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Synthesis, characterization, and in vitro-in ovo
toxicological screening of silibinin fatty acids conjugates
as prodrugs with potential biomedical applications
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Silibinin (SIL), the most active phytocompound from Silybum marianum (L.), exerts many biological effects but has low stability and
bioavailability. To overcome these drawbacks, the current research proposed the synthesis of silibilin oleate (SIL-0) and silibilin
linoleate (SIL-L) derivatives as prodrugs with potentially optimized properties for biomedical applications, and the establishment of
their in vitro-in ovo safety profiles. The physicochemical characterization of the obtained compounds using density functional theory
(DFT) calculations, and Raman and *H liquid-state nuclear magnetic resonance (NMR) spectroscopy confirmed the formation of SIL-O
and SIL-L complexes. Computational predictions revealed that these lipophilic derivatives present a lower drug-likeness score
(—29.96 for SIL-0 and —23.55 for SIL-L) compared to SIL, but an overall positive drug score (0.07) and no risk for severe adverse
effects. SIL-0 and SIL-L showed no cytotoxicity or impairment in cell migration at low concentrations, but at the highest concentration
(100 juM), they displayed distinct toxicological profiles. SIL-L was more cytotoxic (on cardiomyoblasts - H9c2(2-1), hepatocytes -
HepaRG, and keratinocytes- HaCaT) than SIL-O or SIL, significantly inhibiting cell viability (< 60%), altering cellular morphology,
reducing cell confluence (< 70%), and inducing prominent apoptotic-like nuclear features. At the concentration of 100 LM, SIL-O
presented an irritation score (IS) of 0.61, indicating a lack of irritant effect on the chorioallantoic membrane (CAM), while SIL-L was
classified as a slight irritant with an IS of 1.99. These findings outline a more favorable in vitro and in ovo biocompatibility for SIL-O
compared to SIL-L, whose applications are dosage limited due to potential toxicity.
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migration, irritant effect.

Introduction

The popularity of medicinal herbs has increased globally over
the past years, becoming of utmost importance in the treat-
ment of various medical settings. The majority of today’s
medicines owe their origin to medicinal plants [1] which still
serve as an unexhausted resource for bioactive compounds
with potent biological activities and applications in different
therapeutic areas [2, 3]. Medicinal plants and their bioactive
phytochemicals present the advantage of minimal side effects
and high pharmaceutical value to combat various diseases in
humans [4-6].

One such medicinal plant is Silybum marianum L. Gaertn.
(also named milk thistle) which is mainly recommended as a
natural remedy in the treatment of liver or gallbladder dysfunc-
tions despite its broad spectrum of other therapeutic activities
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(e.g., anti-inflammatory, antioxidant, antineoplastic, cardio-,
and neuro-protective, etc.) [7-9]. The biologically active extract
from S. marianum L., known as silymarin, protects the plant
from both biotic and abiotic stressors (e.g., bacteria, fungi, and
radiation), being a mixture of four phytocompounds - silib-
inin (orsilibin), silychristin, silydianin, and isosilybin. Silibinin
(SIL), the most abundant and therapeutically active compound
existing in the silymarin complex [7,10], is a polyphenolic
antioxidant with a flavolignan structure formed of two diastere-
omers - SIL A and B [7,11], and a compound with increased
safety, associated only with minor adverse effects at the gas-
trointestinal level [12]. In terms of therapeutic applications,
SIL has been historically used for its hepatoprotective prop-
erties, being officially approved for the treatment of liver dis-
eases since the 1970s [7]. More recently, SIL was associated
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with protective effects against chemically induced cardiotox-
icity and showed a potential utility in the treatment of heart
disorders such as myocardial ischemia [13, 14]. Additionally, SIL
presents skin health-improving properties, by reducing the risk
of cutaneous cancers and conferring protection against chem-
ical oxidants or ultraviolet radiation-induced damage [15-17].
However, despite being included as an active ingredient in
conventional formulations such as tablets and capsules which
are administered orally, SIL (along with other silymarin con-
stituents) suffers from limited intestinal resorption and oral
bioavailability, mainly due to its poor solubility in water and
lipid media [18, 19]. Pharmacokinetic studies revealed that its
absorption from the gastrointestinal tract upon oral adminis-
tration is about 23%-47%. SIL also suffers an intense phase II
metabolization, being rapidly excreted in bile and urine which
significantly lowers its therapeutic efficiency [12, 18]. Further-
more, pure SIL was found to be unstable in buffers possessing
a pH of 1.0-7.8, as well as physiological media (i.e., plasma,
intestinal, and liver fluids) [20].

Prodrugs, which are defined as inactive drug conjugates
that efficiently reconstitute the parent compound following in
vivo administration, are extensively investigated as an effi-
cient approach to optimize the inadequate pharmacokinetic
and pharmacodynamic features of bioactive compounds, such
as poor solubility, reduced chemical stability, limited bioavail-
ability, extensive metabolization, scarce penetration through
biological barriers, and low site-specificity or therapeutic effi-
ciency. The conventional prodrug strategy resorts to drug
derivatization using either hydrophilic or lipophilic functional
groups [21]. Lipidic molecules have been broadly employed
as building blocks for the obtainment of various drug pre-
cursors, their attachment to active agents improving drug
lipophilicity, retention, pharmacokinetic profile, and thera-
peutic activity, while also facilitating their incorporation in
advanced delivery systems [22, 23]. Lipidic derivatization was
previously employed for SIL, its conjugation with phosphatidyl-
choline resulting in the obtainment of a complex (Silipide) with
enhanced bioavailability and antioxidant activity [24].

Fatty acids (FAs) are lipid-based compounds well known for
their structural, energetic, and nutritional importance within
the human body [25]. Conjugates formed from the covalent
bonding between FAs and active molecules represent a spe-
cific type of lipidic prodrugs in which, from a chemical per-
spective, the drugs containing hydroxyl groups are linked
to the carboxylate group present within the FA’s molecule,
leading to an ester-type linkage, one of the most fundamen-
tal chemical bonds found in various functional compounds,
including pharmaceuticals [23]. Moreover, it has been pre-
viously revealed that drug esterification using FAs corrects
its biopharmaceutical limitations by increasing drug stabil-
ity, lipophilic nature, half-life, cell uptake, and passing across
biological membranes [26]. In particular, unsaturated FAs
(UFAs) became attractive for drug development, their attach-
ment to active molecules leading to the production of efficient
prodrugs [23]. Among all existing UFAs, oleic acid (OA) and
linoleic acid (LA) are abundantly found in the human diet
and are instilled with multiple functions in health, physiology,
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and nutrition [23, 25]. As regards the bioactivities of OA, its
hepatoprotective properties and ability to alleviate liver disor-
ders (e.g., fibrosis and cirrhosis) or chemically produced injury
are well documented [27]. Additionally, OA remarks owing to
its cardioprotective effects, reducing the risk for cardiovascular
diseases [25], while also presenting a beneficial contribution
to cutaneous health by modulating inflammation and enhanc-
ing the reparative response in skin wounds [28]. Compara-
tively, LA constitutes an essential FA, playing an important
role in improving cardiac function, liver metabolic status and
fat, and regulating cholesterol plasma levels [25]. Moreover,
LA plays a significant contribution to the structural integrity
of the skin through the formation of ceramides which are
essential for the constitution of the cutaneous barrier [29].
Besides these benefits, UFAs also bear disadvantageous char-
acteristics, such as instability and proneness to oxidative
degradation [30].

Despite the tremendous research highlighting the thera-
peutical effects retained by SIL and its limited pharmacoki-
netics, the well-known health-promoting properties of UFAs
and their oxidative instability, as well as the emerging trend
in the fruition of UFAs in the obtainment of lipophilic drug
complexes with improved physical, chemical, and pharmaco-
logical features, the evaluation of SIL-UFA derivatives in terms
of biomedical uses remains scarce at present. Therefore, built
upon previous reports suggesting the cardiac, hepatic, and cuta-
neous health benefits of SIL, OA, and LA, as well as the improved
properties of the conjugates produced via the derivatization of
active agents with UFAs, the current study proposed the synthe-
sis via biocatalytic acylation, the comprehensive physicochem-
ical characterization, and the in vitro-in ovo safety assessment
of SIL oleate (SIL-O) and SIL linoleate (SIL-L) as prodrugs with
potential applications in biomedicine with a specific direction
towards heart, liver, and skin pathologies. The rationale behind
the conjugation of SIL with OA and LA stands in the fact that this
approach might result in lipophilic complexes with improved
pharmacokinetic properties, stability, and therapeutic effect
obtained through the enhancement of the flavolignan’s absorp-
tion and bioavailability following in vivo administration, the
protection of the UFAs from potential oxidative damage, and the
association of bioactive UFAs with a natural compound instilled
with pharmacological activities.

Materials and methods

Reagents

The following reagents were provided by Sigma Aldrich,
Merck KgaA (Darmstadt, Germany): SIL (HPLC, > 98%), OA
(GC, = 99%), LA (GC, > 98%), Novozyme 435 (Immobilized
Candida antarctica lipase), methanol (AR, > 99.5%), sodium
dodecyl sulfate (GC, > 98.5%), acetone (HPLC, > 99.9%),
chloroform (HPLGC, GC, > 99.9%), molecular sieves, insulin from
bovine pancreas, hydrocortisone 21-hemisuccinate sodium salt
(HPLC, > 90%), and MTT (3-[4,5-dimethylthiazol2-yl]-2,5-
diphenyltetrazolium) bromide reagent. Hoechst 33342 solution
was bought from Invitrogen (Waltham, MA, USA). Dul-
becco’s Modified Eagle Medium (DMEM; ATCC® 30-2002™),
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trypsin-EDTA solution, phosphate saline buffer (PBS), dimethyl
sulfoxide (DMSO), fetal calf serum (FCS), and penicillin/strep-
tomyecin were bought from ATCC (American Type Culture Col-
lection, Lomianki, Poland). William’s Medium E was acquired
from Gibco (Waltham, MA, USA).

Regioselective synthesis of silibilin-O (SIL-O) and

silibilin-L (SIL-L)

SIL derivatives were biosynthesized similarly to a method
described in a recent publication [25]. SIL-O and SIL-L were
produced by solubilizing SIL, OA, and LA in a reaction medium
containing acetone (previously dried on 4-A molecular sieves).
The process was conducted for 10-12 h, at 50 °C, and under
magnetic stirring (at a rate of 250 rpm). The esterification
was initiated by the addition of the Novozyme 435 followed
by a 120 h stirring using an orbital shaker, at 250 rpm and
50 °C. The used molar mass ratios of SIL:OA and SIL:LA were
1:3. The water content in the reaction was maintained under
0.3%. The formation of SIL-O and SIL-L was monitored using
thin layer chromatography (TLC) and chloroform/ethyl acetate
(60/40 v/v) as an eluent system, while their purification was
performed by chromatographic column separation. Finally, the
fractions that contained the SIL-O and SIL-L bioconjugates were
introduced into a Loborota 4000 Efficient Rotary Evaporator
(Heidolph Instruments, Schwabach, Germany) to remove the
solvent, and their purification was achieved by recrystallization
from acetone and methanol.

Vibrational Fourier transform-Raman (FT-Raman)
spectroscopy

The FT-Raman spectra of SIL, OA, LA, SIL-O, and SIL-L were
obtained with an Equinox 55 Bruker spectrometer (Billerica,
MA, USA) containing an integrated FRA 106S Raman module.
The excitation was performed using a Nd:YAG laser operating at
1064 nm and with an output power of 350 mW, while the detec-
tion was ensured by a Ge detector operating at liquid nitrogen
temperature. For data acquisition, a number of 350 scans at a
spectral resolution of 2 cm ™! were collected.

Density functional theory (DFT) calculations

Geometry optimizations and normal modes calculations have
been performed in gas-phase, with the Gaussian 16, revi-
sion C.01 software [31] by using the DFT approximation at
B3LYP/6-311+G(d,p) level of theory. The most stable conform-
ers were identified for each of the investigated systems (SIL,
SIL-O, SIL-L). For these calculations, we used the GFN2-xTB
method [32] as implemented in the CREST software [33-35].
Subsequently, we re-optimized the first most stable five con-
formers for each system using the B3LYP/6-311+G(d,p) method.
Finally, the most stable conformer of each system was used for
normal mode calculations.

H liquid-state nuclear magnetic resonance (NMR) spectroscopy
Measurements have been performed using a Bruker Avance
500 NMR spectrometer (Billerica, MA, USA) operating at an
11.75 T magnetic field. Samples were filled into 5 mm NMR
tubes and the temperature was maintained at 300 K. Deuterated
dimethyl sulfoxide (DMSO-d6) was used as a solvent in all the
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investigated samples. A number of 32 scans were accumulated,
and the relaxation delay was set to 3 s.

Computational predictions of drug-likeness and toxic potential
To predict the drug-like properties and potential toxic effects
of SIL, SIL-O, and SIL-L, the open-source program OSIRIS Prop-
erty Explorer was employed which estimates a molecule’s muta-
genic, tumorigenic, irritant, and reproductive toxicity, as well
as the molecular weight (MW), cLogP, solubility, drug-likeness,
and drug score based on its chemical structure [36].

In vitro 2D models

The study was performed using three cell lines - H9c2(2-1) car-
diomyoblasts (CRL-1446™), HepaRG hepatocytes (HPRGCI10),
and HaCaT keratinocytes (300493) - delivered as frozen
vials by ATCC (Lomianki, Poland), ThermoFisher Scientific
(Waltham, MA, USA), and CLS Cell Lines Service GmbH
(Eppelheim, Germany), respectively. H9c2(2-1) and HaCaT cells
were grown in DMEM, while HepaRG cells were cultured
in William’s E Medium containing insulin from bovine pan-
creas (at a final concentration of 4 jug/mL) and hydrocortisone
21-hemisuccinate sodium salt (at a final concentration of
50 wM). Both media were supplemented with 10% FCS and 1%
antibiotics (penicillin 100 U/mL and streptomycin 100 ug/mL).
The cells were cultured at 37 °C and 5% COy, in a humidified
incubator for cell culture, presenting normal proliferation dur-
ing the experiments.

Cell viability assay

The impact of all tested compounds (1, 10, 25, 50, and 100 M)
on the viability of H9c2(2-1), HepaRG, and HaCaT cells was
assessed using the MTT method which was performed accord-
ing to a previous publication [37]. Briefly, the cells cultured in
96-well plates were exposed to SIL, SIL-O, and SIL-L for 24 h.
At the end of the treatment, the culture medium containing SIL,
SIL-O, and SIL-L was removed and replaced with 100 pL/well
of the specific culture media for the used cell lines (DMEM for
H9c2(2-1) cells and HaCaT; William’s E Medium for HepaRG).
Then, 10 pL of MTT reagent was added in every well, followed
by 3 h of incubation of the plates at 37 °C. The absorbance
measurements were performed at 570 and 630 nm on Cytation
5 Microplate Reader (BioTek Instruments Inc., Winooski, VT,
USA) following the addition of the MTT solubilization solution
(a volume of 100 wL/well), and the plates’ incubation at room
temperature for 30 min, protected from light.

Cell morphology and confluence evaluation

To verify whether SIL and its derivatives (100 M) affect
healthy cells’ morphology, a bright-field microscopical eval-
uation was performed after a 24-h treatment. The images
were analyzed using Cytation 1 Imaging Reader (BioTek Instru-
ments Inc., Winooski, VT, USA). Cell confluence (%) was auto-
matically measured using the Image Analysis tool provided
by Gen5™ Microplate Data Collection and Analysis Software
(BioTek Instruments Inc., Winooski, VT, USA), and according
to the manufacturer’s recommendations.
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Hoechst 33342 nuclear staining

The influence of SIL, SIL-O, and SIL-L (100 wM) on nuclear
morphology was evaluated by imaging the cells’ nuclei stained
with Hoechst 33342. Shortly, at the end of the treatment, the
H9c2(2-1), HepaRG, and HaCaT cells cultured in 12-well plates
were treated with staining solution (500 pL/well, dilution of
1:2000 in PBS) for 10 min at room temperature, protected
from light and washed with PBS before imaging which was
performed on Cytation 1 Imaging Reader (BioTek Instruments
Inc., Winooski, VT, USA). Image processing was conducted
using the Gen5™ Microplate Data Collection and Analysis Soft-
ware (BioTek Instruments Inc., Winooski, VT, USA). Apoptotic
index (AI) was calculated by applying the formula previously
reported [38]:

o/\ __ Number of apoptotic cells
Al (A’) ~  Total number of cells

x 100

Cell migration assay

To investigate the effect of SIL, SIL-O, and SIL-L treatments
on the migration of H9c2(2-1), HepaRG, and HaCaT cells, the
scratch assay was performed as follows: (A) the cells (10° cell-
s/mL/well) were seeded in Corning Costar 24-well plates and
left to attach and reach a proper confluence, (B) a scratch
was automatically made in every well using the AutoScratch™
Wound Making Tool (BioTek Instruments Inc., Winooski, VT,
USA), (C) the cells were exposed to SIL and its FAs deriva-
tives 1, 10, and 25 uwM for 24 h, and (D) the wound area was
imaged at two time points (0 and 24 h) using Cytation 1 Imag-
ing Reader (BioTek® Instruments Inc., Winooski, VT, USA).
The Gen5 ™ Microplate Data Collection and Analysis Software
(BioTek® Instruments Inc., Winooski, VT, USA) was used to
measure the wound widths in each image. The migration rates
(%) for the applied treatments were determined using the for-
mula presented below and normalized to control.

Migration rate (%) = 4424 100, where:
Aty =wound width at O h,

Atyy = wound width at 24 h.

In ovo irritation test

The potential irritant effect of SIL-O and SIL-L (100 M) was
assessed in ovo, by applying the Hen’s Egg Test - Chorioal-
lantoic Membrane (HET-CAM) test. The applied procedure
was also described by Breban-Schwarzkopf et al. [39]. Briefly,
chicken-fertilized eggs were cleaned and disinfected with
ethanol 70% and placed in an incubator at 37 °C and 60% humid-
ity. On the fourth day of incubation, a cut was performed on
the eggs’ tips to allow the extraction of 6-7 mL albumen, while
on the fifth day, a window was cut on the upper side of each
egg and covered with adhesive tape. The experiment was per-
formed on the tenth day of incubation, by applying the samples
directly on the chorioallantoic membrane (CAM) and analyzing
the occurrence of vascular impairments, such as hemorrhage,
lysis, and coagulation for 5 min. Representative pictures were
taken before the start of the experiment (T0) and at its end
(T5) using the Discovery 8 SteREO Microscope equipped with
an Axio CAM 105 color camera and processed in ZEN core
version 3.8 software (Zeiss, Gottingen, Germany). The irritant
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potential was determined by calculating the irritation score
(IS) for each sample and interpreted as presented in a previous
publication [40].

Ethical statement
The present study did not require an ethical approval.

Statistical analysis

The data from this paper are presented as mean =+ standard
deviation (SD). The differences between data were compared
in GraphPad Prism 9.2.0 version for Windows (GraphPad Soft-
ware, San Diego, CA, USA, www.graphpad.com), using the
one-way ANOVA analysis and Dunett’s multiple comparisons
post-test. Statistical significance was marked with (*P < 0.05,
**P < 0.01, **P < 0.001, ****P < 0.0001 vs control).

Results

Vibrational spectroscopy of SIL, SIL-O and SIL-L

The specific FT-Raman spectra for parent compounds (SIL, OA,
and LA) and the resulting derivatives (SIL-O, SIL-L) are pre-
sented in Figures1 and 2. The main Raman bands of OA can
be found in the 1200-1700 cm™! region, at 1265 cm™}, (=C-H)
deformation of cis(R-HC=CH-R), at 1300 cm~!, which can be
assigned to (C-H) bending twist of the CHj group, at 1440 cm™!
attributed to (C-H) scissoring of CH and at 1655 cm ™!, assigned
to (C=C) stretching of cis(RHC=CHR). In the case of the LA
small shifts are visible in the spectra compared to OA, the
band corresponding to the (C-H) scissoring vibration appears
at 1450 cm~! while the (C=C) stretching band is present at
1657 cm™!. Moreover, LA presents an additional band, not vis-
ible in OA at 1735 cm ™}, attributed to the (C=0) stretching
of RC=OOR group [41, 42]. In the high wavenumber region,
2800-3200 cm™}, several bands are visible in the spectra of both
acids, attributed to the C-H stretching modes, with differences
in their spectra both in terms of band intensity and position. The
main bands of OA are at 2727, 2848, 2893, and 3003 cm ™!, while
the LA bands are located at 2848, 2875, 2893, 2931, 2961, and
3014 cm . The spectra of oleate/linoleate derivatives are dom-
inated by the characteristic bands of the parent compounds,
with several small changes, mainly characteristic of the vibra-
tional modes change on passing from SIL to its correspond-
ing derivatives. For SIL-O, the same behavior can be observed
in the high wavenumber (~3000 cm™) region, however, in
the low wavenumber region 0-2000 cm™! region three bands
were recorded, which cannot be found in the spectra of SIL
or OA at 890, 1551, and 1711 cm™}; the 1711 cm~! peak can be
assigned to the stretching of the C=O bond of the ester functional
group. The other peaks visible in the SIL-O can be attributed
to either SIL or OA, with the position of the peaks slightly
shifted. To be noted, the characteristic C=C stretching band
is also shifted from 1655 cm™' in OA to 1648 cm™! in SIL-O.
In the high wavenumber 2800-3200 cm™! region the visible
SIL-O bands, corresponding to the C-H stretching modes, are
generated by the OA and SIL with small shifts and changes in
relative intensity. Moreover, likely as a result of esterification,
the SIL-O spectrum is missing some of the intense bands present
in the parent compounds: 3005 cm™! of OA or 3059 cm™! of
SIL. Opposed to SIL-O, in the SIL-L, all the bands present in
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the 1000-2000 cm™! spectral region have corresponding bands
either in SIL or in the LA, albeit with slight shifts. The C=C
band appears at 1652 cm™! in SIL-L as opposed to 1657 cm™! in
LA, while the band corresponding to the C=0 stretch found at
1735 cm ™! in LA appears as a weak shoulder at 1732 cm ™.

Dehelean et al.

DFT analysis of SIL, SIL-O, and SIL-L

Conformational analysis of the individual molecules (SIL, and
the linoleate and oleate esters SIL-O and SIL-L) resulted in a
set of five conformers. The molecular structures of the most
stable conformers are given in Figure 3. The comparison of
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Figure 3.

the position of the experimental and theoretical DFT Raman
bands is shown in Table 1. SIL-L and SIL-O complexes can be
distinguished by the bands in the high Raman shifts in the
2800-3100 cm ! spectral range, these changes seem to confirm
the esterification of SIL. In the fingerprint spectral range, the
v(C = C) bands appear at different positions (1652 cm™! for
SIL-L and 1649 cm™! for SIL-O). The band corresponding to the
v(CH)r4 vibrational mode, which appears at 3100 cm ™ SIL-O
and SIL-L in the calculations, is expected to reduce in inten-
sity due to the connection of the linoleate or oleate side chain.
Accordingly, the corresponding band is not visible in the exper-
imental spectrum of SIL-L and is very weak in the experimen-
tal spectrum of SIL-O. Moreover, the DFT calculations predict
that the v(C-CH,OH)r4 vibration mode at 1361 cm ™! is likely to
disappear as a direct consequence of the esterification, in the
experimental spectra, this band is present but with very weak
intensity. Overall, the comparison of the vibrational theoret-
ical and experimental Raman data showed a good agreement,
and thus, the changes observed in the SIL-O and SIL-L Raman
spectra compared to that of SIL, strongly support the evidence
of the derivative structures’ formation. Detailed information
and theoretical DFT Raman spectra comparison are given in
Figures S1 and S2. The agreement between theory and experi-
ment supports the proof of SIL derivatives formation.

H liquid state NMR spectroscopy of SIL, SIL-O, and SIL-L

Figure 4 shows a comparison between the 1H liquid state NMR
spectra of SIL, SIL-O, and SIL-L. Their chemical structures and
peak assignment are presented in Table S1 accordingly, taking
into account previous data from the literature on SIL, OA, and
LA [28-31]. To validate the esterification process, interactions
between the OH- groups of SIL and protons of the carboxylic
acid of OA and LA, respectively, were investigated. It was found
that only the intensity of protons from the carboxylic acid of OA
and LA is reduced six times in both 'H NMR spectra of SIL-O
and SIL-L, showing up as a doublet peak centered at 9.19 ppm,
respectively. Moreover, the peak corresponding to the proton
of the carboxylic group of the OA and LA has a low intensity
in the former case and is missing from the !H NMR spectrum
in the latter case. Additionally, a signal corresponding to water
was found at 4.51 ppm in the !H NMR spectra of SIL-O and
SIL-L. Moreover, new peaks were identified in these spectra,
as indicated in Table S1. These results are in concordance with
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3-D molecular structure of the most stable (A) silibinin oleate and (B) silibinin linoleate.
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Figure 4. 'H NMR spectra of silibinin, silibinin oleate, and silibinin
linoleate. SIL: Silibinin; SIL-O: Silibinin oleate; SIL-L: Silibilin linoleate.

the experimental and theoretical Raman spectra and prove that
the esterification process occurs between the hydroxyl group
attached to the a4” carbon (equivalent to the C-23 position from
the literature [32]) of SIL (the molecular structure is presented
in Table S1) and the proton of the COOH group of the respective
acids.

Drug-likeness and toxic potential of SIL, SIL-O, and SIL-L

The MW, logarithm of partition coefficient between n-octanol
and water (cLogP), solubility, drug-likeness, drug score, and
potential toxicity of SIL, SIL-O, and SIL-L were computation-
ally determined using the OSIRIS Property Explorer program,
and presented in Table 2. According to the results, SIL-O and
SIL-L present higher MW and cLogP values, but also a lower
solubility compared to their parent compound SIL. Moreover,
both derivatives presented a negative drug-likeness and a lower
drug score than SIL. When comparing the parameters predicted
for SIL-O and SIL-L, it was observed that both present the
same positive drug score value, however, SIL-L has a higher
drug-likeness compared to SIL-O. The investigated compounds
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Table 1. Experimental and DFT calculated Raman bands (wavenumber/cm™2) of silibilin, silibinin oleate and silibinin linoleate

Mode SIL SIL-0 SIL-L

Exp. Calc. Assign. Exp. Calc. Assign. Exp. Calc. Assign.
Q1 3071 3194  v(CH)s 3073 3194 v(CH)rs5 3072 3193 v(CH)s5
Q2 3061 3182  w(CH)n 3060 3182 v(CH) 3064 3182 v(CH)

3012 3139 va(CH3) 3018 3141 Vas(CH3) 3012 3140 Vas(CH3)
Q3 2985 3095  vus(CHa)+v(CH)g 2983 vw 3100 v(CH)4 - 3099 v(CH)4
Q4 - - - 2970 3070 v(CH),4+v(CH3) 2970 3072 v(CH)ra+v(CH,)
Q5 2946 3082  vas(CH2)+v(CH)ra00p 2941 3070 Vas(CH2)+v(CH) 4 - 3060 Vas(CH2)—v(CH) 4
Q6 2939 3074 vas(CHa)+v(CH)rap 2930 3059 Vas(CH2)—v(CH) 4 2931 3072 Vas(CH2)+v(CH)rq
Q7 2916 3023  v(CH) - - - 2916 3027 v(CH)r
Q8 - - - 2906 3025 Vas(CH2)ole 2906 3026 Vas(CH2)in
Q9 - - - 2897 3023 s(CH2)ole - 3003 vs(CH2)in
Q10 2881 3016 ws(CH3) 2877 301543017 vs(CH3)oe+ vs(CH3)gon 2881  30184-3016  vs(CH3)sipn+vs(CH3 )i
Qu 2862 3012 vs(CHy) - - - 2859 3014 Vs(CH2)stbn+vas(CH2 )iin
Q12 2850 2954 w(CH). 2845 2955 v(CH)r2 2850 2965 v(CH)r2
Q13 - - - 1717 1786 v(C=0) 1732 1786 v(C=0)

- - - 1649 1709 v(C=C)4le 1652 171541709 v(C=C)ijn_jp+ v(C=Cliin_oop
Q14 1628 1675 v(C=C)y+v(C=0), 1621 1675 v(C=C)n+v(C=0)r 1639 1674 v(C=C)a+ v(C=0)s
Q15 1614 1651  v(CC)s3 1612 1652 v(CO)3 1614 1650 v(CO)3
Q16 1468 1497 v(CO)an+8(CCClrn 1444 1498 v(CO)r1r2+8(CCC)ar2 1444 1497 v(CO)r1r2+ 8(CCC)r2
Q17 1361 1425 v(C—CH,0H)y - - - - - -
Q18 1294 1283  def.(r4,r5) 1302 1326 def.(r4,r5) 1290 1288 def.(r4,r5)
Q19 1271 1276 8(CCQ)s3 1269 1277 5(CCC)r3 1271 1280 5(CCC)3
Q20 1018 1035 §(CCC)14+68(0CC)r2 1022 1038 8(CCC)+8(0CO);, 1028 1030 8(CCC)n+ 8(0CC)r2
Q21 792 794  8(0CC)+8(CCC)s - - - 789 804 8(0CC)r+ 8(CCC)s
Q22 401 394  def(rLr2) - - - - - -

SIL: Silibinin; SIL-O: Silibinin oleate; SIL-L: Silibinin linoleate; Exp: Experimental; Calc.: Calculated; Assign: Assignments.

Table 2. Computational prediction of silibinin, silibinin oleate, and silibinin linoleate properties obtained using OSIRIS Property Explorer

Mutagenic, tumorigenic, irritant

Compound Mmw cLogP Solubility Drug-likeness Drug score and reproductive toxicity
SIL 482 2.13 —3.41 164 0.64 No risk

SIL-O 746 9.63 —7.91 —26.96 0.07

SIL-L 744 9.38 —7.68 —23.55 0.07

SIL: Silibinin; SIL-O: Silibinin oleate; SIL-L: Silibinin linoleate; MW: Molecular weight; cLogP: Logarithm of partition coefficient between n-octanol and water.

and dose-dependent decrease in the viability of all cell lines
was noticed upon their 24-h treatment with SIL, SIL-O, and
SIL-L. However, the effect was highly dependent on the tested
compound and cell type. In H9¢c2(2-1) cells, SIL showed a stim-
ulatory effect on cell viability, all percentages being over 100%
compared to control at the tested concentrations, although sta-
tistical significance was reached only at 1 M when the viability
presented a value 0f128.4%. SIL-O and SIL-L also stimulated the

presented no predicted risk for mutagenic, tumorigenic, irri-
tant, or reproductive toxicity.

Impact of SIL, SIL-O, and SIL-L on cellular viability

To verify the potential cytotoxicity of SIL-O and SIL-L on car-
diac, hepatic, and skin cells (H9c2(2-1), HepaRG, HaCaT), an
MTT assay was performed. Comparatively, the parent com-
pound SIL was also tested. As presented in Figure 5, a gradual
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Figure 5. In vitro assessment of the impact exerted by silibinin, silibinin oleate, and silibinin linoleate at five concentrations (1, 10, 25, 50, and
100 M) on the viability of healthy (A) cardiomyoblasts—H9c2(2-1), (B) hepatocytes—HepaRG, and (C) keratinocytes—HaCaT following a 24 h
treatment. The data are presented as viability percentages (%) normalized to control (untreated cells) and are expressed as mean values & SD of three
independent experiments performed in triplicate. The statistical differences between the control and the treated groups were verified by applying the
one-way ANOVA analysis followed by Dunnett’s multiple comparisons post-test (*P < 0.05; **P < 0.01; ***P < 0.00L; ****P < 0.0001 versus control). SIL:

Silibinin; SIL-O: Silibinin oleate; SIL-L: Silibilin linoleate; SD: Standard deviation.

viability of H9c2(2-1) cells but only at low concentrations (up to
25 WM - SIL-O, and up to 10 uM - SIL-L), while gradually reduc-
ing it at higher ones. The lowest viability value (24.72%) was
obtained following the exposure of cardiomyoblasts to SIL-L
100 pM. Similar effects were observed in the case of HepaRG
cells whose viability was stimulated by the treatment with SIL
(1, 10, and 25 wM), SIL-O (1 and 10 uM), and SIL-L (1, 10, and
25 pM). Higher concentrations led to a reduction in the per-
centage of HepaRG viable cells up to around 80% (SIL), 70%
(SIL-0), and 60% (SIL-L), respectively. In HaCaT keratinocytes,
stimulation of cell viability was noticed in the case of all tested
compounds, but only at low concentrations (up to 10 WM - SIL
and SIL-L; up to 50 pM - SIL-O). The highest cytotoxicity was
induced by SIL-L 50 and 100 wM, the viability percentages being
48.95% and 38.22%, respectively.

Impact of SIL, SIL-O, and SIL-L on cellular morphology and
confluence

Further, the impact of SIL, SIL-O, and SIL-L 100 pM on cells’
morphological features was assessed (Figure 6). Apart from a
slight reduction in the confluence of HepaRG cells, SIL and
SIL-O caused no alterations in the morphology of healthy cell
lines compared to the control. The most significant morphology
changes (e.g., rounding, shrinkage, detachment from the plate,
and debris) which are indicative of cytotoxicity were observed
only after the H9c2(2-1), HepaRG, and HaCaT cells’ 24-h treat-
ment with SIL-L. As presented in Figure7, the confluence
of H9c2(2-1), HepaRG, and HaCaT cells treated with SIL and
SIL-O were similar to control, while significant reductions
were determined in the case of the cells treated with SIL-L (to
58.23% - H9c2(2-1), 66.7% - HepaRG, and 73.06% - HaCaT),
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these data supporting the obtained viability and cell morphol-
ogy results which indicate that SIL-L (100 j1M) exerts the high-
est cytotoxicity among the tested compounds.

Impact of SIL, SIL-O, and SIL-L on nuclear morphology

To further investigate the possible cell death mechanism under-
lying the cytotoxicity of SIL, SIL-O, and SIL-L 100 pM in H9c2
(2-1), HepaRG, and HaCaT cells, a Hoechst 33342 staining high-
lighting the nuclear morphological features was performed.
Figure 8 presents the aspect of control nuclei which possess a
well-defined shape (round or oval) and uniform chromatin dis-
tribution, as well as the apoptotic-like changes (white arrows)
induced by SIL, SIL-O, and SIL-L at the highest concentra-
tion (100 wM). Compared to control, both derivatives (SIL-O
and SIL-L) induced nuclear deformation, fragmentation, and
chromatin condensation in all cell lines. SIL, however, induced
nuclear changes such as condensation and deformation only
in HepaRG cells. Compared to Control, a significant increase
in AI (Figure 9A) was obtained in H9c2(2-1) cells treated
with SIL-O and SIL-L (to 25% and 80%, respectively), while
in HepaRG cells (Figure 9B), all tested compounds elevated
the percentage of apoptotic-like nuclei, the highest increase
being induced by SIL-L (to 44%). In HaCaT keratinocytes
(Figure 9C), only SIL-L treatment increased the Al (to 45%),
while SIL and SIL-O caused no significant changes compared
to Control.

Impact of SIL, SIL-O, and SIL-L on cell migration

To investigate whether the treatment with SIL, SIL-O, and SIL-L
(1, 10, and 25 M) impairs the migration of H9c2(2-1), Hep-
aRG, and HaCaT cells, a scratch assay was performed at 24 h
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Figure 6. Bright-field images illustrating the morphology of cardiomyoblasts - H9c2(2-1), hepatocytes - HepaRG, and keratinocytes - HaCaT
following a 24-h treatment with silibinin, silibinin oleate, and silibinin linoleate at 100 wM. The scale bars indicate 200 wm. SIL: Silibinin; SIL-O: Silibinin

oleate; SIL-L: Silibilin linoleate.
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Figure 7. Cell confluence determination in (A) cardiomyoblasts - H9c2(2-1), (B) hepatocytes - HepaRG, and (C) keratinocytes - HaCaT following a
24 h treatment with silibinin, silibinin oleate, and silibinin linoleate at 100 wM using the Cell Analysis tool provided by the Gen5 Microplate Data
Collection and Analysis Software (N = 3). The statistical differences between the control and the treated groups were verified by applying the one-way
ANOVA analysis followed by Dunnett’s multiple comparisons post-test (**P < 0.01; ***P < 0.001; ****P < 0.0001). SIL: Silibinin; SIL-O: Silibinin oleate;

SIL-L: Silibilin linoleate.

post-stimulation. The migration rates obtained are graphically
shown in Figure 10, while the representative images taken at
0 and 24 h are shown in Figures S3-S5. The results indicated
that the effects on cell migration were highly dependent on
the tested compound, cell type, and applied concentration. In
the case of H9c2(2-1) cells, it was found that SIL promoted the
cells’ migration in a concentration-dependent manner, from
105.34% (at 1 wM) to 119.8% (at 25 wM). SIL-O also stimulated
the migratory capacity of H9c2(2-1) cells, but only at concen-
trations of 1 and 10 pM (to 120.36% and 108.7%, respectively),
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while reducing it at 25 WM (to 84.43%). SIL-L induced no
impairment in the migration rate of H9c2(2-1) cells at 1 and
10 uM (the migration rates were over 90%), but significantly
reduced their motility at 25 M (to 69.63%). In HepaRG cells,
the highest inhibition in the migration rate was obtained fol-
lowing their treatment with SIL 10 and 25 wM (to values around
50%). SIL-O reduced the HepaRG cells’ migration at 25 pM
(to 75.84%), while SIL-L caused no significant changes in their
migratory ability. At the lowest tested concentrations (1 and
10 uM), neither SIL, nor SIL-O or SIL-L affected the migration
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Figure 8. Nuclear staining of cardiomyoblasts - H9c2(2-1), hepatocytes - HepaRG, and keratinocytes - HaCaT following a 24 h treatment with
silibinin, silibinin oleate, and silibinin linoleate at 100 wM. White arrows indicate nuclei presenting an apoptotic-specific aspect. The scale bars represent

30 wm. SIL: Silibinin; SIL-O: Silibinin oleate; SIL-L: Silibilin linoleate.
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Figure 9. Apoptotic index (%) calculation in Hoechst 33342-stained (A) H9c2(2-1) cardiomyoblasts, (B) HepaRG hepatocytes, and (C) HaCaT
keratinocytes after a 24 h treatment with silibinin, silibinin oleate, and silibinin linoleate 100 pg/mL. The data are presented as apoptotic index
(%) expressed as mean values & SD of three independent experiments performed in triplicate. The statistical differences between the control and the
treated groups were verified by applying the one-way ANOVA analysis followed by Dunnett’s multiple comparisons post-test (**P < 0.01; ***P < 0.001;
**X¥¥p ~ 0.0001 vs control). SIL: Silibinin; SIL-O: Silibinin oleate; SIL-L: Silibilin linoleate; SD: Standard deviation.

of HaCaT cells, however, significant inhibition compared to
control was obtained at the concentration of 25 wM for all tested
compounds.

In ovo irritant potential of SIL, SIL-O, and SIL-L

The potential irritant effect of SIL-O and SIL-L at the highest
tested concentration (100 pM) was explored in ovo, by applying
the HET-CAM assay. The aspect of the CAM treated with H,0,
SDS 1%, SIL-O, and SIL-L is presented in Figure 11. SIL-O caused
no significant impairment on the vascular structure apart from
slight signs of lysis. Comparatively, SIL-L induced microhem-
orrhage, but only at the end of the treatment. Based on the
calculated IS values (Table 3), SIL-O induced no irritant effects
on the CAM, while SIL-L was classified as a slight irritant. The
mostrapid and the most significant vascular toxicity was caused
by SDS 1% used as a standard irritant.
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Table 3. Irritation score values for water (H,0), sodium dodecyl
sulfate 1% (SDS 1%), silibinin oleate, and silibinin linoleate 100 WM

Sample IS value Observation
H,O 0.07 Non-irritant
SDS 1% 19.74 Strong irritant
SIL-0 100 pM 0.61 Non-irritant
SIL-L 100 uM 1.99 Slight irritant

IS: Irritation score; SIL-O: Silibinin oleate; SIL-L: Silibilin linoleate.

Discussion
SIL represents the most bioactive compound found in the
silymarin complex of S. marianum L., exerting numerous
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Figure 10. In vitro assessment of the impact of silibinin, silibinin oleate, and silibinin linoleate (1, 10, and 25 M) on the migration rate in (A) H9c2
(2-1), (B) HepaRG, and (C) HaCaT cells following a 24 h treatment. The data were normalized to control and are expressed as mean values + SD of three
independent experiments performed in triplicate. The statistical differences between the control and the treated groups were quantified by applying the
one-way ANOVA analysis followed by Dunett’s multiple comparisons post-test (*P < 0.05; **P < 0.01; ****P < 0.0001). SIL: Silibinin; SIL-O: Silibinin oleate;
SIL-L: Silibilin linoleate; SD: Standard deviation
H,0 SDS 1%
’ -
) -
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Representative images of the chorioallantoic membrane captured before (T0) and 5 minutes (T5) after the treatment with H,0 (water;
negative control), SDS 1% (sodium dodecyl sulfate; positive control), silibinin oleate 100 LM and silibinin linoleate 100 WM. The scale bars indicate

Figure 11.

200 wm. CAM: Chorioallantoic membrane; SIL-O: Silibinin oleate; SIL-L: Silibilin linoleate.

health-improving properties, but limited stability and a
poor pharmacokinetic profile, that hinders its therapeu-
tic applications [7,10,18-20, 43]. A positive impact on the
bioavailability and/or pharmacological effects of SIL was
previously obtained through its conjugation with lipophilic
moieties (e.g., phosphatidylcholine, and FAs) [24], however,
the pharmaco-toxicological evaluation of lipidic SIL conjugates
for potential biomedical applications remains scarcely covered
at present. Therefore, the current study first proposed the
derivatization of SIL using UFAs to produce oleate and linoleate
conjugates (SIL-O and SIL-L) and their comprehensive physico-
chemical characterization, considering that the development
of lipidic drug conjugates emerged as an effective approach
that protects fragile drug moieties from extensive degradation
and metabolization in vivo while increasing their lipophilicity
which facilitates drug crossing through bilayer membranes
via passive diffusion and increases drug bioavailability [23].
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Additionally, taking into account the skin-, cardio-, and
hepato-protective activities of SIL, OA, and LA [17, 28-30, 44],
another main interest of this research was the in vitro-in ovo
safety screening of SIL-O and SIL-L as potential ester-type
prodrugs used for preventive or curative purposes in heart,
liver, or skin disorders.

The study debuted with the biosynthesis of SIL-O and SIL-L
conjugates through enzymatic acylation - an easy, inexpensive,
and regioselective method [25]. The process was mediated using
immobilized Candida antarctica lipase (Novozym® 435) as a
biocatalyst, considering that one of the primary applications of
lipases is the synthesis of esters [45], it was already successfully
used for the separation of SIL stereoisomers (A and B) [43],
it ensures that the SIL isomerization is avoided, and con-
fers chemoselectivity that is necessary for SIL which pos-
sesses multiple reactive moieties and also presents sensitivity
to several reaction conditions [46]. SIL contains a total of five
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hydroxyl groups - three phenolic groups (5-OH, 7-OH, and 20-
OH) and two alcoholic groups (3-OH and 23-OH) - which serve
as the main targets for derivatization [46, 47]. However, the
esterification of SIL using lipases selectively occurs in the 23-
OH position of the flavolignan skeleton [46]. The production of
SIL-O and SIL-L as monoesters was confirmed through vibra-
tional spectroscopy, DFT analysis, and 'H liquid state NMR spec-
troscopy (Figures 1, 2, and 4, and Table 1), while the molecular
structures of the obtained derivatives are presented in Figure 3.
The synthesis of SIL derivatives using lipase-based conjugation
with OA and LA was previously reported in a study aiming at
the complexation of these esters with B-cyclodextrin [48]. Also,
the biocatalytic modification of SIL using immobilized Candida
antarctica lipase B was previously employed by Theodosiou
et al. who resorted to this method for the obtainment of SIL
lipophilic derivatives with dicarboxylic acids [49], as well as
with FAs and their corresponding vinyl or methyl esters [50].

Next, a computational prediction of the properties (e.g.,
MW, cLogP, aqueous solubility, drug-likeness, drug score, and
toxic risks) retained by SIL and the synthesized SIL-O and
SIL-L derivatives was performed based on their chemical struc-
tures (Table2). As expected, the complexation of SIL with
UFAs resulted in compounds with higher MW and cLogP, as
well as lower solubility. This observation correlates with pre-
vious reports suggesting that the conjugation of rutin, phlo-
ridzin, and esculin with FAs containing various chain lengths
leads to derivatives with increased lipophilicity compared to
the basic molecules [51]. SIL-O and SIL-L presented lower
drug-likeness and drug score compared to SIL which could be
explained by the increase in MW that is often associated with
improved lipophilicity, but altered drug-like properties [52],
and illustrates their applicability as prodrugs rather than active
compounds. Although the drug score was identical for both
derivatives, SIL-L presented a slightly higher drug-likeness
compared to SIL-O. All investigated compounds were predicted
to lack risk for mutagenic, tumorigenic, irritant, and reproduc-
tive toxicity.

The study further proceeded to an experimental investiga-
tion of SIL-O and SIL-L in terms of potential toxicity using
in vitro biological models. The toxicological screening of the
investigated compounds was performed using established cell
lines ~-H9c2(2-1), HepaRG, and HaCaT - based on the data from
theliterature regarding their characteristics and applications as
in vitro models. H9c2(2-1) are spindle-shaped cells, with similar
morphology to embryonic cardiomyocytes. Their applications
include cardiotoxicity testing and investigations regarding the
cardioprotective effects retained by active compounds [25]. The
HepaRG cell line, composed of two different populations of
hepatic cells (cholangiocyte- and hepatocyte-like, respectively)
are alternatives to primary human hepatocytes which can be
employed as models in toxicity and metabolism studies [53].
HaCaT are nontumorigenic cells that present similarities to
isolated keratinocytes in terms of morphology, major sur-
face markers, and functional roles. They are also adapted for
long-term culture and form a well-structured epidermis follow-
ing in vivo transplantation [54]. The HaCaT cell line is com-
monly used as an in vitro model for toxicity assessment [25, 55].
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The concentrations tested in this toxicological study were
selected based on a review of previous publications assessing
the impact of SIL on the viability of healthy cell lines [56-58].

The cytotoxic potential of SIL, SIL-O, and SIL-L at cardiac,
hepatic, and cutaneous levels was assessed by exploring their
impact on H9c2(2-1), HepaRG, and HaCaT cells’ viability follow-
inga24 htreatment (Figure 5). Regarding the cytotoxicity of SIL
in these healthy cell lines, a stimulatory effect on the viability of
H9c2(2-1) cells at all tested concentrations was observed, while
in HepaRG and HaCaT cells, SIL stimulated the viability at low
concentrations and reduced it at high concentrations. These
results reflecting that the cytotoxic effects of SIL depend on the
tested concentration, cell type, and incubation period were pre-
viously reported in other studies. For instance, Anestopoulos
et al. [59] showed that SIL was not cytotoxic to H9c2 cells
at concentrations up to 200 uM after 48 h of treatment. In
another study, SIL (60 and 90 M) significantly decreased the
viability of HK-2 human renal tubular endothelial cells after
a 48 h treatment [60]. Gazdk et al. [24] observed that SIL at
a high concentration of 800 pM exerts no cytotoxic effect in
Madin-Darby Canine Kidney (MDCK) cells after a treatment of
2h.

As concerns the cytotoxic potential of the SIL derivatives,
both SIL-O and SIL-L induced a higher decrease in cell viability
compared to SIL, especially at the concentration of 100 WM. This
observation is in concordance with a previous study revealing
that the acyl-derivatives of SIL (obtained by the substitution
of the 7-OH and 23-OH positions) exhibited higher cytotoxicity
compared to the parent flavolignan SIL which increased with
the acyl length. Notable cytotoxicity was recorded in the
case of three SIL esters, namely 7-O-octanoyl, 23-O-octanoyl,
and 23-O-dodecanoyl which might have resulted from their
increased ability to cross cell membranes [24]. Similarly,
Kubiak-Tomaszewska et al. demonstrated that the derivatiza-
tion of flavonoids with FAs increases their cytotoxic activity.
Specifically, they observed that the conjugates of 6-hydroxy-
flavanone and 7-hydroxyflavone with stearic, oleic, sorbic,
linolenic, and linoleic FAs exerted an enhanced cytotoxic
potential toward HaCaT cells, presenting lower ICso values
compared to the respective flavonoids [61]. Comparatively,
Warnakulasuriya et al. [62] found that the 48 h treatment with
oleic, linoleic, and a-linolenic esters of quercetin-3-0-glucoside
(at concentrations between 0.01 and 200 pM) lacked cytotox-
icity in WI-38 fibroblasts, while a reduction in cell viability
was obtained in the case of the highest concentrations (100
and 200 wM) of stearic, eicosapentaenoic acid, and docosa-
hexaenoic acid derivatives. Another study unveiled that the
presence of the lipid component influences the cytotoxicity of
quercetin in ARPE-19 retinal pigment epithelial cells, which
was dependent not only on the FA’s nature but also on the
position at which the conjugation was performed. High tox-
icity was obtained in the case of the docosahexaenoic acid
conjugate obtained through the substitution of the 3-OH of
quercetin and was annulled when the same FA was intro-
duced in the position 7-OH [63]. Recently, we have reported
the biosynthesis and in vitro toxicological screening (on H9c2
(2-1), HepaRG, and HaCaT cells) of two rutin oleate and linoleate
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conjugates (RUT-O and RUT-L) which were produced in the
same manner as SIL derivatives [25]. To briefly compare the
results, SIL-O behaved similarly to RUT-O (cell viabilities were
around 70%-80% in all three cell types at 100 wM). However,
contrary to the observations previously made in the case of
RUT-L which showed increased biocompatibility in vitro on all
tested cell lines and at all tested concentrations, the deriva-
tization of SIL with LA resulted in a compound (SIL-L) with
increased cytotoxicity at 100 pM. A strong correlation has been
already found between the lipophilicity of flavonoid deriva-
tives and their cytotoxic potential: linoleic flavone and fla-
vanone derivatives were shown to have higher ICso values in
the healthy cell line HaCaT compared to oleic derivatives, and
thus higher biocompatibility [51, 61] these data following what
was observed in the case of the flavonoid rutin. However, in the
case of the flavolignan SIL, an opposite outcome was obtained.
SIL-L showed significantly higher cytotoxicity on H9c2(2-1),
HepaRG, and HaCaT cells compared to SIL-O, despite its lower
lipophilicity (as evidenced by the computational predictions
made in Table 2). Despite causing a higher impairment in the
viability of H9c2(2-1), HepaRG, and HaCaT cells compared to
SIL, the obtained derivatives presented distinct cytotoxic pro-
files, especially at the highest concentration tested. According to
the ISO Standard 10993-5:2009, a compound presents cytotox-
icity if the cell viability following treatment reduces by at least
30% (or under 70%) [64]. Based on this estimation, SIL-O can
be classified as non-cytotoxic on H9c2(2-1), HepaRG, and HaCaT
cells, while only SIL-L showed cytotoxicity, the percentages of
viable cells being lowered at values <60% at 100 WM.
Considering that morphological features play a central role
in describing the underlying cell death mechanisms [65],
the H9c2(2-1), HepaRG, and HaCaT cells’ morphology, con-
fluence, and nuclear aspect (Figures 6-8) at the end of the
24-h treatment with SIL, SIL-O, and SIL-L 100 uM were fur-
ther analyzed to explore whether these compounds exert an
apoptotic or necrotic effect at this high concentration. Dur-
ing apoptosis, the organelles and cell membrane are con-
served while the nucleus is early degenerated [66]. Other
classical apoptotic features include cell shrinkage, membrane
blebbing, nuclear condensation and fragmentation, chromatin
cleavage, and formation of apoptotic bodies, characteristics
that can be accurately identified through light and fluores-
cence microscopy [67, 68]. In necrosis, the nucleus remains
intact, while the organelles and cell membrane undergo early
degeneration [66]. Out of the tested compounds, SIL-L was
found to produce the most significant apoptosis hallmarks
in H9c2(2-1), HepaRG, and HaCaT cells at the concentration
of 100 uM such as considerable morphological changes (e.g.,
shrinkage and rounding), accompanied by a substantial con-
fluence loss, massive nuclear fragmentation, dysmorphology,
and condensation, and increased Al A preceding report by Nair
et al. showed that the exposure of HepG2 cells to the deriva-
tives of the flavonoid glucoside phloridzin, obtained through
its regioselective acylation with a series of FAs (i.e., stearic
acid ester, OA, LA, a-LA, docosahexaenoic acid, and eicosapen-
taenoic acid), at a concentration of 100 WM, caused cell detach-
ment from the plate, accompanied by shrinkage, distortion of
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the membrane structure, and condensation of the nuclear chro-
matin, morphological features that are indicative of apoptotic
cell death [69].

The last in vitro experiment assessed the influence of SIL,
SIL-O, and SIL-L at low concentrations (1, 10, and 25 M) on
the migration of healthy H9c2(2-1), HepaRG, and HaCaT cells
was investigated (Figure 9). The results were highly dependent
on the tested compound, concentration, and cell type. Apart
from HaCaT cells in which all compounds induced a similar
effect on cell migration, SIL, SIL-O, and SIL-L caused differ-
ent impacts on the migratory ability of cardiomyoblasts and
hepatocytes. In H9c2(2-1) cells, SIL produced a dose-dependent
stimulation of cell migration, while SIL-O and SIL-L showed an
inhibitory effect at the highest concentration tested (25 wM).
In HepaRG cells, SIL exerted an inhibitory effect on cell motil-
ity that was more prominent at 10 and 25 M, while SIL-O
only slightly reduced their migration, and SIL-L caused no
impairments at the evaluated concentrations. A previous study
reported the inhibitory effect of SIL on the migratory properties
of LX-2 human hepatic stellate cells at concentrations of 10,
50, and 100 LM [70]. Comparatively to the results obtained for
SIL-O and SIL-L, the conjugates synthesized through the deriva-
tization of rutin with OA and LA at the concentration of 25 pM
had no impact on the migration of H9c2(2-1) and HaCaT cells,
while only inhibiting the migratory ability of HepaRG cells [25].
Carullo et al. [71] showed that the 24-h treatment of HaCaT cells
with the hybrid molecule quercetin-3-oleate at concentrations
of 0.1, 0.1, and 1 .M caused an enhancement in wound healing
by 47%, 35%, and 51% compared to control.

The final interest of the present study was the in ovo eval-
uation of SIL-O and SIL-L (100 uM), in terms of vascular toxi-
city and irritant potential (Figure 11 and Table 3), by resorting
to the HET-CAM assay which has been already accepted in
many European countries as a full replacement method for the
evaluation of severe irritants in animal models. The CAM is
a vascularized tissue formed of arteries, capillaries, and veins
thatallows the differentiation between irritant and non-irritant
substances through the evaluation of three vascular processes,
namely hemorrhage, lysis, and coagulation, after the direct
contact of the sample with the CAM [72]. SIL-O was classified
as non-irritant, a result that is in accordance with the com-
putational predictions (Table 2), inducing only minor signs of
vascular lysis, while SIL-L exerted a slight irritant effect, caus-
ing microhemorrhage at the end of the exposure time. To the
best of our knowledge, the irritant potential of SIL-O and SIL-L
has not been investigated so far. However, we have previously
reported the lack of irritant effect on the CAM and EpiDerm 3D
microtissues of the FAs esters (at the concentration of 100 M)
obtained through the conjugation of RUT with OA and LA [25].

Conclusion

To conclude, the conjugation of SIL with OA and LA led to
the obtainment of two ester-type derivatives (SIL-O and SIL-L,
respectively) that presented distinct safety profiles in vitro and
in ovo. SIL-O lacked irritant potential and induced a lower tox-
icity compared to SIL-L which exerted cytotoxicity and a slight
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irritant effect at the highest concentration tested of 100 pM.
Based on the findings presented herein, the biocompatibility of
SIL-O and SIL-L as potential lipid-based prodrugs with appli-
cations in cardiac, hepatic, or skin injuries should be further
addressed in in vivo studies.
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