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Abstract

Pain remains a major clinical challenge due to its complex physiopathology and limited
treatment options. In this context, several supplements based on palmitoylethanolamide
(PEA) and alpha-lipoic acid (ALA) are known for their neuroprotective properties. ALA-
based supplements have shown potential, but concerns about adverse effects persist.
This study examines the formulations of two commercial products based on ALA and
PEA, IperALA® and IperALA® Forte, in which ALA and vitamin D3 are replaced with
Coriandrum sativum extract (C. sativum e.s.), N-acetylcysteine (NAC) and glutathione (GSH),
assessing improvement of neuroprotective, anti-inflammatory and analgesic properties of
the new formulation. Intestinal, blood-brain barrier (BBB), and central nervous system
(CNS) models were sequentially stimulated with the test compounds. Both formulations
were assessed for cytotoxicity, barrier integrity, permeability, oxidative stress, inflamma-
tion, and neuroprotection-related biomarkers. IperALA® Forte demonstrated superior
performance compared to IperALA® and individual agents. It enhanced cell viability,
preserved intestinal and BBB integrity, and improved compound permeability. Notably,
it reduced ROS and pro-inflammatory cytokines (TNFe, IL-1), while increasing analgesic
markers (CB2R, GABA) in the central system. The replacement of ALA and vitamin D3
with C. sativum, NAC, and GSH in IperALA® Forte significantly improved the neuroprotec-
tive, antioxidant, and anti-inflammatory profile of the supplement. These results indicate
a possible connection between the observed neuroprotective properties and the pathways
involved in nociception and pain regulation, stating the hypothetical potential relevance of
this approach for the treatment of pain-related conditions.

Keywords: natural supplements; nutraceuticals; antioxidant effect; in vitro 3D models;
phytocomplex; neuroprotective potential

1. Introduction

Pain is a multifaceted experience with social, psychological, and biological components.
Affecting roughly 33% of the general population, chronic pain frequently lasts past the
typical healing period and is linked to comorbidities like anxiety, sleep disorders, and
a lower quality of life, whereas nociceptive pain acts as a protective signal by indicating
possible tissue damage [1-3].
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Nociplastic pain has drawn more attention than other forms of chronic pain. It is
believed to be caused by abnormal central nervous system (CNS) processing of pain sig-
nals and manifests without obvious tissue damage or peripheral nerve damage [4]. It is
important to note that the severity of pain requires complicated activation of numerous
brain areas responsible for sensory, affective, and cognitive processing, rather than being
merely tied to the strength of peripheral inputs [5]. According to mechanistic research,
central sensitisation, microglial activation, and neuroinflammation are important factors in
the amplification and duration of pain [6,7]. Even though there are many different phar-
macological and interventional treatments available, only a small percentage of patients
receive adequate relief from chronic pain, and therapeutic choices frequently have limited
outcomes [8,9]. Furthermore, prolonged usage of analgesics may result in negative side ef-
fects. As a result, there is now more interest in integrative methods that combine traditional
therapies with nonpharmacological interventions, such as nutraceuticals [10-13].

Although the mechanisms behind many nutraceuticals remain partly unclear, growing
evidence suggests their potential role in pain management and disease prevention [14]. By
altering important receptors and pathways involved in both peripheral and central pain
processing, such as opioid receptors, cannabinoid receptors (CB1R and CB2R), and Gamma-
Aminobutyric Acid (GABA) receptors, nutraceuticals may help reduce pain through neu-
roprotective effects [15-18]. Additionally, by affecting mediators like prostaglandins,
interleukin-1f (IL-1p), and tumor necrosis factor o« (TNFe), and cellular components
like microglia, which are becoming acknowledged as key participants in the regulation of
pain within the CNS, they may have anti-inflammatory and neuroprotective effects [19,20].
These overlapping processes point to a possible dual function for nutraceuticals in pain
management and neuroprotection.

Palmitoylethanolamide (PEA) is fundamental in this context, as it has a structure simi-
lar to that of endocannabinoids. It is a substance that affects the mechanisms of neuropathic
pain and analgesics, acting on immune cells, neurons, and microglia [21]. It therefore acts in
a complex manner, exhibiting a wide range of pharmacological actions that target different
receptors, such as CB1R and CB2R, as well as inflammatory cytokines [22-24]. Some studies
prove this; for example, in one study, it was observed that the association of PEA with tra-
madol had a synergistic effect. The combination resulted in a better response or a relative
reduction in tramadol dosage [25,26]. Similar effects have been found in the extracts
of many plant essential oils, including those from Cannabis sativa, Syzygium aromaticum,
Piper nigrum, Rosmarinus officinalis, and Origanum vulgare L., which include the bicyclic
sesquiterpene 3-caryophyllene (BCP) [18,27]. BCP has demonstrated antinociceptive effects
in experimental models, both alone and in combination with opioids, and has been shown
to reduce inflammatory cytokines in diabetic neuropathy models [28-30].

In addition, Coriandrum sativum L. (C. sativum), which belongs to the family Apiaceae,
has also become relevant for the treatment of neuropathic pain. Due to its antioxidant
capacity, C. sativum is recognised as one of the strongest food antioxidants. Among its
intriguing pharmacological properties are anti-inflammatory, anti-dyslipidaemia, cardio-
vascular and neuroprotective effects [31]. Oral administration of the bioactive components
of C. sativum significantly alleviated oxidative—nitrosative stress, reduced pain threshold
and decreased hyperglycaemia in diabetic rats. The flavonoids contained in C. sativum
show significant affinity for the TNF« binding site, according to a linkage study [32].

Based on the scientific evidence previously described, our research focused on ex-
amining two commercial product formulations (IperALA® and IperALA® Forte, Pharma
Suisse Laboratories SpA, Milan, Italy) that contain alpha-lipoic acid (ALA), suitable for
supporting nerve function, and PEA and BCP, which can modulate analgesic responses.
ALA’s ability to act in both aqueous and lipid environments makes it particularly effective
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in countering oxidative damage and neuroinflammation associated with conditions such as
neuropathic pain. To date, however, ALA has been the subject of investigation by the scien-
tific community due to some possible adverse effects reported in the context of glycaemia
and at the gastrointestinal and cutaneous levels [33-35].

Therefore, based on the above, this study focused on the biological effects of the
components of the formulations (IperALA® and IperALA® Forte) for oral use, which were
also selected based on the pharmacokinetic properties of the ingredients. Both contain mi-
cronised palmitoylethanolamide (PEA-m), which improves oral absorption and selectively
accumulates in inflamed tissues, including the CNS, where it modulates inflammation and
pain through peroxisome proliferator-activated receptor o« (PPAR-«) and the endocannabi-
noid system [36-38]. BCP is also present, known for its rapid absorption and ability to cross
the blood-brain barrier (BBB), acting on neuroinflammatory pathways [39]. IperALA®
also includes ALA and vitamin D3, both of which are well-absorbed and able to penetrate
the CNS [40-43]. In contrast, IperALA® Forte replaces the latter with N-acetylcysteine
(NAC) and glutathione (GSH), which support antioxidant defences and can cross the BBB to
varying degrees, and in combination, they show better neuroprotective, anti-inflammatory
and antioxidant capacities [44—46]. In addition, IperALA® Forte also contains CORILOL®,
a standardised extract of C. sativum rich in antioxidant phytochemicals with neuroprotec-
tive effects and good permeability to the BBB [47,48]. This composition supports their
potential in combatting oxidative stress (OS), neuroinflammation, and neuroprotection
pathway modulation in the CNS.

Taken together, these features support a mechanistically justified in vitro model sim-
ulating the physiological absorption route from the intestinal barrier to the brain com-
partment, allowing for a realistic assessment of the formulations” multi-level biological
effects. Indeed, the present study aimed to investigate, through advanced 3D in vitro
models mimicking the intestinal barrier, the BBB, and the CNS, the biological effects of
IperALA® and IperALA® Forte as well as their individual bioactive components. Similar
to another study [49], the neuroprotective, antioxidant, anti-inflammatory, and preliminary
analgesic-related mechanisms of IperALA® Forte were evaluated in comparison with the
current ALA and vitamin D3-based formulation (IperALA®). The objective was to assess
whether the replacement of ALA and vitamin D3 could enhance the mechanistic profile
of the supplement, with a focus on biomarkers involved in OS, inflammation, and cen-
tral nervous system neuroprotection modulation with preliminary data in the context of
nociception (CB2R and GABA).

2. Results

2.1. Evaluation of the Biological Effects of Formulations and Their Components at the Level of
an In Vitro 3D Intestinal Barrier Model

Experiments were conducted using a 3D Transwell® model of the intestinal com-
partment with Caco-2 cells to assess the potential cytotoxic effects of the test samples.
This preliminary evaluation was essential to verify cell viability and the preservation of
epithelial integrity. As can be seen in Figure 1A,B, the mature intestinal epithelium was
stimulated for 1 h—-6 h by treatment at the apical level with the complete formulations
(IperALA® and TperALA® Forte) and the individual components, dissolved in 1 mL of
DMEM culture medium as indicated in Section 4.1 and diluted 2000 times with respect
to the human dosage reported in Table 1. All samples were shown to maintain a state of
cell viability with a peak around 4 h of treatment. In detail, as shown in Figure 1A, both
IperALA® and IperALA® Forte were found to increase the cell viability of the individual
components in a statistically significant manner (p < 0.05). In addition, the formulation of
IperALA® Forte, following the replacement of ALA and vitamin D3 with CORILOL 15%
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(C. sativum e.s.), NAC, and GSH, yielded significantly improved outcomes compared to
IperALA®. Specifically, a 15% higher peak in cell viability was recorded at 4 h of treatment.
This enhancement reflects a quantitatively greater effect size, and the difference was con-
firmed to be statistically significant (p < 0.05) based on appropriate inferential analyses
(ANOVA or Student’s t-test) and analysis of the n? value (n? = 0.20), indicating that the
observed improvement is statistically robust and not attributable to random variability. In
addition, IperALA® Forte improved the percentage effect by 55% compared to ALA, 40%
compared to CORILOL 15% (C. sativum e.s.), 46% compared to NAC, 49% compared to
GSH, 55% compared to endophyllene (Piper nigrum e.s.), 78% compared to PEA-m, 61%
compared to vitamin D3, and 15% compared to IperALA®. Among the new ingredients
added as replacements for ALA and vitamin D3, CORILOL 15% (C. sativum e.s.) performed
the best in comparison with the others.

A
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Endophyllene (Piper nigrum e.s.)
PEA-m

Vitamin D3

CORILOL 15% (C. sativum e s.)
GSH

NAC
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Figure 1. Results after 1-6 h of treatment of the samples under examination at the level of an
in vitro 3D model of the intestinal barrier. (A) Cell viability obtained by MTT assay; (B) TEER values
measured by the EVOM3™ instrument; (C) permeability rate examined by fluorescent probe. Data
are expressed as mean =+ SD (%) of 5 independent experiments performed in triplicate, normalised to
the control (0% line only in (A,C)) to highlight treatment-related changes. Positive values indicate
increases relative to the control. « p < 0.05 vs. single agents; f p < 0.05 vs. IperALA®.
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Table 1. Composition of the formulations with declared human dosages (Dosage) and corresponding
in vitro concentrations (In vitro), reflecting a 2000-fold dilution of each component dosage.

IperALA® IperALA® FORTE

Sample Dosage In Vitro Sample Dosage In Vitro
Palmitoylethanolamide Palmitoylethanolamide

micronised (PEA-m) 600 mg 300 ug micronised (PEA-m) 600 mg 300 g
Endophyllene Endophyllene
(Piper nigrum e.s.) 50 mg 25 ug (Piper nigrum e.s.) 166.7 mg 83.35 ug
of which: 15 mg 7.5 ug of which: 50 mg 25 ug
BCP BCP
Lo CORILOL® 15%
Vitamin D3 500.000 UI/g 1000 UI 0.5UI (C. satioum e.s.) 133.4 mg 66.7 ug
400 pg NAC UsP 600 mg 300 pg
ALA 30-60 Mesh 800 mg GSH 200 mg 100 pg
Total 1300 mg Total 3800 mg

During this phase, precise measurements of the intestinal epithelium-associated TEER
value (Figure 1B) were taken across the treatment period (1-6 h) using EVOM3™. This
parameter was essential to assess the integrity and functional maintenance of the intestinal
epithelium. As shown in Figure 1B, the measured TEER values associated with all tested
samples were higher than those of the control (>400 Q-cm?; p < 0.05), positively influencing
the state of intestinal barrier integrity. Consistent with the data on cell viability (Figure 1A),
IperALA® Forte yielded the best results, with a peak TEER at 4 h of 544 ) x cm? (p = 0.0002
with large effect size n? = 0.33 compared to IperALA®). Among the individual agents,
CORILOL 15% (C. sativum e.s.) gave the highest TEER results compared to vitamin D3
(p <0.05), similar to ALA. Compared to vitamin D3, both NAC and GSH individually
exhibited significantly higher TEER values (p < 0.05), specifically between 3 and 4 h for
GSH and between 3 and 6 h for NAC.

Following the absence of cytotoxic effects and epithelial damage, the permeability
of specific agents and formulations was further assessed over a 1-6 h treatment period
using a fluorescent probe. As shown in Figure 1C, IperALA® and IperALA® Forte were
found to enhance the absorption kinetics of individual agents while increasing the per-
meability of IperALA® (p < 0.05 with medium effect size n? = 0.06). Except for PEA-m
and endophyllene (Piper nigrum e.s.), all samples exhibited peak absorption at approx-
imately 4 h of treatment. Among the individual agents, NAC yielded the best results
in terms of permeability, with a value of 51% compared to the control at 4 h (p < 0.05).
GSH and CORILOL 15% (C. sativum e.s.) showed greater absorption compared to vitamin
D3 alone throughout the entire observation period. Statistically significant differences
(p < 0.05) were observed starting at 2 h of treatment and persisted up to 5 h for CORIOL
15% and 6 h for GSH. In comparison, ALA exhibited permeability values comparable to
those of GSH and CORILOL 15% (C. sativum e.s.), with no significant differences among
them. IperALA® Forte improved the permeability percentage increase rate around peak
absorption through the intestinal epithelium by 49% compared to ALA, 59% compared
to CORILOL 15% (C. sativum e.s.), 26% compared to NAC, 56% compared to GSH, 54%
compared to endophyllene (Piper nigrum e.s.), 43% compared to PEA-m, 79% compared to
vitamin D3, and 15% compared to IperALA®.

2.2. Assessment of the Effects of Both Single and Combined Substances on a 3D In Vitro BBB
Model Following Intestinal Metabolisation

Following stimulation of the 3D intestinal barrier model, the basolateral supernatant,
containing metabolites that passed through the intestinal epithelium, was collected from
each test sample. To conduct fundamental analyses of the state of maintenance and cell
viability increase (Figure 2A) with individual components and combinations at the level
of the BBB model, the production of reactive oxygen species (ROS), key indicators for
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examination, was investigated. As shown in Figure 2A, following metabolisation at the
intestinal level, all tested samples exhibited a time-dependent percentage rate increase
in cell viability, peaking around 24 h of treatment, with significant values compared
to the control (p < 0.05). Among the individual new ingredients added as ALA and
vitamin D3 substitutes, CORILOL 15% (C. sativum e.s.) and NAC performed better, with
viability rates greater than 8%, than ALA and vitamin D3 (<7%). GSH, however, exhibited
absorption values comparable to those of ALA and vitamin D3 formulations, although
slightly lower in the 15’ to 3 h interval. IperALA® and IperALA® Forte showed a marked
percentage increase in cell viability with statistically significant values compared to the
individual agents (p <0.05). IperALA® Forte, without ALA and vitamin D3, yielded
the best results by enhancing the effectiveness of the original formulation. Specifically,
IperALA® Forte increased the percentage peak viability by 82% over ALA, 55% over
CORILOL 15% (C. sativum e.s.), 64% over NAC, 85% over GSH, 62% over endophyllene
(Piper nigrum e.s.), 73% over PEA-m, 80% over vitamin D3, and 26% over IperALA®
(p < 0.04 with medium effect size n? = 0.12).

50
° O ALA
‘g‘ 40+ ©- Endophyllene (Piper nigrum e.s.)
o ¥ PEA-m
2 30 Vitamin D3
S -®- CORILOL 15% (C. sativum e.s.)
> = GsH
2
£ 20 -4 NAC
s -+ IperALA®
Z 10 - IperALA® Forte
°
o

Control

Control

ROS production at 24h (%) vs Control

Figure 2. Results obtained after treatment of the test samples at the level of a 3D in vitro model of
BBB. In (A), cell viability was obtained by an MTT assay at 15'-30'-1 h-3 h-12 h-24 h; in (B), ROS
production was measured by an assay with cytochrome C after 24 h of treatment. Data are expressed
as mean + SD (%) of 5 independent experiments performed in triplicate, normalised to the control
(0% line) to highlight treatment-related changes. Positive and negative values indicate increases or
decreases, respectively, relative to the control. For (A): « p < 0.05 vs. single agents; 3 p < 0.05 vs.
IperALA®. For (B): * p < 0.05 vs. control; « p < 0.05 vs. single agents; the bar indicates p < 0.05
vs. IperALA®.

Similar data were also obtained in terms of OS (Figure 2B). All samples evaluated
allowed ROS levels to be maintained within physiological limits, consistent with the data on
cell viability compared to the control. As shown in Figure 2B, among the individual agents,
the best antioxidant effects were expressed by CORILOL 15% (C. sativum e.s.; p < 0.05),
NAC (p < 0.05) and endophyllene (Piper nigrum e.s.), not always statistically significant
compared to the control but with significant effects in comparison with ALA, vitamin D3,
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and GSH (p < 0.05). Both formulations examined allowed for improvement of the effects of
individual agents (p < 0.05), with a better antioxidant potential by IperALA® Forte without
ALA and vitamin D3 compared to IperALA® (p = 0.0004 with large effect size n? = 0.76).
IperALA® Forte increased the antioxidant percentage effect by 3 times compared to ALA,
56% compared to CORILOL 15% (C. sativum e.s.), 63% compared to NAC, 91% compared
to GSH, 60% compared to endophyllene (Piper nigrum e.s.), 77% compared to PEA-m,
2.5 times compared to vitamin D3, and 30% compared to IperALA®.

The study then focused on the effects of individual agents and formulations on barrier
integrity and functionality (Figure 3), through the analysis of key tight junction (TJ) proteins
such as claudin-5 and tricellulin (marveld). As shown in Figure 3A,B, after 24 h of treatment,
all samples exhibited no alterations in T] levels, with values higher than those of the control
(p < 0.05). As shown in Figure 3A,B, looking at the individual agents, the most significant
results compared to the control were obtained after stimulation with PEA-m and NAC
(p < 0.05) and in a similar way also by CORILOL 15% (C. sativum e.s.). IperALA® Forte,
with the substitution of ALA and vitamin D3, resulted in a statistically significant improve-
ment in the biological action of IperALA® (for claudin-5, p = 0.0005 with large effect size
n? = 0.84; for marveld, p = 0.0001 with large effect size n? = 0.89). Both formulations gave
the most significant results compared to the individual agents, increasing their percentage
effect at the level of the BBB, according to the data obtained in terms of viability and OS
(p < 0.05). Through immunohistochemistry, additional data were obtained on the expres-
sion of claudin-5 in the same experimental conditions following treatment with IperALA®
and IperALA® Forte. The results in Appendix A (Figure A1) are also represented by images
obtained under the microscope and by the determination of the density of positive cells
using ImagePro 3 software. Immunocytochemistry data outline a greater percentage effect
on claudin-5 expression following both treatments (IperALA® and IperALA® Forte) with
most significant data from IperALA® Forte compared to IperALA® (p < 0.05).

Finally, as performed at the intestinal level, the analyses focused on the evaluation of
the permeability rate of the samples, examined using a fluorescent probe along the BBB
model (Figure 3C). All the various compounds exhibited the same absorption profile over
the time studied, with a maximum permeability at approximately 12 h of stimulation, except
for PEA-m, which peaked at approximately 3 h. PEA-m, endophyllene (Piper nigrum e.s.),
and CORILOL 15% (C. sativum e.s.) showed the highest permeability across the in vitro
BBB model compared to the other single agents, especially ALA and vitamin D3, from 1
to 24 h of analysis and from 15’ as regards PEA-m. The permeability rate of individual
components across the BBB was statistically significantly improved by both formulations,
IperALA® and IperALA® Forte, during the treatment period (p < 0.05), with a maximum
absorption at 3 h of stimulation (63.6% by IperALA® Forte vs. 53.5% by IperALA® with
p < 0.05 with medium effect size n? = 0.07). More relevantly, starting from 1 h of stimulation,
more significant results were outlined by IperALA® Forte compared to IperALA®, with
a greater statistical significance gap (p < 0.05). In detail, IperALA® Forte enhanced the
permeability percentage rate around the absorption peak by 92% compared to ALA, 80%
compared to CORILOL 15% (C. sativum e.s.), 87% compared to NAC, 90% compared to
GSH, 75% compared to endophyllene (Piper nigrum e.s.), 71% compared to PEA-m, 95%
compared to vitamin D3, and 16% compared to IperALA®.
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Figure 3. Results obtained after treatment with the test samples at the level of a 3D in vitro model of
the BBB. (A) Claudin-5 levels obtained by an ELISA kit at 24 h; (B) marveld (or tricelluline) levels
obtained by an ELISA kit at 24 h; (C) permeability rate examined by a fluorescent probe. Data are
expressed as mean + SD (%) of 5 independent experiments performed in triplicate, normalised to the
control (0% line) to highlight treatment-related changes. Positive values indicate increases relative to
the control. For (A,B): * p < 0.05 vs. control; o p < 0.05 vs. single agents; the bar indicates p < 0.05 vs.
IperALA®. For (C): « p < 0.05 vs. single agents;  p < 0.05 vs. IperALA®.

2.3. Analysis of Biological Effects of Single Substances and Formulations at the Level of a Brain
Organoid Model After Crossing the BBB

The third phase of the study focused on the CNS, using a cerebral organoid model
pre-treated with 200 uM H,O, for 30 min to induce neuroinflammation [50]. The organoids
were then treated for 24 h with the basolateral supernatant collected from the Transwell®
BBB model exposed to each test sample.

For cytotoxicity analyses on cerebral organoids, viability analysis was performed by
the MTT assay (Figure 4A) and OS analysis by the cytochrome C method (Figure 4B). In
all the analyses performed, pre-treatment with H,O, 200 uM promoted a reduction in
cell viability (11% less than the control; p < 0.05) and, simultaneously, an increase in ROS
production above physiological levels (22% more than the control; p < 0.05). As shown in
Figure 4A, both formulations enhanced the protective effect on cell viability compared to
the individual agents (p < 0.05). IperALA® Forte also demonstrated a significantly greater
percentage increase in viability: 19% higher than IperALA® (p = 0.005 with large effect
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size n? = 0.71). In addition, compared to HyO; 200 uM, IperALA® Forte improved the
percentage cell viability by 1.3 times (p < 0.05). Analysing the effects of individual agents,
the cell viability rate was increased compared to the control, counteracting the neurotoxic
effect of HyO, 200 uM; the best effects were obtained by CORILOL 15% (C. sativum e.s.)
and NAC, with statistically significant results compared to vitamin D3.

H,0, pretratment

Control

Cell Viability at 24h (%) vs Control >
S
1

2l H AR O © «&
Q*‘Lo vi’(\e:@?':::oo FPY ‘vyyé«oé
O 3 oy ()
& T
Q"“ & &
o°\ \“;\°
N v
& ¢
S L&
& S

H,0, pretratment

Control

Figure 4. Results obtained after treatment for 24 h with test samples at the level of an in vitro model
of cerebral organoids under conditions of neuroinflammation and OS after pre-treatment with H,O,
200 pM. In (A), cell viability was assessed by the MTT assay at 24 h; in (B), ROS production was
measured using the cytochrome C assay after 24 h of treatment. Data are expressed as mean =+ SD (%)
of 5 independent experiments performed in triplicate, normalised to the control (0% line) to highlight
treatment-related changes. Positive and negative values indicate increases or decreases, respectively,
relative to the control. * p < 0.05 vs. control; @ p < 0.05 vs. HyO, 200 uM; « p < 0.05 vs. single agents;
the bar indicates p < 0.05 vs. IperALA®.

Characterisation of the levels of ROS produced during the analyses in this phase
allowed us to confirm the results obtained on the cell viability of the cerebral organoid.
IperALA® and IperALA® Forte formulations (Figure 4B) helped to eliminate the pro-
oxidant effect promoted by H,O, 200 uM by amplifying the percentage antioxidant effect
of individual components (p < 0.05). The replacement of ALA and vitamin D3 in IperALA®
Forte with new bioactive components increased the antioxidant effect at the neuronal
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level by 35% compared IperALA® (p = 0.002 with large effect size n? = 0.77), reducing the
strongly oxidative action of H,O, 200 uM by about 1.6 times compared to IperALA®. In
this context, among the new ingredients added to IperALA® Forte, NAC gave statistically
significant results compared to all other single agents, similar to PEA-m (p < 0.05).

In addition to the antioxidant potential, further analysis was carried out on the anti-
inflammatory effects of the formulations under consideration and their modulation in the
neuroprotection context.

Regarding inflammation, this study focused on the rate of production of two crucial
pro-inflammatory cytokines, TNF«x (Figure 5A) and IL-1§3 (Figure 5B), following treatment
with the test samples. For both cytokines examined, pre-treatment with 200 uM H,O,
promoted a percentage increase in levels compared to the control condition, with 10% for
TNF«x and 12% for IL-13, respectively. All individual agents examined showed an active
role in modulating the context of H,O, 200 pM-induced neuroinflammation (p < 0.05), with
better effects from endophyllene (Piper nigrum e.s.) and CORILOL 15% (C. sativum e.s.).
Both IperALA® and IperALA® Forte formulations’ effects were amplified by the combined
action of individual agents, which improved the percentage inflammatory profile (p < 0.05),
with more significant data from IperALA® Forte than the old IperALA® formula (p < 0.05,
except for the production of TNF« in Figure 5A). The effect size for neuroinflammation of
IperALA® Forte compared to IperALA® was larger (n? = 0.43 for TNFx and 1% = 0.36 for
IL-1p3) but only statistically significant for IL-1f levels (p < 0.05). Analysing the individual
agents, all showed an active role in modulating H,O, 200 ptM-induced neuroinflammation
(p < 0.05), with better effects from endophyllene (Piper nigrum e.s.) and CORILOL 15%
(C. sativum e.s.). At the same time, optimal rates of neurotoxic action of H,O, 200 pM were
obtained from ALA and NAC, but they were lower than endophyllene (Piper nigrum e.s.)
and CORILOL 15% (C. sativum e.s). IperALA Forte improved the percentage decrease rate
of production of TNFx in pg/mL by 2 times compared to HyO, 200 uM, 76% compared to
ALA, 59% compared to CORILOL 15% (C. sativum e.s.), 85% compared to NAC, 1.2 times
compared to GSH, 60% compared to endophyllene (Piper nigrum e.s.), 71% compared
to PEA-m, 1.2 times compared to vitamin D3 and 16% compared to IperALA®. For the
production of IL-1p in pg/mL, IperALA® Forte improved the percentage decrease rate by
2.1 times compared to HyO, 200 pM, 73% compared to ALA, 60% compared to CORILOL
15% (C. sativum e.s.), 82% compared to NAC, 1.1 times compared to GSH, 57% compared
to endophyllene (Piper nigrum e.s.), 1.3 times compared to PEA-m, 1.3 times compared to
vitamin D3 and 20% compared to IperALA®.

The analysis was extended to key molecular targets associated with neuroinflamma-
tion, including CB2R and GABA receptors, in the brain organoid model. In all parameters
examined, pre-treatment with HyO, 200 uM promoted the onset of a neurotoxic and
hypothetically pro-nociceptive context by inhibiting CB2R levels, and at the same time
significantly inhibited the presence of GABA compared to the control condition (p < 0.05).
All samples examined were able to counteract the HyO, 200 pM-induced algesia condition
(p < 0.05). Both formulations, IperALA® and IperALA® Forte, gave the best percentage of
biological effects compared to single agents for all biological markers examined (p < 0.05).
Substitution of ALA and vitamin D3 in IperALA® Forte helped to improve the percentage
of the hypothetical analgesic profile of the IperALA® formulation (p < 0.05) by increasing
the presence of CB2R and bringing GABA levels up to control levels with statistically
significant data compared to IperALA®. The effect size of CB2R and GABA levels was
large, with n? = 0.73 (p = 0.004) and 1 = 0.88 (p < 0.0001), respectively. Indeed, IperALA®
Forte increased the percentage levels of CB2R and GABA by 33% and 1.75 times compared
to IperALA® and 13 times compared to H,O, 200 uM, respectively.
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Figure 5. Results obtained on the inflammatory process after treatment for 24 h with test samples at
the level of an in vitro model of a brain organoid under conditions of neuroinflammation and OS
after pre-treatment with H,O, 200 pM. (A) TNFa production (pg/mL) obtained by ELISA kit at 24 h;
(B) IL-1p3 production (pg/mL) obtained by ELISA kit at 24 h. Data are expressed as mean =+ SD (%)
of 5 independent experiments performed in triplicate, normalised to the control (0% line) to highlight
treatment-related changes. Positive and negative values indicate increases or decreases, respectively,
relative to the control. * p < 0.05 vs. control; @ p < 0.05 vs. HyO, 200 uM; « p < 0.05 vs. single agents;
the bar indicates p < 0.05 vs. IperALA®.

Examining the individual agents on CB2R, the most statistically significant effect,
also compared to the control (p < 0.05), was promoted by PEA-m with similar but lower
results obtained by CORILOL 15% (C. sativum e.s.) and NAC, comparable to endophyllene
(Piper nigrum e.s.). The findings from the CB2R ELISA kits (Figure 6A) were verified by
using the Western Blot technique and densitometric analysis. As shown in Figure 6B,
all individual agents reported CB2R expression levels and densitometric analysis results
close to those of the untreated control (0% line; p < 0.05 only for PEA-m) with statistically
significant data compared to H,O, 200 uM (p < 0.05). Both formulations, IperALA® and
IperALA® Forte, gave the best biological percentage effects compared to individual agents
in a statistically significant manner (p < 0.05). IperALA® Forte increased the biological
effect of CB2R expression by 33% compared to the IperALA® formulation (p = 0.0002 with
large effect size n? = 0.85).

Regarding GABA levels, the best effects were observed after treatment with PEA-m
and NAC compared to H,O; at 200 pM (p < 0.05). All the new ingredients in IperALA®
Forte gave statistically significant results compared to ALA and vitamin D3 (p < 0.05).
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Figure 6. Results obtained on biological markers related to neuroinflammation pathways and the
context of nociception, after treatment for 24 h with test samples at the level of an in vitro brain
organoid model under conditions of pre-treatment with HyO, 200 pM. (A) CB2R levels obtained by
an ELISA kit at 24 h; (B) CB2R densitometric analysis after Western Blot, which is reported as an
example image; (C) GABA levels obtained by ELISA kit at 24 h. Data are expressed as mean =+ SD (%)
of 5 independent experiments performed in triplicate, normalised to the control (0% line) to highlight
treatment-related changes. Positive and negative values indicate increases or decreases, respectively,
relative to the control. * p < 0.05 vs. control; @ p < 0.05 vs. HyO, 200 uM; « p < 0.05 vs. single agents;
the bar indicates p < 0.05 vs. IperALA®.

3. Discussion

Neuroprotection plays a crucial role in preventing the transition from acute to chronic
pain, as persistent oxidative and inflammatory stress can impair neuronal integrity and
synaptic function [51]. Accumulating evidence indicates that prolonged activation of glial
cells, excessive production of ROS, and release of pro-inflammatory cytokines contribute to
neuronal vulnerability and dysfunction, creating a self-sustaining cycle that exacerbates
nociceptive signalling [52]. Within this framework, the maintenance of redox and inflamma-
tory homeostasis emerges as a key factor in preserving neuronal function and preventing
maladaptive responses associated with pain persistence. Conventional pharmacological
treatments, although effective in reducing pain perception, often fail to address these
underlying neurobiological alterations and are limited by long-term adverse effects [53].
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Consequently, increasing attention has been directed toward neuroprotective and antioxi-
dant strategies, including nutraceutical formulations and bioactive compounds, aimed at
supporting neuronal resilience by modulating OS, inflammation, and neurotransmission
balance [53,54].

From this perspective, this study focused on examining a nutraceutical formulation
of IperALA®, intending to maintain or enhance its effect by replacing ALA and vitamin
D3 with new bioactive components (C. sativum e.s.; NAC and GSH in IperALA® Forte).
Being a formulation for oral use, it was necessary to avoid any cytotoxic effect at the
intestinal compartment level before acting on the nervous target. In this study, a 3D in vitro
Transwell® model using intestinal Caco-2 cells was employed to analyse and classify
substances under controlled conditions, in line with the biopharmaceutical classification
system [55,56]. This model offers a useful platform for obtaining preliminary data on
intestinal absorption and in vitro biocompatibility. The tested formulation of IperALA®,
as well as its individual components, did not show cytotoxic effects, as evidenced by
sustained cell viability and metabolic activity across all concentrations evaluated. These
findings suggest a good level of in vitro biocompatibility within the intestinal environment.
Furthermore, all formulations helped preserve epithelial barrier function, as assessed
in vitro by TEER, a widely accepted indicator of T] integrity [57]. The TEER measurements
suggest that, under the experimental conditions, epithelial barrier integrity was maintained
in vitro, with no evident indications of compromised permeability or structural disruption.
The research showed that within the 1 h-6 h range, both IperALA® and IperALA® Forte
enhanced the permeability rate of individual agents, peaking at 4 h. Across all analysed
parameters, the substitution of ALA with NAC, GSH, and CORILOL 15% (C. sativum e.s.)
at the intestinal level was associated with improved in vitro biocompatibility and enhanced
functional properties of the formulation. These effects may reflect a synergistic interaction
among the components, particularly the NAC-GSH combination, which appears to play
a key role in the observed improvement. This trend is in line with previous findings [46].

Following the intestinal metabolisation in the 3D Transwell® model, all evaluated
substances maintained their bioactive capabilities at the nervous target level. This was
validated by traversing a validated 3D model of the BBB with co-culture of HUVECs,
astrocytes, and pericytes [58,59]. The role of in vitro BBB models is vital for speeding up the
CNS drug development process. Consequently, the area has noted different approaches to
create and examine the barrier properties across the BBB using cells sourced from humans.
The HUVEC-astrocyte—pericyte co-culture model provided a valuable understanding of
how astrocytes contribute to the expression of the BBB feature, facilitating analysis of
absorption [58-60]. The research showcased how each agent and formulation of the two
products studied played a role in preserving cell viability and reducing OS on the BBB. As
confirmed at the intestinal level, the barrier function was sustained due to the elevated
levels of essential TJ proteins like claudin-5 and marveld. In this stage of analysis, both
IperALA® and IperALA® Forte facilitated the identification of a synergistic enhancement
effect by the individual components, clearly enhancing the permeability of the substances
being examined across the BBB. The immunocytochemistry methodology was followed to
obtain data validating the ELISA kit on claudin-5 (described with photos in Appendix A).
In comparison to the untreated control condition, the findings demonstrated an increase of
25% and 42% in the signal density of claudin-5 following treatment with IperALA® and
IperALA® Forte, respectively. For every parameter analysed, the replacement of ALA with
NAC, GSH, and CORILOL 15% (C. sativum e.s.) for IperALA® assumes a combined effect.
Indeed, these findings, observed at the intestinal level and confirmed by BBB permeability
data, suggest a significant interaction among the components of IperALA® and IperALA®
Forte in enhancing compound absorption and tissue distribution. Supporting this, literature



Int. J. Mol. Sci. 2025, 26, 10857

14 of 30

pharmacokinetic data show that micronised PEA improves intestinal absorption and tissue
bioavailability, selectively accumulating in inflamed areas, including the CNS, crossing the
BBB with efficiency [24,37]. Micronisation significantly improves its dissolution rate and
absorption efficiency by increasing surface area and facilitating uptake via transcellular
pathways in the small intestine [37]. At the same time, BCP is rapidly absorbed in the gut
and is able to cross the BBB and modulate neuroinflammatory pathways via CB2 receptor
activation [39,61,62]. Similarly, in the literature, ALA and vitamin D3 (in IperALA®)
display good oral bioavailability and BBB penetration, contributing to redox and immune
modulation [41,63]. In IperALA® Forte, NAC and GSH enhanced antioxidant defence
and demonstrated BBB permeability, as described in the literature [64] especially under
OS conditions. The data obtained on in vitro biocompatibility and lack of cytotoxicity
at both the intestinal level and across the BBB model, together with the preservation of
bioactive properties despite cellular metabolism, supported the transition to CNS-focused
investigations. These were conducted using a three-dimensional in vitro model aimed at
exploring therapeutic strategies against induced neuroinflammation (via HyO, 200 uM) for
hypothetical applications in nociception and chronic pain management [65,66].

Regarding the CNS, brain organoids represent a significant advancement in neuro-
science, offering a powerful model to study human brain development and the onset of
neurological diseases [65,66]. Developed to overcome the limitations of animal models,
these three-dimensional structures are derived from iPSCs and form through a combination
of specific molecular cues and optimised culture conditions. The resulting organoids are
self-organising, multicellular, and functionally resemble human brain tissue, making them
highly suitable for investigating homeostasis, tissue regeneration, and the mechanisms
underlying various brain disorders [67,68]. In this experimental context, the individual
bioactive agents showed measurable effects on specific cellular parameters, such as viability,
OS response, and structural integrity, under conditions of H,O,-induced damage. Notably,
both tested formulations demonstrated an enhanced ability to mitigate the detrimental
effects associated with OS, suggesting a possible additive or synergistic interaction among
their components. This is particularly relevant given that elevated levels of ROS, as mod-
elled by the H,O, treatment, have been identified as predisposing factors in the onset of
astrogliosis and, commonly, astrocyte-related inflammation [69-71].

According to what has been explained, after 24 h of treatment, the pro-inflammatory
cytokines TNFx and IL-1f3 were significantly downregulated in the 3D neuronal organoid
model, suggesting a decrease in the neuroinflammatory milieu. Since these cytokines are
known to mediate neuronal damage and synaptic dysfunction [72], their reduction indi-
cates a protective adjustment of the redox—inflammatory balance and bolsters the in vitro
neuroprotective potential of the tested formulations (IperALA® and IperALA® Forte).
The organoid model used, generated via EBs and neural induction in N2/B27, led to the
formation of three-dimensional structures containing neurons and glial cells, particularly
astrocytes. After approximately 30 days, the system showed a good level of neuroepithelial
maturation, but did not include endogenous microglia, as it was derived from mesodermal
progenitors absent in the protocol. Exposure to H,O, (200 uM) induced an inflammatory
response mainly attributable to astrocytes, known to release cytokines (IL-1f3, IL-6, TNFo),
ROS, and reactive nitrogen species (RNS) in response to OS [70]. Neurons may contribute
to a lesser extent by activating secondary signals such as damage-associated molecular pat-
terns [73]. Given the composition and degree of maturation of the model (30 days) [66], it is
believed that the inflammatory response observed is predominantly mediated by astrocytes.
Although the lack of microglia limits full modelling of the CNS immune axis, it allows
clearer analysis of astrocyte-driven responses. Astrocytes play a key role in neuroinflamma-
tion and nociception by regulating GABA homeostasis and neuronal excitability [74]. Their
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expression of CB2R further supports its involvement in anti-inflammatory and neuropro-
tective mechanisms [75]. The results suggest that the formulation may modulate CB2R and
GABA-related molecular pathways involved in neuroinflammation and OS, contributing
to neuroprotection and suggesting its role in modulating nociception. In this context, in the
molecular profile associated with chronic damage, increased expression levels of CB2R and
GABA were observed compared to the HyO, 200 uM condition. The substitution of ALA
and vitamin D3 with NAC, GSH, or CORILOL 15% (C. sativum e.s.) resulted in an enhanced
biological response under identical experimental conditions of the formulation, suggesting
a synergistic effect (already evident in IperALA®). The combined presence of PEA-m and
endophyllene 15% (Piper nigrum e.s.) was hypothesised to increase levels of CB2R. Indeed,
the analgesic role of PEA via modulating the CB2R-PPAR-o-TRPV1 pathway is widely
recognised, and at the same time, endophyllene 15% (Piper nigrum e.s.) can bind CB2R
via BCP, acting as a PEA agonist, positively influencing inflammation and nociception
response [76]. At the same time, CB2R is implicated in both GABAergic and glutamatergic
pathways, as well as in motivation and cognition [77]. Consequently, it was also essential
to concentrate on GABA-A since it has been shown to function as a significant inhibitory
neurotransmitter in the CNS of mammalian animals [78]. In vivo studies demonstrated that
BCP was capable of modulating mechanisms related not only to pain but also to anxiolytic
states involving the GABAergic pathway [39]. At the same time, for the extract of C. sativum,
a significant effect was found in studies at the nervous level using an in vivo model. Results
of real-time reverse polymerase chain reaction (RT-PCR) showed that gene expression of
the GABA-A receptor was significantly increased [79]. Our results suggest a combined
positive action on both CB2R and GABA-A levels, which were found to be improved and
increased compared with IperALA®, confirming what was previously described in the
scientific literature. Additionally, in IperALA® Forte, the presence of C. sativum extract con-
tributed to improving the antioxidant and anti-inflammatory properties of the formulation.
Indeed, it has also been demonstrated in the literature that the polyphenols contained in
it have a remarkable affinity for modulating the TNFo pathway, contributing to ensuring
a favourable environment for neuronal well-being [80] by cooperating with NAC and GSH.
The importance of the redox status of thiols in optimising the cell’s ability to protect itself
from OS has been well-documented. Regarding GSH availability, the most crucial issue
is maintaining appropriate blood cysteine levels, as cysteine is recognised as the limiting
substrate for glutathione synthesis [81,82]. It has also been established that NAC is an
excellent free radical scavenger, contributing substantially to the maintenance of GSH levels
in cells. Numerous studies have demonstrated that NAC can help reduce fatigue or prolong
the time of GSH accumulation, as well as prevent the initiation of apoptosis [83-85]. NAC
can help maintain optimal GSH levels, thereby ensuring the body’s capacity to counteract
OS. The findings in the antinociceptive setting are consistent with studies where phytoex-
tracts and nutraceuticals such as PEA have produced optimal in vitro outcomes in terms of
nervous well-being in neuronal models with astrocytes [86-88].

In conclusion, these results suggest that the formulation may influence molecular
pathways associated with neuroinflammation and OS, which are mechanistically linked
to nociception and pain modulation, although direct nociceptive data were not assessed
in this study. The neuroprotective bioactive effects of IperALA® Forte, as evidenced by
increased levels of CB2R and GABA, were maintained after intestinal and BBB metabolism.
Indeed, optimal results were obtained in the brain organoid model, thus validating the
experimental approach.

Despite employing proven human in vitro models, such as 3D neural organoids,
HBMEC, astrocytes for the BBB, and Caco-2 for the intestinal barrier, the results should
be cautiously extrapolated to clinical outcomes. Considering their inability to accurately
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depict the intricacy of the human body, particularly its interactions with the immunological,
endocrine, and neurological systems, these models provide a strong and mechanistically
applicable foundation for investigating human-specific responses in controlled settings.
Consequently, more in vivo and clinical research will be required to validate the bioactive
potential of the novel formulation in comparison to the original formulation and to evaluate
any physiological modifications that could deviate from those shown in vitro, even if our
findings offer insightful mechanistic information.

4. Materials and Methods
4.1. Agents Preparation

All samples provided by Pharma Suisse Laboratories SpA (Milan, Italy), consisting of
two formulations already on the market (IperALA® and IperALA® Forte; Table 1), were
compared not only with each other but also with individual agents. For clarity, the test
samples are listed in Table 1 along with their corresponding human dosages. All substances
tested were dissolved in 1 mL of Dulbecco’s Modified Eagle’s Medium (DMEM, Merck
Life Science, Rome, Italy) without phenol red and supplemented with 2 mM L-glutamine
(Merck Life Science, Rome, Italy), and 1% penicillin—streptomycin (Merck Life Science,
Rome, Italy) for all analyses. Substances were diluted 1:2000 to replicate the human dose
in vitro [89]. In a similar manner, H,O, (Merck Life Science, Rome, Italy) was also added
to the same medium as the other agents under consideration, at a final concentration of
200 puM [58].

4.2. Cell Cultures

Caco-2 human intestinal epithelial cells purchased from American Type Culture Col-
lection (ATCC, Manassas, VA, USA) were cultured in Advanced Dulbecco’s Modified
Eagle’s Medium/Nutrient F-12 Ham’s (Adv DMEM-F12; GIBCO® ThermoFisher Scientific,
Waltham, MA, USA) containing 10% foetal bovine serum (FBS), 2 mM L-glutamine, and 1%
penicillin/streptomycin and maintained in a 37 °C incubator at 5% CO, [90]. The research
utilised cells with 26 to 32 passages to maintain integrative paracellular permeability and
transport properties, similar to those observed in intestinal absorption following oral con-
sumption [90]. To conduct various experiments, cells were plated in various ways. For
cell viability, 1 x 10* cells were placed in 96-well plates using a 3-(4,5 Dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT)-based In Vitro Toxicology Assay Kit (Merck
Life Science, Rome, Italy). In comparison, 2 x 10* cells were placed in a 24-well plate
using a 6.5 mm Transwell® with a 0.4 um pore polycarbonate membrane insert (Corning
Costar, New York, NY, USA) to study absorption and integrity (Trans-Epithelial Electrical
Resistance, TEER values) through this intestinal model.

The ATCC (Manassas, VA, USA) provided the human astrocyte cell line CCF-STTG1,
which was used in the second phase of the study to examine the biological effects of
all materials analysed. The experiment’s cells were isolated from the brain of a 68-year-
old patient who had astrocytoma. They were then cultivated in flasks using Roswell
Park Memorial Institute medium (RPMI, Merck Life Science, Rome, Italy) supplemented
with 10% FBS (Merck Life Science, Milan, Italy), 2 mM Hepes (Merck Life Science, Rome,
Italy), 2 mM L-Glutamine (Merck Life Science, Rome, Italy), and 1% P/S (Merck Life
Science, Rome, Italy). When the cells reached 75% to 85% confluence, they were employed
for studies at passage 2 [91]. To replicate the blood-brain barrier (BBB) in vitro model,
astrocytes were co-cultured with human umbilical vein endothelial cells (HUVECs) and
human cerebral vascular pericytes (HBVPs) according to procedures documented in the
literature [92].
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ScienCell Research Laboratories” HBVP cells were cultured in a pericyte medium
supplemented with a growth supplement and 2% FBS (ScienCellTM Research Laboratories,
Carlsbad, CA, USA).

HUVECs were bought from ATCC (Manassas, VA, USA). Cells were grown in En-
dothelial Cell Growth Medium (EGM Media, Lonza, Basel, Switzerland) supplemented
with 2% FBS, hydrocortisone (0.04%), human fibroblast growth factor beta (0.4%), vas-
cular endothelial growth factor (0.1%), recombinant human insulin-like growth factor I
analogue (0.1%), ascorbic acid (0.1%), human epidermal growth factor (0.1%), Gentamicin
sulphate-Amphotericin (0.1%), and heparin (0.1%) (all reagents from Lonza, Walkersville,
MD, USA). Between passages three and six, cells were maintained at 37 °C in an atmosphere
with 5% CO; and 95% humidified air. To form the BBB, 3 x 10° cells/well were seeded on
a Transwell® insert in co-culture with pericytes and astrocytes as described in Section 4.6
following a protocol found in the literature [93].

The iPSCs were bought from the ATCC (Manassas, VA, USA) and maintained in
appropriate CO, and culture medium conditions for the preparation of the brain organoid
model described in Section 4.11.

4.3. Experimental Protocol

The experimental study consisted of different analyses and methods distributed in
3 distinct phases characterised by specific cellular compartments subjected to stimulation
with the test samples (Figure 7).

Phase 1 Phase 2 Phase 3

Analysis on the intestinal barrier paslyzisonD BB modeL

model:

Analysis on 3D cerebral organoid:

+  Cell viability (MTT assay)

- Oxidative stress (Cytochrome C reduction)

+ Integrity assessment (TEER values by | _y
EVOM3™ instrument and TJ levels by
ELISA kits and Immunocytochemistry for
Claudin-5)

+  Permeability study (Fluorescent probe)

«  Cell viability (MTT assay)

+  Oxidative stress (Cytochrome C reduction)

*  Inflammation (TNFa and IL-1B by ELISA Kits)

+  Mediators involved in neuroinflammation
(CB2R levels by ELISA Kits and Western blot;
GABA levels by ELISA kits)

+  Cell viability (MTT assay)

+ Integrity assessment (TEER values | wumip
by EVOM3™ instrument)

+  Permeability study (Fluorescent
probe)

Tri-culture astrocytes/HBVPS/HUVEC Cerebral organoid starting from iPSCs
Caco-2 on Transwell® system on Transwell® system treated with intestinal metabolite pre-treated with H,0, 200 uM (30 min)
and subsequently treated (24h) with the
metabolite of the BBB model

Figure 7. An illustration of the flow of the several stages that make up the experimental procedure
and the studies performed.

The first phase of the study focused on analysing the effects of the individual agents,
the commercial product, and the new formulation at the level of an in vitro intestinal
barrier model on the Food and Drug Administration (FDA) and European Medicines
Agency (EMA)-approved Transwell® system. Specifically, after treatment for 1 h to 6 h,
analyses were performed on the maintenance of cell viability by the MTT assay to avert
any cytotoxic effects at the intestinal level. Accurate measurement of TEER by an EVOM3™
instrument was essential at this level; this was to study the maintenance of intestinal
barrier integrity status. Finally, during the 1 h—6 h treatment period, the permeation status
along the intestinal barrier of the various samples under examination was studied by
a fluorescent probe. Then the intestinal metabolites from each test sample present at the
level of the lower or basolateral compartment of the Transwell® system were collected.
This allowed the peripheral blood to be repurposed in vitro and contained specifically the
intestinal metabolites and the substances that correctly crossed the intact epithelium. The
supernatant was used as a stimulus for its subsequent cellular target following the correct
physiological process after intestinal assimilation. The intestinal metabolites from each
sample, contained at the level of the lower or basolateral compartment of the Transwell®
system, were collected and used as a stimulus for the next phase with the BBB model
(Phase 2).
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In the second phase of the experimental protocol, analyses were performed at the
level of a BBB tri-culture model composed of a co-culture of astrocytes with HBVPS
and HUVEC cell lines. In this phase following treatment for 24 h with the intestinal
metabolites associated with individual agents, IperALA® and IperALA® Forte were used
in the following analyses: the possible appearance of cytotoxic effects through an MTT
viability test and OS analysis by cytochrome C; the state of integrity of the BBB using
specific ELISA kits to detect the main TJ or Claudin-5 and MARVELD; analysis of the rate
of absorption (at 15'-30'-1 h-3 h-12 h-24 h) using a fluorescent probe as performed at
the intestinal level. Furthermore, for Claudin-5, additional analyses of its presence were
performed through an immunocytochemistry protocol with collection of representative
images following treatment with IperALA® and IperALA® Forte (see Appendix A).

At this point, each sample’s supernatant from the basolateral compartment was col-
lected. This was performed to gather the cellular metabolites and chemicals that had
successfully crossed the BBB. This was employed as a stimulus in the subsequent phase for
cerebral organoids.

The third and final phase of the research focused on the analysis of the effects of
samples on the CNS. The cellular metabolites from the BBB model of each sample were
used as a treatment for 24 h on an organoid model of the brain with 200 uM H,O;-
induced OS conditions as described in the literature to recreate the conditions of pain and
inflammation [58]. The following analyses were carried out at this stage: cell viability by the
MTT test; OS by cytochrome C; protein markers associated with inflammation (TNFo and
IL-1pB) by specific ELISA kits and markers related to the triggering of neuroinflammation
and the context of nociception and pain such as CB2R and GABA levels by ELISA kits. At
the same time, CB2R presence was also characterised using Western Blots.

4.4. In Vitro Intestinal Barrier Model

Employing the Transwell® system, an in vitro intestinal barrier model was established
by a standard procedure documented in the scientific literature to determine whether
the substances utilised can pass through the intestinal barrier [94] in accordance with
protocols approved by the FDA and the EMA [95,96]. These procedures are implemented
to predict the absorption, metabolism, and bioavailability of various substances following
oral administration in humans. In short, for 21 days before stimulation, Caco-2 cells plated
on a Transwell® insert were maintained in full medium, which was replaced every other
day at both the basolateral and apical sides [97]. Throughout the whole development
period, the TEER values were measured using EVOM3™ and STX2 chopstick electrodes
(World Precision Instruments, Sarasota, FL, USA) to examine the development of mature
intestinal epithelium and an appropriate paracellular mechanism. On the 21st day, when
TEER readings were more than 400 Q-cm?, absorption analysis proceeded [94]. The culture
medium’s apical-side pH of 6.5, which is similar to the pH in the small intestine lumen, was
confirmed before stimulation. On the basolateral side, however, pH 7.4 denoted blood [98].
From 1 to 6 h before the subsequent analyses, the cells were stimulated with all compounds.
A fluorescent tracer at a concentration of 0.04% (Santa-Cruz, CA, USA) was used to detect
the permeability rate at each time point [90]. Caco-2 cells were incubated for 40 min at
the previously mentioned concentration to quantify the amount of fluorescein transported
at 37 °C. A fluorescence spectrophotometer (Infinite 200 Pro MPlex, Tecan, Mdnnedorf,
Switzerland) was used to detect fluorescence at excitation and emission wavelengths of
490 and 514 nm, respectively. The following formula was used to obtain the permeation
rate [99]:

J = Jmax [C]/(Kt + [C]) (1)

where
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- Jmax: the maximum permeation rate;
- [C]: the initial concentration of fluorescein;
- Kt: the Michaelis—-Menten constant.

Results are expressed as mean + SD (%). Negative controls without cells were tested
to exclude the influence of the Transwell® membrane.

4.5. Cell Viability (MTT Test)

Applying the MTT In vitro Toxicology Assay Kit (Merck Life Science, Rome, Italy),
cell viability was verified on every experimental protocol phase following each stimulation
in accordance with a standard procedure reported in the literature [92]. All solubilised
samples, both treated and untreated, had their absorbance measured at 570 nm with
correction at 690 nm using a spectrometer (Infinite 200 Pro MPlex, Tecan, Madnnedorf,
Switzerland). The control sample and the data were contrasted. The findings are shown
as the average =+ standard deviation (%) of viable cells relative to the control (untreated
samples) of five independent experiments performed in triplicate.

4.6. Blood—Brain Barrier (BBB) In Vitro Model

The astrocyte cell line was co-cultured with HBVPS and HUVEC lines in accordance
with the procedure outlined in the literature [93]. A tri-culture Transwell® model of the
BBB was created using 12-well Transwell® inserts. Type I collagen (150 ug/mL; Merck,
Darmstadt, Germany) and poly-L-lysine (15 uL; ScienCell, Carlsbad, CA, USA) were
applied to inserts, incubated for two hours at 37 °C, cleaned with DPBS (Merck Life Science,
Rome, Italy), and allowed to air dry in a sterile environment. For two to three hours, CCF-
STTG1 cells (3.13 x 10° cells/well) were incubated at 37 °C in 5% CO; after being sown
on the basolateral side. After inverting the inserts, any excess media were taken out and
reinserted into both sections. After that, any excess media were taken out and the inserts
were inverted. The apical side of each compartment received 800 uL of fresh culture media,
whereas the basolateral side received 1600 pL. To protect the cell layer, the astrocyte media
was carefully removed from the plates after they had been incubated for 48 h. Following
this, inserts were reversed for further processes. At a density of 6.25 x 104 cells/well, or
around a 5:1 astrocyte-to-pericyte ratio, HBVPs were directly seeded into the astrocyte
layer. Throughout another two to three hours of incubation, the implants were repositioned,
extra medium was sucked, and a 1:1 combination of astrocyte and pericyte media was
introduced to each compartment. The co-culture was maintained under these conditions
until approximately 90% confluency was achieved, typically by day 4.

After removing the apical media, HUVECs were seeded at a density of 3 x 10° cells/well
onto the collagen-coated apical surface of the inserts. Before the medium was changed, the cells
were left to adhere for at least five hours at 37 °C. An EVOM3™ voltohmmeter was used to
quantify TEER following a 24 h HUVEC seeding period. The measured resistance (in ohms) was
multiplied by the Transwell® insert’s surface area to determine the TEER values, which were
then expressed in Q) x cm?. This configuration allows for the assessment of barrier integrity
and cellular interactions in regulated in vitro settings by simulating important structural and
functional aspects of the human BBB. Only for additional analyses with immunocytochemistry
(Section 4.9) was the 3D model of the BBB set up on slide chambers.

Treatment and permeability investigations were performed on Transwells® after
7 days of culture [99]. The test compounds were applied to cells for 15 min to 24 h before
BBB permeability was measured with a fluorescent marker. Fluorescein (0.04%; Merck
Life Science, Rome, Italy) was used to quantify basolateral compartment fluorescence
using a spectrophotometer (Infinite 200 Pro MPlex, Tecan, Mannedorf, Switzerland) with
excitation/emission settings of 490/514 nm. Values were represented as a percentage of
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the starting chemical that crossed the cell layer, determined using the formula outlined in
reference [46]:
J = Jmax [C]/(Kt + [C]) (2)

where

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

Results are expressed as mean + SD (%), and negative controls without cells were
tested to exclude influence by the Transwell® membrane.

4.7. Reactive Oxygen Species (ROS) Production

The rate of superoxide anion release in the BBB and cerebral organoid in vitro models
was measured using a conventional method based on cytochrome C reduction [100]. For
30 min, both treated and untreated cells were incubated with 100 uL of cytochrome C and
100 pL of superoxide dismutase (both supplied by Merck Life Science, Rome, Italy). The
absorbance in culture supernatants was measured at 550 nm using a spectrometer (Infinite
200 Pro MPlex, Tecan, Mdnnedorf, Switzerland). O, is defined as the mean + SD (%) of
nanomoles of reduced cytochrome C per microgram of protein in comparison to the control
(0 line) of five separate experiments carried out in triplicate.

4.8. Claudin 5 Assay Kit

The quantity of claudin 5 in BBB cell lysates was measured using the Claudin 5 ELISA
Kit (MyBiosource, San Diego, CA, USA) according to the manufacturer’s instructions [101].
The absorbance was measured at 450 nm using a spectrometer (Infinite 200 Pro MPlex,
Tecan, Médnnedorf, Switzerland). The concentration was expressed in ng/mL by compar-
ing the results to the standard curve (from 0 to 2500 pg/mL) and was shown as mean
values =+ SD (%) relative to the control (untreated cells) of five independent experiments
performed in triplicate.

4.9. Tricellulin (MARVELD Protein) Assay Kit

The tricellulin/MARVELD in BBB cell lysates was measured using a Tricellulin ELISA
Kit (MyBiosource, San Diego, CA, USA) according to the producer’s protocol [58]. Ab-
sorbance was measured at 450 nm using a spectrometer (Infinite 200 Pro MPlex, Tecan,
Mainnedorf, Switzerland). The concentration was calculated by comparing the data to the
standard curve (0.625 to 20 ng/mL). It is expressed as mean values £ SD (%) relative to the
control (untreated cells) of five independent experiments performed in triplicate.

4.10. Claudin 5 Immunocytochemistry in Cellular Preparation

The chamber slide used to prepare the BBB tri-culture model was washed three times
with cold PBS 1X supplemented with 2 mM sodium orthovanadate. It was then fixed
for 20 min at room temperature (RT) using a cold fixative solution (3.7% formaldehyde,
3% sucrose in PBS 1X). Following this, the cells were permeabilised with cold PBS 1X using
cold 0.5% Triton X-100 on ice at 4 °C for 20 min. This was followed by two PBS 1X washes.
All chemicals described above were purchased from Sigma-Aldrich (Milan, Italy). After
blocking endogenous peroxidase activity for 8 min with 3% H;O, in PBS 1X, the chamber
slides were kept in a blocking solution made of PBS 1x and 3% albumin from bovine serum
(BSA, Sigma-Aldrich, Milan, Italy) for 1 h at room temperature. A particular primary anti-
body, 1:150 Claudin-5 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), was then added to
the slides and incubated for the whole night at 4 °C. In a humidified chamber, the antibody
was diluted in PBS 1 x. It was then incubated for 20 min with a diluted biotinylated sec-
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ondary antibody solution (Dako Italia, Milan, Italy) and with VECTASTAIN® ABC Reagent
(ThermokFisher Scientific, Waltham, MA, USA) for another 20 min. Following a final wash,
the sections were counter-stained with Mayer’s hematoxylin, incubated with peroxidase
substrate solution until the appropriate stain intensity developed (Peroxidase/DAB, Dako
Italia, Milan, Italy), rinsed in tap water, and mounted using Bio Mount (Bio-Optika, Milan,
Italy). The claudin-5 expression density in terms of number of positive cells was computed
using the method outlined in the literature [102,103]: briefly, 12 different areas (1 mm?)
randomly selected from each section were taken, and the number of signals was determined
using ImagePro 3 software (NIH, Bethesda, MD, USA) [103]. The results were expressed as
a means £ SD (%) and reported in Appendix A.

4.11. In Vitro Model of Brain Organoid

According to a protocol reviewed in the literature [66], the process began with the
selection of iPSCs (ATCC, Manassas, VA, USA). These cells were cultured in StemFlex
medium (ThermoFisher Scientific, Waltham, MA, USA) on Matrigel-coated plates (Corning,
USA) under standard conditions in a CO; incubator. Pluripotency was maintained with
basic fibroblast growth factor (bFGF, PeproTech, ThermoFisher Scientific, Waltham, MA,
USA) and ROCK inhibitor Y27632 (Merck, Germany), and regular testing was performed
to confirm the absence of mycoplasma contamination. The differentiation process began
with the formation of embryoid bodies (EBs) by seeding 2 x 103-18 x 10 cells per well
in ultra-low-attachment 96-well U-bottom plates (Corning, USA) using Dulbecco’s Modi-
fied Eagle’s Medium/Nutrient F-12 Ham’s (DMEM-F12, GIBCO® ThermoFisher Scientific,
Waltham, MA, USA) supplemented with Knockout Serum Replacement (KSR), GlutaMAX,
MEM non-essential amino acids (NEAA), and heparin (Sigma-Aldrich, USA). EBs were
cultured in Neural Induction Medium, containing N2 supplement (ThermoFisher Scientific,
Waltham, MA, USA), to promote neuroectodermal differentiation. By day 5-6, neuroepithe-
lial structures became visible, and EBs were transferred to low-attachment 24-well plates in
the same medium for further maturation. By day 11-12, neural aggregates were embedded
in growth factor-reduced Matrigel (Corning, USA) and transferred to Petri dishes. This
embedding step is crucial for maintaining the integrity of the neuroepithelial buds and
preventing premature differentiation. After 1-2 additional days, the aggregates exhibited
radially organised neuroepithelial structures, indicative of successful neural induction. At
day 14-18, the organoids were transferred to an orbital shaker (MPS-200, angzhou Haipei
Instrument Co., Ltd., Hangzhou City, China) for continued differentiation in Improved
Differentiation Medium (IDM-A) without vitamin A, containing Neurobasal medium, N2
supplement, B27 supplement without vitamin A, insulin (Merck, Germany), GlutaMAX,
and penicillin-streptomycin (ThermoFisher Scientific, Waltham, MA, USA). The agitation
provided by the orbital shaker (set to 57 rpm) ensured proper diffusion of nutrients and
oxygen, preventing central necrosis. At day 30, neuronal maturation was enhanced by
transitioning to IDM + A medium, which includes B27 supplement with vitamin A and
dissolved Matrigel to support extracellular matrix interactions. The presence of ascorbic
acid (Merck, Germany) and sodium bicarbonate supported oxidative metabolism and
cellular health.

4.12. TNF« Production ELISA Kit

TNFo measurement in cerebral organoid model supernatants was performed using
the TNFx ELISA kit (Merck Life Science, Rome, Italy) according to the manufacturer’s
guidelines [104]. The samples’ absorbance was measured at 450 nm with a plate reader
(Infinite 200 ProMPlex, Tecan, Mannedorf, Switzerland). The outcomes were obtained
utilising a calibration curve (range: 24.58 pg/mL-6000 pg/mL) and are presented as
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mean values & SD (%) relative to the control (0 line) from five independent experiments
conducted in triplicate.

4.13. IL-1B Production ELISA Kit

IL-18 levels in cerebral organoid lysates were measured according to the manufac-
turer’s guidelines with an IL-13 ELISA Kit (R&D Systems, Minneapolis, MN, USA). The
absorbance was assessed using a microplate reader at 450 nm, with a correction at 570 nm.
The quantification of IL-1 involved comparing the sample readings with the standard
curve (3.9-250 pg/mL) created [105]. Results are presented as mean values + SD (%)
relative to the control (0 line) from five independent experiments conducted in triplicate.

4.14. CB2R ELISA Kit

The CNR2 ELISA Kit (FineTest, Wuhan, China) was utilised in cerebral organoid
supernatants, adhering to the manufacturer’s guidelines to confirm the functionality of
the CB2 receptor [106]. The plate was analysed at 450 nm utilising a plate reader (Infinite
200 Pro MPlex, Tecan, Médnnedorf, Switzerland). The data were collected and analysed
against the standard curve (spanning from 62.5 to 4000 pg/mL). The outcomes were
reported as mean £ SD (%) compared to the control (0 line) from five separate experiments
conducted in triplicate.

4.15. GABA ELISA Assay

The GABA ELISA Kit (FineTest, Wuhan, China) was used on cerebral organoid lysates
following the manufacturer’s instructions [107]. The absorbance was measured at 450 nm
through a plate reader (Infinite 200 ProMPlex, Tecan, Médnnedorf, Switzerland). The data
were obtained and compared to the standard curve (6 to 400 pg/mL). The results were
expressed as mean £ SD (%) versus control (0 lines) of five independent experiments
in triplicate.

4.16. Western Blot

The cerebral organoid was lysed on ice using Complete Tablet Buffer (Roche, Basel,
Switzerland) supplemented with 1 mM PMSF, 2 mM sodium orthovanadate (NazgVOy),
a 1:50 dilution of phosphatase inhibitor cocktail, and a 1:200 dilution of protease inhibitor
cocktail, following a standard protocol [97]. Protein extracts (35 ng) were subjected to sepa-
ration via 10% Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE),
followed by transfer onto polyvinylidene fluoride (PVDF) membranes (GE Healthcare
Europe GmbH, Milan, Italy). Membranes were incubated overnight at 4 °C with primary
antibodies diluted at 1:500 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) that specifi-
cally target CB2R. Protein loading was assessed using an anti-3-actin antibody diluted to
1:4000 (Merck Life Science, Rome, Italy). Data were presented as mean =+ SD (%) compared
to the untreated control.

4.17. Statistical Analysis

All results were expressed as mean =+ SD of at least five independent biological
replicates, each performed in technical triplicate. For each experimental protocol, data was
normalised to the untreated control, consisting of cells exposed only to the culture medium
(i.e., without formulations or individual components), which was used as a reference.

Data normalisation was performed by dividing the mean optical density (OD) of each
treated sample (calculated from technical triplicates) by the mean OD of the untreated
control sample, which consisted of cells incubated with culture medium alone (i.e., without
any formulations or components) and served as the baseline reference.
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The resulting ratios were then converted into percentage variation relative to the
control by subtracting 1 (the normalised control value) and multiplying by 100, according

to the formula
mean OD treated

mean OD control

% variation = ( — 1) x 100

This normalisation approach sets the untreated control at 0%, enabling straightforward
interpretation of treatment-induced increases or decreases in viability /metabolic activity
across all datasets.

Statistical comparisons between groups were performed using one-way ANOVA
followed by Bonferroni’s post hoc test, or the Mann—Whitney U test when appropriate.
Data collected at different time points (such as TEER values, viability) were analysed
separately by one-way ANOVA followed by Tukey’s post hoc test. This approach is
used for measurements taken at different times from independent biological replicates.
Consequently, each time point was treated as an independent experiment to evaluate
treatment-dependent differences under identical temporal conditions. All analyses were
conducted using GraphPad Prism version 10.2.3 (GraphPad Software, La Jolla, CA, USA).
A p-value < 0.05 was considered statistically significant. The effect size between the
two formulations under consideration was quantified using n? (eta squared). In GraphPad
Prism, n corresponds to the R? value reported in the ANOVA table and is calculated as the

ratio of the between-group sum of squares to the total sum of squares (n? = SSS?%)‘ In
N . 2
parallel and with similar results, n> was calculated using the standard formula n? = t2t+ T

which provides an equivalent measure of explained variance (pairwise t-test) [108].

5. Conclusions

The present findings indicate that the IperALA® Forte formulation may exert protec-
tive effects on neuronal cells by supporting viability, maintaining structural integrity, and
attenuating oxidative and inflammatory stress in 3D in vitro models. Compared with the
ALA and vitamin D3-based formulation, the combination of NAC, GSH, and C. sativum
extract appeared to promote a more favourable redox-inflammatory balance, accompanied
by modulation of CB2R and GABA expression. These observations point toward a potential
neuroprotective, antioxidant and anti-neuroinflammatory profile, although their biological
and translational relevance should be interpreted with caution. Further investigations in ad-
vanced in vivo and clinical models are required to confirm these preliminary results and to
clarify whether such neuroprotective mechanisms could also contribute to the modulation
of nociceptive and pain-related pathways.
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Abbreviations

The following abbreviations are used in this manuscript:

Adv DMEM-F12  Advanced Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 Ham'’s

Adv-DMEM Advanced Dulbecco’s Modified Eagle’s Medium
ALA Alpha-Lipoic Acid

ATCC American Type Culture Collection

BBB Blood—-Brain Barrier

BCP B-Caryophyllene

bFGF Basic fibroblast growth factor

C. sativum Coriandrum sativum

CBI1R Cannabinoid Receptor 1

CB2R Cannabinoid Receptor 2

CNS Central Nervous System

DMEM Dulbecco’s Modified Eagle’s Medium
DMEM-F12 Dulbecco’s Modified Eagle’s Medium/Nutrient F-12 Ham'’s
EB Embryoid Bodies

EGM Endothelial Cell Growth Medium

EMA European Medicines Agency

FBS Foetal Bovine Serum

FDA Food and Drug Administration

GABA Gamma-Aminobutyric Acid

GSH Glutathione

HUVEC Human Umbilical Vein Endothelial Cells
IDM Improved Differentiation Medium

IL-1B3 Interleukin 13

iPSC Induced Pluripotent Stem Cells

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
NAC N-Acetylcysteine

NEAA Non-Essential Amino Acids

OS Oxidative Stress

PEA Palmitoylethanolamide

PEA-m Palmitoylethanolamide micronised

PNS Peripheral Nervous System

PPAR-« Peroxisome proliferator-activated receptor o
RNS Reactive Nitrogen Species

ROS Reactive Oxygen Species

RPMI Roswell Park Memorial Institute medium
TEER Trans-Epithelial Electrical Resistance

TJ Tight junction

TNFx Tumour Necrosis Factor «
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Figure Al. Analysis of claudin-5 in terms of positive cells by immunocytochemistry on BBB tri-
culture model after 24 h treatment with IperALA® and IperALA®. (A) Representative images for each
sample obtained with microscope at 10x (100 um) objective after immunocytochemistry protocol;
(B) % score of positive cells counted in 12 different areas following treatment, obtained with ImagePro
3 software. * p < 0.05 vs. control; the bar indicates p < 0.05 vs. IperALA®.

References

1.

Nikolenko, V.N.; Shelomentseva, E.M.; Tsvetkova, M.M.; Abdeeva, E.I; Giller, D.B.; Babayeva, ].V.; Achkasov, E.E.; Gavryushova,
L.V,; Sinelnikov, M.Y. Nociceptors: Their Role in Body’s Defenses, Tissue Specific Variations and Anatomical Update. J. Pain. Res.
2022, 15, 867-877. [CrossRef]

Jank, R.; Gallee, A.; Boeckle, M.; Fiegl, S.; Pieh, C. Chronic Pain and Sleep Disorders in Primary Care. Pain Res. Treat. 2017, 2017,
1-9. [CrossRef] [PubMed]

Morel, V.; Pickering, M.-E.; Goubayon, J.; Djobo, M.; Macian, N.; Pickering, G. Magnesium for Pain Treatment in 2021? State of
the Art. Nutrients 2021, 13, 1397. [CrossRef]

Cohen, S.P; Vase, L.; Hooten, W.M. Chronic Pain: An Update on Burden, Best Practices, and New Advances. Lancet 2021, 397,
2082-2097. [CrossRef] [PubMed]

Tracey, I. Finding the Hurt in Pain. Cerebrum 2016, 2016, 15-16. [PubMed Central]

Coxon, L.; Horne, A.W.; Vincent, K. Pathophysiology of Endometriosis-Associated Pain: A Review of Pelvic and Central Nervous
System Mechanisms. Best. Pr. Res. Clin. Obs. Gynaecol. 2018, 51, 53-67. [CrossRef]

Nijs, J.; Tumkaya Yilmaz, S.; Elma, O.; Tatta, J.; Mullie, P,; Vanderweeén, L.; Clarys, P; Deliens, T.; Coppieters, I.; Weltens, N.; et al.
Nutritional Intervention in Chronic Pain: An Innovative Way of Targeting Central Nervous System Sensitization? Expert. Opin.
Ther. Targets 2020, 24, 793-803. [CrossRef]


https://doi.org/10.2147/JPR.S348324
https://doi.org/10.1155/2017/9081802
https://www.ncbi.nlm.nih.gov/pubmed/29410915
https://doi.org/10.3390/nu13051397
https://doi.org/10.1016/S0140-6736(21)00393-7
https://www.ncbi.nlm.nih.gov/pubmed/34062143
https://pmc.ncbi.nlm.nih.gov/articles/PMC5501013
https://doi.org/10.1016/j.bpobgyn.2018.01.014
https://doi.org/10.1080/14728222.2020.1784142

Int. J. Mol. Sci. 2025, 26, 10857 26 of 30

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Moulin, D.; Boulanger, A.; Clark, A.J.; Clarke, H.; Dao, T.; Finley, G.A.; Furlan, A.; Gilron, I.; Gordon, A.; Morley-Forster, PK.; et al.
Canadian Pain Society. Pharmacological management of chronic neuropathic pain: Revised consensus statement from the
Canadian Pain Society. Pain Res. Manag. 2014, 19, 328-335. [CrossRef]

Vieira, W.E,; Coelho, D.R.A ; Litwiler, S.T.; McEachern, K.M.; Clancy, J.A.; Morales-Quezada, L.; Cassano, P. Neuropathic Pain,
Mood, and Stress-Related Disorders: A Literature Review of Comorbidity and Co-Pathogenesis. Neurosci. Biobehav. Rev. 2024,
161, 105673. [CrossRef]

Hylands-White, N.; Duarte, R.V.; Raphael, ] H. An Overview of Treatment Approaches for Chronic Pain Management. Rheumatol.
Int. 2017, 37, 29-42. [CrossRef]

Lozier, C.C.; Nugent, S.M.; Smith, N.X.; Yarborough, B.J.; Dobscha, S.K.; Deyo, R.A.; Morasco, B.J. Correlates of Use and Perceived
Effectiveness of Non-Pharmacologic Strategies for Chronic Pain Among Patients Prescribed Long-Term Opioid Therapy. J. Gen.
Intern. Med. 2018, 33, 46-53. [CrossRef]

Oztiirk, Y.; Oztiirk, N. Plant- and Nutraceutical-Based Approach for the Management of Diabetes and Its Neurological Complica-
tions: A Narrative Review. Curr. Pharm. Des. 2019, 25, 3536-3549. [CrossRef]

Abdelrahman, K.M.; Hackshaw, K.V. Nutritional Supplements for the Treatment of Neuropathic Pain. Biomedicines 2021, 9, 674.
[CrossRef]

Daliu, P;; Santini, A.; Novellino, E. From Pharmaceuticals to Nutraceuticals: Bridging Disease Prevention and Management.
Expert. Rev. Clin. Pharmacol. 2019, 12, 1-7. [CrossRef] [PubMed]

Bautista, A.; Lee, J.; Delfino, S.; LaPreze, D.; Abd-Elsayed, A. The impact of nutrition on pain: A narrative review of recent
literature. Curr. Pain. Headache Rep. 2024, 28, 1059-1066. [CrossRef] [PubMed]

Berk, K.; Bzdega, W.; Konstantynowicz-Nowicka, K.; Charytoniuk, T.; Zywno, H.; Chabowski, A. Phytocannabinoids—A Green
Approach toward Non-Alcoholic Fatty Liver Disease Treatment. J. Clin. Med. 2021, 10, 393. [CrossRef]

Ghiselli, F; Majer, R.; Piva, A.; Grilli, E. Activation of Cannabinoid Receptor 2 by Turmeric Oleoresin Reduces Inflammation and
Oxidative Stress in an Osteoarthritis in Vitro Model. Front. Pharmacol. 2024, 15, 1488254. [CrossRef]

Mishra, G.; Singh, P; Molla, M.; Shumet Yimer, Y.; Ewunetie, A.; Yimer Tadesse, T.; Mengie Ayele, T.; Kefale, B. Nutraceuticals:
A Source of Benefaction for Neuropathic Pain and Fibromyalgia. J. Funct. Foods 2022, 97, 105260. [CrossRef]

Sachs, D.; Cunha, EQ.; Poole, S.; Ferreira, S.H. Tumour Necrosis Factor-«, Interleukin-1 and Interleukin-8 Induce Persistent
Mechanical Nociceptor Hypersensitivity. Pain 2002, 96, 89-97. [CrossRef]

Vezzani, A.; Viviani, B. Neuromodulatory Properties of Inflammatory Cytokines and Their Impact on Neuronal Excitability.
Neuropharmacology 2015, 96, 70-82. [CrossRef]

Varrassi, G.; Rekatsina, M.; Leoni, M.L.G.; Cascella, M.; Finco, G.; Sardo, S.; Corno, C.; Tiso, D.; Schweiger, V,;
Fornasari, D.M.M.; et al. A Decades-Long Journey of Palmitoylethanolamide (PEA) for Chronic Neuropathic Pain Manage-
ment: A Comprehensive Narrative Review. Pain. Ther. 2025, 14, 81-101. [CrossRef]

Skaper, S.D.; Facci, L. Mast Cell-Glia Axis in Neuroinflammation and Therapeutic Potential of the Anandamide Congener
Palmitoylethanolamide. Phil. Trans. R. Soc. B 2012, 367, 3312-3325. [CrossRef]

Mattace Raso, G.; Russo, R.; Calignano, A.; Meli, R. Palmitoylethanolamide in CNS Health and Disease. Pharmacol. Res. 2014, 86,
32-41. [CrossRef]

Galla, R.; Mulg, S.; Ferrari, S.; Grigolon, C.; Molinari, C.; Uberti, F. Palmitoylethanolamide as a Supplement: The Importance of
Dose-Dependent Effects for Improving Nervous Tissue Health in an In Vitro Model. Int. J. Mol. Sci. 2024, 25, 9079. [CrossRef]
Déciga-Campos, M.; Ramirez-Marin, PM.; Lépez-Murioz, FJ. Synergistic Antinociceptive Interaction between Palmi-
toylethanolamide and Tramadol in the Mouse Formalin Test. Eur. |. Pharmacol. 2015, 765, 68-74. [CrossRef] [PubMed]
Alejo-Martinez, A.; Bravo, G.; Lépez-Muiioz, FJ. N-Palmitoylethanolamide Enhances Antinociceptive Effect of Tramadol in
Neuropathic Rats. Biomed. Pharmacother. 2025, 182, 117760. [CrossRef] [PubMed]

Gertsch, J.; Leonti, M.; Raduner, S.; Racz, I.; Chen, ].-Z.; Xie, X.-Q.; Altmann, K.-H.; Karsak, M.; Zimmer, A. Beta-Caryophyllene Is
a Dietary Cannabinoid. Proc. Natl. Acad. Sci. USA 2008, 105, 9099-9104. [CrossRef]

Younis, N.S.; Mohamed, M.E. 3-Caryophyllene as a Potential Protective Agent Against Myocardial Injury: The Role of Toll-Like
Receptors. Molecules 2019, 24, 1929. [CrossRef]

Katsuyama, S.; Mizoguchi, H.; Kuwahata, H.; Komatsu, T.; Nagaoka, K.; Nakamura, H.; Bagetta, G.; Sakurada, T.; Sakurada, S.
Involvement of Peripheral Cannabinoid and Opioid Receptors in 3-caryophyllene-induced Antinociception. Eur. . Pain. 2013,17,
664—675. [CrossRef]

Aguilar—Avila, D.S.; Flores-Soto, M.E.; Tapia-Vazquez, C.; Pastor-Zarandona, O.A.; Lépez-Roa, R.I; Viveros-Paredes, .M.
[ -Caryophyllene, a Natural Sesquiterpene, Attenuates Neuropathic Pain and Depressive-Like Behavior in Experimental Diabetic
Mice. J. Med. Food 2019, 22, 460-468. [CrossRef] [PubMed]

Taherian, A.A.; Vafaei, A.A.; Ameri, ]. Opiate System Mediate the Antinociceptive Effects of Coriandrum Sativum in Mice. Iran J.
Pharm. Res. 2012, 11, 679-688.


https://doi.org/10.1155/2014/754693
https://doi.org/10.1016/j.neubiorev.2024.105673
https://doi.org/10.1007/s00296-016-3481-8
https://doi.org/10.1007/s11606-018-4325-x
https://doi.org/10.2174/1381612825666191014165633
https://doi.org/10.3390/biomedicines9060674
https://doi.org/10.1080/17512433.2019.1552135
https://www.ncbi.nlm.nih.gov/pubmed/30484336
https://doi.org/10.1007/s11916-024-01275-x
https://www.ncbi.nlm.nih.gov/pubmed/38874851
https://doi.org/10.3390/jcm10030393
https://doi.org/10.3389/fphar.2024.1488254
https://doi.org/10.1016/j.jff.2022.105260
https://doi.org/10.1016/S0304-3959(01)00433-X
https://doi.org/10.1016/j.neuropharm.2014.10.027
https://doi.org/10.1007/s40122-024-00685-4
https://doi.org/10.1098/rstb.2011.0391
https://doi.org/10.1016/j.phrs.2014.05.006
https://doi.org/10.3390/ijms25169079
https://doi.org/10.1016/j.ejphar.2015.08.025
https://www.ncbi.nlm.nih.gov/pubmed/26297302
https://doi.org/10.1016/j.biopha.2024.117760
https://www.ncbi.nlm.nih.gov/pubmed/39721328
https://doi.org/10.1073/pnas.0803601105
https://doi.org/10.3390/molecules24101929
https://doi.org/10.1002/j.1532-2149.2012.00242.x
https://doi.org/10.1089/jmf.2018.0157
https://www.ncbi.nlm.nih.gov/pubmed/30864870

Int. J. Mol. Sci. 2025, 26, 10857 27 of 30

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kajal, A.; Singh, R. Coriandrum Sativum Improve Neuronal Function via Inhibition of Oxidative/Nitrosative Stress and TNF-«
in Diabetic Neuropathic Rats. J. Ethnopharmacol. 2020, 263, 112959. [CrossRef]

Cappellani, D.; Sardella, C.; Campopiano, M.C.; Falorni, A.; Marchetti, P.; Macchia, E. Spontaneously Remitting Insulin
Autoimmune Syndrome in a Patient Taking Alpha-Lipoic Acid. Endocrinol. Diabetes Metab. Case Rep. 2018, 2018, 18-0122.
[CrossRef]

Ryeal Hahm, J.; Kim, B.-J.; Kim, K.-W. Clinical Experience with Thioctacid (Thioctic Acid) in the Treatment of Distal Symmetric
Polyneuropathy in Korean Diabetic Patients. |. Diabetes Complicat. 2004, 18, 79-85. [CrossRef]

Han, T,; Bai, J.; Liu, W.; Hu, Y. THERAPY OF ENDOCRINE DISEASE: A Systematic Review and Meta-Analysis of x-Lipoic Acid
in the Treatment of Diabetic Peripheral Neuropathy. Eur. J. Endocrinol. 2012, 167, 465-471. [CrossRef] [PubMed]

Das, A.; Balakrishnan, P. Mechanisms and clinical applications of palmitoylethanolamide (PEA) in the treatment of neuropathic
pain. Inflammopharmacology 2025, 33, 121-133. [CrossRef] [PubMed]

Schweiger, V.; Schievano, C.; Martini, A.; Polati, L.; Del Balzo, G.; Simari, S.; Polati, E. Extended Treatment with Micron-Size Oral
Palmitoylethanolamide (PEA) in Chronic Pain: A Systematic Review and Meta-Analysis. Nutrients 2024, 16, 1653. [CrossRef]
[PubMed]

5S4, M.C.1.D.; Castor, M.G.M. Therapeutic Use of Palmitoylethanolamide as an Anti-inflammatory and Immunomodulator. Future
Pharmacol. 2023, 3, 951-977. [CrossRef]

Sharma, C.; Al Kaabi, J., M.; Nurulain, S., M.; Goyal, S.N.; Amjad Kamal, M.A.; Ojha, S. Polypharmacological properties and
therapeutic potential of 3-caryophyllene: A dietary phytocannabinoid of pharmaceutical promise. Curr. Pharm. Des. 2016, 22,
3237-3264. [CrossRef]

Yunusoglu, O.; Koyuncu, E. Alpha-lipoic acid in pharmaceutical development: A comprehensive review of its therapeutic
potential and molecular mechanisms. Prospect. Pharm. Sci. 2025, 2025, (early access). [CrossRef]

Udaipurwala, A.; Pimple, P.; Sawarkar, S. Exploring the Pharmacotherapeutic Potential of Natural Compound Alpha Lipoic Acid.
J. Nat. Prod. 2025, 15, €22103155309474. [CrossRef]

Sugandhi, V.V.; Pangeni, R.; Vora, L K.; Poudel, S.; Nangare, S.; Jagwani, S.; Gadhave, D.; Qin, C.; Pandya, A.; Shah, P.; et al.
Pharmacokinetics of vitamin dosage forms: A complete overview. Food Sci. Nutr. 2023, 12, 48-83. [CrossRef]

Eyles, D.W.; Smith, S.; Kinobe, R.; Hewison, M.; McGrath, J.J. Distribution of the vitamin D receptor and 1x-hydroxylase in
human brain. |. Chem. Neuroanat. 2005, 29, 21-30. [CrossRef]

Zhang, S.; Asghar, S.; Yu, F; Hu, Z,; Ping, Q.; Chen, Z; Xiao, Y. The enhancement of N-acetylcysteine on intestinal absorption and
oral bioavailability of hydrophobic curcumin. Eur. J. Pharm. Sci. 2020, 154, 105506. [CrossRef]

Riaz Rajoka, M.S.; Thirumdas, R.; Mehwish, H.M.; Umair, M.; Khurshid, M.; Hayat, H.F.; Barba, EJ. Role of food antioxidants in
modulating gut microbial communities: Novel understandings in intestinal oxidative stress damage and their impact on host
health. Antioxidants 2021, 10, 1563. [CrossRef]

Mule, S.; Ferrari, S.; Rosso, G.; Brovero, A.; Botta, M.; Congiusta, A.; Galla, R.; Molinari, C.; Uberti, F. The Combined Antioxidant
Effects of N-Acetylcysteine, Vitamin D3, and Glutathione from the Intestinal-Neuronal In Vitro Model. Foods 2024, 13, 774.
[CrossRef]

Agarwal, U.; Kanupriya Tonk, R K.; Verma, S. A comprehensive review of supernatural coriander herb (Coriandrum sativum):
Phytochemical insights, pharmacological potential and future perspective. Phytochem. Rev. 2025, 1-47. [CrossRef]

Soares, G.A.B.E.; Bhattacharya, T.; Chakrabarti, T.; Tagde, P.; Cavalu, S. Exploring pharmacological mechanisms of essential oils
on the central nervous system. Plants 2021, 11, 21. [CrossRef] [PubMed]

Ferrari, S.; Mule, S.; Galla, R.; Brovero, A.; Genovese, G.; Molinari, C.; Uberti, F. Effects of Nutraceutical Compositions Containing
Rhizoma Gastrodiae or Lipoic Acid in an In Vitro Induced Neuropathic Pain Model. Int. . Mol. Sci. 2024, 25, 2376. [CrossRef]
[PubMed]

Li, L.; Li, J.; Zhu, Y.; Mak, Y.T.; Yew, D.T. HO;-Induced Changes in Astrocytic Cultures from Control and Rapidly Aging Strains
of Mouse. Int. . Neurosci. 2008, 118, 1239-1250. [CrossRef] [PubMed]

Beal, B.R.; Wallace, M.S. An Overview of Pharmacologic Management of Chronic Pain. Med. Clin. North. Am. 2016, 100, 65-79.
[CrossRef]

Stojanovic, B.; Milivojcevic Bevc, I.; Dimitrijevic Stojanovic, M.; Stojanovic, B.S.; Lazarevic, T.; Spasic, M.; Zornic, N. Oxidative
Stress, Inflammation, and Cellular Senescence in Neuropathic Pain: Mechanistic Crosstalk. Antioxidants 2025, 14, 1166. [CrossRef]
Bost, J.; Maroon, A.; Maroon, J. Natural Anti-Inflammatory Agents for Pain Relief. Surg. Neurol. Int. 2010, 1, 80. [CrossRef]
[PubMed]

Yatoo, M.L; Gopalakrishnan, A.; Saxena, A.; Parray, O.R.; Tufani, N.A.; Chakraborty, S.; Tiwari, R.; Dhama, K.; Igbal, HM.N.
Anti-Inflammatory Drugs and Herbs with Special Emphasis on Herbal Medicines for Countering Inflammatory Diseases and
Disorders—A Review. Recent. Pat. Inflamm. Allergy Drug Discov. 2018, 12, 39-58. [CrossRef] [PubMed]

Hu, M,; Ling, J.; Lin, H.; Chen, ]J. Use of Caco-2 Cell Monolayers to Study Drug Absorption and Metabolism. In Optimization in
Drug Discovery; Humana Press: Totowa, NJ, USA, 2004; pp. 19-35.


https://doi.org/10.1016/j.jep.2020.112959
https://doi.org/10.1530/EDM-18-0122
https://doi.org/10.1016/S1056-8727(03)00033-3
https://doi.org/10.1530/EJE-12-0555
https://www.ncbi.nlm.nih.gov/pubmed/22837391
https://doi.org/10.1007/s10787-024-01623-8
https://www.ncbi.nlm.nih.gov/pubmed/39714723
https://doi.org/10.3390/nu16111653
https://www.ncbi.nlm.nih.gov/pubmed/38892586
https://doi.org/10.3390/futurepharmacol3040058
https://doi.org/10.2174/1381612822666160311115226
https://doi.org/10.56782/pps.456
https://doi.org/10.2174/0122103155309474240826105734
https://doi.org/10.1002/fsn3.3787
https://doi.org/10.1016/j.jchemneu.2004.08.006
https://doi.org/10.1016/j.ejps.2020.105506
https://doi.org/10.3390/antiox10101563
https://doi.org/10.3390/foods13050774
https://doi.org/10.1007/s11101-025-10142-5
https://doi.org/10.3390/plants11010021
https://www.ncbi.nlm.nih.gov/pubmed/35009027
https://doi.org/10.3390/ijms25042376
https://www.ncbi.nlm.nih.gov/pubmed/38397054
https://doi.org/10.1080/00207450601059429
https://www.ncbi.nlm.nih.gov/pubmed/18698507
https://doi.org/10.1016/j.mcna.2015.08.006
https://doi.org/10.3390/antiox14101166
https://doi.org/10.4103/2152-7806.73804
https://www.ncbi.nlm.nih.gov/pubmed/21206541
https://doi.org/10.2174/1872213X12666180115153635
https://www.ncbi.nlm.nih.gov/pubmed/29336271

Int. J. Mol. Sci. 2025, 26, 10857 28 of 30

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

Kus, M.; Ibragimow, I.; Piotrowska-Kempisty, H. Caco-2 cell line standardization with pharmaceutical requirements and in vitro
model suitability for permeability assays. Pharmaceutics 2023, 15, 2523. [CrossRef]

Srinivasan, B.; Kolli, A.R.; Esch, M.B.; Abaci, H.E.; Shuler, M.L.; Hickman, J.J. TEER Measurement Techniques for In Vitro Barrier
Model Systems. SLAS Technol. 2015, 20, 107-126. [CrossRef]

Mule, S.; Ferrari, S.; Rosso, G.; Galla, R.; Battaglia, S.; Curti, V.; Molinari, C.; Uberti, F. The Combined Effect of Green Tea, Saffron,
Resveratrol, and Citicoline against Neurodegeneration Induced by Oxidative Stress in an In Vitro Model of Cognitive Decline.
Oxid. Med. Cell Longev. 2024, 2024, 7465045. [CrossRef]

Hajal, C.; Le Roi, B.; Kamm, R.D.; Maoz, B.M. Biology and Models of the Blood—Brain Barrier. Annu. Rev. Biomed. Eng. 2021, 23,
359-384. [CrossRef]

Vakilian, S.; Alam, K.; Al-Kindi, ]J.; Jamshidi-Adegani, F.; Rehman, N.U.; Tavakoli, R.; Al-Riyami, K.; Hasan, A.; Zadjali, F;
Csuk, R.; et al. An Engineered Microfluidic Blood-brain Barrier Model to Evaluate the Anti-metastatic Activity of B-boswellic
Acid. Biotechnol. J. 2021, 16, 44. [CrossRef]

Scandiffio, R.; Geddo, F.; Cottone, E.; Querio, G.; Antoniotti, S.; Gallo, M.P,; Bovolin, P. Protective effects of (E)-B-caryophyllene
(BCP) in chronic inflammation. Nutrients 2020, 12, 3273. [CrossRef]

Ramos-Molina, A.R.; Tejeda-Martinez, A.R.; Viveros-Paredes, ]J.M.; Chaparro-Huerta, V.; Urmeneta-Ortiz, M.E;
Ramirez-Jirano, L.J.; Flores-Soto, M.E. Beta-caryophyllene inhibits the permeability of the blood-brain barrier in MPTP-
induced parkinsonism. Neurologia 2025, 40, 191-203. [CrossRef] [PubMed]

Alam, C.; Hoque, M.T.; Finnell, R.H.; Goldman, 1.D.; Bendayan, R. Regulation of reduced folate carrier (RFC) by vitamin D
receptor at the blood-brain barrier. Mol. Pharm. 2017, 14, 3848-3858. [CrossRef] [PubMed]

Bhatti, J.; Nascimento, B.; Akhtar, U.; Rhind, S.G.; Tien, H.; Nathens, A.; Da Luz, L.T. Systematic review of human and animal
studies examining the efficacy and safety of N-acetylcysteine (NAC) and N-acetylcysteine amide (NACA) in traumatic brain
injury: Impact on neurofunctional outcome and biomarkers of oxidative stress and inflammation. Front. Neurol. 2018, 8, 744.
[CrossRef]

Sahasrabudhe, S.A.; Terluk, M.R.; Kartha, R.V. N-acetylcysteine pharmacology and applications in rare diseases—Repurposing
an old antioxidant. Antioxidants 2023, 12, 1316. [CrossRef]

Giandomenico, S.L.; Sutcliffe, M.; Lancaster, M.A. Generation and Long-Term Culture of Advanced Cerebral Organoids for
Studying Later Stages of Neural Development. Nat. Protoc. 2021, 16, 579-602. [CrossRef]

Ju, Z.-H.; Liang, X; Ren, Y.-Y; Shu, L.-W.,; Yan, Y.-H.; Cui, X. Neurons Derived from Human-Induced Pluripotent Stem Cells
Express Mu and Kappa Opioid Receptors. Neural Regen. Res. 2021, 16, 653. [CrossRef] [PubMed]

Lancaster, M.A.; Renner, M.; Martin, C.-A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, ].M.; Jackson, A.P;
Knoblich, J.A. Cerebral Organoids Model Human Brain Development and Microcephaly. Nature 2013, 501, 373-379. [CrossRef]
Chang, Y.; Kim, J.; Park, H.; Choi, H.; Kim, J. Modelling Neurodegenerative Diseases with 3D Brain Organoids. Biol. Rev. 2020, 95,
1497-1509. [CrossRef]

Jalink, P.; Caiazzo, M. Brain Organoids: Filling the Need for a Human Model of Neurological Disorder. Biology 2021, 10, 740.
[CrossRef]

Pekny, M.; Pekna, M. Astrocyte reactivity and reactive astrogliosis: Costs and benefits. Physiol. Rev. 2014, 94, 1077-1098. [CrossRef]
Amoriello, R.; Memo, C.; Ballerini, L.; Ballerini, C. The brain cytokine orchestra in multiple sclerosis: From neuroinflammation to
synaptopathology. Mol. Brain. 2024, 17, 4. [CrossRef] [PubMed]

Santoni, G.; Cardinali, C.; Morelli, M.B.; Santoni, M.; Nabissi, M.; Amantini, C. Danger-and pathogen-associated molecular
patterns recognition by pattern-recognition receptors and ion channels of the transient receptor potential family triggers the
inflammasome activation in immune cells and sensory neurons. J. Neuroinflammation 2015, 12, 21. [CrossRef]

Liu, J.; Feng, X.; Wang, Y.; Xia, X.; Zheng, ].C. Astrocytes: GABAceptive and GABAergic cells in the brain. Front. Cell. Neurosci.
2022, 16, 892497. [CrossRef]

Navarro, G.; Morales, P.; Cueto, C.R.; Ferndndez-Ruiz, J.; Jagerovic, N.; Franco, R. Targeting Cannabinoid CB2 Receptors in the
Central Nervous System. Medicinal Chemistry Approaches with Focus on Neurodegenerative Disorders. Front. Neurosci. 2016,
10, 406. [CrossRef]

Francomano, F,; Caruso, A.; Barbarossa, A.; Fazio, A.; La Torre, C.; Ceramella, J.; Mallamaci, R.; Saturnino, C.; Iacopetta, D.;
Sinicropi, M.S. B-Caryophyllene: A Sesquiterpene with Countless Biological Properties. Appl. Sci. 2019, 9, 5420. [CrossRef]
Komorowska-Miiller, J.A.; Schmole, A.-C. CB2 Receptor in Microglia: The Guardian of Self-Control. Int. . Mol. Sci. 2020, 22, 19.
[CrossRef] [PubMed]

Ochoa-de la Paz, L.D.; Gulias-Cafiizo, R.; D “Abril Ruiz-Leyja, E.; Sdnchez-Castillo, H.; Parodji, J. The Role of GABA Neuro-
transmitter in the Human Central Nervous System, Physiology, and Pathophysiology. Rev. Mex. Neurocienc. 2021, 22, 67-76.
[CrossRef]

Watanabe, Y.; Sakurai, J.; Izumo, N. Effect of Coriandrum Sativum L. Leaf Extract on the Brain GABA Neurons in Mice. J. Nutr.
Health Food Sci. 2019, 7, 1-7. [CrossRef]


https://doi.org/10.3390/pharmaceutics15112523
https://doi.org/10.1177/2211068214561025
https://doi.org/10.1155/2024/7465045
https://doi.org/10.1146/annurev-bioeng-082120-042814
https://doi.org/10.1002/biot.202100044
https://doi.org/10.3390/nu12113273
https://doi.org/10.1016/j.nrl.2022.11.004
https://www.ncbi.nlm.nih.gov/pubmed/40054982
https://doi.org/10.1021/acs.molpharmaceut.7b00572
https://www.ncbi.nlm.nih.gov/pubmed/28885847
https://doi.org/10.3389/fneur.2017.00744
https://doi.org/10.3390/antiox12071316
https://doi.org/10.1038/s41596-020-00433-w
https://doi.org/10.4103/1673-5374.295341
https://www.ncbi.nlm.nih.gov/pubmed/33063716
https://doi.org/10.1038/nature12517
https://doi.org/10.1111/brv.12626
https://doi.org/10.3390/biology10080740
https://doi.org/10.1152/physrev.00041.2013
https://doi.org/10.1186/s13041-024-01077-7
https://www.ncbi.nlm.nih.gov/pubmed/38263055
https://doi.org/10.1186/s12974-015-0239-2
https://doi.org/10.3389/fncel.2022.892497
https://doi.org/10.3389/fnins.2016.00406
https://doi.org/10.3390/app9245420
https://doi.org/10.3390/ijms22010019
https://www.ncbi.nlm.nih.gov/pubmed/33375006
https://doi.org/10.24875/RMN.20000050
https://doi.org/10.15226/jnhfs.2019.001154

Int. J. Mol. Sci. 2025, 26, 10857 29 of 30

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

Ismail, F; Ismail, W.U.; Muhammad, G.; Hussain, M.A.; Zulfiqar, Z. Phytochemistry, Pharmacological Attributes, and Clinical
Evaluations of Coriandrum sativum: A Comprehensive Review. Nat. Prod. Commun. 2025, 20, 1-23. [CrossRef]

Kerksick, C.; Willoughby, D. The Antioxidant Role of Glutathione and N-Acetyl-Cysteine Supplements and Exercise-Induced
Oxidative Stress. J. Int. Soc. Sports Nutr. 2005, 2, 38. [CrossRef] [PubMed]

Mullen, K.; Kwyer, T.A.; Sataloff., T.R. Implications of Nutraceutical Modulation of Glutathione with Cystine and Cysteine in
General Health and Otology. In Occupational Hearing Loss, 4th ed.; CRC Press: Boca Raton, FL, USA, 2024.

Joy, T.; Rao, M.S.; Madhyastha, S. N-Acetyl Cysteine Supplement Minimize Tau Expression and Neuronal Loss in Animal Model
of Alzheimer’s Disease. Brain Sci. 2018, 8, 185. [CrossRef]

Fricker, ER.; Lago, N.; Balarajah, S.; Tsantoulas, C.; Tanna, S.; Zhu, N.; Fageiry, S.K.; Jenkins, M.; Garratt, A.N.; Birchmeier, C.; et al.
Axonally Derived Neuregulin-1 Is Required for Remyelination and Regeneration after Nerve Injury in Adulthood. J. Neurosci.
2011, 31, 3225-3233. [CrossRef] [PubMed]

Nocera, G.; Jacob, C. Mechanisms of Schwann Cell Plasticity Involved in Peripheral Nerve Repair after Injury. Cell. Mol. Life Sci.
2020, 77, 3977-3989. [CrossRef]

Galla, R.; Ferrari, S.; Miletto, I.; Mule, S.; Uberti, E. In Vitro Neuroprotective Effects of a Mixed Extract of Bilberry, Centella asiatica,
Hericium erinaceus, and Palmitoylethanolamide. Foods 2025, 14, 2678. [CrossRef] [PubMed]

D’Aloia, A.; Molteni, L.; Gullo, E,; Bresciani, E.; Artusa, V.; Rizzi, L.; Torsello, A. Palmitoylethanolamide modulation of microglia
activation: Characterization of mechanisms of action and implication for its neuroprotective effects. Int. J. Mol. Sci. 2021, 22, 3054.
[CrossRef]

Fakhri, S.; Gravandi, M.M.; Abdian, S.; Moradi, S.Z.; Echeverria, J. Quercetin Derivatives in Combating Spinal Cord Injury:
A Mechanistic and Systematic Review. Life 2022, 12, 1960. [CrossRef]

Barakat, A.; Krdmer, J.; Carvalho, C.d.S.; Lehr, C.-M. In Vitro-In Vivo Correlation: Shades on Some Non-Conventional Dosage
Forms. Dissolut. Technol. 2015, 22, 19-22. [CrossRef]

Galla, R.; Grisenti, P.; Farghali, M.; Saccuman, L.; Ferraboschi, P.; Uberti, F. Ovotransferrin Supplementation Improves the Iron
Absorption: An In Vitro Gastro-Intestinal Model. Biomedicines 2021, 9, 1543. [CrossRef]

Jogalekar, M.P,; Cooper, L.G.; Serrano, E.E. Hydrogel Environment Supports Cell Culture Expansion of a Grade IV Astrocytoma.
Neurochem. Res. 2017, 42, 2610-2624. [CrossRef]

Molinari, C.; Morsanuto, V.; Ruga, S.; Notte, F.; Farghali, M.; Galla, R.; Uberti, F. The Role of BDNF on Aging-Modulation Markers.
Brain Sci. 2020, 10, 285. [CrossRef]

Kanjanasirirat, P.; Saengsawang, W.; Ketsawatsomkron, P.; Asavapanumas, N.; Borwornpinyo, S.; Soodvilai, S.; Hongeng, S.;
Charoensutthivarakul, S. GDNF and CAMP Significantly Enhance in Vitro Blood-Brain Barrier Integrity in a Humanized
Tricellular Transwell Model. Heliyon 2024, 10, €39343. [CrossRef]

Guha, S.; Alvarez, S.; Majumder, K. Transport of Dietary Anti-Inflammatory Peptide, y-Glutamyl Valine (y-EV), across the
Intestinal Caco-2 Monolayer. Nutrients 2021, 13, 1448. [CrossRef]

Fda.Gov. Available online: https:/ /www.fda.gov/media/117974/download (accessed on 23 May 2025).

Ema.Eu. Available online: https://www.ema.europa.eu/en/ich-m9-biopharmaceutics-classification-system-based-biowaivers-
scientific-guideline (accessed on 23 May 2025).

Ruga, S.; Galla, R.; Ferrari, S.; Invernizzi, M.; Uberti, F. Novel Approach to the Treatment of Neuropathic Pain Using a Combination
with Palmitoylethanolamide and Equisetum Arvense L. in an In Vitro Study. Int. . Mol. Sci. 2023, 24, 5503. [CrossRef]

Hubatsch, I.; Ragnarsson, E.G.E.; Artursson, P. Determination of Drug Permeability and Prediction of Drug Absorption in Caco-2
Monolayers. Nat. Protoc. 2007, 2, 2111-2119. [CrossRef]

Gaillard, PJ.; Voorwinden, L.H.; Nielsen, J.L.; Ivanov, A.; Atsumi, R.; Engman, H.; Ringbom, C.; de Boer, A.G.; Breimer, D.D.
Establishment and Functional Characterization of an in Vitro Model of the Blood-Brain Barrier, Comprising a Co-Culture of Brain
Capillary Endothelial Cells and Astrocytes. Eur. J. Pharm. Sci. 2001, 12, 215-222. [CrossRef]

Galla, R.; Ruga, S.; Aprile, S.; Ferrari, S.; Brovero, A.; Grosa, G.; Molinari, C.; Uberti, F. New Hyaluronic Acid from Plant Origin to
Improve Joint Protection—An In Vitro Study. Int. J. Mol. Sci. 2022, 23, 8114. [CrossRef]

Suwarto, S.; Tedjo Sasmono, R.; Sinto, R.; Ibrahim, E.; Suryamin, M. Association of Endothelial Glycocalyx and Tight and
Adherens Junctions with Severity of Plasma Leakage in Dengue Infection. J. Infect. Dis. 2017, 15, 992-999. [CrossRef] [PubMed]
Greene, C.; Campbell, M. Immunohistochemical Analysis of Tight Junction Proteins. In The Blood-Brain Barrier: Methods and
Protocols; Springer US: New York, NY, USA, 2022; pp. 307-314.

Lee, S.H.; Lee, S.J.; Chung, ].Y,; Jung, Y.S.; Choi, S.Y.; Hwang, S.H.; Choi, D.; Ha, N.C,; Park, B.]J. p53, secreted by K-Ras-Snail
pathway, is endocytosed by K-ras-mutated cells; implication of target-specific drug delivery and early diagnostic marker. Oncogene
2009, 28, 2005-2014. [CrossRef] [PubMed]

Molinari, C.; Ruga, S.; Farghali, M.; Galla, R.; Bassiouny, A.; Uberti, F. Preventing C2c12 Muscular Cells Damage Combining
Magnesium and Potassium with Vitamin D3 and Curcumin. J. Tradit. Complement. Med. 2021, 11, 532-544. [CrossRef] [PubMed]


https://doi.org/10.1177/1934578X241312791
https://doi.org/10.1186/1550-2783-2-2-38
https://www.ncbi.nlm.nih.gov/pubmed/18500954
https://doi.org/10.3390/brainsci8100185
https://doi.org/10.1523/JNEUROSCI.2568-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21368034
https://doi.org/10.1007/s00018-020-03516-9
https://doi.org/10.3390/foods14152678
https://www.ncbi.nlm.nih.gov/pubmed/40807615
https://doi.org/10.3390/ijms22063054
https://doi.org/10.3390/life12121960
https://doi.org/10.14227/DT220215P19
https://doi.org/10.3390/biomedicines9111543
https://doi.org/10.1007/s11064-017-2308-7
https://doi.org/10.3390/brainsci10050285
https://doi.org/10.1016/j.heliyon.2024.e39343
https://doi.org/10.3390/nu13051448
https://www.fda.gov/media/117974/download
https://www.ema.europa.eu/en/ich-m9-biopharmaceutics-classification-system-based-biowaivers-scientific-guideline
https://www.ema.europa.eu/en/ich-m9-biopharmaceutics-classification-system-based-biowaivers-scientific-guideline
https://doi.org/10.3390/ijms24065503
https://doi.org/10.1038/nprot.2007.303
https://doi.org/10.1016/S0928-0987(00)00123-8
https://doi.org/10.3390/ijms23158114
https://doi.org/10.1093/infdis/jix041
https://www.ncbi.nlm.nih.gov/pubmed/28453844
https://doi.org/10.1038/onc.2009.67
https://www.ncbi.nlm.nih.gov/pubmed/19347028
https://doi.org/10.1016/j.jtcme.2021.05.003
https://www.ncbi.nlm.nih.gov/pubmed/34765517

Int. J. Mol. Sci. 2025, 26, 10857 30 of 30

105.

106.

107.

108.

Xu, X.; Zhang, A; Li, N.; Li, P.-L.; Zhang, F. Concentration-Dependent Diversifcation Effects of Free Cholesterol Loading on
Macrophage Viability and Polarization. Cell. Physiol. Biochem. 2015, 37, 419-431. [CrossRef]

Kapellos, T.S.; Taylor, L.; Feuerborn, A.; Valaris, S.; Hussain, M.T.; Rainger, G.E.; Greaves, D.R.; Igbal, A.J. Cannabinoid Receptor
2 Deficiency Exacerbates Inflammation and Neutrophil Recruitment. FASEB J. 2019, 33, 6154—6167. [CrossRef] [PubMed]

Al Suhaibani, A.; Ben Bacha, A.; Alonazi, M.; Bhat, R.S.; El-Ansary, A. Testing the Combined Effects of Probiotics and Prebiotics
against Neurotoxic Effects of Propionic Acid Orally Administered to Rat Pups. Food Sci. Nutr. 2021, 9, 4440-4451. [CrossRef]
[PubMed]

Gravetter, FJ.; Wallnau, L.B. Statistics for the Behavioral Sciences, 10th ed.; Cengage Learning, Inc.: Boston, MA, USA, 2017.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1159/000430365
https://doi.org/10.1096/fj.201802524R
https://www.ncbi.nlm.nih.gov/pubmed/30799631
https://doi.org/10.1002/fsn3.2418
https://www.ncbi.nlm.nih.gov/pubmed/34401092

	Introduction 
	Results 
	Evaluation of the Biological Effects of Formulations and Their Components at the Level of an In Vitro 3D Intestinal Barrier Model 
	Assessment of the Effects of Both Single and Combined Substances on a 3D In Vitro BBB Model Following Intestinal Metabolisation 
	Analysis of Biological Effects of Single Substances and Formulations at the Level of a Brain Organoid Model After Crossing the BBB 

	Discussion 
	Materials and Methods 
	Agents Preparation 
	Cell Cultures 
	Experimental Protocol 
	In Vitro Intestinal Barrier Model 
	Cell Viability (MTT Test) 
	Blood–Brain Barrier (BBB) In Vitro Model 
	Reactive Oxygen Species (ROS) Production 
	Claudin 5 Assay Kit 
	Tricellulin (MARVELD Protein) Assay Kit 
	Claudin 5 Immunocytochemistry in Cellular Preparation 
	In Vitro Model of Brain Organoid 
	TNF Production ELISA Kit 
	IL-1 Production ELISA Kit 
	CB2R ELISA Kit 
	GABA ELISA Assay 
	Western Blot 
	Statistical Analysis 

	Conclusions 
	Appendix A
	References

