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Abstract

Oxidative stress and environmental factors impair spermatogenesis and testicular function.
The gut–testis axis has emerged as an important regulator of male reproductive health,
influencing spermatogenesis beyond traditional endocrine control. This study evaluated
the efficacy of a combination of Carob (Ceratonia siliqua), Bifidobacterium longum GA24, and
ribonucleotides (MIX) on in vitro models of the gut–testis axis (co-culture Caco-2/HSerC
on Transwell® system). At the intestinal level, MIX increased Caco-2 cell viability, improved
tight junction levels, regulated ROS production, and increased butyrate synthesis beyond
physiological values, highlighting improved intestinal barrier function and integrity. In
the gut–testis model, HSerC cells subjected to H2O2 300 µM showed 1.5-fold increased
viability, 81% reduction in ROS, increased ATP (+1.7-fold) and NO (+1.8-fold). The MIX
combination reduced the apoptotic markers BAX (−1.6-fold), caspase-3 (−1.84-fold), and
Cyto-C (−1.52-fold), and the inflammatory mediators TNFα and IL-6. MIX enhanced
Sertoli cell maturation markers, increasing AR by 6-fold, p27 by 1.64-fold, and SGP-2 by
2.5-fold, and modulated hormonal-related markers by increasing testosterone and FSHR
expression. These findings indicate that MIX may positively modulate the gut–testicular
axis, supporting the intestinal barrier, testicular health, and spermatogenesis.

Keywords: gut microbiota; Sertoli cells; nutraceutical approach; Ceratonia siliqua; combined
effect; Transwell® insert; hormonal modulation; gametogenesis

1. Introduction
Male subfertility is a multifactorial condition strongly associated with oxidative stress,

hormonal dysregulation, and lifestyle-related factors, all of which converge on impaired
spermatogenesis and reduced sperm quality [1–3]. Beyond local testicular alterations,
growing evidence indicates that male reproductive function is influenced by systemic
mechanisms, particularly those involving the gut–testis axis, which integrates metabolic,
inflammatory, endocrine, and redox signalling pathways [4–6].

A central component of this axis is the integrity of the intestinal epithelial barrier.
Alterations in gut homeostasis increase intestinal permeability, promoting the systemic
translocation of bacterial endotoxins such as lipopolysaccharides (LPSs) and triggering
chronic low-grade inflammation [4]. This inflammatory milieu is closely associated with
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excessive production of reactive oxygen species (ROS), which represent a major pathogenic
factor in male infertility. Elevated ROS levels have been shown to impair mitochondrial
function, induce lipid peroxidation, and cause DNA damage in germ cells, ultimately com-
promising sperm quality and viability [7,8]. Oxidative stress also directly interferes with
hormonal signalling and Sertoli cell function. Excessive ROS and inflammatory cytokines,
such as tumour necrosis factor alpha (TNF-α), interleukin 6 (IL-6), and interleukin 1 beta
(IL-1β), negatively affect follicle-stimulating hormone receptor (FSHR) expression and
signalling, a key regulator of Sertoli cell metabolism and germ cell development [9–11]. Dis-
ruption of FSHR-mediated signalling perturbs the expression of key downstream regulators
of spermatogenic progression. This includes the androgen receptor (AR), which is critical
for Sertoli cell maturation and support of germ cell development; secreted glycoprotein-2
(SGP-2), a major Sertoli cell secretory protein involved in the seminiferous tubular microen-
vironment; and cell cycle regulators such as p27, which coordinate germ cell proliferation
and differentiation [12]. Impairment of these pathways disrupts the coordination of germ
cell development and can compromise overall spermatogenic efficiency [13]. In parallel,
oxidative and inflammatory stress activate apoptotic pathways within the testicular mi-
croenvironment. Increased expression of pro-apoptotic markers, such as Bcl-2-associated
X protein (BAX), has been associated with Sertoli cell dysfunction, breakdown of the
blood–testis barrier, and loss of germ cells, thereby contributing to reduced spermatogenic
efficiency. Therefore, maintaining redox balance and hormonal responsiveness at the Sertoli
cell level is a critical target for preserving male reproductive health [14].

Within this mechanistic framework, nutraceutical strategies aimed at modulat-
ing oxidative stress, hormonal signalling, and epithelial–testicular interactions have
gained increasing interest as complementary approaches for the management of male
subfertility [2,15]. Ceratonia siliqua (Carob) is a plant-derived compound with documented
antioxidant and bioactive properties. Experimental evidence indicates that carob ex-
tract can modulate cyclic adenosine monophosphate (AMP) production and key en-
zymes involved in testicular steroidogenesis, leading to improvements in testosterone
levels and sperm quality, and suggesting a protective role against ROS-mediated and
hormone-related dysfunctions [15–18].

In addition, probiotics have emerged as important regulators of intestinal homeostasis
and epithelial barrier integrity. By stabilising gut microbiota composition and limiting
inflammatory signalling, probiotics indirectly contribute to the control of systemic oxidative
stress and endocrine disruption [19–21]. Alterations in the male microbiota have been
associated with impaired sperm parameters and changes in testicular function, while
specific strains, such as Bifidobacterium longum, have been shown to reduce testicular
inflammation and improve sperm quality [22–24]. These effects support a functional link
between gut microbial balance, redox control, and Sertoli cell-dependent spermatogenesis.

Ribonucleotides further complement this approach as semi-essential nutrients required
for cellular proliferation, tissue repair, and metabolic adaptation under stress conditions.
Given the limited capacity of intestinal epithelial and testicular cells for de novo nu-
cleotide synthesis, exogenous ribonucleotides may support epithelial integrity and cellular
homeostasis, indirectly sustaining hormonal and redox-sensitive pathways within the
gut–testis axis [25,26].

Based on the scientific evidence provided, our study aims to investigate an innovative
combination of Carob, B. longum, and a ribonucleotide mixture (Ribomix). Using an in vitro
three-dimensional co-culture model of the gut–testis axis (Caco-2/HSerC), we aimed to
evaluate the effects of this formulation on intestinal epithelial function, oxidative stress
modulation, hormonal signalling, particularly FSHR-related pathways, and key Sertoli
cell markers involved in apoptosis, differentiation, and cell cycle regulation (BAX, AR,
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SGP-2, and p27). This targeted, mechanistic approach enables a direct link between the
existing literature and the hypotheses tested in the present study, providing a preliminary
biologically coherent framework for the prevention and management of male subfertility.

2. Materials and Methods
2.1. Preparation of Substances

B. longum (hereinafter B. longum GA24), donated by Probionova SA (Lugano, Switzer-
land), Ribomix (consisting of a mixture of 5′-natural nucleotides obtained by enzymatic
hydrolysis of yeast, including 5′-AMP.Na2, 5′-CMP.Na2, 5′-UMP.Na2, 5′-GMP.Na2, and nu-
cleosides; donated by Prosol Spa, Madone, BG, Italy), and Carob seeds extract 4:1 (donated
by Nutra Futura Srl, Legnano, MI, Italy; see Table 1) were prepared freshly before use.

Table 1. Bioactive composition of Ceratonia siliqua L. seed extract used in the study.

Extract Extract
Solvent Composition % g/100 g of

Content Method Origin

Ceratonia
siliqua Water–Ethanol

Total
polyphenols 19.8% Folin–Ciocalteu

Seeds
Gallotannins 9.6% Folin–Denis

Total flavonoids 3.5% AlCl3
colorimetric

Flavan-3-ols 2.0% HPLC-DAD
Gallic acid
derivatives 2.4% HPLC-DAD

Procyanidins 1.3% HPLC-MS

B. longum GA24 was supplied in lyophilised form and freshly reconstituted imme-
diately before use following the manufacturer’s instructions to ensure bacterial viability
at the time of application. B. longum GA24 was intentionally used as a live probiotic, not
as a heat-killed bacterium or postbiotic material. The evaluated doses for the probiotic
under consideration correspond to concentrations of colony-forming units (CFUs) of about
1 × 109, 2 × 109, and 3 × 109 CFUs, respectively, for the dosages 10 mg, 20 mg, and 30 mg.
CFU equivalents were determined using ISO 4833-1:2013 [27,28] plate counting protocols,
and manufacturer-validated CFU/millilitre ratios were used; specific cells of the viable
bacterial strain were found per milligram of powder. Following this protocol, viability
was confirmed under both antibiotic-containing and antibiotic-free conditions, showing no
significant differences in CFU counts, thus supporting the use of live B. longum GA24 in all
experimental settings. Therefore, antibiotics were also maintained to prevent contamination
during all culture experiments.

A dose–response study was also conducted to evaluate various concentrations of
selected extracts, informed by the scientific literature and similar previous studies [25,29,30]
for each material under investigation using the intestinal cellular model. In detail: for the
Carob extract, concentrations of 5 µg/mL, 20 µg/mL, and 50 µg/mL were examined; for
Ribomix, concentrations ranging from 1% to 100% were used; and for B. longum GA24, we
studied dosages of 10 mg, 20 mg, and 30 mg. The mixture, Ribomix, was applied at the
final concentrations described above, w/v relative to the stock solution. The concentration
of 100% corresponds to the undiluted stock solution.

For each test, performed in triplicate, samples were diluted in culture medium before
use in DMEM without phenol red (Merck Life Science, Rome, Italy) supplemented with
0% FBS, 50 IU/mL penicillin–streptomycin (Merck Life Science, Rome, Italy), and 2 mM
L-glutamine solution (Merck Life Science, Rome, Italy). In a similar manner, hydrogen
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peroxide (H2O2, Merck Life Science, Rome, Italy) was also added to the same medium as
the other agents under consideration, at a final concentration of 300 µM.

For all ELISA assays, cells were incubated in serum-free DMEM to avoid interference
from serum-derived proteins and hormones. Matrix controls (medium only, with or without
residual additives) were included for each assay to correct for background signal.

2.2. Cell Cultures

The human intestinal epithelial cell line Caco-2, purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA), was also used as an in vitro model to
predict intestinal absorption following oral administration [31]. This cell line was cul-
tured in Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 Ham (DMEM-F12, Merck
Life Science, Rome, Italy) containing 10% FBS (Merck Life Science, Rome, Italy), 2 mM
L-glutamine, and 1% penicillin–streptomycin (Merck Life Science, Rome, Italy) and main-
tained at 37 ◦C in a humidified incubator with 5% CO2 [32]. Paracellular permeability and
transport properties were balanced using cells at passage numbers 26–32 [33]. For cell
viability and ROS assays, 1 × 104 Caco-2 cells were seeded in 96-well multi-wells. Cells
were synchronised for 8 h in phenol red-free DMEM supplemented with 0.5% FBS, 2 mM
L-glutamine, and 1% penicillin–streptomycin at 37 ◦C, using a density of 2 × 104 cells per
6.5 mm (Corning® Costar®, Merck Life Science, Rome, Italy) of polycarbonate membrane
insert with a 0.4 µm pore size (Corning® Costar®, Merck Life Science, Rome, Italy) in a
24-well plate for intestinal uptake analysis [32].

Primary human Sertoli cells (HSerC, ScienCell Research Laboratories, Carlsbad, CA,
USA) were cultured in poly-L-lysine-coated flasks using SerCM medium (ScienCell Re-
search Laboratories, Carlsbad, CA, USA) supplemented with 1% SerCGS (ScienCell Re-
search Laboratories, Carlsbad, CA, USA), 5% FBS, and 1% penicillin–streptomycin accord-
ing to the manufacturer’s instructions. Cells were maintained in an incubator at 37 ◦C
and 5% CO2 [34,35]. Cells were used from passage 4 to passage 6. For all the analyses,
1 × 105 cells were seeded in a 24-well poly-lysine multiwell and were subsequently co-
cultured with Caco-2 cells using a Transwell® system (Corning Inc., Corning, NY, USA)
(see Section 2.12).

2.3. Experimental Protocol

The experimental design was structured to investigate the intestinal absorption and
biological effects of the tested formulation within the gut–testis axis. To this end, the study
was divided into three sequential experimental phases.

The first experimental phase consisted of a dose–response study at the intestinal level
to identify the optimal concentration for each of the three individual agents. Caco-2 cells
were exposed to each compound for 1–6 h, and cell viability was evaluated using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Based on these
results, the optimal concentrations of the individual agents were combined to generate the
final formulation (MIX or Probiofert Uomo), which was subsequently tested and compared
with the single compounds in the following experimental phases.

The second step aimed to analyse bioavailability, integrity, and permeability through
the intestinal tract by using a 3D barrier model validated in the literature with Caco-2
cells on the Transwell® system [31]. Caco-2 monolayers were treated with carob extract,
Ribomix, B. longum GA24, or the MIX formulation for 1–6 h. Cell viability and safety
were assessed using the MTT assay, while intracellular ROS production was measured
using a cytochrome C (Cyto-C) colourimetric method. Additionally, integrative analyses
were performed to investigate intestinal antioxidant mechanisms, including nuclear factor
erythroid 2-related factor 2 (Nrf2) activation and superoxide dismutase 1 (SOD1) expression,
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as reported in Appendix A. Intestinal barrier function and integrity were monitored by
measuring transepithelial electrical resistance (TEER) using a volt–ohm metre (EVOM3™;
World Precision Instruments, Sarasota, FL, USA). In parallel, tight junction (TJ) protein
expression was quantified by ELISA, including occludin, claudin-1, and zonula occludens-1
(ZO-1). Additionally, levels of a lipid metabolite relevant to intestinal barrier function,
butyric acid, were analysed following treatment, along with the evaluation of probiotic
adherence to the intestinal epithelium, as reported in Appendix A.

The third experimental phase recreated an in vitro gut–testis axis by co-culturing
Caco-2 cells in the apical compartment and primary human Sertoli cells (HSerC) in the
basolateral compartment of a Transwell® system, allowing direct communication between
the two cell types. To model oxidative stress, HSerC cells were pretreated with 300 µM
H2O2 for 24 h, inducing controlled oxidative stress while preserving cell viability [36].
After this priming period, cells were transferred via Transwell® inserts into co-culture with
intestinal cells. Immediately before co-culture, the medium was refreshed to minimise
any residual H2O2, ensuring that the observed effects resulted from pre-induced oxidative
stress rather than ongoing direct exposure [36,37]. Following a 24 h treatment with the test
samples, biological effects at the testicular level were evaluated, including cell viability,
adenosine triphosphate (ATP) levels, nitric oxide (NO) production, and intracellular ROS.
The inflammatory profile was assessed by quantifying TNFα and IL-6 using ELISA, while
the apoptotic process was evaluated through ELISA detection of BAX and Caspase 3 and
confirmed by Cyto-C measurements. Markers of spermatogenesis and Sertoli cell function
were analysed by measuring the expression of AR, p27, and SGP-2. Hormonal signalling
was evaluated by measuring FSHR levels using both ELISA and Western blot analysis, and
also testosterone analysis (ELISA kit; Abcam, Cambridge, UK).

2.4. MTT Viability

Cell viability analysis was performed with a classical technique based on the MTT In
Vitro Toxicology Test Kit (Merck Life Science, Rome, Italy) [38,39], following the manufac-
turer’s instructions. At the end of treatment, cells were incubated with 1% MTT dye for
2 h in an incubator at 37 ◦C, 5% CO2, and 95% humidity. Purple formazan crystals were
dissolved in an equal volume of MTT Solubilization Solution. Cell viability was determined
by measuring absorbance at 570 nm with correction at 690 nm using a spectrophotometer
(Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland) and calculated by comparing
results to untreated control cells (baseline 0%). The findings, expressed as the mean ± SD
(%) and based on five separate tests, each carried out in triplicate, are compared with the
untreated control value (0% line).

2.5. In Vitro Model of the Intestinal Barrier

An in vitro intestinal barrier model was created using the Transwell® system, fol-
lowing a standard protocol reported in the literature [40] and approved by the European
Medicines Agency (EMA) and the Food and Drug Administration (FDA) to estimate
the absorption, metabolism, cellular response, and transepithelial interaction potential
of different substances after oral intake in humans [41,42]. Briefly, Caco-2 cells, plated
as described above, were maintained in complete culture medium, changing it every
other day on the basal and apical sides for 21 days before simulations [40]. Throughout
the maturation period, TEER values were measured using the EVOM3™ with STX2 rod
electrodes (World Precision Instruments, Sarasota, FL, USA) to assess the formation of a
mature intestinal epithelium and a proper paracellular barrier. On day 21, when TEER
values were ≥400 Ω·cm2 [43,44], uptake analysis began [44]. Before stimulation, the cul-
ture medium on the apical side was adjusted to pH 6.5, the pH of the lumen of the small
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intestine, while pH 7.4 on the basolateral side represented blood [31]. Under these condi-
tions, test substances were added to the apical environment in a time-dependent study
(1 to 6 h). At each time point, intestinal uptake was assessed using 0.04% fluorescein (Merck
Life Science, Rome, Italy), a marker dye used to assess transepithelial transport [44]. The
amount of fluorescein transported was measured at 37 ◦C for 40 min by incubating Caco-2
cells at the above concentration (apical pH, 6.0; basolateral pH, 7.4). Fluorescence was
detected with a fluorescence spectrophotometer (Infinite 200 Pro MPlex, Tecan, Männedorf,
Switzerland) at excitation/emission wavelengths of 490/514 nm. Cells were stimulated
with all substances from 1 h to 6 h before subsequent analyses, including the permeability
assay. The following formula determines the permeation rate:

Jmax [C]/(Kt + [C])

Jmax: the maximum permeation rate. [C]: the initial concentration of fluorescein. Kt: the
Michaelis–Menten constant.

Results are shown as mean ± SD (%), including negative controls without cells to
eliminate effects of the Transwell® membrane.

2.6. ROS Production

Quantification of superoxide anion release was obtained following a standard protocol
based on Cyto-C reduction [39] in culture supernatants at 550 nm (Infinite 200 Pro MPlex,
Tecan, Männedorf, Switzerland). Specifically, 100 µL Cyto-C (Merck, Milan, Italy) was
added to all wells, and 100 µL superoxide dismutase (Merck, Milan, Italy) and 100 µL
Cyto-C were added to the empty wells; the plate was then incubated for 30 min. Subse-
quently, 100 µL was taken from each well to measure the absorbance. The O2 rate was
expressed as the mean ± SD (%) of nanomoles of reduced Cyto-C per microgram of protein,
compared with the untreated control value (0% line).

2.7. TJ ELISA Kit

Tight junction proteins were assessed using Caco-2 cell lysates. The Human Occludin
(OCLN) ELISA Kit (MyBiosource, San Diego, CA, USA) was used to test occludin levels,
and the ELISA Kit from Cusabio Technology LLC (Houston, TX, USA) was used to quantify
claudin-1. The Human Tight Junction Protein 1 (TJP1) ELISA Kit (MyBiosource, San
Diego, CA, USA) was used to measure Zonula Occludens-1 (Zo-1) levels according to the
manufacturer’s instructions. Protein concentrations were determined by interpolation from
standard curves ranging from 0 to 1500 pg/mL for occludin and 0 to 1000 pg/mL for
claudin-1 and Zo-1. Absorbance was measured at 450 nm using a Tecan spectrophotometer
(Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland). The findings, expressed as the
mean ± SD (%) and based on five separate tests, each carried out in triplicate, are compared
with the untreated control value (0% line).

2.8. Butyric Acid Quantification

Butyric acid levels in the basolateral chamber of the Caco-2 cells in the Transwell®

system were determined using an ELISA kit (Cloud-Clone, Wuhan, China) according to
the manufacturer’s instructions [45]. After adding the stop solution, absorbance was read
at 450 nm with an Infinite 200 Pro MPlex plate reader (Tecan, Männedorf, Switzerland).
Concentrations were calculated from a standard curve ranging from 0 to 10,000 pg/mL.
Data are reported as the mean ± SD (pg/mL) from five independent experiments, each
performed in triplicate.
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2.9. Probiotic Surface Hydrophobicity

Surface hydrophobicity was assessed following established protocols [46]. Probiotic
suspensions (4 mL) were mixed with xylene (0.4 mL) and incubated for 15 min to allow
phase separation, with phosphate-buffered saline (PBS) as a negative control. The ab-
sorbance of the aqueous phase and the control was measured at 600 nm. Each condition
was tested in triplicate for ten samples, and hydrophobicity was calculated using the
standard formula.

Surface hydrophobicity =
OD600(control)− OD600(test)

OD600(control)
× 100%

OD600 (control): The absorption value of the control. OD600 (test): The absorption value
of the sample.

Data reported in Appendix A were represented as ± SD (%) compared with the
untreated control value (0% line).

2.10. Nrf2 Production

Nrf2 levels in Caco-2 cell lysates were quantified using the NRF2 Quantification ELISA
kit (MyBioSource, San Diego, CA, USA), according to the manufacturer’s instructions.
Samples (100 µL) were incubated in 96-well plates at 37 ◦C, then sequentially incubated
with detection solutions A and B. After substrate development in the dark, the reaction
was stopped, and absorbance was measured at 450 nm using a microplate reader (Infinite
200 Pro-MPlex, Tecan, Männedorf, Switzerland). Nrf2 concentrations were calculated from
a standard curve (0–25 ng/mL). Results were expressed as mean ± SD (%) versus control
(line 0%) of five independent experiments performed in triplicate.

2.11. SOD Production

In Caco-2 cell lysates, superoxide dismutase (SOD) levels were quantified using a
commercial Superoxide Dismutase Assay Kit (Cayman Chemical, Tallinn, Estonia), in accor-
dance with the manufacturer’s protocol [39]. SOD activity was calculated from a standard
calibration curve ranging from 0.005 to 0.05 U/mL. Absorbance values were recorded at
440–460 nm using a microplate reader (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzer-
land). Data were expressed as percentage variation relative to untreated control cells
(baseline set to 0%) and represent the mean ± SD of five independent experiments per-
formed in triplicate.

2.12. In Vitro Gut–Testis Axis Model

HSerC cells, 1 × 105, were seeded onto 24-well poly-lysine-coated plates two days
before the completion of gut cell maturation and maintained at 37 ◦C until a monolayer
formed. Meanwhile, 2 × 104 Caco-2 cells were cultured on 6.5 mm Transwell® inserts
with a 0.4 µm pore size polycarbonate membrane (Corning® Costar®, Merck Life Science,
Rome, Italy). After a two-day maturation period, the Transwell® insert containing the
Caco-2 monolayer was placed into the well with the Sertoli cell monolayer, establishing a
gut–testis axis by functionally connecting the intestinal and testicular compartments for
subsequent treatments.

2.13. ATP Production

At the end of each stimulation, HSerC cells of the gut–testis axis model were imme-
diately treated with the components of the ATP assay kit (Calbiochem, San Diego, USA)
according to the manufacturer’s instructions [47]. Luminescence was measured within 1
min after the addition of the ATP-monitoring enzyme in an Infinite 200 Pro MPlex reader
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(Tecan, Männedorf, Switzerland). Luminescence was calculated as % µmol of ATP/g
protein and reported as mean ± SD of nanomol (nmol) per well of five independent
experiments performed in triplicate versus untreated control (line 0%).

2.14. Nitric Oxide Production

Nitric oxide (NO) production was assessed by indirect measurement of nitrite con-
centration on HSerC cells of the gut–testis axis model using the Griess assay (Promega
Corporation, Madison, WI, USA) according to the manufacturer’s instructions, as previ-
ously described [48]. Absorbance was measured with a microplate reader (Infinite 200 Pro
MPlex, Tecan, Männedorf, Switzerland) at 550 nm. Standard nitrite dilutions in the range
of 100–3125 µM (2-fold serial dilution) were used to calibrate the assay. Results from five
independent experiments, performed in triplicate, are presented as the mean ± SD (%) of
viable cells relative to the untreated control (line 0%).

2.15. BAX ELISA KIT

BAX levels were determined on HSerC cells of the gut–testis axis model using an
ELISA kit (Human Bax ELISA Kit, MyBiosource, San Diego, CA, USA) according to the
manufacturer’s instructions [49]. The absorbance of the samples was measured at 450 nm
with a spectrophotometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland). The
results were compared with the standard curve (range 0 to 2000 pg/mL) and expressed as
mean ± SD (%) normalised to the untreated control value (line 0%).

2.16. Caspase 3 ELISA Kit

Caspase 3 levels were studied in HSerC cell lysates of the gut–testis axis model using
an ELISA kit (Caspase 3 (Cleaved) Human ELISA Kit, Thermoscientific, Waltham, MA,
USA), according to the manufacturer’s instructions [50], by reading the absorbance of
the sample at 450 nm with a spectrometer (Infinite 200 Pro MPlex, Tecan, Männedorf,
Switzerland). The data were obtained by comparison with a standard curve (0.039 to
2.5 ng/mL), and the results were expressed as the mean ± SD (%) relative to the untreated
control value (line 0%).

2.17. Cytochrome C (Cyto-C) ELISA Kit

The HSerC cell lysates of the gut–testis axis model were used to analyse Cyto-C levels
using an ELISA kit (Cyto-C Human ELISA Kit, Thermoscientific, Waltham, MA, USA),
according to the manufacturer’s instructions [51], by reading the absorbance of the sample
at 450 nm with a spectrometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland).
The data were obtained by comparison with a standard curve (0.078 to 5 ng/mL), and the
results were expressed as mean ± SD (%) versus the untreated control value (line 0%).

2.18. TNF-α ELISA Kit

The concentration of TNF-α was evaluated using the TNFα ELISA kit (Merck Life
Science, Rome, Italy), following the experimental protocol [52] on HSerC supernatant of the
gut–testis axis model. Colourimetric intensity was measured at 450 nm by a spectropho-
tometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland). Data were calculated
by generating a calibration curve (range 24.58 pg/mL to 6000 pg/mL) that relates the
optical density of the sample to the concentration of the standards. Results were expressed
as mean ± SD (%) versus control (line 0%) of five independent experiments performed
in triplicate.
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2.19. IL-6 ELISA Kit

The concentration of IL-6 in the supernatant of HSerC cells of the gut–testis axis model
was analysed using the IL-6 ELISA kit (eBioscience, San Diego, CA, USA), following the
manufacturer’s instructions [30]. The maximum wavelength of absorption at 450 nm was
measured with a spectrometer (Infinite 200 Pro MPlex, Tecan, Männedorf, Switzerland), the
concentration was calculated as pg/mL relative to the standard curve (0.078 to 5 pg/mL),
and the results were expressed as mean ± SD (%) relative to the control (line 0%) of five
independent experiments performed in triplicate.

2.20. Androgen Receptor (AR) ELISA Kit

To estimate the AR concentration in HSerC cell lysates of the gut–testis axis model,
the Human AR ELISA Kit (MyBiosources, San Diego, CA, USA) was employed, according
to the manufacturer’s instructions [53], this to investigate its key regulation of androgen-
mediated cellular responses [54]. Lysates were obtained with cold PBS 1×. Briefly, 100 µL
was incubated for 1 h at 37 ◦C, then 100 µL of Detection Reagent A was added and incubated
for 1 h at 37 ◦C. After washing, 100 µL of Detection Reagent B was added and incubated
for 30 min at 37 ◦C. Then, after washing, 90 µL of substrate solution was incubated for
10–20 min at 37 ◦C, and after adding 50 µL of stop solution, the optical density (OD)
was measured at 450 nm with a spectrometer. The AR concentrations (ng/mL) were
calculated from a standard curve (0.312 to 20 ng/mL), and the results were expressed
as the mean ± SD (%) relative to the control (line 0%) of five independent experiments
performed in triplicate.

2.21. P27 ELISA Kit

The p27 ELISA Kit was used to evaluate the presence of p27 in the sample analysed
for HSerC cell lysates from the gut–testis axis model according to the manufacturer’s
instructions (Bio-Techne SRL, Milan, Italy) [55]. The concentration was calculated by
comparing the results with the standard curve (generated from the positive control) (from
62.50 to 4000 pg/mL according to different scalar dilutions) and reported as mean ± SD (%)
versus control (line 0%) of five independent experiments performed in triplicate.

2.22. SGP2 ELISA Kit

SGP2 clusterin levels were studied in the supernatant of HSerC cells of the gut–
testis axis model using an ELISA kit (Clusterin Human ELISA Kit, Thermoscientific,
Waltham, MA, USA), according to the manufacturer’s instructions [56], by reading the
absorbance of the sample at 450 nm with a spectrometer (Infinite 200 Pro MPlex, Tecan,
Männedorf, Switzerland). The data were obtained by comparison with a standard curve
(15 to 20,000 pg/mL), and the results were expressed as the mean ± SD (%) relative to the
control value (line 0%) of five independent experiments performed in triplicate.

2.23. Testosterone ELISA Kit

The Testosterone ELISA Kit was used to analyse the amount of testosterone in HSerC
cell supernatants of the gut–testis axis model, following the manufacturer’s instructions
(Abcam, Cambridge, UK) [57]. The concentration was calculated by comparing the results
with the standard curve (generated from the positive control) (from 0.2 to 16 ng/mL across
different scalar dilutions) and reported as mean ± SD (%) versus the control (line 0%) of
five independent experiments performed in triplicate.

2.24. FSHR ELISA Kit

The concentration of Follicle Stimulating Hormone Receptor (FSHR) was evaluated
using a Human FSHR ELISA kit (Cloud-Clone Corp., Houston, TX, USA) and was measured
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at 450 nm using a microplate reader. Data were calculated by generating a calibration
curve (range 0.312 ng/mL to 20 ng/mL) relating the optical density of the samples to the
concentration of the standards. Results were expressed as mean ± SD (%) versus control
(line 0%) of five independent experiments performed in triplicate.

2.25. Western Blot

HSerC cells were lysed on ice using Complete Tablet Buffer (Roche, Basel, Switzerland)
supplemented with 1 mM PMSF, 2 mM sodium orthovanadate (Na3VO4), a 1:50 dilution of
phosphatase inhibitor cocktail, and a 1:200 dilution of protease inhibitor cocktail. Protein
extracts (35 µg) were separated by 10% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes
(GE Healthcare Europe GmbH, Milan, Italy). Membranes were incubated overnight at
4 ◦C with anti-FSHR primary antibody (sc-13935, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) diluted 1:500. Protein loading was confirmed using an anti-β-actin antibody
(1:4000; Merck Life Science, Rome, Italy). Results are expressed as mean ± SD (%) relative
to untreated controls.

2.26. Statistical Analysis

Data were provided as mean ± SD (%) for at least 5 biological replicates per experi-
mental technique, with each replicate repeated 3 times. Only for Western blot analyses, data
are presented as mean ± SD from at least three experiments. By dividing each value by the
control mean and averaging across three replicates per sample, the data were normalised to
the control. To facilitate interpretation of differences between treatment groups, the results
were presented as percentage-normalised values, with the control set to 0%. The mean
optical density (OD) of each treated sample (three replicates) was divided by the mean
OD of the untreated control, which served as the standard and was prepared from cells
in culture media. The resulting ratios were multiplied by 100 and then subtracted from
1 (the normalised control value) using the previously mentioned procedure to determine
the percentage departure from the control.

% variation = (
mean OD treated
mean OD control

− 1)× 100

To ease standardisation and analyse treatment effects on viability and metabolic activ-
ity across datasets, we set the untreated control to 0%. GraphPad Prism 10.2.3 (GraphPad
Software, Inc., San Diego, CA, USA) employed the Mann–Whitney U test or one-way
ANOVA with Bonferroni’s post hoc to compare groups. TEER and viability data were
analysed independently using a one-way ANOVA and Tukey’s post hoc test. A p < 0.05
was deemed statistically significant.

3. Results
3.1. Safety Assessment of Various Concentrations of Carob, B. longum GA24, and Ribomix on
Caco-2 Cells

To select the optimal concentration associated with good health and cell viability,
detailed assessments of the test substances’ tolerability in the intestinal in vitro model
were conducted early in the study. Carob extract significantly improved cell viability
compared to the control, as shown in Figure 1 (p < 0.05), with a peak at 4 h of over 60%;
the most favourable results were seen following stimulation with the highest specified
concentration, 50 µg/mL, in comparison to the other concentrations (p < 0.05). As for the
ribonucleotide mixture, Ribomix increased cell viability at all tested dosages, with a more
pronounced effect at 1% (p < 0.05), peaking at 4 h at around 30%. Finally, B. longum GA24

https://doi.org/10.3390/nutraceuticals6010019

https://doi.org/10.3390/nutraceuticals6010019


Nutraceuticals 2026, 6, 19 11 of 29

10 mg increased cell viability compared to the other concentrations tested (p < 0.05). These
data provided crucial and baseline information for subsequent examinations, in which a
new formulation was hypothesised, based on the combination of these substances: Carob
50 µg/mL + Ribomix 1% + B. longum 10 mg (referred to as MIX).

Figure 1. Dose–response study on Caco-2 cells. In (A–C) analysis of cell viability of single agents at
different concentrations and dosages. Results are expressed as mean ± SD (%) of 5 normalised biolog-
ical replicates performed in triplicate vs. untreated control (0% line). All samples p < 0.05 vs. control.
B. longum GA24 10 mg: ~1 × 109 CFU/mL; 20 mg: ~2 × 109 CFU/mL; 30 mg: ~3 × 109 CFU/mL
per insert.

3.2. Evaluation of Integrity Condition and Absorption Kinetics in an In Vitro Intestinal
Barrier Model

Fundamental evaluations of the real safety of the hypothetical MIX were conducted at
the level of the Transwell® in vitro intestinal barrier model. The effects of separate agents
against MIX on cell viability and ROS generation during the 1–6 h period were compared.
In Figure 2A, viability increased gradually with MIX treatment, peaking at 4 h and then
declining somewhat after 6 h, although it remained consistently higher than responses
seen with individual agents (p < 0.05). The variation in superoxide anion (O2•−) release is
shown in Figure 2B. All treatments induced time-dependent changes in O2•− levels. While
individual components generally showed a gradual increase in O2•− release over time
relative to the untreated control, MIX displayed a distinct profile, with superoxide levels
decreasing below baseline at 5–6 h. These differences were statistically significant (p < 0.05)
at the indicated time points compared to all single treatments. Integrative analyses of
Nrf2 and SOD modulation were conducted and are reported in Appendix A (Figure A1).
The MIX treatment decreased Nrf2 production at 6 h (−12.1%), showing a 2.4–2.7-fold
greater reduction than Carob 50 µg/mL and B. longum GA24 10 mg (~1 × 109 CFU/mL),
and an 8-fold greater decrease than Ribomix 1%. Similarly, MIX reduced SOD production
(−5.4%) with a 2.7–4.3-fold stronger effect than Carob 50 µg/mL and B. longum GA24
10 mg (~1 × 109 CFU/mL), and nearly 4-fold more than Ribomix 1%.

The samples were then subjected to additional thorough studies to ensure that the
integrity and permeability functionality were maintained during the 1–6 h period. The
samples, individually and in combination, were examined using a 3D in vitro intestinal
barrier model. Throughout the investigation, MIX was shown to exert greater effects on
individual component integrity (p < 0.05), with a peak in TEER occurring 4 h after stimu-
lation, as assessed using certain ELISA kits (Figure 3B–D). Compared with single agents,
MIX increased all TJ levels (p < 0.05). In detail, MIX increased claudin levels (577 pg/mL)
by 28% (451 pg/mL) in relation to the control, 17% (494 pg/mL) over Carob 50 µg/mL, 6%
(546 pg/mL) when compared to B. longum GA24 10 mg (~1 × 109 CFU/mL), and 19.3%
(484 pg/mL) when compared to Ribomix 1% (p < 0.05). Compared with the individual
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agents, MIX was shown to increase occludin levels (562 pg/mL; p < 0.05). Occludin levels
were specifically elevated by 28% (439 pg/mL) over control, 12% (489 pg/mL) over Carob
50 µg/mL, 21% (531 pg/mL) over B. longum GA24 10 mg, and 9.5% (479 pg/mL) over Ri-
bomix 1%. Zo-1 levels were improved by MIX (510 pg/mL) when compared to single drugs
(p < 0.05). It raised Zo-1 levels by 16% (438 pg/mL) over control, 11% (460 pg/mL) over
Carob 50 µg/mL, 5% (486 pg/mL) over B. longum GA24 10 mg (~1 × 109 CFU/mL), and
16% (456 pg/mL) over Ribomix 1%. Additional analyses were performed to evaluate the
adhesive properties of the probiotic under investigation. Specifically, the hydrophobicity
assay described in Appendix A (Figure A2) confirmed that B. longum GA24 10 mg exhibits
a high degree of cell surface hydrophobicity. The MIX formulation further increased the
hydrophobicity of B. longum GA24 10 mg (~1 × 109 CFU/mL) compared with the probiotic
alone (34% increase, p < 0.05).

Figure 2. Effects of individual agents and their combination (MIX) on cell viability and ROS pro-
duction in a Transwell® intestinal barrier model. In (A), data obtained on cell viability after the
MTT assay. In (B), data on ROS production by the colourimetric method with Cyto-C. Results are
expressed as mean ± SD (%) of 5 biological replicates performed in triplicate vs. untreated con-
trol (0% line). * p < 0.05 vs. control; α p < 0.05 vs. Carob 50 µg/mL; β p < 0.05 vs. Ribomix 1%;
γ p < 0.05 vs. B. longum GA24 10 mg (~1 × 109 CFU/mL) per insert.

Using a fluorescent probe, absorption of the substances was measured over time along
the intestinal epithelial barrier model (Figure 3E). Both individual agents and the MIX
formulation showed comparable absorption rates, with a peak at approximately 4 h. The
absorption rate of MIX in the presence of B. longum GA24 10 mg (~1 × 109 CFU/mL) was
higher than that of the individual agents (p < 0.05), reaching 35.50% after 4 h, representing
a 59% increase compared to Carob 50 µg/mL and a 64% increase compared to Ribomix 1%.
Finally, butyrate levels were quantified at the end of the 6 h stimulation phase, capturing
cumulative production by both epithelial cells and viable bacteria, as well as the combina-
tion (Figure 3F). MIX increased butyrate levels compared with the individual agents and B.
longum GA24 (p < 0.05).
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Figure 3. Analysis of the effects of samples on intestinal barrier function in an in vitro model of in-
testinal barrier. In (A), TEER analysis was performed using EVOM3™; in (B–D), TJ quantification was
assessed by an ELISA Kit; in (E), absorption rate was examined by a fluorescent probe; in (F), butyric
acid quantification was assessed by an ELISA Kit. Results are expressed as mean ± SD (%). Results
are expressed as mean ± SD (%) of 5 biological replicates performed in triplicate vs. untreated control
(0% line only in (B–E)). * p < 0.05 vs. control; α p < 0.05 vs. Carob 50 µg/mL; β p < 0.05 vs. B. longum
GA24 10 mg (~1 × 109 CFU/mL per insert); γ p < 0.05 vs. Ribomix 1%.

3.3. Analysis of the Biological Effects of Formulation on a Gut-Testicle Axis

The biological effects of the treatments on HSerC cells were evaluated using a 3D
in vitro gut–testis axis model in a Transwell®. HSerC cells were pretreated with 300 µM
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H2O2 for 24 h to induce oxidative stress and then exposed in a co-culture model to
50 µg/mL Carob, 1% Ribomix, 10 mg B. longum GA24 (~1 × 109 CFU/mL), or the MIX
formulation. Pretreatment with 300 µM H2O2 disrupted the ROS/NO ratio and decreased
cell viability and ATP generation, with significant results when compared to the untreated
control (p < 0.05). Figure 4A shows the effects of the treatments on HSerC viability after
24 h, indicating a beneficial impact of the samples and maintenance of cellular homeosta-
sis. The most pronounced effect was observed with MIX (p < 0.05), which increased cell
viability by 1.5-fold compared to H2O2 300 µM, by 85% compared to Carob 50 µg/mL,
by 50% compared to B. longum GA24 10 mg (~1 × 109 CFU/mL), and by 76% compared
to Ribomix 1%. These results are consistent with those shown in Figure 4B, in which
all samples reduced ROS production over 24 h relative to the control. B. longum GA24
10 mg (~1 × 109 CFU/mL) induced a statistically significant reduction (p < 0.05) of 8.5%
in ROS levels. MIX achieved a 2.4-fold increase compared to 300 µM H2O2, a 92% greater
reduction than Carob 50 µg/mL, a 59% decrease compared to B. longum GA24 10 mg
(~1 × 109 CFU/mL), and an 81% decrease compared to Ribomix 1%, suggesting a com-
bined effect of MIX.

Figure 4. Biological effects at 24 h of samples on HSerC after intestinal metabolism in an in vitro
gut–testis axis model, assessing cell viability, ROS, NO, and ATP production. In (A), cell viability
through MTT assay. In (B), production of ROS by the colourimetric method with Cyto-C. In (C), the
production of NO is measured using the Griess assay. In (D), ATP production by luminescence
assay. Results are expressed as mean ± SD (%) of 5 biological replicates performed in triplicate vs.
control (0% line). * p < 0.05 vs. control; φ p < 0.05 vs. H2O2 300 µM; α p < 0.05 vs. Carob 50 µg/mL;
β p < 0.05 vs. B. longum GA24 10 mg (~1 × 109 CFU/mL per insert); γ p < 0.05 vs. Ribomix 1%.

Figure 4C shows the effects of individual agents and MIX on NO production. A
statistically significant increase compared to the control (p < 0.05) was observed with B.
longum GA24 10 mg (~1 × 109 CFU/mL) among the single agents. The MIX treatment
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induced the highest increase, by 1.8-fold compared to H2O2 300 µM, corresponding to a
95% enhancement compared to Carob 50 µg/mL, a 77% increase compared to B. longum
GA24 10 mg (~1 × 109 CFU/mL), and an 8-fold increase compared to Ribomix 1%. In
addition, ATP production was assessed to evaluate mitochondrial metabolic activity. As
shown in Figure 4D, 24 h treatment with all samples, even as single agents, significantly
enhanced ATP levels compared to the control (p < 0.05). The MIX treatment elicited the
greatest effect, increasing ATP production (183 nmol/g protein), amplifying the effects of
individual components by 38% (133 nmol/g protein) compared to Carob 50 µg/mL, by
8% (169 nmol/g protein) compared to B. longum GA24 10 mg (~1 × 109 CFU/mL), by 26%
(145 nmol/g protein) compared to Ribomix 1% and by 88% (97 nmol/g protein) compared
to H2O2 300 µM.

In a subsequent phase, the study evaluated biological parameters related to HSerC
cell health following 24 h treatment with the individual test samples and their combination.
Specifically, Figure 4 presents the effects on key markers associated with the initiation of
apoptosis, including BAX, Caspase-3, and Cyto-C, and those related to the inflammatory
pathway, such as TNFα and IL-6. In Figure 5A, all individual agents maintained BAX levels
comparable to the control (Carob 50 µg/mL and Ribomix 1%) or significantly lower in
the case of B. longum GA24 10 mg (~1 × 109 CFU; p < 0.05). The MIX treatment reduced
BAX levels to 39 pg/mL, approximately 8% lower than in the control (43 pg/mL, p < 0.05).
Compared with the individual components, MIX further lowered BAX relative to Carob
(44 pg/mL, 10% decrease), B. longum 10 mg (~1 × 109 CFU/mL; 40 pg/mL, 2.3% decrease),
and Ribomix 1% (42.5 pg/mL, 7%), while showing a 20% reduction compared to H2O2

300 µM (48 pg/mL). At the same time, analysis of Caspase-3 levels showed similar trends,
as illustrated in Figure 5B. Treatment with B. longum 10 mg (~1 × 109 CFU) produced the
strongest inhibitory effect compared to the other samples and control (p < 0.05). The MIX
reached statistical significance for Carob 50 µg/mL and Ribomix 1% (p < 0.05). Specifically,
H2O2 300 µM increased Caspase-3 levels by 13% relative to control (1.13 vs. 1.00 ng/mL).
Carob 50 µg/mL, B. longum GA24 10 mg (~1 × 109 CFU/mL), and Ribomix (1%) slightly
reduced Caspase-3 levels to 0.98, 0.93, and 0.98 ng/mL, respectively. Furthermore, analysis
of Cyto-C levels, shown in Figure 5C, revealed a 6.5% reduction compared to control
with B. longum GA24 10 mg (~1 × 109 CFU/mL) treatment (p < 0.05). The MIX reached
statistical significance for Carob 50 µg/mL and Ribomix 1% (p < 0.05). Specifically, the
MIX treatment reduced Cyto-C levels to 3.88 ng/mL, corresponding to approximately 23%
lower than H2O2 300 µM (4.98 ng/mL). It further enhanced the inhibitory effects of the
individual components, reducing levels to 12% vs. Carob (4.4 ng/mL), by 3% (3.96 ng/mL)
vs. B. longum 10 mg (~1 × 109 CFU/mL), and nearly 11% (4.34 ng/mL) vs. Ribomix.

Regarding the inflammatory profile, both TNFα (Figure 5D) and IL-6 (Figure 5E)
analyses showed that B. longum GA24 (10 mg) promoted a greater reduction in production
levels of both pro-inflammatory cytokines than Carob 50 µg/mL and Ribomix 1% (p < 0.05).
In addition, MIX produced the best effects in both analyses compared to individual agents
(p < 0.05). Specifically, for TNFα, H2O2 300 µM induced a strong pro-inflammatory response
(117 pg/mL) relative to control (98 pg/mL). The MIX treatment reduced TNFα levels to
89.6 pg/mL, corresponding to approximately a 23.4% reduction relative to H2O2. MIX
further enhanced the inhibitory effects of the individual components, reducing levels by
14% (104 pg/mL) compared to Carob 50 µg/mL, by 3% (91 pg/mL) compared to B. longum
10 mg (~1 × 109 CFU/mL), and 15% (105 pg/mL) compared to Ribomix 1%. For IL-6,
MIX reduced its production to 2.59 pg/mL, corresponding to a 30% reduction compared
to H2O2 300 µM (3.68 pg/mL). It further enhanced the inhibitory effects of the individual
components, reducing levels by 16% (3.1 pg/mL) compared to Carob 50 µg/mL, by 4%

https://doi.org/10.3390/nutraceuticals6010019

https://doi.org/10.3390/nutraceuticals6010019


Nutraceuticals 2026, 6, 19 16 of 29

(2.66 pg/mL) compared to B. longum GA24 10 mg (~1 × 109 CFU/mL), and by 8.5%
(2.83 pg/mL) compared to Ribomix 1%.

Figure 5. Analysis of the biological effects of samples on HSerC after 24 h treatment, focusing on
apoptotic and inflammatory pathways on a gut-testicle axis. In (A) BAX levels, in (B) Caspase 3 levels,
in (C) and Cyto-C levels, in (D) TNFα, and in (E) IL-6 results by ELISA kit. Results are expressed as
mean ± SD (%) of 5 biological replicates performed in triplicate vs. control (0% line). * p < 0.05 vs.
control; φ p < 0.05 vs. H2O2 300 µM; α p < 0.05 vs. Carob 50 µg/mL; β p < 0.05 vs. B. longum GA24
10 mg (~1 × 109 CFU/mL per insert); γ p < 0.05 vs. Ribomix 1%.

3.4. Analysis of the Combination on Sertoli Cell Maturation and Gametogenic Hormone
Production in a Gut–Testis Axis Model

The effects of individual substances and MIX on key molecular mechanisms involved
in Sertoli cell maturation were also evaluated. In particular, the activity levels of AR, cell
cycle inhibitor protein p27, and SGP-2, essential markers for regulating spermatogenesis
and Sertoli cell function in vitro, were analysed (Figure 6). In all analyses, all samples ex-
amined demonstrated an active role in counteracting the negative effects of H2O2 (300 µM)
in the in vitro testicular model, with enhanced results for MIX (p < 0.05).
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Figure 6. Effects of individual substances and the MIX combination on Sertoli cell maturation and
function in the gut-testicle axis model. In (A) AR levels, in (B) p27 levels, and in (C) and SGP-2 levels
were all determined using an ELISA kit. Results are expressed as mean ± SD (%) of 5 biological
replicates performed in triplicate vs. control (0% line). * p < 0.05 vs. control; φ p < 0.05 vs. H2O2

300 µM; α p < 0.05 vs. Carob 50 µg/mL; β p < 0.05 vs. B. longum GA24 10 mg (~1 × 109 CFU/mL per
insert); γ p < 0.05 vs. Ribomix 1%.

In the context of AR (Figure 6A), all treatments significantly increased their levels
after 24 h compared to the control, with the B. longum GA24 10 mg treatment showing
the most effective results (p < 0.05). Compared with individual agents, MIX produced
the largest increase (p < 0.05). MIX raised AR levels to 9.0 ng/mL after 24 h, a 5-fold
increase compared to H2O2 at 300 µM (1.25 ng/mL). It further enhanced the effects of the
individual components, increasing AR by 82% (4.95 ng/mL) compared to Carob 50 µg/mL,
by 20% (7.50 ng/mL) compared to B. longum GA24 10 mg (~1 × 109 CFU/mL), and by
54% (5.84 ng/mL) compared to Ribomix 1%. In the gut–testicle axis model, p27 and SGP-2
protein levels (Figure 6B,C) also significantly increased after all treatments. After a 24 h
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treatment period, MIX increased p27 levels to 1278 pg/mL, corresponding to an 89% rise
compared to H2O2 300 µM (675 pg/mL) and 21% relative to the control (1056 pg/mL). It
further enhanced the effects of the individual components, raising p27 by 9% (1172 pg/mL)
compared to Carob 50 µg/mL, by 5% (1222 pg/mL) compared to B. longum GA24 10 mg
(~1 × 109 CFU/mL), and by 8% (1186 pg/mL) compared to Ribomix 1%. Lastly, all treated
groups showed a substantial increase in SGP-2 glycoprotein levels. At the same time,
MIX showed an increase in SGP-2 levels to 1635 pg/mL, a 1.50-fold increase compared to
H2O2 at 300 µM (654 pg/mL). It further enhanced the effects of the individual components,
increasing levels by 57% (703 pg/mL) compared to Carob 50 µg/mL, by 18% (1341 pg/mL)
compared to B. longum GA24 10 mg (~1 × 109 CFU/mL), and by 38% (1014 pg/mL)
compared to Ribomix 1%.

The effects of individual drugs and MIX on the synthesis of key hormones involved
in gamete maturation, such as testosterone and FSHR (Figure 7). In all analyses, all
samples examined demonstrated an active role in counteracting the negative effects of
H2O2 (300 µM) in the in vitro testicular model, with enhanced results for MIX (p < 0.05).
MIX improved testosterone levels to 5.22 ng/mL, a 5.52-fold increase compared to H2O2

at 300 µM (0.8 ng/mL). It further enhanced the effects of the individual components,
increasing levels by 86% (2.81 ng/mL) compared to Carob 50 µg/mL, by 17% (4.46 ng/mL)
compared to B. longum GA24 10 mg (~1 × 109 CFU/mL), and by 43% (3.65 ng/mL)
compared to Ribomix 1%.

Figure 7. Effects of individual treatments and MIX on gametogenic hormone production in Sertoli cells
on the gut-testicle axis model after 24 h. In (A), Testosterone levels, in (B) FSHR levels, using an ELISA
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kit, and in (C) example images of FSHR expression with densitometric analysis after Western blot are
shown. Results are expressed as mean ± SD (%) of 5 biological replicates performed in triplicate vs.
control (0% line).* p < 0.05 vs. control; φ p < 0.05 vs. H2O2 300 µM; α p < 0.05 vs. Carob 50 µg/mL;
β p < 0.05 vs. B. longum GA24 10 mg (~1 × 109 CFU/mL per insert); γ p < 0.05 vs. Ribomix 1%.

Furthermore, as depicted in Figure 7C, MIX significantly modulated FSHR levels and
expression, with effects greater than those of individual agents (p < 0.05). MIX increased
FSHR levels to 10.42 pg/mL, corresponding to a 2.06-fold increase compared with H2O2

300 µM (3.4 pg/mL). Moreover, MIX enhanced the effects of the individual treatments,
increasing FSHR levels by approximately 63% (3.85 pg/mL) relative to Carob 50 µg/mL,
by 62.5% (3.9 pg/mL) compared with B. longum GA24 10 mg (~1 × 109 CFU/mL), and
by about compared to 1.8-fold Ribomix 1% (3.75 pg/mL). Comparable data were also
obtained by densitometric analysis, in which MIX promoted a mean 88% increase in FSHR
expression compared with the single agents (p < 0.05).

4. Discussion
Maintaining a healthy gut–testis axis is increasingly recognised as a key factor in

supporting male reproductive function [4–6,9]. Our preliminary results suggest that the
gut–testis axis is a crucial determinant of male reproductive function, in which intestinal
homeostasis, oxidative stress, and hormonal signalling are interconnected. Gut-level
perturbations can impair testicular redox balance, promote apoptosis, and reduce Sertoli
cell function, whereas restoration of intestinal integrity can exert protective effects along
this axis.

Considering these findings, using probiotics and nutraceuticals to promote male
reproductive function appears to be a novel and promising approach to preserve the
gut–testis axis [4,58]. Nutritional and microbial factors not only influence oxidative balance
and hormone-mediated pathways but also help maintain intestinal barrier function and
integrity, as demonstrated in Caco-2 cell models [59–61]. In vitro, the MIX formulation
maintained intestinal barrier viability and integrity more effectively than individual com-
ponents, as reflected by enhanced TEER values (495.3 ± 6.4 Ω·cm2) during a 1–6 h period
above the 400 Ω·cm2 cut-off, and increased TJ protein levels (claudin, occludin, Zo-1),
suggesting improved epithelial cohesion and paracellular regulation [62,63]. Such models
have shown that bioactive compounds can enhance TJ proteins and functional barrier
strength by activating redox-regulated pathways, such as Nrf2, which is critically involved
in controlling epithelial oxidative stress and preserving mucosal integrity by upregulating
antioxidant responses [63–65]. The regulation of superoxide anion and intracellular ROS
levels in the intestine has also been linked to modulation of key antioxidant defences, in-
cluding SOD1, through Nrf2-dependent signalling [66]. By preserving epithelial cohesion,
controlling ROS release, and enhancing intrinsic antioxidant mechanisms, this combination
may reinforce gut homeostasis, thereby supporting downstream cellular and hormonal sig-
nalling along the gut–testis axis and contributing to the maintenance of testicular function
under oxidative challenge.

Beyond structural integrity, MIX promoted microbial metabolic activity, evidenced
by increased butyrate synthesis and enhanced adhesion of B. longum GA24 to the epithe-
lium [67–69]. These effects may help maintain intestinal health, modulate local oxidative
responses, and indirectly support testicular homeostasis [22,70]. Butyrate in the basolat-
eral compartment may derive from bacterial metabolism and from Caco-2 uptake and
processing via monocarboxylate transporters (MCT1/MCT4) [71]. Natural substances
rich in fibre and polyphenols, such as Carob, can promote the production of beneficial
microbial metabolites, including short-chain fatty acids (SCFAs), which support intestinal
barrier integrity and help modulate systemic inflammatory responses. These effects may,
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in turn, lower oxidative and inflammatory stress at the testicular level, creating a more
favourable environment for spermatogenesis [58,65,69]. In addition, enhanced adhesion of
B. longum may further stabilise microbial localisation at the epithelial surface, increasing lo-
cal metabolite concentrations and supporting epithelial cell homeostasis. At the same time,
exogenous ribonucleotides in the formulation likely provided substrates to support cellular
proliferation, while Carob polyphenols may have reinforced intestinal barrier function and
antioxidant capacity [58,65,72,73].

Following intestinal condition optimisation, the focus switched to assessing the bio-
logical effects on human Sertoli cells (HSerC) in the gut–testis axis in vitro. According to
recognised models of oxidative damage in testicular cells, exposure to H2O2 300 µM for
24 h successfully caused oxidative stress, as demonstrated by increased ROS generation,
reduced cell viability, impaired ATP synthesis, and an imbalanced ROS/NO ratios [37,74].
Treatment with Carob, B. longum GA24, Ribomix, and particularly MIX mitigated these
deleterious effects, highlighting their protective role on testicular redox homeostasis. Com-
pound probiotics have been shown to protect against oxidative damage by activating
the NRF2 antioxidant system and reducing ROS generation in Sertoli cells under toxic
insults in vitro [75]. Similarly, flavonoids such as quercetin and kaempferol, contained
in Carob as reported in the literature [76,77], protect Sertoli cells not only directly, but
also indirectly through supporting intestinal barrier integrity, limiting ROS release, and
enhancing SOD1 and Nrf2-dependent antioxidant signalling in Caco-2 models. This dual
gut–testis action may enhance Sertoli cell resilience to oxidative stress [66,78]. Carob extract
preparations were also validated in in vivo models of reproduction, where they demon-
strated antioxidant activity and improved testicular parameters, including reductions in
oxidative stress markers and protection of spermatozoa and testicular function from ex-
perimentally induced toxicities [18,79]. In terms of mitochondrial activity, as measured
by ATP production, all treatments increased comparably, with MIX producing the most
gain, suggesting a combined effect of the probiotic, ribonucleotides, and Carob-derived
polyphenols on mitochondrial quality and energy metabolism. This lends credence to the
idea that probiotic and nutraceutical treatments used together may improve Sertoli cells’ en-
ergy metabolism, which is essential for sustaining spermatogenic support under oxidative
stress situations [80,81]. These results align with research that links dietary components
and gut microbiome metabolites to mitochondrial quality control in testicular cells [22,82].
Furthermore, as an increase in nucleotide availability can enhance mitochondrial quality
and efficiency, the inclusion of ribonucleotides in MIX may act both at the gut and testic-
ular levels, supporting mitochondrial stability, respiratory chain complex integrity, and
mitochondrial genome transcription. Defects in oxidative phosphorylation and energy
generation are observed when this supply is impaired [83,84].

According to the description above, the assessment of proinflammatory cytokines
(TNFα, IL-6) and apoptotic markers (BAX, Caspase-3, Cytochrome-C) showed that MIX also
considerably reduced pro-inflammatory and pro-apoptotic signalling when compared to in-
dividual agents, suggesting a combined effect that integrates both direct protection of Sertoli
cells and indirect modulation via the intestinal environment. By potentially supporting gut
barrier integrity, modulating ROS production, and influencing Nrf2- and SOD1-mediated
antioxidant responses in intestinal epithelial models (Caco-2), the combination of Carob,
B. longum, and ribonucleotides may help attenuate oxidative and inflammatory signals that
could impact the testicular microenvironment [4]. These results reinforce research showing
that probiotic supplements, bioactive polyphenols, and nucleotides can reduce oxidative
stress-induced apoptosis in testicular cells, promoting cell survival and functional integrity.
Indeed, in vitro comparative studies of probiotic strains have indicated that bifidobacterial
species tend to promote an anti-inflammatory cytokine profile compared with other strains,
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highlighting their potential to influence cytokine release in immune cells [85]. At the
same time, phenolic-rich plant extracts, including Carob, exert complementary effects by
modulating NF-κB signalling and decreasing the activity of intrinsic apoptotic regulators
such as Caspase-3 and Cytochrome-C, thereby reinforcing Sertoli cell resilience under
oxidative challenge [86,87].

The study also assessed markers directly associated with Sertoli cell maturation and
spermatogenic support, including AR, p27, and SGP-2. All treatments positively modu-
lated these markers, with the MIX formulation producing the most pronounced effects,
indicating a coordinated enhancement of Sertoli cell functional maturation. Notably, B.
longum GA24 alone markedly increased AR expression, in agreement with previous ev-
idence suggesting a role for this probiotic in modulating redox balance and supporting
spermatogenesis through gut–testis axis interactions [82]. The upregulation of p27, a cyclin-
dependent kinase inhibitor essential for cell-cycle exit, is particularly relevant, as increased
p27 expression is a hallmark of Sertoli cell differentiation and maturation, reflecting the
transition from a proliferative to a supportive phenotype required for efficient spermatoge-
nesis. Accordingly, the observed increase in p27 suggests that the treatments, especially
MIX, promote stabilisation of the mature Sertoli cell state. Similarly, SGP-2 (clusterin) plays
a crucial role in Sertoli–germ cell interactions, contributing to cell adhesion, cytoprotec-
tion, and the maintenance of the integrity of the seminiferous epithelium [12,88–90]. Its
upregulation in response to treatment is consistent with enhanced Sertoli cell support
functions and increased resistance to oxidative or inflammatory stress [91]. The nucleotide
mixture (Ribomix) may have contributed by supporting nucleic acid synthesis and mito-
chondrial activity, while carob-derived polyphenols likely mitigated oxidative stress and
reinforced cytoskeletal organisation and cell–cell interactions, thereby sustaining p27- and
SGP-2-associated maturation pathways, as reported in the literature [80,92].

Our results demonstrate that MIX significantly restored FSHR levels and expression
in H2O2-challenged Sertoli cells, outperforming individual components, including Carob,
B. longum GA24, and Ribomix. Importantly, this suggests a synergistic action of multiple
bioactive compounds, likely combining antioxidant and microbiota-modulating effects,
thereby attenuating oxidative stress and supporting receptor regulation.

These data align with emerging evidence that the gut–testis axis influences male
reproductive physiology. Multiple reviews and experimental studies show that the in-
testinal microbiome can modulate oxidative status, inflammatory tone, and endocrine
signalling, thereby impacting testicular function and spermatogenesis [5,60]. Probiotic
supplementation—for example, strains of Lactobacillus and Bifidobacterium—have been
shown to reduce ROS generation and improve sperm parameters by enhancing antioxidant
defences and reducing systemic inflammation [93]. This supports the idea that microbiota
modulation may help maintain a favourable redox and immune environment that permits
optimal gonadotropic signalling.

Moreover, antioxidant and nutraceutical compounds (e.g., polyphenol-rich extracts
such as carob) are known to directly scavenge reactive species and enhance cellular re-
silience under oxidative stress [94]. When combined with targeted probiotic interventions,
such approaches may facilitate a more robust recovery of hormone receptor expression,
such as FSHR, by mitigating oxidative damage and stabilising intracellular signalling
pathways [95]. The enhanced upregulation of FSHR by MIX compared with single agents is
consistent with a multi-target strategy acting through improvements in redox balance and
microbiota-derived systemic signalling within the gut–testis axis [96]. These mechanistic
links highlight the potential of combined antioxidant/probiotic treatments to counteract
oxidative insults and support hormonal responsiveness in Sertoli cells.
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Overall, these findings indicate that a combinatorial strategy integrating probiotics,
nucleotides, and plant-derived polyphenols (Probiofert Uomo) can target multiple, intercon-
nected mechanisms, including mitochondrial function, redox balance, inflammation, apop-
tosis, Sertoli cell maturation, and endocrine regulation, to support spermatogenic processes.
This multi-level activity highlights the translational potential of nutraceutical–probiotic
formulations as supportive approaches for male reproductive health. Notwithstanding
these insights, some limitations should be considered. The study was conducted exclusively
in vitro, and although the 3D Transwell® system provides a functional approximation of
the gut–testis axis, it does not fully capture the complexity of in vivo endocrine, immune,
and vascular interactions. Quantification of butyrate by ELISA is less sensitive and specific
than HPLC/MS; however, the ELISA we used enabled a first reproducible assessment
of metabolic trends. Additionally, AR, p27, and SGP-2 were quantified as indicators of
Sertoli cell functional state and maturation rather than direct markers of spermatogene-
sis, given the absence of germ cells in our in vitro model. Experimental concentrations
and exposure conditions may not directly reflect physiological settings. Finally, while
the MIX formulation exhibited enhanced efficacy compared with individual components,
the molecular basis of their interaction remains to be fully elucidated. Future investiga-
tions should therefore include in vivo validation, with assessment of spermatogenesis,
sperm quality, and fertility outcomes, as well as deeper exploration of underlying mecha-
nisms such as mitochondrial biogenesis, microbiota-mediated effects, and Sertoli–germ cell
communication.

5. Conclusions
Using an in vitro gut–testis axis model, this preliminary study suggests that the combi-

nation of Carob, B. longum GA24, and Ribomix (Probiofert Uomo) supports the maintenance
of intestinal barrier function under oxidative stress, a key prerequisite for gut–testis axis
communication. Preservation of barrier integrity, together with controlled transepithelial
transport, provides a stable experimental context for downstream effects on testicular cell
responses. Within this in vitro framework, the MIX was associated with improved Sertoli
cell viability and functional markers, alongside partial restoration of hormone-related path-
ways relevant to gametogenic support, including testosterone and FSHR signalling. These
effects were accompanied by coordinated modulation of AR, p27, and SGP-2 expression,
reduced oxidative and inflammatory stress, and improved mitochondrial function (see
Figure A3 in Appendix A). While these findings support a potential synergistic action of
probiotics, plant-derived polyphenols, and nucleotide supplementation at the cellular level,
further in vivo studies are required to confirm physiological relevance and translational
implications for male reproductive health.
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ATP Adenosine Triphosphate
AR Androgen Receptor
BAX Bcl-2-associated X protein
B. longum Bifidumbacterium longum
CFU Colony-Forming Units
Cyto-C Cytochrome C
DMEM Dulbecco’s Modified Eagle Medium
ELISA Enzyme-Linked Immunosorbent Assay
EMA European Medicines Agency
FBS Foetal bovine serum
FDA Food and Drug Administration
FSHR Follicle-Stimulating Hormone Receptor
H2O2 Hydrogen Peroxide
HSerC Human Sertoli Cells
IL-1β Interleukin 1β
IL-6 Interleukin 6
MCT Monocarboxylate transporters
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NF-κB Nuclear Factor kappa-light-chain-enhancer of activated B cells
NO Nitric Oxide
PBS Phosphate-Buffered Saline
PVDF Polyvinylidene fluoride
ROS Reactive Oxygen Species
SCFA Short Chain Fatty Acids
SGP-2 Sulfated Glycoprotein-2 (Clusterin)
SDS-PAGE Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
TEER Transepithelial/Transendothelial Electrical Resistance
TJ Tight Junction
TNFα Tumour Necrosis Factor α
Zo-1 Zonula Occludens-1
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Appendix A

Figure A1. Analysis of Nrf2 (A) and SOD (B) production at 6 h in response to treatments with Carob
(50 µg/mL), B. longum GA24 10 mg, Ribomix (1%), and MIX. Data are expressed as mean ± SD (%) of
five independent experiments performed in triplicate versus control (0% line). * p < 0.05 vs. control;
α p < 0.05 vs. Carob 50 µg/mL; β p < 0.05 vs. B. longum GA24 10 mg (~1 × 109 CFU/mL per insert);
γ p < 0.05 vs. Ribomix 1%.

Figure A2. Analysis of the hydrophobicity activity of probiotics using the surface hydrophobicity
assay on an in vitro model of intestinal barrier after 6 h treatment. Test results are expressed as
mean ± SD (%) of 5 independent experiments performed in triplicate vs. control (0% line). * p < 0.05
vs. control, α p < 0.05 vs. to B. longum GA24 10 mg (~1 × 109 CFU/mL per insert).
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Figure A3. Schematic representation of the beneficial effects induced by the MIX.
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