Bioorganic Chemistry 166 (2025) 109194

Contents lists available at ScienceDirect

BIO-ORGANIC
CHEMISTRY

Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

ELSEVIER

L))

Check for

Powering the antioxidant properties of tyrosol by selenylation: tyrosol | e
selenide and diselenide as potent reactive oxygen species scavengers and
glutathione peroxidase mimics

Maria Laura Alfieri®, Wenkai Pan ", Anastasia Grigoryeva ", Zongxin Jin ",
Riccardo Amorati”", Luca Valgimigli >, Lucia Panzella® ", Alessandra Napolitano
& Department of Chemical Sciences, University of Naples Federico II, Via Cintia 4, I-80126 Naples, Italy

® Department of Chemistry “Giacomo Ciamician”, University of Bologna, Via P. Gobetti 85, I-40129 Bologna, Italy
¢ Tecnopolo di Rimini, Via Dario Campana 71, I-47922 Rimini, Italy

ARTICLE INFO ABSTRACT

Keywords: The remarkable enhancement of the antioxidant activity of tyrosol (Tyr), a natural phenolic compound with well-
Tyrosol established health-promoting properties, through its selenylation is reported. Two novel selenylated derivatives,
Selenylation

3,3-selenobistyrosol (1) and 3,3"-diselenobistyrosol (2), were obtained via the reaction of Tyr with SeCls followed
by preparative TLC purification. Both compounds displayed dramatically improved radical scavenging abilities
and reducing properties, being up to 194-fold and 36-fold more active than parent Tyr in the 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) and ferric reducing/antioxidant power (FRAP) assays, respectively. Kinetic studies of
inhibited autoxidation in an apolar solvent revealed a relatively modest reactivity toward alkylperoxyl radicals,
following the trend 1 > Tyr > 2. This behavior, attributed to hydrogen atom donation, reflects a balance between
the stabilization of the resulting phenoxyl radical via selenium introduction and the involvement of phenolic
hydroxyl groups in intramolecular hydrogen bonding, as supported by DFT analysis. The superior efficacy of the
selenylated compounds was clearly evident in radical-induced lipid peroxidation in micellar systems. Indeed, in
these biologically relevant conditions both 1 and 2 outperformed Tyr and Trolox, especially in the presence of
H20: and thiols. Notably, 2 also demonstrated significant glutathione peroxidase (GPx)-like activity, with cat-
alytic performance markedly surpassing that of benchmark compounds such as selenocystine and diphenyldi-
selenide. Product analysis indicated the formation of Se=O0 species, pointing to a complex selenium-centered
redox chemistry. Overall, these findings highlight selenylation as a promising strategy to access multifunctional
phenolic derivatives with enhanced antioxidant efficacy and selenium-based redox activity. Such compounds
may hold potential for the prevention or treatment of oxidative stress-related disorders.

Antioxidant activity
Glutathione peroxidase mimic
Lipid peroxidation

molecules that contain selenium has received considerable attention
[11-14]. Indeed, selenium-containing synthetic small molecules and

1. Introduction

Selenium containing compounds are widespread in biological sys-
tems and are involved in a variety of essential biological functions. Their
central role in processes that are critical in preventing and modulating
the clinical outcome of several diseases including cancer, diabetes,
Alzheimer’s disease, mental disorders, cardiovascular disorders, fertility
impairments, inflammation, and infections has been mostly ascribed to
their ability of regulating reactive oxygen species (ROS) concentration
and protecting cells against oxidative stress [1-10]. In view of the
multiple positive roles of selenium on human health, the study of small
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particularly benzoselenazole derivatives such as ebselen, the most
widely investigated, have been demonstrated to possess a wide array of
valuable biological functions [15-20].

Molecular scaffold manipulation has been actively pursued as an
effective approach to boost or modulate the properties of biologically
active compounds. This strategy has been applied particularly to
phenolic compounds to further improve their intrinsic antioxidant
properties. More in details, specific structural modifications of these
compounds by insertion of heavy chalcogen containing functionalities
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has been shown to impact differently on their H-donor ability depending
on electronic and stereoelectronic effects related to the site of substi-
tution and geometrical constrains [21-23]. Both experimental and
computational investigations of ortho- and para-(S, Se, Te)-substituted
phenols showed that the chalcogen lowers the phenolic O—H bond
dissociation enthalpy (BDE) when in the para position, while the ortho-
effect is modest because of hydrogen bonding to the O—H group [24,25].
Yet, the effect of other factors including particularly the presence of
polar solvents that could mimic the environment in which the antioxi-
dant action is exerted proved critical in dictating the H-donating ability
of the modified phenol. A noticeable example in this respect is offered by
5-S-lipoylhydroxytyrosol, that was shown to exhibit potent peroxyl
radical scavenging properties controlled in a solvent-dependent manner
by the sulfur center adjacent to the active o-diphenol moiety [26-28].
These results point to heavy chalcogen substitution as an expedient tool
to tailor the chain-breaking antioxidant properties of phenolic com-
pounds in a rational and predictable fashion.

In pursuing a research program on the design and synthesis of novel
bioinspired antioxidant agents, we recently became interested in
exploring the potential of selenoderivatives of natural phenols as pro-
totypes of novel multifunctional compounds combining diverse scav-
enging and inhibitory activities against oxidative stress inducing species
and systems [29-33]. In the present study we focused on tyrosol (Tyr)
(Fig. 1), one of the most abundant phenolic constituents of extra virgin
olive oil, that has been the focus of continuous interest over the past
decades because endowed with a range of biological properties
including antithrombotic and anti-inflammatory activity, and protective
action against type II diabetes [34-36]. The main objective of the pre-
sent investigation was to assess the effects of selenylation on the anti-
oxidant properties of Tyr by an integrated approach combining chemical
assays with a kinetic and computational study. To this aim two novel
derivatives of Tyr, that is 3,3-selenobistyrosol (1) and 3,3-dis-
elenobistyrosol (2) (Fig. 1), were prepared. Notably, a differential
impact of mono- and diselenylation on the hydrogen/electron donor as
well as hydroperoxide scavenging properties was observed, which was
properly interpreted by computational analysis based on stereo-
electronic effects. In addition, specific redox mechanisms involving the
selenium atom(s) were highlighted in biologically relevant micellar
systems, resulting in a synergic antioxidant activity observed in the
presence of other compounds such as thiols and hydrogen peroxide, that
is in conditions mimicking those that can be found in cellular systems
under oxidative stress conditions. Finally, the remarkable glutathione
peroxidase (GPx) mimic ability of 2 compared to benchmark compounds
is also described.

2. Materials and methods
2.1. Reagents and methods
Tyr (>98.0 %),

selenium tetrachloride (SeCly), anhydrous

OH OH OH OH
: ; Se i Se—Se
OH OH OH OH

Tyr 3,3'-selenobistyrosol

(1
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tetrahydrofuran (THF) (>99.9 %), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), iron(Ill) chloride (97 %), 2,4,6-tris(2-pirydyl)-s-triazine
(TPTZ) (>98 %), (+)-6-hydroxy-2,5,7,8-tetramethylchromane-2-car-
boxylic acid (Trolox), linoleic acid, 2,2-azobis(2-amidinopropane)
dihydrochloride (AAPH), Triton X-100, glutathione (GSH), hydrogen
peroxide (30 % v/v), 5,5-dithiobis(2-nitrobenzoic acid) (Ellman’s re-
agent), selenocystine, diphenyldiselenide, octanethiol (OctSH), benzyl-
mercaptan, N-acetylcysteine (NAC), p-a-tocopherol (97.0 %, TOH),
2,2,5,7,8-pentamethyl-6-chromanol (PMHC), chlorobenzene (PhCl),
methyl linoleate (MeLin), phosphate buffered saline (PBS), cumene, and
styrene were purchased from Sigma-Aldrich-Merck. 2,2-azobis(2-
methylpropionitrile) (AIBN, Sigma-Aldrich-Merck) was recrystallised
from methanol before use.

'H NMR and '3C NMR spectra were recorded in methanol-d, at 400
MHz on a Bruker 400 MHz spectrometer.

UV-Vis spectra were recorded on a Jasco V-730 spectrophotometer.

HPLC analysis were performed on an Agilent 1100 instrument
equipped with a UV-Vis detector set at 254 nm. The chromatographic
separation was achieved using an octadecylsilane-coated column, 250
mm X 4.6 mm, 5 pm particle size (Phenomenex Sphereclone ODS) at 0.7
mL/min using binary gradient elution conditions as follows: 0.1 % for-
mic acid (solvent A)/acetonitrile (solvent B); 10 % B, 0-5 min; from 10
to 90 % B, 5-45 min.

LC-UV-MS analysis were run in positive ion mode using an Agilent
1260/6230DA ESI-TOF instrument under the following conditions: 35
psig nebulizer pressure; drying gas (nitrogen) flushed at 5 L/min at a
temperature of 325 °C; capillary voltage 3500 V; fragmentor voltage
175 V. An Eclipse Plus C18 column (150 x 4.6 mm, 5 pm) at a flow rate
of 0.4 mL/min was used with the same eluant described above.

Analytical and preparative TLC were carried out on silica gel plates
(0.25 and 0.50 mm, respectively) from Merck using chloroform/meth-
anol 95:5 v/v and 1 % acetic acid as eluant.

2.2. Reaction of Tyr with SeCly

To a solution of Tyr (10 mg, 0.07 mmol) in anhydrous THF (145 pL),
SeCly (0.5-2 M egs, 8-31 mg) was added, and the mixture was taken
under vigorous stirring at room temperature and periodically analyzed
by HPLC. After 24 h, the mixture was diluted 1:10 v/v with distilled
water and extracted with ethyl acetate (3 x 2 mL). The combined
organic layers were dried over sodium sulfate, taken to dryness, and
analyzed by TLC, HPLC and LC-UV-MS.

For preparative purposes, the reaction was run starting from 50 mg
of Tyr with 1 M eq. (80 mg) of SeCly. After 24 h, the reaction mixture was
treated as described above and fractionated by preparative TLC to give
3,3"-selenobistyrosol (1) (Rf = 0.18, 9 mg, 18 % w/w yield) and 3,3
diselenobistyrosol (2) (Rf = 0.21, 5 mg, 10 % w/w yield).

2.2.1. 3,3’-Selenobistyrosol (1)
ESI+/MS: m/z 355 ([M + H]™);

OH

3,3'-diselenobistyrosol

(2

Fig. 1. Structures of Tyr and of its selenylated derivatives.
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UV-Vis (CH30H): Amax = 292 nm;

'H NMR (400 MHz, CD30D) 5 (ppm): 2.67 (2H x 2, t, J = 7.2 Hz),
3.65(2H x 2,t,J = 7.2 Hz), 6.81 (1H x 2, d, J = 8.0 Hz), 7.05 (1H x 2,
dd, J = 8.0, 1.6 Hz,), 7.11 (1H x 2, d, J = 1.6 Hz).

13C NMR (100 MHz, CD30D) § (ppm): 37.8 (CHy), 63.3 (CHy), 114.5
(CH), 116.3 (C), 129.6 (CH), 131.1 (C), 134.4 (CH), 154.6 (C).

2.2.2. 3,3’-Diselenobistyrosol (2)

ESI+/MS: m/z 435 ([M + H]™);

UV-Vis (CH30H): Amax = 292 nm;

'H NMR (400 MHz, CD30OD) § (ppm): 2.68 (2H x 2, t, J = 7.2 Hz),
3.62 (2H x 2,t,J = 7.2 Hz), 6.71 (1H x 2, d, J = 8.0 Hz), 6.97 (1H x 2,
dd, J = 8.0, 1.6 Hz), 7.36 (1H x 2, d, J = 1.6 Hz).

13C NMR (100 MHz, CD30D) § (ppm): 38.0 (CHy), 63.1 (CHy), 114.1
(CH), 116.4 (C), 129.0 (CH), 131.0 (C), 132.0 (CH), 153.7 (C).

2.3. DPPH assay

The assay was carried out as described [27,29,37]. Briefly, 20-80 pL
of a 5 mM methanolic solution of compounds 1, 2, or Trolox or 50-200
pL of a 220 mM methanolic solution of Tyr were added to 2 mL of a
freshly prepared 0.2 mM solution of DPPH in methanol, and the mix-
tures were kept under vigorous stirring at room temperature. After 10
min, the absorbance at 515 nm was measured. Data were expressed as
ECs, that is the concentration of the sample at which a 50 % reduction
of absorption at 515 nm is observed.

In other experiments, 20 pL of a 5 mM methanolic solution of com-
pound 1 or 2 or of a 220 mM solution of Tyr was added to 2 mL of 0.2
mM DPPH solution in methanol or acetonitrile. The reaction was fol-
lowed by spectrophotometric analysis measuring the absorbance at 515
nm every 5 s for 10 min.

All experiments were run in triplicate.

2.4. Ferric reducing/antioxidant power (FRAP) assay

The assay was carried out as described [37,38]. To 3.6 mL of a freshly
prepared FRAP solution, containing FeCls (1.7 mM) and TPTZ (0.83
mM) in 0.3 M acetate buffer (pH 3.6), 5-25 pL of a 5 mM methanolic
solution of compounds 1 or 2 or 5-25 pL of a 220 mM methanolic so-
lution of Tyr were added. The mixtures were kept under vigorous stir-
ring at room temperature and the absorbance of the solution at 593 nm
was measured after 10 min. Results were expressed as Trolox egs. Ex-
periments were run in triplicate.

2.5. 2,2-Azobis(2-amidinopropane) dihydrochloride (AAPH)-induced
lipid peroxidation inhibition assay

The assay was performed as described [37,39,40]. Firstly, a 16 mM
linoleic acid solution was freshly prepared by adding 23 mg of linoleic
acid to 0.5 mL of 0.05 M borate buffer (pH 9.0) containing 0.025 mL of
Triton X-100. The resulting dispersion was clarified by the addition of
0.1 mL of 1 M NaOH, and the final volume was adjusted to 5 mL with
additional borate buffer.

30 pL of the Triton X-100/linoleic acid micelles were then added to
2.80 mL of 0.05 M phosphate buffer (pH 7.4) pre-thermostated at 37 °C.
Subsequently, the oxidation reaction was initiated at 37 °C under air by
the addition of 150 pL of a freshly prepared 40 mM AAPH solution in
0.05 M phosphate buffer (pH 7.4). Oxidation was carried out in the
presence of different amounts (0-70 pL) of a 5 mM methanolic solution
of compounds 1, 2 or Trolox or of a 220 mM methanolic solution of Tyr
and the increase in absorption at 234 nm was measured after 1 h incu-
bation time. Experiments were run in triplicate. Data were expressed as
ECs, that is the concentration of the sample at which a 50 % reduction
of absorption at 234 nm is observed.
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2.6. Evaluation of the activity of 2 as a glutathione peroxidase (GPx)
mimic

To 3 mg of 2 dissolved in 233 pL of methanol (30 mM final con-
centration), 10 pL of 1 M H305 (1.5 M eqs) were added. The mixture was
left under stirring for 1 h, after that 6 mg of GSH (3 M egs), dissolved in
the minimum amount of water, were added. The reaction mixture was
periodically analyzed by LC-UV-MS.

In other experiments, a GPx mimic assay was performed as previ-
ously described [41] with slight modifications. Briefly, to 2 mL of a GSH
solution (5 mM), 60 pL of 2 (1 or 5 mM) and 40 pL of 30 % v/v Hy04
(100 mM) were added (30 or 150 pM final concentration of 2). After 5,
15, and 30 min, 80 pL of each reaction mixture were added to 2.7 mL of
0.1 M phosphate buffer (pH 7.4) containing 20 pL of Ellman’s reagent
previously dissolved in phosphate buffer at a 2.5 mM concentration. The
mixture was left under stirring and after 15 min the absorbance at 412
nm was measured. Control experiments were performed in the absence
of 2 or in the presence of 60 pL of a 5 mM solution of selenocystine and
diphenildiselenide. Experiments were run in triplicate.

2.7. Evaluation of the ability of 1 to react with hydrogen peroxide

To 3 mg of 1 dissolved in 282 pL of methanol (30 mM final con-
centration), 12 pL of 1 M H305 (1.5 M eqs) were added. The mixture was
left under stirring and after 1 h 7 mg of GSH (3 M equs) were added. The
reaction mixture was periodically analyzed by LC-UV-MS.

2.8. Inhibited autoxidation kinetic measurements in homogenous solution

Kinetic studies of inhibited autoxidation in homogenous solution
were performed in a two-channel oxygen uptake apparatus, based on a
Validyne DP 15 differential pressure transducer built in our laboratory
[42-44]. An air saturated solution of the oxidizable substrate (50 % v/v)
in PhCl containing AIBN (0.01-0.1 M) was equilibrated at 30 °C with an
identical reference solution containing excess 2,2,5,7,8-pentamethyl-6-
chromanol (PMHC) (25 mM) to block any autoxidation process. After
equilibration, a stock solution of the antioxidant (typically 1.0 mM in
PhCl) was injected in the sample flask to reach the desired concentration
in the range 1-20 pM. The oxygen consumption in the sample was
measured after calibration of the apparatus from the differential pres-
sure recorded with time between the two channels. Initiation rates, R;,
were determined for each condition by the inhibitor method via equa-
tion A (see infra), where 7 is the length of the inhibition period, using
PMHC as the reference antioxidant having stoichiometric factor n = 2
[45]. The inhibition rate constant ki,p, for peroxyl radical trapping was
obtained from oxygen consumption plots by equations A-C (see infra),
where k, and 2k; are the rate constants for chain propagation and
termination of the substrate, Ry and R; are the rate of oxygen con-
sumption (—d[0O2]/dt) in the absence and presence of the antioxidant,
respectively, while n is the stoichiometric factor, i.e. the number of
peroxyl radicals trapped by one molecule of antioxidant [43,45]. Sty-
rene (k, = 41 M! sL 2k =42 x 107 M! s’l, at 30 °C) and cumene
(kp =0.34 M~! s’l, 2ky = 4.5 x 104 m! s’l, at 30 °C) were used as the
oxidizable substrates [45,46].

n[AH|

Ri=—— &)
T

Rox.O _ Rax _ nkinh [AH]()

= B

Rox Rox,O \/m ( )

_ d[Os];, _ ky[Substrate|R; ©
dt  2ku[AH|
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2.9. Inhibited autoxidation kinetic measurements in biomimetic aqueous
micelles

Kinetic measurements were performed in air-saturated buffered
(PBS, 50 mM, pH 7.4) aqueous dispersion micelles of 2.74 mM MeLin in
8 mM Triton X-100. The autoxidation was initiated by 2.5 mM AAPH in
the absence or presence of 4-8 pM antioxidant and/or 10-100 pM ad-
ditives (e.g. HoO3) or co-antioxidants (e.g. OctSH, NAC, benzylmercap-
tan), at 37 °C. Oxygen consumption was monitored in a custom modified
apparatus in sealed 2.4 mL glass vials provided with a PTFE-coated
stirring bar. The samples were equilibrated in a thermostated bath
equipped with sealed magnetic stirrers and real time oxygen concen-
tration was monitored by miniaturized oxygen sensing probes connected
vial optical fibers to PyroScience FireSting-O2 oxygen meter, based on
NIR (760-790 nm) fluorescence quenching. The equipment and setup
were previously described in detail [47]. Oxygen consumption in the
presence of the antioxidant was compared with that recorded with
identical reference mixtures lacking the antioxidant. The inhibition rate
constant and the stoichiometric factor were obtained from oxygen
consumption plots by equations A and B (see above), as described for
autoxidation studies in homogenous solution, using 2k; = 3.52 x 10°
M~ s! for MeLin in micelles [48]. TOH was used as reference antiox-
idant to determine the rate of initiation via equation A and as positive
control for all autoxidation kinetics [47].

2.10. Quantomechanical calculations

The geometry optimization and frequency calculations of Tyr, 1 and
2 were performed in the gas phase by a Density Functional Theory (DFT)
method with hybrid meta exchange-correlation functional M05-2x/
6-311++4G(d,p) level using Gaussian 16 [49,50]. Stationary points were
confirmed by checking the absence of imaginary frequencies or the
presence of one imaginary frequence involving the transfer of the H-
atom in the case of the transition states. The search of the preferred
conformations was performed at the same theory level by keeping
extended the CH2CH2OH chains as described in the Supplementary
material.

3. Results and discussion
3.1. Preparation of Tyr selenoderivatives 1 and 2

Access to selenoderivatives 1 and 2 was gained using a procedure
reported in the literature for preparation of mono and diselenides of
phenols based on reaction with SeCly [31]. LC-UV-MS analysis of the
reaction mixture of 500 mM Tyr with 1 M eq of SeCly in anhydrous THF
indicated an around 88 % consumption of the starting compound at 24 h
(Fig. S1) and the presence, among others, of two main compounds eluted
at 22.4 and 24.8 min exhibiting pseudomolecular ion peaks [M + H]'/
[M-H,0 + H]" at m/z 355/337 and 435/417 respectively, attributable
to Tyr dimers bearing one or two selenium atoms, as apparent also from
the characteristic isotopic distribution (Fig. S1). Using higher amounts
of SeCls (2 M eqs) Tyr consumption was complete but the two dimers
were obtained in lower amounts, likely due to the formation of poorly
chromatographable polymeric materials. On the other hand, lower
yields of the dimers were obtained using the reagent at 0.5 M eq.
Therefore, for preparative purposes, the reaction was performed with 1
M eq of SeCl4 and the dimers were isolated in 10-18 % yields by proper
work up of the mixture and TLC fractionation of the ethyl acetate
extractable fraction, and characterized as the 3,3-selenobistyrosol (1)
and 3,3-diselenobistyrosol (2) (Fig. 1) by NMR analysis (Fig. S2-S5).
Both compounds 1 and 2 showed an absorption maximum in methanol
at 292 nm batochromically shifted with respect to that of Tyr at 274 nm
(Fig. S6). They proved stable when stored dry or in organic solvent in the
cold and were fairly soluble in methanol, acetonitrile, and water.
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3.2. Evaluation of the antioxidant properties of 1 and 2

3.2.1. DPPH and FRAP assay

The antioxidant properties of compounds 1 and 2 were initially
estimated by colorimetric assays, that is the DPPH and the FRAP assay,
in comparison with the parent Tyr. Data are reported in Table 1.
Notably, compounds 1 and 2 were found to exhibit antioxidant prop-
erties far more efficient than Tyr (Fig. S7, Table 1). Indeed, a ca. 3000-
fold increase of the rate constant for the DPPH reduction in the fast step
of the assay (k value) in the case of 1 and an 800-fold increase in the case
of 2 with respect to Tyr were observed. The stoichiometric values (n and
Nyt in Table 1) observed for 1 and 2 also confirmed the higher capacity
of reacting with DPPH compared to Tyr. In addition, ECs, that is the
concentration needed to decrease DPPH absorbance by 50 % after 10
min, of compound 1 and 2 was only slightly higher than that determined
for the reference antioxidant Trolox under the same experimental con-
ditions (0.075 + 0.004 mM), whereas it was not possible to determine
the ECsg value for Tyr, since it was found to be higher than the maximum
concentration (20 mM) tested based on Tyr solubility. To rule out any
role of hydrogen atom or proton transfer from the solvent (methanol) in
the radical scavenging properties of the compounds, in other experi-
ments the DPPH assay was performed in an aprotic solvent, that is
acetonitrile. Even under these conditions, the superior activity of the
selenoderivatives was confirmed (Fig. S8).

The selenoderivatives were found to be up to 36 times more active
than Tyr also in the FRAP assay (Table 1 and Fig. S9), which allows to
measure the reducing capacity of antioxidant compounds in terms of
electron donor ability. Notably, in this case compound 2 showed the
highest reducing properties likely due to the involvement of the two
selenium atoms in electron donation.

3.2.2. Inhibited autoxidation kinetic studies in homogenous solution

The chain-breaking antioxidant activity of 1 and 2 was tested by
monitoring their ability to react with alkylperoxyl radicals (ROOe) by
measuring the Oy consumption during the autoxidation of the easily
oxidizable substrates cumene or styrene [51]. In the absence of the
compounds, the Oy consumption was fast and linear, while after the
addition of variable amounts of Tyr or its selenoderivatives the autoxi-
dation was slowed down as effect of the ROOe trapping activity. As
styrene is more oxidizable than cumene, its autoxidation can be
inhibited only by the most active compounds, that in the present study
was found to be 1, while Tyr and 2 provided no inhibition (see entries 2,
4 and 6 in Table 2). From the time length and d[O2]/dt of the inhibition
period, the stoichiometry of radical trapping (n) and the rate constant
for the reaction with ROOe k;,, could be calculated (see section 2.8). The
results, summarized in Table 2, show that 1 was the most reactive

Table 1
Results from the DPPH and FRAP assays run on Tyr and on its selenoderivatives
1 and 2. Values are means & SD (n = 3).

DPPH assay FRAP
assay
Compound  DPPH ke n*d Mot ECso Trolox
reduced wm? (mM) eqs
(%)*" s
1 20.7 £0.1 584 + 0.22 + 0.90 0.103 0.358 +
7 0.01 +0.03 + 0.003 0.007
2 11.7 £ 0.1 179 + 0.12 + 0.51 0.222 0.535 +
5 0.02 +0.04 + 0.005 0.009
Tyr 0.9 +0.2 0.2+ <0.01 0.04 >20 0.015 +
0.1 +0.01 0.001

# 1 and 2 50 pM, Tyr 2.2 mM.

b Calculated after 10 min of reaction.

¢ Rate constant for the fast step.

4 Number of H atoms transferred in the fast step.
¢ Number of H-atoms transferred after 10 min.
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Table 2
Rate constants (ki,n) and number of radicals trapped (n) for the reaction of Tyr, 1
and 2 with peroxyl radicals in PhCl at 30 °C. Values are means + SD (n = 3).

Entry Compound Substrate n Kinn/10% M1 571
1 Tyr Cumene 2.3+0.2 1.27 £ 0.13

2 Tyr Styrene - -

3 1 Cumene 2.6 £0.2 5.30 +£1.80

4 1 Styrene 1.5+0.1 12.0 £ 0.5

5 2 Cumene 49+0.3 0.82 + 0.07

6 2 Styrene - -

among the compounds investigated. Its ki, higher in styrene than in
cumene presumably because of the different structure of the two related
peroxyl radicals, was about 12 x 10* M~! s™1. Compound 2 was about 6
times less reactive than 1 and, at least at the concentrations considered
herein, it was unable to retard the autoxidation of styrene. Tyr showed a
modest reactivity with ROOe, which however is not surprising being in
line with that of para-alkyl substituted phenols [51].

The stoichiometry of radical trapping n was approximately 2 for Tyr
and 5 for 2, indicating that each phenolic ring is able to trap approxi-
mately two ROOe each. At variance, 1 trapped only 2.6 ROOe, because,
as previously evidenced with ortho-bisphenols, once the first phenolic
ring is fully oxidized by two ROOe, the second phenolic ring is much less
reactive because of the formation of a strong H-bond between the
reactive phenolic OH and the C=0 group (Scheme 1) [52]. Interest-
ingly, if compared to the ki, of well-known antioxidants, compounds 1
and 2 have a similar reactivity to butylated hydroxyanisole (11 x 10*
M1 s’l) and butylated hydroxytoluene (1.4 x 10 M1 s’l) in PhCI at
30 °C [46].

To rationalize the differences observed in the kinetic and thermo-
dynamic features of the reactions of compounds 1, 2, and Tyr with
peroxyl radicals, DFT calculations were performed on the formal H-atom
abstraction by CH3OOe (MeOOe) (taken as a model alkylperoxyl
radical) at the M052X/6-311++G(d,p) level of theory [50] (see relevant
section in Supplementary Material).

As previously reported, chalcogen-substituted phenols may undergo
substantial conformational reorganization following H-atom abstraction

H--_ "
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ROOH
OH OH
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[25,53-55]. Therefore, the preferred conformations of 1, 2 and the
corresponding phenoxyl radicals were first analyzed, as shown in Fig. 2
and Fig. S17.

Compound 1 exists in two conformations that differ by the orienta-
tion of the phenolic OH groups relative to the Se atom. In conformer 1a,
both OH groups are oriented toward the Se center, establishing two
OH.--Se intramolecular hydrogen bonds. This arrangement is more sta-
ble, whereas in conformer 1b, only one OH group interacts with Se,
resulting in a higher relative energy (+1.0 kcal/mol). Based on these
values, the estimated molar fractions of 1a and 1b are 0.84 and 0.16,
respectively. As shown in Fig. 2, the formation of the OH---Se hydrogen
bond enforces an almost orthogonal Ar-Se-R dihedral angle (Ar = ar-
omatic ring bearing the donating OH), consistent with previous obser-
vations for ortho-chalcogen-substituted phenols [25].

Compound 2 predominantly adopts a conformation in which both
OH groups are engaged in intramolecular OH---Se hydrogen bonds,
resulting in a nearly perpendicular Ar-Se-Se dihedral angle (Fig. 2). The
alternative conformation, where one OH group is oriented away from
the Se atom, lies significantly higher in energy (+4.4 kcal/mol,
Fig. S17), indicating that intramolecular hydrogen bonding is markedly
stronger in 2 compared to 1.

The computed reaction profiles for H-atom abstraction by MeOOe
are shown in Fig. 3. The minor conformer 1b exhibits a slightly lower
activation barrier than Tyr, whereas the major conformer 1a shows the
opposite trend. The diselenoderivative 2 displays a significantly higher
barrier compared to both conformers of 1 and Tyr, in line with experi-
mental findings. These results nicely explain the differences between 1
and 2 found in the antioxidant assays, highlight the key role of the less
populated conformer 1b in governing the reactivity of 1 toward peroxyl
radicals, and emphasize the strong influence of intramolecular hydrogen
bonding on modulating the accessibility and reactivity of the phenolic
OH group.

3.2.3. Lipid peroxidation inhibition assay

In another series of experiments, given the well-documented ability
of several selenoderivatives to protect against lipid peroxidation in both
in vitro and ex vivo models [32,56,57], the protective effect of the newly

H--.
i P OOR
Se !
H
OH

OH

ROOH

o)
S

°~se

ROO" o]
OOR w2
OOR
H
H
OH
OH

Scheme 1. Proposed mechanism of ROOe radical trapping by A) 1 or B) 2.
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Fig. 2. Optimized structures of the conformations of compounds 1 and 2.
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Fig. 3. Enthalpy barrier for the reaction with MeOOe radical of the investigated phenols and structures of the transition states.

synthesized selenocompounds was investigated using linoleic acid as a
model substrate representative of the polyunsaturated fatty acids pre-
sents in cellular membranes. Inhibition of lipid peroxidation is a key
indicator of antioxidant potential, as it plays a critical role in preserving
membrane integrity and preventing propagation of oxidative stress and
formation of cytotoxic secondary products. The reaction was conducted
on linoleic acid in Triton X-100 micelles at pH 7.4 using AAPH as the
radical initiator, in the presence or absence of compounds 1, 2, Tyr or
Trolox (0.02-5 mM). Lipid peroxidation was monitored by measuring
the formation of conjugated diene hydroperoxides at 234 nm. Both
selenoderivatives not only were found to be significantly more active
(up to 6-fold) than the parent Tyr, but exhibited ECs( value comparable
or even lower than that of Trolox (Table 3).

The different trend observed in this assay compared to that observed
in the inhibited autoxidation studies in homogeneous solution (see
section 3.2.2) could be explained based on the different solubility
properties of the tested compounds. However, it could not be excluded
that specific mechanisms involving the Se-atom could be accessible in
the water-containing media. To gain further insight into the behavior of
compounds in micellar systems in water, further kinetic studies of
inhibited autoxidation were conducted.

Table 3

Results from the AAPH-induced lipid peroxidation
inhibition assay run on Trolox, Tyr, or the seleno-
derivatives 1 and 2. Values are means =+ SD (n = 3).

Compounds ECso (mM)

1 0.10 £ 0.03
2 0.06 + 0.01
Tyr 0.35 + 0.05
Trolox 0.12 £+ 0.04

3.2.4. Inhibited autoxidation kinetic studies in a biomimetic micellar system

In order to investigate in deeper detail the role of the micellar system
on the antioxidant activity of 1 and 2, in other experiments kinetic
studies of the peroxidation of methyl linoleate (MeLin) were performed
by measuring the O uptake during the process. Compared to homoge-
neous apolar solvents, neutral micelles offers a complementary envi-
ronment, since the actual kinetic is affected by the rate of exchange of
antioxidants and radicals among lipid particles [48], as well as by the
occurrence of dipolar and H-bonding interactions between the antioxi-
dant active OH groups and the aqueous medium [47]. While such in-
teractions are normally expected to stabilize the starting phenol over the
phenoxyl radical resulting from reaction with chain-carrying peroxyl
radicals, thereby reducing the rate of reaction of antioxidants and their
absolute antioxidant performance [47], they also represent a kinetic
model which more closely approaches the scenario in cells and in
compartmentalized bio-lipid systems. Interestingly, such model can also
highlight alternative mechanisms not accessible in homogenous non-
polar solution, and it was previously shown to subvert the order of
reactivity for phenolic antioxidants bearing an ortho-chalcogenide
moiety [26]. In this case, compound 1 showed a reactivity similar to that
recorded in homogenous solution, notably matching the ki, value of
a-tocopherol (TOH) (Table 4). Indeed, as noted in homogenous solution,
the rapid quenching only referred to approximately two ROOe radicals
(n = 1.5 + 0.4) apparently involving only one phenolic ring. Interest-
ingly, however, after the end of the nominally inhibited period, the rate
of oxygen consumption was still significantly slowed down compared to
uninhibited autoxidation indicating the trapping of additional ROOe
radicals with a diminished kj,p, of about 6 x 103M~! s_l, i.e. comparable
to pristine Tyr (Table 4). Notably, diselenide 2 showed a significantly
enhanced antioxidant behavior compared to Tyr, with an approximately
halved efficacy compared to 1, somewhat subverting the observations in
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Table 4

Rate constants (ki) and number of radicals trapped (n) for the reaction of TOH,
Tyr, 1 and 2 (8 uM) with peroxyl radicals in MeLin/Triton X-100 micelles at
37 °C (pH 7.4) in the presence or absence of co-antioxidants/additives. Values in
brackets refer to the second retarded period, when observed.

Compound Co-antioxidant Additive n Kinh/10* M1
51
TOH - - 2.0* 3.39 £ 0.48
Tyr - - Nd 0.27 + 0.03
Tyr OctSH (0.1 mM) - Nd 0.76 + 0.32
Tyr - H,0, (0.1 Nd 0.44 + 0.06
mM)
Tyr OctSH (0.1 mM) H50, (0.1 Nd 1.24 + 0.24
mM)
1 - - 1.5+ 2.78 £ 0.30
0.4 (0.57 + 0.05)
(nd)
1 OctSH (0.1 mM) - Nd 1.82 £ 0.04
1 - H,0, (0.1 57+ 6.86 + 1.54
mM) 0.8 (1.56 + 0.29)
(nd)
1 OctSH (0.1 mM) H,0, (0.1 6.0 £ 8.42 +1.37
mM) 0.8 (2.54 £ 0.38)
(nd)
1 NAC (0.1 mM) H,0, (0.1 25+ 3.68 £ 0.33
mM) 0.4 (0.53 £ 0.07)
(nd)
2 - - 1.2+ 1.82 £ 0.04
0.3 (0.48 £ 0.10)
(nd)
2 OctSH (0.1 mM) 2.0+ 1.92 +£ 0.26
0.1 (1.08 £ 0.18)
(nd)
2 H>0, (0.1 1.3+ 10.9 £ 1.46
mM) 0.1 (0.96 + 0.04)
(nd)
2 OctSH (0.1 mM) H>0, (0.1 6.6 + 13.3+1.73
mM) 0.7 (2.42 £ 0.31)
(nd)
2 NAC (0.1 mM) H,0, (0.1 4.0 + 9.40 + 0.92
mM) 0.5 (0.92 + 0.08)
(nd)

“ Taken as reference for calibration.

homogenous solution. Also for 2 a similar residual antioxidant activity
was displayed after the end of the nominal inhibited period (kinp, ~ 5 X
10> M~ ! s7!) indicating the efficient trapping of additional ROOe
radicals.

To investigate whether the presence of the chalcogen atoms could
confer even more distinctive properties to 1 and 2 enabling synergic
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activity with other antioxidant compounds such as thiols, matched
autoxidation experiments were perfomed using 1 or 2 in the presence of
different concentrations of octanethiol (OctSH) as a model compound.
Co-addition of both 1 and the thiol at the same concentration of 8 pM
(1:1 molar ratio) did not produce different protection compared to 1
alone (not shown), however when the concentration of the thiol was
raised to bio-relevant 0.1 mM, the antioxidant behavior of 1 was
significantly altered, with disappearance of a clear inhibition period
replaced with just a longer single-stage inhibition suggesting a regen-
eration of the antioxidant from its oxidation product by the thiol
(Fig. 4A). On the other hand, OctSH alone at the same concentration
exhibited a very modest antioxidant activity, suggesting that the altered
behavior is not simply an additive contribution of the two antioxidants.
Benzylmercaptan as alternative thiol afforded similar results (Fig. S10).
Perhaps counterintuitively, the addition of HyO5 in place of the thiol also
produced an extension of antioxidant behavior. However, the most
striking boosting of the antioxidant activity was achieved by adding
both H05 and the thiol in excess over micromolar levels of compound 1.
Both the rate of peroxyl radical trapping and the duration of the pro-
tection were increased suggesting the onset of a different inhibition
mechanism (vide infra).

Under identical experimental settings, the behavior of the diselenide
2 was even more interesting. While it trapped chain carrying peroxyl
radicals slightly less effectively when used alone, as previously noted,
combination with excess thiol and H,05 boosted a truly impressive
antioxidant performance, with ki, increased by more than 7-folds and a
stochiometric factor higher than 6 (Table 4 and Fig. 4B). As also noted
for 1, co-addition to diselenide 2 of either Hy,O5 or the thiol alone pro-
duced an enhancement of the antioxidant efficacy, however, the
simultaneous presence of both additives in the autoxidation mixture
along with 2 afforded a clear synergic boosting on the antioxidant
behavior, both in terms of apparent rate of peroxyl radical trapping and,
particularly on the duration of the antioxidant protection (Fig. 4B).
Similar behavior was also recorded using benzyl mercaptan or N-ace-
tylcysteine (NAC) as the thiol (Fig. S11 and S12). It is worth noting that
such behavior, observed for 1 and particularly for 2, is related to the
introduction of selenium in the Tyr moiety, as matched kinetic studies
using the parent compound Tyr showed only modest improvement on
the antioxidant performance upon addition of excess HyO2 and/or thiols
(Fig. S13). Values of kjnn and n for compounds 1 and 2 along with their
apparent values in the presence of H,O2 and thiols are summarized in
Table 4.

The major difference in the antioxidant behavior of both 1 and 2 in
the presence of HyOy or thiols suggests the onsetting of different
(additional) mechanisms, tentatively summarized in Scheme 2. With all

A i == «= No antioxidant 3 ~
) 0.3 \\ e (;-Tocopherol uM B) : \\
: \ — 18 M 03 ~-- Y
\ e H,0,0.1mM S - SN
\ 22 \ ——— %
0.3 - \ = 18uM+OctSHOAmM | A\ T ~
) e OCtSH 0.1 MM N~ T
18 uM +H,0, 0.1 mM + OctSH 0.1 mM TN~
— — N TSR
= — 18 uM + H,0,0.1 mM s a =
= £ 0.2 - NS
— === No antioxidant D
S S — 2 8 UM ~
-
2 = e H,0, 0.1 MM s
X % e 28 uM + OGtSH 0.1 mM
o O e OctSH 0.1 mM
0.1 4 e TOH 4 M
28 M + H,0, 0.1 mM + OctSH 0.1 mM
— 28 M + H,0,0.1 mM
0.0 : ‘ Sy : ‘ .
30 40 0 5 10 15 20 25 30
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Fig. 4. Oxygen consumption plots recorded during the autoxidation of aqueous micelles of 2.74 mM MeLin and 8 mM Triton X-100 initiated by 2.5 mM AAPH at
37 °C (pH 7.4) and inhibited by (A) compound 1 alone or in combination as reported in the legend or (B) compound 2 alone or in combination as reported in the
legend. Inhibition by TOH and by additives alone is reported in both graphs for comparison.
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Scheme 2. Scheme of the proposed reactions leading to the observed antioxidant behavior of compounds 1 and 2 in aqueous micelles, in the presence of thiols and

hydrogen peroxide. Path C is only available for compound 2.

phenolic antioxidants tested in the protection of aqueous micelle
autoxidation, some enhancement of the antioxidant performance in the
presence of HyO; can be rationalized by considering their reaction with
chain carrying alkylperoxyl radicals to afford the hydroperoxyl radical,
HOOe. This species, besides sharing with ROOe the ability to propagate
the autoxidation chain, can also display reducing ability toward the
phenoxyl radical formed upon peroxyl radical trapping by phenolic
antioxidants, thereby affording a regeneration of the starting phenol and
an extention of its protection, as illustrated in Scheme 2 Path A [45].
This redox cycle is however of limited efficiency for monophenolic an-
tioxidants [45], while reduction of the corresponding phenoxyl radicals
by thiols also suffers from poor efficiency owing to the high BDE of the
S—H group [44]. On the other hand, an additional reactivity (Scheme 2
Path B), involving the chemistry of selenium, can be envisaged for
compounds 1 and 2. The key process is the alternative reaction with
chain carrying peroxyl radicals consisting in a stepwise oxygen atom
transfer to the chalcogen which converts the peroxyl into a far more
reactive alkoxyl radical able to further react in the solvent cage and
undertake formal H-atom transfer (fHAT) from the OH in ortho position
[58]. This process was previously shown to cause a major boosting of the
rate constant kjnp, for ortho-tellurophenols compared to typical phenolic
antioxidants [58], and possibly contributes to the enhanced ki, of 1 and
2 compared to Tyr. Recycling of the starting antioxidant from its
oxidation products by different processes involving HOOe or thiols ex-
plains the extended duration of protection [45,58]. Exclusive access to
reactions of Path C might help explain the better performance of com-
pound 2 in particular, in the presence of HyO5 and thiols. This expect-
edly relies on the diselenide moiety affording a seleninic acid upon
oxidation (reaction c1) [59]. Not only this has been proven a superior
functional group in peroxyl radical scavenging (c2) [42], but it also
possibly enables glutathione peroxidase (GPx)-like redox chemistry
(c5-7), which expectedly contributes to the overall antioxidant perfor-
mance [58]. The unconventional antioxidant chemistry outlined in
Scheme 2 likely occurs at the lipid/water interface, as it benefits both
from hydrophilic HyO5 and lipophilic OctSH. Indeed, when the

lipophilic thiol was replaced with water soluble NAC, similar results
were observed, with the diselenide 2 clearly maintaining an edge over
the monoselenide 1. This last afforded ki, and n values superimposable
to TOH (used as a reference without additives), while 2 outperformed it
by nearly a 3-folds in terms of ki, and nearly 2-folds in terms of duration
of protection (Table 4). This stands for the relevance of Path C reactions.

3.3. Evaluation of the GPx-like activity of 2

The possibility that compound 2 conveys GPx-like redox behavior,
suggested in the previous section, was subjected to specific evaluation in
a separate set of experiments in which its specific reactivity with HyO4
and the biologically relevant thiol GSH was taken into consideration
[60]. LC-UV-MS analysis indicated a complete consumption of 2 (30 mM
starting concentration) after 2 h reaction with 1.5 molar egs of HyO» in
methanol, coupled with the formation of a main product eluted at 11
min (Fig. 5B) exhibiting a psuedomolecular ion peak [M + H]™ at m/z
251, suggestive of the 2-derived seleninic acid. In agreement with the
reported weakness of the selenium-selenium bond upon oxidation
[60,61], no traces of the diselenoxide reported in square brackets in
Scheme 2 Patch C were detected. This latter disappeared by the subse-
quent addition of GSH to give rise, in addition to the disulfide GSSG, to
the expected selenosulfide ([M + H]" at m/z 524) eluted at 15 min.
Notably, regeneration of 2 was also observed, likely as a result of the
aerial oxidation of the selenol (Fig. 5C).

To further characterize the catalytic activity of 2, in other experi-
ments the reaction with HyO» (2 mM) and GSH (5 mM) was repeated at
different concentrations of 2 (30 or 150 pM) in phosphate buffer at
physiological pH (7.4) and the consumption of GSH was periodically
quantified by the spectrophotometric Ellman’s assay. The results are
reported in Fig. 6 and S14, showing that the rate of GSH consumption
was higher in the presence of 2 than in its absence, particularly in the
first 5 min.

Notably, when compared to other GPx mimics, that is selenocystine
and diphenyldiselenide, 2 was found to be significantly more active as



M.L. Alfieri et al.

2-derived
seleninic acid

Bioorganic Chemistry 166 (2025) 109194

AU
350
300 A)
-
250 4
200
B)
180 e A A AAINAN A
- essg |
|
50 4
0 C) h—. | 31 I NN
0 5 10 1 20 25 min

Fig. 5. LC-UV-MS profile (UV detection at 254 nm) of the reaction mixture of 2 with HO, e GSH. A) Time 0; B) 2 + H50,; C) 2 + H,05+ GSH.
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Fig. 6. GSH consumption over time in the absence or presence of different
concentrations of 2 (30 o 150 pM). Mean + SD values from three separate
experiments are reported.

evident from the data reported in Table 5 and Fig. S15.

For comparison, in another series of experiments the reactivity of
compound 1 with H,O5 and GSH was also evaluated. As expected based
on literature data [61], in this case no catalytic activity was observed
although the selenoderivative was still found to be an efficient scavenger
of hydroperoxides. Indeed, a complete consumption of the seleno-
compound after 1 h reaction with 1.5 molar egs of H,O, was observed,
with formation of the selenoxide derivative (Fig. S16). After GSH
addition, a complete consumption of the selenoxide derivative was

Table 5
GPx-like activity of 2, selenocystine and diphenyldiselenide.

Sample t1/2 (min)* Relative av:tivityh
Control® 15 1.0
2 5 3.0
Selenocystine 9 1.6
Diphenyldiselenide 9 1.6

@ Time required for 50 % GSH consumption.
b Calculated with respect to control.
¢ Experiments run in the absence of selenocompounds.

observed with no formation of other chromatograpable products.
4. Conclusions

The preparation of derivatives of natural phenolic compounds with
boosted antioxidant and biological activities has been the subject of
increasing attention over the last years. Along this research line, we
propose herein mono- and diselenide derivatives of tyrosol, one of the
main olive oil phenolic compounds, as novel prototypes of multifunc-
tional antioxidant compounds for the treatment or prevention of
oxidative stress-related pathologies. Both compounds displayed more
potent reducing properties and peroxyl radical scavenging activities
than the parent phenolic compound, exhibiting in some cases compa-
rable efficiency with respect to the reference antioxidant compound
Trolox. In heterogeneous micellar systems such products could nearly
match the performance of reference o-tocopherol and even out-
performed it when used in combination with a thiol co-antioxidant in
the presence of hydrogen peroxide. This is attributed to additional
antioxidant mechanisms due to the distinctive redox chemistry of the
chalcogen moiety, which also conferred a very efficient glutathione
peroxidase-like catalytic activity in the case of the 3,3-dis-
elenobistyrosol 2. Although some aspects of the synthetic protocol,
concerning e.g. the isolation yields, have still to be improved, and
although the antioxidant activity of the new compounds should be
confirmed in vitro and possibly in vivo, this paper opens interesting
perspectives toward the exploitation of selenylation as an efficient
strategy to further expand the spectrum of biological activities of natural
phenolic compounds.
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