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Abstract

The six elements commonly known as metalloids are boron, silicon, germanium, arsenic, antimony, and
tellurium. Metalloid containing compounds have been used as antiprotozoal drugs. Boron-based drugs, the
benzoxaboroles have been exploited as potential treatments for neglected tropical diseases. Arsenic has been
used as a medicinal agent and arsphenamine was the main drug used to treat syphilis. Arsenic trioxide has
been approved for the treatment of acute promyelocytic leukemia. Pentavalent antimonials have been the
recommended drug for visceral leishmaniasis and cutaneous leishmaniasis. Tellurium (IV) compounds may
have important roles in thiol redox biological activity in the human body, and ammonium trichloro
(dioxoethylene-O,0’-)tellurate (AS101) may be a promising agent for the treatment of Parkinson’s disease.
Organosilicon compounds have been shown to be effective in vitro multidrug-resistance reverting agents.
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INTRODUCTION

The periodic table is divided into three
types of elements: metals, non-metals and
metalloids. The metalloids Boron (B), Silicon
(S1), Germanium (Ge), Arsenic (As),
Antimony (Sb) and Tellurium (Te) are located
along a diagonal line separating metals from
non-metals (Table 1). Metalloids have
properties of both metals and non-metals,
hence they are also known as semi metals.
Metalloids react like non-metals when they
react with metals and act like metals when
they react with non-metals. Boron belongs to:
Group 13, Period 2; Silicon: Group 14, Period
3; Germanium: Group 14, Period 4; Arsenic:
Group 15, Period 4; Antimony: Group 15,
Period 5; Tellurium: Group 16, Period 5 of the
periodic table of elements (Table 1).

Metalloid compounds generate various
biological effects on cells and tissues and their

Table 1. List of elements considered to be metalloids.

therapeutic and potential uses have been
evolving over centuries, starting, for example,
with the empiric use of arsenic in ancient times
up to the current Food and Drug
Administration approval of As,O; for the
treatment of acute promyelocytic leukemia in
human. However, opportunities remain
unrealised regarding therapeutic potential of
metalloid compounds. Herein, an attempt has
been made to review this topic due to
awakening interest on metalloids for the
treatment of human diseases.

BORON

In the quest for novel drug candidates,
researchers have substituted boron for its
neighbour carbon in numerous classes of drug
molecules (1,2). The polyether-macrolide
antibiotic, boromycin (C4sH74BNO;s, Fig. 1)
containing the trace element boron, is a
complex of boric acid with a tetradentate

. Group
Period 13 14 15 16
2 B
3 Si
4 Ge As
5 Sb Te
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Fig. 1. Boromycin

organic complexing agent. Boromycin was
isolated as a potent anti-human immuno-
deficiency virus (HIV) antibiotic from a
fermentation broth of Streptomyces sp. A-
3376 (3,4).

Boric acid is a weak acid and has antiseptic,
antifungal, and antiviral properties (5,6). Mild
solutions of boric acid have been used as eye
antiseptics. Boron has a unique trigonal planar
geometry and can form a dative bond under
specific conditions through its empty p-orbital
to generate tetrahedral structure. The exploit-
tation of empty p-orbital expands drug design
possibilities. Boron-based drugs have exhibited
attractive properties and activities against a
number of protozoans contributing to neglected
tropical diseases. The current advances in
discovery of potential treatments for human
African trypanosomiasis, malaria and Chagas
disease from a class of boron-containing
drugs, the benzoxaboroles were reported (7). A
unique geometry allows boron based drugs to
have two distinct shapes. These shapes provide
boron based drugs the ability to interact with
biological targets in novel ways. In addition,
boron’s reactivity allowed boron based drugs
to interact with a biological target to create a
change that is specific to a particular disease or
condition (8). Design of boronic acid protease
inhibitors initiated in 1990s (Fig. 2).

In this context, multiple disease targets
have been pursued. Several proteasome
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Fig. 2. Formation of tetrahedral structure using an
empty p-orbital on boron atom.
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Fig. 3. Structure of bortezomib

inhibitors exert anti-tumour activity in vivo
and potently induce apoptosis in tumour cells
in vitro, including those resistant to conventional
chemotherapeutic agents. Bortezomib (Mole-
cular formula C;9H,sBN4O4, Fig. 3) drug is an
N-protected dipeptide and can be written as
Pyz-Phe-boroLeu, which stands for pyrazinoic
acid, phenylalanine and leucine with a boronic
acid. Velcade (bortezomib), the first FDA
approved therapeutic inhibitor of the 26S
proteasome is an effective treatment for
multiple myeloma and has reached FDA
approval for treating relapsed multiple
myeloma (the cancer of plasma cells) and
mantle cell lymphoma. The boron atom in
bortezomib molecule is a key substructure
because through it certain proteasomes are
blocked that would otherwise degrade proteins.
The boron atom in bortezomib binds the
catalytic site of the 26S proteasome (9) with
high affinity and specificity. In normal cells,
the proteasome regulates protein expression
and function by degradation of ubiquitylated
proteins, and also cleanses the cell of abnormal
or misfolded proteins.

Anacor Pharmaceuticals has a rich pipeline
of boron-containing therapeutics in the clinic.
ABX (Fig. 4) inhibits bacterial Leucyl tRNA
synthetase and represents a new class of
Gram-negative antibacterial agents (10).

New series of dipeptidyl boronate inhibitors
of 20S proteasome were identified to be highly
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Fig. 6. Dipeptidyl boronic acid proteasome inhibitors
constructed from B-amino acids.

Fig.8. AN2690

potent drug-like candidates with ICsy values of
1.2 and 1.6 nM, respectively, which showed
better activities than the drug bortezomib on
the market (11,12). The potent, selective, and
orally bioavailable threonine-derived 20S
human proteasome inhibitor that has been
advanced to preclinical development, [(1R)-1-[
[ 2S3R)- 3-hydroxy-2-[ (6-phenylpyridine- 2-
carbonyl) amino]-1 -oxobutyl] amino]- 3-
methylbutyl] boronic acid (CEP-18770, Fig. 5),
has been reported (13).

Further, the anti-multiple myeloma protea-
some inhibitor CEP-18770 enhanced the anti-
myeloma activity of bortezomib and melphalan.
The combination of anti-multiple myeloma
proteasome inhibitor CEP-18770 intravenously
and bortezomib exhibited complete regression
of bortezomib-sensitive tumours. Moreover,
this combination markedly delayed progression
of bortezomib-resistant tumours compared to
treatment with either agent alone (14).
Structure-activity relationship study of 72
dipeptidyl boronic acid proteasome inhibitors
constructed from B-amino acids revealed that
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bicyclic groups at the R' position, 3-F
substituents at the R®> position, and bulky
aliphatic groups at the R’ position were
favorable to the activities. Enzymatic screening
results showed that compound (Fig. 6), comp-
rising all of these features, was the most active
inhibitor against the 20S human proteasome at
less than a 2 nM level, as active as the
marketed drug bortezomib (15).

Interest in dipeptide boronic acids of the
type HoN-X-Y-B(OH), as potent protease
inhibitors for many diseases is growing. In this
direction, dipeptides of boroLeu (Fig. 7) served
as warheads in prodrugs as it was found to be
adequately potent, cell-penetrating, cytotoxic,
and stable to degradation by cellular peptidases
(16). Anacor Pharmaceuticals, Inc., a biophar-
maceutical company’s lead topical oxoborole
product programs include AN2690 ( (5-fluoro-
1, 3-dihydro -1 -hydroxy -2, 1-benzoxaborole),
Fig. 8) candidate in Phase 3 clinical deve-
lopment for the treatment of onychomycosis;
AN2728(5-(4-cyanophenoxy) -1, 3-dihydro- 1-
hydroxy- 2, 1-benzoxaborole, Fig. 9), a topical
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anti-inflammatory PDE-4 inhibitor in Phase 2b
clinical trial for the treatment of psoriasis and
atopic dermatitis; and GSK 2251052, or GSK
'052, a systemic antibiotic in Phase 2 clinical
trial for the treatment of infections caused by
Gram-negative bacteria. It also engages in
developing AN2718 (5-chloro-1,3-dihydro-1-
hydroxy-2,1-benzoxaborole) (Fig. 10), a topical
antifungal product candidate which completed
Phase 1 clinical trial for the treatment of
onychomycosis and skin fungal infections
(17,18). AN2690, a broad spectrum antifungal
agent exhibited tremendous activity against
yeast, molds and dermatophytes. It is a non-
competitive inhibitor with ATP and leucine and
inhibited protein synthesis in Saccharomyces
cerevisae targeting the edited domain of
leucyl tRNA synthetase. No treatment-related
systemic side effects have been observed in
any of its clinical trials. AN2718 works
similarly to AN2690. It targets common skin
and fungal infectious agents including
Trichophyton and Candida.

AN2898 (5-(3,4-dicyanophenoxy)-1-hydroxy
-1,3-dihydro-2,1-benzoxaborole) (Fig. 11) is a
broad spectrum anti-inflammatory compound
currently in development for the topical
treatment of plaque and atopic psoriasis.
AN2898 inhibited phosphodiesterase 4 (PDE4)
enzyme activity (IC50 0.060 puM) and the
release of multiple cytokines including TNF-a
(IC50 0.16 uM) from peripheral blood
mononuclear cells (hPBMCs) stimulated by
lipopolysaccharide (LPS) or phytohemag-
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glutinin. Further, AN2898 was also found to
inhibit IL-23 release (IC50 1.0 pM) from
THP-1 cells stimulated by LPS and IFN-y.
Investigation of the structure-activity relation-
ship around this compound was reported to
identify a more potent dual TNF-o/IL-23
inhibitor (19). In July 2010, An3365 now
GSKO052 (Fig. 12) was developed for treatment
of infections caused by Gram-negative
bacteria (20).

The presence of a boron atom in the
heterocyclic core structure has been found
essential for trypanocidal activity of orally
active series of benzoxaborole-6-carboxamides
in murine models of human African
trypanosomiasis. SCYX-7158 (Fig. 13) has
been identified as an effective, safe and orally
active treatment for human African trypanoso-
miasis to enter preclinical studies, with expected
progression to phase 1 clinical trials in 2011
(21,22).

Recently, boron containing compounds
have shown capability of acting as ligands on
transmembrane receptors (ionotropic and
metabotropic receptors) expressed in mamma-
lians (23). Boron-based molecules can be used
as new pharmacophores, or as markers of
drugs in living tissue, and to improve long-
hindered attempts to develop boron-neutron
capture therapies to produce inhibiting agents
for cancer treatment. Boron-10 ('°B) isotope is
good at capturing thermal neutrons and is used
in boron neutron capturing medical therapy
(BNCT). A number of potential boronated



Fig. 14. Meglumine antimonite

pharmaceuticals using boron-10 for use in
boron neutron capture therapy and other
inorganic medicinal agents have been reported
(24-26). Biologically targeted BNCT treatment
is based on producing radiation inside a
tumour using '°B and thermal neutrons. '°B is
introduced into cancer cells as borono-
phenylalanine , while a neutron beam shines
onto those cells, which causes the boron inside
the cells to "fissle" into Lithium-7 and an
alpha particle. This recoiling atom and alpha
particle obliterate the cell, thus killing the
cancer cells. Experts say that one to two
BNCT treatment sessions may be sufficient to
destroy a tumour. Moreover, BNCT treatment
saves healthy tissue as the impact of radiation
on surrounding healthy tissue has been
reported to a minimum level (27,28).

Antimony

As therapeutic agents, antimony and its
compounds have been mostly used for the
treatment of two  parasitic  diseases
(leishmaniasis and schistosomiasis) since their
prescription by the alchemist John of
Rupescissa in the 14th century (29). Leishma-
niasis is a disease spread by the bite of the
female sandfly. Schistosomiasis is disease of
liver, gastrointestinal tract and bladder caused
by schistosomes, trematode worms that
parasitize people, and usually its source is
from infested water.

Treatments chiefly involving antimony has
been called antimonials. The treatment of
leishmanial with potassiun antimony (III)
tartrate (tartar-emetic) started in 1913. In
potassiun antimony (III) tartrate, each Sb (III)
coordinates to four oxygens from two tartrate
with each in a bidentate mode. Potassium
antimony tartrate has been used to treat cough
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Fig. 15. Sodium stibogluconate

for reducing the excretion of sputum as an
effective ingredient in Compound Liquorice.
Potassiun antimony (III) tartrate as an effective
ingredient in compound Liquorice is used to
induce sweating and also as an emetic (a drug
that causes vomiting). With the introduction of
the more efficacious, less toxic alternative, and
subsequent larger use of praziquantel, the
trivalent antimonials fell out of use from the
treatment of schistosomiasis in the 1970s.
Medicines called pentavalent antimony
containing compounds like meglumine
antimonite (Glucantime) (C;H;sNOgSb, Fig.
14) and sodium stibogluconate(Pentostam)
(C12H4oNa3026Sb,, Fig.15) have been used as
first line drugs to treat cutaneous leishmaniasis
for the past 50 years (30).

In case of antimony treatment of
schistosomiasis, antimony attached itself to
sulphur atoms in trypanothione reductase (the
putative enzyme targeted by antimonial
compounds) which was used by both the
parasites and human host. Based on the
structural analysis of the trypanothione
reductase complex with NADPH and Sb (III)
in the reduced state, the trivalent Sb(III) ion
inhibited the trypanothione reductase activity
involving Cys52, Cys57 and His461’ of the
two-fold symmetry related subunit in the
catalytic cleft at the dimeric interface. Sb(III)
coordination to Thr335 was also reported.
Moreover, binding of the semimetal is only
possible upon enzyme reduction because in the
oxidized enzyme the two cysteine residues
form a disulfur bridge (31). Antiomaline
(Anthiomaline, Fig. 16), a brand of lithium
antimony thiomalate has been successful in
tropical nasal granuloma (Schistosomiasis) of
cattle, and in veterinary practice as a skin
conditioner.
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Sb>" behaves as a prodrug and was converted
to its active trivalent state (Sb>") inside the
cells by trypanothione forming an Sb(III)-
trypanothione complex. Sodium stibogluconate
is a potent protein tyrosine phosphatase
inhibitor, and as an enhancer of cytokine
signalling, appears to be a better inhibitor than
suramin which is a compound known for its
antineoplastic activity against several types of
cancers (32). The formation of binary and
ternary complexes due to the strong binding of
antimony (III) at the thiolate group of Cys
residue of glutathione, trypanothione, and
nucleotides may assist antimony (III) to be
transported in cells (33). Antimony compounds
therapy  exhibited  toxicity  (including
cardiotoxicity and pancreatitis) which is quite
common in HIV-associated leishmaniasis (34).
Recently improvements have been achieved by
combination therapy, reducing the time and cost
of treatment. Recently, acquired resistance to
antimonials has become a clinical threat during
the last 16 years and this resistance has been
found unique to L. donovani Researchers
showed that some peroxovanadate complexes
as antileishmanial agents have Sb(V)-
resistance modifying ability in experimental
infection with Sb(V) resistant Leishmania
donovani isolates in murine model. These
findings suggested thae use of vanadium
compounds in combination with Sb(V) in the
treatment of Sb(V) resistant cases of visceral
leishmaniasis(35). In March 2010, the World
Health Organization Expert Committee on the
Control of Leishmaniases recommended sodium
stibogluconate & paromomycin combination as
first-line treatment for visceral leishmaniasis
in East Africa. It is already being used to treat
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patients in the countries such as Sudan and
South Sudan (36,37).

Recently, several major intrinsic proteins
(MIPs) comprising water-channelling aquaporins
and glycerol-channelling aquaglyceroporins
facilitate the diffusion of reduced and non-
charged species of the metalloids silicon,
boron, arsenic and antimony, thereby, suggesting
their role as potential pharmacological targets
(38). Researchers showed the presence of
subcellular-aquaporins in L. donovani that are
similar to tonoplast intrinsic protein of plants
(39). Quantum dots consists of a metalloid
core and a shell that sorrounds core and
renders Quantum dots bioavailable (40).

Germanium

Salts and oxides lacking germanium carbon
bond are categorized as inorganic forms. The
most common inorganic form is Germanium
dioxide (GeO;). Germanium sesquioxide
(Organic Germanium-132) is a popular
supplement used for cancer symptoms. The
active compound, carboxylethyl germanium
sesquioxide ((GeCH,CH,COOH),0s, Fig. 17)
is found must abundantly in the Reishi
mushroom, as well as in Ginseng.

Germanium 132 having 3 atoms of oxygen
is a very efficient donor of electrons. It merges
with the free radicals and eliminates them
from the organism via the excretion processes.
Germanium sesquioxide aids the body natural
defence against disease and aging. Its primary
action is the restoration of the natural balance
of cells in the immune system. Ge compounds
were tested as chemotherapeutics agents (41)
but no germanium compound has yet
demonstrated a pharmaceutical use, as either
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an antibacterial or cancer chemotherapeutic
agent. Propagermanium or organic germanium
or beta-carboxyethylgermanium sesquioxide
are used with complementary medicines and
are helpful in boosting the immune system of
cancer patients. It is also used to aid in
treatment of AIDS, heart diseases and arthritis.

Bis (2-carboxyethylgermanium) sesquioxide
(Ge-132), germanium oxide (GeO;) and
germanium nanoparticles were tested as
radiosensitizers. Nanometer-sized germanium
particles have a similar radiosensitizing effect
as that of GeO,. It was observed that inorganic
but not organic germanium compounds
exerted radiosensitizing effect in cells (42).
More recently, in addition to the use of
germanium as a dietary supplement, an elixir
to cure diseases such as cancer and AIDS,
germanium nanoparticles (GeCly; and **™Tc-
labeled organo-germanium nanoparticles),
ranging in size from 60 to 80 nm, have been
developed as a potential spleen imaging agent
(43).

Arsenic

Arsenic is a metalloid or semi-metal and
exists in two biologically important oxidation
states, As (III) and As(V). Arsenic is
considered to be a paradox in terms of its role
both as a carcinogen and as a therapeutic agent
and it has a fascinating history as a healer and
killer. Early physicians, such as Hippocrates
(c. 460 B.C -370 B.C.) and Paracelsus (1493-
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1541), recommended arsenic for the treatment
of some diseases. In 1909, the first drug called
Salvarsan (a compound of arsenic having
chemical name — arsphenamine) was invented
to cure syphilis, a sexually transmitted disease.
The structure of this drug has only recently
been determined almost 100 years after it was
first used (44) (Fig.18). It was the first
important antisyphillitic, though was phased
out in the 1930s by better arsenical compounds
( neoarsphenamine ), and eventually altogether
by modern antibiotics.

As (III), in particular, reacts with closely
spaced protein thiols, forming stable cyclic
dithioarsinite complexes in which both sulfur
atoms are bound to arsenic. The formation of
cyclic dithioarsinite complexes is mostly
responsible for arsenic cytotoxicity. Arsenic
has been applied for the obstinate ulcers which
sometimes occur at the roots of the nails.
Arsenic trioxide was the main ingredient of the
popular tonic of the 19th century, Fowler's
Solution or Liquor Arsenicalis (45) ( a mixture
of potassium arsenite and lavender water).
Arsenic trioxide induces potent antitumor
effects in vivo and in vitro and was a mainstay
in the treatment against a certain form of blood
cancer, acute promyelocytic leukemia (46).
Arsenic induced complete remission when
combined with all-trans retinoic acid and was
effective in a high percentage of patients with
acute promyelocytic leukemia, awakening
interest in this metalloid for the treatment of
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human disease (47). Molecularly, arsenic
induced the formation of reactive oxygen
species through bonding with thiol residues,
thereby, affecting numerous signaling pathways.
In addition, arsenic directly binds to the CsHC4
zinc finger motif in the RING/B box/coiled-
coil (RBCC) domain of promyelocytic leukemia
protein (PML) and promyelocytic leukemia
protein-retinoic acid receptor o (PML-RARw),
induces their homodimerization and multi-
merization, and enhanced their interaction with
the SUMO E2 conjugase Ubc9 (The SUMO
pathway parallels the classical ubiquitinylation
pathway involving three steps including
conjugation involving the E2 enzyme Ubc9
which plays an important role in the stability
and packaging of gp120 into infectious HIV
virions) facilitating subsequent sumoylation/
ubiquitination and proteasomal degradation
(48). Based on clinical studies which showed a
complete remission, especially in relapsed
patient, the Food and Drug Administration
(FDO) has approved the use of arsenic trioxide
(Trisenox, Fig. 19) for the treatment of acute
promyelocytic leukemia.(49).

Mitochondria, a main source of ROS in
cells, comprise the thioredoxin system which
has been reported very sensitive to arsenic-
based drugs. Major mitochondrial targets for
binding of arsenic-containing compounds
include many vicinal thiol-containing redox
proteins. Such redox changes to vicinal thiols
increased production of ROS and induction of
apoptotic signalling pathways (50).
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Melarsoprol (an organoarsenic compound
introduced in 1949 as a very poorly tolerated
non-aqueous solution, Arsobal(®) (Fig. 20)),
ability to cross the blood-brain barrier made it
particularly effective against late-stage Gambian
(or West African) sleeping sickness caused by
T. brucel rhodesiense. Melarsoprol employed
mainly in the treatment of Human African
trypanosomiasis, has demonstrated an in vitro
activity on myeloid and lymphoid leukemia
derived cell lines.

Complexed  Melarsoprol  (Melarsoprol
hydroxypropyl-p-cyclodextrin and Melarsoprol
randomly-methylated-f-cyclodextrin) has been
employed as an oral treatment for CNS-stage
human African trypanosomiasis, delivering con-
siderable improvements over current parenteral
chemotherapy (51). Inorganic arsenic com-
pounds are suggested as useful agents for
treatment of T-lymphoblastoid leukemia. In
this context, As,O3 and arsenic acid inhibited
proliferation and induced apoptosis in MOLT-
4 and daunorubicine-resistant MOLT-4/DNR
cells via glutathione-depletion and subsequent
caspase-3/7 activation (52). Arsenic role as a
therapeutic agent both as a single agent as well
as in combination chemotherapy has been
recently reported (53). Combination of arsenic
trioxide and S5-fluorouracil increased cyto-
toxicity. In this context, In vitro data showed
that as a single agent, As;O; down-regulated
TS expression in HT29 cells. In vitro addition
of 5-fluorouracil to these sensitized cells
increased cytotoxicity (54). Arsenic trioxide



has potential as a chemosensitizer in combi-
nation therapy, especially to 5-fluorouracil. In
this context, arsenic trioxide effect on cell
proliferation of 5-fluorouracil-sensitive and -
resistant HT29 colorectal cancer cells were
dose dependent (54).

Tellurium

RT-01 (Empirical formula Cj3H»N"
CsH;COTe’, Fig. 21), an organotellurane
compound, has been proved to be toxic against
promastigotes and amastigotes (55).

Cadmium telluride nanoparticles are
fluorescent and may be used as quantum dots
in imaging and diagnosis. Some unsymmetrical
2- naphtyl diorganyltellurium dichlorides were
most effective organotelluranes with gram-
negative antibacterial effect (Fig. 22).

The antioxidant effects of organotellurides
and diorganoditellurides, the immunomodulatory
effects of the non-toxic inorganic tellurane,
named AS-101(Fig. 23), and organic telluranes
(organotelluranes) as protease inhibitors were
reported (56). The empirical formula of AS101
1s C,Hg0,NCI3Te and the chemical structure is
shown below.

Te(IV) compounds influenced thiol redox
biological activity, specifically inactivated
cysteine proteases in the human body. The Te
(IV)-thiol chemical bond formation or
disulfide bond formation in a specific protein
lead to conformational change, possibly
resulting in the loss of its biological activity.
Indeed, researchers demonstrated that AS101
and other Te (IV) compounds specifically
inactivate cysteine proteases, while exhibiting
no effect on the other families of serine,
aspartic and metalloproteases, in good
agreement with the predictions of their unique
Te(IV)-thiol chemistry. The effects of two

CH,——— O\

CH,—O

2

TeC|3' NH.*

Fig. 23. AS101
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small inorganic tellurium complexes, ammonium
trichloro(dioxoethylene-O,0")tellurate (AS101)
and Octa-O-bis-(R,R)-tartarate ditellurane (SAS,
Fig. 24) are primarily caused by their specific
Te(IV) redox-modulating activities enabling
the inactivation of cysteine proteases such as
cathepsin B, inhibition of specific tumor
survival proteins like survivin, or obstruction
of tumor IL-10 production (57).

Multifunctional tellurium non-toxic molecule
(ammonium trichloro(dioxoethylene-0,0’-)
tellurate, AS101) protected dopaminergic
neurons and improved motor function in
animal models of Parkinson’s disease (58).
AS101 induced PC12 differentiation and
rescued the neurons from apoptotic death (59).
AS101 has also been proved as a novel
inhibitor of IL-1beta converting enzyme (60).
Te (IV) compounds influenced thiol redox
biological activity in the human body and
represent a new class of anti-inflammatory
compounds (61).

The specific Tellur''-thiol interaction
enabled ASI101 to interact with cysteine
residues on both inflammatory and apoptotic
caspases, resulting in their inactivation. AS101
downregulated IL-18 and IL-lbeta serum
levels in a mouse model of lipopolysaccharide
(LPS)-induced sepsis, thereby, resulting in
increased survival. Recent studies have
emphasized the pathophysiologic role of IL-18
and IL-lbeta in a variety of inflammatory
diseases (62). The close chemical relationship
between tellurium and sulfur also transcends
into in vitro and in vivo situations and
provided new impetus for the development of
enzyme inhibitors and redox modulators,
particularly, some of which may be of interest
in the field of antibiotics and anticancer drug
design.
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Fig, 26. Cisobitan

Silicon

Silicon forms four tetrahedral bonds just
like carbon does. From a lipophilicity point of
view, silicon containing analogues are more
lipophilic than their carbon analogues.
Simethicone [Poly(dimethylsiloxane, silicon
dioxide)], (Fig. 25) is an oral anti-foaming
agent used to reduce bloating, discomfort and
pain caused by excess gas in the stomach or
intestinal tract. It is a mixture of polydimethyl
siloxane and hydrated silica gel.

Cisobitan, (Cyclic 2,6-cis-diphenylhexa
methylcyclotetrasiloxane, Fig. 26), is an
organosilicon compound with estrogenic and
antigonadotropic properties (63).

— N—si—o—s— ¢ Vs

Fig. 27. ALIS 409

Silicones are flexible compounds containing
silicon-oxygen and silicon-carbon bonds and
are widely used in applications such as
artificial breast implants and contact lenses.
ALIS 409 (1,3-dimethyl-1,3- p -fluorophenyl-
1, 3( 3- morfolinopropyl ) -1, 3- disiloxan
dihydrochloride, Fig. 27 ) and ALIS 421 {1, 3-
dimethyl -1, 3-( 4- fluorophenyl) -1, 3[ 3( 4-
buthyl)- (1piperazinyl) -propyl] -1,3-disiloxan
tetrahydrochloride} (Fig. 28), two water-
soluble organosilicon compounds, have been
shown to be effective in vitro multidrug-
resistance reverting agents. The myorelaxing
effect elicited either by ALIS 409 or by ALIS
421 was mainly due to the direct blockade of
extracellular Ca** influx. However, this effect
was observed at concentrations much higher
than those effective as modifiers of multidrug
resistance in cancer cells (64,65).

The multidrug reversal effect of ALIS-409
was demonstrated in vivo without any apparent
toxicity. In addition, it increased the apoptotic
activity, exhibited some tumor growth delay,
but did not affect the mitotic rate. This new
organosilicon compound deserves further
attention with a combination of multidrug-
resistant substrate chemotherapeutic agents,
especially in multidrug-resistant tumors (66).

The silicon switches haloperidol, fexofen-
adine, bexarotene and venlafaxine drugs have
been reported. The silicon-modified molecule
exhibited far less toxicity than the all-carbon-
based form of the drug (67). Mesoporous
silicas was employed to fabricate three (3D)-
dimensional scaffolds for bone tissue
engineering. Further, peptides, hormones and
growth factors were strongly grafted to the
silica-based bioceramic matrix that acted as

S
ot O
(C‘Hz)3 (C‘HZ)3
C,Hy C,H,

Fig. 28. ALIS 421
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Fig. 29. Silanediol protease inhibitor

attracting signals for bone cells and promoted
bone regeneration process (68). Recently there
have been some reports of organosilane-based
protease inhibitors (69). A  five-step
methodology to prepare silanediol protease
inhibitors (Fig. 29) has been reported (70).

Pharmaceutical applications of silica
materials with regard to improving oral
bioavailability and controlled drug delivery,
multiparticulate systems for gastroretention or
sustained release, composite xerogels, implant
devices devoted to medical applications and in
vivo biocompatibility have been reported (71-
74). Nanostructures may be used to deliver
drugs where they are required to avoid the
harmful side effects. Preclinical and clinical
data on nanostructured porous silicon provided
evidence that such nanostructered particles
deliver drugs at a prolonged controlled release
to specific targets. Such studies offered new
approaches to tackle hydrophobic and low
bioavailable drugs that are being applied in a
large range of healthcare settings (75).

The application of new and approved drugs
to target validated pathways involves planned
replacement of carbon with silicon within
biologically prevalidated drug scaffolds. Such
approach has generated focused libraries of
pharmaceutically relevant agents with novel,
durable and marketable intellectual property.
In this context, in Vvitro testing against a human
pancreatic cancer cell line, MiaPaCa-2, and a
panel of 14 human multiple myeloma cell lines
showed that silicon-indomethacin derivatives
have demonstrated superior anticancer activity
at clinically achievable concentrations (76).

CONCLUSION

Metalloids include a group of biologically
important elements (boron, silicon, germanium,
tellurium, arsenic and antimony) ranging from
the essential to the highly toxic. Metalloid-
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containing drugs are used as chemotherapeutic
agents to combat infectious diseases caused by
pathogenic parasites as well as cancer, including
acute promyelocytic leukemia. Metalloids
accumulation in cells is required to work as a
drug. Specific major intrinsic proteins could be
potential pharmacological targets as these
represent an ancient and indispensable
transport mechanism for metalloids. It is
essential to develop effective strategies to
exclude toxic substances such as arsenic and
antimony from the cell and to acquire their
tolerance. In order to elucidate the mechanisms
involved in metalloid tolerance in yeast and
other organisms, S cerevisae AP-1-like
proteins Yaplp and Yap8p mediated metalloid
(arsenic and antimony) tolerance by activating
transcription of distinct defense genes. Organ-
osilicon compounds have a bright future as
multidrug-resistance reverting agents and as
protease inhibitors.
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