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a b s t r a c t

This study aims to systematically explore the alkylation effect of 7-OH in silibinin and 2,3-
dehydrosilibinin on the antiproliferative potency toward three prostate cancer cell lines. Eight 7-O-
alkylsilibinins, eight 7-O-alkyl-2,3-dehydrosilibinins, and eight 3,7-O-dialkyl-2,3-dehydrosilibinins have
been synthesized from commercially available silibinin for the in vitro cell-based evaluation. The WST-
1 cell proliferation assay indicates that nineteen out of twenty-four silibinin derivatives have significantly
improved antiproliferative potency when compared with silibinin. 7-O-Methylsilibinin (2) and 7-O-
ethylsilibinin (3) have been identified as the most potent compounds with 98- and 123-fold enhanced
potency against LNCaP human androgen-dependent prostate cancer cell line. Among 2,3-dehy-
drosilibinin derivatives, 7-O-methyl-2,3-dehydrosilibinin (10) and 7-O-ethyl-2,3-dehydrosilibinin (11)
have been identified as the optimal compounds with the highest potency towards both androgen-
dependent LNCaP and androgen-independent PC-3 prostate cancer cell lines. 7-O-Ethyl-2,3-
dehydrosilibinin (11) was demonstrated to arrest PC-3 cell cycle at the G0/G1 phase and to induce PC-
3 cell apoptosis. The findings in this study suggest that antiproliferative potency of silibinin and 2,3-
dehydrosilibinin can be appreciably enhanced through suitable chemical modifications on the
phenolic hydroxyl group at C-7 and that introduction of a chemical moiety with the potential to improve
bioavailability through a linker to 7-OH in silibinin and 2,3-dehydrosilibinin would be a feasible strategy
for the development of silibinin derivatives as anti-prostate cancer agents.

Published by Elsevier Masson SAS.

1. Introduction

Approximately 300,000 men worldwide, of whom 28,000 are
U.S. men, die each year of castration-resistant prostate cancer due
to inevitable refractory progression on the first-line treatment with
docetaxel [1,2]. As a consequence, prostate cancer has been iden-
tified as the fifth and the second leading cause of cancer-related
deaths in men worldwide and in American men, respectively.
Several new treatments have recently been approved by the US
Food and Drug Administration for patients with castration-
resistant prostate cancer, but only with very little survival benefit
[3,4]. It is thus an urgent need to continue searching for more
effective therapeutics for this deadly disease.

Milk thistle (Silybum marianum) and its whole extract silymarin
have long been used as chemotherapeutics for hepatotoxicity
caused by poisoning mushroom and oxidative xenobiotics, and as
dietary supplements for the prevention of hepatotoxicity in Europe
and Asia [5]. Silibinin (1, Scheme 1), consisting of a 1:1 mixture of a
pair of diastereoisomeric silybin A and silybin B, is the most
abundant chemical components of silymarin [6]. Silybin A and
silybin B are naturally occurring hybrid molecules of flavonoid and
lignan. Several in vitro cell-based and in vivo animal studies have
demonstrated that silymarin, silibinin, silybin A, and silybin B
possess the potential in treating prostate cancer, but withmoderate
potency [7,8]. A phase I trial of silibinin-phytosome, a formula of
silibinin, at a dose of 13 g/day suggested the safety profiles of sili-
binin in human but poor oral bioavailability due to first-pass
metabolism of glucuronidation and sulfation. The phase II studies
in patients with localized prostate cancer revealed that oral
administration of high-dose silibinin-phytosome led to high
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concentration of silibinin in blood but no detectable silibinin in
prostate gland [9,10]. Hence, structure modifications of silibinin to
engineer new chemical entities with enhanced potency and
bioavailability are highly desirable and are the core focus of our
research project.

We started this project from exploring the optimal structure
moieties of silibinin suitable for modification by designing and
synthesizing three groups of silibinin derivatives for in vitro cell-
based evaluations against three prostate cancer cell lines. Silibinin
was selected as our lead compound because it exhibited similar
antiproliferative potency toward prostate cancer cells as each of its
two optically pure antipodes (silybin A and silybin B) [11]. 7-O-
Methylsilibinin (2) and 2,3-dehydrosilibinin have been demon-
strated to possess enhanced antiproliferative potency toward hu-
man prostate cancer cells [12,13]. Additionally, 7-O-methylsilibinin
(2), 7-O-benzylsilibinin (9), 7-O-methyl-2,3-dehydrosilibinin (10),

7-O-benzyl-2,3-dehydrosilibinin (14), 3,7-O-dimethylsilibinin (18),
and 3,7-O-dibenzylsilibinin (25) have been reported by Kren and
co-workers to show better inhibitory effects on P-glycoprotein
modulatory activity than silibinin [14]. However, only methylated
and benzylated derivatives of silibinin have been reported so far
[15] while no synthesis and antiproliferative activities of other
alkylated derivatives against prostate cancer cell lines have been
systematically investigated. In this study, twenty-four alkylated
derivatives of silibinin and 2,3-dehydrosilibinin have been syn-
thesized and evaluated as anti-prostate cancer agents. Among
them, eighteen new derivatives were prepared from silibinin for
the first time. The above-mentioned six known compounds were
also synthesized and evaluated for better understanding of the
structureeactivity relationship data. The findings from this study
will pave the way for our further structural manipulations of sili-
binin to develop potential anti-prostate cancer agents. The design,

Scheme 1. Synthesis of silibinin derivatives (2e25). Reactants and conditions: (i) RX, K2CO3, DMF (or acetone); (ii) (a) Air, CH3COOK, DMF, 60 �C, 6 h; (b) RX, K2CO3, DMF.
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