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A B S T R A C T

The aim of this study was to investigate the effect of a functional probiotic cheese (FPC) on gut microbiota (GM), 
after simulated digestion performed by a multi-unit in vitro colon model (MICODE).

Squacquerone-like cheese was produced using the starter Streptococcus thermophilus (control, CTRL), and 
supplemented with the probiotic Lacticaseibacillus rhamnosus, which was either subjected to high pressure ho
mogenization (LrH) or not (Lr). Samples were stratified by cheese type, storage time, and colonic fermentation 
phase. Samples were then digested with MICODE and digests were characterized for ecological and functional 
profiles.

The lactobacilli detected in Lr and LrH cheeses (9.0 log CFU/g) were represented by the probiotic strain 
L. rhamnosus and remained unchanged after storage at 4 ◦C. Lactobacilli levels in CTRLs increased from 1.5 log 
CFU/g to 2.0 log CFU/g after six days at 4 ◦C, while total coliforms remained below 1.5 log CFU/g in all samples.

Real-time qPCR indicated a positive GM response after FPC simulated digestion, highlighting an abundance of 
bifidobacteria, lactobacilli and Clostridium group IV in LrH samples.

Metataxonomy revealed higher levels of Firmicutes and Proteobacteria (p ≤ 0.05) after simulated digestion, as 
well as Megasphaera, Escherichia, Prevotella and Dorea. Moreover, an increase of short and medium chain fatty 
acids were detected by metabolomics. Overexpression of inferred KEGG metabolic pathways showed mainly fatty 
acids, novobiocin and amino acid metabolism.

Understanding how functional foods can modify the GM may lead to the development of targeted microbiome- 
based therapies and the exploitation of these foods for the benefit of human health.

1. Introduction

Lifestyle, including dietary habits, represent one of the key elements 
involved in gut microbiota (GM) modulation in terms of composition 
and activity, which in turn has an impact on human health (Martina 
et al., 2019). Nowadays, a healthy diet can be considered to consist of 
more than sufficient energy intake, the quality of ingredients, and 
micronutrient content, insofar as it should include foods with additional 

health benefits, called functional foods (FFs) (Topolska et al., 2021). 
Particularly, FFs supply the organism’s nutritional requirements and 
give a beneficial effect to human body, if consumed in moderate quan
tities and according to proper nutritional guidelines (European Com
mission. Directorate-General for Research, 2010). In this view, FFs that 
able to modulate the GM are foods that include nutrient-rich ingredients, 
fiber, and probiotics and/or prebiotics (Baker et al., 2022; Bosscher 
et al., 2009; The European Parliament and of the Council of the 
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European union, 2006). FFs can be eaten daily to improve overall health, 
prevent malnutrition, and protect against chronic diseases, such as 
metabolic syndromes and cardiovascular disease (Hasler, 2002).

Among these are fermented products, particularly dairy foods con
taining prebiotics and/or probiotic bacteria, which have been studied 
deeply for their beneficial effects on human health (Heller, 2001; Pat
rignani et al., 2019). These effects depend on moving live bacteria to 
hypothetical interaction sites within the host, either directly, via mi
crobial components (Lebeer et al., 2010; Patrignani et al., 2019; Prakash 
et al., 2011), or indirectly, by releasing bacterial constituents at specific 
locations (Taverniti & Guglielmetti, 2011), or by modifying GM activ
ities (Flint et al., 2007).

Particularly, the search for strains able to resist gastrointestinal (GI) 
barriers, such as the highly acidic environment within the stomach, 
combined with certain technological and functional features, could 
result in new probiotics suitable for tailor-made FFs (Ugarte et al., 
2006). Moreover, physic-chemical treatments performed on probiotic 
strains during food making, such as heat treatment, High pressure Ho
mogenization (HPH), or Pulsed Electric Field (PEF), are reported to in
fluence their viability, functionality, and even change their 
physiological state (Sumeri et al., 2008). Therefore, studies into the ef
fects of probiotic strains on the GM should also take variables such as 
these into account.

Amongst probiotics, Lactobacillus and Bifidobacterium represent the 
most commonly used genera in human probiotics, being relatively easy 
to produce in large quantities as frozen or freeze-dried cultures 
(Brodmann et al., 2017), and which have been used for their ability to 
treat gut dysbiosis and reestablish healthy conditions in many different 
contexts (Gerritsen et al., 2011; Grimm et al., 2014).

Probiotics added to food are more likely to survive the journey 
through the stomach because the food itself provides a protective 
environment can significantly affects the survival of these microorgan
isms (Charalampopoulos et al., 2002; Morelli, 2000; Patel et al., 2004).

Moreover, cheese, having low acidity and high buffering capacity, as 
well as a good level of protein and high fat, represents a good choice for 
FF creation, as it may be an ideal candidate to protect bacteria against 
changes during production, ripening and ingestion (Patrignani et al., 
2018, 2020; Vinderola et al., 2002) and offer health benefits to con
sumers, which in turn are linked to the quality and viability of the 
probiotic strains (Shah, 2000; Varcoe et al., 2002).

To date, several studies have reported evidence of L. rhamnosus 
remaining viable when incorporated into cheese, primarily from a 
biotechnological perspective (Boylston et al., 2004; Phillips et al., 2006) 
while the effects of L. rhamnosus-fortified foods on the GM still remain to 
be fully elucidated, making this research a novel dietary strategy for 
enhancing human health also in a pediatric context.

In order to provide detailed information on specific mechanisms of 
action of FFs, prior to an in-human assessment, an in vitro study to test 
probiotic viability and the effects of a new FF on the GM has an 
important role (Dupont et al., 2019; Williams et al., 2015).

In this study, we evaluate the ability of functional probiotic cheese 
(FPC), specifically the soft cheese Squacquerone-like, as a vector for a 
strain of Lacticaseibacillus rhamnosus with and without HPH treatment, 
to modulate GM ecology and activity by using an in vitro gut model that 
combines the simulation of oro-gastro-duodenal digestion by the 
INFOGEST® protocol (Minekus et al., 2014) to the simulation of prox
imal colon fermentation with human colon microbiota by the MICODE 
(Multi-Unit in vitro Colon Model) protocol (Nissen et al., 2021). More
over, the originality of this study lies in the investigation of the potential 
of this probiotic cheese as a “healthy and good tasting product” to 
ameliorate gut wellness, and thus quality of life, in children and adults.

2. Materials and methods

2.1. Probiotics culture selection and formulation of Squacquerone-like 
cheeses

The probiotic strain L. rhamnosus FBC belongs to the Department of 
Agricultural and Food Sciences of Bologna University (Doron et al., 
2005). Fresh L. rhamnosus FBC cultures were obtained by two consecu
tive daily transfers in De Man-Rogosa-Sharpe (MRS) broth (Oxoid, 
Basingstoke, UK) using a 1 % (v/v) inoculum, incubated at 37 ◦C in 
anaerobic conditions by using an Oxoid gas generating kit, for 18 h. 
After that, it was harvested by centrifugation (8000g, 20 min, 4 ◦C). The 
resultant pellet was washed twice with saline solution and re-suspended 
in commercial milk for the inoculums.

2.2. HPH treatment of probiotic strain

An aliquot of the probiotic strain re-suspended in commercial milk 
was subjected to a high-pressure homogenization (HPH) treatment at 50 
MPa with a PANDA high-pressure homogenizer (Gea, Parma, Italy). The 
machine was supplied with a homogenizing PS-type valve. The valve 
assembly includes a ball type impact head made of ceramics, a stainless 
steel large inner diameter impact ring and a tungsten carbide passage 
head. The inlet temperature of samples was 20 ◦C and the increase rate 
of temperature was 2.5 ◦C/10 MPa (Burns et al., 2015).

2.3. Cheesemaking

Cheesemaking was carried out in a pilot scale plant at Mambelli dairy 
farm (Mambelli, Bertinoro, Italy). A commercial freeze-dried culture of 
Streptococcus thermophilus St 0.20 (Sacco S.R.L., Como, Italy) was used as 
starter at 6 Log CFU/ml. Three different formulations of Squacquerone- 
like cheese were produced at Mambelli dairy farm (Mambelli, Bertinoro, 
Italy) as follows: 

(i) Squacquerone-like cheese produced only with starter cultures 
(S. thermophilus), named “CTRL”;

(ii) Squacquerone-like cheese produced with starter and probiotic 
cultures (S. thermophilus plus L. rhamnosus FBC), named “Lr”;

(iii) Squacquerone-like cheese produced with S. thermophilus and 
supplemented with HPH-treated L. rhamnosus FBC, named “LrH”.

Briefly, three batches of pasteurized whole cow’s milk (100 L) were 
warmed at 42 ◦C. The starter S. thermophilus St 0.20 was inoculated at 
6.0 Log CFU/ml in all the batches and, 20 min later, batch (ii) was also 
inoculated with L. rhamnosus FBC at 9.0 Log CFU/mL, while batch (iii) 
was inoculated with HPH-treated L. rhamnosus FBC strain at 9.0 Log 
CFU/mL.

After 40 min, from the starter inoculum, NaCl (0.7 %) and rennet 
(12,000 international milk coagulating units (IMCU)/mL, 80 % chy
mosin, and 20 % pepsin, Bellucci Modena, Italy) were added to all the 
batches. After coagulation, the curd was cut and moved to traditional 
baskets. The products were allowed to rest until a pH of 5.15 was 
reached and then placed at 4 ◦C. After 24 h, the cheeses were packed 
under a modified atmosphere. About 40 packages of 300 g were obtain 
for each type of Squacquerone.

Moreover, Squacquerone-like cheeses were stored at 4 ◦C, in agree
ment with the manufacturer. The samples for the analyses were picked 
up immediately after production (T0) or after being stored for 6 days at 
4 ◦C (T6). This storage time is considered by the manufacturer as the 
optimal one for achieving maximum proteolysis and, thus, this time of 
storage would align with the product’s “sell-by” date.
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2.4. Microbiological and chemical-physical analyses

At T0 and at T6, microbiological analyses were carried out for the 
enumeration of the starter (S. thermophilus), probiotic culture 
(L. rhamnosus FBC), yeasts, total coliforms and lactic acid bacteria. 20 gr 
of cheese were added to 180 ml of sterile sodium citrate solution (20 g/ 
L) and homogenized by stomacher for 3 min (BagMixer 400P, Inter
science, Saint-Nom-la-Bretèche, France). Serial dilutions of the homog
enized samples were made in a physiological solution (0.9 % NaCl), and 
aliquots of each dilution were spread onto the surface of different se
lective agar media. The starter S. thermophilus was plated on M17 agar 
(Oxoid, Basingstoke, Hampshire, United Kingdom) (42 ◦C, 48 h), 
L. rhamnosus FBC and lactobacilli on MRS agar (Oxoid). Total coliforms 
and yeasts were detected on Violet Red Bile agar (VRBA, Oxoid, 
Basingstoke, Hampshire, UK) (37 ◦C, 24 h) and Yeast extract Peptone 
Dextrose agar (YPD, Oxoid, Basingstoke, Hampshire, UK) (25 ◦C, 48 h), 
respectively. Cheese pH was monitored by a pH-meter (PH BASIC 20, 
Crison, Hach Lange, Italy).

At each sampling point, 3 independent packages for each type of 
sample were considered for microbiological and pH analysis.

2.5. Human colon microbiota and in vitro gut model

In order to evaluate the probiotic L. rhamnosus FBC efficacy when 
supplemented in a cheese matrix, the experimental Squacquerone-like 
cheeses were subjected to in vitro digestion, using the INFOGEST pro
tocol, and to colonic fermentation using MICODE (Multi-Unit In vitro 
Colon Model) (Nissen et al., 2021).

In vitro digestion. Experimental and control samples were digested in 
vitro with the INFOGEST protocol (Minekus et al., 2014). Briefly, 5 mL of 
each sample was processed for 242 min (2 min oral digestion, 120 min 
gastric digestion and 120 min intestinal digestion), at 37 ◦C. During in 
vitro digestion, several consecutive enzymatic treatments took place by 
addition of simulated saliva (containing 75 U/mL of α-amylase), simu
lated gastric juice (containing 2000 U/mL of pepsin) at an acidic pH, and 
simulated pancreatic juice (containing 10 mM of bile and 100 U/mL of 
pancreatin) at a neutral pH. See the details in Supplementary Mate
rials and Methods section.

The digests were then thawed and gently centrifuged to separate the 
dense portion, to be applied then for colonic fermentation.

Preparation of Human Colon Microbiota (HCM). HCM was obtained 
from fecal samples of three healthy volunteers. Collection of samples 
was in accordance with previous protocols (Connolly et al., 2012; Nissen 
et al., 2021, 2024). Samples were obtained two times from three 
different donors, (2 female and 1 male, age ranged between 30 and 45 
years), that did not undergo antibiotic treatment for at least 3 months 
prior and did not intentionally consume pre- or probiotic supplements 
before sample collection. The donors were told of the study’s aims and 
procedures and gave their verbal consent to use their fecal matter, in 
agreement with the ethics procedures required at the University of 
Bologna. Fecal samples (Bristol chart types 2–5) were collected by the 
donors with a collection kit, which includes a stool collector (Sarstedt 
AG & Co. KG, Nümbrecht, Germany) and an anaerobic jar with a O2 
consuming catalyst (Oxoid, Thermo Fisher Scientific, Waltham, MA, 
USA). Samples were rapidly transferred to the laboratory and processed 
within 2 h. A 10 % w/v HCM suspension was prepared just before the 
experiment and was obtained by homogenizing 2 g of each donation in 
54 mL of pre-reduced phosphate buffered saline (PBS) (Cattivelli et al., 
2023; Wang et al., 2020) and washing the pellet twice in PBS (16,000g 
for 5 min).

In vitro Colonic fermentation. Short-term batch proximal colonic 
fermentations were conducted for 24 h in independent vessels using an 

in vitro colon model, MICODE, as previously described (Cattivelli et al., 
2023; Connolly et al., 2012; Nissen et al., 2021, 2024; Wang et al., 
2020). Sampling of colonic effluates was conducted at the beginning and 
at the endpoint of colonic fermentations and were subsequently used to 
perform analytical activities. See the details in Supplementary Mate
rials and Methods section.

2.6. Workflow of analytical activities

The effluates from colonic fermentation at BL (Baseline = 0 h) and EP 
(Endpoint = 24 h) of fermentation time (in biological duplicate and 
technical duplicate) were used for metataxonomic sequencing (16S- 
rRNA), metabolomic analysis (gascromatography/mass spectrometry 
coupled with solid phase microextraction, SPME-GC–MS) and enumer
ation of selected bacterial taxa by Real Time qPCR analyses (Fig. 1). 
After sterile sampling of 5 mL of bioreactor contents, samples were 
centrifuged at 16,000g for 7 min to separate the pellets and the super
natants were stored at − 80 ◦C until further analysis.

Pellets were washed twice in PBS prior DNA extraction. Microbial 
DNA extraction was conducted just after sampling so as not to reduce 
Firmicutes content.

Quality controls for the in vitro model were applied as: i) a biodi
versity check, ii) a stool-ubiquitary metabolomics (i.e., volatile organic 
compounds, VOCs) check, iii) trends of fermentation parameters by the 
Lucullus 3.1 software (Securecells, CH), and iv) a blank control (BC).

In summary, 14 digested samples (12/14 samples were produced in 
replicates) (Table 1), were stratified according to the described vari
ables: i) cheese type; ii) commercial shelf life at refrigerated tempera
ture; iii) colonic fermentation phase.

2.6.1. Absolute enumeration of bacterial groups by real time real time qPCR
To investigate changes in the microbiota after fermentation, 

enumeration of bacterial groups was made by quantifications of short 
fragments of monocopy or multicopy genes of selected taxa by Real Time 
qPCR, as previously described (Modesto et al., 2011; Tamargo et al., 
2022; Tanner et al., 2014; Tsitko et al., 2019; Westfall et al., 2018). 
Specifically, some bacterial groups were selected as generally accepted 
indicators of eubiosis or dysbiosis of colon microbiota, and their per
turbations were considered closely correlated (positively or inversely) to 
the prebiotic potential of foods. Nine different bacterial taxa 
(Supplementary Table S1) were assessed by qPCR on a QuantStudio5® 
System with SYBR Green I chemistry (Applied Biosystem, Thermo 
Fisher, USA). See details in Supplementary Materials and Methods 
section

2.6.2. Omics analysis
Metataxonomy. DNA was extracted from the MICODE effluates at the 

BL and EP time points, using a Nucleo Spin DNA stool Kit (Macherey 
Nagel, Darmstadt, Germany). Nucleic acid purity was tested on a Bio
Drop Spectrophotometer (Biochrom Ltd., Cambridge, UK). The V3 and 
V4 hypervariable regions of the 16S rRNA gene (~460 bp) were 
amplified by PCR (Polymerase Chain Reaction) using primers specified 
in the 16S Metagenomic Library Preparation protocol (Illumina, San 
Diego, CA, USA). After PCR clean-up with magnetic beads (CleanNA, 
Coenecoop 75, 2741 PH Waddinxveen, The Netherlands), an index PCR 
step was performed to attach dual indices and Illumina sequencing 
adapters, using a Nextera XT Index Kit (Illumina, San Diego, CA, USA). 
After the second PCR clean-up, final 16S libraries were quantified by a 
Quant-iT™ PicoGreen® dsDNA assay kit (Thermo Fisher Scientific, 
Waltham, MA, USA), pooled, normalized to 4 nM, denatured and 
sequenced on an Illumina MiSeq™ platform, according to the manu
facturer’s specifications. Negative controls were used in all 
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amplification steps to exclude potential environmental contaminations.
A total of 52 paired-end fastq files were analysed with the Quanti

tative Insights into Microbial Ecology software (QIIME 2 v2023.2) 
(Bolyen et al., 2019). With the q2-DADA2 plugin, Amplicon Sequences 
Variants (ASVs) were detected, and through the plugin q2-features 
classifiers amplicon sequences were taxonomically assigned using a 
naïve Bayes model pre-trained on the Greengenes database (v13.8, 
August 2019, https://greengenes.secondgenome.com/).

Volatilome determination. The volatilome, that represents VOCs in a 
sample, was estimated on a Gas Chromatograph 7890A (Agilent Tech
nologies, Santa Clara, CA, USA) coupled to a mass spectrometer 5977 
(Agilent Technologies, Santa Clara, CA, USA) in electron impact mode 
(ionization voltage of 70 eV) equipped with a DB-HeavyWAX (60 m ×
0.250 mm × 0.25 µm) capillary column Agilent Technologies. The SPME 
GC–MS protocol and the identification of volatile compounds were 
conducted as previously described (Vernocchi et al., 2023). See the 
details in Supplementary Materials and Methods section.

2.6.3. Data processing and statistical analysis
The metataxonomic data were analyzed by statistical tools with R 

(v4.3.0). For α- and β-diversity analyses, the rarefaction method based 
on the minimum sample depth was applied on absolute frequency, 
filtering out 724 ASVs. Statistical analyses on α-diversity indices were 
performed using the non-parametric Mann–Whitney and Kruskal–Wallis 
tests with the R phyloseq package. The permutational analysis of vari
ance (PERMANOVA) test was applied on a matrix of dissimilarity pro
duced with the Bray-Curtis dissimilarity algorithm.

Moreover, the metataxonomic (ASVs) and metabolomic (VOCs) data 
normality distributions were evaluated using the Shapiro-Wilk test and 
non-parametric Mann-Whitney and Kruskal-Wallis test were applied to 
compare taxonomic differences at the phylum (L2), family (L5), and 

genus (L6) levels and to identify differential VOCs profiles.
For the Phylogenetic Investigation of Communities by Reconstruc

tion of Unobserved States of Correlation 2 (PICRUSt2) analysis and other 
details see the Supplementary Materials and Methods section.

3. Results

3.1. Microbiological and chemical-physical analysis

As shown in Table 2, the cell load of the starter S. thermophilus was 
higher in control samples compared to those supplemented with the 
probiotic strain throughout the storage period, ranging between 7.5 and 
8.6 log CFU/g. The lactobacilli detected were represented by the pro
biotic strain L. rhamnosus FBC in Lr and LrH samples in which this strain 
was added. In these samples, they were found to be around 9.0 log CFU/ 
g throughout the storage period. In control samples, lactobacilli had an 
initial load of 1.5 log CFU/g, which increased to 2.0 log CFU/g after 6 
days of refrigerated storage. Total coliforms were below 1.5 log CFU/g 
in all samples throughout the shelf-life period considered. Finally, yeasts 
were below the detection limit at the initial time-point, but increased in 
cell load during refrigerated storage.

Furthermore, the control samples,showed a slight increase in pH 
over time, reaching 5.22 after 6 days (T6) of commercial shelf life at 
refrigerated temperature. In Lr and LrH samples, on the other hand, 
there was a decrease in pH which, after 6 days of storage, reached 5.06 
and 5.11, respectively.

3.2. Enumeration and modulation of core microbiota groups by real time 
qPCR

After colonic fermentation of functional probiotic cheese (FPC), the 

Fig. 1. Graphical representation of the experimental workflow performed.
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two main bacterial phyla Bacteroidetes and Firmicutes showed trends of 
underrepresentation, particularly when LrH was supplemented. In 
contrast, the total bacterial abundance increased after colonic fermen
tation of FPC (Supplementary Fig. S1; Supplementary Table S2).

In general, all digested FPC samples generated a shift in microbiota 
composition associated with positive health outcomes, particularly in 
the case of LrH-fortified samples (Supplementary Fig. S1b; Supple
mentary Table S2). This modulation was significant for most FPC 
samples, and the abundances of these beneficial bacterial groups was 
higher in supplemented samples than in CTRLs (p ≤ 0.05). In particular, 
FPC samples caused shifts in 3 out of 3 of the selected beneficial taxa, 
namely Lactobacillus, Bifidobacterium and Clostridium group IV. The 
highest increases were attributed to bifidobacteria and lactobacilli in 
LrH-fortified FPC at T6, followed by Clostridium group IV 
(Supplementary Fig. S1b; Supplementary Table S2). Furthermore, no 
opportunistic pathogens were increased in any of the FPC samples 
during commercial shelf life (T6) at refrigerated temperature.

3.3. Modulation of GM ecology and metabolome: Effect of FPC digestion

After data filtering, a total of 2591 sequence reads of 16S rRNA gene 
amplicons were obtained with an average of 3482 reads/sample and an 
average length of 447 bp after primer trimming. Resulting taxa were 
detected by interrogating the Greengenes database (v. 13.8).

Bacterial communities in BL and EP samples were analyzed by α- and 
β-diversity in order to see if in vitro colonic fermentation altered species 
richness. No statistically significant differences were found in α-diversity 
as measured by Shannon’s entropy, Chao-1 or Simpson’s index 
(Supplementary Fig. S2). However, β-diversity algorithms revealed 
statistically significant (p ≤ 0.05) differences between samples collected 
at BL and EP (Supplementary Fig. S3).

At the phylum level (L2), four main phyla were significant altered 
after in vitro colonic fermentation. Particularly, Firmicutes and Proteo
bacteria were statistically significant higher (p ≤ 0.05) in EP, while 
Actinobacteria and Bacteroidetes were higher in BL (p ≥ 0.05) (Fig. 2).

At the family level, Lachnospiaceae, Ruminococcaceae, Strepto
coccaceae, Prevotellaceae, and Veillonellaceae (Clostridiales) were 
significantly more abundant in BL, while Veillonellaceae 

(Selemonadales) and Enterobacteriaceae were abundant in EP (Fig. 3A).
At the genus level, Roseburia, Blautia, Faecalibacterium, Strepto

coccaceae bacterium RF32 and Ruminococcus were significantly more 
abundant (p ≤ 0.05) in BL, while Megasphaera, Escherichia and Dorea, 
were increased (p ≤ 0.05) in EP samples (Fig. 3B). Furthermore, only 
Dialister was significantly altered in FPC samples during commercial 
storage at 4 ◦C, showing higher abundance at T0 compared to T6 days 
after refrigerated temperature (Supplementary Fig. S4).

Regarding PCA biplot executed on 20 taxa, the percentage of almost 
71.4 % and 10.9 % of explained variance characterized the two groups 
PC1 and PC2. The over impressed loadings revealed that taxa as Blautia, 
Roseburia, Bacteroides, Faecalibacterium, Ruminococcus and Phasco
larctobacterium were involved in the separation of BL group, while 
Escherichia, Prevotella, Dorea and Megasphaera define the EP group 
(Supplementary Fig. S5A).

A stable PLS-DA (Supplementary Fig. S5B), characterized by a 
predictive performance of R2 = 0.868, Q2 = 0.755 and RMSEE = 0.193, 
assessed the well separation between BL and EP along C1 and C2 
component directions. On the contrary, the PCA and PLS-DA performed 
on variables as commercial time of exposure (T0 and T6) and type of 
cheese (CTRL, Lr and LrH) were not well separated (data not shown).

However, a clear separation was evidenced only between BL and EP 
condition that was revealed as two major clusters (green/brown), for 
OTUs (Fig. 4) while for all of others comparison many separated sub- 
clusters were produced. In particular, for ASV Megasphaera, Escherichia 
were more abundant in EP condition, while Blautia, Roseburia and 
Bacteroides were abundant in BL (Fig. 4). On the other hand, samples did 
not cluster by cheese type (CTRL, Lr and LrH) (Fig. 4), nor did they 
cluster by refrigerated temperature exposition (data not shown).

Next, metabolomics analysis was performed on digested samples to 
investigate how GM functional profiles were altered following simulated 
FPC digestion. The metabolomics analysis detected 112 metabolites in 
these samples, divided into 14 different chemical classes: terpenes (6), 
alkenes (8), alcanes (14), alcohols (17), aldehydes (18), ketones (13), 
esters (10), acids (12), organic compounds (7), indoles (2), phenols (2) 
pyrazines (1), pyridines (1) and amines (1).

Moreover, PCoA plots performed on 12 BL and 12 EP samples 
identified two distinct clusters mainly separated along the first two 

Table 1 
Samples obtained with in vitro colonic fermentation model.

Labels of 
samples

Replicates Description

CTRL T0 BL 2 Squacquerone-like cheese only added with starter cultures (S. thermophilus) CTRL) at the initial time of commercial shelf life (T0), digested and 
collected at the baseline (BL) (0 h) of colonic fermentation.

CTRL T0 EP 2 Squacquerone-like cheese only added with starter cultures (S. thermophilus) (CTRL) at the initial time of commercial shelf life (T0), digested and 
collected at the endpoint (EP) (24 h) of colonic fermentation.

Lr T0 BL 2 Squacquerone-like cheese added with starter and probiotic cultures (S. thermophilus plus L. rhamnosus FBC) (Lr) at the initial time of commercial 
shelf life (T0), digested and collected at the baseline (BL) (0 h) of colonic fermentation.

Lr T0 EP 2 Squacquerone-like cheese added with starter and probiotic cultures (S. thermophilus plus L. rhamnosus FBC) (Lr) at the initial time of commercial 
shelf life (T0), digested and collected at the endpoint (EP) (24 h) of colonic fermentation

LrH T0 BL 2 Squacquerone-like cheese including S. thermophilus and added with L. rhamnosus FBC treated with high pressure of homogenization (HPH) (LrH), at 
the initial time of commercial shelf life (T0), digested and collected at the baseline (BL) (0 h) of colonic fermentation.

LrH T0 EP 2 Squacquerone-like cheese including S. thermophilus and added with L. rhamnosus FBC treated with high pressure of homogenization (HPH) (LrH), at 
the initial time of commercial shelf life (T0), digested and collected at the endpoint (EP) (24 h) of colonic fermentation.

BC of BL 1 Blank control (BC) made with water, digested and collected at the baseline (BL) (0 h) of colonic fermentation.
BC of EP 1 Blank control (BC) made with water, digested and collected at the endpoint (EP) (24 h) of colonic fermentation.
CTRL T6 BL 2 Squacquerone-like cheese only added with starter cultures (S. thermophilus) (CTRL) on the sixth day of commercial shelf life (T6), digested and 

collected at the baseline (BL) (0 h) of colonic fermentation.
CTRL T6 EP 2 Squacquerone-like cheese only added with starter cultures (S. thermophilus) (CTRL) on the sixth day of commercial shelf life (T6), digested and 

collected at the endpoint (EP) (24 h) of colonic fermentation.
Lr T6 BL 2 Squacquerone-like cheese added with starter and probiotic cultures (S. thermophilus plus L. rhamnosus FBC) (Lr) on the sixth day of commercial shelf 

life (T6), digested and collected at the baseline (BL) (0 h) of colonic fermentation.
Lr T6 EP 2 Squacquerone-like cheese added with starter and probiotic cultures (S. thermophilus plus L. rhamnosus FBC) (Lr) on the sixth day of commercial shelf 

life (T6), digested and collected at the endpoint (EP) (24 h) of colonic fermentation.
LrH T6 BL 2 Squacquerone-like cheese including S. thermophilus and added with L. rhamnosus FBC treated with high pressure of homogenization (HPH) (LrH), 

on the sixth day of commercial shelf life (T6), digested and collected at the baseline (BL) (0 h) of colonic fermentation.
LrH T6 EP 2 Squacquerone-like cheese including S. thermophilus and added with L. rhamnosus FBC treated with high pressure of homogenization (HPH) (LrH), 

on the sixth day of commercial shelf life (T6), digested and collected at the endpoint (EP) (24 h) of colonic fermentation.
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principal components, PC1 and PC2, with a percentage of explained 
variance of 23.5 % and 10.3 %, respectively (Supplementary Fig. S6A). 
The over impressed loadings revealed that metabolites such as butanoic, 
propanoic, pentanoic, hexanoic, octanoic and n-decanoic acids, penta
noic acid 3-methyl, and phenol were involved in the separation of the EP 
group, while caryophyllene and 1-butanol, benzothiazole and benzen
amine 4-methyl defined BL samples (Supplementary Fig. S6A).

A stable PLS-DA (Supplementary Fig. S6B), characterized by a 
predicting performance of R2 = 0.972, Q2 = 0.839 and RMSEE = 0.089, 
assessed the well separation between BL and EP along C1 and C2 
component directions. On the other hand, PCA and PLS-DA performed 
on variables as refrigerated storage (T0 and T6) data and on the cheese 
type (CTRL, Lr and LrH) were not well separated (data not shown).

In order to explore the volatilome profile more deeply, the β-di
versity algorithm, based on Bray-Curtis dissimilarity, PCoA was per
formed, which showed a statistically significant distance (PERMANOVA 
p = 0.001) in the metabolomic profile of BL and EP datasets (Fig. 5A). 
β-diversity was also performed by considering commercial shelf life at 
refrigerated temperature (T0 and T6) and cheese type, these variables 
did not cause the samples to cluster separately (p ≥ 0.05) (data not 
shown).

VOCs associated with BL were caryophyllene, 1-Nonanol, 1-Octanol, 
1-Heptanol, and 1-Hexanol, while pentanoic acid 3-methyl, hexanoic 

acid, SCFAs (pentanoic and butanoic acid), phenol, benzaldehyde and p- 
Cresol were significantly associated with EP samples (Fig. 5B). On the 
other hand, no clusterization was detected between samples from 
different cheese types (CTRL, Lr and LrH) (Fig. 5B), nor for refrigeration 
time (T0 and T6) (data not shown).

Moreover, the 112 detected VOCs were from 14 chemical classes, 
which exhibited some statistically significant shifts between EP and BL 
samples (Fig. 6). Particularly, statistically significant differences were 
detected for EP samples in respect to BL for phenols (increased up to 10 
%) and acids (increased up to 80 %); while terpenes (increased up to 20 
%) and alkenes (increased up to 20 %) showed significant changes in BL 
(increased up to 20 %) (Fig. 6). Moreover, molecules belonging to al
dehydes and alcohols were also increased (p ≥ 0.05) in BL samples.

In addition, univariate analysis, was performed on fermentation time 
(BL and EP) and time of commercial shelf life at refrigerated tempera
ture (T0 and T6 days) to identify possible biomarkers, by considering all 
type.

Within these classes, 20 metabolites were significantly altered (p ≤
0.05) between BL and EP samples, such as alcohols, aldehydes, acids, 
terpenes, esters, phenols, ketones and indoles (Fig. 7). The alcohols 1- 
Heptanol, 1-Hexanol, 1-Octanol and 1-Nonanol were significantly 
increased in all samples (BC, CTRL, Lr, LrH) at BL (Fig. 7A). Further
more, benzyl alcohol was present in EP samples after CRTL and LrH 

Table 2 
Cell load (log CFU/g) of Streptococcus thermophilus, lactobacilli, total coliforms and yeasts and pH values in control Squacquerone-like cheeses (CTRL), and cheeses 
added with probiotic L. rhamnosus FBC (Lr) and HPH treated L. rhamnosus FBC (LrH) during commercial shelf life at refrigerated temperature (T0, and T6). For the same 
microbial group and pH, the means ± SD followed by different superscript letters (a, b, c, d) are significantly different, p ≤ 0.05.

Time Sample name St. thermophilus Lactobacilli Total coliforms Yeasts pH ± SD
log CFU/g ± SD Log CFU/g ± SD log CFU/g ± SD log CFU/g ± SD

T0 CTRL 8.0 ± 0.2b 1.5 ± 0.1d 1.1 ± 0.2ab * 5.09 ± 0.02bc

Lr 7.5 ± 0.2d 9.0 ± 0.2a 1.2 ± 0.3ab * 5.12 ± 0.03bc

LrH 7.6 ± 0.2d 9.0 ± 0.2a 1.4 ± 0.2a * 5.14 ± 0.03b

T6 CTRL 8.6 ± 0.3a 2.0 ± 0.2c 0.8 ± 0.1bc 2.0 ± 0.2c 5.22 ± 0.02a

Lr 7.8 ± 0.1cd 9.0 ± 0.2a 0.5 ± 0.1c 1.6 ± 0.3c 5.06 ± 0.03c

LrH 7.7 ± 0.1d 8.9 ± 0.3a 1.1 ± 0.2ab 1.7 ± 0.2c 5.11 ± 0.02bc

*: under the detection limit (0.5 log CFU/g).

Fig. 2. Taxa distribution performed by the Mann-Whitney U test. At phylum level between BL versus EP of fermentation. Only statistically significant taxa (Mann- 
Whitney U p FDR ≤ 0.05) were represented. BL, baseline; EP, endpoint.

C. Marangelo et al.                                                                                                                                                                                                                             Food Research International 202 (2025) 115577 

6 



cheese digestion while it was absent in BL samples (Fig. 7A). Aldehydes, 
on the other hand, showed a different trend, with 2-Nonenal and 2-Dece
nal being increased at BL, and benzaldehyde being increased in EP 
samples (Fig. 7B).

All significantly altered acids were increased in EP samples 

compared to BL (Fig. 7C). Furthermore propanoic and pentanoic acid 3- 
methyl, were completely absent in BL and were only detected in EP 
samples. On the other hand, terpenes were only present in at BL, 
particularly in CTRL, Lr and LrH samples (Fig. 7D). The only statistically 
significant ester, benzoic acid methyl ester, was significantly increased 

Fig. 3. Taxa distribution performed by the Mann-Whitney U test, at family (panel A) and genus (panel B) level between BL versus EP. Only statistically significant 
taxa (Mann-Whitney U p FDR ≤ 0.05) were represented. BL, baseline; EP, endpoint.

Fig. 4. Heatmap. Clustering analysis of taxa between conditions constructed using Euclidean distance and Ward’s clustering method. The color scale characterizes 
the Z- score values for each variable: yellow, high level; blue, low level. The p  ≤ 0.05 is corrected with FDR method. BL: baseline; EP: endpoint; BC: blank control; 
CTRL: control cheese with starter cultures; Lr: cheese with starter cultures and probiotic L. rhamnosus FBC; LrH: cheese with starter cultures and probiotic 
L. rhamnosus FBC subjected to HPH treatment.
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in all EP samples except for the blank control (BC) (Fig. 7E). Phenols 
metabolites were also increased in EP samples (Fig. 7F), while ketones, 
such as 2-Tridecanone, was enriched at BL, particularly in CTRLs, Lr and 
LrH (Fig. 7G). Finally, indole was also significantly increased in EP 
samples.

When comparing the time points of commercial shelf life (T0 and T6 
days) at refrigerated temperature samples, only 3 metabolites, 
belonging to 2 chemical classes (aldehydes and phenols) were signifi
cantly affected. Specifically hexanal, p-Cresol and decanal were signif
icantly increased (p ≤ 0.05) after 6 days (T6) compared to T0 at 

refrigerated temperature (Fig. 8).

3.4. Predictive functional analysis and network correlation between 
microbial and metabolic signatures

Phylogenetic Investigation of Communities by Reconstruction of 
Unobserved States (PICRUSt2) analysis was applied on metataxonomic 
profiles to predict abundances of KEGG orthologs (KOs) (Fig. 9). Several 
KOs were predicted to be significantly affected between EP and BL (p ≤
0.05). The twenty most abundant metabolic microbial pathways were all 
predicted to be enriched in EP samples (Fig. 9). These top 20 pathways 
include the bacterial secretion system, phosphotransferase systems 
(PTS), glyoxylate and dicarboxylated metabolism, ascorbate and alda
rate metabolism, fatty acids biosynthesis, butanoate metabolism, ni
trogen metabolism ubiquinone, glutathione metabolism and 
carbohydrate digestion and absorption, novobiocin biosynthesis, and 
amino acid metabolism (tryptophan, lysine, phenylalanine, tyrosine, 
valine, leucine and isoleucine), which were all over represented in EP 
samples (Fig. 9).

Moreover, the 20 ASVs and 112 VOCs identified in ecological and 
functional datasets were analyzed to select the most important corre
lations between GM taxonomic lineages and VOCs. Only statistically 
significant correlations were reported, and disconnected nodes were 
removed. At the end of the data processing, 10 ASVs and 10 VOCs were 
included in the network analysis (Fig. 10). This analysis revealed one 
large network, connecting most of the ASVs and VOCs included in this 
analysis, as well as two smaller ones (Fig. 10). The two small networks 
were composed of taxa and VOCs connected by both with positive and 
negative correlations, including Sutterella with hexanoic acid, and Bac
teroides with 2-Heptanone, 4-methyl. Interestingly, butanoic acid, 
Roseburia and Blautia showed a central role in the network, and also 
correlated both positively and negatively with other metabolites and 
taxa (Supplementary Table S3; Fig. 10).

4. Discussion

In the last decade, multiple studies have shown that dietary 

Fig. 5. Panel A. Principal Coordinate Analysis (PCoA) plots show Bray Curtis dissimilarity. Panel B. Heatmap. Clustering analysis of statistically significant VOCs 
between conditions constructed using Euclidean distance and Ward’s clustering method. The color scale characterizes the Z- score values for each variable: yellow, 
high level; blue, low level. The p  ≤ 0.05 is corrected with FDR method. BL: baseline; EP: endpoint; BC: blank control; CTRL: control cheese with starter cultures; Lr: 
cheese with starter cultures and probiotic L. rhamnosus FBC; LrH: cheese with starter cultures and probiotic L. rhamnosus FBC subjected to HPH treatment.

Fig. 6. Bar plot of VOCs changes expressed as relative abundances (%). Vari
ations were recorded after fermentation respect to baseline of in vitro batch 
human colonic fermentations (MICODE). Significant differences detected by 
Mann-Whitney test (p ≤ 0.05) within a chemical class group: *0.05; <0.01**; 
<0.001***. BL: baseline; EP: endpoint; BC: blank control; CTRL: control cheese 
with starter cultures; Lr: cheese with starter cultures and probiotic L. rhamnosus 
FBC; LrH: cheese with starter cultures and probiotic L. rhamnosus FBC subjected 
to HPH treatment.
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Fig. 7. Differential abundances (mg/kg) of VOCs (p ≤ 0.05, Mann–Whitney test) for baseline and end point condition. (A) alcohols, (B) aldehydes, (C) acids, (D) 
terpenes, (E) esters, (F), phenols, (G) ketones and (H) indoles. BL: baseline; EP: endpoint; BC: blank control; CTRL: control cheese with starter cultures; Lr: cheese 
with starter cultures and probiotic L. rhamnosus FBC; LrH: cheese with starter cultures and probiotic L. rhamnosus FBC subjected to HPH treatment.
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components can impact the composition of GM. Consuming foods with 
lactic acid bacteria, like fermented milks or cheeses, has been found to 
affect the GM by allowing these bacteria to thrive in the gastrointestinal 
tract (Putignani et al., 2014). The rationale for probiotic administration, 
regardless of the carrier used to deliver them, is that they can have 
substantial effects on human health and could change the metabolic 
activity of the gut’s microbes (Claus et al., 2011; Larsen et al., 2010). 
However, the use of foods such as fermented milk or soft cheese as 
carriers for probiotics, in addition to protecting them from several stress 
conditions related to the digestive process, also strengthens the concept 
that food can be used as a dietary strategy to improve human wellbeing 
(D’Alessandro et al., 2021, 2023). In the present study, the potential 
probiotic properties of Squacquerone-like cheese, fortified with HPH 
− treated or − untreated L. rhamnosus FBC, were investigated on the GM 
after simulated digestion via the in vitro gut model MICODE. In partic
ular, the L. rhamnosus FBC strain was treated at 50 MPa, since several 
papers have found that sub-lethal HPH treatments can increase probiotic 

features, such as hydrophobicity and auto-aggregation, in a strain- 
dependent manner (Siroli et al., 2020). For example, Braschi et al re
ported that 50 MPa significantly increased cell surface hydrophobicity 
(CSH) percentage (H%), autoaggregation and in vitro adhesion on mucin 
of L. acidophilus 08 cells compared with untreated cells (Braschi et al., 
2021). Moreover, the hyperbaric hurdle induced an upregulation of the 
stress response genes groEL and ef-TU (related to adhesion processes), 
conferring a competitive advantage to treated bacteria by increasing 
their resilience in the human gastrointestinal tract. The results obtained 
showed that the cell load reached by S. thermophilus in CTRL 
Squacquerone-like cheese was significantly higher with respect the 
samples in which the L. rhamnosus strain was added, independently of 
HPH treatment. These data, though inconsistent with those of Patrignani 
et al. (Patrignani et al., 2019) for the same type of product but with a 
different probiotic adjunct, showed, in any case, high starter cell loads, 
confirming its ability to reach desirable pH levels that, for this kind of 
product, need to be lower than 5.2. Furthermore, L. rhamnosus FBC was 

Fig. 8. Differential abundances of VOCs (p ≤ 0.05, Mann–Whitney test) for T0 and T6 days of cheese commercial exposure. CTRL: control cheese with starter cultures; 
Lr: cheese with starter cultures and probiotic L. rhamnosus FBC; LrH: cheese with starter cultures and probiotic L. rhamnosus FBC subjected to HPH treatment. T0: 
initial time; T6: after 6 days of commercial exposure at 4 ◦C.
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present at high concentrations in Lr and LrH FPCs, both at the beginning 
and after 6 days of commercial exposure at refrigerated temperature, 
corresponding to the highest point of proteolysis and to the most com
mon conditions encountered by customers when acquiring similar 
products. These results fulfil two of the main criteria for selecting pro
biotic microorganisms to be included in food systems: i) the compati
bility with eventual starter culture during cheese making and ii) the 
maintenance of cell loads of at least 6 log CFU/g throughout product 

shelf life in order to ensure its potential for some beneficial effects on the 
host (Burns et al., 2015).

As various dietary compounds gradually pass through the small in
testine and enter the colon, they can be processed by bacterial com
munities, leading to the synthesis of a diverse array of microbial 
metabolites and producing significant changes in both microbial com
munity composition and metabolite profiles (Liu et al., 2023).

The assays performed here revealed possible correlations between 
taxa such as Megasphaera, Escherichia, Prevotella and Dorea, and metab
olites such as SCFAs, indoles, and medium chain fatty acids (MCFAs), 
when the cheese was fortified with L. rhamnosus FBC.

Our results, in terms of enumeration and modulation of core 
microbiota groups, are also consistent with the evidence that FPC has 
probiotic potential, as it is a substrate that selectively fosters the growth 
of microbes that confer health benefits, such as Bifidobacterium and 
Clostridium IV (Gibson et al., 2017).

Moreover, functional probiotic cheese (FPC) administration in all 
conditions resulted in an increased production of SCFAs, particularly 
butyric acid, which was likely linked to the increase of beneficial bac
teria such as Bifidobacterium and Lactobacillus and which, in turn, may 
result in reduced inflammation and gut barrier damage (Marzorati et al., 
2022).

Microbial fermentation of dietary polysaccharides produces SCFAs, 
and hence gut bacteria, such as Lactobacillus, Proteobacteria, and Bac
teroidetes communities (Dinu et al., 2023; Yousof et al., 2023), may help 
to increase nutrient absorption and metabolism, leading to improve
ments in health and energy balance (Portincasa et al., 2022).

The gut commensals Bacteroides and Prevotella are the main bacteria 
in the gut responsible for breaking down complex polysaccharides and 
releasing carbohydrate-active enzymes, and considered to be the main 
producers of propionate and other SCFAs in the intestine (Flint et al., 
2012; Louis & Flint, 2017; De Filippis et al., 2016). In addition, Mega
sphaera, which was highly enriched after gut bacterial fermentation, 

Fig. 9. Error bar with relative abundance of the top 20 statistically significant pathways (p FDR < 0.05) between BL and EP obtained with the Linear models for 
differential abundance analysis (LINda) method. Color legend: dark green, baseline BL; dark orange, endpoint EP.

Fig. 10. Correlation network analysis between taxa and VOCs. Nodes represent 
the taxa (circles) and the VOCs (square), and an edge between two nodes occurs 
if they exhibit a statistically significant correlation (p ≤ 0.05). The color of the 
network edges indicates positive (red) and negative (blue) correlations.
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could also contribute to the increase in butyrate production (Kamke 
et al., 2016).

Megasphaera, is a lactate-utilizing bacterium in the gut, which was 
found to be particularly increased in EP samples following fermentation 
of probiotic-fortified FPC. This bacterium can convert lactate to propi
onate through the acrylate pathway (Prabhu et al., 2012). Previous 
research indicated that Megasphaera typically converts lactate to buty
rate instead of propionate under certain conditions. However, in the 
current study, higher levels of SCFAs were observed when FPC was 
administered. Therefore, it is hypothesized that the increased presence 
of Megasphaera may contribute to elevated propionate and butyrate 
levels in EP digests (Prabhu et al., 2012; Zhang et al., 2024).

These findings also suggest that L. rhamnosus FBC stimulates lactate 
metabolism, which could be used by Megasphaera, highlighting the 
importance of microbial interactions in the metabolism of complex 
carbohydrates and the production of beneficial metabolites such as 
butyrate (Lopez-Siles et al., 2012; Rios-Covian et al., 2015).

After FPC fermentation in the gut, MCFAs such as hexanoic, octa
tonic and decanoic acid were increased in EP samples. These metabolites 
are also known to have several benefits for the host, including improved 
metabolic health and immune function. MCFAs are generated by colon 
microbiota during chain elongation of intermediate fermentation fibers 
derivatives (Scarborough et al., 2020) or by straight fiber degradation by 
Bifidobacteriaceae (Rivière et al., 2018). Furthermore, Enterobacteri
aceae and Bacteroides spp. can produce MCFAs from lactate 
(Scarborough et al., 2020).

In addition, indole was increased in EP samples after simulated 
digestion of with L. rhamnosus-fortified FBC. Indole has been shown to 
have anti-inflammatory properties through the activation of the aryl 
hydrocarbon receptor (AHR) pathway (Hou et al., 2023). Different 
commensal bacteria catabolize tryptophan by using tryptophanase, 
converting it into indoles and other derivatives (Roager & Licht, 2018). 
It can also modulate immune responses and promote the production of 
antimicrobial peptides in the gut, contributing to the maintenance of gut 
homeostasis (Ye et al., 2022). Additionally, indole has been found to 
have antioxidant and neuroprotective effects (Alexeev et al., 2018; 
Barresi et al., 2024). Consistently, tryptophan metabolism, was pre
dicted to be increased in EP samples following PICRUSt2 analysis of GM 
metataxonomy (Agus et al., 2018).

Indole formation from tryptophan occurs in several Gram-negative 
and Gram-positive bacterial species, including Escherichia coli, Clos
tridium, Bacteroides (Lee & Lee, 2010), Lactobacillus (Cervantes-Barragan 
et al., 2017) and Bifidobacterium (Roager & Licht, 2018). Tryptophan 
metabolism in the gut is therefore an actionable actor from a therapeutic 
perspective, using either molecules targeting a specific pathway or by 
exploiting microorganisms to modulate tryptophan metabolism via 
probiotic administration. Thus, targeting tryptophan metabolism in the 
gut can be a viable therapeutic approach by utilizing molecules that 
target a specific pathway or incorporating probiotics that manipulate 
this metabolic pathway.

PICRUSt2 analysis was used to deepen the investigation into the 
functional activity of the GM, and to overlay the metaxanonomic and 
metabolomic datasets. Particularly, glyoxylate and dicarboxylate 
metabolism is able to catabolize acetate and amino acids for energy 
production (Maniscalco et al., 2017) and may be related to the increase 
of other pathways such as beta-alanine metabolism.

Ascorbate and aldarate metabolism are carbohydrate metabolic 
pathways, which can also aid the body in counteracting diseases. 
Ascorbic acid is a degradation product of vitamin C, which exhibits a 
protective role by counteracting free radicals (Trezzi et al., 2017).

Particularly, a diet rich in nutraceutical ingredients are catabolized 
in the colon by some microorganisms, which alter the composition of the 
GM and affect its ecological composition and functional profile (Cui 
et al., 2024). Gut microbiota could quicken the release and breakdown 
of phenolic compounds that, in turn, affect the pathogen inhibition.

Moreover, alpha linoleinc acid metabolism could be involved in a- 

linolenic acid (ALA) metabolism, which is known to be a metabolite that 
contributes to the differentiation of anti-inflammatory M2-type macro
phages (Ohue-Kitano et al., 2018).

Possibly, these changes in the GM of EP samples may play a role in 
the metabolism of butanoate (butyrate), which could help maintain the 
balance of intestinal epithelial cells and regulate immune tolerance to 
antigens in the intestine (Chang et al., 2014).

The biosynthesis of novobiocin falls under the category of amino
coumarin antibiotics (Steffensky et al., 2000) and has been shown to 
promote gut health by inhibiting the growth of pathogens (Mandler 
et al., 2018; Wang et al., 2022). A notable increase in novobiocin 
biosynthesis function was observed at the end of colonic fermentation. 
Moreover, novobiocin is known for its effectiveness against gram- 
positive bacteria, with a particular affinity for Staphylococcus aureus 
(“Practical Antimicrobial Therapeutics,” 2017).

On the other hand, HPH treatment does not seem to lead to signifi
cantly different ecological and metabolic activities in any of the com
parisons examined. This may be due to strain-dependent responses to 
HPH treatment in relation to simulated gastric acidity (SGA). Indeed, 
some studies have indicated that HPH can enhance the SGA tolerance of 
certain strains, while others have reported no significant effect or even a 
reduction in tolerance. For instance, Lactobacillus paracasei and Lacto
bacillus acidophilus showed greater resistance compared to Lactobacillus 
delbrueckii subsp. lactis following HPH treatment (Tabanelli et al., 2013). 
Furthermore, the enhanced quality of cheeses made with HPH-treated 
L. paracasei cells might also be linked to changes in proteolytic, lipo
lytic, and volatile compound profiles (Burns et al., 2015). However, 
there is no evidence to suggest that this treatment has a direct effect on 
GM composition or function.

Finally, the small number of samples, the use of in vitro models 
missing the intricacy of the human physiology, and microbiota analysis 
based on the 16S rRNA metataxonomy, which has less resolution than 
other approaches such as shotgun metagenomics, could be considered 
the limitations of this study.

5. Conclusions

In conclusion, this study explored the effects of the probiotic strain 
L. rhamnosus FBC on gut microbial ecology and function when incor
porated into cheese under various cell-pretreatment conditions, utilizing 
MICODE-based simulated digestion.

The effects were investigated immediately after cheese 
manufacturing and after 6 days of product refrigerated storage, coin
ciding with both the maximum point of proteolysis and the most com
mon condition encountered by consumers who would buy and consume 
the product if it were on the market.

Our findings indicate that the most significant health benefits 
emerged during the colonic fermentation phase, highlighting the ad
vantages of dietary probiotics over the considered traditional commer
cial exposure. This underscores the critical role of maintaining intestinal 
balance, rather than merely focusing on food shelf life. Understanding 
microbial interactions may lead to novel microbiome-based therapies 
that enhance gut health and address metabolic disorders through 
enjoyable dietary strategies, rather than relying solely on conventional 
probiotic supplements.

Particularly, to realize new probiotic food as a “healthy and good 
tasting product” to promote health starting from the gut to general well- 
being in adults and children.

Further investigation are needed to clarify the mechanisms and 
ecological relevance of these interactions within the human GM. By 
promoting a healthy microbiome via dietary intervention and lifestyle 
adjustments, individuals may enhance their overall health.

In alignment with the One Health approach and the 3Rs principles, as 
stipulated by Directive 2010/63/EU and Regulation (EU) 2019/1010, 
our research contributes valuable preclinical evidence to support 
nutritional interventions, reduce reliance on animal testing, and 
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enhance our understanding of food functionality and safety.
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