strains have a moderate activity in
the claudin-2 (CLDN-2) and occludin (OCLN) mRNA relative gene expression, and the response was
strain-depending effects and these results are contradictory with previous reports that demonstrated
that, L. plantarum MB452 upregulated the gene and protein expression of ZO1, ZO2, occludin, and
cingulin and reinforced the expression of TJP-degrading genes (such as itchy E3 ubiquitin protein
ligase and snail family transcriptional regressor 1), as an additional mechanism to enhance TJs
integrity which improves intestinal barrier function (Anderson et al., 2010). Additionally,
Karczewski et al., (2010) speculated that the injection of L. plantarum WCEFSI strain into the
duodenum of healthy subjects enhanced the expression of occluding- and ZO1-coding genes, and
that the TLR2 pathway activation affected the expression and distribution of TJ proteins. Another
study revealed, in an in vitro model, that L. plantarum could regulate protein levels and distribution
such as claudinl, occludin, JAM1, and ZO1, which allow to protect Caco-2 cells from entero-invasive
E. coli and improve the intestinal barrier function (Qin et al., 2009).
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Figure 4. Differential mRNA levels of pro-inflammatory cytokine and tight junctions” marker genes in Caco2
cells incubated with different samples as determined by RT-qPCR after 24 h of treatment. A. Normalized mRNA
levels of pro-inflammatory cytokine TNFa seeded on multiwell plates. B Normalized mRNA levels of LCN2
marker genes in Caco-2 cells, C. Normalized mRNA levels of Cldn 2 marker genes in Caco-2 cells, D. Normalized
mRNA levels of Ocln marker genes in Caco-2 cells which were seeded, respectively, on the top and the bottom
of the Transwell system, after 24 h of incubation. #: negative control; ##: positive control; ns: no significance

reported.

3.3. Modulation of TNFalpha Gene Expression in Caco-2 Monolayers

TNFa is a cytokine with pro-inflammatory properties but its role in the immune response is
complex, and in some cases, it may be involved in promoting immune responses against pathogens,
while in other cases, it may contribute to inflammatory conditions. Although, the gut microbiome,
which includes LAB, plays a crucial role in regulating immune responses, and the bacterial strains
can influence the expression of various immune-related genes, including those involved in
inflammation and immune cell development. Despite, different LAB strains can have varying effects
on TNF-a production, highlighting the need for careful selection and characterization of probiotic
strains, for this reason the ability of LAB to modulate TNF-a expression is strain-dependent.
Depending on the context, LAB-induced TNF-a production could contribute to either pro-
inflammatory or anti-inflammatory effects. In the present investigation, Al (1:10), A2 (1:10)
significantly increased the mRNA expression level of the pro-inflammatory cytokine TNFa. In
addition, A1 (1:100) and ] (A1+A2) (1:10) also enhanced TNFa gene expression (P<0.05) (Figure 4A).
Although some treatments (exposure to lactobacilli biomass or to zgougou fermented with those
lactobacilli) indicated a higher expression of TNF gene, TNFa was ever below the detection limit, as
assessed through the ELISA assay (data not shown). The current findings showed that the tested LAB
strains belonging to L. plantarum and L. paraplantarum groups could enhance the relative gene
expression of TNF-a and also the gene expression level of the antimicrobial protein Lipocalin-2 (LCN-
2) which is involved in host defence and inflammation regulation. This highlighted and confirmed
the previous studies which reported that the inhibition or induction of TNF-a expression by
probiotics might provide either immune-suppressant or immune-stimulating effects, and this is
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strain and context dependent. Probiotics that inhibit or induce TNF-a expression may have immune-
stimulating or immune-suppressant effects, respectively. LAB modulates TNF-a signaling by
regulating important pathways such as MAPK and NF-kB (Saha et al., 2017; Bae et al., 2022; Sahu et
al., 2023; Kobayashi et al., 2023).

Recent studies reported that supernatants and cell extracts from L. plantarum and L. reuteri, when
tested in vitro on human epithelium model (monolayers of caco-2 cells), can induce the translocation
of the scaffold proteins to the tight junction region, enhance the toll like receptor (TLR2) signaling,
and reduce the capacity for cell invasion and progression (Karczewski et al., 2010). Indeed, the
colonization of Lactobacilli in the site of the primary tumor may be beneficial for prevention of
metastases (Yang et al., 2014). In addition, probiotic lactobacilli (L. casei, L. rhamnosus, L. acidophilus,
L. crispatus...) and their CFS could regulate the MMP levels in cancer cells, inhibit the cell invasion in
vitro (colon cancer, HeLa cells, HT-29 cells) which speculate the anti-metastatic power of the bacterial
bioactive substances (Escamilla et al., 2012; Nouri et al., 2016). L. acidophilus might be effective in
metastasis suppression through their lipoteichoic acid (LTA) ability to up-regulate of the protein
expression of ICAMS5, RUNX3, TIMP2 and RASSF1A in human colon carcinoma cell line HT-29
(Lightfoot et al., 2013; Guo et al., 2018). Furthermore, another study, in vitro, showed that L. casei
prompted the apoptotic cell death through up-regulation of TNFa and TRAIL ligand in both murine
(CT26) and human (HT-29) cell lines model (Tiptiri-Kourpeti et al., 2016; Kobayashi et al., 2025).

Moreover, research has demonstrated the health benefits of fermented cabbage products like
fermented soy, kimchi and sauerkraut, kombucha. Those fermented foods are well known for their
anti-inflammatory, antioxidant, and cancer-preventive qualities due to their richness on phenolic and
bioactive compounds (Di Cagno et al., 2016). Inspite, fermented soy products (miso, natto, and
tempeh) exhibited, in vitro, a protective T] proteins against oxidative stress and endotoxin challenge
(Kadar et al., 2020). Similarly, kimchi and sauerkraut, wich contain LAB, were found to increase ZO-
1 expression in colitis models (Lee et al., 2017), while kombucha polyphenols were reported to
maintain gut permeability under oxidative stress conditions (Kim et al., 2023). Another study showed
that fermented kiwi fruit exerts a protective effect on intestinal permeability, which is associated with
reduced mitochondrial stress and the preservation of mitochondria morphology and respiratory
function (Ma et al. 2023). In addition, fermentation of kiwi fruit using L. plantarum strain improved
the LPS-induced leaky gut through the preservation of the intestinal tight junction structure and
increase the expression of associated proteins (Bae et al., 2022; Ma et al., 2023; Haque et al., 2024).

Otherwise, the present study was contradictory to another previous report demonstrated L.
plantarum inhibited TNF-a-induced decrease in TEER at 24 h and 36 h after treatment (P < 0.05), so
that, the epithelial barrier function of TNF-a-stimulated Caco-2 cells was preserved by soy fermented
by L. plantarum (Lin et al., 2016).

Otherwise, microbial metabolites produced in fermented food for dairy products also have
immunomodulatory abilities. For example, oleamide, a microbial metabolite produced by Penicillium
candidum, is present in products such as camembert cheese. Oleamide has been shown to suppress
TNF o release from microglia by acting as an agonist for the P2Y and cannabinoid receptors (Kita et
al,, 2019). In addition, in the setting of inflammatory bowel disease (IBD), the effects of fermented
food products on intestinal integrity have been the subject of numerous recent investigations. When
fed fermented milk supplemented with Bacillus subtilis, mice with IBD demonstrated improved
intestinal shape and tight junction protein levels compared to the disease control group (Zhang et al.,
2021). Furthermore, in vitro and in a mouse model of IBD treated with fermented barley and soybean,
this restoration of intestinal tight junction proteins has also been noted (Woo et al., 2016).

By this study we investigate the importance of the fermented zgougou (Aleppo pine seeds), even
fermented spontaneously or with starter culture containing endogenous probiotic LAB strains, in the
gut prevention and preservation from different problems and inflammatory diseases as an alternative
remedy.
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4. Conclusions and Perspectives

Fermented plant-origin foods are becoming wide interest worldwide as healthful alternatives
because of their richness in phytochemicals and bioactive substances, and particularly their richness
on probiotic microorganisms (LAB, yeasts ...) and their by-products which highlight their potential
health benefits and their superior biological activities. Reportedly, with an emphasis on their
potential as probiotics this present innovative investigation explores the strain-specific modulatory
characteristics of live Lactiplantibacillus plantarum strains Al and A2 isolated for the first time from
the Tunisian traditional fermented foods called “zgougou” and especially the main food matrix that
may confer a health benefits. Thus, it is so important to consider in this present study that the
interactions between the different components of the tested samples could enhance the intestinal
barrier integrity and improve the cell-cell interactions based on the TEER measurement analysis.
Indeed, fermentation by starter culture may increase the positive effects of Tunisian zgougou juice
obtained upon both spontaneous (J) and driven fermentation (J(A1+A2)) with autochthonous
probiotic bacteria Lactiplantibacillus plantarum (LP) species Al and A2 due to an increase in bioactive
compounds that highlight its importance in the reinforcement of the tight junction proteins (OCLN
and CLDN-2), its modulatory effect on the antimicrobial protein (LCN-2) via the regulation of their
mRNA relative gene expression. Furthermore, the results of this investigation are quite likely and
consistent with previous studies on probiotics. Tunisian Zgougou juice (J (A1+A2)) and (J) has the
qualities of a symbiotic food (containing both probiotics and prebiotics/beneficial metabolites) and
can function as a powerful anti-inflammatory agent by influencing the TNF-a gene expression in
intestinal cells, especially when fermented with specific LAB strains. This research could be an
initiative a for screening process to identify new candidate probiotic bacteria and to investigate new
fermented plant-origin food matrix that was traditionally and anecdotally evident and useful in
Tunisia and some Arabic countries due to its potential health benefits. However, it's so important to
note that while Aleppo pine nuts (zgougou) showed promise for their anti-inflammatory effects,
further research, including in vivo experiments and clinical trials, is needed to fully understand their
mechanisms and potential therapeutic applications. As with any natural remedy, it's advisable to
consult with a healthcare professional before incorporating Aleppo pine seeds or any new supplement
into your diet or treatment regimen, especially if you have existing health conditions or are taking
medications.
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Abbreviations
Caco-2 cell Caucasian Colon Adenoarcinoma Cells
CFS Cell-Free Supernatant
CLDN2 Claudin-2
HT-29 Human Colon Carcinoma Cell Line
IBD Inflammatory Bowel Disease
IECs Intestinal Epithelial Cells
JAMS Junction Adhesion Molecules
J Zgougou Juice Obtained Upon Both Spontaneous
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J(A1+A2) Zgougou Juice Driven Fermentation With Autochthonous Probiotic Bacteria

LAB Lactic Acid Bacteria

LCN2 Lipocalin-2

LP Lactiplantibacillus Plantarum

LPS Escherchia Coli Lipo Poly Saccharide

LTA Lipoteichoic Acid

OCLN Occludin

RT-PCR Real Time- Polymorphism Chain Reaction

TEER Trans Epithelial Electrical Resistance

TJs Tight Junctions

TJP Tight Junction Proteins

TLR2 Toll Like Receptor

TNFa Tumour Necrosis Factor Alpha
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