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Abstract: Recently, we demonstrated that a Citrus flavanone mix (FM) shows antioxidant and anti-
inflammatory activity, even after gastro-duodenal digestion (DFM). The aim of this study was to
investigate the possible involvement of the cyclooxygenases (COXs) in the anti-inflammatory activity
previously detected, using a human COX inhibitor screening assay, molecular modeling studies, and
PGE2 release by Caco-2 cells stimulated with IL-1β and arachidonic acid. Furthermore, the ability
to counteract pro-oxidative processes induced by IL-1β was evaluated by measuring four oxidative
stress markers, namely, carbonylated proteins, thiobarbituric acid-reactive substances, reactive oxygen
species, and reduced glutathione/oxidized glutathione ratio in Caco-2 cells. All flavonoids showed
a strong inhibitory activity on COXs, confirmed by molecular modeling studies, with DFM, which
showed the best and most synergistic activity on COX-2 (82.45% vs. 87.93% of nimesulide). These
results were also corroborated by the cell-based assays. Indeed, DFM proves to be the most powerful
anti-inflammatory and antioxidant agent reducing, synergistically and in a statistically significant
manner (p < 0.05), PGE2 release than the oxidative stress markers, also with respect to the nimesulide
and trolox used as reference compounds. This leads to the hypothesis that FM could be an excellent
antioxidant and COX inhibitor candidate to counteract intestinal inflammation.

Keywords: Citrus flavanones; antioxidant activity; anti-inflammatory activity; ROS; TBARS;
GSH/GSSG; carbonylated proteins; COX; molecular modeling studies; Caco-2 cell

1. Introduction

Flavanones represent the most widespread subclass of flavonoids in the Citrus genus,
and their antioxidant and anti-inflammatory properties are undoubted and universally
recognized [1–4]. These promising activities make flavanones important candidates in the
treatment of various chronic inflammatory disorders such as cardiovascular and metabolic
diseases [5–11]. In the last decade, flavanones have been the subject of in-depth studies
for the treatment of intestinal bowel diseases (IBD) due to the increase in their incidence
globally, and in relation to the emergence of new therapeutic strategies that limit the range
of inter-individual variability in the therapeutic response to the incidence and severity of
the side effects of conventional drugs [7,8,12,13]. Indeed, several epidemiological studies
show that there is a direct correlation between a diet rich in flavanones and the decrease in
IBD incidence [14]. This is probably due to their activity as inhibitors of various proteins
and inflammatory pathways, their antioxidant and free-radical scavenging effects, and
their ability to influence the composition of the intestinal microbiota [13]. These health
properties have also been demonstrated in vivo by several studies on mouse models of IBD,
where the administration of extracts and juices of Citrus fruits, or their most representative
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flavanones, confirm their ability to counteract oxidative stress and inflammation [15–19].
Although a rather vast body of literature on the subject is available, to date, only one
study has evaluated and compared the antioxidant and anti-inflammatory effects of the
most representative flavanones of the Citrus genus [20]. Indeed, except for naringenin and
hesperidin, the other flavanones remain poorly investigated. Furthermore, the informa-
tion regarding the bioaccessibility of this class of molecules remains rather lacking, and
knowledge about their intestinal local anti-inflammatory action, systemic absorption and
the mechanisms involved in the transport of these molecules through the gastrointestinal
tract, as well as their fate following digestion, would be desirable [21].

Recently, our research group carried out an antioxidant and anti-inflammatory screen-
ing of the most representative flavanones of the Citrus genus, highlighting which molecules
were the most promising [20]. Furthermore, the same tests were also carried out on a mix
of the most powerful flavanones (FM) to evaluate the potential combination effect, which
has been demonstrated experimentally [20]. FM was also subjected to in vitro simulated
digestion (DFM) to evaluate the potential intestinal bioaccessibility of these molecules,
demonstrating how the investigated flavanones can reach the intestinal epithelium un-
changed, where they can exert strong anti-inflammatory properties, as demonstrated on
a Caco-2 monolayer model, in which they significantly decreased the release of various
inflammatory mediators such as interleukin (IL)-6, IL-8, and nitric oxide (NO) [20].

Considering this, the aim of the present study was to upgrade the previous one,
postulating a feasible anti-inflammatory mechanism of action of these molecules and
investigating the ability of these five flavanones and DFM to counteract oxidative stress in
the same Caco-2 cell-based model mentioned above.

To this end, in vitro enzymatic tests were first carried out to evaluate the inhibitory ac-
tivity of each flavanone (neoeriocitrin, eriocitrin, hesperetin, hesperidin, and neohesperidin)
and DFM on the two human COX isoforms (COX-1 and COX-2). Molecular modeling
studies were carried out to highlight any interactions at the active or other binding sites
of the enzymes’ isoforms. Furthermore, the downstream activity on COX was evaluated
by recording the release of PGE2 by Caco-2 cells. The ability of flavanones and DFM to
counteract cellular oxidative stress was investigated by monitoring the protein carbonyl
content, thiobarbituric acid-reactive substances (TBARS), reactive oxygen species (ROS),
and reduced glutathione/oxidized glutathione ratio (GSH/GSSG). Finally, the potential
synergistic effect of DGM on all the antioxidant and anti-inflammatory assays carried out,
was evaluated.

2. Materials and Methods
2.1. Chemicals

Dulbecco’s modified eagle medium (DMEM), phosphate buffered saline (PBS) pH 7.4,
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from VWR (Milan, Italy). Nimesulide, trolox, 2′,7′-dichlorofluorescin diacetate (DCF-DA),
and lucifer yellow (LY) CH dilithium salt were purchased from Merck KGaA (Darmstadt,
Germany). HPLC-grade standards (purity ≥ 98%) of eriocitrin (ERI), neoeriocitrin (NER),
hesperidin (HED), neohesperidin (NHE), and hesperetin (HET) were purchased from
Extrasynthese (Genay, France).

2.2. Test Solutions Preparation

Based on the results of the preliminary study by which ERI, NER, HED, NHE, and HET
were selected as the most powerful antioxidant and anti-inflammatory Citrus flavanones,
they were also tested as FM and DFM to elucidate the potential combined biological effects,
and to highlight any change after in vitro simulated human digestion [20]. FM was prepared
on the assumption that the DFM, which would then be applied to in vitro cell-free and
Caco-2 cell-based models to test the anti-inflammatory and antioxidant activity, had a final
concentration of 10 µM, which represents the mean efficacy concentration considering the
half-inhibitory concentration (IC50) values obtained in the preliminary experiments [20]. For
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this purpose, stock solutions (14 mM) of each flavanone in DMSO were mixed and diluted
10-fold with Milli-Q water to obtain the 1.4 mM FM, which was used to carried out the in vitro
simulated human digestion according to Denaro et al. [20], to obtain the 10 µM DFM.

2.3. Inhibitory Activity on Human COX-1 and COX-2

The potential activity of the five flavanones and DFM in inhibiting COX enzymes
was evaluated by means of the COX (human) Inhibitor Screening Assay Kit (Item No.
701230, Cayman Chemical Company, Ann Arbor, MI, USA). This kit directly measures
prostaglandin F2α (PGF2α) by the SnCl2 reduction of COX-derived PGH2 produced in the
COX reaction. The prostanoid product is quantified via enzyme-linked immunosorbent
assay (ELISA) using a broadly specific antiserum that binds to all the major prostaglandin
compounds. This assay includes human recombinant COX-1 and COX-2, allowing the user
to screen specific inhibitors, eliminating the false positive leads generated by less specific
methods. The assay was performed according to the manufacturer’s recommendations,
using each flavanone, DFM and nimesulide, as reference selective COX-2 inhibitors, all
at the same concentration (10 µM). Briefly, 10 µL of the test sample was added to COX-1
and COX-2 solutions and incubated for 10 min at 37 ◦C. At the end of the incubation
time, 10 µL of arachidonic acid was added, triggering the hydroperoxy endoperoxide
(PGG2) production (30 s, 37 ◦C). Subsequently, 30 µL of SnCl2 was added to stop the
enzymatic catalysis and to reduce the prostaglandins produced in PGF2α. In parallel with
the samples, the COX activity was evaluated under the same experimental conditions,
and the values obtained were compared with the background, i.e., the same enzyme
inactivated in boiling water for 3 min. The results were expressed as COX-1 and COX-2
inhibition percentage (%).

2.4. Molecular Modeling Studies

The protein sequences of COX-1 (P23219) and COX-2 (P35354) were download from
UniProt [22] and were used to model COX-133-583 and COX-233-583 by homology with the ex-
perimental structure of murine COX-2 in complex with an indomethacin–ethylenediamine–
dansyl conjugate (PDB ID 6BL4) [23] retrieved from the Protein Data Bank [24].

The sequences were aligned to the above-mentioned murine COX-2 through ClustalW [25]
with 98% identity, 95% similarity, and 93% conservation for human COX-2 and 65% iden-
tity, 80% similarity, and 78% for human COX-1. Human COX-133-583 and COX-233-583 were
built using SWISS-MODEL [26]. The Ramachandran plot statistics for model validation are
reported in Table 1.

Table 1. Ramachandran plot results for COX-133-583 and COX-233-583 homology models. Results for
COX-1 and COX-2 experimentally solved structures are shown as reference. Values were calculated
with PROCHECK [27].

COX-133-583
Homology

Model

COX-233-583
Homology

Model

Experimental
COX-1

(PDB ID 6Y3C)

Experimental
COX-2

(PDB ID 5IKR)

Residues in most
favored regions 89.8% 89.7% 88.3% 90.0%

Residues in
additional
allowed regions

9.8% 10.1% 11.7% 9.8%

Residues in
generously
allowed regions

0.4% 0.0% 0.0% 0.1%

Residues in
disallowed
regions

0% 0.2% 0.0% 0.1%
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HET, which is the aglycone of HED and NHE, was not included in these studies
since we decided to carry out a comparative analysis between the couples ERI/HED
and NER/NHE. NHE, HED, NER, and ERI were downloaded as 3D SDF files from Pub-
Chem [28] with CIDs 442439, 10621, 114627, and 83489, respectively.

CCDC Hermes was used to prepare the target proteins and set the GOLD [29] molec-
ular docking simulations up. The docking space was centered on the coordinates of the
native 6BL4 ligand, and all atoms included in a 15 Å radius from the centroid were included
in the binding site definition. One hundred genetic algorithm runs per ligand were run,
with no early termination allowed. The population and genetic operator settings were set
to auto mode, with the search efficiency set to 200%. CHEMPLP was used as a scoring
function and the output poses were clustered using a 1.5 Å RMSD cutoff.

Prior to the flavanone docking simulations, the docking protocol was validated by
docking the native ligand of the PDB structure 6BL4 back into the protein. Regarding
COX-1, an indomethacin–ethylenediamine–dansyl conjugate was docked with an RMSD
value of 2.69 Å in respect to the experimental bound conformation observed in 6BL4. The
biggest contribution to the high RMSD value is due to the ~180◦ rotation of the dansyl-
fused ring system along its bond with the sulfur atom, allowed by the mutations in the
solvent-exposed binding region of COX-1. Indeed, the RMSD of the indomethacin moiety,
which docks into a buried region, is as low as 0.36 Å. Regarding COX-2, the RMSD values
are instead low for both the whole indomethacin–ethylenediamine–dansyl conjugate and
its indomethacine moiety (0.79 and 0.35 Å, respectively).

The CHEMPLP values for the best ranking docking poses were: HED/COX-1 = 72.35;
NHE/COX-1 = 63.95; NER/COX-1 = 70.52, ERI/COX-1 = 72.21; HED/COX-2 = 81.63;
NHE/COX-2 = 61.65; NER/COX-2 = 79.78; ERI/COX-2 = 84.59.

The best scoring docking poses were retrieved to build ligand/COX-1 and ligand/COX-
2 complexes that were submitted to molecular dynamics simulations. The eight simulated
environments, i.e., NHE/COX-1, HED/COX-1, NER/COX-1, ERI/COX-1, NHE/COX-2,
HED/COX-2, NER/COX-2, and ERI/COX-2, were set up and run using Desmond [30], as
previously reported [31].

The systems were neutralized by Na+ and Cl− ions, which were added until a 0.15 M
concentration was reached. Simulations were run using the OPLS2005 [32] force field and
solvation was treated explicitly using the TIP3P water model [33].

After the systems were relaxed using a previously reported protocol [34], 48ns long
simulations were carried out at 300 K in the NPT ensemble using a Nose−Hoover chain
thermostat and a Martyna−Tobias−Klein barostat (1.01325 bar), applying a 1 kcal/mol
harmonic constraint on the backbone heavy atoms. The time steps were set to 2 fs, 2 fs,
and 6 fs for the bonded, near, and far interactions, respectively. MD trajectories were used
to estimate the difference in ligand/protein interaction energies between the two COX
isoforms to address the ligand selectivity. In contrast to the use of most docking scoring
methods, this method accounts for protein residue flexibility and the influence of explicit
solvation on ligand binding at a moderate computational cost; however, given the many
approximations it uses, it is not meant to directly correspond to the inhibitory activities
exerted by the ligands. On the other hand, huge interaction energy differences between
protein isoforms suggest a potential ligand selectivity. The ligand/protein molecular
mechanics interaction energies (EMM) were estimated as follows:

EMM = EMMLIGangle + EMM LIGdihedral + EMMLIGstretch + EMMLIGvdW + EMMLIGelec
+ EMMLIG-PROTelec + EMMLIG-PROTvdW + EMMLIG-WTRelec + EMMLIG-WTRvdW

+ EMMLIG-IONSelec + EMMLIG-IONSvdW

where EMMLIGangle, EMMLIGdihedral, and EMMLIGstretch represent the bonded molecular
mechanics energies of the ligand; EMMLIGvdW and EMMLIGelec represent the internal van
der Waals and electrostatic molecular mechanics energies of the ligand; EMMLIG-PROTelec,
EMMLIG-WTRelec, and EMMLIG-IONSelec represent the electrostatic interaction energies
between the ligand and protein, ligand and solvent, and ligand and ions, respectively;
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and EMMLIG-PROTvdW, EMMLIG-WTRvdW, and EMMLIG-IONSvdW represent the van der
Waals interaction energies between the ligand and protein, ligand and solvent, and ligand
and ions, respectively. All energy terms are averaged over the MD simulation time.

The EMM values of each simulated complex were finally used to calculate the interac-
tion energy differences for each ligand between COX-2 and COX-1, as follows:

∆ECOX-2-COX-1 = EMM(COX-2) − EMM(COX-1) (1)

2.5. Cell-Based Assays
2.5.1. Cell Model

Experiments were carried out on Caco-2 cell monolayers (CacoReady™, Readycell,
Barcelona, Spain) according to Denaro et al. [35]. Briefly, 8.5 × 104 cells/cm2 Caco-2
cells (passage number 45–55) were seeded on polyester permeable supports (6.5 mm,
0.33 cm2, and 0.4 µm) in 24-well HTS plates (Corning Incorporated, Corning, NY, USA).
DMEM low glucose (1 g/L) with 10% fetal calf serum (FCS), 2 mM glutamine, 1 U/mL
penicillin, and 1 U/mL streptomycin was added onto the apical (0.3 mL) and basolateral
side (0.9 mL) of each transwell support. After 21 days of culture incubation at 37 ◦C,
5% CO2, and 95% relative humidity, the Caco-2 cells were completely differentiated and
polarized, resembling the morphological and functional features of mature enterocytes
lining the small intestine. Before conducting the experiments, the monolayer integrity was
checked by measuring the trans-epithelial electrical resistance (TEER) with a Millicell®

ERS-2 V/ohmmeter (Merck Millipore, Darmstadt, Germany) equipped with an STX 100C
electrode (World Precision Instruments, Sarasota, FL, USA). Only Caco-2 monolayers with
epithelial resistance ≥800 Ω/cm2 were used to carried out the experiments.

2.5.2. Cell Treatment

The antioxidant and anti-inflammatory activities of ERI, NER, HED, NHE, and HET
as well as DFM were evaluated on a Caco-2 transwell model, according to Denaro et al. [20].
In both cases, 25 ng/mL IL-1β was used to trigger oxidation and inflammation events.
Co-treatments with each flavanone, DFM, nimesulide, and trolox as reference standards, all
at the same concentration (10 µM), were carried out on the apical side by diluting the test
solutions in completed DMEM (250 µL). Completed DMEM containing 0.1% DMSO and
25 ng/mL IL-1β were used as negative (CTR−) and positive controls (CTR+), respectively.
Completed DMEM (0.75 mL) was added on the basolateral side and the cells were incubated
for 24 h at 37 ◦C, 5% CO2, 95% relative humidity. Cell culture media were collected and
stored at −80 ◦C until the subsequent analyses.

2.5.3. Detection of PGE2

The activation of the arachidonic acid cascade was evaluated through the production
of PGE2 after the addition of the arachidonic acid. Briefly, 24 h after the treatment reported
above (Section 2.5.2), the cells were washed thrice with PBS and incubated with 10 mM
arachidonic acid in PBS for 10 min according to Tesoriere et al. [36]. The release of PGE2
into the extracellular medium was quantified (pg/mL) using the Prostaglandin E2 ELISA
Kit—Monoclonal (Item No. 514010, Cayman Chemical Company, Ann Arbor, MI, USA) in
accordance with the manufacturer’s protocol, by using a UV–Vis plate reader (Multiskan
GO; Thermo Scientific, MA, USA) set at 405 nm.

2.5.4. Detection of Oxidative Stress Markers

The determination of the oxidative stress parameters was carried out on cell lysate
obtained by pipetting 300 µL of cold 0.1% Triton X-100 on monolayers according to
Smeriglio et al. [37].

The glutathione reduced (GSH) and glutathione disulfide (GSSG) quantification was
carried out by solid phase extraction (SPE) followed by HPLC-DAD analysis. Briefly, 400 µL
of meta-phosphoric acid was added to 200 µL of cell lysate and incubated at RT for 15 min.
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The sample was then centrifuged at 10,000× g for 5 min at 4 ◦C, and the supernatant
cleaned up using a BOND Elut C18 cartridge 50 mg/3 mL (Agilent Technologies, Santa
Clara, CA, USA) pre-conditioned with methanol (2 mL). The elution was carried out with
0.1% TFA (1 mL). The samples were filtered by a 0.22 µm nylon syringe filter and injected
into an Agilent 1100 series HPLC system (Santa Clara, CA, USA). The elution was carried
out on a Prodigy™ 5 µm ODS-3 100 Å LC Column 250 × 4.6 mm (Phenomenex, Torrance,
CA, USA) according to Nobili et al. [38]. The quali-quantitative analysis was carried out
by comparing retention times, UV–Vis spectra (range 190–400 nm), and using the external
standard calibration curves (10–10,000 ng/mL) of the commercially available reference
compounds (GSH and GSSG) solubilized in mobile phase.

The detection of thiobarbituric acid-reactive substances (TBARS) was carried out
using the TBARS (TCA Method) assay kit (Item No. 700870, Cayman Chemical, Ann
Arbor, MI, USA) following the manufacturer’s instructions. This assay was based on the
fluorimetric detection of the malondialdehyde (MDA)-thiobarbituric acid (TBA) adduct,
which is formed in acidic conditions and high temperatures (90–100 ◦C), at an excitation
wavelength (λex) of 530 nm and an emission wavelength (λem) of 550 nm, by a fluorescence
microplate reader (FLUOstar Omega, BMG LABTECH, Ortenberg, Germany). MDA was
used as a reference standard (0.0625–5 µM).

The protein carbonyl content was quantified (nM) by the protein carbonyl colorimetric
assay kit (Item No. 10005020, Cayman Chemical, Ann Arbor, MI, USA) based on the
2,4-dinitrophenylhydrazine reaction, according to the manufacturer’s instructions. The
amount of protein–hydrazone produced was quantified spectrophotometrically at 370 nm
by using the same instrument reported above (Section 2.5.3).

The ROS levels, expressed as percentage (%), were assessed by measuring the fluo-
rescence resulting from the intracellular oxidation of DCF-DA (10 µM in PBS), which was
added to the culture medium 30 min before ending the cell treatment [37]. The medium
was then removed, and the cells washed five times with PBS (pH 6.7). The cell lysates were
diluted with PBS and the fluorescence recorded by the same plate reader reported above at
λex 485 and λem 535.

All data were normalized for protein concentration detected using the protein deter-
mination (BCA) kit (Item No. 701780, Cayman Chemical, Ann Arbor, MI, USA) according
to the manufacturer’s instructions.

2.5.5. Post-Quality Control Assays

Post-quality control assays, such as TEER measurement, as well as the apparent
permeability coefficient (Papp) and paracellular flux (Pf) of lucifer Yyellow (LY) detection,
were assessed to evaluate the Caco-2 monolayer integrity [20]. Cell viability was assessed
by MTT assay according to Kenzaoui et al. [39].

2.6. Evaluation of the Synergistic Effect by CompuSyn Software

As the DFM was prepared by combining the five flavanones (ERI, NER, HED, NHE,
and HET) in equimolar ratios, the potential synergistic effect of DFM in all the antioxidant
and anti-inflammatory assays carried out in the present study was investigated applying
the method of the constant ratio. For this purpose, five different concentrations of DFM
(5, 7.5, 10, and 20 µM) were tested, maintaining the constant ratio at 2.0. In addition, the
same experiments with each flavanone (ERI, NER, HED, NHE, and HET) at the same
concentrations (5, 7.5, 10, and 20 µM) used in the combination experiments were carried
out as a control. The activity values obtained for all assays, expressed as percentages, and
converted into the fraction of effect (Fa) according to the following equation: Fa = 100%
of activity/100, were used for the calculation of the synergism using CompuSyn software
Version 1.0 (ComboSyn, Inc., Paramus, NJ, USA) [40]. The data points, including treatment
concentrations (µM) and Fa, were automatically processed. The results, expressed as
combination index (CI), quantitatively determine whether a synergism (CI < 1), an additive
effect (CI = 1), or an antagonism (CI > 1) occurs in the specific experimental conditions.
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2.7. Statistical Analysis

Five independent experiments in triplicate (n = 3) were carried out for both in vitro
cell-free and cell-based assays. The results were expressed as mean ± standard deviation
(SD). The data were analyzed by one-way analysis of variance (ANOVA), followed by
Tukey’s test and the Student–Newman–Keuls method using SigmaPlot12 (Systat Software,
Inc., San Jose, CA, USA). The results were considered statistically significant at p ≤ 0.05.

3. Results
3.1. In Vitro Inhibitory Activity on Human COX-1 and COX-2

The enzymatic assay carried out on human COX-1 and COX-2 highlighted different
behaviors between the five tested flavanones (Table 2).

Table 2. Inhibitory activity of the flavanones hesperidin (HED), neohesperidin (NHE), hesperetin
(HET), neoeriocitrin (NER), eriocitrin (ERI), digested flavanone mix (DFM), and nimesulide (NIM) as
a reference standard, on human COX-1 and COX-2 enzyme isoforms.

Sample
Inhibitory Activity (%)

COX-1 COX-2

HED 53.41 ± 0.21 a,c 55.18 ± 0.28 a,b

NHE 50.82 ± 0.28 a,d 55.74 ± 0.42 a,b

HET 55.51 ± 0.35 a,d 58.30 ± 0.35 a,b

NER 1.21 ± 0.02 a,b,d 78.0 ± 0.14 a,b

ERI 3.12 ± 0.01 a,b,d 56.89 ± 0.08 a,b

DFM 49.80 ± 0.18 a,d 82.45 ± 0.15 a

NIM 0.30 ± 0.01 b,d 87.93 ± 0.12
a p < 0.001 vs. NIM; b p < 0.001 vs. DFM; c p < 0.05 vs. COX-2; d p < 0.001 vs. COX-2.

Indeed, the flavanones HED, NHE, and HET showed a similar trend, being active on
both COX isoforms, with an inhibition of about 50%. On the contrary, NER and ERI showed
a lower inhibitory activity on COX-1 and a higher selectivity towards COX-2, with an
inhibition of 78% and 56.89%, respectively. All treatments showed statistically significant
results (p < 0.001) with respect to nimesulide, used as a reference standard, which showed
a marked selectivity for COX-2. Interestingly, by analyzing the data reported in Table 2, it
can be noted that DFM, while maintaining the activity on COX-1 shown by the flavanones
HED, NHE, and HET, showed a greater selectivity for COX-2, and was even higher in terms
of inhibition percentage with respect to NER and ERI. This demonstrates, once more, how
the flavanones mixed at lower concentrations to obtain a 10 µM solution exhibit increased
activity with respect to the single flavanones tested at a 10 µM concentration. Finally, it is
interesting to note how the activity on COX-2 is always significantly higher (p < 0.05 for
HED and p < 0.001 for all other samples) than that on COX-1, both for single flavanones
and DFM.

3.2. Molecular Modeling Studies

The structural differences between the COX-1 and COX-2 binding sites have provided
valuable guidelines for the identification of COX-2 selective inhibitors by molecular model-
ing studies [41]. The active sites of COX-1 and COX-2 are very similar, but COX-2 has a
larger binding cavity than COX-1. This is mainly due to the presence of a second pocket
within the COX binding site, which is more accessible in COX-2 because of the replacement
of the Ile523 residue in COX-1 with a smaller side chain residue of valine. The substitution
of this residue, besides making the binding site bigger, causes conformational changes to
the Tyr355 residue, which opens an additional hydrophobic pocket consisting of Leu352,
Ser353, Tyr355, Phe518, and Val523 residues [39]. Access to this additional pocket is favored
by a further substitution of isoleucine with a valine at position 434, whose side chain packs
against Phe518, creating a molecular gate that opens a second hydrophilic pocket [42]. In
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contrast, in COX-1, this gate is closed due to the bulkier side chain of isoleucine. In this
way, the amino acid at position 434 contributes significantly to the selectivity. Another
structural difference is recorded at position 513, where histidine is replaced by arginine in
COX-2, providing a positive charge and thus changing the chemical environment of the
binding site and offering a determining factor in selectivity over COX-1 [43].

To obtain insight into the interactions between cyclooxygenases and the targeted
compounds and examining the difference in their selectivity toward the two COX iso-
forms, molecular docking and molecular dynamics (MD) studies were carried out using
homology models of human COX-1 and COX-2. The two models were built by homol-
ogy with the experimental crystal structure of murine COX-2 in complex with a bulky
ligand (PDB ID 6BL4) [23], i.e., the indomethacin–ethylenediamine–dansyl conjugate
(see Section 2.4). The choice of a murine enzyme rather than a human one was based on
the size of the native ligand.

The four flavanones (HED, NHE, NER, and ERI) were initially studied using molecular
docking simulations. The best docking poses generated by the GOLD software [29] (see
Section 2.4) showed that the four phytocompounds might bind the same region in both
COX isoforms (Figure 1).
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Figure 1. Docking poses of HED (green sticks), ERI (magenta sticks), NHE (orange sticks), and NER
(yellow sticks) into (a) COX-1 (gray cartoons and sticks) and (b) COX-2 (cyan cartoons and sticks).

Due to the similar binding modes, all compounds make analogous hydrophobic
interactions with the COX-1 residues Val349, Leu359, Leu352, Leu357, Tyr355, Val119, Leu93,
Leu115, Leu112, Pro83, Pro85, Met522, Ile523, Phe518, Trp387, Leu384, Ala527, Leu531, and
Val116 (Figure 1a). The four phytocompounds showed a similar binding pattern to COX-2,
with the ligands surrounded by the same, mainly hydrophobic, environment consisting
of the aminoacidic residues Val88, Pro85, Pro83, Val116, Tyr115, Leu92, Ile112, Tyr355,
Val523, Ile517, Phe518, Ala527, Leu531, Leu352, Leu359, and Val349 (Figure 1b). To better
investigate the stability and the interactions of each ligand/protein complex predicted
by the docking simulations, we challenged the best scoring docking poses by 48ns long
molecular dynamics simulations. During the MD simulations, the ligands engaged in
several ligand/protein hydrogen bonding interactions, both direct and water-mediated,
and in π–π stacking and π–cation interactions. These interaction patterns are summarized
in Table 3 and Figure 2.

During the MD simulations of the compounds bound to COX-1, HED (Figure 2a)
makes hydrogen bonds with Glu524 and Arg120 by its disaccharide moiety. By its flavanone
moiety, HED forms a π–cation interaction with Arg120 and π–π stacking with Tyr355. NHE
(Figure 2c) makes hydrogen bonds between its disaccharide moiety and Glu524 and Arg83.
The flavanone moiety of NHE forms π–π stacking with Tyr355. The disaccharide moiety of
ERI (Figure 2e) makes hydrogen bonds with Arg120 and water-mediated hydrogen bonds
with Glu524, Arg82, Val119, and Phe470. Moreover, the flavanone moiety of ERI makes a
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hydrogen bond with Met522 and water-mediated H-bonds with Ser530 and Tyr385. NER
(Figure 2g) forms hydrogen bonds with Pro83, Arg82, and Glu524 through its disaccharide
moiety. The flavanone moiety of NER forms a hydrogen bond with Arg120 and a water-
mediated hydrogen bond with Leu352. Moreover, by its flavanone moiety, it forms π–cation
interactions with Arg120 and π–π stacking with Tyr355.

Table 3. Interaction patterns of docking-predicted bound conformations of HED, ERI, NHE, and NER
with COX-1 and COX-2, detected during MD simulations HB = H-bond; WHB = water-mediated
H-bond; πC = π–cation and ππ = π–π stacking. * To facilitate comparison between the two COX
isoforms, residue numbering of COX-1 is applied to both proteins.

Residue *
Residue Type HED ERI NHE NER

COX-1 COX-2 COX-1 COX-2 COX-1 COX-2 COX-1 COX-2 COX-1 COX-2

82 Arg Lys WHB HB HB

83 Pro Pro HB WHB HB

88 Thr Val WHB

115 Leu Tyr HB

116 Val Val WHB WHB

119 Val Ser WHB HB WHB

120 Arg Arg HB, πC WHB HB HB, WHB WHB, πC HB, πC HB, WHB, πC

352 Leu Leu WHB

355 Tyr Tyr ππ HB HB, WHB ππ ππ ππ

385 Tyr Tyr WHB

470 Phe Phe WHB

513 His Arg HB HB

522 Met Met HB

524 Glu Glu HB WHB WHB HB HB HB

530 Ser Ser WHB

During the MD simulations of the compounds bound to COX-2, HED (Figure 2b)
makes hydrogen bonds with Tyr355, Lys82, and Pro83 and a water-mediated H-bond with
Arg120 through its disaccharide moiety. NHE (Figure 2d) makes two water-mediated
hydrogen bonds with Val88 and Arg120 through its disaccharide moiety, and its flavanone
moiety forms a π–cation interaction with Arg120. ERI (Figure 2f) makes hydrogen bonds
between its disaccharide moiety and Tyr115 and Arg120 and a water-mediated H-bond with
Pro83. The flavanone moiety of ERI forms hydrogen bonds with Ser119, Arg120, Tyr355,
and Arg513 and water-mediated H-bonds with Val116, Tyr355, Arg120, and Glu524. NER
(Figure 2h) forms two hydrogen bonds with Arg120 and a water-mediated H-bond with
Ser119 through its disaccharide moiety; moreover, its flavanone moiety makes hydrogen
bonds with Glu524, Arg513, and Ser119 and water-mediated H-bonds with Arg120 and
Val116. NER also makes a π–cation interaction with Arg120 and π–π stacking with Tyr355
through its flavanone moiety.

It is worth noting that HED and ERI, and NHE and NER, at position 7 of the flavanone
share the same disaccharide moieties, i.e., rutinoside and neohesperidoside, respectively,
while the couples HED/NHE and ERI/NER share the same aglycone, i.e., hesperetin and
eriodictyol, respectively. Thus, from a structure–activity relationship point of view, the
different activity profiles should be explained based on the methylation of the hydroxy
group at the para position of the phenyl substituent. On the other hand, flavanones have
been extensively studied and reported as potential NSAIDs [1,44]; in particular, eriodictyol
has been reported as a selective COX-2 inhibitor [45].
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(d) NHE/COX-2; (e) ERI/COX-1; (f) ERI/COX-2; (g) NER/COX-1, and (h) NER/COX-2.

MD trajectories were used to estimate the difference in protein/ligand interaction
energy (see Section 2.4.) for each ligand between the two COX isoforms (∆ECOX-2-COX-1).
The resulting values (Table 4) suggest a marked selectivity towards COX-2 of the eriodyctiol-
based compounds, i.e., ERI and NER.
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Table 4. Difference in interaction energies for each ligand between COX-2 and COX-1.

Ligand ∆ECOX-2-COX-1
a

HED −2.74
ERI −38.83

NHE 3.22
NER −16.34

a kcal/mol.

It is reported that the presence of Arg513 in COX-2 increases the polarity of the active
site [46], whereas in the active site of COX-1, Arg513 is replaced by the smaller histidine
residue that, in turn, is masked by the bulky Ile523 residue.

The I523V and the H513R mutations in COX-2 form a hydrophilic patch in the bind-
ing site that interacts optimally with the di-hydroxyphenyl moiety of the ERI and NER
eriodyctiol (Figure 3), thus explaining their selectivity towards COX-2, whilst the more
hydrophobic aglycone of HED and NHE does not fit very well for this interaction. Indeed,
during the MD simulations of HED and NHE, their phenyl moieties point towards the
less hydrophilic environment lined by Val349, Leu352, Tyr385, and Phe518. This region is
conserved across the two COX isoforms, thus explaining the lack of selectivity shown by
HED and NHE.

Antioxidants 2023, 12, x FOR PEER REVIEW 12 of 22 
 

 
Figure 3. Molecular dynamics snapshots (at 6 ns simulation time) of ERI (magenta sticks) in complex 
with COX-2 (cyan sticks) and of NER (yellow sticks) in complex with COX-2 (gray sticks). 

3.3. Anti-Inflammatory Activity 
Given the marked inhibitory activity found in vitro in the preliminary enzymatic 

tests on human COX isoforms, also corroborated by molecular modeling studies, the 
ability of the five flavanones and of DFM to inhibit prostaglandin release after treatment 
with IL-1β and arachidonic acid was evaluated on a Caco-2 cell-based model. Nimesulide 
(10 µM) was used once again as a reference standard. The results, reported in Figure 4, 
show a statistically significant increase (p < 0.001 vs. CTR−) of PGE2 release following 
treatment with IL-1β (CTR+). 

 
Figure 4. Prostaglandin (PGE2) release upon exposure of Caco-2 monolayers to 10 mM arachidonic 
acid (AA) after treatment with 25 ng/mL IL-1β. CTR−, negative control treated only with 10 mM AA; 
CTR+, positive control treated both with 25 ng/mL IL-1β and AA; NIM, nimesulide, used as 
reference standard; DFM, 10 µM digested flavanone mix; NHE, 10 µM neohesperidin; ERI, 10 µM 
eriocitrin; HET, 10 µM hesperetin; NER, 10 µM neoeriocitrin; HED, 10 µM hesperidin. a p < 0.001 vs. 
CTR−; b p < 0.001 vs. CTR+; c p < 0.05 vs. NIM; d p < 0.05 vs. DFM. 

CTR -
CTR +

NIM
   

DFM
 

NHE
ER

I
HET NER HED

PG
E2

 fo
rm

at
io

n 
(p

g/
m

L)

0

200

400

600

800

§#
&
$

a
ab

ab

ab

ab
ab

ab abc

cd

c
cd

Figure 3. Molecular dynamics snapshots (at 6 ns simulation time) of ERI (magenta sticks) in complex
with COX-2 (cyan sticks) and of NER (yellow sticks) in complex with COX-2 (gray sticks).

3.3. Anti-Inflammatory Activity

Given the marked inhibitory activity found in vitro in the preliminary enzymatic tests
on human COX isoforms, also corroborated by molecular modeling studies, the ability of
the five flavanones and of DFM to inhibit prostaglandin release after treatment with IL-1β
and arachidonic acid was evaluated on a Caco-2 cell-based model. Nimesulide (10 µM)
was used once again as a reference standard. The results, reported in Figure 4, show a
statistically significant increase (p < 0.001 vs. CTR−) of PGE2 release following treatment
with IL-1β (CTR+).
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Figure 4. Prostaglandin (PGE2) release upon exposure of Caco-2 monolayers to 10 mM arachidonic
acid (AA) after treatment with 25 ng/mL IL-1β. CTR−, negative control treated only with 10 mM
AA; CTR+, positive control treated both with 25 ng/mL IL-1β and AA; NIM, nimesulide, used as
reference standard; DFM, 10 µM digested flavanone mix; NHE, 10 µM neohesperidin; ERI, 10 µM
eriocitrin; HET, 10 µM hesperetin; NER, 10 µM neoeriocitrin; HED, 10 µM hesperidin. a p < 0.001 vs.
CTR−; b p < 0.001 vs. CTR+; c p < 0.05 vs. NIM; d p < 0.05 vs. DFM.

All treatments statistically significantly reduced PGE2 release with respect to CTR+.
Interestingly three of the five flavanones, that is, NHE (p < 0.001), ERI (p < 0.05), and
HET (p < 0.001), as well as DFM (p < 0.05) showed a significantly higher decrease than
nimesulide, tested at the same concentration (10 µM). Furthermore, it seems that among
the five tested flavanones, NHE and HET are primarily responsible for this activity.

3.4. Antioxidant Activity

An imbalance of the redox homeostasis with an overproduction of ROS is often
associated with the inflammatory phenomenon. The ability of the tested flavanones and
DFM to maintain this subtle balance by hindering the pro-inflammatory process induced
by IL-1β was evaluated on the same cellular model by recording the changes in four key
oxidative stress markers: carbonylated proteins, TBARS, ROS release, and GSH/GSSG
ratio. Trolox was used as a reference standard due to its proven antioxidant activity.

As shown in Figure 5, IL-1β caused a significant increase in the protein carbonyl
content, TBARS and ROS release, and a significant decrease in the GSH/GSSG ratio with
respect to CTR−. DFM showed the strongest antioxidant activity in all four tests performed,
showing, at the same concentration (10 µM), an activity comparable to trolox in terms
of TBARS and GSH/GSSG ratio, or even higher (p < 0.05 vs. TRX) as in the case of
carbonylated proteins and ROS release. According to previous results, a combination effect
of the five tested flavanones is evident. Indeed, if tested alone at the same concentration
(10 µM), they always show a significantly lower antioxidant activity (p < 0.05) than DFM.
Interestingly, according to the first mentioned results on PGE2 release, the flavanones that
seem to play a pivotal role in the DFM activity are the hesperidin glycosides NHE and HET
(Figure 5).
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Figure 5. Exposure to 25 ng/mL IL-1β causes pro-oxidant response in Caco-2 monolayers. CTR−,
negative control treated only with culture medium; CTR+, positive control treated with 25 ng/mL
IL-1β; TRX, 10 µM Trolox, used as reference standard; DFM, 10 µM digested flavanone mix; NHE,
10 µM neohesperidin; ERI, 10 µM eriocitrin; HET, 10 µM hesperetin; NER, 10 µM neoeriocitrin; HED,
10 µM hesperidin. a p < 0.001 vs. CTR−; b p < 0.001 vs. CTR+; c p < 0.05 vs. TRX; d p < 0.05 vs. DFM.

3.5. Post-Quality Control Assays

No cytotoxicity (cell viability ≥ 98.27% ± 2.58) or alteration of the cell membrane
permeability (TEER ≥ 800 Ω/cm2, LY Papp ≤ 1.08 × 10−6 cm/s and Pf ≤ 0.42%) were
detected in the Caco-2 monolayers after antioxidant and anti-inflammatory assays, with
these values remaining within the reference standard range [47,48].

3.6. Evaluation of the Synergistic Effects

The potential synergistic effect of DFM was investigated using constant ratio exper-
iments. For this purpose, all the antioxidant and anti-inflammatory assays carried out
on the target concentration (10 µM) were repeated with two lower concentrations (5 and
7.5 µM) and one higher concentration (20 µM), to follow the DFM behavior at almost four
concentrations. While the ratio of HED, NHE, HET, ERI, and NER was fixed at 2.0 for all
experimental conditions, the concentration of the five flavanones in these analyses ranged
from 1.0 to 4.0 µM. Figure 6 shows the DFM behavior in all the antioxidant (A–D) and
anti-inflammatory (E–G) assays carried out.
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Figure 6. Screening of the synergistic effect of DFM (5–20 µM) at constant ratio of 2.0 by combining
HED, NHE, HET, ERI, and NER, with each one at the following concentrations: 1.0–4.0 µM. The
simulated lines were generated from CompuSyn by plotting CI versus Fa values. (A) ROS, (B) TBARS,
(C) GSH/GSSG, (D) protein carbonyl, (E) COX-1, (F) COX-2, and (G) PGE2.
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The synergistic effect of the constant ratio of the tested concentrations of HED, NHE,
HET, ERI, and NER was analyzed by CompuSyn software, which generates computerized
simulation data from various concentrations and fractions of effect (Fa). The simulated data
were simplified as a combination index plot (CI-Fa, Figure 6A–G). The synergistic effect
of DFM was detected at every concentration point tested in each experimental condition
(Figure 6A–G). Of note, the antioxidant and anti-inflammatory activity of DFM remained
unchanged within the concentration range tested (5 to 20 µM) (Figure 6). The results
indicate that at this ratio (2.0), HED, NHE, HET, ERI, and NER showed synergy on a
broad range of effects showing IC values ≤ 0.90 with a confident limit of 90% for all tested
experimental conditions.

4. Discussion

The antioxidant power of flavonoids is now universally recognized and the number
of studies available that support this activity, both in vitro and in vivo, is extremely
high [1,2,49–52]. The effects of Citrus flavanones have been widely described in the
literature and the health effects of these molecules are quite numerous, with various
applications in the prevention and treatment of various chronic diseases, such as cardio-
vascular and metabolic disorders [1,35].

The antioxidant activity of these flavonoids is strongly related to the structure, func-
tionalization, and spatial arrangement of the substituents, which neutralize ROS in various
ways, transferring protons or electrons and quenching the radicals. Exposure to important
levels of oxygen radicals is also related to the oxidation of GSH into GSSG, increasing lipid
peroxidation that leads to unstable lipid peroxide derivatives from polyunsaturated fatty
acids, and the generation of carbonyl groups on various amino acid residues such as lysine,
arginine, proline, or threonine, leading to a cascade increase in oxidative stress [53–55]. For
this reason, in addition to the scavenging capacity against ROS, it is important to evaluate
some of the downstream effects of the antioxidant activity of flavanones, such as their
ability to reduce carbonyl groups, TBARS, or, on the contrary, to increase the GSH/GSSG
ratio, as demonstrated for the first time in the present study.

The detected antioxidant activity of these molecules can be ascribed to the number of
hydroxyl groups (–OH) and their spatial arrangement, as in the case of eriocitrin, which
has two –OH groups linked to the B ring in the –ortho position [56,57]. Indeed, several
studies have highlighted how the reduction in the number of –OH groups is inversely
proportional to the anti-radical action [58–62]. If the presence of –OH groups enhances the
antioxidant activity, on the other side, a weakening factor is the glycosylation; for example,
HED and NHE have a lower antioxidant efficacy than the aglycone HET [58,59]. The results
obtained from the preliminary antioxidant screening conducted by our research group [20]
showed a structure–activity relationship in line with what was previously assumed; in fact,
eriocitrin and neoeriocitrin, glycosylated compounds of eriodyctiol, show a higher average
antioxidant activity than HED, NHE, and their aglycon HET, probably due to the presence
of a higher number of –OH, which, in HET and glycosylated derivatives, are replaced
by methoxy groups (-OMe). Furthermore, HET proves to be, on average, more active
than its two glycosides, confirming that the bound sugar portion reduces the antioxidant
power [20].

From the preliminary screening, it can also be noted that HED, NHE, HET, ERI, and
NER have, on average, a greater antioxidant action than other flavanones typical of the
Citrus genus, such as diosmin and naringin [20]. Also in this case, the action is dependent
on the structure; in fact, diosmin has a skeleton similar to HET, with an unsaturation
in position 2 of the C ring, therefore having less hydrogen to donate in the antioxidant
processes that use this mechanism of action. Methoxylation in position 4 of ring B also
makes the molecule less active, as the bond dissociation energy is higher, given that the
hydrogen bridge is only available on the starting phenol, whereas it is lost by reaction
with the radical. Conversely, the adjacency between two –OH groups placed on the B
ring reduces the dissociation energy, as both the phenol and the phenoxyl radical that are
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formed remain stable, as in the case of ERI and NER. Naringin, on the other hand, is on
average less active, probably because, despite the structural similarity with the stronger
molecules and the lack of bound sugars, it has a lower –OH number, which reduces its
antioxidant power.

However, when passing from an in vitro cell-free model to an in vitro cell-based
model, differences are often found and are associated with the solubility of the molecules
in cellular media and their ability to interact with cell membranes. Many glycosides are, in
fact, somewhat similar to those in vivo at the level of the intestinal lumen, better conveyed
in the aqueous medium and thus reaching the intestinal barrier more easily, where they
act mostly locally. However, it is now well known that some of them can also be easily
absorbed by specific carriers, carrying out their activities at the systemic level [35,63–66].
From this point of view, it seems that di-glycosylated flavonoids have even greater affinity,
as recently found for SGLT1 and GLUT-2 [66]. Since these compounds must exert their
antioxidant and anti-inflammatory action locally, it is important to know what their real
availability in the intestinal compartment after digestive processes is. Although several
studies are available on the antioxidant and anti-inflammatory activity of some Citrus
flavanones, such as HED, HET, and naringenin [67–70], the only study available to date in
which a screening of the most representative flavanones of the Citrus genus was carried
out with the same methods, and which therefore carried out a real comparison between
the different molecules in the same experimental conditions, is that of Denaro et al. [20].
Among other factors, once the five most promising molecules (HED, HET, NHE, ERI, and
NER) had been identified, the authors mixed them in an equimolar ratio, creating a mix of
flavanones, called FM, with the aim of also evaluating a potential combination effect [20],
as it is often observed for different Citrus extracts or juices [56,71].

They also simulated human gastro-duodenal digestion in vitro to mimic what happens
in vivo and to evaluate the fate of these compounds once they reach the gastrointestinal
tract, demonstrating that there is no change in or alterations to the five flavanones during
digestion [20]. These results are consistent with what has already been observed in vitro
and in vivo for some of the flavanones investigated, such as HED, NHE, and HET [72].
A possible explanation for this behavior lies in the peculiarity of the metabolism of the
glycosylated compounds with rutinose and neohesperidose, which normally reach the
distal part of the intestine intact, where they are hydrolyzed by the enzymes of the intestinal
microbiota and finally absorbed [73].

Considering this, the results obtained from the previous study as well as those obtained
in the present study are mainly attributable to the peculiar structure of the five selected
flavanones: two rutinosides (HED and ERI), two neohesperidosides (NHE and NER), and
one aglycone (HET).

Regarding the anti-inflammatory activity, there are several studies available that have
investigated the ability of flavanones to modulate the inflammatory response [1,8,12]. In
our first study [20], we demonstrated how DFM was able, at doses compatible with a
dietary intake [1], to reduce the release of pro-inflammatory markers such as IL-6, IL-8, and
NO after the IL-1β stimulation of Caco-2 cells [20].

The ability of flavanones to modulate inflammation depends on several factors, such as
the antioxidant power and the inhibitory action of flavanones on key enzymes responsible
for the activation and transduction of inflammatory stimuli. For example, HED is capable
of inhibiting phosphodiesterase and mitogen-activated protein kinase (MAPKs) [74]. The
latter have an important role in the intracellular signaling pathway during the inflammatory
response, with it being strongly related to the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-Kb) signaling pathway, which has a key role in modulating the gene
expression of iNOS, COX-2, IL-6, and tumor necrosis factor (TNF)-α [74]. Furthermore, it
has been demonstrated that flavanones downregulate NF-κB, although the differences in
the experimental models used for this purpose affect the results obtained, which appear
discordant and difficult to interpret [75].
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Another important gap in the literature available to date is linked to the action of
flavanones on COX, known for their involvement in IBD; in fact, more generally, the
effects of flavonoids on COX expressed at the intestinal level are still little known. In a
study carried out by López-Posadas et al. [75], the structure–activity relationships of some
flavonoids, including HET, on the expression of COX-2 on LPS-stimulated IEC18 cells and
the relative signaling pathways were investigated. The authors demonstrated that the
expression of COX-2 was strictly related to the presence of free –OH groups, whereas it did
not seem to be induced by the presence of methoxy groups (-OMe) [75]. Furthermore, the
presence of -OH groups in position 4 of the B ring, or in position 5 of the A ring, reduces
the phosphorylation of the nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor (IkB) [75]. Considering this, it is possible to assume that the action of
flavanones in the in vitro screening on COX enzymes is linked to the presence of free –OH;
in fact, HET and its glycosylated derivatives have –OH in position 5 of ring A, and –OMe
in position 4 of the B ring, whereas ERI and NER have two free –OHs on the B ring, in
position 4 and 3. Moreover, the preliminary screening shows a difference in the selectivity
of molecules; HET and its glycosides (HED and NHE) exhibit similar inhibitory activity on
both COX-1 and COX-2, whereas ERI and NER show selectivity towards COX-2. These
results have been confirmed by molecular modeling studies, which have allowed us to
shed light on the different types of interactions that HED, NHE, NER, and ERI establish
with the active site of COX-2, allowing us to hypothesize a rational use of these molecules
as potent selective COX-2 inhibitors. These results agree with what has already been
observed for eriodyctiol [45], the aglycone of ERI and NER. Eriodyctiol is, in fact, able to
establish two hydrogen bonds with Tyr-371 and Ser-516 within the active site of COX-2,
and only one hydrogen bond with Met-521 of COX-1, showing selective COX-2 activity [45].
However, the present study demonstrates, for the first time, that sugars further stabilize
the structure, allowing the molecules to establish many more hydrogen bonds with the
amino acid residues of the COX active site, with reference to COX-2. Beyond the behavior
of each tested flavanone, what appears even more interesting is the behavior of DFM. It
is, in fact, capable of inhibiting both COX isoforms, with a marked inhibitory activity on
COX-2 (82%), almost superimposable with that of nimesulide (87.45%), a COX-2 selective
non-steroidal anti-inflammatory drug. The activity of the five flavanones as well as of DFM
was also investigated at the cellular level, evaluating the PGE2 release induced by IL-1β in
the presence of arachidonic acid.

DFM reduces the PGE2 release comparable to nimesulide, whereas NHE and HET
show a more marked action. These results do not exactly overlap those obtained in the
in vitro enzymatic screening, for almost obvious reasons; in fact, it is impossible to compare
two different experimental models if we consider that all processes which regulate the
inflammatory signal take place at the cellular level and that, therefore, the action of these
molecules depends not only on the direct interaction with COXs, but also on the ability
to modulate the inflammatory pathways involved in their expression. For example, the
transcriptional and translational regulation of NF-κB takes place regardless of the IkB phos-
phorylation processes circumventing the classical signaling pathway and using alternative
pathways, and therefore, the notion that the flavanones can, based on their structure, mod-
ulate the inflammatory response in one way or another cannot be excluded [75]. Whatever
this mechanism, it is unquestionable that flavanones modulate the expression of COXs and,
even if the in vivo effects are difficult to predict, it is possible to assume that the expression
of COXs, and of COX-2, as well as the production of prostaglandins, is downregulated by
some flavanones in the presence of a potent oxidative stress [75].

Finally, it is important to underline that the most innovative aspect of this study is the
experimental demonstration of a synergistic antioxidant and anti-inflammatory effect of the
five selected flavanones when combined in a ratio of 2.0, with a CI value < 1 at 1.0–4.0 µM,
which makes FM a potentially useful agent to counteract intestinal inflammation.

Certainly, even if this study represents an upgrade compared to the previous one, as it
has been useful to clarify one of the mechanisms underlying the anti-inflammatory activity
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of FM and has highlighted other targets on which this mix can act to reduce oxidative stress
induced by inflammation, the next step is certainly to conduct an in vivo study in order to
demonstrate the transability of what has been observed in vitro in cell-free and cell-based
models on a suitable animal model of IBD.

5. Conclusions

This study demonstrates how the flavanones hesperidin, neohesperidin, hesperetin,
eriocitrin, and eriocitrin exhibit strong antioxidant activity by reducing the release of
reactive oxygen species, the formation of carbonylated proteins and lipid peroxides, and
the oxidation of GSH to GSSG in Caco-2 cells. They are also able to exert strong anti-
inflammatory activity by inhibiting COX enzymes, with a selectivity towards COX-2,
as also demonstrated by molecular modeling studies, and consequently, the release of
prostaglandins with an efficacy similar to the reference COX-2 selective drug nimesulide in
Caco-2 cells. One of the limitations of this study is the use of a monoculture model, which
does not allow the evaluation of the influence of the immune response to the inflammatory
stimuli. Furthermore, other than demonstrating the effectiveness of the flavanone mix
on intestinal inflammation, it would be interesting to evaluate the molecular pathways
underlying the antioxidant and anti-inflammatory activity found.

However, the most interesting and innovative aspect of this study is the experimental
demonstration that, when combined in a mixture at a constant ratio, these flavanones exert
synergistic antioxidant and anti-inflammatory activity, which makes them certainly worthy
of further in vivo studies for their potential use in the prevention and treatment of chronic
inflammatory bowel disease.
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