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Abstract: Silybin is a natural compound extensively studied for its hepatoprotective, neuroprotective and anti-
cancer properties. Envisioning the enhancement of silybin potential by suitable modifications in its chemical
structure, here, a series of new 7-O alkyl silybins derivatives were synthesized by Mitsunobu reaction starting
from the silybins and tyrosol-based phenols, such as tyrosol (TYR, 3), 3-methoxytyrosol (MTYR, 4) and 3-
hydroxytyrosol (HTYR, 5). This research sought to explore the antioxidant and anticancer properties of new
eighteen derivatives and their mechanisms. In particular, the antioxidant properties of new derivatives
outlined by DPPH assay, showed a very pronounced activity depending on the tyrosyl moiety
(HTYR>MTYR>>TYR). A significant contribution of the HTYR moiety was observed for silybins and 2,3-
dehydro-silybin based derivatives. According to the very potent antioxidant activity, 2,3-dehydro-silybin
derivatives 15ab, 15a and 15b exerted the most potent anticancer activity in human prostate cancer PC-3 cells.
Furthermore, flow cytometric analysis for cell cycle and apoptosis revealed that 15ab, 15a and 15b induce
strong G1 phase arrest and increase late apoptotic population in PC-3 cells. Additionally, western blotting for
apoptotic marker cleaved caspase-3 confirmed apoptosis induction by these silybin derivatives in PC-3 cells.
These findings hold significant importance in the investigation of anticancer properties of silybin derivatives
and strongly encourage swift investigation in pre-clinical models and clinical trials.

Keywords: silibinin; silybin; natural products; Mitsunobu reaction; antioxidants; human prostate
cancer

1. Introduction

Natural products of plant origin, and in particular polyphenols, have been the cornerstone of
medicine since the first humans used them in their diet [1,2]. Recently, thanks to advances in drug
screening techniques and the elucidation of many mechanisms of action, there has been a vigorous
revival of interest in natural products for drug discovery [3]. One of the most attractive properties of
polyphenols is their ability to scavenge radical species whose balance is vital for the normal
functioning of the cell [4,5]. In fact, excessive ROS concentrations can induce cytotoxic events caused
by protein, lipid, and DNA damage through so-called "oxidative stress", which is the consequence of
an imbalance between pro- and antioxidant species and is currently ascertained to be involved in
aging and general inflammation [6-8].

Over the years, many studies have demonstrated that oxidative stress is involved in a wide range
of pathologies including cancer. In this frame, ROS species seem to exert a critical role in
tumorigenesis and cancer development. ROS are not only mediators of oxidative stress; for example,
ROS-mediated DNA damage causes malignant transformation of cells and promotes cancer initiation
[9]. Several molecular features should be included in a rational drug design that aims at an
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amelioration of the pharmacological profile, and among them, antioxidant activity has to be taken
into account. Many natural products with good radical scavenger properties include a large set of
structures with a high degree of diversity and useful lead compounds for drug design.

Recently, our interest has focused on silibinin, a metabolite with a wide variety of
pharmacological properties. Silibinin (Sil, 1ab, Figure 1) is the major biologically active component
of silymarin, an extract from the seeds of the milk thistle [Silybum marianum (L.) Gaertn.]. [10]
Structurally, natural silibinin is a diastereoisomeric mixture of two flavonolignans, namely silybin A
(SilA, 1a) and silybin B (SilB, 1b), in a ratio of approximately 1:1 (Figure 1) [11,12].
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Figure 1. Structure of silibinin (Sil, 1ab) from Silybum marianum [(L.) Gaertn.]: a mixture of two
silybins, Silybin A (SilA, 1a) and silybin B (SilB, 1b). Structure of 2,3-dehydro-silibinin (DHS, 2ab),
2,3-dehydro-silybin A (DHSA, 2a) and 2,3-dehydro-silybin B (DHSB, 2b).

Although silibinin (Sil, 1ab) does not present a significant antioxidant activity [13], many reports
suggest that it has manifold inhibitory effects against various cancer cells including growth
inhibition, anti-inflammation, cell cycle regulation, apoptosis induction, inhibition of angiogenesis,
invasion and metastasis [14]. In vitro cell-based and in vivo animal studies have demonstrated that Sil
(1ab), as natural mixture of SilA and SilB, is a roaring lead compound for the design of new drugs for
the treatment of prostate cancer.
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Silibinin has also been tested in human cancer patients in phase I - II pilot clinical trials, where
it was reported to be well tolerated and showed plasma and target-tissue bioavailability [15] [16].
Noteworthy is the better anticancer activity on PC-3 cells of 2,3-dehydro-silybin (DHS, 2ab), a mixture
of two enantiomers (DHSA 2a and DHSB 2b) [17], [18], compared to silibinin (1ab) [19]. However,
both flavonolignans, Sil and DHS, suffer from poor oral bioavailability due to both first-pass
metabolism of glucuronidation and sulfation and low water solubility [20-22].

Different studies indicated that in vitro antiproliferative activity of silybins and DHS against
different prostate cancer cell lines can be further improved through appropriate chemical
modifications. Particular attention has been addressed to the modifications on the phenolic hydroxyl
group at C-7 with the aim of improve, antioxidant activity, bioavailability and antiprostatic activity
[23-27]. It must be said, however, that many studies both in vitro and in vivo, clearly neglect the
structure-activity relationship of isomers, using silibinin as a natural mixture [28]. The understanding
of the structural and functional properties impact of the flavonolignan core on pharmacological
activity has recently led to more complete and detailed studies. Investigations on the role of the
silybins hydroxy groups in relationship with radical scavenging properties have highlighted that the
number of hydroxyl substitutions in the backbone structure can affect both its prooxidant and
antioxidant properties (Platzer et al., 2022) . Modification of the hydroxyl groups has also been found
to affect the anticancer activity of polyphenols and in details the 7-OH-group was found to exert a
prooxidant activity in silibinin [29].

In this frame, our previous studies on the stereochemistry-activity relationship of silybins (SilA
and SilB) revealed their features involved in the recognition of targets for AD and T2DM [30,31] as
well as their ability to increase the proteasome activity [32], a multi-attractive target involved in the
protein conformational diseases [33,34]. Without neglecting the stereochemical aspect and aiming at
improving the pharmacokinetics of silybins, during the last years, we have also designed new silybin
pro-drugs containing hydrophilic moieties which did not significantly modify silybin activities [35-
37].

2. Materials and Methods

2.1. General

Silibinin 1 was purchased from Sigma-Aldrich. HPLC grade ACN, CHsOH were purchased from
Carlo Erba Reagents and Sigma-Aldrich. Unless otherwise indicated, other chemicals were obtained
from Sigma Aldrich. For the experimental synthesis procedures of tyrosol-based building blocks 6 —
8, see Romanucci et al. 2021. [38]

It must be noted that the experimental procedures for the synthesis of compounds 10 — 12 and
13 - 15 were described in detail only for the stereoisomer of silybin A (SilA, 1a): the same reaction
conditions (temperature, stoichiometric ratios, time of reaction) were used for silybin B (SilB, 1b) and
silibinin (Sil, 1ab) as natural mixture.

Reactions were monitored by TLC (precoated silica gel plate F254, Merck) and Column
chromatography: Merck Kieselgel 60 (70-230 mesh). The analysis was performed with a Shimadzu
LC-8A PLC system equipped with a Shimadzu SCL-10A VP System control and Shimadzu SPD-10A
VP UV-VIS Detector. HPLC purifications were carried out on Phenomenex Gemini RP18 column (10-
um particle size, 21.20 mm x 250 mm i.d.) using a linear gradient of ACN in 0.1 M NHsAc in H20, pH
7.0 from 20% to 100% over 30 minutes at a flow rate of 8 mL/min with detection at 288 and 260 nm.

MALDI spectral data was acquired on a MALDI TOFTOF AB Sciex 5800 mass spectrometer.

2.2. Synthesis of 9”-O-tert-butyldimethylsilyl-silybin A (9a) and 9"-O-tert-buthyldimethylsilyl-silybin B
(9b)

SilA 1 (1.0 g, 2.0 mmol) previously co-evaporated with anhydrous THF (3 times), was dissolved
in 12 mL of anhydrous ACN/DMF 3:1 (v/v) and 760 pL (7.0 mmol) of dry pyridine were added. The
mixture was cooled to 0 °C and then TBDMSCI (630 mg, 4.2 mmol) was added and stirred. After 1
hour (always at 0° C) the disappearance of SilA by TLC control was observed, and about 1 mL CHsOH
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was added and kept under stirring for a further 30 minutes. The mixture was diluted with DCM (100
mL) and was washed three times with saturated NaHCO:s solution. The organic phase was dried over
anhydrous Na2SO4 and concentrated under reduced pressure. The crude material was purified by
column chromatography eluted with DCM/MeOH 97:3 (v/v) and the derivative 9"-OTBDMS (9a) was
obtained in good yield (1.1 g, 18.8 mmol, 74%).

(9a) Rf=0.5 (DCM-MeCOH 95:5, v/v); tH NMR (CDCls, 400 MHz): =7.20 (d, ] = 1.45 Hz, 1H, H-
2); 7.07 (dd, ] = 8.44, 1.71 Hz, 1H, H-6"); 7.02 (d, ] = 8.26 Hz, 1H, H-5'); 6.96 (s, 3H, H-2", H-5" and H-
6"); 6.09 (s, 1H, H-8); 6.02 (s, 1H, H-6); 5.01-4.97 (overlapped signals, 2H, H-2 and H-7"); 4.55 (d, | =
11.8 Hz, 1H, H-3); 3.97 (m, 1H, H-8"); 3.91 (s, 3H, OCHs); 3.87 (dd, | = 11.9, 1.87 Hz, 1H, H-9"a); 3.57
(dd, J=11.9,2.84 Hz, 1H, H-9"b); 0.92 (s, 9H, (CH3)sCSiOCH>); 0.08 (d, ] = 4.79 Hz, 6H, (CHs)2 SiOCH2)
ppm. BC NMR (CDCls, 125 MHz): & = 195.5; 167.5; 163.7; 163.1; 146.7; 146.1; 144.7; 143.9; 129.0; 128.4;
121.2;120.8; 117.1; 116.3; 114.5; 109.8; 100.2; 97.2; 96.1; 83.0; 78.6; 76.2; 72.2; 62.3; 56.0; 25.8; 18.3; -5.12;
-5.42 ppm. MS (MALDI-TOF) (+): calculated for [M] (Cs1H3601051) 596.70; found 597.55 [M + H]*, 619.86
[M + Na]*.

(9b) Rf= 0.5 (DCM-MeOH 95:5, v/v); tH NMR (CDCls, 400 MHz): 0 =7.17 (d, ] = 1.84 Hz, 1H, H-
2’);7.08 (dd, ] = 8.43,1.90 Hz, 1H, H-6"); 7.01 (d, | = 8.23 Hz, 1H, H-5'); 6.96-6.94 (overlapped signals,
3H, H-2", H-5" and H-6"); 6.08 (d, ] = 2.0 Hz, 1H, H-8); 6.03 (d, ] = 2.0 Hz, 1H, H-6); 5.01-4.98
(overlapped signals, 2H, H-2 and H-7"); 4.55 (d, ] = 11.8 Hz, 1H, H-3); 3.96 (m, 1H, H-8"); 3.88-3.85
(overlapped signals, 4H, OCHs and H-9"a); 3.56 (dd, | = 11.8, 2.84 Hz, 1H, H-9"b); 0.91 (s, 9H,
(CHs)3CSiOCH?2); 0.07 (d, ] =4.98 Hz, 6H, (CHs)2 SiOCH2) ppm. 3C NMR (CDCls, 125 MHz): =195.7;
168.3; 163.8; 163.0; 147.2; 146.6; 144.5; 143.9; 129.2; 128.1; 120.8; 120.7; 117.2; 116.5; 114.9; 110.1; 100.2;
97.2;96.1; 83.1; 78.6; 76.2; 72.3; 62.3; 55.9; 25.8; 18.3; -5.14; -5.44 ppm. MS (MALDI-TOF) (+): calculated
for [M] (Cs1Hz601051) 596.70; found 597.63 [M + HJ*, 619.78 [M + Na]*.

2.3 Alkylation by Mitsunobu Reaction: General Procedure for the Synthesis of 10a — 12a.

To a solution of PhsP and DIAD (0.50 mmol of each) dissolved in 2 mL of anhydrous THF and
kept at 0 °C for 20 min, a mixture of 9"-O-protect silybin A 9a (200 mg, 0.33 mmol) and tyrosyl
building block (6 or 7 or 8, 0.33 mmol), were sequentially added and the resulting mixture was left
stirring at 0°C for 2 h. The reaction was monitored by TLC (hexane/AcOEt 85:15, v/v) and the crude
reaction mixtures were found to be complex to purify, so after several attempts at simplification by
crystallization, it was decided to carry out a coarse chromatography on silica gel column eluted with
hexane/AcOEt (80:20, v/v) and then to treat the crude fractions, previously dried under reduced
pressure, with EtsN-3HF (65 uL, 0.40 mmol) in 500 uL THF at rt. After silica gel chromatography
eluted with DCM/MeOH (95:5, v/v), all compounds 10a — 12a, obtained in good yields (26-35%, see
Table 1), were purified by RP-HPLC using a Phenomenex Gemini RP18 column (10-um particle size,
21.20 mm x 250 mm i.d.) with a linear gradient of ACN in 0.1 M NH4OAc in H20, pH 7.0 from 20%
to 100% over 30 minutes at a flow rate of 8 mL/min with detection at 288 and 260 nm. The identity of
compounds 10a — 12a, was confirmed by 1D and 2D NMR ('H and *C) and MALDI-TOF analyses.
The complete assignment was proved by COSY, HMBC and HSQC NMR experiments (for signals
assignment of 10a — 12a, see Table 2).

(10b) HPLC-purity > 99.0%; 'H-NMR (CDsOD, 500 MHz, 25 °C, d ppm, | Hz); 7.13 (s, 1H, H2');
7.10 (d, = 8.1, 2H, H2™, H6™); 7.06 (dd, | = 8.3, ] = 1.8, 1H, H6');7.04 -7.00 (overlapped signals, 2H,
H5', H2",6.92 (dd, ]=8.2,]=1.4,1H, H6"; 6.86 (d, ] =8.2, 1H, H5"; 6.73 (d, ] = 8.1, 2H, H5", H2""); 6.08
(d, J=1.8,1H, H6); 6.04 (d, ] = 1.8, 1H, H8); 5.02 (d, ] = 11.4, 1H, H2); 4.94 (d, ] = 8.0, 1H, H7"; 4.56 (d,
J=11.4, 1H, H3); 4.16 (t, ] = 6.7, 2H, H8"); 4.12-4.06 (m, 1H, H8"; 3.89 (s, 1H, OCHz); 3.74 (dd, ] = 12.4,
J=2.2,1H, H9"a); 3.51 (dd, ]=12.3, ]=4.4, 1H, H9'"b); 2.96 (t, ] = 6.7, 2H, H7"") ppm. *C-NMR (CD:0OD,
125 MHz, 25 °C, d ppm): 197.4; 167.6; 163.6; 162.8; 155.7; 148.0; 147.8; 146.9; 143.7; 130.0; 129.5 (x3);
128.6;128.0; 120.8; 120.3; 116.4; 116.1; 114.8 (x2); 110.6; 101.1; 95.2; 94.1; 83.4; 78.6; 78.3; 72.3; 69.3; 60.6;
55.0; 34.1 ppm. MS (MALDI-TOF) (+): calculated for [M] (CssH30011) 602.18; found 603.25 [M + HJ*,
625.84 [M + Na]*.

(10ab) HPLC-purity = 99.0%; 'H-NMR (400 MHz, CDsOD, 25 °C, & ppm, | Hz); 7.15-7.07
(overlapped signals, 3H, H2', H2"', H6"'); 7.07-6.99 (overlapped signals, 3H, H6', H5', H2"; 6.92 (dd, |

d0i:10.20944/preprints202402.1663.v1
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=8.1,]/=1.7,1H,H6"; 6.85 (d, ] =8.0, 1H, H5"; 6.73 (d, ] = 8.1, 2H, H5"', H2""); 6.07 (d, ] = 2.0, 1H, H6);
6.03 (d, ] =2.0, 1H, H8); 5.01 (d, ] = 11.5, 1H, H2); 4.93 (d, ] = 8.1, 1H, H7"; 4.55 (d, ] = 11.5, 1H, H3);
4.15 (t, ]=6.4,2H, H8"); 4.11-4.05 (m, 1H, H8"; 3.88 (s, 1H, OCH3); 3.72 (dd, ] = 12.4, ] =2.4, 1H, H9"a);
3.50 (dd, J=12.4, J=4.5,1H, H9"b); 2.95 (t, ] = 6.4, 2H, H7"") ppm. *C NMR (100 MHz, DMSO-d6, 25
°C, d ppm): 197.3; 167.6; 163.6; 162.8; 155.7; 148.0); 147.8; 144.1; 143.7; 130.1; 129.6 (x2); 129.0; 127.9;
121.6; 120.8; 120.3; 116.2; 116.3; 114.8 (x2); 110.6; 101.1; 95.1; 94.0; 83.3; 78.2; 76.2; 72.3; 69.3; 60.6; 54.9;
34.1 ppm. MS (MALDI-TOF) (+): calculated for [M] (CssH30011) 602.18; found 603.66 [M + H]*, 625.48
[M + Nal*.

(11b) HPLC-purity > 99.0%; 'H-NMR (400 MHz, DMSO-d6, 25 °C, d ppm, | Hz); 7.07 (s, 1H, H2');
7.05-6.96 (overlapped signals, 3H, H5', H6', H2"), 6.90-6.83 (overlapped signals, 2H, H6", H2""); 6.81
(d, J=8.2,1H, H5") 6.71-6.64 (overlapped signals, 2H, H-6"', H5""); 6.13-6.06 (overlapped signals, 2H,
He, H8); 5.11 (d, J = 11.1, 1H, H2); 490 (d, J=7.8, 1H, H7"); 4.62 (d, | = 11.1, 1H, H3); 4.24-4.12
(overlapped signals, 3H, H8", H8"); 3.77 (s, 1H, OCHzs); 3.73 (s, 1H, OCHzs); 3.66-3.43 (overlapped
signals with H20, 1H, H9"a); 3.34 (dd, ] =12.5, ] = 4.9, 1H, H9"b); 2.89 (t, | = 6.4, 2H, H7"") ppm. 13C-
NMR (100 MHz, DMSO-d6, 25 °C, d ppm): 198.5; 167.2; 165.1; 162.7; 147.9; 147.6; 146.9; 144.7; 143.9;
143.5;130.0; 129.6; 127.9; 121.8; 121.5; 120.9; 117.1; 116.8; 115.6, 115.5; 113.3; 111.7; 101.8; 95.8; 82.9; 78.2;
76.1; 71.8; 69.6; 60.4; 56.0; 55.8; 34.4 ppm. MS (MALDI-TOF) (+): calculated for [M] (Ca:H3012) 632.19;
found 633.68 [M + H]*, 655.56 [M + Na]*.

(11ab) HPLC-purity 2 99.0%; 'H-NMR (400 MHz, CDsOD, 25 °C, d ppm, ] Hz, mixture of
diastereoisomers); 7.10 (m, 1H, H6'); 7.07-6.98 (complex signals, 3H, H2', H5"', H2"), 6.90 (dd, ] = 8.2,
J = 1.6, 1H, H6"); 6.87-6.74 (complex signals, 2H, H-6T, H5'); 6.76-6.65 (complex signals, 2H, H5",
H2™); 6.06 (dd, ] = 1.8, 1H, H6); 6.01 (dd, ] = 1.8, 1H, HS8); 4.98 (d, ] = 11.6, 1H, H2); 4.90 (overlapped
signal with H2O, 1H, H7"); 4.51 (d, ] =11.5, 1H, H3); 4.14 ( t, ] = 6.9, 2H, H8""); 4.06 (m, 1H, H8"); 3.87
(s, 1H, OCHa); 3.82 (s, 1H, OCHa); 3.71 (dd, ] = 12.3, ] = 2.3, 1H, -9"a); 3.49 (dd, | = 12.3, ] = 4.6, 1H,
H9'"b); 2.95 (t, ] = 6.2, 2H, H7"") ppm. BC-NMR (125 MHz, CDsOD, 25 °C,  ppm): 197.3; 167.6; 163.5;
162.7; 147.8; 147.5; 146.9; 144.7; 144.1; 143.7; 130.0; 129.3; 128.0; 121.1; 120.8; 120.7; 120.2; 116.4 (x2);
116.2; 116.1; 114.8 (x2), 112.3; 110.6 (x2); 101.1; 95.2; 94.1; 83.3 (x2); 78.6; 76.2; 72.3; 69.3; 60.6; 55.0 (x2);
34.5 ppm. MS (MALDI-TOF) (+): calculated for [M] (Cs:H3012) 632.19; found 633.25 [M + HJ*, 655.56
[M + Na]*, 671.56 [M + K]*.

(12b) HPLC-purity 2 99.0%; ‘H-NMR (500 MHz, CDsOD, 25 °C, d ppm, | Hz); 7.11 (s, 1H, H2);
7.06-6.95 (overlapped signals, 3H, H6', H5', H2"), 6.90 (complex signal, 1H, H6"); 6.85 (d, ] =8.2, 1H,
H5"); 6.73-6.67 (overlapped signals, 2H, H5"', H2""); 6.57 (d, ] = 8.0, 1H, H6""); 6.05 (s, 1H, H6); 6.00 (s,
1H, H8); 4.98 (complex signal, 1H, H2); 4.90 (overlapped signal with H-0O, 1H, H7"); 4.50 (complex
signal, 1H, H3); 4.16-4.00 ( overlapped signals, 3H, H8"', H8"); 3.87 (s, 1H, OCH3); 3.71 (d, J=11.8, 1H,
H9"a); 3.49 (dd, | =12.3, ] =4.2, 1H, H9"b); 2.87 (s, 2H, H7"") ppm. ¥C-NMR (125 MHz, CD:OD, 25 °C,
O ppm): 197.3; 167.6; 163.5; 162.7; 147.8; 146.9; 144.8; 144.1; 143.7; 143.5; 130.0; 129.3; 128.0; 120.8; 120.3;
119.9; 116.4; 116.2 (x2); 115.7; 115.0; 114.9; 110.6; 101.1; 95.2; 94.1; 83.3; 78.6; 76.2; 72.3; 69.3; 60.6; 55.0;
34.3 ppm. MS (MALDI-TOF) (+): calculated for [M] (CssHz0012) 618.17; found 618.69 [M + HJ*, 641.77
[M + Na]*, 657.87 [M + K]*.

(12ab) HPLC-purity = 99.0%; '"H-NMR (500 MHz, CDsOD, 25 °C, d ppm, | Hz); 7.10 (d, 1H, H2');
7.05-6.96 (overlapped signals, 3H, H6', H5', H2"), 6.89 (d, [ =7.7, 1H, H6"); 6.84 (d, ] =7.7, 1H, H5");
6.75-6.67 (overlapped signals, 2H, H5"', H2"); 6.57 (d, ] = 7.7, 1H, H6"); 6.05 (s, 1H, H6); 6.00 (s, 1H,
HS); 4.98 (dd, J=11.5, ] =2.1, 1H, H2); 4.90 (overlapped signal with H20O, 1H, H7"); 4.50 (dd, ] =11.5, |
=2.1, 1H, H3); 4.15-4.01 ( overlapped signals, 3H, H-8T, H8"); 3.86 (s, 1H, OCHz); 3.70 (d, ] =12.3, 1H,
H9"a); 3.49 (dd, =114, [=4.3, 1H, H9"b); 2.87 (t, ] = 6.0, 2H, H7"") ppm. *C-NMR (125 MHz, CDsOD,
25°C, d ppm): 197.2; 167.6; 163.5; 162.7; 147.7; 146.9; 144.7; 144.0; 143.7; 143.5; 129.9; 129.3; 128.0; 120.8
(x2); 120.3; 119.9; 116.4 (x2); 116.2 (x2); 115.7; 115.0; 114.9; 110.6 (x2); 101.1; 95.2; 94.1; 83.3; 78.6; 76.3;
72.3; 69.3; 60.6; 55.0; 34.3 ppm. MS (MALDI-TOF) (+): calculated for [M] (CssH30012) 618.17; found
618.55 [M + HJ, 641.67 [M + Na]*, 657.88 [M + K]*.

d0i:10.20944/preprints202402.1663.v1
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2.4. Synthesis of 7-O-tyrosyl-2,3-dehydro silybin derivatives (13a —15a): General procedure

7-O-tyrosyl SilA derivatives 10a — 12a (0.08 mmol), were dissolved in 500 pL of DMF and 24 mg
of KOAc (0.24 mmol) were added. The mixture was kept at 50 °C and after 45 min the disappearance
of SilA derivative followed by TLC (DCM/MeOH/AcOH, 90:10:0.01, v/v/v) control, was observed.
The crude material was purified by column chromatography eluted with DCM/MeOH 90:10 (v/v)
and the derivative 7-O-tyrosyl-2,3-dehydro silybin (13a — 15a) were obtained in good yield (78-85%,
see Table 1). RP-HPLC purification was carried out on Phenomenex Gemini RP18 column (10-pm
particle size, 21.20 mm x 250 mm i.d.) using a linear gradient of ACN in 0.1 M NH4OAc in H20, pH
7.0 from 20% to 100% over 30 minutes at a flow rate of 8 mL/min with detection at 288 and 260 nm.
The purity of final products (13a — 15a) was on average 99.0%.

(13a) HPLC-purity = 99.0%; 'H-NMR (500 MHz, DMSO-d6, 25 °C, d ppm, | Hz); 7.82-7.81
(overlapped signals, 2H, H2', H6'); 7.12-7.09 (overlapped signals, 3H, H5', H3"', H5™), 7.04 (s, 1H,
H2"); 6.88 (d, ] =7.7, 1H, H6"); 6.82-6.80 (overlapped signals, 2H, H8, H5"); 6.69 (d, ] =7.9, 2H, H2",
H6™); 6.31 (s, 1H, He6); 4.96 (d, | = 8.3, 1H, H7"); 4.27 (m, 1H, H8"); 422 (t, ] = 6.6, 2H, H8"); 3.78 (s,
3H, OMe); 3.56 (d, | = 11.7, 1H, H9"a); 3.36 (overlapped signal with H-O , 1H, H9"b) 2.93 (t, | = 6.6,
2H, H-7"") ppm. BC-NMR (125 MHz, DMSO-d6, 25 °C, 6 ppm): 176.6; 164.7; 160.8; 156.6; 156.4; 148.1;
147.5; 146.5; 145.6; 143.9; 137.2; 130.4; 128.3 (x2); 127.7; 124.2;121.9; 121.0; 117.3; 116.7; 115.8; 115.6 (x2);
112.1; 104.5; 98.3; 93.1; 79.0; 76.3; 69.8; 60.6; 56.2; 34.3 ppm. MS (MALDI-TOF) (+): calculated for [M]
(Cs3sH2s0m) 600.16; found 600.38 [M + HJ*, 623.44 [M + Na]*, 639.49 [M + K]*.

(14a) HPLC-purity = 99.0%; 'H-NMR (500 MHz, DMSO-d6, 25 °C, d ppm, | Hz); 7.82-7.81
(overlapped signals, 2H, H2', H6'); 7.12 (d, ] = 9.8, 1H, H5'), 7.04 (s, 1H, H2"); 6.89-6.87 (overlapped
signals, 2H, H6", H2""); 6.83-6.80 (overlapped signals, 2H, H8, H5"); 6.69 (overlapped signals, 2H,
H5", H6™); 6.33 (s, 1H, H6); 4.96 (d, ] =7.91, 1H, H7"); 4.28 (complex signal, 1H, H8"); 425 (t, ] =6.8,
2H, H8™"); 3.78 (s, 3H, OMe); 3.75 (s, 3H, OMe); 3.56 (d, ] = 12.2, 1H, H9"a); 3.36 (overlapped signal
with H20 , 1H, H9'"b) 2.94 (t, ] = 6.8, 2H, H7"") ppm. BC-NMR (125 MHz, DMSO-d6, 25 °C, d ppm):
176.6; 164.7; 160.7; 156.6; 148.1; 147.9; 147.5; 146.5; 145.6; 145.5; 143.9; 137.1; 129.0; 127.7; 124.2; 121.9;
121.6; 121.0; 117.3; 116.7; 115.8 (x2); 113.6; 112.1; 104.5; 98.3; 93.1; 79.0; 76.3; 69.8; 60.5; 56.1; 56.0; 34.7
ppm. MS (MALDI-TOF) (+): calculated for [M] (CssH30012) 630.17; found 631.66 [M + HJ*, 653.56 [M +
Nal*, 669.47 [M + K]-.

(15a) HPLC-purity = 99.0%; '"H-NMR (400 MHz, DMSO-d6 +H:0, 25 °C, 6 ppm, ] Hz); 7.75-7.73
(overlapped signals, 2H, H2', H6"); 7.06 (d, ] = 8.55, 1H, H5'); 6.97 (d, ] = 0.94, 1H, H2"); 6.83 (dd, | =
8.20,]=1.41, 1H, H6"); 6.78-6.72 (overlapped signals, 2H, H5", H8); 6.64 (d, ] =1.41, 1H, H2"); 6.60 (d,
J=7.97,1H, H5"); 6.49 (dd, | =8.03, ] =1.72, 1H, H6™); 6.24 (s, 1H, H6); 4.89 (d, | =7.98, 1H, H7"); 4.21
(complex signal, 1H, H8") 4.14 (t, ] =6.27, 2H, H8"); 3.72 (s, 3H, OMe); 3.50 (d, ] = 11.4, 1H, H9"a); 3.30
(dd, J=12.6, ] =4.6, 1H, H9'"b); 2.80 (t, ] = 6.48, 2H, H7"") ppm. ¥*C-NMR (100 MHz, CDsOD, 25 °C, d
ppm): 176.1; 164.8; 160.7; 156.6; 147.9; 147.0; 145.8; 145.2; 144.8; 143.6; 143.5; 136.8; 129.5; 127.8; 124.2;
121.2; 120.3; 119.9; 116.5; 116.3; 115.8; 115.0; 114.9; 110.6; 104.0; 97.5; 91.9; 79.0; 76.3; 69.4; 60.6; 55.1;
34.4 ppm. MS (MALDI-TOF) (+): calculated for [M] (CssH2sO12) 616.16; found 617.35 [M + HJ*, 639.66
[M + Nal*, 655.87 [M + KJ*.

2.5. Medium and Chemical Stability

The sample solution wasprepared by dissolving the accurately weighed compound (11a) in
DMSO and diluted with either RPMI1640 media supplemented with 100 U/mL penicillin, 100mg/mL
streptomycin and 10% FBS or PBS at pH 7.4 to reach a final concentration of 100 uM (1% DMSO). The
solution was placed at 37 °C in a heater. Samples of 0.2 mL were taken after t =0, 0.5, 1h, 3h, 7h, 24h
and 48h. The samples were treated with 0.2 mL of ice-cold ACN. Precipitated proteins were removed
by centrifugation (SIGMA 1-14, SIGMA Laborzentrifugen GmbH, An der Unteren Sose 50, Germany)
with 10000 g for 15 min and filtered. 80 uL of the solutions were directly analysed by HPLC system
(Shimadzu LC-9A, equipped with a Shimadzu SPD-6A Detector A=288nm) using a RP18 column
Phenomenex LUNA (5-um particle size, 4.6 mm x 150 mm i.d.) eluted with NH«OAc 0.1 M with a
linear gradient 5-100% ACN in 20 minutes (flow = 0.8 mL/min).
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2.6. DPPH assay

The free radical scavenging activity of different concentrations of the test compounds was
evaluated by their abilities to quench the stable 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) in vitro.
The DPPH solution (200 uM) was prepared in methanol and placed in the dark for 30 min before the
analyses. The compounds were dissolved in methanol to prepare the stock solutions (1 mM - 100
puM). DPPH solution was placed in test tubes (final concentration 50 uM), and the solutions of each
compound (final concentration range 1 — 1000 pM) were rapidly added and mixed into every test
tube to reach a final volume of 2 mL. The reaction was followed by a spectrophotometric analysis
continuously measuring the absorbance at A =517 nm for 30 min.

The percentage of inhibition (% inhibition) was calculated following the equation:

Acontrol - Asample

% inhibition = x 100

Acontrol

The ECso value (the inhibition concentration of a sample at 50% fall in absorbance of DPPH) was
used to compare the DPPH scavenging activities.

2.7. ORAC Assay

The ORAC assay relies on free radical damage to a fluorescent probe, most commonly
fluorescein, caused by an oxidizing reagent resulting in a loss of fluorescent intensity over time.
Antioxidant protection can then be quantified by subtraction of AUC (Area Under the kinetic Curve)
of the blank reaction from those reactions containing antioxidants. The resultant difference is
considered to be the antioxidant protection conferred by the sample compound. ORAC results are
commonly referred to as Trolox equivalents (TE) as calculated from comparison to a Trolox
calibration curve. Briefly, 150 uL of the fluorescein solution (11.12 x 102 uM in phosphate buffer 0.75
mM, pH 7.4) was added into each well of a 96-well plate. Subsequently, 23 uL of buffer and 2 uL of
stock solutions in DMSO of tested compounds were added to the wells to reach the final
concentration range 1.25-20 pM. The plate was incubated for 30 min at 37 °C and then 25 pL of AAPH
(2,2'-Azobis(2-methylpropionamidine) dihydrochloride) (152.6 mM) was added to each well.
Immediately, the fluorescence was recorded by a microplate reader for 2 h in 1 min steps at 37 °C (Aece
=485 nm, Aem= 528 nm).

2.8. Cell culture, Reagents, and treatments

Prostate carcinoma PC-3 cells were purchased from the American Type Culture Collection
(Manassas, VA, USA). PC-3 cells were maintained in RPMI-1640 medium, supplemented with 10%
heat-inactivated fetal bovine serum, 100 U/ml penicillin G, and 100 ug/ml streptomycin sulfate from
Thermo Fisher Scientific (Waltham, MA, USA). Cells were cultured at 37°C in a humidified incubator
with 5% COz. Cells were initially plated and treated when they reached a confluency level of 70% to
80%. Cells exposed to varying doses of silybin, or its derivatives (5 or 10 pM) dissolved initially in
DMSO. These treatments were administered for specific time intervals as described for each
experiment. The concentration of DMSO in all treatments did not exceed 0.1% (v/v) in the medium.

The antibodies for cleaved caspase 3 (Aspl75) (¥9661) and -Actin (#3700) were from Cell
Signaling Technology (Beverly, MA, USA). Dimethyl sulfoxide (DMSO) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Amersham™ ECL™ western blotting detection reagents were from
Fisher Scientific (Hampton, NH, USA).

2.9. Cell Growth and Death Assay

PC-3 cells were seeded in 35 mm plates at a density of 5x10* cells per plate following the culture
conditions described earlier. After a 24 h incubation period, cells were exposed to different
treatments, including DMSO alone as a control or different silybin derivatives at (5 or 10 uM
concentration) dissolved initially in DMSO for 48 and 72 h. Three separate plates were used for each

d0i:10.20944/preprints202402.1663.v1
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treatment and time point. At 48 and 72 h post-treatment, adherent and suspended cells were
harvested through trypsinization, centrifuged at 1200 rpm, washed with 1X phosphate-buffered
saline (PBS), and placed into separate tubes. Each sample was counted in duplicate using a
hemocytometer and an inverted microscope to ascertain the total cell count. The distinction between
live and deceased cells was established by applying the previously described trypan blue dye
exclusion method. [39]

2.10. Flow cytometry for apoptosis and cell cycle determination

We utilized an Alexa Fluor 488 Annexin V/PI kit from Invitrogen, ThermoScientific Scientific
(Waltham, MA, USA) to assess cell death. Cells were seeded at a density of 5x10* cells per well in a
35 mm plate and treated with different derivatives of silybin, following the same protocol as in the
cell growth assay, after a 24 and 48 h incubation period. The cell processing method described earlier
[39] was used to determine apoptotic cell death through flow cytometry. Flow cytometric analysis
was conducted using a flow cytometer (NovoCyte Penteon Flow Cytometer, Agilent technologies,
Santa Clara, CA, USA) within 30 minutes to quantify cells exhibiting annexin V and/or PI positivity.

2.11. Lysate Preparation and Immunoblot Analysis

Cell lysates were prepared using a non-denaturing lysis buffer. To ensure uniform protein
loading in each well, we employed the BCA method Bio-Rad (Hercules, CA, USA) to measure protein
concentrations in the lysates. Samples containing 30-50 pig of protein per sample were then subjected
to electrophoresis and transferred onto a nitrocellulose membrane. After blocking with a suitable
blocking buffer, the membranes were exposed to a specific primary antibody for overnight incubation
at 4°C, followed by incubation with the appropriate peroxidase-linked secondary antibody and using
ECL detection for visualization as described previously. [39] Membranes were re-probed with an
anti-B-actin antibody as a loading control.

2.12. Statistical analysis

The statistical significance of differences between control and treated samples was calculated
using an unpaired two-tailed Student’s ¢-test (GraphPad Prism 8.4; CA, USA). A P-value of <0.05 was
considered significant. Statistical significance was as follows: * p<0.05, # p<0.01, and $ p<0.001
compared to control group scores.

3. Results

3.1. Synthesis, NMR Characterization and Chemical Stability

Selective alkylation on silibinin has been extensively explored changing many parameters
(different bases, solvents, and reagent equivalents) [11,23,40,41] and when these methods were
extended to prepare silibinin alkylated derivatives [26,42], little or no yields were obtained especially
due to the complete oxidation of silibinin to the 2,3-dehydro-silybin derivatives.

The challenge in our synthetic strategy grounds on the development of a mild and regioselective
alkylation that avoids the oxidation of silybin into DHS. For this reason, we have chosen an alkylation
via the Mitsunobu reaction [43], which has already proved to be satisfactory in our previous work
[44].The Mitsunobu reaction exploits the higher acidity of the OH in 7 of the silybins and the higher
nucleophilicity of the primary OH of the tyrosol units. Given the chemical nature of silybin consisting
of different OH groups (one primary, one secondary, and three phenolic OH), we carried out the
Mitsunobu alkylation starting from suitably protected building blocks. In this frame, to avoid self-
alkylation by-products of silybins and to optimize the selectivity, we started from 9"-O-protected
silybins and protected tyrosols at the phenolic OHs (Scheme 1).
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Scheme 1. Reagents and conditions: /) TBDMSCI, EtsN, ACN/DMF (3:1, v/v), rt, 3h; b) 1%wt
I/MeOH, rt, 3h; c) TBDMSC], Pyridine, ACN/DMF (3:1, v/v), 0 °C, 2h; d) tyrosol-based alcohol (6 or 7
or 8), PhsP/DIAD, THF 0 °C, 2h; e) EtsN-3HF, THF, rt; f) AcOK, DMF, 50 °C, 45 min. (for the synthesis
of the series b derivatives, see the experimental section).

The tert-butyldimethylsilyl (TBDMS) has been chosen as the protecting group selectively
inserted and removable under mild conditions, for both starting metabolites. The synthesis of 9"-
OTBDMS, already reported by Kien et al. for silibinin (1ab) [17], was carried out by us starting both
from silibinin (1ab), as well as from the two diastereoisomers silybin A (1a) and silybin B (1b).

Starting from the tyrosol-based metabolites 3 — 5 (Scheme 1), only the phenolic functions have
been protected by a recently fine-tuned approach [38]. Briefly, all OH groups were protected with an
excess of tert-butyldimethylsilyl chloride (TBDMSCI) in ACN/DMEF (3:1, v/v) in the presence of EtsN.
After regioselective deprotection of aliphatic OH group, by treatment with I. (1% wt) in MeOH,
building-blocks 6 — 8 were obtained in good yields (83-86%). For the synthesis of the 9"-OTBDMS
silybins building-blocks, the silybin A or B (1a or 1b) was reacted with TBDMSCI in ACN/DMF in
presence of pyridine obtaining, after suitable work-up and purification, 9a or 9b in 74% and 79%
yields respectively. Starting from tyrosol-based building blocks 6 — 8 and 9"-O- protected silybins 9a
and 9b, and silibinin 9ab, the 7-O-alkylation was set up by Mitsunobu reaction.

In a typical Mitsunobu reaction, protected tyrosols (6 — 8) were reacted with 9"-OTBDMS silybins
(9a, 9b and 9ab), in the presence of triphenylphosphine (PPhs) and diisopropyl azodicarboxylate
(DIAD) in anhydrous THF at 0 °C. The crude reaction mixtures were found to be complex to purify
so after simple chromatographic purification, they were treated with EtsN-3HF in THF at room
temperature. After RP-HPLC purification, the identity and complete signal assignment of
compounds 10 — 12, obtained in good yields (Table 1), was confirmed by 1D and 2D NMR analyses
in combination with MS data. Table 2 summarizes the fully assigned 'H and *C NMR data for
compounds 10a — 12a based on the interpretation of COSY, HSQC, and HMBC spectra.

For example, in the case of 11a, the signals in the 'H NMR and *C NMR spectra confirmed the
addition of a tyrosyl group to SilA (1a). By using heteronuclear multiple-bond correlation (HMBC),
along-range C-H experiment, the insertion of tyrosyl group was assigned to 7-OH of silybin. The key
HMBC correlation found was from the proton at 6x 4.15 (CH2 8" tyrosyl) to the carbon at dc 167.6 (C-
7, Figure 2). Such correlation was also found in the HMBC spectra of derivatives 10a and 12a.
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Although the Mitsunobu reaction was carried out starting from silybin building blocks with
deprotected 3-, 5- and 4"-OH groups, we did not observe the formation of alkylation products at 5 or
4" positions or the side reactions to lead hydnocarpin-type products [45].

Subsequently, the treatment of 10 — 12 derivatives related to a, b and ab series with KOAc in
DMF at 50 °C [18], led to DHS derivatives 13 — 15 in good yields (Table 1). After HPLC purification,
the identity of structures 13 — 15 was confirmed by 1D and 2D NMR analysis, in which we observed
the disappearance of H-2 and H-3 silybin protons and the formation of the double bond C2-Cs at 146
and 137 ppm respectively. In the case of silibinin derivatives 10ab — 12ab, some NMR signals, being
a pair of diastereoisomers, appear as a pair and some overlapped signals. This issue does not exist
with 2,3-dehydro-silibinin derivatives 13ab — 15ab since the NMR signals for both enantiomers are
indistinguishable.

Figure 2. Key HMBC correlations in derivatives 10a, 11a and 12a.

The stability of 7-O-tyrosyl silybin derivatives has been investigated on 11a as a representative
compound. This investigation was accomplished over time by HPLC experiments, and the
persistence was evaluated. The time-dependent stability in phosphate buffer at pH = 7.4 is not much
different from that observed in the culture medium. We have observed a persistent presence (= 93%)
of product 11a even after 48h. Noteworthy only after seven days, we observed the formation (~ 30%)
of the silybin oxidation product, 2,3-dehydro-silybin (14a).

3.2. Radical Scavenger Properties (DPPH and ORAC Assays)

Recent studies on the redox properties and chelating abilities of silibinin have elucidated the role
of the different hydroxyl functions and in particular the prooxidant role of the 7-OH function [29]
[46].

Preliminary antioxidant investigation of the new compounds was performed by the ORAC
(Oxygen Radical Absorption Capacity) and DPPH (2,2-diphenyl-1-picrylhydrazyl) assays. The
antioxidant activities are reported in Table 1 for all derivatives, along with tyrosol-based, TYR, MTYR
and HTYR (3, 4 and 5) three well-known phenols as well as silybins (1ab, 1a and 1b) which are the
reference flavonolignans. By ORAC data, comparable antioxidant ability was observed for
compounds 10 — 12 and their counterparts (1ab, 1la and 1b) with compound 12 remaining the more
active. While for derivatives 13 — 15 there is a decrease in activity when compared to their progenitors
(2ab, 2a and 2b).

Table 1. Yields and antioxidant activity (ORAC and DPPH) of derivatives 10 — 15.

Compound  Yield (%) ORAC(TE)> DPPH (ECso, uM)

Sil (1ab) - 4.76+0.20 620+0.2
SilA (1a) - 421+0.16 360+ 0.2
SilB (1b) - 4361015 580+ 0.5
DHS (2ab) - 3.57+0.23 29.60.18
DHSA (2a) - 3.88+0.20 155+0.3
DHSB (2b) - 3.8620.13 11.6+0.4

TYR - 2.18+0.12 >1000

d0i:10.20944/preprints202402.1663.v1
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MTYR - 2.90+0.21 31.0+£2.6
HTYR - 7.40+0.17 12.3+1.0
10a 35 4.81+0.45 290+0.2
11a 28 2.50+0.29 13.5+0.6
12a 26 5.57+0.17 6.53+0.6
13a 95 1.16+0.05 17.1+0.1
14a 78 1.25+0.02 9.01 0.5
15a 95 1.28+0.02 498 +0.4
10b 83 4.89+0.22 220.0+0.1
11b 21 3.22+0.52 17.8 +0.6
12b 65 5.38+0.17 5.65 +0.5
13b 72 1.15+0.02 19.3+0.1
14b 82 1.32+0.04 9.10+£0.6
15b 81 1.25+0.04 4.76+0.4
10ab 51 4.88+0.09 200+0.2
11ab 33 4.91+0.17 94+0.5
12ab 40 5.45+0.54 49+0.6
13ab 90 1.47+0.05 26.9+0.2
14ab 76 1.01+0.12 9.27+£0.6
15ab 74 1.44+0.14 6.19 +0.7

2 For the silybin derivatives (10 — 12) yields refer to intermediates (9), while for DHS derivatives (13 — 15) yields
refer only to the oxidation step of 10 — 12 (see Scheme 2); * Trolox equivalent.

Conversely, in the DPPH assay, a significant contribution of the tyrosol moiety was observed.
All derivatives (10 — 15) show greater activity than their progenitors, with a significantly better free
radical scavenging ability of 2,3-dehydro-silybin derivatives (13 — 15) compared to silybin derivatives
(10 — 12). These results should be analyzed considering the role of 7-OH in the antioxidant activity of
starting compounds: silybins and 2,3-dehydro-silybins. As known by literature, 7-OH in silybins
presents a prooxidant capacity, therefore its masking led to increased antioxidant activity in the new
derivatives, even when it was linked to a compound lacking antioxidant activity as TYR. [29] A
further increase in scavenging activity has been observed for derivatives 11 — 12 where MTYR and
HTYR are good antioxidants by themselves. Otherwise, in DHS the 3-OH group is strongly involved
in the radical-scavenging activity of the metabolite. This behaviour was explained by several
mechanistic studies carried out on selectively methylated silybin and DHS derivatives [47].

Table 2. NMR data for derivatives 10a, 11a and 12a.

Position 10a (DMSO-ds) 11a (CDsOD) 12a (CDsOD)
oy, (J in Hz) Oc type on, (J, Hz) Oc type on, (J, Hz) Oc type
2 5.13,d (11.3) 83.1 4.99, d (11.3) 83.4 4.97,d (11.5) 83.1
3 4.65, dd (11.3) 72.0 4.52,d (11.3) 72.3 4.50, d (11.5) 72.0
3-OH 4.9,s - -
4 - 198.7 - 197.3 - 198.7
4a - 101.8 - 101.1 - 101.7
5 - 163.4 - 163.5 - 163.4
6 6.10,d (2.3) 95.7 6.06,d (2.1) 95.2 6.05, d (2.0) 95.7
7 - 167.2 - 167.6 - 167.2
8 6.08,d (2.3) 94.6 6.01,d (2.1) 94.1 6.00, d (2.0) 94.6
8a - 162.8 162.8 - 162.8
1 - 130.4 130.0 - 130.4
2' 7.09, s 117.1 7.11,d (1.5) 116.1 7.10,d (1.5) 117.1
3 - 143.7 - 143.7 - 143.7

4' - 144.1 - 144.1 - 144.1
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5 6.98,d (8.3) 116.7 7.02-6.96, m 116.4 6.98, d (8.3) 116.7
6 7.04-7.00, m 116 /03 dd@2 1208 /0 ddG3 o
1.8) 1.8)
1" - 127.9 - 127.9 - 127.9
2" 7.04-7.00, m 112.0 7.02-6.96, m 110.6 7.01,d (1.7) 112.0
3" - 148.0 - 147.5 - 148.0
4" - 147.4 - 146.9 - 147.4
5" 6.80, d (8.1) 1159 6.87-6.83, m 114.8 6.84,d (8.2) 1159
6" 687,dd (81,17 1209 dd (8.0, 102 090ddEZ o,
1.7) 1.7)
7" 4.92,d (7.9) 763 4.95-4.89, m 76.2 4.93-4.83, m 763
8" 423-412, m 785 4.09-4.03, m 78.6 4.08-4.02, m 785
. H-9"a 3.71, H-9"a 3.70,

. H-9"a3.54,d dd (12.4, 2.4) dd (12.4,2.2)

9 (12.1) 60.6 ; 60.6 : 60.6
19" 3.39.3.30. m H-9"b 3.49, H-9"b 3.49

' dd (12.3,4.3) dd (12.3, 4.4)
3"-OMe 3.78,s 56.1 3.82,s 54.9 3.86, s 56.1
1" 1282 129.3 129.0
2" 7.08, d (8.6) 130.2 6.87-6.83, m 112.2 6.71,d (1.7) 116.7
3" 6.68, d (8.6) 1155 - 147.8 - 1455
4 - 156.3 - 144.7 - 1442
5™ 6.68, d (8.6) 1155 6.72, d (8.0) 1147 6.69, d (8.0) 1157

6.69, dd (8.0, 6.57, dd (8.0,
6 7.08, d (8.6) 130.2 16) 121.1 17) 120.0
7 2.88, t (6.9) 34.1 2.95, t (6.8) 345 2.88, t (6.8) 345
8" 423-412, m 69.6 415, t, (6.8) 69.3 4.10, t (6.8) 69.6

3""-OMe - - 3.87, 55.0 - -

Accordingly, in DHS derivatives, the 7-OH was found to be crucial in the H atom abstraction
mechanism of the 3-OH position by free radicals. The alkylation of 7-OH in DHS derivatives reduces
the scavenging activity of the 3-OH group by decreasing the 3-OH bond dissociation enthalpy (BDE).
In the ORAC assay, where the BDE plays an important role, there is an impairment of resonance
stabilization of 3-OH and therefore a decrease in the antioxidant activity of alkylated DHS derivatives
(13 — 15). On the contrary, the DPPH assay provides mainly an electron transfer mechanism (ET), so
a synergic contribution of both DHS and tyrosol moiety has been observed in the antioxidant activity
of the resulting compounds.

3.3. Anti-Proliferative Effects towards Prostate Cancer Cell Lines

Trypan blue assay revealed that different silybin derivatives treatment at 5 and 10 uM
concentrations for 48 and 72 h decreased the live cell number and induced cell death in PC-3 prostate
cancer cells. Among all the silybin derivatives, compounds 15ab, 15a, and 15b were found to be the
most potent in restricting cell growth and inducing cell death in PC-3 cells at 48 and 72 h of treatment.
Specifically, compounds 15ab, 15a, and 15b, revealed a significant reduction in the percent live cell
count of PC-3 cells by ~5% to 41% (5 uM) and ~72% to 78% (10 uM) at 48 h (P < 0.001 for all, Figure
3A) and 33% to 62% (5 uM) and ~79% to 86% (10 uM) at 72 h (P < 0.001 for all, Figure 4A).
Furthermore, compounds 15ab, 15a, and 15b treatment of PC-3 cells significantly increased the
percentage of dead cells by 1.6 to 2.5-fold (5 uM) and by 3.2 to 4.4 fold (10 uM) at 48 h (P <0.01-0.001,
Figure 3C) and by 1.6 to 2.6 fold (5 uM) and by 1.8 to 2.8 fold (10 uM) at 72 h (P < 0.05-0.001, Figure
4C) when compared to control. Trypan blue assay results also revealed that compounds 14ab, 14a,
and 14b (Figure 3B and D and Figure 4B and D) also exhibited somewhat similar effects as
compounds 15ab, 15a, and 15b showed; however, the effect was prominent only at a higher
concentration of 10 uM and at 72 h in case of compounds 14ab, 14a, and 14b. Thus, for further studies,
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out of all the silybin derivatives investigated in the trypan blue assay, only compounds 15ab, 15a,
and 15b were used. Compound 1ab was taken as parent control in further experiments.
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Figure 3. Effect of different 7-O-tyrosyl derivatives on the growth and proliferation of PC-3 human
prostate cancer cells. PC-3 prostate cancer cells were treated with different derivatives for 48 h, and a
trypan blue assay was performed. Bar graphs depict (A) percent live cells and (B) percent dead cells.
Each bar represents the mean * s.e.m. of three experiments. P < 0.001 ($), P < 0.01 (#), P < 0.05 (*)

compared to control scores.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 February 2024 d0i:10.20944/preprints202402.1663.v1

14

A
120 -
100 - W * $ s f s
2 g0 B
; 60 - $
2 a0 ’ $
20 4 ¥
0
12ab 10ab 10a 10k 13ab 13a 13b
B5pM 010pM
120 -
100 4 B i . T % )
2 80 ' $ $
G -
4 &0
1
£ 40 -
l L
g -
11ab 14ab 1B 1ab 2a 2b 2ab
mEPM O10uM
B
50
40
@
&30
®
820 4 S " fx
# i #3% # : -
NI e el - = =R wk i
ctr 12ab 12a 12b 15ab 15a 15b 10ab 10a 10b 13ab 13a 13b
25uM O10pM
50
40
Y
-
g
. ﬂ
B =l =8 N -—-1 I_I ] l"'l i—l ﬂ
11ab 11a 11b 14ab 4a 14b 1ab
E5uM C10pM
72h

Figure 4. Effect of different 7-O-tyrosyl derivatives on the growth and proliferation of PC-3 human
prostate cancer cells. PC-3 prostate cancer cells were treated with different derivatives for 72 h, and a
trypan blue assay was performed. Bar graphs depict (A) percent live cells and (B) percent dead cells.
Each bar represents the mean + s.e.m. of three experiments. P < 0.001 ($), P < 0.01 (#), P < 0.05 (*)

compared to control scores.
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3.4. Effects of 7-O-tyrosyl 2,3-dehydro-silybin Derivatives on PC-3 Apoptosis and Cell Cycle Progression

Prostate cancer PC-3 cells were seeded in 35-mm culture plates at a density of 5x10* cells/plate.
Following a 24-hour incubation period, the cells underwent treatment with various concentrations (5
or 10 uM) of compound 15ab, 15a, 15b, and 1ab for 24 and 48 h. Subsequently, the cells were
harvested with trypsinization and then subjected to centrifugation (at 2500 rpm for 5 min), followed
by staining with Annexin V and PI as per the manufacturer’s instructions. Results revealed that
compounds 15ab and 15b were able to induce a significant increase in the late apoptotic cell
population in PC-3 cells, which is positive for both annexin V and PI staining. Specifically, a 10 uM
concentration of compound 15ab increased the late apoptotic cell population by 4 fold (P<0.05, Figure
5B), and compound 15b increased the late apoptotic cell population by 4.7 fold (P<0.001, Figure 5B)
at 24 h. Similarly, at 48 h, 10 uM of compound 15ab increased the late apoptotic cell population by 3
fold (P<0.001, Figure 5C), and 10 uM concentration of compound 15b increased the late apoptotic cell
population by 3.5 fold (P<0.001, Figure 5C) when compared to control.

Control 15ab 5uM 15ab 10uM 15a 5uM

Pl

15a 10uM 15b 5uM 15b 10uM 1ab 10uM

Annexin V AF 488
48h
mlLive mEarly Apoptosis m@Late Apoptosis 0ONecrosis

* # i $

Percentage of Cells
o
(=]

5uM 10pM 5uM 10pM 5uM 10uM 10pM
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24h
| 1 = = : Hn— I =
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w
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Figure 5. Effect of different 7-O-tyrosyl 2,3-dehydro-silybin derivatives on cell death in PC-3 human
prostate cancer cells. (A) Representative flow cytometry images for apoptosis assay in PC-3 cells after
treatment with different derivatives after 48 h (B) Bar graph of % apoptotic cells in PC-3 cells after 24
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h treatment with different derivatives treatment. (C) Bar graph of % apoptotic cells in PC-3 cells after
48 h treatment with different derivatives. Each bar represents the mean + s.e.m. of three experiments.
P <0.001 ($), P <0.01 (#), P <0.05 (*) compared to control scores.

Results from western blotting for cleaved caspase-3 also confirmed that compounds 15ab and
15b induce apoptosis in PC-3 cells. The expression for cleaved caspase 3 was significantly
upregulated in 10 pM dose groups of compounds 15ab and 15b (Figure 6), thus confirming apoptosis
induction by these specific silybin derivatives.

Flow cytometric analysis for cell cycle progression revealed that compounds 15ab, 15a, and 15b
induced GI1 phase arrest in PC-3 prostate cancer cells. Specifically, a 10 pM concentration of
compounds 15ab, 15a, and 15b increased the cells in the G1 phase by 1.4 fold, 1.2 fold, and 1.4 fold at
24 h, respectively (P < 0.01-0.001, Figure 7B). Similarly, a 10 uM concentration of compounds 15ab,
15a, and 15b increased the cells in the G1 phase by 1.12 fold, 1.13 fold, and 1.14 fold at 48 h,
respectively (P <0.01-0.001, Figure 7C).

15ab 5uM
'. 15ab 10uM
15a 5pM
15a 10pM
15b 5uM
1ab 10uM

Control
l' 15b 10pM

Cleaved Caspase 3 (Asp 175)

- 4 B-Actin

48h

Figure 6. Effect of different 7-O-tyrosyl 2,3-dehydro-silybin derivatives on the apoptotic marker in
PC-3 human prostate cancer cells. Western blotting for apoptotic marker cleaved caspase 3 cells after
treatment with different derivatives after 48 h. 3-Actin was probed after stripping the membrane as a
protein loading control.
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Figure 7. Effect of different 7-O-tyrosyl 2,3-dehydro-silybin derivatives on the cell cycle progression
in PC-3 human prostate cancer cells. (A) Representative flow cytometry images for cell cycle analysis
in PC-3 cells after treatment with different derivatives after 48 h (B) Bar graph for cell cycle
distribution in PC-3 cells after 24 h treatment with different derivatives treatment. (C) Bar graph for
cell cycle distribution in PC-3 cells after 48 h treatment with different derivatives. Each bar represents
the mean + s.e.m. of three experiments. P < 0.001 ($), P < 0.01 (#), P < 0.05 (*) compared to control

scores.
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4. Discussion

Redox homeostasis is essential for biological function; its unbalance leads to dangerous
pathophysiological consequences in cells. The ROS levels are tightly regulated by antioxidants, the
most attractive are polyphenols play a pivotal role in maintaining an optimal redox balance.

With this premise, this work aims at modulating the antioxidant activity of the flavonolignan
core fusing with other very attractive natural phenols by not neglecting the stereochemistry of
silybins by a regioselective synthesis of new 7-O-tyrosyl derivatives of Sil and DHS. New hybrid
molecules were designed by combining the pharmacological properties of both silybins and tyrosol-
based metabolites in order to improve both the antioxidant and anticancer activity of progenitors.
Exploiting our knowledge of the orthogonal protection of different silibinin OH functions [36,48-51],
we synthesized brand-new 7-O-tyrosyl silybin derivatives in very good yields and purity (Scheme
1). Considering the capacity of the 7-OH hydroxyl group in triggering a prooxidant mechanism, this
group has been derivatized with a tyrosol moiety by an ether bond. Alkylation of 7-OH of silybins
has been carried out using 3-methoxytyrosol (MTYR) and 3-hydroxytyrosol (HTYR), known natural
compounds with pronounced antioxidant and pharmacological properties [52,53].

Additionally, to outline a structure-activity relationship that takes into account not only the A
and B stereochemistry of silybin, but also the contribution of the group in 7-O position, it has been
also inserted a very weak antioxidant as tyrosol (TYR). The synthesis of 7-O-tyrosyl derivatives was
started from the pure diastereoisomers SilA 1a and SilB 1b, and silibinin (Sil, 1ab) as a natural
mixture. Oxidative treatment of the 7-O-tyrosyl silybin derivatives led to a new family of optically
pure DHS derivatives (Scheme 1). [18] All derivatives, obtained with satisfactory yields, were fully
characterized by 1D and 2D-NMR and MALDI-TOF analyses. For a model compound, the stability
in PBS and culture medium was evaluated. Radical scavenger activity of all derivatives was evaluated
employing various tests (DPPH and ORAC assays) and compared to that of silybin and tyrosol
scaffolds. By preliminary investigation of antioxidant properties, it was found a very pronounced
scavenging activity of some compounds against DPPH radical. In particular, all data highlight the
crucial role of tyrosol moiety (10 <<11 <12, of a, b, and ab series) while the stereochemistry of silybin
A and B move into the background.

A significant contribution of the HTYR moiety on 12b (5.65+0.50 uM), slightly higher than that
of 12a (6.53 + 0.60 uM) was observed, with much higher values if compared to those of the
corresponding silybins (360, 580 and 620 uM of 1a, 1b, and 1ab, respectively).

The same trend was observed for 2,3-dehydro-silybin based derivatives with a much smaller
difference (13 << 14 <15, of a, b, and ab series).

The anticancer activity of all derivatives and relative mechanisms were investigated in prostate
cancer cells (PC-3 cell line). Prostate carcinogenesis is known to involve the dysregulation of the cell
cycle, aberrant proliferation of cells, and evasion of apoptosis. The anticancer effects of silybin, in the
past, have been attributed to its proliferation-inhibiting potential and the ability to induce cell cycle
arrest and apoptosis [54] [55]. The present study with 7-O-tyrosyl silybin and 2,3-dehydro-silybin
derivatives also reveals similar results in PC-3 prostate cancer cells. In the end compounds 15ab, 15a,
and 15b were found to be the most potent of the library while all of 7-O-tyrosyl 2,3-dehydro-silybin
derivatives were able to significantly inhibit cell proliferation and induce cell death in PC-3 cells. The
arrest of G1 phase of cell cycle, substantial increases in the late apoptotic population, and a marked
enhancement in the expression of cleaved caspase 3 upon treatment with these compounds further
supported their anticancer efficacy.

Notably, it has been observed that some 2,3-dehydro-silybin derivatives, 15ab, 15a, and 15b,
exerted more potent anticancer activity than all synthesized derivatives in cell growth and death
assays in human prostate cancer PC-3 cells. In-depth experiments such as flow cytometric analysis of
the cell cycle and apoptosis as well as western blotting experiments were carried out on the most
active compounds.

In conclusion, this study reveals that the insertion of a HTYR moiety at 7-OH position confers to
both silybin and 2,3-dehydro-silybin an enhancement of the antioxidant capacity. Accordingly,
compounds 15ab, 15a and 15b resulted to be very strong antioxidants with potent anticancer activity
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in PC-3 cells. These findings have a great impact since silibinin has already undergone clinical
evaluation for its safety and anticancer properties. Consequently, the three more potent 7-O-HTYR
2,3-dehydro-silybin derivatives uncovered in this study warrant swift investigation to pre-clinical
models and clinical trials. Moving forward, our research will encompass an evaluation of the in-vivo
anti-cancer efficacy of these promising derivatives, alongside an examination of their potential
toxicity and bioavailability.

Author Contributions: Conceptualization, D.F.G., V.R.; methodology, V.R.,, R.P,, C.A,, KK ; investigation, V.R,,
R.P, M.P, KK, CA,; data curation, R.P., KK. C.A,; writing—original draft preparation, D.F.G, R.A., V.R,;
writing—review and editing, D.F.G, A.Z,, V.R,, R.P, M.P,; visualization, R.A., M.P,, V.R,, RP. A.Z,; supervision,
D.F.G, V.R, A.Z.. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding

Acknowledgments: We acknowledge AIPRAS Onlus (Associazione Italiana per la Promozione delle Ricerche
sull’Ambiente e la Saluta umana) for grants in support of this investigation.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Newman, D.J. Natural Products as Leads to Potential Drugs: An Old Process or the New Hope for Drug
Discovery? | Med Chem 2008, 51, 25892599, d0i:10.1021/jm0704090.

2. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs from 1981 to 2014. ] Nat Prod 2016,
79, 629-661, doi:10.1021/acs.jnatprod.5b01055.

3. Harvey, A.L; Edrada-Ebel, R.; Quinn, R.J. The Re-Emergence of Natural Products for Drug Discovery in
the Genomics Era. Nat Rev Drug Discov 2015, 14, 111-129, doi:10.1038/nrd4510.

4. Quideau, S.; Deffieux, D.; Douat-Casassus, C.; Pouységu, L. Plant Polyphenols: Chemical Properties,
Biological Activities, and Synthesis. Angewandte Chemie International Edition 2011, 50, 586-621,
doi:10.1002/anie.201000044.

5. Sies, H.; Jones, D.P. Reactive Oxygen Species (ROS) as Pleiotropic Physiological Signalling Agents. Nat Rev
Mol Cell Biol 2020, 21, 363-383, d0i:10.1038/s41580-020-0230-3.

6.  Sassetti, E.; Clausen, M.H.; Laraia, L. Small-Molecule Inhibitors of Reactive Oxygen Species Production. |
Med Chem 2021, 64, 5252-5275, d0i:10.1021/acs.jmedchem.0c01914.

7.  Rosini, M.; Simoni, E.; Milelli, A.; Minarini, A.; Melchiorre, C. Oxidative Stress in Alzheimer’s Disease: Are
We Connecting the Dots? ] Med Chem 2014, 57, 2821-2831, doi:10.1021/jm400970m.

8.  Kirtonia, A.; Sethi, G.; Garg, M. The Multifaceted Role of Reactive Oxygen Species in Tumorigenesis.
Cellular and Molecular Life Sciences 2020, 77, 44594483, doi:10.1007/s00018-020-03536-5.

9. Luo, M,; Zhou, L.; Huang, Z; Li, B.; Nice, E.C; Xu, J.; Huang, C. Antioxidant Therapy in Cancer: Rationale
and Progress. Antioxidants 2022, 11, 1128, doi:10.3390/antiox11061128.

10. Gazak, R.; Walterova, D.; Kren, V. Silybin and Silymarin - New and Emerging Applications in Medicine.
Curr Med Chem 2007, 14, 315-338, d0i:10.2174/092986707779941159.

11. Biedermann, D.; Vaviikova, E.; Cvak, L.; Kfen, V. Chemistry of Silybin. Nat Prod Rep 2014, 31, 1138,
doi:10.1039/C3NP70122K.

12.  Kim, N.-C,; Graf, T.N.; Sparacino, C.M.; Wani, M.C.; Wall, M.E. Complete Isolation and Characterization
of Silybins and Isosilybins from Milk Thistle (Silybum Marianum)Electronic Supplementary Information
(ESI) Available: HPLC Chromatograms of Isolates and Extracts. See
Http://Www .Rsc.Org/Suppdata/Ob/B3/B300099k/. Org Biomol Chem 2003, 1, 1684, d0i:10.1039/b300099k.

13. Pyszkova, M,; Biler, M.; Biedermann, D.; Valentova, K.; Kuzma, M.; Vrba, J.; Ulrichov4, J.; Sokolova, R.;
Mojovié, M.; Popovié-Bijeli¢, A.; et al. Flavonolignan 2,3-Dehydroderivatives: Preparation, Antiradical and
Cytoprotective Activity. Free Radic Biol Med 2016, 90, 114-125, doi:10.1016/j.freeradbiomed.2015.11.014.

14. Polachi, N.; Bai, G.; Li, T.; Chu, Y.; Wang, X.; Li, S.; Gu, N.; Wu, J; Li, W.; Zhang, Y.; et al. Modulatory
Effects of Silibinin in Various Cell Signaling Pathways against Liver Disorders and Cancer — A
Comprehensive Review. Eur | Med Chem 2016, 123, 577-595, doi:10.1016/j.ejmech.2016.07.070.

15. Flaig, T.W.; Glodé, M.; Gustafson, D.; van Bokhoven, A.; Tao, Y.; Wilson, S.; Su, L.-].; Li, Y.; Harrison, G.;
Agarwal, R.; et al. A Study of High-Dose Oral Silybin-Phytosome Followed by Prostatectomy in Patients
with Localized Prostate Cancer. Prostate 2010, 70, 848-855, d0i:10.1002/pros.21118.

16. Flaig, T.W.; Gustafson, D.L.; Su, L.-].].; Zirrolli, J.A.; Crighton, F.; Harrison, G.S.; Pierson, A.S.; Agarwal, R,;
Glodé, L.M. A Phase I and Pharmacokinetic Study of Silybin-Phytosome in Prostate Cancer Patients. Invest
New Drugs 2007, 25, 139-146, doi:10.1007/510637-006-9019-2.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 February 2024 d0i:10.20944/preprints202402.1663.v1

20

17. Gazdk, R.; Svobodova, A.; Psotovd, J.; Sedmera, P.; Prikrylova, V.; Walterova, D.; Kfen, V. Oxidised
Derivatives of Silybin and Their Antiradical and Antioxidant Activity. Bioorg Med Chem 2004, 12, 5677—
5687, doi:10.1016/j.bmc.2004.07.064.

18. DiFabio, G.; Romanucci, V.; Di Marino, C.; De Napolj, L.; Zarrelli, A. A Rapid and Simple Chromatographic
Separation of Diastereomers of Silibinin and Their Oxidation to Produce 2,3-Dehydrosilybin Enantiomers
in an Optically Pure Form. Planta Med 2013, 79, 1077-1080, doi:10.1055/5-0032-1328703.

19. Agarwal, C; Wadhwa, R.; Deep, G.; Biedermann, D.; Gazdk, R.; Kfen, V.; Agarwal, R. Anti-Cancer Efficacy
of Silybin Derivatives - A Structure-Activity Relationship. PLoS One 2013, 8, e60074,
doi:10.1371/journal.pone.0060074.

20. Han, Y.H,; Lou, HX,; Ren, D.M,; Sun, L.R;; Ma, B.; Ji, M. Stereoselective Metabolism of Silybin
Diastereoisomers in the Glucuronidation Process. | Pharm Biomed Anal 2004, 34, 1071-1078,
doi:10.1016/j.jpba.2003.12.002.

21. Morazzoni, P.; Montalbetti, A.; Malandrino, S.; Pifferi, G. Comparative Pharmacokinetics of Silipide and
Silymarin in Rats. Eur | Drug Metab Pharmacokinet 1993, 18, 289-297, doi:10.1007/BF03188811.

22. Wuy, ]J.-W; Lin, L.-C,; Hung, S.-C.; Chi, C.-W; Tsai, T.-H. Analysis of Silibinin in Rat Plasma and Bile for
Hepatobiliary Excretion and Oral Bioavailability Application. | Pharm Biomed Anal 2007, 45, 635-641,
doi:10.1016/j.jpba.2007.06.026.

23. Vue, B,; Zhang, S.; Zhang, X,; Parisis, K.; Zhang, Q.; Zheng, S.; Wang, G.; Chen, Q.H. Silibinin Derivatives
as Anti-Prostate Cancer Agents: Synthesis and Cell-Based Evaluations. Eur | Med Chem 2016, 109, 36-46,
doi:10.1016/j.ejmech.2015.12.041.

24. Karas, D.; Gazak, R.; Valentova, K.; Chambers, C.S.; Pivodova, V.; Biedermann, D.; Kfenkova, A.; Oborna,
I; Kuzma, M.; Cvacka, J.; et al. Effects of 2,3-Dehydrosilybin and Its Galloyl Ester and Methyl Ether
Derivatives on Human Umbilical Vein Endothelial Cells. | Nat Prod 2016, 79, 812-820,
doi:10.1021/acs.jnatprod.5b00905.

25. Huber, A.; Thongphasuk, P.; Erben, G.; Lehmann, W.-D.; Tuma, S.; Stremmel, W.; Chamulitrat, W.
Significantly Greater Antioxidant Anticancer Activities of 2,3-Dehydrosilybin than Silybin. Biochim Biophys
Acta 2008, 1780, 837-847, doi:10.1016/j.bbagen.2007.12.012.

26. Vue, B.; Zhang, X,; Lee, T.; Nair, N.; Zhang, S.; Chen, G.; Zhang, Q.; Zheng, S.; Wang, G.; Chen, Q.-H. 5-
or/and 20- O -Alkyl-2,3-Dehydrosilybins: Synthesis and Biological Profiles on Prostate Cancer Cell Models.
Bioorg Med Chem 2017, 25, 4845-4854, d0i:10.1016/j.bmc.2017.07.035.

27. Zhang, S.; Vue, B.; Huang, M.; Zhang, X,; Lee, T.; Chen, G.; Zhang, Q.; Zheng, S.; Wang, G.; Chen, Q.-H. 3-
O -Alkyl-2,3-Dehydrosilibinins: Two Synthetic Approaches and in Vitro Effects toward Prostate Cancer
Cells. Bioorg Med Chem Lett 2016, 26, 32263231, d0i:10.1016/j.bmcl.2016.05.069.

28. Kfen, V. Chirality Matters: Biological Activity of Optically Pure Silybin and Its Congeners. Int ] Mol Sci
2021, 22, 7885, d0i:10.3390/ijms22157885.

29. Gazak, R.; Sedmera, P.; Vrbacky, M.; Vostalova, J.; Drahota, Z.; Marhol, P.; Walterova, D.; Kien, V.
Molecular Mechanisms of Silybin and 2,3-Dehydrosilybin Antiradical Activity—Role of Individual
Hydroxyl Groups. Free Radic Biol Med 2009, 46, 745-758, d0i:10.1016/j.freeradbiomed.2008.11.016.

30. Sciacca, Michele.F.M.; Romanucci, V.; Zarrelli, A.; Monaco, I.; Lolicato, F.; Spinella, N.; Galati, C.; Grasso,
G.; D'Urso, L.; Romeo, M.; et al. Inhibition of Ap Amyloid Growth and Toxicity by Silybins: The Crucial
Role of Stereochemistry. ACS Chem Neurosci 2017, 8, 1767-1778, doi:10.1021/acschemneuro.7b00110.

31. Garcia-Vifiuales, S.; Ilie, .M.; Santoro, A.M.; Romanucci, V.; Zarrelli, A.; Di Fabio, G.; Caflisch, A.; Milardi,
D. Silybins Inhibit Human IAPP Amyloid Growth and Toxicity through Stereospecific Interactions.
Biochimica et  Biophysica Acta (BBA) - Proteins and Proteomics 2022, 1870, 140772,
doi:10.1016/j.bbapap.2022.140772.

32. DPersico, M.; Garcia-Vifiuales, S.; Santoro, A.M.; Lanza, V.; Tundo, G.R.; Sbardella, D.; Coletta, M.;
Romanucci, V.; Zarrelli, A.; Di Fabio, G.; et al. Silybins Are Stereospecific Regulators of the 20S Proteasome.
Bioorg Med Chem 2022, 66, 116813, doi:10.1016/j.bmc.2022.116813.

33. Vilchez, D.; Saez, L; Dillin, A. The Role of Protein Clearance Mechanisms in Organismal Ageing and Age-
Related Diseases. Nat Commun 2014, 5, doi:10.1038/ncomms6659.

34. Tundo, G.R.; Sbardella, D.; Santoro, A.M.; Coletta, A.; Oddone, F.; Grasso, G.; Milardi, D.; Lacal, P.M.;
Marini, S.; Purrello, R.; et al. The Proteasome as a Druggable Target with Multiple Therapeutic
Potentialities: Cutting and Non-Cutting Edges. Pharmacol Ther 2020, 213,
doi:10.1016/j.pharmthera.2020.107579.

35. Garcia-Vifiuales, S.; Ahmed, R.; Sciacca, M.F.M.; Lanza, V.; Giuffrida, M.L.; Zimbone, S.; Romanucci, V.;
Zarrelli, A.; Bongiorno, C.; Spinella, N.; et al. Trehalose Conjugates of Silybin as Prodrugs for Targeting
Toxic A Aggregates. ACS Chem Neurosci 2020, 11, 2566—2576, doi:10.1021/acschemneuro.0c00232.

36. Romanucci, V.; Agarwal, C.; Agarwal, R.; Pannecouque, C.; Iuliano, M.; De Tommaso, G.; Caruso, T.; Di
Fabio, G.; Zarrelli, A. Silibinin Phosphodiester Glyco-Conjugates: Synthesis, Redox Behaviour and
Biological Investigations. Bioorg Chem 2018, 77, 349-359, doi:10.1016/j.bioorg.2018.01.026.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 February 2024 d0i:10.20944/preprints202402.1663.v1

21

37. Romanucci, V.; Giordano, M.; Pagano, R.; Zimbone, S.; Giuffrida, M.L.; Milardi, D.; Zarrelli, A.; Di Fabio,
G. Investigation on the Solid-Phase Synthesis of Silybin Prodrugs and Their Timed-Release. Bioorg Med
Chem 2021, 50, 116478, doi:10.1016/j.bmc.2021.116478.

38. Romanucdi, V.; Giordano, M.; De Tommaso, G.; Iuliano, M.; Bernini, R.; Clemente, M.; Garcia-Vinuales, S.;
Milardi, D.; Zarrelli, A.; Di Fabio, G. Synthesis of New Tyrosol-Based Phosphodiester Derivatives: Effect
on Amyloid B Aggregation and Metal Chelation Ability. ChemMedChem 2021, 16, 1172-1183,
do0i:10.1002/cmdc.202000807.

39. Kandhari, K.; Mishra, J.P.N.; Agarwal, R.; Singh, R.P. Acacetin Induces Sustained ERK1/2 Activation and
RIP1-Dependent Necroptotic Death in Breast Cancer Cells. Toxicol Appl Pharmacol 2023, 462,
doi:10.1016/j.taap.2023.116409.

40. Dzubak, P.; Hajdach, M.; Gazak, R.; Svobodova, A.; Psotova, J.; Walterova, D.; Sedmera, P.; Kien, V. New
Derivatives of Silybin and 2,3-Dehydrosilybin and Their Cytotoxic and P-Glycoprotein Modulatory
Activity. Bioorg Med Chem 2006, 14, 3793-3810, d0i:10.1016/j.bmc.2006.01.035.

41. Althagafy, H.S.; Graf, T.N.; Sy-Cordero, A.A.; Gufford, B.T.; Paine, M.F.; Wagoner, ].; Polyak, S.J.; Croatt,
M.P.; Oberlies, N.H. Semisynthesis, Cytotoxicity, Antiviral Activity, and Drug Interaction Liability of 7-O-
Methylated Analogues of Flavonolignans from Milk Thistle. Bioorg Med Chem 2013, 21, 3919-3926,
doi:10.1016/j.bmc.2013.04.017.

42. Yang, L.X; Huang, K.X,; Li, H.B.; Gong, ].X.; Wang, F.; Feng, Y.B.; Tao, Q.F.; Wu, Y.H.; Li, X K;; Wu, X.M,;
et al. Design, Synthesis, and Examination of Neuron Protective Properties of Alkenylated and Amidated
Dehydro-Silybin Derivatives t. | Med Chem 2009, 52, 7732-7752, d0i:10.1021/jm900735p.

43. Fletcher, S. The Mitsunobu Reaction in the 21 St Century. Organic Chemistry Frontiers 2015, 2, 739-752,
doi:10.1039/C5Q0O00016E.

44. Zarrelli, A.; Sgambato, A.; Petito, V.; De Napoli, L.; Previtera, L.; Di Fabio, G. New C-23 Modified of Silybin
and 2,3-Dehydrosilybin: Synthesis and Preliminary Evaluation of Antioxidant Properties. Bioorg Med Chem
Lett 2011, 21, 4389-4392, d0i:10.1016/j.bmcl.2011.06.049.

45. Huang, G.; Schramm, S.; Heilmann, J.; Biedermann, D.; Kfen, V.; Decker, M. Unconventional Application
of the Mitsunobu Reaction: Selective Flavonolignan Dehydration Yielding Hydnocarpins. Beilstein Journal
of Organic Chemistry 2016, 12, 662-669, doi:10.3762/bjoc.12.66.

46. Trouillas, P.; Marsal, P.; Svobodova, A.; Vostalova, J.; Gazak, R.; Hrbag, J.; Sedmera, P.; Kfen, V.; Lazzaroni,
R.; Duroux, J; et al. Mechanism of the Antioxidant Action of Silybin and 2,3-Dehydrosilybin
Flavonolignans: A Joint Experimental and Theoretical Study. | Phys Chem A 2008, 112, 1054-1063,
doi:10.1021/jp075814h.

47. Gazak, R.; Sedmera, P.; Vrbacky, M.; Vostalov4, J.; Drahota, Z.; Marhol, P.; Walterova, D.; Kfen, V.
Molecular Mechanisms of Silybin and 2,3-Dehydrosilybin Antiradical Activity—Role of Individual
Hydroxyl Groups. Free Radic Biol Med 2009, 46, 745-758, d0i:10.1016/j.freeradbiomed.2008.11.016.

48. Romanucci, V.; Pagano, R.; Lembo, A.; Capasso, D.; Di Gaetano, S.; Zarrelli, A.; Di Fabio, G. Phosphodiester
Silybin Dimers Powerful Radical Scavengers: A Antiproliferative Activity on Different Cancer Cell Lines.
Molecules 2022, 27, 1702, d0i:10.3390/molecules27051702.

49. Romanucci, V.; Gravante, R.; Cimafonte, M.; Marino, C. Di; Mailhot, G.; Brigante, M.; Zarrelli, A.; Fabio, G.
Di Phosphate-Linked Silibinin Dimers (PLSd): New Promising Modified Metabolites. Molecules 2017, 22,
1323, d0i:10.3390/molecules22081323.

50. Zarrelli, A.; Romanucci, V.; Tuccillo, C.; Federico, A.; Loguercio, C.; Gravante, R.; Di Fabio, G. New Silibinin
Glyco-Conjugates: Synthesis and Evaluation of Antioxidant Properties. Bioorg Med Chem Lett 2014, 24, 5147—
5149, doi:10.1016/j.bmcl.2014.10.023.

51. Zarrelli, A.; Romanucci, V.; De Napoli, L.; Previtera, L.; Di Fabio, G. Synthesis of New Silybin Derivatives
and Evaluation of Their Antioxidant Properties. Helv Chim Acta 2015, 98, 399-409,
doi:10.1002/hlca.201400282.

52. Maruca, A.; Catalano, R.; Bagetta, D.; Mesiti, F.; Ambrosio, F.A.; Romeo, I.; Moraca, F.; Rocca, R.; Ortuso,
E.; Artese, A ; et al. The Mediterranean Diet as Source of Bioactive Compounds with Multi-Targeting Anti-
Cancer Profile. Eur | Med Chem 2019, 181, 111579, doi:10.1016/j.ejmech.2019.111579.

53. Hu, T.; He, X.-W.; Jiang, ].-G.; Xu, X.-L. Hydroxytyrosol and Its Potential Therapeutic Effects. ] Agric Food
Chem 2014, 62, 1449-1455, d0i:10.1021/jf405820v.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 February 2024 d0i:10.20944/preprints202402.1663.v1

22

54. Deep, G,; Singh, R.P.; Agarwal, C.; Kroll, D.].; Agarwal, R. Silymarin and Silibinin Cause G1 and G2-M Cell
Cycle Arrest via Distinct Circuitries in Human Prostate Cancer PC3 Cells: A Comparison of Flavanone
Silibinin with Flavanolignan Mixture Silymarin. Oncogene 2006, 25, 1053-1069, doi:10.1038/sj.onc.1209146.

55. Agarwal, C.; Wadhwa, R.; Deep, G.; Biedermann, D.; Gazak, R.; Kfen, V.; Agarwal, R. Anti-Cancer Efficacy
of Silybin Derivatives - A Structure-Activity Relationship. PLoS One 2013, 8, e60074,
doi:10.1371/journal.pone.0060074.

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



